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Abstract

The modern world is gasping for electrical energy, from our homes to our daily used
devices such as phones, computers and even to our cars. Everything needs to be connected to a
battery and the solution existent is becoming obsolete. The market is with a huge gap and
supercapacitors are the answer for that space. Graphene assumes a role play in this field for its
amazing surface area and its conductivity, making it a perfect candidate for the electrodes of this
devices. In this work, two synthesis of graphene were produce: laser reduction of graphene oxide
and electrochemical exfoliation of graphite.

The first one allows to develop patterns and build the devices in graphene oxide film,
producing 2D supercapacitors. The geometry and the influence of the electrolyte were studied to
maximize the capacitance. The graphene produced were analysed for its conductivity, quality and
uniformity by CV curves, SEM and Raman Spectroscopy.

The electrochemical exfoliation allows to start from graphite and use a salt solution with
application of voltage, which is an economic and safer alternative for producing graphene. Several
concentrations of Na,SO, were tested and all the material produced by this technique was
characterized with Raman Spectroscopy, SEM and TEM images to evaluate the procedure.

Keywords: Graphene, Graphene Oxide, Supercapacitors, Laser reduction, electrochemical
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Resumo

O mundo moderno esta desesperado por energia elétrica, desde as nossas casas aos N0SS0S
dispositivos diarios como telemdveis, computadores e até carros. Tudo precisa de estar conectado
a uma bateria e a solugdo existente esta a tornar-se obsoleta. O mercado tem uma lacuna enorme
e supercondensadores sdo a resposta para esse espaco. O Grafeno assume um papel fundamental
neste campo pela sua enorme &rea superficial e pela sua condutividade, tornando-o o candidato
perfeito para os elétrodos destes dispositivos. Neste trabalho foram produzidas duas sinteses de
grafeno: reducéo por laser e exfoliacdo eletroquimica da grafite.

A primeira permite desenvolver padrdes e produzir dispositivos no filme de oxido de
grafeno, criando supercondensadores 2D. A geometria e a influencia do eletrélito foram estudadas
para maximizar a capacitancia. O grafeno produzido foi analisado a sua condutividade, qualidade
e uniformidade com curvas CV, SEM e Espectroscopia de Raman.

A exfoliacdo eletroquimica permite comecar com grafite e usar uma solucéo de sal com
aplicagdo de tensdo, que € uma maneira mais economica e segura de produzir grafeno. Vérias
concentragdes de Na,SO. foram testadas e todo o material produzido por esta técnica foi
caracterizado com Espectroscopia de Raman e imagens de SEM e TEM para avaliar este
procedimento.

Palavras-Chave: Grafeno, Oxido de Grafeno, Supercondensadores, Reducéo por laser,

eletroquimico
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Motivation and Objectives

Nowadays, living in a modern technologic world, the urge for better ways to store and
transport energy is increasing. New and more electronic products are being consumed and it’s
starting to reach every sector of the society, from mobile phones to cars. This necessity creates a
void in the market and researchers are pressured to come up with an alternative to the obsolete
solution in use.

Supercapacitors present the best alternative, allowing to obtain greater energy densities
while maintain the power density of the conventional capacitors. This means that, when compared
with regular batteries, the time consumed in the charging process for supercapacitors can be lower
and, therefore, allowing devices to unplug the wall socket. The devices that already exists lacks
the energy density necessary, usually 3 to 30 times lower than conventional batteries and,
consequently, further studies have to be made improve this aspect. [1]

Graphene emerge as a super material and as being linked to many fields’ studies, from
transparent protective coatings to electronics.[2] With amazing properties, this material promise
to revolutionize several areas and supercapacitors seems to be one of them, due to its high surface
area.

The main objective of this work is to produce these devices with high throughput using
environmentally friendly methods and, with that in focus, it was divided in several studies:

e Optimization of the laser parameters for the graphene oxide reduction

e Production of an all solid-state supercapacitor

e Production of few-layers graphene by a more environmentally friendly and
affordable method

XiX
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1 Introduction

The supercapacitors have been facing a huge development in the last years, with many
configurations and materials studied [1]. In this thesis, planar graphene based capacitors were

developed and characterized.

1.1 Graphene

Graphene is considered as an excellent candidate material to be used as electrodes in
supercapacitors do to its amazing properties (high surface area, high electrical conductivity,
abundant material, high performance with low quantity of material) that rivals with in-plane

values of graphite.

Graphene is a carbon based compound arranged . e ———
in a hexagonal bi-dimensional honeycomb lattice.[3] . Ao
There are two types of bonds on the crystal lattice, one Eg D biTJ L 0 hand
strong, bond o, and the other one weak, = bond. The 0 Graphite nano-particle
first one is formed by the hybrid orbitals sp?, created e o
by the combination of 2pxand 2py with the 2s orbital, E% D bﬁk 20band/\
and give the 6-atom cell covalent bonds between the ; i e
atoms. The m bonds are formed by the 2p, of each atom g 26 \

combined with the respective from the adjacent layer.

[4 1°

The Raman Spectroscopy is an excellent tool to b

02 § 2D band »,

arbon black nano-particle

. A 2D band
access the existence or not of these bonds. Three main

10 Charcoal nano-particle

bands can be observed in the Raman spectra of carbon ksl
D band || G band

based materials, when it is excited with a 532 nm o

laser: D band at ~1350 cm™; G band at ~1580 cm™ and . 2D.0and A
1000 1500 2000 '12500 3000

2D band at ~2690 cm', as seen in Figure 1.1. [3] Each Wavenumber (cm’)

Figure 1.1 - Raman scattering spectra for
one of them can be linked to a specific different carbon based materials.
crystallographic property: D band and G band are Adapted from [35].
connected to two primary in-plane vibrational modes and 2D to a second order overtone of D. [3]

This new material is in the spotlight for its amazing theoretical properties such as high
intrinsic mobility of 2x10° cm? V1 s [2] and a specific surface area of 2630 m? g [5], between
others [3]-[5]. Such properties can only be achieved in small samples or in specific substrates [2]
and therefore cannot be seen as a given fact but their existence made graphene a material capable

for a wide range of applications in electronics. [9]-[12]
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1.1.1 Synthesis
Graphene has been obtained mainly by chemical vapor deposition (CVD)[13] or

mechanical exfoliation of bulk graphite.[14] Single-layer transferable graphene nanosheets of
high purity can be obtained, but these techniques have some limitations and are less effective for
large-scale production. Chemical synthesis is the most promising method for the industrial
production of graphene-like materials.

One way to produce graphene is by chemical reduction of synthesised Graphene Oxide
(GO). The production of this material is being study since 1859 and three methods emerge: Brodie
[15], Staudenmaier [16] and Hummers [17], all of them using fuming acids to oxide the graphite
layers and obtaining GO. This method allows to create a layered material of oxygenated graphene
sheets bearing oxygen functional groups on their basal planes and edges, as demonstrate in Figure
1.2 . [18] These groups make graphene oxide hydrophilic but with the redraw of its lateral size
being usually few tens of micrometres. [19]

The Reduced Graphene Oxide (rGO), can be obtained via a reduction of Graphite Oxide
and this can be achieved by several different ways [20]-[22], one of which is Laser reduction. In
this technique, a low power laser, between 1 and 4W, is applied to a film of graphene oxide. [23]
This offers, in comparison to the conventional photolithography, a cheaper, faster and with a
higher throughput way to produce 2 dimensional devices, such as supercapacitors in a graphene
oxide film and also has the advantage of not using toxic chemicals typically used in chemical
reduction process.[23] Another possible and advantageous process is the exfoliation of graphite
by electrochemical method. In the state of the art few works have already proved this possibility,
using metal and graphite electrodes or just graphite electrodes to obtain few layer graphene. [19],
[24]

Graphite ; Reduced
Gl Graphene oxide

Oxidation ' Reduction

b) c)

Figure 1.2 - a) Graphite structure. b) Graphene oxide with highlighted functional groups. c)
Reduced Graphene Oxide with highlighted functional groups. [19]
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1.2 Supercapacitors

A capacitor is a device where two conducting electrodes are separated by an insulating
dielectric material. If a potential difference is applied to the terminals of the capacitor, opposite
charges accumulates on the surface of each electrode. This stores energy by producing an electric
field because charges are kept away with the dielectric barrier.[25]

The capacitance of the device can be calculated from the ratio of stored charge, Q, and the
applied voltage or the area of each electrode, A, times the permittivity, so.&r, of the dielectric layer
divided by the thickness of the last, d. [25]

A

= €. 6.~ 1

C= q

<l

According to the above equation, the capacitance is proportional to the area of the
capacitor. Therefore, it can be enhanced by increasing largely the dimension of the capacitor or
increasing largely the surface area. Supercapacitors fills this condition, very high surface area
leads to very high capacitance and in some cases, it also works with electrolytes. These are a new
type of devices that fill a hole between the batteries and capacitors. They can compete with
capacitors in specific power and, at the same time, have a specific energy capable of overlap some
of the batteries, as showed in Figure 1.3. [26]

Supercapacitors are ruled by the same physical principals as conventional capacitors.
However, by using electrodes with much higher surface area and thinner dielectrics, these devices
can achieve much higher capacitances.[25]

Electric Double Layer Capacitors (EDLCs) are specific supercapacitors that accumulates
charges at the interface between electrodes and electrolyte. As shows in Figure 1.4, the
accumulated charges form two electric double-layer, one on each interface, and the surface area
of the electrode plays a huge role in the device’s capacitance. [27] This capacitance can be

estimated by the Helmholtz model proposed in 1853:

&

= e (2)

>0

In this model, C is the capacitance, A is the surface area, € is the relative dielectric constant
of the electrolyte and § is the distance between the electrode and the centre of the ion layer,

typically a few angstroms. [27]
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Figure 1.3 - Simplified Ragone plot of the energy Figure 1.4 - Schematic of an electrochemical double-
storage domains for the various electrochemical layer capacitor. [25]

energy conversion systems compared to an

internal combustion engine and turbines and

conventional capacitors. [26]

1.2.1 Electrodes

As already mentioned in the previous section, the surface area of the electrode can play a
great influence in the capacitance. Therefore, graphene emerges as an important candidate for
electrodes because its large surface area and a 2D geometry of those electrodes can further
improve the capacitance. [6,22,23,28,29] Interdigital geometry seems to be an obvious choice but

are others such as plates and circular that can improve the capacitance of the device.

1.2.2 Electrolytes

Since electrolyte is required to create a double-layer in the electrode surface, this
component require specific characteristics. One of the most important is the ions size of the
electrolyte. This influences their mobility within the electrode and the respective
insertion/removal which also depends on the porosity of the electrodes, affecting consequently
the response time of the device. [30]

The solid electrolyte and gel electrolytes are important improvements over liquid one, for
producing devices more compact, more reliable, environmentally safe and with long shelf
life.[31] However in polymeric solid electrolyte ion movements are much slower than in liquids
and, the capacitance of the device is affected negatively. Therefore, although it is important to
replace electrolytes fluids to solids, a compromise between the advantages of these and the loss

of capacity of the devices is necessary.
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2 Materials and Methods

2.1 Production Methods
2.1.1 Synthesis of GO films

To produce the GO powder, a modified Hummer method was used as reported elsewhere.
[17]. The GO was dispersed in water with a concentration of 5 mg/mL and tip sonicated in a
MSK-USP-3N Ultrasonic for 4 hours, in an ice bath, with 1 minute ON/1 minute OFF cycles, to
create a stable dispersion. The sonicated dispersions were then drop casted in 3.5 cm? boxes with
a previously cut glass substrate with the same dimensions. The volume was kept constant at 5 mL
per box to produce uniform films of GO.

2.1.2 Laser Reduction of GO films

The electrode geometry designs were created in Corel
Draw X7. As showed in Figure 2.1, four designs were produced
and tested: two interdigital devices with different fingers
thickness and spacing; two simple parallel plates and a circular
one. The devices were printed in a 40W Epilog Laser Mini. t
Three parameters were studied in this process: power (P),
speed (S) and frequency (F) of the laser. For the conductivity

tests, 5 mm by 1 mm traces were made with combinations of

+

the three parameters with three replications for each sample. Figure 21 - Schematic of the
Laser minimum definition was performed printing 10 devices' design.

lines starting from 0.01 mm with a step of 0.01 mm.

2.1.3 Electrochemical Synthesis of few layer graphene

Two rods of commercial Graphite were submerged in a goblet with sea water and an
aqueous solution of Na,SO, with 3 different concentrations: 0.1M, 0.3M and 0.5M. Using a power
supply, 10 V were applied between the rods separated by 1.5 cm for 5 minutes. The reaction

products were then washed 4 times by centrifugation with water to remove the salt.
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2.1.4 Electrolytes

In order to evaluate the influence of the electrolyte into the capacitance of the produced devices,
four different electrolytes were tested, two liquids and two solids. The liquid electrolytes were
1M of aqueous solution of KOH and a mixture of 0.03 g SiO; nanoparticles with 1 g of ionic
liquid (IL) 1-Butyl-3-methyllimidazolium bis(trifluoromethylsulfonyl)imide (Sigma-Aldrich).
The solid electrolytes used was CMC-AC-PC (0.384 g of cellulose acetate (AC) and 0.207 g of
liquid propylene carbonate (PC) were stirred for 2 hours in 50 mL of deionized water. 2 g CMC
were then added to the solution and stirred for more 48 hours to ensure a good homogeneous
solution) and CMC NP (0.06 g SiO, nanoparticles were stirred for 2 hours in 50 mL of deionized
water. 2 g CMC were added to the solution and stirred for more 48 hours to ensure a good

homogeneous solution).

2.2 Characterization Methods

2.2.1 Resistivity measurements

To determine the resistivity of the rGO obtained by laser reduction, IV curves using a

Keithley Picoammeter/VVoltage were performed and repeated three times for each sample.

2.2.2 Capacitance measurements

The supercapacitors created were characterized in a Reference 3000 Potentiostat using
cyclic voltammetries sweeps from 0 to 1 V with a step of 5mV at 5 different scan rates: 40 mV/s,
80 mV/s, 120 mV/s, 160 mV/s and 200 mV/s. The specific capacitance was calculated using the

software Gamry Echem Analyst.

2.2.3 Raman microscopy

Raman microscopy was carried out at the Department Conservation and Restoration (FCT-
UNL) using a Labram 300 Jobin Yvon spectrometer, equipped with a solid-state laser operating
at 532 nm. The laser beam was focused with 50x Olympus objective lens and spectra were

recorded.

2.2.4 Morphology analysis

The surface morphology of GO, rGO and electrochemical G samples was obtained by
scanning electron microscope. The TEM analysis were made with a Hitachi 8100 with LaB6

filament. Both equipment are in MicroLab-Electro Microscopy Laboratory of IST.

2.2.5 Optical Microscopy

The surface of the reduced film was observed in an inverted optical microscope Leica
DMis8, at Lab 213 at DCM — FCT-UNL.
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3 Results and discussion

In this section the results of rGO obtained by laser and the G obtained by electrochemical

synthesis are presented and discussed.

3.1 Graphene Oxide Laser Reduction

The reduction of graphene oxide can be performed by several techniques but in this thesis
the reduction by Laser was the one tested and used to perform the supercapacitors. To achieve
good quality rGO a preliminary study had to be performed in order to define how the laser
parameters such as power, scanning speed and frequency of pulse influence the electrical
properties of rGO films obtained.

3.1.1 Influence of Laser Parameters

Preliminary tests, were
performed by trial and error
attempts at the laser’s power
until finding out the a rGO
area. The boundaries were

found at P3 and P8, as shown [ars T e

in Figure 3.1. In the first case, Figure 3.1 - Microscope Image of
S21, P8, F2500.

a), almost none of the GO
were reduced, leaving marks of the laser but with no uniformity or even connections between
those marks. The P8 removed the film completely, leaving behind some marks of the laser in the
glass substrate.

In order to determine the right parameters to reduce the GO, the conductivities values were
analysed and plot in the Figure 3.2. The thickness of the film was measured with a digital

micrometre and used in every sample from this point forward as 17.25 um. As can be seen, the
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Figure 3.2 - Conductivity vs Power for each scanning speed (28,19,20,21,22) and frequency, 2000 a), 2500
b) and 3000 c).
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combination of scanning speed, power and frequency are important to maximize the outcome
conductivity of rGO. Independently of frequency and scanning speed used, the power of 5 and 6
gives always better conductivities. In Figure 3.2 c), can be seen that for the same power by
combining scanning speed and frequency the conductivity values can be optimized. In general,
for lower frequencies, low scanning speeds are needed to optimize the conductivity of rGO. There
is a direct interdependence between speed and frequency which was expected since for lower
frequencies the laser beam needs to be longer at the same position to irradiate similar quantity of
energy to the GO film.

Overall, with this study we were able to define the laser parameters to obtain high
conductivity rGO: power should be between 5 and 6 and frequency can be any of the tested values
if the scanning speed is chosen correctly. In the following we analyse the influence of each

parameter.

3.1.2 Power influence

The rGO zones obtained for some of the laser parameters tested and presented before were
observed in a microscope. Keeping the speed and frequency at 21 and 2500, lines for the four
powers were made and microscopy images of the obtained lines are shown in Figure 3.3. For P4,
in Figure 3.3 a), there are visible parts of the film not reduced, showing lighter colours in the line
area. In Figure 3.3 d), an obvious overexposure leaves almost all white colour from the light
passing through the glass. In the other two, a uniform film created can be seen, although some
spots of light are still visible. This can be attributed to an eventually thinner part of the film or
even to a peel-off after the exposure of the laser.

Figure 3.3 - Microscopy images of rGO obtained with the laser conditions of: a) S21, P4, F2500; b) S21,
P5, F2500; c) S21, P6, F2500; d) S21, P7, F2500.
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The images of Figure 3.3 are in agreement with the values of Figure 3.2 for the
corresponding experimental conditions. That is, the best conductivities (values in table 3.1) were
obtained for P5 and P6 images b) and c), respectively.

The Raman Spectra of the initial GO and rGO films obtained for the different Power
conditions are plotted in Figure 3.4. The analysis of Raman spectra and its relation with the
graphene, reduced graphene oxide and graphene oxide have been presented in the literature.
However, as graphene is obtained by several methods, its characteristics in terms of defects,
oxidation, number of layers are quite different from method to method. In general, a sharp and
high intensity 2D band at 2690 cm* has been attributed to graphene and related to double phonon
scattering (either both on a single electron/hole or on an electron-hole pair). [32], [33] An increase
in the number of layers in graphene do shift this band to higher wavenumbers. On the other hand,
for disorder or defected graphene the enhancement of D band is observed. As such, the obtained
Raman spectra show graphene-like material after laser reduction of GO and the laser power does
not influence remarkably the intensity of these peaks, although some differences in the ratio of
Io/lc and I/l are seen (table 3.1). These observed differences between rGO samples do not have
a correlation with the laser power used, meaning that in this range of values it does not influence
the quality of rGO, but since micro Raman just analyses a small portion of the material the
differences observed can mean solely a variation along the sample of rGO film produced. The
comparison of the Raman spectra with that of synthesised GO film clearly evidence the existence
of graphene-like material. The GO spectrum reveals a lack of 2D band and a much higher D band,
due to the fact that functional groups increase the number of defects in the film. With a relative
height of 0.926, the D band have, with negligible difference, the same intensity of G band in this
material. On the other hand, each sample of rGO shows a decrease in defects and the appearance

of 2D confirms the good reduction of the GO.

S?O Table 3.1 - Conductivities and Raman
| g spectra's ratio for each power.
NN —
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i N — Conductivi
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Figure 3.4 - Raman Spectra of different powers with fixed
S, 21 and F, 2500.
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3.1.3 Scanning speed and Frequency influence

200 pm. s
Figure 3.5 - Microscope Image of rGO obtained at P5 with: a) S18 F2500; b) S19 F2500; c) S20 F2500; d)
S21 F2500; e) S22 F2500; f) S21 F2000; g) S21 F3000.

Analysing the microscope images, one can notice that all of them present a suitable level
of reduction with small imperfections that can be caused, as previously said, due to a thinner part
of the GO film or even to an eventually peel-off of the material after the exposure. This confirms
the lower influence speed and frequency has in the reduction of the GO, at least by microscopy
observation.

Similar conclusion can be taken from Raman spectra for samples processed with different
scanning speed. In the Figure 3.6 a), the plots are all similar, with negligible deviations of the
peaks’ position. No shift is seen in any sample and the mean of conductivities prove this
observation, as the same value was measured for every sample, 1.16 (Q.cm)?, except the fastest,
S22, that was almost half. The non-uniformity of samples could be responsible for this small
variation and so, these parameters in this range of variation do not need fine tune to obtain
optimized rGO films. Comparing with the GO, the same result is observed. Less defects in every

sample and presenting a 2D band, proving the good reduction of the film.

10
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“In the Raman Spectra of Figure 3.6 b), a small variation can be seen in the heights of the

normalised peaks D and 2D. As said previously, this can vary from samples to sample and from

the spot chosen to focus the laser and the comparison with GO reveals, once again, a good

reduction of the film. The variation of the conductivity follows the same pattern, as shown in

Table 3.2, meaning that frequency also doesn’t show a need for fine tune in this range of variation.

Table 3.2 - Conductivities and Raman Spectra's Ratios for each speed and frequency.

Speed Frequency Conductivity (Q.cm)* Raman

In/le I20/le
18% 2500 1.16 0.468 0.599
19% 2500 1.16 0.417 0.567
20% 2500 1.16 0.315 0.653
21% 2500 1.16 0.648 0.417
22% 2500 0.62 0.387 0.590
21% 2000 1.55 0.288 0.660
21% 3000 1.35 0.391 0.645

11
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3.1.4 Morphological characterization

The figure 3.9 contains the SEM images of both GO and rGO films obtained for P5, F2500
and S19 with two magnifications. The surface morphology of GO (figure 3.9 a) and b)) is

composed by uniform distribution of flakes along the sample. The magnification image shows

dense and interconnected flakes leading to a compact film.

42 S WA '.
= _A-.f'}.""r 3 & i aas ‘n,;. 3 5 ‘-"‘i. o2 : v /": 3 } N o
Figure 3.7 - SEM Image of GO, a) and b), and rGO, c) and d).

After the reduction, the film is quite distinct from its precursor, figure 3.9 ¢) and d). The
exposure to laser of GO leads to small structures like micro grains appearing in the SEM image
with less magnification with an apparent high surface roughness compared to GO. At the higher
magnification scale, it is clearly seen the micro grains formed by foils separated by empty space.
So, graphene foils are formed although they are corrugated and form micro-blocks of graphite.
This agrees with the Raman results since, a mixture of graphene, graphite and oxygen/voids are
shown by the peaks obtained. However, these were the expected results, GO single foils are very
difficult to obtain by Hummers method. Even if a good exfoliation is obtained, the formation of
GO films by drop casting and subsequent drying promotes again the foils aggregation and the

rGO film is then formed by grains of corrugated graphene sheets.

12
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Overall, the rGO obtained by the laser exfoliation lead to films with high conductivity and
high surface area and they should be adequate to be applied in supercapacitors. Here it is important
to highlight that for the capacitors geometries to be study, the minimum laser line and line
separations should be identified, and so the following study was performed.

3.1.5 Laser lines definition

Choosing the best laser parameters in Figure 3.8 a), it is observed the 5 lines that were
produced. The smallest width with no cuts and with negligible anomalies that don’t compromise
the conductivity of the line is around 90 um. This value is only an approximation because, as can
be seen in the Figure 3.8 b), the value differs along the line. Therefore, to ensure a homogenous
reduction of the film, at least 100 um should be used. It is important to know this limit size for

the design of the devices, showing that the minimum possible for a finger is at least that value.

Figure 3.8 - a) Several laser traces thicknesses ranging from 0.01 mm to 0.1 mm with a step of 0.1 mm at
5% power b) smallest thickness well defined with a 5% power.

3.2 Capacitors

After determining the best laser parameters for
obtaining optimized rGO layers, these were used to
perform different geometries capacitors. Images of the
capacitors’ geometries are shown in Figure 3.9. These

geometries were tried according to the literature best

geometry. [28]
Figure 3.9 - Geometries of the tested
capacitors.

13
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3.2.1 Geometry influence

The four geometries tested were laser printed and the cyclic voltammetry curves were
plotted, as showed in Figure 3.10.
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Figure 3.10 - CV curves of the four different geometries: a) Parallel Lines, b) Circular, c) Interdigital Small
and d) Interdigital Large.

The parallel lines, show the lowest specific capacitance of all four. For the two first scan
rates, 40 mV/s and 80mV/s, it was not possible to extract a value since the current of the device
analysed is less than the limit of detection of the potentiostat used. The curves presented in Figure
3.10 a) and b) do not show a symmetry in the current values as it happens for high quality
capacitors. This can be due to series resistance since it is in the hundred ohms’ range.

Curves b) and ¢) shows some accumulation and reduction behaviour together with some
current losses which can be explained by recombination of charges into defects existent in rGO
and also because a limited surface area for accumulation due to the geometry used.

Curves c) and d) shows almost the same values at both ends, no matter the axis, and an
increase from one scan rate to the next, as one would expect. The interdigital electrodes are more
stable than the other two, being the curves of the smaller more rectangular-like shape and showing

higher currents. To test this hypothesis, the specific capacitances of devices have been calculated

14
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using the Gamry Echem Analyst software. The results were divided by the contact area of the
device allowing a direct comparison value.

Analysing Table 3.3, an almost obvious decrease in value can be detected with the increase
of the scan rate. In theory, the current detected increase proportionally with the scan rate, meaning
that if the scan rate is doubled the current measured should double too. With the devices created
this not happen, probably due to a lack of equilibrium in the device for greater speeds. The
meaning is, with the increase of scan rate, slower reactions do not have enough time to reach an
equilibrium.

The circular shape assumes a better performance in stability, showing a difference between
the highest and the smallest specific capacitance of 18.7 pC/mm? However, the highest results
were obtained by the interdigital with smaller gaps between the fingers, almost the double for
lower scan rates and a negligible decrease for the fastest scan rate, comparing to the circular or
parallel lines.

Table 3.3 - Influence of the geometry in the specific capacitance of the device with different scan rates
(capacitance in pC/mm?).

Scan Rate mV/s 40 80 120 160 200
Interdigital Small | 109.7 99.2 88.5 78.4 56.5
Interdigital Large 66 68.6 55.4 46.2 39.1
Circular 48.4 66.6 67.1 65.9 64
Parallel Lines N/A N/A 40.9 26.8 61.6

3.2.2 Electrolyte influence

In order to test the electrolytes produced, 15 devices were printed, 3 for each electrolyte
and 3 for a base line. In this test, small strips of carbon tape were placed in the contacts of the
interdigital supercapacitor to reduce the influence of the in-series resistance and test only the
electrolyte in use. The base line, Figure 3.11, shows irregularities along the curve, noise derivative

from the proximity to the lower resolution
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Figure 3.11-CV curve of base line without electrolyte. ~ resistance that is being added to the device.

15



Development of Graphene Based Supercapacitors

——40mVis | CMCACPC /’ 40 mVis
109 | ——80mV/s - 104 | ——80mVis
——120 mV/s s
5] | ——160mvss ” ’ 5.
——200 mV/s

Current (nA)
&
1

Current (uA)

-10

10 %’/
. '/j' a) 151

T T T T T -20
-0.25 0.00 0.25 0.50 0.75 1.00 125 -0.25 000 025 0.50 075 100 1.25

Potential (V) Potential (V)
800 80
——40mVI/s KOH ——40mV/s LI NP
600 4 ——80mVI/s 60 ——80mV/s
—— 120 mV/s 120 mV/s
w04 | 160 mV/s 404 | ——160 mV/s
——200mV/s 200 mV/s

N
o
1

200

Current (uA)
Current (uA)
X o

1

-200
-400
c) d)

-0.25 O.IOO 0.I25 O.:SO 0.I75 l.IOO 1.25 -0.25 OAZ)O 0.I25 OA:SO 0.I75 lAE)O 1.25
Potential (V) Potential (V)
Figure 3.12 - CV curves of each electrolyte used: a) CMC AC PC; b) CMC NP; ¢) KOH; d) IL NP.

-600 4

In the plots of Figure 3.12, are shown more stable and symmetrical CVV. Comparing to the
base line, Figure 3.11, the CMC with NP of SiO, demonstrate a more instable symmetry, showing
an intense peak at negative current and several small distortions along the curve, probably due to
the solid state of the electrolyte. The curves for electrolyte CMC with AC-PC, show a much more
stable IV curves but with overlapping of each scan rate. This means that, at higher scan rates, the
ions in the electrolyte does not have enough time to establish and reach equilibrium. The specific
capacitance, as it is divided by the scan rate, decreases when the scan rate rises and therefore
results show instabilities.

In Figure 3.12 c) the 1V plots for KOH electrolyte shows a much higher current than any
other electrolyte tested. The smallest scan rate, 40mV/s, have a rectangular-like shape more
defined than the others, but, just as CMC AC PC, the other 4 scan rates are almost overlapping
each other, which indicate a non-linear relation between scan rate and the height of the current
curve. The IL NP, plotted in Figure 3.12 d), have a better relation but with the drawback of one
order of magnitude lower in the maximum peak of the current. This can be related to the size of
each ion. The bigger ion present in the IL makes diffusion in the electrode much harder and slower

than its counterpart, contributing to a slower movement of ions in the electrolyte.
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The complete results can be observed in Table 3.4 and, as someone might expect, all
electrolytes improved the base line, except the CMC NP in two scan rate. This is probably
justifiable with a low charge movement of the solid-state electrolyte, since CMC AC PC also

shows small improvement of the base line.

Table 3.4 - Test results of the electrolytes at different scan rates (capacitance in pC/mm?).
Scan Rate mV/s 40 80 120 160 200

Without Electrolyte 50.29 45,75 23.91 22.82 20.82
CMC AC PC 116.76 73.03 38.02 45,72 39.30

CMC NP 19.13 29.90 25.87 24.76 22.52
KOH 7389.37 | 5040.35 | 4310.84 | 2841.5 | 1981.91
IL NP 490.84 | 258.96 | 228.84 | 204.62 | 173.38

Overall, the solid-state electrolytes allow to make a full solid device but with a much lower
specific capacitance. On the other hand, the liquid electrolyte gives a higher specific capacitance
but requires an enclosure to make sure the it stays in the device. The KOH evaporates from the
device along the time, which does not happen to the ionic liquid and therefore depending
exclusively in the application and necessities for the device, the most appropriate electrolyte can
be chosen.

The plot in Figure 3.13 shows the stability of every electrolyte with the variation of the
scan rates. The CMC AC PC presents the same oscillation in the specific capacitance as the base

line and, therefore, indicating a possible correlation between the two. The drops of the liquid
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L\%_ ———————— Base Line
3
&
= 10° 5
[&]
(3]
§ V--.
W N
= Y Vo
g 10° .-
(%_ -l
,,,,,,,,,,,, @ . - E - e m
o @ —N:::/::;:: ———— H )
10" T - . - T ' ' ' i
40 80 120 160 200

Scan Rate (mV/s)
Figure 3.13 - Specific Capacitance of every electrolyte vs scan rate.
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electrolytes values are almost identical, possibly due to the phase of the electrolyte itself but the
solid electrolytes seem to have a better stability, notwithstanding the lower values.
Due to the expected stability of IL NPs electrolyte, the device made with it was re-measured

after a month storage in room air conditions.

Current (uA)

150 30
—— 40 mV/s L ——40 mV/s
e 80mMVs IL NP Initial e 8OmVis IL NP After a Month
1007 120 mV/s 201 120 mV//s
—— 160 mV/s —— 160 mV/s
50 200 mV/s 104 200 mV/s
—— 400 mV/s ——— 400 mV/s

Current (uA)
o
1

-50 -10

-100 -20 4
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T T
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Figure 3.14 - IL NP CV curves a) Initial b) after a month.

As seen in Figure 3.14, the decrease is huge. Almost 80% of the initial specific capacitance
was lost. This is probably due to a migration of the electrolyte to the contacts and even to the rest
of the film, meaning that some sort of enclosure or protection have to added to the device to
prevent this from happening.

3.3 Electrochemical synthesis

Since the production of graphene via GO is expensive and environmentally unfriendly, in
this work another way to produce it was tested and characterized. The electrochemical synthesis
was tried with different medium concentration: sea water; and 0.1M; 0.3M; 0.5M Na.SO, being
the graphite source a commercial graphite rod. The Raman spectra of the obtained powder after
being washed to remove excess of salt are shown in Figure 3.15. The spectrum of graphite powder

from the initial rod is included for comparison purposes.
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Figure 3.15 - Raman shift of the Electrochemical synthesis's powders obtained with sea
water and Na,SOj, solutions of 0.5M; 0.3M; and 0.1M.

A clear left shift is visible in the 2D band of all electrochemical samples. This shift can
indicate an effective exfoliation because, as showed in the literature, graphene-like materials
shows a similar shift comparative to graphite.[34] In Table 3.5, can be notice that the most left
shifted 2D belongs to the solution of 0.5M Na,SOs, and that can possible be an indicator of an

increase of surface area and, therefore, a better approach to graphene.

Table 3.5 — Raman Shift Peaks of all samples (peak position in cm?).

D G 2D
Graphite 1343 1574 2712
0.1M 1345 1571 2682
0.3M 1340 1570 2682
0.5M 1340 1566 2676
Sea Water 1340 1569 2685

To explore this hypothesis, the peaks’ heights were plotted and displayed in the Figure
3.16. As said before, this information is subjective due to analysis being made in a laser focus
point. This meaning that the height of the peaks can change from one focus point to another,
making definitive conclusions draw from this susceptible to further confirmation. The Ip/l¢ ratio
decreases with the increase of the salt concentration. This is expected due to the type of technique

used. As salt infiltrate the graphite, small fragments of material release from the original rod
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The deconvolution of 2D bands was performed. The graphs of this deconvolution are
shown in Figure 3.17, being the peaks fitted by a Lorentzian function.

In Figure 3.17 a), the 2D peak of the starting graphite can be seen and, as expect, can be
deconvolution in smaller curves using a Lorentz fit. This possibility of deconvolution indicates a
higher number of layers which, again, was expected from the starting graphite. This will serve as
a base line for all the samples, as if the material produced only require one peak for a perfect fit,

the material is better exfoliated and reassembles more with graphene.
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Figure 3.17 - Deconvolution of Raman Spectra 2D peaks through Lorentz Fit of powder created from: a) Starting
Graphite; b) Sea Water; ¢) 0.1M; d) 0.3M; and ¢) 0.1M.
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The deconvolution of the 2D bands of the Na;SO4 solution products’ 2D band can be
observed in Figure 3.17 ¢) d) and e) and conclusions can be taken. All the bands can be fitted with
an only curve, meaning that any of them have fewer layer than the starting graphite, as said in the
literature. [34]

In the Figure 3.17 b), the sea water sample’s 2D peak can be observed deconvoluted and
a contribution from two peaks is obvious. This means that even with a similar result in the ratios
of the peaks as 0.5M of salt, the sea water solution result in more layers’ powder and, therefore,

a worst exfoliation than the Na,SO4 salt.

b) 0.1M Na,SOs

Figure 3.18 - SEM images of the powders produced
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From the SEM images, Figure 3.18, in all lower magnification scales, 10 um, are seen
huge blocks of material forming a not so even powder, with a large range of particles size. To
discuss the effectiveness of the exfoliation, the smaller scale is required.

In the electrochemical exfoliation with sea water, the powder produced shows compact
blocks formed by nanometric sheets that are bonded to each other. This may indicate a
fragmentation of the graphite and not a graphite layers’ exfoliation into graphene.

The samples obtained from Na,SO4 solutions at microscale are all formed by flakes with
variable sizes. However, at nanometric scale all samples show separated sheets. It is noticeable,
that with the increase of the salt concentration, the exfoliation and dispersion of sheets is
enhanced.

1
Full scale counts: 28 .
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Figure 3.19 — a) and b) TEM images with different magnification, of exfoliated
powder with 0.1M Na,SO, solution c) EDS analysis of the same powder.

Using dispersions in ethanol of the powders produced, a small drop was placed in a TEM
grid and the images observed. A single flake of the 0.1M Na,SOs solution’s products can be
observed in Figure 3.19 a), where multiple sheets are seen. On larger magnification image, 200
nm, a single sheet of graphene is detected. No impurities can be found and, to confirm it, EDS
analysis was performed. The result shown in Figure 3.19 c) reveal an absolute peak of carbon
from the graphene-like material and peaks from cooper which are attributed to the TEM grid. This
is a good indication that all the salt used was washed away and the powder created remained all

carbon with no contamination whatsoever.
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Full scale counts: 28

Figure 3.20 - a) and b) TEM image of exfoliated powder with 0.3M Na»SO4 solution
c) EDS analysis of the same powder.

The same cannot be said about the powder obtained for higher concentrations of Na>SOa.
In Figure 3.20, the TEM image shows agglomerates of sheets and impurities are also present.
Even so, the smaller scale, although out of focus, displays a thin sheet of material indicative of a
good exfoliation and possible larger area of the sheets.

Through the EDS analysis, it is possible to observe an aluminium and silicon
contamination. This is explained by the salt used to exfoliate the graphite. One possibility is that
Na,SO. aqueous solution could etch glass and, since the experiment was conducted in a glass
goblet, some particles of it could end up in the powder, resulting in the contamination. It is also
visible an oxygen peak that could be a remnant of the salt or even an oxidation occurred in the
exfoliation process or from silica. The copper peaks, as said before, belongs to the sample grid
used to handle the powder inside of TEM equipment.

The 0.5M of salt samples shows even larger foils but also more irregularities than the
previous two. In Figure 3.21, the biggest scale shows a complex furl of sheets and, therefore, less
visible single sheets. With a magnification to the top right corner, overlapping sheets can be seen
with some contamination. This stains elements can be seen through the EDS analysis, where two
new peaks appear, comparative with the previous one, Na and S. This confirm the hypothesis that

some of the salt stayed in the powder. Giving the fact that all the samples received the same
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Full scale counts: 30

30+ C)

Figure 3.21 - a) and b) TEM image of exfoliated powder with 0.5M Na,SO4 solution
c¢) EDS analysis of the same powder.

number of washes cycles, it is predictable that, if one of them have presence of salt, the sample
with the higher concentration exhibit bigger peaks. This is confirmed in this experience, the higher
the salt concentration in the solution, the bigger is the presence of salt in EDS spectra. To
eliminate its presence, the number of wash cycles needs to be adjusted to the concentration in use.
The aluminium silicate can be eliminated with the use of different goblet such as Teflon. Using
the two amendments to the procedure, is expected an increase in purity of the powder or, at least,
a minimization of this contamination and obtaining of a pure carbon powder.

However, the obtained results confirm the possibility to obtain few layer graphene from
graphite exfoliation by a simple electrochemical process. In further studies techniques, such as

XPS, will help to confirm the type of predominant bonds.
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4 Conclusions and Future Perspectives

Laser reduction of GO was obtained with success. Of the three parameters studied, two
show no necessity of fine tuning and represent negligible differences between samples in the
range studied. Frequency and speed shows little variations of conductivities and with small
discrepancies in the Raman ratios. Nevertheless, the Raman spectra of all samples showed a
decrease in the number of defects and an arising of the 2D band, indicating a successful reduction
of the film into rGO. Power, on the other hand, proves to be a key factor to insure a better
reduction. The conductivities of the P4 and P7 proven the visual conclusion from the microscope
image, producing a less uniform film and therefore less conductor. The Raman spectra for each
of these samples still shows signs of a reduction but micro Raman analyses is punctual and the
film could be non-uniform. For the other two powers, P5 and P6, all tests were inconclusive in
attributing a better reduction. Raman spectra showed the same peaks of the other samples, proving
the reduction and, with no further research, the more energetic efficient P5 condition was chosen
as the best option. In a further study, a design of experiment could be done to test the
interdependence of the parameters.

The 4 device’s geometry tested presents conclusive results in its capacitance and stability.
Parallel lines show the worst result, with two of the scans rates’ curves below the limit of detection
of the potentiostat used. The circular geometry assumes the best stability, with small variation in
the results. The highest value for the specific capacitance were obtained by the interdigital with
small spacing between the fingers at the slower scan rate, 40 mV/s, with a value of 109.7 uC/mm?.
A further optimization of spacing between fingers and its relation to their size, would improve
the specific capacitance of the devices.

From the solid electrolytes studied, only CMC AC PC have improved the specific
capacitance compared to the one obtained without electrolyte. It doubles in almost every scan rate
tested obtaining the best result for the slower scan rate with an increase over 200%. The CMC NP
solid electrolyte did not improve the device, probably due to a low ion conduction that could be
confirmed using techniques such as Electrochemical Impedance Spectroscopy. On the other hand,
liquid electrolytes greatly enhance the capacitance, it is 1000% enhanced with IL NP reaching,
with the KOH, 7389 uC/mm? for the slower scan rate. This was the best result obtained.

On this work was proven that it is possible to achieve few-layers graphene using methods
and techniques much more environmentally friendly and cheaper than the conventional chemical
routes. The powders produced were characterized by Raman, SEM and TEM and the results

demonstrate a proper exfoliation of the graphite rod used in the electrochemical process. A clear
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red shift from the starting graphite 2D band is visible in all samples of electrochemical produced
powders and, according to the literature, the result is the one expected from few-layers graphene.
This result was supported by the SEM images of the powders, where nanosheets are presented.
There is also possible to observe a relation between the salt concentration and the exfoliation of
the powder. With the increase of this parameter, the samples show more and thinner sheets, rising
the superficial area.

The TEM images of the same powders shows undoubtedly nanosheets, although with some
impurities. Using the complementary EDS analysis, a correlation between the salt concentration
and the presence of oxygen and sodium contamination is observed, meaning that more wash
cycles is necessary to improve the purity of the powder. Another contamination found in the
higher concentrations is an aluminum silicate, indicating a possible etch from the glass goblet
used in the electrochemical process. To improve this process a Teflon goblet could be used and
eliminate this impurity.

The primary objectives of this work were accomplish. The devices were created using the
laser parameters optimized and an attempt to create an all-solid-state device result in an
enhancement, with room for further improvements. The electrochemical synthesis produces few-
layers graphene and, since it was proved that displays a higher surface area, could be applied in

supercapacitor in future works.
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