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ABSTRACT OF THE DISSERTATION

De Novo Nanostructures and Their Applications in Energy Storage

by

Wei Wang
Doctor of Philosophy, Graduate Program in Materials Science and Engineering
University of California, Riverside, March 2014
Dr. Cengiz S. Ozkan, Chairperson

Nanostructured synthetic carbon allotropes are considered good candidates for
applications in electronics and energy storage devices due to the unique combination of
their physical and chemical properties. In this thesis, synthesis of nanostructured carbon
materials including pillared CNT and graphene nanostructures (PGN), cone-shape CNT
clusters (CCC), and graphene and CNT (GM) hybrid foam have been developed.
Potential

applications

in

electrochemical

energy

storage

devices

including

supercapacitors (SCs) and lithium ion batteries (LIBs) have been demonstrated.
The seamlessly connected graphene and CNT pillars in PGN provide a relatively
strong active material-current collector connection integrity, which facilitates conduction
of electrons in the system. LIB based PGN electrode shows a reversible capacity of 900
mAh g-1. Moreover, with a subsequent inductively coupled plasma (ICP) treatment on
PGN, an CCC structure is achieved. The cone-shape nature can be advantageous due to a
vii

decrease in homogeneity and in surface area of the array which provides interpenetrating
channels and minimizes the effects of solid electrolyte interface (SEI) formation during
lithiation and delithiation. LIBs based on Si-CCC architecture demonstrates high
reversible capacity of 1954 mAh g-1.
Furthermore, a three-dimensional (3D) GM foam is grown on industrial grade
metal foam foils and applied as electrodes for SCs. SC based on GM foam demonstrates a
high specific capacitance of 286 F g-1 which leads to an energy density of 39.72 Wh kg-1
and a superior power density of up to 154.67 kW kg-1. Improved functionality of carbon
materials via a non-invasive, high-throughput, and inexpensive UV generated ozone
(UV-ozone) treatment has been developed and systematically studied. This process
allows precise and continous tuning of the transition of GM foam from ultrahydrophobic
to hydrophilicwithin 60 sec. Hydrothermally synthesized α-MnO2 nanowires are
integrated onto the GM foam by a simple bath deposition which yields a monographical
graphene foam conformally covered with intertwined, densely packed CNT/MnO2
nanowire nanocomposite network. SC based on GMM show an extended operational
voltage window of 1.6 V in aqueous electrolyte. A high specific capacitance (1108.79 F
g-1) is also achieved. The SC based 3D chrysanthemum-like carbon nanofiber (CNF)
foam architecture demonstrates a high areal capacitance of 1.37 F/cm2 (gravimetric
specific capacitance: 23.83 Fg-1), which leads to superior values for per-area energy
density (0.19 Wh cm-2) and power density (141.77 W cm-2).
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Chapter 1 Introduction
1.1 Carbon Materials and Nanostructured Carbon Materials
Carbon is the basic element for life on Earth and plays a very important role in
our daily life in structures ranging from simple molecules to complicated organic
compounds. Diamond and graphite are two types of natural allotropes of elemental
carbon (C) which consist of extended networks of sp3- and sp2- hybridized carbon atoms,
respectively(1). They demonstrate unique combination of physical and chemical
properties such as hardness, thermal, lubrication, optical, and electrical properties, etc.
With the development of spectroscopy and microscopy technologies in the 20th century,
structural information of materials became more readily available. As a result, people got
to know these two types of carbon materials better. Graphite was confirmed to be a
layered, planar structure with a d spacing of 0.335 nm where each layer of carbon atoms
are arranged in a honeycomb lattice with a separation of 0.142 nm. Unlike graphite,
diamond is a metastable allotrope of carbon where the carbon atoms are arranged in a
variation of the face-centered cubic (FCC) crystal system called diamond lattice. Based
on the as-confirmed structural information, the idea of building new carbon allotropes by
altering the periodic binding motif in the sp3-, sp2-, and sp- hybridized carbon atoms was
originated by researchers conceptually(1-3).
Researchers began experimentally investigating novel carbon structures ever since
structural information became easier to obtain. However, diamond and graphite remained
the only carbon allotropes for a long time until the late 20th century. In 1985, Kroto et al.
observed fullerene (Cn, with n=24, 28, 32, 36, 50, 60, and 70) which is a zero1

dimensional (0D) carbon nanostructure for the very first time(4, 5). The discovery of
fullerene was marked as the starting point of an era of synthetic carbon allotropes, and
was made more significant as three leading researchers in that field were awarded the
Nobel Prize in Chemistry in 1996. Shortly after the debut of fullerenes, the formation of
another sibling synthetic carbon allotrope which is quasi-one-dimensional (1D) carbon
nanotube (CNT) out of evaporated graphite was observed in 1991(6). Youngest observed
synthetic carbon allotrope till now is two-dimensional (2D) graphene. It is a single atomic
layer thick carbon sheet which was successfully prepared and observed by 2010 Physics
Nobel Prize winners A. Geim and K. Novoselov via a simple mechanical exfoliation of
graphite in 2004(7). Graphene and its extended honeycomb network is the basic building
block of all the other carbon allotropes since it can be wrapped to form 0D fullerenes,
rolled to form 1D nanotubes, and stacked to form 3D graphite (Figure 1.1) (2). Graphene
is certainly not an end for the discovery of synthetic carbon allotropes due to the
numerous possibilities of carbon modification (Figure 1.2).
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Figure 2.1 Graphene is a 2D building material for carbon materials of all other
dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes,
or stacked into 3D graphite(2).

Figure 1.2 The development of synthetic carbon allotropes(1).
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1.2 Properties of graphene and its hybrid
Table 1.1 Summary of properties of carbon allotropes(8).
Carbon

Diamond

Graphite

Allotropes
Hybridized

CNT

Graphene

Primarily sp2

sp2

Icosahedral

Hexagonal

(C60)
sp2

sp3

Primarily
sp2

form
Crystal

Fullerene

Hexagonal

Octahedra Tetragona
l

l

Dimension

3D

3D

0D

1D

2D

Surface area

~10-20

20-160

80-90

~1300

~3000

2.09-2.23

3.5-3.53

1.72

>1

>1

Uniaxial

Isotropic

Non-

Structure

>98%

linear

dependent

transmittance

(m2g-1)
Density
(g cm-3)
Optical

optical

for 1 layer

response
Thermal

1500-2000

900-2320

0.4

3500

4840-5300

High

Ultrahigh

High

High

Highest

conductivity
(W m-1 K-1)
Hardness

(single layer)
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Tenacity

Flexible

-

Elastic

Flexible elastic

non-elastic
Electronic
properties

Conductor

Flexible
elastic

Insulator

Insulator

/semicond

Metallic/semicon

Semimetal

ductor

uctor
Electrical

Anisotropic -

10-10

Structure-

2000

dependent

conductivity
(S cm-1)

After being in the forefront of research for the past 30 years, fullerene and its
well-defined derivatives can now be prepared in ton-scale. Their application in organic
solar cell has been demonstrated in the industry, suggesting that fullerene chemistry is
already a mature field (1, 3). Moreover, material properties of younger synthetic carbon
allotropes including CNT and graphene are considered to be more promising. Properties
of carbon allotropes have been summarized in Table 1.1. Graphene demonstrates superior
combination of properties including large surface area (~3000 m2 g-1), good transparency
(~98 % transmittance for single layer), superior thermal conductivity (4840-5300 W m-1
K-1), highest hardness, flexibility, and a very unique semimetal and zero band gap
semiconductor property. Therefore, we believe that research on graphene and its hybrids
is critically important for the development synthetic carbon allotropes. That is why in this
work graphene, CNT and their hybrid nanostructures are taken into account. We will talk
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about the properties and potential applications of graphene more in detail in the following
sections.

1.2.1 Electronic properties
Electronic properties of graphene are its most explored features since it is the
basis for understanding electronic properties in other synthetic carbon allotropes (9).
Graphene is made out of carbon atoms arranged in two-dimensional honeycomb lattice
which can be seen as a triangular lattice with a basis of two carbon atoms per unit cell
(Figure 1.3A). The graphene hexagonal lattice shows bond length (carbon-carbon
distance) dcc = 1.42 Å and a lattice constant 𝑎 = √3𝑑𝑐𝑐=2.46 Å. a1 and a2 are the lattice
3𝑎 √3𝑎
� , 𝑎2
2

vectors within the unit cell. 𝑎1 = � 2 ,

3𝑎 −√3𝑎

=(2 ,

2

).

The Brillouin zone of graphene is demonstrated in Figure 1.3B where the reciprocal2� 2√3�

lattice vectors are indicated with b1 and b2 , 𝑏1 = � 3𝑎 ,

3𝑎

2� −2√3�

� , 𝑏2 = ( 3𝑎 ,

3𝑎

. In single

layer pristine graphene, the electrons behave as zero-effective -mass Dirac fermions at
the Fermi level (Figure 1.3C). This unique band structure illustrates the unique electrical
property.
.
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Figure 1.3 Honeycomb lattice and its Brillouin zone. (A) Lattice structure of
graphene, made out of two interpenetrating triangular lattices a1 and a2 are the
lattice unit vectors, and δi, i= 1, 2, 3 are the nearest-neighbor vectors. (B)
Corresponding Brillouin zone. The Dirac cones are located at the K and K’ points.
(C) Electronic dispersion in the honeycomb lattice. Left: energy spectrum for ﬁnite
values of t and t'. Right: zoom-in of the energy bands close to one of the Dirac points
(9).

Emerging as a true 2D crystal, graphene is also very promising for gas sensing
and biosensing applications due to its exceptional physicochemical properties including
excellent conductivity, high mechanical strength, large surface area and ease of
functionalization. The two dimensional nature and tunable surface chemistry make
7

graphene layers are very sensitive to the environment, molecules and chemical agents
which are tend to modulate its electrical properties through surface modification. A
molecular sensor based on reduced graphene oxide (rGO) is capable of detecting
explosive at parts-per-billion (ppb) concentrations (Figure 1.4)(10).

Figure 1.4 (A) AFM image of graphene oxide. (B) The schematic illustration of the
molecular sensor based on reduced graphene oxide. (C) Real-time conductive
response to 5s acetone pulses of increasing concentration for a rGO network
sensor.(10)

1.2.2 Thermal properties
Another record value achieved by intrinsic graphene is its room-temperature
thermal conductivity (~5000 W m-1 K-1) which is higher than the thermal conductivities
of carbon nanotube and other carbon allotropes (Figure 1.5)(11).
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Figure 1.5 Diagram based on averaged thermal conductivities(12).

1.2.3 Optical properties
Graphene was very firstly observed by Novoselov and Geim et al. due to the
optical effect it creates on top of a chosen SiO2 substrate(13). Graphitic films with a
thickness < 50 nm are transparent to light but can easily be seen on a chosen SiO2/Si
wafer due to the added optical path that shifts the interference colors. The actual color for
a SiO2 film with a thickness of 300 nm is blue and the actual thickness due to graphene
layer shifts it to blue as demonstrated in Figure 1.6A. It has been found that one atomic
layer thickness graphene film can absorb ~2.3% fraction of incident white light due to a
consequence of graphene's unique electronic structure (Figure 1.6 B-C) (14).
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Figure 1.6 Photograph of (A) a graphene flake on top of SiO2/Si wafer(13) and (B) a
50 µm aperture partially covered by graphene and its bilayer(14). (C) Transmittance
spectrum of suspended single-layer graphene(14).

The superior electrical, chemical, and mechanical properties of graphene in
combination with its optically transparent nature make it promising for applications in
flexible transparent electronic devices. Bae, et al reported the roll-to-roll production of up
to 30-inch graphene films with as low as 125 Ω □-1 and ~ 97.4% transparency via
chemical vapor deposition (CVD) (Figure 1.7A) (15). Transparent electrodes based on
graphene shows outstanding flexibility (Figure 1.7B-C). Figure 1.7D demonstrates a
touch-screen panel built with graphene film based transparent electrode(15).
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Figure 1.7 (A) UV-vis transmittance spectra of layer-by-layer transferred graphene
films on quartz substrates. (B) Electromechanical properties of graphene based and
ITO/PET based transparent electrodes under tensile strain. (C) A graphene/PET
based touch panel showing outstanding flexiblity. (D) A graphene based touchscreen panel connected to a computer with control software. (15)

1.2.4 Mechanical properties
In 1921, Griffith reported the landmark study on fracture of brittle materials
which showed that actual breaking strength of a brittle material is governed by size of
defects and flaws within the material rather than intrinsic strength of its atomic bonds(16).
Griffith extrapolated an intrinsic strength of about E/9, where E is the elastic stiffness
(Young's modulus) of a material under uniaxial tension. Lee, et al performed
measurements of elastic properties and intrinsic strength on monolayer graphene by
11

doing nanoindentation on suspended graphene membrane(17). They transfered graphene
film mechanically onto a silicon substrate with a 5-by-5-mm array of circular wells
(diameters 1.5 µm and 1µm, depth 500 nm) (Figure 1.8 A). The mechanical properties of
suspended graphene film were probed by indenting the center of each film with an AFM
as shown in Figure 1.8C. The AFM images of suspended graphene and indention
fractured graphene over circular wells are shown in Figure 1.8B and 1.8D respectively.
Besides its outstanding electrical and optical properties, graphene is also the strongest
material ever to have been measured. An intrinsic graphene sheet demonstrates a
breaking strength of 42 N m-1 and a Young's modulus of E=1.0 terapascals(17).

Figure 1.8 (A) SEM image of a large area graphene flake spanning an array of
circular holes 1 µm and 1.5 µm in diameter. Area I shows a hole partially covered by
graphene film, area II is fully covered, and area III is fractured from indentation.
Scale bar: 3µm. (B) AFM image of one membrane. (C) Schematic illustration of
nanoindentation on suspended graphene membrane. (D) AFM image of a fractured
membrane. (15)
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1.3 Synthesis of graphene and its hybrids
Graphene synthesis methods can be primarily summarized into two categories: (i)
top-down methods such as mechanical and chemical exfoliation, and (ii) bottom up
methods like epitaxial growth.

1.3.1 Mechanical exfoliation
Graphite is a naturally occurring carbon allotrope which can be formed by
stacking graphene layers held together by Van der Waals force (Figure 1.1). Breaking the
Van der Waal forces among graphene layers will be an effective top-down method of
synthesizing graphene sheets. Pioneering work on synthetic single or few-layer graphene
films were achieved by mechanical or chemical exfoliation (11, 18-20). In 2004, Geim’s
group reported successful exfoliation of single layer graphene via a "scotch-tape" method.
The high optical contrast between graphene and 300nm-thick SiO2 allowed them to
identify the number of graphene layers via optical microscopy (Figure 1.9). Under
optimized conditions, this approach is capable of getting high-quality graphene
crystallites up to 100 µm in size which attracted immediate attention from the scientific
community and was widely applied in sample preparation for device fabrication(21-23).
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Figure 1.9 (A) Graphene visualized by AFM. The folded region exhibiting a relative
height of 4 Å clearly indicates that it is a single layer (Copyright National
Academy of Sciences, USA.) (24). (B) A graphene sheet freely suspended on a
micrometer-size metallic scaffold. The transmission electron microscopy image is
adapted from ref. (25) (C) Scanning electron micrograph of a relatively large
graphene crystal, which shows that most of the crystal's faces are zigzag and
armchair edges as indicated by blue and red lines and illustrated in the inset. 1D
transport along zigzag edges and edge-related magnetism are expected to attract
significant attention(2).

1.3.2 Chemical exfoliation
Chemical exfoliation of graphene is a scalable and facile approach that does not
require high temperature processing. Normally this type of exfoliation involves two steps.
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Firstly, the synthesis of graphene oxide (GO) can be achieved by using oxidizing agents
to oxidize graphite powder. Hummers et al. did the pioneer work on graphite oxide by
treating graphite flakes with a mixture of sodium nitrate, potassium permanganate, and
concentrated sulfuric acid(26). This work was modified by introducing additional
treatments to produce ultrathin graphene oxide and reduced graphene oxide sheets(27-30).
Viculis et al. reported using alkali metal (K) to intercalate into the graphite layers,
followed by exfoliation in ethanol by sonication(31). Stankovich et al. achieved partially
reduced graphene oxide (GO) nanosheets by ultra-sonication of the graphite oxide flakes
in aqueous suspension, then reducing the graphene oxide sheets in hydrazine hydrate (32,
33). Nevertheless, majority of these graphene oxide sheets were normally not fully
reduced or had significant defects in the carbon structure. To remedy this problem,
another liquid exfoliation in organic solvent without oxidizing graphite flakes was
demonstrated by Hernandez et al. in 2008(34). This process showed promise of large
scale production of high quality graphene layers. Ruoff's group further demonstrated
synthesis of microwave assisted activated graphene possessing a Brunauer-Emmett-Tell
surface area of up to 3100 m2/g which is close to the theoretical specific area of graphene
sheets(20, 35). Kaner’s group reported that chemically converted graphene sheets
obtained from graphite can readily form stable aqueous colloids through electrostatic
stabilization(36) and they further reported an innovative way of reducing graphene oxide
to graphene via laser scribing (37). The inexpensive, facile nature of obtaining chemically
exfoliated and reduced graphene makes it the most widely used type of graphene in real
applications including graphene enforced composites, and energy storage(19, 35, 37).
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1.3.3 Chemical Vapor Deposition
Compared with top-down methods including chemical and mechanical exfoliation
techniques, a bottom-up method such as chemical vapor deposition (CVD) synthesis of
graphene has received a lot of attention because it can produce wafer scale
polycrystalline graphene economically. CVD of single layer or few layer graphene
involves thermal cracking of hydrocarbon molecules (CH4, C2H4, C2H2, ethanol, etc) on
metal catalysts like nickel, copper, Pt, Ru, or Co either through precipitation process or
through surface catalyzed process. First use of CVD technique on synthesis of planar few
layer graphene on Pt crystal surface was reported in 1970s (38). Intense research effort
were put into this field after 2004(39). Researchers started growing few-layer graphene
films on Ni surface. Although thickness control and uniformity are not fully optimized,
this approach of growing graphene on transition metal via CVD opened up a new path for
graphene synthesis. Nanometer (1-2nm) thickness graphene films were achieved on
nickel foil (hundred micrometer) through CVD approach (Figure 1.10) (40-43). The
growth of graphene on nickel is due to “precipitation mechanism.” During this process,
carbon atoms cracked from hydrocarbon precursors diffuse into nickel substrate under
high temperature and segregate into graphene films on the surface of metal substrate
during cooling. Besides nickel, a few other transition metals including Co, Ru were also
employed to synthesize graphene(44-46). However, producing uniform large-area
graphene layers remained a challenge at that time due to a similar growth mechanism for
these substrates.
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Figure 1.10. (A) SEM images of as-grown graphene films on thin (300-nm) nickel
layers and thick (1-mm) Ni foils (inset). (B) TEM images of graphene films with
varying thickness(42).

Figure 1.11 (A) SEM image of graphene transferred on SiO2/Si (285nm thick oxide
layer) showing wrinkles, and 2 and 3 layer regions. (B) Optical microscope image of
the same regions as (A). (C) Raman spectra from the marked spots with
corresponding colored circles or arrows showing the presence of graphene, 2 layers
of graphene, and 3 layers of graphene(47).

The very first large-area inch scale production of high quality single layer CVD
graphene was demonstrated by Ruoff’s group in 2009 on copper foil (47). More than 95%
of the graphene film grown on copper foil was observed to be single layer (Figure 1.11).
The graphene film showed high electrical and optical properties. Based on this discovery,
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researchers synthesized the ultra large scale (30inch x 30 inch) graphene film as
transparent electrode for touch screens (48). Researchers are now focusing more on
solving issues such as controlling uniformity and thickness of graphene in wafer scale,
and improving electrical conductivity for application in electronics and optoelectronics.
For growth of graphene on commercially available copper foils, initial quality of the foil
is critical for desirable nucleation site density during growth. Therefore, copper
treatments including electrochemical/mechanical polishing and high temperature
annealing are applied to smooth and flatten the surface of copper foils. These approaches
have been verified to improve the quality of CVD grown graphene. Most recently,
Ruoff's group discovered the oxygen (O) on the Cu surface substantially decreased the
graphene nucleation density by passivating the active sites on Cu surface. Centimeterscale single-crystal graphene domains can be achieved via controlling surface oxygen
(Figure 1.12 A-B) (49). Tour’s group reported a controlled chamber pressure CVD
system to manipulate the domain size and shape. A large (~4.5 mm2) single crystalline
monolayer hexagonal graphene domain was achieved on polycrystalline copper foil
(Figure 1.12C-D). The large-domain graphene had a mobility for positive charge carriers
of 11 000 cm2 V–1 s–1 on a SiO2/Si substrate at room temperature which is comparable
to quality exfoliated graphene (50).
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Figure 1.12 (A) SEM image of low-density graphene domains on OR-Cu exposed to
O2(49). (B) Optical image of centimeter-scale graphene domains on OR-Cu exposed
to O2. The sample was prepared by heating in air at 180°C for 30 min to oxidize
bare Cu (orange)(49). (C-D) Typical SEM image of a controlled pressure CVDgrown graphene domain on Cu and overlaid nine SAED patterns(50).

1.3.4 Epitaxial Graphene on SiC
Besides exfoliation and CVD, epitaxial growth of graphene on silicon carbide is
also promising. This method of making thin-film carbon isotopes can be traced back to
the 1970s. Epitaxial growth of graphene on SiC is a process of synthesizing graphene by
thermal decomposition of SiC. What makes this approach attractive to researchers in the
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application of post-CMOS electronics is the discovery that even few-layer epitaxial
graphene on SiC shows similar electronic properties to the isolated graphene sheet (51,
52). The other advantage of epitaxial graphene is that the process is compatible with
standard CMOS technology.

1.5 Energy storage devices
1.5.1 Needs for energy storage devices
Current CO2 concentrations are at levels not seen for 800,000 years. In Figure
1.13A, carbon dioxide data (red curve), measured as the mole fraction in dry air, on
Mauna Loa constitute the longest record of direct measurements of CO2 in the
atmosphere. The black curve represents seasonally corrected data. The reason why CO2
has continued to increasing in the past 50 years is related to the increasing world energy
consumption (Figure 1.13B). The world electric energy generation capacity is around 20
terawatt hours (TW, 1012 watts)(53). However, around 80% of the energy that is
consumed is supplied from fossil fuels which are nonrenewable resources including oil,
natural gas, and coal, etc. Coal has been the dominant source of generated energy in the
world. It is widely considered as the primary greenhouse gas (CO2) generator and global
warming contributor. Every kWh electricity generated from burning coal can produce ~
1kg CO2 emission. United States alone releases ~ 1.5 billion tons of CO2 per year. If we
continue this business as usual scenario, 1000 ppm atmosphere CO2 level will not be far
from us. The environmental concerns urge us to pursue alternative energy sources with
small "carbon footprint." Renewable energy sources can help alleviate the environmental
20

crises we are currently facing (54). However, only ~ 8% of the energy consumed in 2010
was obtained from renewable sources, which is far less than necessary to meet the needs
(Figure 1.14).

Figure 1.13 (A) Atmosphere CO2 concentrations for the past 50 years. The graph
shows recent monthly mean amount of carbon dioxide measured at Mauna Loa
Observatory, Hawaii. Source: http://www.esrl.noaa.gov/gmd/ccgg/trends/. (B) The
world energy consumption (quadrillion BTUs). Source:
http://www.eia.gov/forecasts/ieo/ International Energy Outlook 2013.
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Figure 1.14 Total world energy consumption by source (2010). Source:
http://www.map.ren21.net/GSR/GSR2012.pdf Renewable 2012 Global Status
Report

Figure 1.15 Daily profiles of wind power projected by 7 × output in April 2005 for
the year 2011 in Tehachapi, California (Courtesy of ISO California). (b) 5 MW PV
power over a span of 6 days in Spain (Courtesy of AES).(54)

There are two main challenges we are facing today on the energy frontier. One of
them is shifting current energy generation source from fossil fuel to renewable energy
resources. Renewable energy resources such as solar and wind are among the most
abundant and potentially readily available. However, neither of them are constantly
available sources of power since solar power is generated only during daytime and wind
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does not always blow (Figure 1.15). Another concern for the application of renewable
energy resources is the fact that they are normally far away from load centers. Thus, to
smooth out the intermittency of renewable energy production and shift electric energy
from peak to off-peak periods, high performance stationary energy storage devices are
needed(54). The second one is moving ground transportation towards electrical
propulsion by using electric vehicles (EVs) instead of internal combustion engine (ICE)
driven cars (55). Internal combustion engine is found in the top right corner of a Ragone
plot, showing its simultaneously high energy density and power density. This makes
replacing ICE with energy storage devices a tough task for researchers (Figure 1.16).
Energy storage devices are also widely used in portable electronics.

Figure 1.16 Ragone plot for various energy storage and conversion devices(56).

The various typical energy storage and conversion devices are shown in "Ragone
plot" in terms of their energy density and power density. It is obvious that fuel cells have
the largest specific energy with lowest specific power, whereas electrolytic capacitors or
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metalized film capacitors have the highest specific power and lowest specific energy.
Batteries are typically low power devices like low temperature fuel cells and they do not
consume other resources (fuel cell consumes H2). As we discussed, in terms of specific
energy and specific power no single energy storage or conversion device can compete
with ICE. However, electrochemical capacitors are becoming significant nowadays by
improving on battery performance in terms of power density and improving on traditional
capacitor performance in terms of energy density. Energy storage devices are taking a
large portion of volume and weight of portable electronics in our daily life. Although
there has been a remarkable growth in sales of batteries worldwide, development of
science underlying battery technology is often criticized(57). For semiconductor industry,
Moore's law predicts that the capacity of on-chip devices doubles every two years.
However, energy storage cannot keep pace with the rate of development in the
semiconductor industry since battery technology constantly needs new materials with
high intrinsic capacity. The rate of development of battery technology is limited by
development of innovative high capacity materials whereas semiconductor industry
focuses on the development of better lithography tools.
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Figure 1.17 Comparison of battery technologies in terms of volumetric and
gravimetric energy density(57).

Batteries are devices consisting of one or more electrochemical cells either in
series or in parallel that convert stored chemical energy into electrical energy. According
to the working principle, they can be divided into two types. One is a primary cell battery
which are used for one single discharge and are disposable. The other one is a secondary
or rechargeable battery which can be discharged and recharged multiple times. In Figure
1.17, various battery systems including lead-acid, Ni-Cd, Ni-MH, Li-ion, Li-metal, etc.
are shown in terms of volumetric and gravimetric energy density. The shares of global
market for portable batteries based on Ni-Cd, Ni-MH, and Li-ion are 23%, 14%, and 63%,
respectively(57). Lithium is the most electropositive material (-3.04 V vs. standard H2
electrode) and it is the lightest metal (density: 0.53 g cm-3), which are two major
motivations for research on lithium based batteries(57). It is observed that Li metal and
Li ion are seating in the top right corner of the plot shown in Figure 1.17, which suggests
that they can provide the highest volumetric and gravimetric energy density at the same
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time (smallest, lightest). Pioneer work on lithium battery started in the 1970s with the
primary Li cells. They were quickly applied to watches, calculators, and implantable
medical devices due to their high capacity and variable discharge rate(58). Also in 1970s,
numerous inorganic compounds later identified as intercalation compounds were shown
to have reversible reactions with alkali metals. Soon after that, the concept of
electrochemical intercalation and its relevant electrochemical potential were defined(59,
60). At that time, inorganic layered chalcogenides were very favorable due to high
capacity and voltage(60-62). However, there are a lot of shortcomings for lithium metal
batteries including: uneven dendritic lithium growth, and explosion hazard due lithium’s
sensitivity to O2 and moisture. Though replacing pure lithium chip with Li-Al alloy
solved the problem of dendrite formation, alloy electrodes survive a limited number of
cycles due to the volume change during operation(63). Goodenough et al. proposed the
families of compounds (LixMO2 where M is Co, Ni, or Mn) that are still used almost
exclusively in today's batteries. Another significant advancement in battery industry was
the discovery of reversible, low voltage Li intercalation and deintercalation process in
carbonaceous material. This dramatically lowered cost and led to the commercialization
of C/LiCoO2 rocking-chair cell(64, 65).
In this dissertation, we will focus on two types of energy storage devices: lithium
ion batteries, and supercapacitors. In the following, we will start introducing them in
detail.
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1.5.2 Lithium ion batteries

Figure 1.18 Schematic presentation of the most commonly used lithium ion battery
based on graphite anodes and LiCoO2 cathodes(55).
Lithium ion battery (LIB) is a member of the rechargeable battery family in which
Li+ ions migrate from cathode to anode during discharge and back when charging.
Cathode, anode, and electrolyte are three participants in the electrochemical reactions.
Figure 1.18 shows the schematic illustration of the most commonly used LIB system
(C/LiCoO2 system) in market. To ensure the anodic stability of both the cathode and
electrolyte, the cathode reactions are:
LiCoO2 ↔ 0.5Li+ + 0.5e- + Li0.5CoO2
The potential of delithiation of LiCoO2 is ~4.2 V vs. Li/Li+. The anode reactions are:
C6 + Li+ + e- ↔ LiC6
where graphite intercalates reversibly with lithium to form LiC6. Normally the
intercalation of Li+ ions into graphite layers happen via first order phase transition
reactions between various reaction stages such as LiC24, LiC27, and LiC12(55). An
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irreversible capacitance can be observed since lithium is consumed to reduce the solution
species during the first polarization of graphite electrodes in polar aprotic Li salt solution.
This process can form a passivation layer preventing any further irreversible process and
providing a metastable condition for LixC6 stages during lithiation and delithiation of
graphite. Hence, LIBs have to contain Li source in excess to minimize the irreversible
consumption of cathode material.

1.5.3 Ultra/Supercapacitor

Figure 1.19 Schematic illustration of a single-cell double layer capacitor and
illustration of the potential distribution at the electrode/electrolyte interface(56).

Supercapacitor (SC), sometimes also called ultracapacitor, is a type of energy
storage device that can be charged and discharged at a high rate (~ in a few seconds).
Compared with conventional capacitors, SCs do not have a solid dielectric between two
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electrodes. The total capacitance of an SC is determined by two storage mechanisms
(Figure 1.20); one is electrochemical double-layer capacitance which is achieved by
separation of charges in a Helmholtz double layer at the electrode-electrolyte interface.
The double layer capacitance for a smooth electrode can be estimated according to
equation
C=ɛ0ɛrA/d
The schematic illustration of an electrochemical double-layer capacitor is shown in
Figure 1.19. The basic configuration for SC is the following - two electrodes are
packaged into a sandwiched structure with a porous membrane in between.
Pseudocapacitance is based on Faradaic electrochemical storage with electron chargetransfer

which

is

achieved

by

surface

redox

reactions,

intercalations,

and

electrosorption(66). Materials that exhibit pseudocapacitive behavior are mostly
transition metal oxides like ruthenium oxide (RuO2), iridium oxide (IrO2), or manganese
oxide (MnO2), etc.
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Figure 1.20 Schematic illustration of the charge storage principles of double-layer
capacitors and pseudocapacitors (Source: Wikipedia).

1.6 Thesis Outline
This dissertation focuses on investigating the synthesis of nanostructured carbon
materials including CNT/CNF, graphene, pillared graphene nanostructures, and
graphene/CNT hybrid foam by chemical vapor deposition (CVD). Improved functionality
of carbon materials via a non-invasive high-throughput UV generated ozone (UV-ozone)
treatment has been reported for the first time by us. Potential applications in
electrochemical energy storage devices including electrochemical double-layer capacitors
and lithium ion batteries have been demonstrated.
In chapter 2, an optimized growth of hybrid carbon nanotube (CNT) and graphene
nanostructures directly on copper foil substrates by an ambient pressure chemical vapor
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deposition process is demonstrated. The seamlessly connected graphene and CNT pillars
provide a relatively strong active material-current collector integrity, which facilitates
conduction of electrons in the system. This innovative architecture provides a binder-free
technique for preparing electrodes for lithium ion batteries. Lithium ion battery (LIB)
based on as-synthesized pillared CNT and graphene nanostructure (PGN) electrodes
show a very high reversible capacity of 900 mAh g-1, and minimal fading of capacity was
observed over 250 cycles (~99% capacity retention with 100% Coulombic
efficiency)(67).
In chapter 3, a unique and innovative 3D cone-shape CNT clusters (CCC) is
synthesized via chemical vapor deposition (CVD) with subsequent inductively coupled
plasma (ICP) treatment. An innovative silicon decorated cone-shape CNT clusters
(SCCC) is prepared by simply depositing amorphous silicon onto CCC via magnetron
sputtering. The seamless connection between silicon decorated CNT cones and graphene
facilitates electronic conduction in the system and suggests a binder-free technique of
preparing LIB anodes. The cone-shape nature can be advantageous due to decrease in
homogeneity and in surface area of the array which provides interpenetrating channels
and minimizes the effects of solid electrolyte interface (SEI) formation during lithiation
and delithiation. LIBs based on this novel 3D SCCC architecture demonstrates high
reversible capacity of 1954 mAh g-1 and excellent cycling stability (>1200 mAh g-1
capacity with ~100% coulombic efficiency after 230 cycles).
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Ultracapacitors are promising candidates for alternative energy storage
applications since they can store and deliver energy at relatively high rates. In chapter 4,
we present hybrid carbon nanomaterial based ultracapacitor electrodes with low
equivalent series resistance (ESR) of 7 ohms. 1-pyrenebutyric acid treated large-area
single layer graphene (SLG) sheets covered with shortened multi-walled carbon
nanotubes (MWNTs) have been utilized as highly conductive and percolated networks of
hybrid carbon nanomaterial composites or thin films as ultracapacitor electrodes.
Uniform centimeter scale single layer graphene sheets were produced via low pressure
chemical vapor deposition using copper foil substrates and then subsequently modified
by 1-pyrenebutyric acid functionalization. Chemically shortened MWNTs ranging in
length of 200~500 nm, were deposited by drop casting on 1-pyrenebutyric acid
functionalized SLG films. SLG/MWNT nanocomposite hybrid films of varying thickness
were obtained by controlling the density of MWNT suspension. Surface morphology and
nanostructure of the hybrid nanocomposites indicated relatively dense and homogeneous
web-like networks. Specific capacitance values of the hybrid electrodes were increased
by 200% compared to those ultracapacitors fabricated using buckypaper electrodes.
Average values of specific capacitance and energy density obtained were 140.64 F/g and
21.54 Wh/kg respectively. SLG/MWNT nanocomposite electrodes are very promising for
future ultracapacitor devices with their low ESR value that is 95% lower than that of
buckypaper based ultracapacitors(68).

In chapter 5, we describe a simple and scalable method to fabricate threedimensional (3D) few-layer graphene/multi-walled carbon nanotube (MWNT) hybrid
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nanostructures on industrial grade metal foam foils (nickel foam) via a one-step ambient
pressure chemical vapor deposition (APCVD) process. The as-grown few-layer
graphene/MWNT nanocarbon foams are in the form of a homogeneous and densely
packed hierarchical nanostructure and possess a very large surface area of 743 m2 g-1.
Symmetrical electrochemical double-layer capacitors (EDLCs) of 3D hybrid hierarchical
few-layer graphene/MWNT nanostructures show a high specific capacitance of 286 F g-1
which leads to an energy density of 39.72 Wh kg-1 and a superior power density of up to
154.67 kW kg-1. Moreover, the capacitance retention of 99.34% after 85000 chargedischarge cycles demonstrate very high stability of the electrode architecture for
supercapacitors. These merits enable the innovative 3D hierarchical few-layer
graphene/MWNT foam to serve as high performance EDLC electrodes, resulting in
energy storage devices with very high stability and power density(69).

In chapter 6, we study the improved functionality of carbon materials via a noninvasive, high-throughput and inexpensive UV generated ozone (UV-ozone) treatment.
This process allows precise tuning of the GM foam transitionally from ultrahydrophobic
to hydrophilic within 60 sec. The continuous tuning of surface energy can be controlled
by simply varying the UV-ozone exposure time, while the ozone-oxidized carbon
nanostructure maintains its integrity. Symmetric supercapacitors (SCs) based on the UVOzone treated GM foams demonstrated enhanced rate performance. Taking advantage of
ease of processing, cost, scalability, controllability, this technique can be readily applied
to other CVD-grown carbonaceous materials.
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In chapter 7, we develop a simple and scalable method to fabricate
graphene/MWNT/MnO2 nanowire (GMM) hybrid nanostructured foam, via a two-step
process. The 3D few-layer graphene/MWNT (GM) architecture was grown on foamed
metal foils (nickel foam) via ambient pressure chemical vapor deposition (APCVD).
Hydrothermally synthesized α-MnO2 nanowires are conformally coated onto the GM
foam by a simple bath deposition. The as-prepared hierarchical GMM foam yields a
monographical graphene foam conformally covered with intertwined, densely packed
CNT/MnO2 nanowire nanocomposite network. Symmetrical electrochemical capacitors
(ECs) based on GMM foam electrodes show an extended operational voltage window of
1.6 V in aqueous electrolyte. A superior energy density of 391.7 Wh kg-1 is obtained for
the supercapacitor based on the GMM foam which is much higher than ECs based on
GM foam only (39.72 Wh kg-1). A high specific capacitance (1108.79 F g-1) and power
density (799.84 kW kg-1) are also achieved. Moreover, the great capacitance retention
(97.94%) after 13000 charge-discharge cycles and high current tolerability demonstrate
high stability of the electrodes of the supercapacitor. These excellent performances
enable the innovative 3D hierarchical GMM foam to serve as EC electrodes, resulting in
energy storage devices with high stability and power density in neutral aqueous
electrolyte(70).
In chapter 8, a three dimensional (3D) chrysanthemum-like carbon nanofiber
(CNF) foam architecture was synthesized on highly porous nickel foam via a one-step
ambient pressure chemical vapor deposition (APCVD) process by introducing a mixture
of precursor gases (H2, C2H2). The as-synthesized 3D foam architecture were
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characterized by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), which demonstrate high porosity and a densely packed nature of the
hierarchical carbon nanostructure. Symmetrical electrochemical double-layer capacitors
(EDLC) were fabricated using electrodes based on the chrysanthemum-like CNF foam
architecture. Cyclic voltammetry, charge-discharge measurements, and electrochemical
impedance spectroscopy (EIS) were conducted to determine the performance metrics.
The supercapacitor demonstrates a high areal capacitance of 1.37 F/cm2 (gravimetric
specific capacitance: 23.83 F/g), which leads to superior values for per-area energy
density (0.19 Wh/cm2) and power density (141.77 W/cm2). In addition, capacitance
retention of ~100% over 13000 charge-discharge cycles demonstrates the high
electrochemical stability of this type of carbon nanostructure foam for high areal
capacitance supercapacitors(71).
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Chapter 2 Hybrid graphene and carbon nanotube nanostructures for lithium ion
battery anodes
Reprinted in part with permission from [Wei Wang, Isaac Ruiz, Shirui Guo, Zach Favors,
Hamed Hosseini Bay, Mihrimah Ozkan, Cengiz S. Ozkan. “Hybrid Carbon Nanotube and
Graphene Nanostructures for Lithium Ion Battery Anodes”, Nano Energy, Volume 3,
Jauary 2014, pages 113-118, ISSN 2211-2855]. Copyright ELSEVIER. Reproduced with
permission.

Abstract
We report on an innovative approach to fabricate lithium ion battery anodes based
on optimized growth of hybrid carbon nanotube (CNT) and graphene nanostructures
directly on copper foil substrates by an ambient pressure chemical vapor deposition
process. Seamlessly connected graphene and CNT pillars provide a relatively strong
active material-current collector integrity, which facilitates charge transfer in the system.
This innovative architecture provides a binder-free technique for preparing electrodes for
lithium ion batteries.

2.1 Introduction
The development of portable electronics and electric vehicles is providing a major
driving force for the fast-pace research in the area of rechargeable batteries, especially
lithium ion batteries (LIBs) for high performance applications. Carbonaceous materials
have been very well studied due to their exceptional physical and chemical properties,
including high conductivity, excellent electrochemical stability, and high surface area, etc.
Graphene, a two dimensional carbonaceous material, has received a lot of attention due
its excellent electrical and mechanical properties (1, 2). Zero dimensional (0D) carbon
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onions/spheres (3), one dimensional (1D) carbon nanotubes (CNTs) and carbon
nanofibers (CNFs) (4, 5), two dimensional (2D) chemically exfoliated graphene oxide,
reduced graphene oxide, doped graphene flakes (6) and three dimensional (3D) carboncarbon and carbon-metal oxide hybrid nanostructures (7, 8) have all been verified to be
good candidates for lithium ion battery anodes. However, conventional electrodes based
on carbonaceous materials are mostly prepared by mixing carbonaceous materials with a
polymer binder and then casting on to conductive substrates, such as copper, nickel,
aluminum, etc. This type of electrode inherently limits the performance of active material
due to the relatively poor electrical and thermal conductivity caused by the contact
resistance between individual particles and the polymer binder.
Previously, three dimensional graphene and CNT hybrid nanostructures have been
demonstrated by our group and have been verified to be good candidates for fast
charging-discharging energy storage applications such as supercapacitors (9-16). In this
work, we report on the optimized growth of pillared graphene nanostructures (PGN) by a
two-step chemical vapor deposition process on copper foil, which is a commonly used
battery anode current collector in the battery industry. Pillar or columnar CNTs are
conformally grown on single/bilayer graphene layers on copper foil. This type of 3D
CNT and graphene architecture has several advantages: First, the graphene layer acts as a
barrier layer which prevents the alloying of the copper substrate by the Fe catalyst.
Secondly, graphene works as a passivation layer, preserving the copper substrate from
oxidation and corrosion, which enhances the electrochemical stability of the whole
electrode. Thirdly, the seamless connection of graphene and CNTs provides a relatively
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strong active material-current collector integrity, which facilitates charge transfer in the
system and suggests that the PGN architecture is an excellent binder-free technique for
preparing the electrodes for LIBs. In the current work, LIB cells are fabricated based on
as-synthesized PGN electrodes. A very high reversible capacity of 900 mAh g-1 was
achieved, and minimal fading of capacity was observed over 250 cycles (~99% capacity
retention with 100% Coulombic efficiency).

2.2 Experimental Section
2.2.1 Materials synthesis
Hybrid nanostructures of pillar CNT and graphene layers are grown via an ambient
pressure chemical vapor deposition (APCVD) method using a mixture of C2H4 and H2 on
20 µm thick copper foils, which is typically used as the current collector for anodes in the
battery industry. The copper foil is cleaned and annealed to make sure the surface is free
of contamination, to release any residual stress in the foil, coarsening the average grain
size and flattening the surface. Methane is introduced in the heat-treatment process to
form a very thin layer of graphene on the copper surface. Next, 1-5 nm Fe catalysts are
deposited on the surface of graphene/Cu foil substrates via electron beam evaporation
(Temescal, BJD-1800). The substrates with catalyst particles are next heated to 750 °C
under ambient pressure in an Ar/H2 atmosphere, and C2H4 is introduced to trigger the
growth of pillar CNTs on the graphene sheet. After growth is complete, the chamber is
cooled to room temperature.
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2.2.2 Materials characterization
Surface morphology is investigated using optical microscopy, scanning electron
microscopy (SEM; Leo-Supra, 1550), and transmission electron microscopy (TEM;
Philips, CM300) with a LaB6 cathode operated at 300 kV. For TEM imaging, the sample
is ultrasonically dispersed in ethanol for 1 hr and then diluted and dropped onto a TEM
grid. A Renishaw DXR Raman spectroscopy system equipped with a 532 nm laser (8
mW excitation power, 100x objective lens) source is used to characterize the as-grown
hybrid nanostructures.

2.2.3 Fabrication and testing of lithium ion battery (LIB)
A button-type (CR 2032) two-electrode half cell configuration was used for the
electrochemical measurements. The LIBs were assembled in an Ar filled glovebox with
moisture and oxygen levels below 1 ppm. Hybrid nanostructure covered copper foils and
pure lithium metal were used as the anode and the counter electrode of the LIB,
respectively. A porous membrane (Celgard 3501) was used as the separator. In this work,
1 M LiPF6 dissolved in a 1:1 (v:v) mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) was used as the electrolyte. Galvanostatic charge-discharge and cycling
performance measurements were conducted at a fixed voltage window between 0.01 V
and 3.0 V (vs. Li+/Li).
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2.3 Results and discussion

Figure 2.1 (a) Schematic illustration of the pillared CNT and graphene
nanostructure on copper foil. (b) Photograph of centimeter-scale PGN on copper
foil. (c) Tilted-view SEM image showing both PGN regions and graphene regions at
the same location. (d-e) Top-view SEM images of graphene and pillared CNT
regions, respectively. (f) High-magnification and (g) low-magnification cross-section
SEM observation of the PGN. (h) High resolution TEM image of as-grown CNTs.

In this work, hybrid carbon nanotube and graphene nanostructures (PGN) were
grown via ambient pressure chemical vapor deposition (CVD) directly on a 20 µm thick
copper foil which is typically used as a current collector for anodes in the battery industry.
A detailed schematic illustration of the design of this innovative 3D nanostructure
towards a binder-free technique for preparing lithium ion battery (LIB) anodes is shown
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in Figure 2.1a. The PGN consists of pillar CNTs grown on top of a single/few-layer
graphene film. Graphene layers (thickness <3 layers) in this work were grown by CVD at
950 oC using a mixture of CH4 and H2 as reported previously (10, 17-19). Next a thin
layer of Fe catalyst was deposited onto the graphene covered copper substrate by electron
beam evaporation. The pillar CNTs were grown at 750 oC by introducing a mixture of
C2H4 and H2. Compared to previously reported pillared graphene nanostructures grown
via one-step CVD growth (9, 11), this two-step CVD growth process enables an excellent
control of the graphene layer thickness. There are a few advantages iin using this
innovative hybrid architecture: (i) the single/double graphene layer serves as a thin
current collector. (ii) The graphene layer serves a buffer layer as well, which facilitates
the electrical connection of the MWNTs to the Cu current collector as a low resistance
interface and furthermore enhances the connection between the MWNT bundles and the
Cu Foil (Figure 2.1a). (iii) The presence of a graphene layer increases the chemomechanical stability of the PGN electrode by preventing oxidation and electrochemical
degradation of the copper surface (20, 21). Copper oxide on the surface of the copper foil
(current collector for LIB anodes) is unstable in electrolytes and it tends to deteriorate the
interface between the current collector and the active materials, which will degrade the
overall stability of the electrodes dramatically. (iv) Finally, the graphene layer works as a
buffer layer to decelerate the alloying of the copper substrate by the iron catalysts at high
temperatures before growing the pillar CNTs, providing a simple, effective, and scalable
binder-free technique for preparing anodes for battery applications. Figure 2.1b shows an
optical photograph of inch-scale as-grown graphene (goldish in color) and PGN samples
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(black in color) on a copper foil. The coverage of pillar CNTs in PGN samples can be
determined by selectively patterning Fe catalyst particles on the substrate. Circular PGN
samples 1.5 cm in diameter are grown and are readily used for CR2032 button-type
lithium ion battery cells for electrochemical measurements (Figure 2.1b). Scanning
electron micrographs are shown to highlight the morphology of pillar CNTs and graphene
nanostructure (Figure 2.1 c-g). Figure 2.1c shows a tilted view SEM image of a PGN
sample. The sample with both PGN and graphene only regions in neighbooring locations
is achieved by selectively patterning Fe catalyst particles on desired regions. Vertically
aligned and densely packed CNTs tens of micrometers in height are grown on the
graphene covered copper foil. A top view SEM micrograph of the graphene region shows
a clean, uniform coverage of graphene on the copper foil surface (Figure 2.1d). The
average grain size of the copper foil is 50-100 µm. Figure 2.1e suggests a very good
coverage of pillar CNTs in the PGN structure and the upper surface of the pillar CNTs is
relatively flatter compared to vertically aligned carbon nanotubes on other types of
substrates (4, 22). A cross-sectional SEM micrograph shows the curly and densely
packed nature of the pillar CNTs (Figure 2.1f). The special curled nature of the pillar
CNTs benefits our PGN electrode for applications in energy storage and conversion by
providing a large number of active sites (22). Figure 2.1g shows a higher magnification
cross-sectional SEM micrograph which clearly indicates that the diameter distribution of
the pillar CNTs. The as-grown pillar CNTs have an average diameter around 8 – 15 nm
with a wall thickness of about 3 layers and the inner diameter is around 5 nm which was
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determined directly via high resolution transmission electron microscopy (HRTEM) in
Figure 2.1h.

Figure 2.2 Raman spectra collected from the PGN and multilayer graphene regions,
respectively. Laser excitation: 532 nm.
Raman spectra are shown to further confirm the quality of the as-grown pillar CNT
and graphene nanostructure (Figure 2.2). The presence of the G peak at 1583 cm-1, the 2D
peak at 2679 cm-1 and the G/2D ratio indicate the typical Raman characteristics for
double layer graphene (DLG) sheets, which is similar to those reported for CVD grown
graphene layers (19, 23-28). Only a minor D band is observed at 1335 cm-1 which
demonstrates the high quality of the as-grown structure. Raman spectra features collected
from the dark regions of PGN are in good agreement with the CNT Raman spectra, which
clearly shows the presence of the intense D band centered around 1338 cm-1, the intensity
of which is relatively higher compared to that of the G band centered around 1571 cm-1
(Figure 2.2d, red curve) (29). The 2D band for CNTs centered at ~2660 cm-1 is a single
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peak which is similar to that of graphene. The presence of the intense D band in the
spectrum is associated with defects of the CNTs.

Figure 2.3 Galvanostatic charge-discharge profiles of (a) PGN electrode at a low
current density of 100 mA g-1 and (b) PGN electrode under a range of current
densities from 100 mA g-1 to 900 mA g-1. (c) Cycling performance and Coulombic
efficiency of the PGN electrode at a current density of 600 mA g-1. (d) High-rate
cycling performance of the LIB with PGN anode.
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Button-type battery cells were assembled in an Argon filled glove box with a
PGN electrode as the anode and pure lithium metal as the counter electrode. Figure 2.3a
shows the voltage profiles of the LIB with a PGN electrode tested at a current density of
100 mA g-1 with a voltage range between 0.01 V and 3 V for the first five cycles. The
PGN electrode exhibits a reversible capacity of 904.52 mAh g-1 in the 1st cycle and the
following four cycles are nearly identical (897.83 mAh g-1 in the 5th cycle), which is
much higher than for the majority of previously reported carbonaceous electrodes (4).
The columbic efficiency attained for all profiles is around 100% from the second cycle.
The incredibly high irreversible discharge capacitance for the first discharge might be due
to the formation of an SEI layer on the surface of the CNTs (4). Figure 2.3b shows the
galvanostatic charge-discharge voltage profiles of the PGN electrode under a range of
current densities. With the increase of current density from 100 mA g-1 to 900 mA g-1, the
reversible capacity gradually decreases from 900 mAh g-1 to 526.26 mAh g-1,
respectively. To prove the high cycling stability of the LIB based on PGN electrodes, the
PGN electrodes were cycled at a current density of 600 mA g-1 for 250 cycles.
Consequently, reversible capacity retention of 98.92 % was achieved with a near 100%
Coulombic efficiency from the second cycle (Figure 2.3c). Figure 2.3d shows the rate
performance of the LIB with the PGN anode. With an increase of the charge-discharge
current density from 100 mA g-1 to 1500 mA g-1, the capacity decreases from ~900 mAh
g-1 to ~370 mAh g-1, respectively. In the second round of rate performance cycling test,
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even a slight increase of capacity (20%) was observed, indicating a very good cycling
rate performance and electrochemical stability of the PGN electrode.

Figure 2.4 (a)Low magnification and (b) high magnification SEM images (top-view)
of the PGN electrode network after cycling.
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Figure 2.5 Raman spectra collected from pristine PGN, and PGN after cycling,
respectively. Laser excitation: 532 nm. All spectra are collected on copper
substrates.

The LIB cells were disassembled in the discharged state after 250 chargedischarge cycles. The PGN electrodes taken from the cycled cells were rinsed repeatedly
with a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) in a glove box.
SEM micrographs are shown to demonstrate the morphology of the PGN electrodes after
cycling. As suggested by the low magnification SEM image, the pillared graphene
nanostructure still had very good integrity and remained well-attached to the copper
surface (Figure 2.4a). The wrinkles on the surface of the sample are due to the wetting of
the CNT pillars and the compression force applied in the assembled button-type battery
cell. The porous network morphology is maintained, which is verified by a high
magnification SEM micrograph, where the CNTs are still clearly distinguishable (Figure
2.4b). The pillar CNTs tend to bundle together after cycling, and the average diameter
increases dramatically from 10 nm to ~20–30 nm range. The reason for this enlargement
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of the CNT diameter is due to the formation of a solid electrolyte interface (SEI) layer on
the CNT surface. Figure 2.5 shows a comparison of the Raman spectra before and after
cycling. After normalization of the G peak, no obvious changes were observed for the
intensity of the D and G’ peaks, which further confirms the high stability of the
innovative hybrid nanostructure for high stability anodes in rechargeable LIBs.

2.4 Conclusion
We have demonstrated the fabrication of a rechargeable lithium ion battery based on
PGN anodes. The optimized growth of PGN electrodes comprise CNT pillars conformly
grown on graphene covered copper foils. The seamless connection between pillar CNTs
and graphene layers facilitate the charge transfer in the system and provides a binder-free
technique for preparing LIB anodes. A very high reversible capacity of 900 mAh g-1 was
achieved, which is dramitcally higher than other graphitic systems including vertically
aligned CNTs. The LIB anodes based on PGN show excellent cycling stability (~99%
capacity retention with ~100% Coulombic efficiency over 250 cycles) and the PGN
maintains the porous network nature after hundreds of charge-discharge cycles.

53

References
1.

A. K. Geim, K. S. Novoselov, Nat Mater 6, 183 (2007).

2.

S. Stankovich et al., Nature 442, 282 (2006).

3.

H. Wang et al., Advanced Materials 17, 2857 (2005).

4.

D. T. Welna, L. Qu, B. E. Taylor, L. Dai, M. F. Durstock, Journal of Power
Sources 196, 1455 (2011).

5.

W. Wang, S. Guo, M. Ozkan, C. S. Ozkan, Journal of Materials Research, 1
(2013).

6.

Z.-S. Wu, W. Ren, L. Xu, F. Li, H.-M. Cheng, ACS nano 5, 5463 (2011).

7.

N. Li, Z. Chen, W. Ren, F. Li, H.-M. Cheng, Proceedings of the National
Academy of Sciences 109, 17360 (2012).

8.

Y. Wu et al., Nano Energy 1, 820 (11//, 2012).

9.

R. K. Paul et al., Small 6, 2309 (2010).

10.

W. Wang et al., Journal of Nanoscience and Nanotechnology 12, 6913 (2012).

11.

W. Wang et al., Nano Energy 2, 294 (3//, 2013).

12.

S. Guo, W. Wang, C. S. Ozkana, M. Ozkanb, Journal of Materials Research, 1
(2013).

13.

M. Ghazinejad, S. Guo, W. Wang, M. Ozkan, C. S. Ozkan, Journal of Materials
Research 28, 958 (2013).

14.

W. Wang et al., Small, (2013).

15.

J. Lin, J. Zhong, D. Bao, J. Reiber-Kyle, W. Wang, Journal of Nanoscience and
Nanotechnology 12, 1770 (2012).
54

16.

W. Wang, S. Guo, I. Ruiz, M. Ozkan, C. S. Ozkan, ECS Transactions 50, 37
(2013).

17.

X. Li et al., Science 324, 1312 (June 5, 2009, 2009).

18.

S. Guo et al., Small 8, 1073 (2012).

19.

J. R. Kyle et al., Small 7, 2599 (2011).

20.

D. Prasai, J. C. Tuberquia, R. R. Harl, G. K. Jennings, K. I. Bolotin, ACS Nano 6,
1102 (2012/02/28, 2012).

21.

R. K. Singh Raman et al., Carbon 50, 4040 (9//, 2012).

22.

Z. P. Chen et al., Nat Mater 10, 424 (Jun, 2011).

23.

K. S. Kim et al., Nature 457, 706 (Feb 5, 2009).

24.

A. Reina et al., Nano Lett 9, 3087 (Aug, 2009).

25.

A. C. Ferrari et al., Physical Review Letters 97, 187401 (2006).

26.

A. Ferrari et al., Physical review letters 97, 187401 (2006).

27.

S. Guo et al., Small 8, 1073 (2012).

28.

S. Guo et al., Advanced Functional Materials, (2013).

29.

A. Kaniyoor, R. Imran Jafri, T. Arockiadoss, S. Ramaprabhu, Nanoscale 1, 382
(Dec, 2009).

55

Chapter 3 Silicon decorated cone-shape carbon nanotube clusters for lithium ion
battery anode
[Wei Wang, Isaac Ruiz, Kazi Ahmed, Hamed Hosseini Bay, Aaron S. George, Johnny
Wang, John Butler, Mihrimah Ozkan and Cengiz S. Ozkan. “Silicon Decorated Coneshape Carbon Nanotube Clusters for Lithium Ion Battery Anode”, Submitted & under
review].

Abstract
In this work, we report the synthesis of an three-dimensional (3D) cone-shape
CNT clusters (CCC) via chemical vapor deposition (CVD) with subsequent inductively
coupled plasma (ICP) treatment. An innovative silicon decorated cone-shape CNT
clusters (SCCC) is prepared by simply depositing amorphous silicon onto CCC via
magnetron sputtering. The seamless connection between silicon decorated CNT cones
and graphene facilitates the charge transfer in the system and suggests a binder-free
technique of preparing lithium ion battery (LIB) anodes. Lithium ion batteries based on
this novel 3D SCCC architecture demonstrates high reversible capacity of 1954 mAh g-1
and excellent cycling stability (>1200 mAh g-1 capacity with ~100% coulombic
efficiency after 230 cycles).

3.1 Introduction
Lithium ion batteries (LIBs) are the preferred secondary battery of choice in daily
applications such as portable electronic devices, and electric vehicles (EVs). Batteries in
EV applications are responsible for a significant portion of the total vehicle mass. Battery
size in portable electronics also limits the trend of down-sizing. Rechargeable lithium-ion
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batteries (LIBs) with high energy and power densities, long cycling life, and low
manufacturing cost are becoming highly desirable for the development of portable
electronics and low-emission environmentally friendly electric EVs.(1-3) Commercial
battery anodes are currently made of intercalation-based carbonaceous materials due to
the abundance of carbon in nature, their low electrochemical potential relative to Li/Li+,
and exceptional physical and chemical properties, including: high conductivity, very
good electrochemical stability, high surface area, excellent life time (~5000 cycles), and
coulombic efficiency (100%) etc. However, the theoretical capacitance value of graphitebased lithium ion battery anode is restricted to be ~372 mAh g-1 (~837 mAh cm-3) due to
the stoichiometric limit of lithium ion intercalation in LiC6.(4) Though nanostructured
carbonaceous materials such as graphene,(5, 6) CNT,(7, 8) activated and templatederived carbon,(9) etc., may augment the capacitance dramatically, the capacitance is still
mostly limited to <1000 mAh g-1. Silicon is a type of anode material that receives a lot of
attention due to its highest known theoretical capacity value of ~4200 mAh g-1, which
corresponds to Li22Si5.(3, 10) For packaged battery full-cell, the total capacitance CTotal is
equal to 1/(1/Ccathode+1/Canode), where Ccathode, Canode are the capacitances of the cathode
and anode, respectively. Thus, if calculations are based on the capacity of commercially
available LiCoO2 cathodes (~274 mAh g-1), replacement of the commonly used graphite
anode with state of the art silicon anodes will potentially result in a 63% increase of total
cell capacity.
One obstacle that is delaying the commercialization of a silicon anode is the huge
volume changes by up to 400% during the Li-Si alloying and dealloying process.
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Previously developed bulk form or micron-sized silicon systems have shown very fast
capacity fading with cycling.(11) At the same time, anodes based on silicon nanoparticles
suffer from a large solid electrolyte interface (SEI) layer formation due to their high
surface area. The as formed SEI layer will crack due to volume expansion, and repeatedly
generated SEI layers will soon diminish the performance of the electrode. To remedy
these two above mentioned problems, primarily three types of engineering methods have
been reported in previous publications. The first method is to use composites of silicon
with

carbon/conductive

material

prepared

via

coating,

mixing,

or

in-situ

polymerization.(12-14) Morphology-control has also been verified to be an effective
approach to improve the performance of silicon anodes.(3, 15) Tuning nanoparticle
dimensions, and judicious selection of binder have been demonstrated to be effective in
solving the problem of cracking and capacitance fading.(16-18) However, a majority of
previously reported materials systems are prepared by mixing active materials with a
polymer binder (PVDF or Algae), then casting the mixture on to conductive substrates
such as copper, nickel, etc.(3, 12-14) This type of electrode inherently limits the
performance of the battery due to relatively poor electrical and thermal conductivity
caused by the increased contact resistance between individual particles and the polymer
binder. Previously, three dimensional graphene and CNT hybrid nanostructures have
been demonstrated by our group and other researchers. They have been verified to be
good candidates for fast charging-discharging energy storage applications such as
supercapacitors and battery anodes.(19-27)
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In this work, we report an innovative three-dimensional (3D) silicon decorated
cone-shape CNT clusters (SCCC) architecture for the application of lithium ion battery
anode. The pillared CNT and graphene nanostructure (PGN) was grown via a two-step
chemical vapor deposition on copper foil, which is a commonly used current collector in
anodes within the battery industry.(8) Pillared CNTs are conformally grown on
single/bilayer graphene covered copper foil and the as-grown PGN samples were treated
with an inductively coupled plasma (ICP) under a pure argon environment. We
discovered that the CNT pillars tended to bundle together to form cone-shape CNT
clusters (CCCs) after ICP treament. Subsequently, a layer of amorphous silicon was
deposited on top of the CCCs via a magnetron sputtering process. This type of 3D SCCC
architecture has several advantages. (1) The seamless connection between graphene
covered copper foil and pillared CNTs enhances the active material-current collector
contact integrity which facilitates charge and thermal transfer in the electrode system. (2)
The cone-shaped nature of the SCCC architecture offers small interpenetrating channels
for faster electrolyte access into the electrode which may enhance the rate performance.
(3) The SCCC architecture is a binder-free technique for preparing electrodes for LIBs.

3.2 Experimental Section
3.2.1 Materials synthesis
Pillared graphene nanostructure (PGN) is grown through an ambient pressure chemical
vapor deposition (APCVD) method using a mixture of C2H4 and H2 on 20 µm thick
copper foil, which is typically used as the current collector for anodes in the battery
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industry. The copper foil is cleaned and annealed to make sure the surface is free of
contaminations, to release residual stress in the foil, to enlarge the average grain size, and
to flatten the surface. Methane was introduced in the heat-treatment process to form a
very thin layer of graphene film on the copper surface. Next, Fe catalysts are deposited
on the surface of Cu foils by e-beam evaporation (Temescal, BJD-1800). The graphene
covered copper foils with catalyst particles are heated to 750 °C under ambient pressure
in an Ar/H2 atmosphere, and C2H4 is introduced to trigger and continue the growth of
pillared CNTs on the graphene covered copper foil. After growth, the chamber is cooled
to room temperature. Inductively coupled plasma (ICP; Oxford PlasmaLAB, 180) was
applied under vacuum with argon flow (50 sccm) to form the cone-shape CNT clusters.
Amorphous silicon was sputter-deposited (ATC Orion Sputtering System, AJA
International, Inc.) onto the given substrates with RF power of 270 W and processing
pressure of 5 mTorr. The base pressure prior to each deposition was below 8 x 10-7 Torr.
All depositions were carried out at sample temperature and rotation of ~20°C and ~ 10
RPM, respectively. The resulting deposition rate of 0.571 Å/s was determined via AFM
measurements of photolithographically-defined features.
3.2.2 Materials characterization
The surface morphology is investigated using optical microscopy, scanning electron
microscopy (SEM; leo-supra, 1550), and transmission electron microscopy (TEM;
Philips, CM300) with a LaB6 cathode operated at 300 kV. For TEM imaging, the sample
is ultrasonically dispersed in ethanol for 1 hr, then it is diluted and dropped onto a TEM
grid. A Renishaw DXR Raman spectroscopy system with a 532 nm laser (8mW
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excitation power, 100x objective lens) source is used to characterize the as-prepared PGN
and CCC nanostructures.

3.2.3 Fabrication and testing of lithium ion battery (LIB)
A button-type two-electrode half cell configuration was used for the electrochemical
measurements. The LIBs were assembled in an Ar filled glove box with moisture and
oxygen levels below 1 ppm. PGN/CCC electrodes and pure lithium metal chips were
used as the anodes and counter electrodes of the LIB, respectively. A porous membrane
(Celgard 3501) was used as the separator. In this work, 1 M LiPF6 dissolved in a 1:1 (v:v)
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) was used as the
electrolyte. Galvanostatic charge-discharge and cycling performance measurements were
conducted at a fixed voltage window between 0.01 V and 2 V (vs. Li+/Li).

3.3 Results and Discussion

Figure 3.1 Synthesis of silicon decorated cone-shape CNT clusters.
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Detailed schematic illustration of the synthesis process of the silicon decorated coneshape CNT clusters (SCCC) is shown in Scheme 3.1. Firstly, the pillared graphene
nanostructure (PGN) was grown via ambient pressure chemical vapor deposition (CVD)
directly on a 20 µm-thick copper foil which is typically used as a current collector for
anodes in the battery industry.(8, 21, 28-30) Next, a mild inductively coupled plasma
(ICP) under an argon environment was applied to the as-grown PGN structure. The
pillared CNTs were observed to bundle together to form cone-shape CNT clusters (CCC)
after Ar ICP treatment. Lastly, a variable thickness of amorphous silicon was deposited
on top of the cone-shape CNT cluster by magnetron sputtering deposition technique.
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Figure 3.2 (a) Low magnification and (b) high magnification SEM images of PGN. (c)
Low magnification and (d) high magnification SEM images of CCC. (e) TEM image
of the PGN. (f) HRTEM image of one single as-grown CNT.
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Scanning electron microcopy (SEM) images are shown to characterize the
morphologies of the as-grown PGN and CCC nanostructures (Figure 3.2 a-d). Figure 3.2a
shows the top-view SEM micrograph of the PGN sample. Vertically aligned, densely
packed CNTs are grown on the graphene covered copper foil. A high magnification topview SEM image of the PGN shows a tangled CNT network together with traceable
amounts of Fe catalysts on the top surface of the pillared CNT carpet (Figure 3.2b). To
remove the tangled CNT network and excessive catalyst particles, ICP Ar plasma was
applied to mill them away. After the milling of ICP Ar plasma, besides removal of the
tangled CNTs and Fe catalysts, a unique and innovative cone-shape carbon nanotube
clusters (CCCs) were observed (Figure 3.2c and 2d). This repeatable phenomena is very
promising and worthwhile to be reported. The exact reason for the formation of CCCs is
still unclear. But we believe there are two possible reasons for the formation of this
innovative and unique cone-shape CNT cluster. First, increased surface tension induces
significant forces on the ICP treated PGN which force the CNT pillar arrays to aggregate
after treatment.(31, 32) This capillary coalescence phenomena has been observed in
nature and in artificial high-aspect-ratio materials systems.(32, 33) The contact angle
decreased from 100.5o to 76.2o after Ar ICP treatment to provide evidence of the change
in surface tension in our CCC system (Figure 3.3). Another possible reason for the
formation of the CCC nanostructure is that the magnetic field present during the ICP
treatment applied a magnetic force to Fe catalysts particles which are generally located
on the tip of the CNTs. Although the aggregation of CNT pillars is generally undesirable,
in our case this phenomena can be advantageous due to decreases in homogeneity and in
64

surface area of the array which provide interpenetrating chanels and minimize the effects
of solid electrolyte interface (SEI) formation during lithiation and delithiation.

Figure 3.3 Contact angle measurements of PGN before and after Ar ICP treatment.
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Compared with previously reported pillared graphene nanostructures via one-step
CVD growth,(19, 22) this two-step CVD growth method enables a very good control of
the thickness of the graphene layer.(8) Transmission electron microscopy (TEM) was
performed to further confirm the quality of the as-grown PGN. Figure 3.2e demonstrate
the low-magnification TEM image of PGN, where transparency of graphene film and
uniformity in size of CNTs is evident. The as-grown pillared CNTs have an average
diameter around 5 -10 nm with a wall thickness of about 2-3 layers and inner diameter
around 5 nm as determined by high resolution transmission electron microscopy
(HRTEM) (Figure 3.2f).

Figure 3.4 Raman spectra of PGN and CCC, respectively. Excitation laser
wavelength: 532 nm.
Raman spectroscopy is performed to characterize the as-grown PGN and CCC
nanostructure (Figure 3.4). Raman spectra features collected from the PGN and CCC are
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in good agreement with the CNT Raman spectra, which clearly shows the presence of the
intense D band centered around 1340 cm-1. The intensity of the D band is relatively
higher compared to that of the G band centered around 1572 cm-1.(34) The 2D band for
CNTs centered at ~2662 cm-1 is a single peak which is similar to that of graphene.(30)
The presence of the intense D band in the spectrum is associated with defects of the
CNTs. The CCC nanostructure shows apparently higher ID/IG (~1.35) than the PGN
sample (~1.15), which suggests that the CCC nanostructures are more disordered than
PGN.

Figure 3.5 SEM images of (a) sputtered silicon deposited on PGN, and (b) sputtered
silicon deposited on CCCs. EDS element analysis of (c) element carbon, and (d)
element silicon on the selected region of SCCCs shown in (b).
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Figure 3.6 EDS spectra of the silicon decorated cone-shape CNT clusters.
Due to the curly nature of the tangled CNTs on top of PGN, sputtered silicon
tends to condensate on the carpet to form a bulk layer of silicon (Figure 3.5a). On the
contrary, sputtered Si on top of CCC still preserves its cone-shaped nature which
facilitates the electrolyte-electrode interface by providing highly accessible channels to
the electrolyte (Figure 3.5b). To investigate the uniformity of the silicon deposition
process, energy dispersive spectroscopy (EDS) was performed together with the SEM
imaging on the selected area marked within a yellow rectangular in Figure 3.5b. EDS
spectra of the silicon decorated CCC nanocomposite structure shows very strong C, Si
peaks together with traceable amount of Cu which is from the copper foil substrate
(Figure 3.6). EDS element analyses of C and Si suggest a very uniform distribution of
CNTs and Si on the surface. This indicates a good quality materials system to be
investigated (Figure 3.5c-d). Digital images of a 1 inch × 2 inch CCC and SCCC
electrodes suggest a very uniform coating of silicon onto the cone-shape CNT clusters
and also the possibility of producing SCCC based LIB anodes in large scale (Figure 3.7).
Figure 3.8 shows the TEM and high-resolution TEM images of a single silicon decorated
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cone-shape CNT cluster (SCCC) and single silicon decorated CNT respectively. Both
CNTs and silicon layers are clearly visible in Figure 3.8a and 3.8b.

Figure 3.7 Digital image shows an inch-scale (a) cone-shape CNT clusters and (b)
silicon decorated cone-shape CNT clusters on copper foil.

Figure 3.8 (a) TEM image of one silicon decorated cone-shape CNT cluster. (b)
HRTEM image of one silicon decorated CNT.
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Figure 3.9 (a) Cyclic voltammetry measurements for 200nm silicon decorated CCC
electrode. Scan rate: 0.2 mV sec-1. (b) Galvanostatic charge-discharge profiles of
SCCCs electrode at a current density of 0.25 C. (c) Cycling performance and
coulombic efficiency of the silicon decorated pillared graphene nanostructure
(SPGN) and SCCC electrodes at a current density of 0.25 C. (d) High-rate cycling
performance of the LIB with SCCC anode.
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Button-type half-cell batteries were assembled in an Ar-filled glove box
(O2<1ppm, moisture<1ppm) with as-prepared SCCC electrodes as anodes and pure
lithium metal chip as counter electrodes. Figure 3.9a shows the cyclic voltammogram of
the SCCC electrode for the first six cycles at a scan rate of 0.2 mV sec-1. Two reduction
peaks observed during 1st charge process are associated with the formation of solidelectrolyte-interface (SEI) layer (0.5-0.7 V) and Li-Si alloying (<0.33 V).(3) After the 1st
charge, the current-potential characteristics become approximately consistent for the
cycles afterwards. Figure 3.9b shows the LIB with a SCCC electrode tested at a current
density of 0.25C with a voltage range between 0.01 V and 1.5 V for the first ten cycles.
The SCCC electrode exhibits a reversible discharge capacity of 1954 mAh g-1 from the
2nd cycle. This capacity faded slightly during the following cycles (3rd cycle: 1921 mAh
g-1, 4th cycle: 1897 mAh g-1, 10th cycle: 1764 mAh g-1). After 230 cycles the capacitance
level is still ~1260 mAh g-1, which is much higher than the control sample based on
silicon decorated PGN, and higher than previously reported carbonaceous electrodes
including pillared graphene nanostructure (PGN) electrodes (Figure 3.9c).(7) The
columbic efficiency attained for all cycles from the second cycle is around 100%
suggests a very good reversibility of this SCCC electrode which is much superior to the
silicon decorated PGN nanostructure (~90% columbic efficiency). We believe the
irreversible discharge capacitance for the first charge is due to the formation of SEI layer
on the surface of SCCC which is in accordance with the first cycle CV curve shown in
Figure 3.9a.(7) Figure 3.9d shows the rate performance of the SCCC anode LIB. With the
increase of charge-discharge current density from 0.25C to 8C, capacity decreases from
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~1612 mAh g-1 to ~400 mAh g-1, respectively. The battery also shows good reversibility
after being discharged at higher rates. If we compare the capacity at 120th cycle in Figure
3.9c and 5d, capacitance of 1490 mAh g-1 and 972 mAh g-1 are achieved respectively.

Figure 3.10 (a) Experimental and model-fitted EIS plots of 200 nm Si decorated
cone-shape CNT clusters. (b) Equivalent circuit of the EIS measurements. (c) Plots
of equivalent series resistance (ESR), charge transfer resistance (RCT), and SEI
layer resistance together with electronic contact resistance (RSEI+contact) as functions
of cycling number for SCCC electrode.

Electrochemical impedance spectroscopy (EIS) was performed to strengthen the
evidence for stability of this SCCC nanocomposite electrode. Figure 3.10a shows the
experimental and model-fitted EIS plots of SCCC nanocomposite electrode with cycling.
The equivalent circuit used for fitting is shown in Figure 3.10b.(14, 35) The high
frequency intercept, commonly interpreted as ESR (equivalent series resistance) or RS,
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relates to the ohmic portion of the electrode impedance and includes contributions from
the electronic conductivity of the electrodes and ionic conductivity of the electrolyte
solution, as well as any electronic contact resistances associated with the cell hardware,
current collectors, and electrode materials.(36, 37) The high to mid-frequency depressed
semicircles (100 kHz to 200 mHz) are generally associated with interfacial impedance
due to SEI formation(38) and the double layer as described in the Gouy-Chapman-Stern
model. Each of these arcs can be associated with a separate interfacial phenomenon
whose time constant corresponds to the frequency at which the peak of the depressed
semicircle is situated.(36) The high-frequency depressed semicircle corresponds to the
combined imepdance of the SEI film and contact interface among the current collector
and active material (CPESEI+contact and RSEI+contact).(39) The depressed semicircle in the
medium-frequency region contains information about charge-transfer resistance (RCT) and
distributed capacitance due to the double layer formed on electrode-electrolyte interface
(CPEDL).(40) WO, the circuit element responsible for the low-frequency (<200 mHz)
Warburg impedance tail, describes diffusion-related phenomena in the device. This
includes the diffusion of salt in the electrolyte and diffusion of lithium ions into the bulk
of the active material.(36, 37) Previous research has shown that interfacial effects of the
negative electrode are dominated by kinetics, while the positive electrode exhibits a
diffusion-dominated behavior.(36) This explains the relatively shorter tail in the
impedance spectrum of our anode.
Silicon anode batteries, albeit possessing very high theoretical energy density,
suffer stability issues due to expansion of electrode structure during lithiation. Particle to
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particle contact diminishes after each cycle due to the consequent volume change. This
mechanical failure inside the electrode can lead to detrimental effects in cycling
efficiency, lifetime, and rate capability.[15] Impedance due to particle to particle contact
and SEI layer formation remains stable with increasing number of cycles, as evident in
Figure 3.10c. RSEI+INT increased 9.6% from the 1st cycle to the 10th cycle (Table 3.1).
Therefore, contact impedance among the active particles and the current collector is not
significantly affected by cycling. Evidently, this anode is not drastically affected by the
volume expansion of a typical Si-based anode. It also shows that SEI layer formation
stabilizes after the 1st cycle and further supports the stability of this electrode. RCT
experiences a 30% increase between the 1st cycle and the 3rd cycle. However, it only
increases by 5.9% between the 3rd and the 5th cycle, and decreases by 4% between the 5th
and the 10th cycle. All of these findings support our claim of superior stability for this
electrode design. Impedance due to interfacial contact and SEI formation is higher for the
SCCC system compared to pure PGN system (Figure 3.11). This is due to the presence of
silicon in the SCCC system, which inherently increases impedance due to SEI formation
and contact.
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Table 3.1 Impedance parameters fitted from the equivalent circuit model.
Cycle #

ESR/ RS

RSEI+INT

CPESEI+INT

RCT

CPECT

Wdiff

1

6

415

0.000006/0.8

90

0.0018/0.7

24/7

3

6

430

0.000004/0.83 118

0.0012/0.7

28/7

5

6

440

0.000006/0.79 125

0.0011/0.7

30/7

10

6

455

0.000004/0.83 120

0.00135/0.7 28/7

Figure 3.11 EIS plots of PGN and SCCC, respectively.
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3.4 Conclusion
In summary, we report the synthesis of cone-shape CNT clusters via inductively
coupled plasma treatment and preparation of an innovative silicon decorated cone-shape
CNT clusters (SCCC) for the application of lithium ion battery anodes. The silicon
decorated cone-shape CNT clusters are conformally coated onto the graphene covered
copper foils. The seamless connection between silicon decorated CNT cones and
graphene facilitates the charge transfer in the system and suggests a binder-free technique
of preparing LIB anodes. A very high reversible capacity of 1954 mAh g-1 was achieved,
which is dramitcally higher than other graphitic systems including pillared CNT and
graphene nanostructure (PGN)~900 mAh g-1. The LIB anodes based on SCCC show
excellent cycling stability (preserves >1200 mAh g-1 capacity with ~100% coulombic
efficiency after 230 cycles). We believe this unique CCC architecture maybe extended to
other applicaitons.
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Chapter 4 Hybrid low resistance ultracapacitor electrodes based on carbon
nanomaterials composites of 1-Pyrenebutyric acid functionalized centimetre-scale
graphene sheets

Abstract
Ultracapacitors are promising candidates for alternative energy storage
applications since they can store and deliver energy at relatively high rates. Here, we
present hybrid carbon nanomaterials ultracapacitor electrodes with low equivalent series
resistance (ESR) of 7 ohms. 1-pyrenebutyric acid treated large-area single layer graphene
(SLG) sheets covered with shortened multi-walled carbon nanotubes (MWNTs) have been
utilized as highly conductive and percolated networks of hybrid carbon nanomaterials
composites or thin films as ultracapacitor electrodes. Uniform centimeter scale single
layer graphene sheets were produced via low pressure chemical vapor deposition using
copper foil substrates and then subsequently modified by 1-pyrenebutyric acid
functionalization. Chemically shortened MWNTs ranging in length of 200~500 nm, were
deposited by drop casting on 1-pyrenebutyric acid functionalized SLG films.
SLG/MWNT nancomposite hybrid films of different thicknesses were obtained by
controlling the density of MWNT suspension. Surface morphology and nanostructure of
the hybrid nanocomposites indicated relatively dense and homogeneous web-like
networks. Specific capacitance values of the hybrid electrodes were substantially
increased by 200% compared to those ultracapacitors fabricated using buckypaper
electrodes. Average values of specific capacitance and energy density obtained were
140.64 F/g and 21.54 Wh/kg respectively. SLG/MWNT nanocomposite electrodes are
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very promising for future ultracapacitor devices with their low ESR value that is 95%
lower than that of buckypaper based ultracapacitors.

4.1 Introduction
Ultracapacitors are promising alternative energy storage systems due to their
relatively fast rates of energy storage and delivery, and their high energy storage capacity
and power density make them suitable for a wide variety of applications including
automotive engineering, telecommunication systems, military, industrial, medical and
consumer electronics.1-3 The excellent chemical and physical properties of carbon
nanomaterials such as high conductivity and large surface area, excellent corrosion
resistance and temperature stability, and relatively low cost of fabrication make them
viable candidates to be utilized as ultracapacitor electrodes.3-10 Recent trend is focused on
creating hierarchical architectures based on carbon nanomaterials as building blocks, to
realize novel material properties and a broad set of functionalities. Such emerging
innovative carbon nanomaterials architectures are being utilized in energy storage
devices.11,

12

Among the widely studied hierarchical systems include hybrid

nanostructures comprising solution processing of CNTs for coating over graphene
layers.13, 14 However, connecting the CNTs with graphene layers without breaking the
carbon-carbon bonding and bringing defects, i.e. sustaining high conductivity for
graphene layers, large surface area for CNTs and low resistance connectivity between
CNTs and graphene layers is a major challenge that hinders the performance of energy
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storage devices. In this work, we report the stacking of chemically shortened MWNTs
onto single layer centimetre scale graphene sheets while preserving their structural
integrity. 1-pyrenebutyric acid treatment was used to obtain a strong and low resistance
interface between the MWNTs and the graphene sheet. Electrochemical measurements
show high energy density and large specific capacitance value for these new hybrid
nanostructures which demonstrates their promise for high performance ultracapacitor
electrodes.

4.2 Experimental
4.2.1 Materials processing and characterization
Graphene films were grown on a 25 𝜇𝑚 thick copper foil (Alfa Aesar, item No. 13382)

via low pressure chemical vapor deposition method using a mixture of methane and
hydrogen.15-20 Briefly, copper foils were pre-treated with acetic acid and deionised (DI)
water to ensure the surfaces were completely clean and free from oxidation. Next, the
pre-treated copper foils were loaded into a quartz-tube furnace chamber, heated to 1000
°C in a 2 Torr Ar/H2 (200:200 sccm) atmosphere, and annealed for 30 min. For the
growth of graphene sheets, methane (100 sccm) was introduced into the chamber under
20 Torr for 20 min and the chamber temperature was reduced to 25 °C at a cooling rate of
20°C min− 1. Following growth, the centimeter graphene sheets were functionalized with
1-pyrenebutyric acid by drop casting. Next, the graphene sheets were dried in a
vacuumed chamber at room temperature for 4 hours. After that, the graphene sheets were
rinsed and washed several times with methanol and DI water. MWNTs (NanoLab, Inc)
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were chemically shortened by regular acid treatment (H2SO4:HNO3=3:1), followed by
ultrasonication for 24 hours at 60 oC.21 After filtration the MWNTs were dispersed in
H2SO4 (96%):H2O2 (30%) (4:1) solution and reflux for 4hours.22 The chemically
shortened MWNTs were finally dispersed in DI water (1 mg/ml) after filtration with
20µm PTFE film. 1-pyrenebutyric acid functionalized graphene sheets were coated with
MWNTs by drop casting and the thickness of the MWNT layer is controlled by adjusting
the concentration of the MWNTs solution. Bucky papers were prepared using the same
shortened MWNTs by filtering the MWNT suspension through a filter membrane and
washing with D.I water to remove any residuals. Free standing films (bucky paper) can
be peeled off from the membrane if the MWNT layer is thick enough to provide
mechanical integrity.23

4.2.2 Materials characterization
The surface morphology of single layer centimetre-scale graphene sheets and
SLG/MWNT hybrid films are investigated using scanning electron microscopy (SEM;
leo-supra, 1550). A Renishaw DXR Raman spectroscopy system with a 532 nm laser
(8mW excitation power, 100x objective lens) source is used to characterize the graphene
sheets and the SLG/MWNT hybrid films. Kruss Easy drop (FM 40) technique is
employed to measure the contact angle of the grapheme films. The FTIR study is
performed by using Bruker Equinox 55 FTIR.
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4.2.3 Fabrication and Characterization of Ultracapacitor Cells
As-prepared graphene/MWNT hybrid films on copper foils were sectioned with equal
areas and attached on glass slides. The edge of the copper foil is connected to an
electrochemical analyzer (Gamry Reference 600™) with an alligator clip. Glass slides
and regular filter paper (Whatman 8-m filter paper) were soaked with the electrolyte (2M
Li2SO4 solution). A two-electrode measurement technique was employed for the
electrochemical measurements, where the two pre-treated glass slides were assembled
into a sandwich structure with the as soaked filter paper functioning as the separator inbetween (Figure 4.1). The packaging of the ultracapacitor cell using Parafilm and
subsequent measurements were conducted in a nitrogen atmosphere glove box at room
temperature (Labconco, with O2 level<1 ppm, and moisture level <1 ppm). Cyclic
voltammetry (CV), chronopotentiometry (charge-discharge (CD)), and electrochemical
impedance spectroscopy (EIS) were conducted conducted to evaluate the performance of
the ultracapacitors. Cyclic voltammetry scans were performed in the range -0.25V to
0.8V at scan rates ranging from 5mV/sec to 1000 mV/sec. The charge-discharge curve
was obtained at a current density value of of 30 mA/cm2. Potentiostatic EIS
measurements were performed between 0.1Hz and 1MHz with an amplitude of 10 mV.
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Figure 4.1 Schematic illustration of the ultracapacitor cell structure based on
(SLG)/MWNT hybrid films.

4.3 Results and Discussion

Figure 4.2 (a) Schematic illustration of the synthesis of SLG/MWNT hybrid films.
(b) Optical micrograph of pristine copper foil (thickness ~ 25 micrometer), largearea graphene layer on copper substrate grown by chemical vapor deposition, and
as-prepared SLG/MWNT hybrid film.

A schematic illustration of the fabrication procedures for the SLG/MWNT hybrid
films is shown in Figure 4.2a. The process involves two steps: 1) shortening the MWNTs
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chemically by acid treatment; 2) drop casting the as-prepared MWNT solution on the 1pyrenebutyric acid functionalized graphene sheets. Optical micrographs, the dimensions
of pristine copper foil used to grow the graphene sheets, graphene sheet on copper foil
and the SLG/MWNT hybrid film are shown to confirm the feasibility of preparing large
area SLG/MWNT hybrid film electrodes for ultracapacitor applications (Figure 4.2b).
After acid treatment the surface of MWNTs will be introduced carboxylic and hydroxyl
groups (Figure 4.3a). The hydrophilic properties of shortened MWNTs will be easily to
interact with functionalized grapheme (Figure 4.3b).

Figure 4.3 (a) FTIR spectra of MWNTs after acid treatment. (b) Photograph of
aqueous dispersion of pristine MWNTs and acid treated MWNTs.

86

Figure 4.4 SEM images in (a) and (b) represent as-grown single layer centimeter
scale graphene sheets on copper substrates. SEM images in (c) and (d) represent the
surface morphology of SLG/MWNT hybrid films. Figure (e) shows shortened
MWNTs on SiO2 substrates. Images in (f) and (g) are 45 degree and 90 degree cross
section images of SLG/MWNT hybrid films.

SEM images in Figure 4.4 indicate the morphology of centimeter scale graphene
sheets and as-prepared SLG/MWNT hybrid films. Figure 4.4a and 4b show uniform and
continuous surface morphology of the as-grown graphene sheets on copper foil which is
used as the current collector and buffer layer of the ultracapacitor cell. By controlling the
reactor cooling rate, copper grain size can be controlled to be in the range of hundreds of
micrometers (Figure 4.4a). Solution of chemically shortened MWNTs (1 mg/mL) was
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well dispersed and stable without precipitation after a one week period. A densely
stacked layer of randomly oriented chemically shortened MWNTs were obtained on the
surface of graphene sheets after functionalization (Figure 4.4c, 4d). The dense and
homogeneous MWNT network structure possesses a large active surface area that is
desirable for ultracapacitor electrodes. SEM images show that the diameter of the
MWNTs (20~50 nm) remain unchanged after acid treatment while the length was
shortened from an average value of 1.5 micrometer to 300-500 nm (Figure 4.4e). Figures
4f and 4g indicate that the thickness of the MWNT layer is around 5 micrometer and this
thickness can be controlled by adjusting the concentration of the dispersed MWNTs in
solution and also with the amount of solution used in drop casting.

Figure 4.5 (a) Raman spectra of pristine graphene (SLG) sheets, functionalized SLG
sheets, and SLG/MWNT hybrid films. Laser excitation: 532 nm. All spectra are
collected on copper substrates. Optical images of contact angle measurements for
graphene samples: (b) before and (c) after 1-pyrenebutyric acid functionalization.

Raman spectroscopy is employed to characterize the single layer graphene sheets and
the SLG/MWNT hybrid films. Figure 4.5a shows the Raman spectra for the as grown
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graphene sheets, 1-pyrenebutyric acid functionalized graphene sheets, and SLG/MWNT
hybrid films, respectively. The presence of an intense G band at 1581 cm-1, 2D band at
2709 cm-1 and the ratio of the G and 2D bands indicate the typical Raman characteristics
for single layer graphene films and are similar to those reported for single layer CVD
grown graphene layers.24-26 Raman spectra for functionalized SLG sheets show similar
results. No shifts of the peaks were observed after treatment with 1-pyrenebutyric acid
which suggests that the original graphene sheet structure is successfully maintained after
the functionalization process which is crucial to attain process reliability. The
functionalization process of graphene sheets is non-covalent in nature and forms
hydrophilic –COOH groups on the graphene surface without disrupting the sp2
hybridization.16 The widening of the 2D band for functionalized graphene sheets might
be due to electronic interactions from attachments of 1-pyrenebutyric acid groups to
graphene surface by means of π-π stacking.16, 27, 28 The presence of the D band at 1360
cm-1 in SLG/MWNTs films is not observed in both the pristine SLG sheets and the
functionalized SLG sheets, which indicates that the as-grown graphene sheets possess
very high quality and the functionalization process does not introduce any notable defects
to the graphene sheets. Raman spectra features collected from the SLG/MWNT hybrid
films are in good agreement with those from MWNT Raman spectra which clearly shows
the presence of the intense D band centered around 1380 cm-1, the intensity of which is
comparable to that of the G band centered around 1570 cm-1.29 The 2D band for MWNTs
centered at ~2700 cm-1 is a single peak which is similar to that of graphene. The presence
of the intense D band is associated with defects of the MWNTs.
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To investigate the effect of surface wettability of SLG sheets after 1-pyrenebutyric
acid functionalization, contact angle measurements are conducted. After functionalization
via 1-pyrenebutyric acid, the contact angle of SLG sheets decreased from 75.2o to 37o
(Figures 5b, 5c). The decrease in contact angle indicates that surface wettability is
significantly enhanced. The π-π non-covalent interactions of 1-pyrenebutyric Acid
promote the surface of graphene sheets to be more hydrophilic without negatively
impacting the structure and electronic properties. Hence, 1-pyrenebutyric acid treatment
is an effective functionalization method and this defect-free method forms stable polar
functional groups (-COOH) on the surface of graphene sheets. The generation of
hydrophilic –COOH groups facilitates the wettability of graphene sheets which provides
a significant materials processing benefit to the drop-casting process and also provides a
more effective charge collection interface between SLG sheets and MWNTs.30 The
hydrophilic groups on both SLG and MWNTs facilitate the wetability of
grapheme/MWNTs sheets which increases the specific capacitance by improving
electrolyte access to deeper pores.
Ultracapacitors based on SLG/MWNT hybrid film electrodes are fabricated
according to the schematic process flow illustrated in Figure 4.4.1 which includes two
equal area SLG/MWNT hybrid electrodes spaced using a porous separator. Cyclic
voltammetry measurements for SLG/MWNT hybrid ultracapacitors were conducted in
the range -0.25 V to 0.8 V with sweep rates of 5, 10, 20, 50, 100, 200, and 500mV/sec in
2M Li2SO4 aqueous electrolyte solution. Figures 6a and 6b represent the CV behaviour
nearly rectangular in shape.
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Figure 4.6 (a) Cyclic voltammetry measurements for SLG/MWNT hybrid films.
Measurements obtained in the range -0.25 V to 0.8 V at different sweep rates of 5,
10, 20, 50, 100, 200, and 500 mV/sec with 2M Li2SO4 aqueous electrolyte. (b) CV
characteristics at low scan rates of 5,10, 20 mV/sec. (c) A plot of specific capacitance
vs. scan rate. (d) A comparison of CV characteristics of SLG/MWNT films, bucky
paper and SLG sheets on copper substrates. Scan rate is 200 mV/sec.

The specific capacitance value under different scan rates can be calculated from the CV
curves by using the following equation:

Cs =

∫ IdV
m×∆V×S

(1)

Where Cs is the specific capacitance, ∫ 𝐼𝑑𝑉 is the integrated area of the CV curve, m is

the mass of the active electrode materials, ∆𝑉 is the potential range, and S is the scan rate.

Specific capacitance values of 133.31 F/g, 136.66 F/g, 140.64 F/g, 134.06 F/g, 137.33
F/g, 136.94 F/g, 120.66 F/g, and 64.24F/g were obtained for the sweep rates of 5, 10, 20,
50, 100, 200, 500, and 1000mV/sec, respectively as shown in Figure 4.6c. The highest
specific capacitance value of 140.64 F/g is observed at a scan rate of 20mV/s which is
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relatively higher (~15%) than that for self-assembled graphene/carbon nanotube hybrid
films.31

Specific capacitance values at different scan rates below 500 mV/s are

approximately identical around the median specific capacitance value of 134.06 F/g,
indicating process stability and repeatable performance of the ultracapacitor cells.31-33
Based on the specific capacitance values from the CV curves, the energy density of the
SLG/MWNT ultracapacitors were calculated using the following equation,

1

E = 2 Cs (∆V)2

(2)

where E is the energy density, Cs is the specific capacitance value (140.64 F/g), and ∆V is
the potential range of 1.05V. Hence, a high energy density value of 21.54 Wh/kg was
obtained with our new SLG/MWNT hybrid electrode ultracapacitor.

Figure 4.7 Specific capacitance and cycling performance of SLG/MWNT hybrid
ultracapacitor with a current density of 30 mA/cm2. The inset shows a random
segment of 10 cycles (Cycle #: 311-321) indicating the excellent charge-discharge
characteristics.
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Cyclic voltammetry measurements were conducted on a control sample based of a
graphene sheet on a copper substrate to rule out its effects on the final specific
capacitance (Figure 4.6d). The measurements verified that any capacitance effects from
the copper foil and the graphene sheet are negligible. The low specific capacitance value
of the graphene/copper heterostructure is due to the low surface area of the as grown
graphene sheet compared to that of densely packed MWNTs. The role of the CVD grown
graphene sheet in the hybrid structure is to act as (a) a thin layer current collector, and (b)
a buffer layer which facilitates the electrical connection of the MWNTs to the copper foil
as a low resistance interface. To further demonstrate the advantages of the hybrid
ultracapacitor electrodes, we implemented and compared CV measurements on a bucky
paper device using the same batch of shortened MWNTs (Figure 4.6d). A nearly 200%
increase in the specific capacitance value is achieved with our new SLG/MWNT hybrid
film ultracapacitor device, compared to that of recent bucky paper based ultracapacitors.
Compared to the CV curve of bucky paper ultracapacitors, the rate-dependent CV curves
for SLG/MWNT hybrid ultracapacitors (Figures 6a, 6b, 6d) clearly indicate nearly
rectangular shape curves which is due to the low resistance associated with the
SLG/MWNT hybrid film electrodes, which also provide higher specific capacitance via
1-pyrenebutyric acid functionalized graphene surface and also providing a more effective
charge collection interface between SLG sheets and MWNTs.
Chronopotentiometry measurements were conducted to further verify the cycling
performance of the SLG/MWNT hybrid ultracapacitors. A test sequence of 500 chargedischarge cycles for a hybrid ultracapacitor was carried out with a current density of
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30mA/cm2 (Figure 4.7). The recovery jump of the device around the 150th cycle is due to
adding a little extra volume of electrolyte by dropping it on the edge of the separator.
This phenomena explains the downtrend of the first 150 cycles of charge-discharge
testing which is attributed to the drying of the electrolyte in the separator. In the latter
350 cycles of the stability test, 1~2 drops of D.I water was added on the edge of the
separator at every 100 cycle intervals to keep the separator wet. Above 90% retention of
capacitance after 500 cycles is achieved which demonstrates the stability of the hybrid
ultracapacitor design. A random 10 cycle segment of the charge-discharge performance
curve indicates fast charging/discharging characteristics and ideal capacitive behaviour
for the hybrid ultracapacitor design (inset of Figure7).
Potentiostatic electrochemical impedance spectroscopy (EIS) measurements were
performed in the range of 0.1Hz to 1MHz with the amplitude of 10mV. Figures 8a and 8b
show the potentiostatic EIS plot for the SLG/MWNTs hybrid film and the inset in Figure
4.8a shows the simplified Randle’s model which is the most common model fitted to
ultracapacitor EIS spectra. Generally, the nearly linear impedance plots are obtained for
an ideal capacitor. A plot for the SLG/MWNT hybrid film indicates a larger slope in the
low-frequency region than that of the bucky paper, as well as a ~95% lower ESR value.
The lowest ever measured ESR value of 7 Ohms for the SLG/MWNT hybrid film further
confirms that our hybrid ultracapacitor behaves like an ideal capacitor. The observed
lowest ESR values are believed to be due to having a better interface charge transport
between the graphene sheet and MWNTs with the presence of heterocyclic organic
compound 1-pyrenebutyric acid functional groups.12
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Figure 4.8 (a) A plot of the potentiostatic electrochemical impedance spectroscopy
(EIS) measurements conducted between 0.1 Hz and 106 Hz with an amplitude of 10
mV. The inset shows the equivalent simplified Randle’s model, where C is the ideal
capacitance, ESR is the equivalent series resistance, and Rleakage is the leakage
resistance. (b) Shows the high frequency low resistance EIS region for the
SLG/MWNT hybrid ultracapacitor.

4.4 Conclusion
High specific capacitance, and energy density of 140.64 F/g, and 21.54 Wh/kg
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respectively were achieved for the new SLG/MWNT composite hybrid ultracapacitor
design. An impressive improvement of the capacitance achieved with the nanocomposite
electrodes compared to that of bucky paper devices demonstrate the great potential of
graphene sheets for ultracapacitor applications. Our research provided a promising
method to non-covalently connect chemically shortened MWNTs directly to surface of
centimeter scale graphene sheets towards high performance ultracapacitors. Our
functionalization process could be utilized to change the surface properties of graphene
sheets for developing hierarchical composite materials with tailored interfaces. Finally,
the EIS results show nearly linear ideal capacitor behaviour with an ultra-low value of
equivalent series resistance of 7 ohms.
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Chapter 5 Three dimensional few layer graphene and carbon nanotube foam
architectures for high fidelity supercapacitors

Reprinted in part with permission from [Wei Wang, Shirui Guo, Miroslav Penchev, Isaac
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dimensional few layer graphene and carbon nanotube foam architectures for high fidelity
supercapacitors", Nano Energy, Volume 2, Issue 2, March 2013, Pages 294-303, ISSN
2211-2855, http://dx.doi.org/10.1016/j.nanoen.2012.10.001.]. Copyright ELSEVIER.
Reproduced with permission.

Abstract
Supercapacitors are promising alternative energy storage systems due to their
relatively fast rate of energy storage and delivery. We describe a simple and scalable
method to fabricate three-dimensional (3D) few-layer graphene/multi-walled carbon
nanotube (MWNT) hybrid nanostructures on industrial grade metal foam foils (nickel
foam) via a one-step ambient pressure chemical vapor deposition (APCVD) process. The
as-grown few-layer graphene/MWNT nanocarbon foams are in the form of a
homogeneous and densely packed hierarchical nanostructures and possess a very large
surface area of 743 m2 g-1. Symmetrical electrochemical double-layer capacitors (EDLCs)
of 3D hybrid hierarchical few-layer graphene/MWNT nanostructures show a high
specific capacitance of 286 F g-1 which leads to an energy density of 39.72 Wh kg-1 and a
superior power density of up to 154.67 kW kg-1. Moreover, the capacitance retention of
99.34% after 85000 charge-discharge cycles demonstrates the very high stability of the
electrode architectures for supercapacitors. These merits enable the innovative 3D
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hierarchical few-layer graphene/MWNT foam to serve as high performance EDLC
electrodes, resulting in energy storage devices with very high stability and power density.
5.1 Introduction
The dramatically increasing consumption of fossil fuels and other natural nonrenewable resources urges us to move towards alternative and renewable energy
resources. With increase in renewable energy production, energy storage systems are
starting to play a greater role in our everyday lives and global economy. Meanwhile,
traditional energy storage devices like batteries and electrochemical capacitors (ECs) are
not capable of meeting the higher demand of future systems anymore because of the
relatively low power and energy density. Improving and optimizing the performance of
energy storage devices has become an essential theme in recent scientific studies and
research. Supercapacitors are promising alternative energy storage systems due to their
relatively fast rate of energy storage and delivery. Their high power density (>10 kW kg-1)
and long cycle stability make them suitable for a wide variety of applications (1-9).
Typically, there are two types of ECs, one is the electrochemical double layer capacitor
(EDLC), which is based on ion adsorption, and the other type is the pseudo-capacitor,
which operates on the principle of fast surface redox reactions (2-4, 7, 10-12).
The excellent chemical and physical properties of carbon materials such as high
conductivity, high surface area, good corrosion resistance, excellent temperature stability,
and relatively low cost, make them valuable candidates for the electrodes of
electrochemical double layer capacitors, and this holds true especially for graphene and
carbon nanotubes which possess the largest theoretical and experimental surface area (5,
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6, 10, 13-15). In order to enhance the performance of the carbon nanostructure-based
supercapacitors, intensive research efforts have been conducted on carbon capsules,
carbon nanotubes/fibers (CNTs/CNFs), graphene and activated carbons (2, 14, 16-20).
The carbon hybrid nanostructure is also an intensively studied area currently, especially
the growth of CNT-graphene networks by chemical vapor deposition and solution
processing of graphene-CNT hybrid materials. By incorporating CNT and graphene, 3D
carbon nanostructures could be developed. This novel hybrid system has been proved to
possess a large surface area, unique electrical properties and has great potential for
various applications, such as energy storage, biochemical sensing and 3D interconnected
networks (21-26). However, construction of 3D graphene/CNT networks is a very
complicated process and these previously reported graphen/CNT hybrid systems require
to be synthesised on two dimentional substrates or the use of graphene oxide platelets as
a rather non-ideal substitute for graphene.
In this work, we report for the first time the growth of real 3D high-quality few-layer
graphene/multi-walled carbon nanotube (MWNT) hybrid hierarchical nanostructures on
highly porous metal foams with arbitrary thickness via one-step ambient pressure
chemical vapor deposition (APCVD). This novel 3D few-layer graphene/MWNT hybrid
nanostructure foam is demonstrated to possess a very large surface area, high
surface/body ratio, good permeability, stability and ductility which are highly desirable
for gas sensing, catalytic and energy storage applications. We demonstrate high
performance supercapacitors of long cycle stability and high energy density with the asgrown graphene/MWNT hierarchical nanostructures as high performance electrodes.
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There are several advantages of the 3D hybrid foam structures: (a) The CVD grown
multilayer graphene layer can act as a thin layer current collector. (b) The multilayer
graphene layer is also a buffer layer which facilitates the electrical connection of the
MWNT to the nickel foam framework as a low resistance interface and also further
enhances the connection between the MWNT bundles and the nickel foam. (c) The
presence of the multilayer graphene layer also increases the stability of the CNT bundle
foam electrode by preventing the alkali electrochemical activation on the nickel foam
surface. (d) With the 3D backbone of the nickel foam, it is facile to obtain 3D multilayer
graphene-CNT hybrid structures which dramatically increases the surface area and
provides a simple and scalable approach for building 3D carbon nanostructures. (e)
Minor oxidation avoids conventional alumina or other oxides buffer layer to grow this
hybrid structure, which provides an effective, simple, scalable binder-free technique to
prepare electrodes for supercapacitor and battery applications.

5.2 Experimental section
5.2.1 Materials synthesis
3D few-layer graphene/MWNT foams were grown through an ambient pressure chemical
vapour deposition (APCVD) method using a mixture of acetylene and hydrogen on 1.0
mm thick nickel foam, which is typically used as current collector in the battery industry
(Figure 5.1). Briefly, nickel foam is pre-treated with diluted acetic acid and deionized
(D.I.) water to ensure the surface is completely clean and free from oxidation. Next, the
nickel foam is annealed at 800 oC under ambient pressure with the flow of H2 and Ar for
104

45 minutes in order to release the residue stress in the foam, enlarge the average grain
size, and also flatten the surface. After annealing, a mild reactive ion etching (RIE) O2plasma is applied to the annealed nickel foam for 2 minutes (power: 200 W, O2 flow: 50
sccm) and 2nm Fe catalyst layer is deposited on the surface of plasma treated nickel foam
by e-beam evaporation (Temescal, BJD-1800). The as-prepared nickel foam is loaded
into a quartz-tube furnace chamber, heated to 750 °C under ambient pressure in an Ar/H2
(200:200 sccm) atmosphere, and annealed for 5 min. Acetylene is introduced to trigger
the growth of graphene and CNTs synchronously on the nickel foam frame. After growth,
the chamber is cooled to the room temperature (25 oC) at an average cooling rate of 50 oC
min-1.

5.2.2 Materials characterization
The surface morphology of the 3D graphene/MWNT hybrid foam nanostructure and
pristine nickel foam films are investigated by using optical microscopy, scanning electron
microscopy (SEM; Leo-supra, 1550) with an X-ray energy-dispersive spectroscopy
(EDS), and transmission electron microscopy (TEM; Philips, CM300) with a LaB6
cathode operated at 300 KV. For TEM imaging, the graphene/MWNT foam is
ultrasonically dispersed in ethanol for 1 hr and then diluted and dropped onto a TEM grid.
The cross-section TEM lamella was prepared by focused ion beam (FIB) milling through
Zeiss XB 1540 and the sample was lifted-out by using an Omni manipulator. A Renishaw
DXR Raman spectroscopy system with a 532 nm laser (8mW excitation power, 100x
objective lens) source is used to characterize the as grown 3D graphene/MWNT hybrid
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nanostructure foam. Kruss Easy drop (FM 40) technique is employed to measure the
contact angle of the samples. The surface area of the material was characterized on a
Micromeritics ASAP 2020 surface-area with N2 gas.

5.2.3 Fabrication and measurements of supercapacitor cells
As-prepared few-layer graphene/MWNT foam is sectioned with equal areas and soaked
with 6 M KOH aqueous at 80 oC to activate the surface of the foam nanostructrures. A
two-electrode

measurement

technique

was

employed

for

the

electrochemical

measurements, where the two pre-treated carbon nanostructure foams are assembled into
a sandwich structure with a porous membrane (Celgard 3501), which functions as a
separator. In this work, aqueous electrolyte (6 M KOH) is used as the electrolyte. The
packaging of the supercapacitor cell is conducted in an Ar atmosphere glove box at room
temperature (Labconco). The two electrodes of the packaged cell are connected to an
electrochemical analyzer (Gamry Reference 600™) with an alligator clip. Cyclic
voltammetry (CV), chronopotentiometry (charge-discharge (CD)), and electrochemical
impedance spectroscopy (EIS) were conducted to evaluate the performance of the
supercapacitors. Cyclic voltammetry scans were performed with a voltage window of 1
volt in the range 0 to 1 V at scan rates ranging from 2.5mV sec-1 to 500 mV sec-1. The
charge-discharge measurements are conducted under different current densities and the
stability test is obtained at a current density value of 21.33 mA cm-2. Potentiostatic EIS
measurements were performed between 0.1Hz and 1MHz with amplitude of 10 mV.

106

5.3 Results and Discussion
5.3.1 Growth of 3D few-layer graphene/MWNT foam nanostructures

Figure 5.1 The growth of graphene/MWNT hybrid foam nanostructure. (a)
Schematic illustration of the synthesis process of the graphene/MWNT
nanostructure foam. (b) Optical micrograph of inch-scale pristine nickel foam
(thickness ~1.0 mm), graphene foam, graphene/MWNT foam. (c) SEM image of the
pristine nickel foam structure. Inset shows the high magnification morphology of
the nickel foam.

The growth of graphene/MWNT foam nanostructure is proposed and the scheme
is illustrated in Figure 5.1a. The process involves three steps: First, a mild anisotropic
reactive ion etching (RIE) O2 plasma treatment is applied to the nickel foam to form a
nickel oxide layer on the nickel foam frame surface, while at the same time roughens the
surface of the nickel frame. The nickel oxide layer serves as a buffering layer minimizing
the formation of undesired Ni3C by inhibiting the diffusion of carbon into the nickel foam
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(27). Next, a layer of iron catalyst (thickness 2nm) is deposited on the surface of nickel
foam by e-beam evaporation. Since the e-beam evaporation is an isotropic technique,
only the top surface of the nickel frames are covered with the Fe catalyst. After O2
plasma oxidation and evaporation of the Fe catalyst, the samples are loaded to a thermal
chemical vapour deposition (CVD) tube furnace and acetylene and hydrogen are
introduced to grow the 3D graphene/MWNT nanostructures on the surfaces of the nickel
foam backbone. The surface roughness and oxide layer after reduction by H2 annealing
will generate fine growth islands for CNTs and the water from the reduction will
facilitate the CNTs growth as well. Optical micrographs of inch-scale pristine nickel
foam, as grown 3D few-layer graphene foam (without deposition of Fe catalyst) and fewlayer graphene/MWNT nanostructure from identical growth condition are shown in
Figure 5.1b. A scanning electron microscope (SEM) micrograph of the pristine nickel
foam is shown in Figure 5.1c to demonstrate that the porosity level is around 120 pores
per inch (PPI) and the average grain size of nickel is 10~20 μm.
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Figure 5.2 Loading mass versus growth time plot of the 3D few-layer
graphene/MWNT foam.

We successfully controlled the loading mass of carbon hybrid nanostructures with
various growth time, catalyst amount and carbon source concentration. The mass of
loading trend with respect to the growth time demonstrates the loading mass is
proportional to the growth time (Supporting Information Figure 5.2). It is important to
note that the loading mass in this work is the weight change of the sample measured
before and after APCVD growth.
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Figure 5.3 Representative SEM images of the surface morphology of the 3D fewlayer graphene/MWNT nanostructures on nickel foam. (a) low magnification and (b)
high magnification of topside; (c) low magnification SEM image of the underside
(rotated 180o) of the nickel foam frame. (d) Raman spectra collected from the
topside (carbon nanotubes region) and underside (few-layer graphene region),
respectively. Laser excitation: 532 nm. All spectra are collected on nickel foam
substrate.

SEM images in Figure 5.3a-b indicate the topside morphology of graphene/MWNT
nanostructures at different magnifications on nickel foam. Randomly oriented and
densely packed surface morphology of the as-grown MWNT structures are grown on
nickel foam which is commonly used as the current collector for energy storage devices
(Figure 5.1b). The average diameter of the as grown MWNT is around 20nm which can
be roughly measured from the high magnification SEM image (Figure 5.3b). Iron
catalysts, circled light spots in Figure 5.3b, were confirmed with Energy Dispersive
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Spectroscopy (EDS) (Figure 5.4), suggesting a tip-growth mechanism of the MWNT. The
dense and homogeneous graphene/MWNT network structure possesses a very large
active area that is desirable for supercapacitor electrodes, which is also beneficial for
loading of pseudo capacitive oxides like MnO2, RuO2, etc. To verify the surface area, we
conducted surface area characterization on a Micromeritics ASAP 2020 surface-area with
N2 gas. The measurement was conducted on the sample right after growth and no sample
activation was applied, and the as-synthesized sample was directly degassed at 230 °C for
48 hours under vacuum prior to the measurement. The sample exhibits a type II
adsorption isotherm typical of materials of permanent microporosity (Supporting
Information Figure S3). The Langmuir and Brunauer-Emmett-Teller (BET) surface areas
were found to be 743 and 497 m2 g-1, respectively. The obtained data is lower than the
theoretical graphene surface area (2630 m2 g-1) but higher than values for MWNT (400
m2 g-1) as reported before (4, 28). The high porosity and relatively high surface area
suggest this type of few-layer graphene/MWNT hybrid foam structure is an excellent
candidate for the electrodes of energy storage devices.
Figure 5.3c shows the underside view of the as grown graphene/MWNT foam. We
can see the presence of MWNT on the edges of the nickel frame while no MWNT on the
underside of the nickel frame. Raman spectra recorded from the graphene region located
at the underside of the graphene/MWNT foam (Figure 5.3d black curve) further confirms
the absence of MWNT. The presence of the G peak at 1581 cm-1, the 2D peak at 2709
cm-1 and the G/2D ratio indicate the typical Raman characteristics for few-layer graphene
(FLG) sheets, which is similar to those reported for CVD grown graphene layers (29-34).
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No D band is observed at 1360 cm-1 due to the high quality of the as grown structures.
Raman spectra features collected from the dark regions of few-layer graphene/MWNT
nanostructures foam (topside of foam) are in good agreement with the MWNT Raman
spectra, which clearly shows the presence of the intense D band centered around 1380
cm-1, the intensity of which is relatively higher compared to that of the G band centred
around 1570 cm-1 (Figure 5.3d red curve) (35). The 2D band for MWNT centred at
~2700 cm-1 is a single peak which is similar to that of graphene. The presence of the
intense D band in the spectrum is associated with defects of the MWNT. The absence of
MWNT on the backside is attributed to the isotropic manner of deposition by the e-beam
evaporation which only deposits iron catalysts on the topside of the nickel foam frame.
We further confirmed this phenomenon via Energy Dispersive Spectroscopy (EDS)
analysis (Figure S3 a-b). No Fe presence was observed on the underside (Figure S3a).
The selective coverage of the MWNT dramatically decreased the mass loading and
increased the active material utilization which is desirable for supercapacitor applications.
Furthermore, full coverage of CNTs on both sides maybe valuable for other applications
and it can be also achieved by simply doing growth using identical conditions by using
samples with catalyst nanoparticles deposited on both sides.
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Figure 5.4 Energy dispersive spectroscopy (EDS) spectrum of (a) underside and (b)
topside of the as grown carbon foam nanostructure shows the elements.
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Figure 5.5 TEM images of the graphene/MWNT foam nanostructure. (a) TEM
image of few-layer graphene/MWNT hybrid foam. White arrow-carbon nanotubes,
black arrow-graphene attachments. (b) High resolution (HR) TEM micrograph of
the carbon nanotube-graphene interface. (c) TEM image of the few-layer graphene
film with a curled edge.

Transmission electron microscopy (TEM) was employed to further confirm the
existence of graphene layers under MWNT and the quality of the carbon nanotubes. The
TEM samples were prepared by using ethanol-sonication method to peel as grown fewlayer graphene/MWNT nanostructures off the nickel foam surface. Graphene sheets were
broken and peeled off from the nickel backbone during ultra-sonication process, therefore,
small graphene fragments are attached to the MWNT (Figure 5.5a). The average diameter
of the as-grown carbon nanotubes have a diameter of around 15 to 20nm with a wall
thickness of about 15 to 20 layers and inner diameter around 5nm as determined by direct
high resolution (HR) TEM imaging (Figure 5.5b), which is in accordance with the SEM
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observations (Figure 5.3b). In the same sample we observed a relatively large area
graphene film consisting of regions with different thickness (Figure 5.6a). The variation
in the number of the graphene layers as revealed in Figure 5.6a is due to the process of
peeling of the graphene film from the nickel substrate during preparation for TEM
imaging. The graphene layers on nickel foam are quite uniform and continuous which is
verified by the SEM imaging of the underside view of the graphene/MWNT foam (Figure
5.3c). This is also confirmed in a control sample of few-layer graphene only, where
uniform film on nickel foam is grown without depositing iron catalyst (Supporting
Information Figure S5). The edges of few-layer graphene films tend to fold back which
allows obtaining a cross-sectional view of the film in the TEM and the number of
graphene layers can be determined. In our case, the few-layer graphene film consists of 710 graphene layers as counted from the HRTEM micrograph (Figure 5.5c). Though the
oxide layer from the plasma pre-treatment functions fairly well to inhibit the diffusion of
too much carbon into the nickel, after reduction in the hydrogen evironment during the
growth the total exposure time to carbon source is still relativly longer compared to the
previously reported experiments of growth of single-layer graphene films on either flat
nickel substrate or nickel foam (8, 36-38). Raman spectroscopy has confirmed that the
graphene under layer in the graphene/MWNT foam nanostructure is predominantly
multilayer rather than single layer. This is desirable to have in our work since for energy
storage devices multilayer graphene film tends to provide better bonding between
MWNT and nickel foam. Furthermore the multilayer graphene is capable of holding
together the whole structure way better facilitates the formation of a three dimensional
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interconnects by etching the nickel away (37, 38). HRTEM and cross-sectional bright
field TEM images were used to confirm there is a direct connection between few-layer
graphene and MWNTs. Figure 5.8 shows a few-layer graphene film at the nickel-carbon
interface with an average thickness of about 5nm.
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Figure 5.6 (a) Graphene film with regions of different thickness. (b) High
magnification TEM micrograph of a small graphene flake attached to the root of
MWNT.
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Figure 5.7 SEM micrograph of the (a) nickel foam treated by IRE O2 plasma but no
Fe nanoparticles are deposited on the surface and (b) is the graphene growed on the
plasma treated foam by using same growth condition for few-layer
graphene/MWNT foams. White arrows are used to show the graphene boundary
difference before and after graphene growth.
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Figure 5.8 Cross-sectional TEM showing the presense of about 5 nm thick layer of
small graphene nanolayers at the interface between the nickel substrate and CNTs.

5. 3.2 Supercapacitors based on 3D graphene/MWNT foam nanostructures

Figure 5.9 Schematic illustration of the structure of EDLC based on few-layer
graphene/MWNT foams, few-layer Graphene/MWNT foam works both as a porous
current collector and active layer.
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Figure 5.10 Cyclic voltammetry of few layer graphene on nickel foam (black), 2 nm
thickness Fe catalyst particles on nickel foam (blue), and pristine nickel foam (red).
Scan rate: 50 mV s-1.

Figure 5.11 (a) Cyclic voltammetry measurements for graphene/MWNT foam
nanostructure before and after KOH thermal treatment. Scan rate: 50 mV sec-1.
Electrolyte: 6 M KOH aqueous. (b, c) Contact angle measurements of
graphene/MWNT foam before (b) and after (c) KOH thermal treatment.

The nickel foam frame functions as a current collector for the EDLC, the backbone
of the few-layer graphene/MWNT foam nanostructure, and also serves as protection for
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the active materials loaded in the framework. Supercapacitors based on few-layer
graphene/MWNT foam nanostructure electrodes were fabricated according to the
schematic process flow illustrated in the supporting information Figure 5.9, which
includes two equal area few-layer graphene/MWNT foam nanostructure electrodes
spaced apart by a porous separator. Cyclic voltammetry for few-layer graphene/MWNT
foam nanostructure supercapacitors were conducted at scanning rates between 2.5 mV
sec-1 and 500 mV sec-1 within a voltage window of 0 V to 1.0 V in 6 M potassium
hydroxide (KOH) aqueous electrolyte solution. The interaction between electrode and
electrolyte is critical for the performance of supercapacitor devices since the surface
wettability of the electrode is known to influence the interfacial state of the carbon
surface and its double-layer properties, such as point of zero charge, electrical contact
resistance, adsorption of ions (capacitance), and self-discharge characteristics (6). For a
porous film electrode with a thickness around 1 mm the electrode-electrolyte interaction
is even more significant. To study the effect of surface wettability to specific capacitance
and to avoid introducing other undesired contaminations, we pre-treat the as-grown
graphene/MWNT foam nanostructure with 6 M KOH aqueous at 80 oC for 1 hour to
mildly activate the surface properties of the carbon nanostructure to make it hydrophilic.
This KOH aqueous pre-treatment is less harsh than the high temperature activations of
carbon structures but it is expected to show the true performance of the few-layer
graphene/MWNT hybrid foam nanostructure with better electrolyte-electrode interaction
(5, 39). Specific capacitance Cs values are calculated from the CV curves by using Eq.
(1):
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2 ∫ IdV

Cs = m×∆V×S

(1)

Where Cs is the specific capacitance, ∫IdV is the integrated area of the CV curve, m is
the mass of the active materials of one electrode, ∆𝑉 is the voltage window, and S is the
scan rate. After the pre-treatment with 6 M KOH aqueous solution, the specific
capacitance of the

few-layer graphene/MWNT foam is improved by 320% (increases

from 55 F g-1 to 233 F g-1) at a scanning rate of 50 mV sec-1 (Figure 5.11a). The contact
angle is decreased from 142o to 18o after the activation of the carbon nanostructure
surface, which further indicates that the surface wettability is significantly enhanced (as
shown in Figure 5.11b, 4c).
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Figure 5.12 (a) Cyclic voltammetry measurements for few-layer graphene/MWNT
foam nanostructure performed at different scan rates. (b) Specific capacitance
values at different scan rates. (c) CV curve for 3D graphene/MWNT foam
nanostructure, graphene foam, and pristine nickel foam at the scan rate of 50 mV
sec-1. (d) Galvanostatic charge-discharge curves measured with different current
densities for the as prepared 3D few-layer graphene/MWNT foam electrochemical
supercapacitor. (e) Plot of specific capacitances at different current densities. (f)
Ragone plot related to energy densities and power densities of the few-layer
graphene/MWNT foam (this work), graphene films(17), MnO2
nanowires/graphene(40), single-wall carbon nanotubes (SWNTs)(41), MWNT(42),
vertically aligned MWNT(43), polyaniline (PANI), polypyrrole (PPy),
poly(ethylenedioxythiophene) (PEDOT)(1), activated carbon monolith(44), and
activated carbon-MnO2(45). All of the electrochemical measurements are conducted
in 6M KOH electrolyte.
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Figure 5.12a presents the CV behaviour of the as-grown 3D graphene/MWNT hybrid
foam nanostructure under different scan rates. The nearly rectangular shape and the
absence of peaks of oxidation and reduction for all scan rates suggest the SCs based on
this type of carbon foam structure has small equivalent series resistance, high rate
handling capability and excellent electrochemical performance. Moreover, the CV curves
exhibit nearly mirror-image current response on voltage reversal, indicating a good
reversibility (40). The maximum specific capacitance value of 269.79 F g-1 is obtained
for the few-layer graphene/MWNT foam nanostructure at the scan rate of 5 mV sec-1,
which is much higher (~120% more) than that for self-assembled graphene/carbon
nanotube hybrid films (46). The specific capacitance tends to decrease with increasing
scan rates because of the relative long diffusion length for the porous foam structure and
an increase of the ion transport related resistance (Figure 5.12b). Specific capacitance
values at scan rates under the scan rate of 100 mV s-1 maintain more than 80 % of the
initial value, indicating process stability, repeatability, and superior performance of the
supercapacitor (11, 13, 46).
Cyclic voltammetry measurements were conducted on control samples based on
pristine nickel foam and graphene/nickel foam respectively to rule out their effects on the
final specific capacitance (Figure 5.12c and Figure 5.10). The measurements verified that
the areal capacitance effects from the nickel foam and the graphene foam are negligible.
The low capacitance value of the graphene/nickel heterostructure is due to the low total
surface area of the as grown graphene sheet compared to that of densely packed MWNT.
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Chronopotentiometry measurements were conducted to further evaluate the
electrochemical

performance

of

the

graphene/MWNT

foam

nanostructure

supercapacitors. The galvanostatic charge-discharge test was performed with different
current densities in a voltage window of 0 to 1 V. The near linear and symmetric charge
and discharge curves suggest a very good capacitive performance with a rapid I-V
response for our device (Figure 5.12d). The specific capacitances at different current
densities are calculated through Eq. (2):

2i

Cs = m(dV⁄dt)

(2)

Where m is the carbon mass of one electrode, i is the discharge current and dV/dt is
the slope of the discharge curve. The as calculated specific capacitances under different
current densities between 1.78 mA cm-2 and 21.33 mA cm-2 are shown in Figure 5.12e.
The highest specific capacitance of 286 F g-1 (slightly higher than the one calculated from
the CV curve) is obtained at the current density of 1.78 mA cm-2 demonstrates the
superior capacitive performance of this few-layer graphene/MWNT foam architecture
(20). To further evaluate the performance of the graphene/MWNT hybrid foam
nanostructures for the electrodes of EC, we calculated the energy density (E) and power
density (P) based on the chronopotentiometry measurement results of our device. The
energy density (E) and power density (P) are calculated by using Eq. (3) and (4):
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1

(3)

E

(4)

E = 2 Cs (∆V)2

and

P=

t

where t is the total time of discharge. Cs is the specific capacitance value from chargedischarge curves, and ∆V is the potential range which is 1.0 V for aqueous electrolyte
normally. The few-layer graphene/MWNT foam electrode shows a performance with a
high energy density of 39.72 Wh kg-1 at 3.74 kW kg-1 which gradually reduces to 25.78
Wh kg-1 at 154.67 kW kg-1. These results are better compared to the previously reported
systems like graphene films, MnO2 nanowire/graphene, single-wall carbon nanotubes
(SWNTs), MWNT, vertically aligned MWNT, polyaniline (PANI), polypyrrole (PPy),
Poly(ethylenedioxythiophene) (PEDOT), activated carbon monolith and activated
carbon-manganese dioxide hybrid capacitor (Figure 5.12f) (1, 17, 40-45). Figure 5.12f
shows the Ragone plot of the energy density (E) versus power density (P) values of
different supercapacitor systems in detail. The E and P values are based on the mass of
the active materials of the electrodes. The maximum energy density of 39.72 Wh kg-1 and
the highest power density of 154.67 kW kg-1 in aqueous electrolyte resulting in superior
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performance compared to other types of electrochemical capacitor systems, suggest that
this graphene/MWNT foam nanostructure is a good candidate for future electrochemical
capacitor and battery electrodes.

Figure 5.13 (a) Cyclic stability of the few-layer graphene/MWNT foam electrode at
the current density of 21.33 mA cm-2. (b) A plot of the potentiostatic electrochemical
impedance spectroscopy (EIS) measurements conducted between 0.1 Hz and 106 Hz
with an amplitude of 10 mV after 1st, 13000th, 26000th, and 85000th cycle respectively.
The inset shows the equivalent simplified Randle’s model, where C is the ideal
capacitance, ESR is the equivalent series resistance, and Rleakage is the leakage
resistance.
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Figure 5.14. Comparison of CV curves for the 1st and the 80000th cycle at the scan
rate of 50 mV sec-1.

Long cycling life is also one of the most critical factors for the application of
supercapacitor electrodes. A test sequence of 85000 charge-discharge cycles for our
graphene/MWNT foam electrode supercapacitor was carried out with a current density of
21.33 mA cm-2 (Figure 5.13a). After 85000 cycles, over 99.34% capacitance was
maintained without obvious aging or performance degradation which demonstrates the
excellent electrochemical performance of this type of electrode material for the
application of practical energy storage devices (2, 20, 47, 48). The near identical CV
characteristics even after 80000 cycles suggests our supercapacitor can recover its
original performance after long-term storage (Figure 5.14). The slight capacitance
enhancement of the device in the first several thousands of cycling is due to the increased
effective interfacial area between few-layer graphene/MWNT nanostructure and
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electrolyte with the increase of reaction time (49). We believe the KOH activation may
also play a role in this enhancement which is based on a similar principle as shown in
Figure 5.11. This self-strengthening effect also helps to stabilize the device for long term
running and offers a better option for the applications of the foam material for
supercapacitor electrodes.
Potentiostatic electrochemical impedance spectroscopy (EIS) measurements were
performed after 1st, 13000th, 26000th, 85000th cycles to evaluate the internal resistance
change during the cycling charge-discharge test. The EIS Nyquist plots show a near
linear and vertical characteristic and a series of constant spectra with an identical
equivalent series resistance around 3 Ω for the EIS measurements after 1st, 13000th, and
26000th cycles, which further demonstrate an exceptional electrochemical cycling
stability of our graphene/MWNT foam nanostructure electrodes (Figure 5.13b). The
excellent cycling performance achieved in our graphene/MWNT nanostructure system
can be attributed to the electrochemical stability of the active material. In addition, the
graphene layer helps the connection of MWNT on the nickel foam. An insignificant right
shifting characteristic (ESR shifts from 3 Ω to 5.5 Ω) of the EIS measurement over 85000
cycles is due to the increase of the internal resistance. The prolonged 45 degree Warburg
slope is associated with the ion diffusion and transport resistance. The diffusion and
transport impedance depends on the frequency of the potential perturbation and also the
travel path. Since the parameters are identical for all of EIS measurements at selected
cycling, the prolonged Warburg slope may be due to the fouling of the diffusion path
(50). After 80000 cycles ionic transport pathway became more tortuous, resulting in the
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diffusion phenomena more pronounced. The more resistive ionic transport led to the
additional capacitive loop and the Warburg impedance, respectively. We believe the
possible reasons for the fouling of the diffusion path would be degradation of the
separator, electrolyte, and even material itself. From Figure 5.13b, it is obvious that there
is a significant increase of both the charge-transfer resistance and diffusion resistance of
the electrode with increasing cycle number, which suggests the increased ESR is due to
an combination of increased charge-transfer impedance and the ion diffusion and
transport impedance of the supercapaictor system after 80000 cycles (51).

5.4 Conclusion
We have demonstrated a novel 3D hierarchical few-layer graphene/MWNT hybrid
foam nanostructure by ambient pressure chemical vapour deposition. This type of new
nanocarbon architecture offers a facile, scalable and low cost approach for supercapacitor
and battery applications. The low density (normally<500 g m-2), excellent ductility, high
electrochemical stability (99.34% capacitance retention over 85000 cycles) and excellent
capacitive performance (specific capacitance: 286 F g-1, Energy density: 39.72 Wh kg-1,
Power density: 154.67 kW kg-1) indicate that this unique 3D structure is promising for
future energy storage applications.
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Chapter 6 Improved functionality of carbon materials by UV ozone treatment

[Wei Wang, Isaac Ruiz, Ilkeun Lee, Francisco Zarea, Mihrimah Ozkan, Cengiz S. Ozkan,
" Improved functionality of carbon materials by UV Ozone treatment ", In preparation.]

Abstract
Optimization of the electrode/electrolyte double-layer interface is a key factor to
improve the electrode performance of aqueous electrolyte based supercapacitors. Here,
we report the improved functionality of carbon materials via a non-invasive, highthroughput and inexpensive UV generated ozone (UV-ozone) treatment. This process
allows precise tuning of the GM foam transitionally from ultrahydrophobic to hydrophilic
within 60 sec. The continuous tuning of surface energy can be controlled by simply
varying the UV-ozone exposure time, while the ozone-oxidized carbon nanostructure
maintains its integrity. Symmetric supercapacitors (SCs) based on the UV-Ozone treated
GM foams demonstrated enhanced rate performance. Taking advantage of ease of
processing, cost, scalability, controllability, this technique can be readily applied to other
CVD-grown carbonaceous materials.

6.1 Introduction
Supercapacitors (SC) are a promising energy storage device because they can
store and deliver charge at a very high rate (within seconds). With the increasing demand
for high power density energy storage devices,

the research on SCs have grown

explosively in the past few years. Since the storage mechanism for electrochemical
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capacitors is primarily surface storage, nanostructured synthetic carbon materials have
attacted tremendous attention due to their unique combination of chemical and physical
properties including high conductivity, large surface area, good corrosion resistance,
controlled pore structure, processability and compatibility in composite materials, and
relatively low cost.(1-7) Although pseudocapacitors employing transition metal oxides(810) and conducting polymers, etc(11, 12) have been increasingly studied, carbon
materials based supercapcitors remain the most extensively studied and least expensive
applicable choice for practical applications. Finding new electrode materials and
optimization of available electrode materials are the primary consideration for improving
the specific capacitance of SCs. Various nanostructured synthetic carbon materials such
as carbon spheres/onions,(2, 3) carbon nanofiber/nanotubes,(13, 14) activated carbon,(15)
template derivered carbon,(16) carbide derived carbons(17) and more recently graphene
based materials(6, 18, 19) have been investigated comprehensively for SC applications.
Pioneer investigations on effects of pore size and surface area suggest the performance of
SCs can be improved by maxmizing the eletrolyte accessible surface area.(20, 21)
Furthemore, chemical vapor depostion (CVD) grown synthetic carbon nanostructures
have been verified to be an effective, facile, binder-free technique for the prepration of
SC electrodes with high electrochemical performances.(13, 22-26) The seamless
conection between active material and current collector facilitaes the charge transfer
within the electrode which enhances the rate performance and stability dramaticlally.
In addition, we believe the optimization of the electrode/eletrolyte doble-layer
interface is another key factor to improve the electrode performance of SCs. Especially
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for aqueous electrolyte based SCs, which are safer and easier to be fabricated, better
electrode-electrolyte interface is critical to extract the full performance out of the
electrode system. Surface functionalization techniques including high temperature H2O
etching, plasma treatment, chemical functionalization and activation, etc have been
verified

effective

to

enhance

the

electrode/electrolyte

interface

for

cabron

nanostructures.(22, 25) However, all of these reported approaches require harsh
conditions such as high temperature, low pressure, complicated processing, long
processing time, destructive to electrode materials, etc.
In this work, we report the improved functionality of carbon materials via a noninvasive high-throughput inexpensive UV generated ozone (UV-ozone) treatment. We
take 3D graphene and CNT hybrid foam nanostructure (GM) as an example to
systematically study the effects and mechanisms of improved functionality. Notably, we
observed that the UV-Ozone treatment allows precise tuning of the GM foam
transitionally from hydrophobic to hydrophilic within 60 sec, which suggests a faster and
superior approach compare with previously reported treatment by potassium hydroxide
(KOH).(26) Contact-angle measurement, Raman, X-Ray photoelectron spectroscopy
(XPS), infrared spectroscopy and transmission electron microscopy (TEM) were
performed to characterize the structural change of the UV-Ozone treated sample.
Symmetric supercapacitors (SCs) have been fabricated based on the UV-Ozone treated
GM foam. The results suggest this UV-Ozone treatment is a very promising dry process
approach to tailor carbonaceous electrodes for improved supercapacitor rate performance,
durability and stability.
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6.2 Experimental Section
6.2.1 Materials synthesis
Graphene and CNTs foam and pillared graphene nanostructure are grown via a chemical
vapor deposition (CVD) process on conductive substrates which are nickel foam and
copper foil, respectively in this work.(26, 27) The conductive substrates are preanealed to
release the residue stress and washed to remove contaminants. Next, 1-5 nm iron
catalysts are deposited on conductive substrates by e-beam evaporation (Temescal, BJD1800). The treated Ni foam is heated to 750 °C, and hydrocarbon gas is introduced to
trigger and continue the growth of graphene and CNTs synchronously on the nickel foam
frame. A Renishaw DXR Raman spectroscopy system with a 532 nm laser (8mW
excitation power, 100x objective lens) source is used to characterize the UVO treated GM
foam. Kruss Easy drop (FM 40) technique is employed to measure the contact angle of
the grapheme films. The FTIR study is performed by using Bruker Equinox 55 FTIR.

6.2.2 Materials characterization
The morphology of material is investigated using scanning electron microscopy (SEM;
leo-supra, 1550) and transmission electron microscopy (TEM; Philips, CM300) with a
LaB6 cathode operated at 300 KV. The TEM samples were prepared by ultrasonicating a
small piece of sample in ethanol to form a dispersed solution and then coating the
dispersed solution onto carbon film coated TEM grid by simply dropping. X-ray
photoelectron spectroscopy (XPS) characterization was carried out for Elena’s samples
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under the following experimental conditions by using a Kratos AXIS ULTRADLD XPS
system equipped with an Al K monochromatic X-ray source and a 165-mm electron
energy hemispherical analyzer. Vacuum pressure was kept below 3 × 10-9 torr and
neutralizer was applied during the data acquisition.

6.2.3 Fabrication and characterization of electrochemical capacitor cells
A symmetrical packaged supercapacitor configuration is employed

for

the

electrochemical measurements, where the two working electrodes are assembled into a
sandwich structure with a porous membrane functions as a separator in-between. An
aqueous electrolyte (2 M Li2SO4) is used in this work. Cyclic voltammetry (CV),
chronopotentiometry

(charge-discharge

(CD)),

and

electrochemical

impedance

spectroscopy (EIS) were conducted to evaluate the performance of the supercapacitors.
Potentiostatic EIS measurements were performed between 0.1Hz and 1MHz with
amplitude of 10 mV. Specific capacitance Cs values are calculated from the chargedischarge curves via equation Cs=∫IdV/(mΔVS), Where m is the mass of active electrode
materials, ∫IdV is the enclosed area of the CV curve, ΔV is the operational voltage
window and S is the scan rate.
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6.3 Results and discussions

Figure 6.1 (a) Contact angle measurements of the CVD grown GM foam over time
upon exposure to ozone at room temperature. (b) SEM image of the GM foam. (c)
Raman spectra of GM foam with a UV-Ozone treatment time of 0 sec, 20 sec, 40 sec,
60 sec, respectively. (d) ID/IG and (e) IG'/IG with exposure time. All Raman spectra
are collected on nickel foam subst rate. Laser excitation: 532 nm.

Three dimensional (3D) few-layer graphene-MWNT (GM) foam samples were
treated wth UV-ozone for 0 sec, 20 sec, 40 sec, and 60 sec. Contact angle measurements
of the UV-ozone treated GM foam samples reveal the wettability of the GM samples are
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enhanced with increased treatment time (Figure 6.1a). Through this dry method, the 3D
GM foam change from completely hydrophobic to hydropihilic within 60 seconds, which
is much faster compared with previous studied wet chemical treatment methods.(25, 26)
The GM foam is grown via ambient pressure CVD process,(9, 26) the as-grown GM
foam demonstrates a hierarchical nature with very good coverage of CNTs on the
graphene covered nickel backbone (Figure 6.1b). To understand the machanism of the
surface energy change, Raman spectroscopy was conducted to investigate the structural
changes in GM foam as a function of UV-Ozone exposure time (Figure 6.1c). Raman
spectra collected from pristine and UV-Ozone treated GM samples are in good agreement
with the multiwalled carbon nanotube (MWCNT) Raman spectra, which shows the
presence of the D band centered around 1380 cm-1, G band centered around 1570 cm1

.(28) The G' band centered around 2700 cm-1 is a single peak, which is similar to that of

graphene. The D band is associated with the defects of the CNTs. All spectra in Figure
6.1c are normalized based on G band, it is obvious to see that the intensity of the D band
increases with the prolonging of UV-Ozone exposure time. With the increase of UVOzone exposure time, the D to G peak intensity ratio (ID/IG) increases from ~ 0.45 to
~0.95 within 40 sec and tends to stabilize ~1.0 afterwards (Figure 6.1d). Figure 6.1e
shows the G' to G peak intensity ratio (IG'/IG) decreases from ~ 0.52 to ~0.32 in 40
seconds. The raise of ID/IG and the decrease of IG'/IG suggest a structural change via
doping which is generally activated by local basal distortion with the formation defectlike sp3 bonds in carbon materials.(29) Moreover, in Figure 6.1c, a minor D' band at
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~1620 cm-1 is observed after 20 sec UV-Ozone treatment, the D' band tends to merge
together with G band with longer treatment time.

Figure 6.3 (a) O 1s spectra and (b) C 1s of GM foam before and after (20, 40, 60 sec)
treatment. (c) Relative atomic ratio of O to C as function of UV/O3 treatment time.
(d) IR spectra of GM foam before and after treatment.

X-ray photoelectron spectroscopy (XPS) was performed to further elucidate the
effects of UV-Ozone exposure on the GM foam (Figure S2). We conducted XPS on GM
foam with nickel backbone directly to eliminate contamination from etching and transfer
process. Upon exposure to UV-Ozone treatment, it is obvious that the O1s peak, which is
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observed at ~ 532.9 eV, becomes sharper (Figure 6.2a). Increasing the exposure time
from 0 sec to 60 sec increases the intensity of O1s remarkably. The C1s peak (~284.6 eV)
is observed to drop with the increasing of exposure time which suggests the formation of
oxygen generated functional groups on the surface of GM foam. By estimating the areas
of the peaks corresponding to C-O bonds and C-C bonds, the averaged relative atomic
ratio of O to C as a function of UV/O3 treatment time is obtained in Figure 6.2c. XPS
data were collected randomly at 3 different positions on each exposure condition to
estimate the error for each data point. Even though the O/C ratio has been increased
more than 2 times with the UV-Ozone exposure time up to 60 sec, the ratio is relatively
low at ~ 2%. We believe the relatively low O/C ratio is due to the oxygen contained
functional groups are primarily generated on the surface of graphene and CNTs. We
believe that might be also the reason why corresponding bonds include C=O (at 287 eV)
or HO-C=O (at 289 eV) are under detection level. However, in this case, the low
oxidation level is actually beneficial since we want to tailor the surface energy without
sacrificing too much active materials. Since the CNT carpet is a very good IR absorber
with ultra-high optical absorption efficiency from ultraviolet to infrared.(30, 31) The IR
spectra for GM and UV-Ozone treated GM foam have been obtained with a MCT
detector, which has better sensitivity than generally used DTGS detector that have
previously been tried before, as displayed in Figure 6.2d. All the peaks are increased with
the treatment time due to the generation of carboxyl groups on carbon surface.
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Figure 6.4 (a) Comparison of CV characteristics of KOH treated GM foam and UVOzone treated GM foam. (b) Normalized CV characteristics and (c) specific
capacitances of UV-Ozone treated GM foam under the scan rates of 5, 10, 20, 50,
100, 200 mV s-1. (d) Galvanostatic charge-discharge (CC) curves of GM
supercapacitor at current densites of 0.59 mA cm-2 and 3.53 mA cm-2, respectively.
(a) Cycling stability test of UV-Ozone treated GM foam at the current density of
56.5 mA cm-2. (b) Potentiostatic electrochemical impedance spectroscopy (EIS)
plots of UV-Ozone treated GM foam before and after cycling test. Inset shows the
high frequency region of the EIS plots.

Supercapacitors (SCs) based on the GM nanostructure foam electrodes were
fabricated, which include two equal area working electrodes spaced apart by a porous
separator. Cyclic voltammetry (CV) for UV-Ozone treated GM foam supercapacitors
(SCs) were initially conducted at scanning rates between 5 mV sec-1 and 200 mV sec-1
with a operational voltage window of 1 V in 2 M Li2SO4 aqueous electrolyte to estimate
the capacitance. The nearly rectangular shape and the absence of oxidation and reduction
peaks are observed for all scan rates suggesting that SCs based on UV-Ozone GM
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electrodes have small equivalent series resistance, high rate capability, and excellent
electrochemical performance. Moreover, the nearly mirror-image shape of CV curves
indicate exceptional reversibility and a very fast surface reaction.(32) The nearly identical
normalized CV characteristics for all scan rates <200 mV sec-1 suggest excellent process
stability, repeatability, and outstanding performance of the SC based on UV-Ozone
treated GM foam. As it shown in the specific capacitance against scan rates plot, the
specific capacitance ~ 230 F g-1 was achieved for scan rates < 200 mV sec-1. The specific
capacitance retained 80% for SC based on UV-Ozone treated GM foam under a high
scan rate of 1000 mV sec-1, which is much superior compare with pristine GM foam and
GM foam with KOH treatment.(26) We believe there are two possible reasons leading to
the excellent electrochemical performance of the UV-Ozone treated GM SC system: (i)
Ozone treatment increased the surface energy which enhanced the electrode-electrolyte
interface. (ii) Enhanced electrochemical stability of the innovative GM foam
architecture.(33) Figure 6.3c shows the normalized CV characteristics of KOH treated
GM foam and UV-Ozone treated GM foam. The UV-Ozone treated GM shows sharper
corner and more rectangular shape suggesting that SCs based on UV-Ozone treated GM
electrodes have faster current-voltage response, smaller equivalent series resistance,
higher rate capability, and superior electrochemical performance. Chronopotentiometry
measurements were also conducted with a operation voltage window of 1.0 V to further
evaluate the electrochemical performance of the RGM foam supercapacitors. Chargedischarge (CC) characteristics demonstrate near linear and symmetric charge and
discharge curves suggest an excellent capacitive performance with a rapid I-V response
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for our device (Figure 6.3d). Cycling stability is another critical factor for the application
of supercapacitor electrodes. A sequence of 8000 charge-discharge cycles for our UVOzone treated GM nanostructure foam (Voltage window 1.0 V) was conducted under a
current density of 56.5 mA cm-2 (Figure 6.3e). A superior capacitance retention of 99%
was maintained over 8000 cycles for the SC based on UV-Ozone treated GM
nanostructure.
Potentiostatic electrochemical impedance spectroscopy (EIS) measurements were
performed to further characterize the performance of RGM SCs. Both Nyquist plots
(before and after cycling test) show a linear and near vertical characteristic in the low
frequency region suggest the UV-Ozone treated GM SC behaves approximately like an
ideal supercapacitor.(34, 35) Some deviation from absolute ideality is evident in a large
but finite slope of the plot in this region. This can be a result of frequency dispersion due
to wider distribution of the pore size of the porous matrix.(36) The near identical Nyquist
plots and minor equivalent series resistance (ESR) change (from 1.13 to 1.25) for UVOzone treated GM before and after cycling further verified the excellent electrochemical
stability of our materials system (Figure 6.3f).
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Figure 6.5 (a) The equivalent circuit model used for EIS fitting, where RS is the
equivalent series resistance (ESR), RCT is the resistance of the electrode-electrolyte,
RCONTACT is the contact and interface resistance. CPEDL is the constant phase element
(CPE) of double layer, W0 is the Warburg element, CPECONTACT is the CPE of
contact. Plots of (b) EIS spectra, (c) normalized real capacitances (C') versus
frequency, and (d) imaginary capacitance versus frequency for pristine GM foam,
KOH treated GM foam and UV-Ozone treated GM foam, respectively.

Figure 6.4a shows the equivalent circuit used to decipher the impedance plots
obtained via electrochemical impedance spectroscopy (EIS). This equivalent circuit is an
electrical model whose elements are equivalent to individual mechanisms inside the
electric double layer capacitor (EDLC). To further study the effects of UV-Ozone
treatment on the electrochemical performance of GM based supercapacitors, we
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compared the Nyquist plots for pristine GM, KOH treated GM and UV-Ozone treated
GM (Figure 6.4b). The high frequency intercept is where the supercapacitor behaves like
a pure resistor. This intercept, represented as RS in the equivalent circuit, gives numerical
information about equivalent series resistance (ESR) including the ionic resistance of
electrolyte and electronic resistance in external contacts in the SC.(37) Lower values of
RS are desirable in order to achieve improved power performance from a supercapacitor.
UVO treated GM demonstrates the lowest Rs~1.13 ohm compare with KOH treated GM
(~1.54 ohm) and pristine GM (23.1 ohm). The semicircle in the high frequency region is
due to contact impedance between the active material and the current collector.(17, 38) It
may also signify contact resistance among active material particles, impedance between
the active material and the current collector, etc.(39) A noticeable decrease of this
semicircle in the high frequency region of the impedance plot is observed after applying
both the UV-Ozone treatment and KOH treatment. UVO treated GM foam shows the
smallest semicircle, which only takes ~ 50% of the KOH treated GM SC (Figure 6.4b
inset). This provides evidence for improved contact among active material particles and
with the current collector. The semicircle can also be related to Faradaic reactions
(pseudocapacitance) and the porous structure of the electrode, while the associated
resistance (diameter of the semicircle) is referred to as the polarization resistance, RP.
Low frequency resistance, RLF, is defined as the extrapolation of the capacitive line on to
the real impedance axis. This represents the overall resistance of the electrochemical cell5.
However, these interpretations are not relevant to the double layer capacitor presented
here.
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The complex impedance plots provide evidence for an increased power capability
in our supercapacitor after the ozone treatment. Normalized capacitance should stay fairly
constant at 1 until hitting characteristic frequency. A larger frequency region for which
this stays true is desirable for supercapacitors. In the figure below, an evident
improvement in this stability is observed in the SC after Ozone treatment (Figure 6.4c).
The characteristic time constant can be derived from imaginary capacitance vs. frequency
plot (Figure 6.4d). It is a measure of how fast the device can be charged or discharged
while maintaining good capacitive behavior.(17, 40, 41) It is observed that the UVO
treated GM SC achieved the smallest characteristic time constant ~0.79 sec (highest
corresponding characteristic frequency) which is a 100% improvement compare with
KOH treated GM foam (~1.58 sec) and much superior compare with pristine GM and
other reported nanocarbon systems.(17, 40)

6.4 Conclusion
In summary, an improved functionality of carbon materials via a non-invasive
high-throughput UV generated ozone (UV-ozone) treatment is achieved. We found that
with the tuning of UV-Ozone exposure time. we can tailor the surface wetability of
carbon nanostructure transitionally. UV-Ozone treatment leads the complete transition of
graphene and CNT hybrid foam nanostructure (GM) from hydrophobic to hydrophilic in
60 sec. This simple and scalable process is verified to be an noninvasive process with
excellent controllability. Symmetric supercapacitors (SCs) based on the UV-Ozone
treated GM foam demonstrates enhanced rate performance. The results suggest this UV-
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Ozone treatment is a very promising dry processing approach to tailor carboneceous
electrodes for improved supercapacitor rate performance, durability and stability. Taking
advantages of processing easiness, cost, scalability, controllability, this technique is
readily applied to other CVD-grown carbonaceous materials.
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Chapter 7 Intertwined nanocarbon and manganese oxide hybrid foam for high
energy supercapacitors
Reprinted in part with permission from [Wang, W., Guo, S., Bozhilov, K. N., Yan, D.,
Ozkan, M. and Ozkan, C. S. (2013), Intertwined Nanocarbon and Manganese Oxide
Hybrid Foam for High-Energy Supercapacitors. Small, 9: 3714–3721.]. Copyright Wiley.
Reproduced with permission.

Abstract
Rapid charging and discharging supercapacitors are promising alternative energy
storage systems for applications such as portable electronics and electric vehicles.
Integration of pseudocapacitive metal oxides with single-structured materials has
received a lot of attention recently due to their superior electrochemical performance. In
order to realize high energy density supercapacitors, we developed a simple and scalable
method to fabricate graphene/MWNT/MnO2 nanowire (GMM) hybrid nanostructured
foam, via a two-step process. The 3D few-layer graphene/MWNT (GM) architecture was
grown on foamed metal foils (nickel foam) via ambient pressure chemical vapor
deposition (APCVD). Hydrothermally synthesized α-MnO2 nanowires are conformally
coated onto the GM foam by a simple bath deposition. The as-prepared hierarchical
GMM foam yields a monographical graphene foam conformally covered with
intertwined, densely packed CNT/MnO2 nanowire nanocomposite network. Symmetrical
electrochemical capacitors (ECs) based on GMM foam electrodes show an extended
operational voltage window of 1.6 V in aqueous electrolyte. A superior energy density of
391.7 Wh kg-1 is obtained for the supercapacitor based on the GMM foam which is much
higher than ECs based on GM foam only (39.72 Wh kg-1). A high specific capacitance
(1108.79 F g-1) and power density (799.84 kW kg-1) are also achieved. Moreover, the
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great capacitance retention (97.94%) after 13000 charge-discharge cycles and high
current handability demonstrate the high stability of the electrodes of the supercapacitor.
These excellent performances enable the innovative 3D hierarchical GMM foam to serve
as EC electrodes, resulting in energy storage devices with high stability and power
density in neutral aqueous electrolyte.

7.1 Introduction
The fast-pace development of a wide variety of applications such as portable
electronics, and hybrid electric vehicles, the demand for high energy storage devices with
high power density and excellent cycling lifetime has increased dramatically.
Supercapacitors (SCs) are promising high performance energy storage systems with
relatively fast rates of energy storage and delivery.(1, 2) Conventional SCs, which are
based simply on charge-separation, pristine or activated types of carbon materials have
been widely used due to their unique combination of resilient chemical and physical
properties, which include, high conductivity, large surface area, high corrosion resistance
and electrochemical stability, excellent temperature stability, processability and
compatibility in composite materials and relatively low cost. Intensive research has been
conducted on 0D carbon capsules, 1D carbon nanotubes/fibers (CNTs/CNFs), 2D
graphene, and 3D carbon hybrid nanostructure, including activated carbon, carbidederived carbon and graphene-CNT hybrid materials.(3-17) In addition to 2D graphene
sheets, an innovative free-standing 3D graphene/ultrathin graphite foam structure has
been demonstrated recently to possess superior properties for 3D seamless interconnects
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and flexible networks.(13, 18-21) However, SCs based on these carbonaceous materials
are mostly not capable of providing the sufficient energy density and the much needed
high current handability.(22) To remedy this problem, pseudocapacitive materials are
applied to introduce fast surface redox reactions. The use of nanostructured redox-active
materials such as RuO2,(23) MnO2,(2, 24-26) NiO,(27, 28) V2O5,(29) etc. as faradic
electrodes have been demonstrated to boost the specific capacitance to produce a high
energy density, but in doing so compromises the cycling stability and power density.
Among all redox-active materials, MnO2 appears to be the most promising
material for SCs with the advantages of low cost, simple and scalable synthesis,
environmental friendliness, and rapid charging-discharging.(30, 31) Previously, we
reported the growth of high-quality 3D few-layer graphene/multi-walled carbon nanotube
(MWNT) hybrid hierarchical nanostructures grown on high porosity nickel foam via onestep ambient pressure chemical vapor deposition (APCVD).(11) This novel few-layer
graphene/MWNT (GM) hybrid foam is a 3D graphene foam conformally covered with
densely packed CNT networks. We demonstrated high performance EDLCs with long
cycle stability (~100% capacitance retention over 80000 cycles) using the as-grown GM
hierarchical nanostructures as electrodes. However, the specific capacitance (286 F g-1)
and energy density (39.72 Wh kg-1) are still relatively low compared to the performance
of pseudocapacitive metal oxide nanostructures. Since energy density (E) is equal to
0.5CV2, where C is the capacitance and V is the operational voltage window. A boost in
energy density can be achieved by increasing the capacitance or voltage window.
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In this work, we developed a novel 3D graphene/MWNT/MnO2 nanowire (GMM)
nanocomposite system, which demonstrates a superior specific capacitance (1101.65 F g1

). We integrated the 3D graphene-CNT foam(32) and hydrothermally synthesized single-

crystal MnO2 nanowires by a simple and scalable bath deposition process, which yields a
novel few-layer graphene foam architecture conformally covered with interpenetrating
networks of CNTs and MnO2 nanowires. The intertwined CNT-MnO2 nanocomposite
network demonstrates a hierarchical and porous structure which enables enough
electrolyte access to active materials. At the same time, the embeded CNTs in the CNTMnO2 nanowire network layer and the seamless connections at the CNT/graphene
interface enhance the conductivity and charge transport of the whole electrode. Good
electrolyte access and enhanced conductivity and charge transport further lead to a very
high active material utilization, smaller internal resistance (ESR~1Ω), superior rate
handability and cycling stability.(33) Moreover, besides a very high specific capacitance
compared with other previously reported pseudocapacitor systems, symmetric ECs based
on this innovative GMM hybrid foam architecture could be cycled reversibly in a
operation voltage window of 1.6 V, which is much larger than the majority of aqueous
electrolyte supercapacitors (~1.0 V). (28, 33-38) The high specific capacitance and
extended operational voltage window lead to an impressive maximum gravimetric energy
density of 391.7 Wh kg-1 and power density of 799.84 kW kg-1. In addition to the
capacitance and energy density enhancement, the SC also shows an excellent cycling
stability of 97.94% capacitance retention over 13,000 cycles. Last but not the least,
compared with previously reported graphene/CNT/MnO2 systems, our GMM
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nanocomposite sytem demonstres a binder-free technique for preparing SC electrodes.(39,
40)

7.2 Experimental section
7.2.1 Materials synthesis
3D graphene/MWNTs hybrid carbon nanostructure foam was grown through an ambient
pressure chemical vapor deposition (APCVD) method using a mixture of acetylene and
hydrogen on 0.5 mm thick nickel foam, which is typically used as a current collector in
battery industry (Figure 7.1). The nickel foam is cleaned and annealed to make sure the
surface is free of contaminations, residue stress in the foam is released, enlarge the
average grain size and also flatten the surface. Next, a mild reactive ion etching (RIE) O2plasma is applied and 1-5 nm Fe catalysts are deposited on the surface of plasma treated
nickel foam by e-beam evaporation (Temescal, BJD-1800). The as-prepared nickel foam
is heated to 750 °C under ambient pressure in an Ar/H2 atmosphere, and acetylene is
introduced to trigger and continue the growth of graphene and CNTs synchronously on
the nickel foam frame. After growth, the chamber is cooled to room temperature (25 oC)
at an average cooling rate of 50

.

C min-1. Synthesis of MnO2 nanowire: α-MnO2

o

nanowire was synthesized according to the literature with a modified method.(26) In
brief, 10ml KMnO4 (0.20M) was mixed with 10ml MnSO4 (0.10M) using magnetic
stirring for 10min. Then the solution was transferred to a 40ml Teflon-lined autoclave
and heated to 160oC. A solution of brown color was finally obtained. These products
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were washed several times by deionized water and pure ethanol to remove inorganic ions
and other impurities.
3MnSO4 + 2KMnO4 + 2H2O = 5MnO2 + K2SO4 + 2H2SO4

7.2.2 Materials characterization
The surface morphology is investigated using optical microscopy, scanning electron
microscopy (SEM; leo-supra, 1550) with an X-ray energy-dispersive spectroscopy (EDS),
and transmission electron microscopy (TEM; Philips, CM300) with a LaB6 cathode
operated at 300 KV. For TEM imaging, the sample is ultrasonically dispersed in ethanol
for 1 hr and then diluted and dropped onto a TEM grid. The TEM samples were prepared
by dispersing the as grown MnO2 nanowires in ethanol and then coating the dispersed
nanowires onto carbon film coated TEM grid by simply dropping. A Renishaw DXR
Raman spectroscopy system with a 532 nm laser (8mW excitation power, 100x objective
lens) source is used to characterize the as grown 3D graphene/MWNTs hybrid
nanostructure foam.

7.2.3 Fabrication and measurements of supercapacitor cells
A two-electrode measurement technique was employed for the electrochemical
measurements, where the two as-prepared GMM foams are assembled into a sandwich
structure with a porous membrane (Celgard 3501), which functions as a separator inbetween. In this work, aqueous electrolyte (2 M Li2SO4) is used as the electrolyte. The
mass of the active material in the packaged cell was in a range of 1-3 mg. The two
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electrodes of the packaged cell are connected to an electrochemical analyzer (Gamry
Reference 600™) with an alligator clip. Cyclic voltammetry (CV), chronopotentiometry
(charge-discharge (CD)), and electrochemical impedance spectroscopy (EIS) were
conducted to evaluate the performance of the supercapacitors. Cyclic voltammetry scans
were performed with a voltage window range of 0 to 1 V at scan rates ranging from
2.5mV sec-1 to 500 mV sec-1. The charge-discharge measurements are conducted under
different current densities and the stability test is obtained at a current density value of 24
A g-1. Potentiostatic EIS measurements were performed between 0.1Hz and 1MHz with
amplitude of 10 mV. Specific capacitance Cs values are calculated from CV curves by
using Eq. (1):

Cs =

∫ IdV
m×∆V×S

(1)

Where Cs is the specific capacitance, ∫IdV is the integrated area of the CV curve, m is the
mass of the active materials of one electrode, ∆𝑉 is the voltage window, and S is the scan

rate. Where m is the carbon mass of one electrode, i is the discharge current and dV/dt is
the slope of the discharge curve.
Specific capacitances at different current densities are calculated using Eq. (2):

2i

Cs = m(dV⁄dt)

(2)

The energy density (E) and power density (P) are calculated by using Eq. (3) and (4):
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1

(3)

E

(4)

E = 2 Cs (∆V)2
And

P=

t

where t is the total time of discharge. Cs is the specific capacitance value from chargedischarge, and ∆V is the potential range which is 1.0 V for aqueous normally.

7.3 Results and Discussion
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Figure 7.1 (A) Schematic illustration for preparing the GMM nanostructure foam.
(B-D) SEM images of pristine nickel foam, GM foam, and the GMM hierarchical
nanostructure foam respectively. (E) EDS microanalysis on the selected area of the
GMM hybrid nanostructure foam. (F) XRD pattern of α-MnO2 nanowires.

Figure 7.2 (a) N2 adsorption and desorption isotherms for MnO2 nanowires. (b) Pore
size distribution of MnO2 nanowires.
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A detailed preparation process of GMM hybrid nanostructure foam is illustrated
in Figure 7.1A. First, the GM hybrid nanostructure is grown on a nickel foam backbone
via a typical one-step ambient pressure CVD process by introducing a mixture gas of H2
and C2H2 at 750 oC.(11) As indicated in our previous work, the few-layer graphene foam
works as both a current collector and a buffer layer which facilitates the charge transfer
from active materials to current collectors and enhances the electrochemical stability of
nickel foam by insulating it from the electrolyte. In addition, the embedment of the CNTs
with the graphene layer provides a seamless connection between the active material
(CNT) and the current collector (few-layer graphene foam), which improves the
mechanical stability of the system.(11) The porous GM foam has a very large surface
area (Langmuir and Brunauer-Emmett-Teller (BET) surface areas were found to be 743
and 497 m2 g-1, respectively)(32) which serves as a perfect substrate for the loading of
pseudocapacitive materials in the form of nanowires, nanoparticles and other
nanostructures. MnO2 nanowires are synthesized based on a modified previously
developed method as described in the experimental section.(26) The Langmuir and BET
surface areas were found to be 37.56 and 22.28 m2 g-1, respectively for as-synthesized
MnO2 nanowire. The obtained surface area and pore distribution (Figure 7.2) suggest the
MnO2 nanowires have limited surface area and porosity which is in accordance with the
previously reported nanowire morphology with diameter varying in the 15-40 nm
range.(41) The as grown GM foams are mildly treated with UV-generated ozone to
enhance the surface wettability and it is verified to be a nondestructive process.(42) The
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hydrothermally synthesized MnO2 nanowires were dispersed in D.I. water with an
ultrasonic treatment to form a uniform suspension (concentration ~10 mg ml-1). The as
treated GM foams are turned from hydrophobic to hydrophilic after the UV ozone
treatment.[39] The as-synthesized MnO2 nanowires were incorporated into the GM foam
structure by a simple bath deposition process in the nanowire suspension. The
hydrothermally synthesized MnO2 nanowires and GM foam exhibit intimate interfaces
due to abundance of hydrophilic groups on their surface which yields an interpenetrated
CNT-MnO2 network layer on graphene foam after vacuum drying. The loading mass of
carbonaceous material can be simply controlled with various growth conditions of the
CVD process including time, catalyst amount and carbon source concentration.(11) The
loading amount of MnO2 nanowires is affected by the surface morphology of GM foam
and the dispersion concentration of the nanowire bath. It is important to note that the
loading mass in this work is the total weight of few-layer graphene, CNTs and MnO2
nanowires, which was obtained by measuring the weight change of the nickel foam
before and after material loading.
Scanning electron microscopy (SEM) micrographs are shown to illustrate the
structural and morphological properties of the pristine nickel foam, GM foam, and GMM
nanocomposite foam, respectively (Figure 7.1B-1D). Figure 7.1B shows the locally clean
and uniform morphology of pristine nickel foam with an average grain size of 20 μm.
Figure 7.1C shows the porous 3D GM foam with densely packed and randomly oriented
MWNTs, which possesses a very large surface area. Transmission electron microscopy
(TEM) image of clusters of MWNTs with small graphene attachments around the surface
166

of the MWNTs demonstrates the interface between graphene and MWNTs (Supporting
Information Figure 7.3A). High resolution (HR) TEM image demonstrates the CNT
diameter is around 20 nm with roughly ten carbon walls thickness (Figure 7.3B).
Graphene sheets were broken and peeled off from the nickel backbone during sample
preparation with ultra-sonication, therefore, only small sheets of graphene attachments
were observed on the MWNTs. Cross-section TEM image further shows the coexistence
of graphene and MWNT in the hybrid nanostructure of the nickel foam and the quality of
the GM film was confirmed by Raman spectroscopy (Figure 7.4 and 7.5). Figure 7.1D
shows the SEM image of GMM hybrid foam and it can be seen that the MnO2 nanowires
are homogeneously and densely attached to the surface of the GM foam, which
successfully resulted in the nanocarbon/metal oxide hybrid nanostructure. Energy
dispersive spectroscopy (EDS) microanalysis on a randomly selected area of a GMM
sample indicates the hybrid foam consists of Mn, O, C, Ni, and K (Figure 7.1E). The
EDS analysis suggests a weight percentage ratio of 1:2 for Mn and O which indicates the
GMM foam surface is densely populated with MnO2 nanowires.
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Figure 7.3 (A) TEM micrograph of graphene/MWNTs nanostructure showing
MWNTs with small graphene attachments around the surface.(32) White arrows
are used to show the small graphene attachments. (B) High resolution (HR) TEM
micrograph of multiwalled carbon nanotube.

Figure 7.4 Cross-section TEM image of the graphene/MWNTs on nickel frame
showing the MWNTs/graphene/Nickel interface.(32)

168

Figure 7.5 Raman spectra collected from the carbon nanotubes and multilayer
graphene region, respectively.(32) Laser excitation: 532 nm. All spectra are
collected on nickel foam substrate.

Figure 7.6. TEM analysis of MnO2 nanowires. (A) Low magnification TEM image of
hydrothermally synthesized MnO2 nanowires. (B) High resolution TEM image of
one randomly selected crystalline MnO2 nanowire. (C) EDS spectrum of the MnO2
nanowire showing the presence of the main components Mn, O along with minor
amounts of potassium. Cu and C peak are background from the TEM support grid.
(D) Selected area diffraction (SAD) pattern of the MnO2 nanowire.
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X-ray diffraction (XRD) measurements were performed to confirm the phase and
purity of the MnO2 nanowires. The XRD pattern can be indexed as α-MnO2 (space group:
I4/m (87)) with lattice constants of a=9.7847 Å and c=2.8630 Å or cryptomelane
(K0.33Mn2O4), which is isostructural with α-MnO2 (Figure 7.1F).(43) The structure and
composition of the MnO2 nanowires were further examined in a CM300 transmission
electron microscope (TEM) at an accelerating voltage of 300 kV and equipped with an
EDAX energy dispersive spectrometer (EDS). The MnO2 crystals indicate nanowire
morphology with dimensions normal to the wire axis in the range of 20-50 nm and
lengths varying between 1-5 micrometers (Figure 7.6A). Electron diffraction and high
resolution (HR) TEM lattice imaging reveals that the crystals are elongated parallel to
their c-axis (Figure 7.7). Figure 7.6B shows a lattice image where the [110] lattice planes
with d-spacings of ~ 7Å are resolved. It is well known that the α-MnO2 structure is based
on a tunnel structure formed by double edge-sharing MnO6 octahedral forming square
tunnels in cross-section perpendicular to the c-axis, where the tunnels are running parallel
to the c-axis. The HRTEM lattice image in Figure 7.6B shows a view along the diagonal
of the tunnels. Stacking defects with dimensions of 1.0 nm and 1.3 nm, respectively
normal to the c-axis are visualized in the HRTEM image, which can be interpreted as
wider tunnels formed by a different number of edge-sharing MnO6 octahedra. EDS
analysis was performed on a single MnO2 nanowire to further confirm its composition. It
must be noted that some minor amount of potassium (K) is also present, which can be
interpreted as the formation of a limited solid solution between cryptomelane and αMnO2. The two phases are isostructural and the difference between them is the
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incorporation of K in the large tunnels formed by the edge-sharing MnO6 octahedral in
the cryptomelane structure. K+ are incorporated by substituting for some of the Mn4+ by
either Mn3+ or Mn2+ to compensate for the extra charges introduced by the K ions. The
diffraction pattern shown in Figure 7.6D was taken from a single nanowire and it can be
indexed as the

zone axis of tetragonal α-MnO2 or cryptomelane, which is

isostructural with α-MnO2. Atomic force microscopy (AFM) height images of MnO2
nanowires show a wide diameter range of 15nm – 45nm which is caused by two or more
MnO2 nanowires bundled together and we believe this can also be an explanation for the
wide diameter distribution observed in the TEM images (Figure 7.8A). The SEM image
in Figure 7.8B shows the densely packed GMM hybrid nanostructure. High-angle annular
dark-field scanning elemental mapping (Figure 7.8C-F) indicate that the Mn, O, and C
are homogenously distributed on the surface of the GMM foam which suggests a good
coverage of active materials on the current collector.

Figure 7.7 High resolution TEM micrograph of a crystalline MnO2 nanowire.
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Figure 7.8 (A) AFM height profile of two attached MnO2 nanowires on silicon
substrate. Inset shows the height profiles of three different cross-sections of the
nanowire bundle. (B) SEM micrograph of a randomly selected region of the GMM
nanostructure foam and (C-F) show the element mapping of Mn, O, C, and Ni for
this randomly selected region.

Figure 7.9. (A) Structural illustration of a symmetric supercapacitor based on
GMM electrodes. (B) Cyclic voltammetry measurements for GMM nanostructure
foam over different potential windows. Scan rate: 50 mV sec-1. Electrolyte: 2 M
Li2SO4 aqueous. (C) Cyclic voltammetry measurements and (D) corresponding
normalized CV plots for GMM nanostructure foam performed under different scan
rates of 20, 50, 100 and 200 mV s-1.
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Figure 7.10 Normalized CV plots of GM foam and intertwined GMM form. Scan
rate: 50 mV/sec. 2 M Li2SO4 aqueous.
Symmetric supercapacitors based on the GMM nanostructure foam electrodes
were fabricated according to the schematic illustration shown in Figure 7.9A, which
includes two equal area GMM foam electrodes spaced apart by a porous separator. Cyclic
voltammetry (CV) for GMM foam supercapacitors were initially conducted at scanning
rates between 2.5 mV sec-1 and 1000 mV sec-1 in 2 M Li2SO4 aqueous electrolyte to
estimate the capacitance and determine the useable voltage window. Figure 7.9B shows
the CV characteristics of the GMM supercapacitor with a range of various operation
voltage windows at a scan rate of 50 mV s-1. With higher potential limits, more MnO2
nanowires are involved in the redox process. It is obvious that when the voltage window
is increased beyond 1.8 V, an increasing amount of irreversible charge is observed which
suggests the decomposition of aqueous electrolyte with hydrogen or oxygen evolution. It
is impressive to see that no significant increase of anodic current is revealed with an
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operational voltage window at or below 1.6 V. These results suggest that the operation of
this type of GMM supercapacitor with an operation voltage window of 1.6 V is feasible.
This extended operational voltage window (1.6 V) is much larger than the majority of
aqueous electrolyte supercapacitors (~1.0 V) which are thermodynamically limited to a
operational voltage window of 1.0 V due to the decomposition of water at 1.23 V. (28,
34-38) We believe the extended operational voltage window may be due to the enhanced
electrochemical stability of this innovative intertwined GMM foam architecture. Another
possibility that may contribute to the larger operational voltage window is the usage of
lithium sulfate aqueous solution as the electrolyte which has been confirmed by other
researchers previously.(44) Figure 7.9C shows the CV characteristics of the 3D GMM
hybrid nanostructure foam with a potential window of 1.6 Volts under different scan rates.
The nearly rectangular shape and the absence of oxidation and reduction peaks are
observed for all scan rates suggesting that SCs based on GMM electrodes have small
equivalent series resistance, high rate handling ability and excellent electrochemical
performance. Moreover, the nearly mirror-image shape of CV curves indicate exceptional
reversibility and a very fast surface reaction.(2) The nearly identical specific capacitance
characteristics for all scan rates further indicate outstanding process stability,
repeatability, and superior performance of the SC (Figure 7.11D).(45-47) As shown in
Figure 7.11D, for scan rates less than 50 mV s-1, the normalized CV curves are even more
identical compared with higher scan rates of 100 and 200 mV s-1. There is a minor
distortion of the normalized CV curve shape with the increase of scan rates up to 200 mV
s-1. This minor change is due to the actual participation of MnO2 electrode in the redox
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process. Normally two mechanisms are involved in the storage of charges in the
carbonaceous and pseudo-capacitive materials hybrid electrodes(48). One is the
intercalation and deintercalation of alkali metal cations in the electrode during the
reduction and oxidation process. In this case, the alkali metal cation is Li+ from the
Li2SO4 aqueous electrolyte. The second one is the surface adsorption of Li+ on both the
pseudomaterials based electrode and the carbonaceous electrode. In this work, the storage
of charges in GMM electrode system is mainly governed by the surface redox reaction of
MnO2 nanowire which has been verified by Figure 7.10. The scan rates have a direct
impact on the diffusion of Li+ ions into the GMM foam matrix. Faster scan rates may
lead to relatively less utilization of the active material and incompleteness of surface
redox reactions in the hybrid system. The enclosed area of normalized CV curves are
approximately the same, which further suggests the specific capacitance does not change
too much with the scan rates (Figure 7.9D). The GMM electrodes retained >90% of the
maximum specific capacitance with an increase of the sweep rate from 20 mV s-1 to 200
mV s-1, which further indicates its feasibility for high power applications. The very good
rate handibility is due to the good conductivity and carrier diffusion rate of intertwined
CNT-MnO2 nanowire networks. All electrochemical capacitor measurements are
obtained from one device, and similar experiments were conducted on samples with
identical growth conditions which further demonstrated similar results.
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Figure 7.11. (A) Galvanostatic charge-discharge (CC) curves of a GMM
supercapacitor at a current density of 1.89 A g-1. (B) Plot of specific capacitance of a
GMM supercapacitor obtained from CC curves at different current densities. (C)
Cyclic stability of the GMM, GM, MnO2 nanowires supercapacitors at the current
density of 24 A g-1. (D) A plot of the potentiostatic electrochemical impedance
spectroscopy (EIS) measurements conducted between 0.1 Hz and 106 Hz with an
amplitude of 10 mV after 1st, 1000th, 2000th, and 3000th cycle respectively.

Figure 7.12 Galvanostatic charge-discharge curves of a GMM supercapacitors over
different current densities.
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Chronopotentiometry measurements were also conducted with a large operation
voltage window of 1.6 V to further evaluate the electrochemical performance of the
GMM foam supercapacitors. The near linear and symmetric charge and discharge curves
suggest an excellent capacitive performance with a rapid I-V response for our device
(Figure 7.11A). Charge-discharge (CC) characteristics with different charge/discharge
current densities are shown in Figure 7.12A-B. The calculated specific capacitances
under different current densities below 180 mA cm-2 are shown in Figure 5B. The highest
specific capacitance of 1108.79 F g-1 is obtained at a current density of 1.89 A g-1. The
high capacitance retention for even higher charge/discharge current densities further
confirms the excellent high rate handability for our device, which is in accordance with
the result shown in Figure 7.11D. Long cycling life is also one of the most critical factors
for the application of supercapacitor electrodes. A test sequence of 13000 chargedischarge cycles for our GMM nanostructure foam (Voltage window 1.6 V) and two
control MnO2 nanowire samples (Voltage window 1.0 V), which were prepared on
pristine nickel foam and nickel foil respectively were carried out with a current density of
24 A g-1 (Figure 5C). After 13000 cycles, superior capacitance retention (~97.94%) was
maintained for the GMM nanostructure compared to control samples (~35% capacitance
retention for MnO2 nanowires on nickel foil, and ~30% capacitance retention for MnO2
nanowires on nickel foam), which demonstrates the excellent electrochemical
performance of this type of nanocarbon/metal hybrid nanostructure foam for applications
in practical energy storage devices.(6, 49) The control samples were prepared via mixing
MnO2 nanowire with 2% PVDF binder in NMP as the solvent. The slight capacitance
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enhancement (~9.5%) of the GMM device within the first 500 cycles could be due to the
increased effective interfacial area between the GMM foam structure and the electrolyte
with an increase of reaction time.(35) This self-strengthening effect also helps to stabilize
the device in long term operation. We believe this binder-free design of
nanocarbon/oxide hybrid supercapacitor architecture is promising for future energy
storage applications.
Potentiostatic electrochemical impedance spectroscopy (EIS) measurements were
performed after the 1st, 1001th, 2001th, 3001th cycles to evaluate the internal resistance
change during charge-discharge cycling. The EIS Nyquist plots show a near linear and
vertical characteristic and a series of constant spectra with an identically low equivalent
series resistance around 1 Ω for the EIS measurements after 1st, 1001th, 2001th and 3001th
cycles, which further demonstrate an exceptional electrochemical cycling stability of our
hybrid nanostructure foam electrodes (Figure 7.11D). We believe the excellent cycling
performance achieved in our GMM nanostructure foam system may be attributed to the
graphene layer facilitating charge transfer between the intertwined MWNT – MnO2
nanowire network layer and the current collector (nickel foam). Compared to a control
sample based on nickel foam/MnO2 nanowire electrode (ESR~6.28 ohm), a much lower
ESR is achieved with our GMM system ~0.9 ohm (600% improvement) (Figure 7.13).
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Figure 7.13 EIS plots of (A) Ni foam/MnO2 NW, GMM together and (B) GMM only.
The inset shows the equivalent simplified Randle’s model, where C is the ideal
capacitance, ESR is the equivalent series resistance, and Rleakage is the leakage
resistance.

Figure 7.14 Ragone plot related to energy densities and power densities of the GMM
foam (this work), GM foam(11), graphene films(8),.MnO2 nanowires/graphene,(2)
SWNT/RuO2 nanowire(50), single-wall carbon nanotubes (SWNTs)(51), activated
carbon monolith,(52) activated carbon-MnO2(53), and intertwined CNT/V2O5
nanowire composites.(54)
179

To further evaluate the performance of the GMM foam for SC electrodes, we
calculated

the

energy

density

(E)

and

power

density

(P)

based

on

the

chronopotentiometry measurements of our devices. The SC based on GMM hybrid
electrodes exhibits a high energy density of 391.7 Wh kg-1 at 6.04 kW kg-1, which
gradually reduces to 377.7 Wh kg-1 at 799.84 kW kg-1. These results are much higher
compared to previously reported systems like GM foam(11), graphene films(8),.MnO2
nanowires/graphene,(2) SWNT/RuO2 nanowire(50), single-wall carbon nanotubes
(SWNTs)(51), activated carbon monolith(52), activated carbon-MnO2(53), and
intertwined CNT/V2O5 nanowire composites(54). Figure 7.14 shows a Ragone plot
indicating energy density (E) versus power density (P) values of different supercapacitor
systems in detail. The indicated E and P values are based on the mass of the active
materials of the electrodes. The maximum energy density of 391.7 Wh kg-1 and the
highest power density of 799.84 kW kg-1 in aqueous electrolyte resulting in superior
performance compared to other types of electrochemical capacitor systems, suggest that
our hybrid nanostructure foam is an exceptional candidate for future electrochemical
capacitor and battery electrodes.

7.4 Conclusion
In summary, a novel 3D hierarchical nanocarbon/oxide hybrid foam has been
demonstrated, which was prepared by ambient pressure chemical vapor deposition of
graphene/MWNT foam structure and simple bath deposition of MnO2 nanowires. This
method of preparing electrodes offers a facile, scalable and a low-cost approach for high
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energy density supercapacitor applications. The two-step process successfully renders the
conformal coating of α-MnO2 nanowires on the GM backbone to form an intertwined
network between MWNTs and MnO2 nanowires. Such integration of metal oxide
nanostructures with the GM foam in the electrode resulted in exceptional capacitive
ability and high conductivity. The low density, excellent ductility, high electrochemical
stability (~100% capacitance retention over 13,000 cycles) and excellent capacitive
performance (specific capacitance: 1101.65 F g-1, Energy density: 391.7 Wh kg-1, Power
density: 799.84 kW kg-1) suggest this unique material is promising for future energy
storage applications.
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Chapter 8 Chrysanthemum like carbon nanofiber foam architectures for high areal
capacitance supercapacitors
Reprinted in part with permission from [Wang, Wei, Shirui Guo, Mihrimah Ozkan, and
Cengiz S. Ozkan. "Chrysanthemum like carbon nanofiber foam architectures for
supercapacitors."Journal of Materials Research (2013): 1-6.]. Copyright Materials
Research Society. Reproduced with permission.

Abstract
Three dimensional (3D) chrysanthemum-like carbon nanofiber (CNF) foam
architectures were synthesized on highly porous nickel foam via a one-step ambient
pressure chemical vapor deposition (APCVD) process by introducing a mixture of
precursor gases (H2, C2H2). The as-synthesized 3D foam architectures were characterized
by scanning electron microscopy (SEM) and transmission electron microscopy (TEM),
which demonstrate high porosity and a densely packed nature of the hierarchical carbon
nanostructures. Symmetrical electrochemical double-layer capacitors (EDLC) were
fabricated using electrodes based on the chrysanthemum-like CNF foam architectures.
Cyclic voltammetry, charge-discharge measurements, and electrochemical impedance
spectroscopy (EIS) were conducted to determine the performance metrics. The
supercapacitors demonstrate a high areal capacitance of 1.37 F/cm2 (gravimetric specific
capacitance: 23.83 F/g), which leads to superior values for per-area energy density (0.19
Wh/cm2) and power density (141.77 W/cm2). In addition, capacitance retention of ~100%
over 13000 charge-discharge cycles demonstrates the high electrochemical stability of
this type of carbon nanostructure foam for high areal capacitance supercapacitors.
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8.1 Introduction
Supercapacitors (SC) are promising high performance energy storage systems due to
their relatively fast rate of energy storage and delivery. Their high power density and
excellent cycling lifetime metrics make supercapacitors suitable for a wide variety of
applications including portable electronics, electric or hybrid electric vehicles, and
alternative energy resources.(1, 2) Typically, there are two types of ECs. The first type is
called electrochemical double layer capacitor (EDLC), which is based on ion adsorption.
The second type is the pseudo-capacitor, which operates on the principle of fast surface
redox reactions.(1, 3-6) The excellent chemical and physical properties of carbon
materials such as high conductivity, large surface-area, excellent corrosion resistance and
temperature stability, and their relatively low cost, make them valuable candidates for the
electrodes of EDLCs.(6, 7) In order to enhance the performance of supercapacitors based
on carbon materials, intensive research has been conducted including different types of
carbon nanostructures, including carbon capsules, carbon nanotubes/fibers (CNT/CNF)
and graphene.(3, 8-13) Although carbonaceous nanostructures indicate a relatively high
gravitational specific capacitance (normally > 50 F/g), the areal capacitances are always
very low and falling into the range of mF/cm2 or even μF/cm2. (14-16) The relatively low
areal capacitance value is due to the relatively low mass loading of the active material
which is dependent on the processing methods.
In this work, we report the growth of a novel 3D chrysanthemum-like carbon
nanofiber (CNF) architecture on highly porous nickel foams by ambient pressure
chemical vapor deposition (APCVD). The as-grown nanocarbon foam architectures are
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utilized as the electrodes of SCs and electrochemical measurements indicate that the new
type of nanocarbon electrodes provide very large areal specific capacitance and excellent
electrochemical stability, which suggest their future applications for energy storage
devices.

8.2 Experimental section
8.2.1 Materials synthesis
The Chrysanthemum-like Carbon Nanofiber Foam Architectures (CCNF) were
synthesized via ambient pressure chemical vapor deposition on a regular 1mm thick
nickel foam, which is widely used in the battery industry as a current collector. A
schematic illustration of the synthesis procedure for CCNF architectures is shown in
Figure 8.1a. First, after the cleaning of pristine nickel foam (Figure 8.1b) with diluted
acetic acid and washing with deionized water, a 5nm thick layer of Fe catalyst
nanoparticles is deposited on the nickel foam via electron beam evaporation (Temescal,
BJD-1800). Secondly, a reactive ion etching (RIE) O2 plasma treatment (50 sccm O2,
Power: 250 Watts) is applied to the Fe coated Nickel foam to form an oxide layer on the
foam frame surface and also oxidize the Iron catalyst. Followed by a plasma treatment,
the pre-treated nickel foams were loaded into a quartz-tube furnace chamber, heated to
700°C under ambient pressure in an Ar/H2 (200:200 sccm ratio) atmosphere, and
annealed for 10 min. For the growth of chrysanthemum-like carbon nanostructures,
acetylene (50 sccm) is introduced into the chamber under ambient pressure for 20 min
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and the chamber temperature was then reduced to room temperature under inert gas flow
(Figure 8.1c).

8.2.2 Materials characterization
Surface structure and morphology of the nanocarbon foam architectures and pristine
nickel foam films are investigated using optical microscopy, and scanning electron
microscopy (SEM; Leo-Supra, 1550) with a field emission source. Transmission electron
microscopy (Philips, CM300) is used to characterize the nanocarbon structures in detail
such as the wire nature of the grown carbon nanofibers.

8.2.3 Fabrication of supercapacitor cell and electrochemical measurements
The CCNF aarchitectures are sectioned with equal areas and soaked with an electrolyte
(6M KOH aqueous). A two-electrode measurement technique was employed for the
electrochemical measurements, where the two pre-treated electrodes were assembled into
a sandwich structure with a porous separator (Celgard 3501) placed in between them. The
packaging of the supercapacitor cell was conducted at room temperature. The packaged
SC is connected to an electrochemical analyzer (Gamry, Reference 600™) with an
alligator clip. Cyclic voltammetry (CV), chronopotentiometry (CD; for charge-discharge
measurements), and electrochemical impedance spectroscopy (EIS) are conducted to
evaluate the performance of the SCs. Cyclic voltammetry scans are performed in the
range 0 to 1 V at scan rates ranging from 2.5 mV/sec to 1000 mV/sec. The chargedischarge measurements are conducted at different current densities and the stability test
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is obtained at a charge-discharge current density of 21.33 mA/cm2. Potentiostatic EIS
measurements were performed between 0.1 Hz and 1 MHz with an amplitude of 10 mV.

8.3 Results and discussions

Figure 8.3 (a) Schematic Illustration of the growth process of the 3D
chrysanthemum-like carbon nanofiber foam architectures. SEM image in (b)
represents the pristine Nickel foam structure. Inset shows a high magnification of
the morphology of pristine Nickel foam and (c) shows the as-grown 3D
chrysanthemum-like carbon nanofiber foam architecture.

Topside view optical micrographs of inch-scale pristine nickel foam and as grown
Chrysanthemum-like carbon nanofiber foam architectures with two different loading
amounts are shown in Figure 8.2a (Left-pristine nickel foam, middle-lightly loaded, rightheavily loaded). The loading amount of the carbon nanostructure can be controlled with
190

various growth times, catalyst amounts and carbon source concentration. Here, we
controlled the loading amount primarily by changing the growth time. A sample grown
for 20 minutes demonstrates a very high active material mass loading of 28.78 mg/cm2
(Figure 8.2a, right). It is important to note that the loading mass in this work is the weight
change of the sample measured before and after APCVD growth.

Figure 8.4 (a) Optical micrograph (top view) of inch-scale pristine Nickel foam
(thickness: 1.0 mm), chrysanthemum-like CNF nanocarbon foam with mild loading,
and nanocarbon foam with heavy loading. Optical micrograph (45 degree/side view)
shows the thickness of the foam structure and also the bending of the foam due to
the heavy loading. SEM images in (b, c, d, e and f) represent the surface morphology
of the nanocarbon foam at different magnifications. (b) Represents the densely
packed CNF chrysanthemum structures grown on a Nickel foam frame. High
magnification SEM micrograph in (c) shows the brush like CNF bundle and (d)
represents a shorter time (3 min) growth. SEM micrographs in (e) and (f) show the
top view for the 3-min growth of the 3D chrysanthemum-like CNF nanocarbon foam.
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Figure 8.3 XRD pattern of chrysanthemum-like CNF foam architecture.

Figure 8.4 Raman spectra of chrysanthemum-like CNF foam architecture.
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Figure 8.5 (a) TEM micrographs of (a) small size and (b) large size carbon
nanofibers confirm the chrysanthemum-like graphitic CNF bundle within the foam
structure and suggest the CVD process yields carbon nanofibers rather than carbon
nanotubes.

SEM imaging is used to investigate the morphology of the nanocarbon foam
architectures. Images in Figures 8.2b and 8.2c indicate the morphology of the
nanostructures at different magnification. Randomly oriented, densely packed and
chrysanthemum-like nanocarbon structures are grown on the nickel foam (Figures 2b-c).
By varying the growth time, the petal size and loading mass of the chrysanthemum-like
nanocarbons can be controlled at the micrometer scale and in the 0.5–30 mg/cm2 range
respectively (Figures 8.2b-d). Each chrysanthemum petal consists of a bundle of wirelike graphitic nanostructures, which were further confirmed to be carbon nanofibers
(CNF) by high resolution (HR) TEM imaging. Figure 8.2d shows a sample with smaller
loading of chrysanthemum-like nanocarbons compared to Figures 8.2b-c. Unlike the
heavily loaded nanocarbon structure almost filling the entire Nickel foam; the lightly
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loaded sample has not grown long enough and shows only a good coverage of the nickel
frame structure. Moreover, the CNF bundles grow vertically in the beginning of the
growth step and then follow a curved morphology due to larger nanocarbon loading.
Figures 8.2e and 8.2f show the tip region of the chrysanthemum petal, and each petal of
the chrysanthemum structure is composed of a bundle of CNFs with a diameter around 50
nm as shown in Figures 8.2e and 8.2f. Figure 8.3 shows the typical XRD pattern of the
as-grown chrysanthemum-like CNF foam architecture. The broad (002) diffraction peak
detected at 2θ between 20o and 30o confirms the graphic nature of the CNF which is
further verified by a Raman spectra with D band centered around 1352 cm-1 and G band
centered around 1592 cm-1 (Figure 8.4).(17, 18) We believe the formation mechanism of
the 3D chrysanthemum-like morphology of the CNF bundles might be due to the
combination of two possibilities: (a) The special 3D morphological nature of the Nickel
foam backbone. (b) Fe-Ni alloying during the plasma treatment process.(19) The dense
and hierarchical CNF bundle network structure possesses a large surface area that is
desirable for supercapacitor electrodes. The Nickel foam frame functions as a current
collector for the EDLC, as a backbone for the growth of chrysanthemum-like
nanocarbons, and also functions to protect the active materials loaded within the
framework. TEM imaging is conducted to confirm that the wire-like graphitic
nanostructures are carbon nanofibers (CNF) rather than carbon nanotubes (CNT) (Figures
8.5 a-b).
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Figure 8.6 (a) Cyclic voltammetry measurements for chrysanthemum-like CNF
foam architectures at different scan rates. (b) Galvanostatic charge-dicharge curves
measured for different current densities for supercapacitors based on the
nanocarbon foam architectures. (c) Plot of specific capacitance at different current
densities. (d) Comparison of the CV characteristics of chrysanthemum-like
nanocarbon foam architectures and pristine Nickel foam. (e) Ragone plot.
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Supercapacitors based on chrysanthemum-like nanocarbon foam electrodes are
fabricated with two equal areas of nanocarbon foam electrodes spaced using a porous
separator. Cyclic voltammetry (CV) measurements are performed in the range of 0 V to 1
V with sweep rates of 2.5, 5, 10, 20, and 50 mV/sec in 6M KOH aqueous electrolyte
solution to identify the charge storage mechanism. Figure 8.6a shows the CV
characteristics of the nanocarbon foam and the nearly rectangular shape suggest this type
of nanocarbon foam structure has small equivalent series resistance and excellent
electrochemical performance. Chronopotentiometry measurements are conducted to
further verify the electrochemical performance of the supercapacitors (Fig. 8.6b). The
gravimetric specific capacitance and areal capacitance can be calculated from Equations
(1) and (2) as follows:

2i

Cs = m(dV⁄dt)

(1)

Ca = ρ × Cs

(2)

Where m is the carbon mass of one electrode, i is the discharge current, dV/dt is the
slope of the discharge curve, Ca is the areal capacitance and ρ is the areal mass loading.
The calculated areal capacitance and specific capacitance values for current densities
between 1.78 mA cm-2 and 21.33 mA cm-2 are shown in Figure 8.6c. The highest areal
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capacitance of 1.37 F cm-2 (specific capacitance: 23.83 F g-1) was obtained at a current
density of 1.78 mA cm-2 which is much higher than previously reported results for
different nanocarbon structures and peseudocapacitive oxides.(11, 14-16) The
chrysanthemum-like nanocarbon foam demonstrates larger areal capacitance because of
the larger mass of loading (~ 30 mg/cm2). Cyclic voltammetry measurements are
conducted on a control sample of pristine Nickel foam to rule out its effects on the final
specific capacitance (see Figure 8.6d). Measurements verify that the capacitance effect
from the Nickel foam is negligible, which further confirms that it only functions as a
current collector. Based on the areal capacitance values from the CD curves, the energy
and power densities of the SCs were calculated by using Equations (3) and (4),

1

E = 2 Ca (∆V)2

P=

(3)

E

(4)

t

,where E is the energy density per area, Ca is the areal capacitance value, ∆V is the
potential range, P is the power density per area and t is the total time of discharge. Hence,
a high energy density value of 0.191 Wh/cm2 for the SCs was obtained with our
chrysanthemum-like nanocarbon foam electrodes, and this gradually reduced to 0.11
Wh/cm2 with an increase in the power density from 7.36 W/cm2 to 141.77 W/cm2 (Figure
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8.6e). The high areal capacitance, energy density and power density in regular aqueous
electrolyte suggest this chrysanthemum-like nanocarbon foam electrodes are excellent
candidates for future electrochemical capacitors.
Long cycling life is also one of the most important metrics in the application of
supercapacitor electrodes. A test sequence of 13,000 charge-discharge cycles for
supercapacitors based on the chrysanthemum-like nanocarbon foam electrodes was
carried out with a current density of 21.33 mA/cm2 (Figure 8.7a). The capacitance
enhancement of the device in the first 1,500 cycles is due to the increased effective
interfacial area between the chrysanthemum-like nanocarbon foam structures and the
electrolyte with an increase in the reaction time.(20) This self-strengthening mechanism
and superior cycling stability (~100% capacitance retention over 13,000 cycles)
demonstrate the excellent electrochemical performance of this type of electrode materials
for applications in practical energy storage devices.
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Figure 8.7 (a) Cyclic stability of the 3D chrysanthemum-like CNF foam electrodes at
a current density of 21.33 mA/cm2. (b) A plot of the potentiostatic electrochemical
impedance spectroscopy (EIS) measurements conducted between 0.1 Hz and 106 Hz
with an amplitude of 10 mV after 1st, and 13000th cycles. The inset shows the
equivalent simplified Randle’s model, where C is the ideal capacitance, ESR is the
equivalent series resistance, and Rleakage is the leakage resistance.
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Figure 8.8 High frequency region of the EIS plot.

Potentiostatic electrochemical impedance spectroscopy (EIS) measurements were
conducted on the chrysanthemum-like nanocarbon foam electrodes (Figure 8.7b, Figure
8.8). The inset of Figure 8.7b shows a simplified Randle’s model, which is the most
common model fitted to supercapacitor EIS spectra. The impedance plots indicate a
relatively low equivalent series resistance (ESR) value (~6.49 ohm). EIS measurements
were performed on the same supercapacitors after 13,000 cycles which shows a minor
increase in the ESR value of 7.613 ohm. The EIS Nyquist plots show a pair of near
consistent spectra for before and after cycle tests, which further demonstrate an
exceptional electrochemical cycling stability for the supercapacitors based on the
chrysanthemum-like nanocarbon foams (Figure 8.7b). The excellent cycling performance
achieved in our nanocarbon foam system can be attributed to (a) large surface area, (b)
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porous structure of the Nickel foam leading to three dimensional nanostructured foam,
and (c) inherent stability of the nanocarbon materials.

8.4 Conclusions
In summary, a novel chrysanthemum-like carbon nanofiber foam architecture is
grown by chemical vapour deposition. This unique and highly porous material provides a
facile, scalable and low cost opportunity for fabricating energy storage devices. The high
areal specific capacitance value of 1.37 F/cm2 (specific capacitance: 23.83 F/g), energy
density of 0.191 Wh/cm2, power density of 141.77 W/cm2, and high electrochemical
stability suggest this novel material has a superior per-area capacitive performance.
Controlling the loading mass of the nanocarbon architecture demonstrates the great
potential for balancing the areal capacitance and the specific capacitance for
supercapacitor applications. Our research provides a promising method for building
superior nanocarbon architectures onto commonly used Nickel foam materials towards
high performance energy storage devices.
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Chapter 9 Conclusions

This dissertation explores the synthesis of nanostructured materials including
pillared CNT and graphene nanostructures (Chapter 2), cone-shape CNT clusters
(Chapter 3), graphene and CNT hybrid foam (Chapter 5-7), and chrysanthemum like
carbon nanofiber foam (Chapter 8) by chemical vapor deposition (CVD). Improved
functionality of carbon materials via a non-invasive high-throughput inexpensive UV
generated ozone (UV-ozone) treatment has been developed and systematically
investigated. Potential applications in electrochemical energy storage including
electrochemical double-layer capacitors (Chapter 4-8) and lithium ion batteries (chapter
2-3) with improved performances have been demonstrated. This concluding chapter is
going to summarize the findings in this dissertation and discuss the possible future
studies.

9.1 Summary of hybrid CNT and graphene nanostructures
Chapter 2 demonstrates the growth of hybrid carbon nanotube (CNT) and
graphene nanostructures directly on copper foil substrates by an ambient pressure
chemical vapor deposition process is demonstrated. The seamlessly connected graphene
and CNT pillars provide a relatively strong active material-current collector integrity,
which facilitates charge transfer in the system. This innovative architecture provides a
binder-free technique for preparing electrodes for lithium ion batteries. LIB based on
based on as-synthesized pillared CNT and graphene nanostructure (PGN) electrodes
shows a very high reversible capacity of 900 mAh g-1 was achieved, and minimal fading
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of capacity was observed over 250 cycles (~99% capacity retention with 100%
Coulombic efficiency).

9.2 Summary of cone-shape CNT clusters
Chapter 3 shows an unique and innovative 3D cone-shape CNT clusters (CCC) is
synthesized via chemical vapor deposition (CVD) with subsequent inductively coupled
plasma (ICP) treatment. An innovative silicon decorated cone-shape CNT clusters
(SCCC) is prepared by simply depositing amorphous silicon onto CCC via magnetron
sputtering. The seamless connection between silicon decorated CNT cones and graphene
facilitates the charge transfer in the system and suggests a binder-free technique of
preparing LIB anodes. The cone-shape nature can be advantageous due to decreases in
homogeneity and in surface area of the array which provide interpenetrating chanels and
minimize the effects of solid electrolyte interface (SEI) formation during lithiation and
delithiation. LIBs based on this novel 3D SCCC architecture demonstrates high reversible
capacity of 1954 mAh g-1 and excellent cycling stability (>1200 mAh g-1 capacity with
~100% coulombic efficiency after 230 cycles).

9.3 Summary of hybrid carbon nanomaterials SC electrode with low ESR
In chapter 4, hybrid carbon nanomaterials ultracapacitor electrodes with low
equivalent series resistance (ESR) of 7 ohms has been demonstrated. 1-pyrenebutyric
acid treated large-area single layer graphene (SLG) sheets covered with shortened multiwalled carbon nanotubes (MWNTs) have been utilized as highly conductive and
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percolated networks of hybrid carbon nanomaterials composites or thin films as
ultracapacitor electrodes. Specific capacitance values of the hybrid electrodes were
substantially increased by 200% compared to those ultracapacitors fabricated using
buckypaper electrodes. Average values of specific capacitance and energy density
obtained were 140.64 F/g and 21.54 Wh/kg respectively. SLG/MWNT nanocomposite
electrodes are very promising for future ultracapacitor devices with their low ESR value
that is 95% lower than that of buckypaper based ultracapacitors.

9.4 Summary of 3D GM foam
In chapter 5, a simple and scalable method to fabricate three-dimensional (3D)
few-layer graphene/multi-walled carbon nanotube (MWNT) hybrid nanostructures on
industrial grade metal foam foils (nickel foam) via a one-step ambient pressure chemical
vapor

deposition

(APCVD)

process

is

developed.

The

as-grown

few-layer

graphene/MWNT nanocarbon foams are in the form of a homogeneous and densely
packed hierarchical nanostructures and possess a very large surface area of 743 m2 g-1.
Symmetrical electrochemical double-layer capacitors (EDLCs) of 3D hybrid hierarchical
few-layer graphene/MWNT nanostructures show a high specific capacitance of 286 F g-1
which leads to an energy density of 39.72 Wh kg-1 and a superior power density of up to
154.67 kW kg-1. Moreover, the capacitance retention of 99.34% after 85000 chargedischarge cycles demonstrates the very high stability of the electrode architectures for
supercapacitors. These merits enable the innovative 3D hierarchical few-layer
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graphene/MWNT foam to serve as high performance EDLC electrodes, resulting in
energy storage devices with very high stability and power density.

9.5 Summary of improved functionality of carbon materials via UV generated ozone
treatment
In chapter 6, we study the improved functionality of carbon materials via a noninvasive, high-throughput and inexpensive UV generated ozone (UV-ozone) treatment.
This process allows precise tuning of the GM foam transitionally from ultrahydrophobic
to hydrophilic within 60 sec. The continuous tuning of surface energy can be controlled
by simply varying the UV-ozone exposure time, while the ozone-oxidized carbon
nanostructure maintains its integrity. Symmetric supercapacitors (SCs) based on the UVOzone treated GM foams demonstrated enhanced rate performance. Taking advantage of
ease of processing, cost, scalability, controllability, this technique can be readily applied
to other CVD-grown carbonaceous materials.

9.6 Summary of GMM foam for SC with high energy density
In chapter 7, we develop a simple and scalable method to fabricate
graphene/MWNT/MnO2 nanowire (GMM) hybrid nanostructured foam, via a two-step
process. The 3D few-layer graphene/MWNT (GM) architecture was grown on foamed
metal foils (nickel foam) via ambient pressure chemical vapor deposition (APCVD).
Hydrothermally synthesized α-MnO2 nanowires are conformally coated onto the GM
foam by a simple bath deposition. The as-prepared hierarchical GMM foam yields a
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monographical graphene foam conformally covered with intertwined, densely packed
CNT/MnO2 nanowire nanocomposite network. Symmetrical electrochemical capacitors
(ECs) based on GMM foam electrodes show an extended operational voltage window of
1.6 V in aqueous electrolyte. A superior energy density of 391.7 Wh kg-1 is obtained for
the supercapacitor based on the GMM foam which is much higher than ECs based on
GM foam only (39.72 Wh kg-1). A high specific capacitance (1108.79 F g-1) and power
density (799.84 kW kg-1) are also achieved. Moreover, the great capacitance retention
(97.94%) after 13000 charge-discharge cycles and high current handability demonstrate
the high stability of the electrodes of the supercapacitor. These excellent performances
enable the innovative 3D hierarchical GMM foam to serve as EC electrodes, resulting in
energy storage devices with high stability and power density in neutral aqueous
electrolyte.

9.7 Summary of chrysanthemum like CNF foam for SC with high areal capacitance
In chapter 8, a three dimensional (3D) chrysanthemum-like carbon nanofiber (CNF)
foam architectures were synthesized on highly porous nickel foam via a one-step ambient
pressure chemical vapor deposition (APCVD) process by introducing a mixture of
precursor gases (H2, C2H2). The as-synthesized 3D foam architectures were characterized
by scanning electron microscopy (SEM) and transmission electron microscopy (TEM),
which demonstrate high porosity and a densely packed nature of the hierarchical carbon
nanostructures. Symmetrical electrochemical double-layer capacitors (EDLC) were
fabricated using electrodes based on the chrysanthemum-like CNF foam architectures.
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Cyclic voltammetry, charge-discharge measurements, and electrochemical impedance
spectroscopy (EIS) were conducted to determine the performance metrics. The
supercapacitors demonstrate a high areal capacitance of 1.37 F/cm2 (gravimetric specific
capacitance: 23.83 F/g), which leads to superior values for per-area energy density (0.19
Wh/cm2) and power density (141.77 W/cm2). In addition, capacitance retention of ~100%
over 13000 charge-discharge cycles demonstrates the high electrochemical stability of
this type of carbon nanostructure foam for high areal capacitance supercapacitors.
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