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Abstract

Graphene, a single atomic layer of graphite, has emerged as one of the most exciting
materials since its discovery in 2004. It has remarkable properties of high electrical
conductivity, high thermal conductivity, high tensile strength etc. A single layer of
graphene, however, lacks a band gap in its electronic structure which limits its application
in the electronic industry. Bilayer and trilayer graphene, on the other hand, display an
induced band gap of 200 and 120 eV in the presence of an applied electric field. This
makes bi- and tri-layer graphene a promising material in various applications like FETS,
opto-electronic devices etc. Bi- and tri-layer graphene are traditionally synthesized using
the mechanical exfoliation of graphite, which is a simple method but is not scalable, or
from chemical vapor deposition of a carbon source on a suitable substrate, which is both a
complex and an expensive method. To harness the amazing properties of bilayer and
trilayer graphene, there is need for a scalable synthesis method which produces large
flakes of bi- and tri-layer graphene and is cost efficient. A very promising route for the
bulk production of bi- and tri-layer graphene is the electrochemical exfoliation of
graphite. Electrochemical exfoliation proceeds via intercalation of the ions present in the
electrolyte followed by the subsequent expansion and then exfoliation to yield the
graphene flakes. However it produces graphene with a scatter in the layer numbers.

In this study, the electrochemical exfoliation of graphite was carried out in a modified
way which involved prior intercalation of the HOPG electrode to form stage specific
intercalated graphite electrode in the aqueous medium and its subsequent exfoliation at a
higher rate to form stage-specific graphite-bisulfate (GB) particles. These GB particles
were then mildly sonicated in a favorable medium to yield stage pure graphene flakes.
This method allowed us to have a better control on the stage number of the intermediate

graphite intercalation compound. Highly ordered pyrolytic graphite (HOPG) was



intercalated at a very low current density (0.66 mA/cm?) to form pure stage 11l graphite-
bisulfate (GB) intercalation product in low concentrations sulfuric acid. Low current
density enabled a proper intercalation of the anions and a low electrolyte concentration
lessened the degree of functionalization. It was immediately followed by the exfoliation
of the pre-intercalated electrode at high current densities to form Stage |1l GB particles.
The dried Stage I11 GB particles were then mildly sonicated in DMF, a good solvent for
graphene dispersion and then centrifuged. In contrast to the previously reported methods
of electrochemical exfoliation, this technique enabled the synthesis of large sized flakes,
with an average flake area of ~18 pm?and an average trilayer area of 88% in the graphene
flakes. The values obtained are much higher than any previously reported value for
graphene synthesized via the electrochemical route.

The operating parameters for the synthesis of trilayer graphene were also optimized, and
it was found that the increasing exfoliation current increased the trilayer content but
decreased the average flake size. Similarly, an initial increase in sonication intensity
increased the trilayer content but at higher sonication intensities the flake size reduced.
Finally the centrifugation speed was tuned to separate the largest flake sizes of trilayer
graphene. Rosin Rammler distribution was used to describe the size distribution and it
was found that an exfoliation current of 167 mA/cm?, a sonication intensity of 150 W/cm?
and a centrifugation rpm of 2000 for 6 min resulted in the maximum average flake size of
~18 um? with an average trilayer area of 88% in graphene flakes.

A similar procedure was used to synthesize bilayer graphene flakes, with a prior
intercalation to Stage 11 Graphite bisulfate followed by the exfoliation of the intercalated
electrode. The longer intercalation time required for the formation of stage Il GB
electrode, had an effect on the degree of the functionalization of bilayer graphene flakes.

The exfoliated GB particles were washed, dried, sonicated and then centrifuged to form
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bilayer graphene suspension. About half of the flakes in the suspension had an average
bilayer area content of 95% and 16% of the flakes have size more than 10 pm2,

The synthesis parameters for the bilayer graphene were also optimized. Exfoliation
current, sonication intensity and the centrifugation speed have a pronounced effect on the
size distribution of the final bilayer graphene flakes obtained. These parameters were
optimized to get the highest average bilayer content of 90% in the graphene suspension
and an average flake size of ~6 pm?,

The synthesized bi- and tri-layer graphene suspensions were to form graphene films over
FTO glass substrate and the capacitive properties of the films were determined. The
maximum capacitance for trilayer graphene film electrode was 238 F/g and the maximum
capacitance of bilayer film electrode was 373 F/g. The capacitance value for bilayer film
was much higher than the values reported in the literature for graphene films. The
contribution to the capacitance from the easily accessible graphene surface of the film and
from the inner surface, that showed diffusion limitation, was quantitatively determined. In
addition, the contribution of the pseudocapacitance arising out of slight degree of
oxidation of the graphene flakes during synthesis, was also measured. The
pseudocapacitive charge storage was ~13.5% of the total charge stored by the bilayer

graphene film electrode and ~10.8% for the trilayer graphene film electrode.
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these structures in form of the xrd peaks shown in part (b). Component
(1) in part (a) depicts the different graphite domains in the pristine HOPG
electrode and pattern (i) of part (b) shows the corresponding peaks of the
graphite. Component (ii) shows schematically the domains of different
stages of GIC formed in the intercalated electrode and pattern (ii) shows
the peaks for these phases. Component (iii) shows the exfoliated flakes
contains predominantly stage 2 GIC with the dominant peak of pattern
(iii) being that of the stage-2 003. Component (iv) shows that the
exfoliation is primarily at the intercalant sites due to formation and
release of gas as well. It also shows the domains of the different phases
in the residual electrode. Pattern (iv) shows the corresponding peaks.
Pattern (v) is of the final bilayer fakes obtained after ultrasonic cleaving
of the exfoliated flakes. The intensity has been magnified compared to
the other patterns so that a broad band at 26 of about 26.5°.

Ultrasonic cleaving of the exfoliated particles to obtain graphene. Part
(a) shows a schematic of the effect of input power. No cleaving occurs at
very low input power and as the power is increased, cleaving occurs only
in the GIC domains at the intercalant sites and the graphite domains
remains unaffected. As a result the intercalant (bisulfate) ions are
released in the solvent and their presence is shown by the UV-Vis
absorption peak at 265 cm~tin part b. The bottom schematic of part a
shows that on further increasing the power, cleaving also starts in the
graphite domains of the exfoliated GB particles. This cleaving is non-
specific and would give grapheme with different number of layers.

Evidences of the bilayer flakes: part a is the Raman spectrum showing
the D, G and 2D peaks, part b shows that the 2D peak is a convolution of
four Lorentzian (2D1g, 2D1a, 2D2a and 2D2g), a characteristic feature of
bilayer. The component Lorentzian are shown inside the peak and the
calculated 2D peak from these is shown in red color, while the
experimental data is in black color.
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TEM micrograph, at low magnification, of two graphene flakes of the
largest edge dimension of several microns.

(a) SAED pattern on a location of the flake shown in the image of Fig.
5.5a. It shows the characteristic hexagonal pattern of the reciprocal space
of graphene. (b) The intensity of the spots on the outer and inner ring is
shown below the SAED pattern. The outer ring spots intensity is about
2-times the inner ring spots which is characteristic of Bernal stacked
bilayer.

(a) AFM image of a bilayer graphene flake along with (b) a line profile
that shows a step change in height of about 1 nm at the location of the
flake.

Optical image analysis of the obtained graphene. Part a shows image of
two of the flakes and part b shows their Green channel images. The
contrast map, part c of the figure, shows the presence of only the bilayer
and the trilayer regions in the flakes. Trilayer regions are very small and
are completely enclosed by bilayer region.

The distribution of the flake sizes and the area of the regions with
different number of layers computed from the optical image analysis for
bilayer graphene flakes. The symbols in the figures indicate the area
fraction of the bilayer region of the individual flakes. The top bar chart is
the number distribution of the flakes for different percentage of bilayer
region. The bar chart on the right flank of the figures are number
distribution of the flakes for different bilayer region area.

FTIR spectrum of the bilayer graphene. Some degree of
functionalization is indicated by small peaks for C-OH and C-O
functional groups. The *symbol represents a peak due to the CO; present
in the ambient air

XPS spectrum of the bilayer graphene: (a) survey spectrum, and (b)
deconvolution of the C 1s peak.

Morphological characterizations of synthesized bilayer graphene: a)
TEM image of a flake, b) a high resolution TEM image of the flake near
a fold showing two dark lines corresponding to the two graphene layer,
c) an AFM image of a graphene flake and d) the height of the line
marked in part c) showing a step change of ~1.08 nm at the site of the
flake. Structural characterization of a flake: e) a typical Raman spectrum
of the synthesized flakes, and d) deconvolution of the 2D band into four
Lorentzians of 25.0 + 3 cm™* FWHM.
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Optical images of the bilayer graphene flakes: a) RGB image of a
completely bilayer graphene flake, b) gray-scaled G-channel image of
the flake, c) contrast map with different colors for the regions of the
flake with different number of layers, d) RGB image of another flake
which has some trilayer regions, €) G-channel image of the flake and f)
contrast map of the flake with different colors representing the bilayer
and trilayer regions in the flake.

XRD patterns of the particles obtained by graphite exfoliation at
different current densities.

DLS measurement of the size distribution of the particles obtained by
graphite exfoliation at different current densities. The numbers along the
peak are the average particle sizes corresponding the mode of the size
distribution.

Scatter plots for the flake size distribution against the fraction of bilayer
region in of the graphene flakes of a) Gioo, b) G167, C) G234, and d) Gaoo
distributions of graphene flakes. The bar chart on top of the plots are the
distributions of the bilayer region in graphene flakes and the bar chart on
the right vertical axis of the plots are the graphene flake size
distributions.

Flake size distribution and the R-R distribution fit for the a) Gioo, b)
G167, €) Gozs, and d) Gaoo Size distributions of the bilayer graphene
flakes.

Scatter plots for the size against the fraction of the bilayer region of the
graphene flakes of a) Guioo, b) Guiso, €) Gu2oo, and d) Guzso distributions.
The bar chart on the top of the plots a) to d) are the distributions of the
bilayer region in graphene flakes and the bar chart on the right vertical
axis of the plots a) to d) are the graphene flake size distributions.

Flake size distribution and the R-R distribution fit for the a) Guioo, b)
Guiso, €) Guzo0, and d) Guzso Size distributions of the bilayer graphene
flakes.

The Rosin-Rammler fit for the a) Gesoo, b) Ge1000, €) Gez000, and d) Gesooo
size distributions of the bilayer graphene flakes.

Scatter plots for the size against the fraction of the bilayer region of the
graphene flakes of a) Gesoo, b) Gc1o00, C) Geoo00, and d) Ge3000
distributions. The bar chart on the top of the plots are the distributions of
the bilayer region in graphene flakes and the bar chart on right vertical
axis of the plots are the graphene flake size distributions.
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Thickness of Tri-G/FTO: AFM images of the trilayer graphene samples
deposited on FTO glass for loading of (a) 0.04 pg/cm?, (b) 0.08 pg/cm?,
(c) 0.12 pg/ecm?, and (d) 0.16 pg/cm?.

Thickness of bi-G/FTO: AFM images of the bilayer graphene samples
deposited on FTO glass for loading of (a) 0.04 pg/cm?, (b) 0.08 pg/cm?,
(c) 0.12 pg/em?, and (d) 0.16 pg/cm?.

Cyclic voltammograms at different scan rates for the graphene films
with 0.04 pg/cm? loading of the (a) bilayer and (b) trilayer graphene in 5
mM [Fe(CN)6] % with 0.1 M KClI solution.

Electrochemical Surface Area (ECSA) calculated for the graphene films
with different loadings of the bilayer and trilayer graphene flakes.

Cyclic voltammograms of the (a) tri-G/FTO glass and (b) bi-G/FTO
glass electrodes at 50 mV.

Cyclic voltammograms for (a) bi-G/FTO and (c) tri-G/FTO over a range
of scan rates in 0.5 M NazSOa.

Variation of specific capacitance with CV scan rate in the range 1 mV/s
to 500 mV/s for (a) tri-G/FTO and (b) bi-G/FTO electrodes; (c) variation
of specific capacitance of bi-G/FTO at lower scan rates, and (d)
correlation of specific capacitance of the tri-G/FTO (at 2 mV/s) and bi-
G/FTO (2mV/s) with their specific electrochemical surface area (ECSA).

Variation of total charge stored (g7)with scan rate for the bi-G/FTO
glass electrodes with bilayer graphene loading of (a) 0.04 pg/cm?, (b)
0.08 pg/cm?, (c) 0.12 pg/em?, and (d) 0.16 pg/cm?,

Variation of total charge stored (g7 ) with scan rate for the tri-G/FTO
glass electrodes with trilayer graphene loading of (a) 0.04 ug/cm?, (b)
0.08 pg/cm?, (c) 0.12 pg/em?, and (d) 0.16 pg/cm?,

Contribution of the C, and C; to the total specific capacitance of (a) bi-
G/FTO and (c) tri-G/FTO electrodes at a scan rate of 2 mV/s.

Total charge stored by the bi-G/FTO and tri-G/FTO electrode for
different potentials steps in Na;SOs electrolyte.
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Summary of experimental conditions, yield and ratio of intensities of D
and G bands in Raman Spectroscopy for various electrochemical
methods.

A comparison of the ratio of the sum of the area of (002), (008) and
(0012) peaks of the stage Il GB to the sum of the areas of (111) and
(200) peaks Al foil in a mixture of the two on exposure to air for
different durations of time.

Fractional area of the XRD peaks of the stage Il GB phase in the
particles exfoliated at different current densities.

Some of the statistical properties of the trilayer graphene flake size
distributions. The distributions are for the graphene suspensions
obtained from cleaving of GB particles obtained by exfoliation of the
HOPG electrode at different current densities.

Distribution of the trilayer region in the four graphene suspensions
prepared from GB particles obtained by exfoliation of the HOPG
electrode at different current densities.

Some of the statistical properties of the trilayer graphene flake size
distributions. The distributions are for the graphene suspensions
obtained from cleaving of GB particles at different ultrasonic power
densities.

Distribution of the trilayer region in the four graphene suspensions
prepared by cleaving GB particles at different input ultrasonic power
densities.

Some statistical properties of the trilayer graphene flake size
distributions obtained by centrifugation at different speeds.
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Title Caption

Distribution of the trilayer region in the four graphene suspensions
obtained by centrifugation at different speeds.

Fractional area of the XRD peaks of the stage Il GB phase in the
particles exfoliated at different current densities.

Some of the statistical properties of the bilayer graphene flake size
distributions. The distributions are for the graphene suspensions
obtained from cleaving of GB particles obtained by exfoliation of the
HOPG electrode at different current densities.

Distribution of the bilayer region in the four graphene suspensions
prepared from GB particles obtained by exfoliation of the HOPG
electrode at different current densities.

Some of the statistical properties of the bilayer graphene flake size
distributions. The distributions are for the graphene suspensions
obtained from cleaving of GB particles at different ultrasonic power
densities.

Distribution of the bilayer region in the four graphene suspensions
prepared by cleaving GB particles at different input ultrasonic power
densities.

Some statistical properties of the bilayer graphene flake size
distributions obtained by centrifugation at different speeds.

Distribution of the bilayer region in the four graphene suspensions
obtained by centrifugation at different speeds.

The graphene film thickness for different amount of trilayer flakes
deposition.

The graphene film thickness for different amount of bilayer flakes
deposition.
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