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Carbon materials have been researched in a wide range of applications, including energy storage,
corrosion protection, catalyst support, etc. Though many people have studied properties of
carbon with/without modification, research in the synthesis of functionalized carbon and carbon
composites therefrom will be important. This dissertation outlines the synthesis of functionalized
graphene, development of graphene composites, and metal nitride-carbon nanofiber composites
and their application for electrode for super-capacitor.

Graphene is single layer carbon-based material known for its multifunctional properties (e.g.
hydrophobicity, mechanical strength, etc.). This work studies application of graphene through
functionalization of mechanically exfoliated graphene and functionalized graphene use for
corrosion resistance. Functionalization of graphene is first discussed in the eco-friendly synthesis
of aminated mechanically exfoliated graphene (MEG). Here we are able to directly functionalize

MEG with amine groups using glycerol as the reaction medium and urea as the amine source.
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The aminated MEG (AG) also showed enhanced dispersion stability in organic solvents and
aquous-solvent mixtures for >60 days. In the second area, we discussed how functionalized
graphenes affected surface properties and corrosion resistance when composited with a polymer
coating. Graphene, aminated graphene (AG), and fluorinated graphene (FG) were studied for
corrosion resistance. Both AG and FG exhibited enhanced corrosion resistance when composited
with a 2K urethane coating. Composite coating with FG showed a 94% increase in corrosion
resistance versus graphene at a concentration of 4% by weight of solids. These materials also
enhanced the surface properties of the coating. Electrochemical analysis of composite coatings
showed that through inclusion of functionalized graphenes (AG or FG), barrier and adhesion
properties were strengthened. Both FG and AG composite coatings showed an increase in
contact angle versus graphene, with FG resulting in a hydrophobic surface (>90°) at 4wt%. This
project shows a step towards the potential removal of sacrificial zinc as a barrier for corrosion

resistance of steel substrate.

The increase in energy consumption over the last decade has led to research in the development
of alternative energy storage devices which can meet the demand. Supercapacitors have garnered
increased attention in this field due to their ability to provide high power and high energy.
Electrodes within these devices can consist of two different materials, carbon or
pseudocapacitive material. While carbon-based supercapacitors, or EDLCs, can provide high
power density, they suffer from low energy densities. This has led researchers to study
composite, or hybrid electrodes which combine the high power EDLC material with a high

energy pseudocapacitive material (e.g. metal oxide or metal nitride). In the third area, we
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assembled and tested hybrid-asymmetric devices using activated vanadium nitride-carbon
nanofiber (VN-CNF) electrodes. The VN was made using vanadium oxide (V20s) nanoflowers
by a new synthesis method. Composite electrodes were made by electrospinning of a
poly(acrylonitrile-co-itaconic acid) (PANIA) solution with the vanadium oxide (V20s)
nanoflowers dispersed within it to produce freestanding mats. VN-CNF freestanding mats were
used as anode material and CNF as the cathode when assembling the device. Ionic liquid
electrolyte 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (Pyr14TFSI) with
0.5M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was used, which widens the operating
voltage window (>3.5V) compared with aqueous (e.g. KOH or Na2SOs4) or organic electrolytes

(e.g. TEA-BF4 in ACN).

Chapter 1 introduces the material graphene, its properties, and methods of synthesis. In this
section we also review methods of functionalization and application in the field of corrosion
protection.

Chapter 2 describes the eco-friendly method of functionalization of mechanically exfoliated
graphene (MEG) with amine groups and the effect of these groups on dispersion stability in
organic solvents and aqueous-solvent mixtures are studied.

Chapter 3 studies the effect of graphene, aminated graphene (AG), and fluorinated graphene
(FG) on surface properties and corrosion resistance when composited with a urethane coating.
Contact angle measurements and electrochemical analysis were performed to determine which

graphene and concentration provides best corrosion resistance.
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Chapter 4 introduces supercapacitors and the concepts behind the different types. This section
describes charge storage mechanisms of the pseudocapacitors and discusses different aspects of
metal oxides and nitrides.

Chapter 5 describes the preparation of vanadium nitride-carbon nanofiber (VN-CNF) composite
electrodes and analysis of their electrochemical properties. Charge contributions and storage
mechanisms for each sample was studied to understand the mechanism in which their charge is

stored (e.g. intercalative or pseudocapacitive/capacitive).
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I. PREPARATION OF FUNCTIONALIZED GRAPHENES AND THE PERFORMANCE
FOR CORROSION RESISTANCE



CHAPTER 1
INTRODUCTION: SYNTHESIS AND APPLICATIONS OF

FUNCTIONALIZED GRAPHENE

1.1 Introduction
Graphene and its methods of production

Graphene is a single layer, carbon-based material with sp? hybridized carbons arranged in a
hexagonal lattice structure!. Figure 1.1 displays the basic structure of graphene with sp?

hybridized carbon structure.

Figure 1.1. Basic structure of Graphene with C=C
Due to its multifunctional properties it has been researched for a wide range of applications.
These properties include high mechanical strength (Modulus: 1000 GPa and Strength: 5 GPa),
barrier property, hydrophobicity, surface area (2600 m?/g), electronic conductivity (107 S/m),
etc!. Because of these properties, graphene has been studied as an additive in resins for corrosion
resistance or as a material for energy storage devices (e.g. supercapacitors or Li-ion batteries) 2.

Single layer graphene has been synthesized using various methods, including chemical vapor



deposition (CVD), mechanical exfoliation, chemical exfoliation, etc?. CVD synthesis of
graphene can be broken down into two categories: plasma and thermal3-3. Thermal CVD method
of synthesis is considered to be the most cost-effective method of production. However, this
process requires high temperatures and metallic substrates for carbon growth, which can be
difficult to remove. The method of plasma CVD offers a means to produce graphene with lower
temperature and an insulative substrate, eliminating the difficulty of removing the metallic
substrate used during thermal CVD* 7. While these methods can produce single layer graphene,
it has still proven to be difficult to produce at the bulk scale. Both methods are currently used
primarily for graphene film production. Production of single or few-layered graphene at a larger
scale has been achieved by mechanical exfoliation of graphite®!'. Mechanical exfoliation can be
performed using different methods, the most common being ball milling'!. The method of scotch
tape mechanical exfoliation is known as micromechanical exfoliation, which requires several
applications of the normal force in order to finally obtain a single layered graphene structure'>-!13,
The Nobel Prize in 2010 was awarded for discovering the first monolayer structure of graphene
obtained using the scotch tape method!3. Ball milling uses shear force to produce graphene with
multiple layers, which can be as small as 100 nm in diameter'" %15, During the process of ball
milling the high degree of shear force generated leads to exfoliation and cracking of C-C
bonds'#. There are different angles in which the force can collide with the graphite during the
milling. This produces reactive carbon species, typically along the edges of the graphene,
allowing for functionalization or doping to occur without treatment with caustic oxidizing

agents!>17,



Functionalization of Graphene

Graphene has been functionalized with a number of different groups on its surface. These
include amine, carboxyl, hydroxyl, epoxy, or heteroatoms'’-!°, Heteroatom functionalization
introduces sulfur, fluoride, or boron groups either along the edge or in the basal plane of the
graphene'® 2°. The methods in which these functional groups introduced on the surface or along
the edges has a degree of variation'+'3.

Surface functionalization of graphene with carboxyl, hydroxyl, and epoxy groups produces what
is known as graphene oxide or GO. Synthesis of GO is often performed through the Modified
Hummer’s method?!-23. This method treats a graphitic precursor (e.g. graphite or exfoliated
graphene) with a series of strong oxidizers, such as concentrated sulfuric acid (H2SO4),
potassium permanganate (KMnQO4), and sodium nitrate (NaNO3). The structure of GO is

displayed in Figure 1.2.

OH O COOH

Figure 1.2. Structure of Graphene Oxide
While this method is the most widely used, many have established methods to reduce or

eliminate the amount of noxious gases which are released (e.g. NO or NOx). Wang et al.



developed a method of GO synthesis which eliminates the use of NaNO3 during synthesis by
using a mixture of H2SO4 and H3PO4?*. An environmentally friendly method for GO production
has also been reported which eliminates the use of any oxidizing agents?3. This approach follows
a bottom-up synthesis through the polymerization glucose?. Glucose solution was treated
hydrothermally to produce sheets of GO?. Graphene oxide can also be used as a precursor
material for the production of other functionalized graphene products, such as aminated graphene
or fluorinated graphene®®2°. While GO can enhance some properties of graphene, introduction of
amine or fluorine groups on the surface can provide additional benefits for strength, thermal
conductivity, electrical conductivity, etc!®:20-30-31,

Amine functionalized graphene is synthesized by treating GO with an amine precursor’*-3, This
precursor can be ethylenediamine (EDA), para-phenylenediamine (PPDA), trimethylamine
(TEA), urea, etc*33. These methods either disperse the GO in a solution of the amine source for
24-48h or treat the GO-amine dispersion hydrothermally to produce the aminated GO (AGO)
material. Ram et al. treated GO with PPDA to synthesize AGO. They studied the effect of amine
groups on corrosion protection when used as an additive in an epoxy-based coating®*. Amine
functional groups can also help enhance the strength of materials such as epoxy resins or
urethane resins. This is due to the ability of the -NH2 groups to form covalent bonds with the
resin, helping to increase strength and durability. In these studies, alkylated amines with varying
chain lengths are used for functionalization on the surface3®.

Fluorination of graphene has been performed through a wide range of synthetic methods'®. Table

1.1 outlines a few of the common methods and graphitic precursors used for fluorination.



Table 1.1. Summary of the common methods used for fluorinated graphene synthesis

Method Temperature Time
Graphene Fluorine Agent/Exfoliation
Solvent
Direct Gas Graphene, GO, XeF2, F2 30-600°C 20 min to 2
Graphite weeks
Exfoliation Fluorinated H2S04/H3PO4, NMP, ACN 25-50°C 10 min to
Graphite 100h
Plasma CVD Graphene, CF, SFs 25-200°C 6s to 30h
GO
Hydrothermal | Graphene Oxide HF, DAST 50-180°C 17 to 24h
(GO)

*DAST: Diethylaminosulfur trifluoride, NMP: N-Methyl-2-pyrrolidone, ACN: Acetonitrile

One method of fluorination is direct gas fluorination. This treats the graphitic material (e.g. GO,
Graphite, HOPG, etc.) with a fluorine gas source such as F2 or XeF2'® 3738, Through tuning of
synthesis conditions, such as temperature and/or time, researchers have been able to adjust the
fluorine content present in the material'® 2% 38, FGO can also be synthesized by the chemical
exfoliation of fluorinated graphite, or fluorographene?® 3. In this method the fluorographene is
sonicated in an organic solvent (e.g. NMP) then collected by either vacuum filtration or
centrifugation'®. Synthesis of FGO by treatment GO with F2 or XeF: is also known as direct gas
fluorination. This method of fluorination is typically performed in a pressurized reactor in which
the fluorine gas is introduced. Concentration of fluorine used during synthesis can be as high as
20% F2 or as low as 5% F2 in the mixture. Mazanek et al. fluorinated GO using a 20% F2/N2 gas
mixture under hydrothermal conditions3®. The fluorine content in the samples were adjusted by
changing either the time of fluorination or temperature 8. This study displayed that with
increasing temperature the fluorine content present on the surface increased by approximately
30% and by subsequently increasing time, it was increased by 50%. As stated previously, FG can

also be synthesized by the chemical exfoliation of fluorographene. Fluorinated graphite, or



fluorographene, is a graphitic material consisting of sp? hybridized carbons to which a fluorine is
bound to each carbon?”*°. While this material has a high degree of thermal stability, it is also
insulating and highly reactive?’. In order to produce single layered FG from this material, several
groups have used what is known as chemical exfoliation. This is where the multi-layered
fluorographene is dispersed in an organic solvent by means of either bath sonication or probe
sonication*!. Solvents often used during this process are either NMP or DMF!8, Due to the high
thermal stability and degree of hydrophobicity the fluoride groups offer, FG there has been used
in a variety of applications. Mathkar et al. reported the application of FG for the use in self-
cleaning inks*°. Their group synthesized a highly fluorinated graphene oxide (HFGO) which
displayed amphiphobic property upon being coated onto a silicon wafer.

Graphene for Corrosion Protection

The high surface area, barrier and hydrophobicity properties of graphene have led to increased
research for its application in the field of corrosion protection*’. Graphene’s high barrier, high
hydrophobicity and high surface area have shown that it can be a promising additive material for
coatings. Surface functionalization of graphene can help to enhance the properties of graphene,
i.e. barrier, hydrophobicity, electrical and thermal conductivities, etc'®*>-44, The functional
groups on graphene can also help to prevent the re-stacking observed when using pristine
graphene*-46,

Functionalized graphene for corrosion protection has been composited primarily in epoxy-based
coatings. Amine functionalized graphene can react with the epoxy groups present in the coating
forming covalent bonds. This can help enhance the strength of the coating and barrier

protection®* 3% 44 Fluorinated graphene helps to enhance the surface properties of the coatings



due to the high degree of electronegativity of the fluoride groups*® 4’

. When composited with a
coating the fluoride groups help to further enhance its hydrophobicity compared to graphene.
The increase in hydrophobicity as well as high surface area of graphene (2,630 m?/g) allow for
the water, ions or other molecules to wick away allowing for further difficult to penetrate the

coating to reach at the surface of metal substrate %47,
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Abstract

Graphene based materials have shown promise in a wide range of applications. We report an
eco-friendly method for the amination of mechanically exfoliated graphene. Mechanically
exfoliated graphene eliminates the use of concentrated acids and strong oxidizers or reducing
agents used during pre-functionalization, in addition to eliminating the use of caustic and light
sensitive amine precursors. Use of urea as the amine source, glycerol as the solvent, and
synthesis at 1 atm, decreases the cost and environmental impact of this method. Chemical and
physical characterization of synthesized aminated graphene (AG) was determined by FTIR, XPS,
Raman, and XRD. Thermal stability of the AG was determined by thermal gravimetric analysis
(TGA). FTIR spectral analysis identified the presence of N-H and C-N vibrational modes. While
XPS showed the binding energies corresponding to NH2-C and N-C bonding. Dispersion studies
showed that in a system with ethylene glycol and water, AG maintained stability for longer than
60 days. This dispersion mixture presents a less caustic solvent system to generate stable
dispersions.

2.1 Introduction

Graphene is a single layered carbon-based material with sp? hybridized carbons arranged in a
hexagonal lattice.'> %21 4849 Duye to its multifunctional properties, it has been used in a wide variety
of applications such as electronics, composite coating, corrosion protection, and energy storage.*>
49-52 These multifunctional properties include high surface area, hydrophobicity, barrier properties,
and enhanced mechanical strength.!> '8 4849, 33-4 Taking advantage of the high surface area,
hydrophobic, and barrier property of graphene have led to its application as an additive in polymer

coatings for corrosion protection.*® 303436 To enhance these properties, functional groups have
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been introduced on the surface.?® 3% 47-57-59 These functional groups help to enhance dispersion and
surface properties of graphene.?® 386 Functional groups which are commonly introduced on the
surface include: carboxyl, hydroxyl, epoxy, fluoride, and amine.'8-1% 30, 61-62

Aminated graphene oxide (AGO) has been synthesized by the treatment of graphene oxide (GO)

with various amine sources?8- 30- 32,35, 63-64

. Precursor GO is synthesized by treatment of graphite
with a series of strong oxidizers (e.g. sulfuric acid, sodium nitrate, potassium permanganate, and
hydrogen peroxide). This introduces oxygen functionalities on the surface, such as carboxyl (-
COOH), hydroxyl (-OH), and epoxy?!-?3. Treatment of GO with amine precursors (e.g. para-
phenylenediamine, ethylenediamine, trimethylamine, ammonia, urea, etc.) produced AGO?3: 3032
3435, Synthesis reported by Tetsuka et al reported amination of GO using an aqueous urea
solution to produce AGO.% This synthesis was performed in an autoclave, which can limit the
scalability of the synthesis®. Our new method outlined in this paper is, to the best of our
knowledge, the first to directly amination of mechanically exfoliated graphene (MEG) with urea
using glycerol or glycol reaction medium at ambient pressure. Preparation of MEG does not
require caustic oxidizers, thus eliminating generation of hazardous waste.

Furthermore, the direct amination of MEG eliminates the use of highly corrosive chemicals,
reduction of GO, and expensive aminating compounds (i.e. strong oxidants/acids, hydrazine,
ethylenediamine, trimethylamine, etc.). This method employs urea as the source for amination
and glycerol as the solvent system for synthesis. These materials help to decrease the overall
environmental impact. The high boiling point of glycerol (290°C) allows the reaction to be
performed under ambient pressure (1atm), thus eliminating the use of an autoclave. It will

therefore reduce capital investment for scale-up production. We also found no need of catalysts
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in order to aid in the reaction can lead to potential recycling of the reaction media. This decreases
the quantity of waste generation leading to a more environmentally benign and economical
synthesis method.

2.2 Experimental

Materials
Mechanically exfoliated graphene (C-Grade, 99% Carbon) was purchased from XG Sciences.

Acetone (Reagent Grade), Glycerol (Certified ACS Grade), Isopropanol (IPA, Certified ACS),
and N,N-Dimethylformamide (DMF, 99.5%, Certified ACS) were purchased from Fisher
Chemical. N-Methyl-2-pyrrolidone (NMP, Spectroscopy Grade, 99.9%), Ethanol (190 Proof),
and Xylenes (Reagent Grade, 98%) were purchased from Alfa-Aesar. Urea (ACS Grade, 99%)
was purchased from Sigma-Aldrich. All chemicals were used as purchased without any further
purification.

Synthesis of Aminated Graphene (AG)

Mechanically exfoliated graphene (1.0 g, C-Grade, >99% Carbon) was dispersed in Glycerol
(100mL) for 30 minutes by magnetic stirring in a 250mL round bottom flask. Urea (1.0 g) was
then added to the dispersion at a 1:1 weight ratio with respect to graphene. The dispersion was
heated up to 190°C and refluxed for 5h. After reaction completion, the graphene was vacuum
filtered and dried under vacuum at 225°C for 24h in order to eliminate any residual solvent that
may be trapped in the sample. The dried sample was then collected and used for characterization.
AG Solvent Dispersions

Aminated graphene dispersions were prepared by probe sonication for 3, 30 second intervals. The
samples were placed in an ice bath in between each sonication. AG at a concentration of 0.1mg

mL! was dispersed in various organic solvents. After sonication, the samples were then monitored
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over time in order to observe the stability of these dispersions. Dispersions consisting of ethylene
glycol and water followed the same sonication procedure as outlined above. The concentration of
AG was also maintained at 0.1mg mL-! for those dispersions in order to maintain consistency
throughout all experiments.

Characterization

Physical characterization of AG was performed using FTIR, Raman, and powder X-ray Diffraction
(XRD) methods. FTIR was performed using a KBr pellet on a Nicolet Avatar 360 FTIR with a
range of 400-4000 cm™!. Raman characterization was performed using a Jobin Yvon LabRam HR
Micro-Raman spectrometer with a He-Ne laser source at a wavelength of 633 nm. Powder X-ray
diffraction (XRD) on all graphene samples was performed using a Rigaku Ultima IV with Cu-Ka
as the X-ray source. Chemical composition of the AG was performed by X-ray photoelectron
spectroscopy (XPS) through determination of binding energies of the functionalized graphene.
XPS was performed ex situ using a PHI VersaProbe II Scanning XPS Microprobe with an Al-Ka
(1486.6eV) X-ray source. Spectra were collected using a 23.5e¢V pass energy and a 0.1eV step
energy. No charge compensation was used. Sample surface was sputtered using Ar gas ion cluster
beam to measure nitrogen under the surface. Thermal analysis of AG was performed using a TA
Q600 SDT simultaneous TGA/DSC with a temperature range of 25-800°C at a ramp rate of 5°C
min! while under continuous nitrogen (N2) flow.

2.3 Results and Discussion

Amination of graphene was performed by a facile reflux method using mechanically exfoliated
graphene (MEG) nanoplatelets, urea, and glycerol. Exfoliation of graphene by mechanical

methods (e.g. ball milling) can lead to the production of surface defects, cracking of C=C bonds,
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leading to the formation of carbon radicals along the edges'#!> 17> %, Through this means of
exfoliation it is possible to form more reactive carbon centers along the edges of the graphene!”
% This increases the chemical reactivity of graphene, primarily along the edges, and leads to the
ability to directly react functional groups with the material. Formation of these electroactive
centers allow for more nucleophilic reactants to interact with the graphene for functionalization.
Scheme 1 outlines the proposed mechanism for the functionalization of the graphene nanoplatelets
using urea. At high temperature (>150°C) urea decomposes to form ammonia (NH3(g)) gas. The
ammonia gas reacts with the carbon radical centers on the graphene to produce —NH3" groups. A
proton can then be abstracted to form the final -NH2 functional groups present on the graphene

edges.

+
HzN 7 NH;
Urea

HoN™ “NH; Reflux/5h

190°C

)
NHyg+ N + COyq)

NH3

Ammonia

[¢]
c Cyanic Acid

Cyanate

Figure 2.1. Proposed reaction Mechanism for the amine functionalization of MEG with urea.
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Amination of mechanically exfoliated graphene was performed through reflux of urea and
graphene in glycerol. Urea serves as a greener alternative amine source for functionalization.
Presence of amine groups on the surface was confirmed by FTIR analysis on the material. Spectra
of MEG and AG synthesized in pure glycerol are shown in Figure 2.2. Vibrational bands at 3500-
3650 and 1573 cm! in the AG sample corresponds to N-H stretching and bending modes,
respectively. A vibrational band at 1103 cm™! was observed in the spectra corresponding to the
aromatic C-N bonding. In the IR spectra for pristine graphene only the vibrational modes observed

in the fingerprint region, C=C and =C-H, are observed. There is no presence of N-H or C-N modes.
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Figure 2.2. FTIR Spectral Analysis of a) MEG and b) AG
XPS analysis was performed on the functionalized material in order to identify the chemical
composition and binding energies of the amine groups. After curve fitting of the Cls spectra, the

sp>-C peak at 284.3eV was observed in addition to the n-n" satellite peak in both MEG and AG
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(Figure 2.3a and 2.3b). Peaks observed at 400.6eV and 399.0eV in the Nls spectra, were
representative of the H2N-C and N-C= moieties, respectively (Figure 2.3c). The XPS data

presented is post-sputtering and confirms the presence of —NH2 groups on the functionalized

graphene samples.
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Figure 2.3. XPS spectra of (a) the Cls of MEG and (b) the Cls and (c) N1s of sputtered amine
functionalized graphene
Raman analysis performed on both MEG and aminated graphene showed that the introduction of
the amine groups increases the disorder of the graphene (Figure 2.4). In all samples a band for
disordered, sp?, carbon was observed at ~1350cm ! and graphitic, sp?, carbon at 1550-1600cm™'.
The third peak observed at ~2600cm™! corresponds to the 2D band which is often observed in

graphitic material. The position and intensity of this peak can give indication as to the number of
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layers present in the material®’-%°, Each 2D band present in the samples show and asymmetric shape
indicating that the graphene is multi-layer. This was determined by calculation of the In/Ig ratio of
each sample. Pristine graphene had a ratio of 0.30 while aminated graphene had a ratio of 0.95
(Figure 2.4). The increase in Ipn/Ig ratio between the MEG and AG samples is due to increasing
disorder (i.e. more sp’ hybridization) present. This increases the number of defects present after
functionalization. Perfectly graphitic material has a calculated In/IG ratio of 0 due to the lack of
disorder or defects present within the hexagonal lattice or along the edges. A ratio below 1

indicates that the aminated material has still maintained a high degree sp? hybridization in the

material’®.
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Figure 2.4. Raman spectra of a) MEG and b) AG
Raman analysis of the graphene can allow for the calculation of the crystallite size and domain
within the plane of the sample’!. The ratio between D and G was used to determine the La, or in
plane crystallite size”!. As the amount of disorder (Ip) present in the sample increased there was
an observational decrease in the La. These values were calculated based on the Raman analysis of

each sample. The mechanically exfoliated graphene (MEG) had a calculated La of 129.6 nm. After
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functionalization the crystallite size decreased, with AG having a calculated La of 40.1 nm. As the
degree of graphitization present in the AG sample decreases the crystallite size does as well. The
decrease in the crystallite size observed in the AG sample is due to the use of a MEG precursor
with a smaller size. A smaller crystallite and particle size of the MEG the higher degree of disorder
which can be imparted into the material during functionalization’?.

XRD analysis of mechanically exfoliated graphene and AG is shown in Figure 2.5. The slight shift
observed in the pattern of the AG sample is indication that there is slight disruption in the
crystalline structure of the pristine material®°. Introduction of functional groups on the graphene
results in structural changes. Presence of amine groups along the edges disrupt the crystallinity of
the graphene, leading to broadening of the peak. XRD analysis gives some indication that the
amine groups are present primarily on the edge of the graphene as there is only broadening of the

peak and no observable shift.
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Figure 2.5. XRD pattern of a) MEG and b) AG
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Thermal gravimetric analysis was performed under continuous nitrogen flow to analyze the
thermal stability of MEG and AG materials (Figure 2.6). MEG displayed little weight loss due to
the high degree of thermal stability. TGA analysis of AG shows thermal degradation beginning at
approximately 200°C corresponding to the loss of amine groups from the AG (Figure 2.6)”3. The
continual decomposition observed from 200°-400°C for AG synthesized using pure glycerol as
reaction media is an indication that the -NH2 groups are covalently bonded along the edges versus
absorbed on the surface?®. Urea shows rapid decomposition at approximately 150°C, no mass loss
was observed before or at this temperature for either sample indicating that there was no residual

urea present in the AG samples®.
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Figure 2.6. TGA analysis of a) MEG b) AG
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Dispersion studies were performed on AG samples in order to observe their effects on stability in
various organic solvents. Figure 2.7 shows the dispersions in the organic solvents at Day 0 (Figure
2.7) and after Day 60 (Figure 2.7).

DI-H,0 Ethanol IPA Acetone  Ethylene NMP DMF Xylene
Glycol

-
.

DI-H,0 Ethanol IPA Acetone  Ethylene NMP DMF Xylene
O Glycol ;

Figure 2.7. AG dispersions at Day 0 (top) and Day 60 (bottom)
It was observed that introduction of -NH2 groups on the surface aided in the dispersion stability
in the organic solvents: NMP, DMF, and ethylene glycol (EG). AG in NMP remained dispersed
due to interactions between the amine groups on the surface and the conjugated m-orbitals present
in the NMP solvent?® 38, Dispersion stability observed with ethylene glycol was due to interactions
between the terminal hydroxyl groups in the solvent and the amine groups on the edges of AG.
The settlement of AG in water, ethanol, IPA and acetone could be due to the degree of amine
groups on the edges of the graphene or weaker hydrogen bonding. Due to the incompatibility
between polar amine groups and non-polar solvent systems, AG dispersion in xylenes was not
stable. When there are too many polar (i.e. amine) groups on the surface of graphene, then it will

fall out of dispersion solvents which are more non-polar. Prior studies have performed dispersion
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studies on AGO with stability of only up to two weeks whereas this work reports stability of up to
two months (60 days)?.

AG in NMP, DMF, and ethylene glycol resulted in the most stable dispersions, but NMP and DMF
are considered to be more environmentally hazardous solvents. While ethylene glycol is
considered to be the more benign of the three, in order to produce a more environmentally
favorable dispersion mixture a low concentration of ethylene glycol is preferred. This was
achieved by mixing ethylene glycol with deionized water (DI-H20) in varying volume ratios. Two
ratios were studied, 1:1 and 1:4 v/v ethylene glycol:DI-H20. Dispersion stability was studied for
each ratio, maintaining constant AG concentration, in order to establish the minimum amount of
ethylene glycol. It was found that at a 1:1 ratio was stable for more than 60 days (Figure 2.8).

Stability of the EG:H20 dispersions were comparable to that achieved with pure EG, NMP, or

DMF.
Ethylene Ethylene
Ethylene Glycol:DI-H,O Glycol:DI-H,O
Glycol 1:1 1:4

Ethylene Ethylene
Ethylene Glycol:DI-H,O Glycol:DI-H,O
Glycol 1:1 1:4

Figure 2.8. AG dispersions in Ethylene Glycol:DI-H20 at Day 0 (top) and Day 60 (bottom)
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2.4 Conclusion

An eco-friendly and low-cost AG synthesis method was developed by directly functionalizing
mechanically exfoliated graphene (MEG). This method uses glycerol as a solvent and urea as
amination reagent to produce amine functionalized graphene (AG). Through the use of MEG this
procedure eliminates the use of hazardous chemicals typically used for synthesis of GO as well as
amination of GO. The use of MEG, urea and glycerol at ambient pressure for the amination of
MEG makes an eco-friendly and economical one, in line with the practices of green chemistry.
FTIR and XPS analysis confirm the presence of -NH2 groups in addition to the presence of C-N
bonding. Dispersions in various organic solvents showed that introduction of amine functional
groups on graphene helped to enhance dispersion stability in NMP, DMF, and EG. Additionally,
we were able to make eco-friendly stable dispersions with mixture of EG and DI-H20. These
dispersions resulted in prolonged stability (>60 days). Future work aims to apply the synthesized
AG for corrosion protection by compositing with 2K urethane or epoxy resins. Reactions between
the amine groups on the surface of the AG and isocyanate yield covalent bonds that help to increase

the strength of the coatings or composites. We will study the recyclability of the reaction medium.
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Abstract

Recycling of steel coated with sacrificial zinc is an expensive and hazardous process due to acid
etching to remove zinc. In order to find a solution to this problem, functionalized graphene
materials were studied for corrosion resistance. The multifunctional properties i.e. barrier
property, high surface area, and hydrophobicity of these materials led to enhanced corrosion
resistance when composited with a coating. This study showed a pathway to remove zinc for
corrosion resistance of steel substrate. Urethane coating composited with aminated or fluorinated
graphene increased corrosion resistance; at 4% concentration the corrosion rate was 0.15 micron
per year (mpy) and 0.03 mpy, respectively.

3.1 Introduction

Different methods have been used for corrosion protection of steel substrates.®> *7> Zinc coated
on the surface of a steel substrate is the most widely used method for corrosion protection.”®’8 The
zinc layer acts as a sacrificial barrier and is consumed over time upon interaction with the
environment (i.e. oxygen, water, and ions).”®% Once the sacrificial zinc is exhausted, all layers
must be removed before the re-application of coating. This requires the substrate to be completely
re-coated, leading to an increase in cost.*> % 7-81 Additionally, the use of sacrificial zinc makes it
difficult to recycle the steel substrate. Expensive and hazardous acid etching using concentrated
sulfuric acid (H2SO4) is used to remove the zinc layer from used car bodies in order to recycle
them.® Replacing zinc with an alternative material, e.g. graphene, can be a potential solution for
this problem because of its barrier and hydrophobic property.3% 33 8283 Elimination of sacrificial

zinc layer will enable the steel substrate to be easily recycled since a graphene contained polymer
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coating can be readily removed by decomposition at molten steel temperature (1370-1510°C). This
leads to a more economical and environmentally benign means of recycling steel.

Graphene is single layer carbon based material with properties such as: hydrophobicity, high
surface area (2630 m?/g), high conductivity, chemically inertness and enhanced barrier property.*”:
19,21, 49, 54,84 These multifunctional properties allow this material to be of interest in various fields
such as electronics, nanotechnology, or corrosion protection.0-47- 4%, 54 57. 8% However, pristine
graphene material has disadvantages of no covalent bond formation with polymer matrices.*- 34
This disadvantage can be overcome through surface functionalization of graphene to alter its
properties. For example, amine functionalized graphene can react with epoxy group or isocyanate
group from polymer resins. Introduction of fluoride functionalized graphene enhances
hydrophobicity of polymer coating.?$ 3% 33.58-39. 85 Addition of graphene into urethane or epoxy
based coatings can provide a torturous pathway for oxygen (0Oz), water (H.O) molecule or ions to
pass through before reaching the steel surface.’® 3% 8687 This is due to the availability of multi-
level 2D graphene in coating layer. Thickness of single layered graphene is about 3A while that of
coating layer is about 30 um. This study is about the effect on corrosion resistance by introduction
of amine or fluoride functonalized graphenes to a polymer coating.

Graphene oxide functionalized with amine groups (—NH2) on the surface is known as aminated
graphene oxide (AGO).>* 7* This type of functionalization has been performed using various
different methods, with varying amine sources.’® 323% 36 The graphitic starting material is
pretreated using the Modified Hummer’s method to synthesize graphene oxide (GO) prior to
amination.!®> 34 61. 88-89 Thig material can then go through different synthetic pathways in order to

attain the final amine functionalized material.?? 3234 61.90 Tetsuka et al. synthesized AGO material
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using urea as the amine source.’!’ This AGO was produced through treatment of a GO dispersion
in aqueous urea using a high-pressure autoclave.’’ Application AGO has been studied in a wide
range of fields. One field this material has been studied is for corrosion protection. The amine
groups can react with epoxy groups present in resins. AGO has gained interest as a potential
material for corrosion protection.®* Ramezanzadeh et al. studied the effect that AGO
functionalized with para-phenylenediame (PPDA) had on barrier and corrosion protection upon
addition to an epoxy based coating.’* While many have reported the use of AGO with epoxy based
coating, few have looked to its effect when composited with urethane. In this study the use of AG
is studied in a 2K urethane coating system and its effect on corrosion resistance.

Additionally, fluorinated graphene materials have been of recent interest due to their ability to
widen the band gap of graphitic material and to increase its stability.!® 38-39 598592 Qimilar to
aminated graphene, fluorination of graphene has been synthesized, commonly with chemically
exfoliated graphene containing oxygen functional groups, using different methods. '8 2% 38-39,47. 59,
93 Graphitic materials can be fluorinated by direct gas fluorination, using XeF2 or F2 gas as the
fluorination source.!8 20- 2% 38 94 Mazanek et al. uses a 20% F2/N2 gas mixture to perform
fluorination on GO.3® Their research showed that through adjusting different experimental
parameters (i.e. temperature and time), it was possible to adjust the fluorine content in the final
product.®® Research into FG as an additive in coatings for corrosion protection has been studied
primarily in epoxy based coating systems. Yang et al. deposits synthesized fluorinated graphene
oxide (FGO) on the surface of an epoxy coating to aid in corrosion protection.*’ Due to the polar
nature of the fluoride groups on the surface, they are able to enhance surface properties and

corrosion protection. While FGO was able to provide enhanced corrosion protection, the lifetime
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of the composite coating can be limited due to the surface coating with FGO. There are few works
which study the effect fluorinated graphene materials on surface and corrosion protection when
included within the coating matrix. The work outlined below shows how FG, when dispersed
within the 2K urethane coating, effects on the surface properties and corrosion resistance.

This study reports the use of AG and FG as a barrier for corrosion resistance composited with a
two-component (2K) urethane coating. Both AG and FG were dispersed within the coating to form
composite coatings. These coatings were directly applied on a steel substrate to monitor their
effects on the corrosion resistance capability. Surface properties (i.e. hydrophobicity) and
corrosion resistance of composite coatings made with AG and FG were quantitatively measured.
Results outlined below describe how both AG and FG can lead to promising alternative materials
for corrosion resistance. These results show a direction towards the potential elimination of zinc
layer from galvanized steel substrates.

3.2 Materials and Methods

Materials

Graphene nanoplatelets (99% Carbon) were purchased from xG-Sciences company. Stainless steel
substrates (SAE304 Grade, 70mm x 150mm) and 2K urethane organic binder solutions, acrylic
polyol (AP) and urethane curing agent (UCA), were provided by Kangnam Jevisco Co., LTD in
Korea. Fluorine (5% F2/N2) gas was purchased from NOVA Gas. Ethylene glycol (99%, ACS
Grade), Urea (99%, ACS grade), and Hydrochloric Acid (HCI, concentrated, Technical grade)
were purchased from Fisher Scientific. Potassium Bromide (KBr, FTIR grade) was purchased from
Sigma Aldrich. All chemicals and materials were used as received without purification.

Synthesis of Amine Functionalized Graphene (AG)
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Amination of graphene nanoplatelets was performed using a facile reflux method at 1 atmospheric
pressure. Urea served as the amine source for amine functionalization. 1g or urea was added to a
250mL round bottom flask, followed by the addition of 1g of graphene. After addition of urea and
graphene, 100mL of ethylene glycol (EG) was added and the solution was stirred at room
temperature for 30 minutes. After stirring, the solution was heated to 190°C, under reflux, and ran
for Sh. The reaction was allowed to cool to room temperature on its own before filtration and
purification.

Synthesis of Fluorinated Graphene (FG)

Graphene nanoplatelets were fluorinated through direct gas fluorination. Graphene was placed in
a reactor, which was purged with N2 gas to react a pressure of 15PSI. It was kept at 15PSI for
approximately 15 minutes for equilibration. The chamber was then charged with a 5% F2/N2 gas
for 24h. It was then purged with N2 gas in order to remove excess F2 and HF species present. The
sample was then removed from the reactor.

2K Urethane Coating Preparation

Functionalized graphenes were included directly to a two-component (2K) urethane coating by
method of probe sonication (Hielscher). Amine and fluoride functionalized graphene were
dispersed in acrylic polyol (AP) followed by the addition of an isocyanate-based curing agent
(UCA). AP and UCA were mixed in a 4:1 (v/v) ratio. The coating was then applied directly onto
a steel substrate for surface and corrosion analysis. Graphene nanoplatelets (G), AG, and FG were

included at concentrations of 1, 2, and 4% by weight of solids in the resins.
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3.3 Characterization

Physical and Chemical Characterization

Characterization of functionalized graphene materials were performed using qualitative and
quantitative methods to confirm the functionalization of graphene. Fourier infrared spectroscopy
(FT-IR) was performed using KBr with a range of 400-4000 cm™! on a Perkin-Elmer Spectrometer.
Functionalized graphene was also analyzed using elemental analysis by sending to Galbraith Labs.
Raman spectroscopy was performed on all graphene samples using a Jobin Yvon LabRam HR
Micro-Raman Spectrometer with 633 nm laser. Thermogravimetric analysis (TGA) was performed
on all samples using a Q600 simultaneous TGA/DSC instrument ramped up to 800°C at a rate of
10°C per minute under nitrogen (N2).

Contact Angle Characterization

Contact angle measurements were collected with a Dataphysics-OCA goniometer. Contact angle
measurements were taken in triplicate in order to establish an average measurement and standard
deviation.

Corrosion Resistance Measurements

Corrosion analysis was performed following ASTM G1 standards, through immersing each sample
in a 3.5% NaCl bath for 60 days. These samples were then rinsed with concentrated HCI and DI-
H:20 in order to remove any excess rust from the surface.

Impedance (EIS) Measurements

Corrosion protection study was performed through electrochemical analysis using electrochemical
impedance spectroscopy (EIS). Measurements were carried out on a PARSTAT 2273 impedance

analyzer. The EIS measurements were taken under OCV at a frequency range of IMHz to 10mHz
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with an alternating current of 10mV. These analyses were performed using a three-electrode set-
up with the steel coated sample serving as the working electrode, Pt-mesh as the counter, and a
saturated Ag/AgCl reference electrode. Each of these measurements were performed in triplicate
so as to ensure reproducibility of results.

3.4. Results and discussion

Characterization of Amine and Fluoride Functionalized Graphene

Characterization of aminated and fluorinated graphene samples were done using FT-IR, Raman,
and TGA to confirm presence of amine and fluoride functional groups. FT-IR analysis of AG
confirmed functionalization by N-H stretching vibrations present at 3500-3650 cm™ and 1550 cm
!'and the stretching vibrations of aromatic C-N at 1084 cm™! (Figure 3.1a). Presence of the C-F

vibrational band at 1071 cm! indicates that fluoride groups are present (Figure 3.1b).
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Figure 3.1. Characterization of functionalized graphenes. (a) FTIR, (b) Raman spectra showing
characteristic D and G bands, and (¢) TGA of G, AG, and FG graphenes
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Disorder of the graphitic backbone caused by functionalization was analyzed using Raman
spectroscopy of G, AG, and FG. In order to determine how disordered the graphene is the ratio of
the D and G bands are taken as Ip/Ic. The higher the G content present in the material the higher
the graphitic, or sp?, content. Calculated Ip/IG ratio for G is 0.2 (Figure 3.1¢). This value increases
after functionalization indicating a disruption in the graphitic backbone. The ratio for AG was
calculated to be 0.4 and for FG the ratio was calculated to be 0.3 (Figure 3.1c). Increase in the
In/IG ratio observed in AG and FG confirms that graphene was functionalized. Thermal gravimetric
(TGA) also shows success of functionalization (Figure 3.1d). These functionalized materials were
added to a two-component (2K) urethane-based coating system to test for corrosion protection.
Coating Surface and Corrosion Analysis

The 2K urethane coatings were applied onto steel substrates, after which contact angle
measurements for each sample were taken. Figure 3.2 shows contact angle measurements as a
function of increasing graphene concentration. It was observed that addition of graphene to the
coating helps to enhance the hydrophobicity of the coating. As the concentration of graphene
increases, the more hydrophobic the surface becomes. In the case of FG, the presence of highly

polar fluoride groups on the surface increases the hydrophobicity versus G.
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Figure 3.2. Contact Angle Measurements of G, AG, and FG in 2K Urethane Coating as a
function of increasing graphene content.

The contact angle at 1% by weight concentration is increased by 7% and 4% when AG or FG is
added respectively. Increasing the concentration to 2% AG or FG showed an increase of 15% and
12% respectively. Further increase in concentration to 4% of AG there was a decrease in contact
angle. The decrease observed for AG is due to the increase of polar groups on the surface. This is
because the additional amine group on the graphene reacted with isocyanate groups in the coating,
which produced a more polar surface. At 4% FG there was a further increase in contact angle to
91°. Based on this study a concentration of 4% for both AG and FG is the optimal concentration
to achieve high hydrophobicity.

Corrosion and Impedance Characterization Corrosion analysis was performed following the

ASTM Gl standard. Each coated steel substrate was immersed in a 3.5% NaCl solution for 2
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months. They were then rinsed with concentrated HCl and DI-H20 in order to remove excess rust.

Figure 3.3 shows coated substrates after 2-month immersion in 3.5% NaCl solution.

a) 0% b) 1%-AG c) 2%-AG d) 4%-AG

e) 1%-FG f) 2%-FG g) 4%-FG

s -

Figure 3.3. Corrosion results of (a) 0%, (b-d) 1, 2, and 4wt% AG, and (e-g)1, 2, and 4wt% FG.
Observations indicate that no use of graphene lost all coating from surface, and as concentration
of the functionalized graphene increased, the corrosion decreased.

In general, as the concentration of graphene increases, the corrosion rate decreases (Figure 3.4).
Figure 3.4 shows that addition of functionalized graphene to the urethane coating provides
enhanced corrosion protection. Among G, AG, and FG, both functionalized graphenes are better
in corrosion protection compared to G. Figure 3.4 shows that addition of functionalized graphene
to the urethane coating provides enhanced corrosion protection. Among G, AG, and FG, both

functionalized graphenes are better in corrosion protection compared to G.
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Figure 3.4. Corrosion rate comparison: 0% vs. G vs. AG vs. FG. These results indicate that
functionalized graphene enhances corrosion protection.

G, at 1wt%, showed a decrease of 26% in corrosion rate, with respect to 0%, no use of graphene.
Increasing the concentration to 4% further decreased the corrosion rate by 97% with respect to
0%. When aminated graphene was compared to G for corrosion resistance, the corrosion rate with
AG use decreases by 96% and 74% at concentrations of 1% and 4% respectively. At a
concentration of 1%, fluorinated graphene decreased the corrosion rate by 96% compared to G.
Increasing the concentration of FG from 1% to 4% decreases the corrosion rate by 94% compared
to pristine graphene. The rates between AG and FG samples were then compared. The corrosion
rate decreased by 7% upon addition of AG versus FG at a concentration of 1wt%. Increasing the
concentration to 2wt% AG versus FG decreased the rate by 71%. At a concentration of 4wt%
addition of AG decreased the corrosion rate by 78% when compared to FG. Corrosion study results
show that both AG and FG are better than 0% and G for corrosion resistance. Between AG and

FG, FG is better for corrosion resistance.
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Figure 3.5. Impedance Data from EIS analysis of 4% G, 4% AG, and 4% FG coated substrates.
Each sample had exposure in a 3.5% NaCl solution for 60 days.

The Nyquist plots for 4% G, AG, and FG samples after immersion in 3.5% NaCl for 60 days are
displayed in Figure 3.5. Impedance analysis of these coatings allows for the understanding of the
mechanism in which the graphenes are providing corrosion protection. Analyzing each frequency
range can indicate the reaction occurring at the interface of the metal/coating and how it is affecting
the coating’s properties. It was observed that the Z’ frequency for the 4wt% AG sample is higher
than 4wt% G or FG. While frequency of FG is lower than AG, it is still higher than G. This is
indication that the coating has retained high barrier and strong interfacial bonding, decreasing the
amount of electrolyte penetrating the coating. Adhesion properties of the coating are an important
aspect to maintain the barrier performance, therefore based on impedance data AG provides a

higher degree of corrosion resistance versus G and FG.
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3.5. Conclusion
Two different functionalized graphene materials were studied for their effect on corrosion

resistance when included in a urethane coating. Based on this study, optimum use of both AG and
FG at 4% concentration in urethane coating is important to achieve the best corrosion performance.
Considering barrier and hydrophobic property of functionalized graphenes as well as compatibility
between the functionalized graphenes and coating solution is important to achieve optimal
corrosion protection. At 4wt% concentration aminated graphene showed a corrosion rate of 0.14
mpy, while fluorinated graphene had a rate of 0.03 mpy. While both displayed enhanced corrosion
protection, based on cost of functionalization and impedance performance (adhesion) of
functionalized graphene composite coating, aminated graphene (AG) use is preferred. The use of
these functionalize graphenes in urethane coatings outlines a step towards the potential removal of
zinc from steel. This will allow used steel products (i.e. automotive bodies) to be readily
recyclable. Our future work in this area aims to use mixtures of AG and FG, as well as a

functionalized graphene containing both amine and fluoride groups for corrosion resistance.
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I1. SYNTHESIS OF VANADIUM NITRIDE-CARBON NANOFIBER MATS AND
THEIR APPLICATION FOR ASYMMETRIC SUPERCAPACITOR ELECTRODES
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CHAPTER 4
INTRODUCTION: TRANSITION METAL OXIDES AND NITRIDES

FOR ENERGY STORAGE

Due to the increase in energy consumption in the last decade and growing demand of electrical
vehicles, there has been an increase in research to develop materials with enhanced energy
storage capabilities. Additionally, there has been much research towards the development of
alternative energy sources to reduce greenhouse gas emissions. These sources include wind or
solar energy, geothermal, hydrogen, and hydroelectric®. Currently, there is significant difference
between energy output and energy demand %%, In order to overcome this discrepancy, it is
necessary to develop materials which can have a fast rate of charge with slow rate of discharge.
This can be achieved by the development of more efficient energy storage materials and/or
devices?’. Current devices, such as Li-ion batteries and electrolytic capacitors (capacitors), have
the potential to provide the necessary energy and power to meet demands®’. Figure 4.1 outlines a
Ragone plot which shows the relationship between the power and energy density of current

energy storage devices.
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Figure 4.1. Ragone Plot
While Li-ion batteries can provide high energy densities, they suffer from low power densities.
Conversely, capacitors provide high power but suffer from low energy densities. This has led to
the development of supercapacitors. These have garnered increased interest due to their ability to
bridge the gap between Li-ion batteries and conventional capacitors.”> °7 Supercapacitors can be
broken down into three primary categories depending on the charge storage mechanism. Figure

4.2 displays the different categories of supercapacitors and how they store charge.
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Figure 4.2. Pictorial representation of the charge storage mechanism for each category of
supercapacitor. (a) EDLC, (b) intercalative pseudocapacitor, and (c) hybrid

Electrochemical double layer capacitors (EDLC) consist of high surface area and conductive
carbon materials®®. These devices store charge through electrostatic mechanisms on the surface
of the electrodes (Figure 4.2a)°°. The second category includes pseudocapacitors, which consist
of redox active metal oxides or metal nitrides with conductive materials. Oxides and nitrides are
combinations of a transition metal (V, Mn, Ru, etc.) with oxygen or nitrogen. Common transition
metal oxides (TMOs) studied for pseudocapacitors are vanadium oxide (V20s), ruthenium oxide
(Ru02), manganese oxide (MnQ3), etc® %8, Transition metal nitrides (TMNs) studied for energy
storage include vanadium nitride (VN), titanium nitride (TiN), molybdenum nitride (MoN), or

tungsten nitride (WN)**-1%, These devices store charge through surface redox reactions or
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intercalative processes (Figure 4.2b)*. Some pseudocapactive materials, such as metal oxides,
suffer from low conductivity which can be overcome by making composites with EDLC
materials. This is the third area of supercapacitors known as hybrid capacitors. Hybrids can be
broken down into two categories: asymmetric or composite. Asymmetric hybrid devices combine
EDLC materials as the cathode and pseudocapactive materials as the anode (Figure 4.2¢).
Composite hybrid electrodes are a combination of EDLC and pseudocapacitive at the anode with
EDLC material at the cathode®. The conductive carbon can help to overcome the low
conductivity observed in some metal oxides (i.e. vanadium oxide) or overcome the low stability
observed in some metal nitrides (i.e. TiN or VN).
Capacitance is directly related to the amount of stored charged, as shown in equation 4.1. It is
related in terms of charge (Q) per unit voltage (V). The more charge (Q) the material is capable
of storing the higher the capacitance. It can also be increased by increasing the surface area of
the electrode material. Equation 4.2 outlines how surface area (A) and capacitance (C) are
directly related to one another. Dielectric constants for electrolyte and vacuum are denoted as Eo
and &, respectively.
Eqn. 4.1. C=Q/V

Eqn. 4.2. C= &0 erg
Capacitance is also directly related to the energy density of the material as outlined in equation
4.3. By increasing “C” of the material it is possible to increase the energy of the device.
However, another variable in the equation is voltage (V). Through using electrolytes which can

increase the operating voltage window the energy can increase quadratically.

Eqn 4.3. E= /%4 CV?

41



Compositing TMOs or TMNs with high surface area and conductive carbons can help to
overcome obstacles which hinder performance (e.g. conductivity)®> %39, Amongst the TMOs
studied, RuO: offers high capacitance (~1500 F/g) and conductivity (2.8x10° S/m); however, its

101 This has led to research into alternative

high cost has limited its use in commercial devices
metal oxides, such as V20s, for energy storage. Vanadium oxide is low cost and can exist in
multiple oxidation states, however it suffers from low conductivity (1.0x10* S/m)®® and
capacitance. In order to overcome this, V20s is often composited with a conductive carbon (e.g.
graphene, activated carbon, carbon nanofibers, etc.) which helps to enhance the conductivity and
capacitance®>°®. While TMNs offer higher conductivity, several suffer from stability issues
when used in the bulk®. VN based electrodes have been studied as an anode material for
psudocapacitors. VN provides high conductivity (1.23x10° S/m) and theoretical capacitance
(~1350 Fg"), which are both significantly higher than what has been reported for V20s%°-100,
Composite electrodes with VN have also been studied, however research has been aimed towards
encapsulating the VN within the carbon versus deposition on the surface® 192193, This is due to
the low stability of VN when in the presence of electrolytes, which leads to the formation of
VNOH103-104

Metal Oxide/Metal Nitride-Carbon Composite Electrodes

As stated previously vanadium oxide, while cheaper than RuO2, suffers from low conductivity
and capacitance®®. In order to overcome this obstacle several studies have been aimed at making
V20s-Carbon composites. Carbon materials used in these composites include graphene, carbon

105-107

black, carbon nanofibers (CNF), or templated carbons . An alternative to composite

electrodes to have increased capacitance, researchers have studied vanadium nitride (VN) since it
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will enhance both conductivity and capacitance, as a means to overcome the limitations
presented by V20s.

Vanadium oxide is transformed to the more conductive nitride, VN, through a process called
nitridation!%®-11%, This treats the oxide with ammonia (NH3) gas at an elevated temperature for a
certain time period to produce the nitride!%® 1%, VN offers the cost benefits of using vanadium
oxide, while providing conductivity and electrochemical properties comparable to those of
Ru02!%, During the nitridation process V20s transitions to V203 which is the final oxide phase
that undergoes nitridation. The balanced chemical reaction between V203 and NH3 is displayed

in Scheme 4.1.
V203 + 2NH3 2 2VN + 3H20

Scheme 4.1. Reaction between V203(s) and NH3g)
While VN has high conductivity and theoretical capacitance, the bulk material suffers from long
term stability in energy storage devices'?. This means that upon cycling the material for multiple
cycles (>500) at a constant current (>1A/g), it degrades rapidly and results in low retention
(~50%). In order to overcome this obstacle, many have researched to develop composite
materials in which the VN is encapsulated within the carbon, hence avoiding direct interaction
with the electrolyte!'%® ', An et al. reported the encapsulation of VN in carbon nanofibers to
produce supercapacitor electrodes with high stability!?*. Through tailoring the concentration of
VN with the type of carbon it is possible to develop a hybrid device with high conductivity, long

cycle stability, and high energy and power density.
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Electrolytes: Aqueous, Organic, and lonic Liquid

There are different types of electrolytes used in energy storage devices: aqueous, organic, and
ionic liquid. The most commonly reported is the use of an aqueous electrolyte. These electrolytes
include KOH, KCI, Na2SOs, Li2SO4, etc. While they offer the benefit of low cost, they have a
limited voltage window ~1V. However, recent work has been aimed at developing aqueous
based electrolytes which can operate at wider potential windows (1.5-2.5V)!'>113 Some
electrolytes which have been studied are sodium sulfate (Na2SO4) and water-in-salt (WIS)!!2 114-
116 Organic electrolytes offer the potential to provide a wider potential window while operating
devices!!”. They are often composed of an organic salt (TEA-BF4) dissolved in acetonitrile
(ACN) or propylene carbonate (PC)!'#!!°, These electrolytes offer an average operating voltage
window of ~2.5V, approximately 2.5x increase versus aqueous electrolytes. The main drawback
to the use of organic electrolytes in devices is the toxicity related to the solvent, and their
flammability'!'°. Tonic liquid electrolytes are the third type of electrolyte used in
supercapacitors®> 129121 These electrolytes offer an operating voltage window of >3.5V'2!, As
stated earlier, by increasing the operating voltage (V) window the energy density will increase
quadratically (E=1/2CV?). Enhancing the V in the equation from V=1.0V to V=3.5V can lead to
a 12.25-fold increase in energy density. There are different types of ionic liquids available to use,
including EMIM-TFSI, Pyri3TFSI, or Pyri4TFSI, which provide a non-flammable alternative to
organic electrolytes'?!. Figure 4.3 displays the structures of the different ionic liquids, which can

be matched to the material being used in the device'??.
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1-ethyl-3-methylimidazolium
bis(trifluorommethylsulfonyl)imide
(EMIM TFSI)

1-Butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide
(Pyr14 TFSI)

N-Propyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide
(Pyr13 TFSI)

Figure 4.3. Structures of ionic liquid electrolytes commonly studied in supercapacitors

While each of the electrolytes described above provides a wider operating window, it may be
necessary to adjust it depending on the material being studied (e.g. metal oxides, metal nitrides,
etc.)!?% 122 If the operating voltage window exceeds what the material can handle, it can degrade
during testing. Correct selection of ionic liquid electrolyte for VN based pseudocapacitors, it

may be possible to overcome the surface oxidation of VN.
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CHAPTER 5
VANADIUM NITRIDE-CARBON FIBER (VN-CF) COMPOSITE ELECTRODES FOR
ASYMMETRIC SUPERCAPACITOR ELECTRODES
5.1 Introduction
Development of efficient energy storage devices has been of interest in the last decade due to the
depletion of fossil fuels and increased interest in renewable energy®>. Among these devices,
supercapacitors have attracted attention recently due to their ability to help bridge the gap
between conventional Li-ion batteries and electrolytic capacitors. Supercapacitors provide high
energy and high power, in addition to their safe operation at a wide range of temperatures and
voltages®. Capacitance is the amount of charge (Q) stored per unit voltage (V), or C=Q/V. This
can also be related to energy density, where E=1/2CV?2. There are three main categories of
supercapacitors: electric double layer capacitor (EDLC), pseudocapacitor, and composite.
EDLC supercapacitors have porous carbon materials as their electrodes'?*124, These are the most
commercially available supercapacitors; however, their energy storage and capacitive
capabilities are limited due to limited access to the surface!?*. Pseudocapacitive materials,
however, can achieve high energy and power densities due to the intercalative and surface redox
processes occurring in the material. However, the relatively low conductivity of some of the
anode materials has limited the commercial viability for these materials. Electrodes in
pseudocapacitors consist of redox active materials, such as metal oxides, metal nitrides, or
conductive polymers. Due to the limitations presented by some of these materials (e.g. cost or
low conductivity) studies have looked to composite them with porous and conductive EDLC

materials®. Transition metal oxides or nitrides (e.g. V205, RuO2, MnOz, TiN, VN, etc.) have
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been studied as electrode material due to their redox capabilities®®-19% 125-126 Amongst these
RuO: has the capability to produce high capacitance, due to its high conductivity, however its
high cost and toxicity has limited its use commercially. This has led to research into cheaper,
alternative materials, like vanadium oxide (V20s) or nitride (VN)**-%°. Transition metal nitrides,
such as VN, TiN, MoN, or WN, offer high conductivity which makes them a promising electrode
material®®-'%°. Conductivities for these materials can range from 4.0x10°-5.5x10° S/m®-1%0,
Vanadium oxide has garnered significant interest because of its low cost, ease of synthesis, and
ability to exist in multiple oxidation states (VZ*, V3*, V¥, or V°") %, However, it suffers from
low conductivity and cycle stability®®. Research has been done in order to help overcome these
obstacles through developing composite electrodes with EDLC materials and V20s. Kim et al.
synthesized composite electrodes using V205 nanofibers and carbon nanofibers (CNFs)'?”. Their
results showed a capacitance of 150 F/g, with energy and power densities of 18.8 Wh/kg and 400
W/kg in a 6M KOH electrolyte!?”. Bonso et al. composited vanadium oxide nanofibers with

graphene for supercapacitors'?’

. These devices were tested in an organic electrolyte, and had a
resulting capacitance of 226 F/g with energy and power density of 28 Wh/kg and 303 W/kg at
1A/g!?’. While composite electrodes can help to overcome the shortcomings of V20s, research
in vanadium nitride (VN) has also received interest for hybrid devices.

Vanadium nitride (VN) has garnered interest as an anode material in energy storage devices due
to its high conductivity (1.6x10° S/m) and theoretical capacitance (1350 F/g)'%. Despite the
enhanced properties, VN still suffers from poor electrochemical performance in the presence of

alkaline or aqueous electrolytes'®®. This is due to the oxidation occurring on the surface of VN

when in the presence of these types of electrolytes!?-1%4, In an aqueous electrolyte (i.e. KOH)
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bulk nitride undergoes surface redox processes to form VNx-OHy!'%, Scheme 5.1 outlines the

reaction mechanism in which OH" ions react with VN surface to form VNxOH,!03-104,

VNXOy + OH- 9 VNXOy//OH- + VNXOy‘OH

Scheme 5.1. Reaction mechanism between VN and OH" in alkaline environment
This can adversely affect the stability of the material over a long cycle duration®: 128, Prior work
has shown a retention of ~50% after 1000 cycles when using pure VN as the anode!?®. In order to
help overcome the low stability VN, it is composited with a high surface area and conductive
carbon material'®®. Through encapsulation of the VN in the carbon, it is possible to develop an
electrode material which provides not only high stability but also high energy and power density.
This can also be overcome through development of composites which contain mixtures of VN
and V20s3. Some have reported that upon testing of pure VN in KOH and K2SO4 aqueous
electrolytes there was no redox activity present'?. This study outlines that without the presence
of the oxide shell on the VN material, the redox mechanism outlined in Scheme 2.1 cannot
occur'?. Alternatively, without the presence of the highly conductive VN in the material the
material would suffer from poor electrical conductivity, as vanadium oxides have conductivities
from 10-2-10° S/m”®. These mixtures offer the ability to take advantage of the redox capability of
the oxide phase in addition to taking advantage of the conductivity of the VN phase.
Development of composites with nitride and oxide mixtures can help to overcome the obstacles
presented by electrodes made with pure VN (e.g. cycle lifetime or redox activity).
Herein we report a method to synthesize composite vanadium nitride-carbon fiber (VN-CF) mat
electrodes for asymmetric supercapacitors. A polyacrylonitrile (PAN) based co-polymer was

used as the carbon precursor, and synthesized vanadium oxide nanoflowers were used as the
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metal source. Electrospinning was employed to encapsulate the vanadium oxide, at varying
concentrations, in the carbon fibers. Vanadium oxide was converted to VN through in situ
nitridation, followed by oxidation with CO2. After oxidation with CO2 composite mats with
VN/V203 mixtures were obtained. The freestanding fiber mats were used as electrodes in
asymmetric-hybrid devices, which produced enhanced electrochemical properties.

5.2 Experimental

Materials

Vanadium oxide (V20s, 99%, ACS Grade) crystalline powder was obtained from Acros
Organics. Hydrogen peroxide (H202, 30%, ACS Grade), Isopropanol (IPA, 99%), and N,N-
dimethylformamide (DMF, ACS Grade) were purchased from Fisher Scientific. Acrylonitrile
(AN, >99%), Itaconic acid (IA, >99%), and 2,2-Asobis(2-methylpropionitrile) (AIBN, 98%)
were purchased from Sigma Aldrich. Cobaltocenium hexafluorophosphate (98%) was obtained
from Strem Chemicals. Ionic liquid electrolyte 1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (Pyri4TFSI) was purchased from Iolitec. Lithtum
bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.5%) was obtained from MTI corporation. All
chemicals were used as obtained without any further purification.

Synthesis of Vanadium Oxide Nanoflowers

Vanadium oxide nanoflowers were synthesized by a room temperature sol-gel method. V20s
bulk powder (1.0g) was dispersed in 100mL of deionized water (DI-H20), followed by slow
addition of 30% hydrogen peroxide (H20:2). During the H2O> addition Oz gas was released, and
after complete addition an orange sol was produced. Cobaltocenium hexafluorophosphate

(84mg) was dissolved in isopropanol before addition of the organic sol. The sol was then added

49



to isopropanol (IPA) in a 1:1 v/v ratio and set aside at room temperature for 7 days. Following 7
days a dark green precipitate was collected by vacuum filtration then dried at 225°C in vacuum.
Synthesis of Poly(acrylonitrile-co-itaconic acid) (92/8 wt%) Copolymer

Acrylonitrile based copolymer was synthesized using free-radical polymerization. Acrylonitrile
(AN) was first passed through a column of basic alumina to remove the inhibitor. A 250mL
round bottom flask was then charged with N2, followed by addition of 35mL of anhydrous DMF.
The DMF was kept under continuous N2 flow for approximately 15 minutes before addition of
monomers. In 35mL of DMF, the initiator AIBN was dissolved followed by addition to
monomers AN and IA. The acrylonitrile (AN) and itaconic acid (IA) monomers were reacted at a
92/8 AN/IA weight ratio. This solution was agitated until all materials were dissolved. Monomer
solution with initiator was poured into an addition funnel which was used for drop-wise addition.
The reaction was kept at 60°C for 48h under continuous nitrogen. After 48h reaction time, the
polymer was precipitated using water and ethanol, then dried under vacuum for 48h.

Synthesis Vanadium Nitride-CNF Composite

The V205 nanoflowers were dispersed in a solution of the 92/8wt% poly(acrylonitrile-co-itaconic
acid) (PANIA). V20s was first probe sonicated in N,N-dimethylformamide (DMF) at three 20s
intervals to form a dark green dispersion. Then PANIA (92/8wt%) was dissolved in the
dispersions at a concentration of ~30wt% (w.r.t DMF). The polymeric solution was electrospun
at a working voltage of 22kV with a needle-to-drum distance of 16 cm. After electrospinning, the
mat underwent oxidative stabilization at 215°C for 3.5h using a ramp rate of 2°C/min. The

stabilized mat was then carbonized 900°C for 2h with COz activation for 30 minutes.
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Electrochemical Testing

Device testing was performed using a coin cell (CR2032) set -up. Electrodes were punched
directly from the carbonized mats, using CNFs as the cathode and VN-CNFs as the anode. lonic
liquid 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (Pyri4TFSI) with 0.5M
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was used as the electrolyte. Coin cells were
assembled and pressed in an argon filled glove box. The electrodes were placed on carbon coated
aluminum (Toyocarb Inc.) then saturated with electrolyte, an organic cellulose separator was
placed between the electrodes. Cyclic voltammetry and galvanostatic charge-discharge (CDC)
tests were performed on an Arbin supercapacitor testing station (SCTS). Cyclic voltammetry
measurements were taken after equilibration of 20 cycles at a scan rate of 50 mV/sec. The
voltage window used for all tests was 3.5V. Galvanostatic charge-discharge (CDC) cycles were
measured at a constant current density (1 A/g) up to a voltage of 3.5V.

Characterization

Physical characterization of materials was performed using scanning electron microscopy
(SEM), high-resolution transmission electron microscopy (HR-TEM), Raman, and powder x-ray
diffraction (XRD). Scanning electron microscopy (SEM) was performed using a Zeiss-LEO
Model 1530 variable pressure SEM with an InLens detector. High resolution transmission
electron microscopy (HR-TEM) was performed using a JEOL 2100F with a field emission of up
to 200kV. Raman spectroscopy was performed on a Yobin-Jvonne with a He-Ne laser at a
wavelength of 633nm. XRD measurements were taken using a Rigaku Ultima IV with Cu-K
alpha as the radiation source. Chemical characterization was done using x-ray photoelectron

spectroscopy (XPS) and thermal gravimetric analysis (TGA). XPS analysis of the samples was
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performed using a PHI VersaProbe with Al-Ka as the x-ray source. Each sample was charge
compensated using a pass energy of 23.5eV. The electron beam was positioned incident with
respect to the sample. Surface area and pore size distributions were analyzed on a Micromeritics
ASAP 2020 instrument. Brunauer-Emmett-Teller (BET) was used to measure surface area and
QSDFT was used for analysis of pore size and distribution. Conductivity was measured using the
Van der Pauw four probe method.

5.3 Results and Discussion

Vanadium nitride-carbon fiber (VN-CF) composite electrodes were fabricated using
electrospinning, followed by subsequent stabilization and carbonization where VN synthesized
by a new method. Synthesized V205 nanoflowers were used as the precursor, and their
morphologies are shown in Fig 5.10. The flowers were made using a new room temperature sol
gel method with cobaltocenium as an additive to increase the d-spacing. This method eliminates
the need for high temperatures and high-pressure autoclaves often used to produce
nanostructured V20s. During the process of carbonization, the vanadium oxide undergoes in situ
nitridation due to the release of ammonia (NH3(g)) as the PANIA (92/8wt%) pyrolyzes. The in
situ nitridation is beneficial in that it provides a method to produce VN-CNF composites without
the use of physical treatment with NH3(g).

Powder XRD was performed on activated CF and VN-CF composites. Figure 5.1 shows the
patterns of activated CF, 15VN-CF, 30VN-CF, and 45VN-CF. A broad peak at ~25°
corresponding to the presence of amorphous carbon is present in all samples. The XRD analysis
of activated VN-CF composites showed the presence of two vanadium phases, vanadium nitride

(VN) and vanadium oxide (V203). During the process of carbonization vanadium oxide is
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converted to vanadium nitride (VN) through in situ nitridation with ammonia (NH3(g)). This is
due to the release of NHs3(g) as the stabilized mat decomposes at higher temperatures. The
subsequent process of CO2 activation oxidizes the VN to the oxide phase of V203. Scheme 5.2

outlines the balanced chemical reaction between VN and COa.

2VN + 3COzg) =2 V203 + Nog) + 3COg)
Scheme 5.2. Reaction between VN and CO2

XRD patterns for the vanadium oxide nanoflower precursor is shown in Figure 5.10 of the
supplemental. This pattern shows that there is an increase in the d-spacing of the V20s, which is
due to the inclusion of the cobaltocenium complex during synthesis. Additionally, in order to
confirm that ammonia is the source of nitridation the nanoflowers were annealed at 900°C for 2h
under nitrogen. XRD analysis of the resulting material shows that the phase V203 was obtained
versus VN. This confirmed that VN was obtained through the in-situ release of NH3 during the

decomposition of PANIA upon pyrolysis.
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Figure 5.1. XRD patterns of activated (a) CNF, (b) I5VN-CNF, (¢) 30VN-CNF, and (d) 45VN-
CNF
In order to examine the morphology and structural features of the activated fibers, SEM and high
resolution TEM (HRTEM) analysis were performed on CFs and VN-CF composites. SEM

imaging of activated CF and VN-CF composites are shown in Figure 5.2. It can be seen that the

activated samples consist of a network of nanofibers. The average fiber diameter of the activated
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CNF was measured to be 152+40nm, where the average diameter for the VN-CNF composites
was 106.5+30nm. SEM imaging of V202 nanoflowers is shown in Figure 5.10 in the

supplemental section. The nanoflowers consist of a network of smaller fibers and rods.

Figure 5.2. SEM images of (a) CNF, (b) 15VN-CNF, (¢) 30VN-CNF, and (d) 45VN-CNF

HR-TEM imaging was used to analyze the structural features of the activated CF and VN-CF
composites. This showed whether the vanadium was encapsulated within the fibers or if it had
dispersed towards the outside during carbonization and subsequent activation. Figure 5.3
displays the TEM imaging of activated CNF and VN-CNF composites. In both the VN-CNF
composites vanadium particles were encapsulated inside the CNFs. TEM imaging of V20s
nanoflowers are shown in Figure 5.10 (b-c) of the supplemental. Images of as synthesized
nanoflowers indicate that the individual petals consist of smaller nanorods. Imaging of the probe

sonicated sample showed that the nanoflowers broke up into small bundles of nanorods.
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Figure 5.3 TEM images of (a) CNF, (b) 15VN-CNF, (c) 30VN-CNF, and (d) 45VN-CNF.
5.3.1 XPS Analysis for determination of Vanadium Species in CF samples
To determine the presence of vanadium species in the composite electrodes, ex situ XPS analysis
was performed. This was also performed on the V205 nanoflowers which were used at the
vanadium precursor. XPS analysis of the nanoflowers is shown in Figure 5.12 in the
Supplemental section. The analysis confirmed the presence of only oxide species in the sample,
and the C-O species present are from the carbon tape which was used to load the sample. Figure
5.4 displays the Cls, Ols, N1s, and V2p3 spectra collected for the samples after activation. For
the CF sample, a m-m* transition was observed in the Cls spectra (Figure 5.4a) at 291eV. This is
attributed to the delocalization of electrons across the carbon backbone. The Ols spectra (Figure
5.4b) had peaks at 537.7 and 531.8 eV corresponding to organic oxygen groups, such as C=0
and O(=C)=C. Peaks at 402.6, 400.5, and 398 eV in the N1s spectra (Figure 5.4c) of CF
correspond to N-OC, NHx-C, and N=C. There was also a peak at 405.7e¢V which corresponds to

a T-Tr* transition peak, which is indication that nitrogen is present in the carbon backbone.
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Figure 5.4. XPS Spectra of (a) Cls, (b) Ols, and (c) N1s for activated CNF and (d) Cls, (e) V2p,
and (f) N1s for activated 45VN-CNF

The 45VN-CF XPS spectra are displayed in Figure 5.5 d-f. Due to the presence of vanadium
oxide in 45VN-CF, the Ols spectra was collected with the V2p spectra. The Cls spectra for this
sample had peaks at 289, 286.5, 284.7, and 284.2eV which correspond to C(=0)-0O, C-OC, C-C,
and C=C, respectively. There was also a peak at 291.3eV corresponding to the m-m* transition.
This transition is due to delocalization of electrons across aromatic rings and can give some
indication to the conductivity of the sample. Peaks at 533 and 531.2eV in the Ols spectra
correspond to the binding energies of C-O and C=O for organic carbonyls. The V2p32 spectra
showed peaks at binding energies at 520.2 and 513.0eV which corresponds to the vanadium of
VN. A peak present at 5514.6eV corresponds to that of VNO. Additional peaks present at 516.5,
518.2, and 529.6¢eV are appointed to the vanadium of V203. A peak centered at 397.2eV in the

N1s spectra is associated with the N-V bonding in VN, the additional peaks centered at 403.8,
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400.7, and 398.5¢eV are associated with amides, amines, and aromatic nitrogen. There was also a
peak at ~405eV, similar to CF, which is indicative of the m-1* transition due to aromatic C=N
(sp?) bonding in the material.

5.3.1 Raman Characterization and Analysis

Raman analysis helps to determine the graphitic nature of each sample. Figure 5.5 displays the
Raman spectra collected for all samples. Two peaks are present which corresponds to the
carbon’s amorphous and graphitic nature. D-band relates to the disordered or amorphous sp?
carbon, and G-band correlates to the graphitic sp? carbon. The degree of graphitization can be
determined by taking the relative intensity ratios of the D and G bands (In/Ig). A lower ratio the
more graphitic content present in the material. In order to obtain the relative D and G band
intensities each spectrum was deconvoluted using Gaussian-Lorentzian fitting parameters on
LabSpec 6 software. Table 5.1 lists the Ip/Ic ratios for each CF and VN-CF sample. CF sample
had a ratio of 1.17, with the ratios increasing after incorporation of the metal. Ratios went from
1.21, 1.16, to 1.21 for 15VN-CF, 30VN-CF, and 45VN-CF respectively. After fitting, an
additional two peaks show corresponding to D" and D”. The D’ band relates to the sp?-sp* bonds
where the D" corresponds to interstitial defects present within the graphitic lattice of the carbon.
Figure 5.5 depicts the Raman spectra collected for each sample.

Table 5.1. In/Ig Ratios of Activated VN-CNF Samples

Sample In/I Ratio Conductivity
(S/m)
CNF 1.17 13
15VN-CNF 1.21 68
30VN-CNF 1.16 91
45VN-CNF 1.21 155
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Figure 5.5. Raman spectra of (a) CNF, (b) I5VN-CNF, (c) 30VN-CNF, and (d) 45VN-CNF
5.3.2 Surface Area and Pore Size Analysis
Pore size distribution analysis of the samples are displayed in Figure 5.6. Table 5.2 outlines the
surface areas of activated CNF and VN-CNF samples. Surface area was measured to be 250 m?/g
(I5VN-CNF), 708 m*/g (30VN-CNF), and 350 m?/g (45VN-CNF). There is an increase in
surface area as vanadium concentration increases with the exception of 45SVN-CNF sample. The
decrease observed is due to the increasing concentration of vanadium present in the sample. At
higher concentrations there is a greater possibility for the metal to fill a higher percent of the
pores in the fibers. The surface areas observed for these materials are higher versus prior reports
of VN-carbon composite materials'% 119130 ‘While all samples displayed a significant amount of

microporosity (<10 nm), each also indicates the presence of mesopores (>10 nm).
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Figure 5.6. (a) Pore size distribution, (b) Micropore distribution, and (c) Mesopore of activated
VN-CNF materials
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Table 5.2. BET surface area of activated VN-CNF samples

Sample Surface Area
CNF 421 m%/g
15VN-CNF 250 m%/g
30VN-CNF 750 m?/g
45VN-CNF 450 m?/g

5.3.3. Electrochemical Characterization

Electrochemical analysis of the VN-CNF composites was performed using a two-electrode coin-
cell set-up. Activated CNFs served as the cathode and the activated VN-CNF composite served
as the anode in the device. Both electrodes were saturated with 0.5M LiTFSI in Pyri14TFSI ionic
liquid electrolyte. Figure 5.7 displays the resulting CV curves obtained for each sample. The
cyclic voltammograms observed for CNF displayed a semi-rectangular shape, where those
observed for VN-CNF samples showed the presence of redox activity. Table 5.3 outlines
corresponding capacitance values, in addition to energy and power densities for each device. At a
scan rate of 10 mV/sec CNF sample showed a Csp of 88 F/g, which increased with increasing
concentration of vanadium. The 45VN-CNF gave the highest capacitance at 234 F/g, followed
by 30VN-CNF (154 F/g) then 15VN-CNF (95 F/g). In addition to achieving the highest
capacitance, 45VN-CNF achieved the highest energy density of 67.1 Wh/kg with a power
density of 1701 W/kg at a current density of 1 A/g. Figure 5.8 displays the charge discharge
curves for activated CNF and VN-CNF composites and the Ragone plot.

Table 5.3. Electrochemical Results for activated CNF and VN-CNF samples

Sample Capacitance (F/g) | Energy Density (Wh/kg) | Power Density (W/kg)
(10 mV/sec) (1 Alg) (1 Alg)

CNF 88 36.8 1424
I5VN-CNF 95 41.6 1576
30VN-CNF 154 46.5 1609
45VN-CNF 234 67.1 1701
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Figure 5.7. Cyclic voltammetry (CV) results for (a) CNF, (b) 15VN-CNF, (c) 30VN-CNF, and
(d) 45VN-CNF
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Figure 5.8. (a) CDC curves of CNF and VN-CNF samples (b) Ragone Plot and (c) Cycle Test of
45VN-CNF after 8000 cycles
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A cycle test done with the activated 45VN-CNF sample shows that capacitance was stabilized at
~85% and sustained until 7,000 cycles and then decreased to ~80% level. The decrease may be
due to the imperfect encapsulation of the VN within the CNF matrix. Additionally, if there is any
residual water present in the sample then the stability of the electrode can also be deteriorated.
Those may be the reasons for the observed decrease in retention observed in the cycle test. Better
encapsulation and moisture control with characterization of the tested electrode will be the future
study to find if the cycle test performance can be improved. Once the performance improvement
is achieved, this is a promising electrode material for use in hybrid-asymmetric devices.
5.3.4 Charge Contribution and Kinetics Analysis of Composites
In order to understand the charge storage mechanism for these materials, kinetics and charge
contributions were analyzed. Trasatti et al. reported a method in which charge contributions can
be separated'*!"132, He reported that graphing the linear relationship between the inverse scan rate
(v'?) and total charge stored (C:), the percent contributions from surface and diffusive charges
can be separated'3!-132, The total volumetric charge, Qt, can be separated in to two components:
surface controlled (Qs) and diffusion controlled (Qq). All three of these variables can be related
in equation 5.1.

Eqn 5.1. Qt= Qs + Qq
Graphing the total stored charge versus the reciprocal of the square root of the scan rate of each
sample. Qsand Qq can be extrapolated from the equation of the line. Extrapolation of each
variable was possible by the equation of the line attained from each plot where y-intercent (b) is
the Qs value and Cv''? (mx) is the Qu, as outlined in Equation 5.2.

Eqn 5.2. y = Qs+ Cv'!?2
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Figure 5.9 shows the percent contributions from Qs and Qq obtained for each composite sample
at five different scan rates. At the lowest loading of vanadium (15VN-CNF) the charge
contribution was dominated by surface reactions, due to bulk surface redox reactions occurring
on the surface of the VN. The highest loading of VN (45VN-CNF) showed the charge
contribution was dominated by Qs at all scan rates (10-100 mV/sec).
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Figure 5.9. Separation of charge contribution for (a) I5VN-CNF, (b) 30VN-CNF, and (c¢) 45VN-
CNF and (d) b values for VN-CNF composites

The charge storage mechanism observed for each sample can be obtained by establishing the b
value for each sample. Dunn et al. reported that based on the value of b one can determine if the
material has pseudocapacitive/capacitive or intercalative properties®> 133134 According to his
work, when b is equal to 0.5 the mechanism of charge storage is primarily from intercalation and
when b is equal to 1.0 it is pseudocapacitive/capacitive (not diffusion limited)®> 101, 133-134,

Intercalation charge storage (b = 0.5) primarily involves slow ion diffusion and faradaic charges.
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Capacitive/pseudocapacitive charge storage (b = 1.0) involves double-layer, fast surface redox
reactions, or a combination of the two. This makes it possible to distinguish if the device exhibits
intercalative, pseudocapacitive, double-layer type behavior, or a combination of
pseudocapacitive/EDLC. The charge storage mechanism can be determined by equation 5.3,
where i corresponds to the peak current, v is the scan rate, and a and b are constants.
Egqn53.i=aw
The b value is determined by plotting log v versus log i and analyzing the linear relationship
between the two. The slope of this line corresponds to the b value. Figure 5.9d plots the b values
calculated at different potentials for each different VN-CNF sample. At the lowest loading of
vanadium (15VN-CNF) the b value of 0.6 indicative of a slow intercalative storage mechanism,
where 30VN-CNF and 45VN-CNF have values of 0.8. This indicates that they have a
pseudocapacitive/EDLC charge storage mechanism and have a high rate capability®> 1°!, Two
mechanisms contribute to 30VN-CNF and 45VN-CNF, (i) double layer interactions and (ii) fast
redox reactions occurring on the surface on the VN.
5.4 Conclusion
Hybrid, asymmetric devices were successfully assembled using composites of activated CNFs
and VN-CNFs. Ionic liquid Pyr14 TFSI with LiTFSI was used as the electrolyte in these devices.
Cyclic voltammetry results of 45VN-CF exhibited a high specific capacitance of 234 F/g with a
maximum energy density of 67.1 Wh/kg and power density of 1644 W/kg at 1 A/g. These results
were an improvement over CNF, 36.8 Wh/kg and 1424 W/kg (1 A/g), respectively, which
confirms that incorporation of redox-active vanadium in CNF can help increase performance. At

the highest loading of vanadium, the composite electrode had a 75% contribution from surface
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capacitive charge, which corresponds to its b value of ~0.8 indicative of a
pseudocapacitive/capacitive based storage mechanism. Cycle test performed with activated
45VN-CNF composite shows an 80% retention after 8000 cycles. It is possible to increase the
retention through better encapsulation of VN inside CNF. Postmortem characterization of the
tested electrode will be the future study to find solutions if the performance can be improved
with enhanced cycle life. Once the performance improvement is achieved, this can be a

promising electrode material for use in hybrid-asymmetric devices.
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5.5 Appendix — Supporting Information
5.5.1 Characterization of as-synthesized and annealed V20s nanoflowers used as precursors

in VN-CF composites.
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Figure 5.10. XRD of (a) as-synthesized V20s nanoflowers and (b) V20s nanoflowers at 900°C
under N2

Figure 5.11. (a) SEM image of V205 nanoflowers and TEM imaging (b) as-synthesized V205
nanoflowers and (c) probe-sonicated V20s nanoflowers
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