
FUNCTIONALIZATION AND DISPERSION STABILITY STUDY OF GRAPHENE 

MATERIALS IN 2K URETHANE COATING SYSTEM 

AND 

EXPANDED INTERLAYER SPACING OF VANADIUM OXIDE NANOSTRUCTURES FOR 

ENERGY STORAGE APPLICATIONS 

by 

Melissa Ann Wunch 

APPROVED BY SUPERVISORY COMMITTEE: 

___________________________________________ 

Duck Joo Yang, Chair 

___________________________________________ 

Kenneth J. Balkus, Jr. 

___________________________________________ 

John P. Ferraris 



  

 

Copyright 2017 

Melissa Ann Wunch 

All Rights Reserved 

 



I would like to dedicate this to my family, who have supported me to chase after all my dreams. 



 

 
 

 

FUNCTIONALIZATION AND DISPERSION STABILITY STUDY OF GRAPHENE 

MATERIALS IN 2K URETHANE COATING SYSTEM 

AND 

EXPANDED INTERLAYER SPACING OF VANADIUM OXIDE NANOSTRUCTURES FOR 

ENERGY STORAGE APPLICATIONS 

 

by 

 

 

MELISSA ANN WUNCH, BS 

 

 

 

 

THESIS 

Presented to the Faculty of 

The University of Texas at Dallas 

in Partial Fulfillment 

of the Requirements 

for the Degree of 

 

 

 

MASTER OF SCIENCE IN 

 

CHEMISTRY 

 

 

 

 

THE UNIVERSITY OF TEXAS AT DALLAS 

 

August 2017 



 

 
 

v 

ACKNOWLEDGEMENTS 

I would like to give my deep appreciation to my supervising professor, Dr. DJ Yang for all of his 

support and guidance throughout this research. I greatly appreciate his belief in me and his push 

so I can become a better student and researcher. I would also like to thank both of my advisory 

committee members Dr. Kenneth J. Balkus, Jr. and Dr. John P. Ferraris for their guidance in 

research through all of my committee meetings. Great appreciation goes to my family, especially 

my parents, for pushing me through everything to keep pursuing my goals and to just keep going.  

 April 2017   

 

 

 

 

 

 

 

 

 



 

 
 

vi 

FUNCTIONALIZATION AND DISPERSION STABILITY STUDY OF GRAPHENE 

MATERIALS IN 2K URETHANE COATING SYSTEM 

AND 

EXPANDED INTERLAYER SPACING OF VANADIUM OXIDE NANOSTRUCTURES FOR 

ENERGY STORAGE APPLICATIONS 

 

Melissa Ann Wunch, MS 

The University of Texas at Dallas, 2017 

 

ABSTRACT 
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Synthesis and functionalization of nanomaterials has been studied for the application towards 

energy storage (V2O5) or corrosion protection (graphene). We took advantage of the hydrophobic 

and barrier properties present in graphene through including pristine and functionalized graphene 

materials in different 2K coating systems and observing their effects on corrosion protection. 

Vanadium oxide nanofibers and nanoflowers were also synthesized with increased interlayer, or 

d-spacing. During synthesis we observed the effects the concentration of surfactant (SDBS) and 

cobaltocenium hexafluorophosphate has on the ability to control and expand the d-spacing of the 

V2O5 nanomaterials. These materials will then be studied as electrodes in supercapacitors.  
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Abstract 

Graphene materials possess several advantageous physical properties, such as barrier properties, 

high surface area, and hydrophobicity. We took advantage of these properties through adding 

graphene into two different 2K coating systems: an urethane top coat and an epoxy corrosion 

protection coating. Addition of graphene to the coating materials showed that inclusion of a 

graphene material into the epoxy coating showed noticeable decrease in corrosion. Additionally, 

we functionalized the graphene material with amine functional groups and further observe its 

enhanced effects on corrosion protection and on increasing the hydrophobicity. We saw that 

fluoride functionalized graphene has the ability to provide a coating with increased hydrophobic 

properties (contact angle increases). The two functionalized materials were tested in isocyanate 

and acrylic polyol solutions to study their dispersion stability over time. We found that graphene 

materials yielded a stable dispersion for a prolonged time period in the acrylic polyol component 

of this 2K urethane system. Stability study with 2K epoxy components is in progress.  

 

 

 

 

 

 

 

 

 



 

 3 

1.Introduction 

1.1 Graphene and functionalized graphene materials  

Graphene is a single layer carbon based material with carbon atoms arranged in a honeycomb 

lattice structure5-6. The single layer structure displays properties such as high degree of 

flexibility, good barrier properties, high surface area, and hydrophobicity5-6. These properties 

allow the material to be of great interest in various different fields, such as nanotechnology or 

anti-corrosion6-7. Through taking advantage of the various properties of graphene listed 

previously we look to develop a composite coating material with good barrier properties.  

However, pristine graphene material does not come without its disadvantages. Disadvantages to 

pristine material include: structural defects in the honeycomb lattice, a zero band gap, and 

pristine graphene is chemically inert8. In order to overcome these disadvantages, research has 

gone into studying the functionalization of the surface of graphene in order to enhance and alter 

several of graphene’s properties. Some of these properties include dispersion or electronic 

abilities. Functional groups on the surface of graphene often include hydroxyl (-OH), carboxyl (-

COOH), epoxy, Fluorine (-F), or amine (-NH2). We study the effects of these groups have on the 

dispersion properties of graphene upon dispersion in organic binder solutions. Additionally, we 

will study the effects these functional groups could have on the hydrophobicity and anti-

corrosive properties of graphene when applied in a 2K Urethane or 2K epoxy coating system. 

We study the functionalization of graphene in order to help promote the covalent bonding 

between the graphene and the resin molecules in the coating in order to help form a stronger 

composite coating material. Additionally, functionalization can be utilized to help further 

increase the hydrophobicity of the graphene and to further enhance the barrier properties upon 
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coating application. Through adding a combination of these functionalized graphene materials, it 

is possible that we can take advantage of both the composite coating and the increased 

hydrophobicity that occurs.   

 

Functionalization of graphene with –OH, -COOH, and epoxy groups produces material known as 

graphene oxide (GO). Synthesis of GO has been performed using a variety of different methods. 

The first reported method of synthesis for GO materials was known as the Brodie method3-6, 9. 

The Brodie method uses nitric acid (HNO3) and potassium chlorate (KClO3) as oxidizers. 

Oxidation due to the concentrated HNO3 results in the release of noxious gases such as: NO2 or 

N2O4. The development of the Hummer’s method for synthesis of GO material was then 

developed, in order to help find a method slightly more eco-friendly than the Brodie Method9-10. 

This method uses three strong oxidizers: H2SO4, KMnO4, and NaNO3 in order to functionalize 

the surface of the graphitic material10. Most commonly GO is synthesized using what is known 

as the Modified Hummer’s method, which uses a series of strong oxidizing agents in order to 

form the final functionalized GO5-6, 9. This modified method has the addition of hydrogen 

peroxide in the final step in order to help dissolve any excess potassium and manganese metal 

ions. Both the Hummer’s Method and Modified Hummer’s Method still release noxious gases, 

which has led to the development of an improved GO synthesis method4-5,10. Marcano et al 

studied an improved synthesis method of GO which eliminates the use of NaNO3 and H2O2
4. 

This method adds KMnO4 and graphite to a 9:1 (v/v) solution of H2SO4:H3PO4, this method 

eliminates the production of noxious gases and also eliminates any temperature sensitivity that is 

seen during the Hummer’s method and Modified Hummer’s method4-5. Figure 1.1 displays the 
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three general pathways that GO synthesis can be done, along with the release of any by products 

or gases that may occur during the process4-5.  

 

 

 

These methods study what is known as a top down approach to GO synthesis, however in recent 

years there has been research done using a bottom up approach for the synthesis of GO3. Tang et 

al proposed a bottom up, environmentally benign synthesis method of GO through the use of 

glucose or fructose monomers3. This group hydrothermally treats aqueous solutions of these 

monomers, and they found that through adjusting the solution concentration, temperature, and 

growth time of the GO, they could alter the thickness of the GO sheets produced3. Figure 1.2 

outlines the schematic of how glucose polymerizes to form GO sheets, describing how the GO 

nanosheets form multilayers through this eco-friendly bottom up approach3. 

Figure 1.1. General pathways for GO synthesis4  
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 GO dispersions and their stability in different types of organic solvents has been widely studied 

over recent years11. Paredes et al studied GO dispersions in different organic solvents, and water, 

and found that more polar solvents resulted in a more stable dispersion11. Additionally, solvents 

with higher dipole moments generally result in a more stable dispersion. The polar surface 

groups of GO lead to the material to exhibit more hydrophilic properties and have an increase in 

its surface energy11. Konios et al showed that there was not only a relation between the dipole 

moment of the organic solvent used for dispersion but also the surface tension of the solvent1. 

Due to the increased surface energy of the GO material, largely due to the high degree of oxygen 

present on the surface, they found finding a solvent that has not only a high dipole but also high 

surface tension allows for the optimum dispersion ability1. Understanding this information could 

allow us to better understand which materials GO will be able to be dispersed for application in 

dispersion stability study and when applied in a coating system.     

Figure 1.2. Schematic of Glucose polymerization and multilayer formation of the GO3 

nanosheets 
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Graphene oxide (GO) can be reduced to reduced graphene oxide (rGO), which eliminates the -

COOH functional groups and leaves only the presence of –OH groups on the surface. Most 

common used synthesis method of rGO is reduction through the use of hydrazine (N2H4)
12. 

Becerill et al used a vapor reduction method with N2H4 in order to reduce GO to form rGO12. 

Research has also been done using more eco-friendly routes to produce rGO material through the 

use of less volatile reducing agents such as: metals (e.g. Iron or Zinc), alcohols (e.g. ethanol or 

methanol), sugars (e.g. glucose or sucrose), organic acids (e.g. citric acid or caffeic acid), 

phenols (e.g. dopamine), or alkaline solutions (e.g. potassium hydroxide)13. Bo et al used a eco-

friendlier reducing agent, caffeic acid in order to synthesize rGO from GO13. They were able to 

synthesize rGO with a 7.15 C/O ratio, one of the best ratios reported using a more 

environmentally benign reducing agent13. Additionally, results from supercapacitor and gas 

sensor testing showed that this rGO, reduced using a green organic acid, could exhibit good 

energy storage and gas sensing abilities13. rGO dispersability in various different solvent systems 

has also been studied, similar to that of GO. As stated previously, Konios et al found that 

dispersability of the functionalized material was dependent not only on the dipole moment of the 

solvent but also on the surface tension of the solvent1, 11. Compared to GO, rGO material 

displays more hydrophobic properties as the C=O groups are reduced to –OH groups. This lean 

towards hydrophobicity is largely in part due to the large reduction in oxygen concentration 

present on the surface of the rGO, which also leads to a decrease in the surface energy of the 

material1. This decrease in surface energy allows rGO to have better dispersability results in 

more hydrophobic solvents, such as: 1-chloronapthalene (CN), o-dichlorobenzene (o-DCB), and 

chlorobenzene (CB)1. Figure 1.3 shows the resulting dispersion results that confirmed the 
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conclusion from Konios et al. Understanding the dispersion properties of rGO in different 

organic solvents could help when studying dispersions in organic binder solutions.  

 

Graphene materials with amine (-NH2) functional groups present on the surface have been 

synthesized using a variety of different methods, with various different materials used as the 

amine source during functionalization. Typically, the pristine graphene material is pre-treated 

using the Modified Hummer’s method to make GO, and in some cases it is further reduced to 

make rGO before undergoing amination. The GO or rGO material can then go through various 

different synthetic routes in order to attain the final –NH2 functionalized material. Arbuzov et al 

synthesized amine graphene oxide through treatment of GO precursor in an amine solution 

(ethylenediamine, diethylenetriamine, and triethylenetetramine)14. FTIR analysis of their amine 

functionalized samples confirmed the presence of –NH2 groups on the surface due to the 

presence of N-H bending and stretching modes present, in addition to the presence of C-N 

Figure 1.3. Konios et al. Dispersion of GO and rGO after 2 weeks in different solvent 

systems1 
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stretching vibration around 1200 cm-114. Research has been done using ammonia as a source for 

–NH2 functionalization. Navaee et al synthesized amine graphene oxide through the treatment of 

GO with ammonium and sodium bisulfite, which is then followed by hydrothermal treatment15. 

The sodium bisulfite serves as a catalyst during the amination process15. Amine functionalized 

graphene has several different applications such as: drug delivery, anti-corrosion, chemical 

sensor, or in catalysis14-15. Our goal is to incorporate the amine functionalized graphene into a 2K 

urethane or epoxy coating system in order to help enhance anti-corrosion and barrier protection. 

Some studies have been done to observe the effects that amine functionalized graphene has on 

anti-corrosion when dispersed in an epoxy coating system and applied onto a steel substrate16. 

The study showed that incorporation of amine functionalized graphene into an epoxy coating 

lead to a decrease in corrosion seen on the steel substrate16.  

 

Fluorinated graphene materials have been of recent interest due to its ability to provide a 

graphitic material with a wide band gap and high stability2, 17-18. C-F bonds present on the surface 

of the graphene can exist in three different forms: ionic, semi-ionic, and covalent17. Physical 

properties of the fluorinated graphene can be greatly affected depending on the C-F bonding17. 

The bonding interactions can impact properties such as, electrochemical abilities, chemical 

stability, or dispersibility17. Several different methods have been used in order to try to optimized 

not only the C-F bonding but also the F/C ratio of the fluorinated graphene material in order to 

further optimize its applications17-18. Mathkar et al treats a fluorinated graphite precursor using 

the Hummer’s method in order to produce highly fluorinated graphene oxide or fluorinated 
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graphene oxide2. Their immediate results showed that HFGO floated on top of the aqueous 

solution, while the FGO remained settled in solution2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

This group also showed that HFGO displayed superhydrophobicity, compared to FGO, with a 

contact angle of 150o2. This result was in good correlation to the large difference in fluorine 

content present in HFGO and FGO respectively2. Another form of fluorination studied is direct 

gas fluorination. This method of functionalization uses either XeF2 or F2 gas as the fluorine 

source. Mazanek et al performed direct fluorination on graphene oxide (GO) using a 20% N2/F2 

mixture18. Their goal was to show that through altering different synthetic parameters they could 

alter the fluorine content in the final product18. Elemental analysis of their material showed that 

Figure 1.4. Mathkar et al synthesis of HFGO and FGO2 
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the fluorine content was indeed altered through changing variables such as time and temperature 

18. Additionally, their final material displayed significant color change as fluorine content 

increased, going from black, to brown, to white18. Successful fluorination can be performed 

using various different methods, they typically use graphite as the starting carbon source versus 

graphene, and the graphite usually goes through pre-treatment via a Modified Hummer’s method 

of the Hofman’s method. Our method of direct gas fluorination uses graphene without pre-

treatment using Modified Hummer’s Method or the Hofman’s method4, 6, 9-10. The goal is to 

observe the effects the fluorinated graphene will have on dispersion stability after dispersion in 

the organic binders. We also look to study its properties for corrosion resistance and 

hydrophobicity increase upon incorporation into the 2K urethane top coat or 2K epoxy coating.  

 

Dispersion stability of the graphene and functionalized graphene materials in the organic binders 

is important because the more stable the dispersion, the longer storage lifetime the material is 

able to have. This can help to reduce costs as the dispersion will not have to continuously re-

dispersed frequently and it could also eliminate the possibility of any waste that would occur due 

to any settlement. Also, incorporation of functionalized graphene materials into a 2K urethane 

coating system can help to strengthen the coating and help to increase the hydrophobicity. 

Through incorporation of our graphene and functionalized graphene materials we seek to not 

only achieve enhance dispersion stability, but also effect the surface properties of the coating.  

 

We also want to achieve that through including graphene into the urethane top coat that it will 

help to reduce the thickness of the coating (~30 microns). Through reducing the thickness of the 
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urethane top coat it could help to reduce VOCs produced during the coating process. 

Additionally, our ultimate or ideal goal is to eliminate the zinc layer currently used for corrosion 

protection. Elimination of this layer can help to save time and money as there will no longer be 

the need to replace it over time. Figure 1.5 shows the diagram of automotive coatings and how 

the layers are applied, and during which layer we would be able to include our graphene 

material. Due to the fact that the color coat and urethane coat are both applied wet it would be 

possible for us to disperse the graphene in either of these two layers. 

 

 

 

 

 

 

 

 

 

1.2 Epoxy and Urethane Chemistry  

There are various different forms of coating material used for the application for corrosion 

protection for large industrial applications. The different types of systems that are available 

include: epoxy, urethane, alkyd, or acrylic. Often times these coatings require a two component 

systems before application on a substrate (e.g. steel). Urethane based coatings require two 

Figure 1.5. Coating concept showing graphene inclusion in urethane top coat or color coat 
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components in order to make a cured and durable coating, they include a resin based material 

and a hardening solution7, 19-20.  

 

The resin material is often in the form of an alcohol based polyol, and the hardening solution is 

in the form of an isocyanate material. These two components mix to form a composite 

polyurethane film upon coating application with baking. Figure 1.6 shows the chemical 

mechanism that occurs upon mixing the alcohol based polyol resin and isocyanate hardening 

solution19-20. These two components are combined in order to make the urethane top coat 

material currently used. Through establishing a stable dispersion of our graphene material in at 

least one of the components of the 2K urethane system, the paint will provide a higher quality, 

more hydrophobic top coat material. In order to meet the required standards for the paint 

industry, our goal is to attain dispersions with stability of longer than three months.  

 

 

 

 

We are interested in functionalizing graphene with amine (–NH2) groups on the surface is due to 

the fact that the amine groups will react with the isocyanate and become incorporated into the 

coating making a composite urethane top coat. This composite coating with the amine 

functionalized graphene can lead to better coating stability and durability for the application of 

2K urethane coatings. Figure 1.7 shows the mechanism between the isocyanate and an amine, 

Figure 1.6. Polyol and Isocyanate chemistry for Polyurethane coatings 
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showing how the amine group forms a covalent bond and becomes incorporated into the urethane 

chain to form polyurea19-21.  

 

 

 

 

Another coating material is known as epoxy resin, which is a system similar to urethane 

coatings. Epoxy based coatings, also known as a 2K epoxy coating, uses an epoxy resin in 

junction with a catalyst or hardener material. Figure 1.8 shows the mechanism for the 2K epoxy 

resin with the addition of a catalyst amine solution22-26. 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Amine functionalized graphene with isocyanate 

Figure 1.8. Epoxy based coating mechanism 
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1K coating systems are available in different forms, such as, water based and solvent based 

coating. The definition 1K is “one component”; meaning this type of coating does not require 

any hardener, catalyst, or activator.  Water based 1K coatings are typically composed of latex, 

however in order to increase the stability of the coating some cross-linked resins are added (e.g. 

polyurethane or polyester)23, 25, 27. Solvent based 1K coatings are usually composed of a 

polyester/melamine or acrylic/melamine material23, 25-27. They form a film upon baking after they 

are applied on a substrate. 

 

Both the 2K and 1K coating systems have their respective advantages and disadvantages for 

coating applications. 2K coatings save time (paint and clear coat) and have a high resistance to 

materials such as thinners or alcohols19-20. However, these coatings often require long drying 

times, limited time table for usage after addition of hardener, and the coating application can 

often be very thick19-20. 1K coatings offer a material with a faster drying time, ability to produce 

a thinner coat, and a longer shelf life as there is not addition of hardener or catalyst. However, 

1K coatings require a topcoat and when not applied, the paint loses most of its resistance to 

outside elements28.  

 

Through incorporation of these graphene materials into the urethane top coat or the epoxy based 

corrosion protection layer we aim to utilize their physical properties in order to enhance 

hydrophobicity and corrosion protection. Incorporation of F-G material in either coating material 

can lead to a more hydrophobic coating, therefore helping to decrease the rate of corrosion. 

Functionalization of the graphene with amine groups will help to yield a stronger coating through 
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covalently bonding with the isocyanate material in the urethane top coat. The ability for the 

amine functionalized graphene to form these covalent bonds can lead to a stronger, more durable 

composite top coating material since it provides enhanced barrier protection. Through finding 

that these materials can form a stable dispersion in either the polyol or isocyanate component of 

the urethane top coat, we can form a better quality paint film, which can provide a more 

hydrophobic and anti-corrosive final coating product upon application. 

2. Experimental Section 

2.1 Materials 

     Graphene was purchased from XG Sciences (M5 grade) with an average diameter of 5 

microns. Urea (Certified ACS grade) and Isopropanol (99%, ACS grade) were purchased from 

Fischer Scientific. Sulfuric Acid (Concentrated 95-98%, ACS grade) was purchased from EMD 

chemicals. Potassium Permanganate (99%, ACS reagent grade) was purchased from J.T. Baker 

chemical company. Sodium Nitrate (99%, ACS grade) was purchased from Alfa Aesar. 

Deionized water was used to make all solutions and rinse any samples when filtered. All 

chemicals were of analytical or reagent grade and used without further purification. Organic 

binder solutions used for dispersion stability study were provided by the Konsul company in 

Korea. Solutions used were: Acrylic Polyol (AP) and Urethane Curing Agent (UCA). Dispersion 

of graphene materials in the binder solutions was done using a Hielscher UP200Ht (Figure 1.9) 

model probe sonicator at power output of 10-30 watts.  
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2.2 Surface Functionalization Graphene  

Graphene was functionalized with hydroxyl (-OH) and carboxyl (C=O), known as graphene 

oxide (GO), using the Modified Hummer’s Method9. Concentrated sulfuric acid was added to 

graphene and sodium nitrate (NaNO3) and stirred for 1h in an ice bath in order to keep the 

temperature below 20oC. Potassium permanganate (KMnO4) was then slowly added in order to 

make sure the temperature did not rise above 20oC. While adding the KMnO4 it is important to 

maintain the low temperature as it is quite reactive and could lead to an explosion if added to 

quickly. Once the KMnO4 was completely added the mixture was allowed to stir at approximate 

35oC for 12h and then subsequently diluted with DI-H2O. Following dilution hydrogen peroxide 

(H2O2) was added in order to ensure that the KMnO4 was completely reacted, and the resulting 

solution was now a light brown color. The light brown solution was then rinsed with DI-H2O and 

HCl and then filtered to produce a thin graphene oxide (GO) film. FTIR analysis was performed 

Figure 1.9. Hielscher UP200Ht model probe sonicator used for dispersion 
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on the final GO product in order to confirm the presence of –OH and C=O surface functional 

groups.  Figure 1.10 shows the synthetic route used to functionalize graphene to graphene oxide.  

 

 

 

 

 

 

 

 

 

  

 

 

Reduced graphene oxide (rGO) synthesis, containing only hydroxyl (-OH) groups, was done 

through heating GO material at varying temperatures. The GO synthesized using the method 

above was placed in a 50mL Erlenmeyer flask, which was then placed in an oil bath set at an 

initial temperature of 80oC. The material was heated at this temperature for approximately 1h 

Figure 1.10. GO synthesis using Modified Hummer’s 

Method 
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and then removed. This process was repeated twice more at temperatures of 100oC and 120oC. 

Each sample was set aside and used for FTIR analysis in order to confirm presence of –OH 

functional groups and the elimination of -COOH functional groups.   

 

 

 

 

 

Functionalization of graphene with fluorine (-F) groups (F-G) was performed using direct gas 

fluorination. The fluorination was performed using dilute F2/N2 gas mixture with variable 

pressure for a time of up to 24 to 48h.  Gases are connected with a scrubber (upstream), vacuum, 

and bubbler (downstream). A large advantage to using a set up like this is that it allows for easy 

loading, evacuation, operation, as well as it limits the leakage of F2 gas upon usage. Figure 1.13 

depicts the fluorination set up used for this process and scheme 6 shows the surface 

functionalization with fluorine groups. Similar to GO and rGO, FTIR was done in order to 

confirm the presence of –F functional groups on the surface, however the peak that typically 

corresponds to the C-F bond is typically quite small so it was beneficial to perform IR analysis 

using both KBr and ATR methods for confirmation.  

 

Anneal

100oC/1h

Figure 1.11. rGO synthesis via annealing GO material 
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Amine functionalized graphene was synthesized using a new, more eco-friendly method. 

Graphene was first dispersed in a solution of ethylene glycol and urea via magnetic stirring in a 

round bottom flask. The solution was then heated under reflux for 5h to perform 

functionalization of the graphene material. Aminated material was then filtered and rinsed 

thoroughly with DI-H2O in order to remove any excess urea or ethylene glycol, and then the 

Figure 1.12. Direct gas fluorination of graphene using F2 gas 

Figure 1.13. Image (top) and diagram (bottom) of direct fluorination 

reactor  
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black solid was annealed at 150oC for 1h. The sample was then analyzed using ATR-FTIR in 

order to confirm the presence of the amine functional groups, and analyzed using UV-Vis.  

2.3 Corrosion and Adhesion Test: 2K Epoxy Coating 

Corrosion and adhesion tests were performed on steel substrates that were coated with a 2K 

epoxy system containing different concentrations of graphene. The tests performed followed the 

ASTM procedures required to collect the data for both tests. Steel substrates used for these 

experiments were 2cm x 2cm in size, and the epoxy coating was applied using a dip coating 

method. Samples were cured at 100oC in air for 1h in order to help with crosslinking of epoxy 

coating. After curing the samples were then prepped for corrosion or adhesion tests.  

 

Corrosion test was performed following the ASTM G1 standard, where the rate was calculated 

following equation 1. Where “K” is defined as the corrosion rate constant, “T” is the exposure 

time, “A” is the area of the steel substrate, “W” is the mass in grams, and “D” is the density of 

the substrate metal. 

 

 

 

The samples were immersed in 3.5% NaCl and then removed after 1123 hours to measure the 

corrosion rate in microns per year (mpy). Adhesion tests were performed following the ASTM D 

3359 standard, or “measuring adhesion by tape test.” Samples were placed in two different 

environments: constant immersion in 3.5% NaCl and humidity after 1h salt water soak. The 

Equation 1: 
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results of the adhesion tests were measured in percent coating loss. In addition to corrosion and 

adhesion tests, we also measured the contact angle of each of the samples in order to observe the 

effect, if any, that graphene concentration would have on the hydrophobicity of the coating. In 

order to measure the contact angle, or wettability, a droplet of water was placed on the substrate. 

The angle was then measured using drop shape analysis, following the method that contours the 

shape of the drop (i.e. DropSnake). This analysis can be found using computer software ImageJ, 

and by adding the Drop Shape Analysis.   

2.4 Dispersion of Graphene Materials in Organic Binders  

2.4.1 Pristine graphene was dispersed in the Acrylic Polyol (AP) and Urethane Curing Agent 

(UCA) using probe sonication. Amount of graphene dispersed was calculated based on the solid 

content of the binder solutions, and was calculated in terms of wt% using equation 2. Graphene 

was dispersed up to 2wt% and monitored continuously for dispersion stability in the solutions.    

2.4.2 Functionalized graphene was dispersed following the same method described for the 

pristine graphene. The dispersion results from pristine graphene gave an idea as to how high of a 

concentration was necessary to monitor dispersions. The GO and rGO materials were dispersed 

up to a 1wt% concentration, and F-G was dispersed up to a 2wt% concentration.  

 

3. Results and Discussion 

3.1 Surface Functionalization of Graphene 

ATR-FTIR spectra of synthesized GO confirms the presence of –OH and C=O surface functional 

groups (Figure 1.14). Absorption bands at 3224.57 cm-1 and 1693.68 cm-1 correspond to the –OH 

and C=O stretching modes respectively. The bands at 1138.56 cm-1 and 1019.32 cm-1 correspond 
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to the C-O stretching vibration of the –OH and ester functional groups. Absorption band at 

861.62 cm-1 corresponds to the stretching of the C=C bond of the graphene network.  

 

 

 

  

UV-Vis spectroscopy analysis of GO material shows an absorption peak between 225-250 nm 

(Figure 1.15). This absorption correlates to the  - * transition of the C-C aromatic bonds 

present in the graphitic network of the GO5-6, 9-10. The UV spectra also shows a slight shoulder at 

Figure 1.14. ATR-FTIR spectra of GO synthesized using the Modified Hummer’s method 
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approximately 310 nm; this is due to the n - * transition of the C-C aromatic bonds that are 

present in the GO5-6, 9-10.  

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

ATR-FTIR analysis of the fluorinated graphene shows a vibrational band at 1071 cm-1 consistent 

with the presence of C-F vibrational mode. Elemental composition of the fluorinated material 

was done using energy dispersive x-ray (EDS). Table 1.1 shows the composition of carbon and 

fluorine present in the material for both the 24 and 48h treated samples, along with the calculated 

F/C ratio. There was a slight increase in the ratio as time of fluorination increased, which makes 

Figure 1.15. UV-Vis of GO 

n-𝜋* 

𝜋-𝜋* 
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sense as the graphene material was exposed to the F2 gas for a longer amount of time.  Due to the 

low F/C ratio present in the F-G material it is likely that the C-F bonds have more of a covalent 

bond characteristic29. The nature of the C-F bond can also be determined through XPS and FTIR 

analysis and the relative peak position acquired from those analytical methods17, 29. Ren et al 

confirms the nature of the C-F bonding through the use of both FTIR and XPS analysis of their 

F-G material, stating that vibrational bands at 1212 cm-1 and 1113 cm-1 correlate to a covalent 

interaction, or Csp
3-F, and a semi-covalent interaction, or Csp

2-F, respectively29. The resulting 

vibrational band of our fluorinated material was found to be below 1100 cm-1, this could mean 

that C-F bonding present is semi-covalent however a more accurate conclusion can be drawn 

upon XPS analysis of the material.  

 

Figure 1.16. ATR-FTIR of F-G (15PSI/48h/RT) 
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Sample wt% C wt% F F/C ratio 

FG 24h 87.88 12.12 0.14 

FG 48h 78.27 13.15 0.17 

 

Increasing the F/C ratio of the fluorinated graphene can help to adjust properties of the material. 

Our goal is to increase the F/C ratio in order to increase the surface properties of the fluorinated 

material so it will increase the hydrophobicity when included in the coating. Currently the F-G 

material shows a contact angle of approximately 98o at a concentration of 4wt%, in order to 

provide a coating that has hydrophobic properties we need to achieve a contact angle of 120o or 

higher. Additionally, through increasing the F/C ratio the color of the graphene can be altered 

which could possibly lead to including this material into more pigmented paints without a 

noticeable color change.  

 

ATR-FTIR analysis was performed on amine functionalized graphene (NH2-G) in order to 

confirm the presence of –NH2 functional groups on the surface. Figure 1.17 shows the results 

from the IR analysis of the NH2-G material. Vibrational bands at 1338 cm-1 and 1084 cm-1 

confirm the presence of C-N bonding, and bands at 3426 cm-1 and 1665 cm-1 confirm the 

presence of –NH bending and stretching respectively.  

Table 1.1. Composition and F/C ratio of fluorinated 

graphene 
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UV-Vis analysis was done with all three functionalized graphene materials in order to observe 

the absorbance range they are able to cover. Our goal was to see if it was possible to find a 

material that allows for coverage over the entire UV range, or to find a combination of materials 

to allow for UV coverage. Figure 1.18 displays the UV analysis of all three functionalized 

graphene materials. Analysis of these results show that when we use GO or F-G, or can find the 

right combination of GO and F-G, it could be possible to include graphene material in a coating 

that could cover the entire UV range. The ability to do this can lead to better UV durability in 

both the urethane and epoxy coatings.  

 

 

 

Figure 1.17. ATR-FTIR of amine functionalized graphene 
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Figure 1.18. UV-Vis of functionalized graphene materials 

 

  

  

 

 

 

 

 

 

   

 

 

Thi

s UV-Vis analysis not only shows us that it is possible to combine graphene materials to cover 

the UV absorption range, but also it could be possible to establish a mix of these materials in 

order to take advantage of all their enhanced physical properties. Through addition of NH2-G and 

F-G material into the coating, it is possible to not only provide a material with increased 

hydrophobicity but also a material that would be more UV durable. Additionally, since F-G 

material is able to cover a wider range across the UV spectra it can also provide a coating that 

has high hydrophobicity, high durability, and is more UV durable as compared to top coat 

material with just pristine graphene material. Therefore, the combination of F-G and NH2-G 
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would allow us to take advantage of all three properties studied for graphene in urethane or 

epoxy based coating materials.  

 

3.2 Dispersion Stability of Graphene and Functionalized Graphene in Organic Binders 

Dispersion stability of the graphene materials was studied over time. The two binders used for 

dispersion were: Urethane curing agent (UCA) and Acrylic Polyol (AP). This system studied was 

a 2K urethane top coat system where UCA combined with AP in a 4:1 (v/v) ratio of AP:UCA. 

Since these two components combine to form the final top coat material, as long as one of the 

two components in these systems reached a stability of longer than three months then solution 

dispersion attained good stability. Our goal was to achieve stability of longer than three months 

in the binders for the graphene powder. Achieving long dispersion stability helps to provide 

better paint quality as there is not the need for frequent re-dispersion of the solutions, saving time 

and allowing for the paint to be readily usable. Dispersions of 1 and 2wt% were made and 

monitored to observe if any settlement. Longer stability of these dispersions allow for longer 

lifetime of the product. Leading to less waste and less time spent re-dispersing solutions.  

 

Pristine graphene dispersions were studied after graphene powder was dispersed in organic 

binder solutions via probe sonication. Equation 2 shows calculation used in order to determine 

amount of graphene needed for 1wt% and 2wt% dispersions. The calculations were based on the 

amount of solid material present in each of the four binders, which was determined by 

evaporating off the liquid solvent portion and then weighing.  
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Binder Mass of Solid (g)/10mL Binder 

AP 8.6058 

 UCA 7.4506 

 

Dispersions were first done with pristine graphene. Monitoring of the graphene dispersions 

showed that there was complete settlement in the UCA binder. However, the AP solution have 

displayed significant dispersion stability after approximately 300 for 1wt% and 2wt% 

concentration. The UCA binder showed settlement after about one day of dispersion. Figure 1.19 

shows the dispersion samples of pristine graphene at 1wt% and 2wt%, confirming that each have 

maintained high stability in AP solution. The prolonged stability in this binder compared to UCA 

is largely due to the fact that it is significantly higher in viscosity. Since UCA will eventually be 

combined with AP we only needed to have prolonged stability in one of the two components. 

The loss of volume that is seen in the dispersions is due to the loss of solvent over time. The 

binder, AP, has solvent present in the solution; so it is possible to add the necessary solvent back 

to the dispersions, re-disperse, and then continue monitoring the samples accordingly. 

 
Equation 2. Calculation for graphene content needed in dispersion  

Table 1.2. Solid content in the two binder solutions per 10mL binder 

solution 
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GO and rGO were also probe sonicated in the organic binders. Due to the highly polar surface 

groups present on the GO material, it did not disperse in any of the four binders. This is largely 

due to the fact that the four binders have more non-polar characteristics, making it difficult to 

disperse GO. rGO showed the same results as GO after probe sonication. Although the surface of 

rGO is not as polar as GO, it still contains polar –OH groups making it difficult to disperse in 

solutions that are more non-polar in nature, such as the organic binders. Figure 1.20 shows the 

results of the GO and rGO dispersions at 1wt% concentrations. The presence of small particles in 

the binders show that the functionalized material did not show good dispersibility in the organic 

binder solutions, even at a concentration of 1wt%. We are also currently studying dispersing GO 

and rGO in a water-borne coating system. The water-based system provides a coating system 

Figure 1.19. Graphene Dispersion 300 days a) 1wt% and b) 2wt% 

UCA AP AP UCA 

a) b) 
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with a more polar solvent base that should allow for the GO and rGO to disperse upon probe 

sonication.  

 

 

 

 

 

 

 

 

 

 

 

 

Dispersion stability studies were also done with amine functionalized graphene (NH2-G) and 

fluorinated graphene (F-G) in order to find out if the surface functional groups have any effect on 

dispersibility and on dispersion stability. Similar to dispersions done using pristine graphene, the 

NH2-G and F-G materials were dispersed at 1wt% and 2wt% concentrations using equation 2. 

We were able to disperse aminated graphene in all binder solutions, and monitored these 

dispersions over time. The amine functionalized graphene showed prolonged stability in the AP 

binder, up to approximately 230 days, where settlement was observed the UCA binder solutions. 

However, the NH2-G did show some enhanced stability compared to pristine graphene, as 

UCA AP UCA AP 

a) b) 

Figure 1.20. a) 1wt% GO dispersion and b) 1wt% rGO dispersion 
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settlement in the UCA did not occur until 5-7 days after initial dispersion. Figure 1.21 shows the 

dispersion samples of aminated graphene, confirming our conclusion that AP has significant 

dispersion stability. The amine functionalized graphene can help to improve the stability and 

durability of the coating when incorporated into a 2K urethane system (e.g. UCA/AP). The 

amine groups on the surface of the graphene will react with the isocyanate groups of the UCA 

leading to the graphene material being covalently bonded onto the coating material. This allows 

the graphene to be incorporated into the final coating after the curing of the AP/UCA, leading to 

an enhanced durable composite coating.  

 

 

Figure 1.21. NH2-G dispersion 230 days a)1wt% and b)2wt% 

UCA AP UCA AP 

a) b) 
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Fluorinated graphene (F-G) material was able to be dispersed in all four binders using probe 

sonication. The samples were sonicated for 20 seconds and then placed in an ice bath, this was 

repeated three times. This material displayed significant dispersion stability in all four binders at 

a concentration of 1wt%. However, when F-G was dispersed at 2wt% concentration the material 

showed settlement in UCA and after significant time. These results show that dispersions using 

fluorinated graphene are most stable up to a concentration of 1wt%. Figure 1.22 shows 

confirmation of the F-G dispersion stability at 1wt% and that there is settlement at 2wt%. 

Dispersions in AP still shows dispersion stability for F-G at 1wt% and 2wt%, which follows the 

same trend as pristine graphene and NH2-G. 

 

 

UCA AP UCA AP 

a) b) 

Figure 1.22. F-G dispersion 200 days a) 1wt% and b) 2wt% 
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Dispersion behavior of fluorinated material has been studied by Brammer et al and Gong et al30-

31. They each suggest two different mechanisms by which functionalization with F- ions leads to 

better dispersion stability in solvent systems30-31. Brammer et al suggests that fluorinated 

materials display increased dispersion stability due to their ability to have hydrogen bonding like 

interactions with the environment, especially if the solvent or solutions contains –OH or other 

hydrogen donors31. Gong et al shows that due to the observed stability in NMP, THF, and PS this 

is due to the large conjugated systems present in each of the molecules30. Organic binder 

solutions used for dispersions contain mostly –OH groups in their structure. The most likely 

explanation for our fluorinated graphene material is that hydrogen bonding type interactions help 

in dispersion stability in the organic binders.  Settlement seen in the UCA solution at a 2wt% F-

G concentration could be due to the highly hydrophobic nature of the functional groups present 

on the material. This higher concentration of F-G could show that due to the more hydrophobic 

nature of the F-G material as the dispersion concentration increases the stability decreases. 

Additionally, it could be possible that the sonication procedure needs to be altered for the 2wt% 

sample of F-G material. In some cases, it was observed that if the dispersion is sonicated for too 

long of a period then the dispersion stability can actually decrease.  

 

In several of the dispersion samples done with AP, there is a loss of volume observed. This is 

due to solvent evaporation over time because the fact that the seal in the centrifuge tubes used for 

dispersion was not very good. The evaporated solvent can be added to the respective binders 

(e.g. AP) and then re-dispersed. Samples dispersed in AP would require xylene to be added in 

order to compensate for the evaporated solvent. 
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3.3 Corrosion and Adhesion Tests on 2K Epoxy Coatings with Graphene  

Graphene was dispersed in a 2K epoxy coating system at different concentrations in order to 

study graphene’s effect on corrosion rate and coating loss. Corrosion rate was performed using 

ASTM standards, with graphene added at 2wt% and 4wt% in the epoxy coating, and measured in 

microns per year (mpy). The steel substrates were then immersed in the 3.5% NaCl solution for 

1123 hours. Corrosion rate was calculated following equation 1 outlined previously. Figure 1.23 

displays the corrosion rate, in terms of microns per year (mpy), versus graphene concentration. It 

can be seen that inclusion of graphene in the epoxy coating has a clear effect on corrosion rate, 

as it decreases from 12.5 mpy to 0.54 mpy when increasing from 2wt% to 4wt% graphene.  
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Figure 1.23. Corrosion rate versus Graphene Concentration in Epoxy Coating 
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Adhesion tests were also performed on epoxy coating with different graphene concentrations. 

Samples were coated on steel substrates with up to a 4wt% graphene concentration and then 

placed in either a 3.5% NaCl constant immersion environment or a 100% humidity environment 

at room temperature for up to four weeks. After four weeks tape test was performed in order to 

establish the percent of coating loss that had occurred for each of the samples. Figure 1.24 shows 

adhesion test results after constant immersion in a 3.5% NaCl solution. These results show that at 

concentrations between 1 and 2wt% graphene in the epoxy coating displays the least amount of 

coating loss. Figure 25 displays the results from the adhesion test performed in 100% humidity 

environment for four weeks. These results draw the same conclusion as those from the 

continuous immersion test; graphene concentrations of 1 or 2wt% in the epoxy coating show the 

least amount of coating loss.  
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The adhesion tests show that at the highest concentration of graphene, 4wt%, in the epoxy 

coating there was the highest percentage of coating loss under all conditions. Several variables 

could effect this reasoning, for example our coating method for these tests was the dip coating 

method which does not always guarantee that there is equal coverage across the entire steel 

substrate. Additionally, the dispersion method for these experiments was bath sonication which 

does not always guarantee equal dispersion at higher concentrations as compared to probe 

sonication. Also, due to the degree of hydrophobicity of graphene it is possible that at a 4wt% 

concentration the coating does not yield good adhesion to the substrate itself probably due to the 

hydrophobic property of the graphene material.  
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4. Conclusion 

Graphene and functionalized graphene materials were dispersed in four different organic binder 

solutions in order to study their dispersion stability over time. Our goal was to achieve a stability 

in these dispersions for greater than three months. In the case of pristine graphene material, this 

goal was able to be achieved in the AP binder solution. Surface functionalized graphene 

materials, such as GO, rGO, F-G, and NH2-G, displayed varying dispersion results. GO and rGO 

did not disperse in any of the binders due to their highly polar surface functional groups. 

However, F-G and NH2-G functionalized materials did disperse in all binders but their respective 

dispersion stability results were different. Dispersions done with F-G material displayed stability 

of greater than three months in both solutions, and NH2-G dispersions in AP also showed longer 

than our goal of three-month stability. Preliminary data shows that through inclusion of graphene 

into the epoxy corrosion protection coating we can decrease the rate of corrosion. We look to 

study if inclusion of amine functionalized graphene into the epoxy coating can enhance the trend 

as it has the ability to react with the epoxy resin since it forms a more composite like anti-

corrosion barrier. Additionally, through the results seen with inclusion of F-G material in the 

epoxy coating, it is possible that if we include NH2-G or F-G or a mixture of NH2-G and F-G, we 

could not only form a stronger composite coating, but also one that displays a high degree of 

hydrophobicity and UV durability for even better coating. Adhesion results also showed that at a 

concentration of 1 to 2wt% graphene can decrease the amount of coating loss after exposure to 

constant immersion in a NaCl solution or in a 100% humidity environment. In order to increase 

adhesion, we look to adjust sample preparation method such as replacing bath sonication with 

probe sonication in order to provide better dispersion of the graphene and to spray coat the epoxy 
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coating instead of dip coating in order to help provide a more even coat on the steel substrate. 

We are also undergoing a preliminary research into preparing a form of paste that allows for 

easier dispersion into the epoxy material and the UCA or AP binder solutions. This form allows 

for easier transport and little to no waste of material while still providing longer dispersion 

stability.  
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Abstract 

A low temperature method was used to synthesize thin vanadium oxide (V2O5) nanofibers. The 

fibers produced diameters of 10-15 nm even after annealing in air. In order expand the interlayer 

spacing a surfactant was introduced during the synthesis in varying amounts. The interlayer 

spacing of the V2O5 material was controlled by adjusting the ratio of surfactant to V2O5 during 

synthesis. Additionally, the incorporation of the cationic metal complex cobaltocenium ion 

produced a V2O5 material with an expanded interlayer spacing and exhibited a nanoflower 

morphology. These materials are planned to be tested as supercapacitor electrode materials.   
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1. Introduction 

1.1 Supercapacitors as Alternative Energy Storage Devices 

Research into alternative energy storage devices has garnered increasing attention in the recent 

years. Such as batteries, capacitors, and supercapacitors. The types of supercapacitors include:  

pseudocapactors, double-layer capacitors, and hybrid capacitors. Each of these storage devices 

use a different mechanism in order to charge and discharge within the device. Also, the materials 

used to fabricate the electrodes for each of the devices include carbon based materials (e.g. 

graphene or carbon nanotubes) and metal oxides (e.g. RuO2 or V2O5). These devices use an 

electrically conductive electrolyte, consisting of dissociated ions, to provide ion transportation 

between two electrodes: cathode and anode. 

Electric double layer capacitors use carbon based materials for electrode material. Common 

materials used for electrodes include: carbon nanofibers (CNFs), carbon nanotubes (CNTs), 

graphene, or activated carbon. The charge mechanism for these capacitors follows an 

electrostatic mechanism. The charging of EDLCs results from applying voltage to the carbon 

based electrodes, the solvated ions in the electrolyte are then pulled to the surface of the charged 

electrodes1-3. This process can also be referred to as ion absorption. During discharging, or ion 

desorption, the ions are released from the carbon electrodes. The small distance between the 

ionic electrolyte and the electrode, averaging in the nanomeric range, is what allows EDLCs to 

have increased capacitance3. 

Pseudocapacitors typically use materials such as metal oxides or conductive polymers as 

electrode materials. Common metal oxides use in these types of capacitors include: ruthenium 

oxide (RuO2) or vanadium pentoxide (V2O5). Electrodes using conductive polymers can include 
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the use of polyaniline (PANI) or poly(thiophene) based polymers. This type of capacitor uses an 

electrochemical reaction to store energy3-4. The reaction consists of the electrolyte and electrode 

undergoing an electron charge transfer4. This charge transfer is the result of a de-solvated and 

absorbed ion2, 4. An example of a reaction that occurs at the surface of the electrode is a redox 

reaction. In the case of a metal oxide electrode materials, a redox reaction occurs at the surface 

of the electrode. One example of this is manganese oxide (MnO2) with sodium sulfate (Na2SO4) 

electrolyte; the MnO2 electrode undergoes a redox reaction with the electrolyte and forms 

MnOONa5. In polymeric materials the energy storage mechanism is through doping and de-

doping of ions present in the electrolyte, however due to their poor cycling stability the use of 

polymers (e.g. PANI or PEDOT) as electrodes has led to charge-discharge capabilities 

significantly lower than those of metal oxide based electrodes6-7. In order to overcome the energy 

storage limitations to some of the metal oxides (i.e., V2O5) and conductive polymers (i.e., PANI) 

they have been made to form a hybrid material with a more conductive carbon based material, 

such as carbon nanofibers (CNFs) or carbon nanotubes (CNTs). 

Hybrid capacitors consist of two categories: asymmetric and composite. Asymmetric consists of 

a cathode composed of metal oxide material and an anode composed of carbonaceous materials. 

Like EDLCs the carbon material can include: CNTs, CNFs, or graphene. Composites are 

typically made up of a carbon based material with pseudocapacitive material incorporated into 

the carbon material. Majority of research that has been conducted in recent years regarding 

energy storage devices has explored the use of hybrid capacitive materials. Asymmetric 

electrodes provide materials that can allow for higher capacitance and specific energy, pseudo 

electrode, along with materials that allow for high specific power, the EDLC based electrode. 
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The positive electrode in these systems consist of a metal oxide (e.g. RuO2 or V2O5) and the 

negative electrode consists of an EDLC carbon based material. In composite electrodes, the 

carbon based material (e.g. CNTs or graphene) serves as a form of conductive scaffold in which 

the metal oxide (e.g. RuO2 or V2O5) or conductive polymer (PANI) can be incorporated. The 

hybrid capacitors allow for the use of the materials that have high capacitance and high energy-

power densities in one cell. 

Electrolytes are composed of a solvent and solute system that dissociates into cations and anions 

which allows the electrolyte to become electrically active. There are three types of electrolytes 

used for suercapacitor applications: ionic, organic, and aqueous. Ionic liquids have shown to be 

an optimal electrolyte material for supercapacitor applications8. These electrolytes not only allow 

for a larger voltage window, up to 6V, but they also are: more environmentally friendly, non-

volatile, non-flammable, and highly conductive8. Organic electrolytes use an organic based 

solvent (e.g. acetonitrile (ACN) or tetrahydrofuran (THF)) with ammonium or lithium based 

solute (e.g. LiTFSI or N(Et)4BF4). These organic electrolytes allow of a higher voltage range, up 

to 4V, and a higher temperature range. Aqueous electrolytes include materials such as: sulfuric 

acid (H2SO4), sodium sulfate (Na2SO4), or potassium chloride (KCl). These electrolytes use 

water as the solvent, which allows for a lower voltage range, up to 1.2V, and a lower operating 

temperature range. 

It is clear that each type of supercapacitor offers its advantages as an energy storage device. 

Additionally, combining the electrode material with different types of electrolytes can also affect 

the resulting power and energy density of the devices. The goal of this research is to find an 

optimal V2O5 electrode material to achieve higher capacitance, and power/energy densities. 
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1.2 Nanostructured Vanadium Pentoxide (V2O5) for Enhanced Energy Storage  

In the recent years there has been increased interest in energy storage materials that are low cost 

and safe for the environment. Benefits to new storage devices, such as semi-conductors and 

supercapacitors, are their ability to have a higher power density, meaning that they are able to 

deliver energy at a faster rate resulting in enhanced charge-discharge rates versus conventional 

batteries2, 4, 9. Although these materials provide faster charge-discharge capabilities compared to 

conventional Li-ion batteries, their energy densities, or ability to store energy, is still significant 

lower compared to that of Li-ion batteries. Due to the lower power density, research into finding 

a material that can provide relatively high energy and power densities has gained interest in the 

recent years. The study of materials, such as transition metal oxides, have been found to be the 

most promising materials for application in energy storage devices due to their ability to have 

different chemical and electrochemical applications10-14. Example of transition metal oxide 

materials that have been studied by researchers for the application of electrode material include 

MnO2, RuO2, V2O5, and TiO2
10-12, 14-16. Ruthenium oxide (RuO2) has displayed superior 

electrode capability with a significantly higher specific capacitance when compared to V2O5 or 

MnO2, approximately 720 F/g17. However, RuO2 is a costly and hazardous material which leads 

to its inability to be used in commercialized applications.   Although MnO2 displays the ability 

for energy storage, its properties largely depend on the crystal structure of the material.  

This has led to research into the metal oxide known as vanadium oxide. Among the vanadium 

compounds, vanadium pentoxide (V2O5) has received the most interest due to its low cost, 

structural stability under various synthetic conditions, and its ability to serve as an alternative, 

more environmentally friendly energy storage medium. In addition to having enhanced 
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electrochemical properties, V2O5 also has several other applications such as: catalysts, chemical 

sensor devices, transistors, and electrochromics. The most studied application of V2O5 is its use 

as electrode material in energy storage devices in order to enhance electrochemical properties, 

such as charge-discharge rate or energy density, in Li-ion batteries10-11, 14, 18-27. This research 

focuses on developing V2O5 material that will allow for more Li-ions to be stored because of its 

layered structure, and therefore lead to enhanced electrochemical properties such as, energy and 

power density or capacitance. 

 

 

Research into vanadium oxide nanomaterials has increased due to its low cost, high abundance, 

and wide variety of applications23. Vanadium oxide has several oxidation states: V2+, V3+, V4+, 

and V5+. In its most stable state vanadium exists in the V5+oxidation state and can be used for 

electrode material in Li-ion batteries or supercapacitors10, 13-14, 28-30. When vanadium is in the +4 

oxidation state it is an optimal material in the field of electro- and thermochromics31-32. 

Figure 2.1. Image of V2O5 Crystal 

Structure 
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Vanadium pentoxide, V2O5, contains vanadium in both the +4 and +5 oxidation states, which is a 

large reason as to why this material has gained such interest for energy storage material. 

Vanadium pentoxide nanostructures are capable of attaining higher power and energy densities 

when compared to conventional Li-ion batteries due to their layered crystal structure (Figure 

1)33. This layered material provides gaps in between the oxygen molecules for Li-ions to 

intercalate in between the layers. The spacing between these gaps has been measured to be 

approximately 0.5nm33. This spacing is just large enough to allow a Li-ion to fit in between the 

layers, which is why our goal is to produce V2O5 with larger interlayer spacing in order to allow 

for more Li-ions to be stored between the layers for enhanced energy storage. The ability for 

V2O5 material to attain good energy and power in addition to being low cost and high in 

abundance, has led to an increase in research to optimize the electrochemical and structural 

properties of V2O5. We look to enhance the electrochemical properties through expansion of the 

interlayer spacing of V2O5. This can allow for a higher amount of ions to be stored between the 

layers, leading to increased power/energy density.  

There have been different forms of V2O5 nanostructures synthesized in order to enhance the 

electrochemical properties of V2O5 electrodes, applications in catalysis, and chemical sensors. 

Majority of these structures have been in the form of layered 1D nanostructures, however some 

have synthesized 2D or 3D structures to enhance the structural properties of the material in 

addition to enhancing the electrochemical properties of the vanadium electrode14, 22-23, 30. 

Nanostructures that have been synthesized in order to increase the surface area of electrodes have 

included: nanofibers, nanorods, nanowires, nanotubes, nanoflowers; just to name a few18-20. 

These structures have been synthesized as 1D layered nanostructures in order to help improve 
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upon Li-ion diffusion and cycling stability of the V2O5 electrodes. Synthesis of these 1D 

vanadium nanostructures have used an organic template, or surfactant, to control the surface 

morphology of the nanostructure13, 18-19, 24, 27. 1D nanostructures of V2O5 have been of high 

interest due to their high surface area, and when synthesized in the presence of an organic 

template hollow nanotubes are often produced18-19, 33. Organic templates typically include 

amines, ammonium cations, or diamines18-20, 24. Due to the negative charge present in the 

structure of V2O5 the positively charged amines are able to be inserted in between the layers and 

can lead to an increase in the spacing18-20, 24, 27. In some cases, researchers have observed an 

increase in the interlayer spacing of up to 4 nm when incorporating organic amines, such as 

hexadecylamine or dodecylamine18-20, 27. Research has also been done using non-ionic templates 

during synthesis instead of organic amines. Common non-ionic templates used are polyethylene 

glycol or the P123 block polymer. Perrera et al synthesized vanadium oxide nanowires using 

P123 as the template, he also showed that incorporation of an ion (i.e. Li+) can also lead to an 

increase in the d-spacing10-12. Synthesis of two-dimensional and three-dimensional structures has 

also been done14, 23, 30. Two- and three- dimensional materials can provide a more porous and 

flexible material, which is advantageous when using V2O5 as a catalyst for dye degradation or for 

an electrode for supercapacitors. A more porous material allows for more dye to be absorbed into 

the material, or for more electrolyte or ions to pass through. Zhu et al uses V2O5 nanosheets as a 

building block for a more porous 3D vanadium oxide network through a rapid freeze drying 

process14. They were able to produce a material with varying pores and thin walls, which when 

tested as an electrode, allowed for the electrolyte (Na2SO4) to penetrate the material much more 

efficiently leading to a more stable material with a higher capacitance of 451 F g-1 14. 
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There have been various different methods used to synthesize the vanadium nanostructures from 

hydrothermal to the more recently studied sol gel technique18, 30. The more common precursors 

used during these syntheses include: ammonium metavanadate (NH4VO3), V2O5 crystalline 

powder, or vanadium alkoxide(VOCl3) solutions10, 13, 18-20, 26-27, 30, 34. Depending on the synthesis 

conditions the properties and morphology of nanostructured V2O5 can be controlled, and result in 

nanofibers, nanotubes, nanoflowers, nanobelts, or nanorods13, 18, 21, 26, 35. Control of the 

nanostructures morphology can be dictated by reaction time, organic template or surfactant, 

temperature, and pH of solution or sol13. Ability to control the nanostructure has the potential to 

effect different properties of the V2O5 material14, 23, 26, 34, 36-37. Nanostructures with these 

enhanced properties based on their different methods of synthesis and varying morphologies can 

result in an increase in the supercapacitive behavior. There is also interest in using these 

materials as: solar cells, chemsensors, a template for synthesis of special structures in functional 

materials, along with several other applications13, 37.  

The present involves the introduction of a surfactant at different molar ratios of V2O5:surfactant 

to expand and possibly control the interlayer spacing, or d-spacing, of the V2O5. This could allow 

for higher Li-ion storage between the layers of the vanadium material, hence leading to higher 

capacitance and charge-discharge rate.  

The ability for vanadium oxide to allow for ions to diffuse between its layers has to lead to 

research into its application for electrodes in supercapacitors and Li-ion batteries11, 19, 21-22. As 

stated previously, the layered crystal structure of V2O5 helps make the material a candidate for 

electrodes due to the fact that it allows for ions to diffuse between the layers and not just across 

the surface of the material. Currently, the distance between the layers does have limitations, as 
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the theoretical spacing is approximately 0.9nm which is just wide enough for a Li-ion to fit 

through. Vanadium oxide has a theoretical capacitance of 300 F g-1, which is much higher when 

compared to those of MnO2 or TiO2, however it is still significantly lower than that of hydrated 

RuO2
10, 15, 21-22, 29.  There are still many issues regarding the cycling stability and charge-

discharge capability in vanadium oxide based electrodes, which is why researchers have started 

to look into the two- or three- dimensional structures14, 23, 30. Two dimensional and three 

dimensional nanostructures have been synthesized with the idea that it will allow the material to 

have better cycling stability.  Vanadium oxide composite materials have been synthesized using 

carbon based materials (i.e., graphene, carbon nanofibers, carbon nanotubes, etc.) in order to not 

only help cycling stability but to increase the specific capacitance of the electrode material14, 23, 

30. Combining the V2O5 material with a more conductive carbon source or other metal oxides has 

helped to increase the capacitance and charge-discharge. However, values close to hydrated 

RuO2 are still difficult to attain. Bonso et al synthesized a V2O5-graphene hybrid electrode 

displaying increased energy storage ability compared to that of bulk vanadium material15.  

In the present research, a low cost, low temperature sol-gel method was used to synthesize V2O5 

nanofibers. Previous methods have reported synthesis of V2O5 nanostructures using sol gel still 

require vanadium sol to undergo hydrothermal or solvothermal treatment; with reaction 

temperatures going as high as 200OC18-20.  

This research studies the phase transformation of the as-synthesized nanofibers to crystalline 

nanofibers upon annealing for a sustained period of time. The surface morphology and crystal 

structure of as synthesized fibers and annealed fibers were confirmed through SEM, TEM, and 
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XRD analysis. We saw that even upon annealing in air, our as synthesized fibers maintained 

their thin diameter.  

Research also shows that through addition of surfactant material sodium dodecyl 

benzenesulfonate we are able to increase the interlayer spacing in the V2O5 material and maintain 

the fibrous morphology. Through adjusting the molar ratio of V2O5 to SDBS surfactant we are 

able to control the interlayer spacing of the nanofiber material. Increasing the interlayer spacing 

will allow us to further take advantage of the layered structure of V2O5 in order to enhance 

electrochemical properties of the material.   

Through in situ addition of the metal complex cobaltocenium (Cp2Co+) we are able to change the 

nanofibrous morphology to a nanoflower morphology. This new morphology can lead to 

materials with a higher surface area which can further lead to enhanced electrochemical 

properties. We also found that adding this material lead to increased interlayer spacing which can 

also help to increase electrochemical performance when testing for supercapacitor capability. In 

addition to achieving this new morphology, we also saw that through including the surfactant 

material SDBS and adjusting the ratio of V2O5:Cp2Co+:SDBS, we are able to observe different 

types of nanoflower morphology. This finding shows that we have the possibility to control the 

morphology of the material synthesized using the in situ addition of the cobaltocenium metal 

complex.  

2. Experimental 

2.1 Materials 

All chemicals were used without further purification. Vanadium oxide crystalline powder (V2O5, 

99.5%) was purchased from Acros Organics. 2-Propanol (99%, ACS Analytical Grade) and 
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hydrogen peroxide (H2O2) (30%, ACS reagent grade) were purchased from Fischer Scientific. 

Surfactant material, Sodium dodecylbenzene sulfonic acid (SDBS) was purchased from Sigma 

Aldrich. Cobaltocenium hexafluorophosphate (Cp2Co+ PF6
-) complex was purchased from Strem 

Chemicals. Deionized water (DI-DH2O) was used to make all solutions and to rinse all samples 

after filtration.  

2.2 Synthesis of V2O5 Nanofibers 

Vanadium oxide nanofibers were synthesized following a co-solvent assisted hydrogel method. 

1.0g V2O5 powder was added to 100mL DI-H2O and stirred until the orange slurry reached a 

temperature of approximately 50oC. At this temperature 10mL H2O2 (30%) was added dropwise 

to the solution, upon which an exothermic reaction occurred releasing O2 gas. The solution 

gradually turned a clear dark red color, and was removed from heat once it reached 60oC. This 

dark red sol was allowed to cool to room temperature, and finally formed a light orange 

hydrogel. 2-Propanol was added to the hydrogel in a 1:1 v/v ratio and allowed to sit at room 

temperature for 7 days. After synthesis was complete the green solid was vacuum filtered and 

allowed to dry under ambient conditions, to produce as-synthesized amorphous fibers. These 

fibers were then annealed at 350oC for 1h to produce crystalline nanofibers.  

2.3 Synthesis of V2O5 Nanofibers with Surfactant 

Synthesis of V2O5 nanofibers was followed as outlined above, with the addition of the surfactant 

SDBS in the 2-Propanol co-solvent before addition of V2O5 hydrogel. Molar ratios of 

V2O5:SDBS studied were: 2:1, 4:1, 6:1, and 10:1.  After synthesis the green solid was filtered 

and dried under ambient conditions, and then dried at 225oC under vacuum in order to help 

maintain SDBS in the sample.  
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2.4 In situ and Exchange Synthesis with Cobaltocenium (Cp2Co+) Complex 

Cobaltocenium hexafluorophate complex was incorporated into V2O5 using in situ synthesis or 

exchange method. The complex was dissolved in the 2-propanol, along with SDBS, both at a 6:1 

molar ratio with regards to the V2O5 precursor. The hydrogel was then added to the co-solvent 

and the product was filtered, dried at room temperature, and then annealed at 225oC under 

vacuum. Exchange method was performed by first dispersing VNFs, synthesized with SDBS, in 

a water:isopropanol mixture at a 1:4 ratio v/v. Cobaltocenium was then added to the dispersion at 

a 1:1 mol ratio V2O5:Cp2Co+; the dispersion was then stirred at room temperature for 

approximately 12h. Drying procedure was the same as the one followed for the in situ synthesis.  

2.5 Characterization 

Surface morphology of the nanofibers was characterized by a ZEISS-LEO 1530 variable 

pressure field effect scanning electron microscope (SEM) and by 2100 JEOL transmission 

electron microscope (TEM). X-ray diffraction (XRD) patterns were obtained via a Rigaku 

Ultima IV X-Ray diffractometer with Cu Kα as the radiation source. FTIR on all vanadium 

materials was performed using ATR-FTIR with diamond probe with wavelength from 400-4000 

cm-1 at a scan rate of 4 cm-2. 

 

3.Results and Discussion 

3.1 V2O5 Nanofiber (VNF) Surface Morphology 

SEM images of the as-synthesized V2O5 (Figure 2.2a) show the as-synthesized nanofibers have 

diameters from 5-10nm. Figure 2.2b shows SEM imaging of fibers annealed at 350oC. As the 

amorphous fibers were annealed they exhibited thermal stability by maintaining the thinner 
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diameter present in that of the as synthesized material, of approximately 10nm. These diameters 

are comparable to those found when vanadium oxide nanotubes or nanowires are synthesized 

with structure directing agents, however those methods typically required hydrothermal 

treatment at high temperatures18-20, 27. Our new method shows that even without the use of any 

surfactants, it is possible to produce VNFs with thin (10-15 nm) diameters at room temperature, 

without hydrothermal treatment.  

Various molar ratios of V2O5:SDBS (Sodium dodecylbenzene sulfonate) were synthesized in 

order to observe the surfactant’s effect on the morphology and d-spacing the vanadium material. 

Imaging of the synthesized material shows that even at a molar ratio of 10:1 a fibrous 

morphology is attained with a diameter of approximately 10nm. Literature reported that the 

optimal ratio for synthesis using surfactant is a 2:1 molar ratio of V2O5:surfactant when 

synthesized using organic amines, and using hydrothermal treatment24.  

Imaging of the samples synthesized incorporating Cp2Co+ using in situ synthesis method and  

a) b)

Figure 2.2. SEM imaging of a) As synthesized V2O5 nanofibers and b) Annealed V2O5 nanofibers 
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exchange method. In situ synthesis incorporated the Cp2Cp+ complex with the SDBS, both at a 

6:1 molar ratio with respect to V2O5, in order to eventually observe whether the complex would 

be able to maintain the increased d-spacing after removing the SDBS surfactant. Additionally, 

the Cp2Co+ can serve as a catalyst material for the formation of carbon nanotubes (CNTs) in 

between the layers; leading to a more rigid and conductive material with the possibility of 

increasing the d-spacing38-40. SEM of the samples with cobaltocenium (Figure 2.4) showed that 

the in situ synthesis produced a nanoflower morphology as opposed to nanofibers, and exchange 

method maintained the fiber morphology of the VNFs. The nanoflower morphology seen from 

the in situ material could result in a material with higher surface area compared to the fibers 

synthesized with and without the SDBS. Adjusting the molar ratio of V2O5:SDBS:Cp2Co+ during 

in situ is currently being studied in order to observe how adjusting the amount of cobaltocenium 

introduced during the synthesis affects the morphology of the material. If it is possible to 

maintain the nanoflower morphology, then the possibility of a higher surface area material that 

also has an increased d-spacing could allow for even better results when applied for 

supercapacitor electrodes.  

 

 

 

 

 

 

 



 

 60 

Figure 2.4. Cp2Co+ in situ samples a)4:1 V:Cp2Co+ b)6:1 V:SDBS:Cp2Co+ c) 12:1 V:SDBS - 6:1V:Cp2Co+   

a) b) 

c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. SEM imaging of a)2:1 V2O5:SDBS b)4:1 V2O5:SDBS c)6:1 V2O5:SDBS and 

d)10:1 V2O5:SDBS 
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There have been other reports of vanadium oxide material with a nanoflower morphology26, 41-42. 

Yang et al reports vanadium oxide material with a nanoflower morphology, however they use 

hydrothermal treatment during their process and high annealing conditions in order to attain their 

final product42. We see that our material attains a nanoflower like morphology without any 

hydrothermal treatment or high post-synthesis annealing temperatures. Parida et al has also 

reported vanadium oxide material with a nanoflower like morphology using a lower temperature 

method41. They show that through aging a solution of nitric acid (HNO3) and ammonium 

metavanadate (NH4VO3), then addition to an alcohol to serve as a reducing agent it was possible 

to attain V2O5 nanoflowers at low temperature. This method is closest to the reported method we 

are using, with the exception that we attain our nanoflowers upon addition of an inorganic metal 

complex and that through addition of this complex we are able to increase the interlayer spacing 

between the layers in the vanadium oxide material we synthesized, this can allow us to take 

advantage of a higher surface area material with enhanced interlayer spacing to increase the 

electrochemical properties of this V2O5 nanomaterial to be used as an electrode. Additionally, 

both of the previous reports mentioned reported their materials in the field of gas sensing (e.g. 1-

butylamine) or analysis of ferromagnestism and optical limiting in the material41-42. Neither 

reports mentioned how their material could perform in an energy storage device. We plan to 

include our nanofiber and nanoflower materials with conductive CNFs to make a composite 

electrode for supercapacitor application.  
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TEM analysis of annealed V2O5 nanofibers (VNFs) and VNFs synthesized with SDBS  was 

performed. Figure 2.5 and Figure 2.6 show the results from each of these samples. The presence 

of lattice fringes in both of the samples shows that both the VNF and the VNF:SDBS samples 

display good crystallinity. These lattice fringes allow us to measure the spacing present in the 

samples. In the VNFs the measure spacing from TEM analysis was approximately 0.5 nm, and in 

the VNF:SDBS sample the measured spacing was found to be approximately 0.75 nm.  

 

Figure 2.5. TEM analysis of annealed VNFs 
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3.2 X-Ray Diffraction Analysis of V2O5 Nanofibers: Optimal Ratio of V2O5:SDBS for 

Enhanced Interlayer Spacing 

XRD pattern of as-synthesized V2O5 displays a broad diffraction peak at approximately 2=6o 

indicating that the VNFs are amorphous when dried under ambient conditions. Diffraction 

pattern after annealing fibers display sharp, intense peaks indicating that as the VNFs are 

annealed the fibers have undergone a phase transformation from amorphous to crystalline 

material. The crystal structure of the vanadium oxide material produced allows for better 

intercalation of electrolyte materials or ions due to its layered structure. Interlayer distances 

between the VO6 bipyramidal edges are measured to be approximately 0.5nm.  

 

 

 

 

 

Figure 2.6. TEM analysis of VNF:SDBS  
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With incorporation of surfactant, the ultimate goal was to observe whether there would be any 

observation of increase in the interlayer spacing of V2O5 material. The second goal was to 

observe whether it was possible to control the interlayer spacing through adjusting the molar 

ratio of V2O5:SDBS.  In order to confirm these results, x-ray diffraction analysis was used on 

VNFs synthesized with SDBS in order to observe whether we could not only increase the 

interlayer spacing but also control it by varying the amount of SDBS used during synthesis. 

Figure 2.8 shows that incorporation of the surfactant during synthesis did increase the interlayer 

spacing of the material. Also, we can see that as the ratio of V2O5:SDBS changes the peak begins 

to shift to higher angles. Figure 2.9 shows this relationship more clearly through graphically 

depicting the relationship between the calculated d-spacing and the ratio of vanadium to SDBS.  

 

a) 
b) 

Figure 2.7. XRD of a) As synthesized VNFs and b) Annealed 

VNFs 
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Figure 2.8. XRD of V2O5:SDBS samples at different molar ratios 

Figure 2.9. Graphical representation showing relationship between SDBS amount 

and d-spacing 
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XRD analysis shows that incorporation of the Cp2Co+ complex during the synthesis of the V2O5 

nanofibers that the interlayer spacing is increased. There is a slight difference in the change when 

comparing the in situ to exchange materials. In particular, there is a significant change in the d-

spacing when the synthesis is done with the SDBS surfactant and the Cp2Co+ complex in situ 

compared to only using the Cp2Co+ in situ during the synthesis. Since the in situ method 

produces a nanoflower morphology, this material could lead to higher surface area, and 

ultimately lead to a material that could have higher electrochemical properties compared to 

VNFs synthesized with only SDBS. We were also able to find that this method of in situ 

synthesis with cobaltocenium was reproducible. Both the nanoflower morphology and increased 

interlayer spacing were able to be attained upon replication of synthesis. Adjusting the ratios of 

V2O5:Cobaltocenium:SDBS used during in situ synthesis is currently being undertaken. Through 

Figure 2.10. 3D XRD Pattern of V2O5 and V2O5:Cp2Co+ in situ materials 
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adjusting the ratios, we hope to observe not only the effects on the d-spacing, but also on the 

surface morphology of the material.  

 

Our goal is to show that through the introduction of a surfactant material we can not only expand 

the spacing between the V2O5 layers, but also control it through adjusting the ratio of 

V2O5:SDBS used during synthesis. We also wanted to be able to reproduce the resulting 

increased d-spacing of the vanadium material while performing the same synthesis and drying 

conditions. This ability to expand and control the d-spacing will allow for us to have a better 

capability to store more Li-ions per unit as compared to crystalline or bulk V2O5. The potential to 

store more Li-ions between the layers can lead to higher capacitance values, better charge-

discharge capability, and higher cycling stability for the application as electrodes in 

supercapacitors.  

3.3: FTIR Analysis of V2O5 Nanofibers and Nanoflowers: Qualitative Confirmation of 

Material  

ATR-FTIR analysis confirms presence of the bending and stretching modes between the 

vanadium and oxygen present.  The vibration bands at 999 cm-1 and 768 cm-1 correspond to the 

V=O and O-(V)3 stretching vibrations respectively. The slight shift in the frequency of the V=O 

vibration is due to the disruption between the vanadium and the oxygen caused when the SDBS 

is introduced into the crystalline material. Material with SDBS present during synthesis showed 

the presence of vibrational frequency at 1635 cm-1 corresponding to the C=C stretching mode for 

the aromatic ring present in the SDBS. The broad peak seen from 3600-3400 cm-1 corresponds to 

the –OH stretching vibration as a result from any residual co-solvent or water left in the material. 



 

 68 

The absence of any peaks in the 2800-3000 cm-1 range indicates that the –CH2 alkyl chain is no 

longer present in the VNFs synthesized with SDBS.  

 

 

IR analysis of materials with cobaltocenium incorporated into them shows vibrational modes 

corresponding to the cobaltocenium and the vanadium. The vibrational mode seen around 3100 

cm-1 corresponds to =CH stretching from the pentadienyl backbone of the cobaltocenium 

complex. Additionaily, the mode seen around 1411 cm-1 also corresponds to the 

cyclopentadienyl backbone present in the complex being introduced into the vanadium material. 

Vibrational modes observed at 1000 cm-1 and 845 cm-1 correspond to the V=O and O-(V)3 

stretching modes of the synthesized V2O5.  

Figure 2.11. ATR-FTIR of V2O5:SDBS nanofibers at different molar ratios 
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Figure 2.12. ATR-FTIR analysis of V2O5:Cp2Co+ 

samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The shift we observe in the vibration for the V=O stretch corresponds to the disruption that has 

occurred between the layers of the V2O5 material due to the introduction of the metal complex. 

We look to further examine the orientation that this metal complex takes upon incorporation into 

the vanadium oxide structure.  

4.Conclusion 

We have shown that thin V2O5 nanofibers are synthesized using a low temperature, co-solvent 

assisted method. These as-synthesized nanofibers produced diameters of approximately 10 nm 
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showing that we do not need surfactant in order to synthesize V2O5 nanofibers with thin 

diameters. Additionally, upon XRD analysis this as-synthesized material showed to be an 

amorphous material, and through annealing in air at 350oC we were able to observe a phase 

transformation to crystalline material maintaining the original nanofiber morphology. The 

nanofibers maintained their diameters of approximately 10-15 nm, showing that they are stable 

under air at high temperatures. Introduction of the SDBS surfactant in the synthesis showed that 

we are not only able to maintain nanofiber morphology, but also expand the interlayer spacing of 

our V2O5 nanomaterial. Through adjusting the amount of SDBS introduced during synthesis we 

found that it is possible to control the interlayer spacing of our material. We also performed in 

situ synthesis including the metal complex cobaltocenium hexafluorophosphate (Cp2Co+PF6
-). 

The incorporation of the Cp2Co+ into the synthesis not only produce material with increased 

interlayer spacing, but also produce material with a nanoflower morphology. This nanoflower 

morphology can provide material with a higher surface area, allowing us to not only take 

advantage of the expanded interlayer spacing for enhanced energy storage but also material 

potentially having high surface area. We look to test this new d-spacing controlled, nanofibers 

and nanoflower V2O5 materials as a supercapacitor electrode material in order to observe its 

effects on both energy and power density.  
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