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Abstract

Graphene is a one-atom thick sheet composed of sp? carbon atoms arranged in a regular
hexagonal lattice. Graphene has been paid much attention for their remarkable
properties and various applications of graphene have been expected. However, mass
production of graphene has not been established yet. At present, reduction of graphene
oxide (GO) is a promising method of mass production of graphene but this method has a
problem that defects, which were formed in oxidation process, and some functional
groups remained after reduction. To solve this problem | developed three new reduction
methods of GO.

First, | reduced GO by annealing GO on a Ni foil. According to Raman spectra, this
sample was restored but most of GO sheets disappeared with Ni evaporation. Then, to
avoid the disappearance of GO sheets, | annealed GO sheets by annealing GO at the
interface of a Ni overlayer and SiO, substrate. As a result, large area graphene and
threadlike graphene were formed. Then | changed the quantity of GO, the kind of metal
overlayer and annealing temperature. When all carbon atoms dissolved into metal
overlayer, threadlike graphene was formed. In contrast, when not all carbon atoms
dissolved, thick large area graphene was formed. To fabricate thin graphene sheet, the
thickness of Ni film and cooling rate were changed. In the case of thin Ni film, graphene
with the similar shape of GO was formed. On the other hand, in the case of thick Ni
film, graphene with the different shape of GO was formed.

Second, | reduced GO by radical treatment in solution process. | used CHsl, C,HsBr,
BrC,H4Br and PhCH,Br as radical sources. From Raman spectra, improvement of the
crystallinity were achieved as following order; CHzl > BrC,H;Br > C,HsBr > PhCH,Br.

Third, | conducted sulfuration and reduction of GO by using (NH4),Sx. From XPS
spectra, the existence of sulfur was confirmed and S/C was 3.8 atom%. From Raman
spectra, the crystallinity of GO was improved by treatment with (NH,)»Sx.

In conclusion, | developed three reduction methods, which are cost effective and
suitable for industrial application. These reduction methods open up the opportunity for

mass production of graphene from graphene oxide.
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Chapter 1
Introduction

1.1 Graphene

Graphene is a one-atom thick sheet of graphite and composed of sp? carbon atoms
arranged in a regular hexagonal pattern (Figure 1.1) [1]. By A. K. Geim and K. S.
Novoselov, Graphene was first isolated in 2004 by using mechanical cleavage (Scotch
tape method) [2]. They won the Nobel Prize in Physics for graphene research in 2010.
Since then, Graphene has been investigated for various applications in wide field due to
its excellent properties such as high carrier mobility [3], high thermal conductivity [4],
high Young’s modulus [5], high transparency and so on. High carrier mobility was
reported by Bolotin et al. According to their report, mobilities of suspended graphene
which was fabricated by a combination of electron beam lithography and etching was in
excess of 200,000 cm™ /V+s at electron density of ~2 < 10™ cm™ at ~5 K. This mobility
is larger than any other semiconductors or semimetals. Alexander A. Balandin et al.

reported high thermal conductivity of graphene. By using a noncontact optical-based

Figure 1.1 Schematics of the crystal structure, Brillouin zone and dispersion spectrum of
graphene. Reproduced with permission from [1]. Copyright: 2010 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.



technique, they discovered that thermal conductivity of graphene was up to (5.30 =
0.48) x 10° W/mK. For these properties, applications of graphene have been expected
such as field effect transistor (FET) device, touch panel display and transparent
electrode.

However, applications of graphene to electronic devices have some problems. One
problem is that graphene has zero band gap (Figure 1.1). If graphene is applied to FET
devices, on/off ratio is too low due to zero band gap. To solve this problem, some
promising approaches have been reported. One is fabrication of graphene nanoribbon.
By theoretical calculation, it is predicted that band gap will open with increase of the
width of graphene nanoribbon (Figure 1.2) [6]. In experiment, Melinda Y. Han et al.
fabricated graphene nanoribbon with widths ranging from 10-100 nm and length of 1-2
um by lithographic processes and investigate its electronic transport [7]. Similar to the
theoretical calculations, the narrower the wide of graphene nanoribbon was, the larger
the band gap opened. Though band gap is opened by lithographic processes, lithography
system is very expensive and these processes are not suitable for mass production.
James M. Tour’s group developed a mass production method of graphene nanoribbon
[8]. They produced graphene nanoribbon by oxidizing MWCNTs in concentrated
sulfuric acid with KMnQO,. By oxidation, C=C bonds are broken and dione are formed
(Figure 1.3). Graphene nanoribbon produced by oxidation of MWCNTs was
functionalized with oxygen groups such as carbonyls, carboxyls and hydroxyls. Though
these functional groups can be removed mostly by reduction with aqueous hydrazine in
the presence of ammonia, a little oxygen groups remained and made electronic
characteristics inferior. Thus, graphene nanoribbon with large band gap can be produced
in large quantities by this method but the quality of graphene nanoribbon was not good.
Another method to open the band gap is hetero atom doping such as nitrogen. Dacheng
Wei et al. produced N-doped graphene by CVD process [9]. They used CH4 gas and
NH; gas as the C source and N source respectively. The N content in graphene can be
controlled from 1.2-3.2 % by changing NH3/CH, ratio. N-doping in graphene network
change the electrical structure of graphene and open the band gap. Thus, N-doped

graphene show improved on/off ratio (Figure 1.4). Another problem is mass production
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of high quality graphene. This problem is explained in the section 1.2.
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Figure 1.2 Extrapolation of the band gap oscillation to large CNRs width for bare (left

panel) and hydrogen terminated (right panel) CNRs. Reproduced with permission from

[6]. Copyright: 2006, American Chemical Society.
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Figure 1.3 a, Representation of the gradual unzipping of one wall of a carbon nanotube to
form a nanoribbon. Oxygenated sites are not shown. b, The proposed chemical mechanism of
nanotube unzipping. Reproduced with permission from [8]. Copyright 2009, Nature

Publishing Group.
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Figure 1.4 Transfer characteristics of the pristine graphene (V¢ at -0.5 V) and the N-doped

graphene (Vg at 0.5 and 1.0 V). Reproduced with permission from [9]. Copyright 2009,

American Chemical Society.



1.2 Fabrication Methods of Graphene

Graphene has been fabricated in various methods. The method to fabricate the highest
quality graphene is mechanical exfoliation method (Scotch tape method). Mechanical
exfoliation method is cleaving of HOPG (Highly Oriented Pyrolytic Graphite) by using
Scotch tape. As mentioned in section 1.1, graphene was first isolated by this method.
Graphene produced by this method is high quality; almost defect free and single crystal.
So, this method is suitable for measurement of physical properties of graphene but not
suitable for mass production. Another method to fabricate high quality graphene is CVD
method. In CVD process, graphene is grown on a metal substrate (e.g. Cu, Ni, Pt, etc.)
by flowing carbon source gas (e.g. methane, ethylene, benzene, etc.) with hydrogen gas
and heating at high temperature. In the case of Ni, the carbon atoms dissolve into Ni and
segregate. Alfonso Reina et al. fabricated graphene by using Ni substrate [10]. They
obtained 1 to 10 layers graphene film by exposure of a polycrystalline Ni film to a
highly diluted CH,4 gas under ambient pressure at 900-1000 °C. Figure 1.5 shows (a)

graphene grown on a patterned Ni film and (b) graphene transferred onto SiO; substrate.

Figure 1.5. (a) Optical image of a prepatterned Ni film on SiO_/Si. (b) Optical image of the

grown graphene transferred from the Ni surface in panel a to another SiO_/Si substrate.

Reproduced with permission from [10]. Copyright: 2009, American Chemical Society.



Graphene is formed by carbon segregation, so not only monolayer graphene but also
few layer or multilayer graphene are grown in this method. Most of few layer or
multilayer graphene are formed at grain boundaries. Thus graphene grown on a Ni film
is inhomogeneous.

In the case of Cu, monolayer graphene is formed uniformly. Xuesong Li et al.
fabricated graphene on Cu foil by CVD using methane and hydrogen mixed gas [11].
Methane molecules or carbon radicals diffuse on Cu surface and graphene is formed by
catalysis of Cu. Monolayer graphene covered the surface of Cu and formation of
secondary layer rarely occurs. Thus only monolayer graphene is formed. Figure 1.6 (A)
and (B) show SEM image and optical microscope image of graphene transferred from
Cu foil to SiO, substrate respectively. Figure 1.6 (C) shows Raman spectra of spots with
corresponding colored circle in Figure 1.6 (A) and (B). According to these results, more
than 95 % of graphene is monolayer. Bilayer is ~3 to 4 % and trilayer or few-layer (<10)

is less than 1 %.
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Figure 1.6. (A) SEM image of graphene transferred from Cu foil to SiO, substrate. (B) Optical
image of graphene of the same regions as in (A). (C) Raman spectra from the marked spots with
corresponding colored circles. Scale bars, 5 um. Reproduced with permission from [11].

Copyright: 2009, American Association for the Advancement of Science.

Recently, based on the method of graphene growth on Cu foil by CVD process,
roll-to-roll production method was developed [12]. Sukang Bae et al. fabricated 30-inch

graphene films by roll-to-roll process. The roll-to-roll step consists of 3 steps as shown



in Figure 1.7: (i) attachment of a thermal release tape to graphene film on copper foil,
(ii) etching of the copper foil with copper etchant such as (NH4),S,0g and (iii) transfer
of the graphene films with a thermal release tape onto any kind of substrates. By mild
heat (~90-120 °C), the thermal release tape is detached from graphene films and
substrates. By this roll-to-roll process, it is possible to produce graphene at large scale
but this process is not suitable for industrial applications because flammable gases such
as methane and hydrogen are dangerous and this process costs money due to etching

copper foil and vacuum equipment.

Graphene on
polymer support Released
\ polymer support

/ Polymer support

P am

Target substrate

Graphene on Cu foil Graphene on target

Figure 1.7. Schematic of the roll-to-roll production of graphene films on copper foil.

Reproduced with permission from [12]. Copyright: 2010, Nature Publishing Group.

To avoid using carbon feedstock gases, graphene growth from carbon solid sources
was developed [13]. Zhengzong Sun et al. obtained graphene by depositing a
poly(methyl methacrylate) (PMMA) thin film on a copper foil and annealing at
800-1000 °C for 10 min with a reductive gas flow (H2/Ar). The hole mobility of PMMA
derived graphene was about 410 cm?/V-s at room temperature and the D band intensity
was noise level. These results indicate that few defects presented and PMMA derived
graphene was high quality. Instead of PMMA, graphene can be obtained from other
solid carbon sources such as fluorene (Ci3Hio) and sucrose (C12H22011). In addition to
these solid carbon sources, graphene can be obtained from melamine (C3NgHs). By
using mixture of melamine and PMMA as solid carbon sources, N-doped graphene was
formed. As mentioned in section 1.1, band gap of N-doped graphene is opened and

on/off ratio is high, so N-doped graphene is expected for application of FET devices.
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The N contain ratio confirmed by XPS spectra was 2-3.5 %. However, the on/off ratio
was not improved because N atoms were incorporated randomly. Thus, it is required
that preparation of N-doped graphene by this method is improved.

These CVD methods have a problem that transfer process is needed. To solve this
problem, graphene preparations by transfer-free method have been researched. For
example, Sun-Jung Byun et al. achieved transfer free graphene growth on SiO;
substrate by depositing a Ni thin film on a polymer (e.g. PMMA, polystyrene and
polyacrylonitrile) film which was deposited on a SiO, substrate and annealing at
1000 °C with Ar and H; gas flow as shown in Figure 1.8 [14]. By this method, graphene

was formed on a SiO, substrate and transfer process was needless. However this method

is not suitable for industrial applications because hydrogen gas and high temperature of
1000 °C is needed.

O

SIISioz (300 nm) Heating @ 1000°C, 1 min Graphene

Capping Layer
& capping layer etching

Polymer
Figure 1.8. Schematic of the transfer free graphene growth process by using a Nickel capping

layer. Reproduced with permission from [14]. Copyright: 2011, American Chemical Society.

Another method to produce high quality and large area graphene is decomposition of
the (0001) surface of 6H-SiC [15]. Problems of this method are that high temperature of
1250 °C to 1450 °C is required and formed graphene cannot be transferred to any
desirable substrate. Additionally, SiC substrate is itself expensive.

Cost-effective and scalable process to fabricate graphene is liquid phase exfoliation
of graphite. Yenny Hernandez et al. obtained graphene by sonication of graphene

dispersed in various solvents [16]. The concentration of graphene depends on the kind



of solvent and exfoliation can only occur when the energetic cost is very small. The
enthalpy of mixing (per unit volume) can be calculated as equation (1.1).
AHmix _

Vmix Tf lake

(66 - 6501)2¢ (1-1)

6; = @ Is the square root of the surface energy of phase i, Trake IS the thickness of
graphene flake and ¢ is the graphene volume fraction. Nanotube and graphite surface
energy is about 70-80 mJ-m™. Thus, solvent whose surface energy is close to 70 -80
mJ-m? is expected to exfoliate graphite flake effectively. In fact, the dispersed
concentration shows the peak at around surface energy of 70-80 mJ-m as shown in
Figure 1.9. Concentration of graphene was more than 8 % when the solvent was benzyl
benzoate (surface tension; 45.95 mJ-m™). However, the yield of monolayer graphene

was about 1 wt% and the lateral size of dispersed graphene is only a few micrometers.
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Figure 1.9 Graphene concentration plotted versus solvent surface tension or solvent surface

energy. Reproduced with permission from [16]. Copyright: 2008, Nature Publishing Group.

The graphene preparation method most suitable for industrial application is reduction
of graphene oxide (GO). GO is the oxidized form of graphene and functionalized with
oxygen functional groups (e.g. hydroxyl, epoxy and carboxyl acid groups) as shown in

Figure 1.10. Due to these hydrophilic functional groups, GO can be dispersed in various
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solvents and exfoliated by electrostatic repulsion of these functional groups. Most of
functional groups of GO can be removed by chemical treatment or thermal annealing.
Thus, graphene can be obtained at large scale as shown in Figure 1.11, but graphene
produced from GO is disordered due to remained functional groups and defects which
are formed in oxidation process. The disordered structure of graphene results in the
inferior performance of graphene devices. The details of GO are mentioned in following

sections.

Figure 1.10 Structure of graphene oxide (Lerf- Klinoski model).

Oxidation Dispersion Reduction
— _ e @ ¢
a e e ©
Graphite o %O ~. —
Graphite Oxide 2

Graphene Oxide Graphene

Figure 1.11 Graphene preparation process via reduction of graphene oxide.
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1.3 Structure of Graphene Oxide

Graphite oxide was first synthesized about 150 years ago but the exact structure is
still ambiguous. The reasons are that graphite oxide is nonstoichiometric and its
chemical composition depends on oxidation condition. To date, many structure models
of graphite oxide have been reported (Figure 1.12) [17]. In Hofmann model, graphite
oxide is hexagonal structure plane functionalized with only epoxy groups. The chemical
composition is C,0. In Ruess model, in addition to epoxy groups, hydroxyl groups are
also incorporated into graphite oxide. This model first explained the existence of
hydrogen in graphite oxide. In contrast to Hofmann model, Ruess model consists of
cyclohexane chair. Scholz-Boehm suggested the structure functionalized with hydroxyl
and carbonyl groups and contained quinoidal species without epoxy groups. Nakajima
and Matsuo proposed a step 2 type model analogous to that of poly(carbon
monofluoride), (CF),. At present the structure presented by Lerf and co-workers is the
most advocated. In Lerf- Klinoski model, flat aromatic regions with unoxidized benzene
rings and sp® carbon atoms are distributed randomly.

In 2009, Wei Gao et al. proposed a new model of graphite oxide, which contains five-
and six-membered-ring lactols in addition to epoxy and hydroxyl groups (Figure 1.13)
[18]. Based on the solid state *C NMR spectroscopy of graphite oxide, they proposed
the presence of lactols.

The atomic structure of GO and reduced graphene oxide (rGO) was observed by Kris
Erickson et al. [19]. Figure 1.14 shows TEM images of (A) suspended monolayer
graphene, (B) suspended monolayer GO sheet and (C) suspended monolayer rGO sheet.
On the right images, holes are indicated in blue, graphitic regions in yellow and areas
with remaining functionalities in red. In Figure 1.14 (A), graphitic area is almost 100 %.
On the other hand, in Figure 1.14 (B), holes, graphitic regions and high contrast
disordered regions, which is highly oxidized area are approximate area percentages of
2%, 16%, and 82%, respectively. Thus, GO sheet is almost disordered and the graphitic
area which is not oxidized area is between 1 to 6 nm?. Holes are formed because CO
and CO; are released from GO sheet. When GO was reduced, the graphitic area increase

to 70 % and holes increase to 5 %. The increase of holes is due to release of CO and
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CO; in annealing process. This result indicates that disorder region remains in rGO

despite of reduction.
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Figure 1.12 Several older structural model of graphene oxide. Reproduced with permission

from [17]. Copyright: 2006, American Chemical Society.
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Figure 1.13 New structural model of graphite oxide. Reproduced with permission from [18].

Copyright: 2009, Nature Publishing Group.

Figure 1.14. TEM images of (A) single suspended graphene, (B) single suspended GO sheet
and (C) suspended monolayer of rGO. Reproduced with permission from [19]. Copyright:
2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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1.4 Preparation Methods of Graphene Oxide

GO has been synthesized by various methods and the chemical structure depends on
the synthesis method. Graphite oxide was first prepared by Brodie in 1855 [20]. The
preparation of graphite oxide by Brodie method is as follows. First, fuming nitric acid is
added into a flask and cooled to 0 °C. Then, graphite powder is added into the flask and
stirred to avoid aggregation. Next, potassium chlorate is slowly added for 1h and the
reaction mixture is stirred for 21 h at 0 °C. Finally, the mixture is diluted in distilled
water and filtered. L. Staudenmaier improved Brodie method by adding concentrated
sulfuric acid [21]. Hummers and Offeman oxidized graphite by using KMnQO, as
follows [22]. First, concentrated sulfuric acid is added to a flask. Then graphite powder
and sodium nitrate are added into the flask. The solution is cooled at 0 °C in ice bath
and potassium permanganate is added slowly. Next, the ice bath is removed and distilled
water is added slowly. This process causes increase of temperature to 98 °C. After that,
3% hydrogen peroxide is added to reduce the residual permanganate and manganese
dioxide. Finally, the mixture is filtrated and graphite oxide is obtained. As scheme 1.1,

potassium permanganate react with sulfuric acid and dimanganese heptoxide forms.

KMnO,4 + 3H,S0O, — K™+ MnO3* + H;0" + 3HSO,
Mn03+ + MnO4 — Mn,0Oy

Scheme 1.1. Formation of dimanganese heptoide by reaction of potassium

permanganate with sulfuric acid.

Hummers method is safer than Brodie method and Staudenmaier method. So graphite
oxide is prepared by Hummers method or modified Hummers method commonly.
Recently, new oxidation methods of graphite have been developed. For instance,
Daniela C. Marcano and co-workers improved Hummers method by increasing the
amount of potassium permanganate and adding phosphoric acid [23]. The advantage of
this method is that the improvement of yield. When 3 g of graphite was used as
precursor of GO, graphite oxide which was not exfoliated was 6.7 g in the case of

Hummers method, on the other hand, that was 0.7 g in the case of this improve method.
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In addition to this, reaction produces no toxic gas and not a large exotherm in this
method. Ching-Yuan Su et al. obtained ultra-large GO sheet by modified Hummers
method, where they replaced first step with a bath sonication process in sulfuric acid
[24]. Pre-oxidation and pre-exfoliation make it easier to exfoliate graphite sheets and
ultra-large GO sheets with the lateral size of up to 3 mm (Figure 1.15). In addition to
these modified Hummers method, GO have been synthesized by other oxidants. Sourov
Chandra et al. alter potassium permanganate to potassium dichromate as oxidant [25].
Though toxic gas is generated by reaction of hydrogen peroxide with the residual
permanganate and manganese dioxide in Hummers method, this problem can be
overcome by using K,CrOy. Jianfeng Shen et al. used benzyl peroxide as oxidant and
solvent [26]. This method is only heating of graphite powder with benzyl peroxide at
110 °C and any other solvent are not needed. This oxidation method is fast and facile
but there is the potential that benzyl peroxide may explode. By these preparation
methods, GO can be obtained at large scale but rGO is disordered because oxidation is
harsh and many defects are generate. Thus, mild oxidation process which suppress the
generation of defects is demanded. Recently, Siegfried Eigler et al. developed a wet
chemical synthesis method of high-quality graphene [27]. Though their procedure was
based on Hummers method, they oxidized graphite flake below 10 °C and added cold
water continuously. According to their previous report, GO is not stable at 50 °C and
hole defects are formed by CO, generation [28]. So, by cooling below 10 °C in
oxidation process, hole defects are suppressed and relatively high-quality GO is
obtained. Figure 1.16 A)-C) show the pictures and SEM image of graphite and GO.
Figure 1.16 D)-E) show Raman spectra of graphite, GO and rGO respectively. rGO was
reduced by hydriodic/trifluoroacetic acid. In Figure 1.16 D), D band intensity is high,
FWHM of D band and G band are broad and 2D band intensity is low. On the other
hand, in Figure 1.16 E), D band intensity is low, FWHM of D band and G band are
sharp and 2D band intensity is high. This Raman spectrum indicates that this rGO is
relatively high-quality. However in this procedure, vyield is lower compared to

conventionally prepared GO.

15



(b) OM

Figure 1.15 (a) SEM image and (b) optical microscope image of GO produced by
pre-oxidation method. Reproduced with permission from [24]. Copyright: 2009, American

Chemical Society.
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Figure 1.16 (A) reflected light microscope image of natural graphite. (B) aqueous dispersion
of GO. GO-n means new form of graphene oxide. (C) SEM image of GO film. (D)-(E)
Raman spectra of natural graphite, GO and rGO respectively. Reproduced with permission

from [27]. Copyright: 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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As mentioned above, preparation of high-quality graphene at large scale is very
difficult. Harsh oxidation is necessary for mass production of GO but mild oxidation is
necessary to produce high-quality GO or graphene. Thus in oxidation process, the
quality and yield are in relation of trade-off. So, for mass production of high-quality
graphene, improvement of reduction process is more hopeful than that of oxidation

process. Reduction method is mentioned in the next section.

1.5 Reduction Methods of Graphene Oxide

To obtain graphene from GO, reduction process is needed. Most of functional groups
of GO can be removed by thermal annealing or chemical treatment. In the case of
thermal annealing at 1000 °C, functional groups are removed by generation of CO or
CO; as shown in Figure 1.17 [29]. Carbon atoms are also removed with oxygen atoms,
so hole defects are formed in annealing process. In Figure 1.14, hole defects in rGO are
larger than that in GO and this result indicates CO or CO, generation. Thus, to reduce
GO without forming hole defects, chemical reduction is desirable. Hydrazine is
commonly used to reduce GO. Hydrazine reduction of GO was reported by Sasha
Stankovich et al. [30]. In their method, hydrazine hydrate was added to the GO aqueous
solution and heated at 100 °C. GO is reduced and convert to rGO by the mechanism
shown in Scheme 1.2. During reduction of GO, the brown color of GO turns black. Due
to elimination of oxygen groups, hydrophilic property is lost and rGO has a
hydrophobic property and aggregation occurs. So, reduction without aggregation of
rGO sheets is necessary in order to obtain monolayer or few-layer graphene sheets.
Another problem of hydrazine reduction is that defects which are formed in oxidation
process remain in rGO after reduction. Various kind of defect exist in oxidation process
(e.g. hole defects, five-membered ring, seven-membered ring and sp® carbon atoms).
Though most of sp® carbon atoms functionalized with oxygen groups convert to sp?
carbon atoms and n-networks is restored by reduction reaction, other defects and a few
functional groups remain. These defects decrease electron properties such as electrical

conductivity and carrier mobility. The electric conductivity of rGO reduced with
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hydrazine is ~2400=200 S/m, which is two orders magnitude less than that of natural
graphite (~1 X 10° S/m) and five orders magnitude better than that of GO (~0.02 S/m).
Additionally, hydrazine is toxic and dangerous. These problems impede the mass
production of high-quality graphene. Therefore, the problems of GO reduction that we
should solve for industrial applications are summarized as follows; i) GO sheets
aggregate during reduction process due to elimination of hydrophilic functional groups.
i) Defects and a few functional groups remain, which degrade the electrical properties.
iii) Hydrazine, which is commonly used as a reducing agent of GO reduction, is toxic

and dangerous and unsuitable for industrial applications.

v

oo §

Figure 1.17 a) Atomic model of graphene oxide. b) Release of carbon dioxide during thermal
treatment. Reproduced with permission from [29]. Copyright: 2006, American Chemical

Society.
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Scheme 1.2. Proposed reaction pathway for epoxide reduction with hydrazine. Reproduced

with permission from [30]. Copyright: 2007, Elsevier Ltd.
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Recently, alternative reducing agents have been reported. For example, sodium
borohydride (NaBH,) [31], sodium hydroxide (NaOH) or potassium hydroxide (KOH)
[32] and vitamin C [33] were used as reducing agent of GO reduction. By adding these
reagents into GO aqueous solution and heating, GO is reduced. These reducing agents
are safer than hydrazine and have reducing ability comparable to hydrazine (Table 1.1).
The reduction mechanisms are still unclear but it is possible that epoxy rings open and
hydroxyl groups are eliminated by dehydration in the case of NaOH or KOH. In fact,
GO is reduced not only under alkaline condition but also under acid condition [34].
These results indicate that epoxy and hydroxyl groups are removed via dehydration
under alkali or acid condition. More efficient reducing agent than these reagent is
hydroiodic (HI) acid [34]. The conductivity of rGO reduced with HI is ~29800 S/m. The
C/O ratio and electric conductivity; o of each reduction method are summarized in
Table 1.1. By any reduction method, defects and a few functional groups remain and
rGO is disordered. Thus, defect healing and complete removing of functional groups are

challenging problems.

Table 1.1. Comparison of reduction method.

Ref. No. Reduction method C/O ratio o S/m

30 Hydrazine hydrate 10.3 ~2400

31 15-150 mM NaBHj, solution, 2h 8.6 max. 45

32 8 M NaOH or KOH 90 °C, 5 h Not available ~ Not available

33 Vitamin C 12.5 max. 7700

34 H,SO,4 or H3PO,4 90 °C 2h Not available ~6900
then 120 °C 2h

35 55% HI solution >14.9 ~29800
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1.6 The Aim of This Thesis

As mentioned above, graphene preparation by reduction of GO, which is suitable for
mass production of graphene, has a problem that some defects and functional groups
remain in GO after reduction. These defects and functional groups degrade the electrical
and mechanical properties of graphene. Thus, effective reduction method is needed for
graphene application such as electric devices. Various reduction methods of GO have
been reported but this problem has been unsolved. So, the aim of this thesis is
development of effective GO reduction methods, which are suitable for mass production
of graphene, to solve this problem. In this thesis, | developed three effective reduction
methods of GO; annealing on metal surfaces, reaction with free radicals and treatment

with (NHz),Sy.
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Chapter 2
Experimental Equipment

2.1 Metal Deposition Chamber

Figure 2.1 shows the metal deposition chamber. A metal film (Ni or Pd) is deposited
on a substrate in this chamber. As shown in Figure 2.2, a piece of metal wire is heated
by Knudsen cell and evaporated. In the case of Ni deposition, a piece of Ni wire is
heated at 1300 °C and in the case of Pd deposition, a piece of Pd wire is heated at
1250 °C. The base pressure is about 1< 10® Pa but pressure increase to about 1< 10
Pa during metal deposition. To avoid the deposition of impurity, the shutter is closed
and protects a substrate. The shutter is opened after 30 min of reaching desirable
temperature. The distance from metal wire to a substrate is about 15 cm. The thickness
of deposited metal film is measured by quartz crystal microbalance (QCM) method. In
this condition, deposition rate of Ni and Pd is ~0.67 nm/min and 0.13 nm/min
respectively. A substrate is fixed by titanium plate as shown in Figure 2.3. So, a metal

film is not deposited on the area where the titanium plate is set.

Figure 2.1 Picture of the metal deposition chamber
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Figure 2.2 Model of metal deposition chamber.
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Figure 2.3 lllustration of a sample fixed by a titanium holder.
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2.2 Raman Spectroscopy
Raman spectroscopy provides beneficial information about graphite, graphene and

other carbon materials. Figure 2.4 a) shows a typical Raman spectrum of graphite. In a
Raman spectrum of graphite or graphene, 3 peaks are observed. The peaks observed at
~1350, 1580 and 2700 cm™ correspond to D, G and 2D bands. The G band comes from
graphite lattice [1]. The narrov FWHM of G band indicates that graphene is high
quality. The D band originates of defects or edges. The 2D band is overtone of the D
band. The intensity ratio of D band and G band; Ip/lg is used to evaluate the quality of
graphene or graphite. The intensity ratio of 2D band and G band; l,p/lg is used to
evaluate the layer number of graphene or graphite. The I,p/lg ratio of monolayer, bilayer
and few-layer graphene are more than 2, about 1 and less than 1 respectively.
Additionally, the 2D band intensity drops in the case of defective graphene [2]. Thus,
the I,p/lg intensity also can be used as an index of crystallinity of graphene or graphite.
These are summarized in Figure 2.4 b). It was reported that down-shifting of the G band
occurred by laser induced heat [3]. So, evaluation of the quality of graphene from G

band shift is difficult.

a) b)
G
1575
- 2D Low 4@ Quality EEE) High
= 2714
=) 5 Broad €*— FWHM of G =™ Narrow
: -
£ | 1947 Large *—  [Jl; — Small
Small <€— Lpofls —p Large

1500 2000 2500 3000
Raman Shift / cm-’

Figure 2.4 a) Typical Raman spectrum of graphite. b) Evaluation index of

graphene quality.

Raman spectra were measured by NRS-3000/ Jasco Ltd. Figure 2.5 shows the picture

of apparatus of Raman spectroscopy.
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Figure 2.5 Picture of apparatus for Raman spectroscopy NRS-3000.

2.3 Infrared Heating Furnace

The samples were heated by using infrared heating furnace. When the samples were
heated in Ar atmosphere, MILA-5000-P-N/ULVAC-RICHO Inc. was used (Figure 2.6a).
The furnace is connected to an argon gas cylinder and Ar gas can be flowed in heating
process. When the samples was heated in vacuum, MILA-5000-UHV/ULVAC-RICHO
Inc. was used (Figure 2.6b). The base pressure was ~5.0 X10™ Pa. These 2 types of

infrared heating furnaces can control the heating rate and cooling rate.

Figure 2.6 Pictures of infrared heating furnace (a) MILA-5000-P-N and (b) MILA-5000-UHV.
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2.4 Conductivity Measurement Chamber
The conductivity of samples was measured in a conductivity measuring chamber

(Figure 2.7). Graphene is sensitive to adsorbents [4] so annealing of graphene is
necessary and the conductivity of graphene should be measured in vacuum. Thus |
constructed a conductivity measurement chamber. Figure 2.8 shows the picture of
sample stage. The tantalum wire heater is set under the sample stage. This heater can
heat to about 300 °C. The base pressure is ~1.0 X 10™* Pa.

Figure 2.7 Picture of the conductivity measuring chamber.
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Figure 2.8 Picture of sample stage.

2.5 Other Equipment

Graphene is hydrophobic but GO is hydrophilic due to its oxygen functional groups
[5]. So, GO can be dispersed to water and other polar solvents such as methanol.
Surface tension of water is so high that deposition of GO on SiO,/Si substrate is
difficult. So, in order to deposit GO sheets homogeneously, GO sheets were dispersed to
methanol, surface tension of which is lower than that of water. In addition to that, it is
required to convert a SiO,/Si substrate from hydrophobic to hydrophilic. To make
SiO,/Si substrate, it was treated by UV/ozone cleaner (UV-1/SUMCO. Ltd. shown in

Figure 2.9). The temperature during cleaning was 50 °C and cleaning time was 10 min.
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Figure 2.9 Picture of UV/ozone cleaner UV-1..

The shape of graphene sheets were measured by scanning electron microscopy
(JSM-6510/JEOL Ltd. shown in Figure 2.11).

Figure 2.10 Picture of scanning electron microscopy JSM-6510.
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Spin-coating was conducted by using spin coater (K-359SD-1/KYOWARIKEN.

LTD shown in Figure 2.11).

Figure 2.11 Picture of spin coater K-359SD-1.

Centrifugation was conducted by using centrifuge (CN-2060/AS ONE Corporation
shown in Figure 2.12).

TN /T CENTRIFUGE

Figure 2.12 Picture of centrifuge CN-2060.
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Chapter 3
Graphene Preparation
from Graphene Oxide
by Annealing on Metal Surfaces

3.1 Introduction
Reduction of graphene oxide (GO) is a promising method for mass production of

graphene. As mentioned in chapter 1, various reduction methods of GO has been
reported [1-6] but reduced graphene oxide (rGO) is disordered due to defects and
functional groups which are not removed by reduction process. Thus, to produce
high-quality graphene at large scale, restoration of GO is required. Recently, our group
reported that GO lattice can be restored by annealing at 1300 K on Pt (111) [7]. When
GO was annealed at 1050 K on Si (100), honeycomb lattice was restored in some areas
but the other areas remained disordered. On the other hand, when GO was annealed at
1300 K on Pt (111), most of honeycomb lattices in GO sheets were restored. However
this reduction method has a problem that it is difficult to transfer restored GO sheets
from a Pt (111) to insulating substrate such as SiO,/Si. For applications of graphene to
FET device, it is necessary to transfer graphene sheets to insulating substrate and a
metal substrate which is supporting graphene sheets should be etched. Though platinum
can be etched with aqua regia, it is so expensive that etching process is undesirable for
industrial application. Generally, graphene is formed on Cu or Ni in CVD process [8-11].
So, | expected that GO sheets can be restored by catalysis of these metals and tried
restoration of GO sheets by annealing on Cu and Ni. These metals are inexpensive and
suitable for transfer process. In particular, Ni is expected as a catalyst of graphene
restoration due to the good lattice match between graphene and Ni (111) face as shown

in Figure 3.1. The hexagonal lattice constant is 2.497 A for Ni (111) and 2.46 A for
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Figure 3.1 Schematic model of graphene on the Ni (111) surface.

In this study, | performed restoration of GO by two methods as follows. First, | tried
to repair the defects of GO by annealing of GO sheets which was deposited on a metal
foil. Second, | deposited a metal film on GO sheets and annealed it. Regarding this
reduction method, dependence of the shape of graphene on the quantity of GO, the kind
of metal overlayer and annealing temperature was investigated. Additionally,
dependence of the shape of graphene on the thickness of Ni film and cooling rate was

also investigated.
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3.2 Annealing Graphene Oxide on Metal Foil
3.2.1 Experimental Method

Synthesis of GO
GO was prepared by modified Hummers method [12, 13]. Graphite powder used in

this experiment was SCB-100 (Nippon Graphite Industries, Itd.), whose particle size
was from 150 um to 1180 um (Figure 3.2). Graphite powder (250 mg) and NaNOj3 (188
mg) were put into concentrated H,SO4 (8.5 mL) and stirred by magnetic stirrer (500
rpm). The solution was cooled in an ice bath and KMnO, (1.13 g) was added slowly for
1h. As mentioned in section 1.4, dimanganese heptoxide (Mn,0O;) forms by the reaction
of KMnQO, with H,SO,4. Dimanganese heptoxide is highly explosive, so it should be
added slowly under cooling condition. Stirring was continued for 2h in an ice bath and
then an ice bath was removed. The solution was stirred for 1 day at room temperature
and it became very viscous and could not be stirred further. This viscous substance was
left for 4 days and then it was added into 25 mL of 5 wt.% sulfuric acid aqueous
solution slowly with stirring over 1 h and further stirred for 2 h. Then, 30 wt.% H,0,
(0.7 mL) was added and the mixture was stirred for 2 h at room temperature. Hydrogen
peroxide reduces the residual manganese compound and the color of solution changed
to yellow. The yellow color was due to pristine graphite oxide [14]. After that, the
suspension was centrifuged at 1000 rpm for 10 min and the supernatant liquid was
removed. Then, 3 wt.% H,S04/0.5 wt.% H,0O, aqueous solution was added to the
bottom solid and it was dispersed. The dispersion liquid was centrifuged at 3000 rpm
for 20 min. These washing processes, which consist of addition of H,SO4/H,0, aqueous
solution, dispersion and centrifugation, were repeated 15 times. Next, deionized water
was added into the bottom solid and the suspension was centrifuged (4000 rpm, 50 min)
twice. After that, deionized water was added and the bottom solid was dispersed. The
dispersion liquid was centrifuged at 4000 rpm for 70 min. These washing processes,
which consist of addition of deionized water, dispersion and centrifugation, were
repeated 20 times. Then the methanol was added to the bottom solid. Through this
process, GO/methanol suspension was obtained. The lateral sizes of GO sheets were

about 50 um (Figure 3.3). This synthetic process was summarized in flow chart as
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shown in Figure 3.4.

Figure 3.2 Picture of graphite powder (SCB-100) compared with one yen coin.
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Figure 3.3 SEM image of GO sheets synthesized by modified

Hummers method. The scale bar is 10 um.
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Figure 3.4 Synthesis process of GO.
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Reduction of GO by Annealing on Metal Foils

Figure 3.5 illustrates the process of GO reduction by annealing on metal foils. First,

GO sheets were deposited by spin coating method (3000 rpm, 1 min) from methanol

suspension on a metal foil (Cu and Ni). Then the sample was set in the infrared heating

furnace and annealed at 800 or 900 °C for 30 min in Ar atmosphere. After that, PMMA

(Poly(methyl methacrylate)) was deposited by spin coating method (3000 rpm, 1 min)

from 2 wt.% PMMA/acetone solution on GO/metal. Next, the metal foil was etched

with 0.3 mol/L FeCl; aqueous solution. After etching, PMMA/GO was put onto a

SiO,/Si substrate and heated at 70 °C to evaporate water and stick PMMA and SiO,

together. Finally, PMMA was removed. In the case of Cu, PMMA was removed by

washing with acetone. In the case of Ni, PMMA was removed by annealing at 1000 °C

in vacuum.

@ Annealing at 800 or 900 °C

(DDepositing GO for 30 min in Ar

vy A

@ Etching metal (© Putting onto SiO,
substrate with FeCl; and heating at 70 °C

Graphene

@ Depositing PMMA

=

E IVIVIA

Grahene
Or I\

= VIVIA

® Removing PMMA

l Graphene

SIO,
Figure 3.5 Reduction process by annealing of GO on metal foils
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3.2.2 Results and Discussion

Figure 3.6(a) is SEM image of GO deposited on a Cu foil before annealing and
Figure 3.6(b) is SEM image of GO after annealing at 900 °C and transfer to SiO,
substrate, which is denoted by rGO (Cu, 900). The shape of rGO (Cu, 900) was almost
similar to that of the original GO sheet. So, GO was transferred successfully. Figure 3.7
shows Raman spectra of GO before annealing and rGO (Cu, 900). Raman spectrum of
rGO (Cu, 900) is similar to that of GO before annealing. In other words, the FWHM of
G band and D band are broad, the D band intensity is high and the 2D band is not
observed. This result suggests that GO was not restored by annealing on Cu foil. When

GO was annealed at 1000 °C on Cu foil, Cu foil melted and GO sheets disappeared.

(b)

Figure 3.6 SEM images of GO (a) deposited on Cu foil before annealing, (b) after annealing at
900 °C and transfer to SiO,. The scale bar is (a) 100 um and (b) 50 pum.
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Figure 3.7 Raman spectra of GO before annealing (bottom) and after annealing at 900 °C on

Cu foil and transfer to a SiO; substrate (top).

In the same way, GO was annealed on a Ni foil in Ar atmosphere. In the following
rGO (Ni, T) denotes the sample which was formed by annealing at T °C on Ni foil and
transferred to a SiO, substrate. In the case of rGO (Ni, 900), GO sheets disappeared.
Figure 3.8 shows SEM image and optical microscope image of rGO (Ni, 800). Many
wrinkle-like materials are observed. Figure 3.9 shows Raman spectra of rGO (Ni, 800),
rGO (Ni, 700) and as grown GO. Compared with rGO (Ni, 800) and GO, FWHM of G
band, FWHM of D band and the D band intensity of rGO (Ni, 800) are similar to that of
GO but 2D band with weak intensity is observed in rGO (Ni, 800). 2D band of rGO (NI,
700) is also observed but the intensity of it is weaker than that of rGO (Ni, 800). These
results indicate that GO was restored by annealing on Ni film and effective temperature
is 800 °C. Possibly, this restoration is due to carbon solution. Carbon solubility to Ni is
about 0.4 % at 800 °C [15] and that to Cu is about 0.01 % at 900 °C [16]. The difference
of carbon solubility might produce these results. However, in this method, most of GO
sheets disappeared due to Ni evaporation. To avoid evaporation of GO sheets, |

performed annealing GO at the interface between a Ni layer and SiO..
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Figure 3.8 (a) SEM image and (b) optical microscope image of rGO (Ni, 800). All scale bars

are equal to 20 um.

' M rGO (Ni, 800)

rGO (Ni, 700)

Intensity (a.u.)

] GO

1500 2000 2500 3000
Raman Shift / cm-’

Figure 3.9 Raman spectra of GO (black), rGO (Ni, 700) (blue) and rGO (Ni, 800) (red).
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3.3 Annealing Graphene Oxide between a Ni Layer
and SiO,

3.3.1 Experimental Method

Figure 3.10 illustrates the process of annealing GO between a 100 nm Ni layer and
SiO,. First, GO sheets were deposited by spin-coating method (3000 rpm, 1 min) from
methanol suspension on SiO; substrate, which was made hydrophilic by UV-ozone
treatment. Then a 100 nm Ni film was deposited on GO/SiO,/Si substrate by vacuum
evaporation method as mentioned in section 2.1. After that the sample was set in the
infrared heating furnace and heated at 800 °C for 10 min in vacuum. Finally, a Ni film
was etched with 0.3 mol/L aqueous solution and the sample was washed with deionized

water and methanol.

@Deposition of a
@DDeposition of GO 100 nm Ni film

o

@ Annealing at 800 °C @ Etching of a Ni
for 10 min in vacuum film with FeCl; (aq)

2

Figure 3.10 Reduction process by annealing of GO between a Ni layer and SiO..
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3.3.2 Results and Discussion
Figure 3.11 shows the SEM image of GO annealed at 800 °C between a Ni layer and

SiO, after etching and washing. The area circled by green line is where a Ni film was
not deposited and in this area, rGO sheets were observed (sample A). In the area circled
by blue line, large area sheets were observed (sample B). In the area circled by red line,
threadlike materials were observed (sample C). Figure 3.12(a)-(c) show SEM images of
sample A, B and C respectively. Sample A is rGO sheet with the similar shape and size
of as grown GO sheet. The lateral size of sample A is about 50 um. Sample B is the
large sheet with lateral size of about 1 mm and this is about 20 times of the lateral size
of original GO sheet. Judging from the contrast of SEM image, sample B may be thick.
The thickness of this sample is discussed below. Sample C is the threadlike material
with lateral size of about 10 um and length of more than 1 mm. In sample C, twisted
and branched structure is observed. Sample B was formed near the boundary of the area
where a Ni film was deposited and not deposited. On the other hand, sample C was

formed in the area where is far from the boundary.
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Figure 3.11 SEM image of GO after annealing at 800 °C between a Ni layer and

SiO, after etching and washing.
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Figure 3.12 (a)-(c) SEM images of sample A, B and C respectively. The yellow
dash line is a boundary of the area where a Ni film was deposited and not

deposited. The scale bar of (a)-(c) is 50 um, 200 um and 100 um respectively.
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To evaluate the quality of these samples, Raman spectroscopy was conducted on
these samples. Figure 3.13 (a)-(c) show the optical microscopic images of sample A, B
and C. Figure 3.13 (d) shows Raman spectra of sample A, B and C together with that of
GO. Raman spectrum of sample A is similar to that of GO, so sample A was not restored.
On the other hand, Raman spectra of sample B and C are different from that of GO. In
sample B and C, the intensity ratio of D band and G band; Ip/ls is small, G band and D
band sharpened, G band show red shift and 2D band can be observed. These results
indicate that sample B and C were restored GO, which is suitable for being called
graphene than GO. Raman spectra were measured at 5 points for each sample. The G
band shift, FWHM of G band; 75, Ip/lc and I;p/lg of each sample are plotted as shown
in Figure 3.14 (a)-(d) respectively. The G bands of sample A are at around 1600 cm™, on
the other hand, that of sample B and C are at around 1580 cm™, which are close to the
position of monolayer graphene on SiO; substrate [17]. About FWHM of G band, 7 of
sample A have width of about 60-70 cm™. 7% of sample B and C have width of about
20-50 cm™, 30-60 cm™ respectively. These widths are broader than that of pristine
graphene (~14.2 cm™ [17]) but sharper than that of GO, which is similar to that of
sample A. The intensity ratio Ip/lg of sample A, B and C are around 1.8, 0.1-1.1 and
0.2-0.9 respectively. It is reported that the crystallite size of graphene can be calculated

by using an equation (3.1) [18]:

L,(nm) = (2.4 x 10719 A} <ID/,G> (3.1)

where L, is the crystalline size in nm units and A4, is the laser line wavelength in nm
unites. In this experiment, 4; is 532 nm. From the Ip/lg ratio and this equation, L, of
sample A, B and C are about 10 nm, 17-192 nm and 21-96 nm respectively. Compared
with pristine graphene, sample B and C are more defective and its crystalline sizes are
small. However, the crystalline size of about 100 nm was restored by this method.
About the 2D band intensity, I,p/lg ratios of sample A are nearly zero. Those of sample
B and C vary widely and are about 0.4-1.8. These results suggest that monolayer,
bilayer and multilayer graphene exist in sample B and C. For industrial application of

graphene, threadlike graphene of sample C is not suitable and it is desirable to obtain
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monolayer or bilayer graphene selectively. It is necessary to clarify the reduction
mechanism of GO in order to high-quality thin graphene sheet. Thus, | investigated the

dependence of the shape of graphene on the quantity of GO, the kind of metal overlayer

and annealing temperature.
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Figure 3.13 (a)-(c) Optical microscopic images of sample A, B and C at

measurement point. All scale bars are equal to 20 um. (d) Raman spectra of GO,

sample A, B and C.
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3.4 Dependence of the Shape of Graphene on the Quantity
of Graphene Oxide, the Kind of Metal Overlayer and
Annealing Temperature

3.4.1 Experimental Method

To clarify the reduction mechanism of GO, | changed GO reduction conditions,
which were the quantity of GO, the kind of metal overlayer and annealing temperature,
and investigated the factor to decide the shape of graphene by examining what kind
shape of graphene formed under each condition. Figure 3.15 illustrates the reduction
process and conditions of GO. First, GO sheets were deposited on a SiO,/Si substrate,
which was made hydrophilic by UV-ozone treatment. The quantity of GO was adjusted
by following methods; spin-coating of 1 drop of GO/methanol suspension or casting of
10 drops of it. Then a metal film was deposited on the sample. The kind of metal
overlayer was 100 nm Ni film or 50 nm Pd film. When the thickness of Pd film was 100
nm, the Pd film was peeled when the sample was annealed. So the thickness of Pd film
is 50 nm. Then the sample was set the infrared heating furnace and annealed for 10 min
in vacuum. The annealing temperature was 800 °C or 1000 °C. After annealing, the
sample was cooled to room temperature at about 30 °C/s. After that a metal film was
etched. Nickel and palladium films were etched with FeCls aqueous solution and HNO3
aqueous solution respectively. Finally, the sample was washed with deionized water and
methanol. The shape of graphene was observed by SEM and the quality of graphene
was evaluated by Raman spectroscopy. In the following, Gr (1 drop (10 drops), Ni (Pd),
800 (1000)) denotes the sample which was formed by depositing 1 drop (10 drops) of
GO suspension and Ni (Pd) overlayer and annealing at 800 (1000) °C.
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Figure 3.15 Reduction process and conditions of GO. The quantity of GO, the

kind of metal overlayer and annealing temperature were changed.
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3.4.2 Results and Discussion

First, influence of the quantity of GO sheets which was deposited on a SiO, substrate
on the shape of graphene was investigated. Figure 3.16 (a) and (b) show SEM image of
Gr (10 drop, Ni, 800). From SEM images, only large area graphene with the lateral size
of about 50-100 um was observed and threadlike graphene was not observed. Figure
3.16 (c) is optical microscope image and (d) is Raman spectrum measured at the circled
point in (c). From Raman spectrum, the Ip/lg ratio is low (0.10) and 2D band can be
observed but the I,p/lg ratio is less than 1 (0.55). These results indicate that large area
graphene sheets with a few defects were formed and they were multilayer. To
investigate the distribution of defects, Ip/lc mapping was measured. Figure 3.17 shows
In/lc mapping of (a) Gr (10 drops, Ni, 800) and (b) Gr (1 drop, Ni, 800). Compared with
these mapping, Ip/lc of Gr (10 drops, Ni, 800) is lower than that of Gr (1 drop, Ni, 800).
In addition to this, Ip/lg of Gr (1 drop, Ni, 800) is lacking in uniformity and varies
considerably with location but that of Gr (10 drops, Ni, 800) is uniform.

Influence of the kind of metal overlayer on the shape of graphene was investigated.
Figure 3.18 (a) and (b) show SEM images of Gr (1 drop, Pd, 800). Only threadlike
graphene is observed and large area graphene was not observed. The diameter of this
sample is about 1 um and this is smaller than that of Gr (1 drop, Ni, 800). Figure 3.18
(c) is optical microscopic image and (d) is Raman spectrum. In this sample, the Ip/lg
ratio is 0.12 and the l,p/lg ratio is 1.06. Judging from these values, defects in this
sample was very few and this threadlike graphene was bi-layer.

Influence of annealing temperature was investigated. Figure 3.19 (a)-(d) show
low-magnification SEM image, high-magnification SEM image, optical microscope
image and Raman spectrum of Gr (1 drop, Ni, 1000), respectively. From SEM images,
only threadlike graphene was observed and large area graphene was not observed as in
the case of Gr (1 drop, Pd, 800). However the diameter of Gr (1 drop, Ni, 1000) was
different from that of Gr (1 drop, Pd, 800) and it was about several tens micrometers.
With respect to Raman spectrum, the Ip/lg ratio is 0.17 and the I,p/lg ratio is 1.34.
These intensity ratios indicate that this threadlike graphene had a few defects and this

sample was monolayer or bi-layer.
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Figure 3.16 (a) low-magnification SEM image, (b) high-magnification SEM image, (c) optical
microscope image and (d) Raman spectrum of Gr (10 drops, Ni, 800). Raman spectrum was

measured at the circled area in (c). The scale bars are (a) Imm and (b) 100 pum.
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Figure 3.17 Ip/lg mapping of (a) Gr (10 drops, Ni, 800) and (b) Gr (1 drop, Ni, 800).
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Figure 3.18 (a) Low-magnification SEM image, (b) high-magnification SEM image, (c) optical

microscope image and (d) Raman spectrum of Gr (1 drop, Pd, 800). Raman spectrum was

measured at the area irradiated with a laser in (c). The scale bars are (a) Imm and (b) 10 pum.
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Figure 3.19 (a) Low-magnification SEM image, (b) high-magnification SEM image, (c) optical
microscope image and (d) Raman spectrum of Gr (1 drop, Ni, 1000). Raman spectrum was

measured at the area irradiated with a laser in (c). The scale bars are (a) 2 mm and (b) 500 pm.

54



When the quantity of GO was increased to 10 drops, only large area graphene was
formed as seen in Gr (10 drops, Ni, 800) and when annealing temperature was increased
to 1000 °C, only threadlike graphene was formed as seen in Gr (1 drop, Ni, 1000).
When both of the quantity of GO and annealing temperature were increased, it was
investigated whether Gr (10 drops, Ni, 1000) was large area graphene or threadlike
graphene. The result is as shown in Figure 3.20. Figure 3.20 (a) and (b) show SEM
images of Gr (10 drops, Ni, 1000). In Figure 3.20 (a), large area graphene is observed
on the other hand, in Figure 3.20 (b), threadlike graphene was observed. Thus, both of
large area graphene and threadlike graphene were formed in the case of Gr (10 drops, Ni,
1000). Figure 3.20 (e) and (f) are Raman spectra of large area graphene and threadlike
graphene respectively. Figure 3.20 (c) and (d) are optical microscopy images of the area
where Raman spectra of Figure 3.20 (e) and (f) were measured respectively. In Figure
3.20 (e), the Ip/lg ratio is 0.02 and the I,p/lg ratio is 0.36. In Figure 3.20 (f), the Ip/lg
ratio is 0.18 and the I,p/lg ratio is 0.45. Judging from these values, both of large area
graphene and threadlike graphene were relatively high quality but they were thick.

In the case of Gr (10 drops, Pd, 800), the results are as shown in Figure 3.21. Figure
3.21 (a) and (b) show SEM images of Gr (10 drops, Pd, 800). In the case of Gr (1 drop,
Pd, 800), only threadlike graphene was formed and in the case of Gr (10 drops, Ni, 800),
only large area graphene was formed. In the case of Gr (10 drops, Pd, 800), only large
area graphene was formed and no threadlike graphene was observed as in the case of Gr
(10 drops, Ni, 800). Figure 3.21 (c) and (d) are optical microscope image and Raman
spectrum respectively. The Ip/lg ratio is 0.43 and the I,p/lg ratio is 0.26. These values
indicate that some defects existed in (10 drops, Ni, 800) and this large area graphene
was thick. Figure 3.21 (e) shows Ip/lg mapping of this sample. Compared with Figure
3.17 (b), the Ip/lg ratio is relatively uniform but compared with Figure 3.17 (a), the Ip/lg
ratio is higher than that of Gr (10 drops, Ni, 800).

In the cases of Gr (1 drop, Pd, 1000) and Gr (10 drops, Pd, 1000), the results are
shown in Figure 3.22 and Figure 3.23 respectively. From SEM images, in both cases,
most of GO sheets disappeared and some GO fragments remained. Raman spectrum of

Gr (1 drop, Pd, 1000), the Ip/lg ratio is 1.42 and the I,p/lg ratio is 0.10. In the case of Gr
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Figure 3.20 (a)(b) SEM images, (c)(d) Optical microscope images and (e)(f) Raman spectra of
Gr (10 drops, Ni, 1000). (a)(c) and (e) are about large area graphene. (b)(d) and (f) are about

threadlike graphene.
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Figure 3.21 (a) Low-magnification SEM image, (b) high-magnification SEM image, (c) optical
microscope image, (d) Raman spectrum and (e) Ip/lc mapping of Gr (10 drops, Pd, 800).
Raman spectrum was measured at the area irradiated with a laser in (c). The scale bars are (a) 2

mm and (b) 500 um.
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(10 drops, Pd, 1000), the Ip/lg ratio is 1.38 and the I,p/lg ratio is 0.15. In both samples,
the Ip/lg ratio is high and the I,p/lg ratio is low. These values suggests that GO was not
restored. These results were due to evaporation of Pd film. When the sample after
depositing a Pd film was annealed, most Pd film disappeared. Thus, most of GO sheets

also disappeared and were not restored.
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Figure 3.22 (a) Low-magnification SEM image, (b) high-magnification SEM image, (c) optical
microscope image and (d) Raman spectrum of Gr (1 drop, Pd, 1000). Raman spectrum was

measured at the area irradiated with a laser in (c). The scale bars are (a) 2 mm and (b) 100 pum.
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Figure 3.23 (a) Low-magnification SEM image, (b) high-magnification SEM image, (c) optical
microscope image and (d) Raman spectrum of Gr (10 drops, Pd, 1000). Raman spectrum was

measured at the area irradiated with a laser in (c). The scale bars are (a) 2 mm and (b) 500 pm.
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These results are summarized in Table 3.1 About the quantity of GO suspension, large
area graphene formed in the case of 10 drops and threadlike graphene formed in the
case of 1 drop. About the kind of metal overlayer, large area graphene tended to form in
the case of Ni film and threadlike graphene formed in the case of Pd film. About
annealing temperature, large area graphene formed in the case of 800 °C and threadlike
graphene formed in the case of 1000 °C. When the quantity of GO is high, the quantity
of carbon atoms which dissolve into metal layer is high. It is reported that the carbon
solubility to Pd is higher than to Ni [15, 19]. And generally, the carbon solubility to
metal layer increase with temperature [15, 19]. Thus, the factor to decide the shape of
graphene should be the quantity of the carbon atoms which can dissolve into a metal

layer.

Table 3.1 The shapes of graphene formed under each condition.

Ni 100 nm Pd 50 nm
1 drop 10 drops 1 drop 10 drops
Threadlik
800 °C readiice Large area Threadlike Large area
Large area
1000 °C Threadlike Threadlike GO GO
Large area
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These results and these facts suggested the reduction mechanism of GO. Figure 3.24
shows the growth mechanism model of (a) threadlike graphene and (b) large area
graphene. Oxygen molecules were eliminated by annealing but the quantity of oxygen
was so slight compared to Ni that oxygen might have little on the Ni film. GO between
a metal film and SiO, substrate is decomposed and dissolve into a metal layer by
annealing. When the carbon atoms dissolved into a metal layer entirely, no GO fragment
remained. Then in cooling process, carbon atoms segregated. It was reported that carbon
atoms which diffuse in Ni film segregate at grain boundaries preferentially [20-22].
Also in this case, carbon atoms segregated at the grain boundaries and threadlike
graphene was formed as shown in Figure 3.24 (a). On the other hand, when not all
carbon atoms were decomposed and dissolved into a metal layer due to high quantity of
GO or low carbon solubility to a metal film, some GO fragments were left. These GO
fragments should be center of graphene growth and carbon atoms segregated around the
GO fragments in cooling process. As a result, large area graphene was formed as shown
in Figure 3.24 (b).

(a)
Heating » Cooling >
Metal
E> .. ‘.o * "o.o E> %% e W .. 0 -. .t : . = .
GO Si0, Threadlike graphene
Grain boundary ~ Carbonatom
Grain boundary Heating » Cooling &=
Metal
~a E> e o5 .. q PO RN I:> LR L = E> . o .
GO Sio, Large area graphene

Figure 3.24 The growth mechanism model of (a) threadlike graphene

and (b) large area graphene.
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To obtain more information about the quality of graphene, FET measurement was
performed by using the conductivity measuring chamber (section 2.4). Figure 3.25 (a)
and (b) show current-bias (ls4-Vsq) curves and current-gate voltage (lsq-Vg) curve of Gr
(10 drops, Ni, 800) respectively. From Figure 3.25 (b), Gr (10 drops, Ni, 800) shows
bipolar characteristics. This sample was fabricated by annealing for 6 min but the
quality was same as that fabricated by annealing for 10 min. From the linear region of
the current-gate voltage (lsg-Vg) curve, the carrier mobilities of electrons and holes can

be obtained by using equation (3.2) [23].

_ L d(lsd)
M= Weovsa ™ avy) 42

where W and L are channel width and channel length respectively. Cy is the
capacitance/cm? of SiO,. From this equation, carrier mobilities of electrons and holes
were calculated to be 6.7 cm?/V-s and 5.7 cm?/V/-s respectively. I tried to measure the
carrier mobilities of threadlike graphene of Gr (1 drop, Ni, 800) but threadlike graphene
was broken due to electric current. In the case of rGO which was reduced with
hydrazine and annealed at 200 °C, carrier mobilities of electrons and holes were 1.5
cm?/V-s and 4.0 cm?/V - s respectively [24]. Thus, carrier mobilities of Gr (10 drops, Ni,
800) are higher than those of rGO but lower than those of graphene which is fabricated
by mechanical exfoliation (~200,000 cm?V-s) or CVD method (~1,000 cm?/V-s).
These low carrier mobilities are due to defects or thickness. Judging from Raman
spectrum, Gr (10 drops, Ni, 800) is thick and contains a few defects. So, it is required to
fabricate thin graphene sheet than to reduce defects. To fabricate thin graphene sheet,
the quantity of carbon atoms which dissolve into a metal film and segregate at the
interface of a metal film and SiO, must be controlled. To do this, | investigated the

dependence of the shape of graphene sheet on the thickness of Ni film and cooling rate.
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Figure 3.25 (a) Current-bias (lsg-Vsg) curves, (b) electrical transport characteristics of Gr
(10 drops, Ni, 800) and (c) SEM image of the area where FET measurement was

performed.
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3.5 Dependence of the Shape of Graphene on the
Thickness of Ni Film and Cooling Rate

3.5.1 Experimental Method

To fabricate thin graphene sheet, | changed the thickness of Ni film and cooling rate.
Figure 3.26 illustrates the reduction process of GO. In the similar way of reduction
method of section 3.3.1, GO between a Ni film and SiO; substrate was annealed and a
Ni film was etched. In this way, the thickness of Ni film was changed from 20 nm to 60
nm and cooling rate was ~30 °C/s (turn the heating switch off) or ~10 °C/s. In the
following rapid cooling represents cooling rate at ~30 °C and slow cooling represents
cooling rate at ~10 °C. Annealing temperature was 800 °C and annealing time was 6
min. The shape of graphene was observed by SEM and the quality of graphene was
evaluated by Raman spectroscopy. In the following, Gr (X, s (r)) denotes the sample
which was formed by depositing a Ni film of X nm thickness and cooling with a slow

(rapid) rate.

@ Depositing Ni
MDepositing GO ( 20, 30, 40, 50, 60 nm)

i "ol = ol

@ Annealing at 800 °C @ Etching a Ni film
for 6 min with FeCl; (aq)

= - 4

hene
Cooling rate; élj >
~30 °C/s (rapid) i
or 10 °C/s (slow)

Figure 3.26 Reduction process and conditions of GO. The quantity of GO, the

kind of metal overlayer and annealing temperature were changed.
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3.5.2 Results and Discussion

Figure 3.27-31 show SEM images of graphene formed under each condition. When
Ni film was 20-40 nm (Figure 3.27-29), the lateral sizes of graphene were about several
tens um and the shapes of graphene seems similar to that of the original GO sheets
(Figure 3.3). Additionally, compared with the shape of graphene formed under rapid
cooling and slow cooling, the shapes of graphene resemble each other. These results
indicate that cooling rate had little effect on the shape and size of graphene in the case
thin Ni film (20-40 nm). On the other hand, when Ni film was 50-60 nm (Figure 3.30
and 31), the morphologies of graphene are quite different from that of original GO
sheets. In the case of Gr (50, s), circular graphene with the lateral size of approximately
50 um was formed as shown in Figure 3.30 (a). In this sample, only circular graphene is
observed and graphene whose shape resembles that of original GO sheet was not
observed. In contrast, in the case of Gr (50, r), threadlike graphene with the width of
approximately 1 um and typical length of several tens um was formed as shown in
Figure 3.30 (b). In the case of Gr (60, s), graphene whose shape was like round with the
lateral size of approximately 50 um was formed as shown in Figure 3.31 (a). In the case
of Gr (60, r), small graphene with the lateral size of approximately 10 um was formed
as shown in Figure 3.31 (b). Like this, the shapes of graphene formed in the case of
thick Ni film (50-60 nm) were different from that of original GO sheets. Besides, the
shape of graphene formed under slow cooling was different from that of graphene
formed under rapid cooling. Thus, in the case of thick Ni film, cooling rate affects the
shape of graphene in contrast to the case of thin Ni film. As just described, when a Ni
film was thin, the shape of graphene was similar to that of original GO sheet and when a
Ni film was thick, the shape of graphene was different from that of original GO sheet.

The boundary in the Ni thickness is located between 40 nm and 50 nm.
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Figure 3.27 SEM images of (a) Gr (20, s) and (b) Gr (20, r).
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Figure 3.28 SEM images of (a) Gr (30, s) and (b) Gr (30, r).
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Figure 3.29 SEM images of (a) Gr (40, s) and (b) Gr (40, ).
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Figure 3.30 SEM images of (a) Gr (50, s) and (b) Gr (50, r).

Figure 3.31 SEM images of (a) Gr (60, s) and (b) Gr (60, r).
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These samples were characterized by Raman spectroscopy. Figure 3.32 (a) shows
typical Raman spectra of Gr (50, s), Gr (20, s), rGO and GO. rGO was reduced by
thermal annealing at 800 °C in vacuum. In Raman spectra of GO and rGO, the G band
and D band are broad and the 2D band is absent. These results indicate that GO and
rGO were disordered and contain many defects and sp® structure. In contrast, in Raman
spectra of Gr (50, s) and Gr (20, s), the G band and D band become sharp and the 2D
band appears. Additionally, the I,p/lg ratio is >1 and this result indicates that these
graphene sheets were monolayer or bi-layer. Thus, thin graphene sheets could be
obtained. As shown in Figure 3.32 (b) and (c), the Ip/lg ratio and I,p/lg ratio were
plotted as a function of the Ni film thickness respectively. Raman spectra were
measured at 3-6 points for each sample. Figure 3.32 (b) shows that the Ip/lg ratio of
each Ni thickness is quite-variable but in some samples, the Ip/lg ratio is less than 1.
This means that some graphene sheets of these samples were high quality and defects of
those were very few. Figure 3.32 (c) shows that the I,p/lg ratio of each Ni thickness is
also quite-variable but it is larger than 1 in most of samples except the case of 60 nm Ni
film. Thus, monolayer or bi-layer graphene could be obtained by changing the Ni
thickness and cooling rate.

Recently, some methods of direct growth of graphene on SiO, by Ni catalysis have
been reported [25-28]. In these methods, polymers such as PMMA were used as carbon
sources and transfer process was not necessary. Graphenes prepared by these methods
were high quality and thin (monolayer or bi-layer) but flammable hydrogen gas and
high temperature of 1000 °C were necessary. In our method, graphene was formed at
relatively low temperature of 800 °C without hydrogen gas. So, our method is more
suitable for industrial applications. These advantages must be due to the structure of GO,

which resembles graphene.
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Figure 3.32 (a) Typical Raman spectra of GO, rGO, Gr (20, s) and Gr (50, s),

(b), (c) Ip/lg and Ixp/lg as a function of Ni film thickness.
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Judging from the shape of graphene, the reduction of GO sheets seem to occur on-site
of the original GO sheets in the case of thin Ni film. On the other hand, graphene seem
to form by carbon dissolution and segregation as mentioned in section 3.4 in the case of
thick Ni film. To clarify this hypothesis, whether graphene sheets had formed at the
original position of GO sheets was investigated by tracking the same GO sheet in the
case of Gr (20, r). Figure 3.33 shows SEM images of Gr (20, r), (a) after depositing a 20
nm Ni film, (b) after annealing and (c) after etching in the same region. The region
where the same GO sheet was deposited was confirmed by scratched line on the SiO;
substrate. Figure 3.33 (a) shows that a Ni film was deposited uniformly on GO sheet
and SiO, substrate. Figure 3.33 (b) and (c) show that graphene remained at the same
position of the original GO sheet though the size became slightly smaller than that of
the original GO sheet. Figure 3.33 (d) shows Raman spectrum of Gr (20, r) measured at
the circled area in Figure 3.33 (c). From the 2D band, whose intensity was comparable
to that of the G band, sharp D band and G band, GO sheet was restored and thin
graphene sheet was formed. Thus, in the case of thin Ni film, it was confirmed that GO
sheet was reduced on-site. In the case of thick Ni film, in contrast, the shape of
graphene was quite different from that of the original GO sheet. In the following, I call
reduction process for thin Ni film, in which the shape of graphene is similar to that of
original GO sheet, restoration and reduction process for thick Ni film, in which the
shape of graphene is different from that of original GO sheet, segregation.

In previous works, the effect of metal etching was not observed directly [25-28].
Figure 3.33 elucidates the effect of etching. The shape of graphene in Figure 3.33 (c) is
similar to that of the gray region in Figure 3.33 (b). Thus it suggests that the effect of
metal etching to the shape of graphene is not so much. However, as shown in Figure
3.33 (d), the D band intensity is higher than that of graphene fabricated by mechanical
exfoliation or CVD method. This high intensity D band might be due to the incomplete

restoration but it is possible that part of defects is formed by etching process.
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Figure 3.33 SEM images of Gr (20, r). (a) after 20 nm Ni deposition, (b) after
annealing, (c) after etching. (d) Raman spectrum taken at the circle area shown

in (c). All scale bars are equal to 100 um.
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As described above, the shape of graphene depends on the thickness of Ni film. When
Ni film is thin, GO sheet is reduced on-site and the shape of graphene is similar to that
of the original GO sheet. When Ni film is thick, GO sheet is dissolved into Ni film and
segregated, so the shape of graphene does not reflect the shape of original GO sheet. In
order to get insight into reduction mechanism, the distributions of defects in graphene
were measured by Raman mapping of the Ip/Ig ratio for Gr (40, s) and Gr (50, s). Figure
3.34 shows Ip/lg mapping of (a) Gr (40, s) and (b) Gr (50, s). Although the size and
shape of these samples resembled each other, the distributions of the Ip/lg ratio were
quite different. In the case of Gr (40, s), the Ip/ls ratio was uniform totally. In contrast,
in the case of Gr (50, s), the Ip/ls ratio was high at the edge. These differences suggest

that the reduction mechanism depends on the thickness of Ni film.
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Fig. 3.34 Ip/lg mapping of (a) Gr (40, s) and (b) Gr (50, s).
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Based on these results, the reduction mechanism of GO sheet between a Ni film and
SiO, substrate will be discussed. In the case of graphene growth from solid carbon
sources such as PMMA and amorphous carbon etc., the carbon sources are decomposed
and dissolve into a Ni layer. In the case of GO sheet, ease of decomposition is
considered to differ according to whether the region is ordered or disordered. In the
region where sp? and sp® structure is disordered or functionalized with oxygen groups,
GO sheet would be likely to dissociate fast as compared to that in ordered sp? structure
[29]. Another key factor of the reduction mechanism is carbon solubility to a Ni film. It
was reported that carbon solubility to Ni is about 0.4 % at 800 °C [15]. From this, the
thickness of Ni film necessary for all carbon atoms of a monolayer graphene to dissolve
at 800 °C is evaluated to be 80 nm. In this experiment, initial coverage of GO sheet was
smaller than unity. Thus thickness of Ni film in which all carbon atoms can dissolve was
between 40 nm and 50 nm, which was less than 80 nm.

Figure 3.35 (a) shows the reduction mechanism model of GO sheet in the case of thin
Ni film. GO in disordered region would decompose into carbon atoms preferentially and
the isolated carbon atoms can be dissolved into the Ni film until the limit of solubility.
When the Ni film was thin, part of carbon atoms could not be dissolved into the Ni layer.
Those remaining carbon atoms around GO sheets would suppress further decomposition
of GO sheets. In this case, the ordered sp? regions of GO sheets remained at the original
position. In cooling process, the carbon atoms which dissolved into the Ni film
segregated at the interface between the Ni film and SiO, substrate. These segregated
carbon atoms would repair the defects and vacancies of GO sheets as shown in Figure
3.34 (a). Thus disordered region of GO sheet decomposed preferentially by Ni catalysis.
On the other hand, ordered region remained at the original position and they worked as
a template for transformation from GO to graphene during cooling process. Thus, the
shape of graphene was similar to that of the original GO sheet and cooling rate had little
effect on the shape of graphene.

Figure 3.35 (b) shows the reduction mechanism model of GO sheet in the case of
thick Ni film. When the Ni film was thick, the shape of graphene was quite different

from that of the original GO. This should be because all GO sheets decomposed into
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carbon atoms and once all carbon atoms dissolved into the Ni film. First, disordered
region in GO sheets was decomposed during annealing process at 800 °C but these
isolated carbon atoms were incorporated into the Ni film entirely and the density of
isolated carbon atoms between the Ni film and SiO, substrate decreased to zero. Then,
ordered region was also decomposed. Thus, all GO sheets decomposed into carbon
atoms and dissolved into the Ni film. In cooling process, the carbon atoms which
diffused into the Ni film were segregated at the interface between the Ni film and SiO;
substrate and graphene was formed in a similar way of CVD graphene grown on Ni [30].
In the case of rapid cooling, duration of carbon segregation is short so that the
segregation occurred mainly at such defective sites as grain boundaries and threadlike
graphene was formed. On the other hand, in the case of slow cooling, duration of carbon
segregation is long so that the carbon atoms could diffuse laterally at the Ni/SiO,
interface and circular graphene was formed.

Difference of defects distribution in Figure 3.34 can be explained by these reduction
mechanisms. In the case of restoration process, disordered region was decomposed and
ordered region remained at the original position. In cooling process, the dissolved
carbon atoms segregated at the defective site of GO sheets. Thus defects and vacancies
were repaired and the ordered region remained unchanged. This process makes the
defects density uniform as shown in Figure 3.34 (a). On the other hand, in the case of
segregation process with slow cooling process, graphene was grown by segregated
carbon atoms and periphery of graphene is corresponded to growth front, which
contains many defects [31]. Thus the Ip/lg ratio in peripheral region is higher than that

in inside region as shown in Figure 3.34 (b).
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Figure 3.35 The reduction mechanism model of GO sheet in the case of

(a) thin Ni film and (b) thick Ni film.

3.6 Conclusions
| have succeeded in restoration of defects in GO by using catalysis of Ni. When GO

sheets were deposited on a Ni film and annealed at 800 °C, they were slightly restored
but most of them disappeared due to Ni evaporation. In order to avoid disappearance of
GO sheets, a Ni film was deposited on GO sheets and GO was annealed between a Ni
film and SiO, substrate. As a result, 2 types of graphene; large area graphene with the
lateral size of about 1mm and threadlike graphene with the width of about 10 um, were
obtained at the area where a Ni film was deposited. The qualities of these 2 types of
graphene were evaluated by Raman spectroscopy. In both of large area graphene and
threadlike graphene, the D, G band become sharp and 2D band appears. These results
indicate that GO sheet was restored by this method.

In order to clarify the reduction mechanism of GO sheet, three reduction conditions,

which were the quantity of GO, the kind of metal overlayer and annealing temperature,
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were changed. When the carbon atoms dissolved into a metal film entirely, they were
segregated preferentially at grain boundaries. Thus threadlike graphene was formed. On
the other hand, when the carbon atoms did not dissolve into a metal film, some GO
fragments were left. In cooling process, they were segregated around the GO fraction
and large area graphene was formed.

To obtain thin graphene sheet, the thickness of Ni film and cooling rate were changed.
When Ni film was thin, part of carbon atoms could not dissolved into Ni film and
suppressed decomposition of GO sheets. In cooling process, carbon atoms were
segregated and repaired the defects of GO sheets. Thus, graphene with the similar shape
of the original GO sheets was formed and cooling rate had little effect on the shape of
graphene. When Ni film was thick, all carbon atoms dissolved into a Ni film and no GO
fragment was left. In cooling process, carbon atoms were segregated. In the case of
rapid cooling, duration of segregation was short. So carbon atoms were segregated
preferentially at grain boundaries and threadlike graphene was formed. In contrast, in
the case of slow cooling, duration was long. So carbon atoms diffused laterally and
circular graphene was formed. Judging from I,p/lg ratio, these graphene sheets were
thin.

In the case of graphene growth from polymers or amorphous carbon, flammable
hydrogen gas and high temperature of more than 1000 °C were necessary. However in
this method, graphene was formed without hydrogen gas at relatively low temperature
of 800 °C. This should be because the structure of GO sheet resembles that of graphene

sheet. Thus, this method is suitable for industrial applications.
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Chapter 4
Reduction of Graphene Oxide
by Radical Treatment

4.1 Introduction
Graphene oxide is oxidized form of graphene functionalized with oxygen functional

groups such as hydroxyl group, epoxy group and carboxylic acid group as described in
chapter 1. Due to these functional groups, GO can be dispersed to various solvents [1]
and functionalized with other functional groups. Because GO has these excellent
properties, it has been expected as a promising material for large area applications such
as transparent electrode, polymer composite and drag delivery system etc. Above all,
GO has been expected as a precursor of graphene. By reduction of GO, functional
groups are removed and GO convert to graphene. However, there are problems that
some functional groups remains and defects, which was formed in oxidation process,
are not repaired. These remained functional groups and defects degrade the electrical
properties of graphene, so the novel reduction method which can remove functional
groups entirely and repair the defects is needed.

To date, various reduction methods in solution phase have been reported [2-7]. In
these methods, functional groups were removed effectively but defects were not
repaired. In vapor phase or vacuum process, some restoration methods have been
reported. For example, CVD repair [8], plasma restoration [9] and alcohol vapor
restoration [10] were reported. By these methods, defects were repaired and disordered
lattices were restored. However, for industrial applications, the suitable process is not
vapor phase or vacuum process but solution process. In these ways, it is considered that
the key factor to repair the defects of GO should be free radicals. Thus, reduction of GO
by free radicals in solution process is desirable.

Recently, Na-Na Chai et al. reported that GO was reduced by heating at 100 °C with
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benzoyl peroxide (BPO) in DMF [11]. In this method, BPO was thermally decomposed
and benzyl radicals were produced. These benzyl radicals react with the sp® carbon
atoms of GO, which was functionalized with oxygen groups, and GO was reduced.
However, some functional groups and defects remained as similar results of other
reduction methods. Possibly, this incomplete reduction was because benzyl radical was
so large that it could not reach the defect site of GO.

In this work, I investigated the dependence of reactivity with GO on the size of free
radicals by using methyl radical, ethyl radical and benzyl radical. Additionally, | used

bromoethyl radical to investigate the effect of halogen group.

4.2 Experimental Method
4.2.1 Radical Treatment of GO Suspension

GO was synthesized by modified Hummers method [12, 13] as described in section
3.2.1. Radical treatment of GO was carried out as follows. First, GO was dispersed in
DMF and 0.5 mg/mL GO/DMF suspension was prepared. Then 10 mg (0.06 mmol) of
azobisisobutyronitrile (AIBN), 50 uL (0.16 mmol) of tris(trimethylsilyl)silane (TTMSS)
and 75 uL of alkyl halide or benzyl halide (1~4 in Scheme 1) were added to the 2.0 mL
of GO / DMF suspension and the mixture was heated at 80 °C for 2 h. The amounts of
substance of radical sources 1-4 were 1.20, 0.96, 0.87 and 0.63 mmol respectively.
According to previous study, the content of oxygen contained in GO was approximately
2.25 atom% [12]. This content corresponds to 0.02 mmol and this amount of substance
is much smaller than that of radical sources 1-4. Thus, these radical sources were used
excessively relative to oxygen in GO. Scheme 4.1 depicts a mechanism of generation of
free radical and Figure 4.1 shows a schematic diagram of radical reduction of GO. In

the following, radical treated GO is described as rtGO.
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Figure 4.1 Conversion from GO (left) to graphene (right) by radical reduction.
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4.2.2 Sample Preparation for Raman Spectroscopy
In order to measure Raman spectra of one-layer rtGO sheet, radical treatment of

one-layer GO sheet was carried out as shown in Figure 4.2. First, one-layer GO sheets
were deposited by spin-coating method (3000 rpm, 1 min) from GO/methanol
suspension on a SiO,/Si substrate, which was made hydrophilic by UV-ozone treatment
(chapter 2). Then this GO/SiO,/Si sample was immersed into 2 mL of DMF. Next, one
of radical sources (1-4 in Scheme 4.1), AIBN and TTMSS were added. The quantities of
these reagents were equal to as described in section 4.2.1. After that the mixture was
heated at 80 °C for 2h. Finally, the sample was washed with deionized water and
methanol several times. For comparison, one-layer rGO was also prepared by similar
method. GO/ SiO,/Si was immersed into 2 mL of DMF and 75 uL of hydrazine
monohydrate was added. Then the mixture was heated at 80 °C for 2h and washed with

water and methanol several times.

(D Deposition of GO @ Immersion into DMF

>
&5

@ Addition of RX, AIBN
and TTMSS

@ Heating at 80 °‘C for2 h
A~ N

\;jqﬂ
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Figure 4.2 Preparation of one-layer GO sheet.

® Washing with DI water
and methanol
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4.3 Results and Discussion
Figure 4.3 shows photographs of GO suspension before and after the radical

treatment. Before the radical treatment, the color of GO suspension was brown and the
GO sheets dispersed uniformly. After the radical treatment, the color of GO changed to
black and GO sheets aggregated as shown in Figure 4.3 (b)-(e). These phenomena were
seen in other reduction methods [14]. Thus these results indicate that GO could be
reduced by free radicals, which were methyl radical, ethyl radical, bromoethyl radical
and benzyl radical. The solution treated with CHsl (Figure 4.3 (b)) was yellow due to
iodine formed by decomposition of CHgl.

The qualities of rtGO were evaluated by Raman spectroscopy. The samples for
Raman spectroscopy were prepared by the method as described in section 4.2.2. Figure
4.4 shows Raman spectra of GO, rGO, rtGO treated with CHzl, C,HsBr, BrC,H,Br and
PhCH_,Br. Raman spectrum of rGO is shown for comparison. In the spectra of rtGO, 2D
band intensities are very weak. Judging from these Raman spectra, rtGO was less
restored than graphene formed by Ni catalysis described in chapter 3. To analyze these
Raman spectra in detail, peak fitting was carried out. As shown in Figure 4.5, the peaks
at around 1100-1700 cm™ can be deconvoluted into three different peaks, which are G
band , D band and D** band. The G band is located at around 1590 cm™ and originates
from graphite structure. The D band is located at around 1350 cm™ and originates from
defects or edges [15]. The D** band is located at around 1500 cm™ and some
researchers have attributed this peak to amorphous carbon [16]. The FWHM of G band;
I, the FWHM of D band; 75 and the peak intensity ratio of the D** band to that of the
G band; Ip++/lg are plotted for each reducing agent as shown in Figure 4.6. The reducing
agents are arranged in order of the number of carbon atoms. The 7/ of rGO and rtGO
are similar to each other (except PhCH,Br) but smaller than that of GO. This indicates
that rtGO were reduced to an equal degree of rGO, which was reduced by hydrazine. In
contrast, the /p and Ip~/lg of each sample is different from each other. Both the /1 and
Ip=+/lg are considered to relate with the crystallinity [17]. According to Figure 4.6, the
crystallinity of rtGO treated with iodomethane and 1,2-dibromoethane are better than

that of rGO reduced with hydrazine. Judging from the 7p and Ip=/lg, the
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Figure 4.3 Photos of (a) GO suspension and rtGO treated with (b) CH;l, (c) C,HsBr,
(d) BrC,H4Br and (e) PhCHBr.
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Figure 4.4 Raman spectra of GO, rGO treated with N,H,, GO treated with CH;sl,
C,HsBr, BrC,H,Br and PhCH,Br (from bottom to top).

85



Intensity (a.u.)

(b) N2H,
1341

1336 1504
- 1600
1516 Z |
1520

1200 1300 1400 1500 1600 1700

(@) GO

Intensity (a.u.)

Intensity (a.u.)

1200 1300 1400 1500 1600 1700
Raman Shift / cm™ Raman Shift/ cm™

d " pr

(c) CH,l
1335 1331
1593
1594 T
3
ER
£ |
1515 £ 1520
E | \

1200 1300 1400 1500 1600 1700

1QbO 13b0 14'00 15.001660 1?b0
Raman Shift / cm™

Raman Shift / cm™

Br
©) B ™" (f) [:::I/A\

1336 1340 1599

= 1595 -

e :

=

B ] 1523
£ 1511 2

N\
1200 1300 1400 1500 1600 1700

1200 1300 1400 1500 1600 1700

Raman Shift/ cm™ Raman Shift / cm™™
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improvement of the crystallinity were achieved as following order; CHsl > BrC,H,Br >
(N2H4) > C,HsBr > PhCH,Br. The radical reduction mechanism might be similar to
phenyl radical reduction mechanism [11] as shown in Scheme 4.2. Radical sources with
smaller number of carbon atoms seem advantageous for removing oxygen groups and
sp® or amorphous part in GO. This should be because a smaller molecule should be
easier to reach the defects and functional groups. However, in the cases of BrC,H,Br
and C,HsBr, the larger molecule improved the crystallinity of GO more effectively.
Since a BrC;H,Br molecule has two bromo groups, a radical reaction is expected to
occur twice per molecule as shown in Scheme 4.3. Thus, BrC,H;Br restored GO

effectively.
-H,0

s S B L O
('R R T w}—{i

Scheme 4.2 Reduction mechanism of GO by using free radicals.
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Scheme 4.3 Reaction of GO with bromoethyl radical.

To obtain more information about the crystallinity of rtGO, FET measurement was
carried out in the similar way as described in section 3.4.2. Figure 4.7 (a) shows
current-bias (lsq-Vsq) curves and (b) shows the current-gate voltage (lsg-Vg) curve of
rtGO treated with CHsl before annealing. In Figure 4.7 (b), current-gate voltage curve
shows bipolar characteristics and from the linear region, carrier mobilities of electrons
and holes were obtained by using equation (3.2). Carrier mobilities of electrons and
holes were calculated to be 1.4 cm?V-s and 2.0 cm?V-s respectively. In order to
eliminate the effect of adsorbent, this sample was annealed at 300 °C. Figure 4.8 shows
current-bias curves and current-gate voltage curve of this sample after annealing.
Carrier mobilities of electrons and holes were calculated to be 3.5 cm¥V+s and 1.7
cm?/V-s respectively. This electron mobility is higher than that of rGO which was
reduced with hydrazine and annealed at 300 °C (electron mobility; 3.0 cm?/V-s) [18].

Thus, this radical reduction method is effective for improving crystallinity of GO.
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Figure 4.7 (a) Current-bias (I_-V,) curves, (b) current-gate voltage (Isd-Vg) curve of

rtGO treated with CHzl before annealing.
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Figure 4.8 (a) Current-bias (I.-V,) curves, (b) electrical transport characteristics of

GO treated with CH,| after annealing.
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4.4 Conclusions
In this study, | reduced GO by four different radical species. The radical sources were

iodomethane, bromoethane, 1,2-dibromoethane and a-bromotoluene. In all cases, GO
suspension changed from brown to black and aggregated. These phenomena indicate
that GO was reduced. Raman spectra of these samples except for a-bromotoluene show
very weak 2D band but D but G band D band are sharper and Ip«+/lg ratio is smaller
than those of GO. Judging from the FWHM of D band and the Ip«/lg ratio,
improvement of the crystallinity were achieved as following order; CHsl > BrC,H,Br >
(N2H4) > CyHsBr > PhCH,Br. lodomethane improved the crystallinity of GO most
effectively because smaller molecules should be easier to reach the defects or sp®
regions. 1,2-Dibromoethane reduced GO more effectively than bromoethane. Probably,
this is because 1,2-dibromoethane molecule has two bromo groups and reacts with GO
twice. The electron mobility of rtGO treated with iodomethane and annealed at 300 °C
was 3.5 cm?/V-s. This value was higher than that of rGO reduced with hydrazine and
annealed at 300 °C. Thus, this reduction method facilitates the large scale production of
graphene since radical reduction can be performed in solution process at relatively low

temperature of 80 °C proceeds more effectively and safely than hydrazine reduction.
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Chapter 5
Reduction and Sulfuration of
Graphene Oxide by Solution Process

5.1 Introduction
Recently, heteroatom doped graphene has been paid much attention. By doping

heteroatoms, electronic structure of graphene can be tuned. To date, various elements
have been doped to graphene such as N, B, P, I and S [1-5]. Especially, S-doped
graphene, whose structure model is shown in Figure 5.1, is expected to have remarkable
properties. For example, theory calculation predicted that the band gap of graphene is
opened by sulfur doping [6] and NO, molecules adsorbed S-doped graphene
preferentially [7]. For these properties, applications of S-doped graphene to electronic
device and gas sensor have been expected. Moreover, it has been reported that S-doped
graphene exhibited high oxygen-reduction reaction (ORR) activity. In fuel cells, Pt/C is
used as a catalytic electrode of ORR but platinum is too expensive and methanol
crossover degrades the catalytic activity of Pt/C. So, an alternative catalytic electrode of
Pt/C is required and S-doped graphene is a candidate material. S-doped graphene was
fabricated by various methods, which were annealing GO at 600-1050 °C with benzyl
disulfide [5], CVD process by using hexane in the presence of sulfur [8] and annealing
GO at 600 °C or 1000 °C with H,S, CS; or SO, [9]. However, these methods are vapor
phase process and high temperature of more than 600 °C is required. For industrial
applications, solution phase preparation of S-doped graphene is desirable. Therefore, |
tried S-doping of GO by solution process. In this experiment, ammonium polysulfide

((NH4)2Sx) was used as a sulfur doping source.
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Figure 5.1 Structure model of S-doped graphene.

5.2 Experimental Methods
5.2.1 Preparation of Sulfurated Graphene

Figure 5.2 is the flow chart of preparation of sulfurated graphene (SG). First, 0.5 mL
of GO aqueous solution (4 mg/mL) was dropped into 5 mL of (NH;),Sx and the mixture
was left at room temperature for 2 h. Then the mixture was filtrated and washed with
deionized (DI) water and methanol 5 times respectively. The dried SG powder was
added to methanol and dispersed by sonication. After that, SG was deposited on a Si
substrate by drop casting method from SG/methanol dispersion liquid. This sample was

measured by X-ray photoelectron spectroscopy (XPS).
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SG / MeOH suspension l
| XPS measurement

Figure 5.2 Flow chart of sulfurated graphene preparation.

The inset shows the picture of (NH,),Sy.

5.2.2 Sample Preparation for Raman Spectroscopy

In order to measure Raman spectra of monolayer SG, sulfuration of monolayer GO
sheet was carried out as shown in Figure 5.3. First, one-layer GO sheets were deposited
by spin-coating method (3000 rpm, 1 min) from GO/methanol suspension on a SiO,/Si
substrate which was made hydrophilic by UV-ozone treatment (chapter 2). Then,
PMMA was deposited on GO by spin-coating method (3000 rpm, 1 min). This sample
was floated on (NH,).Sx and left at room temperature for 2 h. The oxide film of SiO,
substrate was etched by (NH;).Sx. Therefore, PMMA/GO was peeled from SiO,
substrate and floated on (NH4).Sx. In this operation, GO sheet was sulfurated and GO
converted to SG. Next, PMMA/SG was floated on DI water and washed several times.
After that, PMMA/SG was transferred onto another SiO; substrate and dried by heating

at 80 °C for a few minutes. Finally, PMMA was removed by acetone.
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Figure 5.3 Preparation of monolayer SG sheet.

5.3 Results and Discussion
Figure 5.4 are photos of (a) GO aqueous solution before treatment with (NH,).Sx, (b)

GO aqueous solution after treatment with (NH4).Sx and (c) SG dispersed in methanol
after washing. By treatment with (NH;).Sx, GO changed from brown to black and
aggregated. As described in section 4.3, these phenomena can be observed when GO is
reduced [10]. Therefore, GO was reduced by treatment with (NH,).Sx. It was reported
that GO was reduced when the pH of GO suspension is high (>11) [11]. However, GO
was reduced with (NH,4),Sx even when the pH was ~9 as shown in Figure 5.5. Therefore,
the reduction of GO with (NH,;).Sx did not depend on the pH. (NH,).Sx molecule is
decomposed by light and heat, and H,S, which has a strong reducing ability, was formed.

Probably, this H,S caused the reduction of GO.
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Figure 5.5 Photos of GO treated with (NH,),S4 under conditions of pH ~9 to ~11.
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In order to confirm S-doping of GO, XPS spectra were measured as shown in Figure
5.6 (a). Strong C1s peak and O1s peak are observed. This O1s peak is due to the oxygen
functional groups in SG and oxygen molecule adsorbed on the surface of SG. Figure 5.6
(b)-(d) show high-resolution XPS spectra of C1s, S2p and N1s respectively. In Figure
5.6 (b), the C1s peak is broad, which indicates that carbon atoms were functionalized
with various functional groups. In Figure 5.6 (c), S2p peak can be observed, which
indicates that sulfur existed in SG. This spectrum can be deconvoluted into 3 single
peaks. The peaks at 164.2 eV and 165.4 eV correspond to S2ps, and S2py, peaks of
C-S-C or elemental sulfur. The broad peak at 168.7 eV should arise from some oxidized
sulfur (SOy) [12, 13]. In addition to sulfur, nitrogen also existed as shown in Figure 5.6
(d). This spectrum can be fitted with one single peak. The peak at 401.0 eV corresponds
to nitrogen of amide binding or graphitic doped nitrogen [14]. It was reported that an
aryl alkyl ketone reacts with (NH,)2Sx and converts to amide (Willgerodt reaction ) [15].
Probably, GO have alkyl ketone and amide binding was formed by Willgerodt reaction.
The content of S; S/C and N; N/C were 3.8 atom% and 1.9 atom% respectively. The
probable S-doping mechanism is shown in Figure 5.7. The oxygen functional groups of
GO are removed and dangling bonds are formed. These dangling bonds react with
(NH4)2Sx and sulfur atoms are incorporated into GO sheets.

In order to evaluate the crystallinity of SG, Raman spectra were measured. The
samples for Raman spectroscopy were prepared as described in section 5.2.2. Figure 5.8
(@) shows Raman spectrum of monolayer SG. This Raman spectrum is similar to that of
reduced GO and radical treated GO (section 4.3) and 2D band is very weak. As shown
in Figure 5.8 (b), this spectrum can be deconvoluted to 3 peaks; G band, D band and
D** band. The D** band is considered to arise from amorphous carbon [16]. Five
samples of monolayer SG were measured. The Ip«/lg ratios were 0.08£0.02 and
FWHM of D band were 77+3 cm™. These values are comparable to those of radical
treated GO (section 4.3). Thus, in addition to sulfuration, treatment with (NHg)2Sx
improved the crystallinity of GO.
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Figure 5.6 (a) XPS spectrum of SG. High resolution XPS spectra of (a) C1s, (b) S2p and

(c) N1s.
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Figure 5.7 Sulfur doping mechanism of GO by (NH,),Sy.
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Figure 5.8 (a) Raman spectrum of monolayer SG. (b) Peak fitting of Raman

spectrum of monolayer SG.
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5.4 Conclusions
In this study, I conducted the sulfuration and reduction of GO by treatment with

(NH,)2Sx. When GO aqueous suspension was dropped and left at room temperature, GO
changed from brown to black and aggregated. These phenomena indicate that GO was
reduced. The existence of sulfur was confirmed by XPS measurement. S2p peaks can be
observed and deconvoluted to C-S-C peak or elemental sulfur and oxidized sulfur. In
addition to sulfur, nitrogen also existed. The N1s peak can be fitted with one single peak
and this may be attributed to the amide binding. The content ratio of S to C was 3.8
atom% and N to C was 1.9 atom%. By Raman spectroscopy, the crystallinity of SG was
evaluated. The Ip«/Ig were 0.08 £0.02 and FWHM of D band were 77 +3 cm™. These
values indicate that the crystallinity of GO was improved by treatment with (NH4),Sx.
This process can be conducted in solution process at room temperature. Therefore,
this method opens up the opportunity for mass production of graphene and S-doped

graphene.
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Chapter 6
Concluding Remarks

In this thesis, | have developed three types of reduction methods of graphene oxide
(GO), which were annealing on Ni surface, reaction with free radical and treatment with
(NH4)2Sx.

Annealing on Metal Surfaces (Chapter 3)

Reduction of GO is a promising method for mass production of graphene but there is
a problem that defects and a few functional groups remained in reduced graphene oxide
(rGO). To repair the defects of GO, | annealed GO on metal surfaces.

First, GO was deposited on a Ni foil and annealed at 800 °C under Ar atmosphere.
From Raman spectra, the crystallinity of this sample was improved. However, most of
GO sheets disappeared because of Ni evaporation. In order to avoid the disappearance
of GO, a Ni film was deposited on GO sheets and | annealed GO sheets at the interface
of Ni and SiO,. In this method, threadlike graphene with the width of approximately 10
um and large area graphene with the lateral size of about 1 mm were formed.

In order to clarify this reduction mechanism, | changed reduction conditions, which
were the quantity of GO, the kind of metal overlayer and annealing temperature. In this
experiment, the factor to decide the shape of graphene was investigated by examining
what kind of the shape of graphene was formed under each condition. As a result, the
factor to decide the shape of graphene was the quantity of the carbon atoms which can
dissolve into a metal layer. When all carbon atoms dissolved, threadlike graphene was
formed. On the other hand, when not all carbon atoms dissolved and some GO
fragments were left, large area graphene was formed. These 2 types of graphene were
relatively high quality but thick.

Then, to fabricate thin graphene sheet, | changed the thickness of Ni film and cooling

rate. In the case of thin Ni film, graphene with the similar shape of the original GO
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sheets was formed and cooling rate had little effect. In contrast, in the case of thick Ni
film, cooling rate affected the shape of graphene. In the case of rapid cooling, threadlike
graphene was formed and in the case of slow cooling, circular graphene was formed.
Judging from Raman spectroscopy, these graphenes were thin.

By this method, graphene can be grown on the desired position of various substrates

at relatively low temperatures without use of hydrogen gas.

Reaction with Free Radicals (Chapter 4)

For industrial applications, reduction of graphene in solution process is desirable. So,
I conducted reduction of GO in solution process by treatment with four different species.
The radical sources were CHsl, C,HsBr, BrC,H,Br and PhCH,Br. Raman spectra of GO
treated with these reagent indicate that the improvement of crystallinity was achieved in
the following order; CHszl > BrC,H4Br > (N;H;) > C,HsBr > PhCH,Br. Therefore,
reduction of GO with CHgsl and BrC,H4Br is more effective than hydrazine reduction,

which is used generally.

Treatment with (NH,),S, (Chapter 5)

S-doped graphene has been paid much attention for its remarkable properties. Toward
mass production of S-doped graphene, | conducted the sulfuration and reduction of GO
by treatment with (NH,4)2Sx. From XPS spectra, the existence of sulfur was confirmed
and the content of sulfur to carbon was 3.8 atom%. Judging from Raman spectra, the
crystallinity of GO was improved with the treatment with (NH4),Sx. In this method,

sulfuration and reduction can be achieved in one-pot process.
In conclusion, these reduction methods can be conducted under relatively mild and

safe condition as compared with previous methods and thus are considered to be

suitable for mass production of graphene from graphene oxide.
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