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Abstract  
One of the main challenges for certain energy production technologies (e.g. renewables) is the 

capability to supply energy according to the demand. It follows that storing energy is a possible solution to 

the inadequacy between energy production and demand. Redox flow batteries (RFB) are largely employed 

for storing energy, especially in stationary applications. These devices exploit electrochemical reactions of 

dissolved redox-active species, stored in external reservoirs. In general, RFB are scalable, durable, and 

robust devices, although, compared to other batteries, they show a significantly poor storage capacity (10-

40 Wh∙L-1), determined by the solubility limit of the redox-active species dissolved in the electrolytes.  

In this thesis, a method to overcome capacity issue in RFB is presented, and it consists of adding 

redox solid-phase materials as primary storage media into the liquid electrolytes. In the present work, these 

solid materials are called “boosters”. These boosters can receive charge from the redox-active species 

reacting in the flow cell, if the respective Fermi levels are aligned. This concept is denoted as “redox-

mediated” charge transfer.  

The “redox-mediated” approach of the charge transfer is applied first to an acidic and then to a 

neutral pH aqueous RFB. Particular attention is dedicated to the choice and synthesis of the solid boosters, 

ranging from polymers, such as polyaniline and polyimide to intercalation compounds of alkali metal ions, 

such as Prussian blue analogues. In addition, most of the boosters are designed along with carbonaceous 

coaters, such as carbon nanotubes and carbon acetylene black to be highly electronically conducting upon 

battery cycling, increasing the overall cell performances.  

In an aqueous RFB at acidic pH in presence of inorganic redox-active species at a concentration of 

1 M in the electrolytes, a solid booster made of polyaniline and carbon acetylene black placed in both 

reservoirs showed a three-fold increase in the volumetric capacity, as compared to the electrolytes alone.  

On the positive-side of a neutral pH aqueous RFB, a composite of copper hexacyanoferrate with 

carbon nanotubes along with an organic redox-active molecule at 10 mM exhibited 104 increase in the 

volumetric capacity. Finally, a new redox-active organic molecule was synthesized as a candidate for the 

negative-side electrolyte of a neutral pH aqueous RFB, and a solid booster was judiciously paired with it. 

Its viability was preliminarily tested, and initial measurements to study the electron transfer kinetics at the 

solid/liquid interface were recorded by scanning electrochemical microscopy.  

This work opens a series of future studies of utilizing this approach to enable bulk-phase charge 

storage in the reservoirs of RFBs. In addition, it looks promising to be utilized in industrial demonstrators. 

Key-words: redox flow battery, volumetric capacity, redox solid booster, “redox-mediated” charge 

transfer, redox mediator, conductivity, carbon nanotubes, intercalation, redox organic molecules.  
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Riassunto 

La domanda di energia é spesso incongruente con la produzione, pertanto risulta importante 

immagazzinare energia. Le batterie redox a flusso sono un tipo di tecnologia largamente impiegata per 

immagazzinare energia, specialmente a livello stazionario. Nelle batterie redox a flusso l’energia é 

immagazzinata all’interno di sostanze redox-attive completamente solubilizzate, contenute in grosse 

cisterne. In generale, le batterie redox a flusso sono un tipo di tecnologia estremenente robusta e flessibile, 

tuttavia la loro capacitá di immagazzinare energia é limitata (10-40 Wh L-1), dalla solubilitá delle specie 

redox-attive.  

Questo lavoro di tesi presenta un approccio innovativo per superare la capacitá di immagazzinare 

carica in batterie redox a flusso, basato sull’aggiunta di materiali in fase solida agli elettroliti liquidi. In 

questo concetto, i materiali in fase solida sono denominati “boosters”. I boosters sono in grado di ricevere 

carica dalle specie redox in soluzione se il livello di Fermi é allineato con il potenziale standard della coppia 

redox. Secondo le seguenti definizioni, questo concetto viene definite come trasferimento della carica 

“redox-mediato”.  

Particolare attenzione é stata dedicata alla scelta e poi alla sintesi dei booster, secondo questo 

approccio e talvolta additivi a base carbonio sono stati aggiunti ai booster per aumentare la loro conduttivitá 

elettronica, riscontrando prestazioni piú elevate. In aggiunta, una vasta gamma di booster é stata 

considerata, passando da materiali polimerici (come ad esempio polianilina e la polimide) a composti 

cristallini di intercalazione (come ad esempio derivati del Blu di Prussia).  

In particolare, questo approccio é stato testato su due batterie redox a flusso, una in presenza di 

elettroliti in soluzione acquosa a pH acido e una con elettroliti in soluzione acquosa a pH neutro. Nel primo 

caso, un materiale composito fatto da polianilina e carbone come booster in entrambe le soluzioni 

elettrolitiche ha esibito un aumento di densitá volumetrica pari a tre volte quella dell’elettrolita di partenza. 

Invece, nella batteria redox a flusso a pH neutro, un materiale composito fatto da rame esacianoferrato e 

nanotubi di carbonio come booster al lato positivo del sistema ha esibito 104 volte la capacitá iniziale 

dell’elettrolita. Infine, una ricerca accurata é stata condotta per il lato negative di una batteria redox a flusso 

a pH neutro e un nuovo elettrolita é stato sintetizzato. In linea con il concetto di questa tesi, un booster é 

stato trovato e la sua viabilitá é stata inizialmente testata. In particolare, caratterizzazione elettrochimica é 

stata effettuata e uno studio iniziale della cinetica della rezione del trasferimento di carica all’interfase 

liquid/solido utilizzando la microscopia di scanning elettrochimico.  

Parole-chiave: batteria redox a flusso, capacitá volumetrica, redox booster, mediazione redox del 

trasferimento di carica, mediatore redox, conduttivitá, nanotubi di carbonio, intercalazione, molecole 

organiche redox attive.   
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List of abbreviations 
AEM= anion exchange membrane 

AIRFB= aqueous inorganic redox flow batteries 

AORFB= aqueous organic redox flow batteries 

ARFB= aqueous redox flow batteries 
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CE=Coulombic efficiency 
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PEC= photo-electrochemical cell 
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ROM= redox organic molecules 

SB= solid booster 

SECM= scanning electrochemical microscopy 

SEI= solid electrochemical interface  

SEM= scanning electron microscopy 

SWCNTs= single walled carbon nanotubes 
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Chapter 1 General Introduction 

Electricity is at the heart of modern economies and its demand is set to increase further as a result 

of rising household incomes, with the electrification of transport and heat, and growing request for digital 

connected devices and air conditioning.1  

In 2018, as described in the electricity statistics report from the International Energy Agency 

(IEA)2, in the countries of the Organization for the Economic co-Operation and Development (OECD, made 

of thirty-six nations, including most of the Europeans, Switzerland and United States of America), the net 

electricity production was 10’652 TWh 2. As shown on Figure 1.1, electricity was principally produced by 

non-renewable sources in 2018, coming from conventional thermal (i.e. sources which produce electricity 

through combustion of fuels, 6155 TWh) and nuclear with 1870 TWh.2 The remaining energy was 

generated by hydro (1484 TWh) and renewable sources (1143TWh).2  

 

Figure 1.1 Graphical representation of the electricity production in 2018 by source. The legend below the graph shows 

the different energy sources, distinguishing non-renewables (conventional thermal and nuclear) from renewables and hydro. 

Above each bar in the chart, the percentage of the electricity produced is reported. 2 

Unfortunately, despite the increase in renewable energy and fall in coal in 20181, low-carbon energy 

sources didn’t keep pace with gas growth, resulting in a 0.5% increase in energy-related carbon dioxide 
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emissions.1 Therefore, increasing concerns about energy security and environment are driving towards new 

approaches to decrease energy production from fossil fuels and to stabilize the discontinuous and 

fluctuating yield between energy demand and supply. Certainly, a decarbonization process of electricity is 

happening in most of the European countries, especially in the mobility sector where fuels such as hydrogen 

or synthetic liquid fuels are taking place.3 Besides encouraging progresses in the decarbonization of the 

mobility sector stationary energy storage can represent a valid option.  

Looking towards stationary energy storage systems, a couple of approaches can be easily identified. 

First, the surplus energy can be stored when the demand is low and the production is high and later released 

when the demand is high again.4 Second, the energy can be stored when it is cheap (e.g. during the night) 

and released upon peak demand periods.4 On the other hand, storage deployment remains dependent on the 

supportive policy and market framework: in fact, in countries where incentives are introduced the growth 

and progression of storage systems is faster. As a result, in the OECD European countries from 2013 to 

2016, either grid-scale or “behind the meter” storage systems grew consistently, whereas in 2018, the annual 

deployment of energy storage systems reached 8 GWh.1  

Storage systems look already promising options in the current energy scenario, thus, in the 

following sections of this chapter the main technologies will be described in the context of this thesis. Later, 

electrochemical energy storage technologies and in particular batteries will be introduced. Among batteries, 

redox flow batteries (RFB) are the focus of this thesis. A general overview of the working principle will be 

introduced along with the approach developed to overcome one great limitation in this technology.  

  

                                                      
1 IEA (2019), "Tracking Energy Integration", IEA, Paris https://www.iea.org/reports/tracking-energy-

integration 
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1.1 Energy storage systems (ESSs) 

Energy storage systems (ESSs) are attracting quite a lot of attention as they represent a valid option 

moving towards a decarbonization of the energy sectors. In particular, they can be a promising solution to 

integrate electricity generated from renewables into the whole production. Renewable sources are 

considered highly intermittent since their power output can change with respect to the degree of availability 

of the sustainable source, which unfortunately cannot necessarily correspond to the grid’s peak demand. 5 

Once electricity is produced seasonally from a renewable source it can be stored and released on-demand 

to balance fluctuations between production and consumption. This situation called peak shaving reduces 

peak energy demand bringing advantages to the end-consumers by saving on their electricity bills. 

Now it is important to define which type of ESSs are available and for which purposes; according 

to a review from Perron and co-workers5, there are four main applications of ESSs: 

i) Low power in isolated areas  

ii) Medium power in isolated areas 

iii) Network connection application with peak leveling 

iv) Power-quality control 

Each application can be categorized as follows (Table 1.1): 

Table 1.1 Energy storage systems (ESSs) including technologies, main applications and performances. 6 5 7. 

  

ESSs Technology Application5 Performances 5 

Mechanical 
Flywheels, compressed air (CA), pump hydro 

(PH)  

Low-medium power 

(flywheels, CA) 

Large-scale (hydro) 

100 MWh 

100−130 kWh∙kg−1 (for flywheels) 

Electrical 
Capacitors, super-capacitors, superconducting 

magnetic storage 

Low-medium power 

(capacitors) 

5−10 Wh∙kg−1 

Thermal Low and high temperature energy storage  Large-scale 
In the specific temperature range of 

120−360°C, 1332 MJ·m−3 

Chemical 
Electrochemical, thermo-chemical, chemical 

storage devices 

Small and large-scale 

(electrochemical) 
50 Wh∙L−1 (charge capacity) 
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A way to compare the technologies in Table 1.1 is considering their levelized cost of storage 

(LCOS) (x-axis Figure 1.2); 8 5 according to Schmidt et al.8 levelized costs can be described as the total 

lifetime cost of the investment divided by its cumulative delivered electricity. 8 Levelized costs reflect the 

internal average price at which electricity can be sold. 8 These definitions can be summarized by the formula 

in eqn. 1.1: 

Eqn. 1.18 

$

MWh

N N

n n N+1n n

N

nn

O & M cost Charging cost End - of - life cost
IC + + +

(1+r) (1+r) (1+r)
LCOS

Electrity discharged

(1+r)

 
 

 

 


 

This formula defines all the elements necessary to determine the LCOS of an energy storage 

technology: the investment cost (IC), the operation and maintenance (O&M), the charging cost and end-of-

life cost, divided by electricity discharged during the investment period.8 Moreover, the equation assumes 

all investment costs are incurred in the first year and sums ongoing costs in each year (n) up to the system 

lifetime (N), discounted by the discount rate (r).8According to eqn. 1.1, Schmidt et al. 8 made a very 

interesting comparison of some energy storage technologies and a projection up to 2050 (Figure 1.2).  

In 2015, pumped hydro energy storage (PHES) and compressed air (CA) dominate most 

applications apart from consumption services and primary response, where size and response time 

requirements make these technologies unsuitable. 8 In consumption service applications battery systems 

such as lead acid, sodium sulphur, lithium-ion, and vanadium redox flow compete for least-cost exhibiting 

the highest probability of lowest LCOS in most applications beyond 2025 (Figure 1.2). 8 By 2030, lithium-

ion appears to be more cost efficient than vanadium flow batteries, with <4 h discharge and <300 annual 

cycles. As from 2030, hydrogen with a maximum of ~ 1000 h discharge, can likely become the most cost 

efficient solution for seasonal storage.8  

This analysis of LCOS for different energy storage technologies by Schmidt et al. 8 was made 

before the current situation of the virus COVID−19, which largely affected the economies of the countries 

all over the world, therefore the 2050 projection needs to be reconsidered.  
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Figure 1.2 A) Levelized costs for some energy storage technologies (on the left side) and projection of levelized cost 

in the year 2040 (on the right side). This image is reproduced with permission from the work of Schmidt at ref 8. Copyright 

2020, Joule, Elsevier.  

1.2 Electrochemical energy storage systems (EESs) 

Each EESSs offer specific operational characteristics in agreement with the desired application. 

Among the discussed storage systems, electrochemical energy storage technologies there are different 

technologies either for low-medium (i.e. transport or portable electronics) or large-scale applications (i.e. 

grid-connected and storage).9 Within mobile applications, one can consider autonomous vehicles (e.g. 

hydrogen electric vehicles, HEV), where the storage system can be placed on the vehicle9 or portable 

electronics (e.g. LIB). Within stationary applications, stand-alone or grid-connected are the most significant 

examples (e.g. LIB, NIB, electrochemical capacitors and RFB).9  

1.2.1 Batteries  

Batteries are the most popular devices within EESSs: they are able to store electricity in the form 

of chemical energy and convert it with a specific electrochemical process. The batteries discussed in this 

section are commonly called “secondary batteries” as they are all rechargeable devices. According to 

specific characteristics and design features, we can distinguish several operational parameters, such as: 
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i) System power ratings: total electrical power required for a normal operation of a device. 

ii) Discharge time at rated power: discharge current at which the battery will discharge in a certain 

time.  

iii) Volumetric energy density: quantity of energy a system contains in comparison to its volume 

(expressed in Wh·L−1).  

iv) Gravimetric energy density: quantity of energy a system contains in comparison to its weight 

(expressed in Wh·kg−1).  

Figure 1.3 displays some batteries according to these operational parameters: 

 

Figure 1.3 A) Schematic of batteries as electrochemical storage technologies according to system power ratings (on 

the x-axis) and discharge time at rated power (on the y-axis). B) Schematic of the same batteries in A), according to gravimetric 

energy density (on the x-axis) and to volumetric energy density (on the y-axis).10 In both schematics the red arrow is pointing 

redox flow batteries as focus of this thesis.  

From Figure 1.3B) it is possible to discriminate whether the battery is meant to serve in a mobile 

or in a stationary application. RFB are utilized in stationary applications to support the grid (despite their 

volumetric capacity is limited). On the contrary, LIB are employed in both mobile and stationary 

applications, since they are high energy dense devices. Table 1.2 describes different batteries highlighting 

performances and safety limits.  
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Table 1.2 Comparison of some rechargeable batteries (RFB, LIB, sodium-sulfur, nickel-cadmium, lead- acid).10 11 

 
RFB LIB Sodium-sulfur  nickel-cadmium s lead-acid  

Type of application 
Stationary, 

grid support 

Mobile (e.g. 

portable 

electronics) 

Grid support or stand –

alone systems 
Portable tool devices Automotive 

% Energy efficiency 70-80 90 80−85 70−90 70−80 6 

Charge capacity 54 Ah∙L−1 70 Ah∙L−1 400 kWh (typical unit)12 N/A N/A 

Energy density 35 Wh∙L−1 
>200 

Wh∙L−1 
120−200 Wh∙L−1 13 150−200 Wh·L−1 13 150−200 Wh·L−1 13 

Specific energy 31 Wh∙kg−1 
>160 

Wh∙kg−1 
>100 Wh∙kg−1 40−80 Wh∙kg−1 13 ~50 Wh∙kg–1 13 

Cycle life-time >10’000 ~ 600−1200 ~ 2500−4500 14 Lifetime > 10 years ~200−300 

Discharge time at rate 

power 
hours 

Minutes-

hours 
Minutes-hours Minutes Minutes 

Safety Quite safe Flammable  Not very safe  Toxicity of Ni Corrosive (H2SO4) 

1.2.1.1 Lithium-ion batteries (LIB) 

In between the 1970s and 1990s, John Goodenough, Stanley Whittingham, Richard Yazami and 

Akira Yoshino 6 among many others developed the technology of LIB, which just in 2019 was awarded 

with the Noble Prize in Chemistry by the Royal Swedish Academy of Science. From the early stages of 

development, in LIB transition metal oxides (TMO) and sulfides were excellent reversible positive-side 

materials. Later, thanks to the introduction of graphite (i.e. crystalline form of the element carbon with its 

atoms arranged in a hexagonal structure) as negative-side material and lithiated transition metal oxides 

(LTMO) as positive-side compounds, LIB started to receive greater attention for mobile applications 

(cellular phones, laptops, digital cameras), due to their high energy density either per unit volume or mass 

(> 250 Wh∙L–1 and < 100 or ~180 Wh∙kg–1). 13 

In LIB there are four main components: i) positive-side material, ii) negative-side material, iii) 

electrolyte and iv) separator (Figure 1.4).15  
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Figure 1.4 General schematic of a LIB. All the components are labeled and detailed in the legend below the 

representation. The electron path is depicted (gray arrows), as well as the lithium one (red arrow).  

Upon operation, the first process is a charging reaction, where the positive-side metal oxide species 

are oxidized (delithiation or extraction of the lithium ion). Then, there is a reduction reaction (lithiation) of 

the negative-side material (graphite). Unfortunately, this ideal mechanism is often spoiled by the formation 

of a passivating film on the electrode material known as solid electrochemical interphase (SEI). The SEI 

layer can grow gradually upon cycling thereby increasing the cell resistance. 16 

Conventional LIB use organic electrolytes, which are a mix of lithium salts and organic solvents.15 

Common lithium salts are lithium hexafluoroposphate (LiPF6), lithium tetrafluoborate (LiBF4) and lithium 

perchlorate (LiClO4). 15 Then, frequently employed organic solvents are ethylene carbonate (EC), propylene 

carbonate, dimethyl carbonate (DMC) and diethyl carbonate.15 Finally, a separator, generally made of 

polyethylene and polypropylene, is placed between the positive and the negative-side to prevent short 

circuit by direct contact.15  

Despite their large usage in common portable electronics, LIB cannot always be considered as fully 

safe devices. They are quite often involved in accidents sometimes during transportation or due to improper 
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management. Lithium metal is overall corrosive and it requires special handling. It is a hazard and any 

contact with moisture leads to the formation of caustic lithium hydroxide (LiOH). 

Overcharge is often considered as one of the most severe dangers in LIB,17 since it can lead to 

thermal runaway and ultimately to fire and explosion of the devices.17 In this process, the cell voltage can 

increase above the designed per-limit and lithium can de-intercalate from the LTMO structure causing 

irreversible phase transition and collapse.17 Thermal runaway is also related to temperature rising 

originating from the external or internal heat generation during the abnormal abuse. 17  

Another critical aspect in LIB is the flammability of the organic electrolyte17, which usually rises 

challenges in the manufacturing process. Consequently, the addition of flame-retardant (FR) compounds in 

the organic electrolyte (e.g. phosphate groups) is required to block the chain reactions of hydroxyl radicals 

during the combustion of the organic electrolytes. 17 

In LIB, energy safety should be the focus for further developments. Many efforts are dedicated to 

improve operational characteristics and material design to propose less harmful options. Recently 

researchers have identified sodium-ion batteries (NIB) as a good alternative to LIB. 

1.2.1.2 Sodium-ion batteries (NIB) 

Researchers started investigating NIB in between the 1970s-1990s, but only twenty years later the 

research was revitalized. As seen in LIB, NIB are characterized by a positive and a negative-side. One main 

difference arise from the negative-side though, which is not graphite, as this material cannot store large 

sodium ions. 18 As a consequence, hard carbon is used as negative-side material and it demonstrates good 

cycling stability.18 Other compounds such as sodium titanate phases (e.g. Na2Ti3O7,19 and NaTiO2 
20) are 

also frequently utilized.  

At the positive-side, NIB store sodium ions in TMO via intercalation reaction mechanisms. 

However, from a desire to keep costs low and safety high, significant research is moving towards the 

replacement of metals in the oxides. Cobalt, vanadium, chromium, nickel and recently iron have been 

investigated for this purpose (e.g. NaxMnyNizFe0.1Mg0.1O2 from Passerini and co-workers).21 Recently, 

Prussian blue analogues (PBAs) have also been proposed as positive-side materials for NIB.22 23  

In terms of safety, NIB show more advantages than LIB, such as : i) non-dissolution of the negative 

-side aluminum current collector upon discharge24 and ii) compatibility of hard carbon with organic 

solvents.  
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Metal ion batteries are undoubtedly a valid option to store energy, especially looking towards the 

integration of renewable sources into the whole energy supply. LIB are especially suitable for mobile 

applications, but their usage as large scale energy storage devices is still under development, mostly due to 

the safety concerns. Nevertheless, some large scale storage systems are already in operation, as described 

by a recent report from the International Renewable Energy Agency (IRENA)2. In 2016, Low Carbon LIB 

in Glassenbury UK presented an installation showing 40 MW power, in 2017 AES-SDG&E LIB storage in 

California USA presented 30 MW and 120 MWh LIB system. 3. Importantly, long-time prospects for 

permanent integration at grid-level of LIB are challenged by energy safety and environmental concerns 

(e.g. fire hazards from the organic solvents), as well as cost effective scale-up and battery lifetime and cost 

(LCOS).25 In this case, NIB can be considered more promising solutions, mainly in terms of materials 

safety. Nonetheless, the technology is not mature enough for a large-scale deployment.  

1.2.2 Electrochemical capacitors  

Among EESSs other systems are electrochemical capacitors (EC) (i.e. supercapacitors). In EC, 

energy is stored in the capacitor of the electric double layer (EDL) that is formed at the interface between 

the electrolyte (aqueous or non-aqueous) and the electrode.26 EC have lower energy density compared to 

lead-acid batteries, but they can cycle tens of thousands of times and they are more powerful than batteries 

(fast charge and discharge capability). 26  

Supercapacitors typically have high power density, long cyclic stability and high safety, and thus 

they can be considered as an alternative or complement to rechargeable batteries in applications that require 

high power delivery or fast energy harvesting.27 Xia and co-workers27 compared the charge storage 

mechanism of supercapacitors with those in batteries and with pseudo-capacitors (with intercalation 

behavior) (Figure 1.5). 

                                                      
2 IRENA (2019), Innovation landscape brief: utility-scale batteries, International Renewable Energy Agency (IRENA), Abu Dhabi. 

3
The Energy Disruption Triangle. D. C. Fessler.  
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Figure 1.5 Charge storage mechanism in rechargeable batteries (a), supercapacitors (b) and pseudo-capacitors (c). 

This figure is reproduced with permission from the work of Xia and co-workers at ref. 
27

, Copyright 2020, Royal Society of 

Chemistry.   

In rechargeable batteries (Figure 1.5a)), the capacity depends mainly on the intercalation (and de-

intercalation) reactions of cations (H+ or Li+) within the crystalline structure of electrode materials, coupled 

with the redox reactions of metal ions within the crystalline structure. 27 As an example LIB show exactly 

this electrochemical behavior.  

In supercapacitors (Figure 1.5b)) the capacitance rises from surface reactions of electrode 

materials, including electrochemical adsorption/desorption of cations and anions at the electrode/electrolyte 

interface (i.e., capacitive behavior) and surface faradic redox reactions (i.e., pseudocapacitive behavior).27 

Intercalation pseudocapacitance (Figure 1.5c)) relays on the intercalation/de-intercalation of cations (e.g. 

Li+, Na+, K+, and H+) in the bulk of active materials, but it is not limited by the diffusion of cations within 

the crystalline framework of active materials. 27 In cation-intercalated pseudocapacitance the advantage of 

batteries (i.e. charge storage in the bulk of the electrode materials) is united with the advantage of 

supercapacitors (i.e. charge storage without diffusion control). 27 
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1.3 Redox flow batteries (RFB) 

RFB are particularly suitable for energy storage at stationary level because of their decoupled 

power and energy capacity.4 The power is determined by the size and number of electrochemical cells and 

the energy capacity is linked to the volume of the redox liquid electrolytes, where the energy is stored.4 

This unique characteristic makes RFB scalable and flexible as compared to other storage devices.  

According to Skyllas-Kazacos27, early works on redox batteries began in the 1970s, with the 

development of the iron-chromium battery by NASA.28 Later, at the University of New South Wales, the 

group of Skyllas-Kazacos27, invented the famous vanadium redox flow battery (VRFB), which is the largest 

type commercialized. The high interest and impact that VRFB are generating can be told by the industrial 

installations active all around the world (e.g. 1996, Sumitomo Electric Industries Japan, VRFB, 450 kW/900 

kWh, 2013, Ecole Polytechnique Fédérale de Lausanne (EPFL) Switzerland, VRFB, 200 kW/400 kWh, 

2015 Dalian Rongke Power China, VRFB, new generation of 200 MW/800 MWh storage). A general 

overview on the working principle of the VRFB is shown later in this chapter.  

Nonetheless, RFB (and mainly VRFB) still face important challenges, such as: 

i) Enhance the energy storage capacity 

ii) Minimize the cost of the electrolytes to promote higher commercialization  

iii) Find alternatives to vanadium, indeed, although it is stable its price is too volatile and too high 

on average for globally ubiquitous deployment in large-scale RFB.25  

As a result research recently focused on the development of RFB where electrolytes can be 

synthesized from earth abundant elements, including inorganic (e.g. Fe and its complexes) and organic (e.g. 

C, N, O, S, etc.).  
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1.3.1 Working principle of a RFB 

RFB store energy in liquid electrolytes composed of dissolved redox-active species. The 

electrolytes are placed in two separated external reservoirs (Figure 1.6). When the flow battery is operating, 

charging and discharging processes occur. Upon charging at the positive electrode, an oxidation reaction is 

observed, while a reduction reaction occurs at the negative electrode. Upon discharging, the opposite 

electrochemical reactions take place. Interconversion between stored chemical and electrical energy upon 

operation is facilitated by pumping the liquid electrolytes through an electrochemical cell.25 Inside the 

electrochemical cell, redox reactions take place on the surface of porous electrodes separated by a separator 

(often an ion-exchange membrane). 

 

Figure 1.6 Graphical schematic of a RFB. All the components are detailed in the legend beside the figure.  

In RFB the theoretical volumetric charge (QV) (i.e. the amount of electrical charge stored in a 

volume) can be calculated from the expression in eqn. 1.2: 

eqn. 1.2  VQ n c F V     (C) 

Where, n is the number of electrons involved in the redox reaction, c is the concentration of the 

electro-active species in the electrolyte (in mol∙L–1), F is the Faraday constant (96485 C∙mol1) and V the 

volume of the electrolyte (in L). The volumetric charge (QV) calculated from the expression in eqn. 1.2 is 

expressed in Coulomb (C), although it is also common to see it in milli-ampere hour (mAh) (1 mAh = 3.6 

Coulomb).  

The expression in eqn. 1.2 introduces already one important aspect in flow batteries, which is the 

solubility limit related to the concentration of the electro-active species in the electrolyte. Aqueous RFB 
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(focus of this thesis) exhibit 25-40 Wh∙L−1 volumetric energy density, as compared to LIB with an energy 

density above 250 Wh∙L−1.  

Energy density in RFB (and in particular in aqueous RFB) represents a fundamental issue, which 

should receive great attention to facilitate the growth of this technology in the storage scenario. This thesis, 

is proposing a promising approach to enhance energy density in aqueous RFB.  

In RFB performances are usually presented in terms of energy efficiency, which correspond to the 

product of the voltage efficiency and Coulombic efficiency. Their definitions are provided below: 

i) Voltage efficiency (ηV) is given by the ratio between the charging and discharging voltage. 

It represents the reversibility of the system. 7 The voltage efficiency, according to Skyllas-

Kazacos et al.27 can be defined as (eqn.1.3) 

eqn. 1.327 

100




dis

v

ch

V dt
η =

V dt
 

The voltage efficiency is strictly related to some losses in the flow battery system, such as 

ohmic resistances, activation overpotential.27 In addition, the voltage efficiency can be 

maximized by reducing the resistance of all the components in the cell, in particular, 

utilizing electrode materials with high electrical conductivity, good electroactivity and high 

surface area.27 An example is the use of porous electrodes to improve the surface area 

creating flow-fields for the electron transfer reactions.27 

ii) Coulombic efficiency (ηC) is given by the ratio between the amount of electrical charge 

during charging and discharging. This parameter is ranging with the crossover of electro-

active species across the separator and side-reactions (hydrogen or oxygen evolutions).7 

Eqn. 1.4 provides the general formula for the Coulombic efficiency. Coulombic efficiency 

can be maximized by reducing side-reactions and self-discharge processes in the 

electrolytes. It usually decreases at both high and low current densities. Indeed, the low 

current density decrease is associated with greater degree of self-discharge across the 

membrane at the longer charging and discharging times27, while the drop-off at high current 

densities is produced by the greater rate of irreversible side reactions during charging. 27 

eqn. 1.427 
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iii) Energy efficiency (ηE) is the product of these two efficiencies. The energy efficiency is an 

estimation of the energy recovered from the battery as compared to the amount of energy 

used to charge the battery. 7 It is as well an indication of the general performance of the 

flow cell. A general formula for energy efficiency is given in eqn. 1.5. 26 

eqn. 1.527 
E V Cη = η η  

In RFB another important definition is the state of charge (SOC), as in eqn. 1.6. The SOC is a 

measure of the extent to which the half-cell reactions have taken place during charge and discharge cycles.27 

Ecell OCP is the theoretical open circuit potential (OCP) of the cell and E0
cell OCP is the formal potential or 

theoretical OCP.27 For most chemistries, any changes in the oxidation state of the electroactive species in 

solution will give rise to color changes that can often be used for the qualitative determination of SOC.27  

eqn. 1.627 
ln0

cellOCP cellOCP

RT SOC
E = E +

nF 1- SOC

 
 
 

 

1.3.2 Main components in the electrochemical cell 

The process of designing a RFB (even at laboratory-scale) can be challenging since many aspects 

need to be taken into consideration: for instance, the electrolytes (if aqueous or non-aqueous) and their 

chemistries (solubility limit, operational pH (if aqueous), temperature, viscosity and conductivity). 

Consequently, the choice of the components in the electrochemical cell is generally made according to the 

type of electrolytes. The main components in the electrochemical cell are illustrated in Figure 1.7: 

a) a’) Negative and positive-side end plates (to close the system) 

b) b’) Negative and positive side current collectors (usually made of graphite, titanium or copper) 

c) c’) Gaskets (separators, usually made of silicon or derivatives) 

d) d’) Porous electrodes (usually made of carbon or graphite, here the redox processes take place) 

e) Separator (it avoids the direct mix of the two electrolytes) 



16 

 

 

Figure 1.7 Graphical schematic of an electrochemical cell of a RFB. All the components are illustrated and defined 

in the legend close to the figure.  

As displayed in Figure 1.6, the electrochemical cell is directly connected to the storage reservoirs 

to/from where the liquid electrolytes flow. Among all the components of the electrochemical cell two need 

to receive greater attention: i) electrode materials and ii) separators, since they regulate the redox reactions 

and cross-over of the entire system. 

I) Electrode materials 

There are some important requirements that an electrode for flow batteries should possess:  

i) Porosity  

ii) Conductivity towards the charge transfer reaction 

iii) Chemical and electrochemical inertness 

In particular, considering a general electrode reaction Ox Red ne , two steps are occurring:  

i) Mass transfer of the redox-active species (Ox) from the bulk of the electrolyte solution to 

the electrode surface. 

ii) Electron transfer at the electrode surface: the redox-active species is reduced or oxidized 

through the transfer of the electron from the electrode surface. 

Moreover, secondary reactions like surface reactions (e.g. adsorption, desorption, 

electrodeposition) can take place too, 29 hence, it is important to understand from which step the whole 

electrochemical mechanism is governed and at least two options are possible: 

i) The electrochemical process is diffusion-controlled (e.g. controlled by the mass-transfer 

from/to the bulk/electrode surface)  

ii) The electrochemical process is kinetically-controlled (e.g. controlled by the electron 

transfer kinetics between the redox active species and the electrode surface).  
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Additionally, an electrochemical reaction is defined “reversible” when the rate determining step 

(e.g. the step characterized by the sluggishness velocity in the overall process) is under diffusion control, 

“quasi-reversible” when the rate of the electron transfer process is in the same order as the rate of the 

diffusion process and “irreversible” when the rate determining step is under kinetic-control (e.g. electron 

transfer control).25 26  

Electrodes play a delicate role in the electrochemical conversion of the redox-active species. In 

general, carbon-based electrodes, such as felts, papers and cloths are widely used in RFB to provide redox-

active sites for electro-active species, because of their high electrical conductivity (Figure 1.8).31 These 

electrodes can be also improved by pre-treating the surface (i.e. heat pre-treatment, electrochemical pre-

treatment and functionalization with some electrocatalytic materials4), especially to remove oxides or other 

impurities that can affect the kinetics of the main redox reactions and also to be more hydrophilic.  

 

Figure 1.8 A selection of pristine electrode substrates including carbon paper, felt, cloth, electrospun mat, and nickel 

foam featuring distinct microstructures. This image is reproduced with permission from the work of Brushett at ref. 32 Copyright 

2020, Elsevier.  

Extensive research on the development of electrodes for RFB began with Skyllas-Kazacos and co-

workers33, with carbon–polymer composite electrodes for VRFB. Recently, Brushett and co-workers32 

summarized recent developments in the design and characterization of porous electrodes for RFB, with a 

focus on understanding and controlling both the microstructure and surface chemistry, which broadly align 

with mass transport and reaction kinetics. 32 The authors explain how the manufacturing process may affect 

the behavior of the flow cell during operation. In particular, the authors believe that engineers must reach 

a delicate balance between generating high surface areas to maximize reaction kinetics, providing small 

pores such that diffusion distances are minimized, and simultaneously incorporating large pores to 

minimize the pressure drop that occurs through the electrode. 32 
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II) Separators  

Another essential component in RFB is the separator. The presence of a separator is necessary to 

avoid direct electrolytes mixing, which can affect the life time and the efficiency of the installation. RFB 

can employ specific membranes as separators between the electrodes.25 Their general characteristics and 

requirements are summarized below34: 

i) Good ion-conductivity to minimize the ohmic drop (i.e. or IR drop (ΔEohm) is the resistance 

of the media during the flow of electrical current through the cell).35 A significant ohmic 

drop can affect the cell voltage. 

ii) Strong ion-selectivity to avoid electrolyte crossover. The crossover can lead either to short 

lifetime or to poor efficiency of the battery. 

iii) Chemical stability upon cycling. This feature contributes to the battery lifetime. 

iv) Rather low cost and high commercial availability. 

In RFB, mainly three types of membranes are employed: 36  

i) Ion-exchange (cation and anion) 

ii) Non-ionic 

iii) Amphoteric 

Among ion-exchange, cation-exchange membranes can be generally classified in three categories:  

i) Perfluorinated 

ii) Partially fluorinated 

iii) Non-fluorinated4 34 

NafionTM is the most well-known fluorinated cation-exchange membrane (Figure 1.9).4 It 

constitutes a polymeric chain of polytetrafluoroethylene (Teflon) characterized by highly hydrophobic C−F 

bonds and by a termination of sulfonic acid (HSO3
− groups). 4 The proton conductivity in NafionTM is ca. 

0.1 S·cm–1 at room temperature.29 
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Figure 1.9 Molecular structure of a Nafion membrane. The image is reproduced with permission from the work of 

Baker at ref.38, copyright 2020, Royal Society of Chemistry.   

Anion-exchange membranes (AEM) contain fixed cationic groups with mobile anions, common 

cationic head-groups are shown in Figure 1.10.4 39 AEM repel cations of the solutions and allow anions to 

be transported.40 The conductivity in AEM is often improved by increasing the number of ammonium sites, 

without a consequent increase of cation permeability, since cations are repelled by the ammonium cations. 

40  

 

Figure 1.10 Common cationic head-groups for AEM. This image is reproduced with permission from the work of Xu 

at ref. 39 Copyright 2020, Royal Society of Chemistry (RSC). 
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1.3.3 Different chemistries in RFB  

Two main classes of RFB are distinguished according to the type of supporting electrolyte: i) non-

aqueous and ii) aqueous. In this thesis, only aqueous RFB (ARFB) are studied, therefore, different redox-

active species will be introduced later. Among ARFB, two categories can be distinguished according to the 

nature of the redox-active species dissolved in the supporting electrolyte:  

i) Aqueous inorganic RFB (AIRFBs)  

ii) Aqueous organic RFBs (AORFB) 

AIRFB operate in acidic environment, a table of comparison is provided later (Table 1.4). In these 

systems the concentration of the acidic supporting electrolyte can vary from 1 up to 5 M.40 The conventional 

acid is sulfuric, but hydrochloric can also be used, especially when the anodic redox couple can oxidize at 

a potential lower than the one corresponding to the oxidation of chloride to chlorine40 (E0 = 1.36 V vs. 

SHE). 40 Interestingly, as discussed by Amstutz et al. 40, the nature of the acid and its concentration may 

affect the standard reduction potential of some redox couples 40 , as, for instance, in the case of cerium.  

1.3.3.1 Aqueous inorganic RFB (AIRFB): VRFB and systems based on VRFB 

The most well-known example of AIRFB is the VRFB (Figure 1.11), which is based on the four 

redox states of vanadium. As previously mentioned, VRFB attracted a lot of success over the last 30 years 

and commercial installations are in operation all over the world.  

VRFB performances are summarizes in Table 1.3: 

Table 1.3 Main performance and characteristics of VRFB 

Characteristic and units 
Value 

Range of power (kW) 
10 – 10’000 

Range of capacity (kWh) 
10-50’000 

Lifetime (years/ # of cycles) 

10-15/ 10’000-

15’000 

Volumetric energy density (Wh∙L−1) 
35 

Cell voltage (V) 
1-2.5 

Time of charge/discharge (h) 
1-10 

Energy efficiency (%) 
70-80 
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A general schematic of the working principle of VRFB is depicted in Figure 1.11. 

 

Figure 1.11 Schematic of the working principle of VRFB, where the VII/VIII redox couple circulates through the 

negative compartment (negative-side electrolyte), whereas the VIV/VV redox couple circulates through the positive compartment 

(positive-side electrolyte). This image is reproduced with permission from the work of Kinter-Meyer at ref. 41, copyright 2020, 

American Chemical Society (ACS). 

The redox reactions of the VO2
+/VO2+

 and V2+/V3+
 redox couples can be described as follows (eqn. 

1.7 and 1.8)42:  

eqn. 1.7 (upon charging at the positive-side electrolyte) 

2+ + +
2 2VO + 2H VO +H O e   

E0 = 1.00 V vs. SHE 

eqn. 1.8 (upon charging at the negative-side electrolyte) 

3 2V Ve     

E0 = −0.26 V vs. SHE 

The discharge reactions occur in the opposite direction. 

A similar system to the VRFB is the vanadium-oxygen (abbreviated as VOx) installation, 

demonstrated by Piwek et al (Figure 1.12).43 The VOx system is proposed to be integrated in the “dual-

circuit” RFB by Girault and co-workers44 with the goal of providing a high rate of conversion while 

minimizing the energy required. The following reactions take place in the VOx system:  
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i) V–O2 cell: 

eqn. 1.9 
2H2O → O2 + 4H+ + 4e– 

E0 = 1.23 V vs. SHE 

eqn. 1.10 

VO2
+ + 2H+ + e– → VO2+ + H2O 

E0 = 1.00 V vs. SHE 

ii) VRFB 

eqn. 1.11 

VO2+ + H2O→ VO2
+ + 2H+ + e–  

E0 = 1.00 V vs. SHE 

eqn. 1.12 

V3+ + e– → V2+  

E0 = −0.26 V vs. SHE 

iii) Hydrogen circuit 

eqn. 1.13 

V3+ + e– → V2+  

E0 = −0.26 V vs. SHE 

eqn. 1.14 

2H+ + 2e– → H2  

E0 = 0 V vs. SHE 

The VOx system at laboratory-scale reached a total energy efficiency in the range of 42–62%, 

which is a good result considering the tandem efficiency of a VRFB and of an electrolyzer. 43  

 

Figure 1.12 Schematic of the VOx system. The image is reproduced with permission from the work of Piwek et al. at 

ref. 43, copyright 2020, Elsevier.  
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In the table below some of the most extensively studied AIRFB are summarized:  

Table 1.4 Summary of the most extensively studied AIRFB in acidic supporting electrolyte. 
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1.3.3.2 Aqueous organic RFB (AORFB): advantages and challenges 

Some AIRB, such as those including manganese and cerium redox couples in the electrolyte are 

particularly difficult to manage, due to corrosion, stability and toxicity concerns. Undeniably, the presence 

of a strong acid in these systems rises concerns about safety and environmental risks, which recently led 

researches to consider other options for making less harmful electrolytes. In this case, an alternative can be 

represented by organic carbon-based redox-active molecules (ROM). Indeed, shifting towards these 

electrolytes would bring some benefits:  

i) Decrease the costs of the electrolyte, counting on the higher abundance of the raw materials and 

precursors.  

ii) Decrease some costs in the design of the electrochemical cell, in particular the usage of expensive 

separators (for instance NafionTM), employing affordable membranes.45 A great example in this case is 

presented by Janoschka et al.46 showing a RFB system operating with a size-exclusion46 membrane using 

polymer electrolytes from organic species in aqueous medium. 

Nevertheless, chemical stability can be a great challenge in the development of aqueous organic 

electrolytes for RFB. Recently, Aziz and co-workers25 have proposed an interesting review where the 

chemical stability of organic molecules is deeply discussed also in terms of levelized costs of the storage 

chemistry. In particular, if the present value of a series of future replacement costs for an AORFB is lower 

than the capital costs savings from using an organic system rather than a vanadium system, then the lower-

cost organic system may be the more economically preferable option. (Figure 1.13).25 

 

Figure 1.13 Breakvalue of the replacement cost ratio vs. interest rate for discounting, assuming project lifetime as 

indicated. Adapted with permission from reference 25. Copyright 2020 American Chemical Society.  



25 

 

A variety of molecular engineering studies can be done to integrate extra moieties and change 

chemical properties in the redox organic molecules (ROM).47 For example, introduction of electron-

donating groups in the molecular structure (e.g. hydroxyl, OH–) and electron-withdrawing moieties (e.g. 

sulfonate, SO3
−), can move the redox potential of the molecule (more negative) or (more positive), 

respectively.47 Moreover, as observed in many recent works 48 49 50 51 52 53 the addition of bulky ammonium 

groups can increase both solubility and electrochemical rate.47  

A closer look to some of the ROM for AORFB is provided in Figure 1.14. 

  

Figure 1.14 Schematic of some common organic and metal-free redox active species in aqueous RFBs. For each 

material the redox potential is depicted on the x-axis (vs. standard hydrogen electrode – SHE). In the 2 M H2SO4 section (from 

the left) is represented the anthraquinone-2,7-disulfonic acid, and the 1,2-hydroxybenzene-4,6-disulfonic acid. In the 1 M NaCl 

section (from the top left) are represented: the 1-[3-(trimethylammonio)propyl]-1′-(3-sulfonatopropyl)-4,4′-bipyridinium 

dibromide, the 1,1′-bis[3-(trimethylammonio)propyl]-4,4′-bipyridinium tetrabromide and the methyl viologen. Then from the 

top right there are the N,N,N ‐2,2,6,6‐heptamethylpiperidinyl oxy‐4‐ammonium chloride and the 4-Hydroxy-2,2,6,6-

tetramethylpiperidine 1-oxyl. In the 1 M KOH section, from the top left there are the 1,4-Dihydroxycyclohexa-1,4-diene-3,6-

dione, the alloxazine carboxylic acid, 2,6-dihydroxy-anthraquinone. This representation is adapted from reference 47. 
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Anthraquinone and derivatives are quite often employed in AORFB at acidic and alkaline pH. At 

acidic pH, the sulfonic acid groups imparted hydrophilicity and raised the solubility of AQS and AQDS to 

~ 1 M at pH = 0.54  

Aziz and co-workers55 compared different anthraquinone derivatives (Figure 1.15). The authors 

investigated four anthraquinone derivatives as negative-side electrolytes for an aqueous quinone‐bromide 

redox flow battery: anthraquinone‐2‐sulfonic acid (AQS), 1,8‐dihydroxyanthraquinone‐2,7‐disulfonic acid 

(DHAQDS), alizarin red S (ARS), and 1,4‐dihydroxyanthraquinone‐2,3‐dimethylsulfonic acid 

(DHAQDMS).55 The authors discovered that DHAQDS and ARS undergo irreversible reactions on contact 

with bromine, which excludes their use against bromine, but not necessarily against other electrolytes, 55 

however, they successfully demonstrated an AQS‐bromide flow cell with higher open circuit potential and 

peak galvanic power density than the equivalent AQDS‐bromide cell. 55 The average energy efficiency 

73.5% is better than that of the AQDS cells, which have reported to be equal to 62% at the same current 

density at room temperature with a nearly identical positive-side electrolyte (3.5 M HBr, 0.5 M Br2).  

 

Figure 1.15 a) Cyclic voltammograms of AQDS (black), AQS (red), DHAQDS (blue), and DHAQDMS (orange), 

showing the decrease in reduction potential through chemical modification. b) Open circuit voltage as a function of state of 

charge for each quinone in a flow cell paired with the bromine‐hydrobromic acid positive-side electrolyte. c) Structures of 

AQDS, AQS, DHAQDS, and DHAQDMS. This image is reproduced with permission from the work of Aziz and co-workers at 

ref.55, copyright 2020, Wiley.  
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Anthraquinone derivatives look promising candidates even at alkaline pH for AORFB. In 

particular, at pH 12 Kwabi et al.56 proposed the negative electrolyte material 4,4′-((9,10-anthraquinone-2,6-

diyl)dioxy)dibutyrate (2,6-DBEAQ), six times more soluble than 2,6-DHAQ at pH 12 (Figure 1.16). The 

authors demonstrated that by pairing 2,6-DBEAQ with a potassium ferri-/ferrocyanide positive-side 

electrolyte and utilizing a non-fluorinated membrane, this near-neutral flow battery shows a capacity fade 

rate that is the lowest of any quinone and rivals the lowest ever reported for any flow battery in the absence 

of rebalancing processes. 56  

 

Figure 1.16 A) Chemical structures of 1,2-, 2,6-, and 1,8-DBEAQ. B) Cyclic voltammograms of 1,2- (blue), 2,6-(gray), 

and 1,8- (green) DBEAQ. The redox potential vs SHE of each isomer is indicated. C) and D) Extended Full Cell Cycling of 2,6-

DBEAQ at 0.5 M and pH 12. These image is reproduced with permission from the work of Kwabi et al at ref. 56Joule.  
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1.3.3.3. Electrolytes employed in AORFB at neutral pH 

Table 1.5 summarizes some of the most well-known electrolytes for the positive and the negative-

side of AORFB operating at neutral pH.  

Table 1.5 Comparison of electrolytes employed in AORFB at neutral pH. Abbreviations: N,N,N ‐2,2,6,6‐

heptamethylpiperidinyl oxy‐4‐ammonium chloride (TEMPTMA), methyl viologen (MV), 1,1'-Bis[3-

(trimethylammonio)propyl]ferrocene dichloride (BTMAP-Fc), bis(3-trimethylammonio)propyl viologen tetrachloride 

(BTMAP-Viologen), ferrocenylmethyl trimethylammonium chloride (FcNCl), 4-[3-(trimethylammonio)propoxy]-2,2,6,6-

tetramethylpiperidine-1-oxyl (TMAP-TEMPO). 

Positive-side electrolyte Negative-side electrolyte Supporting electrolyte Performances Ref. 

 

TEMPTMA 

 

 

MV (hydrated form) 

NaClaq 
54 Ah L−1 

1.4 V 

51 

BTMAP-Fc 

 

 

BTMAP-Viologen 

NaClaq 

99% capacity 

retention  

11% capacity 

fade/year 

57 

 

FcNCl 
 

Diquat derivative 

NaClaq 

99% capacity 

retention per 

cycle 

58 

 

Poly-TEMPO 
 

Poly-viologen 

NaClaq 

1.12 V (inferred 

from graph in 

paper) 

45 

 

TMAP-TEMPO 

 

BTMAP-Viologen 

NaClaq 

500 cycles,  

1.12 V (at 50% 

SOC) 

52 
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I) ROM at the positive-side of AORFB at neutral pH: 

Recent works from Aziz57 and Schubert51 49 59 have identified two ROM for the positive and the 

negative-side of an AORFB. For the positive-side: (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) and 

its own derivatives are quite well known. TEMPO is a highly chemically stable nitroxyl radical as compared 

to others because of the electron delocalization between the nitrogen and oxygen atoms and the steric 

protection of radicals from four methyl groups (CH3). TEMPO is not soluble in water, but the addition of 

hydroxyl group (OH−) makes it soluble (2.1 M in water).  

Figure 1.17A) gives an overview of all the most extensively studied derivatives of TEMPO, 

including their solubility limits (Figure 1.17B)), along with the redox mechanism (Figure 1.17C)). 

 

Figure 1.17 A) Different derivatives of TEMPO. B) Two of the most extensively employed derivatives of TEMPO in AORFBs 

at neutral pH. The molecular structures are reported along with solubility limits and half-wave potentials (E1/2). 
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Figure 1.17 C) Redox reactions of TEMPO derivative upon charge (oxidation) and upon discharge (reduction). D) 

Molecular structure of TEMPO-polymer from the work of Schubert and co-workers. 45 

Schubert and co-workers51 were recently very active in the functionalization of TEMPO. They 

synthetized a derivative known as N,N,N‐2,2,6,6‐heptamethylpiperidinyl oxy‐4‐ammonium chloride 

(TEMPTMA), by adding a tetramethylammonium chloride (TMA+Cl-) salt to the 4-position of the 

piperidine ring. The synthetic route is proposed in Figure 1.18. 

 

Figure 1.18 Synthetic route of TEMPTMA.  

TEMPTMA is a very versatile molecule and it is often chosen for the following properties: i) high 

solubility (3.2 M in water and 2.3 M in 1 M NaClaq), ii) high redox potential (+0.944 V vs. SHE59), and iii) 

good chemical stability. In good agreement, in the present thesis TEMPTMA is used as positive-side 

electrolyte in an AORFB at neutral pH. 
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II) ROM at the negative-side of AORFB at neutral pH: 

For the negative-side of an AORFB at neutral pH, viologen is often one of the most extensively 

ROM. The following section gives a brief overview on the chemistry of viologens, describing synthesis 

methods, redox properties and toxicity. Finally, a summary of the most extensively studied AORFB using 

viologen electrolytes at the negative-side and TEMPOs at the positive-side will be proposed. Importantly, 

a more detailed review about the chemical stability of viologens is proposed later in chapter 4, since a 

derivative from this class of ROM is experimentally used in this thesis. 

According to Striepe et al.,60 viologens, di‐quaternized 4,4′‐bipyridyl salts, have been well studied 

and published as early as the 1970s.7 Due to their large investigation, several ways have been developed to 

synthesize viologens, and in a recent review Ding et al.61 reported the most well-known (Figure 1.19). 

 

Figure 1.19 Scheme of the synthetic routes of viologen starting from 4,4′-dipyridine. This figure is reproduced with 

permission from the work of Ding et al. in ref.61. Copyright 2020, Royal Society of Chemistry.  

The first synthetic route, which is the reaction between the 4,4’-bipyridine and a halogen, is the 

most common above all for obtaining products in high yield.61 However, other methods are quite largely 

used, such as the Zincke reaction.61 In general, viologens look like versatile candidates for energy storage 

devices, especially because of the three redox states,60 the desirable electron‐accepting capability, and the 

tunability of the nitrogen substituents with counter-ion(s).60 The latter is an important aspect to modulate 

thermodynamic properties such as solubility and crystallinity in the molecule.61 The following Figure 1.20 
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shows the possible combinations of N-substituted groups and counter anions in the synthesis by N-

alkylation reaction.61  

Viologens synthesized with halides (e.g. Br−, Cl− and I−) are soluble in protic solvents61 (i.e. any 

solvent that contains a labile H+), while viologens synthesized with triflate, PF6
− or BF4

− are soluble in 

aprotic solvents61 (i.e. any solvent with no O−H or N−H bonds). Interestingly, as reported by Pande et al.,62 

the PF6
− group is less hygroscopic (i.e. materials able to absorb a moisture), 62 while, the larger non-polar 

anions, [TFSI]–, typically impart lower basicity and nucleophilicity (i.e. the ability of a nucleophile to react 

at an electron-deficient center)63 and thus good solubility in polar organic solvents. 62 

 

Figure 1.20 Scheme of the different functional groups (N−substituted) and counter anion in viologens. This image is 

reproduced with permission from the work of Ding et al. in ref 8. Copyright 2020, Royal Society of Chemistry.  

Notably, the counter anions have an effect on the electrochromic properties of viologens. In this 

case, an interesting study was proposed again by Pande et al.62, which shows the spectroelectrochemical 

transitions of asymmetric viologens in ion gel-based electrochromic devices, in presence of PF6
− and 

[TFSI]– as counter anions, respectively.62 In particular, the viologen with PF6
− counter anion showed a color 

change from colorless to blue at 604 nm, producing an optical contrast of 35.4% and a coloration efficiency 

of 107.27 cm2∙C−1 62, consistently with the fact that the PF6
− ion is chemically inert, small and it can escape 

from the electrode surface due to faster ion diffusion, which leads to faster bleaching. 62 On the other hand, 

the viologen functionalized with [TFSI]– as counter anion exhibited a long optical memory effect (140 min) 

62, as compared to the previous one (maximum 35 min) 62 with also a higher coloration efficiency of 120 

cm2∙C−1. 62 
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Among viologens, methyl viologen (MV) is one of the most largely employed ROM for 

electrochemical devices. MV is commonly known as paraquat64 or 1,1′-dimethyl-4,4′-dipyridinium 

chloride.9 It consists of a 4,4’-bipyridinium backbone and two methyl functional groups connected to the 

N atoms. The following Figure 1.21 shows the molecular structure of MV.  

 

Figure 1.21 Molecular structure of methyl viologen (MV), paraquat or 1,1′-dimethyl-4,4′-dipyridinium chloride. 

MV is characterized by three redox states:60  

i)  A fully oxidized form (MV2+), known for being relatively stable in air and at room 

temperature 

ii)  A radical cation (MV●+), which corresponds to an intermediate redox state 

iii) A neutral form (MV), which is the fully reduced one.  

The following Figure 1.22 depicts the three redox transitions of MV along with the redox potentials 

and the corresponding colors. 

 

Figure 1.22 Redox states of MV: A) MV di-cation (MV2+) fully oxidized. B) MV radical-cation (MV●+) half-oxidized 

state. C) MV in the fully reduced state (quinoid form). The redox potentials (vs. SHE) for all the transitions are reported. The 

arrows below the schematic represent the change in color according to the three different oxidation states. 
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Safety aspects of viologens  

An interesting aspect when it comes to the usage of viologens in electrochemical energy storage 

devices, is the toxicity. According to Tsai et al.65 MV is frequently used as herbicide: its excellent effect 

within plant cells in crop protection and horticultural65 use makes it highly utilized. In particular, as 

described by Zielonka et al.66, MV exercises its herbicidal activity by interfering with the intracellular 

electron transfer systems in plants through the inhibition of the reduction of nicotinamide coenzymes, 

NADP+ to NADPH, during photosynthesis and the formation of reactive oxygen species that leads to the 

destruction of plant organelles.66 Importantly, MV (but also viologens in general) are known for being toxic 

to human beings, with, the main affected organs after poisoning from viologens being the lungs and to a 

lesser extent the liver, kidneys, and heart.66 The toxicity starts as soon as the fully oxidized form reduces to 

the radical-cation. This redox reaction involves the enzymatic system, which includes NAD(P)H-

cytochrome P450 reductase, NADH-ubiquinone oxidoreductase (complex I), nitric oxide synthase, and 

xanthine oxidase.66 The mechanism is represented in Figure 1.23. 

 

Figure 1.23 Redox reaction of MV (or paraquat, PQ in the schematic) and involvement with the enzymatic system, 

which includes NAD(P)H. This figure is reproduced with permission from the work of Zielonka et al. in ref. 14. Copyright 2020, 

American Chemical Society (ACS).  

The toxicity of the radical-cation of viologen comes from the reaction with oxygen to produce the 

superoxide radical anion (O2
●-) and subsequently hydrogen peroxide (H2O2), as well as hydroxyl and 

peroxyl radicals.66 According to Keyer et al.67, the superoxide anion has an implication in the production 

of oxidative DNA damage. However, Keyer68 discusses also that the superoxide anion is incapable of 

damaging DNA directly, but it is believed to do it indirectly by participating in the production of hydroxyl 

radicals (OH●).  
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1.4 Approaches to enhance the storage capacity in RFB 

Storage capability in RFB is a critical problem, requiring large tanks of electrolyte to achieve rather 

modest energy storage capacities 69. Much work has been conducted 70–72 proposing some additives to 

increase the solubility of the redox-active species in the electrolytes 73,74, multiple redox-active species 75 

or multi-electron redox-active species 76,77. The approach of multi-electron redox-active species is quite 

complicated due to the drawbacks of transferring more than one electron. Recently, Mn7+/6+ was proposed 

as a high energy density positive electrolyte in alkaline media with a solubility of 4 M. 78 Some interesting 

approaches have been proposed to provide innovative solutions for the energy density issue in RFB.  

i) Semi-solid RFB 

One of the first approaches considered were systems called semi-solid rechargeable flow batteries, 

introduced by Duduta et al.79 in 2011.This system is based on making a suspension of energy dense active 

materials employed to react at the electrode surface. A general scheme of semi-solid rechargeable flow 

battery is illustrated in Figure 1.24.  

 

Figure 1.24 A) General scheme of a semi-solid flow battery. B) Semi-solid electrolyte for the semi-solid flow battery. 

C) Cell configuration in the semi-solid flow battery. Images B) and C) are reproduced with permission from the work of Duduta 

et al. at ref. 79, copyright 2020, Wiley.  
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The semi-solid flow battery is able to exploit the inherent advantages of a flow battery architecture 

increasing the storage capacity by using the suspension of solid active materials that percolate in the liquid 

electrolytes, as displayed in the close up in Figure 1.24. The particles aggregate according to two steps:  

i) A diffusion-limited cluster aggregation to form conductor networks  

ii) A volumetrically dense packing of micrometer-scale particles. 

The suspension stores and transfers the charge at the current collector. Assuming a solid content of 

50% the volumetric capacity of the semi-solid suspensions is 5−20 times higher (e.g. 10 to 40 M) that than 

in ARFBs (1 to 3 M). Another useful advantage of the semi-solid redox flow batteries is that it can operate 

at low flow rates with low mechanical dissipations 79.  

However, in this system some drawbacks are encountered and mainly linked to the particles nature. 

The charge transfer belongs to the particle-particle aggregation/interaction to form conducting networks, 

which results in low conductivity values (around 0.1 mS∙cm–1 79,80) (Figure 1.25). 

 

Figure 1.24 a) Viscosity versus shear rate for suspensions of nanoparticulate carbon (Ketjen black) and LiCoO2 (LCO) 

in alkyl carbonate electrolyte. The suspensions show shear‐thinning behavior consistent with the presence of Ketjen networks 

partially disrupted by shear stress. b) Nyquist plots for the different suspensions and their components. The high frequency 

intercept on the real axis provides the ionic conductivity, and is the same for the pure alkyl carbonate electrolyte and the 0.6% 

Ketjen suspension in the same electrolyte (Z = 55 Ω intercept corresponds to 22 mS cm−1 ionic conductivity since cell 

configuration factor = 1.2 cm−1). At higher solids fractions the ionic conductivity decreases, e.g., the slurry containing 22.4% 

LCO and 0.6% Ketjen has 6 mS cm−1 ionic conductivity (Z = 200 Ω). The 22.4% Li4Ti5O12 (LTO) + 0.6% Ketjen suspension 

uses dioxolane solvent (1 M LiPF6) and has lower ionic conductivity of 1 mS cm−1 (Z = 750 Ω). The electronic conductivity, 

extrapolated from low frequency data, is about 102 lower than the ionic conductivity, being 0.06 and 0.01 mS cm−1, for the LCO 

+ Ketjen and LTO + Ketjen suspensions, respectively. These images are reproduced with permission from the work of Duduta 

et al at ref. 79 copyright 2020, Wiley.  

 



37 

 

ii) “Redox-targeting” 

In 2006, an innovative approach was proposed by Grätzel and co-workers81, utilizing solid-phase 

materials as primary charge storage media in batteries. This concept was denominated “redox-targeting” 

(Figure 1.26).81  

 

Figure 1.26 Schematic of the “redox-targeting” system proposed by Grätzel and co-workers.81 This image is 

reproduced with permission from the work of Zhao et al. at ref. 82. Copyright 2020, Royal Society of Chemistry. 

Interestingly, this concept was proposed first to address the insulation of the commonly employed 

battery material LiFePO4. 81 According to the concept, a molecular redox shuttle (abbreviated as “S” in the 

schematic in Figure 1.26) dissolved in the electrolyte oxidizes during charging at the current collector, 

delivering the charge to the solid material (LiFePO4) by bulk diffusion. 81 Then, the LiFePO4 is indirectly 

charged/discharged via the redox shuttle molecule in the electrolyte, which acts as a mediator for the charge 

transfer (Li+ intercalation) (Figure 1.26). This last step can occur only because the standard redox potential 

of the oxidized redox shuttle matches closely the Fermi level of the LiFePO4.81 Then, the oxidized redox 

shuttle molecule is reduced back by hole injection into the LiFePO4 particles81, resulting in the oxidation of 

FeII to FeIII and in the release of lithium ions.81  

The “redox-targeting” approach was believed extremely promising to increase charge capacity in 

energy storage technologies, such as RFBs. However, it also showed one drawback, in fact, the “indirect” 

charge/discharge of the LiFePO4 was carried out by a couple of redox shuttle molecules (i.e. two different 

osmium complexes), giving rise to kinetic limitations and eventual energy losses.  

Later in 2015, another similar system was proposed by Wang and co-workers.83 They utilized 

dibromoferrocene (FcBr2) and ferrocene (Fc), and cobaltocene ([Co(Cp)2]) and 

bis(pentamethylcyclopentadienyl)cobalt ([Co(Cp*)2]), for the “redox-targeting” reactions with LiFePO4 

and TiO2 solid materials, respectively (Figure 1.27).83 
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Figure 1.27 A) Cyclic voltammograms of the redox mediators and Li storage materials LiFePO4 and TiO2. B) A 

scheme compiling the chemical reactions between the redox mediators and materials in the tanks, as well as the electrochemical 

reactions of the mediators in the cell at different charging and discharging stages. These images are reproduced with permission 

from the work of Wang and co-workers at ref83 . Copyright 2020, Advance Science Mag. 

In this work, considering a 50% porosity of the solid materials, the volumetric capacity of the cell 

could reach up to 500 Wh∙L−1, which means 10 times the conventional VRFB volumetric capacity (Figure 

1.28)83  

 

Figure 1.28 A) Typical voltage profiles of the RFLB full cell at different current densities. The inset shows a fraction 

of the GITT (galvanostatic intermittent titration technique) curve of the cell during the charging process at a current density of 

0.05 mA∙cm−2. B) Volumetric capacity retention and Coulombic efficiency of the cell over cycling at different current densities. 

These images are reproduced with permission from the work of Wang and co-workers at ref83 . Copyright 2020, Advance Science 

Mag. 
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iii) “Dual circuit RFB” 

In 2014, a related approach, where excess electricity is converted to H2 and O2 through indirect 

water electrolysis, was demonstrated by Girault and co-workers 44,84. This concept is known as “dual circuit 

redox flow battery” (Figure 1.29) and it has been previously mentioned in the general discussion about 

RFB chemistries. The “dual circuit” system has the advantage of providing a secondary platform to store 

surplus energy beyond the capacity of the charged electrolytes, in the form of hydrogen.44 This system 

represents also a complementary technology allowing renewable electricity that would otherwise be lost 

when the RFB is at full capacity.44 Furthermore, the catalytic reactions occur independently of the electrode 

processes providing the chance to use low-cost, non-precious catalysts to obtain hydrogen. 44 

 

Figure 1.29 Principle of indirect water electrolysis as an alternative discharge process for a V–Ce RFB. Once in the 

charged state (V(II) and Ce(IV)) both electrolytes may be directed in an external catalytic bed to be chemically regenerated, and 

then return to the RFB. The catalyzed chemical reactions taking place in the catalytic beds allow the generation of hydrogen 

from the positive electrolyte (V(II)) and oxygen from the negative electrolyte (Ce(IV)).This image is reproduced with permission 

from the work of Amstutz et al. at ref 84. 

The majority of the studies summarized herein have focused exclusively on Li+ intercalation in 

organic electrolytes, while in this work the “redox-mediated” approach of charge transfer is applied to 

aqueous (acid and neutral pH) electrolytes, as they are typical of current large-scale RFB.   
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1.5 The approach of the present work: “redox-mediated” charge transfer 

1.5.1 Working principle and engineering of the electrolyte reservoir 

Unlike hybrid flow batteries, wherein the solid charge storage material resides inside the flow cell 

and directly accepts/donates electrons from/to the external circuit, 85in the present thesis a different concept 

is proposed and called: “redox-mediated” charge transfer.  

More specifically, when soluble redox-active species in the electrolyte undergo oxidation/reaction 

upon cell charging/discharging, the charge output of these redox reactions is carried within the flow cell to 

solid-phase materials, placed stationary at the bottom of the electrolyte tanks. Indeed, this mechanism is 

entirely mediated by the solubilized redox-active species in the electrolyte, which for this reason are called 

redox mediators (RM). On the other hand, the solid-phase materials who become the primary charge storage 

media, are denominated solid boosters (SB).  

The schematic in Figure 1.30 depicts how this concept works in the actual RFB. The redox-

mediator (RM) flows from the storage reservoir to the electrochemical cell where it reacts on the electrode 

surface. Then, when it comes back to the reservoirs it encounters the solid booster (SB), stationary placed 

at the bottom. If (as in the case represented in the schematic below) the Fermi level of the RM is higher 

than that if the SB, the RM will reduce the booster.  

 

Figure 1.30 Schematic of the “redox-mediated” charge transfer with Fermi level equilibration. In this particular case 

cation storage is represented since it corresponds to the experimental work.  
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From the inset in Figure 1.31 it is possible to see how the conventional configuration of the 

electrolyte storage reservoirs in the RFB has charged since the addition of the solid boosters. Importantly, 

the SB has to be stationary placed at the bottom of the reservoir during the whole cell cycling, otherwise 

floating of solid particles into the cell would lead to components failure (electrodes and membrane).  

Initially, this is done using a piece of carbon felt having the same diameter of the reservoir’s bottom 

along with a flow regulator and pipes to allow a full percolation of the booster from the electrolyte solution 

(design 1 in Figure 1.31). Later, the electrolyte reservoir was completely modified to improve and facilitate 

the electrolyte flow through the booster particles (design 2 in Figure 1.31).  

An important aspect to take into account during the design of the reservoir with SB is the booster 

configuration. The booster cannot be flown in the RFB as powder or slurry, since the goal is to have a solid 

storage (i.e. a storage material in the solid-phase) placed in the reservoir while the liquid electrolyte flows 

constantly. In this work this aspect was addressed according to the booster material, for instance in the case 

of polymers as SB no particular configuration was needed, however with intercalation compounds with 

crystalline structure, pellets were made.  

 

Figure 1.31 Schematic of the “redox-mediated” flow battery with solid boosters in the electrolyte reservoirs. The close 

up shows how the tank is arranged in presence of the solid booster particles. The legend below the representation explains all 

the components.  
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1.5.2 Theoretical aspects of the approach 

The concept of “mediated-charge” transfer applied to RFB relies on fundamental theoretical 

aspects, which are discussed in this paragraph. First, the thermodynamic definition of standard 

electrochemical potential (  ) of any redox-active species in the solution is given, which suddenly leads to 

the derivation of the Nernst equation, expressed in terms of electrochemical Gibbs energy  and of the 

activity (a) of the species (eqn. 1.15). These fundamental definitions are necessary to understand the how 

species in the solution (i.e. liquid electrolytes or solid boosters) characterized by redox activity can react.  

Eqn. 1.1530 shows the situation where a redox reaction occurs, then at the equilibrium the delta of 

the electrochemical Gibbs energy is equal to zero, as well as the electrochemical potential of the species (

 ) for the redox reaction proposed. The electrochemical potential of any species “i” can be further defined 

as the sum of the chemical potential (μi) of the species “i” (i.e. this is a chemical term that includes all the 

short-distance interactions between the ion and its environment, such as ion-dipole interactions, ion-dipole 

included interactions, dispersion forces, etc.)30, an electrostatic term (ziFχi) (i.e. this is an electrostatic term 

linked to the crossing of the layer of oriented interfacial dipoles) and (ziFψi) (i.e. this is an electrostatic term 

linked to the charge of the phase). In all these expression, F is the Faraday constant (96485 C/mol).  

Eqn. 1.1530 
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Then, from the expression of the electrochemical potential of the species “i” ( ) in eqn. 1.1530, it 

is possible to carry on with the demonstration of the electrochemical potential and write it as in eqn. 1.1630: 

Eqn. 1.1630 

 

ln

i i i i i i

i i i i i

i i i i

z F z F

RT a z F

z F

   

  

  

  

  

  

   

 

 

In the expression of the electrochemical potential of the species “i” ( ) in eqn. 1.1630, a new term 

is introduced, which is ϕi . This is the inner potential or Galvani potential of a phase and it is defined as the 

sum of the surface and the outer potentials. As described by Girault30, these potentials are really potential 
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differences, the inner potential of a phase is the potential difference between the bulk of the phase and the 

vacuum. Figure 1.32 illustrates the radial distribution of potential for a metal of radius R carrying a positive 

charge Q with the contributions of the outer potential and the surface potential. The inner potential is 

constant inside the sphere. 30 

 

Figure 1.32 Illustration of the radial distribution of potential for a metal of radius R carrying a positive charge Q. 

This image is reproduced from the textbook of Girault at ref 30.  

In the expression of the inner potential, given that ψ can be measured it was proposed to define the 

real chemical potential (αi). Thus the electrochemical potential can be defined as the sum of the real 

chemical potential and an electrostatic term related to the charge of the phase (eqn. 1.16). 30 

Finally, coming back to the equilibrium situation where the delta of the electrochemical Gibbs 

energy is equal to zero as the electrochemical potentials of the redox species, it is possible to develop the 

following equation 1.1730, which leads to the derivation (according to a thermodynamic approach) of the 

Nernst equation.  

eqn. 1.1730 
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In eqn. 1.17 μi
0 is the standard chemical potential of the species “i” in solution in the molarity scale 

(or molality). The difference of ϕ is the difference of the Galvani potential between the metal (M) and the 

solution (S). The term nF(ϕM- ϕS) is the electrical work required to transfer one mole of elementary charges 

from inside the metal to the bulk of the solution. 30  
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Another important theoretical aspect to define for the complete understanding of the “mediated-

charge” transfer, is that of Fermi level of electrons in solutions. The definition of Fermi level of electron in 

solution is based on recent works by Peljo and Girault. 75 86 

By analogy with the Nernst equation, we can define the standard redox potential on the absolute 

vacuum scale (AVS) by considering the virtual reduction reaction between an electron at rest in vacuum 

and the oxidized species in solution (eqn. 1.18)86: 

eqn.1.1875 86 
reduction Ox Red Ox/Red AVS

S
S S SG e E          

By definition, the electron at rest in vacuum is the origin of the AVS scale.86 Then, we can define 

the electrochemical potential of the electron in solution and consequently a Fermi level for the electron in 

solution as shown in Figure 1.33 and in the eqn. 1.19 and 1.20. 

 

Figure 1.33 Redox reaction for the definition of the absolute redox potential considering electrons at rest in vacuum. 

This image is reproduced with permission from the work of Girault and co-workers at ref.86. Copyright 2020, Royal Society of 

Chemistry. 

eqn.1.1975 86 Ox/Red AVS

S
S S

e- e E       

eqn. 1.2075 

Ox/Red AVS
-

S
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Ox Rede
α e E α - α       

Additionally, as graphically represented in Figure 1.30, one of the main aspect regarding the 

“mediated-charge” transfer concept is the Fermi level equilibration between the RM (in the liquid phase) 
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and the SB (in the solid phase). Girault and co-workers86 describe it considering the case of a metallic 

nanoparticle immersed in a solution (Figure 1.34). In this case, the nanoparticle in the solution will reach, 

albeit very slowly, an electrochemical equilibrium with the surrounding solution. 86 If the redox potential 

in solution is dominated by a single redox couple, ox/red, in excess, then the Fermi level of the electrons in 

the metallic nanoparticle, E NP
F, will change to become equal to the Fermi level of the electrons in solution, 

E S
F,ox/red, for this redox couple. 86 This change results in either an electrostatic charging of the metallic 

nanoparticle accompanied by an oxidation of the redox couple in solution or discharging of the metallic 

nanoparticles accompanied by a reduction of the redox couple in solution. 86 

 

Figure 1.34 Redox equilibria for metallic nanoparticles in solution showing the capabilities of metallic nanoparticles 

to be (A) charged and (B) discharged upon Fermi level equilibration with an excess of a single dominant redox couple in 

solution. This image is reproduced with permission from the work of Peljo et al. at ref. 86. Copyright 2020, Royal Society of 

Chemistry. 

In principle, “redox-mediated” flow batteries should be readily scalable. Flow batteries already 

exist at reasonably large scales, as do other flow-assisted electrochemical processes. The engineering of 

heterogenous flow-through reactors is also quite well established, and it’s nearly ubiquitous across the 

chemical industries. Designers of “redox-mediated” flow batteries would benefit directly from the existing 

knowledge in these fields.   
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Chapter 2  
A “redox-mediated flow battery” at acidic pH 

with polyaniline as solid booster 

Based on the article; 

Zanzola, E.; Dennison, C. R.; Battistel, A.; Peljo, P.; Vrubel, H.; Amstutz, V.; Girault, H. H. Redox 

Solid Energy Boosters for Flow Batteries: Polyaniline as a Case Study. Electrochimica Acta 2017, 235, 

664–671 

2.1 General Introduction  

Previously, storage technologies were presented as an encouraging option in the current energy 

scenario, where they can bring some benefits to the overall energy supply, for instance, by integrating 

renewables as highly intermittent sources. An important aspect while discussing storage technologies is the 

choice of materials for achieving high performances, especially in terms of storage capability and cycle 

life-time. In this chapter, redox polymers will be employed in an AIRFB. Indeed, as previously discussed, 

ARFB suffer from low energy density (25-40 Wh∙L−1)7, limited by the concentration of the redox-active 

species dissolved in the supporting electrolyte. The purpose of this chapter is to implement solid-phase 

redox boosters in the electrolytes to enhance the whole volumetric capacity. Redox polymers were selected 

as solid boosters, due their diversity, unique electrochemical properties and cost-effectiveness. In particular, 

among them polyaniline (PANI) was identified for designing a first aqueous “redox-mediated” flow battery 

in the presence of acidic electrolytes. The main objective of the present work is to study the booster 

contribution in a full RFB as proof-of-concept. 

  



47 

 

2.2 Redox active polymers (RAPs) 

RAPs are defined by IUPAC as materials containing groups that can be reversibly reduced or 

oxidised.88 Each redox process occurring in the polymer may be associated with changes in the properties 

of the material, such as chemical, mechanical or optical, making these polymers versatile for many 

applications. RAPs have been historically classified according to different principles, but due to their large 

variety there are some exceptions and hybrid forms89. According to Kim et al.90 two main groups can be 

distinguished: i) redox active group-embedded polymers (RAGEP) and ii) redox active pendant-bearing 

polymers (RAPBP). A graphical schematic of the classification of RAPs is displayed in Figure 2.1.90 

Furthermore, each of these classes has two subdivisions; in fact, RAGEP consist of conductive polymers 

(Figure 2.1a), (e.g. PANI, PEDOT, PPy PEDOT:PSS) and other polymers (Figure 2.1b) (e.g. P-p-P, and 

poly(S-r-DIB) copolymer).90 Then, the category of RAPBP, according to Kim et al.90, is made by polymers 

with redox –active groups (RAG) (Figure 2.1c), (e.g. ferrocene, imide, quinone, viologen, etc.) and by 

polymers with radical group (Figure 2.1d), (e.g. nitroxyl and galvinoxyl).  

 

Figure 2.1 Schematic of the classification of RAPs. The main classes are RAGEP and RAPBP. From the first group 

of RAEBP, conducting polymers (in a)) and other polymers (in b)) can be classified. Then, from the second group of RAPBP, 

RAG polymers (in c)) and radical group polymers (in d)) can be identified. This figure contains a few examples of each polymers 

and it was inspired by the work of Kim et al. at ref 
90

. 
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2.2.1 Redox active group-embedded polymers (RAGEP) 

RAGEP possess an electrochemically active backbone consisting of redox-active monomers.90 

RAGEP (Figure 2.1a)), usually undergo electrochemical reactions by doping and de-doping mechanisms 

and the dopant ion depends on the polymer species. The charge related to this redox process is stored in the 

conjugated oxidized or reduced states of the polymer.90 The doping mechanism controls the conductivity, 

which is an important characteristic considering the application of these polymers in electronic devices.91 

Interestingly, in between 1980s and 1990s, it was discovered that Brønsted acids (i.e. any species capable 

of donating a proton –H+) were responsible for p-doping in many organic conducting and semi-conducting 

polymers.91 This doping mechanism proceeds by charge transfer from the valence band (abbreviated as VB) 

of the semiconductor to the conduction band (abbreviated as CB) of the dopant, introducing a hole on the 

semiconductor while simultaneously creating a negatively charged dopant anion.91  

RAGEP polymers are a good option to substitute conventional inorganic materials for the positive 

and the negative-side of a battery system, due to their competitive performances, good mechanical and 

thermal stability, low toxicity and safety.89 Indeed, they fit well in electrochemical storage devices since 

they can match operational requirements such as: i) cell voltage, ii) capacity, iii) Coulombic efficiency 

(CE), and iv) cycle life-time.89 An interesting work is proposed by Su et al.92 on the utilization of PPy in 

the synthesis of a PPy-containing ferrocene positive-side LIB material. This PPy-containing ferrocene 

material exhibited good cycling performances, and the authors demonstrated that the introduction of 

ferrocene into PPy improved the capacity from 16.5 mAh∙g−1 of PPy to ca. 43 mAh∙g−1. 92  

Furthermore, a variety of works discuss the usage of PANI in LIB, as positive or negative-side 

battery material. Recently, Luo et al.93 have made a review on the application of PANI in different batteries 

such as LIB, lithium-sulfur and supercapacitors. In particular, as negative-side material, PANI has been 

largely used to improve the low capacity in anode materials.93 In a LIB, Hu et al.94, utilized PANI in the 

synthesis of a novel hierarchical PMo12/PANI/MWNTs nanocomposite, as negative-side battery material. 

94 This nanocomposite based on PANI and MWCNTs shows great cycling performance. The authors claim 

that it delivers an overall discharge capacity of 1000 mAh∙g−1 for 100 cycles at a current density of 0.5 

mA∙cm−2.94  
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A remarkable work which proposes PANI and SWCNTs as negative-side material for LIB is 

presented by Ge et al. (Figure 2.3A)).95 In this work, the authors prepared a SWCNT/PANI nanoribbon 

hybrid aerogels95 as free-standing flexible LIB electrodes by micelle-induced self-assembly of aniline 

monomers, followed by in-situ polymerization of PANI within the wet SWCNT gels (Figure 2.3A)). 95.  

 

 

Figure 2.3 A) Schematic of the synthesis process of the SWCNTs/PANI nanoribbon aerogel nanocomposite. B) 

Capacity and CE of coin cells with SWCNTs/PANI nanoribbon composite aerogel electrode at a current density of 30 mA∙g−1. 

Comparison of lithium storage of different CNTs/PANI composites as electrodes. The composite electrodes all had a CNT 

content of ∼33 wt. % nanoribbon, nanofiber. These images are reproduced with permission from the work of Ge et al. at ref 95. 

Copyright 2020, American Chemical society (ACS).  

The in-situ synthesized SWCNTs/PANI nanoribbon aerogel nanocomposites by Ge et al. 95 

exhibited 185 mAh∙g−1 capacity95 and high cycling stability, with no fading up to 200 cycles. 95 According 

to Ge et al. 95 , the capacity enhancement could be attributed to the interpenetrating aerogel networks of 
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SWCNTs and PANI nanoribbons for efficient ion/electron transport, and to highly interconnected 

nanopores in aerogels, which provided highly effective penetration of electrolyte ions.95  

On the other hand, PANI is also employed as positive-side material in LIB: for example, FeS2/PANI 

composite, synthesized via in-situ chemical polymerization of the aniline monomer in presence of fine FeS2 

particles in aqueous suspension.96 This composite exhibits a 767 mAh∙g−1 gravimetric capacity at 100 

mA∙g−1. 96 

2.2.2 Redox active pendant-bearing polymers (RAPBP) 

RAPBP (Figure 2.1c)) have electrochemically active groups on their non-conductive polymer 

backbones, similar to a grafted polymer structure.90 They usually undergo redox reactions where their 

doping level can be changed by doping and de-doping mechanisms.90 RAPBP are frequently employed in 

many electrochemical storage devices, such as positive or negative-side electrode materials in metal-ion 

batteries (i.e. NIB and LIB, respectively)89 or as electrolyte RFB materials.48 46  

The following Figure 2.4 shows a few examples of RAPBP along with their main performances in 

electrochemical devices such as NIB or LIB (Figure 2.4a) and b)) or in RFBs (Figure 2.4c) and d)). 

 

Figure 2.4 RAPBP: a) Polymers employed typically as positive-side materials in LIB or NIB batteries. b) Polymers 

employed as negative-side materials in LIB or NIB. c) Polymers employed in ARFBs and d) in NARFBs. In the figure the 

following abbreviations are used: LiPF6 for lithium hexafluoroposphate, DMC for dimethyl carbonate, LiTFSI for lithium bis 

(trifluoromethane sulfonamide), LiNO3 for lithium nitrate, DOL for dioxolane, DME for dimethyl ether, NaTFSI for sodium 
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bis (trifluoromethane sulfonamide), MeTHF for 2-Methyltetrahydrofuran, EE for energy efficiency. The contents of this figure 

are reproduced with the permission from ref 90, Copyright 2020, Royal Chemical Society.  

Importantly, in these polymers the insulating backbone could represent an issue for long cycling 

performances in the electrochemical storage device, requiring the employment of conducting additives (e.g. 

carbon acetylene black (CAB) or MWCNTs) to enhance the whole electronic conductivity. As an example, 

Shimizu et al. 97, studied para- and ortho-quinone derivatives having two carbonyl −CO2 Li groups as 

positive-side materials in a LIB. These materials were prepared for cycling tests directly with CAB as 

conducting additive and polytetrafluoroethylene (PTFE) as binder in a ratio (1.5/4.0/1.0 wt. %). In 

particular, in the case of the 2,6-bis(lithiooxycarbonyl)-9,10-anthraquinone (LCAQ) derivative, the battery 

showed an initial capacity of 85 mAh∙g−1 (49% of the theoretical capacity equal to 174 mAh∙g−1), which 

after 20 cycles decreased to 70 mAh∙g−1.97 The work proposed by Shimizu et al. 97 exhibited excellent 

cyclability compared to those using the parent quinones, although still functionalized with carbonaceous 

additives for enhancing the conductivity in all cycling tests. Furthermore, Lu et al.98 reported the 

incorporation of sodium 1,4-dioxonaphthalene-2-sulfonate (NQS, in Figure 2.5a)) into the network of 

MWCNTs, using a dissolution–recrystallization method, which produced a flexible and free-standing 

hybrid film for LIB applications (Figure 2.5b) and d)). The average discharge capacities of the 

NQS/MWCNTs hybrid film with an average content of 41 wt. % NQS were 146, 125, 107, and 93 mAh g−1 

at 0.2, 0.5, 1.0, and 2.0 C, respectively (based on the mass of NQS), which were considerably higher than 

that of pristine NQS at the same rates.98 

 

Figure 2.5 a) Structural formula and reversible electrochemical redox mechanism of NQS/Li2NQS. b) The LUMO 

plot of NQS molecule, the HOMO plot of NQS2–, and the optimized structure of Li2NQS. c) Schematic process for preparing 
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NQS/MWNTs hybrid films by (I) depositing NQS particles on the surface of MWNTs scaffolds; (II) self-assembly of MWNTs 

with NQS nanoparticles and the formation of NQS/MWNTs hybrid films. d) Cycling performance with Coulombic efficiency of 

NQS and NQS/MWNTs at 0.2 C. e) Schematic diagram of a flexible soft-packaged lithium battery. This figure is reproduced 

from ref. .98, reprinted with permission, copyright 2020, American Chemical Society (ACS). 

In the field of RFB, RAPBP are also attracting considerable attention. The ARFB employing 

TEMPO and viologen polymers as neutral pH electrolytes developed by Schubert and co-workers (depicted 

in Figure 2.6a) and b))48, exhibits very interesting cycling performances. Indeed, being fully constituted by 

earth-abundant elements, it is an option to design relatively low-cost systems. TEMPO and viologen 

polymers are soluble in 2 M NaClaq supporting electrolyte and have a cell voltage of 1.1 V at 100% SOC. 

The full ARFB has a volumetric capacity equal to 8.2 Ah∙L−1 and an energy density of 8.0 Wh∙L−1. 

Additionally, due to the macromolecular nature of the polymers, the NafionTM membrane can be replaced 

by a dialysis membrane (preventing crossover by size exclusion), contributing to further decrease the 

overall costs of the installation.99 In this particular case, the thickness-normalized diffusion coefficient of 

the dialysis membrane was found to be (9.3 ± 0.1)∙10−5 cm∙s−1, 48 which lead to a low area resistance in 

aqueous sodium chloride solution of 1.14 ± 0.03 Ω∙cm2 (in the range of NafionTM membrane).  
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Figure 2.6 a) Schematic of poly-TEMPO and poly-viologen redox flow battery, with redox reactions of TEMPO and 

viologen derivatives (b) Below (a and b): cycle tests of poly-TEMPO and poly-viologen redox flow battery. These figures are 

reproduced with permission from ref 48, Copyright 2020, Royal Society of Chemistry. 



54 

 

Additionally, TEMPO and viologen-based RAPBP have also been utilized in NARFBs: in 

particular, a poly(norbornene)-g-poly(4-methacryloyloxy-2,2,6,6-tetramethylpiperidin-1-oxyl) (PNB-g-

PTMA) was cycled in 0.1 M (n-C4H9)4NClO4/CH3CN in ethylene carbonate/diethyl carbonate (1/1 in v/v), 

and the cell delivered 95% of theoretical capacity.46  

The synthesis of PNB-g-PTMA is shown in Figure2.7a) and b): the branch chains containing 

TEMPO unit were polymerized by living anionic polymerization first, and then the main chain was 

polymerized by a ring-opening metathesis polymerization (ROMP).100 101 

 

Figure 2.7 Schematic of the synthetic process of PNB-g-PTMA. This image is reproduced with permission from the 

work of Nishide at ref. 101 copyright 2020, ACS. 

A stable redox reaction of TEMPO/TEMPO+ was observed at +0.80 V vs. Ag/AgCl in 0.1 M (n-

C4H9)4NClO4/CH3CN supporting electrolyte. 100 The authors demonstrated a half-cell flow cell with 0.1 M 

PNB-g-PTMA in 0.1 M (n-C4H9)4NClO4 in ethylene carbonate/diethyl carbonate (1/1 in v/v), delivering 

95% of theoretical capacity.100 In addition, Moore and Rodríguez-Lopez’s groups102 investigated the 

viability of viologen-based RAPs in NARFBs as well. In particular, poly (vinylbenzylethyl viologen) with 

controlled molecular weight between 21 and 318 kDa was synthesized to study the influence of molecular 

weight on electrochemical properties and the transportation behavior across the porous membrane. 102 This 

polymer exhibited high solubility over 2 M in aprotic solvent such as acetonitrile and propylene carbonate, 

as well as fast redox reactions at a potential of −0.70 V vs. Ag/Ag+.102 Then, poly(vinylbenzylethyl 

viologen) with different molecular weights showed high charge accessibility (94–99%) in the controlled 

potentials bulk electrolysis experiments.102 In conclusion, Moore and Rodríguez-Lopez 102 demonstrated 

that viologen-based polymers with high molecular weight could be efficiently blocked by porous 

membranes. 
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Figure 2.8 A) Synthesis of poly(vinylbenzylethyl viologen). B) Relative polymer size-dependent polymer rejection 

across COTS porous separators for RAPs. Reproduced with permission from ref 
100

. Copyright 2020, American Chemical 

Society. 

In the present work, among RAPs PANI was selected for operating as solid booster in a RFB 

employing acidic electrolytes. Indeed, PANI is characterized by a facile synthetic procedure with high yield, 

a well-defined redox activity and a good mechanical stability in strong acidic condition, which is required 

from the operating environment of the flow cell. In the following sections a general introduction to PANI 

as RAGEP is provided, focusing the attention on its redox features, electronic conductivity and different 

synthetic procedures. 

2.3 Polyaniline (PANI) 

2.3.1 PANI redox states and doping mechanism 

PANI was discovered by Runge in 1834.103 PANI is a mixed oxidation state polymer and it consists 

of a reduced benzoid and oxidized quinoid units.103 PANI exhibits three oxidation states: i) leucoemeraldine 

(PANI-LE) as fully reduced, ii) emeraldine (PANI-E) as half oxidized and iii) pernigraniline (PANI-PE) as 

fully oxidized (Figure 2.9).  

 

Figure 2.9 PANI chemical structures and oxidation states. Equilibria between PANI base and salts are also 

represented. In the schematic “HA” represents a general acid, such as hydrochloric (HCl). In addition all the abbreviations for 

the three different PANI forms are reported beside each molecular structure. 
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PANI is a conducting polymer and its electronic conductivity changes according to the oxidation 

states and to the degree of protonation.103  

 

Figure 2.10 Different band gaps in PANI base and salt. This representation is inspired by the work of Molapo et al in 

ref. 
103

. 

 

Figure 2.11 Doping mechanism involving polaron structures. These representations are inspired by the work of 

Molapo et al in ref. 
103

. 
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Among the three oxidation states, the intermediate, PANI-E, is the only conducting one.103 This 

form of PANI has a structure consisting of an equal amount of amines (−NH−), imines (=N−). By protonic 

acid (HA) doping the protonated imine sites a structure called “bipolaron” (i.e. a di-cation salt) is formed 

(Figure 2.11).103 104 In this mechanism the anion balances the charge making the system electroneutral. 

Importantly, it is believed that an irreversible decrease in the electronic conductivity and redox 

activity can lead to degradation processes of PANI. In particular, the electronic conductivity degradation 

foresees a bond breaking in the polymer chains leading to a loss of monomer mass. In addition, any 

degradation might be due to an inhomogeneity of the oxidation reaction, in fact, the number of the 

intercalation sites can change affecting the ion transport across the polymer solution/interface increasing 

the required energy for the counter-ion intercalation 105. As described by Stafström104 et al. upon protonation 

of the imine sites, the conductivity increases by a factor of 1010, reaching from 1 to 102 S∙cm−1 (which is 

many order of magnitude higher than that of common polymers, < 10−9 S∙cm−1, but lower than that of typical 

metals, >104 S∙cm−1),106 103 despite the unchanged electron concentration. Indeed, the proton (−H+) has been 

largely used to control the oxidation states of PANI.90 In particular, this doping chemistry enables PANI to 

possess both p and n-doped state from protons and metal ions, respectively. 90  

Kim et al. 90 describe particularly well the protonation/de-protonation mechanism in PANI and also 

the n-doping/de-doping process using lithium ion instead of protons (Figure 2.12). 

 

Figure 2.12 Lithium n-doped PANI for LIB. A) Diagram showing the different possible protonation and degrees of 

oxidation of PANI: the circles show the canonical forms that can be represented with four aniline repeating unit formulas. B) 

Formulas and reactions of some of the PANI states, including some of the new deprotonated-lithiated states (right). C) 

Extension in 3D of A) with an axis to include the possible lithium p-doped states. These images are reproduced with permission 

from the work of Kim et al. at ref 90. Copyright 2020. Joule. 
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2.3.2 PANI synthesis 

PANI can be synthesized either chemically or electrochemically. The chemical synthesis is a 

polymerization reaction in presence of an oxidizing agent (e.g. ammonium persulfate, (NH4)2S2O8)) in 

aqueous acidic medium (e.g. HCl). As explained by Molapo et al.,103 the polymerization of aniline monomer 

proceeds via a multi-step radical propagation mechanism (Figure 2.13a), b) and c)). Initially, the aniline 

monomer is oxidized forming a radical cation (Figure 2.13a)), where the charge can be redistributed in the 

aromatic ring allowing two resonance forms. Later, a coupling phenomenon of the radical-cation is 

observed (involving the para position of the aromatic ring), which suddenly leads to a re-aromatization 

mechanism accompanied by protons elimination (Figure 2.13b)).103 Finally, chain propagation results from 

the radical cation of the dimer coupling with an aniline cation (Figure 2.13c)).  

 

 

Figure 2.13 Full mechanism of chemical polymerization of aniline into PANI. a) Aniline monomer oxidation step. b) 

Radical coupling and re-aromatization step. c) Chain propagation step. This representation is inspired by the work of Molapo 

et al. in ref. 
103

.  
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On the other hand, electrochemical synthesis of PANI can also be performed and generally it can 

be done in a few ways : i) potentiostatically (i.e. applying a constant potentials and registering the current), 

ii) galvanostatically (i.e. applying a constant current and registering the potential, as it will be elucidated in 

the case of the present work) and iii) by cyclic voltammetry.107  

In general, the polymerization reaction is carried out in aqueous solution of aniline in acidic 

medium (e.g., 1 M HCl, HClO4 and H2SO4)107. The acidic medium is quite important and the pH of the 

solution has to be rather low to facilitate the solubilization of the aniline monomer in water and to avoid 

excessive branching of undesired products, but instead generate the desired emeraldine salt form.103  

Nowadays PANI is employed in a variety of applications, including automotive, food, chemical, 

energy (i.e. batteries such as LIB)107 94, medical and environmental sectors. For instance, Tanguy et al.108 

describes it in ammonia sensing and detection, where the combination with metal oxides and carbon 

nanotubes enables reaching superior performance due the capability of the composites of forming p-n nano-

junctions resulting in high ammonia selectivity. 108 
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2.4 PANI as solid booster    

PANI was selected judiciously as redox solid booster in the electrolyte reservoirs of an acidic 

ARFB. PANI chemically synthesized will be stationary kept at the bottom of the electrolyte tank and the 

flow of the electrolyte will fully pass through it. Then, upon flow cell operation PANI will be indirectly 

oxidized/reduced by the redox mediators, consequently storing the electrical charge. The schematic in 

Figure 2.14 represents the general redox reactions of the synthesized PANI salt upon flow cell operation 

In addition, the Fermi level equilibration for the materials employed in the RFB is depicted in C).  

 

Figure 2.14 A) Redox reactions of PANI solid booster with generic redox mediator (RM) in the tank of the ARFB. In 

this case, PANI salt is depicted as synthesized for the flow cell cycling tests. B) Schematic of “redox-mediated” charge transfer 

in the case of PANI when the electrolyte is charging. C) Equilibration of Fermi level between PANI and the actual RM employed 

experimentally in ARFB. At the negative-side: V (IV/III) and at the positive-side Fe (III/II).  

Furthermore, with a simple calculation it is possible to show how the addition of PANI booster into 

the electrolyte can increase the volumetric capacity. For example, for an electrolyte with a concentration of 

1 M, the volumetric capacity is equal to 26.8 Ah∙L−1 (considering one electron transfer reaction). The 

theoretical capacity of PANI is 144 mAh∙g−1 109 and its density is 1.3 g∙mL−1, thus, the equivalent volumetric 

capacity is 187 Ah∙L−1 (which is 7 times the volumetric capacity of the electrolyte alone at 1 M). Then, for 

a RFB containing 50% of PANI and 50% of 1 M liquid electrolyte, the final volumetric capacity would be 

106 Ah∙L−1, which corresponds to 4 times the electrolyte capacity alone (26.8 Ah∙L−1) (Figure 2.15). 
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Figure 2.15 Schematic to explain the calculation having a system made of 50% wt. of 1 M electrolyte solution (in 2 M 

sulfuric acid) and 50% PANI (salt) in the same solution. The respective volumetric capacities are reported in the schematic 

according to the calculation. The image showing PANI in the vial is adapted from the work of Al-Dulaimi et al. at ref. 110 

It can be observed from this simple calculation that the addition of the booster can potentially 

quadruplicate the initial volumetric capacity of the electrolyte in a ratio (50:50) %, which is encouraging in 

the perspective of large-scale ARFB.  

In the following sections, the viability of PANI as solid booster is presented: first, a preliminary 

electrochemical characterization of the polymer in absence of any redox mediator is performed, with the 

goal of understanding the position of the redox potentials through the cyclic voltammetry. Then, redox 

mediators will be carefully chosen in order to match the redox features of the PANI according to the “redox-

mediated” charge transfer approach.  

Subsequently, electrochemical cycling of PANI in the absence and then in the presence of the redox 

mediators will be recorded to obtain the deliverable gravimetric capacity and see whether the mediators 

would add some limitations. Finally, a “redox-mediated flow battery” in presence of the PANI booster in 

both the electrolyte reservoirs will be assembled and cycled to obtain an enhancement in the volumetric 

capacity of the electrolyte.   
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2.5 Electrochemical characterization of pristine PANI 

2.5.1 Cyclic voltammetry of PANI on carbon paper (PANI/CP) 

Electrochemical characterizations of PANI deposited onto carbon paper (herein denoted PANI/CP) 

after electrodeposition is shown on Figure 2.15. The protocol of the electrodeposition of PANI from aniline 

monomer in acidic solution is fully described in chapter 5.  

For all the electrochemical characterizations shown in this work, PANI deposited on CP served as 

working electrode and it was always placed as a 8 mm diameter disk in a polyetheretherketone (PEEK) 

plastic sample holder, equipped with a titanium current collector (Figure 2.15A)). The thickness of PANI 

film after the electrodeposition was not measured, but a first estimation of the electrode surface coverage, 

was done from the integration of the faradaic currents from the oxidation reaction in the CV in Figure 

2.15B). In this case, the calculation was performed considering the oxidation currents of PANI (a) in Figure 

2.15B)) and taking into account the CV at 50 mV∙s−1 as scan rate. Thus, knowing the geometric surface area 

of the CP electrode (0.502 cm2), a surface coverage of 1.03∙10−8 mol∙cm−2 was found. In addition, a 

measurement of the PANI mass on the CP (subtracting the mass of a disk in same size of bare CP) after the 

electrodeposition was taken and for six samples it was (0.38±0.14) mg.  

 

Figure 2.15 A) Sample holder used to fix the electrodeposited PANI/CP disk employed as working electrode (8 mm 

diameter, 0.502 cm2 geometric area). B) Cyclic voltammetry of PANI/CP performed in 1 M HCl at 5, 25 and 50 mV·s−1. The 

redox transition of PANI are labeled a) and a’) for the emeraldine to leucoemeraldine (PANI-E/ PANI-LE) transition and b) 

and b’) for the emeraldine to pernigraniline (PANI-E/ PANI-PE) transition. The CV measurement was recorded without iR 

compensation. 
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In Figure 2.15B), the oxidation peak at +0.72 V vs. SHE corresponding to the transition from 

PANI-EB to PANI-PE, is quite broad. The increase of current at very positive potentials (> +0.85 V vs. 

SHE) was attributed to oxidative degradation of the polymer, as reported in other works.111,112  

Further studies were made to investigate this point. In particular, PANI/CP was electrochemically 

cycled with different oxidation potentials to determine the onset for oxidative degradation. Specifically, the 

PANI/CP was oxidized from +0.75 V to +1.05 V vs. SHE (50 mV steps), always followed by a reduction 

at +0.60 V vs. SHE. Oxidative degradation resulted in an irreversible charge transfer during oxidation, 

which in turn should lower the Coulombic efficiency for each cycle. The Coulombic efficiency for different 

oxidation potentials is plotted in Figure 2.16 below: 

 

Figure 2.16 Coulombic efficiency (%) as a function of oxidation potential for PANI/CP in 1 M HCl. 

The gradual decrease of Coulombic efficiency after ca. +0.85 V vs. SHE, indicates the onset of 

oxidative degradation. This was consistent with CV results presented in Figure 2.14B). The overoxidation 

and degradation of PANI was largely investigated 113 114 and in particular, Tang et al.115 measured the 

relative loss in the capacity of PANI films between -0.15 V and +0.80 V vs. Ag/AgCl saturated as reference 

electrode. They could conclude that the degradation of the PANI film was influenced from the anion present 

in the solution for the oxidation reaction. 115 In particular, from their experimental tests they found that the 

degradation of PANI was following the order H2SO4 > HCl > HClO4 ≈ H2SO4 + HClO4. 115 
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2.5.2 Pairing of the redox transitions of PANI with the mediators in the solution 

The CV of PANI in Figure 2.14B) allowed identifying two redox-active couples to pair. At the 

positive-side, iron (Fe3+/2+) was selected to target the transition PANI-PE, and at the negative-side vanadium 

(V4+/3+) for the transition PANI-LE. Indeed, according to the “redox-mediated” approach of charge transfer, 

the Fermi level of the PANI has to match the standard electrochemical potential of the RM (V4+/3+ and 

Fe3+/2+). Figure 2.15 graphically represents this aspect, along with the equilibration of the Fermi level 

booster and mediator.  

 

Figure 2.15 Pairing of the redox transitions of PANI from its CV on carbon paper with the redox mediators in the 

solution for the positive and the negative-side. Below the CV, Fermi level equilibration is represented for both the couple of 

paired materials in the same medium.  

On the negative-side, the thermodynamic reduction potential of V4+/3+ (
E = +0.337 V vs. SHE) 

overlaps quite well with the PANI ES-LE, while at the positive-side, the PANI ES-PE is ca. 60 mV more 

negative than the standard potential of Fe3+/2+ (
E = +0.771 V vs. SHE), suggesting that Fe3+/2+may only 

facilitate the oxidation of PANI.  
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However, according to the Nernst equation, a solution of predominantly Fe2+ (e.g. 99% of total iron 

concentration) can target also the reduction of PANI. Thus, when iron is sufficiently reduced it is 

thermodynamically possible to drive the reduction of PANI. Importantly, Fe3+/2+ should also avoid the onset 

oxidative degradation, as seen from Figure 2.16.  

Table 2.1 Redox potentials of the system PANI-mediators. The potentials of oxidation and reduction Eox and Ered are 

reported vs. SHE and they are taken from the CV in Figure 2.14B). For the two mediators Fe and V, the standard redox potential 

is reported ( E ).  

 Eox / V vs. SHE Ered / V vs. SHE E  V vs. SHE 

Mediator Fe3+/2+ +0.880 +0.650 +0.771 

Solid booster PANI-PE +0.720 +0.620  

Mediator V4+/3+ +0.450 0.230 +0.337 

Solid booster PANI-PE +0.400 +0.260  

 

Additionally, it should be noted that this configuration of redox pairs (i.e. PANI ES-LE/V4+/3+ and 

PANI ES-PE/ Fe3+/2+) offers the advantage of using PANI at both sides of the “redox-mediated flow 

battery”. 

2.5.2 Electrochemical cycling of pristine PANI on carbon paper in 1 M HCl 

Once the RM were selected, PANI/CP was cycled potentiostatically in 1 M HCl solution in the 

thermodynamic potential window of mediator. Figure 2.17 displays a potentiostatic cycle for PANI in the 

chosen potential ranges for Fe3+/2+ (a) (positive-side mediator) and of V4+/3+.(b) (negative-side mediator). 

These electrochemical cycling experiments allowed obtaining the practical gravimetric capacity of PANI 

in the thermodynamic potential window of the selected mediators. In both cases, PANI experimental 

gravimetric capacity was found ca. 31 mAh∙g−1 (31.7 mAh∙g−1 when PANI was paired with Fe3+/2+ and 30.6 

mAh∙g−1 when PANI was paired with V4+/3+). These values are much lower as compared to the theoretical 

capacity (ca. 22%) of the pristine polymer (144 mAh∙g−1 ).109 
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Figure 2.18 Potentiostatic cycling of PANI/CP in 1 M HCl in the potential range corresponding to a) Fe3+/2+ and b) 

V4+/3+. The measurements were performed in a three-electrode electrochemical cell assembled with a holder working electrode 

containing a disk of 8 mm diameter of PANI/CP, a 6 cm coiled platinum wire as counter electrode and an Ag/AgCl in 3 M KCl 

as reference electrode. The standard potentials given in the inset of the figures are reported according to the Ag/AgCl in 3 M 

KCl reference electrode. For completeness, a) for Fe3+/2+ the oxidation potential is +0.88 V and the reduction potential is +0.65 

V vs. SHE. For b) V4+/3+, the oxidation potential is +0.23 V and the reduction potential is +0.45 V vs. SHE. 

The reason behind these lower experimental values of PANI capacity as compared to theoretical 

value was not fully understood, however, it was supposed that the ion diffusion within the film could have 

had an influence in the charge transfer process or as well that as soon as the PANI was fully oxidized or 

fully reduced, the overall conductivity of the film decreased. Indeed, as it was discussed in the paragraphs 

above, the conductivity of PANI is related to the oxidation state and the only form known for being 

conducting is the PANI-E.103  

Furthermore, just as preliminary study, Cottrell plots were elaborated for both the potentiostatic 

cycling of PANI/CP in the thermodynamic potential window of Fe3+/2+ and V4+/3+ mediators. The results are 

reported in Figure 2.19.  

 

Figure 2.19 Cottrell plots representing the potentiostatic cycling of PANI/CP in 1 M HCl in the potential range 

corresponding to a) Fe3+/2+ and b) V4+/3+.  
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For the potential range corresponding to Fe3+/2+ (oxidation potential equal to +0.69 V vs. Ag/AgCl 

in 3 M KClaq or +0.90 V vs. SHE and reduction potential equal to +0.450 V vs. Ag/AgCl in 3 M KClaq or 

+0.660 V vs. SHE, in Figure 2.20a)), two distinct linear regions appear, as represented by the dashed lines 

on the plot. The exact cause of this behavior is not clear, but it suggests that the system is sequentially 

controlled by two different transport processes (e.g. diffusion of cations in the bulk electrolyte followed by 

diffusion of cations within the polymer structure). This behavior was not observed in the potential window 

corresponding to V4+/3+ (Figure 2.20b)), but even in this case the exact mode was not fully understood.  

2.5.3 Electrochemical cycling of pristine PANI on carbon paper with Fe3+/2+ and V4+/3+  

The capacity values obtained in the previous section are representative of the direct 

reduction/oxidation activity of PANI in the thermodynamic potential window of Fe3+/2 and V4+/3+ in 1 M 

HCl supporting electrolyte solution. However, in the current system, PANI would be charged/discharged 

chemically via an actual solution of the RM. Thus, the RM may impose additional limitations on the 

achievable capacity.  

To quantify the practical capacity under “redox-mediated” charging/discharging conditions, 

PANI/CP was cycled in an oxidizing and reducing solution of Fe3+/2+ or V4+/3+ (see chapter 5 for the 

experimental protocol). Initially, PANI/CP was cycled between solutions of Fe3+ and Fe2+ and the resulting 

specific capacity along with % CE trend is presented in Figure 2.21 over 25 cycles. The average capacity 

is around 45 mAh∙g−1 with high and stable CE (98%). This capacity value is slightly higher (1.4 times) than 

that in absence of the mediator (31.7 mA g−1). A couple of reasons can explain this experimental result: 

first, the experimental time in this case was longer than in the previous electrochemical cycling in 1 M HCl 

solution, second, this can be an effect of the RM and a first experimental proof of the “redox-mediated” 

charge transfer approach. 

 

Figure 2.21 Specific capacity (in blue dots) and %CE (in red dots) obtained by cycling of PANI/CP in 0.3 M solutions 

of Fe3+ and Fe2+.  
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Later, this “mediated” cycling experiment was repeated on three different samples of PANI/CP in 

order to see the trend of the capacity and % CE in just more than one single sample. The results are 

summarized in Table 2.2 below. 

Table 2.2 Specific capacity and Coulombic efficiency obtained by cycling three samples of PANI/CP in 0.3 M solutions 

of Fe3+ and Fe2+.  

“Fe3+/2+ / PANI ES-PE Mass / mg Specific capacity mAh g−1 % CE No of cycles 

PANI/CP sample a) 0.37 47.50 97 25 

PANI/CP sample b) 0.27 43.69 98 25 

PANI/CP sample c) 0.47 45.67 98 25 

Subsequently, PANI/CP was also chemically cycled using solutions of V3+ and VO2+ as the 

reductant and oxidant, respectively (Figure 2.22). Despite the good specific capacity obtained by 

electrochemical cycling in 1 M HCl solution (30.6 mAh∙g−1 experimental gravimetric capacity), in this 

cycling test the PANI capacity was very poor (ca. 5.6 mAh∙g−1 over 25 cycles). This was preliminarily 

attributed to the relatively poor kinetics of the V4+/3+ couple, suggesting that VO2+ is more readily reduced 

directly to V2+, and similarly V3+ is more readily oxidized to VO2+ leading to unfavorable electron transfer 

to PANI.33 Probably the mediator undergoes two electron transfer mechanisms rather than only one.  

 

Figure 2.22 Specific capacity (in blue dots) and Coulombic efficiency (in red dots) obtained by cycling of PANI/CP in 

0.3 M solutions of V3+ and VO2+.  

As in the case of iron, this “mediated” cycling test was repeated on three different samples of 

PANI/CP and the results can be found in Table 2.3 below: 
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Table 2.3 Specific capacity and Coulombic efficiency obtained by cycling three samples of PANI/CP in 0.3 M solutions 

of V4+ and V3+.  

“V4+/3+ / PANI ES-LE Mass / mg Specific capacity mAh g−1 % CE No of cycles 

PANI/CP sample a) 0.17 5.60 97 25 

PANI/CP sample b) 0.37 6.12 97 25 

PANI/CP sample c) 0.27 5.85 98 25 

The “redox-mediated” cycling of PANI on CP shown in this section provides a first estimation of 

the practical gravimetric capacity and % CE of PANI in presence of the real solutions of the RM (oxidant 

and reductant, respectively). The goal of these tests was really to see if the RM could add some limitations 

to the PANI/CP, as observed in the case of V4+/3+.  

In the next section, the viability of pristine synthesized PANI in an ARFB employing acidic 

solutions of iron (at the positive-side) and vanadium (at the negative-side) is presented. As it will be seen, 

during these experiments a few challenges in terms of the chemical reactivity of the PANI in the actual 

RFB were experienced, but addressed to propose a final system with enhanced volumetric capacity. 
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2.6 An acidic RFB using Fe3+/2+ and V4+/3+ electrolytes 

The redox flow battery was composed of 1 M FeSO4 (40 mL in 2 M H2SO4) at the positive-side 

and 1 M VOSO4 (40 mL in 2 M H2SO4) at the negative-side. The complete schematic of the electrochemical 

cell as well as of the full RFB setup can be found in chapter 5. The RFB was cycled at 200 mA (15.4 

mA∙cm–2) and the total charge was found equal to 3467 C, ca. 90% of the theoretical (3859 C), after 2 just 

two cycles (Figure 2.24).The theoretical capacity (herein denoted as th.Q ) was calculated according to the 

following expression ii). 

th.    Q c V n F  ii) 

Where c is the concentration of the electrolyte in mol·L-1 (or M), V the volume of the electrolyte in 

the tank (in L), n the number of electrons involved in the redox reaction and F the Faraday constant (95485 

C∙mol-1). The theoretical charge is expressed in Coulomb. For the present Fe3+/2+ and V4+/3+ RFB, the 

theoretical performance is reported in Table 2.4, followed by the experimental one in Table 2.5.  

Table 2.4 Theoretical performance of the Fe-V flow battery at 200 mA/cm2 (40 mL of electrolytes on each side). 

I /mA j /mA∙cm–2 Qth./ C Qth. /mAh Qvth. /Ah∙L−1 Ecell / V 

200 15.40  3859 1072 27 0.43 

Table 2.5 Experimental performances of the Fe-V flow battery at 200 mA/cm2 (40 mL of electrolytes on each side).  

I /mA j /mA∙cm–2 Qexp./ C Qexp. /mAh Qvexp /Ah∙L−1 

200 15.40  3467 963 24 
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Figure 2.23 a) Potential vs. time for the cycling of 1 M Fe3+/2+ (in blue) and V4+/3+ (in red) at 200 mA (15.40 mA∙cm−2) 

in the full system. b) Potential of 1 M Fe3+/2+ vs. capacity at 200 mA (15.40 mA∙cm−2). c) Potential of 1 M V4+/3+ vs. capacity at 

200 mA (15.40 mA∙cm−2). The supporting electrolyte is 2 M H2SO4.  

Figure 2.23a) b) and c) shows the cycling performance of the iron and vanadium electrolytes in 

the ARFB in acidic pH. It can be noticed that the iron redox couple at the positive-side (Figure 2.24a) and 

b)), performed reasonably well at 200 mA, achieving almost 90% of the theoretical charge (3859 C). On 

the other hand, this cannot be said unfortunately for the vanadium couple at the negative-side. As it can be 

observed (Figure 2.23c)) the overpotential to sustain the applied current is huge (ca.1000 mV), which 

means that probably the membrane was giving high resistance during the cycling. In case, the flow battery 

was set in a three-electrode configuration, with the reference electrode (Ag/AgCl in 3 M KCl) placed in the 

tank of the iron (positive-side). Thus, perhaps, switching the configuration could have been interesting to 

see whether vanadium would have given a better performance. Additionally, it should be mentioned that 

just a preliminary investigation of the Fe3+/2+ and V4+/3+ cyclability at 200 mA was accomplished to obtain 

the practical charge of the full system in the absence of the PANI. No further investigation tests on the 

electrolytes cyclability were performed later. As from this point, the vanadium couple at the negative-side 

of the system is considered as a sort of “sacrificial” electrolyte and the viability of the PANI booster is 

evaluated only on the iron side, although measurements were actively recorded on both compartments of 

the cell.  
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2.7 An acidic “redox-mediated” FB in the presence of pristine PANI 

Knowing the theoretical capacity of the redox couple in the electrolyte (1072 mAh, for 1 M and 40 

mL) and assuming the specific capacity of the booster from the electrochemical cycling tests on CP (31 

mAh g−1) as the maximum achievable in presence of the RM, the amount of solid booster to add into the 

RFB tanks was calculated. This amount was found equal to 6.9 g, which was added to both tanks of the 

flow cell prior removal of 5.3 mL of electrolyte, in order to keep balance in the electrolyte volume (40 mL), 

as compared to the precedent cycling tests without any booster. To place the synthesized PANI salt particles 

(a few mm in size) at the bottom of the electrolyte tank, a new design of the reservoir was created, named 

vertical-bed-packed-reactor (Figure 2.24).  

 

Figure 2.24 “Redox-mediated” flow battery with illustration of the “vertical-bed’ packed-reactor” at both sides of the 

system. 

In practice, a bed of PANI was disposed stationary at the bottom of the tank using a piece of carbon 

felt having the same diameter of the tank. The tank-reactor was then filled up by the RM solution and the 

whole flow from/to the electrochemical cell/tank was adjusted appropriately to guarantee a full percolation 

of the booster upon cycling. Upon cycling the cell at 200 mA (15.4 mA∙cm–2), the electrolyte charge was 

found to be only 3024 C, an overall reduction of 12.8% as compared to the Fe3+/2+ alone (3467 C) (Figure 

2.25).  
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Figure 2.25 “Redox-mediated flow battery” cycling tests at 200 mA (15.40 mA·cm−2): in red, potential of 1 M Fe3+/2+ 

vs. charge and in green potential of 1 M Fe3+/2+ + 6.9 g of pristine PANI vs. charge. The supporting electrolyte is 2 M H2SO4. 

This decrease in the overall charge was first hypothesized to be due to a passivation of the exterior 

surface of the PANI particles upon the flow cell cycling. Indeed, as aforementioned, only the emeraldine 

form of PANI (PANI-E) is a good electronic conductor, while when PANI is in the fully oxidized or reduced 

state (PE and LE, respectively), it is an insulator116–119 (Figure 2.27B)). Consequently, any charge transfer 

to the interior of the PANI particle would become increasingly difficult as the exterior surface is becoming 

insulating upon charging/discharging. Certainly, after the exterior of the particle reacted, 

oxidation/reduction of the interior would only be possible by diffusion of the RM within the pore structure 

of the particle, imposing a significant rate-limitation. 

 

Figure 2.27 A) Redox reaction of the synthesized PANI salt (from emeraldine to pernigraniline) upon battery cycling, 

coupled with redox reactions of the mediator (RM). B) Equilibria of protonation/ deprotonation in the acidic medium of the 

flow cell: the conducting emeraldine salt can switch to emeraldine base and become insulating as soon as it reaches the 

pernigraniline state.  
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In addition, it was thought that this decrease in the capacity was due to the kinetics of the RM, 

which could have changed significantly with the oxidation states of the PANI. In such a case, the exterior 

surface of the particle would be essentially kinetically-passivated. Again, after passivation further 

oxidation/reduction of the interior of the particle would only be possible by diffusion of the RM into the 

PANI particle. This insulating effect could have led to a lower measured charge in the flow cell. 

Furthermore, an additional loss in the flow battery may be due to a portion of the RM ions entering the pore 

structure and leaving the circulating electrolyte, thus becoming inaccessible during cycling.  

To prevent the passivation effect, a composite of PANI with CAB in a weight ratio (80:20) % 

(herein denoted as PANI/CB) was synthesized and tested in the same “redox-mediated” flow battery 

configuration. The performance is shown in the following section. 

2.8 An acidic “redox-mediated” FB in the presence of PANI/CB 

A conductive composite of PANI and CB was synthesized incorporating CAB in the 

polymerization reaction of the aniline monomer (see chapter 5). CAB was added to increase the electronic 

conductivity of PANI upon charging/discharging and to provide alternative reaction sites for the RM at the 

surface of the particle. In this way, the CAB network should enable the RM to react immediately at the 

surface rather than needing to diffuse into the solid particle. In this case, a comparison of the measured 

electronic conductivity of pristine PANI and PANI/CB is given in Table 2.6. The electronic conductivity 

of synthesized pristine and functionalized with CAB PANI was measured by a four-point conductivity test 

(see chapter 5). All samples were immersed in solutions of Fe3+/2+ and in V4+/3+ to obtain the LE (fully 

reduced) and PE (fully oxidized) forms of the polymer, and then washed with 1 M H2SO4 and dried 

thoroughly before analysis.  

Table2.6. Summary of dry conductivity values for PANI and PANI/CB. 

 PANI-E PANI-PE 

PANI 1.55±0.03 S∙cm−1 1.30±0.16 S∙cm−1 

PANI/CB 6.22±0.86 S∙cm−1 6.14±0.65 S∙cm−1 

Incorporating CAB into the PANI structure increased the electronic conductivity more than four-

fold. Therefore, satisfied with this improvement in conductivity, 9.87 g of PANI/CB was added to each 

electrolyte tank of the battery. This amount of PANI/CB mass was added following the same procedure as 

for the pristine PANI explained in the previous paragraph. The battery was again cycled at 200 mA (15.40 
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mA∙cm–2), and a charge of 5159 C (or 1433.0 mAh) was observed. This charge represents an improvement 

of 49% as compared to the battery without solid booster over the Fe3+/2+ alone, at the same current.  

When the flow cell was cycled at the higher current of 500 mA (38.5 mA·cm–2), a total charge of 

4449 C (or 1235.8 mAh) was obtained leading to an improvement of 64% as compared to the Fe3+/2+ alone. 

This suggests that PANI/CB provides good rate-stability in this “redox-mediated” configuration, allowing 

the cell to be cycled at high power. The equivalent volumetric capacity of PANI/CB (with a density of 1.3 

g∙mL−1 for pristine PANI) was found ca. 84.2 Ah∙L–1 at 500 mA, which is a three-fold increase versus that 

of electrolyte alone (26.8 Ah·L−1). Importantly, this enhancement was obtained using a single booster and 

a RM, although in principle it is possible to use two or more to broaden the chemical potential window 

applied to the solid booster or in another scenario a booster with a different redox potential. Figure 2.28A), 

B) and C) show the performance of Fe3+/2+ RM with PANI/CB at the positive-side at 200 and 500 mA. For 

completeness, V4+/3+ performance in presence of PANI/CB at 500 mA is reported as well (Figure 2.29). 

 

 

Figure 2.28 A) “Redox-mediated flow battery” cycling tests at 200 mA (14.50 mA·cm−2). A) Potential vs. charge: 

potential of Fe3+/2+ (red line) of Fe3+/2+ + pristine PANI (green line) and of Fe3+/2+ + PANI/CB (blue line). B) “Redox-mediated 

flow battery” cycling tests at 500 mA (38.50 mA·cm−2) for the positive-side Fe3+/2+: potential vs. time. In case of PANI/CB, the 

PANI in the composite was 14% and the Fe3+/2+ 86% of the electrolyte. C) Potential vs. charge: potential of Fe3+/2+ + PANI/CB 

(blue line). 
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Figure 2.29 “Redox-mediated flow battery” cycling at 500 mA (38.50 mA·cm−2) for the negative-side V4+/3. Potential 

vs. charge: red line V4+/3+ and blue line V4+/3+ + PANI-CB.  

Finally, a preliminary assessment of the cycling stability of PANI/CB was performed at 200 mA to 

determine if any degradation of the material was occurring (Figure 2.30).  

 
Figure 2.30 Cycling stability data for PANI/CB at 200 mA. A 12% decrease in capacity is observed. The results 

correspond to the cycling of only the electrolyte Fe3+/2+. 

It should be noted that these stability measurements were performed after the PANI/CB had been 

exposed to the RM solutions for nearly two months. As seen in Figure 2.30, a decrease in charge (ca. 720 

C, or 12% of the initial capacity) is observed after 10 cycles, suggesting some degradation of the booster 

PANI/CB. Interestingly, however, all of the measured capacity values were larger than previous 

measurements. This may be the result of improved percolation of the PANI/CB by the redox mediator 

solutions, due to the long-term exposure of the booster to the electrolyte.   
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2.9 Conclusions and perspectives  

In this chapter, RAPs were described as flexible and versatile materials for energy storage in many 

electrochemical devices. Among organic redox active polymers, PANI was selected to enhance the 

volumetric capacity in an ARFB with acidic electrolytes. The capacity enhancement calculated for a system 

50% PANI and 50% electrolyte (with 1 M concentration) was equal to four-fold, while in the present 

system, using a composite with CAB a three-fold improvement was reached. PANI was paired with 

Fe3+/2+and V4+/3+ at the positive and at the negative-side of the ARFB, respectively. PANI electrodeposited 

on carbon paper (PANI/CP) delivered (31.70±7.15) mAh∙g−1 specific capacity with 81% CE (average values 

from six samples) when electrochemically cycled in the thermodynamic potential window of Fe3+/2+ (+0.90 

V vs. SHE as oxidation potential and +0.66 V vs. SHE as reduction potential). Then, in the thermodynamic 

potential window of V4+/3+, similar results were obtained (30.56±5.17) mAh∙g−1 with 73% CE (average 

values from six samples). A cycling method was developed and used to investigate the charging/discharging 

of the polymer in the actual solutions of the redox mediators. In presence of Fe3+/2+ca. 45 mAh∙g−1 

experimental specific capacity was found with 98% stable CE over 25 cycles. In presence of V4+/3+ 

charging/discharging performance of PANI was very poor (ca. 6 mAh g−1 and ca. 98% CE over 25 cycles), 

likely due to the sluggish kinetics of this redox couple V4+/3+, suggesting that VO2+ is more readily reduced 

directly to V2+, and similarly V3+ is more readily oxidized to VO2
+ limiting the electron transfer to PANI.33  

Subsequently, a 1 M Fe3+/2+ and V4+/3+ in 2 M sulfuric acid RFB was assembled and cycled at 200 

mA (15.4 mA∙cm−2), reaching an experimental charge of 3467 C (90% of the theoretical, 3859 C), while 

the redox couple V4+/3+ (at the negative-side of the setup) did not perform well. High overpotential was 

observed (ca. higher than 700 mV) at 200 mA and for this reason it was deemed unsuitable for the present 

application. The viability of pristine chemically-synthesized PANI emeraldine salt was tested in 1 M Fe3+/2+ 

and V4+/3+ RFB. For these cycling tests a new design of the electrolyte tank was made and PANI was 

assembled stationary at the bottom of the tank as a bed of particles. The first cycling test at 200 mA in 

presence of 6.9 g of pristine PANI in both tanks exhibited a lower charge (3024 C) as compared to the 

Fe3+/2+ (3467 C) at the same current. This was likely was attributed to changes in the electronic conductivity 

of PANI during oxidation/reduction. To mitigate this issue, a composite of PANI and CAB (PANI/CB) 

(80−20) wt. %, was chemically synthesized and observed to exhibit significantly improved electronic 

conductivity (6.22±0.86 S∙cm−1 vs. 1.55±0.03 S∙cm−1 in the pristine PANI emeraldine form), which is almost 

four-fold higher as compared to the pristine.  

The flow cell with PANI/CB (9.8 g added to both tanks) was cycled at 200 mA (15.4 mA∙cm−2) 

and also at 500 mA (38.5 mA∙cm−2). At 500 mA, the Fe3+/2+ and PANI/CB exhibited a volumetric capacity 
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of 84.2 Ah∙L–1, considering the PANI alone, which represents a three-fold improvement when compared to 

Fe3+/2 solution alone (28.6 Ah∙L–1).  

A preliminary assessment of the cycling stability of PANI/CB was performed at 200 mA to 

determine if any degradation of the material was occurring. As result, a capacity decrease (ca. 720 C, or 

12% of the initial capacity) was observed after 10 cycles, suggesting some degradation of the booster 

PANI/CB, but considering that the booster was exposed to the mediator solution for a couple of months. 

In this work, the chemical stability of the booster was a considerable issue, especially in terms of 

electronic conductivity. However, as proof-of-concept, it was particularly inspiring, and it helps to mature 

new perspectives to explore the potential of this approach for different ARFB.  

As a new goal, the present concept was extended to neutral pH ARFBs. This new environment is 

favorable as compared to acidic or alkaline because it offers the possibility to investigate either new solid 

boosters or mediators operating in milder experimental conditions. For new redox mediators, ROM are 

selected as high soluble materials having a redox potentials able to guarantee a respectable cell voltage in 

the thermodynamic potential window of water (e.g. > 1 V)57 51. For new solid boosters, the search was 

focused on materials with good chemical stability and high specific capacity. In this case, battery materials 

frequently used in NIB and LIB were targeted. The work conducted on the ARFB at neutral pH with design 

and development of solid boosters is fully described in the next two chapters of this manuscript.  
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Chapter 3  

Copper hexacyanoferrate as solid booster for 

aqueous flow batteries at neutral pH 

Based on the article: 

Zanzola E.; Gentil S., Gschwend G., Reynard D., Smirnov E., Dennison C.R., Girault H. H. and 

Peljo P., Electrochimica Acta, 2019, 321,134704. 

3.1 General Introduction  

Earlier the validity of the “redox-mediated” approach of charge transfer for volumetric capacity 

enhancement in an acidic ARFB was demonstrated. In that system, PANI/CB solid booster was primarily 

employed as charge storage medium, and at 500 mA in presence of Fe3+/2+ as RM, the resulting electrolyte 

showed a respectable 3-fold volumetric capacity improvement (84.2 Ah∙L−1) as compared to the mediator 

alone (26.8 Ah∙L−1). However, the PANI “redox-mediated” flow battery was heavily limited at the negative-

side, where the kinetics of the mediator V4+/3+ affected the electron transfer and charge storage into the solid 

booster. Additionally, upon charging/discharging, cycles conductivity issues from the pristine PANI were 

experienced, which perturbed the “mediated” charge transfer since the booster was intrinsically passivated. 

Furthermore, the acidic environment of the flow cell represented a reason of concern. Subsequently, the 

primary new goal was to design a system based on earth abundant, safe and relatively cheap electrolyte 

materials. In the present chapter, a new pair of RM and solid booster is presented as an encouraging 

candidate for the positive-side of a neutral pH ARFB.  

Recently, Aziz120 121 122 123 124and Schubert125 49 48 46 have demonstrated that ROM (e.g. ferrocene, 

viologen, TEMPO, alloxazine, quinones and derivatives), are promising electrolytes for ARFBs. In good 

agreement, in the present work, TEMPTMA125 126 46 127 128, a derivative of TEMPO, is employed as RM at 

the positive-side of an ARFB at neutral pH and it was chosen because of: 

i) Synthesis from low-cost commodity products at kiloton scale125 (i.e. 4-oxo-2,2,6,6-

tetramethylpiperidine)  

ii) Great solubility limit in aqueous media (practical concentration up to 2 M in aqueous 

supporting electrolyte)125 

iii) High standard redox potential in the water thermodynamic potential window (+0.94 V vs. 

SHE) 
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iv) Molecular engineering (e.g. poly-TEMPO46, TEMPOL126, TMAP-TEMPO127). 

However, despite these advantages, AORFB electrolytes might be not highly chemically stable and 

most of all they show a rather a low volumetric capacity. As an example, the system proposed by Schubert 

and co-workers48, known as TEMPTMA-MV48, exhibited only 54 Ah·L−1 with 2 M electrolytes 

concentration, which is quite close to the value in VRFB. Therefore, the addition of solid boosters appears 

to be highly desirable to improve the volumetric capacity and potentially realize large-scale stationary 

storage systems operating at milder conditions. 

In this work, based on the judicious alignment of the redox potentials, TEMPTMA is paired with 

CuHCF, a K+-intercalation compound from the Prussian blue analogues (PBAs), as solid booster. PBAs are 

battery materials usually employed in electrochemical devices such as solid-state batteries129 130, 

electrochemical sensors, electrocatalysis, photocatalysis, and electrochromism131 for their high rate 

capability and good stability.132–134 Interestingly, PBAs are also gaining attention in large-scale energy 

storage applications, such as NIB, LIB and KIB. Especially for NIB, PBAs offer a wide abundance and a 

relatively low cost of the starting materials (e.g. according to Wang et al.135, the price for Na carbonate is 

0.07-0.37 €·kg−1 vs. 4.11-4.49 €·kg−1 of Li carbonate for battery grade 99.9% and the abundance of Na is 

ca. 2.3% as compared to 20 ppm of Li) 135 and environmental low risk.  

PBAs were selected for two important reasons: first, for the stable capacity performance, in fact, 

the open-framework structure with large interstitial sites can guarantee a fast and reversible ion diffusion. 

135 This is an advantage as compared to NIB materials, where a narrow storage capacity and a poor rate 

capability is frequently experienced, due the limited diffusion into the oxide lattices, resulting from the Na+ 

s-bonding with the O-2p orbital, 135 Second, the synthesis routes for PBAs are usually environmentally 

friendly and easy to scale-up, as compared to the high-temperature methods frequently needed for layered 

oxides or poly-anionic compounds for NIBs. These significant aspects make PBAs highly preferable for 

large-scale energy storage applications as well as for the present study. In the following sections, a general 

introduction to PBAs is provided. 
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3.2 PBAs storage materials  

3.2.1 General working principle and performances  

As described by Wang et al.135 PB was first produced in the laboratory of Johann Conrad Dippel 

by mistake, and later between the 18th and the 19th century it was largely employed as a pigment.135 At that 

time, PB was involved in many applications, for instance, in hydrogen storage as documented by Xu et 

al.136, for biosensing as explained by Karyakin et al.137, in cancer therapy as discussed by Jia et al.138, for 

seawater desalinization107 and sewage treatment.139 According to Wang et al.135 PBAs can be generically 

written as AxMAy[MB (CN)6]z·nH2O, where MA and MB are transition metals (e.g. Mn, Fe Co, Ni, Cu, or 

Zn), A is an alkali or alkali earth metal (e.g. Li, Na, or K) and -y represents the number of vacancies. The 

center metals in the structure are octahedrally coordinated to six cyanide groups via the nitrogen and the 

carbon atoms.  

PBAs possess a face-centered cubic geometry with space group symmetry Fm-3m.135 Additionally, 

they have an open-framework lattice (Figure 3.1A)), where, during the electrochemical reactions, the 

insertion of alkali and alkali metal ions occur as the metal center changes oxidation state (Figure 3.1A)d)). 

In the crystalline structure the transition metals can also be the same and just distinguished according to 

their valence states (Figure 3.1B)).135  

 

Figure 3.1 A) a) and b) Crystal structure of PBAs (face-centered cubic geometry): the green and dark-blue atoms 

are TM ions at the MA site and MB site, respectively. The yellow atoms are inserting ions. Gray atoms are carbon and light-blue 

atoms are nitrogen. c) Alkali-metals ions insert into the sub-cubes of the lattice as the TM ions change oxidation state. The 

relative sizes of (clockwise from top left) lithium, sodium, rubidium, and potassium are shown. d) Concentration of lithium or 

sodium which can induce a cubic-to-rhombohedral phase change in PBAs as the inserting ion displaces toward the corner of 

the sub-.cube. These images are reproduced with permission from the work of Pasta and co-workers at ref. 135Copyright 2020, 

Joule, Elsevier. B) (a, b) Schematic of PBA: a) unit cell of PBA. b) Unit cell showing water coordination. FeI stands for Fe3+ 

and FeII for Fe2+. Reprinted with permission from the work of Wu et al. in ref. 140. Copyright 2020, American Chemical Society 

(ACS). 
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In PBAs, the intercalation reaction of alkali and alkali earth metal ions along with the corresponding 

redox reaction of the transition center metal is responsible of the charge storage mechanism. The expression 

i) below describes the general mechanism of redox reaction in PBAs:  

1
1A B A B 1

6 2 1 6 2A M [M (CN) ] nH O A A M [M (CN) ] nH O
y

y -

x xe


  

    
i) 

Where, A denotes the alkali metal ion, MA and MB the transition metal ions, and the value -y 

represents the fraction of vacancies of the hexacyanoferrate complex ion. In this expression, water is also 

taken into account as coordinated. The redox activity of PBAs depends also on the inserting ion’s radius, 

which determines the free energy of the insertion reaction. In particular, the insertion potential for the 

monovalent ions follows the order K+ > Na+ > Li+ in copper hexacyanoferrate, and similarly, Cs+ > Rb+ > 

K+ > Na+ > Li+ in nickel hexacyanoferrate, in aqueous electrolytes.141 Importantly, vacancies, defects and 

water content in the crystalline structure have an influence on the electrochemical behavior of PBAs too, 

affecting capacity and cyclability. 29 Thus, many efforts are dedicated to developing synthetic routes where 

it is possible to control defects and water content. Recently, Wu et al.140 presented a facile hydrolytic 

precipitation method to obtain low-defects FeFe(CN)6 nanocubes. Accordingly, FeFe(CN)6 nanocubes 

presented a nearly structural perfection (Figure 3.2A)b)). The authors synthesized a 2-Li insertion reaction 

material with a remarkable Li-storage capacity of 160 mAh∙g–1 (Figure 3.2B)b)), a strong rate performance 

at 24 C (1 C = 160 mA∙g–1) (Figure 3.2B)c)), and an outstanding cycle stability of ∼90% capacity retention 

after 300 cycles (Figure 3.2B)d)).  

 

Figure 3.2 A) a) Physical characterizations of FeFe(CN)6: a) XRD pattern and Rietveld refinements of FeFe(CN)6, 

experimental data (blue line), calculated pattern (red line), difference curve (gray line), and Bragg positions (blue markers). b) 

SEM images. c) TEM images. d) Selected area electron diffraction (SAED) pattern of a single FeFe(CN)6 particle. B) 

Electrochemical characterizations of FeFe(CN)6 electrode: a) CV curves measured at a scan rate of 0.1 mV s–1. b) Galvanostatic 

charge/discharge experiments at a 0.15 C rate (1 C = 160 mAh·g–1). c) Rate performance from 0.3 to 24 C. d) Long-term cycle 
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performance at various currents of 0.15 and 3 C rates. All the cells were tested in the potential range of 2.0–4.3 V vs. Li+/Li. 

These images are reproduced with permission from the work of Wu et al. at ref. 140, Copyright 2020, American Chemical Society 

(ACS). 

PBAs can be easily functionalized by different transition metals or having the same in the crystal 

structure. Additionally, by choosing different transitional elements, structures and properties of PBAs can 

be adjusted while maintaining their open framework.135 Among PBAs, mono-metal hexacyanoferrate are 

commonly employed in electrochemical energy storage devices (LIB, KIB and NIB) and the most known 

are MnHCF, NiHCF, CuHCF, FeHCF and CoHCF.135 Table 3.1 summarizes the theoretical specific 

capacities of these PBAs. 

Table 3.1 Comparison of the theoretical specific capacities of some mono-metal hexacyanoferrate (expressed in 

mAh∙g−1). The contents of this table are reproduced with permission from the work of Wang et al. in ref 135. Copyright 2020. 

iScience, Cell Press.  

Ion CuHCF MnHCF NiHCF FeHCF CoHCF 

Li+ 92.6 190.8 94.5 190.1 188.7 

Na+ 83.4 171.3 84.9 170.7 169.6 

K+ 62.0 155.3 77.0 154.8 153.9 

Mono-metal hexacyanoferrates such as the materials displayed in Table 3.1 are promising 

candidates for the positive –side of a battery system. For example, Pasta and co-workers142 investigated the 

K+-intercalating CuHCF for grid-scale energy storage applications, because of its i) ultra-long cycle life 

(83% capacity retention after 40,000 cycles), ii) high power (67% capacity at 80 C), iii) high energy 

efficiency and iv) low cost. Additionally, mono-metal hexacyanoferrate can be synthetically functionalized 

to become multi-metal hexacyanoferrate materials, where the redox properties and performances are 

enhanced as compared to the single-metal. In this case, an interesting work was proposed by Huang et al.143, 

where a series of ternary K2NixCo1–xFe(CN)6 with various Co/Ni ratios were synthesized for a KIB. In this 

work, by optimizing the PBA with Ni and Co connected to the N atom end, the resulting material, 

K2Ni0.36Co0.64Fe(CN)6, exhibited much higher performance than the corresponding binary.143 In particular, 

K2Ni0.36Co0.64Fe(CN)6 delivered an initial capacity of 86 mAh∙g–1 with a retention of 98% after 50 cycles. 

In addition, capacity retention remained up to 88% after 300 cycles, indicating the excellent stability of this 

material.143  
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One advantage of PBAs is their facile synthesis that can benefit from the abundance of the raw 

materials and their relative low hazardless. These aspects are particularly interesting when it comes to 

develop electrolytes for large-scale flow battery installations. In the following section, the main synthetic 

methods of PBAs are briefly revised along with interesting examples to show their versatility. 

3.2.2 Common synthetic routes of PBAs 

According to Li et al.144, three main approaches are commonly used for PBAs synthesis: i) 

precipitation, ii) hydrothermal and iii) electrochemical.  

i) Precipitation method 

The first synthesis method is the so-called precipitation (or sometimes co-precipitation) and it’s 

one of the most extensively employed.144 Generally, a solution containing metal‐ion salts is mixed with a 

solution of ferrocyanide ligands to produce the PBA. Following the precipitation method, Yang et al.145 

synthesized Co-Co PBA nanocubes (Figure 3.3A)). More specifically, they made a first aqueous solution 

dissolving cobalt acetate and sodium citrate precursors and a second one with hexacyanocobaltate (III). 

Finally, these were mixed together and Co-Co PBA nanocubes precipitated. Later, Co-Co PBA was used 

as precursor and, by a simple solution-phase method, mesoporous Co(OH)2 nanocubes was obtained via 

reacting of Co-Co PBA with a NaOH solution. 145 As another example, Kumar et al.146 obtained the NiFe-

PBA porous structure by a slightly modified precipitation method, reported in Figure 3.3B). 

 

Figure 3.3 Scheme of the precipitation method of Co-Co-PBA from the work of Yang et al. at ref. 145. This figure is 

reproduced with permission from ref. 145. Copyright 2020, Elsevier. B) Schematic of the formation of NiFe-PBA-derived porous 

NiFe-NCs and NiFe-NPs via co-precipitation method. This figure is reproduced form the work of Kumar et al. in ref, 145, 

Copyright 2020 with permission of the American Chemical Society (ACS).  
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In particular, the authors mixed a trisodium citrate solution of Ni(II) with a solution of potassium 

hexacyanoferrate146. Sodium citrate acted as chelating agent and it coordinated with Ni(II), in this way the 

nucleation rate and crystal growth of the material were regulated (Figure 3.3B)). 146 Interestingly, when 

PBAs are synthesized by precipitation method, the morphology is related to the reaction between the ligand 

and the metal-ion, and it can be controlled during the synthesis. Accordingly, Durand et al.147 reported a 

fully controlled precipitation method of PBA (Figure 3.4A)). The synthetic process consisted in one-pot 

synthesis of Co2+containing ordered mesoporous silica monoliths, followed by the impregnation with a 

potassium hexacyanoferrate solution to precipitate the CoFe-PBA inside the pores.147 In addition, 

coordination agents can be used to regulate the morphology of PBAs, slowing down the reaction kinetics. 

144 An interesting work using this strategy was proposed by Zakaria et al.148, employing sodium citrate 

dehydrate as coordination agent in the synthesis of 2 D Ni[Ni(CN)4] nanoflakes.  

 

Figure 3.4 A) Schematic of the formation of hollow CoFe–PBA using silica spheres as sacrificial templates. This 

image is reproduced with permission from the work of Durand et al. in ref. 147 Copyright 2020, Wiley.  

One last remarkable aspect in precipitation methods is the possibility of involving acids to assist 

the dissolution of the MO. Accordingly, Zhang's group149 reported an acid‐assisted precipitation synthesis 

to prepare the PB@stainless‐steel mesh (PB@SSM).149 In this procedure, the metal oxide/ hydroxide was 

dissolved into Fe, Ni, or Cr ions with the assistance of an acid, which were immediately precipitated with 

ferricyanide ions to form the PBA. In particular, Zhang and co-workers149 prepared the metal 

oxide/hydroxide through immersing stainless‐steel meshes in aqueous ammonia solution under 

hydrothermal condition.149 Then, the metal oxide/hydroxide was immersed into a potassium ferrocyanide 

solution containing dilute hydrochloric acid. 149 

ii) Hydrothermal method 

According to Li et al.144, hydrothermal is the second most employed method to prepare PBAs (and 

especially microparticles of PBA), where the decomposition of Fe(CN)6
4− into Fe3+/Fe2+ in acid solution is 

utilized to react with the residual Fe(CN)6 to form the PBA.  
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When PBAs are synthesized by hydrothermal method, the crystal growth process is an interesting 

aspect to investigate. Accordingly, a remarkable work was reported by Zheng et al.150, where 

KFeIIFeIII(CN)6·3H2O PBA was prepared by a simple hydrothermal route based on the reaction between 

K3Fe(CN)6 and the reductant C6H12O6. In particular, Fe(CN)6
3– was reduced to Fe(CN)6

4– by C6H12O6, and 

at the same time it released the Fe3+ finally forming the PBA. Under this synthesis condition, Zheng et al.150 

investigated the crystal growth of KFeIIFeIII(CN)6·3H2O with different time-dependent experiments. In 

particular, they performed high-resolution TEM images, which showed that the cube-shaped nanoparticles 

were crystalline, sharing the same structure as larger particles grown for a longer reaction time.150 Figure 

3.5A) and B) depict the experimental results obtained from Zheng et al.150 in the study of crystal growth 

during hydrothermal method of KFeIIFeIII(CN)6·3H2O. 

 

Figure 3.5 A) Typical EM images of PB grown at different growth stages:  a) 40 min (TEM) and b) 1.5 h (SEM). c) 

TEM image of the products of 1.5 h and the corresponding electron diffraction pattern. High-resolution TEM image of the 

products of d) 1.5 and e) 2.5 h (SEM). f) Enlarged SEM image of the microcube of the products of 2.5 h. B) Proposed mechanism 

for growth of PB microparticles. These figures are reproduces with the permission of ref 150, Copyright 2020, American 

Chemical Society (ACS). 

iii) Electrochemical method 

According to Wang et al.135, the first researcher who proposed an electrochemical synthesis of PB 

was Neff134, depositing directly the PB by electrochemical reaction on a 1 cm platinum foil electrode, with 

platinum lead encased in Teflon. The procedure was performed galvanostatically for 1 h at 1 mA in a 1 M 

HCl solution. Later, the electrode was placed in a ferric ferricyanide solution and after several minutes a 

blue film was formed on the surface.35  



87 

 

In other approaches, Fe4[Fe(CN)6]3.xH2O nanowires were electrodeposited on a polycarbonate 

membrane via chronoamperometry under the potential of +0.3 V (vs. SCE), by immersing the working 

electrode in a fresh solution containing FeCl3, K3Fe(CN)6, H3BO4, and KCl. 135 As it was observed, PBAs 

can be easily synthesized by different methods, which also allow to tune some morphological properties or 

to investigate the crystal growth under particular conditions. Certainly, due to their encouraging 

performance in electrochemical devices, PBAs are investigated from many researchers151 139 135. One 

interesting work was recently proposed by Girault and co-workers152, which presented the synthesis of a 

PBA by oxidative print light synthesis (PLS) (Figure 3.6).152  

  

Figure 3.6 A) Schematic of the print light synthesis process to fabricate a PB: a) droplets formation of the precursor 

ink in six parallel nozzles. b) Printed precursor iron salt before photonic curing (9 squares of 4 mm2). c) PB patterns obtained 

after photonic curing. d) Scheme of the complete PLS process on a titanium substrate. This figure is reproduced with permission 

from the work of Baster et al. at ref 152. Copyright 2020, American Chemical Society (ACS). 
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3.3 PBAs in RFBs 

It was seen that PBAs are versatile materials for solid state batteries, such as LIB, NIB and KIB, 

however recently they gained attention even in RFBs. In particular, Wang and co-workers153 have proposed 

a very interesting work where they employed FeIII
4[FeII(CN)6·H2O]3 and (CrII)4[CrIII(CN)6OH]2 PBA 

materials to facilitate the reactions of vanadium ions and to inhibit the side reactions, respectively. In 

particular, in their system they used VO2+/VO2
+ at the positive and V2+/V3+at the negative-side (Figure 

3.7a)). The redox reactions between VO2+/VO2
+ and FeIII

4[FeII(CN)6·H2O] and of V2+/V3+ and 

CrII
4[CrIII(CN)6OH]2 (in Figure 3.7b)) were inspected with various electrochemical and spectroscopic 

techniques. The PBA-modified electrodes demonstrated considerably enhanced electrochemical activity 

towards vanadium species.153 

 

Figure 3.7 a) Schematic illustration of VRB operating upon surface immobilized redox catalysis during charge 

process. The carbon felt electrodes are grafted with PB and PBA for catalyzed reactions of vanadium species in the respective 

compartment. (b) Scheme of the targeted redox catalytic reactions of VO2+/VO2
+ and FeIII

4[FeII(CN)6·H2O]3 on the positive-

side, and that of V2+/V3+ and CrII
4[CrIII(CN)6OH]2 on the anode during charge process. The above processes reverse upon 

discharge. These figures are reproduced with permission from ref. 153, Copyright 2020, Elsevier.  

https://www.sciencedirect.com/topics/engineering/redox-catalysis
https://www.sciencedirect.com/topics/materials-science/carbon-fiber
https://www.sciencedirect.com/topics/materials-science/vanadium
https://www.sciencedirect.com/topics/engineering/catalytic-reaction
https://www.sciencedirect.com/topics/engineering/anode
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To test the influence of the surface-immobilized redox catalysts on the flow battery performance, 

a RFB single cell with the modified electrodes was assembled. This cell was potentiostatically tested to 

investigate the inhibiting effects of the modified-electrodes towards the deteriorating oxygen and hydrogen 

evolutions upon overcharging.153 Figure 3.8 shows the full performance of the system in terms of capacity 

(Figure 3.8a)) and energy efficiencies (Figure 3.8b)).  

 

Figure 3.8 Cycling performance of the RFB assembled with modified electrodes. a) Voltage profiles of the various 

VRBs at a current density of 50 mA∙cm−2. b) Discharge capacity, Coulombic (CE) and energy efficiencies (EE) of VRBs at 

different current densities. This figure is reproduced from the work of Wang and co-workers in ref. 153 with permission. 

Copyright 2020, Elsevier. 

In Figure 3.8a) the RFB cycled with both electrodes grafted with PBAs showed the lowest 

overpotential and consequently the highest charge and discharge capacities.153 Accordingly, the RFB with 

modified electrodes showed much sharper voltage profile as compared to the cell voltage in the pristine 

cell, which is largely a result of the parasitic H2 or O2 evolutions.153 Eventually, the pristine RFB without 

PBA grafted electrodes exhibited an average CE equal to 93.5% at 50 mA∙cm−2, which increased to 95.0% 

for the PBA-RFB, respectively. 153 Hence, as a result of reduced overpotential and parasitic reactions, the 

energy efficiency (EE) of the PBA-RFB cell was superior to the pristine cell. 153 

Interestingly, Wang and co-workers154 proposed another promising approach of integrating RFLB 

into a PEC cell, using a PB material. In particular, the PB material was chosen as a low-cost and 

environmentally benign Li+-storage compound, to enhance the energy density of the battery unit.154 In 

particular, the PB was loaded in the tank of the RFLB, where the redox molecule ethyl viologen diiodide 

(abbreviated as EVI2) was dissolved.   
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In the resulting system, EVI2 bridged a dye-sensitized photoelectrode for integrated solar charging. 

154 The PB regenerated the redox species and stabilized their concentration in the operation of a 

photoelectrode. 154 The schematic of the system is proposed in Figure 3.9 top. 

 

Figure 3.9 top a) Illustration of a solar rechargeable PB-based RFLB. b) Energy diagram of the “redox-targeting” 

reactions in the energy tank. c) Energy diagram of the photo-assisted charging process.  
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The overall performance of the PB-based RFLB system realized by Wang and co-workers154 is 

reported in Figure 3.9 bottom. In particular, the system presented > 90% of capacity retention, > 80% of 

CE, and > 66.4% EE over 30 cycles (Figure 3.9 bottom a)), with a reversible chemical lithiation/delithiation 

of Fe4[Fe(CN)6]3, showing an energy density of around 117 Wh·L−1.154 In addition, the utilization ratio of 

the PB material in the energy tank reached 66.8%.154  

 

Figure 3.9 bottom: a) Charge/discharge curves of a Li-EVI2 RFLB cell containing 15 mM EVI2 without/with 161 mg 

PB loaded in the energy tank at a current density of 0.025 mA∙cm−2. The inset shows the capacity retention and Coulombic 

efficiency of the PB-based RFLB cell cycled at a current density of 0.05 mA∙cm−2. b) Photograph of a prototype SRFB by 

integrating Z907-sensitized TiO2 electrode with a PB-based RFLB. c) Linear sweep voltammetry curves of a SRFB under 

illumination and in dark at a scan rate of 50 mV/s. The inset is the light response of the cell voltage. d) Charge/discharge voltage 

profiles of a static solar battery with PW. Light source: 30 W, 2400 LM white LED floodlight (CREE XML-L2, 0.45 sun). These 

figures are reproduced with permission from the work of Wang and co-workers at ref. 154. Copyright 2020, American Chemical 

Society (ACS). 
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In summary, this system seems an encouraging solution for a low-cost and high-density energy 

storage installation and it might lead to a reliable way for the development of integrated solar energy 

conversion and storage device for grid-scale applications. 

3.4 CuHCF as solid booster in the present approach 

According to the “redox-mediated” approach of charge transfer and volumetric capacity 

enhancement in ARFBs, in the present work a couple of solid boosters, i) pristine CuHCF and ii) CuHCF 

functionalized by CNTs, were alternatively employed along with TEMPTMA as RM at the positive-side of 

the flow cell. A complete scheme of the redox reactions in tandem of these materials is reported in Figure 

3.10. First, TEMPTMA reversibly reacts at the surface of a porous electrode in the electrochemical cell, 

and then the charge output of this reaction shuttles within the flow cell reaching the storage reservoir, where 

CuHCF is stationary placed. In the present case, a reversible one electron-transfer oxidation of TEMPTMA+ 

into TEMPTMA2+ occurs at +0.91 V vs. SHE and it’s well aligned with the redox potential of CuHCF 

(+0.97 V vs. SHE). The low overpotential (ca. 60 mV) is encouraging for the charge transfer process.  

 

Figure 3.10 “Redox mediated” charge transfer in the AORFBs at neutral pH with TEMPTMA as RM in the schematic 

and CuHCF. B) Schematic of the approach with RM as TEMPTMA at the positive-side of the system and CuHCF as solid 

booster. 

In the “redox-mediated” charge transfer, the equilibration of the Fermi levels between the flow 

battery electrode, TEMPTMA, and the booster CuHCF governs the charge storage mechanism. As 

TEMPTMA is constantly recirculated through the flow battery cell, its redox potential is considered to be 

in equilibrium with the electrode and upon electrical contact with the CuHCF, it equilibrates its redox 

potential with that of CuHCF. Additionally, if the Fermi level of electrons in the TEMPTMA species is 

higher than the Fermi level of the booster, TEMPTMA will reduce the CuHCF until equilibrium is reached 

(Figure 3.11b)-top). On the contrary, in the case where the Fermi level of the booster is initially higher 

than the Fermi level of electrons in TEMPTMA in solution, electrons will transfer to the TEMPTMA 
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species until equilibrium is reached (Figure 3.11b)-bottom). For CuHCF solid booster, the equilibrium of 

the Fermi level requires modification of the Fe3+/Fe2+ ratio as well as the accompanying 

intercalation/deintercalation of K+.  

 

Figure 3.11 Fermi level equilibration of CNT-CuHCF composite as solid booster with TEMPTMA species in solution, 

when oxidation state of TEMPTMA is fixed by the flow battery electrode, at state of charge of 50% and 99%.  

Finally, an assumption can be made to show the benefit of CuHCF to enhance the volumetric 

capacity of TEMPTMA in the reservoir of an ARFB. In particular, the volumetric capacity of TEMPTMA 

(with a concentration of 1 M) is equal to 26.8 Ah·L−1 and the addition of CuHCF (having a theoretical 

specific capacity of 62 mAh∙g−1 and density of 1.33 g∙mL−1) would improve it by three times (82 Ah∙L−1). 

Furthermore, for an electrolyte where 50% is TEMPTMA and 50% is CuHCF, the final volumetric capacity 

will be 54 Ah∙L−1, which is almost twice the volumetric capacity of the TEMPTMA alone. In the following 

sections, the experimental work on this candidate pair of materials is fully detailed leading to the final 

demonstration of an aqueous battery with enhanced volumetric capacity.   
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3.5 Experimental results pristine and C-coated CuHCF booster 

3.5.1 Characterization of pristine and C-coated CuHCF 

CuHCF was synthetized by a precipitation method.155 The characterization of the pristine material 

by X-ray powder diffraction suggested a pure face-centered-cubic cell with a space group of Fm-3m and a 

lattice parameter of 10.2 Å (Figure 3.12A)) 

 

Figure 3.12 A) Top: Obtained PXRD patterns of as-synthesized materials as well as after charging and discharging 

in chronopotentiometry mode modeling real cell behavior. Peaks marked with a star were attributed to residuals of KCl. Insert: 

a magnified view of 220 peak. Bottom: Lattice parameter of cubic Fm-3m structure of Prussian blue (a) vs State of Charge. The 

calculated errors bars for a are smaller than the dots. B) SEM picture of the CuHCF (top), CB-CuHCF (middle) and CNT-

CuHCF (bottom) obtained without any conductive coating layer (in-lens detector, 1 kV, 1.6 pA). 

The latter decreased linearly only after 30% reduction of Fe3+, which is in good agreement with 

recently reported 20% by Svensson et al.156 Such inflating of the lattice parameter associated with reduction 

of Fe3+ to Fe2+ and insertion of K+ can be used to monitor the state-of-charge of the solid material during 
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cycling in the RFB (Figure 3.12A) bottom). Later, scanning electron microscopy (SEM) images of the 

pristine and carbon-coated CuHCF materials recorded with in-lens detector are presented in Figure 3.B12). 

The pristine material showed nanoparticles with size ranging from 50-100 nm. The grape-like shape of the 

CB is responsible for the aggregation of the CuHCF particle as compared to the CNT in which Prussian 

blue analogue is well-dispersed over the surface. 

3.5.2 Electrochemical characterization of pristine and C-coated CuHCF in 1 M KClaq. 

Cyclic voltammetries of pristine CuHCF, CB-CuHCF and CNT-CuHCF were performed after drop 

casting the inks onto a glassy carbon electrode (Figure 3.13B)).  

In all the cases, the oxidation and reduction peaks were attributed to a single electron transfer 

mechanism for the reduction of Fe3+ to Fe2+ at a half-wave potential of +0.97 V vs. SHE, in good agreement 

with what was described by Engel and Grabner.157 The faradaic current increased with the addition of 

carbon material (while keeping the amount of CuHCF constant), indicating that the amount of active 

CuHCF increases upon addition of the carbon materials. The surface concentrations of CuHCF, CB-CuHCF 

and CNT-CuHCF calculated based on the charge passed upon oxidation during the CV were equal to 40, 

62 and 73 nmol·cm–2, respectively. Therefore, the addition of CNTs increased the amount of active CuHCF 

by 46% as compared to the pristine material. In CuHCF (Figure 3.13B)) and CB-CuHCF (Figure 3.13B)) 

oxidative and reductive peak currents depend linearly with the square root of the scan rate at high scan 

rates, meaning that the process was limited by the transport of potassium in the solid particle.157–160  

On the contrary, in CNT-CuHCF films oxidative and reductive peak currents exhibited two kinetics 

(Figure 3.13B)): at low scan rates (< 50 mV·s–1), a sweep rate dependency over peak currents was observed, 

while at higher scan rates (50 – 100 mV·s–1), the dependence of the peak current over square root of the 

scan rate fitted a linear trend, meaning the electrochemical process was controlled by diffusion of K+ inside 

the film. The mechanism changes from a surface controlled process to a solution diffusion-limited process, 

as previously reported.157,161  
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Figure 3.13. A) On the left: CV of the CuHCF drop-casted onto GCE at 5, 10, 25, 50, 75, 100 mV·s−1 in 1 M KClaq. 

All curves normalized by the geometric surface area of the electrode (0.071 cm2). The CV were recorded without iR drop 

compensation. On the right: peak current vs. square root of the scan rate dependency. B) On the left: CV of the CB-CuHCF 

drop-casted onto GCE at 5, 10, 25, 50, 75, 100 mV·s–1 in 1 M KClaq. All curves normalized by the geometric surface area of the 

electrode (0.071 cm2). The CV were recorded without iR drop compensation. On the right: corresponding peak current vs. 

square root of the scan rate dependency.  
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Figure 3.13 C) On the left: CV of the CNT-CuHCF drop-casted onto GCE at 5, 10, 15, 20, 25, 30, 35, 50, 75, 100 

mV·s–1 in 1 M KClaq. All curves normalized by the geometric surface area of the electrode (0.071 cm2). The CV were recorded 

without iR drop compensation. On the right: corresponding peak current vs. scan rate dependency. D) CV comparison at 10 

mV s−1 in 1 M KClaq of all CuHCF-based materials on GCE.  
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3.5.3 Simulation of the electrochemical properties of pristine and C-coated CuHCF booster 

The mechanism of intercalation of K+ inside the CuHCF crystal can be written in the following 

way:  

III + II

6 2 6KCu Fe (CN) + + K K Cu Fe (CN)      e  

Its influence upon the electronic properties was studied by DFT calculations: bond lengths and 

optimized geometries of KCuHCF and K2CuHCF are shown in Figure 3.14B). It appears that the carbon 

nitrogen bond of the cyanide group is only slightly affected by the redox state of the metal centers (Fe and 

Cu) and from the insertion of the potassium cations. In contrast, there is clear shortening of the iron carbon 

bond and lengthening of the copper nitrogen bond upon the two-electron reduction of the compound. This 

is the opposite of what is seen in solution for the reduction of the ferricyanide to ferrocyanide.  These results 

suggest that the copper nitrogen bond acquires a significant anti-bonding character when Cu2+ is reduced 

to Cu+. Nevertheless, the overall electronic properties of CuHCF are not changed significantly by reduction 

or oxidation. Subsequently, the density of states for KCuHCF and K2CuHCF were calculated (Figure 

3.14C) and D)). It can be observed also that the reduction of the metal center and insertion of the potassium 

cations do not significantly alter the electronic states near the Fermi level, suggesting as well similar 

conductivity between the two materials. Moreover, it appears that free electronic states are placed near the 

Fermi level, implying that both KCuHCF and K2CuHCF have metallic character and they could exhibit 

good electronic conductivity.  

However, by spin polarized calculations, Targholi et al.163 demonstrated that the density of states 

depends on the spin state of the electrons in the material. Indeed, it was found that KCuHCF and K2CuHCF 

were just half-metals, suggesting insulating or conducting properties according to the considered spin state. 

In the present case, all calculations were not spin polarized, therefore it was not possible to see differences 

in the electronic conductivity properties. Nevertheless, using the Kubo-Greenwood electronic conductivity 

code (KGEC) and the Kubo-Greenwood formula,164 it was possible to estimate the electronic conductivity 

of the oxidized and reduced form of CuHCF.  
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Figure 3.14 A) Unit cell schematic of the CuHCF. Fe atom is reported in red, Cu in green, C in purple, N in yellow 

and K in blue. B) Bonds lengths and optimized geometries for K+-deintercalated and intercalated CuHCF forms.  

Total and partial computed densities of state (DOS) of KFeCu(CN)6  (in C) and K2FeCu(CN)6 (in D)). DOS for carbon 

(green line), copper (orange line) and total DOS (black). 

The electronic conductivity of the oxidized and reduced forms of CuHCF were calculated as 2.0·10–

4 S·cm–1 and 2.6·10–4 S·cm–1, respectively. These results are consistent with those proposed by Targholi et 

al.163 and confirm that CuHCF does not perform as a metal, but rather than as a semi-metal and this behavior 

is almost independent from the redox state of the compound. The theoretical conductivity value are one 

order of magnitude below the conductivity of LiFePO4 (10–3 S·cm–1),165 which are usually synthetized in-

situ with carbon black and a polymer linker. The poor electronic conductivity of this material suggests that 

the combination of the CuHCF with carbon materials is desirable for any electrochemical storage 

application. A COMSOL simulation of K+-diffusion inside a porous electrode was performed (Figure 3.14). 

The simulation was done in 1 D considering 25 m thick porous electrode with a porosity of 0.3. Particle 

radius was chosen as 1.5 m. The other parameters are listed in the table below: 
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Table 3.2 Parameters for the simulation of K+- diffusion inside a porous electrode.  

Parameter Value Observations 

Electrode thickness 25 m  

Electrolyte volume fraction 0.3  

Electrode volume fraction 0.5  

Charge transfer coefficients 0.5  

Reference exchange current density 20 A m–2  

Electrolyte concentration cl0 1 M  

Temperature 298 K  

Diffusion coefficient of electrolyte 3.75 10–6 cm2·s–1 Value for 1 M KOH 

Electrolyte conductivity 215 mS·cm–1 Value for 1 M KOH 

Electrode conductivity 1000, 100, 10 mS·cm–1  

Diffusion coefficient of K+ in solid 1 10–9 cm2·s–1 Ref. 158 

Charge carrier concentration in solid 6.65 M Ref. 158 

The equations from “Battery with binary electrolyte” interface of the COMSOL Multiphysics v. 

5.4 were used (from a) to e)).  
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Where, cl is the KCl concentration in electrolyte, Nl, is the flux of KCl, R is reaction term (here = 

0), and Q is the current source. i is current,  is the conductivity, is potential, Dl is the diffusion coefficient 

of KCl, f = 2, t+ is the transport number of K+ = 0.22. Subscripts s and l refer to solid and liquid phases, 
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respectively. The electrode is located from x = 0 to x = 25 m. Boundary conditions for Eqn. a) are zero 

flux at x = 0, and concentration boundary condition cl = cl0. Boundary conditions for Eqn. c) is applied 

potential at x = 0, and electric insulation at x = 25 m. For the electrolyte (Eqn. d)) the conditions are zero 

potential at x = 2000 m and electric insulation x = 0.  

In the porous electrode (x = 0 to 25 m) Bruggeman corrections were used for the diffusion 

coefficients and for the conductivities, and the expression a) becomes: 

l l
l l
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The reaction term expression f) is: 
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Where Sa is the specific surface area and jloc is the local current density. Ql = –Qs = Sa jloc.  

The mass balance of K+ in the spherical solid phase is governed by radial diffusion: 
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(Fick’s law in spherical coordinates, for the intercalation of the potassium in the solid. Potassium 

according to the model goes further into the lattice structure by diffusion).  
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The kinetics of the electrode reaction was realized with insertion reaction –node, with Butler-

Volmer type expressions: 
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Notably, many of the model parameters were taken from an alkaline Ni-metal hydride battery, as 

they are not known for the current system. Therefore, the model results are not quantitatively correct, but 

they are able to evaluate and explain the observed trends.  

 

Figure 3.15 A) Simulated peak currents vs. scan rate and B) Square root of the scan rate for different electrode 

conductivities, with the electrolyte conductivity of 215 mS∙cm–1. 

The present model can reproduce the transition from linear (Figure 3.15A)) to square root 

dependence of scan rate (Figure 3.15B)). At slow scan rates (< 50 mV·s−1), the whole solid particles are 

reactive (in this case the response resembles that of a surface confined reaction), but at higher scan rates 

(50-100 mV·s−1), the potassium ion concentration in the solid particle varies significantly between the 

surface and the center of the particle (a radial diffusion-controlled reaction). Remarkably, as the rates of 

diffusion and electron-transfer in solid material coupled, it is not possible to evaluate them separately. 

However, earlier electrochemical impedance spectroscopy results showed an electron-transfer rate of 0.1 

cm2·s–1, meaning the rate of charge propagation in solid is limited by the movement of K+ in a solid lattice 

with a rate from 10−10 to 10−9 cm2·s−1.158  

The model shows that the slope of the peak current vs. square root of the scan rate plot (Figure 

3.15B)) highly depends on the conductivity of the porous composite electrode. In the simulations, the ionic 

conductivity of the 1 M KClaq electrolyte was taken as 215 mS·cm–1 and when the ionic conductivity of the 

electrode was significantly below this value, only the part of the electrode close to the current collector was 

active. On the contrary, for a more conductive electrode, the whole surface is equally active. Additionally, 

the secondary current distribution within the porous electrode is significantly affected by the electronic 

conductivity of the solid material; in fact, if the solid-phase conductivity is poor, the large ohmic drop in 

the electrode leads to a situation where the charge transport takes place preferably by ionic conduction in 

the electrolyte phase, and much of the porous electrode is inactive. In this case, the current distribution is 
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mainly influenced by the resistance of the solid. However, if the conductivity in the porous electrode is 

similar or better than in the electrolyte, the current distribution is controlled by electrochemical reactivity, 

and the whole electrode is uniformly active. The following schematic in Figure 3.16A) and B) shows the 

diffusion process inside a poor or an electronically conducting film of CuHCF. 

 

Figure 3.16 A) Scheme of the diffusion process inside a poor electronic conductive film of CuHCF, where only the 

first layer is electrochemically active. At slow oxidation (slow scan rate), the radial K+ diffusion is fast enough to allow uniform 

oxidation of the CuHCF particles. When the oxidation is fast (high scan rate), the radial K+ diffusion inside the particles 

becomes limiting and only surfaces of the CuHCF particles are fully oxidized. B) Schematic of the diffusion process inside a 

highly electronic conductive film of fully active CNT-CuHCF The process is the same as in A), but the overall electrode is active 

and more particles are oxidized.  

3.5.4 Electrochemical cycling of pristine and C-coated CuHCF booster in 1 M KClaq 

To confirm the simulated mechanism of K+ diffusion in the CuHCF booster, galvanostatic cycling 

of GC electrodes modified with CuHCF, at 120 A∙cm–2 as current density in the presence of 1 M KClaq on 

glassy carbon electrode with 0.071 cm2 geometric area. (Figure 3.17).  
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Figure 3.17 A) Galvanostatic cycling of CuHCF drop-casted onto GCE performed at 120 A∙cm–2 with cutoff 

potentials of +0.40 and + 1.20 V vs. SHE in 1 M KClaq. The CE is reported on the secondary y-axis. B) Galvanostatic cycling 

comparison of different CuHCF-based drop-casted on GCE at 120 A·cm–2. C) Galvanostatic cycling of a single CNT layer (1 

layer of 10 µL from a 5 mg·mL–1 dispersion) drop-casted on GCE at 120 µA·cm–2 in 1 M KClaq. D) Galvanostatic cycling of a 

single layer of CAB (1 layer of 10 µL from a 5 mg·mL–1 dispersion) drop-casted on GCE at 120 µA·cm–2 in 1 M KClaq.  

The theoretical specific capacity of anhydrous CuHCF is 85 mAh∙g–1. Some previous studies 

demonstrated that 3.7 molecules of water are present in the crystal lattice leading to a theoretical specific 

capacity of 62 mAh∙g–1.142  

CuHCF exhibited average experimental gravimetric capacity of ca. 2 mAh∙g–1 at 120 µA·cm–2 

obtained after 10 cycles in 1 M KClaq (Figure 3.17A)). The latter number was calculated taking into account 
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the whole amount of CuHCF deposited onto the electrode surface (24 g). Such a small capacity is 

explained by the poor electronic conductivity of the material. An estimation of the active surface area from 

the integration of the faradaic current of oxidation on the CV gave mass of 0.96 g, meaning that only 4% 

of the whole deposited material is active. This observation is in good agreement with the COMSOL 

simulations presented above. In order to guarantee good electron transfer rate between the particles upon 

cycling, CAB and CNTs were used to boost the overall bulk electronic conductivity of the film. In this case, 

the deposited total mass of CuHCF was 17 g based on CuHCF concentration in the ink. Hence, gravimetric 

capacities of CB-CuHCF and CNT-CuHCF were found to be 7 mAh·g–1 (Figure 3.17B)) and 70 mAh∙g–1 

(Figure 3.17B)), respectively. The contribution of the carbon-based materials on the whole gravimetric 

capacity is about 4%. For completeness, galvanostatic cycling of GC electrode coated by bare CAB and 

CNTs in 1 M KClaq at the same current density were performed (Figure 3.17C) and Figure 3.17D)). As the 

obtained capacities CNT-CuHCF are already higher than evaluated for the hydrated material, this indicates 

that the whole electrode is electrochemically active during galvanostatic cycling.  

Further, the role of CNTs in the charge storage mechanism of CuHCF booster was investigated. A 

fixed concentration of CNTs dispersion (5 mg∙mL–1) was mixed with different loadings of CuHCF (Figure 

3.18). In the case of the highest loading, an increase of the surface concentration of CuHCF equal to 340 

nmol cm–2 was achieved. A maximal gravimetric capacity of 85 mAh∙g–1 was obtained, showing a fully-

covered CNTs sidewall. 

 

Figure 3.18 A) Galvanostatic cycling of CNT-CuHCF inks on GCE: comparison of increasing concentrations of 

CuHCF at 0.9 mg·mL–1 (red), 2.1 mg·mL–1 (black), 3.4 mg·mL–1 (blue) keeping the concentration of CNTs (5 mg∙mL–1) constant. 

All curves are normalized by the geometric surface area of the electrode (0.071 cm2).  
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B) Cyclic voltammetry at 10 mV·s−1 of CNT-CuHCF inks on GCE: comparison of increasing concentrations of CuHCF at 0.9 

mg·mL–1 (red), 2.1 mg·mL–1 (black), 3.4 mg·mL–1 (blue) keeping the concentration of CNTs (5 mg·mL–1) constant. All curves 

are normalized by the geometric surface area of the electrode (0.071 cm2). The CV were recorded without iR drop compensation.  

 

Figure 3.18 C) Bar-chart of CNTs contribution in the different CNT-CuHCF inks in terms of capacity %. 

CNTs were employed since they offer many advantages (e.g. flexibility, high young modulus, high 

specific surface area)166 and therefore they are considered particularly interesting for large electronic 

conductivity enhancement. However, due to their morphology, they might also enhance non-faradaic 

capacitive storage167 as already observed by Sathiya and co-workers.168,169  

In the present electrochemical characterization of CNT-CuHCF booster, the CNTs pseudo-

capacitance on the whole capacity was estimated to be less than 9%, when the concentration of CuHCF was 

about 3.4 mg∙mL–1 in the ink.  

For completeness, the final CNT-CuHCF booster was characterized by XPS (Figure 3.19). Pristine 

CNTs appear without any metallic impurities of Fe, usually observed owing to their synthetic route. The 

composite exhibits typical binding energies of 2p orbitals for Cu and Fe and 1s orbital for N, demonstrating 

the successful functionalization of the CNTs sidewall by CuHCF.  
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Figure 3.19 A) X-ray photoelectron spectroscopy (XPS) spectrum of pristine CNTs (grey line) and CNT-CuHCF 

(black line) for Fe 2p orbitals (A), Cu 2p orbitals B) and N 1s orbitals.  
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3.5.5 TEMPTMA redox mediator and charge transfer to CuHCF or C-coated CuHCF  

As previously mentioned, TEMPTMA was chosen as redox mediator for the present approach. 

TEMPTMA was synthesized from the procedure described by Janoschka et al.170 reported in chapter 5. 

Electrochemical characterization of the synthesized TEMPTMA was performed rotating disk 

electrode (Figure 3.01 A)), finding a diffusion coefficient D equal to 0.49∙10–5 cm2∙s−1 and an electron‐

transfer rate constant k0 of 3.09∙10–3 cm∙∙s−1 for the oxidation of TEMPTMA 1 M KClaq. These values are 

in good agreement with the literature for this molecule.170 In particular, the D was found from the Levich 

equation: 

2/3 1/2 1/6

lim. (0.620) I nFAD C   n) 

 

Figure 3.20 Electrochemical characterization by RDE of the synthesized redox mediator TEMPTMA.  

A) RDE voltammogram of 1∙10–5 mol∙cm−3 TEMPTMA in 1 M KClaq on GC RDE at different rotations (rpm). B) 

Levich plot corresponding of 1∙10–5 mol∙cm−3 TEMPTMA in 1 M KClaq on GCE RDE. C) Koutecky-Levich plots (potentials, 

from top: 0.38 V, 0.16 V, 0.15 V, 0.14 V, 0.11 V vs. SHE). D) Tafel plot. 
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For completeness, a summary of the electrochemical characterization of TEMPTMA by RDE is 

proposed in the following Table 3.3. 

Table 3.3 Summary of TEMPTMA electrochemical characterization by RDE.  

E1/2vs. SHE Solubility / M Diffusion coefficient / cm2∙s−1 k0 / cm∙s−1 

+0.88 2.1 1.49∙10–5 3.09 10–3 0.50 

The reversible one electron-transfer oxidation of TEMPTMA+ into TEMPTMA2+ occurs at + 0.91 

V vs. SHE and it’s well aligned with the oxidation potential of CuHCF (+ 0.97 V vs SHE) (Figure 3.21A)). 

The 60 mV potential difference in between the formal potentials is small enough to ensure the electron 

transfer between TEMPTMA and pristine CuHCF. For completeness to the CV, the redox reactions of the 

mediator and of the booster are reported below the plot.  

 

Figure 3.21 A) CV at 10 mV·s−1 of TEMPTMA (10 mM in 1 M KClaq) (in grey) and of a CuHCF drop-casted on GCE 

in 1 M KClaq (in blue). For completeness, the redox reactions of CuHCF booster and of TEMPTMA mediator are reported 

below the CV.B) CV comparison of CNT-CuHCF in 1 M KClaq drop-casted on GCE (black line), in 10 mM in 1 M KClaq 

TEMPTMA ( blue line) and single layer of CNTs in 10 mM TEMPTMA (red line). All the CVs are performed at 10 mV·s−1 as 

scan rate and they were recorded without iR drop compensation. 

A good alignment of the redox potentials can be seen even in the case of CuHCF functionalized 

with CNTs and TEMPTMA (Figure 3.21B)). Interestingly, as shown in this CV in Figure 3.21B), for a 
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modified CNT-CuHCF electrode in presence of TEMPTMA almost 3-fold enhancement of the maximum 

oxidative and reductive peak current can be noticed and a similar trend was observed with carbon black 

(Figure 3.22A-top)) as well.  

Therefore, in order to study the semi-infinite diffusion of TEMPTMA inside the different layers of 

CB-CuHCF (Figure 3.22B-top) and of CNT-CuHCF (Figure 3.22B-bottom), CV was performed at 

different scan rates (5-100 mV∙∙s–1). Two distinct kinetics were observed for both CB-CuHCF and CNT-

CuHCF, ranging from a surface confined- at low scan rates to a diffusion-limited process at high scan rates. 

This behavior might be due to TEMPT∙’s oxidation inside the porous layers of the carbonaceous coaters, 

as well as to the oxidation of the CuHCF. In addition, peak-to-peak separation in the presence and absence 

of TEMPTMA for all the modified GC electrodes was evaluated (Table 3.4). 

 

Figure 3.22 top A) CV of CB-CuHCF drop-casted on GCE in 10 mM TEMPTMA performed at 5, 10, 15, 20, 25, 30, 

35, 50, 75, 100 mV·s–1. All curves are normalized by the geometric surface area of the electrode (0.071 cm2) and recorded without 

iR drop compensation. B) Peak current vs. scan rate of A). C) Square root for the scan rate dependency of A). Peak currents 
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range linearly with the scan rate below 40 mV·s–1 and with the square root of the scan rate from 40 to 100 mV·s–1. Figure 3.23 

bottom A) CV of CNT-CuHCF drop-casted on GCE in 10 mM TEMPTMA performed at 5, 10, 15, 20, 25, 30, 35, 50, 75, 100 

mV·s–1. All curves are normalized by the geometric surface area of the electrode (0.071 cm2) and recorded without iR drop 

compensation. B) Peak current vs. scan rate of A). C) Square root for the scan rate dependency of A). Peak currents range 

linearly with the scan rate below 40 mV·s–1 and with the square root of the scan rate from 40 to 100 mV·s–1. 

Peak-to-peak separation from planar GC electrode to the CNTs ranges from 60 to 140 mV for the 

oxidation of 10 mM TEMPTMA in 1 M KClaq, highlighting the increase of the electrode thickness and 

porosity. As studied by Streeter et al.171, the porous surface of the CNTs film entraps pockets of TEMPTMA 

solution and the electrode can be considered as a thin layer cell. 

Table3.4 Peak-to-peak separation for the different types of modified electrode in the absence and presence of redox 

mediators in solution at 10 mV·s−1 scan rate.  

Electrodes ∆E in 1 M KClaq. / mV ∆E in 10 mM TEMPTMA / mV 

GC  60 

CB  79 

CNT  140 

CuHCF 22 53 

CB-CuHCF 60 58 

CNT-CuHCF 50 40 
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3.5.6 Galvanostatic cycling of CuHCF boosters in 100 mM TEMPTMA in 1 M KCl solution 

In order to understand the enhancement in the volumetric capacity brought by the addition of the 

solid booster, two separate cycling tests were performed in a H-cell battery equipped by: 

i) Porous frit (2 cm2 area) as separator 

ii) 25 mL of electrolytes (10 mM TEMPTMA at the positive-side and 50 mM ZnCl2 at the 

negative-side, respectively),  

iii) 6 cm long RVC electrodes and  

iv) Ag/AgCl in 3 M KClaq as reference electrode in the TEMPTMA’s tank.  

A complete schematic of the battery design is presented in chapter 5.  

Chronoamperometries of 10 mM TEMPTMA in the absence and presence CuHCF booster were 

performed, under vigorous stirring and continuous bubbling of nitrogen (Figure 3.24A) and B)). In 

particular the following boosters were tested:  

i) 100 mg of pristine CuHCF  

ii) 100 mg of ex-situ composite CNT-CuHCF (90-10) wt. % (the synthesis protocol of the 

composite is reported in chapter 5).  

During the discharge of the battery, the oxidation of TEMPTMA+ into TEMPTMA2+ at the RVC 

electrode surface is balanced with the oxidation of the solid booster (CuHCF) from Fe2+ to Fe3+, leading to 

the de-intercalation of K+ inside the composite. TEMPTMA+ is then recycled to TEMPTMA2+ at the solid-

liquid interface, thanks to the driving force existing in between the booster and the RM. At the negative 

side, Zn(II) is reduced to Zn.  

During the oxidation at +1.10 V vs. SHE, a charge of 27 C was obtained for the TEMPTMA, 1.125 

times higher than the theoretical capacity of 24 C (for 10 mM TEMPTMA in 25 mL of 1 M KClaq). The 

reduction at +0.41 V vs. SHE gave an apparent discharge capacity of 27 C.  

Subsequently, when 100 mg of pristine CuHCF powder was added in the TEMPTMA solution, an 

apparent charge and discharge of 45 C were obtained, 98% of the theoretical one (46 C, calculated as the 

sum of the theoretical charge of TEMPTMA (24 C) and the theoretical charge for 100 mg CuHCF (22 C 

from 62 mAh∙g−1 theoretical value for the hydrated form).  

Finally, the CNT-CuHCF ex-situ composite (90-10) wt. % was tested in the same condition and 

charge and discharge capacities of 59 and 60 C were obtained, respectively.  
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Figure 3.23 A) Charge capacity and B) discharge capacity obtained for 10 mM TEMPTMA without solid material 

(grey), with 100 mg CuHCF (dashed blue line) and with 100 mg of ex-situ composite CuHCF-CNT (90-10) wt. % (red line) 

performed at + 1.10 V vs. SHE and + 0.41 V vs. SHE.  

The theoretical charge of the composite in the presence of TEMPTMA was found to be 51 C (27 

C for the CNT-CuHCF composite and 24 C for the TEMPTMA). Again, it can be noticed that the 

experimental capacity is 1.16 higher than the theoretical value (51 C). This is not likely due to side reactions 

(e.g. OER), since the capacity values look reversible, but more probably to the π-stacking of the TEMPTMA 

on the CNTs sidewall, leading to inner surface side-reactions. 172 

Importantly, apparent gravimetric densities for CuHCF and ex-situ composite were found equal to 

be equal to 1.33 (± 0.1) g∙mL–1 and 1.41 (± 0.1) g∙mL–1, respectively. Therefore, equivalent volumes of 

solid boosters are 0.075 mL for CuHCF and 0.071 mL for the ex-situ composite, respectively.  

Therefore, 100 mg CuHCF booster alone has 298 C∙mL−1 volumetric capacity (considering 100 mg 

of mass, 62 mAh∙g−1 theoretical gravimetric capacity for the hydrated form of CuHCF and 0.075 mL volume 

of CuHCF calculated using the gravimetric density of the material) and similarly the ex-situ composite 310 

C∙mL−1. Importantly, these values have to be considered as related to such small volumes. 
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3.5.7 An aqueous battery with ex-situ composite CNT-CuHCF and TEMPTMA  

Subsequently, due to the encouraging cycling performance of the ex-situ composite CNT-CuHCF 

in the TEMPTMA electrolyte, another battery experiment (configuration as in the previous cycling tests) 

was performed to check the long-term stability of the booster in the TEMPTMA electrolyte. In particular, 

the battery was composed of 10 mM TEMPTMA in 1 M KClaq (25 mL) with 100 mg CNT-CuHCF ex-situ 

composite at the positive-side and 0.5 M zinc chloride in the negative-side (25 mL).  

Galvanostatic cycling of the TEMPTMA with the ex-situ composite was performed at 2.5 mA·cm–

2 for 25 cycles (Figure 3.24B)). In the absence of solid booster, a CE of only ca. 70% was obtained for 10 

mM TEMPTMA, probably due to cross-over through the glass frit. Interestingly, the addition of composite 

solid booster increased the CE up to 95%, because the kinetics of charge transfer is faster in this case being 

TEMTPMA recycled at the CNT-interface, (Figure 3.24A)).  

 

Figure 3.24 A) Coulombic efficiencies in the absence (black circles) and in the presence of the composite (black 

squares) as a function of the number of cycles. The volumetric capacity in the presence of composite over number of cycle is 

plotted along the secondary y-axis (red dots). B) Positive electrolyte potential as a function of charge and discharge times. 

Conditions: Galvanostatic cycling at 2.5 mA·cm–2 with charge and discharge cutoff potentials of +1.10 and +0.60V vs. SHE, 

respectively. The cycling test was performed for 25 cycles in the presence of 100 mg composite and 10 mM TEMPTMA at the 
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positive side and 0.5 M ZnCl2 in 1 M KClaq at the negative side. C) Graphical schematic of the redox reactions between the 

mediator (TEMPTMA) and the booster (CuHCF) 

However, 25% of capacity fading (as compared to the theoretical volumetric capacity of 460 C∙mL–

1) might be explained by the slow percolation of the redox mediator through the glass frit. Overall, a 104-

fold increase of capacity was achieved with the addition of the CNT-CuHCF ex-situ composite in the 

TEMPTMA solution, compared to the capacity of the TEMPTMA alone (Figure 3.25A) and B)). Such 

enhancement in the storage capacity makes this candidate couple promising for large-scale flow battery 

installations.  

 

Figure 3.25 A) Galvanostatic cycling performed at 2.5 mA∙cm-2 in the presence of 100 mg composite and 10 mM 

TEMPTMA. B) Galvanostatic cycling performed at 2.5 mA∙cm-2 of 10 mM TEMPTMA. 
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3.6 Conclusions and perspectives 

A solid electrochemical storage strategy was developed for redox flow batteries operating with 

TEMPTMA and CuHCF at the positive-side of an ARFB at neutral pH.  

The redox potentials of TEMPTMA and CuHCF of +0.90 and +0.97 V vs. SHE in 1 M KClaq are 

close enough to allow the electron transfer at the solid-liquid interface. This property was confirmed by 

calculating the Fermi level of the CuHCF depending on the state of charge of TEMPTMA.  

CuHCF solid booster was electrochemically characterized and successfully functionalized with 

CNTs to propose a new composite for battery cycling. This composite benefits from the high electronic 

conductivity of the CNTs and it looks desirable for long flow cell cycling tests. More specifically, the 

addition of less than 10% CNT to the CuHCF promotes the charge transfer and leads to a gravimetric 

capacity of 80 mAh∙g–1. Cycling behavior of CNT-CuHCF-TEMPTMA/Zn aqueous battery was 

investigated: an excellent CE up to 95% was achieved after 25 cycles with a 104-fold increase in the 

volumetric capacity with relative low concentration of the RM in the electrolyte (only 10 mM). However, 

for the first time, a composite including CNTs has been cycled according to the “redox-mediated” charge 

transfer approach along with a relatively safe ROM in the electrolyte.  

An encouraging perspective opened up at the conclusion of this work, which consisted in the 

addition of the second-half of the battery system, still operating at neutral pH. In this case, PBAs are not 

extremely promising candidates. 129 The PBA CrII—N≡C—MnII/I from Pasta and co-workers129 for aqueous 

batteries at neutral pH, shows a challenging synthetic route due to the tendency of the Cr2+ to hydrolyze 

and Mn3+ to disproportionate.129 Additionally, Cr is not a safe material. Alternatively, the same authors 

identified also manganese hexacyanomanganate PBA, but for NIB in organic electrolytes, showing high 

specific capacity equal to 209 mAh∙g−1.173 However, this is not really promising for an aqueous flow battery, 

hence, other materials have to be considered. As it will be extensively described in the next chapter, the 

objective is design a pair of solid booster and RM from earth abundant precursors, environmentally safe 

and easy to scale-up for stationary RFB installations. 
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Chapter 4  

Booster based-negative side electrolyte: a 

viologen derivative as redox mediator and a polyimide as 

solid booster 

4.1 General Introduction  

In the previous chapter, a promising pair of solid booster and RM was proposed and tested at the 

positive-side of an aqueous redox battery. The resulting system performed well showing a 400-fold increase 

in the volumetric capacity, as compared to the RM solution alone. In addition, for the first time an optimized 

booster functionalized with CNTs exhibited a stable cycling performance over time (25 hours) with good 

capacity retention of 90% after 25 cycles. In particular, this composite benefitted from the interlacing action 

of the CNTs to connect booster particles and make the whole material more electronically conducting.  

After this work, the aim was to complete the battery system always in presence of a solid booster 

in the electrolyte. Indeed, being satisfied from the cycling performance of the TEMPTMA and keeping the 

neutral pH as preferable operating medium for the flow cell, another class of ROM was identified for the 

negative-side. As it was discussed in the previous chapters, ROM are gaining attention in ARFBs, because 

they can be easily synthesized from earth abundant elements and thus they can potentially represent an 

interesting option when it comes to propose and design new electrolytes keeping low manufacturing costs.  

Especially in a neutral pH ARFB, TEMPO derivatives (e.g. TEMPTMA125, TEMPOL126 and poly-

TEMPTMA50) and ferrocene derivatives (FcNCl, FcN2Br2) 174 are considered quite promising electrolytes 

for the positive-side, as it was also discussed and demonstrated in the previous chapter. Frequently, these 

electrolytes are coupled with viologen derivatives at the negative-side. For instance, Hu et al.174 recently 

proposed an AORFB system with FcNCl at the positive-side and MV at the negative-side, respectively. 174 

The resulting electrolyte (in the concentration of 0.7 M) delivered a good and stable performance with 9.9 

Wh L−1 and 81% EE after 500 cycles (99.96% for a single charge/discharge cycle). 174 As another example, 

Janoschka et al.125 proposed again MV along with TEMPTMA as aqueous electrolytes in a neutral pH RFB. 

The resulting system (with 2 M concentration of the electrolytes) exhibited an energy density of 38 Wh 

L−1.125  
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Viologen is frequently employed as negative-side material in AORFBs at neutral pH, because 

among other electrolytes it is a two-electron storage material.175 Indeed, as described by DeBruler et al.,175 

these two-electron storage electrolytes exhibit volumetric capacities up to 96.5 Ah L−1 in H2O (or 75.0 Wh 

L−1 in 2 M NaClaq.) 175 and redox potentials as low as −0.77 V vs. SHE, among the highest values of the 

reduction potentials and charge capacity that have been obtained in aqueous electrolytes. 175 The usage of 

viologen electrolytes for neutral pH ARFBs is encouraging, especially when combined with positive-side 

electrolytes such as TEMPO and Fc derivative. The resulting systems can provide a cell voltage up to 1.4 

V125 175 and an energy efficiency of up to 65%,175 with capacity retention above 90% for each cycle.175 

Finally, the mild and safe operating environment (e.g. KClaq. or NaClaq.) makes the choice of these 

electrolytes highly preferable.  

For the present thesis, in good agreement with the literature,125 175 176 174 a new derivative of 

viologen electrolyte was synthesized with two main objectives: 

i) Perform some preliminary cycling tests in an AORFB in presence of TEMPTMA at the 

positive-side, mainly to understand the chemical stability  

ii) Find a candidate solid booster that could feasibly be paired with it. 

In the following sections of this chapter, a few examples of AORFB employing viologen 

electrolytes are discussed, considering especially their stability upon long cycling experiments. The latter 

is an important requirement to achieve when it comes to designing electrolytes for long-lasting energy 

storage systems at grid-scale.  
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4.2 Viologens 

4.2.1 Examples of viologens employed in AORFBs 

Among other organic electrolytes, 4,4′-dipyridinium (precursor of MV) can be functionalized quite 

easily to obtain derivatives with usually enhanced properties as compared to MV, especially in terms of 

solubility and redox potential for electrochemical devices. This has convinced many researchers to design 

new viologens which could be promising candidates for energy storage applications, such as RFBs. 

Recently, Liu and co-workers176 have proposed a sulfonate-functionalized viologen for AORFBs 

at neutral pH, in presence of a cation-exchange membrane. According to the authors, the first synthesis 

attempt of this viologen was quite unsuccessful. The reaction was accomplished at elevated temperature 

(140°C) over 8 hours in DMSO, where the 2-sulfonatoethyl bromide was added to the precursor 4,4’ 

bipyridine, but after 48 hours the yield was just 15%. 176 On the contrary, the second synthesis trial was 

successful and the 1,1′-bis[2-sulfonatopropyl]-4,4′-bipyridinium was obtained by an alkylation of 4,4′-

bipyridine with 2 equivalents of propane sultone, conducted in refluxed toluene for 3 hours with a final 

yield of 98%. 176 Indeed, in the first synthetic route the precursor 2-sulfonatoethyl bromide was not enough 

electrophile (i.e. an electron pair acceptor) to react with the 4,4’ bipyridine.  

The resulting sulfonate-functionalized viologen was tested in an AORFB at neutral pH, in presence 

of potassium iodide (I3
−/I−) at the positive-side, with a Nafion 212 membrane in the electrochemical cell 

(Figure 4.1A).  

 

Figure 4.1 A) General scheme of the AORFB system proposed by Liu and co-workers176.  
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B) Representation of the redox reactions occurring upon charge and discharge of the RFB.  

C) a) Plot of battery capacity vs. cycling numbers of the sulfonate-viologen/KI AORFB 2 at current densities from 40 

mA∙cm-2 to 100 mA∙cm-2. b) Charge and discharge curves at current densities from 40 to 100 mA∙cm−2. c) Plots of average CE, 

EE, and VE at different operational current densities. For all the tests, the sulfonate-viologen was employed at 0.5 M in 2.0 M 

KClaq., while KI at 2.0 M KI in 2.0 M KClaq. All the images are reproduced with permission from the work of Liu and co-workers 

at ref. 176. Copyright 2020, American Chemical Society.  

In particular, the AORFB (as depicted in Figure 4.1A)) showed ca. 9.5 Ah L−1 volumetric capacity 

at 40 mA∙cm−2, with almost 100% CE at each current density.176 In addition, the good rate performance and 

energy efficiencies were in agreement with the high conductivities of the electrolytes (103.2 mS∙cm−1 and 

234.2 mS∙cm−1, for the negative and the positive electrolyte, respectively). 176 Another great example is 

represented by the work of Luo et al.,177, which proposed a new synthetic strategy to obtain a highly water‐

soluble π‐conjugation extended viologen: the 4,4′‐(thiazolo[5,4‐d]thiazole‐2,5‐diyl)bis(1‐(3‐

(trimethylammonio)propyl)pyridin‐1‐ium) tetrachloride, [(NPr)2TTz]Cl4 .This molecule was suggested as 

novel two‐electron storage negative-side electrolyte for AORFBs. 177 The authors found high solubility in 

water (1.3 M, 69.7 Ah L−1) 177 and as well in NaClaq (1.1 M in 2.0 M NaClaq, 60.0Ah L−1). 177 In an AORFB 

assembled with TEMPTMA at the positive-side, [(NPr)2TTz]Cl4 delivered 1.44 V battery voltage and 53.7 

Wh ∙L−1 energy density, 70 % EE and 99.97 % capacity retention per cycle.177 Recently, Liu et al.127, 

proposed a very stable AORFB based on derivatives of TEMPO and viologen at neutral pH. The negative-

side electrolyte was the bis(3-trimethylammonio)propyl viologen tetrachloride and the positive-side the 4-

[3-(trimethylammonio)propoxy]-2,2,6,6-tetramethylpiperidine-1-oxyl, synthesized from the TEMPOL by 

adding Coulombic repulsion to suppress bimolecular interactions that could lead to molecular 

decomposition.127 The equivalent system showed 1.1 V127 OCP and it is considered above all the AORFBs 

studied at neutral pH the most stable, since it exhibits an extremely high capacity retention rate, at 99.993% 

per cycle over 1,000 consecutive cycles, with the temporal capacity fade rate of 0.026% per h (independent 

from the concentration).127 
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4.2.2 Chemical stability of viologens in AORFBs and strategies to improve it 

The focus of this thesis is ARFBs and in particular AORFBs, hence, it is extremely important to 

understand electrolytes stability to ensure long-lasting performances. Recently, Aziz and co-workers178 

have reviewed cycling performances in terms of capacity fade rate of all the AORFBs at neutral pH 

employing viologens at the negative-side and they are summarized in the following Table 4.1. 

Table 4.1 Summary of results of AORFBs containing viologens negative-side electrolyte. This table is reproduced with 

permission from the work of Kwabi et al. at ref 178. Copyright 2020, American Chemical Society (ACS).  

 

As it can be seen from the table, since the early experimental works in 2015-2016 where the system 

capacity fade was quite remarkable (e.g. MV/4-OH-TEMPO from Liu et al.126), the stability of the 

electrolytes and especially of the viologen at the negative-side largely improved. More precisely, in 

viologen electrolytes the stability is strictly related to the substituents of the 4,4′-dipyridinium backbone.127 

Indeed, many great works have been proposed showing derivatives of viologens exhibiting high capacity 

retention (>90% per cycle) for a considerable amount of cycles (from 50 to 500). In addition, as also 

confirmed by Liu et al.127, viologen and derivatives cannot be adopted to either acidic or alkaline aqueous 

solutions, because of the attack of ammonium by OH−, resulting in dealkylation and the annihilation of 

reduced MV by H+.127  
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According to recent studies from Liu127 and Aziz178, during flow battery cycling, viologen and 

derivatives essentially can undergo two decomposition mechanisms. The first decomposition path involves 

molecular oxygen. Upon battery charging, viologen reduces to the radical-cation form (V●+), which can be 

readily oxidized back from molecular oxygen, forming a superoxide anion (O2
−●) (step a in Figure 4.2). 

Hayyan et al.67 suggested that the presence of H+ in the solution can induce a chemical reaction of the 

superoxide anion (O2
−●) with generation of HO2

● and A− (step b in Figure 4.2). Then, the HO2
● can react 

once again with O2
−●and generate O2 and HO2

− or alternatively with another molecule of HO2
● and form O2 

and H2O2.67 

 

Figure 4.2 Mechanism of the superoxide anion once generated in the solution. This mechanism is inspired from the 

work of Hayyan et al at ref. 67. 

Furthermore, it is assumed127 that when V●+encounters the O2
−●, this would lead to an accumulation 

of OH− in the solution, which would cause decomposition.127 Another possible scenario could be that H2O2 

generated from the O2
−● in presence of acid (HA) can react with the V●+ (Figure 4.3): 
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Figure 4.3 Possible mechanism of reaction between V●+and hydrogen peroxide (in this case it is represented the 

viologen derivative synthesized in the present work). 

In the first step, as soon as the V●+ is generated from the fully oxidized form (V2+) (step a in Figure 

4.3), it reacts with H2O2 from the previous mechanism involving the O2
−● (Figure 4.2). This reaction leads 

to the formation of an unstable adduct (step b in Figure 4.3), which suddenly by internal re-arrangement of 

the charge brings to a complete modification of the original molecular structure, generating a final product 

with an aldehyde bonded to the bypiridinium ring (step c in Figure 4.3). Furthermore, another mechanism 

of decomposition of viologens does not require the presence of molecular oxygen; in fact, it is believed that 

the V●+can undergo a dimerization process and form a stable dimer in the solution (step a in Figure 4.4).127 

 

Figure 4.4 Dimerization mechanism of viologen wrote considering the synthesized viologen of the present work. 
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Subsequently, the dimer can undergo disproportionation resulting in the V2+ and fully reduced 

forms (V) of the viologen (step b in Figure 4.4) 127. The formation of the stable dimer which suddenly 

disproportionates can be a possible reason of capacity losses in the battery cycling.178 Interestingly, Aziz 

and co-workers178 reported that, in comparison to much of the AORFB literature involving quinones, in the 

systems with nitroxyl-radicals and viologen derivatives, the electrolyte fading is less understood. 178 

According to Aziz178, it is not possible to discern the exact reason behind the capacity fade of these 

electrolytes (nitroxyl-radical and viologens), since not enough information are provided in the experimental 

results from the literature. However, it is interesting to observe how capacity losses are definitely lower 

once the nitroxyl-radical or its derivatives are replaced by ferrocene and derivatives at the positive-side. 178 

As great example, Aziz 120 proposed a systems using the bis(3-trimethylammonio)propyl viologen 

tetrachloride at the negative-side and the bis((3-trimethylammonio)propyl)ferrocene dichloride at the 

positive-side, respectively (Figure 4.5)  

 

Figure 4.5 Representation of the AORFBs at neutral pH from Aziz and co-workers
120

, reproduced with permission 

from ref. 
120

. Copyright 2020, American Chemical Society (ACS). 

This system showed outstanding cycling stability, with capacity retention of 99.9943%/cycle and 

99.90%/day at a 1.3 M reactant concentration, increasing to 99.9989%/cycle and 99.967%/day at 0.75–1.00 

M.120 In this work, the authors also discussed that viologens and of nitroxyl-radicals can likely start to 

decompose at relatively high concentration (i.e. >50 mM) presumably as bimolecular reactions of the 

reactants with themselves.57 Notably, this work proposes also an interesting way of monitoring the 

permeation of oxygen on capacity retention and to demonstrate it the authors decided to place the RFB 

installation in a plastic glovebag. At first, the bag was not inflated and the flow cell was cycled in presence 
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of molecular oxygen. Then, after ca. 50 cycles they inflated the bag with nitrogen and the capacity did not 

fade anymore as before. The corresponded measurement is reported in Figure 4.6.  

As appears from the plot in Figure 4.6 the initial charge is around 400 C and after 10 cycles it 

rapidly decreases to ca. 300 C and finally to ca. 250 after 50 cycles. The % CE behaves accordingly. This 

test shows the importance of cycling the electrolytes (and especially the viologen at the negative-side) under 

inter atmosphere to avoid decomposition and side-reactions. 

 

Figure 4.6 Cycling test of the system proposed by Aziz and co-workers at ref 120, employing a nitrogen filled glovebag 

to monitor oxygen permeation on capacity retention. The images is reproduced with permission. Copyright 2020, American 

Chemical Society (ACS). 

Another interesting strategy to improve the stability of viologens in AORFBs was proposed by Hu 

et al.179, where the viologen was functionalized to obtain the 1,1′-bis[3-(trimethylammonio)propyl]-4,4′-

bipyridinium tetrachloride derivative. 179 This molecule, coupled with the 4-trimethylammonium-TEMPO 

chloride, enabled the flow battery achieving 97.48% capacity retention for 500 cycles and a power density 

of 128.2 mW cm−2 (Figure 4.7).179  

 

Figure 4.7 Battery performance of 0.5 M electrolytes. a) Capacity and CE vs. cycle number for 500 cycles. The inset 

shows the representative charge/discharge profiles. The battery was cycled at 60 mA∙cm−2. b) Polarization and power density 
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curves of the AORFB at 100% SOC. These images are reproduced with permission from the work of Hu et al. in ref. 179 . 

Copyright 2020, Royal Society of Chemistry.  

In particular, Hu et al. 179 compared the cycling performance of the conventional MV (along with 

TEMPTMA at the positive-side), with those of the 1,1′-bis[3-(trimethylammonio)propyl]-4,4′-bipyridinium 

tetrachloride viologen derivative.  

They proved by UV/Visible spectroscopy that the radical-cation of the 1,1′-bis[3-

(trimethylammonio)propyl]-4,4′-bipyridinium tetrachloride viologen is more stable than that of the MV.179  

In a glove box, they performed UV/Visible spectroscopy tests of both the viologens in aqueous 

solutions every 2 hours and they observed that after 48 hours a slight decrease in the main absorption peak 

at 605 nm corresponded to the formation of the radical-cation in case of the MV (Figure 4.8a)).179  

 

Figure 4.8 UV-vis spectra of (a) (MV)●+ and (b) [(NPr)2V]●+ in 2 M NaCl aqueous solution over 48 hours. This image 

is reproduced from the work of Hu et al. in ref. 179 . Copyright 2020, Royal Society of Chemistry.  

The authors discussed that in aqueous media the MV●+ likely undergoes a dimerization process 

(Figure 4.4), which seems not favored in their own viologen derivative (the 1,1′-bis[3-

(trimethylammonio)propyl]-4,4′-bipyridinium tetrachloride viologen), due to the increased charge 

repulsion by two additional positively charged propyl ammonium pendent arms.179  
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4.3 Results and discussion about TEMPTMA/MTABT AORFB  

4.3.1 Characterization of N-Methyl-N’-(3-trimethylammonioethyl-)-4,4’-bipyridinium 

tetrachloride 

N-Methyl-N’-(3-trimethylammonioethyl-)-4,4’-bipyridinium tetrachloride (abbreviated as 

MTABT) was synthesized following the procedure reported in chapter 5 of this manuscript. Once 

synthesized, the molecule was characterized by 1H-NMR (in D2O) and 13C NMR (D2O) and the spectra are 

displayed in Figure 4.9A) and B).  

1H-NMR confirmed the molecular structure of MTABT, where the first chemical shift (δ, ~3.5 

ppm) belongs to the protons of the quaternary amine group. The chemical shift around 4 and 5 ppm to the 

ethyl chain connected to the quaternary ammine group and that around 9 and 9.5 ppm to the protons of the 

aromatic ring of the 4,4’-bipyridinium. The chemical shift of the solvent D2O is located at ~4.8 ppm. The 

complete description of the spectrum is provided in the caption below the NMR spectrum. 

 

Figure 4.9A) 1H-NMR spectrum of MTABT. The NMR solvent is D2O. B) 13C-NMR spectrum of MTABT. The NMR solvent is 

D2O. 1H NMR (D2O, 400 MHz): 3.41 ppm (s, 9 H), 4.21 ppm (m, 2 H), 4.25 ppm (s, 3 H), 5.40 ppm (m, 2 H), .8.59 ppm (m, 2 

H), 8.68 ppm (m, 2 H), 9.10 ppm (m, 2 H) and 9.31 ppm (m, 2 H). 

13C NMR spectrum confirmed as well the molecular structure of the MTABT. The chemical shift 

at 125-150 ppm can be attributed to the C atoms of the aromatic rings and those located at high field region 

(50-70 ppm) to the C−H saturated alkane and to the C atom bonded to the quaternary amine.  



128 

 

 

Figure 4.9 B) 13C NMR (D2O, 400 MHz) of MTABT. 

Furthermore, UV/Visible spectroscopy (Figure 4.10) was employed to determine the solubility 

limit of the synthesized MTABT. From a calibration curve (slope giving an extinction molar coefficient of 

0.0574 (M−1 cm−1) with four standard solutions of MTABT in 1 M KClaq. (from 2 to 14 μM concentration), 

the solubility limit was determined as 1.86 ± 0.2 M, obtained after three measurements. This value looks a 

bit lower than the one from the common MV proposed by Janoschka et al.125 (2.4 M in 1.5 M NaClaq.). 
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Figure 4.10 Determination of the solubility limit of MTABT by UV/Visible spectroscopy, (the calibration plot 

according to the Lambert Beer Law, is depicted in the inset of the UV/Visible spectrum and it was recorded at 260 nm).  

Interestingly, Figure 4.11 shows (in good agreement with the literature) how MTABT changes its 

color according to the oxidation state. Indeed, in the fully oxidized state looks yellowish (Figure 4.11a)), 

(at relatively low concentration values) and once it is reduced to the half state it turns bluish/violet (Figure 

4.11a’)). 

 

Figure 4.11 Colors of MTABT: a) is the fully oxidized state and a’) is the half-oxidized state. 
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4.3.2 Electrochemical characterizations of MTABT 

i) Cyclic voltammetry  

Initially, electrochemical characterization was performed by CV on GCE, testing a solution of 10 

mM MTABT in 1 M KClaq (purged with nitrogen for 1 hour before the measurement). Figure 4.12A) shows 

the voltammogram of MTABT at different sweep rates. The plot of the anodic peak currents and cathodic 

peak currents (Figure 4.12B)) fits linearly with the square root of the scan rate, meaning that the process is 

diffusion controlled (according to the Randles-Sevcik equation). 

 

Figure 4.12 A) CV of MTABT (10 mM in 0. 1 M KClaq.) on GCE (0.071 cm2 geometric area). The solution was purged 

for 1 hour with nitrogen before the measurement). All the scan rates are depicted in the legend beside the voltammogram.  
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Figure 4.12 B) Plot of the square root of the scan rate vs. the peak current, for both anodic (red dots) and cathodic 

(black dots) peak currents. The respective equations are reported on the plot.  
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ii) Rotating disk electrode (RDE) 

Later, RDE characterization was accomplished using a GCE (5 mm diameter, Metrohm) in a three 

electrochemical cell. A solution of 10 mM MTABT in 0.1 M KClaq (previously purged with nitrogen for 1 

hour) was tested at different rotation speeds (Figure 4.13A)). Levich elaboration was performed and it is 

displayed in Figure 4.13B).  

 

Figure 4.13 A) RDE voltammograms of 10 mM MTABT in 0.1 M KClaq on GCE (5 mm diameter). The solution was 

purged by nitrogen for 1 hour before the measurement.  

 

Figure 4.13 B) Levich plot of the RDE voltammogram in Figure 4.13A). Limiting current was taken at -0.49 V vs 

SHE for the various rotation speeds.  
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At the surface of the electrode the viologen reacted and exchanged one electron to generate the 

radical-cation. Despite this viologen is a two-electron storage material,175 the second reduction reaction was 

not studied since it is known for being quite unstable120; in fact, this form of viologen likely precipitates in 

the solution.178 For this reason, in the entire work just the first electron transfer reaction is targeted. 

Accordingly, for the elaboration of the Levich plot limiting currents at -0.49 V vs. SHE were taken (Figure 

4.13B)). 

From the Levich equation (expression in i)), the diffusion coefficient (D) was found as 1.53∙10−5 

cm2 s−1. This value is slightly bigger than what Janoschka et al.125 reported for the MV (5.7 10−6 cm2 s−1, for 

a solution of 4.5 mM in 0.1 M KClaq),125 and as well for that of the methyl propyl viologen chloride (0.54 

10−5 cm2 s−1).175 

2/3 1/2 1/6

lim. (0.620) I nFAD C   i) 

Where, n is the number of electrons (1 in this case), F the Faraday constant (96485 C mol−1), D the 

diffusion coefficient, ω the rotation speed (in radians per seconds), v−1/6 is the kinematic viscosity (cm2 s−1, 

which in the case of 1 M KClaq is equal to 1.043 cm2 s−1, with a density of 1.2 g mL−1) and C the 

concentration of the MTABT in solution (1∙10−5 mol cm−3 in 0.1 M KClaq).  

Later, for the same solution of 10 mM MTABT in 0.1 M KClaq (having an electrode geometric area 

of 0.196 cm2), according to the Koutecky-Levich equation in ii), the reaction rate constant k0 for one 

electron exchanged can be determined by measuring the kinetic current (Ik) at a variety of different 

overpotential along the RDE voltammogram. In the present case k0 is equal to 6.9 10−4 cm s−1.  

2/3 1/6

1 1 1

0.620 

 
  

 L kI I nFAD c
 

ii) 

MTABT does not show typical Koutecky-Levich trend, which should correspond to a linear plot 

of the reciprocal current against the reciprocal square root of the angular rotation rate (ω−1/2). The reason of 

this behavior is not fully clear yet and it needs further investigation. However, the k0 for one electron 

exchanged in MTABT is quite close to that of MV found by Janoschka et al. 125 (3.3 10−3 cm s−1, for a 

solution of 4.5 mM in 0.1 M KClaq). 125 
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4.3.2 Redox flow battery with MTABT and TEMPTMA 

In this section some preliminary cycling experiments were undertaken to evaluate the stability of 

MTABT. In particular, cycling tests were performed first to study the possible decomposition mechanisms 

of both the electrolytes under the experimental conditions and second to check any “effect” of the 

electrolytes on specific cell components. Regarding the flow cell configuration, a complete schematic is 

reported in chapter 5, where all the components and relative materials are specified. An AORFB equipped 

with 10 mL of 50 mM in 1 M KClaq MTABT as negative-side electrolyte and 10 mL of 50 mM in 1 M 

KClaq TEMPTMA as positive-side, was assembled in a glovebag previously inflated by nitrogen. 

Importantly, the flow battery was configured as a three-electrode electrochemical cell, with an Ag/AgCl (in 

3 M KClaq) reference electrode in the MTABT reservoir, but the TEMPTMA’s potential was also actively 

recorded upon cycling. The electrochemical cell configuration was chosen most of all to constrain the 

viologen to the first electron transfer reaction, which leads to the formation of the radical-cation, since the 

second electron transfer reaction is known for being electrochemically not reversible.127 Subsequently, 

charging polarization of a 0% SOC of the MTABT (Figure 4.14A)) in galvanostatic mode was performed 

prior effective cell cycling. During the polarization the viologen charged and the TEMPTMA discharged. 

Upon the polarization, MTABT reached a power of ca. 10 mW cm−2 at ca. 22 mA∙cm−2, where the viologen 

reduced to the radical-cation form. Since the battery was totally discharged when this measurement was 

performed and the fact that only half of the storage capacity of the viologen was targeted, the power curve 

does not reach its maximum. However, the polarization curve of MTABT shows the three conventional 

regions in the relation between the potential and the current (or current density). In this case, from ca. 0 to 

−0.1 V vs. SHE there is the activation region, from ca. −0.1 V to ca. −0.25 V vs. SHE there is the region of 

the kinetic losses, from ca. -0.25 V to −0.40 V vs. SHE there is the ohmic region and finally from ca. -0.40 

V to −0.50 V vs. SHE there is the mass transport region.  



135 

 

  

Figure 4.14 A) Charging polarization of 0% SOC MTABT (blue line and dots). In orange on the secondary y-axis, it 

is displayed the power in mW cm−2. The porous felt electrodes had a geometric area of 8 cm2. The polarization regions are 

depicted on the plot along with the fully oxidized and half-reduced forms of MTABT. 

Subsequently, the flow cell was cycled galvanostatically at 25 mA of current (3.125 mA cm−2 

current density), with upper cutoff potential of -0.10 V vs. SHE and -0.50 V vs. SHE as lower cutoff 

potential. The flow rate was 20 mL min−1. 

  

Figure 4.14 B) Potential vs. time ARFB configured with50 mM in 1 M KClaq. MTABT (black line) and 50 mM 

TEMPTMA in 1 M KClaq. (red line). The full cell is represented in blue line.  
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Figure 4.14B) shows the potential versus time of the electrolytes in the AORFB. It can be noticed 

almost at the second cycle the potential vs. time of the viologen electrolyte (dark line in Figure 4.14B)) 

looks shorter and this trend is kept until at least the sixth cycle. After it seems stable. The same cycling 

behavior is observed at the TEMPTMA’s side (red line in Figure 4.14B)) and in the full cell (blue line in 

Figure 4.14B)). This phenomenon could be due to decomposition of the electrolytes and most likely of the 

viologen. Interestingly, the capacity (for charge and discharge) follows a similar trend (Figure 4.14C)). 

 

Figure 4.14 C) Charge and discharge vs. cycle number capacity of the AORFB equipped with 50 mM electrolytes. The 

charge capacity is represented as blue dots and the discharge capacity as orange dots. On the secondary y-axis the % CE is 

represented as grey dots. 

The cell reached experimentally ca. 46 C of discharge capacity in the first cycle (96% of the 

theoretical charge, 48 C for 10 mL volume, 50 mM concentration and one electron transfer reaction), which 

decreased at the second cycle at ca. 26 C, corresponding to a loss of 54% as compared to the theoretical 

value. The discharge capacity decreased again at the third cycle, reaching ca. 23 C. At the last cycle (number 

sixteen) the discharge capacity reached ca. 16 C, which corresponds to three times less the theoretical value 

(48 C). However, despite the considerable initial capacity fade, the discharge capacity almost stabilizes 

around the fifth cycle until the end of the experiment. The % CE in Figure 4.14C) (on the secondary y-

axis) shows a very similar trend to that of the discharge capacity.  

A possible reason behind this significant capacity fade might be due to the fact that the radical-

cation of the viologen can be readily oxidized back from molecular oxygen, decreasing the amount 

electrochemically active species in the reservoir which can react at the electrochemical cell. Importantly, 

despite this cycling experiment was performed in a nitrogen filled glovebag, it is not possible to completely 

exclude the presence oxygen from the working atmosphere. Once the reaction of the radical-cation with 
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molecular oxygen is completed, the remaining electrolyte continues to react regularly at the electrode 

surface and the equivalent cycling performances are stable over time.  

Figure 4.14D) shows the efficiencies of the AORFB cycled with 10 mL of electrolytes at 50 mM. 

As for the capacity trend in Figure 4.14C), at the beginning of the cycling test the overall energy efficiency 

of the full system (blue line in Figure 4.14C)) is around 35%; then after the 7th cycle (when any possible 

mechanism involving molecular oxygen is concluded) the energy efficiency rises up to ~80% and finally it 

reaches a constant value of 89% at the end of the experiment when probably all the oxygen in the system 

is consumed.  

 

Figure 4.14 D) Efficiency plots (%VE in black, %CE in red and %EE in blue) of the AORFB having 50 mM in 1 M 

KClaq electrolytes at both sides.  

I) Preliminary investigation of O2 permeation on the capacity fade and pH shift  

In order to explain such big capacity losses in the cycling test, an initial investigation of any possible 

decomposition mechanism in the electrolytes was performed. Primarily, the electrolytes pH was measured 

and interestingly it was found that TEMPTMA reached ca. pH 1 and the MTABT ca. pH 8.5.  
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In the case of TEMPTMA, acid-base equilibria in water were first considered as possible 

explanation to this pH behavior (Figure 4.15A)). 

 

Figure 4.15 A) Schematic of possible acid-base equilibria of TEMPTMA in water and adduct formation under acidic 

conditions. 
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The schematic shows how the change in pH rises from protonation in water of the nitrogen atom 

of the N-oxyl group in TEMPTMA, generating an adduct TEMPTMAH-OH+ that is electrochemically 

inactive (step A in Figure 4.15A)).128 Then, under acidic condition the reduced form of TEMPTMA can 

undergo a disproportionation mechanism and form again the adduct TEMPTMAH-OH+ along with the 

oxidized form TEMPTMA2+.((step B in Figure 4.15A)).128 Subsequently, CV of the cycled TEMPTMA 

solution was recorded and compared with that of a fresh solution (Figure 4.15B)).  

 

Figure 4.15 B) CV of TEMPTMA on GCE (0.071 cm2) before (red line) and after (black line) the cell cycling. The 

concentration was 50 mM in 1 M KClaq. The CV were not iR drop compensated. 

The voltammogram of TEMPTMA after cycling (black line in Figure 4.15B)) shows a decrease in 

the anodic currents, reflecting a possible depletion of TEMPMA2+ in the solution.128 At pH 1 the cathodic 

current reaches a maximum value that is approximately half of the initial anodic current, indicating that the 

concentration of TEMPMA2+ is half of the original TEMPMA+ concentration. 128 In addition, it is possible 

to notice that the voltammogram does not start at zero, thus it could be possible that the electrolyte was 

unbalanced and more of the reduced form was in solution which needed to first be reduced. These results 

provide a possible correlation to the disproportionation of TEMPMA under acidic conditions shown in 

Figure 4.15A), since electrochemically inactive species could have been generated.  

For the pH shift found in the MTABT’s tank, it was supposed in agreement with Aziz and co-

workers,120 that the radical-cation in the solution can be readily oxidized back from molecular oxygen and 

contemporarily generate OH− (see the mechanism proposed below, Figure 4.16).  

 

Figure 4.16 Possible mechanism of decomposition of MTABT responsible of shifting the pH to more alkaline values 

upon cell cycling.   
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II) Preliminary investigation of the capacity fade rate in absence of O2 

To investigate the cycling performance of the electrolytes when O2 is strictly excluded, a 

preliminary test was performed in a H-cell battery placed in a nitrogen filled glove box and equipped with 

an anion exchange membrane and two graphite porous electrode felts. The battery was galvanostatically 

cycled at +1 mA of current (0.16 mA∙cm−2 current density with 6.25 cm2 graphite felt electrodes), with 

upper cutoff potential +1.10 V vs. SHE and lower cutoff potential +0.60 V vs. SHE. The battery was 

configured as three-electrochemical cell, with the reference electrode (Ag/AgCl in 3 M KClaq.), in the 

TEMPTMA’s reservoir. The electrolytes were 50 mM in 1 M KClaq.in both sides with a volume of 6 mL 

ca. (the TEMPTMA’s side had a little more to try to balance the number of Coulomb as compared to the 2 

electron-storage of the viologen at the negative-side). Before any cell cycling, CV of the electrolytes were 

performed in the glove box (Figure 4.17), then the battery was cycled under constant stirring. The 

performances are reported in Figure 4.17 and C). In this battery, the theoretical charge is 29 C (with 50 

mM electrolytes and 6 mL volume in each tank), which was reached after 1 day of cycling at 1 mA of 

current. The overpotential for each redox reaction is ca. 50 mV, as depicted in Figure 4.17B), suggesting 

moderate ohmic resistance in the battery configuration.  

 

Figure 4.17 A) CV of the electrolytes at 50 mM in 1 M KClaq on GCE (0.071 cm2), recorded in glove box before the 

battery cycling at 25 mV s−1 as sweep rate. The CVs were not iR drop compensated. B) Battery cycling (as H-cell configuration) 

at 1 mA of current: potential vs. charge of the full cell in blue, potential vs. charge of the TEMPTMA in red and potential vs. 

charge of the MTABT in black.  

Then, CV of the cycled electrolytes after 1 day of cycling experiment were performed to check any 

change as compared to the fresh solutions (Figure 4.18A)). The measurements were recorded in the glove 

box as before the cycling test. Table 4.2 summarizes the peak currents and peak potentials of these CV. 
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Figure 4.18 A) CV on GCE (0.071 cm2) of 50 mM in 1 M KClaq MTABT at 50 mV s−1 before (black line) and after 

(red line) battery cycling. B) CV on GCE of 50 mM in 1 M KClaq TEMPTMA at 50 mV s−1 before (black line) and after (red 

line) battery cycling. The CV were not iR drop compensated. 

Table 4.2 Peak currents (anodic and cathodic) and peak potentials (anodic and cathodic) for TEMPTMA and MTABT 

before and after battery cycling in glove box.  

Electrolyte Ip,a / mA  Ip,c / mA  Ep,a / V vs. SHE Ep,c / V vs. SHE 

TEMPTMA uncycled 0.27 -0.21 0.98 0.93 

TEMPTMA cycled 0.21 -0.15 1.10 0.81 

MTABT uncycled (1st wave) 0.40 -0.51 -0.41 -0.44 

MTABT cycled (1st wave) 0.18 -0.23 -0.41 -0.44 

It is interesting to see that despite the battery was operated in the glove box, where the presence of 

O2 is strictly excluded, the electrolytes show signs of decomposition. Regarding the MTABT, the most 

probable decomposition mechanism is the dimerization reaction illustrated at the beginning of this chapter 

(see Figure 4.4). 
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4.3.3 Conclusions on the investigation of the cycling performance of MTABT and TEMPTMA 

In this section, a preliminary investigation of the cycling performance of the new viologen 

derivative (MTABT) along with TEMPTMA in an AORFB was accomplished. The full system (at a 

concentration of 50 mM in 1 M KClaq of both the electrolytes) placed in a nitrogen filled glovebag exhibited 

rather poor performances, with high capacity fading (ca. 54%) already at the second cycle. However, this 

cycling test was particularly inspiring to start an investigation (which is currently in progress) on the 

possible reasons behind the capacity fading in both the electrolytes. As first experimental proof, a 

considerable pH change of the electrolytes after the cell cycling was found. In particular, the TEMPTMA’s 

solution reached very acidic pH (ca. = 1) and the viologen’s slightly alkaline (pH = 8.5). In the case of 

TEMPTMA, acidic-base equilibria in water were considered, when either TEMPTMA2+ or TEMPTMA+ in 

presence of acids can generate an adduct (TEMPTMAH-OH+) by disproportionation. This adduct is not 

electrochemically active. This mechanism was also supported by the comparison of the CV of TEMPTMA 

before and after the cell cycling, where a decrease of the anodic currents could have been a possible 

evidence of the fact that the concentration of TEMPTMA2+ was less than the original TEMPTMA+. 128  

In the case of the MTABT, the investigation was focused more on the role of molecular oxygen in 

the decomposition process. Indeed, despite the flow cell was cycled in a nitrogen filled glovebag, it is not 

possible to completely exclude the presence of O2 from the working atmosphere, therefore, a possible 

interaction with the radical-cation which it is likely happening upon the cell charging. Interestingly, 

decomposition of MTABT was observed even in absence of O2. In this case, the most probable mechanism 

of decomposition is a dimerization reaction, which suddenly leads to the fully oxidized and reduced species 

of the viologen. This mechanism is considered responsible of increasing capacity fade since the initial 

reactant concentration has changed. Finally, an investigation of the “effect” of the electrolytes on the porous 

graphite felt electrodes used in the battery cycling performed in glove box was evaluated. Unsurprisingly, 

both the electrolytes “stick” on the surface of the porous felts, and above all MTABT, probably because of 

the -stacking interaction of the aromatic rings.  
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4.3.4 Future perspectives AORFB 

As recently reported by Kwabi et al.178, despite the numerous advantages (e.g. abundance of the 

raw materials, relatively low manufacturing costs, operation in cheap and safe supporting electrolytes, etc.), 

ROM are not fully chemically stable electrolytes at neutral pH. For the ROM presented in this work 

(TEMPTMA and MTABT), some strategies were matured to further proceed with the flow cycling tests. 

First, new experiments should be performed using a buffer in the supporting electrolyte, for example at pH 

7 or 7.5, in order to mitigate the pH shift observed during cycling. Second, all new cycling tests should be 

performed in absence of O2, for instance, in glove box. Importantly, this aspect should be carefully 

considered in the entire design of the RFB, choosing appropriate materials for the cell to avoid extra 

permeation. Third, the MTABT can be chemically modified to have a symmetric molecule in terms of N-

alkyl substituents. More precisely, ethyl can be better than methyl to mitigate the dimerization mechanism 

(happening in absence of O2), due to increased charge repulsion by two additional positively charged ethyl 

ammonium pendent arms.179 Unfortunately, working at neutral pH limits the choice of electrolyte 

candidates for the negative-side of the RFB. Although, a couple of alternatives can be proposed:  

i) Polymer electrolytes, such as in the work proposed by Janoschka et al.50, where almost no 

capacity fade was observed (10 Wh L−1 energy density, current densities of up 100 mA 

cm−2 and stable long-term capability)50  

ii) Modify the pH of the aqueous supporting electrolyte to be in the range of 9-12. This would 

require to reconsider the choice of the viologen (and derivatives) in the electrolyte. 

In this case, Aziz and co-workers180 again proposed an interesting work, where a highly stable 

phosphonate‐functionalized anthraquinone was introduced as the negative-side electrolyte.180 They authors 

successfully demonstrated by pairing a phosphonate‐functionalized anthraquinone with a potassium 

ferri/ferrocyanide at the positive-side, an AORFB with a cell voltage of 1.0 V and a capacity fade rate of 

0.00036% per cycle and 0.014% per day, which is the lowest ever reported for any flow battery in the 

absence of rebalancing processes. 180  
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4.4 Research of candidate solid boosters for the MTABT electrolyte  

As for the positive-side with TEMPTMA and CuHCF, the aim for the negative-side is to find a 

solid booster candidate to couple. Indeed, the ultimate goal is to propose a full “redox-mediated flow 

battery” made of ROM capable of reaching enhanced capacities and operating in mild chemical conditions 

(e.g. safe supporting electrolytes such as KClaq or NaClaq at neutral pH). Consequently, the search of the 

solid booster was done following these motivations. In addition, the idea is to keep the electrolyte cost 

rather low, with the perspective of scale-up. In good agreement with this statement, once again organics 

make potential access to low cost and greener chemistry possible because they are mainly composed of C, 

H, O, N, and S, which are naturally abundant elements as well as the main constituents of biomass.181 

Material made of such elements are for instance polymers, as also seen in the second chapter of this 

manuscript discussing about PANI and others.  

Poizot et al. 181 have recently made a very interesting review of safe materials for sustainable 

storage applications. In this work, several naturally occurring polyphenols (e.g., ellagic acid182, purpurin183) 

were electrochemically assessed in Li/Na half cells; but, the proof of concept of realizing a “renewable” 

all-organic LIB was first demonstrated with oxocarbon derivatives as active electrode materials almost ten 

years ago. 181 Importantly, PPy, PANI and polyimides have attracted considerable attention in this context 

too.184 Indeed, they are frequently used for their facile synthesis and redox properties, showing redox 

potentials around −0.8 to +0.3 V vs. SHE.184 According to Kim et al.,184 one of the first aqueous 

rechargeable LIB was demonstrated using PPy at the negative-side and LiMn2O4 at the positive-side, in a 

saturated solution of Li2SO4 at pH 7.184 In this system, lithium ions were released in and out of the PPy via 

a “doping” and “de-doping” mechanism at an average potential of −0.026 V vs. SHE.184 The study revealed 

that cycling performances of polymers might be better than those of polyanionic materials (e.g. TiP2O7). 184 

Wang et al. 185, discuss the cycling performances of TiP2O7 in a LIB system and they show that the material 

exhibits irreversible capacity losses of 20 mAh∙g−1 since the first cycle.185 TiP2O7 intercalates/de-

intercalates lithium ions in a potential range of +0.30 V and −0.70 V vs. SHE185 (at neutral pH), which is 

very close to hydrogen evolution reaction (ca. −0.70 V vs. SHE)185  
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4.5 Polyimides 

Among negative-side materials and polymers frequently employed in aqueous rechargeable solid-

state batteries185, polyimides are considered promising candidates, since they are mechanically strong and 

thermally stable. 186 187 Song et al.,186 have made an interesting review of polyimides as energy storage 

materials for building “sustainable batteries”, as also discussed by Tarascon and co-workers.188  

Redox activity in polyimides foresees that during the charging process in the presence of mono-

cations (e.g. K+, Na+ 187, Li+)184 189 an enolate group is generated through electrostatic attraction with 

simultaneous charge redistribution throughout the conjugated polymeric structure (Figure 4.19).184 Then, 

upon discharging, intercalated mono-cations dissociate from the carbonyl group rebuilding the ketone for 

another cycle.  

 

Figure 4.19 Enolisation mechanism in polyimide PNTCDA in presence of K+ ions. 

In polyimides, enolisation on a flexible polymer backbone can ensure better structural stability over 

repetitive cycles, since the charge can be re-distributed all over the aromatic ring on the polymer 

structure.184 Ideally polyimides should allocate four cations (accompanied by four electrons) during the 

enolisation reaction (reduction or charging), through two steps mechanism,186 however, they likely undergo 

a two-electron and two-cation redox process, to minimize either the steric hindrance or the charge repulsion 

in the molecular structure. 186 

Recently, Wang et al.189 proposed an interesting work on the characterization of polyimide 

(PNTCDA) and evaluation of its structural properties. In particular, the authors used first-principles 

calculations to study the adsorption, diffusion and storage capacity of cation ions in the PNTCDA chain 

and bulk crystal, as well as the modification of the geometric structure and electronic properties induced by 
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the ion insertion. 189 The authors found optimized lattice parameters of bulk PNTCDA (in this case, it was 

considered as if the polymer has a crystalline structure in order to compute the simulations) of AA stacking 

type (Figure 4.20, a) = 10.623 Å, b) = 9.497 Å, c) = 9.293 Å, α = 120.37°, β = 84.16°, and γ = 55.33°),189  

and additionally, that the enolisation mechanism leads to small lattice contraction ratios of only −1.68% for 

Li, −0.37% for Na, and −0.56% for K, during charge/discharge processes. 189 

 

Figure 4.20 a) The three-dimensional structure of bulk PNTCDA, and b) top and c) side views in bulk PNTCDA. The 

electron density of states (DOS) for a d) Li, e) Na, f) K atom inserting into the bulk PNTCDA. The energy at the Fermi level is 

set to zero. This image is reproduced with permission from the work of Wang et al.
189

. Copyright 2020, Royal Society of 

Chemistry.  

Furthermore, the same authors189 claim storage capacities of 366 mA h g−1 (Li), 366 mAh∙g−1 (Na), 

and 183 mAh∙g−1 (K) of PNTCDA, rather comparable to those of inorganic materials. Polyimides are 

generally synthesized by a facile method, which consists of a polymerization reaction from the monomer 

precursor in organic solvent under inert atmosphere. This can be considered as another advantage to scale-

up the manufacturing process of these materials for safe grid-level energy storage installations.   
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In the present work, a polyimide from the 1,4,5,8-naphthalenetetracarboxylic dianhydride 

(PNTCDA) was synthesized as candidate solid booster to be paired with the MTABT as RM, at the 

negative-side the neutral pH AORFB. Pristine PNTCDA was electrochemically characterized confirming 

the storage mechanism with enolisation mechanism observed in the literature and later to mitigate its 

electronic insulation an ex-situ composite with CNTs was synthesized, showing encouraging 

electrochemical performances. Finally, the viability of pristine PNTCDA solid booster in presence MTABT 

as RM was preliminarily assessed by scanning electrochemical microscopy (SECM). 

4.5.1 PNTCDA in the present approach with MTABT as RM 

Polyimide from the 1,4,5,8-naphthalenetetracarboxylic dianhydride was selected among other 

polyimides because of its facile synthetic route, robustness and most of all since it shows two redox 

potentials which nicely match those in the MTABT. The following Table 4.3 summarizes the values of the 

half-wave redox potentials of PNTCDA and of MTABT for the first redox reaction only, which corresponds 

to the studied reaction. 

Table 3.3 Comparison of the half-wave redox potentials of the solid booster PNTCDA and of the RM MTABT, 

according to the “redox-mediated” approach of the charge transfer. 

Redox materials E1/2 / V vs. SHE Condition 

MTABT (RM) (first electron transfer reaction) -0.33 1 M KClaq at pH 6 

PNTCDA (SB) (first electron transfer reaction) -0.18 1 M KClaq at pH 6 

Despite PNTCDA is a two-electron storage compound175, it will be used in this work just as one to 

target the first electrochemical potential of the MTABT. The reason behind this choice is because the second 

electron transfer mechanism of the viologen is not electrochemically reversible,127 as it leads to a neutral 

state that likely precipitates in the solution.  

The alignment of the half-wave potential for this candidate pair of materials looks quite good, the 

small overpotential difference (15 mV) should guarantee the charge transfer process with no particular 

issues. Figure 4.21A) and B) show a graphical representation of the role of PNTCDA solid booster coupled 

with MTABT in the aqueous electrolyte of “redox-mediated flow battery”. 
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Figure 4.21 A) and B) redox reactions of viologen and PNTCDA solid booster in the electrolyte according to the 

“redox-mediated” charge transfer approach. 

In addition, in order to show the viability of the PNTCDA as solid booster in the MTABT solution, 

a brief calculation can be done knowing the theoretical capacity of the materials.  

Assuming an initial MTABT solution of 1 M, the equivalent volumetric capacity is 26.8 Ah L−1 

(for one electron transfer reaction). Then, knowing the theoretical capacity of PNTCDA as 183 mAh g−1 189 

and its density (1.3 g mL−1, experimentally measured), the volumetric capacity is 237.9 Ah L−1, which is 

almost 9 times the volumetric capacity of the MTABT electrolyte alone.  

Then, assuming a system made 50% from the PNTCDA booster and 50% from the viologen 

electrolyte, the final volumetric capacity will be 132.3 Ah L−1, which corresponds to 5 times the volumetric 

capacity of the MTABT electrolyte alone. This simple calculation shows the potential of this approach once 

again, considering PNTCDA as solid booster.  
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4.6 Results and Discussion about PNTCDA solid booster 

4.6.1 Characterization of pristine synthesized PNTCDA  

Polymer of 1,4,5,8-naphtalenetetracarboxilicdianhydride (PNTCDA), was synthesized via a facile 

method described in the experimental section of this work (chapter 5). The pristine powder was first 

characterized by 1H NMR (Figure 4.22A)) and 13C solid-state NMR (Figure 4.22B)).  

1H NMR spectrum confirmed the molecular structure of the synthesized PNTCDA: at ~ 1 ppm the 

chemical shift of the protons belonging to the –NH2 groups can be found; from ~ 2 to ~ 2.7 ppm the chemical 

shift of the protons in the ethyl bonds connected to the aromatic N atom, and finally at ca. 8.8 ppm the 

chemical shift of the protons in the aromatic ring. The chemical structure of the molecule on the spectrum 

confirms the exact correlation between each proton and each chemical shifts.  

 

Figure 4.22 A) 1H NMR spectrum of the synthesized PNTCDA powder. The NMR solvent is DMSO, 400 MHz): 

ppm) = 1.02, (s, 3 H), 2.4 (s, 17 H), 2.6 (s, 17 H), 8.70 (s, 4 H). 

Subsequently, solid-state 13C NMR of the synthesized PNTCDA confirmed again the molecular 

structure; the chemical shifts at high field (40 ppm) belongs to C atoms of the alkane chains in between the 

monomer unit. Then, the chemical shift at low field (120-180 ppm) corresponds to the C atoms on the 

aromatic rings.  
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Figure 4.22 B) 13C solid-state NMR spectrum of the synthesized PNTCDA powder at 30 kHz.  

Then, PNTCDA was also characterized by FTIR (Figure 4.22C)) and SEM (Figure 4.22D)). The 

attribution of the peaks is depicted on the spectrum directly in this case. 

 

Figure 4.22 C) FTIR spectrum of the synthesized PNTCDA.  
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Finally, SEM images of pristine PNTCDA powder was recorded using in-lens detector, (Figure 

4.22D)). The polymer looks as an agglomeration of amorphous clusters.  

 

Figure 4.22 D) SEM images of pristine PNTCDA powder recorded using in-lens detectors: a) (20 μm, 3 kV, 25 pA), 

b) (5 μm, 3 kV, 25 pA), c) (2 μm, 3 kV, 25 pA).  
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4.6.2 Electrochemical characterization of pristine PNTCDA in 1 M KClaq  

CV of pristine PNTCDA film drop-casted on GCE was recorded in 1 M KClaq in anaerobic 

conditions (Figure 4.23A)). The CV of pristine PNTCDA shows two main redox pairs at E1/2 −0.18 V and 

−0.49 V vs. SHE. The experimental section dedicated to this chapter explains how the PNTCDA film was 

prepared on the surface of the GCE. 

 

Figure 4.23 A) CV in 1 M KClaq of PNTCDA film drop-casted on GCE at 2, 5, 10, 15, 25 and 100 mV s−1, respectively. 

The CV were recorded after purging the solution for 1 hour with nitrogen and they were not iR drop compensated. The anodic 

and cathodic peak currents for the two redox waves are marked on the plot as Ipa1, Ipc1 and Ipa2 and Ipa2, Ipc2, respectively. B) 

Logarithm of the sweep rate vs. logarithm of the peak currents for the CV in A). The relation Ip = a∙vb allowed to find the 

parameter b for all the peak currents (0.54 for Ipa1, 0.52 for Ipc1, 0.55 for Ipc2 and 0.77 for Ipc2, respectively).  

The peak currents and the sweep rates in the CV of PNTCDA (Figure 4.25A)) follow a linear fit 

according to the power-law relationship (  bI a v ). Dong et al.190 explained that for a redox reaction 

limited by semi-infinite diffusion, the peak-current varies with v  (which means b = 0.5); then, for a 

capacitive process 

1

2v varies with v (which means b = 1).190 For the present case, the values of b suggest a 

diffusion-limited process of K+ ions through the PNTCDA film on the GCE surface from the bulk of the 

solution.  
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4.6.3 Galvanostatic cycling of pristine PNTCDA in 1 M KClaq. 

In the present case, pristine PNTCDA film on GCE in 1 M KClaq exhibited an experimental 

gravimetric capacity of 35.25 mAh∙g-1 at 140 A∙cm-2 (10 A) with a CE equal to 79%, obtained after 10 

cycles (Figure 4.24). This experimental gravimetric capacity was calculated taking into account the whole 

amount of PNTCDA mass (24 μg) deposited onto the geometric area of the GCE (0.071 cm2) from the 

initial concentration of the ink. Such low gravimetric capacity as compared to the theoretical value (183 

mAh∙g−1)189, can be justified considering the rather small surface coverage, calculated from the integration 

of the anodic faradaic currents obtained from the CV recorded before this cycling test (0.039 μmol cm-2).  

In addition, a possible lack in the electronic conductivity184 of the pristine PNTCDA film might be 

another issue of such low capacity value. 

 

Figure 4.24 Galvanostatic cycling of PNTCDA film drop-casted on GCE in 1 M KClaq purged solution at 10 μA (140 

μA cm−2) and 50 μA (704 μA cm−2) of currents (and of current densities). The gravimetric capacity on the y-axis was found 

knowing the mass of pristine PNTCDA drop-casted on the geometric area of the GCE (2.4∙10−5 g). The corresponded oxidized 

and reduced PNTCDA species are reported on the plot for the respective charging (reduction) and discharging (oxidation) 

process.  
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Interestingly, from both the galvanostatic cycling in Figure 4.26, in the reduction reaction (charge) 

of the polymer two plateaus can be spotted (around -0.25 V vs. SHE and -0.50 V vs. SHE), but this is not 

evident in the oxidation (discharge) reactions. This might suggest different kinetics in the two mechanisms. 

Indeed, upon charging, we could imagine the bonding of the two potassium ions as two consecutive separate 

steps (one after the other), which could explain the two plateaus. Then, upon discharging the re-organization 

of the molecular structure might be just one step mechanism. Interestingly, this type of behavior isn’t in 

agreement with similar cycling performances of PNTCDA in aqueous solution containing K ions. In 

particular, Wang et al.191 develop a negative-side PNTCDA battery material and they electrochemically 

tested its performances in a saturated solution of KNO3. The cycling test shows two plateaus in the charging 

and discharging process. Therefore, considering this last work proposed by Wang et al.191, another possible 

explanation to the experimental results obtained from the galvanostatic cycling, could be that supporting 

electrolyte solution was not enough concentrated.  

Notably, performing the same type of electrochemical characterization (CV) and galvanostatic 

cycling in a solution of saturated KCl, very different results were obtained (Figure 4.25A) and B)). 

Interestingly, the mass of the PNTCDA on the GCE was as before equal to 24 μg, but this time the 

experimental gravimetric capacity is ca. two times as compared to the values obtained in 1 M KClaq.(35 

mAh∙g−1). These last results can confirm that the amount of K+ ions in the supporting electrolyte solution 

is significant on the practical amount of gravimetric capacity achievable upon galvanostatic cycling tests. 

For the present work, the goal is to develop the booster in an aqueous solution, thus, the saturated KCl is 

not used in further experiments. 

 

Figure 4.25 A) CV on GCE (0.071 cm2) in a saturated solution of KCl at 25 mV/s. The measurements were performed 

after purging the solution for 1 hour with nitrogen. The CV were recorded without iR drop compensation. B) Galvanostatic 
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cycling of PNTCDA film drop-casted on GCE in a saturated solution of KCl, at 10 μA (140 μA∙cm−2). The mass of the active 

PNTCDA material was in this case 24 μg and it is used to normalize the gravimetric capacity on the x-axis. 

To see whether the PNTCDA capacity behavior was affected also by any lack in the electronic 

conductivity, an ex-situ composite with CNTs was easily synthesized and characterized electrochemically. 

The goal was to use CNTs as conducting addictive to interconnect particles of PNTCDA to enhance the 

whole cycling performances in the aqueous KCl solution. 

4.7 Ex-situ composite of PNTCDA with CNTs 

Composite materials of PNTCDA with CNTs are largely investigated in the literature192 193 194 195 

196, and one interesting example is proposed by Manuel et al.192 (Figure 4.26).  

 

Figure 4.26 Representation of the structure of the composite PNTCDA with CNTs from the work of Manuel et al. at 

ref 192. This image is reproduced with permission from the work of Manuel et al. at ref. 192. Copyright 2020, American Chemical 

Society (ACS). 

In this work, the authors suggest the synthesis of the composite of PNTCDA with CNTs by a two-

step imidization process. 192 The cycling performance of this composite are really remarkable, in particular, 

the rate capability of the cell with the PNTCDA/CNTs nanocomposite electrode was examined at 0.1, 0.2, 

0.5, 1, 2, 5, and 10 C-rates consecutively, and high initial discharge capacities of 125, 123, 120.8, 115.6, 

112, 108.5, and 98.3 mAh∙g–1 were obtained, respectively in 1 M NaClO4 in EC/PC/DME (1:1:1 volume 

ratio). 192 Undoubtedly, the use of CNTs as a conductive and high strength filler into polymer hosts has 

attracted great attention193, however, in order to achieve a final composite with the polymer where the 

conductivity is higher than in the pristine form and the structure mechanically more stable, the integration 

of the CNTs has to be effective. 193 Indeed, the ultimate goal is to produce a highly conductive thin film at 

low CNT’s loading and reach a level of electrical conductivity high enough for electromagnetic interference 

shielding and to prevent electrostatic charge. 193 Importantly, also according to the type of application, 
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Thuau193 discusses that it is desirable to have very low percolation thresholds of CNTs into the polymer 

structure; indeed, the lowest filler concentration required (i.e. connected network that provide mechanical 

backbone and a conductive pathway through the polymer) for electrical conductivity and mechanical 

strength increases. 193 In agreement with this idea, Thuau193 proposes a composite of polyimide with CNTs, 

where the mechanical and electrical properties of the polymer are enhanced with the addition of 5% wt. 

CNTs. 193 The resulting electrical conductivity of the composite increased 12 order of magnitudes as 

compared to the pristine form of the polymer. 193 In the author’s opinion, the conductivity follows a 

percolation-like power-law relation, with a percolation threshold of 0.15 wt. % CNTs for the composite. 193 

4.7.1 Characterization of the ex-situ composite of PNTCDA with CNTs 

An ex-situ composite of PNTCDA with MWCNTs was synthesized as described in the 

experimental section of this work (chapter 5). The optimized weight ratio was 25% for CNTs and 75% for 

PNTCDA. SEM images (Figure 4.27) show the interlacing network of the CNT into the amorphous 

structure of the PNTCDA.  

 

Figure 4.27 SEM images of the composite of PNTCDA with CNTs (75-25) wt.%. recorded using in-lens detectors: a) 

(1 μm, 1 kV, 6.3 pA), b) (1 μm, 1 kV, 6.3 pA), c) (500 nm, 500 V, 6.3 pA) and d) (500 nm, 1 kV, 6.3 pA).  

As in the case of pristine PNTCDA, the CV of the ex situ composite exhibits two consecutive redox 

waves (E½ = -0.18 V and E½ = -0.53 V vs. SHE). In the composite PNTCDA with CNTs film, oxidative 

and reductive peak current densities exhibits two kinetics (Figure 4.28B)). Plotting the scan rates vs. the 
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square root of the peak current densities, shows two apparent linear trends: at slow scan rates (<50 mV∙s−1) 

and at higher scan rates (from 50 to 150 mV∙s−1). This might be due to the fact that the mechanism changes 

from a surface controlled process to a solution diffusion-limited process.  

 

Figure 4.28 A) CV of the ex-situ composite of PNTCDA with CNTs in the ratio (75-25) wt. % . The CV was recorded 

as film of the active material drop-casted on the geometric area (0.071 cm2) of a GCE in 1 M KClaq at 2, 5, 25, 50, 100 and 150 

mV s−1 as scan rates. The CV were recorded without iR drop compensation. B) Peak current densities vs. the square root of the 

scan rates for the CV in A). The equations of the plots are depicted on the graph directly. 

 Later, galvanostatic cycling with potential limitation of the ex-situ composite in 1 M KCl aqueous 

solution on GCE were performed, showing a gravimetric capacity of 78 mA h g-1 at 352 A cm-2 (25 A), 

with a CE equal to 79% after 10 cycles (Figure 4.28C)).  

 

Figure 4.28 C) Galvanostatic cycling of the ex-situ composite of PNTCDA with CNTs, at three different current 

densities (the last cycle is shown).  

Such experimental gravimetric capacity was calculated taking into account the whole amount of 

composite deposited onto the GCE (25 g, which is comparable to the amount previously reported for the 
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pristine PNTCDA), knowing the concentration of the material dispersion and the volume drop-casted. In 

this case, the integration of the faradaic currents on the cyclic voltammetry is equal to 0.83 mol cm-2, 

which is 20 times higher than the value found for the pristine PNTCDA (0.039 mol cm-2). The presence 

of CNTs results in a considerable capacity enhancement, which is due to the improvement in intraparticle 

electron conductivity and K+ transport in the overall electrode surface.197 The gravimetric capacity of CNTs 

alone was also measured separately, and it was found equal to 14.03 mAh∙g-1. The latter values shows that 

most of the gravimetric capacity is brought from PNTCDA, while CNTs enhance the electronic 

conductivity interconnecting polymer chains at long distance.198 199 Imbedding active electrode materials 

into CNTs network helps in improving conductivity, reduce electrode weight, provide high tensile strength 

and enhanced kinetics.200 201  

CNTs allow the transport of the electrons to and from the polyimide during enolisation 

mechanisms. Polyimide deposited on the outside and inside of the surfaces of CNTs can capture K+ without 

impeding the charging mechanism of CNTs occurring outside the walls.  

Interestingly, the ex-situ composite can be a promising booster especially for the battery cycling. 

As it can be observed from the comparison of either the CV or the galvanostatic cycling, it shows more 

enhanced performances (Figure 4.29A) and B)). In particular, looking at the galvanostatic cycling the 

specific capacity (calculated just taking into account the mass of the PNTCDA on the electrode) is roughly 

5 times higher. 

 

Figure 4.29 A) CVs comparison at 5 mVs−1 as scan rate in 1 M KClaq. recorded on GCE coated with one layer of CNTs 

(black line), with one layer of pristine PNTCDA (red line) and with one layer of ex-situ composite (blue line). The CV were 

recorded without iR drop compensation. B) Galvanostatic cycling at 10 μA of current of the CVs in A). 
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Later, the viability of pristine PNTCDA booster was initially tested in presence of MTABT as RM 

by SECM. The main objective of this preliminary characterization is to investigate the regeneration 

mechanism of the RM at the solid/liquid interface and the kinetics of the charge transfer, accordingly.  

4.8 Preliminary investigation of the charge transfer mechanism at the liquid-

solid interface of MTABT/PNTCDA by SECM  

As initial characterization of the system MTABT/PNTCDA, SECM with feedback mode was 

employed to investigate the charge transfer mechanism at the liquid/solid interface with regeneration of the 

MTABT as RM. The feedback mode of the SECM involves diffusion-controlled oxidation/reduction of the 

RM at the electrode tip and the reverse process at the substrate surface at a rate determined by interfacial 

charge transfer.202 For the present system a general scheme of the working principle is provided in Figure 

4.30. 

 

Figure 4.30 Schematic of the system booster/mediator (PNTCDA/MTABT) studied by SECM with feedback mode. 

The scheme depicts the reaction studied which starts with the generation of the radical-cation of MTABT at the tip of the UME, 

then, as soon as the tip approaches the substrate (PNTCDA) moving along the z-axis, the regeneration of the mediator happens 

at the interface liquid/solid. At this step the booster which is originally fully oxidized reduces itself (with enolisation mechanism 

and K+ bonding) and the mediator gets oxidized again.  

Before discussing the experimental results of this characterization, a brief theoretical background 

of SECM needs to be provided to understand better the results later displayed. In particular, two aspects 

will be treated: i) the theory of the linear and hemispherical diffusion and ii) the theory of the feedback 

mode.  
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4.8.1 Brief theoretical background of SECM 

i) Linear and hemispherical diffusion 

If the reversible oxidation reaction: Red Ox-- ne → is studied with macroscopic electrodes of 

classical dimensions (e.g. a few mm diameter disk), we have a semi-infinite linear diffusion propagating in 

one dimension, perpendicular to the electrode surface.203 The scheme in Figure 4.33A) shows a 

representation.  

 

Figure 4.31 A) Representation of the linear diffusion of redox mediator Red towards the surface of the electrode where 

the electrochemical reduction of species Red to Ox occurs. B) Representation of the hemispherical diffusion of the same 

mechanism. These figures are inspired from the thesis of D. Momotenko at ref 203.  

In this case, the faradaic current upon application of a potential step is given by Cottrell equation 

(eqn. 4.1)203  

Eqn. 4.1 
0

D
I = nFAc

πt
 

Where, n is the number of electrons, F is the Faraday constant (96485 C mol−1), D is the diffusion 

coefficient (in cm2 s−1), t the time (s), A the electrode area and c0 the starting concentration of the reactant. 

On the other hand, the diffusion process at an ultramicroelectrode (UME) proceeds in a different way 

(Figure 4.31B)). The mass- transport regime changes from linear (that is related to one dimensional 

propagation of diffusion layer away from the electrode surface)203 into spherical type, with two dimensional 

(hemi)spherical structure of finite size.203 In this case, the Fick’s law of diffusion represents the model (eqn. 

4.2).203 

Eqn. 4.2 
 0T, TI = 4nFDr c  

Where, n is the number of electrons, F the Faraday constant (90485 C mol−1), D the diffusion 

coefficient (in cm2 s−1), rT the radius of the tip of the UME, and c0 the starting concentration of the reactant. 
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As explained by Momotenko et al.,203 UMEs are usually advantageous than macroelectrodes due 

to a relatively fast steady-state response, small capacitive currents and the sensing capabilities as the 

currents are in the range nA or pA.203 In UME tip there are two important parts: i) the insulating glass sheath 

(which as a finite size) and ii) the radius (rT). The ratio between the rT and the insulating glass sheath is 

usually defined as dimensionless parameter RG ( T

ins

r
RG =

R
).  

Therefore, the diffusion-limited current at a microdisc electrode can be defined as in eqn. 4.3. 

Eqn. 4.3 
 0T, TI = 4nFDr c β(RG)  

Where, n is the number of electrons, F the Faraday constant (96485 C mol−1), D the diffusion 

coefficient (in cm2 s−1), rT the radius of the tip of the UME, c0  the starting concentration of the reactant and 

β(RG)  a dimensionless coefficient. According to Lefrou et al.204, the value of this parameter varies from 

1.43 (for RG = 1.1) to 1 (for RG = 100).204 Additionally, the correction compared to infinite RG values 

achieves 43% for very small RG and it is already 2% for RG = 10.204  

ii) Feedback mode of SECM 

The second theoretical part of this section is dedicated to the feedback mode of the SECM. 

According to Momotenko et al.203, when a UME is placed close to a substrate, the Faradaic response is 

related to the local electrochemical reactivity of the substrate towards the mediating redox couple.203  

In case of an (electro) chemically inert substrate, the diffusion of the redox mediator to the active 

area of the UME can be blocked, resulting in a drop of the amperometric signal.203 In this scenario the 

smallest the tip-substrate distance the more effective the hindered diffusion effect, leading eventually the IT 

to drop to zero. 203 This is called “negative feedback”.  

The opposite scenario occurs when a recycling of the redox mediator at a reactive interface under 

diffusion control leads to an increase of the current of IT (IT > I ). This is called “positive feedback mode”. 

The following schematics in Figure 4.32A) and B) represent these two cases. 
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Figure 4.32 SECM feedback mode: A) “negative feedback mode” and B) “positive feedback mode”. These images are 

inspired from the work of D. Momotenko et al. at ref 203.  

Cornut and Lefrou204 have performed finite element modeling and derived numerical 

approximations for these current-distance behavior. These numerical approximations were used for the data 

treatment in the case of the present work, thus it is important to describe them to understand better the 

elaboration. In their modeling Cornut and Lefrou204 took into account different parameters such as RG and 

the first-order heterogeneous rate constant k at the substrate.203 The summarized expressions are reported 

below (eqn. 4.4-4.9)204 203 

General expression for the negative feedback (from Cornut and Lefrou)204: 

Eqn. 4.4 
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Accuracy better than 1% for all L values if RG<200. 204 In eqn. 4.4, L is defined as 
r


T

d
L , which 

is the normalized form for the tip-substrate distance. RG was defined already as T
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I
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General expression for the positive feedback (from Cornut and Lefrou)204 (with accuracy better 

than 2% and valid for any L and RG values). 

Eqn. 

4.5-6-7 
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Then, there is another expression (shorter than eqn. 4.5) for the positive feedback (from Cornut and 

Lefrou)204 valid for large RG values >10. 

Eqn. 4.8 

 

1 2
ln 2 ln 2 ArcTan

4ArcTan 2

  
    

 

cond

TI L
L

 

Finally, Cornut and Lefrou204 have proposed a numerical model for the first order substrate kinetics 

(eqn. 4.9).204 This expression is valid above all for any RG <20 (L>0.1 and any  ), while the previous just 

for RG=10.204 

Eqn. 4.9 
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T T 0.006RG+0.113 -0.0236RG+0.91

I L,RG
I (L,RG, I L RG

RG Lκ) (1+ L κ
 

In conclusion the heterogeneous rate constant for the redox mediator regeneration is given in normalized 

form: Tkr
Λ=

D
, where D is the diffusion coefficient.  
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4.8.2 “Redox-mediated” charge transfer at the liquid electrolyte /solid booster interface  

The present section outlines the first experimental results obtained from the investigation of the 

“redox-mediated” charge transfer at the liquid/solid interface, with regeneration of the mediator. For 

clearness, in the present system the RM is represented by the MTABT viologen synthesized as negative-

side electrolyte candidate for the AORFB at neutral pH and the substrate (or sample) by the solid booster 

PNTCDA. The goal is to observe whether approaching with a UME tip the surface of the PNTCDA booster 

any regeneration process of the RM would occur and what is the respective interfacial charge transfer rate 

constant. Each electrochemical measurement was carried out in a plastic cell arranged in a three-electrode 

setup (Pt UME, 25 μm diameter as working electrode, an Ag/AgCl in 3 M KClaq. as reference electrode and 

a Pt wire (1.0 cm length) as counter electrode, respectively). The MTABT aqueous solution (3 mM in 1 M 

KClaq) was purged with argon over 1 hour before each test. All the measurements were recorded using a 

homemade SECM setup, running under SECMx software (G. Wittstock, University of Oldenburg) and 

comprising an Ivium Compactstat (Ivium Technologies).  

The first measurement was a steady-state cyclic voltammetry of the MTABT in the bulk of the 

solution (Figure 4.33), which allowed obtaining Iinf from which the diffusion coefficient of the mediator 

could be computed using eqn. 4.2.  

 

Figure 4.33 Steady-state CV of 3 mM MTABT recorded at 25 mV∙s−1 as sweep rate using a Pt 25 μm UME. The region 

in violet represents the plateau potential region for the studied electron transfer reaction involving the formation of the radical-

cation. 
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Importantly, effective tip radius (11.1 μm) was determined from the CV of FcMeOH (1.5 mM in 

0.1 M KClaq.) whose diffusion coefficient can be set equal to literature value.205 The diffusion coefficient 

of the MTABT was then computed form the limiting current Iinf of the steady-state voltammetry (Figure 

4.33) as calibrated with the diffusion coefficient of FcMeOH. For the present case Table 4.3 summarizes 

the results:  

Table 4.3 Determination of the diffusion coefficient for the system 3 mM MTABT in 0.1 M KClaq. The radius of the 

tip was determined before from the calibration in FcMeOH where the diffusion coefficient is known from the literature. 

Redox mediator │Iinf │/ nA rT / cm 
F / C 

mol−1 
c0 / mol cm−3 D / cm2 s−1 

MTABT 12.50 1.11∙10−3 96485 3.00∙10−6 9.80∙10−5 

Subsequently, approach curves where performed. The tip was moved in the z-axis direction, 

towards the substrate. Each measurement was recorded with an initial resting time of 20 s, after which the 

tip was moved towards the substrate at a speed rate of 5 μm s−1 with 1 μm step. In each experiment a 

potential of -0.5 V vs. SHE was applied (according to the steady state voltammogram registered of RM in 

the bulk of the solution, Figure 4.33).  

The UME tip was placed above an insulating substrate (glass) and as soon as it approaches the 

surface, a negative feedback mode was observed (L≈0 and IT ≈0). The theoretical model of this approach 

curve was defined before in eqn.4.4, from Cornut and Lefrou (light green dots and line in Figure 4.34).204 

The fitting of the experimental data (yellow dots and line in Figure 4.34) was computed with the software 

MIRA (G. Wittstock, University of Oldenburg). The fitting model in the software called “insulator from 

Lefrou” was used to calibrate RG (found as equal to 2) with the effective tip radius (1.11 10−3 cm), the 

current at the bulk (ca. -3 nA) and the current at the approach point.  

 

Figure 4.36 Normalized feedback approach curves (negative feedback mode) for a 11.1 μm Pt disk UME towards a 

piece of microscope glass slide (0.5x1.0) cm. The green dots represent the experimental dataset, the yellow dots the fitting and 

the light green dots the theoretical model “insulator from Lefrou”. (RG=2) 
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This experimental trend is consistent with the fact that in presence of an inert substrate (i.e. the 

glass), the diffusion of the redox mediator MTABT to the active area of the UME is blocked, resulting in a 

drop of the amperometric signal.203 

Subsequently, approach curves were done towards an active substrate, the PNTCDA solid booster. 

In this case, a pellet of PNTCDA (4 mm diameter and ca. 1 mm thickness) was fabricated from the pristine 

powder and placed on top of the glass substrate. The Pt UME tip was not mechanically polished from the 

previous approach curves against the glass, but just rinsed properly with milli-Q water and with one/two 

drops of isopropanol to remove possible traces of the MTABT and checked with an optical microscope 

before each new measurement. Prior new approach curves, steady-state voltammetry was recorded to check 

the electrochemical response of the mediator at the tip of the UME. For this second series of measurements 

a fresh solution was employed, carefully purged over 1 hour with argon. The scenario is graphically 

described in Figure 4.37A). 

  

Figure 4.37A) Schematic representing the approach curve of the Pt UME tip towards the electrochemically active 

PNTCDA pellet. 

As before, the Pt UME tip moves in the z-axis towards the PNTCDA pellet and at the moment it 

reaches the interface, a regeneration of the mediator is expected at the interface. This scenario is known as 

positive feedback mode of SECM. In particular, when the UME tip approaches the PNTCDA, the radical-

cation of the viologen at the tip will be re-oxidized at the solid/liquid interface along with booster reduction, 

thanks to the “mediated” charge transfer. Therefore, even in this case, the redox reactions have to be 

considered in tandem, in good agreement with the “redox-mediated” charge transfer approach of this work.  

Approach curves towards the PNTCDA pellet were performed in two different positions, in order 

to see any difference in the electrochemical response.  
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Both measurements were recorded using the same experimental conditions of the previous 

measurements towards the inactive substrate (i.e. glass), meaning with an initial resting time of 20 s, after 

which the tip was moved towards the substrate at a speed rate of 5 μm s−1 with 1 μm step. Figure 4.37B) 

shows the approach curves recorded of the Pt UME tip moving in the z-axis towards the first position of 

the PNTCDA pellet (“named position 1” in the plot).  

 

Figure 4.37 B) Normalized feedback approach curves (positive feedback mode) for a 5.60 μm Pt disk UME towards a 

pellet of PNTCDA solid booster (4 mm diameter and ca. 1 mm thickness). The yellow dots represent the experimental dataset, 

the brown dots the fitting and the red dots the theoretical model “conductor from Lefrou”. (RG=2) 

Figure 4.37C) represents the second approach curve of the Pt UME in 3 mM MTABT solution 

towards the second position of the PNTCDA pellet. In this case, the solution was not changed from the 

previously recorded approach curve. The second position (named “position 2” in the plot of Figure 4.37C)), 

is 100 μm distant from the position “1” on the x-axis (positive direction).  
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Figure 4.378 C) Normalized feedback approach curves (positive feedback mode) for a 4.24 μm Pt disk UME towards 

a pellet of PNTCDA solid booster (4 mm diameter and ca. 1 mm thickness). The dark blue dots represent the experimental 

dataset, the grey dots the fitting and the light blue dots the theoretical model “conductor from Lefrou”. (RG=2) 

As it can be observed from the plot in Figure 4.37C), the approach of the Pt UME tip to the 

PNTCDA pellet in this position is quite irregular, a sort of “step” can be spotted on the curve around 2 L 

(d/a). The reason behind this behavior is not fully clear, however, this could be either related to experimental 

condition of the sample, or to a not perfect alignment of the UME as respect to the sample. The first 

assumption is actually confirmed from the fact that during the measurements a thin layer of bubbles was 

covering the exterior of the pellet surface, therefore, presumably when the UME arrived in touch with the 

pellet to approach, it had to first “break” this thin layer before reaching the actual sample.  
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Subsequently, for first order substrate kinetics the eqn. 4.9,204 valid above all for any RG <20 

(L>0.1) and any   allows calculating the factor  
effk a

D
, which then leads to the kinetic constant for 

the charge transfer reaction. Table 4.4 summarizes the results for the two position on the PNTCDA pellets.  

Table 4.4 Determination of the kinetic constant for the system PNTCDA/ N,N-4’-ethylamine-bipiridinium 

tetrachloride viologen . The fitted parameters for kappa are reported accordingly.  

PNTCDA rT / cm D / cm2 s−1 κ (fitted) keff  / cm s−1 

Position 1  1.11∙10−3 9.80∙10−5 0.016 1.42∙10−3 

Position 2 1.11∙10−3 9.80∙10−5 0.088 7.84∙10−4 

In another study recently proposed by Wang and co-workers202, a similar work was done 

investigating the charge transfer reaction (lithiation/de-lithiation) of LiFePO4 with two pair of redox shuttle 

molecules, FcBr2
+ and Fc. The effective rate constant, keff, was determined to be around 3.70–6.57 10–3 cm 

s−1 for the two-way pseudo-first-order reactions, which feature a linear dependence on the composition of 

LiFePO4.
202

 Importantly, the entire system was operating in organic solvents.  

This preliminary study confirms that MTABT can be regenerated only because of a “mediated” 

charge transfer reaction with the solid booster PNTCDA, in agreement with the fact the Fermi level of the 

booster has to be aligned with the standard redox potential of the mediator. Nevertheless, an additional 

characterization of this system was planned to further validate the “mediated-charge tranfer” concept. The 

working electrode in the electrochemical system would have been replaced by another one known as soft 

SECM probe. Soft probes are completely different electrodes as compared to the Pt UME tip, much more 

flexible and versatile. They are used for different applications, and for instance an interesting work has been 

recently proposed by Lesch and co-workers206, where soft probes are employed in the electrochemical 

detection of melanoma. One of the main advantages of soft probes is that they allow approaching or 

scanning the sample by gentle “brushing” the exterior of the surface. Therefore, even if the sample presents 

any irregularity, roughness, height or particular morphology, the electrochemical measurement will not be 

affected. The soft probe will be used as working electrode to linearly scan (in contact mode) a pellet of 

PNTCDA booster, placed securely on top of a glass inactive substrate. The main goal will be to detect the 

activity of the booster in presence of the mediator solution, which should correspond to an increase of the 

amperometric electrochemical signal. All these measurements were planned already as well as the setup, 

but unfortunately, due to the current situation of the COVID-19, the laboratory was closed before their 

actual realization.   



170 

 

4.9 Conclusion and future perspectives  

This chapter presented a dissertation on the chemical stability of MTABT, synthesized as new 

negative-side electrolyte for the AORFB at neutral pH. A preliminary assessment of this molecule in 

presence of the commonly employed TEMPTMA at the positive-side was performed in an ARFB 

positioned in a nitrogen filled glovebag and after in a glove box. When the electrolytes were first cycled in 

the glovebag they showed major capacity fading upon time (ca. 54%). The reasons for this fading were 

preliminary investigated on each electrolyte and a few aspects were particularly identified: i) the electrolyte 

pH and ii) the effect of O2. The shift pH was interestingly discovered by a simple measurement in each 

electrolyte tank after the cycling test. The TEMPTMA’s tank reached an acidic pH and the MTABT a 

slightly alkaline (ca. 8.5). For the TEMPTMA, the pH shift was attributed to acidic-base equilibria of this 

nitroxyl radical in water. On the other hand, in the case of the MTABT, the pH change was probably due 

to the formation of an adduct (due to the presence of molecular oxygen), which suddenly led to the release 

of OH− into the solution.62 Subsequently, any decomposition mechanism in absence of O2 was considered. 

In particular, for the MTABT it was assumed a dimerization process. 62  

Despite the limited chemical stability of MTABT, the goal was to find a solid booster to pair and 

preliminarily demonstrate the “mediated-charge” transfer mechanism. In this case, polyimides were found 

as promising candidate materials, because they show a facile synthetic route, a solid backbone and relatively 

low chemical risk, being made of C, N and O atoms. Among polyimides, PNTCDA was selected for its 

redox potential matching that of the mediator with just 15 mV of difference, and also for the relatively high 

theoretical gravimetric capacity in aqueous systems (183 mAh g−1)189.  

Pristine PNTCDA was easily synthesized and electrochemically characterized by CV. Then, 

galvanostatic cycling showed a modest gravimetric capacity in 1 M KClaq (35 mAh g−1) due to the rather 

small surface coverage (0.039 μmol cm−2) and probably from the insulating character of the polymer.184 

Interestingly, testing the pristine PNTCDA in a saturated solution of KCl gave more enhanced 

performances, showing a gravimetric capacity of ca. 70 mAh g−1, confirming that the amount of K+ ions in 

the solution is a significant factor in the cycling performance of the polymer. To mitigate the insulation of 

the pristine polymer, an ex-situ composite of PNTCDA with CNTs was synthesized and electrochemically 

tested. It exhibited almost 5 times the gravimetric capacity of the pristine polymer (ca. 145 mAh g−1 vs. 35 

mAh g−1), at the same current (10 μA). The CNTs helped making a more conducting network of PNTCDA 

particles, interlacing polymer chains.  

Finally, as preliminary characterization of the system pristine PNTCDA/MTABT, SECM was 

employed to study the charge transfer mechanism at the solid/liquid interface. The investigation was 

performed using a Pt UME as working electrode and approach curves in SECM feedback mode were 
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recorded of the electrode moving in the z-axis towards an insulating and then an active surface. In the case 

of an insulating substrate, a negative feedback mode of the SECM was obtained, while in the presence of 

active substrate a positive feedback mode, confirming a regeneration process of the RM at the interface 

with the PNTCDA booster. The kinetic constant for the interfacial charge transfer reactions was found for 

two position of the same PNTCDA sample, distant ca. 100 μm on the x-axis (1.42∙10−3 and 7.84∙10−4 cm 

s−1), according to a first order kinetic.202 

This chapter opens different future perspectives for both the topics discussed: the electrolyte 

stability and the viability of the booster in presence of the electrolyte. First, regarding the electrolyte 

stability, further cycling tests have to be performed in a glove box, utilizing a buffer in the supporting 

electrolyte to minimize the pH shift. In addition, a pH probe could also be installed in the reservoir to 

monitor the pH upon cycling. Then, beside electrochemical characterization such as CV before and after 

the cycling tests, it can be interesting to perform other measurements, such as 2D nuclear magnetic 

resonance, including correlation spectroscopy (COSY), since more specific information on any eventual 

change in the molecular structure can be detected as compared to 1D NMR. Regarding the second topic, 

SECM characterization on the pristine sample has to be performed more accurately to have a bigger dataset 

for the evaluation of the interfacial kinetic constant. The ex-situ composite of PNTCDA with CNTs can be 

tested to compare to the pristine PNTCDA.   
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Chapter 5 Materials and Methods 

Section 1: Materials and Methods of Chapter 2: “Redox-mediated” flow 

battery at acidic pH using polyaniline as solid booster 

5.1.1 Chemicals and solutions  

Electrolyte solutions were prepared using hydrochloric acid (HCl, 32 %, Carlo Erba) and sulfuric 

acid (H2SO4, 95-97%). Aniline (C6H7N, 99% Reagent Plus) and ammonium peroxydisulfate ((NH4)2S2O8, 

99 %) were employed for the chemical synthesis of polyaniline and purchased from Sigma Aldrich. For the 

synthesis of the composite of polyaniline with carbon black, carbon acetylene black (CB, 99.99%, 50% 

compressed, average particles size 0.042 μm) was purchased from Strem Chemicals.  

Iron electrolyte solutions were prepared from either ferric (III) sulfate heptahydrate (99% Sigma 

Aldrich) or ferrous (II) sulfate heptahydrate (99% Sigma Aldrich). For vanadium electrolyte solutions, a 

commercial electrolyte is used as-received (Gildemeister Energy Solutions, Germany). The composition of 

this electrolyte was, according to the supplier’s information, assumed to be 1.6 M vanadium, 2 M H2SO4, 

0.05 M H3PO4. A Millipore filtration system (Merck Millipore, Billerica, MA) was used to generate 

ultrapure water (18.2 MΩ·cm−1), from which all aqueous solutions were made. All reagents were employed 

without further purification.  

5.1.2 Synthesis 

5.1.2.1 Chemical synthesis of polyaniline (PANI) 

The bulk synthesis of polyaniline powder was performed at room temperature (RT), in a regular 

fume hood and under vigorous stirring. In particular, 0.77 M aniline (C6H7N) was dissolved in 1 M HCl 

solution and subsequently oxidized by adding an equimolar amount of ammonium persulfate ((NH4)2S2O8). 

This step lasted ca. 2 h at RT under vigorous stirring. The resulting blue precipitate was filtered on Büchner 

filtration system equipped with a Whatman filter paper (Durapore membrane filter 0.45 m) and washed 

with Milli-Q water until the filtrate became colorless. The collected precipitate was dried under vacuum at 

50°C to facilitate water evaporation. A final yield of 90% was obtained. Figure 5.1.1 depicts the schematic 

of the synthetic route.  
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Figure 5.1.1 a) Schematic of the chemical polymerization of PANI from aniline monomer in presence of hydrochloric 

acid (HCl) and ammonium persulfate ((NH4)2S2O8). The chemical synthesis was performed in a regular fume hood at room 

temperature and in a regular fume under vigorous stirring. b) Image of the PANI salt obtained as blue powder (2 mm particle 

size) after the filtration step of the synthesis.  

5.1.2.2 Chemical synthesis of PANI composite with carbon acetylene black (CB) (PANI/CB) 

The bulk synthesis of the composite of PANI powder with carbon acetylene black (CB) was a 80-

20 wt. % ratio. CB powder was dispersed in the aniline solution (0.77 M) before the addition of the oxidant 

ammonium persulfate, stirring vigorously for 1 hour at RT. Later, ammonium persulfate was added to the 

solution and the overall mix was kept for 2 more hours at RT under vigorous stirring. At this time, a blue 

solid precipitate was formed and then filtered on Buckner filtration system equipped with Whatman filter 

paper (Durapore membrane filter 0.45 m). Finally, the precipitate was rinsed with Milli-Q water until 

colorless. The solid precipitate was collected and dry under vacuum at 50°C to facilitate water evaporation. 

Figure 5.1.2 depicts the schematic of the synthetic route. 
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Figure 5.1.2 a) Schematic of the chemical polymerization of PANI/CB composite from aniline monomer in presence 

of hydrochloric acid and ammonium persulfate. The chemical synthesis was performed in a regular fume hood at RT under 

vigorous stirring. b) Image of the PANI/CB pernigraniline salt obtained as blue powder (2 mm particle size) after the filtration 

step of the synthesis.  

5.1.3 Electrochemical methods and characterization techniques  

5.1.3.1 Electrodeposition of PANI on carbon paper (CP) (PANI/CP) and other electrodes 

The electrochemical synthesis of polyaniline was conducted using a PGSTAT 12 potentiostat 

(Metrohm, CH). Carbon paper (SGL Sigracet 10 AA, 36.75 cm2 geometric area) was used as a porous and 

conductive support for PANI electrochemical deposition. A 6 cm coiled platinum wire was employed as 

counter electrode, and an Ag/AgCl in 3 M potassium chloride (KCl) as reference electrode (+0.21 V vs. 

standard hydrogen electrode, SHE). The electrolyte solution contained 0.2 M aniline monomer in 1 M 

hydrochloric acid (HCl). The electrochemical deposition was performed under galvanostatic conditions, 

applying 10 mA (270 µA·cm–2) for 2 hours (Figure 5.1.3a)). All the experiments were performed at room 

temperature in air in a regular fume hood. In addition, as seen in the results discussion in chapter 2, PANI 

can be easily electrodeposited on other electrode materials, such as fluorine tin doped oxide electrode 

(FTO). This electrodeposition was accomplished for completeness of this work and Figure 5.1.3b) shows 

a photo of the electrochemical setup.  
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Figure 5.1.3 a) Schematic of the electrodeposition of PANI on carbon paper electrode materials. As example common 

carbon papers (10AA and 39AA SGL Sigracet, microscopy images from the work of Wong et al.207 Copyright 2020 

Electrochemical Society) usually employed in RFB applications. The PANI sample shown is an experimental result of this thesis 

work and later it will be better discussed. b) Schematic of the electrodeposition of PANI on fluorine tin doped oxide glass 

electrode material. The photo is an experimental result done for this this work to provide an example of electrodeposition 

techniques. The legend beside the image details the experimental conditions employed for performing that experimental 

measurement.  

5.1.3.2 Cyclic voltammetry (CV) of PANI on carbon paper (CP) (PANI/CP) 

CV was performed in 1 M HCl aqueous solution in a regular fume hood in air. The working 

electrode was an 8 mm diameter disk of PANI electrodeposited on carbon paper (here denoted as PANI/CP), 

placed together in a polyetheretherketone (PEEK) plastic holder with a titanium current collector (8 mm 

diameter disk). A 6 cm coiled platinum wire was used as a counter electrode and an Ag/AgCl in 3 M KCl 

as the reference electrode. 

5.1.3.3 Electrochemical cycling of PANI on carbon paper (CP) 

Pristine PANI in 1 M HCl was oxidized/reduced potentiostatically at +0.90/ +0.66 V and +0.47/ 

0.23 V vs. SHE to determine the intrinsic gravimetric capacity within the potential windows of Fe3+/2+ and 

V4+/3+, respectively. The applied potentials were determined by the Nernst equation, assuming a ratio of 

(99:1) and (1:99) of oxidized/ reduced species, for the two electrolytes. Each of the potentiostatic charge/ 
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discharge steps were applied for 10 minutes, and a total of 5 charge/ discharge cycles were performed for 

each sample.  

5.1.3.4 “Indirect” chemical cycling of polyaniline via robotic positioning system 

Chemically-driven oxidation/ reduction of polyaniline on carbon paper was performed using a 

ROBO Pro (Fischer Techniques Robotics) robotic positioning system (Figure 5.1.4), synchronized with an 

Ivium Compactstat potentiostat in a two-electrode configuration.  

 

Figure 5.1.4 a) b) schematic and C) photograph of the experimental setup used to simulate the ‘indirect’ cycling of 

PANI in presence of actual solutions of Fe3+/2+ and V4+/3+. A computer controlled positioning system was used to alternately 

submerge electrodes into beakers containing solutions of the oxidizing species (either Fe3+ or V4+, position “1”) or a solution of 

the reducing species (either Fe2+ or V3+, position “3”), with washing steps in between (position “2” and “4”). During each cycle, 

the potential difference between the two electrodes was fixed to 0 V and the current is measured. 

The working electrode assembly, shown in Figure 5.1.4b), consisted of an 8 mm PANI on CP disk 

immersed in 1 M HCl and protected by an anion exchange membrane (Fumasep® FAP-375 PP, Fuma-Tech, 

thickness 70-80 µm), to prevent the redox mediator from directly oxidizing/reducing PANI. The counter 

electrode consisted of a 2 cm coiled platinum wire for tests involving iron or a 8 cm2 piece of graphite felt 

(SGL Sigracet), for tests involving vanadium. The working and counter electrodes were both fixed to the 

arm of the positioning system. The positioning system moved the electrodes between three beakers 

containing: 

i) 0.3 M oxidizing solution (Fe3+ or V4+, position “1” in Figure 5.1.4a) and c)) 
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ii) 0.3 M reducing solution (Fe2+ or V3+ position “3” in Figure 5.1.4a) and c)) 

iii) 1 M HCl (washing solution, position “2” and “4” in Figure 5.1.4a) and c)) 

First, the electrodes were immersed in the oxidizing solution for 30 minutes, and a potential 

difference of 0 V was imposed between the counter and working electrodes. In this configuration, the 

PANI/CP attempted to reach thermodynamic equilibrium with the solution. Thus, the oxidant was reduced 

at the counter electrode, while polyaniline was correspondingly oxidized at the working electrode 

(simulating “indirect” charging). The current passing between the two electrodes (named “chemical 

current”) was measured with the potentiostat. The working electrode was washed in 1 M HCl for 80 

seconds, and then immersed in the reducing solution. Again, a potential difference of 0 V was imposed for 

30 minutes between the working and counter electrodes, causing the reductant to be oxidized at the counter 

electrode and polyaniline to be reduced at the working electrode surface (simulating “indirect” 

discharging). Overall, 25 cycles of chemical “indirect” charging/discharging were registered. All 

experiments were performed in a humidified chamber to minimize evaporation of the various solutions. 
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5.1.3.5 Conductivity measurements of solid PANI and PANI/CB 

Conductivity measurements were performed using a four-point probe with a 1 mm probe spacing 

(Jandel Engineering LTD., UK). Samples of PANI and PANI composite with CAB synthesized as reported 

in paragraphs 5.2.1 and 5.2.2, were submerged in solutions of Fe2+ and Fe3+ to obtain the leucoemeraldine 

(fully reduced) and pernigraniline (fully oxidized) forms of the polymer, respectively. A schematic of the 

conductivity measurements of PANI and PANI/CB with four-point probe is reported in Figure 5.1.5a) 

along with PANI and PANI/CB synthesized samples (Figure 5.1.5b)).  

 

Figure 5.1.5 a) Four-point probe used in the conductivity measurement of the synthesized PANI and PANI/CB. The 

probe spacing is 1 mm and the electrode connections (working electrode (WE), reference electrode (RE), counter electrode (CE) 

and the ground) are displayed. b) Sample of PANI and PANI/CB powder synthesized for the conductivity measurement and 

then for the flow cell cycling. c) Schematic of the redox reactions of the three forms of PANI with deprotonation and protonation, 

reported for completeness.  

All samples were then washed with 1 M sulfuric acid (H2SO4) solution and dried thoroughly before 

analysis. Samples were contacted with the measurement head and cyclic amperometry from −1 mA to +1 

mA was applied using a PGSTAT 12 potentiostat (Autolab, Metrohm). A linear fit was applied to the 

current/potential data to obtain the sample conductance, from which conductivity was calculated by 

assuming semi-infinite volume.  
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5.1.4 RFB and “redox-mediated” flow battery setup  

5.1.4.1 Design of a Fe-V RFB and of a “redox-mediated” flow battery 

For the flow cell tests, a cell consisting of a titanium (Bibus Metals Ag) and graphite current 

collectors (negative and positive-side, respectively), carbon felt electrodes (SGL Sigracet, 13 cm2 active 

area, employed without pre-treatment), anion exchange membrane (Fumasep® FAP-375 PP, FuMA-Tech, 

13 cm2 active area, employed without pre-treatment) and silicone gaskets (2 and 3 mm thickness, 

respectively) was assembled (Figure 5.1.6A) B) and C)).  

 

Figure 5.1.6 A) Schematic of the electrochemical cell with explanation of all single components. B) Image of all 

components used in the actual electrochemical cell configuration. The letters refer to the legend in A). C) Image of the 

electrochemical cell mounted for cycling test in a regular fume hood.  

The electrolyte solutions Fe and V (contained in glass bottles of 100 mL each, sealed with caps 

equipped by holes for the pipes) were pumped through the cell at a flow rate of 20 mL·min–1 (0.45 cm·s-1 

mean linear flow velocity), using a multichannel peristaltic pump (Ismatech). The pipeline system was 

realized using Ismatech pump tubing, 3-stops, PVC, 2.06 mm inner diameter (ID). A Biologic SP-300 

potentiostat was used in a 3-electrode configuration to control the potential at the positive electrode. The 

potential of the negative electrode was also actively recorded. Flow cell tests were performed at 200 mA 

and 500 mA (15.4 and 38.5 mA·cm−2, respectively).  
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For experiments involving PANI or PANI/CB, the electrolyte tanks were configured as a vertical-

flow-packed-bed reactor. Electrolyte returning from the flow cell was injected at the bottom of the tank, 

below the bed of particles, forcing it to flow upward through the particle bed, ensuring good percolation. A 

piece of carbon felt was used to prevent the particles from passing through the flow cell and the electrolyte.  
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Section 2: Materials and Methods of Chapter 3: Copper 

hexacyanoferrate as redox solid booster for aqueous batteries at neutral pH 

5.2.1 Chemicals and Solutions 

Copper nitrate trihydrate ((Cu(NO3)2 ·3H2O, puriss. p.a. 99%), 1-Methyl-2-Pyrrolidone, (NMP, 

reag. grade 99%), Acetone (CH3COCH3, puriss. p.a. ACS, reag, reag ISO, reag. Ph. Eur ≥ 99.5%) Potassium 

chloride (KCl, ACS reagent, 99-100%), 4-dimethylamino-2,2,6,6 tetraethyl piperidine (96%), methyl 

iodide (CH3I, contains copper as stabilizer, Reagent Plus, 99%) were purchased from Sigma-Aldrich. 

Potassium ferrocyanide trihydrate (K3Fe(CN)6, ·3H2O, 99+% for analysis), N,N-dimethylfornamide (DMF, 

≥ 99.5%) were purchased from Acros Organics. Multi-walled carbon nanotubes (MWCNT, purity > 98%, 

Outer Diameter 20-30 nm, length 0.5-2 µm) were purchased from Carbon Nanotubes Plus. Carbon black 

acetylene (CB, 99.99%, 50% compressed, average particles size 0.042 µm) was purchased from Strem 

Chemicals. Polyvinylidene fluoride (PVDF) was purchased from ABCR. Anion exchange resin (analytical 

grade anion exchange resin, AG ® I-X8, 50-100 mesh, chloride form, Bio-Rad laboratories, Dowex) was 

purchased from Dow Chemical Co. All solvents and reactants were utilized without any further purification.  

Potassium chloride (KCl, ACS reagent, 99-100%, Sigma Aldrich) aqueous solutions were used as 

electrolyte and prepared at different concentrations using Milli-Q water. A Millipore filtration system 

(Merck Millipore, Billerica, MA) was used to generate ultrapure water (18.2 MΩ cm–1), from which all 

aqueous solutions were prepared. The pH was measured with a 744 pH meter Ω (Metrohm, Switzerland) 

and found to be 5.55 at 23.5 °C. For the electrochemical characterizations, a SP-300.101 potentiostat from 

Bio-Logic (France) in a three-electrode setup was employed. The working electrode was a glassy carbon 

electrode (GCE glassy carbon electrode OD: 6 mm ID: 3 mm, BAS Inc., Japan). A platinum wire (2 cm of 

length) was used as counter electrode and Ag/AgCl in 3 M KCl as reference electrode. PXRD pattern of 

as-synthesized CuHCF sample was recorded by Bruker diffractometer with Cu Kα non-monochromic 

irradiation (λ = 1.5406 Å), operated at 40 kV and 40 mA. Scanning electron microscopy (FEI SEM Teneo) 

was performed at 1-5kV, 0.12-1pA with lower in-lens and in-column detectors. X-ray photoelectron 

spectroscopy (VersaProbe II from Physical Electronics) was used to characterized the ex-situ composite. 

5.2.2 Synthesis 

5.2.2.1 Synthesis of copper hexacyanoferrate Prussian blue analogue 

Copper hexacyanoferrate pristine powder was synthesized by simultaneous addition of 120 mL of 

0.1 M copper (II) nitrate trihydrate and 120 mL of 0.05 M potassium ferrocyanide trihydrate to 60 mL of 

Milli-Q water upon vigorous and constant stirring.155 The so-obtained solution was centrifuged for 30 



182 

 

minutes for three times and then the obtained suspension was allowed to rest for six hours. Then, the formed 

precipitate was filtered, washed with Milli-Q water and finally dried under vacuum at room temperature 

overnight. The yield of this synthesis is 90%. 

5.2.2.2. Synthesis of N,N,N-2,2,6,6-heptamethylpiperidinyl oxy-4-ammonium chloride 

(TEMPTMA) 

The synthesis of TEMPTMA was done by suspending 4.96 g (29 mmol) of 4-dimethylamino-

2,2,6,6 tetraethyl piperidine in a first aliquot of 20 mL of acetone under vigorous agitation. 10 mL of methyl 

iodide was added into the mix followed by a second aliquot of 20 mL of acetone.170 The reaction mixture 

was stirred at 60 °C for 20 hours to form N,N,N-2,2,6,6-heptamethylpiperidinyl oxy-4-ammonium iodide 

(1). The resulting mix was cooled down to room temperature and the suspended solid was collected by 

vacuum filtration. The solid was rinsed three times with 100 mL of acetone and then dried in the oven for 

two hours at 80 °C. Yield (1): 2.08 g (42%) of fine yellow powder. This material was treated with an anion 

exchange resin to exchange iodide into chloride by stirring an aqueous solution of (1) (2.08 g of (1) in 30 

mL of Milli-Q water with an ion-exchange resin (ca. 10 g) for 24 hours at room temperature. The resulting 

solution was filtered to remove the ion exchange resin, which was then rinsed 2 times with 5 mL of Milli-

Q water. The yellow aqueous filtered solution was collected and evaporated in vacuo to give pure N,N,N-

2,2,6,6-heptamethylpiperidinyl oxy-4-ammonium chloride (2). The collected yellow powder was dried in 

the oven at 80 °C overnight. Yield (2): 90%. The absence of iodide was confirmed by cyclic voltammetry. 

 

Figure 5.2.1 Synthetic route of N,N,N-2,2,6,6-heptamethylpiperidinyl oxy-4-ammonium chloride (TEMPTMA). 
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5.2.2.3 Ex-situ synthesis of the MWCNT-CuHCF composite for drop-casting onto glassy carbon 

electrode  

An ex-situ composite of MWCNT-CuHCF was synthesized by first sonicating 70 mg of MWCNT 

for 1 h in 150 mL of DMF in order to obtain a homogeneous black suspension. Then, 30 mg of CuHCF was 

added to the MWCNT dispersion. The dark suspension was stirred for 24 hours at 80 °C under nitrogen 

and then filtered onto polytetrafluoroethylene filters (PTFE, Omnipore membrane filters, 0.45 µm JH, 

Merck Millipore Ltd). The obtained black powder was then dried under vacuum in order to remove any 

traces of DMF.  

5.2.2.4 Ex-situ synthesis of the MWCNT-CuHCF composite for redox battery cycling 

An ex-situ composite of MWCNT-CuHCF for battery cycling was synthesized by sonicating 10 

mg of MWCNT for 1 h in 70 mL of DMF in order to obtain a homogeneous black suspension. Then, 90 

mg of CuHCF was added to the MWCNT dispersion. The dark suspension was stirred for 24 hours at 80°C 

under nitrogen and then filtered onto polytetrafluoroethylene filters (PTFE, Omnipore membrane filters, 

0.45 µm JH, Merck Millipore Ltd). The obtained black powder was finally dried under vacuum. The yield 

of this synthesis is 90%. 

5.2.2.5 Ink formulations for the electrochemical characterizations 

Table 5.2.1 summarizes the ink formulations used in the electrochemical characterization. All the 

inks were sonicated for 30 minutes in NMP as solvent. 8µL of the final dispersion was then drop-casted 

onto a glassy carbon electrode (GCE glassy carbon electrode OD: 6 mm ID: 3 mm, BAS Inc., Japan) and 

allowed to dry under vacuum for 30 minutes in order to obtain a homogeneous film.  

Table 5.2.1: Inks formulation used for the electrochemical characterizations. 

Inks MWCNT (mg) 

Carbon Black 

(mg) 

CuHCF 

(mg) 

NMP 

(mL) 

MWCNT 5.3 - - 0.1 

Carbon black - 5.3 - 1 

CuHCF - - 3 1 

CB-CuHCF (30-70) wt% - 0.9 2.1 1 

CNT-CuHCF (30-70) wt% 0.9 - 2.1 1 
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Ex-situ CNT-CuHCF 

composite 

3 - - 1 

CNT-CuHCF – different 

amounts of CuHCF 

5.3 

 

/ 

0.9 1 

5.3 2.1 1 

5.3 3.4 1 

 

5.2.3 Electrochemical characterization 

Cyclic voltammetry (CV) was performed in 1 M KCl aqueous solution as supporting electrolyte in 

the presence of nitrogen, in a regular fume hood. Galvanostatic cycling was performed in 1 M KCl as 

supporting electrolyte solution in the presence of nitrogen at different current values. Cutoff potentials of 

+1.10 and +0.41V vs. SHE were applied for the charge and discharge processes, respectively. For both 

electrochemical characterization techniques, a glassy carbon electrode (GCE glassy carbon electrode OD: 

6 mm ID: 3 mm, BAS Inc., Japan), with geometric area covered by an ink of solid booster was used as 

working electrode, an Ag/AgCl in 3 M KCl as reference electrode and a 6 cm coiled platinum wire as 

auxiliary electrode.  

5.2.4 Aqueous organic redox battery  

Chronoamperometry was performed in an electrochemical H-cell equipped by a porous glass frit 

of 2 cm2 (Figure 5.2.1a) and b)). Reticulated vitreous carbon (RVC, 1 cm × 1 cm × 2 cm, 45 pores per 

inch) was used as a working electrode. The battery experiments were performed using a three-

electrochemical cell setup. The working electrode was connected onto the positive side, the counter 

electrode onto the negative side and an Ag/AgCl (KCl 3M) was used as reference electrode and used to 

control the electrochemical reaction at the positive side. The electrolyte reservoirs were continuously 

purged with nitrogen. 10 mM TEMPTMA solution in 1 M KCl was used on the positive side and 0.5 M 

ZnCl2 solution in 1 M KClaq was used on the negative side.  

The electrolyte volume was fixed at 25 mL on both sides. For the battery test, the positive solution 

was electrochemically charged at + 1.10 V vs. SHE as upper cutoff potential for 12 hours and discharged 

at + 0.41 V vs. SHE for the same amount of time.  

The same experiment was then performed in the presence of the solid electrochemical energy 

storage materials, e.g. 100 mg of pristine CuHCF or CNT-CuHCF composite. Once the mediated-electron 
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transfer was demonstrated, galvanostatic cycling at 2.5 mA cm–2 was performed for 25 cycles within the 

same potential window. 

 

Figure 5.2.2 a) H-cell for electrochemical cycling of TEMPTMA and ZnCl2. b) H-cell configuration after the addition 

of the booster in the TEMPTMA’s tank.  

5.2.5 Scanning electron microscopy (SEM) and X-ray photoelectron 

spectroscopy (XPS)  

Scanning electron microscopy (FEI SEM Teneo) images were performed at 1-5 kV, 0.12-1 pA with 

lower in-lens and in-column detectors. Different samples were imaged after drop-casting on a gold foil. 

The ex-situ composite of CuHCF with MWCNT composition was acquired by XPS. A drop of 20 L 

composite or pristine MWCNT was deposited onto glassy carbon electrode and allowed to dry under 

vacuum. The spectra were calibrated with the C-C bound of the adventitious carbon contamination at 284.8 

eV.  

5.2.6 Ex-situ Powder X-ray diffraction (PXRD)  

PXRD pattern of as-synthesized CuHCF sample was recorded by a Bruker diffractometer with Cu 

Kα non-monochromic irradiation (λ = 1.5406 Å), operated at 40 kV and 40 mA. Crystal structure with space 

group Fm-3m was confirmed and diffraction patterns were recorded between 10° and 90° 2θ with a step of 

0.01° and 1s of acquisition time per point. Lattice parameter (a = 10.03 ± 0.005 Å) was determined using a 

Rietveld refinement in TOPAS5 package. 
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5.2.7 Computational methods 

5.2.7.1 Density Functional Theory (DFT) 

All calculations where done by Quantum Espresso 6.1.208 The electrons where described in the 

formalism of the DFT+U, using projector augmented waves pseudo-potentials and the PBE-Sol exchange 

and correlation functional. The Hubbard parameter was set to 1 for the iron atoms and 3 for the copper 

atoms. An energy cut-off of 950 eV was used and a Monkhorst-Pack grid of 4 × 4 × 4 k points (12 × 12 × 

12 for the calculations of the electronic properties, i.e. density of states and conductivity). A Gaussian 

smearing of 0.01 Ry was used in every calculation. The geometry of each structure was first optimized (cell 

and atoms) prior to the calculation of the electronic properties (band structure, density of state, 

conductivity). The electrical conductivity of the compounds was calculated using the Kubo-Greenwood 

formula with the help of the KGEC code.209  

5.2.7.2 COMSOL Simulation 

Finite element simulations were performed on COMSOL 5.4. The model based was adapted from 

the example ”1D Isothermal Nickel-Metal Hydride Battery”,210 and modified accordingly to study the scan 

rate dependency of the cyclic voltammetry on the CuHCF composite electrodes. 

  



187 

 

Section 3: Materials and Methods of Chapter 4: Booster based-

negative side electrolyte: a viologen derivative as redox mediator and a polyimide 

as solid booster 

5.3.1 Chemicals and solutions  

1,4,5,8-naphtalenetetracarboxilicdianhydride (NTCDA, 97% HPLC, TCI), N-methyl-2-

pyrrolidone (NMP, 99%, Reagent Grade, Sigma Aldrich), ethylene diamine (EDA, 99.5% GC, TCI), 

Whatman 597 filter papers (55 mm diameter) and ethanol (99% Reagent Grade, Sigma Aldrich) were 

utilized for the synthesis of polyamide 1,4,5,8-naphtalenetetracarboxilicdianhydride. The redox-mediator 

MTABT, was obtained from 4,4’-bipyridinium (BP, TCI), (2-bromoethyl) trimethylammonium bromide 

(BETMAB, Toronto), acetonitrile (ACN, ACS Reagent Ph. Eur., Merck) and iodomethane (CH3I, Sigma 

Aldrich). Potassium chloride (KCl, ACS Reagent, 99-100%) was purchased from Sigma Aldrich. N,N-

dimethylformamid (DMF, ≥ 99.5%) was obtained from Acros Organics. Multi-walled carbon nanotubes 

(MWCNT, purity ≥ 98%, outer diameter 20-30 nm, length 0.5-2 m) were purchased from Carbon 

Nanotubes Plus. Ferrocene methanol (C11H12FeO, 97%, Sigma Aldrich). All solvents and reactants were 

utilized without any further purification. A Millipore filtration system (Merck Millipore, Billerica MA) was 

used to generate ultrapure water (18.2 M cm-1), from which all aqueous solutions were further prepared. 

The pH of each aqueous solution was measured with a 744 pH meter probe (Metrohm, Switzerland) and 

found to be equal to 6.0 at 23°C.  

5.3.2 Synthesis 

5.3.2.1 Synthesis of MTABT 

The synthesis of MTABT is elucidated in Figure 5.3.2: 

 

Figure 5.3.1 Synthetic route of MTABT. 
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The compound 2 (Figure 5.3.2) was synthesized starting from 4,4’-bipyridinium (compound 1 in 

Figure 5.3.2), (3 eq.). In a small reactor equipped with magnetic stirrer, 4,4’-bipyridinium was suspended 

with bromocholine bromide (1 eq.) in N-methyl-2-pyrrolidone (NMP) (1 mM). The reaction mix was stirred 

at 100 °C over 20 h. The reaction was followed by 1H NMR in D2O. Once bromocholine was entirely 

consumed, the reaction mix was cooled down and the precipitate was filtered and then washed with 5 mL 

of NMP and the 5 mL of acetonitrile. The yield of this step is equal to 65%. The filtrate containing 

compound 1 (Figure 5.3.1) was transferred in a rotavapor in order to eliminate the acetonitrile. Then, 1 eq. 

of bromocholine bromide was added and the reaction mix was heated up again at 100 °C over 20 h. The 

yield of this synthesis step is 65%. Later, in a small reactor equipped with magnetic stirrer, the compound 

2 (Figure 5.3.1), was suspended in NMP (1 mM) and then in CH3I is added (2 eq.). The reaction mix 

became red and a new precipitate formed. The mix was left reacting under vigorous stirring over 2 h at 

room temperature and the reaction was followed by 1H NMR in D2O. Once compound 2 was fully 

consumed, the precipitate was filtered, washed with NMP (5 mL) and then with acetonitrile (5 mL). The 

compound 3 (Figure 5.3.1) was finally obtained as a brown solid with a yield of 90%, after dried in vacuo.  

5.3.2.2 Synthesis of 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA)-derived polyimide 

(PNTCDA) 

A previous procedure involving simple polycondensation was adopted for the synthesis of 

PNTCDA. Anhydrous N-Methyl-2-pyrrolidone (NMP) (20 mL) was added to the flask and N2 was poured 

into it for 30 min, then, 1, 4, 5, 8-napthalenetetracarboxylic dianhydride (1.98 g, 7.383 mmol) and 

ethylenediamine (0.5 mL, 7.479 mmol) were added into the NMP and mixed with stirring under inert 

atmosphere. The mixture was heated to reflux at 140 °C overnight followed by filtration and rinsed with 

ethanol and NMP several times in a turn. The product was dried at 150 °C in an oven for 12 h (~1.52 g). 

After that, the intermediate polyamic acid was calcined in a tubular furnace at 300 °C for 8 h under nitrogen 

atmosphere at a ramp rate of 6.5 °C/min to form PNTCDA (~0.53 g).  

5.3.2.3 Ex-situ synthesis of the PNTCDA composite  

An ex-situ composite of \PNTCDA with CNTs was synthesized by sonicating 12.5 mg of MWCNT 

for 1 h in 70 mL of DMF in order to obtain a homogeneous black suspension. Then, 50 mg of CuHCF was 

added to the MWCNT dispersion. The dark suspension was stirred for 24 hours at 80°C under nitrogen and 

then filtered onto polytetrafluoroethylene filters (PTFE, Omnipore membrane filters, 0.45 µm JH, Merck 

Millipore Ltd). The obtained black powder was finally dried under vacuum. The yield of this synthesis is 

90%. 
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5.3.2.4 Ex-situ synthesis of the PNTCDA composite for drop-casting onto glassy carbon electrode  

An ex-situ composite of PNTCDA with CNTs was synthesized by first sonicating 70 mg of 

MWCNT for 1 h in 150 mL of DMF in order to obtain a homogeneous black suspension. Then, 30 mg of 

CuHCF was added to the MWCNT dispersion. The dark suspension was stirred for 24 hours at 80 °C under 

nitrogen and then filtered onto polytetrafluoroethylene filters (PTFE, Omnipore membrane filters, 0.45 µm 

JH, Merck Millipore Ltd). The obtained black powder was then dried under vacuum in order to remove any 

traces of DMF.  

5.3.2.5 Ink formulation of solid boosters on glassy carbon electrode 

Table 1 summarizes the composition of each ink. All inks were sonicated for 30 minutes in N-

methyl-2-pyrrolidone (NMP, 99%, Reagent Grade, Sigma Aldrich) or in N,N-dimethylformamid (DMF, ≥ 

99.5%, Merck). All inks were drop-casted onto glassy carbon electrodes (GCE, OD 6 mm ID 3 mm, BAS 

Inc., Japan) and allowed to dry under vacuum for 30 minutes in order to obtain a homogeneous film. The 

modified-GCE were characterized by electrochemistry.  

Table 5.3.1: Inks formulation used for the electrochemical characterizations. 

 (*) The ex-situ composite is (25-75) wt. % CNT-polymers.  

5.3.2.6 Electrochemical characterization of boosters on glassy carbon electrode 

Electrochemical characterizations were recorded with a SP-300°101 potentiostat from Bio-Logic 

(France) in a three-electrode configuration. The working electrode was a glassy carbon electrode (GCE, 

glassy carbon electrode, OD 6 mm ID 3 mm, BAS Inc. Japan). A platinum coiled wire (length 2 cm) was 

used as counter electrode and Ag/AgCl (in KCl 3 M) as reference electrode. The electrochemical 

characterization was performed in 1 M KClaq, which was always purged for 1 hour sometimes with nitrogen 

and sometimes with argon to mitigate oxygen.  

  

Inks  

MWCNT 

(mg) 

Polymer  

(mg)  

Solvent 

(mL) 

Volume drop-casted 

(L) 

PNTCDA pristine  6 DMF, 1 4 

PNTCDA-CNT composite (*)  5* DMF, 1 5 

CNT blank 5 / NMP, 0.5 5 
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5.3.2.7 Galvanostatic cycling of boosters on glassy carbon electrode 

Galvanostatic cycling tests with potential limitation (GCPL) were recorded in 1 M KCl aqueous 

solution only (the solution was always purged as in the case of the CV). In the case of pristine and ex-situ 

composite of PNTCDA, cutoff potentials of 0 and -0.8 V vs. SHE were applied for the discharge and the 

charge processes.  

5.3.2.8 Other characterization techniques 

i) Scanning electron microscopy (SEM) 

Scanning electron microscopy (FEI SEM Teneo) was performed at 1-5 kV, current with lower in-

lens and in-column detectors, as well as with ET (Everhart-Thornley) detector. Different samples were 

imaged as powders immobilized on graphite tape or as homogeneous films drop-casted on gold foils. In 

these cases, films were obtained by drop casting on gold inks that were dried in vacuo to eliminate the 

solvent.  

ii) Fourier-transform infrared spectroscopy (FTIR) and solid-state nuclear magnetic resonance 

(13C NMR) 

Fourier transform infrared spectra were performed using Nicolet 6700 from ThermoFisher 

Scientific for all the materials.  

iii) UV/Visible spectroscopy for solubility determination 

The experiment was performed using a UV/Visible spectrometer (Agilent Cary 8545 UV-Vis 

Diode Array system spectrometer (Agilent Technologies, USA)) preparing four standard solutions of the 

fully oxidized form of the viologen in 1 M KClaq supporting electrolyte. The absorbance of each was 

recorded. These absorbance values allowed building up a calibration curve. Subsequently, a saturated 

solution of viologen (i.e. sample) in 1 M KClaq was prepared and centrifuged to recover the supernatant. 

Finally, the supernatant was removed and diluted to fit in the calibration curve of the standard solutions. 

The initial concentration of the solution was determined using the dilution factors.  
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5.3.2.9 SECM with UME tip  

Scanning electrochemical microscopy (SECM) measurements were carried out on a custom-built 

SECM set-up comprising a Märzhäuser three-axes positioning system (Märzhäuser GmbH & Co. KG, 

Wetzlar, Germany), connected to an Ivium Compactstat potentiostat (Ivium Technologies, Eindhoven, The 

Netherlands).  

A homemade Pt UME (Pt 25 μm diameter) was used as working electrode. Electrode diameter was 

calibrated by studying the steady-state current of 1.5 mM ferrocene methanol in 0.1 mM KClaq solution. 

The reference electrode was Ag/AgCl in 3 M KCl and the auxiliary electrode a platinum wire (0.5 mm in 

diameter, 1 cm length). A homemade electrochemical plastic cell was used for all the experiments. At the 

bottom of the homemade cell an insulating and then a conducting substrate were placed to record approach 

curves in feedback mode.  

 

Figure 5.3.2 A) Schematic of the configuration used for the SECM measurements. B) Image of the setup. All the 

components are detailed in the legend.  
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Figure 5.3.3 A) B) Pellets of solid booster PNTCDA (4 mm diameter). The thickness was ca. 1 mm. C) Electrochemical 

cell for SECM. The pellet sample was secured on a piece of microscope slide glass. D) Real measurement of approach curve 

with Pt UME towards the pellet of PNTCDA. All the single components are detailed in the legend. 

5.3.2.10 Redox flow battery design  

The redox flow battery was charged and discharged galvanostatically with potential limitation. The 

upper cutoff potential was -0.10 V vs. SHE and the lowest cutoff potential was -0.50 V vs. SHE (the 

viologen electrolyte was kept as working side along with a reference electrode Ag/AgCl in 3 M KCl with 

double junction). The flow cell was cycled with 50 mM in 1 M KCl aqueous solution in a glove bag inflated 

with nitrogen. The electrochemical cell was equipped with polypropylene end plates, silicon gaskets (2 mm 

thickness), polytetrafluoroethylene gaskets (2 mm thickness), graphite (sometimes changed with titanium 

at the negative-side) current collectors, graphite felt porous electrodes (3 mm thickness, 8 cm2 geometric 

area, pre-treated at 400°C for 4 hours) and an anion-exchange membrane (Selemion, pre-treated in 300 mM 

aqueous solution since its arrival). The electrochemical cell was equipped with polytetrafluoroethylene 

tubing (1.5 mm inner diameter) and it was run at 20 mL∙min−1 with a peristaltic pump (multichannel 

Ismatech).  

 

Figure 5.3.4 A) Electrochemical cell components. B) Tubing, nuts and bolts for closing the electrochemical cell and 

electrode connectors. 
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Figure 5.3.5 Photo of the redox flow battery equipped with the peristaltic pump.  
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Chapter 6  

General conclusions and future perspectives  

This thesis outlines a promising method to enhance the charge storage in ARFB, which is a 

fundamental aspect considering further a development of these devices and their outbreak in the energy 

market. Indeed, ARFB suffer from rather low energy storage density (10-40 Wh L−1) constrained from the 

solubility limit of the electroactive species dissolved in the electrolytes. The concept developed and 

demonstrated in this thesis for enhancing the storage capacity in ARFB is based on utilizing solid-phase 

charge storage materials (herein solid boosters) alongside redox liquid electrolytes (herein redox mediators) 

in the reservoir. Solid boosters are judiciously chosen and paired to the redox mediators according to the 

Fermi level position. This promising concept was investigated essentially in two flow batteries, first in an 

AIRFB and second in an AORFB.  

In the AIRFB, the system operated under acidic condition with redox couples (Fe3+/2+ at the 

positive-side and V4+/3+ at the negative side), dissolved in 2 M H2SO4.  This system was cycled at 200 mA 

and a total charge of 3467 C was obtained (90% of the theoretical value of 3859 C). The V4+/3+ redox couple 

at the negative-side was deemed unsuitable, probably due to sluggish kinetics. Subsequently, in the same 

system, the viability of pristine PANI as solid booster was tested: ca. 7 g of synthesized powder (2 mm in 

size) was stationary placed at the bottom of a “vertical-bed-packed-reactor”. Initially, cycling tests at 200 

mA resulted in a 12.8% charge decrease, as compared to the electrolyte alone. This result was attributed to 

the change in the electronic conductivity of the polymer upon the flow cell cycling, switching from the 

emeraldine salt to the fully oxidized and reduced forms, which are insulating. In order to mitigate this issue, 

a new solid booster was synthesized as composite of PANI with CAB in (80-20) wt.%. Cycling tests in the 

same experimental conditions were performed and this time the electrolyte in presence of the composite 

PANI-CB booster at 500 mA of current showed a 3-fold charge improvement (84.2 Ah∙L–1 vs. 26.8 Ah∙L–

1) in the volumetric capacity, as compared to the electrolyte alone. This last cycling test was encouraging 

and it enhanced the motivation to apply the same approach to an AORFB at neutral pH. Indeed, ARFBs 

using ROM have been recently attracting considerable attention, especially as good alternative to the 

VRFB, since they are cost-competitive and earth abundant.   

In particular, ROM operating at neutral pH have been investigated in the last five years and they 

exhibit interesting and promising performances when used in ARFBs, especially because of the possibility 

of reaching high solubility and redox potentials by synthesis modification with different functional groups. 

In addition, the operating environment with safe supporting electrolytes such as KClaq, makes them highly 

preferable for grid-scale installations.  
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In this work, TEMPTMA (a derivative of the nitroxyl radical TEMPO), was used at the positive-

side and a new synthesized derivative of the MV, the MTABT, at the negative-side of an AORFB at neutral 

pH. The equivalent system was cycled at 25 mA to preliminarily check the chemical stability of both the 

electrolytes. The cycling performance was rather poor exhibiting charge fading of ca. 54% immediately at 

the second cycle. In the early stage investigation of the possible electrolyte decomposition mechanisms, the 

role of O2 and of the pH were particularly investigated, suggesting that for further cycling tests a fully inert 

atmosphere and a buffer in the supporting electrolyte solution are required. Nevertheless, in good agreement 

with the approach of charge storage developed in this thesis to enhance the volumetric capacity of ARFBs, 

a couple of solid boosters were judiciously found and paired with both these ROM in the electrolyte.  

In particular, at the positive-side, CuHCF a Prussian blue analogue, was paired with TEMPTMA 

and the alignment of the redox potentials was showing just less than 50 mV of difference. The viability of 

pristine CuHCF as solid booster was evaluated in presence of a rather diluted solution of TEMPTMA, but 

most importantly, an ex-situ composite with CNTs (90-10) wt.% delivered a very stable performance over 

25 hours (95% CE and 350 C mL−1), which represent a 104 factor of increase , taking into account that the 

electrolyte concentration was rather small (only 10 mM). At the negative-side of the AORFB at neutral pH, 

a polyimide (PNTCDA) was chosen because of its robust chemical structure, facile synthetic route and 

respectable gravimetric capacity in aqueous medium (183 mAh∙g−1)189. In addition, when paired to the 

candidate viologen (MTABT), only 15 mV of potential difference is observed (considering the first redox 

wave of the electrolyte), making this couple of material a promising contender for ARFBs. Furthermore, 

the PNTCDA was electrochemically characterized, confirming an enolisation mechanism in presence of 

K+, at two carbonyl positions of the molecule, in good agreement with the literature.184 Even in this case, 

an ex-situ composite with CNTs was synthesized and electrochemically tested to mitigate the insulating 

character of the pristine polymer and it showed enhanced cycling performances (ca. 145 mAh∙g−1 vs. ca. 

35 mAh∙g−1). Finally, still at early stage, an investigation of the charge transfer mechanism at the 

solid/liquid interface (booster/mediator) was accomplished by SECM by feedback mode, using a Pt UME. 

This characterization allowed founding the kinetic constants for the charge transfer at the interface 

solid/liquid, which for two positions on the PNTCDA sample are equal to (1.42∙10−3 and 7.84∙10−4 cm∙s−1), 

according to a first order kinetic.202 
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This work opens up to many future perspectives, in particular regarding the choice of the 

electrolytes for the RFB. It was quite challenging to find a good candidate for the negative-side at neutral 

pH, thus a possible solution could be to switch to more alkaline pH. In particular, Aziz and co-workers122 

recently proposed a negative-side electrolyte material working at pH 9 (1,1’-bis(3-phosphonopropyl)-[4,4’-

bypyridine]-1,1’-diium dibromide). This molecule is highly soluble in the supporting electrolyte at pH 9 

and it shows a reasonably good potential for the negative-side of the RFB (−0.42 V vs. SHE). Nevertheless, 

working in 1 M KOH could help to increase the number of candidate electrolytes for both positive and 

negative-side. In particular, coupling anthraflavic acid (negative-side electrolyte) with a quinone (positive-

side electrolyte) could give an ARFB with ~ 0.85 V as cell voltage and ~ 23 Wh/L as volumetric energy 

density.  

 

The proposed AORFB with anthraflavic acid and quinone at alkaline pH does still not have a very high 

energy density, thus it will be interesting to include solid boosters to enhance it. In this regard, PBAs could 

be a promising option since they are not pH dependent. In particular, it will be interesting to explore other 

synthesis procedures rather than the quite simple co-precipitation method in order to improve structural and 

morphological properties of the material, as well as to include multiple center-metals. On the other hand, 

coating steps in the material preparation will be needed to ensure always good electronic conductivity; 

therefore CNTs are valid option as demonstrated in this thesis. In addition, polymers can be good coaters 

to increase the flexibility of the structure.  
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