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ABSTRACT 

The need for the development of effective storage methods for renewably generated 

electricity has become increasingly evident in the past few decades. With a growing 

need for the development of large-scale energy storage technologies, the redox flow 

batteries known for their high capacity, energy efficiency and low cost have attracted 

huge attention. Among all kinds of different flow batteries, Zinc-based flow batteries 

(ZBFB) and Vanadium flow batteries (VFB) are two of the most promising system. 

However, both systems suffer from low reaction rate and high overpotential caused by 

the low kinetics of 3D current collector as well as the membrane crossover issue. In 

this thesis, methods of improving electrode interfacial properties and the separator 

properties were introduced and were applied to both ZBFB and VFB system. Single 

cell testing, electrochemical measurements and SEM were done to analyze the 

mechanism behind it. 
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CHAPTER 1 

INTRODUCTION 

Flow battery: An Overview 

The rapid growth of population and living standard has led to a severe problem on 

energy storage. With the expectation that fossil fuel will be used up within several 

centuries, the search for renewable sources has become increasingly urgent.1,2 To 

replace the wide-used fossil fuel, renewable energy like solar power, hydraulic power, 

wind power and temporary electrical storage have been developing rapidly in recent 

years and is attracting wide attention.3 However, these renewable sources have a 

nature of intermittent, the weather not predictable and sunlight do not guarantee 

either, all these problems can lead to difference of generation of power day-to-day. 

As one of the solutions of this problem, the concept of flow battery is involved. 

Generated from the design of fuel cells, a typical flow battery contents a flow cell, 

two electrolyte tank and a pump.4 Electrochemical reactants are content in the tank 

outside of the cell, they will be pumped into the electrode where the reaction is 

happening. A separator inside divides the cell into anode part and cathode part and it 

also works as a pathway of conductive ions (Figure 1.1).5 

The flow batteries are specially designed for large facilities in the first place. One of 

the most attractive point for flow battery is the scalability and feasibility.6,7 With tanks 

containing electroactive material, the flow battery be designed to almost all kinds of 

scales to meet need for different industry need. However, with the advantages like 

high energy efficiency, high capacity, low cost and safety, people begin to apply it 
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Figure 1.1. Schematic of a typical redox flow battery. 

 

to other smaller devices, like electric cars, soft robots and so on. Still, the nature of 

low voltage and low energy density has limited its use in electronic devices.8 

Normally, the Li ion battery used for phones are smaller enough with a voltage of 

3.7V while for the most mature flow battery: vanadium redox flow battery, the 

voltage is only 1.25V with complicated system and large size.9–11 Although flow 

battery technology still has a long way to go, it still has great potential as a 

replacement for fossil fuels. 
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CHAPTER 2 

DIRECT ADDITION OF THE NITROGEN AND SULFUR FUNCTIONAL 

GROUPS IN ELECTRODE OF VANADIUM REDOX FLOW BATTERIES TO 

ACHIEVE CATALYTIC EFFECT 

 

Keywords: Vanadium redox flow Batteries, Energy storage, Sulfate, Amine, Catalyst 

Highlights:  

 Achieved doping of functional groups to graphite felt using a simple way of 

hydrothermal treatment.  

 Largely enhanced the efficiency and the reversibility for the Vanadium flow 

battery system. 

 

ABSTRACT  

Vanadium redox flow battery is a widely used type of flow battery. It has attracted 

widespread attention due to its high energy efficiency, good reversibility, high capacity 

and low cost. Despite such advantages, the Vanadium flow battery design has been 

largely limited by its high overpotential caused by the low reaction rate. In this chapter, 

we attempt to use a simple way of hydrothermal treatment to dope catalytic functional 

groups like Sulfonic and Nitrogen groups onto various kinds of electrodes. Doping 

Catalytic groups leads to lower overpotential and better cycling performance while the 

great wettability enhancement result in the improvement of energy efficiency. We also 

proposed the catalytic mechanism based on the current data. 
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1. INRODUCTION 

As the development of economy and living standard improve, the demand of energy 

keeps increasing. The need for clean, cheap and efficient renewable energy has gone up 

drastically.1,2 To replace the wide-used fossil fuel, renewable energy like solar power, 

hydraulic power, wind power and temporary electrical storage have been developing 

rapidly in recent years and is attracting wide attention.3 As a large-scale energy storage 

technique, flow batteries play a key role in large facilities and the backup energy 

system.4,5 There are a variety of flow batteries, but among all these types, the vanadium 

flow battery (VFB) is known to be the most promising system.6,7 With the huge 

advantages like safety, high energy efficiency, ability to work under high current density 

and also relatively high working voltage, VFB stands out from all types of different 

flow batteries and is currently being commercialized.8,9  

A VFB normally utilizes four oxidation states of vanadium: V(II) and V(III) as anolyte, 

V(IV) and V(V) as catholyte. A V(IV) salt will be dissolved into a supporting acid and 

transfers to different valences by charging. Normally, these two couples can yield a 

promising cell voltage of around 1.25V when fully charged.10 To be specifically:  

Anolyte reaction:  

         E = -0.255V vs. SHE 

Catholyte reaction: 

    E = 1.00V vs. SHE 

Still, the overpotential caused by low kinetics and reaction rate has limited the 

application of VFB in the industry.11 To solve this problem, ways of electrode 
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modification are proposed. Among all these methods, carbon materials are most widely-

used.12 In 2008, H.Q. Zhu proposed a graphite-carbon nanotube composite for 

electrodes for VFB, with the good electrochemical properties of CNT, the electrode 

obtained good kinetics and yielded nice performance.13 While in 2013, applying 

electrospun carbon nanofibers to the graphite surface, this carbon nanofibers with 

diameter of 100-200 nm could largely change the surface conductivity and add more 

reaction sites to the surface.14 

Nitrogen doped materials begin to be utilized since 2016 when L. Wu doped N-doped 

nanospheres as electrocatalyst to graphite and achieved a high current density of 100 

mA/cm2.15 In addition to the carbon materials, some metal catalysts like Copper, Nickel, 

Bismuth and so on are also being considered.15–18 In 2016, L. Wei published a paper on 

Applied Energy proposing a newly designed system using copper nanoparticles to be 

deposited onto the graphite surface. This nanoparticle showed great electrocatalytic 

properties leading to high capacity under high current density.15 

Above applications have mostly stick to doping particles onto the current collector 

surface, in the meantime, people begin to add functional groups onto the electrode.19–21 

The method can add catalysts while change the surface wettability which is one of the 

most importance factor on changing reaction kinetics of flow battery. Hydroxy groups 

are the most popular types, because of its hydrophilicity and active nature.22,23 People 

utilize the etching method of KOH23,24, copper25, KMnO4
26,27

 and other oxidative 

solution to dope hydroxy groups. In the meantime, Nitrogen groups are also 

considered,28–30 the most wide-used salt utilized to add functional groups is the 
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ammonia hydroxide.29 While in 2018, Dr. Andrew Shah from our group applied 

ammonia persulfate (APS) for the first time to add sulfonic groups as well as amino 

group.31,32 He tried to prove the catalytic effect of these functional groups and achieve 

high performance even under a high current density of 200 mA/cm2.  

In this chapter, we will try to repeat Dr. Shah’s work in new graphite felts and apply 

this method to special graphite felts from our collaborator: StorEn. 

2. EXPERIMENTAL METHODS 

2.1 Electrode preparation 

One set of samples was hydrothermal treated by Ammonium persulfate (APS). APS 

was dissolved into 100 mL DI water with different concentration of 0.1M, 0.2M, 0.3M. 

Different kinds of pristine graphite felt (GF) (PAN-based, AVCarb 101 and StorEn) 

were submerged into this solution, which was then placed into a Teflon-lined 

hydrothermal reactor. After that, it was heated in an air furnace at 180℃ for 15 hours 

and cold down for 10 hours. Then, the GF was washed thoroughly by DI water for 5 

minutes to remove the residual. Another set of samples was air-thermal treated under 

420°C for 10 hours in the air furnace, and cools down under normal temperature for 5 

hours. 

2.2 Single cell testing 

In the single cell testing, the flow battery consists of a cell, a pump and two glass 

containers to hold the electrolyte. The Vanadium electrolyte was pumped into the flow 

cell through ¼” I.D. tubing (Tygon 2375 Ultra tubing) using a mechanical pump 

(Masterflex L/S Digital Drive, 600 rpm, 15/230 VAC). The structure of the flow cell 
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was quite complicated. There were a pair of acrylic or metal end plate working as the 

shell of the cell, two Viton rubber gaskets to make sure the sealing, two graphite current 

collectors, two HDPE plastic gaskets to control the compressing rate and two 3D 

printed PE flow frames. A pre-treated separator which was Nafion 212 in this case, 

would then be added to avoid possible electrolyte crossover. Each side of the cell had a 

1 to 2 mm space between the membrane and current collector, in which a piece of 3 mm 

thick, 3 cm wide and 5 cm long porous graphite felt (PAN-based, AVCarb and StorEn) 

was compressed to reach good electrical contact. The electrolyte was 25 mL 1M VOSO4 

in 4M H2SO4 for Anode side and 50 mL of the same electrolyte for cathode side. Each 

container was purged of Argon for 2 minutes to get rid of Oxygen which would be 

harmful for the cycling process. Since the effective chemical V(V) and V(II) are 

extremely unstable and expensive, we decide to prepare them in a flow cell by the 

charging process of V(IV). To accomplish a maximum conversion from V(IV) to V(V) 

and V(II), we intend to use an upper cut off voltage of 1.7 V under a constant current 

density of 15 mA/cm2 and repeat the cycle for 5 times under Argon atmosphere. The 

color of V(V) and V(II) should be yellow and purple, the appearance of these two colors 

showed a full conversion of the electrolyte. After the full conversion, 25 mL of the extra 

catholyte should be taken out in order to maintain the mass balance, the electrolyte 

volume applied was 25 mL for both catholyte and anolyte, with a flow rate of 30 

mL/min and current density of 50 mA/cm2 which was 750 mA in this case. The upper 

cutoff voltage was 1.7 V while the lower cutoff voltage was set to 0.8 V according to 

the reduction potential. The rate capability was also tested, the current density ranged 
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from 50 mA/cm2 to 200 mA/cm2. All the single cell testing was carried out with a 

battery analyzer from MTI (3A, 5V). 

2.3 Materials Characterization  

Both air treated and APS treated graphite felts were characterized by different kinds of 

analytical techniques. The XPS was used to examine the elements on the surface and 

their quantity. Raman spectroscopy (Renishaw InVia Confocal Raman microscope, 

785nm laser) was applied to detect the carbon crystallinity and morphology. SEM 

(Zeiss Gemini 500 Scanning Electron Microscope) was used to observe the structure of 

the carbon fiber in order to eliminate the structural factor and prove the structural 

integrity. EDS together with the SEM was done to further examine the element on the 

fiber surface. The water contact angle (VCA Optima Contact Angle) was tested to figure 

out the wettability changes on the surface.  

 

3. RESULTS AND DISCUSSION 

The goal of the treatment was to come up with a simple and effective method to 

permanently add catalytic functional groups onto the graphite felt (GF) electrodes. In 

the meantime, the sulfonic groups and hydroxy groups were theorized to be hydrophilic 

groups which would improve the GF kinetics and the flow performance as well. The 

data of this chapter was mainly divided into 2 parts, in the first part we tried to apply 

Andrew’s method to new type of GF and proved the feasibility of this method to be 

tried in other electrodes. In the second part, we applied this method to StorEn 

company’s sample.  
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This proposed treatment uses an inexpensive and efficient oxidant known as ammonia 

persulfate (APS). It has high water solubility and the persulfates can decompose to form 

reactive free radicals. Therefore, the sulfonic groups would then be linked to the carbon 

and added to the surface of GF. Before the single cell testing, several characterizations 

were done to explore the properties of both air-treated and APS-treated GF. SEM 

images were displayed below in the Figure 3.1. We could figure out that all the GF had 

 

Figure 3.1. SEM images of (A) GF (B) Air-treated GF (C) APS treated GF. 

 

no obvious difference, indicating both air treatment and APS could maintain a great 

structural integrity. The water contact angle was tested to analyze the hydrophilicity 

(Figure 3.2). The Figure 3.2A was for control group, Figure 3.2B was for air treated one     

 

Figure 3.2. Water contact angle images of (A) GF, 115.04° (B) Air-treated GF, 

101.79 ° (C) APS treated, no angle. 

 

while the Figure 3.2C was from APS treated one. It was clear that the baseline and air-

treated one was quite identical with only 14° difference in angle (115.04 ° for baseline, 

A 
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101.79 ° for air treatment). However, the APS treated case, the water contact angle was 

too small to be detected. This showed a great improvement in surface wettability by 

adding functional groups with APS and also indirectly proved the successful addition 

of hydrophilic groups. Further characterization like XPS was completed to detect bonds 

and analyze groups, showed in Figure 3.3 and Table 3.1. Red line represented the air-

treated case, we could see that there was only small difference of about 2% in oxygen 

element while the blue line for APS treatment, we could see S groups being added to 

the surface together with more oxygen element. The Nitrogen element had also been 

proven to be added though the amount was quite low, only about 0.55%. Therefore,  

0 500 1000
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Bonding energy/eV
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 air-treated

 aps-treated
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N1s

 

Figure 3.3. XPS plot of control group, air-treated GF and APS treated GF. 

 

Table 3.1. Element percentage of different GF. 

At% C O S N 
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GF 93.43% 6.57% 0 0 

Air-treated 90.83% 8.32% 0 0 

APS-treated 85.55% 12.39% 1.51% 0.55% 

when we tried to analyze the catalytic mechanism the effect of amino group shouldn’t 

be considered too much. Single cell testing was completed using different APS 

treatment of different concentration, the results were showed in Figure 3.4 to Figure 3.6. 

 

Figure 3.4. Comparison of cycling results using control group, air treatment, APS 

treatment with different concentrations under a current density of 50 mA/cm2. 
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Figure 3.5. Comparison of Coulombic efficiency results for different treated GF. 

 

 

Figure 3.6. Comparison of Energy efficiency of different treated GF. 

 

These 3 figures presented the discharge capacity, coulombic efficiency and energy 

efficiency under current density of 50 mA/cm2. The discharge capacity was the most 

obvious one, we could see a rapid drop of baseline and air treated one, however, the 

APS treated one showed a much more promising reversibility. They maintained a 
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capacity of around 300 mAh even after 100 cycles. The Figure 3.5 presented the 

coulombic efficiency and Figure 3.6 showed the energy efficiency. Both efficiency for 

the control and air-treated case was not good, the fluctuating data indicated that the 

battery was died at that time. However, the CE for APS treated one stabilized at 91% to 

93% and the EE to around 90%. The great performance of CE indicated the good 

kinetics and better electrochemical activity of the treated GF, while the better EE 

demonstrated lower overpotential which indicated higher reaction rate. In these 3 

figures, concentration of APS solution was also discussed. It was reported that the 

0.25M had relatively best performance in all three aspects. This threshold of 

concentration might generate from the conductivity change. The more sulfonic groups 

added the less conductive it would be, therefore catalytic effect and conductivity issue 

met with balance leading to this threshold.  
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Figure 3.7. Proposed catalytic mechanism of APS treated GF with functional 

groups of amino group, sulfonic group and hydroxy group. 

 

Based on the fact that APS doping was successful and effective. A proposed catalytic 

mechanism was put forward. During the oxidative charging process in the catholyte, 

the oxygen or nitrogen groups in the surface would act as initial reaction sites for the 

VO2+ ion to temporarily bond, displacing a proton. Oxygen from water in the electrolyte 

would bond to vanadium complex, generating two additional protons and an electron, 

forming VO2
+. In the anolyte, the V3+ could displaced a proton then bonded with an 

oxygen from the functional group, forming an intermediate complex. An electron could 

then be taken away from the graphite felt, subsequently releasing the vanadium ion, 

which was then transferred into the V2+ state. (Figure 3.7) 

This method was subsequently utilized to StorEn’s GF. There was huge property 

difference between two kinds of GFs. It was obvious from Figure 3.8 that the StorEn 

GF was no comparable to the commercialized one. It had over 15% of decrease of 

capacity, 10% lower of CE and 7% decline in EE. The main reason for that came from  

 

Figure 3.8. Discharge capacity, coulombic efficiency and energy efficiency 

comparison of Fuel cell store GF and GF from StorEn under current density of 

50 mA/cm2. 

 

impurity. After comparing the EDS figure of control group of commercialized GF and 
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StorEn GF, we found out there was some S element in StorEn’s sample (Figure 3.9, 

3.10).  

 

Figure 3.9. The EDS image of Fuel cell store GF 

 

 

Figure 3.10 The EDS image of StorEn GF. 

 

Even with this difference, the result of APS treatment was still satisfied. Displayed in 

Figure 3.11, we could see a big difference in reversibility, EE as well as the discharging  
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Figure 3.11. (A) Discharge capacity, (B) energy efficiency and (C) capacity-

voltage curve comparison of APS treated StorEn felts and Air treated StorEn 

felts. 

 

voltage presented in Figure 3.11C. Optimized APS concentration for StorEn’s GF was 

0.2 M which was different from Fuel cell one. The threshold of APS concentration 

might be the result of competence between catalytic effect of functional groups and the 

conductive decrease due to addition of sulfonic groups. Finally, rate capability was 

tested and displayed here as Figure 3.12 to Figure 3.14. The Current density ranged 

from 50 mA/cm2 to 200 mA/cm2. (50-75-100-125-150-175-200-50). The APS treating 

one performed much better than the baseline under high current density. The better 
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Figure 3.12. Rate capability of comparison of discharge capacity between control 

group and APS treated one under current density between 50 to 200 mA/cm2. 

 

 

Figure 3.13. Rate capability of comparison of coulombic efficiency between 

control group and APS treated one under current density between 50 to 200 

mA/cm2. 

 

performance of baseline under low current density was probably the result of error of 

volume of electrolyte. APS had obvious effect on both CE and EE which again proved 

our assumption of increase of electrode kinetics and decrease of overpotential. 
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Figure 3.14. Rate capability of comparison of energy efficiency between control 

group and APS treated one under current density between 50 to 200 mA/cm2. 

 

 

4. CONCLUSION 

We successfully repeated the data of Dr Shah and applied this method to another kind 

of electrode. Then we proved the addition and catalytic effect of functional groups, 

discussed the electrode kinetics change. We also discovered threshold of APS 

concentration and tried to discuss the reason. The wettability improvement of GF was 

as well, one of the most important factors in our treatment, this enhancement helped to 

improve flow performance as well as energy efficiency. Finally, we utilized Dr. Shah’s 

method to StorEn’s GF and enhanced the overall performance. The rate capacity 

showed the consistency of improvement even under high current density.  
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CHAPTER 3 

CONDUCTIVE MEMBRANE COATING FOR HIGH PERFORMANCE 

VANADIUM REDOX FLOW BATTERY 

 

Keywords: Vanadium redox flow Batteries, Energy storage, Carbon nanotube, 

Graphene, Air-controlled electrospray 

Highlights:  

 Applied electrospray technique to dope carbon material on the separator surface. 

 Largely enhanced the reversibility of the Vanadium flow battery system. 

 Improved the cell electrical conductivity thus reduced the surface resistance. 

 

 

 

ABSTRACT  

Vanadium redox flow battery is the only type of flow battery that has been well 

commercialized. It has attracted widespread attention due to its outstanding 

performance as a large-scale energy storage. Despite various kinds of advantages, the 

Vanadium flow battery performance has been largely limited by the huge problem of 

membrane crossover and its high cell resistance. In this chapter, we attempt to use 

electrospray to dope carbon ink containing CNT or graphene to reduce the cell electrical 

resistance. In the meantime, the ink will work as a protection to the separator and 

decrease the crossover. 
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1. INRODUCTION 

As the development of economy and living standard improve, the demand of energy 

keeps increasing. The need for clean, cheap and efficient renewable energy has gone up 

drastically.1–3 To replace the widely-used fossil fuel, renewable energy like solar power, 

hydraulic power, wind power and temporary electrical storage have been developing 

rapidly in recent years and is attracting wide attention.4–6 As a large-scale energy storage 

technique, flow batteries play a key role in large facilities and the backup energy system. 

There are a variety of flow batteries, but among all these types, the vanadium flow 

battery (VFB) is known to be the most promising system.7,8 With the huge advantages 

like safety, high energy efficiency, ability to work under high current density and also 

relatively high working voltage, VFB stands out from all types of different flow 

batteries and is currently being commercialized.9–12  

Still, VFB possess many issues to be solved. One of the most urgent one is the separator 

crossover.13,14 Rooted from the design of fuel cells,7,15 flow batteries use the same type 

of proton exchange membrane: Nafion created from DuPont company. Nafion 

separators mainly consist of tetrafluoroethylene backbone (PTFE) with perfluorovinyl 

ether groups terminated with sulfonate groups.16 With this component, Nafion 

possesses high mechanical property, good chemical resistance and good ion 

conductivity.17 The use of Nafion as the separator started since the born of vanadium 

flow battery. During the reaction, the hydrogen ions are transferred from one side to the 

other making the cell a close circuit. However, during the charge and discharge process, 

V(II) and V(III) in the anode side with smaller molecular size will also diffuse to the 
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cathode, the phenomena is regarded as crossover. Since V(II) and V(III) are reactants, 

the crossover will cause self-discharge leading to a big drop to the capacity.14,18  

Numerous ways are introduced to solve this problem. The most popular one is to replace 

Nafion. Although Nafion has great property, its huge cost has limited the use of flow 

battery in the industry. Among all those replacements, cross-linked sulfonated poly 

(ether ether ketones) known as SPEEK is the most promising one.19 The use SPEEK is 

also generated from fuel cell application. In 2011, Zhensheng Mai first involved the 

SPEEK to the VFB system,19 and in 2014 a graphene/SPEEK membrane was 

introduced to public by Wenjing Dai and achieved great electrochemical property and 

reversibility.20,21 Other concepts like making modification to Nafion are also quite 

popular. In 2008, Qingtao Luo came up with an idea to apply Polyethylenimine (PEI) 

to the surface of Nafion and changed the permeation of relevant vanadium ion.22 

However, this change led to an increase of the resistance. In the same year, Franck 

Pereira reported a method by impregnation with Ionic liquids. Silica nanoparticles were 

also introduced to Nafion in order to improve the electrochemical property.23 And in 

2018, Dr. Shah from our group proposed a method to electrospray CNT onto the surface, 

improved the electric conductivity and helped change the permeability in the 

meantime.24,25 Electrospray is a method which adds an electric field to force liquid 

particles to move forward. These particles will then be collected by a conductivity 

substrate, in this case 3D electrode and then stick to it. This a cheap and mature 

technique to be applied in the battery field. 

In this chapter, we applied Dr. Shah’s method to our collaborator Ashawn’s membrane, 
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trying to further prove the feasibility of his method and apply other materials like 

graphene to reduce the cost. 

2. EXPERIMENTAL METHODS 

2.1 Ink preparation 

The conductive ink consisted of Carbon materials, Nafion dispersion (20 wt%, Ion 

power) and DI water. We tried 2 different kinds of Carbon materials: Carbon nanotube 

(CNT) and graphene. The CNT were highly conductive material which would largely 

increase the conductive of the system. However, since the CNT was a 3D tubing 

structure, the price was not comparable to the 2D structure materials like graphene. 

Therefore, 2D graphene materials were also tried in this project. The composition of 

ink can be a key factor to the electrospray, the well-dispersed solution can help form 

the layer on the surface and improve the ability to control the solution amount. After 

several trying, the best receipt for CNT ink was: 1.5 wt% CNT, 20 wt% Nafion 

dispersion, and 78.5 wt% DI water. The solution with this amount of CNT was neither 

too dilute nor too concentrated. However, for the graphene solution, we followed a 

receipt from the electrode modification which I would cover later in this thesis: 4 wt% 

Graphene, 2 wt% Nafion dispersion, 92 wt% DI water.  

2.2 Electrospray 

The Carbon ink was ultrasonicated for 1 to 1.5 hours before use in order to maintain 

the well-dispersed situation. The solution was then switched to a 5 mL syringe and a 

needle with tube gauge of 10 and shell gauge of 17. Ten psig of air was applied through 

the shell of the needle while the pump (Harvard Apparatus) pushing the syringe to spray 
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the solution out. Both the Nafion 212 and the Ashawn membrane were dried and 

bundled with a copper mesh. The copper mesh consisted of several 1 mm square holes 

which would prevent the ink fully covering the surface and lead to blocking holes and 

bad ion conductivity. The membranes were then placed on a current collector at a 

distance of 15 cm from the tip of the needle. The positive lead was connected to the end 

of the needle while the other side to the current collector and the voltage was set to 25 

kV. (Figure 2.2.1) The flow rate would vary from different amount of solution, it was 

found that if the ink would form a disperse surface if we limit the spraying to 3 minutes 

for CNT and 4 minutes for graphene. The solvent evaporation rates would be properly 

balanced by the deposition while in the meantime, the speed was not too low to get the 

ink particle through mesh. Both sides of the separator were sprayed in every case with 

different loading of 0.030 mg CNT/ cm2, 0.025 mg CNT/cm2, 0.025mg/cm2 graphene. 

 

Figure 2.2.1 Schematics of electrospray. 

 

2.3 Single cell testing 

In the single cell testing, all other settings were the same to the previous chapter except 

the use of Carbon treated Ashawn and Carbon treated Nafion membrane. The electrode 

were air-treated PAN-based graphite felt with AVCarb. The electrolyte volume used 
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was 25 mL for both sides, with the same flow rate of 30 mL/min and current density of 

50 mA/cm2 which was 750 mA. All the membrane would be water treated for at least 

12 hours to enhance the ion conductivity and maintain the mechanical property.  

2.4 Materials Characterization  

SEM (Zeiss Gemini 500 Scanning Electron Microscope) was used to observe the 

structure of the carbon fiber in order to eliminate the structural factor and prove the 

structural integrity. EDS together with the SEM was done to further examine the 

element on the fiber surface.  

3. RESULTS AND DISCUSSION 

The previous goal for this chapter was to improve the system electric conductivity by 

doping carbon materials onto the Nafion separator surface. However, with deeper 

understanding of vanadium flow battery, we have figured out the key point for this 

system: Crossover. Although spraying carbon onto separator surface did improve the 

electric conductivity of system, this change might not have noticeable effect since the 

membrane only played a key role on ion transfer. Therefore, the main reason for this 

treatment had changed to reduce crossover effect without damaging the ion 

conductivity of Nafion. We utilized two carbon materials: carbon nanotubes and 

graphene to two types of membranes: Nafion and Ashawn’s membrane. 

The Figure 3.1 showed the macro-morphology of the carbon materials on the surface. 

We could see small carbon cubes caused by the copper mesh which would reduce the 

resistance increase of separator. SEM images were taken to have a clear view of micro-

morphology of carbon materials. Figure 3.2 was the SEM photo for graphene on the 
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Ashawn’s membrane surface. Due to low conductivity of substrate, these images were  

   

Figure 3.1. Images for carbon-electrosprayed separators (A) CNT on Nafion (B) 

Gr on Ashawn (C) CNT on Ashawn using copper mesh. 

 

not clear enough to show the whole view of carbon distribution. However, under higher 

scale, the graphene characteristic could easily be detected. In Figure 3.2B under 100 

μm scale, we could see graphene evenly distributed on the surface, while in Figure 3.2C 

 

Figure 3.2 SEM images for Gr on Ashawn. (A) 400μm scale (B) 100μm scale (C) 

10μm scale. 

 

under even lower scale of 10 μm, the special layer by layer structure of graphene could 

be detected. The SEM images for CNT treatment was displayed in the Figure 3.3 below.  
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Figure 3.3. SEM images for CNT on Ashawn. (A) 25μm scale (B) 5μm scale. 

Compared to the graphene case, we could figure out the tubing structure which made 

the carbon layer into 3D. Although it had been less even for CNT case, its higher 

conductivity and better 3D structure would lead to better surface contact with electrode 

and resulted in lower resistance. In the meantime, the tubing structure is giving some 

small holes for the water to move inside. 

 

Figure 3.4. Single testing for Nafion, CNT doped Nafion and Gr doped Nafion. 

(A) Discharge capacity (B) Coulombic efficiency (C) Energy efficiency. 

 

The single cell testing was then completed, from the Figure 3.4 we could tell that the 

CNT doped cell could have an 8.3% of capacity increase while the graphene one 

performed similar and drop rapidly after a few cycles. This indicated the advantages of 

3D structure of CNT which provide holes for water to get contact with the Nafion inside. 

However, CNT case didn’t come out with good result in CE and EE, main reason for 
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this might as well relate to ion conductivity. When we involved the carbon layer to treat 

the surface, we would inevitably reduce the ion conductivity but this would also lead to 

better anti-crossover ability which significantly increased the capacity. The graphene 

case had similar CE and EE as the control possibly due to low amount and even 

distribution. Since the flat structure caused contact issues, the discharge capacity was 

not comparable to the improvement of CNT case. 

After that, we applied this method to Ashawn’s membrane. The results were presented 

as Figure 3.5. We had a 28% of increase on capacity after 100 cycles. Although the 

CE has a 1% decrease, the EE increases for 6% indicating that the overpotential has 

been 

 

Figure 3.5 Single cell testing for Ashawn and CNT-doped Ashawn. (A) Discharge 

capacity (B) Capacity-voltage curve. (C) Coulombic efficiency. (D) Energy 

efficiency. 

 

reduced and the system conductivity is higher than the baseline. The decrease has CE 
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may relate to the decrease of diffusion coefficient caused by CNT doping, this problem 

may be solved by improved skills and spray method. This was a surprising result since 

the quality of Ashawn’s membrane had bad shape and nature. Their membrane’s ability 

to prevent crossover was extremely weak, even causing Osmosis effect due to crossover 

of V(II) and V(III). However, with the use of our treatment, this effect was largely 

inhibited. The graphene case was also tried for Ashawn’s separators (Figure 3.6). When 

changing from CNT to GR, although we could see an improve of CE and EE, the 

discharge capacity didn’t improve that much. The reason for that was discussed 

previously: The structure of CNT and GR was different. CNT was in 3D while graphene 

was known as 2D materials. The CNT had 3D tubing structures and the Gr was planar. 

The Gr might not be flat when being sprayed onto surface, some angle should be 

expected, and that would lead to bad contact between electrode and membrane while 

reducing the conductivity. 

 

Figure 3.6. Single cell testing for Ashawn and Gr-doped Ashawn. (A) 

Discharge capacity (B) Coulombic efficiency. (C) Energy efficiency. 

 

4. CONCLUSION 

We successfully sprayed the CNT and Gr onto the membrane surface without largely 

reducing the ion conductivity of membrane. Also, we proved that this method using 
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CNT will increase the reversibility, capacity and decrease the overpotential by 

increasing the electrical conductivity of membrane. The Gr treatment didn’t work quite 

well possibly due to the planar structure of Gr. However we still had a long way to go 

with this project due to the Ashawn’s issue, if the company could provide better samples, 

better results and deeper study should be expected. 
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CHAPTER 4 

ACHIEVING HIGH-PERFORMANCE ZN-I2 FLOW BATTERY BY 

REGULATING INTERFACIAL PROPERTIES OF 3D CURRENT 

COLLECTOR 

 

Keywords: Zn-I2 Flow Batteries, Energy storage, Graphene, Active Carbon, Air-

controlled electrospray, Electrochemical 

Highlights:  

 Applied electrospray technique to dope carbon material on the current collector. 

 Largely enhanced the Coulombic efficiency of the Zn-I2 Flow Battery. 

 Achieved high performance under high areal capacity and current density. 

 

 

 

ABSTRACT  

Zinc-based redox flow battery is one of the best stationary energy storages for large 

facilities. Its high areal capacity, energy density and low cost have attracted huge 

attention. However, Zinc-related flow battery has known for its bad reversibility due to 

severe Zinc dendrite formation. In this chapter, we will try to discuss this problem in 

the Zinc-I2 system. We successfully resolved this problem by improving interfacial 

property on current collectors using carbon materials and then examined the mechanism 

of this enhancement. 
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1. INRODUCTION 

As the demand for energy increases, the need for clean, cheap and efficient renewable 

energy has been increasing drastically.1–3 Renewable energy like solar power, hydraulic 

power, wind power and temporary electrical storage have been developing rapidly in 

recent years and is attracting wide attention.4,5 Among numerous electrochemical 

energy storage, the flow batteries (FB) are quite promising due to high safety, high 

energy efficiency, high flexibility and low cost.6,7 Researchers have studied numerous 

kinds of flow battery system since the born of the concept of FB. Vanadium flow battery, 

Zinc-based flow battery, Iron-chromium flow battery, organic quinone flow battery and 

even membrane-less flow battery,7–10 within all these FBs the vanadium flow battery 

and the zinc-based flow battery are two of most mature systems.11–13 As a representative 

type of flow battery technology, the vanadium flow battery (VFB) has been considered 

as the most practical system and is currently in commercial stage.12,14 However, the 

membrane crossover, high cost of vanadium and the low energy density limit its 

capacity and reversibility.15,16 With all those huge problems to be solved, people turn 

their attention to the zinc-based flow battery (ZFB).  

Over centuries, numerous ZFBs have been proposed and studied. Zinc-nickel flow 

battery was reported in 2004 by professor Pletcher, this system was one of the frontier 

fields at time because of its membrane-less characteristic.17 In 2011, zinc-cerium flow 

battery was proposed and studied by Leung et al, it could reach 2.1V at 20 mA/cm2 

current density.18,19 The zinc-iron system was introduced in 2015 by Ke Gong, this 

system was cheap enough to have $100 per kW h capital cost.8 However, the most 
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popular field for ZFB has always been the halogen-zinc system. Charles Renard came 

up with the zinc-chlorine flow battery system even back to 1884, this study opened the 

gate for people to explore the use of halogen-zinc system in flow battery.7 Zinc bromine 

flow battery, studied by Lim et al. in 1977,20 was proposed and after 20 years of 

development, this system has become the most mature system among all the ZFB. 

While in 2015, the first zinc-iodide flow battery was brought to people’s mind by Bin 

Li et al. Compared to other ZFB and FB,21 the zinc-iodide has higher energy density, a 

discharge energy density of 167 Wh-1. However, this system suffers the same problem 

as all ZFBs do: the zinc dendrite formation.22 Zinc dendrite caused by the bad 

electrodeposition in the anode side will pierce into the separator surface and lead to a 

micro-short circuit.23,24 In the meantime, the capacity will drop drastically and the 

reaction is no longer reversible. Besides, the kinetics and adsorption issue on cathode 

side has also been mentioned in the recent publications. Therefore, some methods to 

deal with these problems were proposed recently from Dr. Xianfeng Li’s group.25 They 

introduced a new type of self-healing membrane which could recover from the pierce 

and inhibit the micro-short circuit. Another method of doping Sn to the 3D current 

collector was also proposed from the same group. They achieved more than 100 cycles 

under 40 mA/cm2 and 40 mAh/cm2 in the zinc-bromine system. 26 

Meanwhile, the study of mechanism of zinc deposition in zinc batteries has attracted 

huge attention. In 2019, Jingxu Zheng from Dr. Archer’s group from Cornell introduced 

the concept epitaxial growth to study zinc battery.27 Since the epitaxial growth is 

basically an idea in semiconductor field, this publication drew a lot of attention once it 
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came out.28–30 During the epitaxial electrodeposition process, a thin layer of zinc 

electrodeposit first forming a coherent of semi-coherent lattice interface with the 

electrode. This single crystalline layer of zinc will help the nucleation growth and thus 

forms a well deposited metal layer.31 Graphene was applied in this article because of its 

low lattice mismatch of 7% compares to zinc.32,33 Alignment of graphene is the key 

point for this method, a doctoral blade is used to dope graphene making it aligned on 

the 2D electrode surface.  

In this chapter, we try to apply the epitaxial growth in the 3D flow battery system. The 

doping of graphene has been a huge issue in our case. 3D current collector has good 

porous structure which is important to flow performance. Although the method using 

doctoral blade can achieve alignment, it may block the hole and break down the porous 

structure. Several other ways were considered, the first one was the Langmuir-Blodgett 

Method from Kim Mun Sek et al. By applying Marangoni effect,34,35 they can form 

aligned graphene on 3D surface. However, the graphene doped by this method is not 

stable due to weak attaching force. Another method was dipping method, this idea aims 

to use adsorption of graphene molecule.36 In this case, the graphene is stable enough, 

but can’t be aligned. With all these methods considered, we decided to use electrostatic 

force with electrospray. Electrospray is a method which adds an electric field to force 

liquid particles to move forward.37,38 These particles will then be collected by a 

conductivity substrate, in this case 3D electrode and then stick to it. This a cheap and 

mature technique to be applied in the battery field. By using this method, we finally 

form an aligned, stable and good-sized layer of graphene on the 3D current collector 
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surface which will help the epitaxial growth of zinc in the anode. 

Although being less important, we also try to deal with the cathode Iodine problem.23,39 

Active carbon, a well-known material for adsorption, is doped using the same method 

to further improve the system.40 With the higher kinetics of cathode side and less 

adsorption of iodine, we can finally make a well-designed zinc-iodide system. 

2. EXPERIMENTAL METHODS 

2.1 Ink preparation 

Due to different mechanisms in both side of the battery, we had different receipts for 

each side. The Anode side (Zinc side) consist of 4wt% of graphene and 96% of DI water 

while the cathode side content 1.5 wt% active carbon (AC), 0.5 wt% carbon black super 

P, 1 wt% Nafion dispersion (20 wt%, Ion power) and DI water. The Carbon black super 

P was added to improve the conductive and the Nafion dispersion worked as a binder 

to change the dispersivity. 

2.2 Electrospray 

The graphene ink for Anode was ultrasonicated for 60 minutes before use in order to 

while active carbon ink should be sonicated for 90 minutes to maintain well-dispersed. 

The solution was then switched to different 5 mL syringes with a needle (tube gauge 

10, shell gauge 17). Ten psig of air was applied through the shell of the needle while 

the pump (Harvard Apparatus) pushing the syringes to spray the solution out. The 

current collector we used was 5mm x 7mm Carbon felt (C200, AvCarb, 6mm thick). 

The distance between needle and carbon felts varies from the solution. The AC solution 

was less homogeneous, thus the distance should be larger. AC particles would not 
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disperse easily under electric field, so the radius of carbon circle after electrospray was 

extremely small which could not fully cover the cathode surface. To avoid this, a larger  

distance was needed. The best distance was 18 cm after several tries. As for the 

graphene side, since graphene solution was homogenous enough, a distance of 10.5 cm 

was enough for the coverage of the surface. The best amount of solution for cathode 

side was 45 μL, and flow rate was set to 0.015 mL/min. For anode side, since the 

graphene may block the hole of carbon felt and broke down the porous structure, the 

amount of solution was strictly limited to 60 μL while the flow rate was 0.02 mL/min.  

2.3 Single cell testing 

Unlike the vanadium flow battery, the Zinc Iodine flow battery was a single flow system, 

the fluid in the anode side (Zinc) would circulate as normal while the liquid for the 

cathode side (Iodide) would not. The electrolyte used for both sides was a mixture of 

3M ZnBr2 (Alfa Aesar, 99.0%) and 6M KI (Sigma-Aldrich, 99.9%). The catholyte 

would be pre-pumped into the cathode side and then blocked with pipes, then 40 mL of 

electrolyte would be circulated as anolyte. The reason for this change is that the 

generation of Iodine is inevitable, since the Iodine was in solid state the flow of the 

electrolyte would result in blockage of tubing. The electrode we used was C200 

(AvCarb, 6mm thick) and separator was Nafion 115 (Ion power). The charging settings 

were: 15 minutes and 3A and discharge settings were: 0.2 V and 3A. For both charge 

and discharge process the current density would reach 100 mA/cm2 and areal capacity 

would reach 25 mAh/cm2. 

2.4 Materials Characterization  
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Both the Graphene treated and AC treated graphite felts were characterized by different 

kinds of analytical techniques. The XRD (Rigaku SmartLab X-Ray Diffractometer) was 

used to examine the carbon morphology. Raman spectroscopy (Renishaw InVia 

Confocal Raman microscope, 785nm laser) was applied to detect the carbon 

crystallinity and morphology. SEM (Zeiss Gemini 500 Scanning Electron Microscope) 

was used to observe the structure of the carbon fiber before and after the 

electrodeposition. 

2.5 Electrochemical Measurement 

Cyclic Voltammetry 

Due to the high resistance of flow battery, we used the coin cell testing instead of the 

three-probe tests. We applied the same electrode, separator and electrolyte into the coin 

cell system to examine the electrochemical kinetics of the Iodide side. An electrolyte 

consisting of 0.05M ZnI2 was used for all testing with electrode of AC-doped Carbon 

felt. Cyclic voltammetry (CV) was performed on the electrolytes at rates of 5, 10, 15, 

20, 25, 30 and 50 mV/s. 

3. RESULTS AND DISCUSSION 

The goal for these treatments is to find a way to better design the Zinc Iodide flow 

battery (ZIFB) using the electrospray technique to modify the electrode. Before that, 

we should first identify the key factor for the Zinc Iodide flow battery. Just like all other 

Zinc-Based flow battery, ZIFB also suffers from the severe anode problem: the Zinc 

dendrite formation. Dead Zinc with huge amount of dendrite will not only reduce the 

capacity and coulombic efficiency, but also pierce into the Nafion membrane causing 
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micro-short circuit. Although the dendrite has been the main problem for Zinc-based 

flow battery, the cathode had found to have huge influence on the ZIFB performance in 

the experiments. The Iodine generated in the cathode side would precipitate on the 

surface of separator which would lead to extremely low ion conductivity and bad 

cycling reversibility. Therefore, solving these two issues have been the key point for 

improving the performance of ZIFB. 

To solve the previous problems, carbon materials were selected to improve the 

interfacial properties of current collectors. The electrospray was chosen as the main 

technique to dope it. SEM was used to analyze the treated felts especially for the 

graphene treated one, as shown in Figure 3.1. 

Figure 3.1. SEM images of (A) pristine CF (B) Gr doped CF under 200μm scale 

(C) Layer structure of Gr on CF under 10μm scale. 

 

As it showed in Figure 3.1B, the sprayed felts were covered by graphene uniformly, 

while maintaining the porous structure. And in lower scale of 10 nm in Figure 3.1C, we 

could see the special layered align pattern of graphene. These SEM images indicated 

the good feasibility of electrospray to dope aligned graphene stably on the carbon felt 

surface. Electrodeposition tests of Zinc were done for both baseline and graphene 

treated felts. SEM images of Figure 3.2 showed a clear difference between the treated 

and untreated felts. Figure 3.2A and Figure 3.2B showed the pristine carbon after 
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electrodeposition, though the carbon felt was in 3D structure, the newly generated metal 

was clinging to surface and aggregated. This would lead to severe dendrite formation 

 

Figure 3.2. SEM images after electrodeposition. (A) (B) Images of pristine CF 

under Zinc electrodeposition. (C)(D) Images of Zinc deposition on Gr treated CF. 

 

causing capacity decay and cycling issue. However, for treated cases, Zinc metal would 

grow along the carbon fiber, making full use of the 3D structure of carbon felt without 

aggregating on the anode surface (Figure 3.2C, 3.2D). A series of tests were taken to 

better understand how much graphene treatment contributed to the improvement of the 

performance of each single cell test. This included control tests, 1 micron thickness of 

graphene and 5 micron thickness under different current density of 40 mA/cm2 and 80 

mA/cm2. The result of 40 mA/cm2 was showed in Figure 3.3. In this case, the charging 

time was set to 15 minutes and the areal capacity was 10 mAh/cm2. The Graphene 
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treated carbon felt (GTCF) showed a great improvement compares to the pristine one, 

the control group could only maintain high coulombic efficiency (over 95%) for about 

40 cycles, but graphene treated one could achieve a CE of over 99% for over 260 cycles 

 

Figure 3.3. Comparison of cycling performance with difference amount of Gr 

under current density of 40 mA/cm2. (A) Coulombic efficiency (B) Capacity-

Voltage curve. 

 

and maintain acceptable overpotential during that time. The high graphene amount case 

was also been tested. With 5 microns thickness of graphene doping on the surface, the 

battery even couldn’t reach 99% efficiency. The main reason for that was the bad 

porosity of felts after being heavily doped. Since graphene solution turned to have the 

nature to aggregate, the larger the amount doped, the higher the possibility for the pores 

to be blocked. As a flow system, this congestion could be a huge problem. After testing 

the flow performance of different doping amount of GTCF, the best thickness was 1 

micron. Based on this result, we continued to use the same amount and applied this 

GTCF to 80 mA/cm2 and 13.3 mAh/cm2 (Figure 3.4). Although we doubled the current 

density, the battery using GECF could still reach 150 cycles at a coulombic efficiency 

of over 99%, however, under such severe condition, the control group died at around 
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20 cycles generating a lot of dead Zinc and thus causing high overpotential and low 

 

Figure 3.4. Comparison of cycling performance with difference amount of Gr 

under current density of 80 mA/cm2. (A) Coulombic efficiency (B) Capacity-

Voltage curve. 

 

efficiency. These results demonstrated that we could achieved good performance of 

ZIFB using graphene, attributed to the application of aligned graphene using 

electrospray thus led to a good epitaxial growth of Zinc in the anode side.  

   

Figure 3.5. Carbon felt morphology after cycling. (A) Pristine CF after cycling 

for 40 cycles. (B) Gr doped CF after cycling for 150 cycles. 

 

The carbon felts were taken out from the flow cell after the experiments, showed in 

Figure 3.5. The Figure 3.5A was the anode of control group while Figure 3.5B belongs 
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to the GTCF. We could tell that there was an obvious difference between the two felts 

which indicates the ability for this method to stabilize the electrodeposition process. 

XRD was done to both felts, as showed in Figure 3.6. The figure demonstrated that 

there were inevitable side reactions happen during the process. Hydrogen ion would 

accept 2 electron forming Hydrogen gas as the Zinc dendrite generating. The 

formation of ZnO represents this process, for the control group (Figure 3.6B), the 

peak of Zn0 was pretty strong while in the graphene-doped case (Figure 3.6A), ZnO 

peak disappeared indicating this side reaction was larger prevented. Raman analysis 

Figure 3.6. (A) Comparison of CF and GTCF on XRD. (B) XRD for Pristine CF 

 

was applied with a wavelength of 532 nm. The Disorder Band (D Band) and the 

Graphitic Band (G band) were showed below. The relative intensity ratio of these two 

peaks indicates the degree of crystallinity of carbon network. The ID/IG for Doctor-

blade-type was 0.3778 while the ratio for electrospray case was 0.1966. This ratio 

difference showed an apparent increase in the fraction of crystalline carbon in the 

electrospray one compared to doctor-blade case used in 2D materials. This indicated 
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that with the use of electrostatic force, the graphene on the surface could be more 

aligned thus had less defects. Therefore, in conclusion, the graphene doped by 

electrospray can easily form an aligned structure of graphene which will lead to Zinc 

 

Figure 3.7. Raman spectroscopy of Doctoral-blade-type graphene and 

Electrospray graphene on Si wafer. 

 

epitaxial growth along the carbon fiber. This process will then help reduce the dendrite 

formation and stabilize the electrodeposition. The electrosprayed graphene has less 

defects and will also help reduce the side reaction (Figure 3.7). 

While studying the anode mechanism, we found out that the cathode side also had great 

problem. As it showed in the Figure 3.8 and Figure 3.9. The Iodine generated during 
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Figure 3.8. (A) Cathode after 40 cycles under current density of 40 mA/cm2. (B) 

Separator after cycling for 40 cycles. (C) Anode for the same battery. 

 

the reaction would more likely to aggregate on the Nafion instead of the pristine carbon 

felt. This layer of Iodine would largely decrease the ion conductivity and increase the 

system resistance. Since we were already using extremely high current in this case, the 

diffusion of the Potassium ion would be the constrain factor of the system. Therefore, 

this formation of Iodine layer could be a deadly issue to the ZIFB. In the Figure 3.9A 

case, the Iodine even covered the Nafion completely and the same battery died in 

several cycles. The key point to deal with this problem is to localize the I-, I3
- and I2 at 

  

Figure 3.9. (A) Nafion 115 fully covered by Iodine after cycles. (B) The Nafion 

115 after 150 cycles using GTCF. 

 

the current collector surface to minimize the blocking effect as well as increase the 
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reaction kinetics (Figure 3.11). Hence, we choose several different adsorption ability 

materials to prove our assumptions. We tried Carbon nanotube (CNT), graphene, and 

active carbon (AC). The theoretical adsorption ability was: graphene < Carbon 

nanotube < Carbon felt < Active carbon. However, the result we have now is not 

consistent with our assumption showed in Figure 3.10. This is because we ignore the 

electro-conductivity influence on the reaction process. Although AC has strong 

adsorption ability, terrible electro-conductivity. As a result of this, we involved the 

Super P to modify the electro-conductivity.  

 

Figure 3.11 Schematic of iodine and iodide adsorption. 
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Figure 3.10 Comparison of different carbon materials doped onto the cathode 

surface: CNT, Gr, AC. 

 

CV tests had been done to study the kinetics in the cathode side, we tried a scan rate of 

5 mV/s to 50 mV/s showed in Figure 3.12. The Figure 3.12A was the data for AC coated 

 

Figure 3.12. CV plot with scan rate of 5mV/s TO 50mV/s. (A) Plot for AC treated 

CF (B) Plot for pristine CF. 

 

carbon felt while the Figure 3.12B was the one for control group. We could figure out 

that the cathodic peak after doping the AC dropped from 1.1V to 0.95V and the 

maximum peak height was much greater than the control which suggests that this AC 
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treated carbon felt had more favorable reaction kinetics. The AC treated carbon felt also 

had higher current density under the same voltage as the control group indicated a drop 

in the overpotential of the reaction and proofed that the AC doped carbon felt could 

maintain electroactive situation under high current environment. We could have a better 

view of this kinetics change in the scan rate of 25 mV/s showed in Figure 3.13. A rate 

capability test was done to further prove this idea (Figure 3.14). As the current density 

grew, the performance of battery went done in the control group, however, after doping 

the AC the efficiency maintained quite well even under a current density of 100 

mA/cm2. All these effects are attributed to the adsorption ability of AC, the Iodide 

 

Figure 3.13. CV plot under scan rate of 25mV/s 

 

and Iodine would be absorbed onto the surface of carbon felt avoiding the 

precipitation on the separator thus reduce the blocking effect. Meanwhile, as the result 

suggested, the AC would improve the kinetics as well, offering more active sites for 

the reaction. Other analysis on the peak current and cathodic slope had been done to 
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Figure 3.14 Rate capability test of Both treated case and pristine CF. The current 

density ranged from 20 mA/cm2 to 100 mA/cm2. 

 

further prove the previous idea in Figure 3.15. The Figure 3.15A showed the 

relationship between the root of scan rate and the peak current. We could have a clear 

view that the current with active carbon was higher than the control group. In the Figure 

3.15 B, the cathodic and Anodic slope were presented. Active carbon treated one for 

both cases had significant improvement. All these phenomenon indicated the faster 
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Figure 3.15. (A) Scan rate-peak current plot. (B) Cathodic slope and anodic slop 

 

kinetics of AC treated case. Single cell testing had proved the feasibility of applying 

both modifications. In the Figure 3.16, we applied an extremely high current density: 

 

Figure 3.16. The cycling performance of both treated case under current density 

of 100 mA/cm2 and areal capacity of 25 mAh/cm2. 

 

100 mA/cm2 and a decent areal capacity of 25mAh/cm2. The result was astonishing, the 

Coulombic efficiency reached over 99% and lasted for over 120 cycles while the  
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Figure 3.17. Cycling test of both treated case under current density of 80 mA/cm2 

and 5.3 mAh/cm2. 

capacity maintained to about 740 mAh. A lower current density and areal capacity were 

tried to test the battery’s reversibility (Figure 3.17). The current density was set to 80 

mA/cm2 while the areal capacity was 5.3 mAh/cm2. The battery maintained 99% 

Coulombic efficiency and high discharge capacity for over 1300 cycles, totally of 315 

hours. Other control tests were done to discuss the effect of GTCF, AC treated CF 

pristine CF (Figure 3.18). In the same condition, the pristine CF could only maintain 

good electrodeposition for less than 10 cycles, the GTCF on anode could last for 35 

cycles, while the CF with AC on cathode could maintain 60% of efficiency. However, 

for the both treated case, the Coulombic efficiency maintained over 99% for 120 cycles 
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Figure 3.18. Comparison between both treated, only anode Gr treated, only 

cathode AC treated and control group. 

 

indicating a great electrodeposition improvement. The separator from this battery was 

taken out (Figure 3.8B), compared to the untreated case in Figure 3.8A, it was 

significantly cleaner without Iodine on the surface. This result was consisted to our 

assumption, the AC doped on the surface could largely improve the reaction kinetics by 

absorbing the I3
- and I- onto to surface while in the meantime, help absorb the remaining 

solid-state Iodine avoiding the reduce of membrane ion conductivity. 

4. CONCLUSION 

The GTCF using electrospray had proven to achieve epitaxial growth on the 3D current 

collector surface. The electrostatic force helped the graphene to form an aligned layer 

on the surface thus achieving uniform Zinc electrodeposition and inhibited the 

formation of Zinc dendrite. While in the cathode side, the We applied AC to the CF 
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changing the reaction kinetics and absorbed the remaining Iodine to avoid blocking 

effect. The good performance in the single cell testing had further proved our 

assumption, we reached an areal capacity of 25 mAh/cm2 under current density of 100 

mA/cm2 for over 120 cycles with 99% of coulombic efficiency which was quite 

promising. 
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CHAPTER 5 

FUTURE WORK 

Due to an increasing global concern regarding to the clean energy and the shortage of 

fossil fuel storage, the need for clean, cheap and efficient renewable energy has been 

increasing drastically. Designed for large scale energy uses, flow battery come into our 

sight due to its high efficiency, high capacity, high safety and flexible design. Right 

now, the most common type of flow battery: vanadium flow battery has been widely-

used for large scale facilities and also been used as the backup energy storage for 

hospitals.  

The key factor for flow batteries varies from different types. In this thesis, we mainly 

discussed about vanadium flow battery and zinc iodide flow battery. We doped 

functional groups to electrode using APS to solve the reaction kinetics issue for 

vanadium system. While finishing the vanadium project, some modifications to the 

membrane were also applied. Carbon material like CNT and graphene were sprayed 

onto the surface to increase conductivity while in the meantime, reduce the crossover. 

We could see huge capacity and reversibility improvement for these two modifications. 

For the zinc iodide battery, the key point was the electrodeposition. Graphene and active 

carbon were doped to electrode surface in order to control the electrodeposition. The 

epitaxial growth of zinc was achieved which led to 120 cycles for high current density 

and areal capacity. 

For future work, it would be worthwhile to consider doping nano copper onto the 

electrode surface for vanadium flow battery. Instead of incorporating sulfonic 
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functional groups, the nano copper has proved to have better catalytic effect on the 

reaction. With the use of electrospray technique, we can easily achieve good shape of 

nano copper on the surface without blocking the porous structure of electrode. 

Another future project to be explored is the new system of zinc vanadium flow battery. 

With the reaction of zinc ion to zinc and V(IV) to V(V), high voltage is expected. If we 

can solve the problem of crossover by doing modification to the separator, this battery 

can be a good replacement for traditional vanadium redox flow battery. 

 

 

 


