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ABSTRACT

Reduced graphene oxide (RGO) has in recent studies proven to be a suitable contender for

electron field emission owing to high field enhancement due to high aspect ratio and atomically
thin edges. Graphene thin films for field emission have been prepared by using numerous
solution-based deposition techniques such as membrane filtration, dip coating, spray-coating,
spin coating etc. Among these methods, Electrophoretic deposition (EPD) stands advantageous
due to factors such as easy setup and scalability, high adhesion, thickness control and high
uniformity. In most of these studies the graphene is reduced before deposition, reduction is
mainly controlled chemically by hydrazine hydrate or thermally. In-situ film deposition and
simultaneous anodic reduction of graphene oxide (GO) platelets using EPD has already been
reported. Our study focuses on deposition of GO on various metallic substrates and
investigation of the extent of reduction of GO (prepared using improved hummers method)
under varying EPD parameters such as time, voltage of deposition, electrode gap, electrode
material and their respective field emission behaviour. Attempts were also made to improve
the field emission response of the RGO films by further controlled reduction of these films.

Field emission current as high as 2.7 mA/cm? and lowest turn field of 1.5 \V/um were achieved.

Keywords: reduced graphene oxide, thin films, field emission.
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1. Introduction

Carbonaceous nanomaterials such as carbon nanotubes, graphene and fullerenes have
successfully found a profound status in research during the past few decades. With minute
tailoring of structure and morphology they have been applied to a wide range of devices
including field emission, conducting polymer, composite material, thermal interface material,
super capacitors, electrodes for Li ion batteries etc. [1-6]. Graphene made its appearance in
about a decade ago. Unique properties such as high conductivity, mechanical strength,
flexibility and transmittance have attracted extensive interest in this field [7]. Due to its vital
applications, extensive research has been carried out on the scalable synthesis of graphene with
defect free structure at feasible costs. These methods include mechanical exfoliation [8],
chemical vapour deposition (growth) [9], chemical exfoliation etc. among the above methods
chemical exfoliation stands most economical as it uses graphite as the precursor material. It
involves oxidation of graphite flakes using improved hummers method followed by ultra
sonication to obtain graphene oxide. It is further reduced using suitable method to obtain

reduced graphene oxide [10].

Owing to removal of functional groups during reduction of graphene oxide, large number of
defects are introduced in the RGO sheet surfaces. These defects result in deterioration of
properties of graphene. oxygen functional groups present on the basal plane of GO renders it
electrically insulating and has to be reduced in order to use it for electronic applications
[11].Common methods used for reduction of GO are thermal, chemical, electrochemical etc
[12,14]. reduction with chemical agents such as hydrazine hydrate are time consuming and
have very low yield whereas, thermal reduction results in higher concentration of structural
defects due to rapid reduction [13]. In the present work we use anodically reduced graphene
oxide for enhanced field emission applications. Electrophoretic deposition of GO results in in-
situ reduction at the anode [15].



1.1. Motivation

Presence of large amount of oxygen functional groups on the basal planes of graphene oxide
making it electrically insulating due to large work function. In order to reduce its work function
reduction has to be carried out [16]. Research has been done on versatile reduction methods
including chemical reduction, thermal reduction, laser assisted reduction, electrochemical
reduction etc. [17]. The primary focus of research is to find a cost effective method which is
efficient and can be readily scaled up. An et. al. reported thin film fabrication and simultaneous
anodic reduction of graphene oxide using electrophoretic deposition (EPD) method [15]. EPD
offers economical route for deposition of charged entities dispersed in liquid media.
Advantages of this method include low cost setup, uniform deposition easy scalability [18].
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Fig. 1: a) FT-IR and b) Raman plots of GO paper and EPD-GO film confirming the reduction
of GO during EPD [15].

The report states that deprotonated carboxylic groups assign negative charge to the GO
platelets. These platelets are attracted towards anode and when contact happens, the functional
group is oxidised resulting in release of CO and formation of covalent bond between de-
functionalised carbon atoms. The Raman as well as FT-IR spectra of as prepared GO paper and
EPD reduced graphene oxide provides requisite proof for the reduction of graphene oxide.
Conventionally, RGO thin film preparation involves multiple steps, such as reduction, washing
(to remove contaminants) and subsequent deposition usually done using EPD*°. The EPD
reduction offers single step preparation of graphene thin films. The RGO film obtained by the
above method can be utilised for various conductive thin film applications such as solar cells,

super capacitors etc.



1.2. Objective

The primary objective of the present research is to study and optimize the field emission
response of RGO produced using EPD on conducting substrates. Simultaneously it is important
to study the dependence of the extent of reduction and field emission response on the various
EPD parameters such as voltage, electrode gap and solution concentration. During the study a
number of attempts were made to enhance the emission current from the prepared graphene
films including further reduction of RGO films using thermal reduction and hydrazine hydrate

vapour reduction.



2. Literature Review

2.1. Graphene

Graphene represents two dimensional sp? bonded carbon structure. It is resembles carbon
nanostructures possessing six member carbon rings such as carbon nanotubes (CNT), and
fullerenes but has distinct structural difference owing to stability of two dimensional sheet
structure. Pristine graphene exhibits exceptionally high electron mobility of over 2000 cm?/V
s, a yield strength of 0.5-1 T Pa and an intrinsic strength of 300-400 N/m [20]. Unique
properties such as quantum Hall effect at room temperature and ballistic conduction of charge
carriers has triggered immense research interest in graphene in the last decade. According to
number of layers graphene can be divided into single-layer graphene, bilayer graphene and
few-layer graphene (<10 layers) [21].

2.2. Graphene Oxide and Reduced Graphene Oxide

In spite of the convincing properties of pristine graphene, owing to extensively high cost of
synthesis, it is difficult to utilize it for any application. For research purpose, a structurally
poorer form of graphene called graphene oxide is used. It is obtained by chemical oxidation of
natural graphite using strong oxidizing agents [10]. Oxidation results in the introduction of
oxygen functional groups such as carboxyl, hydroxyl, carbonyl and epoxy on the basal planes
of graphite increasing the inter layer spacing from 3.3 nm to ~7 nm. This reduces the inter layer
Van Der Waal attraction and favours the exfoliation of graphene sheets by ultra sonication.
Presence of oxygen functional groups on the surface of graphene oxide renders it electrically
insulating [22]. The insulating nature of graphene oxide can be accounted by the formation of
carbon oxygen dipoles on various C-O bonds present in different chemical surroundings
resulting in high work function. The conductivity of graphene oxide can be regained by
reduction of graphene oxide resulting in the removal of oxygen functional groups from basal
planes, thus reducing the work function [21]. The various methods used for the reduction of
graphene oxide are discussed in the next section. Only partial recovery of electronic and
mechanical properties is possible during reduction of graphene oxide. This is due to the
introduction of high density of structural defects during reduction [23].



2.3. Reduction of graphene oxide

2.3.1. Thermal Reduction

Thermal reduction simply involves heating of graphene oxide to temperatures ranging from
200°C to 1100°C under vacuum, inert or reducing atmosphere. In the initial stages of research
rapid heating rates up to 2000°C/ min were used to accomplish both exfoliation and reduction
to obtain graphene from graphene oxide. As the graphene oxide is heated, the oxygen
functional groups break down to give gases such as CO and CO2 [17]. The residual carbon
radicals so formed recombine to regain the parent graphitic structure. During rapid heating the
so produced gases exert immense pressure (>2.5 MPa) on the graphite oxide layers resulting
in the exfoliation of stacked layers [23]. A recent work by Zhao et. al. reported the increase in
the C/O ratio of graphene oxide during inert annealing of graphene oxide. The C/O ratio
increased from 3.77 to 8.55 from 200°C to 900°C [24]. Even though thermal annealing appears
to be fast and efficient method for reduction of graphene oxide but comes with a number of
disadvantages. The release of carbonaceous gases during reduction consumes carbon atoms

from the surface of graphene oxide rendering the graphene basal plane rich in defects.

2.3.2. Chemical Reduction

Chemical reduction of graphene oxide involves chemical reaction of graphene oxide with
strong reducing agents such as hydrazine monohydrate, sodium borohydride or hydriodic acid.
Reduction is carried out at near room temperature treatment of graphene oxide in liquid media
generally deionized water. Reduction of graphite oxide with hydrazine was discovered well
before the discovery of graphene and has proved to be the most efficient reducing agent. For
hydrazine reduction 1ml of hydrazine hydrate is to be added to 100ml of 1mg/ml GO aqueous
solution. The system has to be maintained at 100°C under ice bath for about 24h. Graphene
oxide loses its hydrophilic nature due to removal of surface functional groups and agglomerates
followed as black mass at the bottom of the container. This has to be followed by multiple steps
of washing to remove the residual reducing reagent. C/O ratio can be consistently increased up
to 10.3 using this method [25]. Along with efficient reduction hydrazine offers reduced
graphene oxide with lower defect density. This can be explained using the reduction
mechanism. During reduction firstly the various functional groups are first reduced and

subsequently removed upon further reduction.



H.A. Becerill et .al. reported the reduction of graphene oxide powder using hydrazine
monohydrate vapour. They reported the optimal reduction conditions to be 400C and 22 hrs.
reduction [26]. The reduction turned the powder from black to metallic grey. Effective
reduction of graphene oxide has been reported using sodium borohydride and hydriodic acid.
Some unconventional methods for reduction of graphene oxide such as microwave reduction,

photo reduction, and laser assisted reduction have also been reported [17].

2.4. Field electron emission

2.4.1. Field emission theory

Field electron emission refers to cold cathode electron emission from atomically thin emission
sites fabricated on cathode under the application of ultrahigh electrostatic field carried out in a
highly evacuated atmosphere. Fig. 2 shows the basic setup for field electron emission. The
atomically thin edges on the emitters result in enhancement of electric field due to local field
enhancement owing to bending of electron bands resulting in electrons tunnelling through
potential barrier. Nano scale materials such as nanotubes, nanoribbons, nanobelts and nanorods
of both inorganic materials such as molybdenum oxide, tungsten oxide, copper oxide, and
organic materials such as graphene and carbon nanotubes [40] prove to be suitable candidates

for field emission.

High vacuum chamber
High voltage 1 I
source +
I | |
Elzxctron emrission sites
B e N e o )

Fig. 2: Basic setup for electron field emission.

Field emission can be explained by Fowler Nordheim tunnelling and electron energy band
diagram. Unlike thermionic emission [42] in field emission electrons do not require any

external energy excitation. Electrons are filled up to Fermi energy level. The energy difference
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between Fermi level and an electron in vacuum is called work function (¢). Generally order to
eject an electron it has to be provided with an energy equal to . When an external field is
applied between electrons, the potential energy of electron reduces outside the metal as shown
in Fig. 3.

T metal
<

Fermi level

vacuum level

EfS . tunnel
distance

— ey
m

Fig. 3: Fowler-Nordheim tunnelling band diagram [42].

When sufficient external field is applied the potential energy of vacuum becomes equal to the
Fermi energy level of the metal and electrons can tunnel through this barrier without any
excitation. As the external field increases the vacuum potential drops continuously resulting in

exponential increase in tunnelling current.

The main factors that apply to field electron emission are morphology of emission sites (aspect
ratio), work function of emitter, density distribution of emission sites, area of effective electron
emission and extent of vacuum generated. Field enhancement refers to the generation of higher
effective field than externally applied field due to accumulation of charge at atomically thin

edges of emission sites.



2.4.2. Field emission characteristics

Field enhancement factor (B) can be calculated by using the following expression [42]:

Ln(Aap*/@) — Bo*?

Ln(1/E?) =
PE
2>(EQ-1)
A & B =constants o = effective emission area
p = field enhancement factor ¢ = work function of emitter
E = applied field

The emission current density (J) can be given by the following expression [42]:

p
J= AE?exp { i
E 2(EQ-2)

The field emission behaviour of any material is studied with the help of the following two plots:

Current density vs. electric field plot:

This plot exhibits the variation of emission current with increase in the externally applied field.
Generally an emission current density of 10 pA/cm? is considered as the turn on current and
the corresponding field is called turn on field. A good field emitter should a low turn on field

and high maximum current density.

Fowler Nordheim plot (F-N plot):

The F-N plot mostly forms a linear curve. F-N plot stands as high importance as it provides a
convenient method to calculate the field enhancement factor. The slope of Ln (1/E?) vs 1/E
curve (K) has an inverse ratio to the field enhancement factor 8 [43]:




Current stability plot:

This plot exhibits the field emission performance of an emitter over long periods of use.

Consistent emission current must be exhibited by the emitter for it to be suitable for various

applications. Current stability test can vary from few seconds to hours.
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Fig. 4: Typical current density, Fowler—Nordheim and current stability plot [37].

2.5. Reduced graphene oxide as field emitters

Owing to its atomically thin edges, high electrical conductivity, thermal stability and high
aspect ratios graphene structures have proved a well-established candidate for field emission
research in the last decade. Wide scale research has been done in order to understand the field
emission response of reduced graphene oxide and study its dependence on its chemical
functionalization, orientation and structure. Despite of structural defects and existent work
function excellent emission currents as high as 200mA/cm? and turn on field as low as 0.1 v/um
have already been reported [27-28]. The key to better emission properties relies mainly on the
following factors. Firstly, controlling the defect density on basal planes of RGO introduced
during synthesis. Secondly, controlling the number of layers in the as synthesized RGO.
Thirdly, providing the optimum orientation in order to attain good field enhancement. Fourthly,
regulating the carbon to oxygen ratio in RGO to obtain suitably low work function. Huang et.
al. reported the variation of turn on field for RGO with the change in C/O ratio. In the same
work the simultaneous reduction of RGO during field emission owing to joule heating effect
was reported [1].



Fig. 5: a) and b), FE-SEM image and setup to test field emission behaviour from edge of
monolayer RGO [28]. ¢) and d)RGO film prepared on ITO glass for field emission [33].

Field emission for RGO on different substrates including metallic, semiconductor and
conductive tapes. Conductive substrates prove more efficient for field emission as it ensures
availability of sufficient electrons for field emitters attached to it. Field emission characteristics
have been tested for RGO deposited on copper (sheet, grid and tape), ITO glass and carbon
conducting tape. Conducting tape substrates poses added advantages of flexible samples and
good emitter substrate adhesion. Good emitter adhesion proves important for field emission as
it permits the application of higher local fields with reduced chance of emitter detachment and
possibility of a short circuit. Using semiconducting material as substrates for field emitters
results in escalated turn on fields and lower emission currents attributable to the unavailability
of sufficient electrons in the conduction band [29]. This issue can be overcome by using highly
n doped semiconductor or by providing metal transition layer between the semiconductor and
emitters [03, 31]. Despite of the disadvantages mentioned above, semiconductors provide the
flattest substrates and better adhesion for testing field emission characteristics and cannot be
neglected. Due to their sheet structure and atomically thin edges it becomes important to study
the dependence of field emission behaviour on the orientation of field emission. RGO deposited
on any substrate preferably adheres parallel to the substrate resulting in low field enhancement
factor. A number of methods have been used to overcome this including orientational polymer
composites and RGO hybrid films [29, 34]. The Table. 1 gives a detailed account of the RGO

field emission research.
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Table 1: Previous work on RGO field emission.

Morphology Reduction Substrate Turn | Maximum B Ref.
method on field | Current
(V/um) density
(mA/cm?)
RGO drop casted | Ultra sonication | Polystyrene 0.6 200 5818 | (27)
on polystyrene film | in presence of
Zinc
RGO on Cu grid Hydrazine Cu grid 2 2 7300 | (28)
vapour
+
200°C
annealing
RGO/CNT hybrid | Hydrazine dip Si 2.5 5 3976 | (29)
drop casted on Si reduction
substrate
Rgo-P3HT Hydrazine Conducting 0.9 40 1900 | (30)
composite by drop vapour substrate 229
casting
RGO on Ti coated Thermal Ti coated 4.5 ~ ~ (31)
Si Si
RGO on ITO Hydrazine ITO glass 2.3 23 3700 | (33)
Phenyl isocyanate Hydrazine glass 4.7 1 1500 | (34)
factionalized RGO +
and polystyrene Thermal 2000
spin coating C
RGO-polyaniline Hydrazine Carbon 3.91 0.5 5227 | (36)
composite tape
composite of WS2- In-situ Cu 2 0.8 2978 | (37)
RGO by low- hydrothermal
temperature reduction
hydrothermal
method

11




3. Materials and Methods

The present research aims at analysing the field emission response of RGO synthesized via
EPD of aqueous solution of graphene oxide onto conducting substrate (copper). Fig. 3
represents the plan of work for the present study.

GO COATING |

HYDRAZINE

REDUCTION
\ [FIELD EMISSION| /

Fig. 6: Schematic representing the plan of work of the present study.

GRAPHENE
OXIDE

NATURAL
GRAPHITE

i’ THERMAL
REDUCTION

3.1. Materials and chemicals used

The following materials and chemicals have been used for the synthesis of graphene oxide to
be used for EPD. All these chemicals used were of analytical grade and de-ionized water was

used in all experiments in order to prevent any undesirable reactions.

Table 2: Materials and chemicals used.

Chemical Molecular Weight Min. assay (%) Company
(gm/mole)
Graphite NA 99.5
Copper sheet 63.546 99.99 Industrial grade
KMnO4 158.04 99 s-d fine-chem.
limited(sdfcl)
NaOH pellets 40 98 sdfcl
H2SO04 98.08 98 sdfcl
H3POg4 98 88 sdfcl
HCI 36.46 35.4 sdfcl

12



H20: 34.01 30 sdfcl

Hydrazine 50.06 99
monohydrate
Acetone 58.08 99 sdfcl

3.2. Synthesis of graphene oxide

GO was synthesized using natural graphite flakes, < 100um in size. Graphene oxide was
prepared according to modified Hummers method [38] involving oxidation of graphite flakes
followed by ultra sonication to achieve graphene oxide. The method offers a single container
method to synthesis of graphene oxide and requires no external temperature control. The
oxidation solution containing 320ml H2SO4 (98.08%) and 80 ml H3PO4 (75%). The resultant
solution was kept on magnetic stirrer and 3.2gm of graphite flakes powder was added to it at
once resulting in slight increase in the temperature of the solution. Further 18gm of KMnO4
was added gradually. KMnO4 is added slowly in order to prevent extensive heating of the
solution. This step should performed under a fume hood due to the release of irritating and
supposedly toxic purple fumes. The resultant solution has to be kept on the magnetic stirrer for
72 hours (3 days). In this reaction, h2so4 provides oxidizing environment whereas KMnO4
acts as the oxidizing agent. The addition of H3PO4 ensures the effective oxidization of graphite
basal planes whilst keeping the graphitic sp? structure intact. This ensures the retention of
graphitic structure post reduction of the as prepared graphene oxide. The effective oxidation
also renders the graphene oxide highly hydrophilic forming well dispersed aqueous solution
and increases the reaction yield [41]. After 3 days of reaction 40ml of 30% H202 was added
to the solution. The H202 acts as a reducing agent, reducing the left over KMnO4 in the
mixture. Right after this reaction the resultant solution was dilute with lukewarm water to a
total of 800ml. The precipitate so formed was washed repeatedly with de-ionized water to
remove the oxidants. The next step involves washing the precipitate with 10% HCI solution in
order to remove the excess metal ions generated during the oxidation process. This is followed
by repeated washing with DI water till the pH of the solution becomes 4-5. The pH of the
solution is then increased to about 7-8 added by adding 1M NaOH solution in order to make
the graphite oxide hydrophilic and ready for mechanical exfoliation. Mechanical exfoliation is

carried out using probe ultra sonication at 650 Watt for 90 minutes. Ultra sonication results in
13



the exfoliation of graphite oxide into graphene oxide. The resultant graphene oxide solution is
well dispersed due to the presence of ionized oxygen functional groups on the sheet edges

(carboxylic and hydroxyl) and shows no sign of precipitation.

3.3. Electrophoretic deposition of graphene oxide

Electrophoretic deposition (EPD) refers to deposition of charged particles onto conducting
substrate under the influence of electrostatic force. Charged particles in suitable media are
attracted towards oppositely charged electrode in an electric field. Charged particles lose their
charge at electrodes and adhere uniformly to the surface [10].

EPD stands advantageous for thin film deposition as compared to other methods due to
economical setup, easy scalability, easy parameter control and uniform deposition. Fig. 7
shows the basic mechanism of EPD in which charged particles move towards oppositely

charged electrodes.

B — -—
P — -—
Chr e —S
g Charged particles

Fig. 7: Mechanism of electrophoretic deposition.

EPD has been consistently used for deposition of graphene related material onto
conducting substrates for various applications such as electrodes for solar cells, field emission
electrodes etc.. RGO exhibits high rate of deposition as compared to pristine graphene due to

residual oxygen functional groups which are not completely eliminated during reduction.
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Reduced G-O film

Fig. 8: Schematic diagram of the EPD process and (b) cross-sectional SEM
image of EPD-GO film [15].

In the present work electrophoretic deposition of aqueous solution of GO was done on polished
substrates of cold rolled copper (99.96%) 0.25 mm in thickness. Deposition was done using
three different solutions with weight concentration of 0.025, 0.025 and 0.125mg/ml in DI
water. Electrode gap was maintained at 5mm and voltages were fixed at 10, 15 and 20V using
a low voltage DC voltage supply (0-20V). In total 9 samples were prepared using copper
substrate of dimension 20X20mm. An et. al. confirmed the in-situ reduction of graphene oxide
during electrophoretic deposition. The aim of this study is to optimize the EPD parameters such
as voltage and solution concentration to develop a single step method to synthesize RGO thin
films on conducting substrates. Additionally the field emission response and its dependence on
the various EPD parameters was studied. The solution concentration used in our study was
taken much lower as compared to Ref. [15] (1.5mg/ml). This was done in order to decrease the
thickness of the as prepared films. Higher thickness RGO films showed lower substrate
adhesion which may be attributed to the high cohesive energy of RGO flakes.

3.4. Subsequent reduction of RGO films

Subsequent reduction of the as prepared EPD RGO films was carried out. The intension of this
step was to further reduce the RGO films and attain better electrical properties. Two methods

were used separately used for the reduction:

Thermal reduction: the as prepared EPD sample were annealed at 200°C for 120 minutes in
Ar/Hz (1:1) atmosphere [24]. Argon provides inert atmosphere whereas hydrogen prevents the
reverse oxidation of graphene by the released gases during reduction [17]. Reduction of
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graphene oxide at temperature of up to 900°C can help in achieving complete reduction but this

is not preferable as it may lead to decreased film adhesion.

Hydrazine vapour reduction: the as prepared EPD samples were maintained at 40°C in the

presence of hydrazine hydrate vapour in a parafilm sealed glass setup for 22 hr. [26].

The above reduction steps were performed for freshly prepared EPD samples and the resultant
samples were tested for improvement in field emission response. In the subsequent research
the as prepared EPD samples will be referred as E-GO, the thermally annealed samples will

be referred as ET-GO and hydrazine treated samples will be referred as EH-GO

3.5. Field emission setup

Fig. 9: Parallel plate electrode setup for field emission, upper electrode acts as anode.

In the present study field emission tests were carried out for the EPD coated metal substrates
using a high vacuum chamber with average vacuum level of ~10" mbar. High voltage source
PS350 (50-5000V) from Stanford Research Systems.inc was used for the field emission tests.
The electrode gap was maintained at 650um and copper was used as the counter electrode.
Initially two to three power cycles, meaning voltage cycles have to be performed in order to
stabilise the emission current. The turn on current was set at 10puA/cm?. E-J characteristics were
plotted for all samples till trip voltage followed by current stability test for 60-70 min.
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3.6. Characterization of reduced graphene oxide

3.6.1. Field emission scanning electron microscopy

To examine the surface morphology of the reduced graphene oxide field emission scanning
electron microscope (FESEM) (ULTRA plus, Carl Ziess) was used at an accelerating voltage
of 15kV. Graphene and graphene oxide possess sheet like structure resulting in insufficient
surface contrast in FESEM images. Owing to this graphene can only be recognized in regions
of sheet overlap or sheet curling as ripples. Images were captured at varying magnifications in
order to understand the variation in the RGO film morphology for different EPD parameters.
Energy dispersive X-ray spectroscopy was also done for the chemical analysis of RGO films.

3.6.2. Raman spectroscopy

Raman spectroscopy is a chemical analysis technique working on the principle of inelastic
scattering of visible radiation (530 nm) by various chemical species due to electronic
excitations. The change in the wavelength of the incident radiation upon scattering, also called
Raman shift gives the information regarding the chemical structure of the material under
consideration. It very useful technique in the analysis of graphene and related structures as it
can easily detect m—" and n—x” transitions present in sp? and dd carbons [44]. Raman spectrum
of these structures is mainly represented by three bands namely D-band, G-band and 2D-band.
The D-band commonly called diamond peak is originally found at a Raman shift of 1332 cm™
for crystalline diamond and represents sp® carbon. In case of pristine graphene this band
represents the breathing mode of aromatic carbon rings (1350 cm™) and requires the presence
of defects for its activation [45]. The G-band represents the Ezq phonon stretching of sp? carbon
and is located around 1587 cm™. The 2D-band is the overtone of the D-band (2680cm™) i.e.
low intensity second excited vibrational state [44].
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Fig. 10: Typical Raman spectra of a monolayer of GO, rGO, and mechanically exfoliated
graphene on SiO/Si substrates [45].

The intensities of these bands (I) and their ratios also play an important role in understanding
the structural characteristics of graphene. In case of graphene oxide the G-peak shifts towards
higher wavenumber (1600 cm™) depicting the reduction in the size of graphitic domains [46].
The D-peak is now prominent due to the introduction of sp* functional groups. The intensity
of the 2D-peak diminishes due to the disparity from graphitic structure. A number of studies
have reported the transition of these peaks upon reduction of graphene oxide. The D-peak
increases in intensity depicting the increase in degree of disorder whereas the G-peak decreases
in intensity due to loss in carbon during reduction. This results in increase of lq4/lg ratio from
GO to RGO. The G and D peak undergo blue shift to lower wavenumbers. Upon reduction the
intensity of the 2D peak increases and it undergoes redshift to higher wavenumber [47]. Thus
the lop/lg ratio should decrease during reduction. In conclusion the positions of these three

bands and their intensity ratios can be used to characterize the extent of reduction.

In the present study Raman spectra was taken for all E-GO film samples were scanned in the
range of 100cm.1 to 3500cm.1 using He-Ne laser excitation of 532nm wavelength whereas the
the 0.05mg/ml 10V ET-GO and EH-GO samples were in order to characterize the extent of

reduction upon deposition.
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3.6.3. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectroscopy works on the principle of covalent bond excitation by infra-red spectrum.
The excitation frequency depends on the nature of the covalent bonds and the mass of the
involved elements. The incident radiation is absorbed at vibration frequencies of various bonds
and thus gives recognizable peaks. It is distinctly different from energy dispersive spectroscopy
which uses monochromatic excitation source. FT-IR uses a wide spectrum of IR radiation to
excite the material under test and Fourier transformation is used to compile the raw data
obtained at different frequencies into one single curve. The possibility to detect the various
organic bonds such as C=0 (1720cm-1), C-OH (1220cm-1), C-O (1060cm-1), sp? carbon
(1600cm-1) and O-H (3400cm-1) makes FT-IR a suitable tool for the study of chemical
structure of GO and RGO [48]. The variation in the spatial density of these functional groups

can be identified from the extent of absorption at the above mentioned peaks.

Functionalised graphen

Graphite oxide

Graphene

Transmitance (A.U.)
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Fig. 11: Typical FTIR spectra of graphene, thermally reduced graphite oxide and
functionalised graphene. [49]

In the present study FT-IR spectra of the prepared E-GO films was carried out using Nicolet
AVATAR 360 FTIR spectrometer with a Smart OMNI Sampler with a germanium crystal. The
aim of this characterization was to detect the removal of different oxygen functional groups
from GO upon EPD deposition and its dependence on EPD parameters.
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3.6.4. Ultra-Violet Visible absorption spectroscopy

UV-visible spectroscopy refers to the absorbance spectrum of a material under the incidence
of UV to near-IR radiation. The material under consideration undergo characteristic electronic
transitions depending on the bonds present. The common electronic transitions include = > «*
and n 7", In case of well oxidized graphene oxide the UV peak is located at ~230nm
wavelength attributable to 7 = w* transition [45]. Upon reduction the peak undergoes red shift
up to a maximum of 275nm. This shift can be attributed to the increase in the sp? bonded carbon
species and the reduction in the band gap of graphene upon removal of oxygen functional
groups. Also, in case of RGO the absorbance peak has lower intensity. Smaller graphitic
domains and defects introduced during reduction are the likely causes for this phenomenon
[48]. A distinct shoulder is formed in the absorption spectra of GO at 300nm depicting the n
-> * transition of C=0 [45].

(b) (i) Graphene oxide
» (ii) Chemically converted graphene

(iii) Graphene synthesis by CVD

Absorbance (arb. units)

" i A 1 A L 4 L A

200 300 400 500 600 700

Wavelength (nm)

Fig. 12: Typical absorbance spectra in UV to visible wavelength region of (i) graphene-
oxide, (ii) chemically converted graphene (CCG), and (iii) graphene (MLG) films
synthesized by CVD.

In the present study, UV spectra was taken for as prepared GO (0.03mg/ml) and the E-GO
(0.01mg/ml) with the objective of analysing the red shift of UV peak for the E-GO samples

upon reduction.
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3.6.5. X-Ray Diffraction (XRD)

XRD technique works on the principle of constructive interference of electromagnetic rays
(0.01-1000nm) diffracted by crystalline material. It is used to characterize the crystal structure,
presence of various phases and elemental composition. In case of graphene, GO and RGO XRD
provides information about the d-spacing of graphene basal planes and thus the extent of
reduction. The 20 position is found for graphene at 26.5° (0.333nm), graphene oxide at 10°
(0.860nm) and for RGO from 13.24° to 26.05° (0.668 to 0.342nm) [47]. Fig. 13 shows typical

XRD curves for
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Fig. 13: Typical powder XRD pattern of graphite (black), GO (red) and rGO (blue) [50].
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4. Results and Discussion

4.1. Structural and chemical analysis

4.1.1. FE-SEM

FE-SEM analysis was carried out for the E-GO samples at varying magnifications was done
and a comparison of the images taken at 50X magnification is as shown in fig. 14. As RGO
possesses sheet like structure the relative contrast between different areas is very low. Presence

of RGO sheets can only be realized in regions of sheet overlap or sheet ripples.

More sheet edges were visible as we moved to samples with higher EPD voltage and higher
deposition solution concentrations. At lower concentrations the RGO sheets adhere parallel to
the surface of the substrate (Cu). But as the voltage and concentration increases the number of
sheets being deposited increases. After the initial sheets adhere parallel to the substrate the
simultaneously deposited sheets may adhere to the substrate or the interface of previously
deposited RGO and the substrate. This results in the RGO sheet having an angular morphology
with respect to the substrate. The result of this is higher film roughness. The random orientation
of the RGO sheets may favour better Field emission characteristics due to the higher field

enhancement factor.

The EDX analysis of the as prepared E-GO films gives some insight into the thickness of the
as prepared films and the resultant C/O ratio. The C/O ratio increased from below 2 on as
prepared GO to 3.89 in case of E-GO. The comparison of the EDX data for 0.05mg/ml E-GO
samples is shown in table 3.

Table 3: EDX analysis for 0.05mg/ml E-GO samples .

GO DEPOSITION ATOMIC % (EDX) C/O
SOLUTION VOLTAGE CARBON | OXYGEN | COPPER | RATIO
0.05 10 42.42 14.43 43.14 2.93
0.05 15 65.61 16.87 17.51 3.89
0.05 20 60.71 25.53 13.76 2.38
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Fig. 14: FE-SEM images for E-GO samples.
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4.1.2. XRD analysis

XRD analysis was done for as prepared GO and RGO reduced using thermal annealing (T-GO)
and hydrazine vapour (H-GO) in powder form. Fig. 15 shows the comparison between the
XRD pattern for GO, H-GO and T-GO. The (002) peak for GO indicates augmented d-spacing
between the graphite basal planes due to the intercalated oxygen functional groups like
hydroxyl, carboxylic and carbonyl. The d-spacing increased from 3.3 A for pristine graphite to
8.58 A for GO powder. The (002) peaks for both T-GO and H-GO powder indicate the regain
of graphitic structure by shift in the XRD peak towards that of graphite (20~26.4°).

800 —

(002)

Intensity (a. u.)
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Fig. 15: XRD pattern for GO, H-GO and T-GO powder.

The peak position indicate better reduction in the case of H-GO, with the diffraction peak being
closer to that of graphite and minor increase in the FWHM. In case of T-GO the FWHM was
seen to increase drastically which might be as a result of the higher deterioration of the sp?
structure of the GO and the reduction in the size of the particles upon reduction. Table. 4 gives
the comparison between the (002) peak XRD data for GO, T-GO and H-GO.

Table 4: Comparison of XRD data for GO, H-GO and T-GO powder.

Sample 20 d — spacing FWHM
(degrees) (A) (degrees)
GO 10.3 8.58 1.915
H-GO 24.72 3.6 6.149
T-GO 23.42 3.79 10.617
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4.1.3. UV analysis

UV visible spectroscopy was carried out for the GO solution to confirm the proper oxidation
of the graphite. Literature data reports the UV peak position between 230nm. The peak for the
GO solution was found to be at 235 nm. Fig. 16 shows the UV-visible absorption spectra for

GO aqueous solution.
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Fig. 16: UV-visible absorption spectra for GO aqueous solution.

4.1.4. Raman analysis

Raman spectroscopy was carried out for the as prepared GO solution as well as the E-GO
samples in order to analyse the reduction of GO upon EPD and its dependence on the EPD
parameters. Table. 5 shows the comparison of the Raman data obtained from these samples.
The intensity of both G and D peaks reduced considerably from the GO sample to the E-GO
samples and at the same time peak positions for both these peaks showed considerable red shift
upon deposition. As mentioned in the section. 3.6.2, both these phenomenon indicate the
reduction of GO. Thus both D and G peak were seen approaching the peak positions of pristine
graphene i.e. 1348cm™ and 1587cm for the D and the G peak respectively. This confirms the
reduction of GO upon EPD. During reduction of GO both Iq and I4 decrease but the decrease
in lg is relatively more as compared lg. This may be attributed to the decrease in the average
sp? domain size either by the random removal of functional groups or by the nucleation of new
sp? domains as explained in the section 3.6.2. This results in the increase in the 14/l ratio upon

reduction.
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Fig. 17: Raman shift for 0.05mg/ml E-GO samples.

From the table. 5 it is clear that the 14/l ratio increased for all the E-GO samples. Also the ratio
showed an increasing pattern with the increase in the EPD voltage and the solution

concentration.

Table 5: Comparison of Raman data for E-GO samples.

sample | solution voltage D band (cm?) | G band (cm™) ld/lg
E-GO 0.025 10V 1352.37 1599.44 1.14
E-GO 0.025 15V 1348.38 1599.44 1.103
E-GO 0.025 20V 1348.38 1599.44 1.167
E-GO 0.05 10V 1348.38 1587.84 1.165
E-GO 0.05 15V 1348.38 1587.84 1.28
E-GO 0.05 20V 1348.38 1591.71 1.26
E-GO 0.125 10V 1352.37 1599.44 1.25
E-GO 0.125 15V 1348.38 1599.44 1.303
E-GO 0.125 20V 1348.38 1587.84 1.36
GO powder n/a 1352.08 1601.16 0.8988

In order to analyse the reduction of the EPD samples upon further treatment with hydrazine
vapour and thermal treatment, Raman data was collected for the sample showing maximum
current in field emission i.e. 0.05mg/ml EH-GO and ET-GO sample. Table 6 shows the

comparison of Raman data obtained for these samples. The increase in the lqa/lg confirms the
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further reduction of the RGO. As confirmed by previous research works the ratio increase was
more for hydrazine vapour treatment was more as compared to the thermal reduction. Also, a
peak shift was observed in the peak position of the 2D peak. This confirms the further reduction
of the RGO as mentioned in the section 3.6.2.

Table 6: Comparison of Raman data for 0.05mg/ml, 10V; E-GO, ET-GO and EH-GO
samples.

sample | reduction | D band G band 2D band lda/lg
E-GO EPD 1348 1588.8 2680.86 1.165
ET-GO | Thermal 1348 1587.8 2702.94 1.18642842
EH-GO | Hydrazine 1348 1588 2764.46 1.24743331
vapour

4.2. Field emission analysis

4.2.1. Field emission response

Field emission tests were conducted for all samples of E-GO, EH-GO and ET-GO was
conducted. A maximum emission current of 2.7 mA/cm?, lowest turn on field of 1.5 v/um and
highest field enhancement factor of 6404 was achieved. The emission response behaviour of
the samples show marked dependence on the various EPD parameters as well as the
simultaneous reduction of the E-GO samples. Table. 7 gives the comparison of the field

emission response of from the E-GO samples.

For the E-GO samples the 0.05mg/ml samples showed the best field emission results. The field
emission response of any type of emitters depends on the aspect ratio of the emitters, the spatial
distribution and the adhesion with the substrate. The field emission current in the 0.025mg/ml
samples was comparatively low. The film prepared from 0.025mg/ml GO solution had a very
thin coating well adhered to the substrate. This results in the RGO sheets lying parallel to the
substrate and offering very low aspect ratio. The field emission again was found to be low for
the 0.125mg/ml samples. This may again be explained with the help of the sheet morphology.
The films prepared from the 0.125mg/ml solution were much thicker and had a very low

adhesion with the substrate, which might be traced back to the fact that the cohesion of RGO
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is higher as compared to its adhesion with the substrate as explained in the previous sections.

This leads to the detachment of the emitters during field emission test. Figure 18 shows the

current density plot and the corresponding F-N plot for the 0.05mg/ml E-GO samples.

Table 7: Field emission response for E-GO samples.

Solution EPD Turnon Maximum Field
SI. No. concentration voltage field current enhancement

(mg/ml) (Volts) (V/um) (mA/cm?) factor (B)

1 0.025 10 3.08 0.4 1533

2 0.025 15 2.23 0.28 2194

3 0.025 20 1.77 0.6 2098

4 0.05 10 3 2.08 1919

5 0.05 15 2.23 2 6776

6 0.05 20 1.77 14 4431

7 0.125 10 3.23 1.2 2440

8 0.125 15 3.15 0.6 3430

9 0.125 20 3.08 0.48 2786

Field emission tests were also conducted for the EH-GO and the ET-GO samples. Both the set
of samples showed higher emission current and lower turn on fields as compared to the as
prepared E-GO samples. The emission current was found to be maximum in the EH-GO
samples .this might be attributed to the fact that hydrazine results in a better regain of the

conductivity of the RGO sheets, as confirmed by the previous research work. Table 8 compares

the field emission response for the EH-GO samples.
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Fig. 18: a) current density plot, and b) F-N plot, for 0.05mg/ml for E-GO samples.
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Table 8: Field emission response for EH-GO samples.

Solution EPD Turnon Maximum Field
SI. No. concentration voltage field current enhancement

(mg/ml) (Volts) (V/um) (mA/cm?) factor (B)

1 0.025 10 2.7 0.96 3738

2 0.025 15 2.15 0.82 1940

3 0.025 20 1.7 1.042 2979

4 0.05 10 2.7 2.72 2247

5 0.05 15 2.1 2.21 3609

6 0.05 20 1.62 1.8 4233

7 0.125 10 2.8 1.84 2237

8 0.125 15 2.62 1.64 2332

9 0.125 20 2.55 0.94 2217

Again the same emission behaviour was followed by the E-GO samples with the 0.05mg/ml

samples showing highest emission currents and the lowest turn fields. Figure 19 gives the

current density plot and the F-N plot for the EH-GO samples. Marked improvement was also

seen in the field enhancement factor of the samples after reduction. The change in the

morphology of the films upon further reduction may be the reason behind this improvement.
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Fig. 19: a) current density plot, and b) F-N plot, for 0.05mg/ml EH-GO samples.

The lowest turn on field among all the samples was exhibited by the ET-GO samples. This

indicates towards the fact that these samples possess the lowest band gap among all the three

sets of the samples. This fact is also confirmed by earlier works. The thermal reduction results

in the effective lowering of the band gap of the GO. Table 9 compares the field emission

response for the ET-GO samples.
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Table 9: Field emission response for ET-GO samples.

Solution EPD Turnon Maximum Field
SI. No. concentration voltage field current enhancement

(mg/ml) (Volts) (V/um) (mA/cm?) factor (B)

1 0.025 10 2.45 0.84 2900

2 0.025 15 2 0.74 4631

3 0.025 20 1.65 1.1 4833

4 0.05 10 2.5 2.61 2591

5 0.05 15 1.81 2.06 4095

6 0.05 20 15 1.68 7006

7 0.125 10 25 1.86 2805

8 0.125 15 2.45 1.18 2411

9 0.125 20 2.4 0.8 2654

The lowest turn on field of 1.5V/um was achieved for the ET-GO samples. Field enhancement
factors as high as 6404 were achieved with these samples. As in the results of E-GO and EH-
GO the best field emission response was shown by the 0.05mg/ml samples. Figure 20 gives the

current density plot and the F-N plot for the 0.05mg/ml ET-GO samples.
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Fig. 20: a) current density plot, and b) F-N plot, for 0.05mg/ml ET-GO samples.

4.2.2 Stability test

Stability test was conducted for the E-GO samples at 30% of the maximum emission current
density for about 70 min. A maximum fluctuation of 32.8, 80 and 65 percent was recorded for
the 10V, 15V and the 20V samples respectively. Fig. 21 shows the current stability plots for
the 0.05mg/ml samples.
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Fig. 21: current stability plot for 0.05mg/ml samples taken at ~30% of maximum emission
current.

4.2.3. Comparison with literature data

Table 10: comparison of current field emission data with similar prior research.

Sample Turn on field Maximum Field Ref.
(V/pm) current enhancement
(mA/cm?) factor (P)

RGO on Cu
grid (hydrazine 2 2 7300 (28)
+ thermal
reduction)

RGO/CNT
hybrid drop
casted on Si 2.5 5 3976 (29)
substrate
(hydrazine dip
reduction)

E-GO
0.05mg/mi 3 2.08 1919 Present study
10V

E-GO
0.05mg/mi 2.23 2 6776 Present study
15V

ET-GO

0.05mg/mi 1.5 1.68 7006 Present study
20V

EH-GO
0.05mg/mi 2.7 2.72 2247 Present study
10V
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4.2.3. Potential applications

Since its discovery graphene has made its appearance in a vast majority of electronic devices
including field effect transistors, solar cells, supercapacitors etc. the key reasons for this are
high conductivity, flexibility, atomically thin edges and optical transmittance. RGO possesses
these properties and can be bulk synthesized easily. Thus, the consideration of RGO electronic
devices stands inevitable. RGO has been used to prepare the counter electrodes for dye
sensitized solar cells via EPD [7]. Fig. 22 shows the schematic of the setup used for the
preparation of RGO counter electrodes. The reduction of the GO was carried out before EPD
in the above work. The anodic reduction method mentioned in the present study can be utilized

for 1 step preparation of counter electrodes.

a)

sse|9 014

b) m—— R S—
R P Pack? \
ssplate RGO H—/ T

PVA-H,PO,

Fig. 22: Schematic for preparation of a) RGO counter electrode for dye sensitized solar cell
[7] and b) RGO supercapacitor [51].

32



As a result of sheet like structure and atomically thin edges RGO posess a very high surface
area to weight ratio. This property of RGO has been utilized to prepare supercapacitor
electrodes [51]. The large surface area allows the RGO to store large amount of charge within
a small area resulting in high capacitance. In the work by Wang et. al. reduced RGO was
electrophoretically deposited onto stainless steel substrate in order to prepare the electrodes.
The method can be improved by using 1 step anodic reduction and deposition (used in the
present study) to directly prepare the electrodes. The low turn on field and high emission
current for anodically reduced graphene oxide also opens up the possibility of its application

for various field emission devices.
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5. Conclusions

From the above results it is convincingly clear that conducting thin films of RGO can be
prepared by a single step electrophoretic deposition method. The as prepared thin films are
capable of enhanced field emission which was dependent on the film morphology and
thickness. The method proves highly efficient as most of the previous research work involved
reduction of graphene oxide before deposition onto substrates. The RGO film thickness was
seen to increase with the depth of electrode in the EPD solution. This phenomena needs to be
further studied in order to prepare RGO films of controlled transparency, so that they can be
utilized for photovoltaic applications. The actual mechanism of the anodic reduction of
graphene oxide during EPD still needs to be understood and necessitates a detailed research on

the method.
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6. Future Scope

The present study was mainly focussed on the dependence of field emission response and
reduction of RGO upon EPD anodic reduction. In order to understand the applicability of this
anodically reduced graphene oxide for electronic devices further study of properties of RGO
has to be carried out. The adhesion of the as prepared films with the substrate plays an important
role in deciding the life and efficiency of the devices prepared from it. Thus, nanoscratch study
of the various as prepared RGO films can be carried out. In case of solar cell applications the
transmittance of the as prepared films is a concern. For the samples prepared in the present
study the film thickness increased with increase in the EPD voltage and the solution
concentration and thus the transmittance varies with these parameters. The suitable parameters
for deposition can be deduced by conducting transmittance studies. The dependence of the
extent of reduction of GO during EPD on the substrate used has to be carried out for better
insight into the mechanism of anodic reduction.
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