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Abstract 

 

Vanadium redox reactions have been considered as a key factor affecting the energy efficiency of the 

all-vanadium redox flow batteries (VRFBs). This redox reaction determines the reaction kinetics of 

whole cells. However, poor kinetic reversibility and catalytic activity towards of V2+/V3+ and 

VO2+/VO2
+ redox couples on commonly used carbon substrate limit broader applications of VRFBs. 

Consequently, modified carbon substrates have been extensively investigated to improve vanadium 

redox reactions. In this Focus Review, recent progress of metal- and carbon-based nanomaterials as an 

electrocatalyst for VRFBs is discussed in detail, not intending a comprehensive review on whole 

components of system. The focus is mainly placed on redox chemistry of vanadium ions at a surface of 

various metals, different dimensional carbons, nitrogen-doped carbon nanostructures, and metal carbon 

composites. 

Spatial separation of the electrolyte and electrode is the main characteristic of the redox flow battery 

technology that liberates them from constraints of overall energy content and energy/power ratio. The 

concept of flowing electrolyte not only present a cost-effective approach for large-scale energy storage, 

but recently being embraced to develop a wide range of new hybrid energy storage and conversion 

systems. The advent of flow based Li-ion, organic redox, metal-air, and photo-electrochemical batteries 

promise new opportunities for advancing the electrical energy storage technologies. In this review, we 

present a critical overview of recent progress in conventional aqueous redox flow batteries (RFBs) and 

next-generation RFB systems, highlighting the latest innovative alternative materials and chemistries. 

Finally, we outline their technical feasibility for use in long-term and large-scale electrical energy-

storage devices as well as the limitations that need to be overcome, providing an overview of future 

research direction in the field of RFBs. 
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Chapter 1 

 

Introduction of flow batteries 

 

1.1 History 

With increasing demands for renewable energy resources (for example, solar and wind power), large-

scale electrical energy storage (EES) systems have been considered as the most promising candidates 

for peak-shaving and load-leveling for the grid-energy market.1, 2 The objective for the development of 

EES systems is rapid, efficient store and release of large amount of energy on demand. Currently, 

because of the high energy and power density, the use of lithium-ion batteries (LIB) is continuously 

growing in EES market for the electric vehicle and smart grid fields. These systems are constructed by 

connecting a number of small-sized LIB cells in series or parallel to create an EES system with the 

required power and energy. A recent review paper also noted that, currently, LIB technology is still the 

most mature practical energy-storage option because of its high volumetric energy density (600 to 650 

Wh l−1 for a typical cylindrical 18650 cell).3 Despite the high energy densities that have been achieved, 

current LIB technology has limitations arise from the Li intercalation mechanism that occurs in the 

limited interstitial space.4 In addition, large numbers of unit cells and battery packs that contain 

flammable organic electrolytes presents an explosion and/or fire perils that must be considered. In an 

alternative technology, redox flow batteries (RFB), the redox reaction usually occurs on the electrode 

surface without damaging internal structures, thus making it more suitable for long life cycles (>10,000 

cycles, 10 to 20 years).5 In addition, design flexibility is a powerful advantage of RFBs, which 

effectively decouple the energy (the volume of electrolyte in external tanks) and power output (the 

active area inside stacks) to meet the demands of end-users. In this context, the RFB technology is very 

attractive and potentially economically viable.  

Basically, RFBs can be classified into two main types based on the electrolyte used; that is aqueous 

or non-aqueous solutions. Conventionally, the RFB system stores redox-active materials and 

electrolytes in two external reservoirs. However, in the current state of development, a variety of flow 

batteries have evolved, leading to blurring of the traditional classification boundaries.6 For example, 

several flow batteries using lithium or zinc metal for the anode have only one external tank. More 

importantly, the concept of circulation electrolytes has been developed to successfully encompass 

several other energy storage and conversion systems such as metal-air or photochemical cells.7  
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To date, many aqueous redox couples have been developed; however, only sevaral RFBs based on 

all-vanadium, Fe/Cr, and Zn/Br couples have encountered commercialization barriers. Fe/Cr RFBs were 

invented at the National Aeronautics and Space Administration Lewis Research Center in 1970s. This 

design uses ferric/ferrous (Fe2+/Fe3+) as the catholyte and chromic/chromous (Cr2+/Cr3+) as the anolyte 

in a halide solution and has a working voltage of 1.18 V. However, several critical issues, including 

poor electrochemical activities of the Cr2+/Cr3+ redox couples, hydrogen evolution, high working 

temperature (~65°C), and capacity decay by severe cross contamination, have hampered the practical 

use until now. RFBs using a Zn/Br couple were first demonstrated by Charles Bradley, and further 

developed by Lim et al and co-workers.8 In contrast with one-phase, all-liquid flow batteries, this system 

is a phase transition-based RFB concept, known as a two-phase hybrid system. Unfortunately, the 

degree of deposition on the zinc anode limits the overall capacity. Moreover, the use of toxic bromine 

and a poor cycle life resulting from formation of zinc dendrites have hindered commercialization of this 

RFB system.  
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1.2 Principle of flow battery and its types 

Basic principle 

A redox flow battery (RFB) is a kind of rechargeable battery that stores electrical energy in two 

soluble redox couples. The basic components of RFBs consist of electrodes, bipolar plates that prevent 

a direct contact between electrolyte and current collectors, membranes, and two external tanks. The 

negative electrolyte tank contains anodic redox-active materials dissolved in an electrolyte solution, 

referred to as “anolyte”, and the positive tank contains dissolved cathodic redox-active materials, 

referred to as “catholyte,” The total energy output depends on the volume of these tanks, which implies 

that high-solubility catholytes and anolytes are preferred to achieve the high volumetric energy densities. 

These electrolytes are continuously supplied in the stack, and the redox reactions occur on the surface 

of the electrode materials that provide redox-active sites. The oxidized and reduced redox couples on 

the electrode are accumulated in the external tanks, and charge balance ions penetrate through the 

membrane (Figure 1). The working principle is largely different from the intercalation mechanism of 

conventional lithium-ion batteries, thus resulting in minimum structural changes in the electrode and 

high stability. The size of the active area inside the stack determines the total power output, thus the 

areal power density is an important factor related to the capital cost. In addition, the value of Coulombic 

efficiency, voltage efficiency, and energy efficiency represents the performance of RFBs. Coulombic 

efficiency is the ratio of charge and discharge capacities, and voltage efficiency is the ratio of charge 

and discharge voltages. Energy efficiency is the product of Coulombic efficiency and voltage efficiency. 

 

 

Figure 1. Basic principle of conventional RFBs 
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Types 

Among various RFB components, stack cells are probably the most closely approaching commercial 

applicability, which are similar in configuration to conventional fuel cells. Generally, the main 

components of the stack cell are negative and positive electrodes, bipolar plates, current collectors, and 

membranes. The redox-active materials are supplied from external tanks and undergo redox reactions 

on the electrode surfaces. Carbon-based materials (i.e., carbon felts or carbon papers) are most widely 

used as the basic electrode to provide redox-active sites. The bipolar plates can be used to not only 

protect against direct contact between the electrolyte and metal current collectors, but also enable the 

series-construction for scale-up. Notably, there are two external reservoirs containing a cathode 

electrolyte and an anode electrolyte. The membrane, which is usually located at the center of the stack 

assembly, separates the two different electrolytes. In addition, the membrane selectively transfers charge 

carrier ions, thereby maintaining the charge balance in both the catholyte and the anolyte. Electrolyte 

circulation is a unique feature of flow batteries, which is realized through pumps connected to the stack 

and continuously supply electrolytes to the system. Most practical aqueous and non-aqueous RFBs 

based on metal or metal-ligand complex redox couples use the same stack design. Recently reported 

flow batteries, denoted as next-generation RFBs, break away from the traditional frameworks in their 

unique architectures and use of novel materials (Figure 2). Typical energy storage and conversion 

systems, such as LIBs, solar cells, metal-air cells, etc., are combining with flow batteries by using the 

concept of design flexibility.4, 9 

Notably, the use of an extendable storage vessel and flowable redox-active materials can be 

advantageous in terms of increased energy output and utilization. For Li-metal based RFBs, there is 

only one electrolyte tank with either a non-aqueous or aqueous catholyte, containing metal oxide, iodine, 

polysulfide, organic active materials.4 In some cases, ceramic separators are used to protect the Li metal 

from the aqueous catholyte.10 The concepts of pump-less or membrane-less RFBs have been reported. 

These concepts, which are still in the proof-of-concept stage, use magnetic-field-controlled transfer,11 

gravity-induced properties,12 or a laminar-flow electrochemical cell.13 More recently, photochemical 

RFBs, in which titanium or iron based photo-catalysts are employed, have been intensively studied to 

directly store generated solar energy.9 Two different configurations have been studied for these RFBs. 

One example is that the photochemical cell and the RFB is physically connected by an external 

electrolyte circuit.14, 15 In this case, the photo-charged redox-active materials are moved into RFBs for 

electrochemical discharge. The other configuration is a single-stack design in which the photo-charge 

cell and the electrochemical part are co-located.16 These metal-air batteries are considered to be 

promising and environmental friendly EES system that also can be combined with flow systems.17, 18 

These systems have only one electrolyte tank in the negative electrode side for electrolyte circulation, 

while the other side uses oxygen from the air. In this case, the concept of a flowing electrolyte can 
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mitigate metal dendrite growth and other side reactions.  

RFBs using various energy storage and conversion mechanisms have created synergistic effects to 

increase electrochemical performance and reduce capital costs. For the purpose of storing energy by 

simply holding redox-active materials in an external reservoir, the flow battery concept addresses the 

limitations of traditional static-type energy devices through the spatial separation of electrolyte and 

electrode, which are often packaged in the same compartment in static electrode batteries, therefore 

subject to space constraints.  

 

 

Figure 2. Timeline of recent key developments in the area of flow battery systems. Recent advances 

presented in each box were categorized as follows: aqueous, hybrid aqueous/non-aqueous, and non-

aqueous systems. 
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1.3 Materials for conventional vanadium redox flow batteries (VRFBs) 

Currently, the most widely studied aqueous RFBs are the all-vanadium system (VRFB) developed 

by Maria et al. in 1980s.19 This system employs vanadium in four different oxidation states of V2+/V3+ 

for the anolyte and VO2+/VO2
+ for catholyte based on sulfuric acid, thus mitigating capacity decay 

resulting from cross contamination and yielding high efficiency.20 When each electrolyte is mixed, the 

initial oxidation states of vanadium can be recovered via a “rebalance” process. For more practical use, 

intensive efforts have focused on increasing the volumetric energy density of VRFBs, which is related 

to saturation and solubility limits of vanadium ions in the supporting electrolyte. The properties of 

vanadium electrolytes can be affected by operating temperature, state-of-charge, and compositions.21 In 

terms of stability, VO2
+ ions with yellow-colored dioxovanadium are readily precipitated in the form of 

solid V2O5 at elevated temperatures (>40°C).22 Thus, a variety of modifications of vanadium species 

using organic and inorganic additives and a mixed acid electrolyte have been developed to prevent the 

precipitation of VO2
+ ions and enhance cycling stability.23-26 Although much effort has focused on 

developing VRFB technologies, some limitations, such as the scarcity of vanadium, the low energy 

density (~25 Wh l−1), and the high cost of the ion-exchange membrane still exist, thus delaying or 

preventing widespread commercialization of the technology. 

VRFBs uses the same vanadium ions at positive and negative electrolyte with different oxidation 

states. This system can minimize the cross-contamination due to the use of same vanadium elements.27 

The vanadium redox reaction is related to V2+/V3+ and VO2+/VO2
+ redox couples, respectively, as 

follows.28 

 

Positive electrode:   

VO2
+ + 2H+ + e−  ⇋  VO2+ + H2O                    E0 = 1.0 V vs. SHE (1) 

Negative electrode:  

V2+  ⇋  V3+ + e−                                    E0 = −0.26 V vs. SHE (2) 

Overall reaction:  

VO2
+ + V2+ + 2H+  ⇋  VO2+ + V3+ + H2O                 E0 = 1.26 V vs. SHE (3) 
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Figure 3. Schematic of the (a) discharge and (b) charge process of VRFB system comprised of two 

main electrolyte tanks, electrodes materials separated by the membrane. 

 

The vanadium redox reaction occurs on the surface of electrode material providing redox active sites, 

and these electrodes do not undergo structural change during charge and discharge process (Figure 3).29, 

30 The electron transfer rate and mass transport property determine the redox reactions on the surface of 

the carbon materials.31 Carbon electrodes such as graphite felt, carbon felt, or carbon paper are 

commonly used and have high electrical conductivity and stability acidic vanadium electrolytes.24, 32-38 

The basic properties of several carbon felt electrodes have been systemically investigated for their 

catalytic activities.39 However, these materials intrinsically have low electrochemical activity, poor 

kinetic reversibility, and a small amount of surface functional groups.40 Thus, many researchers have 

studied a wide range of surface modifications of carbon substrates to improve the electrocatalytic 

activity towards vanadium redox couples.27  

Among these reactions, vanadium redox reactions in VRFBs have been the most widely studied with 

the goal of increasing electrochemical performance.21, 41 In general, because of their excellent chemical 
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stability in concentrated-acidic conditions and their high electrical conductivity, carbon-based 

electrodes such as carbon felts and carbon papers have been widely used to provide redox-active sites.42 

However, low electrochemical activity, poor kinetic reversibility of carbon substrates, and undesired 

water electrolysis from increased overpotentials impede the vanadium redox reactions.29, 43 Intensive 

efforts have focused on overcoming these issues. These efforts have included performing a variety of 

surface treatments (e.g., electrochemical oxidation, hydrothermal carbonization, thermal activation, 

acid treatment, and corona discharge) and coating or depositing electro-catalysts onto the surface of 

electrodes (see Figure 4a).35, 40, 44-52  These surface-modifications can enhance the electrochemical 

activity and wettability of carbon-based electrodes. The main factors that improve catalytic activities 

are related to increasing the number of active sites and the electron conductivity. Given this background, 

a number of electro-catalysts for VRFBs have been reported. These materials are categorized into two 

major areas: 1) metal-based53-55 and 2) carbon-based catalysts (Figure 4b-g).56, 57 A variety of metal- and 

carbon-based nanomaterials have been developed as an electrocatalyst for VRFBs. Recently, many 

review papers providing excellent summaries of reported electro-catalysts for VRFB electrode materials 

have been published.42, 43, 58  

The membrane or separator plays a key role in the RFBs by preventing cross contamination between 

the catholyte and anolyte and selectively allowing transport of charge carrier ions. The membranes for 

early RFBs used the perfluorosulfonated cation exchange membrane, Nafion,® which is originated from 

PEMFC technology.59 Since then, most RFBs have adopted membranes from other technologies such 

as fuel cells, water treatment systems, and water electrolysis. Most recent studies of flow battery 

membranes have been relevant to VRFBs where the number of papers published significantly increased 

after 2010. Research trends for ion-exchange membranes (IEMs) based on perfluorinated, 

perfluorinated with organic and inorganic resins, and non-fluorinated materials have been summarized 

in many review papers.60-62 These reviews emphasized the importance of developing non-fluorinated 

IEMs because of the high cost and low selectivity associated with perfluorinated IEMs. Thus, non-

fluorinated IEMs, such as sulfonated poly(arylenethioether ketone ketone), sulfonated poly(ether ether 

ketone), and sulfonated Diels-Alder poly(phenylene), etc., have been studied widely.41 However, these 

IEMs still provide low ion conductivity with low mechanical strength and chemical stability.62 To 

overcome these problems, various inorganic materials, such as ZrO2,63 SiO2,64 Al2O3,65 TiO2,66 MoS2,67 

carbon nanotube,68 and graphene,69-71 etc., are employed as fillers to improve chemical stability and 

reduce the vanadium permeability, and thus long-term stability.  

Alternatively, various porous polymer separators have been used to effectively separate the redox-

active ions by pore size exclusion. This concept is widely used in commercial LIBs.59 Initially, 

polyacrylonitrile (PAN) nanofiltration and polyvinylidene difluoride (PVDF) ultrafiltration membranes 

provided the possibility of porous separators in VRFBs (Figure 4h).72, 73 Researchers now, in efforts to 
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find low cost and high ionic conductive porous separators to promote market penetration of VRFBs, are 

reporting a variety of promising separators such as a nanoporous polytetrafluoroethylene (PTFE)/silica 

composite.59 Although these porous separators showed a good capacity retention during charge and 

discharge cycle, the columbic efficiency of ~95% at a current density of 40 mA cm−2 is still needed to 

be improved, which is too small compared to the standard of commercialized LIBs (>99.5%). Recently, 

significant progress has been made using porous polybenzimidazole (PBI) separators that demonstrate 

ultra-high selectivity and chemical stability (Figure 4i)74-77. The VRFBs with this separator showed a 

Coulombic efficiency of >99.5% at current densities ranging from 40 to 120 mA cm−2, which is 

attributed to an amphoteric characteristic of porous backbones with positively charged imidazole ring 

repelling vanadium redox ions.74, 77 Notably, a zeolite flake-coated porous separator, poly(ether sulfone) 

(PES), also achieved high Columbic and energy efficiency values of 98.63% and 91.41%, respectively, 

at a current density of 80 mAcm−2. The pore size of the zeolite (ca.0.5 nm) successfully separates the 

hydrated vanadium ion with a size of >0.6 nm, thus allowing protons with a size of <0.24 nm to pass 

through (Figure 4j).78 The latest development of a porous membrane consisting of the first-generation 

polymer having an intrinsic microporosity (PIM-1) and PAN composites showed an unprecedentedly 

high energy efficiency of ~98.7% at 1 mAcm−2, implying that nearly no vanadium ion crossover 

occurred (Figure 4k).79  
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Figure 4. Strategies used to increase the catalytic activity of electrodes and various porous 

membranes. a. Pristine carbon felt with clean surface, and its pre-treatments methods. b-d. Various 

morphologies of metal-based electro-catalysts. e-g. Various morphologies of carbon-based electro-

catalysts. h-k. Use of various porous membranes. 
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1.4 Next-generation flow batteries 

Recently, many more research efforts have focused on RFBs, and there has been a tremendous 

increase in the number of publications, especially those reporting novel redox couples and systems.80 

Conventional metal- or inorganic-based aqueous RFBs have successfully demonstrated reliable 

electrochemical performance and have undergone large-scale field-testing at the commercial level.21, 30 

However, it has been recognized that protic systems have several intrinsic disadvantages such as low 

energy density (~50 Wh l−1), low operation potential (<2 V), or water electrolysis side reactions.4 To 

overcome these disadvantages, a growing number of efforts have focused on developing novel systems 

to increase energy density and operating voltage. This phenomenon, known as the “Renaissance of the 

RFBs80,” is very similar to the interest in fuel-cell technologies in the early 2000s. Over the past 15 

years, a variety of fuel cells based on alkaline (AFC), polymeric-electrolyte-membrane (PEMFC), solid-

oxide (SOFC), molten-carbonate (MCFC), etc. have been developed and studied in an attempt to 

penetrate the marketplace.81 However, the technology has not been commercially successful because 

the lack of appropriate materials (e.g., an alternative catalyst and membrane) and/or a hydrogen 

infrastructure. The current state of development of RFB technologies is very similar in terms of material 

and system development. Most studies have competitively reported unique catalysts, membranes, redox 

couples, and hybrid systems.42, 61, 62, 82 Yet, in terms of fundamental aspects, such as scalability and long-

term stability, several RFB approaches have been found to be deficient for large-scale EES systems and 

are considered to be still in the nascent stage.  

The limitation of metal ion-based aqueous RFBs encourages researchers to refocus on non-aqueous 

or all-organic flow battery technologies (Figure 5).83 In this field, a variety of novel redox couples or 

design concepts such as organic compounds, polysulfide, iodine, or semi-solid active materials have 

been extensively developed for new RFBs. Out of them, organic electrode materials have long been 

studied in various battery fields because of their structural diversity and tunable electrochemical 

properties.84 This is especially true in LIB-related fields where reaction mechanisms and the material 

properties of organic compounds have already been accumulated.85-87 Considering conventional 

electrode preparation for LIBs, these kinds of electrode materials are mixed with large amounts of 

conductive agents as slurry and coated onto metal current collectors.88, 89 However, progress in the 

development of organic-material-based batteries has been slow because of their low electrical 

conductivity and dissolution problems in organic electrolytes. In contrast, the highly soluble property 

of organic active materials has been pursued to achieve high volumetric energy densities. Accordingly, 

the reported organic electrode materials have high potential for use as organic redox-active species.  

Li-organic RFBs have recently attracted much interest as cost-effective devices. The aforementioned 

flow batteries based on heavy metals, metal complexes, or toxic halogens have their own limitations, 
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particularly the solubility and availability of redox couples, for wide spread large-scale EES systems. 

The use of organic redox-active materials can offer a wide choice of redox couples by tuning the 

solubility and operating voltage for new-generation flow battery and also discuss their limitations. 

 

 

 

Figure 5. Lithium-based flow batteries. a. Schematic of semi-solid flow battery with solid suspension 

dispersed in organic electrolytes. b. Schematic of hybrid Li-metal based flow battery, where ceramic 

separator divided the organic and aqueous electrolytes. 

 

Chapter 1 was reproduced from Park M., Ryu J., Wang W., Cho J. Material design and engineering of 

next-generation flow-battery technologies. Nature Reviews Materials, 2, 16080 (2016) and Park M., 

Ryu J., Cho J. Nanostructured Electrocatalysts for All-Vanadium Redox Flow Batteries. Chem. Asian 

J., 10, 2096-2110 (2015)   
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1.5 Scope and organization of this dissertation 

The objective of this dissertation is the study of carbon-based electrocatalysts materials for VRFBs 

and the design of novel flow batteries.  

The chapters are categorized as follows: 

Chapter 2 reveals the synergistic effect of carbon nanotube and nanofiber composite towards vanadium 

redox reactions. 

Chapter 3 reports the bio-derived nitrogen doped carbon nanoparticles for VRFBs. This material was 

synthesized by a corn-protein self-assembly method.  

Chapter 4 explored the effective location of vanadium redox reaction in graphene-based materials. The 

activity of edge-functionalized graphene nanoplatelets and reduced graphene oxide was 

compared.  

Chapter 5 investigates the catalytic effect of halogenated graphene nanoplatelets for VRFBs, providing 

insight into the mechanism of vanadium redox reactions by fluorine, bromine and chlorine 

doped graphene-based materials. 

Chapter 6 reports the tube-type, flexible lithium-organic flow batteries, providing the structural 

dependent electrochemical properties. 

Chapter 7 addresses the challenge of flow battery technologies  

 



14 

 

 

Chapter 2 

 

Synergistic effect of carbon nanotube/nanofiber catalyst for VRFBs 

 

 

 

Carbon nanofiber and nanotube composite (CNF/CNT) grown on carbon felt (CF) via the thermal 

decomposition of acetylene gas onto Ni nanoparticles was studied as an electrode material in a 

vanadium redox flow battery. The electrode with the composite catalyst prepared at 700°C demonstrates 

the highest electrocatalytic properties toward the V2+/V3 and VO2+/VO2
+ redox couples among the 

samples prepared at 500, 600, 700, and 800°C. Moreover, this composite electrode in the full cell 

exhibits substantially improved discharge capacity and energy efficiency by ~64 % and by ~ 25% at 40 

mA cm−2 and 100 mA cm−2 respectively, compared to untreated CF electrode. This outstanding 

performance is due to the enhanced surface defect sites of exposed edge plane in CNF and a fast electron 

transfer rate of in-plane side wall of CNT. 

 

This chapter has been published. 

Reproduced with permission from Park M., Jung Y. J., Kim J., Lee H., Cho J. Synergistic effect of 

carbon nanofiber/nanotube composite catalyst on carbon felt electrode for high-performance all-

vanadium redox flow battery. Nano Lett., 13, 4833-4839 (2013). Copyright 2013. American Chemical 

Society. 
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2.1 Introduction 

The carbon-based electrodes provide active sites for vanadium redox reaction on the surface of 

electrodes, in which the reaction kinetics and the efficiency of whole cell are determined.90 However, 

their poor kinetic reversibility and electrochemical activity limits the wide uses. The complex positive 

redox reaction is related to the rearrangement of the coordination structures of the VO2+/VO2
+ redox 

couple.31 The electrode modification methods and alternative materials have been intensively 

investigated to address the related issues and to increase electrocatalytic activity of electrodes.91 The 

modification methods can be divided into two categories of metal-based (precious metals54, 92-96 and 

metal oxides53, 97) and carbon-based materials31, 40, 90, 98-104. The noble metal-based catalysts showed 

higher catalytic activity, but they are expensive and susceptible to hydrogen evolution.54 Thus, the many 

studies are focusing on the carbon-based materials for developing the effective electrode materials with 

reasonable cost and stability in concentrated acidic condition.31, 105 

1-dimensional (1D) carbon nanomaterials have widely been studied as electrocatalysts for VRFBs to 

improve the battery performance. The class of 1D carbon nanomaterials can be divided into carbon 

nanofibers (CNFs) and carbon nanotubes (CNTs), in which the configuration of the underlying graphene 

planes created by the alignment of carbon atoms is the distinct difference.106 The wall of CNFs have 

unique structure, in which graphene layers are tilted along the fiber axis. These exposed edge planes 

towards exterior surface provide the active sites for ionic adsorption and chemical bonding with the 

redox species.107 In contrast, the structure of the CNTs are concentric cylinders with lateral graphene 

sheet consisted of relatively inert basal planes. The CNTs has unique properties, such as high electric 

conductivity and chemical stability in acid and bases.108 Accordingly, the simultaneous use of both 

CNTs and CNFs can provide the improved electrocatalytic performance of the VRFBs. The use of the 

CNT/CNF composite with the advantage of both sides as an electrocatalyst has not been studied in 

VRFBs.  

Here, a CNF/CNT composite catalyst on the carbon felt surface for high performance VRFB is 

developed. This composite catalyst can promote the electron transfer and mass transport kinetics, 

showing improved energy efficiency at a high current rate by lowering the overpotential.  
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2.2 Experimental detail 

Synthesis of CNF/CNT catalyst: A commercial carbon felt (PAN CF-20-3, Nippon carbon) was used 

as an electrode. A carbon felt (CF) was washed by sonication for 20 min in acetone and dried for 4 h at 

100°C in oven. The CF was immersed in 1 wt% Ni(NO3)2 dissolved in 60 mL acetone, then dried for 3 

h at 100°C. The CF deposited with nickel nanoparticles were calcined in an argon gas and subsequently 

reduced in a mixture of hydrogen and 10 % H2/balance argon gas for 3 h at 600°C. The nickel 

impregnated CFs were placed in a furnace under argon gas (0.5 L min−1), and heated to 500, 600, 700 

and 800°C (5 °C min−1), respectively. Acetylene gas (9.94 % C2H2/balance Ar gas) was supplied to grow 

the CNF/CNT for 10 min. The prepared CNF/CNT-T was washed in concentrated hydrochloric acid for 

2 h to introduce surface oxygen functionalities and to remove impurities. After additional washing in 

distilled water, the samples were dried at 100°C in air for 12 h. 

Electrochemical test: The cyclic voltammetry (CV) were carried out using a three electrode cell. The 

carbon felt as working electrode with a diameter of 6 mm was connected to platinum wire. Ag/AgCl as 

a reference electrode and Pt mesh as a counter electrode was used in 0.1 M VOSO4 (Aldrich, 99.5%) 

with 3 M H2SO4 solution (Aldrich, 98%) at different scan rate range from 1 to 10 mV s−1. A flow cell 

was assembled for electrochemical test (see Figure 6). Electrolytes were prepared by dissolving 2 M 

VOSO4 in 3 M H2SO4 solution. The CF electrode with an area of 5 cm2 was used as positive and negative 

electrodes. Nafion117 was used and graphite-based bipolar plate was placed between electrode and 

copper current collectors. The test cell was charged and discharged ranged from 1.6 to 0.8 V with a 

current density of 40 to 100 mA cm−2. 
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Figure 6. VRFB system including a single stack cell (composed of the CF electrodes, a 

membrane, bipolar plates, and current collectors), two electrolyte tanks, and peristaltic pump. 
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2.3 Results and discussion 

The CNF/CNT was synthesized on carbon felt (CF) electrode by acetylene gas at different 

temperatures ranged from 500°C to 800°C (hereafter referred to as CNF/CNT-T). Figure 7a shows the 

SEM image of smooth CF surface. Ni nanoparticles with diameters ranged from 10 to 80 nm was 

embedded onto the surface of CF (Figure 8a and b). The Ni nanoparticles were uniformly distributed 

on the CF, as shown in EDXS (see Figure 8c). The CNF/CNT was densely grown on the CF surface by 

well-dispersed Ni nanoparticles (Figure 7b). Growing CNF/CNT on Ni metal is beneficial for its 

adhesion to carbon felt surface. Although the microstructure of 1D carbon materials is directly related 

to the size metal seed, it can be controlled by the preparation temperature.109 Thus, we carefully 

controlled the growth temperature to obtain the co-existed CNF/CNT composite. As shown in Figure 

7b, we synthesized interconnected CNF/CNTs with diameters ranged from 10 to 80 nm on the CF 

surface. The CNF/CNT-700 showed a high aspect ratio with a length of sub-micrometers and diameter 

of sub-nanometers (Figure 7c). Notably, the co-existence of CNF and CNT was observed in a magnified 

image from rectangles in Figure 7c. Figure 7d revealed the typical cup-stack like CNF and the multi-

walled CNT with d-spacing of ~0.32 nm. The exposed graphitic edge sites can act as active sites for 

vanadium ions. In contrast, other samples showed different carbon structures (Figure 9). The 

CNF/CNT-500 showed that carbon nanofibers consisted of turbostratic structure with low crystallinity 

(Figure 9a). The CNF/CNT-800 showed collapsed CNF with crystalized graphitic wall (see Figure 9b).  
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Figure 7. Upper: Schematic of the synthesis process for CNF/CNT grown CF. Lower: SEM images of 

the (a) untreated CF, (b) CNF/CNT grown CF prepared at 700 °C. HR-TEM images of (c) the CNF/CNT 

composite detached from the CNF/CNT-700 with magnified image from rectangle in (c), showing the 

orientation of side walls in the CNF and CNT, and (d) the co-existence structure of CNF and CNT in 

the CNF/CNT-700 sample.  
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Figure 8. (a) SEM image of Ni nanoparticles on the CF surface, (b) XRD patterns of the untreated and 

nickel impregnated CF electrodes, and (c) The SEM image of nickel impregnated CF electrode and its 

EDXS mapping showing carbon and nickel elements. 

 

 

Figure 9. HR-TEM images of the detached carbon nanofibers from the carbon felt after C2H2 treatment 

at (a) 500 °C and (b) 800 °C 

 

 

 

(a) (b) 
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To investigate the chemical structure, X-ray photoelectron spectroscopy (XPS) analysis was 

performed (for full range spectra, see Figure 10). The C1s spectrum was de-convoluted into five peaks 

according to the binding energies of ~289.8, ~288.3, ~286.4, ~285.1 and ~284.2 eV, corresponding to 

COO-, C=O, C-O, C-C and C=C (Figure 11).102 The shapes of these peaks were significantly changed 

as the growth temperature increased. This implied that the different carbon configuration was formed 

in each sample. From 500°C to 700°C, the sp2 hybridized carbon peak at ~284.2 eV became dominant, 

showing the increase of C=C bond in the CNF/CNT-T samples. In contrast, the contents of sp3 carbon 

largely decreased because of sufficient energy for forming sp2 carbon by decomposing acetylene gas.110 

The content of graphitic carbon (sp2) was the highest at the CNT/CNF-700. The O1s spectra was also 

de-convoluted into four peaks according to the binding energies of ~530.6, ~531.8, ~532.9 and ~534 

eV, corresponding to C=O, C-OH, C-C=O and carbonates (Figure 11).111 The contents of C=O 

functional group gradually increased as the growth temperature increased (Figure 11).  

 

 

Figure 10. XPS analysis of the CNF/CNT-T samples. 
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Figure 11. XPS spectra of the untreated CF and CNF/CNT-T smaples. (a) High-resolution spectra of 

C1s a O1s peaks. (b) Chemical composition ratio of each functional group from curve fitting of C1s 

and O1s XPS spectra. 
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To investigate the electrochemical properties of CNF/CNT-T, cyclic voltammetry (CV) tests were 

carries out towards the V2+/V3+ and VO2+/VO2
+ redox couples. As shown in Figure 12a, the anodic and 

cathodic peaks related to the V2+/V3+ appeared at -0.2 to -0.3 V and -0.8 to -0.9 V (vs. Ag/AgCl). The 

CNF/CNT-T exhibited pronounced redox peaks compared to the pristine CF, implying that the poor 

performance of the V2+/V3+ reduction reaction in negative half-cell was improved by suppressing H2 

evolution reaction. Figure 12b shows the CV curves corresponding to VO2+/VO2
+ redox couples. The 

onset potentials of both redox peaks showed negative shift to 1.02 V (vs. Ag/AgCl) at the anodic 

reaction corresponding to VO2+  VO2
+. Similarly, the onset potential in the cathodic reaction 

associated with VO2
+  VO2+ process showed positive shift to 0.89 V (vs. Ag/AgCl). The improved 

onset potentials for both anodic and cathodic process are favorable for electron transfer and beneficial 

for increasing energy storage efficiency by lowering overpotentials. This suggests that the vanadium 

redox reaction can occur more easily on the CNT/CNT-T electrode than untreated one.54 The anodic 

and cathodic peak current density for positive redox couple reaction in CNF/CNT-700 electrode 

compared with untreated one was significantly increased to ipa = 87.96 and ipc = -74.17 mA cm-2, 

suggesting the electron transfer kinetics for positive redox couple (VO2+/VO2
+) reaction was greatly 

enhanced on CNF/CNT-700 electrode. Furthermore, the electrochemical impedance spectroscopy (EIS) 

analysis agrees with the results from CV. The catalytic activity of CNF/CNT-700 in terms of redox peak 

current density and onset potential shows best performance.  

The reversibility of redox reaction on the electrode surface can be obtained by calculating the ratio 

of the peak current density (Ipa/Ipc) and the oxidation and reduction peak potential separation (ΔE= Vpa 

- Vpc).90 Among the samples, the value of the Ipa/Ipc on CNF/CNT-700 at positive electrode was the 

lowest one indicating that it was close to the value in reversible redox reaction.90 Figure 12c displays 

the cyclic voltammogram of VO2+/VO2
+ redox couples in the CNF/CNT-700 electrode under different 

scan rate (CV curves of CNF/CNT-T electrode at other temperatures are also shown in Figure 13), in 

which the value of the Ipa/Ipc was almost constant throughout whole scan rate range due to the increased 

electron transfer properties at graphene plane of 1D carbon materials. Furthermore, the peak potential 

separation associated with polarization was decreased at 136 from 370 mV, resulting in enhanced 

reversibility for vanadium redox couples. All of these electrochemical parameters were summarized at 

Table 1. 

Mass transfer properties can be estimated by plotting the peak current density vs. the square root of 

the scan rate from the Randles-Sevcik equation.54, 112 As shown in Figure 12d, the oxidation and 

reduction peak current density of the positive redox couple on as-prepared electrodes are nearly 

proportional to the square root of the scan rate, implying that a diffusion process controls the redox 

reaction behavior of VO2+/VO2
+ on the electrode. The slope of as-prepared electrode was larger than 

that of untreated CF electrode, suggesting a faster mass transfer process on the surface of CNF/CNT-T. 
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Moreover, the slope of CNF/CNT-700 electrode was increased about 1.65 and 2.86 times higher 

compared with the untreated CF both anodic and cathodic processes, respectively. The relatively higher 

mass transfer rate of CNF/CNT-700 electrode might be ascribed to its abundant exposed carbon edge 

atom as active sites for vanadium ions adsorption. From the above results, the higher catalytic activity 

of the vanadium redox couple reaction on CNF/CNT-T electrode could be attributed to both improved 

electron transfer kinetics and fast mass transfer rate. The enhanced mass transfer reaction was probably 

owing to the outer edge sites of CNF/CNT composite. As for electron transfer rate, the lower electron 

transfer resistance of as-prepared electrodes could be partially contributed to the conductivity of the 

well-developed graphene wall of CNF/CNT. This phenomenon is believed to be originated from the 

balance between the electrochemical activity at edge sites of CNF and electrical conductivity of CNT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



25 

 

 

Figure 12. Cyclic voltammograms with untreated CF and CNF/CNT-T electrodes prepared at different 

temperatures (a) V2+/V3+ redox couple, and (b) VO2+/VO2
+ redox couples in 0.1 M VOSO4 + 2 M H2SO4 

electrolyte at the scan rate of 5mV s-1, respectively, and (c) CNFCNT-700 electrode in 0.1 M VOSO4 + 

2 M H2SO4 electrolyte solution at different scan rate. (d) plot of peak current density vs. square root of 

scan rate for VO2+/VO2
+ redox couples. 
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Figure 13. Cyclic voltammetry curves on the untreated CF and CNF/CNT-T electrode in 0.1 M VOSO4 

+ 2 M H2SO4 electrolyte solution at different scan rate. (a) untreated CF, (b) T=500 °C, (c) T=600 °C, 

and (d) T=800 °C. 
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Table 1. Electrochemical properties obtained from cyclic voltammetry results for untreated and 

CNF/CNT-T electrode at scan rate of 5mV s-1. (*pa : anodic current peak, pc : cathodic current peak) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electrode 
Negative half-cell  Positive half-cell 

Ipa(mA) Ipc(mA) Vpa(V) Vpc(V) Ipa/Ipc ΔE(mV)  Ipa(mA) Ipc(mA) Vpa(V) Vpc(V) Ipa/Ipc ΔE(mV) 

Untreated 
CF 

- - - - - - 
 

59.53 -32.10 1.13 0.75 1.85 375.00 

CNF/CNT-
500 

46.67 -78.17 -0.18 -0.88 0.6 702.56 
 

66.00 -52.21 1.07 0.83 1.26 246.61 

CNF/CNT-
600 

49.61 -72.79 -0.17 -0.9 0.68 725.86 
 

79.32 -65.29 1.03 0.88 1.21 152.01 

CNF/CNT-
700 

53.37 -80.35 -0.22 -0.83 0.66 615.07 
 

87.96 -74.17 1.02 0.89 1.19 136.12 

CNF/CNT-
800 

32.65 -72.79 -0.22 -0.9 0.45 682.2 
 

67.40 -52.91 1.04 0.86 1.27 186.58 
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The electrochemical performance of CNF/CNT-T electrodes was evaluated by the charge-discharge 

experiments in VRFB flow-type single cell having an electrode area of 5cm2. All flow cells were 

fabricated identically with Nafion 117 as membrane separator, graphite bipolar plate and cupper current 

collector, in which 20 mL of 2 M V(III) + 3 M H2SO4
 and V(IV) + 3 M H2SO4 solution were pumped 

into the positive and negative electrode. The operating voltage was fixed at 0.8 to 1.6 V to avoid side 

reaction such as O2 and H2 evolution.54 Figure 14a shows the voltage profiles of the untreated and 

CNF/CNT-700 samples between 0.8 and 1.6 V at a current rate of 40 mA·cm-2 during the first cycle, 

showing that remarkably decreased overpotential about 109 and 138 mV in both charge and discharge 

processes, which could be ascribed to the effect of CNF/CNT composite having large active sites for 

vanadium redox species and high conductivity for electrons transfer resulting in lower charge and higher 

discharge voltage. For given condition, the cell employing CNF/CNT-700 catalyst exhibited higher 

capacity of 24.1 Ah·L-1 at first cycle than that of the untreated one showing a quickly decrease of 

capacity less than 15 Ah·L-1. The increased capacity around 64 % of CNF/CNT-700 sample at the 

cycling test could be attributed to large active sites and improved mass transfer rate as a result of 

CNF/CNT coating on the CF surface.  

To investigate the charge-discharge rate capability and capacity recovery, the cells were charged to 

1.6 V at a rate of 40 to 100 mA cm-2 then discharged to 0.8 V at the same rate. As shown in Figure 14b, 

as increasing the current density, the capacity decreases are observed at all samples, which is usually 

caused by larger charge/discharge overpotential at a fast current rate.54 The CNF/CNT-700 electrode 

showed higher rate performance at 100 mA cm-2 than untreated one. However, the rate capability of 

other samples demonstrated not as good as that of grown at 700 °C, which might be caused by small 

amount of active sites for vanadium ions. Capacity recovery test at 40mA·cm-2 rate after 100 mA·cm-2 

cycling was investigated for the untreated and CNF/CNT-T electrode. The capacity was gradually 

decreased at untreated one due to electrolyte decomposition at the higher charge/discharge overpotential, 

whereas almost 100 % of initial capacity was retained at CNF/CNT-700 sample, demonstrating high 

resistance to strong acid. These outstanding properties indicated that the CNF/CNT composite have 

been successfully maintained on the carbon felt surface after 30 cycling, allowing for higher discharge 

rate capability and capacity retention. The coulomb efficiency (CE), voltage efficiency (VE), and energy 

efficiency (EE) value of CNF/CNT-700 showed the best performance among the samples under current 

density range from 40 to 100 mA cm-2 (see Figure 15). 
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Figure 14. Electrochemical performance of VRFB employing CNF/CNT-T electrodes in flow-type 

single cell at room temperature: (a) Charge-discharge voltage profiles of untreated and as-prepared 

electrode at 40 mA·cm-2. (b) Rate performance with increasing current rate from 40 to 100 mA·cm-2.  

 

 

 

Figure 15. (a) CE and VE, and (b) EE value as a function of cycle number at different current rate. 
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To elucidate the mechanism of vanadium redox reaction on the CNF/CNT-T electrodes, the 

electrocatalytic activities of as-prepared samples at different temperatures have been investigated. As 

depicted in XPS analysis, the increase in carbon content is accompanied by a decline in oxygen content. 

It is note, however, that the decreased oxygen content with the temperature does not lead to a 

commensurate drop in redox reaction and cell performance. To confirm the effect of oxygen contents 

in detail, similar experiments have been carried out with fully oxidized carbon felt (OCF) electrode 

thermally activated in air at 500 °C for 5 h. The experimental results between OCF and CNF/CNT-700 

samples in VRFB system are described. As shown in Figure 16, the ratio of oxygen atomic content 

highly increased to 0.22 compared with untreated one. In addition, the value of O/C content ratio on 

OCF was almost tripled to CNF/CNT-700 electrode, implying that increased oxygen atom could be 

expected to positively influence on redox reaction. However, the overall cell performance on OCF 

electrode was not greatly improved (Figure 17), suggesting that the vanadium redox reaction is not 

dependent on the total amount of incorporated oxygen but more on how the oxygen is incorporated into 

carbon nanostructures.  

Indeed, catalytic activities for vanadium redox couple was proportional to the contents of C=O and 

C-OH functional groups, providing active sites for adsorption of active materials. Although these 

oxygen functional groups were substantially increased in CNF/CNT-800 samples, the poor 

electrochemical performance was observed in the CV and flow cell test, probably due to collapsed 

graphene side wall at increased injection temperature of acetylene. Moreover, the reduced 

charge/discharge overpotential at a high current rate and enhanced mass transfer rate on CNF/CNT 

coated electrodes having large amounts of edge plane defects were verified by the half-cell and flow 

cell test. It is generally believed that these defect sites may serve as the active sites for the various redox 

species.31 In our sample of CNF/CNT-700, the ratio of the sp2 hybridized carbon defects was very high, 

suggesting that it retained large active sites for vanadium redox couples confirmed by the HR-TEM. 

Furthermore, the polarization during charge/discharge processes was much smaller on CNF/CNT-700 

electrode than that on untreated one, allowing for enhanced electrochemical reversibility and reduced 

onset potential caused by lower kinetic activation energy (Figure 14a). Because of the nature of 

chemical bonding in graphene plane in CNF and CNT, the both two materials show different 

electrochemical properties. The mass transfer reaction for vanadium ion at edge plane is faster than at 

basal plane, whereas the electron transfer is more favorable at basal plane. Accordingly, it is reasonable 

to conclude that balance between the surface defects in the form of exposed edge plane in CNF walls 

and basal plane surface of CNT walls for fast electron transfer plays a major role in the vanadium redox 

reaction, showing substantially improved catalytic activity and cell performance.  
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Figure 16. (a) Ex-situ X-ray photoelectron spectroscopy(XPS) analysis of the untreated, oxidized, and 

CNF/CNT-700 CF, and (b) Chemical composition ratio of functional groups from curve fitting of O1s 

XPS spectra of OCF sample. 
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Figure 17. Cyclic voltammograms with the untreated, oxidized, and CNF/CNT-700 CF as working 

electrode (a) for V2+/V3+ redox couple in negative electrolyte, and (b) for VO2+/VO2
+ redox couples in 

positive electrolyte at the scan rate of 5mV s-1, respectively. (c) Nyquist plot showing electrochemical 

impedance spectroscopy (EIS) data for the untreated, oxidized, and CNF/CNT-700 CF in 0.1 M VOSO4 

+ 2 M H2SO4 electrolyte solution. (d) Energy efficiency (EE) value as a function of cycle number at 

different current rate.  
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2.4 Summary 

In summary, we investigated the synergistic effect of the carbon nanofiber (CNF)/carbon nanotube 

(CNT) composite catalysts used as VRFB electrodes. CNF/CNT composite with enhanced electron 

transfer and well-developed edge plane active sites for vanadium redox couple were synthesized on the 

carbon felt via simple acetylene (C2H2) vapor deposition method at different growth temperatures 

utilizing nickel nanoparticles as catalysts. Surprisingly, the as-prepared CNF/CNT-700 electrode 

demonstrated better capacity retention and excellent rate capability up to 100 mA·cm-2 with 

significantly improved electron transfer and lower polarization. Such results were due to the formation 

of large edge plane defect of CNF walls and fast electron transfer at basal plane of CNT walls. The 

CNF/CNT composite on CF electrode promises to enhance the battery efficiency and rate capability in 

VRFB system. 
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Chapter 3 

 

Corn-protein derived nitrogen-doped carbon nanoparticle catalysts for 

VRFBs 

 

 

 
 

Recent studies for all-vanadium redox flow batteries (VRFBs) have been focused on carbon-

based materials for cost-effective electrocatalysts to commercialize them in grid-scale energy 

storage markets. We report an environmentally friendly and safe method for carbon-based 

catalysts by a corn protein self-assembly. This new method allows the carbon black 

nanoparticles to be coated with nitrogen-doped graphitic layers with oxygen-rich 

functionalities (N-CB). We observed the increased catalytic activity of this catalyst toward 

both V2+/V3+ and VO2+/VO2
+ ions, showing the 24 % increased mass transfer process and ca. 

50 mV higher reduction onset potential comparing to CB catalyst.  It is believed that the 

abundant oxygen active sites and nitrogen defects of the N-CB catalyst are beneficial to the 

vanadium redox reaction by improving electron transfer rate and faster vanadium ion transfer 

kinetics. 

 

This chapter has been published. 

Reproduced with permission from Park M., Ryu J., Kim Y., Cho J. Corn protein-derived nitrogen-doped 

carbon materials with oxygen-rich functional groups: a highly efficient electrocatalyst for all-vanadium 

redox flow batteries. Energy Environ. Sci., 7, 3727-3735 (2014). Copyright 2014. Royal Society of 

Chemistry 
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3.1 Introduction 

A carbon-based material such as pristine carbon felts has been considered as the one of the 

most promising electrode material for VRFBs due to its low-cost, high stability, high 

conductivity, and corrosion resistance.46, 54 However, its poor kinetic reversibility and 

electrochemical reactivity hampered the commercialization of the VRFBs with a low current 

density during the charge/discharge cycles.113, 114 Over the years, intensive efforts have been 

devoted to overcome the above-mentioned drawbacks by introducing surface functionalities for 

abundant active sites or increasing electron conductivities.2  

The metal-based catalysts (Pt,92 Bi,95 and Ir96 etc.) deposited onto the carbon felt has been 

studied to improve the cycle performance and catalytic activity for the vanadium redox reaction. 

However, this approach has been discouraged because of their scarcity of metals or sensitivity 

to gas evolutions. Recently, Pacific Northwest National Laboratory (PNNL) has reported 

several novel catalysts with low cost, excellent stability, and cell performance by using a 

bismuth nanoparticle or niobium oxide nanorod.54, 55 As an alternative strategy, modified carbon 

materials have been studied as an effective candidate for further wide applications of the 

VRFBs.115 Recently, we reported on the use of the CNT/CNF composite as a carbon-based 

electrocatalyst, which led to outstanding cell performance.29 Significantly, N-doping into carbon 

materials, including CNTs,116 graphene,31 and mesoporous carbon117 have been found to 

improve the vanadium redox reaction by facilitating the formation of defects sites for ion 

adsorptions. On the other hand, the difficulty of their synthesis processes involved in a toxicity 

of ammonia, high price of metal precursor, or flammability of ethylenediamine at higher 

temperatures hindered their mass productions. This has been one of the critical issues for the 

commercial uptake of the VRFBs. Bio-derived heteroatom-doped carbon materials have been 

widely studied as electrode/catalyst materials for energy devices.118-122 Recently, to overcome 

these drawbacks, various amino acids such as alanine, cystein, and glycine has been studied as 

a safe, non-toxic and inexpensive heteroatom doping source for electrocatalysts.123 

 We proposed a new synthesis process for highly active carbon-based electrocatalysts by 

using a corn protein, “Zein”. The zein is a major protein of corns that has been massively 

produced in United States at a low cost ($10/kg). 124, 125 The composition of zein protein can be 

classified by 50% hydrophobic amino acids including alanine, proline and leucine, providing a 

nitrogen for growing kernels (Figure 18). This material mainly contains a high α-helix content 

with β-sheet fractions.126 In addition, the zein molecules has a unique structure with amphiphilic 

characteristics, 127, 128 which is one of the main driving force to form ordered-film structures 

without external actions and their self-organization into two-dimensional periodic structures.129  
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In this work, inspired by previous researches on the zein self-assembly, bio-derived nitrogen-

doped carbon black particles, denoted as the N-CB catalyst, were fabricated, which has abundant 

oxygen active sites and nitrogen defects for vanadium redox reactions. Without supplying any 

external nitrogen containing gases or metal seeds, the rearrangement of zein molecules and film 

forming behavior facilitated the formation of the heteroatom doping on the surface of the CB 

particles. It was first time to utilize the corn protein as a doping source and to prepare nitrogen-

doped carbon materials by zein self-assembly, to the best our knowledge. 

 

 

 
Figure 18. The molecular structure of the major amino acids in the zein protein. 
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3.2 Experimental detail 

Catalyst design and Catalyst synthesis  

The N-CB catalyst was made by the simple solution method involving the evaporation-induced 

self-assembly process (EISA) in binary solvents. First, 0.1 g of the zein powders (Zein, Sigma 

Aldrich) were stirred in the mixed solvent composed of 7 mL of ethanol and 3 mL of DI water, 

and then the yellow colored zein solution was obtained after 10 minutes of stirring. The zein 

solution was blended with 0.3 g of carbon black (Ketjen black, EC-600JD, AkzoNobel) particles, 

resulting in formation of the zein coated on the carbon black composite. In addition, the various 

compositions of the zein and carbon black powders (1:1, 1:3, 2:3, 1:8, and 1: 15) were prepared 

at 800 ˚C in Ar to find the optimized condition. The selected composition is 1:3 the ratio 

according to the electrochemical results as shown in Figure 30. This binary solvent was 

evaporated at 60 ˚C to allow the zein to have self-assembly on the CB surface by forming zein 

thin films. Next, the remaining powders were placed on tube furnace and fired for 3 h at various 

temperatures (700, 800, and 900 ˚C) in Ar atmosphere. Finally, the N-CB catalyst composites 

were obtained after the furnace cooled down to the room temperatures. For comparison, the 

pristine carbon black was also heat-treated above-mentioned temperatures as a control sample. 

Electrochemical measurements 

The cyclic voltammetry was measured using a typical three-electrode cell. The carbon felt as a 

working electrode with a diameter of 6 mm was connected to a platinum wire with a reference 

electrode (Ag/AgCl), and counter electrode (Pt wire) in 0.1 M VOSO4 (Sigma-Aldrich, 99.5%) 

in 3 M H2SO4 solution (Sigma-Aldrich, 98%) at a different scan rate ranged from 1 to 10 mV 

s−1. A single cell was assembled for charge/discharge tests. The positive electrolyte was prepared 

by dissolving 2 M VOSO4 in 3 M H2SO4 solution. The negative electrolyte was also prepared 

by electrolysis of 2 M VOSO4 in 3 M H2SO4 solution, then 20 mL positive electrolyte and 20 

mL negative electrolyte were used at charge/discharge test, respectively. The untreated and 

prepared electrodes with (an active area of 5 cm2) were used as the positive and negative 

electrode, respectively. Nafion117 ion exchange membrane was employed and graphite-based 

plate was placed between electrode and copper current collectors. The test cell was charged and 

discharged under the operating potential range of 1.65 to 0.8 V with a current density range of 

50 mA cm−2 to 150 mA cm−2 and a flow rate of 50 mL min−1. 

Electrode fabrication 

 The N-CB carbon felt electrode was made by coating the prepared the catalyst on the carbon 

felt (PAN CF-20-3, Nippon carbon) surface and drying at 60 ˚C. First, the N-CB catalyst ink 
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was prepared by dissolving 20 mg of the N-CB particles in the mixture of 100 μl of 5 wt% 

Nafion (Sigma-Aldrich), and 900 μl of ethanol, then followed by ultrasonically blending for 20 

min. The CB catalyst ink was fabricated by identical process. The 5 mg cm−2 of catalyst ink was 

coated onto a carbon felt to provide the distributed catalyst layer, and then dried at 60 ˚C for 12 

h. The 5 cm−2 of electrodes were equipped in a single cell at both negative and positive side for 

charge/discharge cycling tests. 
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3.3 Results and discussion 

The effective active site for the redox reaction of vanadium ions and excellent electron 

conductivity of the electrode are the key parameters to the increase in mass transfer rate and 

electron transfer kinetics toward vanadium redox couples.31 To promote the electrochemical 

properties of the electrode, we coated the carbon black with the zein protein via the evaporation-

induced self-assembly method (EISA).129 After carbonization of the zein in an inert atmosphere 

(Figure 19a), it can provide more effective oxygen-rich active sites for the vanadium redox 

reaction, and develop electron conductive networks by forming nitrogen-doped layer. This 

functionalized coating layer can be contributed to the improvement of cell performance by 

improving the vanadium redox reaction during the charge and discharge at high current rates.  

The synthesis process of oxygen-rich and nitrogen-doped coating layer on CB using the zein 

self-assembly is environmentally friendly, simple and highly scalable. Briefly, the N-CB 

catalyst was prepared by a simple solution method involving the EISA method in binary solvents, 

followed by a heat treatment (see Experimental section for a detailed description). The zein 

powder was dissolved in mixed solvent composed of 7 mL ethanol and 3 mL DI water, then a 

yellow colored zein solution was obtained after 10 minutes (Figure 19b). This solution was 

blended with the carbon black particles to treat them under the EISA process, resulting in zein-

coated carbon black powders. Consequently, the binary solvent was evaporated at 60 ˚C, 

followed by firing it in a tube furnace at 800 ˚C for 3 h in Ar gas. Finally, the prepared N-CB 

catalyst was coated on a carbon felt substrate and then dried to form a uniform catalyst layer 

loading of 5 mg cm−2.  
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Figure 19. a) Schematic of the N-CB catalyst fabrication process. b) The zein powder was dissolved in 

a binary solvent, then the CB was immersed in the solution. As the solution was evaporated at an oven, 

a self-assembly of zein on the CB was proceeded. The dried powders were converted into the N-CB 

catalyst by a carbonization at 800 ˚C in argon atmosphere, then the catalyst ink was prepared by 

blending the N-CB in Nafion suspensions in ethanol. Finally, a carbon felt was coated with the N-CB 

catalyst by using the prepared ink.  
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The mechanism of forming a self-assembled zein film on the carbon black particles was 

presented in Figure 20a. The molecular structure of the zein have been studied previously, 

presenting its single molecule dissolved in ethanol/water consists of ca. 80% of the α-helix at 

an initial stage.129 The content of the α-helix in solvents could be controlled by controlling the 

concentration of solutes and the volume ratio of solvents. The β-sheet transformed from the α-

helix could be arranged by controlling an evaporation rate of the binary solvents during the 

EISA process. This led to the change of a solvent polarity by the hydrophilic condition, which 

drove the self-assembly of zein molecules. Wang and Padua reported that the nano-sized zein 

sphere, hexagonal, and lamellar phases were formed by packing an energetically favorable β-

sheet structure. It was presented by TEM images where antiparallel β-sheets were packed side 

by side to form long ribbons with a periodic distance of 0.35 nm.129 Finally, the carbon black 

nanoparticles could be coated by the zein ribbons interacted with the β-sheets, then followed by 

the carbonization treatment to obtain the N-doped CB particles. 

Figure 20b presents the scanning electron microscopy (SEM) images of the pristine zein 

powder (upper) and untreated CB particles (lower). Typically, the CB nanoparticles have a 

mesoporous structure with an average diameter of ~50 nm, which can facilitate the vanadium 

ion adsorption by providing large active sites. As presented in Figure 20c, the N-CB catalyst 

was successfully coated on the carbon felt surface (inset image: untreated carbon felt surface 

with a diameter ~7 μm). The N-CB catalyst was well distributed on the carbon felt as observed 

in magnified SEM image (dashed circle in Figure 20c). HR-TEM image of the N-CB catalyst 

shows each CB nanoparticles are aggregated by the functionalized graphitic layers (Figure 2d). 

The magnified image of Figure 20d presents the defective graphitic surface with 0.34 nm 

spacing between adjacent lattice planes (Figure 21). As a result, the surface morphology of N-

CB catalyst was not significantly changed when treated by zein protein (Figure 20). The specific 

surface area of the N-CB catalyst was also measured in the value of ca. 984.5 m2 g−1 (Figure 

22). It believed that N-CB catalyst can sufficiently contribute to the better electrochemical 

performance with large surface areas. The change of the surface chemistry will be examined by 

EDXS, XPS and Raman analysis. Energy dispersed X-ray spectroscopy (EDXS) showed that 

the oxygen and nitrogen atoms were successfully incorporated into the N-CB particles, which 

could act as highly reactive active sites for vanadium redox couples (Figure 23). 
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Figure 20. a) Possible mechanism for the self-assembly of the zein coated CB nanoparticles. b) SEM 

image of the pristine zein powders (upper) and the pristine CB nanoparticles (lower). c) SEM image of 

the carbon felt surface coated with the N-CB catalyst. Inset image of the untreated carbon felt. d) HR-

TEM image of the N-CB catalyst.  
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Figure 21. HR-TEM image of the a) CB and c) N-CB catalyst, showing the graphite interlayer with a 

distance of 0.34 nm, corresponding to (002) plane. c) XRD patterns of the CB and N-CB catalyst. 
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Figure 22. Nitrogen adsorption–desorption isotherm and BJH pore-size distribution plot of N-CB 

sample. 

 

0.0 0.2 0.4 0.6 0.8 1.0
0

400

800

1,200

1,600

2,000
 

 

Ad
so

rb
ed

 a
m

ou
nt

 (c
m

3 g-1
, S

TP
)

Relative Pressure (P/Po)

 N-CB

BET Surface Area
984.5258 m²/g

1 10 100
0.00

0.04

0.08

0.12

0.16  N-CB

 

 

D
iff

er
en

tia
l p

or
e 

vo
lu

m
e

(c
m

3 g-1
, S

TP
)

Pore size (nm)

BJH Adsorption pore size
11.2200 nm



45 

 

 

Figure 23. EDXS mapping of carbon, oxygen and nitrogen element of a) CB and b) N-CB catalyst, 

showing that oxygen and nitrogen atom were substantially increased after N-doped graphene coating 

on CB compared with untreated one. 
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Raman spectroscopy was also conducted to further study the microstructure of the obtained 

samples (Figure 24). The peaks at 1340 cm−1 and 1590 cm−1 correspond to the D and G bands 

of typical carbon materials.130 In the first-order region of two strong bands, the intensity of the 

defect-induced D band is much higher than that of the G band, indicating that there were 

relatively abundant exposed-graphitic defects that can serve as the redox active sites in both 

carbon black and the N-CB samples. However, the higher D/G intensity ratio was observed in 

the N-CB catalyst due to the oxygen-rich functional groups and more defective N-doped layers. 

This imply that the oxygen and nitrogen functionalities could facilitate the formation of reactive 

defect sites for vanadium redox ions.131  

 

 

 

Figure 24. Raman spectroscopy of the CB and N-CB catalyst. 
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X-ray photoelectron spectroscopy (XPS) analysis (Figure 25) indicated the presence and the 

chemical structures of oxygen and nitrogen atoms on the surface of the catalyst samples, where 

all spectra were calibrated by the C1s peak of carbon at 284.2 eV. The chemical composition 

ratio of each functional group was also presented in Figure 26. For the N-CB sample, the XPS 

survey presents a predominant C1s signal with a much stronger O1s peak at 531 eV, arising 

from oxygen-containing species in the zein molecules than that of untreated CB. The high-

resolution C1s spectrum of the pristine zein shows a relatively weak energy intensity of the 

double-bonded carbon peak, while the corresponding high- resolution C1s spectrum observed 

in the untreated CB and N-CB catalyst exhibits a sharp graphitic carbon peak at 284.2 eV (Figure 

25b). As shown in Figure 25c, the O1s peaks of the N-CB catalyst assigned to 532.9, 531.8, and 

530.6 eV can be attributed to C-C=O, C-OH, and C=O, respectively,111 indicating the increased 

incorporation of oxygen functional groups on the carbon black surface. They can act as the main 

active sites for vanadium redox couples. More specifically, the content of the C-C=O functional 

group of the N-CB sample, which is directly associated with vanadium redox sites, was 

increased in more than 27% when compared to that of the CB sample. As shown in Figure 25d, 

no significant signals were found in the N1s region in the untreated CB sample, while the 

nitrogen-containing groups on the N-CB sample were observed with a noticeable increase of 

N1s signal at 400 eV. The nitrogen content in the N-CB catalyst was 1.62 at% according to XPS 

analysis. The N1s region can be deconvoluted into four peaks assignable to the oxygenated-N 

(402.9 eV), graphitic-N (401.1 eV), pyrrolic-N (400.0 eV), and pyridinic-N (398.3 eV), 

respectively (Figure 25d).132 These nitrogen species in the carbon materials have been known to 

produce the defects in the graphite layer, contributing to the improvement of the catalytic 

activity toward vanadium ions.31 Thus, the N-doping defects in the N-CB catalyst can serve as 

an important role in vanadium redox reactions by forming the vanadium ions adsorption sites.  
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Figure 25. a) XPS survey of the pristine zein, CB, and N-CB catalyst. XPS analysis and its fitting from 

high resolution b) C1s peak, c) O1s peak, and d) N1s peak.  

 

 

 

Figure 26. Chemical composition ratio of functional groups from curve fitting of a) C1s, b) O1s, and 

c) N1s spectra of the pristine zein, CB, and N-CB sample.  
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  Cyclic voltammetry tests were performed on the three-electrode cell system to characterize 

the electrochemical properties of the N-CB catalyst. The test cell was composed of negative and 

positive vanadium electrolytes in which carbon felt electrode, platinum wire, and Ag/AgCl were 

used as working, counter, and reference electrodes, respectively (detailed in Experimental 

section). There are several parameters that can estimate catalytic activities for vanadium redox 

reactions, for instance the potential separation (ΔV), the ratio of oxidation and reduction peak 

current (Ipa/Ipc), and the redox onset potential. As shown in Figure 27a, the redox potential 

separation of the oxidized carbon felt (OCF) electrode (ΔV=353 mV) is substantially larger than 

that of CB-CF one (ΔV=195 mV), implying that it has poor electrochemical reversibility. As 

for the ratio of the redox peak current (Ipa/Ipc), the OCF electrode (Ipa/Ipc=1.54) presents unstable 

vanadium redox reaction compared to CB-CF electrode (Ipa/Ipc=1.10). The onset redox potential 

of CB-CF also presents much better than that of OCF electrode. We used the N-CB catalyst that 

heat-treated at 800 ˚C as the optimized working electrode because it exhibited the best anodic 

and cathodic peak current density (ipa = 86.3 and ipc = −75.1 mA cm−2) and lowest onset potential.  

As shown in Figure 27a, the pronounced redox peaks corresponding to the oxidation and 

reduction of VO2+ and VO2
+ ions presented in the cyclic voltammograms. These peaks appeared 

in the carbon felt coated with the CB or N-CB samples, while the weak reduction peak at 0.75 

V (vs. Ag/AgCl) is observed in the untreated carbon felt. Significantly, the reduction onset 

potential measured from the N-CB carbon felt electrode was around 50 mV higher than that of 

the CB carbon felt sample (Figure 27a, inset). This suggests that the improved catalytic activity 

is originated from the N-CB catalyst. Furthermore, the peak potential separation associated with 

the polarization of the N-CB carbon felt electrode was decreased to 146 mV at a scan rate of 5 

mV s−1. This implies the enhanced reversibility for vanadium redox reactions. As for the 

negative redox reaction involving V2+/V3+ ions, the distinct anodic and cathodic peaks of the N-

CB carbon felt were observed at −0.21 V and −0.71 V (vs. Ag/AgCl), respectively, while there 

were no pronounced anodic and cathodic peaks for the untreated carbon felt electrode (Figure 

28). When the cyclic voltammogram of each sample were compared, the onset potential and 

potential separation of the N-CB carbon felt were much lower than those of the CB carbon felt 

at both negative and positive vanadium redox reactions. This improved electrochemical 

behavior can be caused by improved electron transfer and sufficient vanadium redox active sites 

owing to oxygen-rich and nitrogen-doped graphitic layers. The electrochemical impedance 

spectroscopy (EIS) analysis also agreed with the results of the cyclic voltammetry tests, 

suggesting that the formation of electrically conductive network introduced by functionalized 

graphitic layer could reduce the electron transfer resistance by ca. 26% (Figure 28d).  

  The mass transfer properties can be assessed by plotting the peak current density versus the 

7square root of scan rate from the Randles-Sevick equation.94 Figures 28b and c show the cyclic 
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voltammetry tests, which were conducted as increasing scan rates from 1 mV s−1 to 10 mV s−1 

in 0.1 M VOSO4 + 3 M H2SO4 solutions. The value of coefficient of determination (R2) inserted 

in Figure 5c was close to 99%, implying that a diffusion process controls the vanadium redox 

reaction on the N-CB carbon felt electrode. In addition, the slope of the N-CB carbon felt 

electrode (Figure 27b) is 24% larger than that of the CB carbon felt electrode, suggesting that a 

faster mass transfer process could be achieved on the N-CB carbon felt electrode. The improved 

mass transfer reaction on the N-CB catalyst could be ascribed to its high electrochemical surface 

areas and lower surface energy induced by the heteroatom doped coating layer. 
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Figure 27. a) Cyclic voltammograms (CVs) of the untreated, oxidized, CB, and N-CB carbon felt at a 

scan rate of 5 mV s−1 with potential window of 0.4 to 1.3 V versus Ag/AgCl. b) CVs of the N-CB carbon 

felt at different scan rates. Inset: plot of the anodic peak current (Ipa) versus the square root of each scan 

rate. CF: Carbon felt  
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Figure 28 Cyclic voltammograms with a) untreated, b) CB, and c) N-CB carbon felt as working 

electrode for V2+/V3+ redox couple in negative electrolyte. d) Nyquist plot showing electrochemical 

impedance spectroscopy (EIS) data for CB and N-CB catalyst. CF: carbon felt. 
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To demonstrate the practical application of the prepared catalyst, we used the carbon felt 

electrode incorporated with the N-CB catalyst as the negative and positive electrodes in all-

vanadium redox flow battery. We assembled flow-type single cells to evaluate the 

electrochemical performances of the untreated, CB, and N-CB carbon felt electrode. The cell 

body was assembled by using Nafion 117 (the proton exchange membrane), copper plates (the 

current collectors) and graphite-based bipolar plate that protect current collectors from acidic 

electrolytes. Electrolytes consisting of 20 mL 2 M V3+ and 20 mL V4+ with 3 M H2SO4 solutions 

were used as the negative and positive electrolytes, respectively.  

Figures 29a and b show the voltage profiles of the CB carbon felt and N-CB carbon felt 

electrode, respectively, between 0.8 and 1.65 V at various charge/discharge current densities. 

The N-CB carbon felt electrode presented improved discharge capacity of 19.2 and 10.1 Ah L−1 

at the current density of 50 and 150 mA cm−2, respectively. Additionally, the N-CB catalyst 

exhibited stable cycling performance for 100 cycles at 50 mA cm−2 as depicted in Figure 29c. 

This catalyst also presented the energy efficiency (coulombic efficiency × voltage efficiency) 

of 85.2% at the end of 100 cycles corresponding to 450 h (4.5 h per cycles). After the initial 

charge/discharge rate of 50 mA cm−2 for 5 cycles, we gradually increased the current density to 

150 mA cm−2. The N-CB carbon felt electrode showed the energy efficiency of 86.7% at 50 mA 

cm−2 and 68.6% at the rate of 150 mA cm−2. The origin of the enhanced rate capability for the 

N-CB catalyst during battery cycling can be possibly attributed to the significantly reduced 

polarizations by increased redox active sites towards vanadium ions for the fast electron and 

mass transfer reactions.  

Next, to evaluate the stability of the N-CB catalyst, we swiftly changed the charge/discharge 

rate from 150 to 50 mA cm−2 (Figure 29c). Notably, the initial energy efficiency was remarkably 

recovered. This indicates the electrochemical and chemical robustness of the N-CB catalyst in 

concentrated acidic vanadium electrolytes. As shown in Figure 31, we also confirmed the stable 

adhesion of N-CB catalyst on carbon felt electrode after 100 cycles. The coulomb efficiency 

and voltage efficiency values also showed the best in N-CB samples, as shown in Figure 29d.  
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Figure 29. a) Electrochemical cycling performance of the untreated, oxidized, CB, and N-CB carbon 

felt electrode, and b) their Voltage efficiency and Coulombic efficiency during the rate capability test. 

CF: carbon felt 
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Figure 30. Cyclic voltammetry curves on N-CB carbon felt electrodes with a) various carbon black to 

zein powder composition (1:1, 3:1, 3:2, 8:1, and 15: 1) and b) different carbonization temperatures (700, 

800, and 900 °C) in 0.1 M VOSO4 + 3 M H2SO4 electrolyte solution at a scan rate of 5 mV s-1.  

 

 
 

 

Figure 31. The N-CB catalyst coated carbon felt electrode after 100 cycle charge/discharge test. 
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We demonstrated that the N-CB catalyst incorporated carbon felt electrode dramatically improve the 

electrochemical performance of the VRFB system. These exceptional electrochemical properties can be 

attributed to the surface functionalized carbon black synthesized by corn protein self-assembly. The 

conductive and continuous graphitic coating layer of N-CB catalyst, as well as its high surface areas 

with surface oxygen and nitrogen functional groups helps to improve the electrocatalytic activities for 

the vanadium redox reaction. To elucidate the surface redox reaction mechanism, the oxidized carbon 

felt thermally activated at 500 ˚C for 5 h in air atmosphere was used as the control electrode in the 

identical flow battery cell. The experimental results of the oxidized carbon felt were obtained and 

compared to those of the N-CB carbon felt electrode as shown in the Figure 32. Figure 32a presents 

that the atomic content ratio of oxygen to carbon atom in the oxidized carbon felt electrode is ca. 0.22 

that is two times higher than that of the N-CB carbon felt sample (ca. 0.10). This control electrode with 

high oxygen contents can be expected to provide much more vanadium active sites. The improved redox 

current peak of oxidized carbon felt electrode compared with that of the low oxygen containing CB 

carbon felt was confirmed in the cyclic voltammogram (Figure 27a).  

Further, the cycle performance test of the oxidized carbon felt (Figure 32b) shows the increased 

discharge capacity at an initial stage due to the abundant oxygen functional groups. However, there is 

no apparent capacity improvement at higher charge/discharge current rate for the oxidized carbon felt 

sample because of the lowered electron conductivity. This may be caused by the excessive surface 

functional groups of the oxidized carbon felt, which leads to the increase of cell overpotentials. In 

contrast, the carbon felt coated with the carbon black, known as a conductive carbon composed of a 

large amount of sp2 hybridized carbon (C=C), successfully presented the capacity retentions even at 

higher current densities, but it showed a low capacity retention. This low capacity is mainly caused by 

the insufficient surface active sites for the vanadium redox reaction on the CB carbon felt electrode with 

the low the O/C ratio of ca. 0.02. This result is also consistent with the cyclic voltammetry test. It is 

worth mentioning that the balance between the surface vanadium active sites (toward V2+/V3+ and 

VO2+/VO2
+ ions) and the electron conductivity may be of importance for developing high performance 

electrocatalysts in the VRFB systems. Thus, the N-CB catalyst can be one of the ideal electrocatalysts 

for the high-performance flow battery system due to its high surface areas with an oxygen-rich (content 

of ca. 10 wt%) and N-doped coating layer. It exhibited the significant improvement of battery 

performance evident from the cyclic voltammograms and battery cycling tests.  

In addition, the N-doping into carbon materials has been found to promote vanadium redox reactions 

by high negatively charged electron density of the incorporated nitrogen atom.31 Accordingly, the doped 

nitrogen atoms as a defect site originated from the zein protein could create a lone pair of electron 

localized states in carbon black surface. This eventually facilitates the electron transfer and vanadium 

ions adsorption steps, resulting in high rate capability at 150 mA cm−2 and stable capacity retentions. In 
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addition, the origin of catalytic activity among four different nitrogen species was examined by high-

resolution N1s spectra (Figure 33) and cyclic voltammograms (Figure 32b). Compared with the relation 

between the content of each nitrogen species and the electrochemical catalytic activity, it was 

proportional to the content of a graphitic (quaternary) nitrogen, centered for 401.1 eV. Such results are 

consistent with the previous studies reporting that the graphitic nitrogen is highly stable in an acidic 

condition and less susceptible to protonization.31 Therefore, we can reasonably conclude that the stable 

nitrogen defects on the N-CB catalyst play an important role to efficiently promote the adsorption of 

vanadium redox couples 

 

 

 

Figure 32. a) Chemical composition ratio of oxygen and carbon atoms for oxidized, CB, and N-CB 

carbon felt electrodes. And b) Discharge cycling performance 
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Figure 33. a) Ex-situ XPS analysis of N-CB catalyst prepared at various temperatures (700, 800, and 

900 ˚C) and b) its chemical composition ratio of N1s sprectra. 
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3.4 Summary 

In summary, we developed the highly efficient carbon-based electrocatalyst for high-

performance VRFBs by an inexpensive, environmentally friendly, and safe synthesis methods. 

The amphiphilic properties of the zein protein enabled it to have the self-assembly on the CB 

nanoparticles by the EISA process, which led to coating the N-doped coating layer on the CB 

nanoparticles. As a result, the N-CB has high surface areas with the abundant oxygen functional 

groups and N-doped coating networks for the vanadium active sites and high electron 

conductivity. Compared with the CB catalyst, the N-CB catalyst exhibited the excellent catalytic 

activity towards vanadium redox reactions due to its oxygen-rich high surface areas and nitrogen 

functionality for enhanced electron transfer rate and faster vanadium ion transfer kinetics.  

 

 

 



60 

 

 

Chapter 4 

 

Exploration of the effective location of graphene-based catalysts for 

VRFBs 

 

 

 
The oxygen functional groups play a key role in the vanadium redox reactions. To identify the 

effective location of oxygen functionalities in the graphene-based nanomaterials, we used the edge-

selectively functionalized graphene nanoplatelet (E-GnP) with a crystalline basal plane by a ball-

mill process in the presence of dry ice. For comparison, the reduced graphene oxide (rGO) 

containing defects at both edges and basal plane was produced by a modified Hummers' method. 

The location of defects in the graphene-based nanomaterials was found to significantly affect the 

electrocatalytic activity towards vanadium redox couples (V2+ / V3+ and VO2+ / VO2
+). The improved 

activity lies in the presence of oxygen defects at the edge sites and higher crystallinity of basal planes. 

Importantly, this effective location of oxygen defects facilitates fast electron transfer and mass 

transport process. 

 
This chapter has been published. 

Reproduced with permission from Park M., Jeon I. Y., Ryu J., Baek J. B., Cho J. Exploration of the 

Effective Location of Surface Oxygen Defects in Graphene-Based Electrocatalysts for All-Vanadium 

Redox-Flow Batteries. Adv. Energy Mater., 5, 1401550 (2015). Copyright 2015. Wiley-VCH 

The samples were provided from Prof. Baek J.B. 
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4.1 Introduction 

 The vanadium redox flow batteries (VRFBs) have been considered as a promising large-scale 

electrochemical energy storage system to alleviate the issues of the random and intermittent renewable 

energy sources.133 The VRFBs is one of the most available solution to solve these problems with various 

advantages including a fast response time, low self-discharge, and long life cycle.5 The most prominent 

feature of this system is a design flexibility to tailor capacity and power by controlling the stack number 

or external electrolyte tank size for various energy storage applications.28 This system employs the four 

different oxidation states of vanadium ions (V2+, V3+, VO2+, and VO2
+) in order to charge and discharge 

the cell, which significantly reduces the membrane cross-over issues by using the same vanadium 

element in positive and negative electrolytes.113 The vanadium redox reactions mainly occur on the 

electrode surface, so that the electrode material is less damaged when comparing to conventional lithium 

ion batteries.2 However, this reaction at both anode and cathode often hinders a broad application of the 

VRFBs because of a low catalytic activity of vanadium redox reactions on the electrode surface such 

as carbon felt or carbon paper. 

Recently, the electrocatalyst research on the vanadium redox reactions has been extensively studied 

in order to improve their catalytic activity for better electron conductivity and mass transfer kinetics. 

The investigation of various electrocatalysts for the VRFBs can be categorized to metal-based53, 55, 92, 134 

and carbon-based29, 31, 91, 115, 135 materials. In the latter case, the carbon-based catalysts such as carbon 

nanotube (CNT), carbon nanofiber (CNF), and graphene are considered as a promising candidate due 

to their large surface area, high conductivity, and stability at concentrated acidic conditions.91, 115 These 

nanomaterials are usually used by coating them on the carbon felt or carbon paper electrode. In recent, 

the nitrogen-doped CNT,135 multi-walled CNT,102 and CNT/CNF hybrid29 coated carbon felt electrode 

have been reported, where oxygen or nitrogen atoms at carbon structure help the vanadium redox 

reactions. 

In particular, graphene-based materials have demonstrated the improved catalytic properties in the 

VRFB systems.31 Graphene, two-dimensional (2D) layered carbon allotrope, has attracted considerable 

attention in a variety of energy applications such as fuel cells, solar cells, and redox flow batteries as an 

electrocatalyst.136-138 This interest is due to their high theoretical specific surface area (~2,600 m2 g−1), 

electron mobility during catalytic reaction, and electrochemical stability.137 For instance, the graphene 

oxide (GO) nanoplatelet exhibits excellent catalytic activity towards vanadium ions due to their high 

electron conductivity.103 In addition, the reduced graphene oxide (rGO) shows the enhanced 

performance, which can be ascribed to the C=O functional groups on the surface.91 Very recently, 

nitrogen-doped graphene for vanadium redox reaction on the positive electrode (VO2+/VO2
+) is reported 

by Jin et al., representing that not the heteroatom doping level but the type of these atoms in graphene 

determines the catalytic properties.31 To date, several modified graphene materials have reported and 
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presented a potential ability for practical application on VRFBs, however, the effective structure 

associated with defect at the edge or basal plane of graphene-based materials is still unclear. 

Herein, we fabricated the two types of graphene-based electrocatalysts with a different sites of 

structural defects, and explored the effective location of oxygen defects at the graphene for vanadium 

redox reactions. Using a ball-mill approach in the presence of dry ice (solid carbon dioxide), the edge-

selectively oxygenated graphene nanoplatelet (E-GnP) was produced in a simple, scalable process.139 

This process has been well-established and applied to various application as a promising graphene 

synthesis procedure.140-142 The E-GnP catalyst presented a highly ordered graphitic structure in the basal 

plane and defective region at the edge with oxygen moiety. For comparison, the graphene oxide (GO) 

with abundant defects at both basal plane and edge sites was also fabricated by a modified Hummers' 

method,143 which was reduced by using hydrazine to produce reduced graphene oxide (rGO).144 The E-

GnP sample was found to present an enhanced catalytic activity towards vanadium redox ions with a 

highest redox peak current density and improved potential separation in comparison with the rGO one. 

The unique advantage of the edge functionalized graphene nanoplatelet lies in the presence of oxygen 

defect at the edge sites and better crystallinity of basal planes. This effective location of oxygen defects 

facilitates the electron transfer and mass transport process. The motivation of this study is to understand 

the relationship between an effective location of oxygen defect in graphene and catalytic activity for 

better vanadium redox reactions. 
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4.2 Experimental detail 

Catalyst synthesis 

 Edge functionalized graphene nanoplatelet (E-GnP) was fabricated by ball-milling graphite flake in 

the presence of dry ice, followed by a literature procedure.20 The pristine graphite (5.0 g, Alfa Aesar, 

natural graphite, 100 mesh, 99.9995%) and 100 g of dry ice was placed in 500 mL of stainless steel 

ball-mill container with stainless steel balls (500.0 g, diameter 5 mm), and then it was fixed in the 

planetary ball-mill machine and agitated at 500 rpm from various times from 12 to 48 h. The optimized 

time is 24 h according to the electrochemical results as shown in Figure 34. The obtained product was 

further Soxhlet extracted with 1 M HCl to completely acidify and to remove metallic impurities, and 

then freeze-dried at −120 °C for 48 h. For comparison, graphene oxide (GO) was also prepared by a 

modified Hummers' method. The graphite was mixed with NaNO3 and concentrated H2SO4 cooled 

down to 0 °C in an ice bath. Then, KMnO4 was added slowly and continuously stirred for an hour. 

Finally, it was subsequently reduced using hydrazine to produce reduced graphene oxide (rGO). 

Electrochemical measurements 

 The rGO and E-GnP catalyst was coated on the carbon felt (PAN CF-20-3, Nippon carbon) surface 

and drying at 60 ˚C, respectively. Briefly, the catalyst ink was prepared by dissolving 20 mg of catalyst 

particles in the mixture of 100 μl of 5 wt% Nafion (Sigma-Aldrich) and 900 μl of ethanol by 

ultrasonically blending for 20 min. The 5 mg cm−2 of catalyst ink was coated onto a carbon felt, and 

then dried at 60 ̊ C for 12 h. CVs were obtained using a three-electrode cell system. A working electrode 

with a diameter of 6 mm carbon felt was equipped with a platinum wire and Ag/AgCl reference 

electrode in 0.1 M VOSO4 (Sigma-Aldrich, 99.5%) in 3 M H2SO4 solution (Sigma-Aldrich, 98%). For 

flow cell test, 3 mm of carbon felt electrode with an active area of 5 cm2 were used as the positive and 

negative electrode, respectively, which is compressed by ca. 2mm thickness. Nafion117 ion exchange 

membrane was used, and graphite-based plate was placed between electrode and copper current 

collectors. The test cell was charged and discharged under the operating potential range of 1.65 to 0.8 

V with a flow rate of 50 mL min−1, in which 20 mL of positive and 20 mL of negative electrolyte was 

used. 

 

 

 

 

 



64 

 

 

Figure 34. Cyclic voltammograms with the E-GnP sample prepared at a different ball-milling time 

from 12 to 48 h. 
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4.3 Results and discussion 

The edge functionalized graphene nanoplatelet with oxygen moiety (E-GnP) was prepared via a ball-

mill process in which the pristine graphite was crushed in a stainless steel capsule containing dry ice 

and steel balls (Figure 35a). The size of graphite flakes was significantly reduced into the sub-micron 

sized E-GnP sample (<5 μm) where sufficient kinetic energy can give rise to graphitic C-C bond 

cleavages. Continuously, the edge-located active carbon species induced by the mechanochemical 

cracking of graphite react with carbon dioxide molecules in sealed ball-mill container. This highly 

reactive carbon species were observed by an violent sparkling with moisture in air when opening the 

lid of the container, resulting in the formation of carboxyl groups at the edges.139 The reduced graphene 

oxide with abundant defects at the edge and basal plane (rGO) was synthesized by the modified 

Hummers' method (see Experimental section). 

As shown in Figure 35b, scanning electron microscopy (SEM) image presents the densely stacked 

pristine graphite flakes with a size of ~150 μm. The SEM image of the rGO sample shows typical 

defective structure with a wrinkle of graphene sheets because of defects in basal planes (Figure 35c).145 

The E-GnP sample exhibits a smaller particle size than the pristine graphite, implying a successful 

cleavage of graphite C-C bonds (Figure 35d). More importantly, in comparison with the rGO and E-

GnP sample, the morphology of these two samples presents a great difference in the SEM analysis. The 

E-GnP sample consists of flake type particles with a flat surface, whereas the rGO exhibits the wrinkled 

sheet structure. It can be expected that the oxygen defects mainly exist at the edge sites of the E-GnP 

catalyst.139 

X-ray photoelectron spectroscopy (XPS) shows a surface chemistry of prepared samples (Figures 

35e to h), in which all spectra were calibrated by a carbon peak at 284.2 eV. A pronounced oxygen peak 

was observed in the E-GnP sample after a ball-mill process, suggesting the successful incorporation of 

oxygen functional groups at the edge sites comparing to pristine graphite (Figure 35e). As shown in 

Figure 35f, the high-resolution XPS spectra of C1s in the E-GnP show an increase of O=C-OH peaks 

(288.7 eV). Similarly, the high-resolution O1s peaks indicate an increased carboxyl groups compared 

with the starting material (Figure 35g). The rGO sample also presents a high intensity of O1s peak with 

a large amount of oxygen functional groups, but the content of carboxyl group is lower than that of E-

GnP samples (Figure 36). All of the prepared samples show an increase of oxygen moieties that act as 

a main active site for the vanadium redox reactions, however, the location of oxygen defects in 

graphene-based materials can be regarded as an important factor to increase the catalytic activity. 

Accordingly, the nanostructure of each sample was intensively investigated to determine the effective 

location of oxygen defects for the vanadium redox reactions. 
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Figure 35. a) Schematic of the E-GnP electrocatalyst synthesis process. SEM image of b) pristine 

graphite, c) rGO, and d) E-GnP samples with low magnification images. e-g) XPS analysis of the 

pristine graphite, rGO, and E-GnP samples, and their high resolution spectra of C1s and O1s peaks. 
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Figure 36 High-resolution XPS analysis of C1s and O1s peaks. a) C1s and b) O1s peaks of the rGO 

sample. c) C1s and d) O1s peaks of the E-GnP sample. 
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To further understand the location of defects within the prepared samples, we carried out high-

resolution transmission electron microscopy (HR-TEM) analysis. These images show the nanostructure 

of the edge and basal plane of the rGO and E-GnP electrocatalysts (Figure 37). HR-TEM image of each 

graphene-based sample was divided into two sections that were the edge and basal sites in order to 

investigate the crystallinity. A typical wrinkled sheet structure was observed in the rGO, which was 

ascribed to the functionalization and structural defect of graphene at the basal plane (Figure 37a).145 As 

shown in the edge sites of Figure 37b, the defective structure was observed, indicating an amorphous 

morphology in fourier transform (FFT) image (inset). The basal plane of the rGO catalyst also exhibited 

a similar defective structure with a low crystallinity (Figure 37c). On the other hand, the E-GnP 

nanoparticle shows a platelet structure with stacked aggregates due to strong van der Waals interaction 

related to the defect-free basal planes (Figure 37d).139 The selectively-functionalized edge defect can be 

successfully observed in the E-GnP sample (Figure37e) with an amorphous structure detected in the 

FFT image. Importantly, the site B of Figure 37f presents the well-ordered graphitic structure with a 

honeycomb lattice in the basal plane.146 Furthermore, the FFT pattern of the basal plane is much stronger 

than the edge sites, demonstrating a high crystallinity with six-fold pattern. Raman analysis also showed 

that the ratio of D-band and G-band (ID/IG) of the E-GnP (1.01) is lower than that of the rGO (1.13) 

(Figure 38). This is well consistent with above TEM analysis due to defect-free basal plane of the E-

GnP catalyst. Such result indicates that the E-GnP is directly exfoliated from pristine graphite with a 

minimal distortion on the basal plane.146 The well-protected basal plane and selectively-functionalized 

edge defects are considered to facilitate an electron transfer with a high conductivity and 

adsorption/desorption of vanadium ions on oxygen moieties at the edge sites. 
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Figure 37. HR-TEM image of a) the rGO catalyst with its high magnification image from yellow square 

area of b) site A and c) site B, respectively, and d) the E-GnP catalyst with its magnified images from 

yellow rectangles of e) site A and f) site B, respectively. Every magnified images show their fast fourier 

transform (FFT) image with inset figures.  

 

 

Figure 38. Raman spectroscopy of the pristine graphite, rGO, and E-GnP samples.  
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Cyclic voltammogram recorded with the untreated, rGO, and E-GnP coated carbon felt (CF) in 

vanadium electrolyte are presented in Figure 39, which are measured in three electrode cell system. 

The test cell was equipped with Ag/AgCl reference, Pt wire counter, and catalyst coated CF working 

electrodes. Typical CVs for V2+/V3+ ions are shown in Figure 39a where a pronounced redox peak was 

observed after the catalyst ink coating on the CF electrode. Remarkably, the redox peak current density 

of the E-GnP catalyst is higher than that recorded with the RGO catalyst. The positive electrode reaction 

is associated with a rearrangement of the coordination structures of the VO2+/VO2
+ ions, so that it 

generally limits the extensive application of the VRFBs.91 The CVs for VO2+/VO2
+ redox couples show 

a similar trend to the negative redox reactions, indicating the best performance in the E-GnP catalyst 

(Figure 39b). On the bases of redox peak current density, peak potential separation, and ratio of redox 

peak current density, the electrochemical activity can be evaluated as shown in Figure 39c.115 The ratio 

of the anodic and cathodic current density (Ipc/Ipa) is ca. 0.4 in the untreated CF electrode, implying an 

irreversible vanadium redox reaction. The Ipc/Ipa ratio is substantially increased to ca. 0.7 in the rGO 

and ca. 0.9 in the E-GnP coated CF electrode, respectively. More importantly, the peak potential 

separation value (ΔE = Vpa − Vpc) associated with a reversibility was significantly decreased to 144 mV 

in the E-GnP coated CF electrode compared with that of the rGO one (269 mV). In comparison with 

the rGO and E-GnP catalyst, an enhanced catalytic activity of the E-GnP towards vanadium redox 

couples can be contributed to the defect-free basal plane for fast electron transfer and abundant edge 

oxygen functional groups. 

Mass transport property for vanadium redox reaction on each electrode is assessed by varying a scan 

rate from 1 to 10 mV in CV test (Figure 40). The Ipc/Ipa value versus scan rate was also obtained at each 

cycle in order to check the reversibility, as shown in inset images. As presented in Figure 40a, an 

unstable vanadium redox reaction was observed with a poor reversibility. In the rGO coated CF 

electrode, a relatively stable increase of redox current density was observed as increasing the scan rate 

(Figure 40b). The E-GnP coated CF electrode showed markedly higher catalytic activity with a 

proportional increase of redox current density where Ipc/Ipa value is close to ~1 (Figure 40c). This implies 

that a stable vanadium redox reaction occurs on the E-GnP coated CF electrode. We estimate the mass 

transfer rate on the electrode by plotting each CV graph from the Randles-Sevcik equation (Figure 

40d).112 The slope of the E-GNP catalyst was increased to 49% than that of untreated electrode, 

suggesting that an increased electrochemical surface area improved the mass transfer properties. 

Significantly, we found that the slope of the E-GnP catalyst is 36% higher than that of the rGO one, 

which implies that the edge-selectively functionalized structure is more favorable for the vanadium ions 

transport. 
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Figure 39. Cyclic voltammograms with untreated CF, rGO, and E-GnP coated CF electrode, showing 

a) V2+/V3+ and b) VO2+/VO2
+ redox reactions in 0.1 M negative and positive electrolyte at a scan rate 

of 5 mV s−1. c) The reduction and oxidation peak current density of each sample on positive vanadium 

redox reactions with their peak potential separation values (ΔE) associated with a polarization of 

electrode materials. 
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Figure 40. Cyclic voltammetry curves of a) untreated, b) rGO, and c) E-GnP catalyst at different scan 

rates ranged from 1 to 10 mV. Each inset image represents the ratio of anodic and cathodic peak current 

density values (Ipc/Ipa). d) plot of the redox peak current density versus the square root of scan rate for 

VO2+/VO2
+ redox reactions. 
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The cycling performance of the prepared catalyst was evaluated using a single flow cell system. The 

cell was identically assembled by stacking a proton exchange membrane, copper current collector, and 

graphite-based bipolar plate that protects a direct contact between electrolyte and current collector. 

Other affecting factors such as electrolyte concentration, flow rate, temperature, and membrane are 

fixed under same conditions (see Experimental section). Specific capacity values were calculated based 

on the total volume of electrolyte. The charge/discharge profile from 0.8 to 1.65 V is displayed in Figure 

41a. The discharge capacity of the E-GnP catalyst is increased to 35% after catalyst coating on CF 

electrode, which is 19% higher than that of the rGO sample. Moreover, this catalyst exhibited improved 

charge/discharge overpotentials due to the lowered electrochemical polarization.54 The voltage 

efficiency (VE) that is a ratio of charge/discharge voltage at various current densities is the highest in 

the E-GnP catalyst with 89.4% at 50 mA cm−2 (Figure 41b). This indicates an improved electron transfer 

property because of lowered overpotentials. In contrast, the VE value of the rGO catalyst is 80.4% at 

the same current density, which implies that the location of oxygen defect can affect a catalytic activity 

toward vanadium ions. In other words, the increase of VE value in the E-GnP catalyst can be ascribed 

to an enhanced electron conductivity on the defect-free basal plane. Coulombic efficiency (CE) is over 

97% at all samples, which is little influenced by catalyst effects. 

Figure 41c presents the energy efficiency that obtained from the VE and CE value (EE = VE × CE) 

during charge/discharge test. The flow cell based on the E-GnP catalyst shows that an improved EE 

value over 15% compared to the untreated CF, which is 5% higher than the rGO catslyst coated CF 

electrode at a current rate of 50 mA cm−2. More importantly, the rate capability at 150 mAcm−2 is the 

best in the E-GnP catalyst, while other samples show poor performance with a low EE value. The 

capacity retention was found to be stable at the E-GnP sample, showing 94% retention at 75 mA cm−2 

(Figure 41d) As increasing the current density, there was no capacity retention in the rGO catalyst at 

over 150 mA cm−2, but the E-GnP retained substantially improved charge/discharge capacity caused by 

enhanced catalytic activity. When abruptly changing the current rate from 150 to 50 mA cm−2, the 

original capacity of the E-GnP catalyst was almost recovered, presenting stable cycling performance 

during 50 cycles. This result suggests that the improved robustness of catalyst on the CF electrode and 

promising candidate for long-term cycles. 
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Figure 41. Electrochemical cycling performance of the untreated CF, rGO, E-GnP coated CF electrode. 

a) Charge/discharge voltage profiles at the current density of 50 mA cm−2. b) Coulombic and voltage 

efficiency at different current densities ranged from 50 to 150 mA cm−2. Rate capability tests show c) 

Energy efficiency and d) capacity retention profiles of each electrode cycled at various current densities. 
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The enhancement of the vanadium redox reactions can be ascribed to the unique structure of the edge-

selectively functionalized graphene materials with defect-free basal plane. The catalytic mechanism 

towards vanadium redox couples on the E-GnP catalyst is proposed as presented in Figure 42. Previous 

study reports that the oxygen functional groups can facilitate the vanadium redox reactions because this 

reaction involves the transport of oxygen atom.114 According to our results, the catalytic activity is 

affected not only by the oxygen content and functional groups but also by the location of this group. 

The oxygen content of the rGO is 12.8% (Table 2), but it showed a poor catalytic activity as confirmed 

by electrochemical tests.  

Although the E-GnP catalyst showed lower oxygen content (7.1%) than the rGO sample, this catalyst 

had a better catalytic activity towards vanadium redox couples owing to well-defined edge defect and 

clean basal plane on graphene nanoplatelets. Also, the effect of the oxygen content was investigated by 

using the E-GnP samples prepared by different ball-milling times, resulting in the catalytic activity was 

not proportional to the oxygen content. This phenomenon indicated that total amount of oxygen atom 

in graphene-based material did not play an important role in the vanadium redox reactions. Furthermore, 

it is well known that graphene generally has extremely high electrical conductivity, but it easily 

degraded by the increase of impurities such as heteroatom defect on the edge or basal plane. As for the 

rGO catalyst, the increased defect was observed by Raman and TEM experiments, which may be cause 

a poor electrochemical property. As displayed in Figure 42, the vanadium ions are adsorbed on a 

hydrophilic carboxyl group at the edge, and subsequently changing their electron states. By gaining or 

losing electron, the vanadium ions effectively diffuse into electrolyte solutions. At these redox reactions, 

the electron transfer kinetic is improved by a well-preserved basal plane in graphene with a high 

crystalline structure. More significantly, the selectively-functionalized edge structure is more 

advantageous to adsorb and desorb the vanadium redox couples, which can promote the mass transfer 

rate on the electrocatalyst. 
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Figure 42. The catalytic mechanism of vanadium redox reaction on the edge functionalized oxygen-

rich graphene nanoplatelets (E-GnP), presenting a) the V2+/V3+ and b) VO2+/VO2
+ redox reactions. 

 

 

Table 2. The atomic content of carbon and oxygen atom from XPS experiment. The E-GnP sample 

was fabricated by a different ball-milling time from 12 to 48 h. 

 

 

 

 

 

 

 

 

Sample Carbon (at%) Oxygen (at%) 

Graphite 97.54 2.4 

E-GnP (12h) 94.12 5.8 

E-GnP (24h) 92.92 7.1 

E-GnP (48h) 87.49 12.5 

rGO 87.11 12.8 
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4.4 Summary 

The graphene-based materials are a promising for application of a vanadium redox electrocatalyst, 

but an intensive understanding of the interaction between the location of oxygen defect and catalytic 

activity is needed. In this study, we fabricated the edge functionalized graphene nanoplatelet with 

crystalline basal plane (E-GnP) under a ball-mill process in the presence of dry ice. This E-GnP catalyst 

found to present superior vanadium redox catalytic properties to catalyst produced by a modified 

Hummers' method containing the defect at the edge and basal plane. Most importantly, the 

electrocatalytic activity towards vanadium redox couples is highly dependent on the location defect. 

The oxygen functionality at the edge with defect-free basal plane of graphene can greatly increase the 

redox peak current density, and charge/discharge cycle performance. 
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Chapter 5 

 

Catalytic activity of halogen-doped graphene-based catalysts for VRFBs 

 
 

 
 

 

The catalytic activity of V2+/V3+ and VO2+/VO2
+ redox couples on the halogen-doped graphene 

nanoplatelets (F-, Cl-, and Br-GNPs) is studied by ball-milling graphite flakes with fluorine (F2), 

chlorine (Cl2), and bromine (Br2) molecules, respectively. Using the edge-selectively halogenated 

graphene materials with different edge exfoliation degrees, the vanadium redox reactions can be 

significantly facilitated by having abundant edge defects with large surface area in the order: Br-GNP 

> Cl-GNP > F-GNP. The influence of halogen functionalization on graphene nanoplatelets towards 

vanadium redox couples is further confirmed by stack-type vanadium redox flow batteries that 

demonstrates better cell performance than graphene nanoplatelets without dopant at the edges. Notably, 

the Br-GNP showed unique electrochemical performance of increased initial charge/discharge capacity 

and improved rate capability, respectively. It was found that halogen doping on graphene-based 

materials can promote vanadium redox reactions by creating effective active sites, and the 

electrocatalytic activity is dependent on edge exfoliation degree and well-preserved basal planes. 

 

This chapter has been published. 

Reproduced with permission from Park M., Jeon I.-Y., Ryu J., Jang H., Back J.-B., Cho J. Edge-

halogenated graphene nanoplatelets with F, Cl, or Br as electrocatalysts for all-vanadium redox flow 

batteries. Nano Energy, 26, 233-240 (2016). Copyright 2016. Elsevier 

 

The samples were provided from Prof. Baek. 
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5.1 Introduction 

Heteroatom doping on the carbon-based materials can promote catalytic activity towards vanadium 

redox couples by controlling effective surface active sites and electron affinity of carbon materials.31, 

147 Various heteroatom doped materials have already been reported in the fields of oxygen reduction 

(ORR) and hydrogen evolution (HER) catalysts.148-151 Halogen elements such as fluorine (F), chlorine 

(Cl), and bromine (Br) are belong to group 17 in the periodic table. They show trends in larger atomic 

size from top to bottom of the periodic table. In contrast, the electronegativity follows trend in having 

the highest value in fluorine atom. In the field of energy conversion and storage, various halogen-doped 

carbon-based materials have been reported, showing improvement of electrochemical performance.142, 

152-154 However, the effect of these types of halogen-doped carbon nanomaterials on vanadium redox 

reactions in the VRFB system has not been studied. 

In this work, the catalytic activity of vanadium redox couples on the halogen-doped graphene 

nanoplatelets was studied for the first time. The main objective of this study is to understand redox 

activities between the degree of edge exfoliation of graphene derivatives by halogens and vanadium 

redox reactions. We prepared edge-selectively halogenated graphene nanoplatelets (F-, Cl-, and Br-

GNPs) by ball-milling flake-type graphite in the presence of fluorine (F2), chlorine (Cl2), or bromine 

(Br2) molecules, respectively. In half-cell tests, the Br-GNP showed the best catalytic activity with 

highest peak current density and improved reversibility. When applied to flow cells, the Br-GNP also 

showed the improved charge and discharge capacity due to large specific surface area. Interestingly, in 

a long-term cycling test, the Br-GNP showed better stability in concentrated-acidic electrolyte than 

other samples.  
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5.2 Experimental detail 

Synthesis of X-GNPs (X = F, Cl, or Br) 

Edge halogenated graphene nanoplatelet (X-GNPs) was fabricated by ball-milling graphite flake in the 

presence of halogen elements, followed by a previous literature. Briefly, pristine graphite (5.0 g) was 

placed with diluted fluorine (F2), chlorine (Cl2), or bromine (Br2) in a stainless steel container with 

stainless steel balls (500 g, diameter 5 mm). The steel container was sealed and degassed after reducing 

pressure (0.05 mmHg) to remove air and then fixed in a planetary ball-mill machine and agitated at 500 

rpm for 48 h. The prepared samples were Soxhlet extracted with acetone to remove unreactive materials 

and washed with 1 M HCl solution to remove metallic impurities. Finally, a dark black powders of F-

GNP, Cl-GNP, or Br-GNP were obtained by freeze-drying them at −120 °C for 48 h. The H-GNP as 

control sample was synthesized in the presence of H2 gas by same process. 

Electrochemical measurements 

The prepared catalysts were coated on the carbon felt and drying at 60 °C, respectively. Briefly, the 

catalyst ink was prepared by dissolving 20 mg of catalyst particles in the mixture of 100 μl of 5 wt% 

Nafion and 900 μl of ethanol by ultrasonically blending for 20 min. The 5 mg cm−2 of catalyst ink was 

coated onto a carbon felt, and then dried at 60 °C for 12 h. CVs were obtained using a three-electrode 

cell system. A working electrode with a diameter of 6 mm carbon felt was equipped with a platinum 

wire and Ag/AgCl reference electrode in 0.1 M V2+ and V4+ electrolytes dissolved in 3 M H2SO4 solution 

for negative and positive half-cell test, respectively. For a flow cell test, 3 mm of carbon felt electrode 

with an active area of 5 cm2 were used as the positive and negative electrode, respectively. The positive 

and negative electrolytes were prepared by electrolysis of 2 M VOSO4 in 3 M H2SO4 solution, and each 

20 mL positive and negative electrolytes was used at charge/discharge test, respectively. Carbon felt 

electrode was compressed from 3 mm to 2 mm thickness. Nafion117 membrane (thickness of 183 μm), 

graphite-based bipolar plate, copper current collectors were stacked. The flow cell was charged and 

discharged under the operating potential range of 1.65 to 0.8 V with a flow rate of 50 mL min−1. Other 

affecting factors such as electrolyte concentration, flow rate, temperature, and membrane were fixed 

under same conditions. 
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5.3 Results and discussion 

Figure 43 showed the schematic diagram for fabrication process of edge-selectively halogenated 

graphene nanoplatets (X-GNP, X = F, Cl, or Br) from graphite flakes. The graphite flakes with a size of 

ca. 150 μm were crushed by ball-mill method in the presence of halogens such as F2, Cl2, and Br2 

molecules to fabricate the F-GNP, Cl-GNP, and Br-GNP, respectively. Halogen elements were reacted 

with activated carbon species on the graphite edges that were generated by sufficient kinetic energy.152 

As schematically presented in Figure 43a, each halogen has its own size, and bromine dopant has lager 

atomic size than other halogens, which can impact on the degree of exfoliation of graphitic layers. 

Elemental analysis by energy dispersive X-ray spectroscopy (EDXS) show successful doping of each 

halogen (Figure 43b). The elemental content of halogens on the F-GNP, Cl-GNP, and Br-GNP from 

SEM EDXS was 2.62%, 1.08%, and 1.74% (Table 3). As shown in magnified scanning electron 

microscopy (SEM) images, each sample exhibited similar particle size (<1 μm) and morphology, 

resulting in significant size reduction. As a control sample, hydrogen-doped graphene nanoplatelet (H-

GNP) was used, indicating the sample without halogenation, which also showed similar shape of X-

GNPs (Figure 44). 

To analyze nanostructure of each sample, transmission electron microscopy (TEM) analysis was 

carried out. Edge-selectively functionalized graphene nanoplatelets could be prepared via ball-milling 

of graphite. According to this process, we can obtain the unique morphologies of well-preserved 

graphitic basal plane with defect-rich edge sites.142 As shown in Figure 45, all samples have abundant 

defects at the edges due to halogenation of graphene nanoplatelets. This defective structure of the X-

GNPs can be advantageous to adsorption and desorption of vanadium redox couples. Simultaneously, 

it was observed that all samples have well-ordered graphitic basal planes, which can improve electrical 

conductivity for vanadium redox reactions (Figure 45a−c). Although the X-GNPs showed similar 

nanostructure, the presence of F, Cl, and Br with oxygen element that act as a main redox active site in 

each sample was obviously verified by elemental mapping. We also carried out Raman analysis to 

confirm difference of defect structures of the X-GNPs (Figure 46). Interestingly, the ratio of D band 

was increased as increasing the dopant atomic size from fluorine to bromine elements. This result was 

also consistent with BET surface area (Table 4), implying that defect ratio and specific surface area 

value were proportional to the size of halogens. This defect-rich environment and high specific surface 

area could be helpful for the vanadium redox reactions. 
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Figure 43. a) The synthetic pathway of halogen-doped graphene nanoplatelets, showing SEM image of 

pristine graphite flakes with a diameter of ca. 150 μm and edge-selectively halogenated graphene 

nanoplatets (X-GNP, X = F, Cl, or Br). b) SEM images with elemental mapping of the F, Cl, and Br-

GNP samples, showing doped halogens with similar particle size of ca. 1 μm. 

 

 

Table 3. EDXS data of the F-GNP, Cl-GNP, and Br-GNP samples. 

Element F-GNP [at%] Cl-GNP [at%] Br-GNP [at%] 

C 91.63 92.40 90.58 

O 5.75 6.52 7.68 

F 2.62 - - 

Cl - 1.08 - 

Br - - 1.74 
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Figure 44. SEM images of a) the H-GNP sample and b) its magnified image, showing graphene 

nanoplatelet with a diameter of <1 μm.  
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Figure 45. HR-TEM images of the a) F-GNP, b) Cl-GNP, and c) Br-GNP along with their elemental 

mapping of carbon, oxygen, and halogens, respectively. Every magnified image from yellow box shows 

defective edge sites (white arrow). 

 

Table 4. BET surface area of the F-GNP, Cl-GNP, and Br-GNP samples. 

Sample F-GNP Cl-GNP Br-GNP 

BET surface area [m2 g−1] 135 550 595 
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Figure 46. Raman analysis of the pristine graphite, H-GNP, and X-GNPs (X = F, Cl, or Br) samples, 

showing D and G band. 
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To further analyze the surface chemical composition of the X-GNP (X = F, Cl, or Br) samples, X-ray 

photoelectron spectroscopy (XPS) was employed, in which all spectra were calibrated to C1s peak 

centered at 284.2 eV. XPS spectra of all samples shows two distinct peaks of C 1s and O 1s (Figure 

47a). The H-GNP sample only shows carbon and oxygen peaks where the contents of C and O atoms 

were 85.5 at% and 14.0 at%. As shown in Figure 47b, high-resolution C1s spectra could be assigned to 

C=C (284.2 eV), C-O (285.9 eV), and C=O (288.5 eV). O 1s peaks of the X-GNPs also showed 

abundant oxygen functionalities that originated from air moisture (Figure 47c). The amount of oxygen 

moieties of the F-GNP, Cl-GNP, and Br-GNP was obtained to 9.31 at%, 10.03 at%, and 9.90 at%, 

respectively. After halogenation of graphene nanoplatelets, apparent change of surface chemistry was 

observed in all X-GNP samples. Atomic contents of halogens on the X-GNPs were presented in Table 

5. The F-GNP sample showed C-F bonding at 687.2eV and content of fluorine on surface was 2.68 at% 

(Figure 47d). Cl 2p peak that indicating carbon with Cl bonding (4.53 at%) could be assigned to Cl 2p1/2 

and Cl 2p3/2 (Figure 47e). Compared with F 1s and Cl 2p spectra, Br 3d peaks can be divided to covalent 

(C-Br) and ionic bonds (C-Br+-C), as shown in Figure 47f. The content of Br element on the surface 

was 1.98 at%. These ionic bonds between halogens and carbon of Br-GNP could improve 

electrocatalytic activity.152  

 

 

 

 

 

 

 

 

 

 

 

 

 



86 

 

 

Figure 47. a) XPS survey scan and b) C 1s and c) O 1s spectra of the H-GNP and X-GNP (X = F, Cl, 

or Br) samples. High-resolution d) F 1s spectra of the F-GNP sample, e) Cl 2p spectra of the Cl-GNP 

sample, and f) Br 3d spectra of the Br-GNP sample. 

 

Table 5. XPS data of the F-GNP, Cl-GNP, and Br-GNP samples. 

Element  H-GNP [at%] F-GNP [at%] Cl-GNP [at%] Br-GNP [at%] 

C 85.53 87.9 85.09 88.11 

O 14.01 9.31 10.03 9.90 

F - 2.68 - - 

Cl - - 4.53 - 

Br  - - 1.98 
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To examine the effect of halogen atoms and different edge expansion degree on the X-GNPs (X = F, 

Cl, or Br) for vanadium redox reactions, cyclic voltammetry (CV) tests were carried out using three-

electrode system. The half-cell consists of Pt-wire, Ag/AgCl, and catalyst-coated carbon felt (CF) as a 

counter electrode, reference, working electrode, respectively, in 0.1 M of negative and positive 

electrolytes at a scan rate of 5 mV s−1. The pristine CF showed poor electrochemical performance with 

high peak potential separation values in both V2+/V3+ and VO2+/VO2
+ half-cells (Figures 48a and b). 

The X-GNP samples exhibited significantly improved redox onset potential and current densities in 

comparison to the pristine CF. Onset potentials in oxidation and reduction reactions (V2+/V3+) in 

negative half-cell test were similar to those in the Cl- and Br-GNP samples. However, in positive half-

cell test, the Br-GNP sample was found to have higher electrocatalytic activity towards vanadium redox 

couples than the Cl-GNP sample (Figure 48b). This result suggested that halogen functional groups 

could have more influence on the positive half-cell reaction (VO2+/VO2
+) than the negative half-cell 

reactions (V2+/V3+). As shown in CV test, the redox current densities of the X-GNPs in positive half-

cells were obtained in the order: Br-GNP > Cl-GNP > F-GNP. As for the VO2+/VO2
+ redox reactions on 

the Br-GNP, the reduction peak current density was increased to −42.9 mA cm−2 from −23.0 mA cm−2 

compared to the pristine CF, and the reversibility of VO2+/VO2
+ ions was highly improved.  

Additionally, we increased the scan rate of CVs from 1 to 10 mV s−1 to estimate the mass transfer 

property on X-GNP samples (Figure 48c). When increasing the scan rate, redox current densities of all 

samples were gradually increased. Although the redox current density of the Cl- and Br GNP was similar 

at low scan rate, the difference became more obvious at a high scan rate over 7 mV s−1
. The current 

densities from CVs were plotted by using the Randle-Sevcik equation.155 The slopes of each sample 

were compared in Figure 49, which were increased from the F-GNP to Br-GNP samples. The slope of 

the Br-GNP showed 28% and 31% higher values than that of the F-GNP in oxidation and reduction 

reactions, respectively. Considering this trend on electrochemical active site of the X-GNPs, the mass 

transport property was proportional to the increase of specific surface area. It was also reported that the 

edge-selectively halogenated graphene nanoplatelets have different degree of edge delamination by 

increase of halogen element size.152, 154 As illustrated in Figure 48d, we proposed that the increased 

degree of edge exfoliation by larger halogen element could promote vanadium redox reactions. Thus, 

this abundant active site introduced by halogen functionalization could improve the adsorption and 

desorption of vanadium redox ions on the edge defects. 
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Figure 48. Cyclic voltammograms with the pristine carbon felt (CF), X-GNP (X = F, Cl, or Br) coated 

CF electrodes, showing a) V2+/V3+ and b) VO2+/VO2
+ half-cell reactions (0.1 M V2+ and V4+ electrolytes 

dissolved in 3 M H2SO4 solution). c) Cyclic voltammetry curves of the F-GNP, Cl-GNP, and Br-GNP 

catalyst at different scan rates ranged from 1 to 10 mV s−1. d) The proposed electrocatalytic mechanism 

of vanadium redox couples on the X-GNPs with the different degree of edge exfoliations. 

 

0.2 0.4 0.6 0.8 1.0 1.2 1.4

-40
-20

0
20
40
60
80

-1.2 -0.9 -0.6 -0.3 0.0 0.3
-450

-300

-150

0

150

300
 Pristine CF
 F-GNP
 Cl-GNP
 Br-GNP

V5+

 

 

Cu
rre

nt
 d

en
sit

y 
(m

A 
cm

−2
)

Potential (V vs Ag/AgCl)

V4+

V4+ V5+ Pristine CF
 F-GNP
 Cl-GNP
 Br-GnP  

 
Cu

rre
nt

 d
en

sit
y 

(m
A 

cm
−2

)

Potential (V vs Ag/AgCl)

V3+V2+

V3+V2+

c 

d 

F-GNP Cl-GNP Br-GNP 
V

5+ 

V
4+ 

V
3+ 

V
2+ 

a b 

0.3 0.6 0.9 1.2 1.5
-60

-30

0

30

60

90

120

0.3 0.6 0.9 1.2 1.5 0.3 0.6 0.9 1.2 1.5

 1 mV  2 mV  3 mV 
 5 mV  7 mV  10 mV

 

 

Cu
rre

nt
 d

en
sit

y 
(m

A 
cm

−2
)

Potential (V vs Ag/AgCl)

F-GnP

 

 

Potential (V vs Ag/AgCl)

Cl-GNP

 

 

Potential (V vs Ag/AgCl)

Br-GNP



89 

 

1.0 1.5 2.0 2.5 3.0 3.5
-60

-30

0

30

60

90

Reduction

 

 

Cu
rre

nt
 d

en
sit

y 
(m

A 
cm

− 2
)

v1/2((V s−1)1/2)  

 F-GNP
 Cl-GNP
 Br-GNP

Oxidation

 

Figure 49. Plot of oxidation and reduction peak current densities versus square root of scan rates for 

the positive vanadium redox reaction of the F-GNP, Cl-GNP, and Br-GNP catalyst. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



90 

 

To demonstrate the practical application of the X-GNP (X = F, Cl, or Br) catalysts in the VRFBs, 

electrochemical charge and discharge measurements were carried out via stack-type flow cell system. 

This cell was assembled by stacking catalyst-coated carbon felt electrodes, copper current collectors 

with graphite bipolar plate, and a proton exchange membrane.29, 156 Other specifications for flow cell 

conditions were noted at Method section. To maximize the catalytic effect towards vanadium redox 

reactions, we used the carbon felt having low electrochemical performance than other previously 

reported one.54, 55 As shown in Figure 50a, the pristine carbon felt shows poor electrochemical 

performance such as low initial discharge capacity under 10 Ah L−1. In comparison to the H-GNP as 

control sample that has no heteroatom functionalization, the X-GNP samples showed noticeable 

increase in charge/discharge capacity. Initial discharge capacity of the Br-GNP was 17.1 Ah L−1 at a 

current density of 50 mA cm−2. This increased capacity can be ascribed to the increase of redox active 

sites by edge halogenation.  

The rate capability test of the X-GNP samples was performed as increasing current densities from 50 

to 150 mA cm−2. As shown in Figure 51, the pristine CF and H-GNP demonstrated poor rate capability, 

showing low capacity retention at high current rates because of low catalytic activity toward vanadium 

redox couples. However, with increasing current densities, the Br-GNP showed higher electrochemical 

performance than the F-GNP and Cl-GNP, led to an improved capacity retention at a current density of 

150 mA cm−2 (Figure 50b). In addition, when abruptly converting the current density from 150 to 50 

mA cm−2, the initial capacity was recovered in the Br-GNP sample, and showed stable cycle 

performance for 50 cycles. The volumetric energy density (derived from total electrolyte volume of 40 

mL) of the Br-GNP also showed the highest at all stages compared to other samples, showing about 24 

Wh L−1 and 16 Wh L−1 at a current density of 50 mA cm−2 and 10 mA cm−2, respectively (Figure 50c). 

These rate tests suggested that the electrical conductivity of the Br-GNP at high current densities was 

much better than that of the F-GNP and Cl-GNP. Thus, the Br-GNP greatly promoted the vanadium 

redox reactions at high charge/discharge current densities, presumably by reducing cell polarization. In 

addition, electrochemical impedance spectroscopy (EIS) measurement was well consistent with the 

trend of rate test, showing the lowest charge transfer resistance in the Br-GNP due to better charge 

transfer properties than other samples (Figure 52). Accordingly, it was inferred that a large degree of 

edge exfoliation by bromine functionalities may seem like an advantage to adsorption and desorption 

of vanadium ions, leading to decrease of cell overpotentials in the concentrated-acidic electrolytes.  

Energy efficiency (EE) value, a product of coulombic efficiency and voltage efficiency (CE × VE), 

is considered as an important parameter to evaluate the battery performance in large-scale energy 

storage system. As presented in Figure 50d, the pristine CF exhibited low EE value of 66% at 50 mA 

cm−2, and the H-GNP has little influence on the enhancement of EE value. After coating the X-GNP 

catalysts on CF electrode, all EE values were approached to >80% due to catalytic effect of halogen 
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doping on grapheme nanoplatelets. Notably, the Br-GNP showed substantially improved cell 

performance, showing the EE, VE, and CE values of ca. 86.8, 89.5, and 97.0% at 50 mA cm−2, 

respectively. On the basis of the experimental results, the Br-GNP was proved to be effective 

electrocatalyst in the VRFB system. 

 

 

 

Figure 50. Electrochemical performance of VRFBs equipped with the pristine CF, H-GNP, and X-GNP 

(X = F, Cl, or Br) coated CF electrodes. The positive and negative electrolytes were prepared by 

dissolving 2 M VOSO4 in 3 M H2SO4 solution, followed by electrolysis. a) Charge-discharge voltage 

profiles at 50 mA cm−2. Rate capability test showing b) capacity retention and c) volumetric energy 

density values at different current densities from 50 to 150 mA cm−2. d) Energy, voltage, and coulombic 

efficiencies at 50 mA cm−2.  
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Figure 51. Capacity retention of the pristine CF and H-GNP sample for 50 cycles at various current 

densities. 

 

 

Figure 52. Nyquist plot showing electrochemical impedance spectroscopy (EIS) data for the X-GNP 

(X = F, Cl, or Br) samples in 0.1 M VOSO4 dissolved in 3 M H2SO4 solution. 
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5.4 Summary 

In summary, we firstly examine the electrocatalytic activity towards V2+/V3+ and VO2+/VO2
+ redox 

couples on edge-selectively halogenated graphene nanoplatelets, X-GNPs (X = F, Cl, or Br). As for the 

surface chemical composition of X-GNPs, the content of oxygen containing groups known as main 

active sites for vanadium redox ions were similar to all samples (ca. 9 – 10 at.%), as shown in XPS 

results. However, it was proved that different halogen functionality at the graphene edges can affect the 

vanadium redox reactions, showing the increased catalytic activity in the Br-GNP samples due to the 

ionic bond of C-Br+-C. More importantly, in terms of edge exfoliation degrees in the X-GNPs samples, 

we show that vanadium redox reactions can be significantly improved by having more edge defects 

with large surface area. These phenomena are further supported by similar results from oxygen 

reduction reaction.142 The influence of halogen functionalization at the edges on graphene nanoplatelets 

is further confirmed by stack-type flow cell tests that demonstrate much higher cell performance when 

using the Br-GNP catalysts compared to the pristine CF. We found that halogen doping on graphene-

based materials can significantly promote vanadium redox reactions by creating effective active sites, 

and the electrocatalytic activity is substantially dependent on an edge exfoliation degree. These results 

suggest a new insight into the heteroatom doping for highly efficient VRFB electrocatalysts. 
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Chapter 6 

 

Organic redox couples for lithium-based flow batteries 

 

 
 

Organic compounds are promising candidates as the redox-active species in energy storage systems 

for green and renewable energy applications. Here, we report molecular structure-dependent 

electrochemical properties of organic liquid catholytes by utilizing fused cyclic quinone derivatives. A 

combined experimental and theoretical approach reveals that modulation of molecular structures and 

their corresponding electronic properties can affect the electrochemical lithiation behaviors of redox-

active constitutional isomers. Reversible redox reactions of the quinone based catholytes allow high 

power density (~367 Wh kg−1) and stable electrochemical performances even at 60°C up to 100 cycles 

(>93.5%). Moreover, prototype flexible and flowable rechargeable lithium batteries are constructed 

exhibiting excellent electrochemical performances under the repeated mechanical bending and 

stretching. The design of flexible tube-type lithium batteries with organic catholytes can aid in the 

development of effective energy-storage systems. 

 

This chapter has been published. 

Reproduced with permission from Park M., Shin D. S., Ryu J., Choi M., Park N., Hong S. Y., et al. 

Organic-Catholyte-Containing Flexible Rechargeable Lithium Batteries. Adv Mater, 27, 5141-5146 

(2015). Copyright 2015. Wiley-VCH 

 

Shin D.S. carried out the TGA and NMR analysis; 

Choi M. performed the DFT calculation. 
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6.1 Introduction 

Clean, renewable, and sustainable energy storage systems have been extensively investigated to meet 

the demands of modern society177, 178. Among various redox-active organic electrode materials, such as 

organosulfur compounds, nitroxide radical bearing polymers, and conducting polymers, the carbonyl-

group containing molecules have been highlighted due to their superior electrochemical performances89, 

179. Quinone-based molecules are one of the promising candidates for lithium-based batteries because 

of their molecular structural diversity with relatively fast electron and ionic transfer kinetics89, 179-181. 

However, the dissolution issue places an obstacle for their practical applications, causing capacity 

fading over the cycles182-184.  

In contrast, the soluble redox-active organic molecules are highly required for the development of 

catholytes (dissolved-organic cathode materials in liquid electrolytes) in flow batteries. For instance, 

recent studies have shown that liquid catholytes could provide reliable capacities and high 

reversibility185-187, as demonstrated by a modified anthraquinone185, 2,5-di-tert-butyl-1,4-bis(2-

methoxyethoxy)benzene (DBBB)186, and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)187. Although 

extensive studies have focused on the highly soluble catholytes, to the best of our knowledge, the 

electrochemical properties affected by molecular structures in liquid catholytes has rarely been 

discussed. 

In this study, to investigate the structure-dependent electrochemical performance of redox active 

organic catholytes, we present novel redox-active catholyte molecules based on 5,12-

naphthacenequinone (NAQ) and 1,2-benzanthraquinone (BAQ). The newly discovered structural 

dependence of quinone isomers in liquid catholyte is greatly related to redox potentials, voltage plateaus, 

and electrochemical properties. More interestingly, the flexible rechargeable lithium batteries 

containing our organic catholyte have been successfully demonstrated stable electrochemical 

performances even under the severe bending/stretching deformations. 
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6.2 Experimental detail 

Preparation of organic liquid catholytes  

5, 12-naphthacenequinone (NAQ, >98%, Tokyo chemical industry) and 1,2-benzanthraquinone (BAQ, 

>95%, Tokyo chemical industry) were used as organic redox-active materials. 1.3 M lithium 

bis(trifluoromethane sulfonyl) imide (LiTFSI) in tetraethylene glycol dimethyl ether (TEGDME) 

electrolyte solution was supplied from Panax Starlyte. All samples were treated and prepared at argon 

filled globe box. After fine grinding, the organic powder was poured into 1.3 M LiTFSI in TEGDME 

electrolyte, followed by sonication for 1 h. We prepared 0.05 M of NAQ and BAQ catholytes for half-

cell test. In addition, more concentrated 0.5 M BAQ was prepared in order for injection in the tube-type 

cells. 

Design of flexible tube-type lithium batteries  

Lithium foil and copper mesh was stacked, and wound it to spiral shape. The twisted bundle of Li and 

Cu mesh was wrapped with PE separator. Continuously, this assembly was wound by carbon cloth (1071 

HCB, AvCarb) and aluminum mesh, followed by packaged using heat shrinkable rubber. Finally, 

catholytes were injected in the cell with a volume of 0.8 mL, followed by heating shrinkable tubes using 

heat gun. We fabricated our batteries with a size of 10 cm and 40 cm core assembly (including Cu 

mesh/Li foil/Separator/Carbon cloth/Al mesh), except negative and positive tap and sealing parts. Both 

ends of each cell were sealed up using glue gun, showing no leakage of liquid catholytes. As for the 

flowable cells, the tubes were connected at the end of flow cell (Figure 55). 

Electrochemical measurements of quinone constitutional isomers 

0.05 M of NAQ and BAQ were dissolved in electrolyte, which was used in 2016R type coin cell. The 

carbon paper with thickness of 280 μm (TGP-H-090, Toray) was used as positive electrode and 

microporous polyethylene (PE) was used as separator. Coin cells were assembled in an argon filled 

glove box using lithium metal as counter electrode. 50 μL of active materials was filled each coin cell. 

The voltage window was ranged from 1.8 to 2.7 V versus Li/Li+. As for the electrochemical test of 

flexible tube-type lithium batteries, the voltage window was ranged from 1.6 to 3.5 V with constant 

current of 3 mA and 5 mA. The value of current was divided by the area of carbon cloth electrode (1 

cm by 10 cm), resulting in 0.25 and 0.41 mA cm−2.  

DFT calculation  

The quantum chemical parameters were calculated using the density functional theory (DFT), as 

implemented in NWChem package. The exchange-correlation functional developed by the Perdew, 

Burke, and Ernzerhof (PBE) was used along with the correlation consistent cc-pVDZ basis set188, 189. 
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Characterization 

Scanning electron microscopy (SEM) images were obtained using a FE-SEM (S-4800, Hitachi) 

operating at 10 kV. Proton NMR (δH) spectra were recorded on an Agilent 400-MR DD2. Chemical 

shifts are indicated on the δ scale in ppm. A battery cycler (WBC3000, WonAtech) was used to evaluate 

the electrochemical properties. The electrochemical impedance spectrum (EIS) was measured on a 

single potentiostat (Ivium) by applying an alternating voltage of 5 mV over the frequency ranging from 

10−2 to 105 Hz. In-situ bending measurement was tested using a bending tester (INSTRON Co.) with 

speed of 10 and 50 mm min−1 and applied strain of 7.0 N during the cycling. 

 

 

 

Figure 55. (a) Photograph of the fabricated flexible tube-type lithium battery, where (b) tubes were 

inserted at the end of cells in order to circulate the organic catholyte.  
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6.3 Results and discussion 

Two quinone-based constitutional isomers of NAQ and BAQ as a redox-active organic catholyte 

molecules were selected, and they belong to the Wurster type redox system according to Hünig’s 

classification: the quinone core transforms to aromatic after two-electron transfer (Figure 56a and b)190. 

The electrochemical properties were evaluated using a half-cell with lithium foil as the counter electrode 

and carbon paper as the current collector of the positive electrode. The operating voltage ranged from 

1.8 to 2.7 V vs. Li/Li+. The cells contained 0.05 M of either NAQ or BAQ dissolved in an organic 

electrolyte. As shown in Figure 56c, the NAQ cell showed an initial discharge capacity of 172 mAh g−1 

at a current rate of 24 mA g−1 with plateaus close to 2.20 V. These voltage plateaus were ascribed to the 

reduction of the carbonyl moiety, leading to the formation of the dilithium aryloxide (C−O−Li) 

structure88. The BAQ cell showed an initial discharge capacity of 169 mAh g−1 under the same 

conditions as those of NAQ, and showed two distinct voltage plateaus at 2.24 and 2.43 V (Figure 56d). 

Both isomers showed specific capacities close to the theoretical capacity of 208 mAh g−1. The redox 

potentials were further characterized via dQ/dV analysis, as shown in the inset images of Figure 56. 

Unlike the NAQ, the BAQ showed two redox peaks suggesting that the changes in molecular symmetry 

are related with variations in HOMO/LUMO levels; thereby influence the electrochemical 

performances of quinone derivatives.  
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Figure 56. The two-electron electrochemical lithiation and delithiation of the (a) NAQ and (b) BAQ 

molecules. Voltage profiles of the (c) NAQ and (d) BAQ catholytes for 5 cycles at a current rate of 25 

mA g−1 with an inset showing the differential curves of the 1 to 3 cycles. All the specific capacities are 

calculated based on the mass of quinone derivatives. 
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In addition, the rate capability of the NAQ and BAQ catholytes was measured by increasing the 

current rate from 24 to 967 mA g−1 (Figure 57). Capacity losses of the samples were observed as the 

current density increased. Noticeably, capacity reversal behavior was detected at a current density of 97 

or 194 mA g−1, as shown in Figure 64a–b. Similar behaviors have been also observed in other organic 

cathode materials ascribed to chemical lithiation187, 191, 192. From the perspective of energy density, BAQ 

has a high energy density of ~367 Wh kg−1 at a current density of 24 mA g−1. As current density increases, 

the BAQ cell showed better electrochemical performance compared with the NAQ cell. The BAQ cell 

showed stable capacity retention over 50 cycles. This included a charge/discharge capacity of ~124 

mAh g−1 and coulombic efficiency of >99.5% at a current rate of 967 mA g−1 without discernable 

capacity loss (Figure 58).  

Capacity fading often occurs at high temperatures in lithium batteries because of the deformation or 

decomposition of the electrode materials; therefore, we tested the stability of the cells at high 

temperature193. Notably, both the NAQ and BAQ cells showed good thermal stability and no significant 

capacity loss during the charging/discharging process (Figure 64d). Especially, the BAQ cell presented 

better capacity retention (>93.5%) for 100 cycles (except the first cycle) even at an operating 

temperature of 60 °C. Thermogravimetric analysis (TGA) confirmed the thermal stabilities of the 

quinone derivatives where the decomposition temperatures were above 200°C (Figure 59). 

Electrochemical impedance spectroscopy (EIS) measurements were conducted to investigate the 

internal resistance of the cells with respect to the charge transfer process (as shown in Figure 60, where 

the semi-circle indicates the charge transfer resistance (Rct)). The smaller Rct value of the BAQ sample 

was measured than that of NAQ implying the favorable kinetics in the BAQ cell. 

To further investigate the stability of quinone derivatives, the NAQ and BAQ cells after 50 cycles 

were disassembled in an argon-filled glove box and then stored for 10 days. SEM was used to check 

any degradation of the carbon paper and formation of dendritic Li metal on the anode (Figure 61a). 

There was no indication of discernable damage to the surface of the carbon fibers; only the residue of 

the organic electrode materials was observed (Figure 61b–c). Notably, dendritic lithium formation was 

observed in the NAQ cell, whereas the surface of the lithium anode was clean in the BAQ cell (Figure 

62). This suggests that BAQ is more suitable for long-term cycling than NAQ. In addition, the stable 

cyclability of BAQ was confirmed by 1H NMR spectra, which showed no change in the chemical shifts, 

even after 50 cycles (Figure 63). 
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Figure 57. Rate capability tests of the (a) 0.05 M NAQ and (b) 0.05 M BAQ catholytes at various 

current densities: 24, 49, 97, 194, and 967 mA g−1 with approximate C rates (from right to left). (c) 

Energy densities with increasing the current rate from 24 to 194 mA g−1 every 5 cycles. (d) High 

temperature cycling tests of NAQ and BAQ samples at 60°C at a current rate of 24 mA g−1 for 100 

cycles. The potential window is fixed to 1.8−2.7 V versus Li/Li+ and all the specific capacities and 

current densities are calculated based on the mass of organic active materials. 
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Figure 58. Cycling data of (a) 0.05 M NAQ and (b) 0.05 M BAQ catholytes at a current rate of 967 

mA g−1. 
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Figure 59. TGA curves of NAQ and BAQ catholytes. 
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Figure 60. EIS measurement of NAQ and BAQ catholytes with the alternating voltage of 5 mV over 

the frequency ranging from 10−2 to 105 Hz. 
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Figure 61. SEM images of (a) pristine carbon paper with a diameter of 7 μm, and the carbon paper after 

cycling in (b) NAQ and (c) BAQ cells.   
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Figure 62. Photograph of disassembled (a) 0.05 M NAQ coin cell. SEM images (b and c) of surface 

structure of lithium metal in NAQ cells, presenting highly grown lithium dendrite. Photograph of 

disassembled (d) 0.05 M BAQ coin cell, showing SEM images (e and g) of surface structure of lithium 

metal. 
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Figure 63. The 1H NMR spectra (400 MHz, Acetone-d6) of BAQ catholytes through electrochemical 

cycles. Samples were prepared by washing carbon papers which kept cycled BAQ catholyte with NMR 

solvents. 
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To provide further insights into the origin of isomeric effect between NAQ and BAQ on 

electrochemical characteristics, we calculated the highest occupied molecular orbital (HOMO) and the 

LUMO energy levels (as shown in Figure 64). The relative redox potential of redox-active organic 

molecules can be estimated by comparing to the value of LUMO energy level180. A lower LUMO energy 

level (–3.82 eV) of BAQ compared to that of NAQ (–3.56 eV) implies a greater electron affinity and a 

higher reduction potential. In addition, the spin density distribution in BAQ is asymmetric, whereas in 

NAQ it is symmetric. The change in structure and consequent change in electron density can affect the 

electrochemical lithiation and delithiation reactions, which is in agreement with the electrochemical 

tests showing different charge/discharge potentials between NAQ and BAQ. Furthermore, the Eg value 

(the difference between LUMO and HOMO energy level) of BAQ (–1.98 eV) is smaller than that of 

NAQ (–2.25 eV). 

 

 

Figure 64. Energy level diagram. The HOMO/LUMO plots of the BAQ and NAQ, and their associated 

energy diagrams relative to vacuum level (Evac), where the HOMO-LUMO gap is indicated.  
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After studying the electrochemical properties of the quinone derivatives, our attention was drawn to 

the construction of flexible tube-type lithium batteries containing organic catholyte. To build up flexible 

energy storage devices, rapid progresses have been made in the field of lithium-ion batteries, 

supercapacitors, and zinc-air cells194-199. The design of these batteries includes the cable200, 201, 

stretchable202, 203, and wire-shaped type204 etc. Despite extensive studies to construct flexible electrodes 

by utilizing intrinsically flexible electrode materials, or flexible supports for composite electrode, 

conventional solid-phase electrodes bring mechanical limitations197. As an alternative approach, we 

replace solid-phase organic electrode materials with organic liquid catholytes to prevent the dissolution 

and displacement of electrode materials from current collectors.  

Figure 65a shows a schematic design of our prototype battery system. The fabrication process is 

described in detail in the experimental section and in Figure 65. After dissolving the organic electrode 

material in a non-aqueous electrolyte (TEGDME), we directly injected the liquid phase of BAQ 

catholyte (Figure 65b), avoiding an additional coating process in the production of the electrode 

composite. The copper and aluminum mesh contains diamond-shaped holes that allow the organic 

active materials to infiltrate the current collector (Figure 66). The cell cycling behaviors of the prototype 

flexible battery system under a static mode using 0.5 M and 0.05 M of BAQ catholyte are presented in 

Figure 65e and Figure 67, respectively. 0.5 M of BAQ showed increased operation time per cycle, 

compared to the 0.05 M BAQ cell where ~100% of coulombic efficiency was achieved. As shown in 

Figure 65f, our system shows reliable cycle performance over 50 cycles under static mode. The energy 

efficiency of the 0.5 M BAQ cells was ~80%, and the coulombic efficiency was ~100% at a current rate 

of 0.41 mA cm−2.  
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Figure 65. Construction of prototype organic catholyte-containing flexible tube-type lithium batteries 

and their electrochemical performance. (a) A schematic of the battery configuration, and the 

impregnation of the catholyte in the carbon fiber fabrics, and (b) photograph of BAQ liquid catholyte. 

(c–d) Close-up photographs of the battery showing the principle component. (e) The charge/discharge 

cycle behavior, and (f) cycling performance of BAQ catholyte for 50 cycles at a current rate of 0.41 mA 

cm−2 and voltage window from 1.6 to 3.5 V. 
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Figure 66. (a) Spiral lithium foil with Cu mesh, which was stretched coaxially, followed by (b) PE 

separator winding on (a). SEM image of (c) copper mesh with diamond-shaped holes and (d) carbon 

cloth woven. Finally, (e) carbon cloth and Al mesh winding on (b). 

 

 

Figure 67. Cycling data of flexible tube-type lithium batteries with 0.05 M of BAQ at a current rate of 

0.41 mA cm−2, and voltage window from 1.6 to 3.5 V, including the value of coulombic efficiency 

during cycling. 
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To examine the mechanical flexibility of the system, tube-type lithium batteries were repeatedly bent 

and stretched by a tensile tester during the charge/discharge process. Figure 68a shows the open circuit 

voltage (OCV) under a slow bending and stretching condition of 10 mm min−1 after charging to 3.0 V. 

The cell maintained a voltage of around 2.8 V, and there was no significant voltage drop during bending 

and stretching. Figure 68b the comparative voltage profiles of BAQ during discharge at a current rate 

of 0.25 mA cm−2 under both the unstressed and stressed (bending/stretching) conditions. Notably, no 

discernable capacity loss was observed under repetitive bending/stretching condition at a speed of 10 

mm min−1. Interestingly, we observed a fluctuation in the discharge voltages during the repetitive 

bending (Figure 68b, Inset). This can be attributed to the change in contact resistance in the cell 

assembly. In addition, fast in-situ flexible test was conducted under the harsh condition with the 

bending/stretching rate of 50 mm min−1, corresponding to one cycle of bending and stretching every 

two minutes.  

Further, we have demonstrated reliable cell performance under various bending and twisting 

conditions, which bodes well for the practical applications. Figure 68c shows a photograph of a blue 

light-emitting diode (LED) that remained constantly lit while the tube-type cell was under severe 

twisting conditions. The excellent flexibility may arise from the unique tube-cell design using a solution 

phase electrode infiltrated in carbon cloth. The energy and power of the cell can be easily increased by 

bundling the tube-type cells in a series or parallel manner (Figure 69c). Also, the operation time and 

power output of our system can be improved by increasing the tube size and length (Figure 69b, d). 

Therefore, the system can be efficiently adaptable to large-scale energy-storage systems and electric 

vehicles. 

Additionally, we performed a flow cell test using the tube-type system under intermittent flow mode, 

as illustrated in Figure 68d. This concept is regarded as an effective way to operate the flowable cathode 

materials and to immediately supply the fresh active materials205, 206. The tube-type cell is connected to 

a circulation pump and catholyte tank (Figure 68e). An external reservoir contained 3 mL of BAQ 

catholyte that sporadically circulated in tube-cell. The volumetric energy density of our cell was around 

55 Wh L−1 at a current density of 0.41 mA cm−2 for the first discharge process with an average operation 

voltage of 2.3 V (Figure 68f). Notably, the operating time was increased when the fresh catholyte was 

intermittently supplied in the cell.  
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Figure 68. a−c. Flexibility tests of tube-type lithium batteries. (a) Open circuit voltage (OCV) under 

bending/stretching. Inset shows a photograph of flexibility test at a speed of 10 mm min−1, (b) voltage 

profile versus discharge capacity during non-bending/stretching (blue line) and bending and stretching 

(red line) at a speed of 10 mm min−1, and (c) a large-scale of battery operating blue LEDs. d−f. Catholyte 

flow tests of tube-type lithium batteries. (d) Schematic of the flowable organic liquid catholyte in our 

cell, (e) digital photograph of a battery equipped with a pump system and an electrolyte tank, operating 

a red LED, and (f) intermittent-flow tests in the tube-type cell at a current density of 0.41 mA cm−2. 
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Figure 69. Application of flexible tube-type lithium batteries. (a) A red LED light operation under 

twisting condition. (b) Photograph of flexible tube-type lithium batteries with a total length of 25 cm 

and 50 cm, and their end parts, which was sealed up using glue gun, showing no leakage of organic 

catholyte. (c) A bunch of flexible tube-type lithium batteries connected in a series manner. (d) The 

power density of flexible tube-type lithium battery with different length of 10 cm, 20 cm, and 30 cm 

core assembly injected with 0.5 M BAQ catholyte, respectively. Each cell was connected in series. 
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7.4 Summary 

In conclusion, molecular structure-dependent electrochemical performances were observed. BAQ 

catholyte showed much higher redox potentials than NAQ catholyte owing to lower LUMO energy 

levels, and it showed improved electrochemical performance with a satisfactory thermal stability at 

60°C over 100 cycles. Moreover, novel tube-type architecture for the flexible rechargeable lithium 

batteries was demonstrated. The prototype battery filled with BAQ catholyte showed superior cell 

performance under bending and stretching. There are still many challenges to overcome in the 

development of practical applications, such as the use of a lithium metal core and the low solubility of 

the quinone derivatives. However, the development of flowable anolytes and modification of organic 

scaffolds with redox-active sites can provide possible solutions for the next-generation flexible tube-

type systems206, 207. Therefore, we believe that our results will be a starting point for further studies of 

the design of new flexible energy storage devices. 
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Chapter 7 – Challenge facing flow batteries 

Recent R&D progress of flow batteries have mainly focused on two major parts: 1) the improvement 

of system performance such as energy and power density by finding novel materials and chemistry 

including redox couples, electrodes, electrocatalysts, and membranes with maintaining the 

conventional RFB configurations, and 2) the integration of RFBs with other energy storage and 

conversion systems to achieve the synergistic effect. When realizing the limitations of conventional 

metal-ion based aqueous RFBs, there have been significant efforts to improve the solubility and 

operating voltage by introducing a variety of metal coordination complexes, semi-solid materials, and 

organic and inorganic redox couples with aqueous or non-aqueous electrolytes. Returning to 

considering scale-up, which was an initial reason for developing RFBs, it is still difficult to find 

appropriate materials and systems. 

Electrolyte 

The operating voltage of aqueous flow batteries is highly restrained by the water splitting region. 

Thus, appropriate redox-active materials should be carefully selected using Pourbaix diagrams, 

considering chemical stability as well as pH dependence. Of note is that most RFBs are operated in 

highly concentrated-acidic conditions because most of metal ions are precipitated at high pH values, 

forming insoluble hydroxides.208 Aqueous RFBs can provide rapid response time and good flowability 

of the catholytes and anolytes with minimum pump loss, thus facilitating the storage of generated 

energy. Substantial progress has been made in this field by using organic redox couples with fast 

reaction kinetics, and extremely high peak power densities of 600 to 700 mW cm−2 have been achieved. 

These high power density is helpful to reduce the size of stack. However, their volumetric energy 

densities (7 to 16 Wh l−1) are still lower than conventional metal-ion based aqueous RFBs,209 thus 

inevitably increasing the external tank size. In other words, there is a tradeoff between high energy and 

high power that must be considered when designing redox couples and supporting electrolytes. In 

addition, one major advantage, contributing to the long service life of the metal-ion based aqueous 

RFBs, is their ability to recover from capacity loss through well-designed rebalance processes. At this 

stage, one critical challenge of the aqueous RFBs using organic redox couples is their cycle life. The 

flexibility and tunability of the organic redox molecules also bring concerns on the stability and 

longevity of their structure. For this reason, detailed capacity decay mechanisms and recovering 

methods need to be carefully studied and developed. 

Electrode and catalyst 

The research progress in the nanostructured metal and carbon materials as an electrocatalyst for the 

improvement of vanadium redox reactions was summarized in Table 6. It can be noted that most metal- 

and carbon-based catalysts showed catalytic effect towards vanadium redox reactions in both negative- 
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and positive-half cells. The metal-based nanomaterials provided high electrical conductivity and 

reactivity. They ensured the low polarization and improved reversibility in vanadium redox reactions. 

In particular, to suppress the hydrogen evolution on the precious metal catalysts, a variety of metal 

oxides were employed to lower the overpotential in negative-half cell. However, the stability of these 

metal-based catalysts can be decreased gradually in highly concentrated acidic condition of vanadium 

electrolyte. Therefore, metal alloys with good corrosion resistance can be recommended as a possible 

candidate. It is also expected that novel nano-sized metallic alloys can be used to create additional 

catalytic activity owing to its high surface area and high electrical conductivity.  

On the other hand, the carbon-based nanomaterials at different dimensions showed their own distinct 

merits. They were tailored by very flexible way to provide high surface area and abundant surface 

functional groups such as oxygen and nitrogen species. It was widely reported that these surface 

moieties could act as direct redox active sites, facilitating adsorption and desorption of vanadium ions. 

Moreover, a variety of nanostructured carbon materials had excellent electrical conductivity which was 

comparable to metallic catalyst. These two features of carbon-based catalyst significantly improved the 

vanadium redox reactions, resulting in high electron transfer rate and mass transport kinetics.  

Regarding heteroatom doping, various dopants such as P, B, and S etc. have been reported and 

demonstrated excellent electrochemical performance in other energy-related fields.148, 150, 210-218 

Importantly, dual- or even triple-doped carbon nanomaterials such as B, N-doped graphene, P, S, N-

doped carbon have been widely studied in oxygen reduction catalysts and supercapacitor electrodes. 

By doing this, the electron state of carbon materials can be easily controlled, including electron donor 

properties and consequently catalytic activity.217 Accordingly, these approaches are recommended in  

 

order to allow enhanced adsorption and desorption property of vanadium redox couples on doped-

carbon surface.  

It is important to note that there have been increasing numbers of studies of the vanadium redox 

reaction mechanism at the surface of electro-catalysts.43 For carbon-based electrodes, it has been 

suggested that the oxygen functional groups of C=O and COOH are the main active sites at the initial 

stage of the development of the VRFBs.45 There have been intensive efforts to increase the number of 

redox-active sites or the reaction kinetics of vanadium redox pairs. However, there has been continuing 

controversy regarding the main active sites or the rate-determining step for vanadium redox reactions.42 

In this regard, fundamental studies need to be pursued not only to improve electrochemical performance, 

but also to identify the exact reaction mechanism. More practically, recent studies have shown that 

there are big differences among commercial carbon felt electrodes.219 Particularly, one carbon felt (XF-

30A, Toyobo Company) has excellent electrochemical performance compared with other substrates 

according to the processing procedure, precursor types, and morphology. Therefore, for a fair 

comparison of electrochemical performance, it should be carefully conducted using reported works that 
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consider the origin of carbon felt materials or the ratios of improvement. 

Table 6. Summary of electrochemical properties of the various electrocatalysts for VRFBs. 
Catalyst (year) Half-cell Full-cell 

Working 

electrode 

Scan 

rate  

[mV s–1] 

+ / - ΔE[a] 

[mV] 

Type Membrane Cycle  

[n] 

Current 

density  

[mA cm–2] 

Energy 

efficiency  

[%] 

Bi  

nanoparticle (2014)134 

Graphite 

felt 

2 - / 100  - - - - - 

Bi  

nanoparticle (2013)54 

Glassy 

carbon 

50 230 / 

220  

Flow Nafion 212 50 50 (150) 90 (75) 

Bi (2011)95 Graphite 

felt 

1 50 / 400  - - - - - 

Pt/C (2013)92 Glassy 

carbon 

100 130 / - Flow Nafion 117 1 10 72.3 

TiO2/C (2014)220 Glassy 

carbon 

2 - 6 - Flow Nafion 117 3 200 65.4 

WO3/SAC (2012)221 Carbon 

paper 

10 106 /100  Flow Nafion 115 50 50 80.5 

PbO2 (2014)222 Graphite 

felt 

2 680 / - Flow Nafion 

1135 

30 40 (80) 89.1 (78.1) 

WO3 (2014)223 Graphite 

felt 

2 900 / - Flow Nafion 

1135 

20 70 87.8 

Nb2O5 (2014)55 Glassy 

carbon 

50 322 / 

437  

Flow Nafion 115 50 50 (150) 87 (76) 

Mn3O4 (2012)53 Carbon felt 10 560 / 

600  

Flow - 20 40 75 

Ir (2007)96 Carbon felt 2 250 / - Flow Nafion 117 50 60 58.5 

Ir/rGO (2012)93 Catalyst 

composite 

10 127 / - - - - - - 

RuSe/rGO (2014)224 Glassy 

carbon 

20 220 / - Flow Nafion 117 1 20 85.5 

CuPt3/graphene 

(2012)112 

Pt plate - 100 / - - - - - - 
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Catalyst (year) Half-cell Full-cell 

 Working 

electrode 

Scan 

rate  

[mV s–1] 

+ / - ΔE[a] 

[mV] 

Type Membrane Cycle  

[n] 

Current 

density  

[mA cm–2] 

Energy 

efficiency  

[%] 

Activated  

carbon (2015)225 

Carbon 

paper 

5 280 / - Stati Nafion 117 100 10 85 

CNT/CNF composite 

(2013)29 

Carbon felt 5 136 / 

615  

Flow Nafion 117 30 40 (100) 87.8 (67.4) 

Acid-treated MWCNT 

(2013)98 

Glassy 

carbon 

10 246 / 

150  

Static Nafion 212 1 20 (80) 86.5 (66.7) 

Carboxylic  
MWCNT (2012)104 

Carbon felt  252 / 
272  

Flow Nafion 212 50 50 82.0 

MWCNT (2011)102 Glassy 
carbon 

10 111.8 / - Static Nafion 212 1 20 (70) 88.9 (75.0) 

SWCNT (2012)100 Glassy 
carbon 

100 90 / 50  Static Nafion 212 30 20 81 

GO/MWCNT (2011)115 Glassy 
carbon 

5 150 / - - - - - - 

Graphene  
nanoplatelet (2015)156 

Carbon felt 5 144 / 
490  

Flow Nafion 117 50 50 (150) 85.9 (67.8) 

rGO (2013)91 Glassy 
carbon 

30 80 / 60  Static Nafion 212 50 20 82 

rGO (2013)226 Catalyst 
composite 

1 340 / - - - - - - 

Carbon nanowall 
(2012)101 

Gold disk  1 160 / - - - - - - 

Graphite/GO (2011)227 Catalyst 
composite 

5 120 / 
130  

- - - - - 

GO nanoplatelet 
(2011)103 

Glassy 
carbon 

10 250 / 
230  

- - - - - 

N-doped carbon black 
(2014)147 

Carbon felt 5 147 / 
495  

Flow Nafion 117 100 50 (150) 86.7 (68.5) 

N-doped  
graphene (2013)31 

Glassy 
carbon 

50 100 / - - - - - - 

N-doped  
graphene (2014)228 

Glassy 
carbon 

50 130 / - - - - - - 

N-doped CNT 
(2012)135 

- 50 - Flow Nafion 117 50 20 77.0 

N-doped MPC 
(2010)117 

Glassy 
carbon 

50 100 / - - - - - - 

[a] Redox peak potential separation in  positive / negative half-cells. 
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Membrane 

Currently, a variety of membrane fabrication methods are being introduced in the RFB field to replace 

the conventional perfluorinated IEM with low-cost porous separators. In general, as the IEM thickness 

increases, the crossover issue can be significantly alleviated; however, an increase of membrane 

resistance and a decrease in ionic conductivity inevitably occur simultaneously. In contrast, porous 

membranes have the substantial advantages of low cost and high power density owing to the lower 

internal resistance offered by their thinness. Of note, thinner membranes can lead to crossover issues 

again. In addition, the cycle life of the RFBs is highly related to the chemical stability of membranes, 

and only a few candidates can be used in VRFBs because of highly oxidizing VO2
+ ions and 

concentrated acidic condition. Therefore, membranes for aqueous RFBs operating in concentrated acid 

or base conditions should be carefully selected by considering the chemical stability, mechanical 

strength, permselectivity, and capital cost. 

Li-organic flow battery 

Li-based flow batteries have demonstrated potentials to be high-energy, high-voltage RFBs that are 

technologically simple. Notably, semi-solid or redox targeting methods employ conventional cathode 

and anode materials, thus benefiting from the high-energy densities that can be achieved. However, 

their technical feasibility for use in long-term and large-scale energy-storage devices should be 

evaluated (e.g., circulation of high-viscosity slurry and long-term stability in an external storage tank). 

With respect to redox targeting methods that only circulate redox mediators, several flow batteries using 

this concept have demonstrated unprecedentedly high volumetric energy densities (~500 to 670 Wh 

l−1),229, 230 which were calculated from the density of active materials. This calculation is comparable in 

other solid-state energy-storage fields. Currently reported novel RFBs often neglect the total volume of 

catholyte and anolyte used and focus only on the redox-active materials themselves. The volume of salt 

or supporting electrolyte is not a parasitic parameter, which is imperatively necessary for operating all 

RFBs. At this stage, the volumetric energy density should be carefully defined for objective and 

practical comparisons among many RFBs. When describing cathode and anode materials in flow 

batteries, the terminology of catholyte and anolyte is usually used, because they are dissolved or exist 

in an electrolyte that can be circulated. Accordingly, the volumetric energy density of conventional 

RFBs was practically obtained by dividing the total energy by the sum of catholyte and anolyte volumes. 

This approach, which considers the amount of energy contributed from specific catholyte and anolyte 

volumes, allow a fair comparison to be made between traditional and next-generation RFBs. 

Key findings of the state-of-the-art of RFB technologies and their limitations are summarized in 

Figure 70. Finding a suitable candidate for a next-generation, large-scale EES system has triggered an 

explosion of interest in RFBs. The level of interest strongly resembles what was known as the 

“Renaissance of the Fuel Cell.” In this time of burgeoning new technologies, we should carefully 

evaluate the strengths and weaknesses of each system with a balanced view. In practice, the volumetric 
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density based on the total volumes of catholyte and anolyte and the peak power density, which are 

directly connected to the system capital cost, should be considered in R&D efforts. Finally, based on 

our review, we believe that flow battery technologies with their significant system flexibility have great 

potential for large-scale EES systems as an indispensable component in our future power grid. 

 

 

 
Figure 70. Diagram of requirements for the development of flow batteries. The main components of 

RFBs were categorized as follow: catholyte/anolyte, electrode, and membrane, which contain sub-items 

related to their characteristics and performance.  

 
This part was reproduced from Park M., Ryu J., Wang W., Cho J. Material design and engineering of 

next-generation flow-battery technologies. Nature Reviews Materials, 2, 16080 (2016) and Park M., 

Ryu J., Cho J. Nanostructured Electrocatalysts for All-Vanadium Redox Flow Batteries. Chem. Asian 

J., 10, 2096-2110 (2015)    

 

 

 

 

 

 

 



121 

 

References 
1. Soloveichik G. L. Flow Batteries: Current Status and Trends. Chem. Rev., 115, 11533-11558 (2015) 

2. Wang W., Luo Q., Li B., Wei X., Li L., Yang Z. Recent Progress in Redox Flow Battery Research 

and Development. Adv. Funct. Mater., 23, 970-986 (2013) 

3. Choi J. W., Aurbach D. Promise and reality of post-lithium-ion batteries with high energy densities. 

Nature Reviews Materials, 1, 16013 (2016) 

4. Zhao Y., Ding Y., Li Y., Peng L., Byon H. R., Goodenough J. B., et al. A chemistry and material 

perspective on lithium redox flow batteries towards high-density electrical energy storage. Chem. Soc. 

Rev., 44, 7968-7996 (2015) 

5. Dunn B., Kamath H., Tarascon J. M. Electrical energy storage for the grid: a battery of choices. 

Science, 334, 928-935 (2011) 

6. Huang Q., Wang Q. Next-Generation, High-Energy-Density Redox Flow Batteries. ChemPlusChem, 

80, 312-322 (2015) 

7. Schon T. B., McAllister B. T., Li P. F., Seferos D. S. The rise of organic electrode materials for energy 

storage. Chem. Soc. Rev., DOI: 10.1039/c1036cs00173d (2016) 

8. Lim H. S., Lackner A. M., Knechtli R. C. Zinc-Bromine Secondary Battery. J. Electrochem. Soc., 

124, 1154-1157 (1977) 

9. Yu M., McCulloch W. D., Huang Z., Trang B. B., Lu J., Amine K., et al. Solar-powered 

electrochemical energy storage: an alternative to solar fuels. J. Mater. Chem. A, 4, 2766-2782 (2016) 

10. Zhao Y., Hong M., Bonnet Mercier N., Yu G., Choi H. C., Byon H. R. A 3.5 V lithium-iodine hybrid 

redox battery with vertically aligned carbon nanotube current collector. Nano Lett., 14, 1085-1092 

(2014) 

11. Li W., Liang Z., Lu Z., Tao X., Liu K., Yao H., et al. Magnetic Field-Controlled Lithium Polysulfide 

Semiliquid Battery with Ferrofluidic Properties. Nano Lett., 15, 7394-7399 (2015) 

12. Chen X. W., Hopkins B. J., Helal A., Fan F. Y., Smith K. C., Li Z., et al. A low-dissipation, pumpless, 

gravity-induced flow battery. Energy Environ. Sci., 9, 1760-1770 (2016) 

13. Braff W. A., Bazant M. Z., Buie C. R. Membrane-less hydrogen bromine flow battery. Nat. Commun., 



122 

 

4, 2346 (2013) 

14. Wedege K., Azevedo J., Khataee A., Bentien A., Mendes A. Direct Solar Charging of an Organic-

Inorganic, Stable, and Aqueous Alkaline Redox Flow Battery with a Hematite Photoanode. Angew. 

Chem. Int. Ed., 55, 7142-7147 (2016) 

15. Liao S., Zong X., Seger B., Pedersen T., Yao T., Ding C., et al. Integrating a dual-silicon 

photoelectrochemical cell into a redox flow battery for unassisted photocharging. Nat. Commun., 7, 

11474 (2016) 

16. Yu M., McCulloch W. D., Beauchamp D. R., Huang Z., Ren X., Wu Y. Aqueous Lithium–Iodine 

Solar Flow Battery for the Simultaneous Conversion and Storage of Solar Energy. J. Am. Chem. Soc., 

137, 8332-8335 (2015) 

17. Zhu Y. G., Jia C., Yang J., Pan F., Huang Q., Wang Q. Dual redox catalysts for oxygen reduction 

and evolution reactions: towards a redox flow Li-O2 battery. Chem. Commun., 51, 9451-9454 (2015) 

18. Bockelmann M., Kunz U., Turek T. Electrically rechargeable zinc-oxygen flow battery with high 

power density. Electrochem. Commun., 69, 24-27 (2016) 

19. Skyllas-Kazacos M. New All-Vanadium Redox Flow Cell. J. Electrochem. Soc., 133, 1057 (1986) 

20. Skyllas-Kazacos M., Rychcik M., Robins R. G., Fane A. G., Green M. A. New All-Vanadium Redox 

Flow Cell. J. Electrochem. Soc., 133, 1057-1058 (1986) 

21. Skyllas-Kazacos M., Cao L., Kazacos M., Kausar N., Mousa A. Vanadium Electrolyte Studies for 

the Vanadium Redox Battery-A Review. ChemSusChem, 9, 1521-1543 (2016) 

22. Kausar N., Howe R., Skyllas-Kazacos M. Raman spectroscopy studies of concentrated vanadium 

redox battery positive electrolytes. Journal of Applied Electrochemistry, 31, 1327-1332 (2001) 

23. Lee J. G., Park S. J., Cho Y. I., Shul Y. G. A novel cathodic electrolyte based on H2C2O4 for a stable 

vanadium redox flow battery with high charge-discharge capacities. RSC Adv., 3, 21347-21351 (2013) 

24. Li L., Kim S., Wang W., Vijayakumar M., Nie Z., Chen B., et al. A Stable Vanadium Redox-Flow 

Battery with High Energy Density for Large-Scale Energy Storage. Adv. Energy Mater., 1, 394-400 

(2011) 

25. Vijayakumar M., Wang W., Nie Z., Sprenkle V., Hu J. Elucidating the higher stability of vanadium(V) 



123 

 

cations in mixed acid based redox flow battery electrolytes. J. Power Sources, 241, 173-177 (2013) 

26. Roe S., Menictas C., Skyllas-Kazacos M. A High Energy Density Vanadium Redox Flow Battery 

with 3 M Vanadium Electrolyte. J. Electrochem. Soc., 163, A5023-A5028 (2016) 

27. Ding C., Zhang H., Li X., Liu T., Xing F. Vanadium Flow Battery for Energy Storage: Prospects 

and Challenges. J. Phys. Chem. Lett., 4, 1281-1294 (2013) 

28. Leung P., Li X. H., de Leon C. P., Berlouis L., Low C. T. J., Walsh F. C. Progress in redox flow 

batteries, remaining challenges and their applications in energy storage. RSC Adv., 2, 10125-10156 

(2012) 

29. Park M., Jung Y. J., Kim J., Lee H., Cho J. Synergistic effect of carbon nanofiber/nanotube 

composite catalyst on carbon felt electrode for high-performance all-vanadium redox flow battery. Nano 

Lett., 13, 4833-4839 (2013) 

30. Chalamala B. R., Soundappan T., Fisher G. R., Anstey M. R., Viswanathan V. V., Perry M. L. Redox 

Flow Batteries: An Engineering Perspective. Proc. IEEE, 102, 976-999 (2014) 

31. Jin J., Fu X., Liu Q., Liu Y., Wei Z., Niu K., et al. Identifying the active site in nitrogen-doped 

graphene for the VO2+/VO2(+) redox reaction. ACS Nano, 7, 4764-4773 (2013) 

32. Wang W., Kim S., Chen B., Nie Z., Zhang J., Xia G.-G., et al. A new redox flow battery using Fe/V 

redox couples in chloride supporting electrolyte. Energy Environ. Sci., 4, 4068 (2011) 

33. Liang X., Peng S., Lei Y., Gao C., Wang N., Liu S., et al. Effect of l-glutamic acid on the positive 

electrolyte for all-vanadium redox flow battery. Electrochim. Acta, 95, 80-86 (2013) 

34. Parasuraman A., Lim T. M., Menictas C., Skyllas-Kazacos M. Review of material research and 

development for vanadium redox flow battery applications. Electrochim. Acta, 101, 27-40 (2013) 

35. Flox C., Rubio-García J., Skoumal M., Andreu T., Morante J. R. Thermo–chemical treatments based 

on NH3/O2 for improved graphite-based fiber electrodes in vanadium redox flow batteries. Carbon, 60, 

280-288 (2013) 

36. Winardi S., Poon G., Ulaganathan M., Parasuraman A., Yan Q., Wai N., et al. Effect of Bromine 

Complexing Agents on the Performance of Cation Exchange Membranes in Second-Generation 

Vanadium Bromide Battery. ChemPlusChem, 80, 376-381 (2015) 



124 

 

37. Xi X., Li X., Wang C., Lai Q., Cheng Y., Zhou W., et al. Impact of Proton Concentration on 

Equilibrium Potential and Polarization of Vanadium Flow Batteries. ChemPlusChem, 80, 382-389 

(2015) 

38. Park M., Jung Y. J., Ryu J., Cho J. Material selection and optimization for highly stable composite 

bipolar plates in vanadium redox flow batteries. J. Mater. Chem. A, 2, 15808-15815 (2014) 

39. Watt-Smith M. J., Ridley P., Wills R. G. A., Shah A. A., Walsh F. C. The importance of key 

operational variables and electrolyte monitoring to the performance of an all vanadium redox flow 

battery. J. Chem. Technol. Biot., 88, 126-138 (2013) 

40. Yue L., Li W. S., Sun F. Q., Zhao L. Z., Xing L. D. Highly hydroxylated carbon fibres as electrode 

materials of all-vanadium redox flow battery. Carbon, 48, 3079-3090 (2010) 

41. Ulaganathan M., Aravindan V., Yan Q., Madhavi S., Skyllas-Kazacos M., Lim T. M. Recent 

Advancements in All-Vanadium Redox Flow Batteries. Adv. Mater. Interfaces, 3, 1500309 (2016) 

42. Park M., Ryu J., Cho J. Nanostructured Electrocatalysts for All-Vanadium Redox Flow Batteries. 

Chem. Asian J., 10, 2096-2110 (2015) 

43. Kim K. J., Park M.-S., Kim Y.-J., Kim J. H., Dou S. X., Skyllas-Kazacos M. A technology review 

of electrodes and reaction mechanisms in vanadium redox flow batteries. J. Mater. Chem. A, 3, 16913-

16933 (2015) 

44. Sun B., Skyllas-Kazakos M. Chemical modification and electrochemical behaviour of graphite fibre 

in acidic vanadium solution. Electrochim. Acta, 36, 513-517 (1991) 

45. Sun B., Skyllas-Kazacos M. Modification of graphite electrode materials for vanadium redox flow 

battery application—I. Thermal treatment. Electrochim. Acta, 37, 1253-1260 (1992) 

46. Kim K. J., Kim Y. J., Kim J. H., Park M. S. The effects of surface modification on carbon felt 

electrodes for use in vanadium redox flow batteries. Mater. Chem. Phys., 131, 547-553 (2011) 

47. Men Y., Sun T. Carbon Felts Electrode Treated in Different Weak Acid Solutions through 

Electrochemical Oxidation Method for All Vanadium Redox Flow Battery. Int. J. Electrochem. Sci., 7, 

3482-3488 (2012) 

48. Gao C., Wang N., Peng S., Liu S., Lei Y., Liang X., et al. Influence of Fenton's reagent treatment 



125 

 

on electrochemical properties of graphite felt for all vanadium redox flow battery. Electrochim. Acta, 

88, 193-202 (2013) 

49. Zhang W., Xi J., Li Z., Zhou H., Liu L., Wu Z., et al. Electrochemical activation of graphite felt 

electrode for VO2+/VO2+ redox couple application. Electrochim. Acta, 89, 429-435 (2013) 

50. Kim K. J., Lee S. W., Yim T., Kim J. G., Choi J. W., Kim J. H., et al. A new strategy for integrating 

abundant oxygen functional groups into carbon felt electrode for vanadium redox flow batteries. Sci. 

Rep., 4, 6906 (2014) 

51. Mayrhuber I., Dennison C. R., Kalra V., Kumbur E. C. Laser-perforated carbon paper electrodes for 

improved mass-transport in high power density vanadium redox flow batteries. J. Power Sources, 260, 

251-258 (2014) 

52. Wu X., Xu H., Shen Y., Xu P., Lu L., Fu J., et al. Treatment of graphite felt by modified Hummers 

method for the positive electrode of vanadium redox flow battery. Electrochim. Acta, 138, 264-269 

(2014) 

53. Kim K. J., Park M. S., Kim J. H., Hwang U., Lee N. J., Jeong G., et al. Novel catalytic effects of 

Mn3O4 for all vanadium redox flow batteries. Chem. Commun., 48, 5455-5457 (2012) 

54. Li B., Gu M., Nie Z., Shao Y., Luo Q., Wei X., et al. Bismuth nanoparticle decorating graphite felt 

as a high-performance electrode for an all-vanadium redox flow battery. Nano Lett., 13, 1330-1335 

(2013) 

55. Li B., Gu M., Nie Z., Wei X., Wang C., Sprenkle V., et al. Nanorod niobium oxide as powerful 

catalysts for an all vanadium redox flow battery. Nano Lett., 14, 158-165 (2014) 

56. Wei L., Zhao T. S., Zhao G., An L., Zeng L. A high-performance carbon nanoparticle-decorated 

graphite felt electrode for vanadium redox flow batteries. Applied Energy, 176, 74-79 (2016) 

57. Li W., Zhang Z., Tang Y., Bian H., Ng T.-W., Zhang W., et al. Graphene-Nanowall-Decorated 

Carbon Felt with Excellent Electrochemical Activity Toward VO2+/VO2+Couple for All Vanadium 

Redox Flow Battery. Adv. Sci., 3, 1500276 (2016) 

58. Shao Y., Cheng Y., Duan W., Wang W., Lin Y., Wang Y., et al. Nanostructured Electrocatalysts for 

PEM Fuel Cells and Redox Flow Batteries: A Selected Review. ACS Catalysis, 7288-7298 (2015) 



126 

 

59. Wei X., Li B., Wang W. Porous Polymeric Composite Separators for Redox Flow Batteries. Polymer 

Reviews, 55, 247-272 (2015) 

60. Li X., Zhang H., Mai Z., Zhang H., Vankelecom I. Ion exchange membranes for vanadium redox 

flow battery (VRB) applications. Energy Environ. Sci., 4, 1147-1160 (2011) 

61. Schwenzer B., Zhang J., Kim S., Li L., Liu J., Yang Z. Membrane Development for Vanadium 

Redox Flow Batteries. ChemSusChem, 4, 1388-1406 (2011) 

62. Maurya S., Shin S.-H., Kim Y., Moon S.-H. A review on recent developments of anion exchange 

membranes for fuel cells and redox flow batteries. RSC Adv., 5, 37206-37230 (2015) 

63. Li J., Zhang Y., Zhang S., Huang X., Wang L. Novel sulfonated polyimide/ZrO2 composite 

membrane as a separator of vanadium redox flow battery. Polym. Adv. Technol., 25, 1610-1615 (2014) 

64. Lin C. H., Yang M. C., Wei H. J. Amino-silica modified Nafion membrane for vanadium redox flow 

battery. J. Power Sources, 282, 562-571 (2015) 

65. Yin B., Yu L., Jiang B., Wang L., Xi J. Nano oxides incorporated sulfonated poly(ether ether ketone) 

membranes with improved selectivity and stability for vanadium redox flow battery. J. Solid State 

Electrochem., 20, 1271-1283 (2016) 

66. Li J., Zhang Y., Wang L. Preparation and characterization of sulfonated polyimide/TiO2 composite 

membrane for vanadium redox flow battery. J. Solid State Electrochem., 18, 729-737 (2014) 

67. Li J., Zhang Y., Zhang S., Huang X. Sulfonated polyimide/s-MoS2 composite membrane with high 

proton selectivity and good stability for vanadium redox flow battery. J. Membrane Sci., 490, 179-189 

(2015) 

68. Jia C., Cheng Y., Ling X., Wei G., Liu J., Yan C. Sulfonated Poly(Ether Ether 

Ketone)/Functionalized Carbon Nanotube Composite Membrane for Vanadium Redox Flow Battery 

Applications. Electrochim. Acta, 153, 44-48 (2015) 

69. Yu L., Lin F., Xu L., Xi J. A recast Nafion/graphene oxide composite membrane for advanced 

vanadium redox flow batteries. RSC Adv., 6, 3756-3763 (2016) 

70. Cao L., Sun Q., Gao Y., Liu L., Shi H. Novel acid-base hybrid membrane based on amine-

functionalized reduced graphene oxide and sulfonated polyimide for vanadium redox flow battery. 



127 

 

Electrochim. Acta, 158, 24-34 (2015) 

71. Dai W., Yu L., Li Z., Yan J., Liu L., Xi J., et al. Sulfonated Poly(Ether Ether Ketone)/Graphene 

composite membrane for vanadium redox flow battery. Electrochim. Acta, 132, 200-207 (2014) 

72. Wei W., Zhang H., Li X., Zhang H., Li Y., Vankelecom I. Hydrophobic asymmetric ultrafiltration 

PVDF membranes: an alternative separator for VFB with excellent stability. Phys. Chem. Chem. Phys., 

15, 1766-1771 (2013) 

73. Zhang H., Zhang H., Li X., Mai Z., Zhang J. Nanofiltration (NF) membranes: the next generation 

separators for all vanadium redox flow batteries (VRBs)? Energy Environ. Sci., 4, 1676-1679 (2011) 

74. Maurya S., Shin S.-H., Lee J.-Y., Kim Y., Moon S.-H. Amphoteric nanoporous polybenzimidazole 

membrane with extremely low crossover for a vanadium redox flow battery. RSC Adv., 6, 5198-5204 

(2016) 

75. Luo T., David O., Gendel Y., Wessling M. Porous poly(benzimidazole) membrane for all vanadium 

redox flow battery. J. Power Sources, 312, 45-54 (2016) 

76. Zhou X. L., Zhao T. S., An L., Wei L., Zhang C. The use of polybenzimidazole membranes in 

vanadium redox flow batteries leading to increased coulombic efficiency and cycling performance. 

Electrochim. Acta, 153, 492-498 (2015) 

77. Yuan Z., Duan Y., Zhang H., Li X., Zhang H., Vankelecom I. Advanced porous membranes with 

ultra-high selectivity and stability for vanadium flow batteries. Energy Environ. Sci., 9, 441-447 (2016) 

78. Yuan Z., Zhu X., Li M., Lu W., Li X., Zhang H. A Highly Ion-Selective Zeolite Flake Layer on 

Porous Membranes for Flow Battery Applications. Angew. Chem. Int. Ed., 55, 3058-3062 (2016) 

79. Chae I. S., Luo T., Moon G. H., Ogieglo W., Kang Y. S., Wessling M. Ultra-High Proton/Vanadium 

Selectivity for Hydrophobic Polymer Membranes with Intrinsic Nanopores for Redox Flow Battery. 

Adv. Energy Mater., 1600517 (2016) 

80. Perry M. L., Weber A. Z. Advanced Redox-Flow Batteries: A Perspective. J. Electrochem. Soc., 163, 

A5064-A5067 (2016) 

81. Steele B. C. H., Heinzel A. Materials for fuel-cell technologies. Nature, 414, 345-352 (2001) 

82. Noack J., Roznyatovskaya N., Herr T., Fischer P. The Chemistry of Redox-Flow Batteries. Angew. 



128 

 

Chem. Int. Ed., 54, 9776-9809 (2015) 

83. Wang W., Sprenkle V. Energy storage: Redox flow batteries go organic. Nat. Chem., 8, 204-206 

(2016) 

84. Song Z., Zhou H. Towards sustainable and versatile energy storage devices: an overview of organic 

electrode materials. Energy Environ. Sci., 6, 2280-2301 (2013) 

85. Häupler B., Wild A., Schubert U. S. Carbonyls: Powerful Organic Materials for Secondary Batteries. 

Adv. Energy Mater., 5, 1402034 (2015) 

86. Song Z., Zhan H., Zhou Y. Polyimides: Promising Energy-Storage Materials. Angew. Chem. Int. Ed., 

49, 8444-8448 (2010) 

87. Liang Y., Tao Z., Chen J. Organic Electrode Materials for Rechargeable Lithium Batteries. Adv. 

Energy Mater., 2, 742-769 (2012) 

88. Armand M., Grugeon S., Vezin H., Laruelle S., Ribiere P., Poizot P., et al. Conjugated dicarboxylate 

anodes for Li-ion batteries. Nat. Mater., 8, 120-125 (2009) 

89. Huang W., Zhu Z., Wang L., Wang S., Li H., Tao Z., et al. Quasi-Solid-State Rechargeable Lithium-

Ion Batteries with a Calix[4]quinone Cathode and Gel Polymer Electrolyte. Angew. Chem. Int. Ed., 125, 

9332-9336 (2013) 

90. Han P., Yue Y., Liu Z., Xu W., Zhang L., Xu H., et al. Graphene oxide nanosheets/multi-walled 

carbon nanotubes hybrid as an excellent electrocatalytic material towards VO2+/VO2+ redox couples 

for vanadium redox flow batteries. Energy Environ. Sci., 4, 4710 (2011) 

91. Li W., Liu J., Yan C. Reduced graphene oxide with tunable C/O ratio and its activity towards 

vanadium redox pairs for an all vanadium redox flow battery. Carbon, 55, 313-320 (2013) 

92. Tseng T. M., Huang R. H., Huang C. Y., Hsueh K. L., Shieu F. S. A Kinetic Study of the 

Platinum/Carbon Anode Catalyst for Vanadium Redox Flow Battery. J. Electrochem. Soc., 160, A690-

A696 (2013) 

93. Tsai H. M., Yang S. J., Ma C. C. M., Xie X. F. Preparation and electrochemical activities of iridium-

decorated graphene as the electrode for all-vanadium redox flow batteries. Electrochim. Acta, 77, 232-

236 (2012) 



129 

 

94. Huang R. H., Sun C. H., Tseng T. M., Chao W. K., Hsueh K. L., Shieu F. S. Investigation of Active 

Electrodes Modified with Platinum/Multiwalled Carbon Nanotube for Vanadium Redox Flow Battery. 

J. Electrochem. Soc., 159, A1579-A1586 (2012) 

95. González Z., Sánchez A., Blanco C., Granda M., Menéndez R., Santamaría R. Enhanced 

performance of a Bi-modified graphite felt as the positive electrode of a vanadium redox flow battery. 

Electrochem. Commun., 13, 1379-1382 (2011) 

96. Wang W. H., Wang X. D. Investigation of Ir-modified carbon felt as the positive electrode of an all-

vanadium redox flow battery. Electrochim. Acta, 52, 6755-6762 (2007) 

97. Yao C. A., Zhang H. M., Liu T., Li X. F., Liu Z. H. Carbon paper coated with supported tungsten 

trioxide as novel electrode for all-vanadium flow battery. J. Power Sources, 218, 455-461 (2012) 

98. Li W. Y., Liu J. G., Yan C. W. Modified multiwalled carbon nanotubes as an electrode reaction 

catalyst for an all vanadium redox flow battery. J. Solid State Electrochem., 17, 1369-1376 (2013) 

99. Flox C., Skoumal M., Rubio-Garcia J., Andreu T., Morante J. R. Strategies for enhancing 

electrochemical activity of carbon-based electrodes for all-vanadium redox flow batteries. Applied 

Energy,  (2013) 

100. Li W. Y., Liu J. G., Yan C. W. The electrochemical catalytic activity of single-walled carbon 

nanotubes towards VO2+/VO2+ and V3+/V2+ redox pairs for an all vanadium redox flow battery. 

Electrochim. Acta, 79, 102-108 (2012) 

101. González Z., Vizireanu S., Dinescu G., Blanco C., Santamaría R. Carbon nanowalls thin films as 

nanostructured electrode materials in vanadium redox flow batteries. Nano Energy, 1, 833-839 (2012) 

102. Li W., Liu J., Yan C. Multi-walled carbon nanotubes used as an electrode reaction catalyst for 

/VO2+ for a vanadium redox flow battery. Carbon, 49, 3463-3470 (2011) 

103. Han P., Wang H., Liu Z., Chen X., Ma W., Yao J., et al. Graphene oxide nanoplatelets as excellent 

electrochemical active materials for VO2+/ and V2+/V3+ redox couples for a vanadium redox flow 

battery. Carbon, 49, 693-700 (2011) 

104. Wei G. J., Jia C. K., Liu J. G., Yan C. W. Carbon felt supported carbon nanotubes catalysts 

composite electrode for vanadium redox flow battery application. J. Power Sources, 220, 185-192 (2012) 



130 

 

105. Wang S., Zhao X., Cochell T., Manthiram A. Nitrogen-Doped Carbon Nanotube/Graphite Felts as 

Advanced Electrode Materials for Vanadium Redox Flow Batteries. The Journal of Physical Chemistry 

Letters, 2164-2167 (2012) 

106. Iijima S., Ichihashi T. Single-shell carbon nanotubes of 1-nm diameter. Nature, 363, 603-605 (1993) 

107. Huang J., Liu Y., You T. Carbon nanofiber based electrochemical biosensors: A review. Analytical 

Methods, 2, 202 (2010) 

108. Zhu J., Holmen A., Chen D. Carbon Nanomaterials in Catalysis: Proton Affinity, Chemical and 

Electronic Properties, and their Catalytic Consequences. ChemCatChem, 5, 378-401 (2013) 

109. Martínez-Latorre L., Armenise S., Garcia-Bordejé E. Temperature-mediated control of the growth 

of an entangled carbon nanofiber layer on stainless steel micro-structured reactors. Carbon, 48, 2047-

2056 (2010) 

110. Vollebregt S., Ishihara R., Tichelaar F. D., Hou Y., Beenakker C. I. M. Influence of the growth 

temperature on the first and second-order Raman band ratios and widths of carbon nanotubes and fibers. 

Carbon, 50, 3542-3554 (2012) 

111. Li W., Liu J., Yan C. Graphite–graphite oxide composite electrode for vanadium redox flow battery. 

Electrochim. Acta, 56, 5290-5294 (2011) 

112. Flox C., Rubio-Garcia J., Nafria R., Zamani R., Skoumal M., Andreu T., et al. Active nano-CuPt3 

electrocatalyst supported on graphene for enhancing reactions at the cathode in all-vanadium redox flow 

batteries. Carbon, 50, 2372-2374 (2012) 

113. Ding C., Zhang H., Li X., Liu T., Xing F. Vanadium Flow Battery for Energy Storage: Prospects 

and Challenges. J. Phys. Chem. Lett., 4, 1281-1294 (2013) 

114. Sun B., Skyllas-Kazacos M. Chemical modification of graphite electrode materials for vanadium 

redox flow battery application—part II. Acid treatments. Electrochim. Acta, 37, 2459-2465 (1992) 

115. Han P. X., Yue Y. H., Liu Z. H., Xu W., Zhang L. X., Xu H. X., et al. Graphene oxide 

nanosheets/multi-walled carbon nanotubes hybrid as an excellent electrocatalytic material towards 

VO2+/VO2+ redox couples for vanadium redox flow batteries. Energy Environ. Sci., 4, 4710-4717 

(2011) 



131 

 

116. Wang S., Zhao X., Cochell T., Manthiram A. Nitrogen-Doped Carbon Nanotube/Graphite Felts as 

Advanced Electrode Materials for Vanadium Redox Flow Batteries. J. Phys. Chem. Lett., 3, 2164-2167 

(2012) 

117. Shao Y., Wang X., Engelhard M., Wang C., Dai S., Liu J., et al. Nitrogen-doped mesoporous carbon 

for energy storage in vanadium redox flow batteries. J. Power Sources, 195, 4375-4379 (2010) 

118. Oh D., Qi J., Lu Y. C., Zhang Y., Shao-Horn Y., Belcher A. M. Biologically enhanced cathode 

design for improved capacity and cycle life for lithium-oxygen batteries. Nat. Commun., 4, 2756 (2013) 

119. Zhao Y., Sakai F., Su L., Liu Y., Wei K., Chen G., et al. Progressive macromolecular self-assembly: 

from biomimetic chemistry to bio-inspired materials. Adv. Mater., 25, 5215-5256 (2013) 

120. Wang Z. G., Ding B. DNA-based self-assembly for functional nanomaterials. Adv. Mater., 25, 

3905-3914 (2013) 

121. Chen X. Y., Chen C., Zhang Z. J., Xie D. H. Gelatin-derived nitrogen-doped porous carbon via a 

dual-template carbonization method for high performance supercapacitors. J. Mater. Chem. A, 1, 10903 

(2013) 

122. Zhu H., Yin J., Wang X., Wang H., Yang X. Microorganism-Derived Heteroatom-Doped Carbon 

Materials for Oxygen Reduction and Supercapacitors. Adv. Funct. Mater., 23, 1305-1312 (2013) 

123. Choi C. H., Park S. H., Woo S. I. Heteroatom doped carbons prepared by the pyrolysis of bio-

derived amino acids as highly active catalysts for oxygen electro-reduction reactions. Green Chem., 13, 

406 (2011) 

124. Luecha J., Hsiao A., Brodsky S., Liu G. L., Kokini J. L. Green microfluidic devices made of corn 

proteins. Lab. Chip., 11, 3419-3425 (2011) 

125. Lawton J. W. Zein: A History of Processing and Use. Cereal Chem., 79, 1-18 (2002) 

126. Wang Y., Padua G. W. Formation of zein microphases in ethanol-water. Langmuir, 26, 12897-

12901 (2010) 

127. Matsushima N., Danno G.-i., Takezawa H., Izumi Y. Three-dimensional structure of maize α-zein 

proteins studied by small-angle X-ray scattering. Biochim. Biophys., 1339, 14-22 (1997) 

128. Argos P., Pedersen K., Marks M. D., Larkins B. A. A structural model for maize zein proteins. J. 



132 

 

Biol. Chem., 257, 9984-9990 (1982) 

129. Wang Y., Padua G. W. Nanoscale characterization of zein self-assembly. Langmuir, 28, 2429-2435 

(2012) 

130. Ferrari A. C., Basko D. M. Raman spectroscopy as a versatile tool for studying the properties of 

graphene. Nat. Nanotechnol., 8, 235-246 (2013) 

131. Li Y., Zhou W., Wang H., Xie L., Liang Y., Wei F., et al. An oxygen reduction electrocatalyst based 

on carbon nanotube-graphene complexes. Nat. Nanotechnol., 7, 394-400 (2012) 

132. Gong K., Du F., Xia Z., Durstock M., Dai L. Nitrogen-doped carbon nanotube arrays with high 

electrocatalytic activity for oxygen reduction. Science, 323, 760-764 (2009) 

133. Yang Z., Zhang J., Kintner-Meyer M. C., Lu X., Choi D., Lemmon J. P., et al. Electrochemical 

energy storage for green grid. Chem. Rev., 111, 3577-3613 (2011) 

134. Suarez D. J., Gonzalez Z., Blanco C., Granda M., Menendez R., Santamaria R. Graphite felt 

modified with bismuth nanoparticles as negative electrode in a vanadium redox flow battery. 

ChemSusChem, 7, 914-918 (2014) 

135. Wang S. Y., Zhao X. S., Cochell T., Manthiram A. Nitrogen-Doped Carbon Nanotube/Graphite 

Felts as Advanced Electrode Materials for Vanadium Redox Flow Batteries. J. Phys. Chem. Lett., 3, 

2164-2167 (2012) 

136. Eigler S., Hirsch A. Chemistry with graphene and graphene oxide-challenges for synthetic 

chemists. Angew. Chem. Int. Ed., 53, 7720-7738 (2014) 

137. Zhu Y., Murali S., Cai W., Li X., Suk J. W., Potts J. R., et al. Graphene and Graphene Oxide: 

Synthesis, Properties, and Applications. Adv. Mater. Interfaces, 22, 3906-3924 (2010) 

138. Huang C., Li C., Shi G. Graphene based catalysts. Energy Environ. Sci., 5, 8848-8868 (2012) 

139. Jeon I. Y., Shin Y. R., Sohn G. J., Choi H. J., Bae S. Y., Mahmood J., et al. Edge-carboxylated 

graphene nanosheets via ball milling. Proc. Natl. Acad. Sci. U. S. A., 109, 5588-5593 (2012) 

140. Ju M. J., Jeon I.-Y., Lim K., Kim J. C., Choi H.-J., Choi I. T., et al. Edge-carboxylated graphene 

nanoplatelets as oxygen-rich metal-free cathodes for organic dye-sensitized solar cells. Energy Environ. 

Sci., 7, 1044 (2014) 



133 

 

141. Ju M. J., Jeon I. Y., Kim J. C., Lim K., Choi H. J., Jung S. M., et al. Graphene nanoplatelets doped 

with N at its edges as metal-free cathodes for organic dye-sensitized solar cells. Adv. Mater. Interfaces, 

26, 3055-3062 (2014) 

142. Jeon I. Y., Choi H. J., Choi M., Seo J. M., Jung S. M., Kim M. J., et al. Facile, scalable synthesis 

of edge-halogenated graphene nanoplatelets as efficient metal-free eletrocatalysts for oxygen reduction 

reaction. Sci. Rep., 3, 1810 (2013) 

143. Hummers W. S., Offeman R. E. Preparation of Graphitic Oxide. J. Am. Chem. Soc., 80, 1339-1339 

(1958) 

144. Park S., Ruoff R. S. Chemical methods for the production of graphenes. Nat. Nanotechnol., 4, 217-

224 (2009) 

145. Ambrosi A., Chua C. K., Bonanni A., Pumera M. Electrochemistry of Graphene and Related 

Materials. Chem. Rev.,  (2014) 

146. Jeon I. Y., Zhang S., Zhang L., Choi H. J., Seo J. M., Xia Z., et al. Edge-selectively sulfurized 

graphene nanoplatelets as efficient metal-free electrocatalysts for oxygen reduction reaction: the 

electron spin effect. Adv. Mater. Interfaces, 25, 6138-6145 (2013) 

147. Park M., Ryu J., Kim Y., Cho J. Corn protein-derived nitrogen-doped carbon materials with 

oxygen-rich functional groups: a highly efficient electrocatalyst for all-vanadium redox flow batteries. 

Energy Environ. Sci., 7, 3727-3735 (2014) 

148. Qu L. T., Liu Y., Baek J. B., Dai L. M. Nitrogen-Doped Graphene as Efficient Metal-Free 

Electrocatalyst for Oxygen Reduction in Fuel Cells. ACS Nano, 4, 1321-1326 (2010) 

149. Yang S., Zhi L., Tang K., Feng X., Maier J., Müllen K. Efficient Synthesis of Heteroatom (N or 

S)-Doped Graphene Based on Ultrathin Graphene Oxide-Porous Silica Sheets for Oxygen Reduction 

Reactions. Adv. Funct. Mater., 22, 3634-3640 (2012) 

150. Wang S., Zhang L., Xia Z., Roy A., Chang D. W., Baek J. B., et al. BCN graphene as efficient 

metal-free electrocatalyst for the oxygen reduction reaction. Angew. Chem. Int. Ed., 51, 4209-4212 

(2012) 

151. Gong K. P., Du F., Xia Z. H., Durstock M., Dai L. M. Nitrogen-Doped Carbon Nanotube Arrays 



134 

 

with High Electrocatalytic Activity for Oxygen Reduction. Science, 323, 760-764 (2009) 

152. Xu J., Jeon I. Y., Seo J. M., Dou S., Dai L., Baek J. B. Edge-selectively halogenated graphene 

nanoplatelets (XGnPs, X = Cl, Br, or I) prepared by ball-milling and used as anode materials for lithium-

ion batteries. Adv. Mater., 26, 7317-7323 (2014) 

153. Jeon I. Y., Ju M. J., Xu J. T., Choi H. J., Seo J. M., Kim M. J., et al. Edge-Fluorinated Graphene 

Nanoplatelets as High Performance Electrodes for Dye-Sensitized Solar Cells and Lithium Ion Batteries. 

Adv. Funct. Mater., 25, 1170-1179 (2015) 

154. Jeon I. Y., Kim H. M., Choi I. T., Lim K., Ko J., Kim J. C., et al. High-performance dye-sensitized 

solar cells using edge-halogenated graphene nanoplatelets as counter electrodes. Nano Energy, 13, 336-

345 (2015) 

155. Pour N., Kwabi D. G., Carney T., Darling R. M., Perry M. L., Shao-Horn Y. Influence of Edge- 

and Basal-Plane Sites on the Vanadium Redox Kinetics for Flow Batteries. J. Phys. Chem. C, 119, 5311-

5318 (2015) 

156. Park M., Jeon I. Y., Ryu J., Baek J. B., Cho J. Exploration of the Effective Location of Surface 

Oxygen Defects in Graphene-Based Electrocatalysts for All-Vanadium Redox-Flow Batteries. Adv. 

Energy Mater., 5, 1401550 (2015) 

157. Wang H., Turner J. A. Reviewing Metallic PEMFC Bipolar Plates. Fuel Cells, 10, 510-519 (2010) 

158. Boyaci San F. G., Tekin G. A review of thermoplastic composites for bipolar plate applications. 

Int. J. Energ. Res., 37, 283-309 (2013) 

159. Mehta V., Cooper J. S. Review and analysis of PEM fuel cell design and manufacturing. J. Power 

Sources, 114, 32-53 (2003) 

160. Hermann A., Chaudhuri T., Spagnol P. Bipolar plates for PEM fuel cells: A review. Int. J. Hydrogen 

Energ., 30, 1297-1302 (2005) 

161. de Oliveira M. C. L., Ett G., Antunes R. A. Materials selection for bipolar plates for polymer 

electrolyte membrane fuel cells using the Ashby approach. J. Power Sources, 206, 3-13 (2012) 

162. Zhang D., Wang Z., Huang K. Composite coatings with in situ formation for Fe–Ni–Cr alloy as 

bipolar plate of PEMFC. Int. J. Hydrogen Energ., 38, 11379-11391 (2013) 



135 

 

163. Taherian R., Hadianfard M. J., Golikand A. N. A new equation for predicting electrical conductivity 

of carbon-filled polymer composites used for bipolar plates of fuel cells. J. Appl. Polym. Sci., 128, 1497-

1509 (2013) 

164. Cui T. M., Li P., Liu Y., Feng J. X., Xu M. M., Wang M. Preparation of thermostable 

electroconductive composite plates from expanded graphite and polyimide. Mater. Chem. Phys., 134, 

1160-1166 (2012) 

165. Antunes R. A., de Oliveira M. C. L., Ett G., Ett V. Carbon materials in composite bipolar plates for 

polymer electrolyte membrane fuel cells: A review of the main challenges to improve electrical 

performance. J. Power Sources, 196, 2945-2961 (2011) 

166. Sun Y. Q., Shi G. Q. Graphene/polymer composites for energy applications. J. Polym. Sci. Pol. 

Phys., 51, 231-253 (2013) 

167. Lee N. J., Lee S. W., Kim K. J., Kim J. H., Park M. S., Jeong G., et al. Development of Carbon 

Composite Bipolar Plates for Vanadium Redox Flow Batteries. B. Korean Chem. Soc., 33, 3589-3592 

(2012) 

168. Caglar B., Fischer P., Kauranen P., Karttunen M., Elsner P. Development of carbon nanotube and 

graphite filled polyphenylene sulfide based bipolar plates for all-vanadium redox flow batteries. J. 

Power Sources, 256, 88-95 (2014) 

169. Du L., Jana S. C. Highly conductive epoxy/graphite composites for bipolar plates in proton 

exchange membrane fuel cells. J. Power Sources, 172, 734-741 (2007) 

170. Simitzis J., Zoumpoulakis L., Soulis S., Triantou D., Pinaka C. Electrical Conductivity and 

Mechanical Strength of Composites Consisting of Phenolic Resin, Carbon Fibers, and Metal Particles. 

J. Appl. Polym. Sci., 121, 1890-1900 (2011) 

171. Taherian R., Nasr M.  

Performance and material selection of nanocomposite bipolar plate in proton exchange membrane fuel 

cells. Int. J. Energ. Res., 38, 94-105 (2014) 

172. Zhou S. X., Xu J. Z., Yang Q. H., Chiang S. W., Li B. H., Du H. D., et al. Experiments and modeling 

of thermal conductivity of flake graphite/polymer composites affected by adding carbon-based nano-



136 

 

fillers. Carbon, 57, 452-459 (2013) 

173. Suherman H., Sahari J., Sulong A. B. Effect of small-sized conductive filler on the properties of 

an epoxy composite for a bipolar plate in a PEMFC. Ceram. Int., 39, 7159-7166 (2013) 

174. Shen L., Ding H. L., Cao Q. H., Jia W. C., Wang W., Guo Q. P. Fabrication of Ketjen black-high 

density polyethylene superhydrophobic conductive surfaces. Carbon, 50, 4284-4290 (2012) 

175. Tavman I., Krupa I., Omastova M., Sarikanat M., Novak I., Sever K., et al. Effects of conductive 

graphite filler loading on physical properties of high-density polyethylene composite. Polym. Compos., 

33, 1071-1076 (2012) 

176. Mathur R. B., Dhakate S. R., Gupta D. K., Dhami T. L., Aggarwal R. K. Effect of different carbon 

fillers on the properties of graphite composite bipolar plate. J. Mater. Process Tech., 203, 184-192 (2008) 

177. Larcher D., Tarascon J. M. Towards greener and more sustainable batteries for electrical energy 

storage. Nat. Chem., 7, 19-29 (2015) 

178. Morita Y., Nishida S., Murata T., Moriguchi M., Ueda A., Satoh M., et al. Organic tailored batteries 

materials using stable open-shell molecules with degenerate frontier orbitals. Nat. Mater., 10, 947-951 

(2011) 

179. Liang Y., Zhang P., Yang S., Tao Z., Chen J. Fused Heteroaromatic Organic Compounds for High-

Power Electrodes of Rechargeable Lithium Batteries. Adv. Energy Mater., 3, 600-605 (2013) 

180. Song Z. P., Qian Y. M., Liu X. Z., Zhang T., Zhu Y. B., Yu H. J., et al. A quinone-based oligomeric 

lithium salt for superior Li-organic batteries. Energy Environ. Sci., 7, 4077-4086 (2014) 

181. Shimizu A., Kuramoto H., Tsujii Y., Nokami T., Inatomi Y., Hojo N., et al. Introduction of two 

lithiooxycarbonyl groups enhances cyclability of lithium batteries with organic cathode materials. J. 

Power Sources, 260, 211-217 (2014) 

182. Wang S., Wang L., Zhang K., Zhu Z., Tao Z., Chen J. Organic Li4C8H2O6 Nanosheets for 

Lithium-Ion Batteries. Nano Lett., 13, 4404-4409 (2013) 

183. Zhao L., Zhao J., Hu Y.-S., Li H., Zhou Z., Armand M., et al. Disodium Terephthalate 

(Na2C8H4O4) as High Performance Anode Material for Low-Cost Room-Temperature Sodium-Ion 

Battery. Adv. Energy Mater., 2, 962-965 (2012) 



137 

 

184. Park Y., Shin D. S., Woo S. H., Choi N. S., Shin K. H., Oh S. M., et al. Sodium terephthalate as an 

organic anode material for sodium ion batteries. Adv. Mater., 24, 3562-3567 (2012) 

185. Wang W., Xu W., Cosimbescu L., Choi D., Li L., Yang Z. Anthraquinone with tailored structure 

for a nonaqueous metal-organic redox flow battery. Chem. Commun., 48, 6669-6671 (2012) 

186. Brushett F. R., Vaughey J. T., Jansen A. N. An All-Organic Non-aqueous Lithium-Ion Redox Flow 

Battery. Adv. Energy Mater., 2, 1390-1396 (2012) 

187. Wei X., Xu W., Vijayakumar M., Cosimbescu L., Liu T., , et al. TEMPO-Based Catholyte for High-

Energy Density Nonaqueous Redox Flow Batteries. Adv. Mater., 26, 7649-7653 (2014) 

188. Valiev M., Bylaska E. J., Govind N., Kowalski K., Straatsma T. P., Van Dam H. J. J., et al. 

NWChem: A comprehensive and scalable open-source solution for large scale molecular simulations. 

Comput. Phys. Commun., 181, 1477-1489 (2010) 

189. Perdew J. P., Burke K., Ernzerhof M. Generalized gradient approximation made simple. Phys. Rev. 

Lett., 77, 3865-3868 (1996) 

190. Deuchert K., Hünig S. Multistage Organic Redox Systems—A General Structural Principle. Angew. 

Chem. Int. Ed., 17, 875-886 (1978) 

191. Yokoji T., Matsubara H., Satoh M. Rechargeable organic lithium-ion batteries using electron-

deficient benzoquinones as positive-electrode materials with high discharge voltages. J. Mater. Chem. 

A, 2, 19347-19354 (2014) 

192. Wei X. L., Cosimbescu L., Xu W., Hu J. Z., Vijayakumar M., Feng J., et al. Towards High-

Performance Nonaqueous Redox Flow Electrolyte Via Ionic Modification of Active Species. Adv. 

Energy Mater., 5,  (2015) 

193. Lee S., Jeong M., Cho J. Optimized 4-V Spinel Cathode Material with High Energy Density for 

Li-Ion Cells Operating at 60 °C. Adv. Energy Mater., 3, 1623-1629 (2013) 

194. Park M. H., Noh M., Lee S., Ko M., Chae S., Sim S., et al. Flexible high-energy Li-ion batteries 

with fast-charging capability. Nano Lett., 14, 4083-4089 (2014) 

195. Zhou G. M., Li F., Cheng H. M. Progress in flexible lithium batteries and future prospects. Energy 

Environ. Sci., 7, 1307-1338 (2014) 



138 

 

196. Wang X., Lu X., Liu B., Chen D., Tong Y., Shen G. Flexible Energy-Storage Devices: Design 

Consideration and Recent Progress. Adv. Mater., 26, 4763-4782 (2014) 

197. Gwon H., Hong J., Kim H., Seo D. H., Jeon S., Kang K. Recent progress on flexible lithium 

rechargeable batteries. Energy Environ. Sci., 7, 538-551 (2014) 

198. Lee S.-Y., Choi K.-H., Choi W.-S., Kwon Y. H., Jung H.-R., Shin H.-C., et al. Progress in flexible 

energy storage and conversion systems, with a focus on cable-type lithium-ion batteries. Energy Environ. 

Sci., 6, 2414-2423 (2013) 

199. Park J., Park M., Nam G., Lee J. S., Cho J. All-solid-state cable-type flexible zinc-air battery. Adv 

Mater, 27, 1396-1401 (2015) 

200. Liu N., Ma W., Tao J., Zhang X., Su J., Li L., et al. Cable-Type Supercapacitors of Three-

Dimensional Cotton Thread Based Multi-Grade Nanostructures for Wearable Energy Storage. Adv. 

Mater., 25, 4925-4931 (2013) 

201. Kwon Y. H., Woo S. W., Jung H. R., Yu H. K., Kim K., Oh B. H., et al. Cable-Type Flexible 

Lithium Ion Battery Based on Hollow Multi-Helix Electrodes. Adv. Mater., 24, 5192-5197 (2012) 

202. Xu S., Zhang Y., Cho J., Lee J., Huang X., Jia L., et al. Stretchable batteries with self-similar 

serpentine interconnects and integrated wireless recharging systems. Nat. Commun., 4, 1543 (2013) 

203. Zhang Z., Deng J., Li X., Yang Z., He S., Chen X., et al. Superelastic supercapacitors with high 

performances during stretching. Adv. Mater. Interfaces, 27, 356-362 (2015) 

204. Ren J., Zhang Y., Bai W., Chen X., Zhang Z., et al. Elastic and wearable wire-shaped lithium-ion 

battery with high electrochemical performance. Angew. Chem. Int. Ed., 53, 7864-7869 (2014) 

205. Duduta M., Ho B., Wood V. C., Limthongkul P., Brunini V. E., Carter W. C., et al. Semi-Solid 

Lithium Rechargeable Flow Battery. Adv. Energy Mater., 1, 511-516 (2011) 

206. Chen H., Zou Q., Liang Z., Liu H., Li Q., Lu Y. C. Sulphur-impregnated flow cathode to enable 

high-energy-density lithium flow batteries. Nat. Commun., 6, 5877 (2015) 

207. Hamelet S., Larcher D., Dupont L., Tarascon J.-M. Silicon-Based Non Aqueous Anolyte for Li 

Redox-Flow Batteries. J. Electrochem. Soc., 160, A516-A520 (2013) 

208. Noack J., Roznyatovskaya N., Herr T., Fischer P. The Chemistry of Redox-Flow Batteries. Angew. 



139 

 

Chem. Int. Ed., 54, 9776-9809 (2015) 

209. Liu T., Wei X., Nie Z., Sprenkle V., Wang W. A Total Organic Aqueous Redox Flow Battery 

Employing a Low Cost and Sustainable Methyl Viologen Anolyte and 4-HO-TEMPO Catholyte. Adv. 

Energy Mater., 6, 1501449 (2016) 

210. Guo H., Gao Q. Boron and nitrogen co-doped porous carbon and its enhanced properties as 

supercapacitor. J. Power Sources, 186, 551-556 (2009) 

211. Wu Z. S., Winter A., Chen L., Sun Y., Turchanin A., Feng X., et al. Three-dimensional nitrogen 

and boron co-doped graphene for high-performance all-solid-state supercapacitors. Adv. Mater., 24, 

5130-5135 (2012) 

212. Paraknowitsch J. P., Wienert B., Zhang Y., Thomas A. Intrinsically sulfur- and nitrogen-co-doped 

carbons from thiazolium salts. Chem. Eur. J., 18, 15416-15423 (2012) 

213. Liang J., Jiao Y., Jaroniec M., Qiao S. Z. Sulfur and nitrogen dual-doped mesoporous graphene 

electrocatalyst for oxygen reduction with synergistically enhanced performance. Angew. Chem. Int. Ed., 

51, 11496-11500 (2012) 

214. Chen S., Bi J., Zhao Y., Yang L., Zhang C., Ma Y., et al. Nitrogen-doped carbon nanocages as 

efficient metal-free electrocatalysts for oxygen reduction reaction. Adv. Mater., 24, 5593-5597 (2012) 

215. Choi C. H., Park S. H., Woo S. I. Binary and Ternary Doping of Nitrogen, Boron, and Phosphorus 

into Carbon for Enhancing Electrochemical Oxygen Reduction Activity. ACS Nano, 6, 7084-7091 (2012) 

216. Wang L., Ambrosi A., Pumera M. “Metal-Free” Catalytic Oxygen Reduction Reaction on 

Heteroatom-Doped Graphene is Caused by Trace Metal Impurities. Angew. Chem. Int. Ed., 52, 13818-

13821 (2013) 

217. Zheng Y., Jiao Y., Ge L., Jaroniec M., Qiao S. Z. Two-step boron and nitrogen doping in graphene 

for enhanced synergistic catalysis. Angew. Chem. Int. Ed., 52, 3110-3116 (2013) 

218. Kim B. H., Yang K. S., Woo H. G. Boron-nitrogen functional groups on porous nanocarbon fibers 

for electrochemical supercapacitors. Mater. Lett., 93, 190-193 (2013) 

219. Park J. H., Park J. J., Park O. O., Jin C.-S., Yang J. H. Highly accurate apparatus for electrochemical 

characterization of the felt electrodes used in redox flow batteries. J. Power Sources, 310, 137-144 



140 

 

(2016) 

220. Tseng T. M., Huang R. H., Huang C. Y., Liu C. C., Hsueh K. L., Shieu F. S. Carbon Felt Coated 

with Titanium Dioxide/Carbon Black Composite as Negative Electrode for Vanadium Redox Flow 

Battery. J. Electrochem. Soc., 161, A1132-A1138 (2014) 

221. Yao C. A., Zhang H. M., Liu T., Li X. F., Liu Z. H. Carbon paper coated with supported tungsten 

trioxide as novel electrode for all-vanadium flow battery. J. Power Sources, 218, 455-461 (2012) 

222. Wu X. X., Xu H. F., Lu L., Zhao H., Fu J., Shen Y., et al. PbO2-modified graphite felt as the 

positive electrode for an all-vanadium redox flow battery. J. Power Sources, 250, 274-278 (2014) 

223. Shen Y., Xu H., Xu P., Wu X., Dong Y., Lu L. Electrochemical catalytic activity of tungsten 

trioxide- modified graphite felt toward VO2+/VO2+ redox reaction. Electrochim. Acta, 132, 37-41 

(2014) 

224. Han P. X., Wang X. G., Zhang L. X., Wang T. S., Yao J. H., Huang C. S., et al. RuSe/reduced 

graphene oxide: an efficient electrocatalyst for VO2+/VO2+ redox couples in vanadium redox flow 

batteries. RSC Adv., 4, 20379-20381 (2014) 

225. Ulaganathan M., Jain A., Aravindan V., Jayaraman S., Ling W. C., Lim T. M., et al. Bio-mass 

derived mesoporous carbon as superior electrode in all vanadium redox flow battery with multicouple 

reactions. J. Power Sources, 274, 846-850 (2015) 

226. González Z., Botas C., Blanco C., Santamaría R., Granda M., Álvarez P., et al. Thermally reduced 

graphite and graphene oxides in VRFBs. Nano Energy, 2, 1322-1328 (2013) 

227. Li W., Liu J., Yan C. Graphite–graphite oxide composite electrode for vanadium redox flow battery. 

Electrochim. Acta, 56, 5290-5294 (2011) 

228. Shi L., Liu S., He Z., Shen J. Nitrogen-Doped Graphene:Effects of nitrogen species on the 

properties of the vanadium redox flow battery. Electrochim. Acta, 138, 93-100 (2014) 

229. Chen H. N., Lu Y. C. A High-Energy-Density Multiple Redox Semi-Solid-Liquid Flow Battery. 

Adv. Energy Mater., 6, 1502183 (2016) 

230. Jia C., Pan F., Zhu Y. G., Huang Q., Lu L., Wang Q. High-energy density nonaqueous all redox 

flow lithium battery enabled with a polymeric membrane. Science Advances, 1, e1500886 (2015) 



141 

 

Acknowledgements 

지난 5년간 UNIST에서 생활을 마치고 졸업을 합니다. 먼저 저를 믿고 지도 해

주신 조재필 교수님께 감사의 말씀을 드립니다. 매일 새벽 5시에 학교에 나오셔

서 연구하시는 모습에서 성실함의 중요성을 배웠고, 학생 개개인의 개성을 파악

하고 열린 마음으로 믿고 기다려주시는 모습에서 신뢰의 중요성을 배웠습니다. 

대학원 입학 후에는 주변에 본받을 만한 학자나 선배 연구자를 정해놓고 그 길을 

가기 위해 노력하라는 말을 읽은 적이 있습니다. 아직은 부족하지만 교수님을 보

면서 추진력, 인간미, 일에 대한 열정을 배웠습니다. 이러한 가르침을 마음에 새

기고 연구자의 길을 걸어 나가겠습니다. 또한, 논문의 심사를 맡아 주신 김영식 

교수님, 홍성유 교수님, 강석주 교수님, 이현욱 교수님께도 감사의 말씀을 전합

니다. 세심하게 신경써 주신 덕분에 졸업 디펜스, 논문 심사를 무사히 마칠 수 

있었습니다. NESM연구실의 학생들에게도 감사의 말을 전합니다. 재찬, 해성 RFB

팀원들, 윤지, 형연 플렉서블 전지 팀원들 감사합니다. 특히, 4년전 형광등도 비

치지 않는 구석의 작은 테이블에서 같이 RFB실험을 시작한 류재찬, 나를 믿고 잘 

따라와 줘서 논문 작업에 큰 도움이 되었습니다. 앞으로 RFB연구의 명맥을 이어

가길 기대하겠습니다. 지난 1년간 플렉서블 배터리 실험을 함께 해준 이윤지, 차

형연, 불평없이 실험에 전념하는 너희들의 성실한 모습 때문에 좋은 결과를 낼 

수 있었습니다. 금속 공기전지를 연구하면서 논문 쓰기에 열정이 넘치는 성실한

박주혁, 이제 논문 쓰기를 배우고 있는 김준혁, 너희들이 보여준 배움에 대한 흥

미, 열정 때문에 나도 더 노력했고 열심히 가르쳐 줄 수 있었습니다. 울산에서 

희로애락을 함께해주신 모든 분들을 나열하기에 끝이 없지만 지면의 한계로 여기

서 줄이며 그동안 도움을 주신 교수님들, 연구실 선후배님들 감사드립니다.  

지금까지 항상 저를 믿고 사랑으로 길러주신 엄마, 아빠, 그리고 할머니, 동생 

덕분에 좋은 결실을 맺을 수 있었고 감사합니다. 졸업 후에는 새로운 곳에서 새

로운 마음으로 부모님의 은혜에 보답하겠습니다. 마지막으로, 항상 옆에서 믿어 

주고 의미 있는 연구를 할 수 있도록 도와 주었던 선배 연구자이자, 티격태격하

지만 마음이 잘 맞고 이해심이 넓은 친구이자 동료인, 앞으로 미래를 함께할 동

반자께도 감사한 마음을 전합니다.  

 


	Chapter 1 – Introduction of flow batteries
	1.1 History
	1.2 Principle of flow battery and its types
	1.3 Materials for conventional vanadium redox flow batteries (VRFBs)
	1.4 Next-generation flow batteries
	1.5 Scope and organization of this dissertation

	Chapter 2 – Synergistic effect of carbon nanotube/nanofiber catalyst for VRFBs
	2.1 Introduction
	2.2 Experimental detail
	2.3 Results and discussion
	2.4 Summary

	Chapter 3 – Corn-protein derived nitrogen-doped carbon nanoparticle catalysts for VRFBs
	3.1 Introduction
	3.2 Experimental detail
	3.3 Results and discussion
	3.4 Summary

	Chapter 4 – Exploration of the effective location of graphene-based catalysts for VRFBs
	4.1 Introduction
	4.2 Experimental detail
	4.3 Results and discussion
	4.4 Summary

	Chapter 5 – Catalytic activity of halogen-doped graphene-based catalysts for VRFBs
	5.1 Introduction
	5.2 Experimental detail
	5.3 Results and discussion
	5.4 Summary

	Chapter 6 – Organic redox couples for lithium-based flow batteries
	6.1 Introduction
	6.2 Experimental detail
	6.3 Results and discussion
	6.4 Summary

	Chapter 7 – Challenge facing flow batteries
	References
	Acknowledgements


<startpage>19
Chapter 1 – Introduction of flow batteries 1
 1.1 History 1
 1.2 Principle of flow battery and its types 3
 1.3 Materials for conventional vanadium redox flow batteries (VRFBs) 6
 1.4 Next-generation flow batteries 11
 1.5 Scope and organization of this dissertation 13
Chapter 2 – Synergistic effect of carbon nanotube/nanofiber catalyst for VRFBs 14
 2.1 Introduction 15
 2.2 Experimental detail 16
 2.3 Results and discussion 18
 2.4 Summary 33
Chapter 3 – Corn-protein derived nitrogen-doped carbon nanoparticle catalysts for VRFBs 34
 3.1 Introduction 35
 3.2 Experimental detail 37
 3.3 Results and discussion 39
 3.4 Summary 59
Chapter 4 – Exploration of the effective location of graphene-based catalysts for VRFBs 60
 4.1 Introduction 61
 4.2 Experimental detail 63
 4.3 Results and discussion 65
 4.4 Summary 77
Chapter 5 – Catalytic activity of halogen-doped graphene-based catalysts for VRFBs 78
 5.1 Introduction 79
 5.2 Experimental detail 80
 5.3 Results and discussion 81
 5.4 Summary 93
Chapter 6 – Organic redox couples for lithium-based flow batteries 94
 6.1 Introduction 95
 6.2 Experimental detail 96
 6.3 Results and discussion 98
 6.4 Summary 114
Chapter 7 – Challenge facing flow batteries 115
References 121
Acknowledgements 141
</body>

