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Abstract:
Graphene has attracted intense scientific interest due to its exceptional electrical,
mechanical and chemical properties over the last couple of years. This strictly twodimensional (2D) material has potential applications in advanced electronic devices and
composite materials. The challenge is to produce large area defect-free graphene
necessary for electronic applications while bulk-production at gram scale of graphene
with defects enabling anchoring sites for nanoparticles is required for applications like
catalysis. Herein, we report the Ni-catalyzed ambient pressure chemical vapor deposition
of (APCVD) synthesis of few-layer graphene, the spatial characterization of the fewlayered transparent graphene by micro Raman spectroscopy, its electrical characterization
showing p-semiconductor behavior, as well as studies on the gas-sensing properties
towards low concentrations of CO and H2. Moreover, APCVD and low pressure CVD
(LPCVD) growth of graphene have been carried on Cu-catalyst surfaces. Effect of metal
catalyst thickness and CVD growth parameters (concentrations of the gases, growth time,
cooling effect etc.) were studied in detail to optimize the quality of graphene with respect
to the number of layers and defects. Chemical synthesis of graphene was established by
oxidation of graphite to graphite oxide (GO) and followed by reduction process. Different
methods (Staudenmaier’s, Hummers’, Modified Hummers’ and Tour’s Methods) to
synthesize GO were studied comparatively to have highly oxidized GO. Various reduction
techniques were studied to improve the quality of chemically derived graphene (CDG).
Metal nanoparticles (NPs of Au, Ni and Pd) were successfully supported on CDG and
employment of Pd/CDG as catalysts in the dehydrogenation and hydrolysis of ammonia
borane (AB). Moreover, metal oxide NPs of titanium dioxide (by UV-assisted method and
hydrothermal method), tungsten oxide (by sonochemical method) and zinc oxide (via
thermal decomposition method), were successfully deposited on CDG. Composites of
CDG with TiO2 and WO3 were applied successfully in photodegradation reactions of
methylene blue (MB) under UV-light. Sensing measurements of ZnO/CDG hybrid
materials were conducted towards hydrogen gas at room temperature and elevated
temperatures (200oC and 300oC).
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Zusammenfassung:
Graphen steht seit mehreren Jahren im Mittelpunkt des wissenschaftlichen Interesses,
dies aufgrund seiner außergewöhnlichen elektrischen, mechanischen und chemischen
Eigenschaften.

Dieses

zwei-dimensionale

(2D)

Material

besitzt

potenzielle

Anwendungsmöglichkeiten in einer Vielzahl von elektronischen Bauteilen sowie als
Kompositmaterial. Die besondere Herausforderung besteht darin große Stücke von
defektfreiem Graphen herzustellen, welche für den Einsatz in der Elektronik benötigt
werden. Ein weiterer Anwendungsaspekt liegt in der in der Herstellung von nicht
defektfreiem

Graphen

im

Grammmaßstab,

wobei

diese

Defektstellen

als

Verankerungsstellen für Nanopartikel dienen können und so für den Einsatz als Komposit
beispielsweise in der Katalyse geeignet sind. In der vorliegenden Arbeit wird zunächst auf
die Synthese von Graphen mit einer geringen Zahl an Lagen mittels Nickel katalysierter
Gasphasendeposition unter Raumdruck (APCVD) eingegangen, danach auf die
Charakterisierung des erzeugten Graphens, mittels Micro-Ramanspektroskopie sowie
weiterhin auf die elektrischen p-leitenden Eigenschaften dieses Materials eingegangen.
Zusätzlich wurde das gassensorische Verhalten bezüglich geringer Konzentrationen von
CO und H2 untersucht sowie das Wachstum von Graphen mittels Gasphasenabscheidung
(APCVD und LPCVD) auf Kupferkatalysatoroberflächen untersucht. Der Einfluss der
Katalysatorabscheidung und der CVD Wachstumsparameter, wie z.B. Gaskonzentration,
Wachstumszeit und Abkühlungzeit wurden intensiv studiert um die Qualität des
erzeugten Graphens in Hinblick auf die Zahl der Graphenlagen und -defekte zu
optimieren. Desweiteren wurde die nasschemische Synthese von Graphen durch
Oxidation von Graphit zu Graphitoxid (GO) und anschließender Reduktion untersucht.
Verschiedene Methoden (nach Staudenmaier, Hummers, modifizierte Hummers und Tour
Methoden)

wurden

vergleichend

untersucht.

Ebenso

wurden

verschiedene

Reduktionstechniken studiert, um die Qualität des chemisch erzeugten Graphens (CDG)
zu steigern. Gold-, Nickel- und Palladium-Nanopartikel konnten erfolgreich auf die
Oberfläche des CDG aufgebracht werden. Das so erhaltene Pd/CDV Komposit konnte als
wirksamer Katalysator in der Dehydrierung und Hydrolyse von Amminboran getestet
werden. Darüber hinaus wurden Nanopartikel aus Titandioxid mittels UV-Deposition und
Hydrothermalmethode, Wolframoxid mittels Ultraschall und Zinkoxid mittels thermischer
Zersetzung erzeugt. Die TiO2 und WO3 basierten CDG Materialien zeigten sich katalytisch
aktiv für den Photoabbau von Methylenblau (MB) unter UV-Bedingungen. Gassensorische
Messungen an den ZnO/CDG Hybridmaterialien zeigten eine Sensoraktivität gegenüber
Wasserstoff bei Raumtemperatur sowie erhöhten Temperaturen (200°C und 300°C).
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1. Introduction
1.1. Background and Discovery of Graphene
Graphite of which the term was derived from the Greek word “graphein” (to write) in, is
a layered planar structure composed of carbon atoms that are arranged in a honeycomb
lattice. The separation between carbon atoms in the lattice is 0.142 nm, and the distance
between planes is 0.335 nm in graphite structure. In graphite, isolated single layer that is
composed of sp2 hybridized carbon atoms is called graphene. The term of graphene
originates from the combination of graphite and suffix –ene that is earlier used in the
nomenclature and terminology of polycyclic aromatic hydrocarbons[1]. The possibility of
wrapping up graphene into 0D fullerenes, rolling it into 1D carbon nanotubes (CNTs) and
stacking of it into 3D graphite makes graphene the central building block of all graphitic
materials (see Figure 1)[2].

Graphene, 2D

Fullerenes, 0D

CNTs, 1D

Graphite, 3D

Figure 1: Carbon materials as fullerenes, carbon nanotubes (CNTs) and graphite (0D, 1D and 3D respectively)
can be derived from single layer graphene (2D) [2]
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Despite the discovery of fullerenes in 1985 by Kroto, Curl, and Smalley[3] and shortly
thereafter of CNTs in 1991 by Iijima[4], graphene had already been studied theoretically
for the first time in 1947 by P.R.Wallace[5], later in 1956 by J.W. McClure[6] and in 1984
by G.W. Semenoff[7]. The isolation of graphene was thought to be not possible
thermodynamically according to Peierls[8], Landau, and later Mermin[9] reporting that a
2D lattice melts due to thermal fluctuations and long range crystalline order is prevented.
However, A.K. Geim and K. Novoselov in 2004 isolated the graphene by adhesive Scotch
tape and characterized it successfully

[10]

. They used mechanical exfoliation method to

produce single graphene sheet from graphite. Then, graphene was transferred onto
silicon dioxide substrate, characterized by optical microscopy and AFM as well as
electrical measurements were conducted for it. These two Russian scientists both from
Manchester University were awarded the 2010 Nobel Prize in Physics for these
“groundbreaking experiments regarding the two-dimensional material graphene”.
However, it should be noted that graphene like structures (graphite intercalation
compounds GICs, graphite oxide GO and reduced graphene oxide rGO) have been
already known since 1840s by German scientist Schafhaeutl who reported the insertion of
acid or alkali metal between the carbon lamellae (intercalation) and exfoliation of
graphite with sulfuric and nitric acids

[11]

. After Schafhaeutl, Brodie (in 1859)[12],

Staudenmaier (in 1898)[13] and Hummers (in 1958)[14] also produced GO by exfoliating
the graphite via high oxidizing reagents. In 1962, Boehm (he originally coined the term
“graphene” in 1986) and coworkers for the first time reported thin, lamellar carbon
containing small amount of hydrogen and oxygen via chemical reduction of dispersions of
GO in dilute alkaline media with hydrazine, hydrogen sulfide, or iron(II) salts. Just after
this report, thermal reduction of GO was also published by the same group in 1962[15].
Boehm et al. made an assumption that thinnest lamella consisted of a single carbon layer
and tried to prove that the thinnest lamella by transmission electron microscopy (TEM)
micrograph densitometry measurements. Experimental error due to the thickness
calibration standards, however prevented the exact identification of monolayer carbon at
that time

[15]

.

It is worth to note that graphene (reduced graphene oxide rGO or

chemically derived graphene CDG) not pristine graphene (without heteroatomic
contamination) was for the first time described by H. P. Boehm and coworkers.

7

Figure 2: (a) graphite oxide suspension in water (b) TEM image of ultra-thin graphitic flakes from the early
1960s (c) SEM image of thin graphite platelets by mechanical cleavage (d) STM of graphene grown on Pt
(image size is 100×100 nm2) [16].

Besides RGO sample synthesized by Boehm, ultrathin graphitic films and even monolayer
pristine graphene was grown epitaxially on metal substrates (Ru, Rh and Ni in 1970)

[17]

,

on insulating carbides (SiC in 1975 and TiC, TaC in 1993) [18] and on graphite in 2001 [19]
(see Figure 2 d).
Not only the production of pristine graphene was known by epitaxial growth in pre-2004
graphene research, paper from the Kurz’s group had shown that a tape method
(mechanical exfoliation) to get ultra-thin graphite films had been already used in 1990
[20]

. After peeling optically thin layers of graphite from highly ordered pyrolytic graphite

(HOPG) with transparent tape, carrier dynamics of the sample was studied as well. Then
after, visualization of few-nm thick graphite was reported in 1995 using atomic force
microscopy (AFM) on top of HOPG [21] and using a scanning electron microscope (SEM)
in 1999 [22] (Figure 2 c).
Besides production and visualization of ultra-thin graphite samples, electrical properties
were also analyzed for the samples with thickness down to 60 layers in 1997-2001 [23].
Graphene monolayers for their cleavage on top of HOPG in 2003 [24] by STM and ultrathin
epitaxial growth of graphite films composed of typically 3 graphene sheets from SiC in
2004 were reported by W. A. de Heer and coworkers [25].
8

Figure 3: Timeline of graphene showing attempts for preparation, isolation, and characterization [26].

Geim declared his awareness of such earlier reports on the ultra-thin graphitic films and
even the monolayers of graphene production, visualization and measurements (Figure 3).
However, he finds all the previous reports as observational with the lack of reporting
distinguishing properties of graphene

[16]

. He explains further that not only the ease of

method (Scotch tape) that they have used to produce graphene, but also the isolation,
identification, characterization and electronic measurements showing the astonishing
electronic quality of graphene took researchers by surprise. Therefore their work did not
disappear into oblivion to previous literature.

1.2. Properties of Graphene
Graphene is composed of sp2 hybridized carbon atoms arranged in a 2D honeycomb
crystal lattice. Three valence electrons of carbon atoms in graphene form bonds (σ) with
their next neighbours while the fourth electron of each carbon atom localized in the pz
(π) orbitals perpendicular to the planar sheet form highly delocalized bonds (π) with the
others. Graphene is a zero band gap semiconductor and charge carriers in graphene have
very small effective mass so that carrier mobilities are as high as up to 200000 cm2V-1s-1
at a carrier density of 1012 cm−2 [27]. Electrons can flow through graphene more easily
than even through copper. Edges of graphene are called as an armchair or a zig-zag edge
due to the individual lattice arrangement on the atomic scale (see Figure 4a).

9

Figure 4: a) armchair and zig-zag edges in graphene b) sp2 hybridization illustrated in graphene c) Band
diagram of graphene at k = 0 [28]

The opacity of a single layer graphene is 2.3 % so its optical transparency is 97.7 %
observed in the visible range decreases linearly as the number of layers increases (Figure
5). Graphene, however, becomes visible when it is transferred onto a silicon wafer with a
silicon dioxide layer (usually 300 nm). Therefore, detection of the number of graphene
layers is possible via the color shifts due to the thickness variations on the silicon wafer
[29]

.

Figure 5: (a) Photograph of a 50- µm aperture that is partially covered by graphene and a graphene bi-layer
structure. The line scan profile shows the intensity of transmitted white light along the yellow line. Inset
shows the sample design (b) Optical image of graphene flakes with one, two, three, and four layers on a 285nm thick SiO2 -on-Si substrate [30]

The mechanical properties of graphene have been investigated by numerical simulations
and experimental measurements using Atomic Force Microscopy (AFM)

[31]

. Graphene is
10

found to be one of the strongest materials with a mechanical strength higher than
diamond and over 300 times greater than a steel film of the same thickness [31b]. Reported
values for defect-free graphene are Young’s modulus of 1.0 TPa and a fracture strength of
130 GPa that are higher than CNTs [31]. Graphene is flexible and stretchable up to 20% of
its initial length. Besides those outstanding properties, graphene has a thermal
conductance (>5000 W/m K)

[32]

that is also higher than all the other carbon structures

and theoretical surface area of 2600 m2/g [33].
Adsorption and desorption of gases such as hydrogen and carbon monoxide is possible on
graphene surface like on graphite

[34]

. Besides forming weak adsorbate on graphene

surface, graphite can be also oxidized to graphene oxide (GO) that is the functionalized
form graphene with functional groups like epoxy and carboxyl

[35]

. Further chemical or

thermal reduction of so called graphene oxide yields chemically derived graphene (CDG
or reduced graphene oxide; rGO) [33].

1.3. Potential Applications of Graphene
Application oriented attractive properties of graphene such as its high carrier mobilities
which are 40 times higher than the typical electron mobility for Si and its high current
carrying capability makes graphene relevant to be used in electronic devices. Moreover,
owing the huge thermal conductivity that is important for electronic devices shrinking as
circuit density increases, graphene keeps the devices cool by dissipating heat efficiently.
However, large-scale growth of graphene is necessary and crucial to exploit those
properties of graphene further. Figure 6 shows the state-of-the art evolution of the size of
synthesized graphene from µm to inch levels. After isolation of only µm size monolayer
graphene for the first time by Geim and Novoselov

[10]

, 30 inch size of single layer

graphene was produced by chemical vapor deposition (CVD) method. The largest
monolayer graphene reported so far is in 24’’ by 300’’ size grown on copper with CVD
technique. Graphene was used in touch panels

[36]

by utilizing its high transparency,

flexibility and high conductivity.
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A

B

D

C

Figure 6: A. Optical microscope image of isolated single layer graphene with µm size for the first time by Geim
and Novoselov [10]. Photographs of; B. 30-inch size graphene produced by CVD process, C. First 30-inch flexible
touch screen from graphene [36] and D. The largest monolayer graphene produced on copper reported so far
(24’’ by 300’’) by Bluestone Globa; Tech (USA) in February 2013.

Not only for electronics, graphene is one of the most promising material for gas-sensors
as well. As gas molecules land on graphene, its electronic properties are affected in a
measurable way that enables the detection of a gas [37].
Graphene also finds potential applications as support material in catalysis field due to its
huge surface area

[38]

, as an electrode material in electrochemical applications such as

batteries and supercapacitors. Layered nature of graphene acts as a barrier against
aggregation of nanoparticles in the catalyst or electrode material. The use of chemically
derived graphene (or reduced graphene oxide (CDG or RGO)) based materials as anode
or cathode in Li-ion battery technology promotes the improvement in the recent field due
to the large surface-to-volume ratio and highly conductive nature of graphene. The
formation of nanopores and disorders in the CDG through chemical synthesis promotes as
lithium insertion active sites that are crucial in Li battery technology. So the process
12

fastens in the presence of graphene in the electrode (Figure 7, A). In addition, both anode
and cathode of a battery might become bendable due to the flexibility feature of
graphene (Figure 7, B).

A

B

Figure 7: Examples of CDG graphene-based electrodes in Li-ion battery. A. Si/Graphene as an anode
Flexible Li4Ti5O12 /Graphene Anode and LiFePO4 /Graphene Cathode

[39]

B.

[40]

1.4. Synthesis of Graphene
There are currently four main approaches to synthesize graphene. These are mechanical
exfoliation, liquid phase exfoliation of graphite, epitaxial growth and chemical synthesis
methods.

1.4.1. Mechanical Exfoliation of Graphite (Scotch-tape method)
This simple tape method was reported for the first time by Heinrich Kurz et al. in 1990 to
get ultra-thin films of graphite from HOPG

[20]

that refers to graphite with an angular

spread between the graphite sheets of less than 1°. However, Novoselov and Geim
succeeded to produce and identify monolayer graphene by using that method in 2004 [10].
That method starts with sticking HOPG onto adhesive tape and folding the two sticky
sides against the tiny crystals (Figure 8). After pulling the tape apart, flakes are cleaved in
two individual flakes. By repeating that splitting process a couple of times, thinner slices
can be achieved. Finally, tape with the pieces is stuck on the silicon wafer with silicon
dioxide layer on and tape is pulled away. At the end, one can see graphene by naked eye
due to the optical contrast differences.
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e

Figure 8: Step by step formation of graphene via Scotch-tape method (a to d) and overview of the process
using this method (e) [41]

Despite the ease of the method, it is not likely to produce large quantities. Using this
technique, however, Chen J. et al has recently reported a study called “Continuous
mechanical exfoliation of graphene sheets via three-roll mill” suggesting a scale up
process for

effective

fabrication of

polymer/graphene

(single

to

few layers)

nanocomposites [42].

1.4.2. Liquid Phase Exfoliation of Graphite
Hernandez and coworkers

[43]

carried out the dispersion of graphite typically in N-

methylpyrrolidone (NMP) followed by ultrasonication to separate the non-exfoliated
14

0.01 mg ml-1 were achieved.

graphite. Graphene dispersions with concentrations up to

The reason for production of graphene flakes is attributed to the solvent-graphene
interaction. The energy necessary for exfoliation is balanced by that interaction for
solvents if surface energies match that of graphene

[43]

. Furthermore, Mariani et al.

improved the concentration of graphene in NMP (2.1 mg/ml) by exfoliating polymergraphite composite
in ionic liquids

[45]

[44]

and further enhanced it (5.33 mg/ml) by exfoliating the graphite

. Although this technique has the advantage of low cost and scalability,

graphene flakes tend to restack and scroll easily.

1.4.3. Epitaxial Growth
1.4.3.1. Epitaxial Growth from SiC
Walt de Heer and coworkers from Georgia Institute of Technology initiated the graphene
growth by epitaxial growth method from silicon carbide (SiC) substrates [25]. This method
involves thermal desorption of silicon at high temperatures (>1250 °C) and low pressures
(~10−6 Torr) that results in a formation of carbon-rich surfaces that subsequently
graphitized as carbon islands (see Figure 9a). STM analysis showed that graphene with
long-range order and a low density of defects was successfully grown epitaxially from SiC
(see Figure 9b).

Figure 9: a) SEM image shows small hexagonal crystallites after epitaxial growth process on SiC substrate (b)
STM image of epitaxial graphene with long-range order and a low density of defects [46].
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Moreover, the method has been recently optimized to give mono- to few layer graphene
[47]

. Epitaxial growth of graphene from SiC has been achieved on predetermined locations

that enable making electronic devices using graphene.
This process is more controllable and scalable than exfoliation method but it is too
expensive due to the high cost of SiC substrate and the necessity of high processing
temperatures. Moreover, compared to graphene via exfoliation method, more fragile and
defective graphene tends to be formed due to the large lattice mismatch between SiC and
graphene during epitaxial method.

1.4.3.2. Epitaxial Growth on transition metals or transition metal deposited
substrates
Epitaxial growth of thin graphitic films on metal substrates such as Ru, Rh by Grant in
1970 and Ni by Blakely et al in 1970 has been already known for nearly half century

[17]

.

After explosion of the interest in graphene by 2004, this method was extensively studied
again to get controllable deposition of graphene. Chemical vapor deposition (CVD) of
hydrocarbons at elevated temperatures is catalyzed by metal and indeed results in the
growth of graphene. Carbon isotope labeling experiments clarify that the mechanism of
graphene formation is dependent on carbon solubility of metal and CVD growth
conditions

[48]

. Graphene is formed via adsorption on a metal surface of Cu in which

carbon solubility is too low (0.008 wt% C at 1084oC) during CVD process. On the other
hand, graphene is produced on Ni surfaces where the carbon solubility is higher (0.6 wt
% C at 1326 oC). Graphene is formed during cooling step in the CVD process via surface
segregation-precipitation of carbon from a metastable carbon–metal solid solution

[49]

(see Figure 10).
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Figure 10: Diagrams showing carbon isotope labeling experiments on (a) Ni, Graphene with randomly mixed
isotopes as a result of surface segregation and/or precipitation mechanism. (b) Cu, Graphene with separated
isotopes by surface adsorption mechanism [48].

One of the important advantages of this method is that it can be extended to large area
substrates (Figure 6D).

1.4.4. Chemical Synthesis
In common, the fabrication methods described so far are for the synthesis of graphene
with less defective sites and low number of functional groups. For instance, defects are
barriers for transport in electronics while defects can act as additional anchoring sites for
nanoparticles to form graphene nanoparticle hybrid materials. Moreover, while
continuous layers of graphene are required for transparent displays, graphene at a gram
scale is needed e.g. for catalysis or battery applications. Chemical synthesis technique
allows bulk production of (defective) graphene which cannot be achieved by the so far
mentioned synthesis techniques. This method consists of oxidation and reduction steps.
In a typical procedure, graphite is oxidized to graphite oxide (GO) by strongly oxidizing
agents such as KClO3, HNO3, H2SO4, H3PO4 and KMnO4. That oxidation step leads to
extension of intersheet spacing of carbon layers due to the insertion of functional groups
17

on the layer. As the oxidation degree is higher, the probability to achieve high quality
graphene also increases since graphene is formed by the reduction of oxidized graphite.
Oxidation degree is improved from Brodie’s to Staudenmaier’s, Hummers’, modified
Hummers’ and currently Tour’s method. Tour’s method yields GO with higher oxidation
degree with the high intersheet spacing value of 9.5 Å (Table 1). For an overview of
different synthesis procedures for chemically derived graphene formation, see Table 1.

Table 1: Methods for the synthesis of graphite oxide from graphite [50]

Year
Oxidants
C:O ratio
Reaction time

Brodie
1859

Staudenmaier
1898

Hummers
1958

KClO3 ,HNO3 KClO3 or NaClO3 NaNO 3, KMnO4 ,H2SO 4
HNO 3,H2SO4
2.28
1.85
2.25
3-4 days 1-2 days

Intersheet spacing (Å) 5.95

6.23

2-10 h
6.67

Modified Hummers
1999
2004

Tour
2010

K 2S2 O8 , P2 O5, NaNO3 ,KMnO4,H 2SO4 H2 SO4 ,H 3PO 4
KMnO4
KMnO4 ,H2 SO4
-1.8
1.3
8h

5 days

6.9

8.3

12 h
9.5

GO attains hydrophilic character with the polar oxygen functional groups that makes GO
easily dispersable in many solvents, particularly in water. Introducing oxygen functional
groups to the GO structure weakens van der Waals cohesive forces, resulting in a partially
degradation of the sp² lattice into a sp²-sp³-sheet with less π-π stacking ability (Figure
10B). Hence, GO becomes nonconducting due to the lack of the conducting graphitic
network. Reduction of GO into CDG by chemically (e.g. via hydrazine hydrate) or
thermally (e.g. via annealing at 1000oC under Ar flow) recovers the conducting graphitic
network by elimination of functional groups through reduction process [33] (Figure 10).
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Figure 11: Molecular models showing A. Oxidation and reduction processes from graphite to chemically
derived graphene (CDG) [51]. B. Graphite oxide (GO) and C. CDG [50]

In summary, several methods of formation of graphene, including micromechanical
cleavage[10], chemical exfoliation[52], and epitaxial growth by chemical vapor deposition
(CVD)[53], have been utilized to fabricate high-quality, large-area monolayer graphene on
various substrates. The highest quality graphene in terms of its monolayered defect-free
structure is obtained by mechanical cleavage of highly oriented pyrolytic graphite
(HOPG)[10] and by decomposition of SiC[46]. However, both methods have drawbacks in
scalability. Other methods, such as the combined chemical exfoliation and reduction
technique, which allow scalability on the one hand, suffer of aggregation caused by
strong π–π stacking and van der Waals aggregation of individual graphene sheets on the
other hand and thus have the problem of obtaining few-layer graphene. However, when
using high-quality metallic substrates with the high purity, such as Ir
or Cu

[56]

[54]

, Ru

[55]

, Ni

[53]

,

in a CVD process and employing a strict control of synthesis temperature and

control of the cooling rate and substrate quality, the graphene layer aggregation can be
avoided, and formation of graphene with controllable thicknesses down to a monolayer is
possible.
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Therefore it can be concluded that CVD technique is best to give large scale growth of
pristine graphene suitable for electronic applications and chemical synthesis method is
the method of choice that allows even a gram scale formation of graphene.
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2. Chemical Vapor Deposition (CVD) of Graphene
Epitaxial growth of graphene via methane assisted CVD on transition metal (Ni and Cu
foils) and transition metal deposited substrates (Ni or Cu/SiO2/Si wafers) was conducted
to obtain pristine graphene. Different procedures reported in the literature were used but
they were modified to optimize the graphene growth via CVD. For instance, effect of
thickness and pre-treatment of the metal catalyst and growth conditions (concentration
and combinations of the gases, growth time, cooling rate etc.) are discussed in Section
2.1. Experimental Parameters. Besides, method to transfer as-grown graphene samples on
a desired substrate and post-treatment of the samples to improve the quality of the
sample are described.

Samples were characterized qualitatively by means of Raman

spectroscopy. Morphological analysis was performed by confocal optical microscopy,
SEM-EDX, TEM and AFM techniques.

2.1. Experimental Parameters
2.1.1. Substrate
Two different types of wafers as Si and SiO2/Si (600 nm thermally oxide layer on Si),
quartz plates, 25µm thick Ni foil and 25µm thick Cu foils with different purity (99.8%
and 99.999%) were used as a substrate for graphene synthesis. After deposition of nickel
as a catalyst on the 1x1 cm2 wafers and quartz piece, chemical vapor deposition of
H2/CH4 mixture with various concentrations was performed. Figure 12 represent how the
samples grown on Si and SiO2/Si wafers appear after CVD. Figure 12 belongs to graphene
synthesized on SiO2/Si that there is rough coverage formed on the wafer whereas no
visible change was seen for Si.
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A

50µm

B

50µm

Figure 12: Confocal microscope images taken after the CVD growth (500/25 sccm (H2 /CH4)) on Ni deposited
substrates of A. Si wafer B. SiO2 /Si wafers

Raman spectroscopy is a versatile and precise technique to probe graphene quality,
especially the number of layers[57] [58]. Thus, shape, position and relative intensities of D,
G and 2D bands allow for estimating the quality of the graphene films [59] [60]. The D band
[61]

(~1350 cm-1) is related to the breathing mode of the rings of sp2 hybridized carbon

and is activated by the presence of defects. Thus, the intensity of the D band does not
relate to the number of layers, but is affected by the amount of disorder. The G band

[62]

(~1579 cm-1) relates to the in-plane vibration of sp2 C atoms in single-layer graphene and
is located at slightly higher wavenumbers than in graphite (Figure 32 a). The 2D band [58]
(~2716 cm-1), which is the 2nd order zone boundary phonon signal of the D band, usually
appears as a sharp and one-signal peak in single-layer graphene, with a full width at half
maximum (Γ) of around 30 cm-1 [58]. The intensity ratio IG/I2D allows for estimating the
numbers of layers in graphene-based materials. It is therefore most often used to
discriminate single-layer from multi-layer graphene or graphite.
Therefore, to see whether the production of graphene was successful on the substrates,
Raman spectra were recorded. As shown in Figure 13, characteristic signals of graphene
(D, G and 2D) were not seen for Si and quartz case means that graphene was formed
only on SiO2/Si wafer. The reason might be attributed to the better adhesion of the
catalyst layer on SiO2 compared to Si and quartz.
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Figure 13: Raman spectra of Ni catalyzed CVD grown samples on different substrates; on Si/SiO2, quartz and
Si from top to bottom in the graph. Samples were treated with (25/1000) sccm of CH4/H2 for 10 min at 950oC.

Since the graphene resembles the underlying layer, morphological analysis was carried
out for the samples where Ni foil was a substrate and catalyst as well. Samples were heattreated at 950oC for 40 minutes under Ar and/H2 flow by keeping CVD growth conditions
on Ni-deposited substrate for graphene same except using carbon source (details given in
2.1.3.1 Ni). Below, representative SEM micrographs show that micrometer-sized (>20
µm) grains consisting of hundreds nm sized subgrains were formed during the heating
process (Figure 14). However, the metal grains in Ni foil that was not cleaned with HCl
appear rough (Figure 14 A-B). When Ni foil was pre-treated with HCl prior to CVD,
morphological analysis revealed that Ni grains formed smoother and more uniform after
heat-treatment (Figure 14 C-D). After heat treatment and CVD process, distinct evolution
of sharp grain boundaries can be easily seen (Figure 14 C-F).
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A
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F

Figure 14: SEM micrographs of Ni foils: heat treated (A, B), pre-treated with HCl prior to heat treatment (C,
D), after CVD process (E, F)

Since as-received copper foils have native oxide layers composed of CuO and Cu2O

[17b]

,

these layers reduce the catalytic activity of copper for graphene formation. It has been
reported that pre-treatment of the copper foils is essential to obtain high quality largegraphene domains

[56] [36]

. Therefore, pre-treatment of copper foils prior to CVD growth

was conducted by wet-chemical method, cleaning with acetic acid for 10 minutes at 35oC.
Then, similar to the treatment of Ni foils given above, Cu foils (with 99.8% and 99.999%
purity) were thermally annealed by keeping CVD graphene growth conditions for Cu24

deposited substrates same except using an additive carbon source (details given in 2.1.3.2
Cu). Foils treated with acetic acid appear to have cleaner and flatter grains than the ones
not cleaned. Foils of 99.999% purity have well-defined more uniform and smoother
grains than the foils of 99.8% purity (Figure 15).

A

B
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D

E

F

25

G

H

Figure 15: SEM micrographs of Cu foils of different purity: heat treated of 99.8% and 99.999% (A –B and GH) and pre-treated with acetic acid prior to heat treatment of 99.8% (C, D), and of 99.999% (E, F)

2.1.2. Metal catalyst (type and thickness of metal catalyst) for graphene growth
2.1.2.1. Ni
Nickel was used as catalyst to grow graphene by CVD. To see the effect of Ni thickness on
the graphene growth, a series of e-beam deposition experiments of Ni with various
thicknesses from 100 nm to 500 nm was examined. Due to the better adhesion of Ni on
SiO2/Si substrate wafers compared to bare Si wafers, SEM images for the heat-treated (by
keeping the CVD conditions the same except using CH4 for graphene growth) Ni
deposited samples on SiO2/Si wafers were given in Figure 16. It is obvious to see that µmsized Ni grains were formed after thermal annealing of 100 nm, 200 nm and 500 nm Ni
thick films. The Ni coverage of the wafer decreases from 500 nm to 200 nm and 100 nm
Ni samples as expected (Figure 16).
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Figure 16: SEM micrographs of heat treated Ni deposited Si/SiO2 samples. Thickness of Ni is 100 nm (A, B); 200
nm (C, D) and 500 nm (E, F)

The µm-sized Ni grains contain multiple grain-boundaries which are formed during the
thermal treatment of the sample. This can be clearly detected in an AFM image of the
annealed Ni catalyst film before the CVD graphene growth starts.

27

A

B

50µ
µm

Figure 17: (A) Optical image of the thermally annealed e-beam deposited Ni on SiO2/Si wafer. (B) AFM image
of the corresponding sample.

Raman spectra at 514 nm were given for the samples that were grown on nickel
deposited substrates of which the Ni thickness varies from 100 nm to 500 nm (Figure
18). The existence of G and 2D band and no D band in Figure 18 show that high quality
graphene was successfully synthesized on each Ni/SiO2/Si substrates except 100 nm
Ni/SiO2/Si.
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Figure 18: Raman spectra of CVD grown samples on Ni with different thickness; 500-400-300-200-100 nm from
top to bottom in the graph. Raman spectroscopy has an offset at 2250 cm-1 due to the grating in the
spectrometer.
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To observe the morphology of the samples through CVD process, SEM analysis of the
sample before (annealed 200 nm Ni substrate) and after CVD was conducted (Figure 19).
Figure 19 depicts that 200 nm thick of nickel deposited sample did not cover the whole
surface of the wafer at all upon heating and CVD processes. Interestingly those Ni-free
areas were covered with flat and layered structure after CVD. Confocal Raman analysis
was performed to characterize the areas on the nickel part and the empty areas between
nickel grains qualitatively.

A

2µm

B

C

2µm

1µm

Figure 19: SEM micrographs of 200 nm Ni-SiO2/Si samples; A. heat-treated , B and C are after CVD process.

In agreement with Figure 19, Ni-free parts are also visible by confocal optical microscope
coupled to Raman spectroscopy (Figure 20). Raman spectra were taken at Ni-containing
(yellowish) and Ni-free (greenish) parts and given comparably. Both spectra have
characteristic bands (D, G and 2D) of graphene revealing that graphene is formed both
on the nickel part and between nickel grains (Figure 20). However, relative intensity
ratios of 2D/G differ at the areas depicting the inhomogeneity in the number of layers
through the sample. The existence of graphene on the metal-free areas can be explained
by the dewetting of the metal layer during CVD as reported for the direct CVD growth of
copper catalyzed graphene on dielectric substrates

[63]

. If the dewetting of the metal

during temperature ramping (prior to the CVD) takes place, then the graphene layer will
be discontinuous in metal-free areas. That means large area coverage with graphene can
be provided only by an initially formed and continuous metal catalyst film

[63]

. Confocal

image and Raman spectra were also taken for samples catalyzed by 500 nm Ni.
Compared to graphene grown on a 200 nm Ni catalyst layer, sample on 500 nm Ni layer
covers the whole wafer and looks morphologically more homogenous (Figure 21).
Moreover, two different spectra taken from randomly chosen areas resemble each other
suggesting the formation of similar quality of graphene on the surface (Figure 21).
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Figure 20: Confocal optical microscopy image of CVD grown sample on 200 nm Ni-Si/SiO2 wafer (left side),
Raman spectra performed on randomly chosen areas Ni-containing (yellowish) and Ni-free (greenish) parts on
the sample.
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Figure 21: Confocal optical microscopy image of CVD grown sample on 500 nm Ni-Si/SiO2 wafer (left side),
Raman spectra performed on two randomly chosen areas.

2.1.2.2. Cu
Besides nickel, copper was used as a metal catalyst to fabricate CVD graphene. Effect of
thickness of the Cu layer on the graphene synthesis was examined by deposition of Cu
with various thicknesses from 200 nm to 1000 nm (200, 400, 500, 600, 800, 900, 1000
30

nm). Similar as in the case of nickel, SiO2/Si wafers were chosen as substrates due to the
better adhesion of Cu on SiO2/Si wafers compared to Si. In some cases, to increase the
adhesion of metal layer on the wafers, 5 nm nickel layer was first deposited on wafers
and then the required amount of copper was deposited onto nickel layer. As described for
the pre-treatment of Cu foil prior to CVD, copper deposited wafers were also cleaned with
acetic acid first (for 10 minutes at 35oC). In Figure 22, sample treated with acetic acid
appear more homogeneous than the sample which was not cleaned. Therefore, it is
decided to use acetic acid treatment for Cu-deposited wafers prior to CVD process.

A

B

Figure 22: SEM micrographs of heat treated 600 nm Cu-Si/SiO2 samples; A. pre-treated sample with acetic acid
prior to heat treatment B. not pre-treated.

The effect of thickness on the coverage of the wafer is investigated for the copper
deposited (200 nm to 1000 nm thick) wafers after CVD process by SEM. It is reported
that thinner copper films (<450 nm) tend to break into parts in dot- or finger- shape
during temperature ramping

[48]

. Parallel to that finding, similar elongated structures are

seen for chemical vapor deposited copper film with the thickness of 200 nm (Figure 23).
The empty areas decrease with increasing the thickness of copper deposited in the order
of 200 nm, 400 nm, 900 nm and 1000 nm as expected. The grain size of the copper also
gets larger with the same order. Most of the grains are a few µm-sized (<5 µm) in 400
nm whereas tens of µm-sized (>20 µm) (besides few µm-sized ones) are seen in 1000 nm
thick copper catalyzed sample.
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Figure 23: SEM micrographs of (various thickness of Cu deposited Si/SiO2) samples after CVD process;
thickness of Cu is 200-400-400-900-1000-1000 nm from A to F respectively.

2.1.3. CVD Conditions
Employing the methane based CVD growth process at 950oC-1000oC, I have obtained
large-scale, high quality crystalline single- to few layer graphene films using nickel or
copper as a catalyst. For that purpose, nickel or copper metals are used as a thin film on
the substrate or foils of nickel or copper metals are used directly as substrates. The
procedure starts with deposition of the metal with required thickness on SiO2/Si wafers
by an e-beam technique and then passing Ar/H2/CH4 gases with varying mixture and
amount at high temperatures (950-1000oC) under ambient pressure (For copper case,
low-pressure CVD growth of graphene was also conducted). During a cooling step,
graphene is formed on the metal catalyst. Transfer of the graphene onto the desired
substrate is possible by etching the metal part completely. The quality of the deposited
metal catalyst layer mainly determines the crystalline quality of the obtained graphene
film which could be monitored by spatially resolved micro Raman investigations on the
graphene films. The overall synthesis process leading routinely to the formation of ca. 1 x
1 cm2 transparent graphene films is shown in Figure 24.
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Figure 24: Synthesis steps for CVD-graphene

In the following two sections, graphene growth on nickel and copper catalyst is discussed.
In the experiments, Ni and Cu layers on the substrates (deposited by e-beam on SiO2/Si
wafer substrates) and Ni and Cu foils were used as substrates.

2.1.3.1. Ni
Graphene is synthesized with chemical vapor deposition method using Ni film deposited
silicon wafer as a substrate. The process starts with deposition of 200-500 nm Ni using
electron beam evaporation system (e-beam) on SiO2 (600 nm)/Si wafer.

1

sample
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furnace

2
pump

1. Ambient-Pressure growth
2. Low-Pressure growth

CH4 H2 Ar
Figure 25: CVD set up for epitaxial growth of graphene

33

Five processing steps are used for Ni-catalyzed CVD growth of graphene (Figure 26).
First, substrates are heated to 950oC under the flow of argon (Ar; 600 sccm) and
hydrogen (H2; 500 sccm).

cooling
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Figure 26: Chart showing an overview of the individual processing steps for Ni catalyzed CVD growth of
graphene.

The substrates are further heated at that temperature under Ar and H2 flow for 20 min to
generate µm-sized atomically flat Ni grains. It is stated that the quality of graphene is
enhanced by the help of this step and gets similar to graphene grown on a single crystal
substrate

[64]

. Accordingly and in order to get high quality graphene films, an additional

thermal annealing step of Ni-SiO2/Si substrates was conducted. The graphene growth is
carried out at 950oC using H2 (900-1500 sccm) and CH4 (25 sccm) for 10 min. After the
growth step, in contrast to the procedure described

[64]

, the CVD-chamber is purged with

Ar (700 sccm) for 10 min to flush the remaining CH4 . In order to see the effect of cooling
rate, the sample is either slowly cooled down to room temperature (with 0.1oC/s cooling
rate) under a flow of Ar (200 sccm) or directly taken out of the oven at 950oC. It’s
obvious to see that slow-cooling rate results in a uniform and non-cracked metal film
where extremely fast cooling rate gives a cracked film (Figure 27).
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Figure 27: Optical microscope images of CVD grown on 500 nm Ni-Si/SiO2 samples with different cooling
rates; A. shock cooling (sample was dragged out of the oven held at 950oC to room temperature) B. slow
cooling with 0.1oC/s.

It has been reported that fast/medium cooling rates (10oC/s) results in graphene
formation due to the finite amount of C segregation at the surface whereas slow cooling
rates (0.1oC/s) and extremely fast cooling rates (20oC/s) do not lead to graphene
formation[65]. Contradictory to that, graphene is formed on Ni/SiO2/Si substrates and Ni
foils with slow cooling rates as shown in the Raman spectra (Figure 28 and Figure 29).
To see the effect of carbon concentration on graphene growth, the supply of the carbon
source (CH4) was kept constant as 25 sccm but diluted with H2 gas with varying
concentrations in the range from 900 to 1500 sccm. In all cases, graphene was formed
(Figure 28). Sample c gives less-defective few-layered graphene with high 2D/G and low
D/G ratios. Therefore a ratio of (1000/25 sccm) (H2/CH4) was chosen as optimum CVD
conditions to form graphene on nickel film and conducted on Ni foil as well. The Raman
spectroscopy characterization reveals that when employing the same CVD conditions,
graphene forms on Ni foil as well (Figure 29). However, a shift of the 2D band to higher
wavenumber indicates that the number of graphene layers is higher on Ni foil compared
to on Ni films. This is probably due to the fact that more carbon dissolves and segregates
on the surface as expected.
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Figure 28: Raman spectra of CVD grown on 500 nm Ni-Si/SiO2 samples with different sccm/sccm of H2/CH4
ratio; a. 1500/25, b. 1100/25, c. 1000/25 and d. 900/25 from top to bottom in the graph.
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Figure 29: Raman spectrum of CVD grown graphene on Ni foil with 1000 sccm/25 sccm of H2/CH4. Raman
spectroscopy has an offset at 2250 cm-1 due to the grating in the spectrometer.
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Ni catalyst layer was separated from graphene by etching process (see Section 2.1.4
“Transfer of graphene”). SEM investigations reveal the formation of a continuous
graphene film showing some wrinkles and scrolls which can be associated with the
thermal expansion coefficient difference between the Ni catalyst layer and the graphene
formed (Figure 30 a)

[56] [66]

. The corresponding EDX spectrum shows only a carbon peak

due to graphene besides the signals of the substrate (Si and O). No signals of Ni could be
detected, revealing complete removal of the catalyst layer from the graphene (Figure 30
b).

a

2µm

b

Figure 30: (a) SEM image of a transferred graphene film. (b) EDX spectrum of the corresponding area given in
(a) [34].

TEM examination of the graphene films show a honeycomb lattice structure with a six
fold symmetry associated with the graphene structure (Figure 31 a)

[67]

. A single area

electron diffraction (SAED) pattern (inset in Figure 31 a) reveals two rings corresponding
to the diffractions of the <002> and <101> planes of nanocrystalline, hexagonally
ordered graphitic sheets. Grazing incidence X-ray diffraction (GIXRD) showed a
characteristic weak and broad peak at ~22.2o which can be indexed to the <200>
reflection, the most prominent signal for the graphitic structure (Figure 31 b) [68] [37].
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Figure 31: (a) High resolution TEM image of a transferred graphene film. Representative SAED pattern of the
graphene sample is given as inset of (a). (b) XRD spectrum of the transferred graphene on SiO2/Si wafer.
Focused pattern between 15-30 2θ is given as inset of (b) [34].

TEM and XRD results for the graphene film give same interlayer spacing between
graphene sheets, corresponding to the <002> (0.399 nm is calculated from XRD and
TEM). The interlayer distance d of graphene is larger than that of graphite (0.335 nm)
which in turn explains the lowering of the shift of the <002> peak of graphite towards
lower 2θ values (26.5o to 22.2o according to Bragg’s equation).
Besides X-ray diffraction, a detailed micro Raman analysis on the prepared graphene
sample was performed (Figure 32). For CVD derived graphene specimens, a full width at
half maximum (Γ) of 2D band is 30 cm-1 indicating formation of single layer and 2D band
gets broader at some randomly chosen areas indicating few layer graphene. The ratio
I(G)/I(2D) decreases with increasing number of layers. Thus, the determination of this
ratio for different areas over the sample should provide reliable information with respect
to the quality of large area, transparent graphene. Two randomly chosen areas are
marked with arrows 1 and 2 in Figure 32 b. Their distance is significantly larger than the
diameter of the Raman laser spot (ca. 2 µm). As can be seen, the intensity of the D band
is very low for all areas studied, indicating a highly ordered graphene structure. However,
the sharpness of the G band and intensity ratio I(G)/I(D) varies between 0.2-1.1,
indicating that the number of layers is lower than 10 [69] (Figure 32 c and d). The Ramanline mapping studies are thus a valuable experimental proof to suggest that almost singleup to a few-layer graphene is obtained by the employed CVD method.
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Figure 32: (a) Raman spectra for graphene film and graphite. (b) Optical image of graphene transferred on
SiO2/Si wafer. (c) and (d) Raman line mappings of the areas depicted with arrows 1 and 2 in (b), respectively.
Spectra of 1-7 are from area 1, and 8-13 are from area 2 [34].

The reason for the thickness inhomogeneity within the sample can be attributed to the
microstructure of the Ni catalyst layer responsible for the formation of graphene.
Substrates onto which Ni is deposited are thermally annealed in order to form µm-sized
nearly atomically flat Ni grains before the CVD growth process was started

[64]

. The µm-

sized Ni grains with multiple grain-boundaries formed during the thermal treatment of
the sample are shown previously with an AFM image (Figure 17 B). Accordingly, the
uneven and rough surface of the Ni surface with its particulate surface morphology and
the presence of inter grain boundaries is strongly affecting the graphene film growth [70].
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Table 2: CVD growth procedures for the synthesis of Cu catalyzed graphene
Procedure #,

Pre-annealing

H2/CH4

growth

Conditions

ratio, growth

Pressure,

cooling step

Substrate

time

Temperature
#1,

heating up to 990oC

5-20-120 min

1. slow cooling with H2/CH4

200-500-600-800-

760 Torr,

with H2/200scm

H2/CH4 (200/200-

(200/200-600-875-1000 sccm)

900-1000 nm on

990oC

flow

600-875-1000

flow until 200oC or to 600oC

SiO2/Si wafers and

sccm)

2.Ar/1000 sccm until RT

25 µm thick Cu foil

o

#1',

heating up to 990 C

5-20 min H2/CH4

slow cooling until RT under

600-800 nm on

760 Torr,

with H2/200scm

(200/200-875

Ar/1000 sccm flow

SiO2/Si wafers and

990 C

flow

sccm)

#2,

1. heating up to

5 min, H2/CH4/Ar

slow cooling until RT under
Ar/1000 sccm flow

o

o

760 Torr,

990 C with Ar/H2

(325-500/25-

990oC

(1000/325-500

100/1000 sccm)

25 µm thick Cu foil
25 µm thick Cu foil

sccm) flow 2. 15
min, 990oC with
Ar/H2 (1000/325500 sccm) flow
#3,

heating up to 990oC

5-15 min,

1. shock-cooling -dragging

760 Torr,

with Ar/H2

Ar/H2/CH4

sample with magnet- with

990oC

(500/100 sccm)

(500/100/50-200

Ar/500 sccm or 2. slow-

flow

sccm)

cooling under Ar/500 sccm

o

#3',

heating up to 990 C

1-5-15-60 min,

slow cooling until RT under

760 Torr,

with Ar/H2

Ar/H2/CH4

Ar/1000 sccm flow

990oC

(1000/1000 sccm)

(1000/1000/5-13-

flow

25-100 sccm)

#4,

1. evacuated to a

60-120 min,

slow-cooling under Ar/500

760 Torr,

vacuum of 20

H2/CH4/Ar

sccm

990oC

mTorr for 10 min 2.

(30/50/420 sccm)

25 µm thick Cu foil

25 µm thick Cu foil

25 µm thick Cu foil

Pump is switched
off, 760 Torr with
500 sccm of Ar/H2
(467/33 sccm) 3. 60
min, 990oC Ar/H2
(467/33 sccm)
#5,

1. heating up to

10 min, H2/CH4

shock-cooling -dragging

5-15 Torr,

990oC with H2 (1-5

(1-2/5 and 5/25

sample with magnet- under

990oC

sccm) 2. 30 min,

sccm)

H2 (1-5 sccm)

25 µm thick Cu foil

o

990 C with H2 (1-5
sccm)
#5’,

1. heating up to

10 min, H2/CH4

slow cooling under H2 (1-5

2-5-15-20-70

990oC with H2 (1-5

(1-2/5 and 5/25

sccm)

Torr,

sccm) 2. 30 min,

sccm)

o

990 C

25 µm thick Cu foil

o

990 C with H2 (1-5
sccm)
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2.1.3.2. Cu
The growth of graphene is obtained in few to tens of microns regions with utilizing Ni as
the catalyst and number of graphene layers varied from single to few over the entire
substrate that is discussed above (Figure 32). In contrast to Ni, uniform deposition of
high quality single layer graphene over large areas as of 30-inches has been reported
when using polycrystalline copper foil as a catalyst substrate [56]. Not only Cu foil but also
thin film Cu (>500 nm) deposited on SiO2/Si wafers have been used to catalyze CVD
growth of graphene [63]. Therefore, I studied copper foils and as well as e-beam deposited
copper thin films on SiO2/Si wafer to achieve low layer graphene growth.
There are 5 different procedures that I have used for Cu-catalyzed CVD graphene growth
(see Table 2).

Procedure#1 and 1’

Table 3. CVD growth procedure#1 and procedure#1’ for the synthesis of Cu catalyzed graphene
Procedure #,

Pre-annealing

H2/CH4

growth

Conditions

ratio, growth

Pressure,

cooling step

Substrate

time

Temperature
#1,

heating up to 990oC

5-20-120 min

1. slow cooling with H2/CH4

200-500-600-800-

760 Torr,

with H2/200scm

H2/CH4 (200/200-

(200/200-600-875-1000 sccm)

900-1000 nm on

990oC

flow

600-875-1000

flow until 200oC or until

SiO2/Si wafers and

o

sccm)

600 C 2.Ar/1000 sccm until

25 µm thick Cu foil

RT
#1',

heating up to 990oC

5-20 min H2/CH4

slow cooling until RT under

600-800 nm on

760 Torr,

with H2/200scm

(200/200-875

Ar/1000 sccm flow

SiO2/Si wafers and

990oC

flow

sccm)

25 µm thick Cu foil

Table 3 summarizes CVD steps used in procedure#1. Procedure#1 starts with heating up
the copper deposited substrates or copper foils to 990oC with a flow H2 flow of 200 sccm
flow at ambient pressure of 760 Torr

[71]

. Then the CVD growth is conducted with the

addition of CH4 (200-600-875-1000 sccm) to H2 (200 sccm) for 5-20-120 minutes. The
system is cooled down without altering the gas mixture (under H2/CH4) (until 600oC or
200oC) and further allowed to cool to room temperature under Ar flow of 1000 sccm.
Subsequently, graphene was successfully grown on different thick Cu-films (200-600-8001000 nm) on SiO2/Si wafers and Cu foil (25µm). Corresponding spectra were plotted
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(Figure 33) and relative intensity ratios of D to G bands (ID/IG), and 2D to G bands
(I2D/IG) were calculated (see Table 4 below). The decrease in ID/IG ratio revealed that
defects were diminished by increasing the thickness of metal catalyst. The reason for that
can be attributed to an increase in grain size of the copper catalyst with the increased
thickness of copper film (Figure 23). As the thickness of copper deposited on wafer
increases, number of grain boundaries that cause defects in graphene growth decrease.
In Figure 33, the spectra belonging to graphene via copper with different thicknesses with
same CVD conditions are given (200 sccm H2/875 sccm CH4 at 990oC for 20 minutes and
during cooling with the same gas flow until 200oC).

Baselines in the Raman spectra

increase due to the fluorescence effect of copper, however, the bands can be still
detected. I2D/IG ratio is almost 1 in each spectrum and the smallest value was obtained for
graphene grown on 25 µm thick Cu foil substrate (Table 4). That means the number of
graphene layers is higher on a sample grown on Cu foil. Lower ID/IG value for the sample
on Cu foil substrate shows the less defective formation of graphene compared to ones on
Cu film deposited substrates (Table 4).

2000

-1

~2704 cm ,
2D band
-1

-1

Intensity (a.u.)

~1350 cm ,
D band

~1585 cm ,
G band
on 25µm
on 1000nm

on 800nm
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on 200nm
0
1000

2000

3000
-1

Raman shift (cm )
Figure 33: Raman spectra of CVD grown samples on 200-600-800-1000 nm Cu-SiO2 and 25 µm thick Cu foil
using procedure #1 (with same CVD conditions: (200 sccm H2/875 sccm CH4 at 990oC for 20 minutes and
during cooling with the same gas flow until 200oC). Raman spectroscopy has an offset at 2250 cm-1 due to the
grating in the spectrometer.
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Table 4: Calculated intensity ratios of the Raman bands (ID/IG and I2D/IG) for Cu catalyzed CVD grown samples
(given in Figure 33) by using Procedure#1.

--

CVD graphene
growth by
procedure#1

--

Copper thickness

ID/IG

I2D/IG

200 nm

1.5

1.2

600 nm

1.0

1.6

800 nm

1.0

1.1

1000 nm

0.89

0.89

25 µm

0.79
CVD graphene
growth by
procedure#1'

0.77

25 µm

0.89

1.1

Besides the role of copper thickness on the formation of graphene, the relative ratio of
methane to hydrogen at the CVD growth step was changed to analyze the effect of
methane concentration on the graphene formation and quality. For that purpose, in
addition to 200 sccm/875 sccm (H2/CH4) value reported [71], hydrogen amount was kept
constant as 200 sccm while the methane amount was varied from 875 sccm to 20-200400-600-1000 sccm. Growth time was used as 20 minutes as given, but effect of
increasing the growth time was considered by using 5 minutes and 120 minutes as well.
After the growth step, the methane and hydrogen flow was maintained during cooling to
to 200oC. In addition to that, the gas mixture was used during cooling until 600oC instead
200oC.
Raman data belongs to the samples grown on 600 nm, 1000 nm Cu-SiO2/Si and 25 µm
Cu foils by procedure#1 are given in different plots below (Figure 34, Figure 35 and
Figure 36, respectively).
The detailed description of the sample codes and overall calculations of relative intensity
ratios of the Raman bands of those samples are summarized in Table 5.

43

Table 5: Calculated intensity ratios of the Raman bands (ID/IG and I2D/IG) for Cu catalyzed CVD grown samples
using procedure#1 and 1’.

Procedure 1-on 600nm Cu-SiO2/Si

ID/IG

I2D/IG

0.56

2.2

1.0

1.2

0.88

1.4

1.0

0.62

0.88

0.63

0.99

1.4

1.0

1.6

0.98

1.1

1.2

1.2

1.0

1.2

0.89

0.91

0.91

1.1

0.86

0.71

0.79

0.77

o

EK485-20 min(at 990 C) (200/20 sccm) (H2/CH4) and
o

cooling until 200 C w/H2/CH4
o

EK457-20 min(at 990 C) (200/200 sccm) (H2/CH4) and
o

cooling until 200 C w/H2/CH4
o

EK482-20 min(at 990 C) (200/200 sccm) (H2/CH4) and
o

cooling until 600 C w/H2/CH4
o

EK509-20 min(at 990 C) (200/400 sccm) (H2/CH4) and
o

cooling until 200 C w/H2/CH4
o

EK500-20 min(at 990 C) (200/400 sccm) (H2/CH4) and
o

cooling until 600 C w/H2/CH4
o

EK463-20 min(at 990 C) (200/600 sccm) (H2/CH4) and
o

cooling until 200 C w/H2/CH4
o

EK422-20 min(at 990 C) (200/875 sccm) (H2/CH4) and
o

cooling until 200 C w/H2/CH4
o

EK423-20 min (at 990 C) (200/1000 sccm) (H2/CH4) and
o

cooling until 200 C w/H2/CH4
o

EK444-2 hrs (at 990 C) (200/875 sccm) (H2/CH4) and
o

cooling until 200 C w/H2/CH4
Procedure 1-1000nm Cu-SiO2/Si
o

EK416- 20 min (at 990 C) (200/200 sccm) (H2/CH4) and
o

cooling until 200 C w/H2/CH4
o

EK415- 20 min (at 990 C) (200/875 sccm) (H2/CH4) and
o

cooling until 200 C w/H2/CH4
Procedure 1-25 µm Cu foil
o

EK458- 20 min (at 990 C) (200/200 sccm) (H2/CH4) and
o

cooling until 200 C w/H2/CH4
o

EK465- 20 min (at 990 C) (200/600 sccm) (H2/CH4) and
o

cooling until 200 C w/H2/CH4
o

EK471- 20 min (at 990 C) (200/875 sccm) (H2/CH4) and
o

cooling until 200 C w/H2/CH4
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Procedure1'
o

EK424-on 600nm Cu-SiO2/Si-20 min (at 990 C) (200/875
sccm) (H2/CH4)

--

--

EK425-on 800nm Cu-SiO2/Si-20 min (at 990 C) (200/875
sccm) (H2/CH4)

--

--

EK587-on 25µm Cu foil-20 min (at 990 C) (200/875 sccm)
(H2/CH4)

0.89

1.1

EK581-on 25µm Cu foil-5 min (at 990 C) (200/200 sccm)
(H2/CH4)

0.56

1.4

o

o

o

Table 5 continued
For 600 nm deposited copper case, graphene is successfully grown with different
methane concentration (20-200-400-600-875-1000 sccm CH4 with 200 sccm H2) (Figure
34). 20/200 sccm (CH4/H2) for 20 minutes at 990oC is found to reflect the optimum
growth parameters on 600 nm copper catalyst layers deposited on wafers with the low
defects (lower ID band) (Table 5). When more than 20 sccm of methane is used (2001000 sccm), the defective sites increase in the graphene structure. However, the use of
either 200 sccm or more (400-1000 sccm) methane gave a close ID/IG and I2D/IG values
suggesting that 200 sccm of methane is enough to saturate the catalyst surface (Table 5).
When the samples are cooled under CH4/H2 mixture until 600oC instead 200oC, the
samples are less defective (see Table 5 for EK457-EK482 and EK509-EK500). If a growth
time of 120 minutes instead 20 minutes is used, the intensity of D band increases. It can
thus be concluded that the use of 20 minutes as growth time and cooling until 600oC
under CH4/H2 flow in our CVD set-up gives better quality graphene.
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Figure 34: Raman spectra of CVD grown (on 600 nm Cu-Si/SiO2) samples under different growth conditions by
procedure#1. Raman spectroscopy has an offset at 2250 cm-1 due to the grating in the spectrometer.

The growth of graphene on 1000 nm Cu-SiO2/Si and 25 µm Cu foils was also successful
(Figure 35 and Figure 36). Similar to the findings for samples grown on 600 nm copper
deposited film on SiO2/Si, samples grown with different concentrations of carbon source
have both close ID/IG and I2D/IG values (see Table 5, EK416 and EK415). The increase of
methane concentration from 200 sccm to 875 sccm did not result in significant change in
the quality of graphene.
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Figure 35: Raman spectra of CVD grown (on 1000 nm Cu-Si/SiO2) samples under different growth conditions
by procedure#1. Raman spectroscopy has an offset at 2250 cm-1 due to the grating in the spectrometer.
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Figure 36: Raman spectra of CVD grown (on 25µm thick Cu foil) samples under different growth conditions by
procedure#1. Raman spectroscopy has an offset at 2250 cm-1 due to the grating in the spectrometer.

The homogeneity of the graphene samples grown on 600 nm- and 1000 nm Cu-SiO2/Si
was checked by performing spectra from randomly selected areas (black and red spectra
in Figure 37). Different than Raman data for Ni-catalyzed graphene samples, the spectra
are almost identical meaning that the graphene is homogenous in the means number of
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layers and defective sites. Figure 37 shows that homogeneous graphene layer is grown
on copper layer using procedure#1.
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Figure 37: Raman spectra taken on two randomly chosen areas for each CVD grown (on 600 nm and 1000 nm
Cu-Si/SiO2) samples under different growth conditions by procedure#1. (see Table 5 for the detailed
description of the samples EK442, EK463 and EK416 from left to right). Raman spectroscopy has an offset at
2250 cm-1 due to the grating in the spectrometer.

In procedure#1’, all CVD steps except cooling were kept same as described in
procedure#1. The mixture of methane and hydrogen was not used after CVD growth
during cooling until 200oC in procedure#1’. It was aimed to understand the role of
excluding the methane as a carbon source during cooling. The formation of graphene was
not seen for 600 nm and 800 nm copper deposited wafers (EK424 and EK425) while seen
on 25µm thick copper foils (EK581 and EK587, Figure 38).
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Figure 38: Raman spectra of CVD grown samples on 600-800 nm Cu-SiO2 and 25 µm thick Cu foil by procedure
#1’. Raman spectroscopy has an offset at 2250 cm-1 due to the grating in the spectrometer.

48

A
Element
CK
OK
SiK

Wt %
61.02
04.29
34.69

At %
77.16
04.08
18.76

Element
CK
SiK

Wt %
16.08
83.92

At %
30.94
69.06

Element
CK
OK
SiK

Wt %
13.22
22.50
64.28

At %
22.95
29.33
47.72

B

C

Figure 39: SEM images (left) and EDX data (right) of transferred Cu catalyzed samples on SiO2 A. EK471, B.
EK587 and C. EK415 (EK415 and EK471 are by procedure#1, whereas EK587 is by procedure#1’, see Table 5
for the detailed description of the samples)

Graphene samples via 25µm Cu foil by procedure#1’ are found to have similar defective
structures like the ones used in procedure#1 (see ID/IG values, from the Table 5). This
means that it is enough to use methane (as a carbon source) only at CVD growth stage
and there is no need to use methane flow during cooling to grow graphene on copper foil
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substrates. 200/200 sccm (H2/CH4) for 5 minutes at 990oC was found as optimum
conditions to grow CVD graphene on copper foils at ambient pressure.
Besides, it should be noted that the growth of graphene on both copper deposited SiO2/Si
wafers and on Cu foil as substrates was achieved. Copper catalyzed graphene samples
(EK415 and EK471 were by procedure#1, whereas EK587 was by procedure#1’) were
transferred on SiO2 wafers (detailed in the 2.1.4 Transfer of graphene section below).
SEM micrographs with EDX data are given in Figure 39. The sample grown on copper foil
without using carbon source during cooling (EK587 by procedure#1’) seems flat and
thinner compared to samples grown by procedure#1 (EK415 and EK471). Similarly, EDX
data also gives relatively lower carbon content for EK587 compared to others. This also
suggests the formation of thinner graphene with procedure#1’ in which methane was not
used in the cooling step during CVD.

Procedure#2

Table 6. CVD growth procedure#2 for the synthesis of Cu catalyzed graphene
Procedure #,

Pre-annealing

H2/CH4

growth

Conditions

ratio, growth

Pressure,

cooling step

Substrate

5 min, H2/CH4/Ar

slow cooling until RT under

25 µm thick Cu foil

Ar/1000 sccm flow

time

Temperature
#2,

1. heating up to
o

760 Torr,

990 C with Ar/H2

(325-500/25-

990oC

(1000/325-500

100/1000 sccm)

sccm) flow 2. 15
min, 990oC with
Ar/H2 (1000/325500 sccm) flow

That procedure has been reported for ambient pressure CVD (APCVD) growth of
graphene where nickel was the catalyst

[72]

. Here, it is aimed to produce graphene by

using copper instead nickel as a catalyst. For that purpose, Cu foils (25µm, 1x1 cm-sized,
treated with acetic acid) were heated under Ar/H2 (1000/325-500 sccm). Samples were
held 15 minutes at 990oC without altering the gas-flow. Graphene growth was achieved
with the introduction of CH4 (25-100 sccm) into that gas mixture for 5 minutes at 990oC
(see Table 6). Different than the reported study, the effect of relative concentrations of H2
and CH4 to the growth was analyzed. Samples codes with CVD parameters and calculated
intensity ratios of Raman bands are given in Table 7.
50

Table 7: Calculated intensity ratios of the Raman bands (ID/IG and I2D/IG) for Cu catalyzed CVD grown samples
using procedure#2.

Procedure 2-25 µm Cu foil

ID/IG

I2D/IG

0.25

1.2

0.27

1.2

---

0.56

0.38

0.34

0.43

0.34

o

EK634- 5 min (at 990 C) (1000/325/25 sccm)
o

(Ar/H2/CH4) + cooling until 200 C w/Ar,1000sccm
o

EK639- 5 min (at 990 C) (1000/325/25 sccm)
o

(Ar/H2/CH4) + cooling until 200 C w/Ar,1000sccm
o

EK684- 5 min (at 990 C) (1000/500/25 sccm)
o

(Ar/H2/CH4) + cooling until 200 C w/Ar,1000sccm
st

o

EK630-1 Area-5 min (at 990 C) (1000/325/100 sccm)
o

(Ar/H2/CH4) and cooling until 200 C w/Ar,1000sccm
EK630-2

nd

o

Area-5 min (at 990 C) (1000/325/100 sccm)
o

(Ar/H2/CH4) and cooling until 200 C w/Ar,1000sccm

Raman spectra of the samples depict that graphene was successfully grown on copper foil
substrates by procedure#2 (Figure 40, Figure 42 and Figure 43). ID/IG values of the
samples via procedure#2 (~0.2-0.4) are lower than the samples synthesized using
procedure#1 and 1’ (~0.6-1.0). Therefore it can be concluded that it was possible to
grow lower-defective graphene compared to procedure#1 and 1’ by procedure#2
described above. The reproducibility of the synthesis of growth with procedure#2 was
checked by repeating the experiments with different batches. Figure 40 belongs to the
samples of different batches (EK634 and EK639) with the same CVD parameters (5
minutes 990oC, Ar/H2/CH4 (1000/325/25 sccm). Corresponding Raman spectra of the
samples give similar intensity ratios of D/G (~0.25-0.27) and 2D/G (~1.2) indicating the
formation few-layered low defective graphene (Figure 40).
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Figure 40: Raman spectra of two different batches of CVD grown samples on 25 µm thick Cu foils by
procedure #2 with using same CVD parameters. Raman spectroscopy has an offset at 2250 cm-1 due to the
grating in the spectrometer.

Wet-chemical pre-treatment of substrates with acetic acid was conducted to remove
native oxide (CuO, Cu2O) on the as-received Cu foils

[48]

. Moreover, it is also found

crucial to further reduce the Cu substrate by annealing (at ~1000oC) under a hydrogen
reducing atmosphere prior to introduction of carbon gas source in CVD process

[73]

.

Although the copper oxide would be removed under hydrogen treatment, the use of
acetic acid prior to that step eliminates the need for longer annealing times which would
result in the deterioration of the copper film quality

[71]

(see Figure 41). It is stated that

surface morphology is rearranged by introduction of atomic steps and elimination of
surface structural defect during the annealing stage prior to deposition to facilitate
graphene growth [74].
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Figure 41: Graphene synthesis via copper as a catalyst. Pre-treatment of Cu prior to CVD growth and CVD
growth steps are described [71].

The effect of H2 amount on the quality of graphene was checked by increasing the
amount from 325 sccm to 500 sccm prior to deposition and at deposition stages (EK684
is the sample code) (Figure 42). It is interesting to find out that D band (due to the
defects in the structure of graphene) was not identified in the spectrum of the sample in
which higher hydrogen concentration flow was used (500 sccm). This result can be
attributed to the elimination of the defects on the graphene surface due to increased
concentration of hydrogen. However, the 2D/G ratio decreases (from ~1.22 to 0.56)
indicating that the number of layers gets higher with the higher hydrogen concentration.
This can be attributed to the increased concentration of active carbon species formed by
cracking of methane into the higher amount of hydrogen in CVD process.

53

5000

Intensity (a.u.)

EK684

1000

2000

3000
-1

Raman shift (cm )

Figure 42: Raman spectrum of CVD grown sample (EK684) on 25 µm thick Cu foil by procedure #2. Raman
spectroscopy has an offset at 2250 cm-1 due to the grating in the spectrometer.

Besides the hydrogen concentration, the role of using a higher amount of methane as a
carbon source is analyzed (Figure 43) by applying 100 sccm methane instead 25 sccm
(with the sample code of EK630).

Similar to the findings when using a higher

concentration of hydrogen, the number of graphene layers gets increases with an increase
of methane amount (2D/G ratio decreases from ~1.2 to 0.38). Moreover, graphene
becomes more defective (D/G ratio raises from ~0.25 to 0.43) if a higher amount of
methane precursor is used.
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Figure 43: Raman spectra taken on two randomly chosen areas for CVD grown sample (EK630) catalyzed on
25µm thick Cu foil.

Comparing the results of samples obtained by procedure#2 and procedure#1 and 1’, it
can be seen that procedure#2 facilitates lower layered graphene (higher 2D/G ratio) on
copper foils with lower defects (lower D/G ratio).

Procedure#3

Table 8: CVD growth procedure#3 for the synthesis of Cu catalyzed graphene
Procedure #,

Pre-annealing

H2/CH4

growth

Conditions

ratio, growth

Pressure,

cooling step

Substrate

25 µm thick Cu foil

time

Temperature
#3,

heating up to 990oC

5-15 min,

1. shock-cooling -dragging

760 Torr,

with Ar/H2

Ar/H2/CH4

sample with magnet- with

990oC

(500/100 sccm)

(500/100/50-200

Ar/500 sccm or 2. slow-

flow

sccm)

cooling under Ar/500 sccm
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In this synthesis procedure, acetic acid cleaned copper foils were placed inside the CVD
set-up and heated up to 990oC under Ar/H2 (500/100 sccm). CH4 (50-200 sccm) was
added in that gas-mixture and flown for 5-15 minutes at 990oC. Then, the samples were
taken out from the oven either by shock-cooling or slow-cooling under Ar of 1000 sccm
flow (see Table 8). CVD was conducted at ambient pressure instead of a lower pressure of
9.3 Torr

[75]

. Moreover, growth time and effect of slow cooling were also monitored. The

respective sample codes with the descriptions and calculated relative ratios of the bands
of D/G and 2D/G are given in Table 9.

Table 9: Calculated intensity ratios of the Raman bands (ID/IG and I2D/IG) for Cu catalyzed CVD grown samples
by using procedure#3.

ID/IG

I2D/IG

EK664-1 Area-15 min(at 990 C) (500/100/200 sccm)
(Ar/H2/CH4) + shock-cooling w/1000 sccm of Ar

0.73

0.69

EK664-2 Area-15 min(at 990 C) (500/100/200 sccm)
(Ar/H2/CH4) + shock-cooling w/1000 sccm of Ar

0.77

0.67

0.28

0.93

0.35

0.57

0.41

0.84

0.34

0.92

Procedure 3- 25 µm Cu foil
st

o

nd

o

o

EK665-15 min(at 990 C) (500/100/200 sccm) (Ar/H2/CH4)
o

and slow cooling until 200 C w/1000 sccm of Ar
o

EK670-15 min(at 990 C) (500/100/50 sccm) (Ar/H2/CH4)
and shock-cooling w/1000 sccm of Ar
o

EK674-5 min(at 990 C) (500/100/50 sccm) (Ar/H2/CH4)
and shock-cooling w/1000 sccm of Ar
o

EK677-5 min(at 990 C) (500/100/50 sccm) (Ar/H2/CH4)
o

and slow cooling until 200 C w/1000 sccm of Ar

Figure 44 corresponds to samples of which CVD parameters are all kept constant as
described above but methane concentration (50-200 sccm) and growth time (5-15 min)
vary in the samples. The existence of the characteristic Raman bands of graphene (D, G
and 2D) depicts that graphene is grown on 25µm Cu foils by using that procedure as well.
In agreement with the case in other procedures described so far, the sample produced by
higher concentration methane is found to have higher defects with higher D/G intensity
ratio (0.73-0.77 for EK664) than that of sample grown by lower concentration methane
(0.35 and 0.41 for EK670 and EK674 respectively) too.
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Growth time of graphene was increased from 5 min to 15 min. Both samples have close
ID/IG ratio values (0.35 and 0.41 for EK670 and EK674). This means that the use of
longer CVD growth time didn’t lead to a significant difference in the quality of graphene.
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Figure 44: Raman spectra of CVD grown samples (EK664, EK670 and EK674) on 25 µm thick Cu foil by
procedure #3. Raman spectroscopy has an offset at 2250 cm-1 due to the grating in the spectrometer.

The effect of cooling time was also checked by lowering the temperature of the samples
after the CVD-growth step either by slow cooling to room temperature or by fast cooling
while dragging the samples from the hottest zone to the cooler part of the oven under an
Ar flow. Samples with different CVD conditions show that defects are more introduced to
the graphene structure during shock cooling of the samples (Figure 45). Intensity ratio of
D/G values are all smaller in the samples which have cooled slowly (0.28 and 0.34 for
EK665 and EK677) compared to ones which were shock-cooled (0.73-0.77 and 0.41 for
EK664 and EK674)
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Figure 45: Raman spectra of CVD grown samples on 25 µm thick Cu foils by procedure#3. EK664 and EK665;
EK674 and EK677 are with same CVD growth parameters except with the cooling rates. Raman spectroscopy
has an offset at 2250 cm-1 due to the grating in the spectrometer.

Homogeneity of the samples was also checked by performing micro Raman spectra from
randomly chosen areas on the CVD grown graphene samples. Figure 46 shows that
spectra performed on different areas of graphene sample are similar concerning relative
intensities of D, G and 2D Raman bands of graphene. This depicts that graphene is grown
homogenous on copper substrate with similar defect density and number of layers.
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Figure 46: Raman spectra taken on two randomly chosen areas for CVD grown sample (EK664) catalyzed on
25µm thick Cu foil by procedure#3. Raman spectroscopy has an offset at 2250 cm-1 due to the grating in the
spectrometer.

Procedure 3’

Table 10. CVD growth procedure#3’ for the synthesis of Cu catalyzed graphene
Procedure #,

Pre-annealing

H2/CH4

growth

Conditions

ratio, growth

Pressure,

cooling step

Substrate

25 µm thick Cu foil

time

Temperature
#3',

heating up to 990oC

1-5-15-60 min,

slow cooling until RT under

760 Torr,

with Ar/H2

Ar/H2/CH4

Ar/1000 sccm flow

990oC

(1000/1000 sccm)

(1000/1000/5-13-

flow

25-100 sccm)

Cu foils cleaned prior to CVD process were loaded into the CVD set-up and heated to
990oC with the mixture of H2/Ar (1000/1000 sccm). CVD growth was conducted by
introducing methane (5-13-25-100 sccm) to that gas mixture for certain time (1-5-15-60
min) at 990oC. Then the samples were cooled down slowly under Ar atmosphere (of 1000
sccm) (Table 10). Different than procedure#3, amounts of the H2 and Ar gases were
increased while CH4 was decreased. The respective sample codes with the descriptions
and calculated ratios of the bands of D/G and 2D/G are given in Table 11.
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Table 11: Calculated intensity ratios of the Raman bands (ID/IG and I2D/IG) for Cu catalyzed CVD grown
samples by procedure#3’.

ID/IG

I2D/IG

EK737-15 min(at 990 C) (1000/1000/25 sccm)
(Ar/H2/CH4)

--

2.2

EK738-60 min(at 990 C) (1000/1000/25 sccm)
(Ar/H2/CH4)

--

1.8

EK778-1 Area-1 min(at 990 C) (1000/1000/100 sccm)
(Ar/H2/CH4)

0.13

0.38

EK778-2 Area-1 min(at 990 C) (1000/1000/100 sccm)
(Ar/H2/CH4)

0.093

0.45

EK776-1 Area-transferred on SiO2/Si-1 min(at 990 C)
(1000/1000/100 sccm) (Ar/H2/CH4)

0.32

0.33

EK776-2 Area-transferred on SiO2/Si-1 min(at 990 C)
(1000/1000/100 sccm) (Ar/H2/CH4)

0.34

0.30

EK774-5 min(at 990 C) (1000/1000/100 sccm)
(Ar/H2/CH4)

0.12

0.40

EK773-transferred on SiO2/Si-5 min(at 990 C)
(1000/1000/100 sccm) (Ar/H2/CH4)

0.65

0.30

Procedure 3’- 25 µm Cu foil
o

o

st

o

nd

o

st

o

nd

o

o

o

The procedure worked out using 100 sccm and 25 sccm CH4. However, further
decreasing methane concentration to 13 and 5 sccm was not sufficient to form graphene
on copper foil. Only fluorescence due to copper is observed in the spectra of the samples
where 5 and 13 sscm of methane were used (see 5. Appendix, Figure 133). Effect of
methane concentration and growth time on the graphene formation was checked by
performing CVD experiments for different time durations. Raman spectra taken after 15
and 60 minutes growth time (H2/Ar/CH4 (1000/1000/25 sccm, EK737 and EK738
respectively) as well as 1 and 5 minutes growth time (H2/Ar/CH4 (1000/1000/100 sccm,
EK778 and EK774 respectively) are shown (Figure 47). As also found for all the other
procedures#1 to #3, increased amount of methane gives a higher D/G ratio, which
means more defective with the slightly lower 2D/G ratio, higher number of layers. The
best sample has no D band and higher 2D/G ratio (2.2, 15 minutes growth with
H2/Ar/CH4 (1000/1000/25 sccm), EK737) suggesting the existence of two to three layers
of graphene. Besides, no significant differences in the band ratios (D/G and 2D/G) are
found for the samples grown under different reaction time.
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Figure 47: Raman spectra of CVD grown samples on 25 µm thick Cu foils by procedure #3. EK737 and EK738
(15 min and 60 min); EK778 and EK774 (1 min and 5 min) have same CVD growth parameters except growth
time. Spectra shown at left were performed by Raman spectroscopy that has an offset at 2250 cm-1 due to
the grating in the spectrometer.

Next, graphene samples grown on Cu-foils with H2/Ar/CH4 (1000/1000/100 sccm)
mixture were transferred (as described in 2.1.4 Transfer of graphene) and placed on
SiO2/Si wafers. Figure 48 gives the spectra for the graphene samples on Cu foil substrate
(EK778 and EK774) and samples that were separated from underlying Cu foil and
transferred on SiO2/Si wafers (EK776 and EK773). Fluorescence of copper is eliminated
after the transfer process so no increase in the background of the spectra of transferred
samples is seen (Figure 48). As expected, due to the transfer process defects were
introduced most probably during the separation of the copper metal from the graphene.
D/G ratios are thus higher in the transferred samples (from EK778 of 0.093 D/G to
EK776 of ~0.30 and from EK774 of 0.12 D/G ratio to EK773 of 0.65). The number of
layers might be also slightly changing due to the probable folding and sticking of the sites
while transferring them. Therefore, 2D/G ratios are slighlty smaller in transferred
samples compared to not-transferred ones (from 0.45 to 0.30). Moreover, the samples
both before the transfer process as well as after were all found homogenous with values
of ID/IG and I2D/IG which are very close. EK778 is an example for the sample on copper
foil and EK776 is for the transferred one (see Table 11).
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Figure 48: Raman spectra of, as CVD grown samples on 25 µm thick Cu foil by procedure #3’ (in black, EK778
and EK774), and transferred CVD samples on Si/SiO2 wafer (in red, EK776 and EK773).

Procedure#4
Table 12. CVD growth procedure#4 for the synthesis of Cu catalyzed graphene
Procedure #,

Pre-annealing

H2/CH4

growth

Conditions

ratio, growth

Pressure,

cooling step

Substrate

25 µm thick Cu foil

time

temperature
#4,

1. evacuated to a

60-120 min,

slow-cooling under Ar/500

760 Torr,

vacuum of 20

H2/CH4/Ar

sccm

990oC

mTorr for 10 min 2.

(30/50/420 sccm)

pump is switched
off, 760 Torr with
500 sccm of Ar/H2
(467/33 sccm) 3. 60
min, 990oC Ar/H2
(467/33 sccm)

This procedure is also for the CVD growth graphene at atmospheric pressure like the
other procedures described above (see Table 12). However, different than the procedures
so far, the system is pumped until 10-1 mbar, flushed with Ar and pumped again multiple
times prior to the CVD process. Then 500 sccm of Ar/H2 (467/33 sccm) mixture is flown
into the system while increasing the temperature to 990oC [76]. The temperature was held
for 60 minutes without altering the gas flow. Then, 500 sccm mixture of H2/CH4/Ar
(30/50/420 sccm) is flown into the system for 60 minutes or 120 minutes. Samples were
slowly cooled down under Ar gas flow (500 sccm).

62

Experiments on the CVD growth of graphene by using that procedure were successful for
60 and 120 minutes reaction times (Figure 49). The spectra were also performed on both
side of the copper foil to check the growth of the graphene on the front and back sides
(Figure 50). D/G and 2D/G ratios were calculated and given in Table 13.

Table 13: Calculated intensity ratios of the Raman bands (ID/IG and I2D/IG) for Cu catalyzed CVD grown
samples by procedure#4.

ID/IG

I2D/IG

EK800-from front side-60 min (at 990 C)
(420/30/50 sccm) (Ar/H2/CH4)

0.28

1.9

EK800-from back side-60 min (at 990 C)
(420/30/50 sccm) (Ar/H2/CH4)

0.37

2.0

EK802-120 min(at 990 C)
(420/30/50 sccm) (Ar/H2/CH4)

0.41

2.1

Procedure 4- 25 µm Cu foil
o

o

o

Intensity ratios of D/G (0.28-0.41) and 2D/G (1.9-2.1) are quite close to each other
regardless of the CVD growth time and areas where the spectra were taken. So, this
method also gives few layered graphene (<4 layers of graphene) with the relatively
higher 2D/G ratios like procedure#3’. But, they are still not as good as the best sample of
copper catalyzed graphene, EK737 by procedure#3, as judged by the lower D/G ratio of
EK737. The reason for the higher D/G ratio in EK800 and EK802 samples than in EK737
can be related to the use of lower hydrogen concentration.
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Figure 49: Raman spectra of CVD grown samples on 25 µm thick Cu foils (EK800 and EK802) by procedure #4.
Raman spectroscopy has an offset at 2250 cm-1 due to the grating in the spectrometer.
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Figure 50: Raman spectra taken from front side and back side of CVD grown sample on 25 µm thick Cu foils by
procedure #4. Raman spectroscopy has an offset at 2250 cm-1 due to the grating in the spectrometer.
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In summary, growth of bilayer to multilayer graphene on Cu has been observed under
ambient pressure CVD conditions

[77]

. Bhaviripudi et al argued that non-uniform multi-

layer graphene is favored at ambient pressure due to the lowered mass transport rate of
active carbon species through the boundary layer in the steady state gas flow [78]. Therein
it has been stated that carbon precursor supply should be reduced to ppm levels to
deposit uniform single-layer graphene on copper at ambient pressure. Under our ambient
pressure CVD conditions in our set-up, compared to all other procedures that I applied so
far, procedure#3’ (EK737, 15 minutes at 990oC with 1000 sccm Ar/1000 sccm H2/25
sccm CH4) gives an even better quality graphene which is defect-free and bilayer. This
can be probably attributed to the lower methane concentration with the optimized
hydrogen gas flow

[77a, 79]

. Wu et al. reported that high CH4 precursor concentration

which increases the concentration of C adatom rapidly, results in a highly preferred dense
nucleation of multi-layer graphene grains rather than of that single-layer graphene grains
[77a]

. Besides the concentration of methane, concentration of hydrogen is also crucial since

cracking of methane to form active carbon species for graphene growth is promoted with
hydrogen [79].

Procedure#5
Table 14. CVD growth procedure#5 for the synthesis of Cu catalyzed graphene
Procedure #,

Pre-annealing

H2/CH4

growth

Conditions

ratio, growth

Pressure,

cooling step

Substrate

10 min, H2/CH4

shock-cooling -dragging

25 µm thick Cu foil

time

temperature
#5,

1. heating up to
o

5-15 Torr,

990 C with H2 (1-5

(1-2/5 and 5/25

sample with magnet- with H2

990oC

sccm) 2. 30 min,

sccm)

(1-5 sccm)

990oC with H2 (1-5
sccm)

The procedures #1 to #4 applied so far were for ambient pressure CVD (APCVD) growth
of graphene. The reason for using mostly low pressure to grow graphene on copper might
be attributed to the reaction conditions that decrease the oxidation probability of copper
[80]

. In this way, metallic copper serving as a catalyst for graphene growth would remain

active during the CVD process. A study of carbon isotope labeling of the methane
precursor used for the CVD growth has clarified the mechanism of graphene formation on
copper surfaces. In particular, it has revealed that partial pressure of methane plays an
important role to form single or multilayer graphene on copper surface

[81]

. It has been
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shown that when higher partial pressure of the methane gas was used in CVD growth of
graphene, nucleation density of active carbon species increased as well. This is followed
by a multilayer seeding of carbon on the copper surface [79].
Low pressure CVD growth of graphene was examined by utilizing procedures#5 and 5’ by
studying the effect of pressure, growth time and concentration of precursor gases (Table
14).

Table 15: Calculated intensity ratios of the Raman bands (ID/IG and I2D/IG) for Cu catalyzed CVD grown
samples by using Procedure#5.

Procedure 5
st

nd

o

area-2 min (at 990 C, 15 Torr) (2/5 sccm) (H2/CH4)

st

o

EK851-1 area-5 min (at 990 C, 15 Torr) (2/5 sccm) (H2/CH4)
EK851-2

nd

o

area-5 min (at 990 C, 15 Torr) (2/5 sccm) (H2/CH4)

st

o

EK861-1 area-2 min (at 990 C, 5 Torr) (2/5 sccm) (H2/CH4)
EK861-2

nd

o

area-2 min (at 990 C, 5 Torr) (2/5 sccm) (H2/CH4)

rd

th

o

th

o

th

o

th

o

st

o

EK861-4 area-2 min (at 990 C, 5 Torr) (2/5 sccm) (H2/CH4)
EK861-5 area-2 min (at 990 C, 5 Torr) (2/5 sccm) (H2/CH4)
EK861-6 area-2 min (at 990 C, 5 Torr) (2/5 sccm) (H2/CH4)
EK861-7 area-2 min (at 990 C, 5 Torr) (2/5 sccm) (H2/CH4)
EK863-1 area-5 min (at 990 C, 5 Torr) (2/5 sccm) (H2/CH4)
nd

rd

o

o

EK864-5 min (at 990 C, 5 Torr) (2/5 sccm) (H2/CH4)
o

EK862-1 area-1 min (at 990 C, 2 Torr) (2/5 sccm) (H2/CH4)
EK862-2

nd

0.47

0.18

0.18

0.16

0.16

0.14

0.17

0.25

0.17

0.23

0.16

0.22

0.26

0.31

0.30

0.48

0.14

0.22

0.38

0.18

0.69

0.26

0.15

0.51

0.19

0.80

0.48

0.72

0.52

0.22

--

0.43

--

o

area-5 min (at 990 C, 5 Torr) (2/5 sccm) (H2/CH4)

EK863-3 area-5 min (at 990 C, 5 Torr) (2/5 sccm) (H2/CH4)

st

0.24

o

EK861-3 area-2 min (at 990 C, 5 Torr) (2/5 sccm) (H2/CH4)

EK863-2

I2D/IG

o

EK849-1 area-2 min (at 990 C, 15 Torr) (2/5 sccm) (H2/CH4)
EK849-2

ID/IG

o

area-1 min (at 990 C, 2 Torr) (2/5 sccm) (H2/CH4)
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Copper foils are cut and cleaned with acetic acid and loaded into the CVD set-up. CVD
reactor is flushed with Ar flow (of 100 sccm) and pumped down to baseline pressure of
~1x10-2 Torr. That step is repeated three times and the Ar flow is stopped. A constant
pressure (of 2, 5, 15, 20 and 70 Torr) is established by introducing hydrogen (1-2-5
sccm) to the system. The samples are heated up to 990oC and the temperature is held at
990oC for 30 min without altering the gas. After performing the growth with addition of
methane to the flow (H2/CH4) (1-2/5 and 5/25 sccm)) (for 1-2-5-10 min), samples are
shock-cooled -by dragging the sample holder with a magnet- under H2 flow (of 1-2-5
sccm) out of the reaction zone [82].
Raman spectra of the samples synthesized at different pressures depict that graphene is
formed on copper foils in that low pressure regime (Figure 51).
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Figure 51: Raman spectra of low pressure CVD grown samples on 25 µm thick Cu foil (EK861, EK864, EK863
were grown at 5 Torr and EK851, EK849 were synthesized at 15 Torr) by procedure #5.

The effect of pressure (5-15 Torr) on the quality of graphene could not be determined
because sample by procedure#5 is already not homogeneous as 2D/G ratios of spectra
from randomly chosen areas vary (see Figure 52). The reason of the variation in the
number of layers through the graphene surface might be attributed to the presence of
different dense active carbon species adsorbed on copper surface that leads to growth of
graphene islands with different number of layers [81].
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Figure 52: Raman spectra of three areas chosen randomly from CVD graphene sample (EK861) grown at low
pressure 5 Torr on 25 µm thick Cu foil by procedure #5.

Growth of graphene could not be achieved at 2 Torr (EK862) with the same gas
concentrations as for 5 and 15 Torr conditions (see Appendix, Figure 134). This can be
associated with the lower partial pressure of hydrogen that is not sufficient to promote
enough active carbon species for graphene formation. As shown theoretically by DFT
calculations, chemisorption of methane even on the copper surface to form active carbon
species of (CH3)s, (CH2)s, (CH)s, or Cs is not thermodynamically favorable in the absence
of hydrogen gas in the system

[83].

The catalytic role of hydrogen in activating carbon is

discussed in detail and illustrated by reactions 1 and 4 in reaction scheme (Figure 53)[79].
First dissociation of molecular hydrogen on copper into active hydrogen atoms that
ensures the activation of physisorbed methane, takes place. Following the formation of
(CH2)s, more active surface bound (CH2)s and (CH)s species are formed in the subsequent
dehydrogenation steps [79].
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Figure 53: Illustration of catalytic role of hydrogen in activating carbon

[79]

. Hs represents active hydrogen

atoms whereas (CH4 )s refers to physisorbed methane and (CH3 )s represents the surface bound radical derived
from methane.

Moreover, a growth time of 1 min growth time is still not enough to cover the copper
surface with a continuous carbon layer. Confocal microscope image on the transferred
sample depicts that catalyst seeds are observed rather than a continuous film covering the
surface (see Appendix, Figure 134).
Different growth time (2 and 5 min) didn’t give difference in the number of layers with
having close 2D/G ratios. It is also stated that once the multilayer seeds are nucleated
due to the excess of supplied active carbon species at very early stage then the growth of
graphene on the complete surface takes place

[77a]

. That means growth time only affects

the time needed to form a complete layer. In line with that study, growth of graphene
was suggested to start by the formation of a multilayer cluster during Cu-catalyzed
chemical vapor deposition (at 0.35 Torr) using

12

CH4 and

13

CH4 precursor gases [81]. It is

also reported that size of that seed increases and growth speed of a particular layer
depends on its proximity to the copper surface. This leads to a fast growth of the layer
close to the substrate with limiting growth rate of the upper layers that still continues to
grow till to get a full blocking of all active copper surface [81].
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Procedure#5’

Table 16. CVD growth procedure#5’ for the synthesis of Cu catalyzed graphene
Procedure #,

Pre-annealing

H2/CH4

growth

Conditions

ratio, growth

Pressure,

cooling step

Substrate

25 µm thick Cu foil

time

Temperature
#5’,

1. heating up to

10 min, H2/CH4

slow cooling with H2 (1-5

2-5-15-20-70

990oC with H2 (1-5

(1-2/5 and 5/25

sccm)

Torr,

sccm) 2. 30 min,

sccm)

990oC

990oC with H2 (1-5
sccm)

In that procedure, all the CVD steps before cooling are same with procedure#5.
Differently, samples were cooled slowly to see the effect of cooling rate on the quality of
graphene (see
Table 16). Samples codes with the descriptions and calculated intensity ratios of the
bands of D/G are given in
Table 17.

Table 17: Calculated intensity ratios of the Raman bands (ID/IG and I2D/IG) for Cu catalyzed CVD grown
samples by procedure#5’.

ID/IG I2D/IG

Procedure 5'
st

o

EK840-1 area-10 min (at 990 C, 20 Torr) (1/5 sccm) (H2/CH4)
EK840-2

nd

o

area-10 min (at 990 C, 20 Torr) (1/5 sccm) (H2/CH4)

st

o

EK842-1 area-10 min (at 990 C, 70 Torr) (5/25 sccm) (H2/CH4)
EK842-2

nd

o

area-10 min (at 990 C, 70 Torr) (5/25 sccm) (H2/CH4)

st

o

EK850-1 area-5 min (at 990 C, 15 Torr) (2/5 sccm) (H2/CH4)
EK850-2

nd

o

area-5 min (at 990 C, 15 Torr) (2/5 sccm) (H2/CH4)
o

EK852-5 min (at 990 C, 5 Torr) (2/5 sccm) (H2/CH4)
o

EK837-10 min (at 990 C, 2 Torr) (1/5 sccm) (H2/CH4)

0.19

0.23

0.21

0.48

0.36

0.43

0.23

0.39

0.17

0.25

0.19

0.22

0.14

0.27

--

--
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Samples synthesized at different pressures (5, 15, 20 and 70 Torr) with different growth
time (5 and 10 min) before etching underneath copper (EK840) and after etching
(EK842, EK850 and EK852) were analyzed by Raman spectroscopy (Figure 54). They all
have close D/G ratios (0.14-0.36) and 2D/G ratios (0.22-0.48) suggesting the formation
of few layer graphene.
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Figure 54: Raman spectra of low pressure CVD grown samples on 25 µm thick Cu foil (samples of EK852 at 5
Torr, EK850 at 15 Torr, EK840 at 20 Torr amd EK842 at 70 Torr were grown) by procedure #5’.

Higher I2D/IG values for the samples by procedure#5’ than the ones by procedure#5
indicates the lower layered graphene formation by procedure#5’. This might be
correlated to the use of hydrogen gas during slow cooling of the samples until room
temperature in procedure#5’. Hydrogen has been reported to serve a dual role as an
etching reagent of carbon layer as well as an activator of the surface bound carbon [79]. In
this procedure, the flow of hydrogen during slow cooling in CVD process might allow
etching the layers of graphene. So, the slowly cooled samples are found to have higher
2D/G ratios so lower number of layers compared to shock-cooled ones (see
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Table 17). Similarly, the etching effect of hydrogen is mentioned during sample cooling
[79]

. Representative confocal images of the transferred low pressure CVD grown samples

with procedure#5 (shock-cooled, EK851) and 5’ (slowly cooled, EK850) are given in
Figure 55. Both of the samples were grown with same CVD parameters (at 15mBar 990oC
and 5 min of 2/5 sccm of H2/CH4) except cooling. In agreement with Raman results,
confocal images also show that sample via shock cooling (EK851) consists of dominantly
more graphene layers (darker pinkish areas) besides a few (light pinkish areas).
However, a slow cooled sample (EK850) consists of significantly lighter pinkish areas
suggesting the lower number of layers compared to EK851.

10µm

10µm

Figure 55: Confocal images of transferred samples (CVD grown on Cu foil) on Si/SiO2 wafers. Slowly cooled
sample by procedure#5’ (left side, EK850) consists of dominantly pinkish areas while the shock cooled one by
procedure#5 contains mostly darker pinkish areas (right side, EK851).

It should be also noted that graphene could not be obtained with the 1 min growth time
which seems not sufficient to form graphene (see Appendix, Figure 135). The explanation
might be attributed to low amount of hydrogen (1 sccm) that is insufficient to form active
carbon species on the copper surface. Hydrogen catalyzes the reaction of methane
dehydrogenation which is thermodynamically unfavorable process in the absence of
hydrogen. Similar to the findings of procedure#5, different pressure growth samples (515-20-70 Torr) give similar quality of graphene with similar 2D/G and D/G ratios.
It can be concluded that despite the change in the concentrations of gases, growth time
and pressure, due to the formation of mostly bi- and multilayer seeds most preferably, bito multilayer graphene was grown by during LPCVD conditions. Decreasing of the
concentration of methane gas as carbon source to ppm levels (≤ 5 ppm) with sufficient
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amount of hydrogen at pressure of ≤ 0.1 Torr is the requirement to get uniform single
layer on copper by LPCVD process [77a].

2.1.4. Transfer of graphene
Once graphene is produced with CVD then the underlying metal catalyst layer is etched
(in some cases, protecting the graphene layer by coating with 8%-15%PMMA/anisole) for
further characterization and application [84].
Wet-chemical process was used to etch the underlying nickel or copper layer. HCl (5M),
FeCl3 (1M), FeCl3 in HCl/H2O (1-5M), HNO3 (1M), H2SO4 (1M) and CuSO4 in HCl/H2SO4
/H2O (5-10M) and HF (25M) were used as etchants. HF dissolves first SiO2 layer under
nickel in few seconds and graphene on nickel layer floats on the surface of the solution.
Then HF continues to further etch SiO2 layer in couple of hours. However, the other
etchants except HF cannot etch the SiO2 layer and it etches the nickel layer sandwiched
between the substrate wafer and graphene. Oxygen containing acids are fast in the
etching of metal layers but they introduce defects to graphene structure due to the
formation of gases during etching. Therefore, HF (25M) is found to be an optimum
etchant to transfer nickel catalyzed graphene on SiO2/Si wafer.
For copper catalyzed graphene samples, CuSO4 in HCl/H2SO4 /H2O (5-10M) is found a
better etchant to transfer copper catalyzed graphene. The advantage of using CuSO4 over
other etchants is that it is relatively fast in etching process and doesn’t contaminate
graphene on copper. When graphene film floats over the solution, the solution is diluted
and refreshed multiple times with distilled water and then graphene is transferred onto
the desired substrate for further analyses.
The whole transfer process is illustrated in Figure 56 (without and with using protective
polymer coating respectively).
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a

c

b

(PMMA)/graphene/Ni or Cu/SiO2/Si

(PMMA)/graphene

etchant
metallayer
etching

(PMMA)/graphene/substrate

graphene/substrate

acetone

dissolving
PMMA

Figure 56: First row; photographs (a-c) showing the transfer process for a centimeter-large graphene film
grown on a Ni/SiO2/Si substrate. SiO2, and Ni being etched in 48% HF aqueous solution, and floating
graphene are shown in panels a, b and c, respectively [34]. Second row; scheme showing the transfer process
in the case of polymer coating prior to etching process

Besides wet-chemical approach, underlying nickel layer was tried to be etched away by
using CO (g). The idea behind that was to etch the underlying nickel metal layer by
forming nickel tetracarbonyl (Ni(CO)4)(l) from the reaction of nickel and CO (g). Optimal
rate of that reaction is reported at 130oC[85]. Once Ni(CO)4 is formed, it can be easily
removed from the system since it is a volatile compound. The advantage of using CO(g)
in the transfer process is that the possible contaminations due to the chemicals as in wetetching process are prevented in this way.
After the formation of graphene on nickel at 950oC, the system was cooled down to
130oC under Ar flow and then 400 sccm of CO was passed for 3 hours to form Ni(CO)4.
By this way, it was aimed to transfer graphene on a desired substrate. The effect of CO
(g) to graphene and nickel was investigated by grazing incidence X-ray diffraction
(Figure 57). Five different samples with the following sample codes were analyzed. Two
of the separated graphene samples from different batches were analyzed to check the
reproducibility. Sample 1a. and Sample 1b.: graphene samples (from different batches)
transferred on SiO2/Si wafer, Sample 2: graphene prepared on Ni deposited on SiO2/Si
wafer, Sample 3: 500 nm Ni deposited SiO2/Si wafer reacted with CO, Sample 4:
graphene prepared on Ni deposited SiO2/Si wafer reacted with CO(g) at 130oC.
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Due to the existence of graphene flake or thin film, it is evident at the first glance that
hump indicating the existence of carbon related structure was observed between 15° to
25° (2θ). This hump was not observed in sample 3, where not graphene but Ni was only
deposited on wafer.
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Figure 57: GIXRD pattern of, from top to bottom, transferred graphene on Si/SiO2 (1a and 1b), graphene
grown on Ni-Si/SiO2 (2), CO reacted Ni-Si/SiO2 (3) and CO reacted graphene grown on Ni-Si/SiO2 (4)

Diffraction peak at about 45° (2θ) was indexed to nickel (111) reflection (JCPDS card 870712 given also below in Figure 58). Concerning CO reaction from sample 2 to 4, sample
3 shows a broader peak shape compared to the other two. Please see Figure 57.
Comparing sample 2 and 4, though CO effect on graphene was difficult to identify,
relative peak intensity of Ni (111) and Ni (220) reflections on Ni (200) was decreased
after CO reaction. Nickel (111), (220) and (200) reflections are 44.496, 51.849, 76.381
degree, respectively, according to JCPDS card 87-0712 given also below in Figure 58.
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Figure 58: GIXRD pattern of CVD graphene grown on Ni-Si/SiO2 (2), CO reacted graphene grown on Ni-Si/SiO2
(4). Nickel (111) reflection at 44.496 degree is indicated with gray window in each pattern.

The effect of CO (g) on graphene was also examined by micro Raman and TEM analysis.
Raman spectra of graphene and CO (g) reacted graphene on Ni-SiO2/Si wafers were not
similar when comparing the characteristic Raman bands of graphene (D, G and 2D)
(Figure 59).
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Figure 59: Raman spectra of graphene (in black) and CO reacted (in red) CVD graphene samples

During CO flow at 130oC, CO reacts with Ni and graphene preferentially at the edges that
are easily accessible and energetically favorable sites. As Ni is etched from the edges,
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graphene is peeled off from the edge and is transferred into a tube like morphology. TEM
micrograph shows tubes formed at the edges of CO (g) treated sample (Figure 60).

Figure 60: TEM images of a CVD graphene sample reacted with CO(g) for 3 hours at 130oC.

In summary, XRD data revealed that treating of graphene/Ni-SiO2/Si sample with CO (g)
layer was successful by partially etching underlying Ni layer. However, Raman and TEM
results indicate that graphene structure was partly destroyed upon CO (g) exposure.

2.2. Post-treatment procedure
As the etching effect of hydrogen of graphene layers during cooling is mentioned in
Procedure#5’, it is aimed to use hydrogen to improve the quality of as-grown graphene
on nickel film by etching the amorphous part. Minimum temperature for noticeably
etching of graphene is found to be 850°C and even the holes are formed in the graphene
grains due to the presence of impurities on the metal catalyst

[79]

. Therefore, in order to

eliminate the possible deformation of the continuous layer, much lower temperature
(500°C) required to etch the graphene layers is used in the post-treatment process to just
etch the amorphous part. Transferred graphene sample (EK211) on SiO2/Si wafer was
heated to 500°C and held for 1 hour under 500 sccm of H2 flow (EK235). Corresponding
Raman spectra for the samples reveal that H2 treatment slightly improved the quality of
graphene sample by means of decreasing the defects (lowering D/G ratio from 0.13 to
0.063) (Figure 61).
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Figure 61: Raman spectra of transferred CVD graphene (EK211, in black) and hydrogen treated CVD
graphene (EK235, in red) samples.

Besides hydrogen treatment, the transferred sample (EK253) was calcined at 500oC for 3
hours under air (EK253’) with the aim of decreasing the amorphous carbon so the ID/IG
ratio. As it can be seen from the Raman spectra in Figure 62, graphene turns out to be
slightly less defective when employing the calcination process (ID/IG ratio decreases from
0.28 to 0.17).
4500
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EK253-transferred graphene
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Figure 62: Raman spectra of transferred Ni catalyzed CVD graphene and calcined CVD graphene samples.
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Similarly, same calcination procedure is applied to the copper catalyzed ambient pressure
growth CVD graphene sample (Procedure#2). As in the case for the nickel catalyzed
samples, ID/IG ratio (0.35 for EK634 and 0.10 for EK661) is becoming smaller by the
calcination procedure (Figure 63).
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Figure 63: Raman spectra of transferred Cu catalyzed CVD graphene (EK634, in black) and calcined CVD
graphene (EK661, in red) samples. Raman spectroscopy has an offset at 2250 cm-1 due to the grating in the
spectrometer.

It can be concluded that hydrogen treatment and calcination of transferred graphene
sample at 500oC improve the quality of graphene sample by healing the defects and
eliminating the amorphous carbon from the structure.

2.3. Functional Properties of graphene

Graphene has potential applications in transistors

[31b]

gas-sensor material4 due to its exceptional electrical

[2]

, flexible electronics
mechanical

[31b]

[86]

, and as

and chemical

[86]

properties. Especially for the last application, its theoretical high surface area of
approximately 2600 m2 g−1

[87]

might allow altering its electrical conductivity to the

ultimate limit of one molecule at a time.
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Due to its low resistance and high integration capability in electronics, high impedance
circuits necessary for metal-oxide gas sensors are not required for graphene-based gassensing devices

[88]

. Therefore, studies on functionalized graphene and bare graphene

have revealed that graphene-based materials are promising candidates as gas sensors

[37,

66, 72, 88-89]

. Of these, it is important to analyze bare graphene to study the influence of

adsorbant gases on the graphene surface without interference of a catalytically active
metal or metal-oxide interface.
In the following part, electrical characterization of Ni-catalyzed few-layer CVD graphene
and as well as studies on the gas-sensing properties towards low concentrations of CO
and H2 are reported.

2.3.1. Electrical characterization of chemical vapor deposition (CVD) derived
graphene
Electrical characterization of the CVD-derived graphene was achieved by transferring
individual graphene flakes onto a 10 mm×10 mm <100> silicon substrate coated with a
230 nm-thick silicon oxide (SiOx) passivation layer. These graphene sheets were first
electrically characterized by transmission line method (TLM). TLM is a widely used
method for contact resistance evaluation of field effect transistors. In this method, several
transistors with various channel lengths are constructed with a photolithographic mask
by. Then the contact resistance is measured on each transistor and measured values are
averaged

[90]

. In this work, a 200 nm-thick Ni metallization was sputtered on the top of

the sample, patterned with the TLM mask by optical lithography and wet etched by HCl
(32%) : H2O2 (30%) : H2O (1:1:10) to define the final Ni-contacts. They had a size of
50 µm x 50 µm and a distance of 3, 6, 9, 12, 20 and 40 µm to each other (see Figure 64).
These Ohmic contacts were characterized unannealed. The resistance between the
different contacts was measured with an HP 4145 semiconductor parameter analyzer and
plotted versus the contact distance (Figure 64). The graphene sample had a uniform
sheet structure. Measurements performed by using TLM showed a sheet resistance of
(Rsheet) of approximately 1435 Ω per □, a contact resistance (Rc) of about 127 Ω, and
specific contact resistance (Rsc) of approximately 2.8×10−4 Ω cm2 (defined as
Rsc=Rc2 w2/Rsheet, in which w is contact width of 50 µm).

80

Figure 64: Four parallel TLM structures with Ni contacts on graphene (a) and resistance between contacts
versus contact distance (b).

Afterwards, the bottom side of an n-doped-Si wafer was fixed to a metal electrode using a
conducting silver paste to form a backside gate contact. The top side onto which the
transparent graphene specimen was fixed, was partially O2-plasma treated to etch some
part of graphene and isolate the drain and source contacts from the bottom gate contact
(Figure 65).

Figure 65. Schematical illustration of the set up of graphene based transistor used in the TLM studies.

Transistor output characteristics for the graphene sample demonstrated a linear
current/voltage behavior with some gate modulation [Ids(@Vgs=15 V)/Ids(@Vgs=15
V)=1.5:1.25] (Figure 66 a). A current vs voltage (Ids–Vds) plot shows the response of a
transistor for different values of gate voltage (Figure 66). Figure 66 clearly indicates the p
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characteristics of graphene that upon application of a gate/source voltage led to a loss of
drain current. The hysteresis behavior was also investigated for the sample. Only a small
difference was measured for increased gate voltage (Vgs from −20 to 20 V) compared
with decreased gate voltages (Vgs from 20 to −20 V; Figure 66 b).
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Figure 66: (a) Output current-voltage characteristics (b) and input current-voltage characteristics of the
graphene sample [34].

2.3.2. Gas-sensor measurements on chemical vapor deposition (CVD) derived
graphene
Its large surface area with unique electronic properties makes graphene an interesting
candidate for gas-sensor applications

[89a]

. The conductivity of graphene (that arises from

delocalized π electrons) is directly altered by the probe molecules adsorbed at the
graphene surface

[91]

. Because graphene is a 2D material and exposes nearly its complete

surface area to the gas atmosphere, the effect of adsorbing-gas molecules on the
conductivity is rather large. Besides reports of gas-sensing properties of bare graphene
towards H2 and CO detection

[37, 88-89, 92]

by metal and metal oxides, such as Pt

studies of graphene gas sensors functionalized
[93]

Pd

[72]

, and ZnO

[66]

, have been reported.

Studies of bare graphene–gas interactions are important, because they allow examining
the adsorbant/graphene influence without additional interference of the metal
particle/graphene interface. The graphene specimen used for the sensoric measurements
was a continuous film.
In this study, gas-sensor (DC electrical) measurements are performed to monitor the
sensor response of graphene to CO and H2 in dry nitrogen

[94]

. As shown previously in the

AFM image of the specimen, the graphene film consists of micrometer-sized areas, which
82

are separated from each other by grains, however, the whole film specimen is continuous
(Figure 17 B).
The sensing layer is deposited by immersing the alumina substrates with Pt-electrodes on
the front side and a Pt-heater on the back side as shown in Figure 67. SEM micrographs
of the Substrate after replacing the sample are shown as well (Figure 67). Contrast
difference seen between two Pt fingers is due to the graphene flake.

Figure 67: Layout of the planar alumina substrate with platinum electrodes and heater for sensor tests and
SEM images of sample (CVD graphene here) transferred on that substrate.

Defined concentrations of H2 (200, 500, 1000, 2500, 5000, and 10000 ppm) and of CO
(50, 100 and 250 ppm) were obtained from a PC controlled gas mixing bench, which
consists of a combination of computer controlled mass flow controllers and computer
controlled valves, to mix the certified N2 and H2/N2 and CO/N2 test gas samples.
Graphene samples were transferred onto an alumina substrate in a teflon-based test
chamber and operated. Besides room temperature experiments, the studies were
performed at 300oC. The sensor signal (S) is given as the resistance ratio; S= 100%x(RH2R0)/R0 for H2 and 100%x(RCO- R0)/R0 for CO, where RH2 , RCO and R0 denote the sensors’
resistances in the presence H2, CO and in the absence of H2 and CO, respectively.
Thin-layered graphene was exposed to CO or H2 at different concentrations and its gassensing activity was studied by monitoring the resistance change. Exposure of reducing
gases, such as CO and H2 on a CVD-derived graphene surface resulted in an increase of
the resistance of the graphene film (Figure 68a). This confirms p-type conductivity of the
transferred CVD-derived graphene as was found in the electrical characterization studies.
As was reported previously, chemically derived graphene (by exfoliation/reduction route)
might give some contradictory results upon exposure to different types of e-donors (H2
and CO). This can be attributed to an incomplete chemical reduction of graphene oxide
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to graphene, if it is obtained by the exfoliation/reduction route

[92]

. However, this effect

can be ruled out on CVD-derived graphene studied herein. The gas-sensing response of
CVD graphene is similar to that of CNTs

[95]

and diamond surfaces

[96]

. At room

temperature, no resistance change of our CVD-derived graphene was observed, if it is
exposed to CO (Figure 68 a). DFT studies of CO adsorption on graphene [97] suggest small
binding energies (0.008–0.02 eV), large adsorbate-surface distances (d; 3.70–2.80 Å),
and small adsorption-energy values for CO (Ea; −0.12 to −0.05 eV). These findings
indicate that CO undergoes a physical adsorption on graphene due to rather weak van
der Waals interactions between the graphene surface and CO. However, a very small
Mulliken charge transfer (0.01 |e|) from graphene to CO suggests that an electrostatic
interaction between the graphene and CO does exist [97b, c].
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Figure 68: (a) Transient resistance of CVD-graphene film to CO (50-100-250 ppm) at RT and 300oC (b) sensor
response of CVD-graphene (100 *(Rgas- R0)/R0) to CO (steps 50-100-250 ppm) at 300oC [34].

Exposure of graphene towards H2 gas at room temperature induced a slight increase in
the resistance; the latter did not show a concentration dependency. This behavior can be
explained by the very weak interaction of H2 with graphene under ambient conditions
(Figure 69 a) [72, 98]. Again, as was shown by DFT computations, the adsorption of H2 onto
graphene is very weak with binding energies of <0.1 eV and adsorbate-surface
separations between 5.07–5.50 Å [99]. Already at a low amount of adsorbed hydrogen, the
graphene surface was saturated, leading to the same resistance change even with
increasing hydrogen concentrations (Figure 69 a). In addition, due to the limited
desorption at room temperature, the base-line resistance slightly increased upon
hydrogen exposure. Similar behavior was observed required an annealing at 150 °C in
vacuum to recover the initial graphene surface free of adsorbates

[88-89, 100]

. At 300 °C, a

much higher sensor signal (ca. 29) to a lower H2 concentration (1 vol %) was observed
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than that reported recently on CVD-derived graphene (ca. 7 for 3.35 vol % H2 at 200 °C
[88]
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Figure 69: (a) Transient response and (b) sensor signal of CVD-graphene film to H2 (steps of a, b, c, d and e;
200, 500, 1000, 5000 and 10000 ppm respectively) at room temperature (RT) and 300oC [34].

2.4. Conclusion
It could be demonstrated that single-layer to few-layer graphene can be obtained by a
direct CVD method using Ni as catalyst layer. The material can be transferred to
nonspecific substrates by a solvent-deposition process, which allowed its electrical
characterization as p-type electronic material. Inhomogeneity in the number of layers of
graphene on randomly selected areas of the graphene flakes is attributed to the formation
of grain-boundaries on the Ni surface during thermal annealing. These have been studied
by micro Raman spectroscopy. Gas-sensor measurements upon H2 and CO exposition
revealed an increase in the resistance of the graphene films, indicating that CVD
graphene is a promising candidate as sensitive gas sensor towards both reducing gases at
higher temperatures.
The CVD growth of graphene on Cu substrates has been considered to be surface
mediated and somewhat self-limiting due to the extremely low carbon solubility in Cu,
leading to the growth of predominantly single-layer films

[49, 56]

. However, that such self-

limiting growth of graphene on copper surface as a single layer is broken under certain
CVD conditions (e.g., high growth pressure and large amount of carbon precursor)
resulting the growth of massive non-uniform multi-layer graphene films

[77a, 81]

. Under

ambient pressure and low pressure CVD conditions, synthesis of bi- to multilayer
graphene instead single layer was achieved on copper catalyst surfaces.
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3. Chemically Derived (CD) Graphene
3.1. Introduction
The necessity of the formation of graphene in gram scale challenged me to synthesize
graphene by using chemical synthesis methods. Generally, those methods consist of
oxidation (of graphite into graphite oxide) and reduction (of graphite oxide to chemically
derived graphene) steps. The common approach is the use of strong oxidizing agents for
obtaining graphite exfoliation first (see Figure 70).

Staudenmaier’s

11 KClO4,
18 H2SO4, 9 HNO 3

Hummers’
Graphite
Tour’s
SGO HGO TGO HGO+
Modified
Hummers’

Figure 70: Methods used for the synthesis of graphene oxide (Modified scheme from[35])

As shown in Figure 70 above, Tour’s method has an advantage over others in that it does
not generate toxic gases and the reaction temperature is easily controlled during reaction.
Once graphite oxide is produced, several methods including thermal (by shock or slow
heat treatment) and chemical ways can be used to obtain graphene from graphite oxide.
Synthesis of graphite oxide (GO by Staudenmaier’s, Hummers’, Modified Hummers’ and
Tour’s Methods) and reduction of GO into graphene (CDG by chemical via hydrazine
hydrate or hydroxylamine hydrochloride reductions, thermal and vacuum-assisted
methods) were conducted and characterized comparatively. Re-reduction of CDG heating
under hydrogen was also used to improve the quality of graphene. As synthesized
samples were used as the precursors to form metal or metal oxide nanoparticles/CDG
hybrid materials.
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3.2. Synthesis
3.2.1. Synthesis of Graphene Oxide from Graphite
As it was mentioned above, the synthesis of graphene oxide is carried out by oxidizing
graphite with strong oxidizing agents. During this work, four different synthesis methods
were used (4.5 Experimental part for details). These are Staudenmeier’s, Hummers’,
Modified Hummers’ and Tour’s Methods [13, 35].
The aim of this work is to compare the synthesis routes and evaluate, which method
yields a better product with respect to the oxidation process. Two different forms of
graphite as powder and flake versions were used to study the effect of precursor on the
quality of graphite oxide as well.
The oxidation of graphite into graphite oxide process is illustrated with the pictures in
Figure 71.

Figure 71: Synthesis of graphite oxide using Tour’s method. Left: the reaction mixture before centrifugation.
Middle: Dry untreated graphene oxide. Right: graphene oxide after mechanical grinding.

3.2.2. Comparison of results from graphene oxides obtained by different
methods
Raman spectra of the graphene oxide samples from different methods are compared
(Figure 72). Spectra belonging to flake and powder graphite were also recorded to show
the change of Raman profile after oxidation. It is obvious to see the broadened, shifted
(to higher cm-1) G band due to the separation of the layers of graphite and stronger D
band (due to the introduction of defects during oxidation process) in spectra of graphene
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oxide samples compared to the ones of graphite. Broadening and shifting of G band is
more significant in graphene oxide sample via Tour’s method compared to all others. This
suggests a better oxidation in Tour’s method compared to the other methods studied.
Besides, experiments were performed using powder graphite instead of flake graphite. No
significant difference in Raman spectra was obtained for graphene oxide samples
synthesized using flake graphite as a precursor.
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Figure 72: Raman spectra of graphite precursors (flake and powder) and graphene oxide samples derived by
Tour’s, Modified Hummers’, Hummers’ and Staudenmaier’s methods. Black curves are the samples derived
from powder graphite while red ones are from flake graphite

Thermal analysis was also performed for the graphene oxide samples via different
methods. Figure 73 shows the TGA graphs of graphite and graphene oxides (GOs). No
significant weight loss is observed for graphite as expected since pure graphite consists of
no functional groups that would be burned out during thermal treatment. As clearly seen
from the graph, weight loss gets more significant from SGO (Staudenmaier’s graphene
oxide) to TGO (Tour’s graphene oxide) that means oxidation of the graphite is more
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successful with Tour’s method parallel to Raman results. TGO has a weight loss of 10% at
140oC and then 30% at 200oC corresponding to the removal of water and COOH groups,
respectively. Next, a fast weight loss of GO takes place until 360oC due to the
decomposition of the hydroxyl or epoxy groups.
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Figure 73: TGA data of graphite and graphene oxide samples derived by Tour’s, Modified Hummers’,
Hummers’ and Staudenmaier’s methods under under helium atmosphere.

FTIR spectroscopy is also a powerful tool for characterization of the functional groups in
GO samples. Spectra in Figure 74 support the presence of hydroxyl ((−OH), broad peak
at 3050−3800 cm−1), carbonyl ( (−C═O), 1750−1850 cm−1), carboxyl ( (−COOH),
1650−1750 cm−1), C=C (1500−1600 cm−1), and ether or epoxide ( (−O−),
1000−1280 cm−1) groups.

[101]

Parallel to results so far, FTIR also suggests higher

oxidation degree with more prominent bands in the Tour’s method case compared to
Staudenmaier’s method for the production of graphene oxide.
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Figure 74: IR spectra of graphite and graphene oxide samples derived by Tour’s and Staudenmaier’s methods.

The UV-Vis spectra were recorded for a same concentration (of 0.04 mg/mL) of graphene
oxide samples prepared with different methods (Figure 75). TGO, HGO+, HGO and SGO
samples have all λ max band (located at the 225−232 nm) attributed to π→π* transitions
(conjugation) and a shoulder around 300 nm assigned to the n→π* transitions of the
carbonyl groups that means samples have similar structure in parallel to Raman and IR
data given previously [102]. The degree of remaining conjugation can be determined by the
λmax of each UV-Vis spectrum [35]. As the number of π→π* transitions increases, the energy
required for the electronic structure gets smaller. Therefore, λmax gets more intense. When
spectra are compared for the samples of the same concentrations, it is found that TGO
has the most intense λmax (so largest extinction coefficient) suggesting the more ordered
structure due to greater retention of more aromatic carbon rings or isolated aromatic
domains.
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Figure 75: UV-Vis spectra for aqueous solutions of TGO, HGO+, HGO and SGO (same concentrations of 0.04
mg/mL).

SEM micrographs were also taken for graphite precursors and GO samples (Figure 76).
Graphite samples both have stacked sheets and that sheets have similar size in flake
graphite whereas these are more random in size for powder graphite. All samples were
dispersed on SiO2/Si wafers. Both types of graphites do not contain a detectable amount
of impurity as found in their EDX analysis.

91

A
Elem At %
---------------C K 89.0
O K 0.18
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O K 0.22
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Figure 76: SEM images and EDX data of A. flake and B. powder graphite samples.

SEM micrographs GO samples via different procedures are shown in Figure 77. Samples
where the starting material was flake graphite have a flat morphology whereas the ones
with powder graphite display more crumbled parts. Different than graphite, EDX analysis
shows that all GO samples contain some impurity left from the precursors used in
oxidation process (e.g. Mn from KMnO4). It should be noted that impurities are less
pronounced in Tour’s method derived GO (with negligible amount of S (0.15 at %)).
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Figure 77: SEM images and EDX data of graphite oxide samples, A, B. SGO; C, D.HGO; E. HGO+; F. TGO. B and
D were derived from powder graphite as precursor whereas the others were from graphite flake.

3.2.3. Synthesis of Graphene from Graphene Oxide
After graphene oxide is successfully synthesized by the oxidation of graphite, reduction of
the samples are necessary to obtain graphene. Several reduction methods including wet
chemical method (Ruoff’s and Chen’s methods), thermal reduction and vacuum-assisted
methods were used to synthesize graphene from graphite oxide. In wet chemical
reduction process, either hydrazine hydrate or hydroxylamine hydrochloride was used as
a reducing agent. Besides reduction of graphite oxide with hydrazine hydrate,
experiments including both poly(sodium 4-styrenesulfonate) (PSS) and hydrazine
hydrate to get water dispersible graphene were also carried out. In a thermal reduction
method, generally, samples were heated rapidly or slowly to 1050oC in the tubular or
induction furnaces. To achieve GO reduction at lower temperatures, GO samples were
heated at 145oC under vacuum. Besides all the reduction methods, the quality of
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graphene was improved by re-reduction of the reduced GO samples under reducing gas
environment (H2 at 500oC).

3.2.4. Comparison of results from graphene samples obtained by different
methods
Raman spectra were performed to follow the change from GO to graphene. As shown in
the analysis part for GO, as graphite is oxidized to GO, then intensity ratio of D/G raises.
This is attributed to the formation of defects during oxidation process. Similarly, it is
expected to observe further increase in the intensity ratio of D/G in the better reduction
route. Therefore, Raman spectra belonging to graphene samples that are derived from
different synthesis routes starting all from TGO are compared (Figure 78). In each
spectrum, D and G bands are distinguishable and crucial to determine the quality of
samples prepared by different reduction process. As ID/IG values are calculated for each,
ratio increases from TGO to graphene (~1.1 to ~1.4). However, that increase is too
small both for hydroxylamine hydrochloride reduced graphene (Chen’s method) and
vacuum-assisted graphene samples (~1.1) while the others all have the ratio of ~1.3.
That ratio slightly increases to 1.4 in re-reduced graphene case where graphene
(hydrazine hydrate reduced one) is further reduced under hydrogen atmosphere. Hence,
re-reduced graphene sample is the better reduced form of graphene oxide among all
other CDG samples in which TGO is the precursor for GO.
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Figure 78: Raman spectra of graphite, TGO and CDG samples prepared by thermal, vacuum-assisted, chemical
reduction methods from TGO as precursor.

FTIR analysis was also performed for chemically derived graphene samples (CDG).
Spectra corresponding to graphite (gray color), TGO and SGO (black color) are also given
in Figure 79 to observe the change in the spectra due to the reduction. It is obvious to see
significantly reduced O-H streching band (~3430 cm-1) due to deoxygenation, no
noticable

C=O stretching vibrations (~1745 cm-1) and C–O peak (~1239 cm-1 and

~1138 cm-1) showing less remaining carboxyl groups compared to literature data

[103]

.

Vacuum assisted graphene sample compared to all the other graphene samples have a
slightly noticeable C-O peak which is due to the remaining unreduced epoxide/ether
groups in the structure. In agreement with Raman data, re-reduced graphene is found to
be the best reduced CDG having a quite similar spectrum compared to graphite.
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Figure 79: IR spectra of graphite, SGO, TGO and CDG samples prepared by thermal, vacuum-assisted, chemical
reduction methods from TGO as precursor.

UV-Vis spectra were performed for water-dispersible graphene samples that were reduced
by hydrazine hydrate reduction in the presence of PSS. UV-Vis analysis was also done for
the solutions of bare PSS and GO (Figure 80). It can be seen in the figure that PSS-coated
graphene dispersion has similar features as that of PSS. However, the intensity of signal
arising from polymer is too small. This indicated that polymer is strongly attached to the
graphene surface

[104]

. The absorption peak at 230 nm red-shifted to 270 nm, indicating

that the electronic conjugation within the reduced graphene sheets was restored upon
hydrazine hydrate reduction of graphene oxide in the presence of PSS [102a].
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Figure 80: UV-Vis spectra of PSS, GO and CDG reduced by hydrazine hydrate in the presence of PSS.

TGA analysis was performed for TGO-derived graphene samples (Figure 81). Hydrazine
hydrate mediated samples for different periods (1 day or 3 days) and thermally reduced
sample show very similar trend in weight loss by temperature. Each has a weight loss
<20 wt% in the temperature range of 25-1000oC like the natural graphite does. This
means that reduced graphene oxide samples contain low number of functional groups
due to the reduction of carboxyl, epoxide and hydroxyl groups in GO precursors.
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Figure 81: TGA data of graphite and CDG samples reduced by thermally and by hydrazine hydrate (for 1 day
or 3 days), from TGO precursor, under He atmosphere.

Elemental analysis was conducted to follow the reduction process by comparing the
carbon to oxygen ratio (C/O) of graphene oxide and chemically derived graphene
samples (Table 18). As expected, C/O ratio increases (from 0.72 to 8.0) upon reduction
of GO to CDG. Compared to hydrazine hydrate and thermally reduced CDG samples, rereduced graphene has the highest C/O value (of 8.0). That result indicates that CDG was
further reduced successfully with re-reduction method.

Table 18: Predicted formula and C/O ratio of TGO and CDG samples by Elemental Analysis.

Sample
Thermally CDG

Formula
C 77,48HN0,12O13,14

C/O-ratio
5,9

Re-reduced CDG
TGO
Hydrazine hydrate reduced CDG (1 day)
Hydrazine hydrate reduced CDG (3 days)

C 64,86HN2,92O8,09
C 11,84HN0,02O16,55
C 33,81HN3,79O8,77
C 33,73HN3,55O8,45

8,0
0,72
4,0
4,4
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Moreover, BET nitrogen adsorption analyses (Figure 82), performed on graphite, GO and
CDG samples after degassing at 80oC for 24 h, revealed that the re-reduced CDG has the
largest surface area among them; ~600 m2.g-1 for re-reduced CDG, ~532 m2.g-1 for
hydrazine hydrate reduced CDG, ~480 m2.g-1 for thermally reduced CDG, ~64 m2.g-1for
GO and 1 m2.g-1 for graphite as expected.
800

thermally
CDG

400

2

SBET (m /g)

600

rereduced
CDG
hydrazine hydrate
CDG

200

TGO

0

Graphite

Samples
Figure 82: BET surface area results of graphite, TGO and CDG samples.

SEM micrographs for the SGO and TGO derived graphene samples were given in Figure
83. Moreover, the purity of the samples is also checked by means of EDX. SEM
micrographs of SGO derived graphene samples by wet chemical (with hydrazine hydrate
and hydroxylamine hydrochloride), thermal and vacuum-assisted methods are given in
Figure 83 from A-E, respectively. Graphene samples via wet-chemical ways (A, B) look
different than the ones by thermally reduced (C, D). Chemically reduced ones have curly
edges with nonflat parts formed during chemical reduction process where the thermally
ones have mostly flat, exfoliated layers. Thermal and vacuum assisted ones (C, D and E)
have more pronounced impurities than the chemically reduced ones (A, B). This is most
probably due to the washing the samples intensively after chemical reduction process that
is missing in the thermally and vacuum assisted ones.
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Figure 83: SEM images of CDG samples derived from SGO as precursor, corresponding EDX data of each area
was given next to the SEM image. A. hydrazine hydrate reduced CDG; B. hydroxylamine hydrochloride
reduced CDG; C, D. thermally reduced CDG (rapid and slow heating) and E. vacuum-assisted CDG.

SEM micrographs for graphene samples reduced from TGO samples are also given below
in Figure 84. Different than SGO derived ones, even the thermally derived graphene
samples (D-F) have nonflat areas. This is due to the difference in the GO precursors that
are used for the reduction. As shown in the discussion for GO part, SGO is poorly
oxidized from graphite than TGO case and SGO has similar looking like graphite. So,
SGO does not result an obvious difference in the morphology during reduction (Figure 83
A-E), reduction of TGO ones look different than graphite. In summary, oxidationreduction steps for TGO and TGO derived CDG samples are more successful compared to
SGO and SGO derived ones. Similar to findings of graphene from SGO, wet-chemical
derived graphene samples (A, C) except PSS introduced one (B) have less impurities than
thermal and vacuum-assisted ones (D-G). This is again due to the washing step at the end
of chemical reduction process. Nevertheless, hydrazine hydrate reduced samples in the
presence of PSS contains some other elements besides C due to the PSS polymer itself
(Figure 83 B).
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Figure 84: SEM images of CDG samples derived from TGO as precursor. Corresponding EDX data of each area
was given next to the SEM image. A. hydrazine hydrate reduced; B. hydrazine hydrate reduced in the
presence of PSS; C. hydroxylamine reduced; D-F. thermally reduced (via rapid or slow heating); G. vacuumassisted CDG.

Figure 85 shows the TEM and HRTEM images of the sonificated hexane dispersion of
CDG. The thin layered and transparent structure of CDG can nicely be seen from the TEM
image in Figure 85 a. The number of the graphitic layers could be calculated as 8-10 from
the wrinkle of the CDG layers in the HRTEM image in Figure 85 b, which indicates a few
layered structure of the 2D graphene

[51]

. Additionally, the distance between the CDG

layers was calculated as 0.38 nm from the wrinkle observed in the HRTEM image, which
is consistent with the reported values [57b].

Figure 85: (a) TEM and (b) HRTEM images of CDG [38].
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4. Chemically derived graphene hybrid materials
4.1.

Graphene with Metal Nanoparticles

Chemically derived graphene (CDG) is used to produce hybrid materials of CDG derived
metal and metal oxide NPs to utilize the outstanding properties of graphene such as high
surface area with defects and conductivity that is essential for applications such as
catalysis and gas sensors. To illustrate, the use of graphene as support for developing
novel heterogeneous catalysts with enhanced activity is desired due to its huge surface
area (theoretical value 2600 m2/g)

[105]

and excellent chemical stability

[106]

. Recently,

many examples of using graphene as support for noble metal nanoparticles such as Ag
[107]

[108]

, Pt

, Pd

[109]

, and Au

[110]

have been reported. Among them, palladium

nanoparticles (Pd NPs) are especially important due to their extensive applications in a
variety of industrial reactions such as hydrogenation [111], Suzuki-Miyaura [112], Heck
and Stille

[114]

[113]

coupling reactions. In a recent study, the Pd NPs supported on graphite

oxide (GO) or chemically derived graphene (CDG) have been employed as catalyst in the
Suzuki-Miyaura coupling reaction, whereby the CDG supported Pd NPs were in situ
generated from the reduction of Pd2+-exchanged GO by hydrazine hydrate in aqueous
solution

[115]

. However, the kinetic control of the in situ generated Pd NPs on CDG has

been found to be difficult in this procedure. A literature survey resulted in no hit on CDG
supported Pd NPs generated ex situ and then supported on CDG.
In this regard, the preparation of Pd NPs in a separate step (ex situ) and then supporting
them on CDG would be more advantageous to control the size and dispersion of the
nanoparticles, which are very important issues on enhancing the catalytic activity of
nanoparticles catalyst.
Storing hydrogen in a lightweight material is of great of interest especially for mobile
applications. Ammonia borane (AB, H3N•BH3) is considered to be a promising candidate
for ‘‘on-board’’ hydrogen storage applications

[116]

owing to its impressive gravimetric

hydrogen content of 19.6% wt (6.5% wt and 13.1% wt for the first and second
equivalents of H2, respectively), stability in the solid state under ambient conditions, and
nontoxicity

[117]

. The hydrogen stored in the AB can be released through different routes

including solid state thermolysis [118], solvolyis [119] and dehydrogenation [120].
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Among these routes, the dehydrogenation of AB in organic solvents (Eq.1) and hydrolysis
(Eq. 2) are considered to be the most convenient methods [121].

n H3NBH3

(H2NBH2)n + nH2

(1)
(2)

H 3 NBH 3 (aq) + 2H 2 O (l ) 
→ ( NH 4 )BO2 (aq) + 3H 2 ( g )

However, a suitable catalyst is needed for hydrogen generation from AB in both the
dehydrogenation and hydrolysis routes. Many transition metals or their alloys have been
tested as catalysts in the dehydrogenation

[122]

and hydrolysis of AB

[123]

but there is no

example of a catalyst inducing the hydrogen generation from both reactions.
Additionally, there are only a few examples of supported metal nanoparticles used in the
dehydrogenation and hydrolysis of AB.

In a previous study, it is reported that

palladium(0) nanoparticles stabilized by a water soluble polymer are highly active
catalyst in hydrogen generation from the hydrolysis of AB [124]. In a more recent study, it
is also shown that oleylamine stabilized palladium(0) nanoparticles are active catalyst in
the dehydrogenation of AB

[125]

. However, both palladium(0) nanoparticle catalysts were

in situ generated during the hydrolysis or dehydrogenation of AB that caused a problem
in recovery and reusability of the catalysts. In this regard, supporting Pd NPs on a high
surface area material such as CDG would be a feasible solution to the recovery problem
for both catalytic reactions.
In the following I report the synthesis and application of CDG/Metal NPs. Au, Ni and Pd
metal nanoparticles were synthesized, Au was in-situ deposited on CDG whereas Ni and
Pd were ex-situ supported on CDG. As synthesized ex-situ supported Pd-CDG samples
were used in dehydrogenation and hydrolysis of ammonia borane reactions.

4.1.1. Results for Chemically Derived Graphene/Metal Nanoparticles (NPs)
Hybrid Materials
The well characterized CDG was used as support materials for the Ni and Pd NPs. The Ni
NPs (of 3.2 nm) and Pd NPs (of 4.5 nm) were obtained from the reduction of Nickel(II)
acetylacetonate (in the presence of OAm and oleic acid) or palladium(II) acetylacetonate
by borane tert-butylamine complex (BTB; C4H14BN) (in the presence of oleylamine
(OAm; C18H37N)). In our protocol, OAm acts the solvent and surfactant while BTB serves
as reductant. Figure 86 A shows TEM image of the Ni NPs stabilized by oleic acid
106

(C18H34O2) and OAm while Figure 86 B shows a TEM image of the Pd NPs stabilized by
OAm. The Ni NPs have 3.2 nm of size. The Pd NPs of 4.5 nm size have a narrow size
distribution with a standard deviation of 7% in the diameter.

A

B

20 nm

20 nm

Figure 86: TEM image of the (A) OAm and oleic acid stabilized nickel nanoparticles (B) OAm stabilized
palladium nanoparticles (TEM images were taken at Middle East Technical University/Central Lab, Turkey).

The OAm stabilized Pd NPs were impregnated on CDG to employ them as catalyst in
hydrogen generation from the hydrolysis and dehydrogenation of AB. Figure 87 shows
the TEM and HRTEM images of the CDG supported Pd NPs. As clearly seen from the TEM
image in Figure 87a, Pd NPs are well dispersed on CDG and preserved their particle size
distribution. The crystallinity of the Pd NPs was examined after supporting them on CDG
by the HRTEM image given in Figure 87b. A typical interfringe distance of 0.221 nm was
calculated from the HRTEM images, which is close to the lattice spacing of the (111)
planes of the fcc palladium (0.223 nm) [124].
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Figure 87: (a) TEM and (b) HRTEM image of the chemically derived graphene supported OAm stabilized
palladium nanoparticles [38].

For Au NPs on graphene oxide and graphene samples (hydrazine hydrate reduced CDG
and re-reduced CDG), SEM-EDX analysis was performed. Although 5 wt% Au was used
for each supports, the amount of Au on the supports decreases from graphene oxide to
CDG graphene and re-reduced CDG (see 5. Appendix, Figure 136). Therefore, Au
reduction on graphene oxide is more feasible than on graphene. This can be attributed to
the presence of functional groups on graphene oxide which can favor the linking of Cetyl
trimethylammonium bromide (CTAB ((C16H33)N(CH3)3Br) stabilized Au. The more CTABstabilized-Au particles are supported on graphene oxide, the higher content of Au NPs
(3.7 wt% Au) through in-situ reduction on the support is expected to be formed.

4.2.

Graphene with Metal Oxide Nanoparticles

As a crucial part of sustainable chemistry, photodegradation is a green process for the
dissociation of unwanted pollutants. The molecule to be photodegraded in this study is
methylene blue (MB; C16H18N3SCl), which is often released along with waste water
during the dyeing and printing textiles process and subsequently pollutes our ecosystem.
In the process of photodegradation of MB catalyzed by semiconducting metal oxides,
electrons in the valence band are excited and jump across the band gap into the
conduction band, thereby leaving behind a positive “hole”

[126]

. Therefore, electrons (e-)

and holes (h+) are generetad at the semiconducting metal oxide (MO) surface (here, TiO2
and WO3). Photocatalytic reaction of water (H2O) with h+ and, photocatalytic reaction of
oxygen (O2) with e- yield the formation of OH• and O2-• radicals that carry strong
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oxidation capability. O2 that is generated by decomposition of HO2• (protonated
superoxide), irreversibly oxidizes MB to H2O, CO2 and mineral acid

[127]

. Besides that,

second possible mechanism for the bleaching of MB is simple reversible reduction of MB
to the leuco form (LMB) [127b, 128][129] [130](see Figure 88).

MO + hv

h + + e-

(1)

H2 O + h +

OH + H+

(2)

O2 + e-

O 2-

(3)

O2-

HO2

(4)

H2 O 2 + O 2

(5)

+ H+

2HO2

C16H18N3SCl +25 ½O2

(6)

6H2O + 16CO2 + HCl + H2SO4 + 3HNO3
(7)

H+ + 2e(Leuco Methylene blue)

(Methylene blue)

Figure 88. Possible reaction pathway of photocatalytic degradation of methylene blue (C16H18N3SCl) in the
presence of UV-irradiated semiconductor metal oxide (MO).

Of course, the subject of photodegradation does not have to be methylene blue; the
concept can be transferred and applied to other organic pollutants which are
photodegradable.
I have performed experiments with some of the most prominent photocatalysts. These
include titanium oxide which has a band gap of 3.2eV, active in the UV region [131]. It is
known for its low toxicity and long term thermodynamic stability

[126]

. The crystallinity of

titanium dioxide is also crucial, as it is well known that the anatase phase is more active
than the rutile phase

[132]

. A common commercial TiO2 under the name of AEROXIDE

TiO2 P25 (it is referred to as P25), which is a mixture of anatase (85%) and rutile (15%),
was tested.
A recent study reports the use of tungsten trioxide as a valuable photocatalyst due to its
photoactivity within the visible range (~500 nm), stable physicochemical properties, and
resilience to photo-corrosions

[133]

. Although it may not be as viable as titanium dioxide,

which is known to offer more cost efficient performance within the UV range, there is a
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possibility that the synthesis of metal oxide composites with an optimized amount of
tungsten trioxide will be able to both extend photoactivity into the visible range

[133]

. The

major problem hindering photocatalysis is that the excited electron in the conduction
band will recombine with the positively charged “hole” in the valence band

[133] [134] [126]

.

Often the recombination happens rapidly than the time it takes for the catalyst to
chemically interact with the organic pollutant. This problem is common to all the
aforementioned catalysts. For instance, trap sites in titania may be generated due to the
structural imperfections in the lattice. Those sites act as recombination centers so that
electrons and holes concentrations decrease

[135]

. Inclusion of electron accepting species

such as Mn2+, Cr3+, Ni2+, Cu2+, Co2+, SiO2 and V2O5 to titania has been found to improve
the performance of the photocatalysts

[136]

. Transition metal ions increase the

photocatalytic activity either by scavenging electrons that will go through the
recombination process.

Those ions may also modify the catalyst surface while

introducing active sites so that the adsorption of the organic dye to be degraded
increases. Moreover, there have been suggestions that the synthesis of a coupled
semiconductor such as WOx-TiO2 will be able to prolong the recombination time due to
the charge separation

[131]

. It has been found that an optimum WO3 content (considering

costs and efficiency) in WOx-TiO2 composites is 3% [131]. Another popular suggestion is to
synthesize metal oxide graphene composites as this is expected to yield more promising
results

[134] [137]

. By incorporating graphene into metal oxide catalysts, its high specific

surface area and high charge carrier mobility allows it to act as an electron acceptor
thereby supporting the formation of electron-hole pairs [126, 134, 137-138].
It has already been shown that the photocatalytic performance of titanium dioxide
catalyst was improved when supported on graphene [137]. This can be explained by a flow
of electrons from the titanium dioxide to graphene; due to the energy level difference at
the interface, a Schottky barrier is formed which inhibits the recombination of electronhole pairs

[126]

. Similarly this concept has been extrapolated to tungsten trioxides; in this

case the principle remains the same: the graphene acts as an electron transfer channel to
remove photogenerated electrons [133].
In an effort to improve on the photoactivity of extensively used photocatalysts, in
particular titanium dioxide, two properties must be achieved: 1) extension of the energy
range of photoexcitation to include the visible range and 2) hinder the recombination of
electron-hole pairs. I have aimed to test the effects of coupling titanium dioxide to WO3
and also compositing metal oxides with graphene. Both of these methods have received
attention for their ability to achieve both of the above desired properties, thereby
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enhancing photoactivity. I wish to investigate into the photoactivity of titanium dioxide
(P25 and TiO2 samples), and synergistic effect formed with graphene and tungsten oxide
addition to titania. The idea of supporting WO3 in the composites is the ability of WO3 to
improve and extend photoactivity into the visible range as well.
Besides CDG/Metal NPs systems discussed in the previous section, CDG/metal oxide NPs
were also synthesized and characterized. For that purpose, titania was in-situ (via
photodegradation process) and ex-situ (by hydrothermal method) formed with CDG.
Similarly, WO3/CDG and WO3/titania (P25 and TiO2) samples were prepared by
sonochemical methods. Moreover, ZnO/CDG samples that were also prepared by thermal
decomposition of a zinc oximato complex ([CH3ONCCH3COO]2Zn.2H2O

[139]

) in the

presence of CDG under reflux, were used to sense hydrogen at room temperature, 200
and 300oC. Ex-situ supported titania and tungsten oxide based CDG samples were applied
in photodegradation of methylene blue under UV light.

4.2.1. TiO2/Graphene
TiO2/graphene samples were prepared with a photocatalytic method (UV-assisted) and
by a hydrothermal synthesis method. In both of the cases, graphene oxide was used as
the source for graphene formation and titanium (IV) isopropoxide (in UV-assisted
synthesis) and TiO2 (anatase, Merck) or P25 (anatase and rutile mixture, Evonik) (in
hydrothermal method) were the precursors for titania. Hydrothermally synthesized
samples were used as a catalyst for photodegradation of methylene blue.

4.2.2. Results for Chemically Derived Graphene/Metal Oxide Hybrid Materials
TiO 2 /Graphene (by UV-assisted/ photocatalytic method)
Graphene oxide due to its functional groups is dispersible in polar solvent giving brown
color. Reduction of graphene oxide in ethanol results in graphene with an indication of
color change from brown to black. Here, UV-assisted method (photocatalytic method)
was used for the reduction of functional groups (epoxides, hydroxyl groups, carboxylic
acids) of the graphene oxide into chemically derived graphene in the presence of titanium
species

[140]

. Before and after the photocatalysis procedure, ethanol suspensions of the

samples were dried on a watch glass under air at room temperature. Figure 89 shows
TiO2−TGO (before the reaction) and TiO2−CDG (after the reaction) samples after being
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dried. Photos taken before and after UV irradiation clearly indicates the reduction of
graphene oxide (brown) into graphene (black) in the presence of titanium species.

Figure 89: Photos of A. TiO2 on Tour’s graphene oxide (TiO2−TGO) (before UV-irradiation) and B. TiO2 on
chemically derived graphene (TiO2−CDG) powders (after UV-irradiation) obtained after solvent evaporation
and drying the samples at room temperature.

The photocatalytic properties of semiconducting TiO2 particles are reported in detail

[141]

.

Charge separation into valence band holes (h) and conduction bands electrons (e) occurs
upon band gap UV-irradiation of the semiconductor TiO2 in suspension. Recombination of
holes and electrons is prevented since holes are used to produce ethoxy radicals in the
presence of ethanol. So, the electrons that accumulate within the titania particles reduce
the functional groups during interaction with graphene oxide (reaction 1). The reaction
proceeds as in the following proposed mechanism given in the equation below.

TiO2 + hv

TiO2(h + e)

TiO2(e) + graphene oxide

C2H5OH

TiO2(e) + C2H4OH + H+

TiO2 + graphene

Figure 90: Proposed mechanism of UV-assisted reduction of GO to CDG in the presence of TiO2 to form
TiO2/CDG [140].

The UV-assisted reduction process of graphene oxide in the presence of titania
nanoparticles is summarized in the following scheme as well.
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Figure 91: UV-assisted reduction process of graphene oxide in the presence of titania given visually from [140].

Raman spectra taken for the sample after UV-irradiation process is given in comparison to
TGO. The change in the fingerprint bands; D and G (D-relative intensity increases and Gshifts to lower frequency bands after the reaction) clearly indicates that graphene oxide is
reduced into graphene with the help of titania through the photocatalytic process.
Besides D (~1351 cm-1) and G (~1592 cm-1) bands for graphene, some other features at
201, 397, 512 and 622 can be also seen in the figure below. These bands are assigned to
anatase [142].
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Figure 92: Raman spectra of TGO and UV-assisted TiO2/CDG samples.
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SEM and EDX analysis of TiO2 particles shows the presence of Ti, O and Si peaks and no
impurities (Figure 93 A). TiO2 particles are agglomerated but still have a size below 100
nm. It should be noted that that size does not represent the individual particle size
because TiO2 particles quickly agglomerate when the mixing of the suspension is stopped.
That can be also realized from the color change when the mixing is interrupted.

A

Si

B

O
Ti

Ti

Figure 93: TiO2 nanoparticles obtained with the addition of titanium isopropoxide into ethanol is put on SiO2
wafer dropwise and dried.

TiO2 nanoparticles are hardly visible in the SEM image of TiO2/TGO sample prior to UV
irradiation (Figure 94 A). The presence of titania however is confirmed by EDX (Figure
94 B).

A

B

Si

C
O

Ti
Si Cl

Figure 94: SEM image and EDX spectrum or UV-assisted TiO2/TGO.

Similar to TiO2/TGO sample, titania species can be also seen in SEM image of the
TiO2/CDG sample. Titania particles become more visible due to the scattering of titania
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particles in BSE (backscattered electron) mode. Titanium signals are seen in EDX
spectrum as well.

A

B

C

Si

C
O

Ti

Ti

Figure 95: A. SE-image, b. BSE-image, and C. EDX spectrum of UV-assisted TiO2/CDG.

TiO 2 /Graphene (by hydrothermal method)
Two different types of commercial titania (P25 (Degussa) and TiO2 (Merck KGaA)) were
supported on chemically derived graphene by hydrothermal method. P25 is claimed to be
a mixture of anatase and rutile phases while TiO2 consists of only anatase. To clarify this,
Raman analysis was performed to investigate P25 and TiO2 samples. For both of the
titania precursors, six bands at 143, 194, 395, 513, 519 and 636 cm-1 assigned for
anatase are seen in Figure 96. Different than TiO2 sample, small shoulders at 445 and
609 cm-1 referred to the typical features for rutile phases is detected for P25 sample.
Therefore, it is confirmed with Raman spectra that different than TiO2 sample (anatase),
P25 is composed of the mixture of anatase and rutile phases.
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Figure 96. Raman spectra of titania samples A. P25 and B. TiO2

Morphological analysis for the bare TiO2 and TiO2/graphene 1 wt% was conducted by
SEM and TEM as well. TiO2 particles have particle size in the wide range of 50-200 nm as
shown in Figure 97 A-B.

A

B

C

D

Figure 97: SEM images of, A, B. TiO2 and C, D. TiO2/CDG 1wt% samples.
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When titania particles are hydrothermally supported on graphene oxide to form
TiO2/graphene 1 wt%, no detectable increase in the particle size of TiO2 particles is seen
as given in SEM and TEM images of TiO2/graphene 1 wt% sample (Figure 97, Figure 98).

Figure 98: TEM images of TiO2/CDG 1wt% sample prepared by hydrothermal method.

Hydrothermally formed bare graphene (Figure 99 A), P25 (Figure 99 B) and
P25/graphene 1 wt% samples (Figure 99 C-D) were also investigated by SEM. Particle
size of P25 is in the narrower range of 5-20 nm that is more uniform and smaller
compared to TiO2/graphene sample.

A

B

C

D

Figure 99: SEM images of A. CDG by hydrothermal method, B. P25, C, D. P25/CDG 1wt% samples.
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Figure 100 gives TEM micrograph of P25/CDG sample. Particle size of P25 is still in the
range of 5-20 nm. Similar to TiO2/graphene sample, particle size of P25 didn’t get larger
after being supported on graphene.

Figure 100: TEM images P25/CDG 1wt% samples.

Complementary to the Raman findings of TiO2/CDG and P25/CDG samples, XRD plot
shows that TiO2/CDG sample has only the reflections of anatase phase while P25/CDG
sample has both anatase and rutile phases (Figure 101). This also proves that P25
consists of anatase and rutile structures. The intensity of titania reflections in P25/CDG
sample is much weaker than that of TiO2/CDG. This indicates that P25/CDG has smaller
crystalline titania nanoparticles than of TiO2/CDG which is in agreement with TEM data
(Figure 98 and Figure 100).

XRD pattern of titania/CDG samples
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Figure 101: XRD pattern of TiO2/CDG and P25/CDG samples.
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WOx/Graphene

WOx/graphene samples were prepared by using a sonochemical method where graphene
oxide and phosphotungstic acid were precursors. The sonochemical method starts with
the sonication of precursors in aqueous media followed by centrifugation and heating (at
550oC for 3 hours under Argon flow) process.
Two different loadings of WOx were prepared as WOx/graphene (1 wt %) and 1 mol%
WOx-graphene (95 wt %) using the sonochemical method. The aim was to compare
WOx/graphene 1 wt % with titania (TiO2 or P25) /graphene 1 wt % composites.
Moreover, 1 mol% WOx/graphene was prepared to see the effect of 1 mol% WOx that
have been heralded in the literature as a way for extending the photocatalytic activity
into the visible range

[131]

on titania-graphene 1 wt % samples. Briefly, WOx/graphene 1

wt% was synthesized such that the graphene will consist of 1% of its overall weight. As
this has been the case with all preceding metal oxide graphene composites, it would
allow us to put WOx/graphene up for comparison with other metal oxide graphene
composites.
WO3 crystallographic structure in all the phases is composed of corner-sharing [WO6]
octahedra having different degree of distortion in three dimensional network (Figure 102
A). Alternating planes of O and WO2 in the octahedral environment is shown (Figure 102
B).

Figure 102. A. The ideal cubic structure of WO3. (B) alternating WO2 and O planes in WO6 octahedra [143].
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Figure 103 shows a Raman spectra of pure WOx, chemically derived graphene and
WOx/graphene composite samples. Raman vibrations centered at around 232, 664 and
802 cm-1 are detected for WOx and WOx-related samples that are characteristic bands for
O-W-O stretching modes in WO6 octahedra

[133, 143-144]

. All the bands are broadened in

WOx-graphene samples compared to bare WOx. It is attributed to the formation of C-O-W
bonds that makes the initial O-W-O bonds weaker

[133]

. When spectrum of WOx/graphene

is compared to that of graphene, G-band up-shift that is evidence for the chemical doping
of carbon materials is observed. That up-shift can be attributed to the charge transfer
between of WOx and graphene. This means interaction of WOx with graphene is not just
physical adsorption. WOx was grafted on graphene surface in WOx/graphene hybrid
material by forming a bonding between graphene and WOx [133].
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Figure 103: Raman spectra of CDG, sonochemically synthesized 1mol%WO3/CDG, WO3/1wt%CDG and WO3
samples.

The structure of as-synthesized WOx sample was further characterized by using SEM and
TEM. WOx sample consists of agglomerated µm sized particles with sharp and defined
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edges as shown in SEM micrograph. TEM analysis clarifies that the sample is a layered
morphology and composed of 5 nm to 20 nm crystalline elongated particles (Figure 105).
High resolution TEM (Figure 105, lower left, lower right) show the crystalline nature of
this layered structure.

Figure 104: SEM images of as-synthesized WO3 sample.

Figure 105: TEM images of as-synthesized WO3 sample.
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XRD pattern of WO3 and WO3-based graphene samples is given in Figure 106. Reflections
due to the crystalline WO3 structure are seen in WO3 and WO3/CDG 1wt% whereas not
visible in 1 mol% WO3/CDG sample. This can be attributed to the lower loading of WO3
(<5 wt%) on CDG. Therefore, only a broad signal between 20 and 30o is observed and
attributed to graphene structure for 1 mol% WO3/CDG sample. WO3 is orthorhombic,
which is stable at 330-740oC

[145]

, and is formed due to the heat treatment of WO3-based

samples at 550oC.

XRD pattern of WO3 and WO3/CDG samples
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Figure 106: XRD pattern of WO3 and WO3/CDG samples.

SEM image of WOx/graphene (1wt%) sample is given below (Figure 107C, D). SEM
micrographs for the bare graphene produced by sonochemical way are also given in
Figure 107 below (A and B). From the image, WO3 particles on the wavy graphene can
be seen, however the size of the particles is not detectable. Therefore WOx supported
graphene samples were also analyzed via TEM. Similar to the WOx case, the
WOx/graphene (1wt%) sample has a layered structure (Figure 108).
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Figure 107: SEM images of CDG via sonochemical method (A, B) and WO3/1wt%CDG (C, D) samples.

Figure 108: TEM images of WO3/1wt%CDG sample.
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In 1 mol% WOx/graphene case, TEM micrograph depicts the higher coverage of graphene
with the dispersed nanoparticles. Those particles of mostly sub 2 nm size and minor
amount of 20 nm size are much smaller and better dispersed than that of WOx/graphene
1 wt% due to the higher amount of graphene compared to WOx/graphene 1 wt% sample
above.

Figure 109: TEM images of 1mol%WO3/CDG sample.
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WOx-titania (P25 or TiO2)/graphene
1 mol% WOx was supported on P25/chemically derived graphene (CDG) 1wt% to yield
WOx-P25/CDG and was supported on TiO2/CDG 1wt% as well to yield WOx-TiO2/CDG
samples.
Figure 110 gives the Raman analysis performed on P25, P25/graphene 1 wt%, 1 mol%
WOx/P25 and 1 mol% WOx-P25/graphene as well. Spectra were given into two different
selected regions as till 1000 cm-1 and 1000-2000 cm-1 to better identify oxide and
graphene related Raman bands. As found for the titania precursor used (P25, mixture of
anatase and rutile), six bands at 143, 194, 395, 513, 519 and 636 cm-1 assigned for
anatase and while small shoulders at 445 and 609 cm-1 referred to the typical features for
rutile phases can be easily seen in each sample. All titania related bands downshifts and
get broader from P25 to P25/graphene and gets even broader in WOx/P25/graphene
sample. This can be attributed to the formation of Ti-O-C bond that makes the Ti-O bond
weaker so the Ti-O related bands broaden similar to the findings for WOx related samples
discussed above.
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Figure 110: Raman spectra of P25, P25/1wt%CDG, 1mol%WO3/P25, 1mol%WO3-P25/CDG samples.
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Similar to P25-based samples, Raman spectra of TiO2-based hydrothermally synthesized
samples show that titania bands get broader upon being supported on graphene or WO3
(Figure 111). However, interestingly typical rutile bands at 405 and 609 cm-1 become
visible in WOx/TiO2/graphene sample. This is due to the heat treatment of the sample
after sonochemical synthesis of WOx containing samples at 550oC that leads to anatase to
rutile phase transformation. In agreement with XRD findings, in none of the sample, WOx
related reflections were detected most probably lower loading of WOx compared to P25
or TiO2. Similar to WOx loaded samples discussed so far, broadening is seen in the
anatase bands due to the interaction of the WOx species with titania to yield Ti-O-W
bonds as observed in sample WOx-P25/CDG as well.
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Figure 111: Raman spectra of TiO2, TiO2/1wt%CDG, 1mol%WO3/TiO2/CDG samples.

Selected Raman spectra in 1000-2000 cm-1 region for graphene including samples show
characteristic bands of graphene (D and G). This indicates that graphene is formed
successfully through the hydrothermal process. Similar to the findings for WOx-graphene,
G-band up-shift, which is observed in both P25/graphene, TiO2/graphene and WOxP25/graphene, WOx-TiO2/graphene hybrid materials, shows the chemical bonding of the
hybrid materials with graphene upon hydrothermal and sonochemical reactions.
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Figure 112: Selected Raman spectra of graphene including samples. A. CDG, P25/1wt%CDG, 1mol%WO3P25/CDG and B. same set in A, TiO2 instead P25.
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In TEM image of WOx-P25/graphene sample, mostly 5-20 nm size of P25 nanoparticles
can be seen besides minor amount of elongated particles of WOx (of 20-30 nm size) and
wavy-like graphene that is more visible at the edge. Upon supporting of P25 and WOx on
graphene, their particle sizes did not increase suggesting that nanoparticles were
successfully dispersed on graphene surface.

Figure 113: TEM images of 1mol%WO3-P25/CDG 1wt% samples.

XRD pattern is shown for TiO2, WO3-TiO2/CDG and WO3-P25/CDG samples (Figure 114).
The bands are assigned as anatase for TiO2-based sample and anatase and rutile for P25
based one. No WOx attributed signals are detectable in WO3-TiO2/CDG and WO3P25/CDG as well due to lower content of WO3 (< 5wt %) under detection limit of XRD.
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XRD pattern of TiO2, WO3/TiO2/CDG and WO3/P25/CDG
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Figure 114: XRD pattern of TiO2, 1mol%- WO3-TiO2/CDG 1wt% and WO3-P25/CDG 1wt% samples. Anatase
() and rutile () reflections are shown in the pattern.

Chemically Derived Graphene Samples via chemical and hydrothermal methods
XRD pattern of graphite, TGO and CDG samples (derived from hydrothermal and
hydrazine hydrate reduction) are given in Figure 115. Plot reveals that 2 theta at around
26.4o corresponds to <200> reflection that is the major signal of graphitic structure.
That band shifts to lower 2 theta values (~11.5o) upon oxidation of graphite into
graphite oxide (TGO) by Tour’s method. That means interlayer spacing between carbon
layers is increased due to the introduction of functional groups in oxidation process.
When TGO is reduced to chemically derived graphene (CDG) via hydrothermal and
hydrazine hydrate reduction processes, broad hump between 20 and 30o (<200>
reflection) can be seen. Besides that, reflection indexed to <101> at around 42.4o
slightly shifts to higher 2 theta values to 43.0o upon hydrothermal process and 43.6o upon
hydrazine hydrate reduction. That shift refers to the decrease of interlayer spacing due to
the removal of functional groups in reduction process. Slightly higher shift in hydrazine
hydrate reduced CDG depicts that reduction is better by this method than hydrothermal
process.
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XRD pattern of IGO and CDG samples
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Figure 115: XRD pattern of graphite, TGO, and CDG (via hydrothermal and hydrazine hydrate reduction
methods) samples.

BET surface area of samples
Specific surface area measurements utilizing BET theory was performed on the
synthesized samples (see Table 19.). Hydrazine hydrate reduced graphene is found to
have a higher specific surface area (532 m2/g) than hydrothermally reduced one (60
m2/g That might be attributed to the better exfoliation of graphitic layers that exposes
larger surface during hydrazine hydrate reduction process in agreement to XRD data).
Graphene via sonochemical reaction followed by heat treatment has a surface area (of
241 m2/g) in between two other types of graphene samples.
P25 having a specific surface area that is almost five times higher than that of TiO2 (51
m2/g to 10 m2/g) might be attributed to the smaller particle size (shown by TEM) or
higher porosity of P25. It is observed that surface area of metal oxide precursors (P25 and
TiO2) slightly decreases after hydrothermal reaction. This might be attributed to an
increase in particle size during the hydrothermal process. Surface area of titania samples
upon being supported to graphene increases slightly (since graphene amount is just
1wt%). When tungsten oxide is combined with titania samples (WOx/TiO2 and
WOx/P25), surface area gets smaller compared to bare titania samples due to the lower
surface area of tungsten oxide itself. Combination of two low surface area oxides
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(WOx/TiO2) results sample with the lowest surface area (3 m2/g). As given in the
experimental section, different than the synthesis of titania related samples, WOx
procedure involves heating up step (at 550oC for 3 hrs under 200 sccm of Ar flow) right
after the hydrothermal reduction. So, the better exfoliation of graphene layers (surface
area of 241 m2/g) during thermal treatment can explain why 1 mol% WOx-graphene has
the BET surface area of 157 m2/g that is the highest value of the hybrid samples.

Table 19: BET specific surface areas of CDG, P25-, TiO2- and WO3-based samples.

Sample

Specific Surface area (m2/g)

graphene via hydrazine reduction (CDG)
532
graphene via hydrothermal reduction
59.8
graphene via sonochemical reaction and calcination 241
P25 (Evonik, AEROXIDE TiO2)
P25 after hydrothermal reduction
P25-graphene 1wt% via hydrothermal reduction

57.1
51.3
55.6

TiO2 (Merck KGaA)
TiO2 after hydrothermal reduction
TiO2-graphene 1wt% via hydrothermal reduction

11.5
10.4
11.1

WOx via sonochemical reaction and calcination
1 mol% WOx-graphene
1 mol% WOx-TiO2
1 mol% WOx-TiO2-graphene 1wt% after calcination
1 mol% WOx-P25 after calcination
1 mol% WOx-P25-graphene 1wt% after calcination

11.9
157
2.74
23.5
42.7
55.3

4.3. Studies towards the functional properties of Graphene Hybrid Materials
CDG and CDG-hybrid materials (with metal/metal oxide nanoparticles) are investigated
with respect to their functional properties such as catalysis and gas sensor. Basically,
employment of CDG supported Pd NPs (CDG-Pd) in the dehydrogenation and hydrolysis
of ammonia borane (AB) and TiO2/P25/WOx-CDG in photodegradation of methylene
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blue are described here. Preliminary results obtained for ZnO/CDG in gas sensor are also
discussed.

4.3.1. Catalysis
4.3.1.1. Dehydrogenation and Hydrolysis Reaction (Pd/Graphene (Modified
Hummers’ Method))
In the following we report, the preparation of CDG supported Pd NPs (CDG-Pd) and their
employment as catalysts in the dehydrogenation and hydrolysis of AB. Pd NPs were
prepared from the reduction of palladium(II) acetylacetonate in the presence of
oleylamine (OAm) by borane tert-butylamine complex (BTB) using a modified version of
oleylamine mediated synthesis

[146]

. The support material CDG was prepared by a two

step procedure; (i) preparation of graphite oxide from the oxidation of natural graphite
flakes by a modified Hummers’ method

[14]

, (ii) the exfoliation and then reduction of

graphite oxide by hydrazine hydrate in aqueous solution

[105]

. Next, OAm stabilized Pd

NPs were supported on CDG by impregnation. The CDG and CDG-Pd were characterized
by transmission electron microcopy (TEM), high resolution TEM (HRTEM), scanning
electron microscopy (SEM), electron dispersive X-ray (EDX), Brunauer-Emmett-Teller
(BET) surface area analysis, Raman spectroscopy, thermal gravimetric analysis (TGA) and
inductively coupled plasma mass spectroscopy (ICP-MS). CDG-Pd samples were used as
catalyst in the dehydrogenation and hydrolysis of AB without any further treatment and
found to be highly active and stable.

Catalytic activity of chemically derived graphene supported palladium
nanoparticles in the dehydrogenation and hydrolysis of ammonia
borane
CDG-Pd were tested as catalyst in hydrogen generation from the dehydrogenation and
hydrolysis of AB and found to be highly active in both reactions. The (mol H2/mol AB)
ratio vs time during the catalytic dehydrogenation and hydrolysis of 2.0 mmol AB in the
presence of CDG-Pd catalyst at 25 ± 0.5°C is shown (Figure 116). The loading of Pd on
CDG is 2.1 % wt Pd, as determined by ICP-OES. The hydrogen generation rate was
determined from the linear portion of each plot. Totally one equivalent of hydrogen was
generated from the dehydrogenation of AB while 3 equivalents of hydrogen were
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generated from the hydrolysis of AB in the presence of CDG-Pd catalyst. The initial TOF
values for the dehydrogenation and hydrolysis of AB in the presence of CDG-Pd catalyst
were calculated as 170 h-1 and 933 h-1, respectively (Figure 116). These values are
comparable with the catalyst systems tested for the dehydrogenation
of AB

[148]

[147]

and hydrolysis

. However, it is noteworthy to compare the recent supported catalysts (Ni/SiO2

and CoPd/C) tested in the hydrolysis of AB with CDG-Pd catalyst in terms of their
catalytic activities to emphasize the state-of-the-art for readers. In a recent study, it is
reported that OAm stabilized Ni NPs of 3.2 nm supported on SiO2 provide a TOF value of
13.2 min-1, which is the highest TOF value ever reported for the hydrolysis of AB using Ni
catalysts [148]. In a very recent study, Sun et al have reported that CoPd NPs supported on
Ketjen carbon provide a TOF of 35.7 min-1 in the hydrolysis of AB

[149]

. The TOF of CDG-

-1

Pd catalyst (15.5 min ) is higher than that of Ni/SiO2 catalyst but lower than that of
CoPd catalyst. It can be concluded that with respect to the catalytic hydrolysis of AB
palladium is a more active metal than nickel and the alloying cobalt with palladium
enhances the activity of palladium.

Figure 116: The dehydrogenation and hydrolysis processes of AB catalyzed by CDG-Pd [38].
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Figure 117 shows the mol H2/mol AB versus time plots for the dehydrogenation and
hydrolysis of AB catalyzed by CDG-Pd catalyst at different catalytic run. CDG-Pd catalyst
maintain 85% of its initial activity after the 5th catalytic run in the dehydrogenation of AB
(Figure 9a) and 95 % of its initial activity after the 10th run in the hydrolysis of AB at 25
± 0.5 oC (Figure 117 b).

Figure 117: The plots of mol H2/mol AB versus time for hydrogen generation from (a) dehydrogenation of AB
and (b) the hydrolysis of AB catalyzed by CDG-Pd catalyst at different catalytic runs [38].

These results indicate that CDG-Pd is highly active and reusable catalyst in hydrogen
generation from both dehydrogenation and hydrolysis of AB. See Figure 118 for the TEM
image of CDG-Pd catalyst after the reusability test.

Figure 118: A representative TEM image of the CDG-Pd catalyst after the reusability test (ten runs) in the
hydrolysis of AB (TEM image was taken at Middle East Technical University/Central Lab, Turkey).
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4.3.1.2. Photodegradation of Methylene-Blue

4.3.1.2.1.

Photocatalytic Measurements

P25-, TiO2- (prepared via hydrothermal method) and WOx- (prepared via sonochemical
method followed by heat treatment) related graphene hybrid materials were used as
photocatalysts in the photodegradation of methylene blue (MB) reaction under UV light.
The photocatalytic activities of the samples were measured by UV-Visible spectroscopy
that we obtain a set of data with absorption scans in the 500 nm to 750 nm range at
various time intervals. All of these scans at various time intervals pertaining to the same
catalyst for the reaction are plotted together. Figure 119 belongs to WOx/P25/graphene
catalyst is one example.
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MB solution
15min mixing
20min rxn
40min rxn
60min rxn
80min rxn
100min rxn

0.0
500
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750
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Figure 119: UV-Vis spectra taken by time from the mixture of MB and 1mol%WOx/P25/CDG catalyst under UV
light photodegradation reaction.
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We note the maximum absorbance of methylene blue as initial absorbance Ao that occurs
at 665 nm. Then, the decrease in the absorbance of methylene blue at 665 nm is taken as
A. The ratio of that absorbance values (at each time interval) to the initial absorbance of
methylene blue is plotted versus time. A/Ao versus time plot is given in Figure 120 below.
Under UV radiation, the WOx-P25-graphene composite was found to have the highest
photoactivity –with what appears to be 90% degradation in 60 minutes and full
decomposition after 100 minutes– followed closely by WOx-TiO2-graphene. Essentially,
what distinguishes these two catalysts is simply particle size and phase. These results
then suggest that P25 with its dominantly anatase and rutile mix and smaller nanosized
particles is the optimum choice of titanium dioxide to use when coupled with tungsten
oxide and graphene.
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Figure 120: All the results of photodegradation of MB in the presence of metal oxide/CDG hybrid catalysts
(P25-, TiO2-, WO3-based) under UV light.

To differentiate the effect of WOx and graphene on the activity of titania samples,
corresponding plots are given separately below. Parallel to the literature findings

[137]

,

photocatalytic performance both titania (P25 and TiO2) samples is enhanced upon
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supporting the titania on graphene. For instance, comparing P25 (0.18 at 100 min) with
P25-graphene (0.09 at 100 min). Moreover, including WOx into titania-graphene
composite materials results further improvement in the photocatalytic activity.

The

improvement can be explained that titania is bonded to graphene that is required for
carbon to act as dopant to titania as confirmed by the shifts of the Raman bands. This
ensures that titania is more effective by lowering the minimum photon energy required to
generate the electron-hole pair

[150]

. Graphene due to the larger surface area and

conductivity is an excellent scavenger of electrons generated during the UV irradiation
and that’s why lifetime of the holes is extended with the help of graphene.
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Figure 121: Photodegradation of MB with WO3/P25-based (plot at the left side) and WO3/ TiO2-based (plot at
the right side) under UV light.

Experiments were conducted under dark conditions for the catalysts mixing into the MB
solution to examine the adsorption of MB on catalyst prior to photodegradation reaction
under UV light. Hereby, the results obtained under UV light would be evaluated whether
these are due to the photocatalytic activity of the catalysts or just the adsorption of MB on
the catalyst. Adsorption experiments under dark conditions show that MB has different
tendencies to adsorb on the different catalysts (Figure 122). For most catalysts,
adsorption accounts for less than 40% of the absorbance decrease, as evidenced by the
majority of the graphs being above the 0.6 A/Ao ratio. However, it seems that methylene
blue has much higher affinity for WOx–graphene than others that suggests the better
interaction of MB with the catalyst surface of the highest BET surface area (157 m2/g)
among all the hybrid materials. However, WOx–graphene sample cannot be used as a
catalyst in the photodegradation reaction of MB since it does not fulfill the reusability
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requirement for the efficient catalyst. Besides that, one can easily see that supporting of
titania (TiO2 or P25) or tungsten oxide on graphene increases the adsorption of MB. BET
surface areas of the samples just slightly increase with the inclusion of graphene to the
system (1-3 m2/g). It is not simply attributed to the increase in the surface area of the
titania or tungsten oxide catalyst samples upon supporting on graphene. Moreover,
although BET surface area of WOx-TiO2-graphene is more than double of TiO2-graphene,
adsorption of MB is lower than that of TiO2-graphene. These results point out to the fact
that adsorption of MB on the catalyst is not only affected by surface area of the samples.
It is also evident that the higher decrease in the A/Ao ratio of MB with respect to time
under UV light for WOx-P25-graphene can be accounted by the degradation process
rather than physically adsorption of MB. Having lower adsorption degree of that sample
compared to P25/graphene clearly indicates that insertion of WOx to P25/graphene
sample increases the photocatalytic activity of the sample. A similar relation is also found
between WOx-TiO2-graphene and TiO2-graphene samples.
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Figure 122: Results for metal oxide/CDG hybrid catalysts (P25-, TiO2-, WO3-based) samples into MB solution
under dark.
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Diffuse reflectance spectra of the powder samples were also performed to see the effect of
graphene and WOx on titania samples. In Figure 123, red shift in the absorption edges
and increase in the absorption intensities of WO3/P25/graphene and P25/graphene
compared to bare P25 are observed. Same trend is also found for TiO2 samples (see
Figure 123).
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Figure 123: Diffuse reflectance spectra of the P25- and TiO2-based metal oxide/CDG hybrid catalyst samples.

4.3.2. Gas-sensors
In the field of gas sensors, tin oxide (SnO2) and zinc oxide (ZnO) are widely used in
nanostructured systems due to their high sensitivity, chemical stability and low
production costs

[151]

. However, the need for high operation temperature of metal oxide

systems results in high power consumption. Attempts to use metal oxides gas sensors at
room temperature have been conducted for instance by coating SnO2 on CNTs for room
temperature sensing. On the other hand, metal oxide structures have been also used to
improve the selectivity of CNTs and/graphene based gas sensors that work at room
temperature. Besides, p-type semiconductor graphene (in ambient atmosphere) and ntype semiconductor ZnO due to the oxygen vacancies and zinc interstitials

[152]

form n-p

heterostructure. Photoluminescence studies show that a blue shift of 0.15 eV was
measured in ZnO-graphene sample compared to bare graphene [66].
In our group, ZnO decorated on CNTs was reported with higher sensing response
compared to bare CNTs (and smaller sensing response compared to ZnO) for sensing CO
at 400oC [94a]. In that study, the zinc oximato complex ([CH3ONCCH3COO]2Zn.2H2O) was
decomposed at 150oC in the presence of MWCNTs to get ZnO nanoparticles of 2-10 nm
size densely deposited along the complete periphery of the MWCNTs.
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The advantage of using zinc oximato precursor as a precursor is that it decomposes in
dimethylformamide (DMF) completely with high purity at low temperatures (~150oC) by
[139]

yielding ZnO nanoparticles in the narrow size range of 3-5 nm

. During

decomposition process, zinc-carbonato intermediate is formed by a loss of CH3CN and
further converted into ZnO by the additional loss of H2O and CO2 (Figure 124).

1. DMF
2. heat
-CH3CN

-CO2
-CH3OH

ZnO

Zinc oximate complex
Figure 124. Decomposition pathway of the zinc oximate precursor [139].

Due to the interruption of sp2 clusters by oxygen functional groups in as-oxidized state of
graphene (graphene oxide), the creation of e–h pairs upon excitation is decreased. So, it
is electrically insulating in nature to use it in resistance based sensors

[153]

. However,

conductivity and aromatic double-bonded carbons are recovered upon hydrazine hydrate
reduction of graphene oxide to yield chemically derived graphene

[66]

. While that

resulting reduced graphene oxide still contains some oxygen groups acting as active
defect sites, is a promising candidate as gas sensor.
In these studies, the aim is to synthesize a ZnO decoration on chemically derived
graphene in the similar synthesis manner by using zinc oximato complex and with the
insertion of CNTs with CDG. Similarly, different loadings of ZnO/graphene samples were
prepared besides bare ZnO and graphene. Then, sensing behavior of the samples towards
hydrogen gas at room temperature and elevated temperatures (200-300oC) could be
measured. Sensor responses/signals (S) of the samples could be calculated according to
the relation (S= 100%x(RH2- R0)/R0 for H2) where RH2 and R0 denote the sensors’
resistances in the presence H2, and in the absence of H2, respectively.
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4.3.2.1. Characterization of ZnO/CD Graphene
SEM micrographs of the ZnO/CDG samples with varying ZnO loadings (5.7%, 11%, 20%
and 33 wt%ZnO/CDG) are given in the Figure 125, from A to D respectively.
Agglomerated nanoparticles of 30-150 nm size on graphene are found. As the loading of
the ZnO increases from A to D, coverage of the particles on the graphene raises as well.

A

B

C

D

Figure 125: ZnO/CDG samples of lower to higher loadings of ZnO. 5.7%, 11%, 20% and 33% ZnO in A, B, C
and D respectively.

XRD pattern of ZnO/CDG sample shows the formation of crystalline ZnO nanoparticles
(zincite).
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Figure 126: XRD pattern of 33wt%ZnO/CDG sample

A TEM analysis was performed on the ZnO/CDG sample (33 wt%ZnO/CDG) with the
highest ZnO loading. In line with the findings from SEM, ZnO nanoparticles almost cover
the whole surface of graphene in Figure 127 where mostly ZnO nanoparticles are visible
in the image besides small areas of bare graphene. The sample consists of ZnO
agglomerates of about 5 nm size.

Figure 127: TEM images of ZnO/CDG sample (33wt%ZnO/CDG).
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4.3.2.2. Sensoric studies of ZnO/chemically derived graphene towards H2
Sensing measurements of a ZnO/CDG hybrid (6 wt% ZnO/CDG) towards H2 were
performed at room temperature and at 300oC. Room temperature experiments were done
within two different H2 flow regime from 50 ppm-2000 ppm and 100 ppm-10000 ppm
respectively. Regardless of initial concentration of hydrogen introduced, sample shows ptype semiconducting behavior at room temperature was observed due to the resistance
increase when hydrogen gas is introduced. When the sensing curve is analyzed further,
two regions indicating rapid and slow responses can be differentiated with the slope
change in the curve. Slow response is due to the weak adsorption on sp2 hybridized
sites[153]. Rapid response can be attributed to irrecoverable adsorption on sp3 hybridized
sites where strong adsorption takes place. Therefore, baseline increases and the sensor
response gets lower after initial adsorption of H2. The response slightly increases again
but seems like remains almost constant due to the saturation of the adsorption sites.
Sensing experiments at 300oC shows that the sensor response increases possibly due to
desorption of adsorbed H2 on the sp2 sites. However, initial sensor response of the sample
to 100 ppm H2 at 300oC is slightly smaller than the one observed at room temperature
(~4 % versus ~6 %). This can be attributed to the higher adsorption affinity of the
hydrogen at room temperature compared to that at elevated temperatures. Besides that,
resistance of the sample decreases from room temperature to 300oC by a more than
tenfold degree. This can be explained by an Arrhenius model suggesting that thermally
excited carriers starts dominating electrical conduction at temperatures >300 K [154].
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Figure 128: Sensing results and sensor response of CDG sample towards H2 at room temperature and 300oC.

Figure 129 depicts that ZnO/CDG sample dominantly shows increase in resistance upon
exposure to H2 so the p-characteristics. That can be explained by a combination of an ntype behavior of ZnO combined with the p-type behavior of graphene. Even after
reduction of graphene oxide to graphene, oxygen functionalities such as epoxide and
carboxyl groups still exist in CDG and since they are electron-withdrawing groups, they
promote some holes into the conduction band. The introduction of e-donors (like H2,
here) results in depletion of holes from the conduction band and hence the resistance
increases

[155]

. Sensing behavior of bare graphene at room temperature follows a quite

similar trend as the sample ZnO/graphene sample (6 wt%ZnO/CDG) (Figure 129). First
the adsorption sites are satured upon exposure to hydrogen. That behavior can be
attributed to the graphene itself. Sensor response of graphene is slightly higher than
ZnO/graphene sample (8 % versus 6 %). As ZnO loading increases to 33 wt%, the sensor
response even decreases more (to ~0.4 %) since ZnO is not active at room temperature
but the graphene.
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Figure 129: Sensing results and sensor response of 6wt% ZnO/CDG sample towards H2 at room temperature,
at the top and sensing result of 33wt% ZnO/CDG sample towards H2 at room temperature, at the bottom.

Sensing measurements were also conducted for bare ZnO sample. Figure 130 shows that
ZnO sample is an n-type semiconductor as expected for ZnO. That sensing mechanism is
based on the formation of Schottky barrier due to chemisorbed oxygen on metal-oxide
surface

[151]

. Upon exposure of reducing gases (like H2 in our case) to the sample, partial

pressure of oxygen decreases so the surface trapped electrons are released back to
conductance band of ZnO. That process results in the decrease of the sensor resistance as
was observed in Figure 130 [66].
Measurement was not possible for ZnO sample at room temperature due to very high
resistance. Sensing behavior of ZnO at 200oC is slightly better than the behavior of the
sample at 300oC, however no significant change in sensing response was observed. This
could be due to gas saturation at adsorption sites.
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Figure 130: Sensing results and sensor response of ZnO sample towards H2 at 200oC and 300oC.

It can be summarized that bare ZnO has a higher sensor response (96-99%) than the
other samples studied (bare graphene and ZnO/graphene (6 wt% and 33 wt%
ZnO/CDG). However, discrimination of different concentrations of H2 was not possible
due to the very fast saturation. Despite the lower sensing response, the use of graphene
with ZnO allowed the sensing of hydrogen at room temperature which bare ZnO did not
show. The response was even increased at 300oC. The sensing behavior of ZnO/graphene
samples is dominantly attributed to graphene rather than ZnO. The reason might be due
to the hindering of ZnO particles between the graphene sheets that prevents the
adsorption of gases on ZnO sites.

4.4. Conclusion
In summary, wet synthesis of chemically derived graphene was performed. For that
purpose first the oxidation of graphite to graphene oxide was carried out by various
methods to achieve as much as high oxidation of graphite as possible. Staudenmaier’s,
Hummers’, Modified Hummers’ and Tour’s Methods were applied to get graphene oxide.
Tour’s synthesis method was found to be the best way giving the better quality of
graphene oxide in the means of oxidation.
Chemically derived graphene was synthesized by reducing the graphene oxide in different
ways. Hydrazine hydrate (with and without PSS), hydroxylamine hydrochloride, thermal
(slow and fast heating) and vacuum-assisted reduction processes were studied. Hydrazine
hydrate reduction resulted in a sample with a high amount of reduced functionality and
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further re-reduction of the sample in the presence of hydrogen at 500oC resulted in a
further improvement.
Metal (Au, Ni and Pd) and metal oxide (TiO2, P25 and WO3) nanoparticles were
supported on chemically derived graphene so that hybrid nanoparticles were formed.
Some of the hybrid samples were used in catalysis reaction as well as gas sensor material
towards H2 and CO.
Hydrazine hydrate reduced chemically derived graphene sample was used as support for
the in-situ synthesized Au NPs and ex -situ synthesized Ni and Pd NPs with controllable
particle size and dispersion. The chemically derived graphene supported Pd NPs were
characterized by using a variety of analytical techniques. They were employed as catalysts
in the dehydrogenation and hydrolysis of ammonia borane (AB) in organic solvents and
aqueous solutions, respectively. Monodisperse Pd NPs of 4.5 nm were prepared from the
reduction of palladium(II) acetylacetonate (Pd(acac)2) in the presence of oleylamine
(OAm) by borane tert-butylamine complex (BTB) and easily impregnated on chemically
derived graphene (CDG) which has Brunauer Emmett Teller (BET) surface area of 500
m2.g-1. This is the first example of the preparation of CDG-Pd where the Pd NPs were
generated ex-situ and then supported on CDG. Pd NPs preserved their particle size
dispersion and stability when supported on CDG. The resulting CDG-Pd proved to be
highly active and stable catalyst for the dehydrogenation and hydrolysis of AB which are
the most promising routes for hydrogen generation from AB complex. In addition to its
high activity and stability, CDG-Pd was also found to be reusable catalyst in both
dehydrogenation and hydrolysis of AB preserving its 85% and 95% of initial activity after
5th and 10th runs, respectively. The kinetics of CDG-Pd catalyzed dehydrogenation and
hydrolysis of AB were studied. Easy preparation using environmentally benign materials,
the high catalytic performance, high stability and the reusability of the CDG-Pd make it
promising candidate among the precious metals to be employed as a catalyst in
developing highly efficient portable hydrogen generation systems using AB as solid
hydrogen storage material.
Besides supporting metal nanoparticles on graphene, different metal oxide-graphene
hybrid materials were also successfully synthesized. Photocatalytic reduction of graphene
oxide to graphene was successfully achieved in the presence of TiO2 nanoparticles via UVassisted set-up with Ar flow through the reaction mixture and water cooling.
Moreover, synthesis of titanium dioxide (TiO2 and P25) graphene composites by
hydrothermal reduction have been verified by a variety of characterization methods,
particularly with Raman spectroscopy, X-ray diffraction and SEM, TEM microscopic
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techniques. In situ preparation of WOx-graphene hybrid material was achieved using a
sonochemical reaction followed by heating process. WOx was also introduced to the
titania-graphene systems and photodegradation of methylene blue in the presence of the
home made catalysts were applied. Photoactivities of catalysts correlate with that
predicted by literature [156], with titania (in both TiO2 and P25 cases) loaded on graphene
having better catalytic performance than their bare metal oxide counterparts. Moreover,
P25-graphene with smaller titania nanoparticles showed better activity than TiO2graphene. To the best of my knowledge, it has been for the first time reported that the
photoactivity was even increased with the inclusion of WOx into the titania-graphene
samples. This can be attributed to the extension of the absorption range in UV spectrum
in the presence of tungsten oxide. WOx-P25-graphene sample was found to be as the best
photocatalyst among P25-based (P25, P25-graphene, P25-WOx and P25-TiO2), TiO2-based
(TiO2, TiO2–graphene, WOx-TiO2–graphene) and WOx-based (WO3 and WO3-graphene)
samples.
In addition to these findings, ZnO/chemically derived graphene (CDG) samples were also
prepared via in-situ formation of ZnO nanoparticles (of around 5 nm size) from a zinc
oximato complex ([CH3ONCCH3COO]2Zn.2H2O) in the presence of CDG. As prepared
ZnO/CDG, bare CDG and bare ZnO samples were used in sensing of hydrogen. It is found
that a bare ZnO sample has the highest sensitivity at 300oC with lower selectivity to
variable concentrations. The selectivity problem of ZnO was solved by forming hybrid of
ZnO with graphene. Despite the low sensor response, selectivity of the sample towards
different concentrations of hydrogen is higher.
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4.5. Experimental Section

4.5.1. Methods for oxidation of Graphite into Graphene Oxide

4.5.1.1. Staudenmaier‘s Method
5 g graphite was added in a solution of 90 ml concentrated H2SO4 (96%) and 45 ml
fuming nitric acid (HNO3, 100%)

[13]

. This mixture was stirred until a homogeneous

suspension was obtained. While stirring the suspension with ice-cooling, 55 g Potassium
chlorate (KClO4) was very slowly added whereas a and green colored gas evolved (Cl2).
The black mixture was stirred more than 72 hours, dispersed in 4 L of H2O, washed with
HCl (5%) to remove remaining sulfate ions from the product. Sulfate test was examined
with the addition of CaCl2 since CaSO4 was precipitated in presence of sulfate ions.
Afterwards, the product was filtrated, vacuum-dried at 60oC overnight and scraped off
with a spatula from the filter paper and then homogenized in a mortar. The resulting
product was powdery and black.

4.5.1.2. Hummers’ Method
In a typical synthesis of graphite oxide, natural graphite flakes (3.0 g, 1 wt equiv) were
dispersed in 69.0 mL of H2SO4 in a 500 mL erlenmeyer flask. Next, NaNO3 (1.5 g, 0.5 wt
equiv) was added into the mixture under continuous stirring at 600 rpm

[14]

. The

Erlenmeyer flask was placed into the ice-bath to decrease the reaction temperature in the
range of 0-3 oC since an exothermic reaction occurs upon addition of KMnO4 in the
following step. Once everything has settled down, KMnO4 (9.0 g, 3 wt equiv) was added
partially by controlling the temperature of the reaction via a thermometer placed into the
reaction mixture. Then, the resulting mixture was stirred at 600 rpm for 30 minutes in
the ice-bath. After the removal of ice-bath, the solution was heated to 35oC and stirred for
3 hours. A thick paste was formed after 3 h stirring at 35oC. Then, the solution was
placed into ice-bath again and 138.0 mL of water was added dropwise (causion, a severe
exothermic reaction occurs upon addition of water into the reaction mixture and the
reaction temperature may increase up to ~98oC). A dark-brown slurry was formed after
stirring of the solution for 30 minutes at room temperature. Finally, 420 mL of water and
3.0 ml of 30 % H2O2 were added dropwise into the dark-brown slurry until observation of
a permanent yellow color indicating the complete oxidation of graphite. The resultant
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solution was filtered and washed with deionized water many times and dried under
vacuum at 60oC.

4.5.1.3. Modified Hummers’ Method
The method is the use of Hummers’ method with doubling the amount of KMnO4 and
called as Hummers+. The product is called as HGO+. All of the steps in the synthesis
were same with Hummers’, the only difference is after adding KMnO4 to the mixture, the
slurry was mixed for 7 hrs and additional 9 g of KMnO4 was added into the mixture at
once. Further steps to get product is same like in Hummers’ method [35].

4.5.1.4. Tour’s Method
Tour’s method is a further development of the Hummers’ method, in which the amount of
KMnO4 was doubled, H3PO4 was also included to the system besides H2SO4 with excluding
NaNO3 [35]. Briefly, a 9:1 mixture of concentrated sulfuric and phosphoric acid (360 ml
H2SO4 (96%)/40 ml H3PO4 (100%)) was swiftly added to a mixture of 3 g graphite (flake
graphite, natural, -325 mesh, 99.9%, metal basis) and 18 g potassium permanganate
(KMnO4) in a 500 ml Erlenmeyer flask, giving a slight exotherm to 40 °C. The reaction
was heated to 50°C and stirred for 12 h resulting in the color change of the reaction
mixture from black to purple. Then, reaction mixture was cooled to room temperature
and poured into a mixture of 300 ml ice and 4 ml H2O2 (30%). Here, the color of the
reaction mixture changed from dark purple to yellowish. The resulting suspension was
centrifuged at 4500 rpm for 5 min. The liquid phase was then decanted and the solid
residue washed with 40 ml water and centrifuged again at 4500 rpm for 5 min. The
product was washed with HCl (30%) and excessive washing with copious amounts of
distilled water was used during filtration. Further filtrating with ethanol, brown color
product was yielded, dried at 60oC in vacuum. Since in this experiment concentrated
acids have been used in the experiment, it was too difficult to separate the product from
the filter paper. For that reason, the filter paper is placed into acetone and graphene
oxide was peeled off. Finally, the product was ready for the characterization after
grinding.
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4.5.2. Methods for reduction of graphene oxide into graphene
4.5.2.1. Hydrazine Hydrate Reduction: Ruoff’s Method
500 mg of dried GO was dispersed in 500 mL of water and the mixture was sonicated to
exfoliate GO in water until no visible particle was observed in the solution [33] . Then, the
resultant solution was connected to reflux system. 5.0 mL of hydrazine hydrate was
added into the aqueous dispersion of GO when the temperature was reached to 100oC
and the system was refluxed at 100oC over a day. Due to the reduction of graphite oxide,
the floating black particles were observed at the end of the reflux process indicating the
formation of graphene nanosheets. Finally, the graphene nanosheets were filtered by
suction filtration and washed three times with 150 mL of water and 300 mL of methanol,
respectively. The powder samples were dried in a Schlenk tube under vacuum at 60oC.

4.5.2.2. Hydrazine

Hydrate

reduction

in

the

presence

of

poly(sodium

4-

styrenesulfonate): Ruoff’s Second Method
This method aims to produce stable aqueous dispersion of graphitic nanoplatelets with
the help of poly(sodium 4-styrenesulfonate) (PSS) [104]. Reduction of graphene oxide into
graphene was carried out in the same way as described above in Stankovith method.
Differently, PSS (10 mg PSS/1 mL GO suspension) was added to the graphite oxide
aqueous dispersion prior to reflux at 100oC over a day. Product was collected with
filtration and excessive washing with distilled water and methanol.

4.5.2.3. Hydroxylamine hydrochloride reduction: Chen’s Method
Initially, 36 mg of graphite oxide was dispersed in 50 mL of distilled water with
ultrasonic bath for two hours

[157]

. 18 g of hydroxylamine hydrochloride was added into

that brown dispersion with further addition of 850 mL of water. The reaction mixture
was stirred for 24 h under reflux at 80°C. The resulting clear solution, in which black
flakes were floating, was filtered with 200 ml methanol and plenty of water washing and
followed by vacuum drying at 60°C overnight.
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4.5.2.4. Thermal reduction: Boehm’s Method
For the thermal synthesis of graphene, required amount of well-ground graphene oxide
was replaced into a ceramic boat for tube furnace and boron nitride crucible for induction
furnace treatments. Then basically, heating the sample exfoliated and reduced graphene
oxide yielding a black powder

[15]

. Mainly rapid heating of the sample in tube furnace or

induction furnace with the heating rate of >2000oC and slow heating with a heating rate
of 1.5oC/min in tube furnace were used. Four different thermal treatments were applied
under Ar flow comparably. These are; rapid heating of the GO sample to 1050oC into
preheated quartz tube under Ar flow (tube furnace), rapid heating of the GO sample and
quartz tube to 1050oC under Ar flow (tube furnace), rapid heating of the GO sample to
1050oC under Ar atmosphere (induction furnace) and slow heating the GO sample to
1050oC under Ar flow with a heating rate of (1.5oC/min).
Rapid heating of graphene oxide into preheated quartz tube in tube furnace:
Quartz tube was pre-heated to 1050oC in tube furnace and then graphene oxide was
inserted into the hot quartz tube under 180 sccm of Argon flow for two minutes. Then
the quartz tube with the sample was removed from the oven under Ar flow.
Rapid heating of graphene oxide and quartz tube in tube furnace:
Graphene oxide sample was placed into quartz tube and then inserted into preheated
tube furnace at 1050oC under Ar flow. The sample was removed from the oven with
quartz tube under Ar flow as well.
Rapid heating of graphene oxide into induction furnace:
Graphene oxide in boron nitride crucible was put into reactor of induction furnace. After
several times flushing with Ar, pressure was set to 700 mbar. Then the sample was
heated to 1050oC in few minutes and kept for two minutes. Then the system was cooled
to room temperature in few minutes and then the sample was taken out from the system.
Slow heating the graphene oxide sample to 1050 o C in tube furnace:
Graphene oxide sample was put into quartz tube and oven was set to 1050oC with a
heating rate of 1.5oC/min under Ar flow. After keeping the sample at 1050oC for two
minutes, system was cooled down to room temperature under Ar flow and sample was
removed from the oven.
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4.5.2.5. Vacuum-assisted reduction: Yu’s Method
Required amount of well-ground graphene oxide (produced by Tour’s or Staudenmaier’s
methods) was put into a necked flask that was placed in an oil bath and connected to the
Schlenk line. The flask was evacuated and temperature of the flask in oil-bath was set
to145°C

[158]

. After applying vacuum for 24 hours by keeping the temperature at 145°C,

product was taken out for characterization.

4.5.3. Re-reduction of chemically derived graphene
In order to ensure complete reduction, the resulting graphene samples (where Tour’s
graphene oxide were precursors and reduced by Ruoff’s method) were heated to 500°C
with a heating rate of 18°C/min in a tube furnace and annealed at 500°C for 3 hours
under the mixture of Ar/H2 (180:20 sccm) flow. Then temperature was cooled down to
room temperature and sample was taken out to be analyzed.

4.5.4. Metal Nanoparticle Synthesis
Pd: Oleylamine mediated synthesis of palladium nanoparticles
Pd NPs were prepared using a modified version of the oleylamine mediated synthesis [146].
In a typical synthesis, 73.3 mg palladium(II) acetylacetonate ((Pd(acac)2, 99%), 0.25
mmol Pd) and 12.0 mL of oleylamine (OAm, >70%) were mixed and stirred at 1000 rpm
under continuous nitrogen flow in a special three-necked reactor shown in the figure
below. Owing to jacketed heater and connected thermocouple placed into the reactor, the
mixture was heated up to 75oC slowly. Next, 300 mg of BTB dissolved in 3.0 mL of OAm
was injected into the system when the temperature settled down to 75oC. Next, the
resulted mixture was heated up to 100oC expeditiously and the system was kept at this
temperature for 30 min. Then, the resulted solution was cooled down to 40oC and
centrifuged at 8500 rpm for 10 min after the addition of ethanol into the each
nanoparticle solution separated into four centrifuge tubes. After a second centrifugation
step at 9000 rpm for 10 min, the resulted Pd NPs were dispersed and collected in hexane.
Ni: Oleylamine and oleic acid mediated synthesis of nickel nanoparticles
Similar to the preparation of Pd-NP described above and stated in literature

[159]

. Briefly,

0.26 g (1 mmol) of Ni(acac)2 and 0.32 mL (1 mmol) of oleic acid were introduced into a
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three-necked flask. 15 mL oleylamine was added under inert gas. Then the reaction
mixture was heated for one hour at 120° C and green color referred to Ni-oleate complex
formation was observed. Thereafter, the mixture was cooled to 95°C and 0.32 g BTB
dissolved in 2 ml oleylamine was added to the reaction mixture resulting in a visible color
change from green to a dark-brown. The temperature was kept for one hour at 95°C.
Then, the system was cooled to room temperature. Reaction mixture was centrifuged at
8500 rpm for 10 min after the addition of ethanol into the each nanoparticle solution
separated into four centrifuge tubes. After a second centrifugation step at 9000 rpm for
10 min, the resulted Ni NPs were dispersed and collected in hexane.

4.5.5. Metal Nanoparticles/Graphene Systems
Pd/Graphene (ex-situ): Supporting palladium nanoparticles on chemically derived
graphene
Accurate weight of Pd NPs dispersed in hexane was calculated via gravimetric method
before their impregnation on CDG and desired amount of them was mixed with dried
CDG to ensure the ratio of 2.5 % Pd (w/w) for application in dehydrogenation and
hydrolysis of AB, 5 % and 10 % Pd (w/w) for Suzuki-Miyaura coupling reactions. Then,
the mixture was diluted with ~5-10 mL of hexane and stirred overnight. After
centrifugation (6000 rpm for 10 min), the solid was transferred into a schlenk tube and
dried in vacuum. The resulted powder of CDG-Pd was stored for using as catalyst in the
dehydrogenation and hydrolysis of AB. The palladium contents of CDG-Pd samples were
determined by ICP-OES after each sample was completely dissolved in the mixture of
HNO3/HCl (1/3 ratio). The weight ratio of Pd metal in monodisperse Pd NPs was found
as 30% by series ICP-OES analysis performed on colloidal NPs. Monodisperse Pd NPs
consist of 70% wt OAm as surfactant.
Ni/Graphene (ex-situ): Supporting palladium nanoparticles on chemically derived
graphene
Same procedure given for supporting Pd NPs on CDG was followed. Three different
amounts of Ni NPs on CDG as 2.5%-5%-10% (w/w) were prepared.
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Au/Graphene (in-situ) Synthesis:
The synthesis of gold nanoparticles on different graphene and graphite oxide was
conducted

[160]

. It is a method in which a surfactant (stabilizer), in this case,

cetyltrimethylammonium bromide (CTAB) was used to allow emulsification to control
particle size with specific shapes. 5% and 10% (w/w) Au NPs were formed and supported
in-situ on graphite oxide (by Tour’s method) and graphene samples (one of them was the
sample where Tour’s graphene oxide were precursors and reduced by Stankovitch
method and the other one was the re-reduced (with H2+Ar) form of that Stankovitch
graphene). For the synthesis, 30 mg of graphene oxide or graphene sample was dispersed
in 16 mL of water for two hours in an ultrasonic bath until a homogeneous solution was
formed. Subsequently, 1.166 g CTAB and 17mM aurochloric acid (HAuCl4) solution (0.47
mL of HAuCl4 solution for 5% and 0.94 mL of that solution for 10% Au loading) were
added to that suspension. The reaction mixture was treated in an ultrasonic bath for an
hour. 5 mg of NaBH4 was added into the mixture resulting into a color change from
brown to gray-black suddenly and formation of foam by the nascent hydrogen (as shown
in Figure 131). After further stirring for two minutes, solution was filtered, washed with
water and ethanol and the resulting black powder was dried in the air.

Figure 131: Synthesis of Au NPs by using NaBH4 (5mg) and CTAB. Pictures left to right
showed the reaction and foaming (poor) by time.
Control experiments for Au/Graphene (in-situ) Synthesis:
To examine the influence of sodium borohydride as reducing agent, control experiments
were carried out, wherein the amount of NaBH4 and the reaction time of reduction
varied. By using NaBH4, Au NPs with the particle sizes up to 1 nm was reported

[161]

. By
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increasing the reduction more gold nuclei are formed, which leads to a smaller particle
size, and an increasing concentration of nanoparticles in the solution. Therefore,
synthesis steps were kept same as detailed in Table 20 besides the amount of NaBH4 was
chosen as 5 mg and 600 mg and reduction time was chosen as 2 minutes and 48 hours.
The following table presents the experiments carried out.

Table 20: Control experiments performed for Au/graphene synthesis.
Sample

Substances

MA015A

HAuCl4

+ CTAB

+ 5 mg NaBH4

MA015B

HAuCl4

+ CTAB

+

MA015C

HAuCl4

+ CTAB

+

600 mg
NaBH4
600 mg
NaBH4

MA016A

TGO

+ HAuCl4

+ CTAB

+ 5 mg NaBH4

MA016B

TGO

+ HAuCl4

+ CTAB

+

MA016C

TGO

+ HAuCl4

+ CTAB

+

+ HAuCl4

+ CTAB

+ 5 mg NaBH4

+ HAuCl4

+ CTAB

+

+ HAuCl4

+ CTAB

+

MA017A
MA017B
MA017C

Hydrazinehydrate
reduced CDG
Hydrazinehydrate
reduced CDG
Hydrazinehydrate
reduced CDG

600 mg
NaBH4
600 mg
NaBH4

600 mg
NaBH4
600 mg
NaBH4

MA018A

re-reduced CDG

+ HAuCl4

+ CTAB

+ 5 mg NaBH4

MA018B

re-reduced CDG

+ HAuCl4

+ CTAB

+

MA018C

re-reduced CDG

+ HAuCl4

+ CTAB

+

600 mg
NaBH4
600 mg
NaBH4

Reaction
time
2 min
2 min
48 h
2 min
2 min
48 h

2 min
2 min
48 h
2 min
2 min
48 h
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4.5.6. Metal Oxide Nanoparticles/Graphene Systems
TiO 2 /Graphene (by UV-assisted method):
10mM colloidal suspension of TiO2 in ethanol was prepared by hydrolysis of titanium
isopropoxide, (20.9 µL per 10 mL of ethanol) through the dropwise addition of 98%
titanium (IV) isopropoxide (Ti(OCH(CH3)2)4) to a vigorously stirred ethanol [140]. To that,
graphene oxide (1 mg graphene oxide for 1 mL ethanol) was added and sonicated for
half an hour to produce TiO2 coated graphene oxide dispersion.
UV-irradiation of the TiO2 and TiO2−graphene oxide was carried out for 2 hours in the
apparatus using a 150W Mercury lamp (emitting in the UV and Visible range) with a
built-in cooling system (as shown in Figure 132). This apparatus allows continuous
mixing of the sample and argon flow through the sample during reaction. The total
volume of this apparatus is about 420 mL. UV-VIS spectra of the samples before and after
the UV irradiation were received, and compared with the colloidal suspension of titania.
The used amount was calculated to give 38 wt% TiO2/GO or 50 wt% TiO2/CDG (formula
of GO was taken as C2.19H0.80O1.00 [162].

Water out
Water in

Figure 132: Left: Apparatus equipped with Ar flow and water cooling for UV-irradiation
of the samples UV equipment, right: running UV apparatus filled with graphene oxide
and titania suspension
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TiO 2 /Graphene (hydrothermal synthesis):
4 mg of graphene oxide was dispersed in 40 mL deionized water and 20 mL ethanol
mixture and sonicated for one hour

[137]

. Then 0.4 g of TiO2 (Merck) was added and

sonicated for another 2 hours. The reaction mixture was then transferred to a Teflon
autoclave and heated to 120oC for 3 hours. The mixture was then cooled to room
temperature and centrifuged at 4500 rpm for 10 minutes to be decanted. The resulting
precipitate was dried in the desiccator and ground. Besides, bare TiO2 sample was also
prepared by following the same procedure with excluding graphene oxide.

P25/Graphene (hydrothermal synthesis):
The synthesis of P25-graphene also followed the same procedures as that of P25graphene. The P25 used falls under the brand name AEROXIDE TiO2 P25 manufactured
by Evonik. Bare P25 sample was synthesized as well for comparison.

WO x /Graphene (sonochemical method):
Two loadings of WOx were prepared as WOx-graphene (1 wt %) and 1 mol% WOxgraphene (95 wt %) with sonochemical method [133].
For 1wt%WOx/graphene sample, 10.35 g phosphotungstic acid (PTA) was sonicated in
86 mL ethanol while at the same time 0.1 g graphene oxide was sonicated in 4 mL
deionized water for 8 hours. The mixtures were then stirred overnight separately and
subsequently combined for 3 hours of sonication. The resulting mixture was centrifuged
and rinsed with ethanol and deionized water. The precipitate was then dried under
vacuum and calcined at 550oC for 3 hours under Argon at a flow rate of 200 sccm.
In WOx-graphene (1 mol% WOx case), tungsten constituted 1 mol % of the final
synthesized product. The synthetic procedure – as well as that of all the tungstentitanium oxide based catalysts – was exactly the same as that listed for WO3-graphene 1
wt %. The only difference being that 0.011 g PTA is used with 0.2 g GO. Subsequently
the amount of solvent was also adjusted to maintain the correct ratio.
Besides WOx/graphene samples, as a control experiment bare WOx sample was also
produced by following the same steps described above except using graphene oxide.
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WOx/TiO2/Graphene:
1 mol% WO3-TiO2-graphene (1 wt %) was prepared from 0.006 g PTA and 0.2 g TiO2graphene (synthesized beforehand). The TiO2-graphene was sonicated in ~8mL water.
Besides this, the rest of the procedure remained the same with WOx/graphene
preparation. Moreover, 1 mol% WO3-TiO2 was prepared from 0.006 g PTA and 0.2 g TiO2
by using sonochemical method described for WOx/TiO2/graphene samples.
WOx/P25/Graphene:
1 mol% WO3-P25-graphene (1 wt %) was prepared from 0.006 g PTA and 0.2 g P25graphene (synthesized beforehand). The same procedure with the preparation of WO3TiO2-graphene was followed. In this case, P25-graphene was used instead of TiO2graphene. Besides, control experiment was also carried out by preparing 1 mol% WO3P25 sample in a same way given for 1 mol% WO3-TiO2.
ZnO/Graphene:
To see the effect of using graphene instead of MWCNTs, ZnO/graphene samples were
prepared by the same zinc-precursor complex [CH3ONCCH3COO]2Zn.2H2O (zinc oximato
complex)) with as reported

[94a]

. Briefly, 20 mg of graphene (Stankovitch graphene using

Tour’s graphene oxide as precursor) was sonicated into 40 ml of DMF for a couple of
hours. A defined amount of the zinc oximato precursor given in the table below was
added into graphene dispersion. After the complex was dissolved (maximum solubility of
zinc oximato complex in DMF is 11 wt %), mixture was refluxed at 150oC for 3 hours.
Then, the resulting mixture was filtered, washed with ethanol and dried at 80oC for
couple of hours. Besides ZnO/graphene samples, bare ZnO sample was also prepared
without using graphene.
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Table 21: Amount of the precursors for the preparation of ZnO/CDG samples. Loadings of
ZnO are calculated in wt%.
amount of Zn-

n of Zn oximato

amount of

ZnO/graphene

oximato (mg)

(mmol)

graphene (mg)

(wt%)

5

0.015

20

5.7

10

0.030

20

11.0

20

0.060

20

20.0

40

0.120

20

33.0

4.5.7. Experimental for Ammonia Borane Hydrogenation and Dehydrogenation
Reactions

Dehydrogenation of ammonia borane catalyzed by palladium nanoparticles
supported on chemically derived graphene:

The catalytic activity of Pd NPs supported on CDG in the dehydrogenation and hydrolysis
of AB were determined by measuring the rate of hydrogen generation. The
dehydrogenation and hydrolysis of AB were performed in a typical jacketed, three necked
reaction flask connected to the water-filled cylinder glass tube.
Before starting a typical catalytic dehydrogenation of AB, the jacketed reaction flask was
kept under vacuum at least for 15 min and filled with nitrogen to remove any trace of
oxygen and water present before all the catalytic reactions. 50.0 mg of CDG-Pd catalyst
(2.5 wt % Pd) was dispersed in 3 mL of THF in the jacketed reactor thermostated at 25.0
± 0.5 ºC under nitrogen gas atmosphere. Next, 1.0 mmol of AB dissolved in 2.0 mL of
THF was injected into the jacketed reactor with a gastight syringe under vigorous stirring
and hydrogen gas evolution started immediately.
Hydrogen gas generation from the catalytic reaction solution was followed by using a
typical water-filled gas burette system and recording the displacement of water level in
the gas burette every minute until no more hydrogen evolution observed. When no more
hydrogen generation was observed, the experiment was stopped, the reactor was
disconnected from the water-filled tube and the hydrogen pressure was released. Next, an
approximately 0.5 mL aliquot of the reaction solution in the reactor was withdrawn with
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a glass Pasteur pipette and added to 1 g of CDCl3 in a quartz NMR sample tube (Norell S500-QTZ), which was subsequently sealed. The

11

B-NMR spectrum of this solution

showed the complete conversion of H3NBH3 (quartet at -23 ppm) to products giving
peaks at 1.0 and 16.8 ppm for the dehydrogenation and 11.5 ppm for the hydrolysis
reactions.
Hydrolysis

of

ammonia

borane

catalyzed

by

palladium

nanoparticles

supported on chemically derived graphene:

50.0 mg CDG-Pd catalyst (2.1 wt % Pd) was dispersed in 7.0 mL of water in the jacketed
reactor thermostated at 25.0 ± 0.5 ºC. Next, 2.0 mmol AB dissolved in 3.0 mL of water
was injected into the catalyst solution via gastight syringe under vigorous stirring and
hydrogen gas evolution started immediately. The catalytic hydrolysis reaction was
followed by measuring the hydrogen generation with time. Hydrogen gas generation
from the catalytic reaction solution was followed by using a typical water-filled gas
burette system and recording the displacement of water level in the gas burette every
minute until no more hydrogen evolution observed. Next, an approximately 0.1 mL
aliquot of the reaction solution in the reactor was withdrawn with a glass Pasteur pipette
and added to 0.5 mL of D2O in a quartz NMR sample tube (Norell S-500-QTZ), which
was subsequently sealed. The

11

B-NMR spectrum of this solution showed the complete

conversion of H3NBH3 (quartet at -23 ppm) to ammonium metaborate giving a peak at
11.5 ppm.

Reusability of the palladium nanoparticles supported on chemically derived
graphene in the dehydrogenation and hydrolysis of ammonia borane:

In a typical reusability test, CDG-Pd catalyst was isolated from the catalytic reaction
solution by filtration after all of the AB present in solution was consumed for each cycle.
The isolated CDG-Pd catalyst was washed several times with water or THF to remove the
residuals from the surface of the catalyst. Next, a new catalytic reaction was started by
dispersing the isolated CDG-Pd catalyst in a solution containing a new batch of 1.0 mmol
AB for dehydrogenation or 2.0 mmol AB for the hydrolysis as described in the section 2.7
and 2.8, respectively.
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4.5.8. Photocatalytic Experiments
Experiments were performed in a customized photodegradation setup, employing two
quartz vessels, each containing initially 20 mL of Argon saturated methylene blue
aqueous solution (0.01 g/L) along with the tested catalyst (15 mg). The entire setup is
kept oxygen free by being closed off to the ambient environment and having Argon being
flown into the setup, as well as with the Argon exhaust line. In fact, a cooling condenser
is used to seal off the quartz vessels as this is crucial in preventing any sort of evaporation
of sample when subjected to the light source. Both quartz vessels are kept at a distance of
12 cm from the light source; each quartz vessel also has its own stirring plate to ensure
even mixing of the sample. This entire setup allows the simultaneous photodegradation
of two methylene blue samples, allowing the evaluation of two catalysts at the same time.
Two different experiments were performed for each catalyst: dark adsorption and
degradation under UV. Common to all experiments, a sample of aqueous solution of
methylene blue is measured first by UV-Vis Spectroscopy to obtain the initial
concentration value. The spectrum of interest is from 500 nm to 750 nm, with the
expected peak to be around 665 nm. Afterwards, the methylene blue solution and the
tested catalyst were added into the quartz vessel and mixed for 15 minutes under dark
conditions –by simply wrapping the quartz vessels with aluminum foil. After this mixing
period, 4 mL of each sample was taken from the quartz vessels and centrifuged for 5
minutes at 4500 rpm in order to separate the catalyst from the solution. Then the
solution was transferred to UV cuvette by syringe for UV-Vis Spectroscopy analysis. After
this, the methylene blue was thoroughly mixed with the metal catalyst previously
separated by centrifuging, and the mixture was returned to the corresponding reaction
vessel.
The dark adsorption experiments were performed to determine the initial amount of
physisorbed methylene blue adsorption onto the catalyst. In this setup, the quartz vessels
were covered with aluminum foil at all times to prevent photodegradation. On top of the
15 minutes of initial mixing, at 30, 60, 120 and 180 minutes of mixing, the procedure of
retrieving 4 mL of sample for centrifuging and UV-Vis measurement as described above
was repeated.
In the UV experiments, a 150W Mercury lamp emitting in the UV and Visible range was
used with a built-in cooling system. After 15 minutes of initial mixing, the Mercury lamp
was turned on and samples were taken at 20, 40, 60, 80, and 100 minutes for UV-Vis
measurement. It should be noted out that the solutions and the separated catalyst by
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centrifuge were put into the reaction vessels during UV degradation experiments as well
to ensure the initial volume and concentration constant.

4.5.9. Chemicals
Alfa-Aesar: 25µm thick Ni foil (99.5%, annealed) and 25µm thick Cu foils with different
purity (99.8% (metals basis) and Puratronic®, 99.999% (metals basis) were used as a
substrate for CVD graphene synthesis.
Acros Organics: Graphite flake, natural, -325 mesh, 99.8% (metals basis), 98% titanium
(IV) isopropoxide (Ti(OCH(CH3)2)4), Hydrazine hydrate, 100% (Hydrazine, 64%),
Cetyltrimmethylammoniumbromide (CTAB), Phosphotungstic acid hydrate
Sigma

Aldrich:

palladium(II)

acetylacetonate

(Pd(acac)2,

99%),

nickel

(II)

acetylacetonate (Pd(acac)2, 99%)oleylamine (OAm, >70%), oleic acid, HNO3 (100%), 30
% H2O2, H2SO4 (96%) and H3PO4 (100%)
Merck KGaA: TiO2
Degussa Evonik: P25
Si-Mat, Silicon Materials: Two different types of wafers as Si and SiO2/Si (600 nm
thermally oxide layer on Si) having a <100> crystal orientation (p-type, light boron
doped)

4.5.10.Characterization techniques:

4.5.11.Microscopy:
Electron microscopic characterization was performed by SEM (Philips XL 30 FEG) that is
equipped with a LaB6 electron gun, a vacuum SE detector, an elevated pressure SE
detector, a backscattering electron detector (BSD), and a Bruker AXS XFlash 4010
detector. SEM images were obtained using a vacuum SE detector where electron
acceleration voltage of the incident beam was varied within 10-20 kV and the samples
were kept typically at ≤ 5 × 10-5 Torr inside the SEM chamber. All of the EDX data were
collected using an electron acceleration voltage of 20 kV and a working distance of 10
mm.
Samples for TEM and HRTEM analyses were prepared by two different ways for CVD and
CD-graphene samples. CVD samples that are films, transferred directly on the lacy carbon
coated TEM grids by fishing the catalyst-free floating graphene flakes onto. CD-related
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powder samples were prepared by depositing a single drop of sonificated graphene or
graphene-hybrid metal/metal oxide samples that are dispersed in absolute ethanol (for
palladium nanoparticles or CDG-Pd dispersed in hexane) on amorphous carbon coated
copper grids. Images were obtained by a JEOL 2100 TEM (200 kV) or TEM (FEI Titan
80–300@300 keV),
Atomic Force Microscopy (AFM) analysis of the samples was performed using CP II,
Veeco Instruments in non contact mode. A 5µm scanner with standard scanning rate of
0.8 to 1 Hz and silicon cantilevers (Phosphor doped Si tip, 40N/m, 300kHz, Symmetric
Tip, Al Reflective Coating, MPP-11120-10 type, Veeco Instruments) were used in the
analysis.

4.5.12.X-ray Diffraction (XRD)
X-ray diffraction was carried out using two different instruments. For powder samples,
normal 2θ scan, Siemens D5000 (copper Kα) or STADI P, STOE diffractometer (copper
Kα) were used. The scan range was in between 10° to 90° (2θ) with step size of 0.02°.
Gracing incidence X-ray diffraction (GIXRD) was carried out for CVDD graphene sample
using a PANalytical X´Pert PRO 2-theta scan system equipped with a linear detector
(X’Celerator) (in EMPA, Switzerland). The incident X-rays had a wavelength of 1.5418 Å
(Cu-Kα-radiation). The diffraction patterns were scanned from 10° to 80° (2θ) with an
angular step interval of 0.02° and counting time of 15 second. It takes 14 hour 35 minute
to get one pattern.

4.5.13.Raman spectroscopy:
Two different Raman spectroscopy were used. In one of them, micro Raman spectra (ten
scans, each lasting 3 s) were recorded in back-scattering smode with a Horiba LabRam
HR 800 micro Raman spectrometer (Horiba Jobin Yvon, Bensheim, Germany) equipped
with an air-cooled Ar+ ion laser (emission line λ=514.5 nm). The excitation line has its
own interference filter (to filter out the plasma emission) and a Raman notch filter (for
laser-light rejection). The measurements were performed with a spectrometer grating of
1800 g mm−1 and a confocal microscope (long-working-distance objective, magnification
×50; numerical aperture (NA) 0.5; focused laser-spot diameter ca. 2 µm). The laser
power (ca. 20 mW) was attenuated on the sample in the range of 2 mW–20 µW by using
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neutral density (ND) filters. Spectral resolution at the conditions was about 1 cm−1 and
the spatial resolution was about 1 µm.
In the second one, Raman spectroscopy analyses were performed on using an argon laser
(Melles Griot) at 514 nm and an excitation power of 7 mW measured at the position of
the sample.

4.5.13.1.Infrared Spectroscopy
Nicolet IR100 Instrument was used to perform IR spectrum of solid samples in a range of
400 to 4000 cm-1 wavenumbers. Standart potassium bromide (KBr) pellet technique was
used. Powder samples were mixed with potassium bromide (KBr) that acts as a binding
agent and pressed in a pellet form.

4.5.14.TGA analysis
TGA analysis was performed on STA449C Jupiter (Netzsch) at a heating rate of 10 K/min
in aluminum crucibles under helium atmosphere.

4.5.14.1.BET Analysis
BET surface area analysis is performed using a NovaWin2 system (Quantachrome) after
degassing all of the samples for 24 h at 80 oC.

4.5.15.Inductively coupled plasma optical emission spectrometry (ICP-OES)
Palladium content of the CDG-Pd samples were determined by using Thermo X series
ICP-OES (in METU, Turkey) after each sample was completely dissolved in the mixture of
HNO3/HCl (1/3 ratio).
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5. Appendix
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Figure 133: Raman spectra of CVD grown samples on 25 µm thick Cu foil by procedure
#3’.
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Figure 134: Confocal image of CVD grown sample on Cu foil (left side), Representative
Raman spectrum performed on randomly chosen area (at right).
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Procedure #5': CVD graphene grown on Cu foil
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Figure 135: Raman spectrum of CVD grown sample of only 1 min growth time on 25 µm
thick Cu foil by procedure #5’.
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Figure 136: SEM micrographs and EDX data for Au/Graphene samples. TGO (A, B), CDG (C-G) and re-reduced
CDG (I-L) were used as precursors.
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