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A B S T R A C T

The ever dwindling supply of fossil fuels and the unsustainable growing de-
mand for energy due to worldwide improvements in the quality of life has
induced significant increases in fuel prices across the globe. This in turn has
lead to research in alternative energy; solar, wind, biofuels, etc. The choice of
alternative energy will depend on the specific use and the resources available in
the vicinity. One attractive possibility is hydrogen, the third most abundant el-
ement available on Earth [1]. However, hydrogen is often found in compounds
such as water and must be extracted. The production or extraction of pure hy-
drogen is an energy consuming process which still requires extensive research
to optimize the production methods. Hydrogen is what is called an energy
vector meaning that it can be used to store and transport energy. Using only
hydrogen and oxygen, hydrogen fuel cells produce electricity with water be-
ing the only by-product. The hydrogen energy cycle is sustainable and does
not release carbon dioxide, a greenhouse gas, into the environment. However,
one of the main hurdles facing a hydrogen based energy economy is hydrogen
storage. Hydrogen is a gas at room temperature and pressure, a considerable
hindrance to engineering applicable storage devices. Ample funding and re-
search has been allocated to finding and implementing a safe, cheap, nontoxic,
and compact method of storing and releasing hydrogen.

There are many solid state materials that absorb and release hydrogen such
as metal hydrides, metal organic frameworks, and carbon based materials such
as carbon nanotubes. Metal hydrides absorb hydrogen into the lattice. This pro-
cess requires high temperature and/or high pressure to force the hydrogen into
the metal lattice. Furthermore, the metal-hydrogen bonds are often very sta-
ble and in order to release the hydrogen, elevated temperatures are necessary.
These temperatures are frequently near the melting point of the metal hydride
reducing the number of absorption and release cycles possible before the ma-
terial degrades. Another category of materials for hydrogen storage are metal
organic frameworks. These porous structures physisorb molecular hydrogen by
weak forces such as the van der Waals force. The magnitude of the attractive
force between the hydrogen and the porous structure is small which in turn
means that a low temperature is required to release the hydrogen. The density
of the molecular hydrogen stored in the porous scaffold can be increased by
increasing the hydrogen pressure. Metal organic frameworks occupy large vol-
umes and the density of stored hydrogen is low. These two types of materials
exemplify the two different mechanisms of hydrogen bonding, chemisorption
and physisorption. Chemical bonds require high temperatures to release the hy-
drogen while on the contrary, low temperatures are necessary for physisorbed
molecular hydrogen which is often unstable at room temperature. These mate-
rials are not ideal for hydrogen storage because they rely on huge changes in
both the temperature and the pressure to adsorb, store, and release the hydro-
gen.
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Graphene, on the other hand, is an interesting candidate for hydrogen stor-
age. Graphene is a two-dimensional lattice of carbon atoms in a honeycomb
configuration. Each carbon atom is covalently bonded to three neighboring car-
bon atoms forming an sp2 scaffold. Carbon has four valence electrons so every
carbon atom in the graphene lattice can bond with one hydrogen atom forming
sp3 bonds. In 2009, this material was created and given the name graphane
[2]. The carbon-hydrogen bonds as mentioned above are extremely stable, re-
quiring high temperatures to break. However, unlike the materials above, the-
oretical calculations indicate that by controlling the curvature of graphene it is
possible to tune the binding energy of atomic hydrogen to the graphene lattice
[3]. When the curvature is convex, the C-H bonds are predicted to be stable
at room temperature and when the curvature is concave, the C-H bonds are
unstable. This provides the possibility of creating a hydrogen storage device
that does not depend on a change in pressure or temperature and solely on a
change in curvature, a novel idea that has not been achieved yet.

The work presented in this thesis focuses on basic research on the inter-
action between atomic hydrogen and graphene and the role of curvature on
their interaction. We carried out scanning tunneling microscopy experiments
on graphene on a periodically corrugated surface. The experiments were per-
formed on monolayer graphene grown on the silicon face of silicon carbide
(SiC(0001)). The reason for choosing monolayer graphene on SiC(0001) is that it
possesses an intrinsic periodic corrugation on a length scale of about 2nm. The
2nm length scale results in a pronounced curvature of the graphene sheet at the
atomic scale. Furthermore, the periodic corrugation of the graphene translates
into a spatial equivalency: the scanning tunneling microscopy measurements
can be taken on any area of the sample since the corrugation is the same every-
where. We show that the hydrogen adsorption is curvature dependent. Atomic
hydrogen bonds to the convex areas of the graphene lattice and not in the con-
cave areas. We were able to identify the stable hydrogen configurations that
form on the graphene surface and relate the scanning tunneling microscopy
images to images produced via theoretical calculations. The atomic hydrogen
bound to the maximally convex areas of the graphene lattice remained ad-
sorbed up to very high temperatures, in agreement with theory. We were able
to relate the temperature at which the carbon-hydrogen bond broke to a hy-
drogen energy desorption barrier using the Arrhenius equation that relates the
rate at which the graphene-hydrogen system is heated and the temperature at
which the hydrogen desorbs. These studies will lead to an alternative method
of hydrogen storage utilizing a graphene based scaffold.

The organization of the thesis begins with background information of graph-
ene pertinent to understanding the experiments presented later on. Subsequent-
ly the state of the art in hydrogen storage devices and materials available to-
day is described to establish the pros and cons of graphene based storage in
the grand scheme of hydrogen storage devices. The third chapter discusses the
growth and characterization (predominantly Raman spectroscopy and scanning
tunneling microscopy) of pristine graphene and graphene derivatives with vary-
ing intrinsic curvature. The graphene is subsequently exposed to atomic hydro-
gen in an ultra high vacuum scanning tunneling microscope setup. The stable
hydrogen conformations on the graphene surface are atomically resolved and
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identified. The curvature dependence of hydrogen adsorption is investigated.
The graphene layer is annealed in temperature steps of 50◦C, and after each an-
nealing step imaged by scanning tunneling microscopy. The areas of graphene
that are convexly curved form the most stable C-H bonds. The results are consis-
tent with density functional theory (DFT) calculations performed at NEST. DFT
is a method that employs electron density functions of a system, in this case
carbon atoms arranged in a honeycomb lattice, to compute properties of that
system. The C-H binding energy as a function of the curvature of the graphene
layer or the stable hydrogen configurations that can form on a graphene layer
are two such properties that can be calculated using this method. These results
lay the basis for developing a hydrogen storage device based on graphene that
adsorbs and releases hydrogen by changing the local curvature of the graphene
sheet. A possible method for modifying the curvature is suggested in the con-
clusions.
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Part I

T H E S I S





1
I N T R O D U C T I O N T O G R A P H E N E

The purpose of this chapter is to introduce graphene and provide descriptions
of the basic physical properties that will be used throughout the thesis.

1.1 introduction to graphene

Writing has been an integral part of society dating back to the Sumer in Meso-
potamia. Leaving a mark has been indispensable for civilizations and as a con-
sequence, throughout history scribes have held eminent positions in society.
Ancient civilizations carved their stories in stone and used various dyes to de-
pict events on cave walls, animal skins, and plant based paper such as papyrus.
For centuries, ink and dye were the predominant forms of writing. It was not
until recently, in the history of writing, that the pencil was invented. In around
1565, the first pencils were produced in Cumberland England [4, 5]. The dis-
covery of a dark, metallic, soft, oily material later recognized as graphite but at
the time called plumbago [6], since it resembled lead, became the basis for the
first pencils. The chemical composition was unknown until the late 1800’s and
it was not until 1789 when Abraham Gottlob Werner conceived of the name
graphite derived from the Greek word grafo, to write [4, 5].

Graphite is a carbon allotrope comprised of layering two-dimensional crystal
planes known as graphene. In a single plane, the carbon atoms are arranged
in a honeycomb lattice. Each carbon atom has six electrons, two forming the 1s
shell and four valence electrons 2s2p. Three of the valence electrons are bound
to neighboring carbon atoms in the plane forming σ bonds, leaving one electron
unbound. Less energy is required to fill a 2px and a 2py orbital than placing
two electrons in the 2s orbital, resulting in the sp2 hybridization [7]. The in-
plane carbon bonds are extremely strong, however only van der Waals forces
hold the layers together [8]. The weak inter-layer coupling is responsible for the
writing capacity of graphite. The graphene layers can slide along each other
leaving thin layers of graphite on the paper.

True 2D crystals were not believed to be thermodynamically stable [9] but the
creation of graphene in 2004 proved otherwise [10, 11]. The first monolayers of
graphene were created via a micromechanical method known as the scotch tape
method. Graphite is cleaved recurrently by folding a piece of scotch tape back
on itself repeatedly. Subsequently, the scotch tape is placed adhesive side down
on a substrate. Once the tape is removed the substrate is left with a jumble of
graphene, graphite and glue. Typically the substrate is silicon with a 300 nm
layer of SiO2 which increase the contrast of single to few layer graphene [12].
This striking effect allows for the optical identification of monolayer graphene.

The micromechanical method is time consuming and the graphene size and
shape cannot be controlled. It is not a viable mode of producing graphene
for industrial purposes. As a consequence, a variety of alternative methods of
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4 introduction to graphene

producing high quality graphene are being explored such as epitaxial graphene
grown on copper [13] or ruthenium [14], graphene transferred to hexagonal
boron nitride [15], and silicon-carbide decomposition which will be discussed
in greater depth in chapter 3.

1.2 what is graphene?

As mentioned briefly above, graphene is a single layer of graphite with the car-
bon atoms in a hexagonal lattice with a carbon-carbon spacing of 1.42 Å. The
lattice is a compilation of two identical interpenetrating triangular sublattices.
In Fig. 1, the two sublattices are labeled A and B. The three nearest neighbors
of an atom in sublattice A are from the sublattice B and vice versa. The vectors
that describe the positions of the nearest neighbors of an A atom are:

R1 = ( a√
3

, 0)

R2 = (− a

2
√
3

,−a2 )

R3 = (− a

2
√
3

, a2 )

The unit vectors in real space are:

a1 = (
√
3a
2 , a2 )

a2 = (
√
3a
2 ,−a2 )

Here a equals 2.46 Å or |a1| = |a2| = 1.42 Å x
√
3 = 2.46 Å [7]. The hexago-

nal lattice in real space translates into a hexagonal lattice in reciprocal space
with a rotation of 90◦ and unit vectors [7]:

b1 = ( 2π√
3a

, 2πa )

b2 = ( 2π√
3a

,−2πa )

1.3 band structure

The hexagonal arrangement of carbon atoms leads to unique physics where the
electrons react as if they are massless Dirac fermions. To arrive at this point,
the band structure of monolayer graphene will be derived using a tight bind-
ing method. Bloch wavefunctions consisting of the pz orbitals centered on the
carbon atoms are the basis for resolving the Schrodinger equation [16]:

Hψk(r) = E(k)ψk(r) (1)

H is the Hamiltonian that describes the coupling between nearest neighbor car-
bon atoms and E(k) denotes the energy eigenvalues which form the electronic
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Figure 1: The graphene lattice in real space is shown on the left. The two sublattices
are differentiated by color, blue and red. The unit cell is indicated by the
blue diamond encompassing two atoms labeled A and B. a◦ is the distance
between neighboring carbon atoms, 1.42 Å. The unit vectors in real space
are labeled a1 and a2 and the vectors indicating the nearest neighbor carbon
atoms are R1, R2, and R3. The hexagonal reciprocal lattice is shown on the
right rotated by 90◦. The points of symmetry are labeled and the unit vectors
b1 and b2 are indicated.



6 introduction to graphene

band structure. H was first resolved in 1947 by Wallace, as a first approximation
for the band structure of graphite [17].

ψk
A(B)(r) =

1√
N

∑
A(B)

eikrA(B)ΦA(B)(r − rA(B)) (2)

are the Bloch wavefunctions centered on the atoms in the sublattices, A and
B with a contribution from the pz orbitals. The pz orbitals are an appropriate
choice for deriving the electronic band structure because they are responsible
for the valence band and the conduction band of graphene. The valence and
conduction bands are much higher in energy than the bands that form due
to the strong intralayer carbon-carbon bonds [16]. The number of unit cells is
given by N and the positions of the atoms is given by rA or rB, where the letter
denotes the sublattice. k is the crystal momentum. A linear combination of the
Bloch wavefunctions is the basis for resolving the secular equation given by
[16]:

∣∣∣∣∣ HAA − E(k)SAA HAB − E(k)SAB
H∗AB − E(k)S∗AB HBB − E(k)SAA

∣∣∣∣∣ = 0 (3)

In the characteristic equation above, only the nearest neighbor carbon atoms
are included. Furthermore, since the two sublattices are identical, the matrix
elements HAA and HBB are equal [16]. Using the same reasoning, SAA = SBB
since the overlap integral of an atomic wavefunction centered on itself is the
same on both sublattices [16].
The determinant is given by:

(S2AA − S∗ABSAB)E
2 + (H∗ABSAB + S∗ABHAB − 2HAASAA)E

+ (HAAHBB −H∗ABHAB) = 0 (4)

When considering only nearest neighbors, the following equations for the ma-
trix elements are derived [16]:

HAA =
1

N

∑
A

eik·(rA−rA) < ΦA(r − rA) |H|ΦA(r − rA) > (5)

HAA is the Hamiltonian between two identical Bloch functions at the atomic
position A which is simply the energy related to the 2pz orbital [16, 18]. This
constant does not affect the shape of the dispersion bands therefore it can be
set to zero.

SAA =< ΦA(r − rA) |ΦA(r − rA) >= 1 (6)

SAA is the overlap integral of a Bloch function onto itself which equals 1, as-
suming that the Bloch wavefunctions are normalized [16].

HAB =
1

N

∑
A,B

< ΦA(r − rA) |H|ΦB(r − rB) >eik·(rB−rA) (7)
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HAB is the Hamiltonian between two nearest neighbor atoms. It can be written
as [16]:

HAB = γ◦
∑
B

eik·(rB−rA) = γ◦f(k) (8)

γ◦ =
1

N

∑
A

< ΦA(r − rA) |H|ΦB(r − rB) > (9)

where γ◦ is the hopping integral between two atoms in the lattice and has
a value of ∼ 2.8 eV [19]. When the nearest neighbor vectors (R1, R2, R3) are
inserted into the Hamiltonian HAB, the function f(k) is obtained as

f(k) = eikxa/
√
3 + 2e−ikxa/2

√
3cos(

kya

2
) (10)

The solution to the secular equation with the approximations stated previously
is [7, 16]:

E±(k) = ±γ◦
√
f(k)2 = ±γ◦

√
1+ 4cos

√
3kxa

2
cos

kya

2
+ 4cos2

kya

2
(11)

ky 

Energy 

kx 

K K’ 

Figure 2: The electronic band structure of graphene. The Dirac points, K and K’, are
indicated. Close to the Dirac points, the dispersion is linear.

By plotting the energy as a function of k, the well known dispersion curve
for graphene is obtained (Fig. 2). The valence and conduction bands decrease
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symmetrically to points at the six vertices of the Brillouin zone (black line in
Fig. 2). These six points are known as the Dirac points or K(K’) points where
the valance band touches the conduction band. Near these points, the disper-
sion curve becomes nearly linear and is often approximated as linear. A linear
dispersion has non-trivial implications when studying the electronic properties
of graphene. Typically in semiconductors such as GaAs or Si, the electronic
band dispersion is quadratic around points of high symmetry. This results in a
constant effective mass of the electrons that is different from the rest mass of an
electron due to the interaction with the periodic lattice. In the case of graphene,
the effective mass of the electrons is zero around the Dirac points so that the
physics in this crystal mimics that of relativistic particles with an electron speed
approximately 300 times slower than the speed of light.

1.4 phonons

Fr
e

q
u

e
n

cy
 [

cm
-1

] 

Reduced wave vector (k) 
K M Γ Γ 

0 

500 

1000 

1500 

Figure 3: Graphene phonon dispersion. The longitudinal acoustic (LA) and transverse
acoustic (TA) in-plane modes go to zero at Γ . The third acoustic mode (ZA)
is an out of plane mode. There are also three optical modes of which two are
in-plane stretching modes, longitudinal optical (LO) and transverse optical
(TO) and one is an out of plane mode (ZO). Figure taken from reference [20].

The phonon dispersion in graphene (Fig. 3) has six branches resulting from
the two carbon atoms in the unit cell. Common to all three acoustic modes at
the Γ point, the displacement has no restoring force and the phonon frequency
is zero [7]. The atomic motion of the three acoustic branches at the Γ point is
shown in Fig. 4. There are also three optical phonon modes, two of which are
degenerate at the Γ point. The degeneracy is a consequence of the two identical
carbon atoms in the unit cell of graphene. The in-plane stretching modes are
defined as longitudinal or transverse optical depending on the orientation of
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Figure 4: Graphene phonon modes at the Γ point in reciprocal space. The in-plane
longitudinal acoustic (Γ iLA), in-plane transverse acoustic (Γ iTA) and out-of-
plane transverse acoustic (ΓoTA) modes go to zero at Γ since the motions
are translational, moving the entire graphene plane in a given direction. The
longitudinal optical (Γ iLO) and transverse optical (Γ iTO) in-plane stretching
modes are degenerate at the Γ point. The Γ iLO and Γ iTO modes gives rise to
the G band observed in graphene. The out-of-plane transverse optical mode
(ΓoTO) is also shown.
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the carbon-carbon bond motion with respect to the excitation wavevector [7].
These optical in-plane stretching modes (Γ iTO and Γ iLO) are recorded by Ra-
man spectroscopy and are responsible for the G band in graphene. The third
optical mode is an out-of-plane stretching mode in which all the atoms in one
sublattice move opposite to those in the intertwined sublattice as shown in Fig.
4.

1.5 raman spectroscopy : introduction to the technique

Light scattering provides a plethora of information about the fundamental
properties of materials including such information as crystal structure, defects,
vibrational or phonon mode structure, and phonon dynamics. In the basic mod-
ern light scattering experiment, a laser with a known wavelength is focused
onto a material of interest and the photons scattered by the material are col-
lected and analyzed in terms of such parameters as wavelength, polarization,
scattering angle, and the like. Most of the scattered light has the same wave-
length as the laser, but a small amount of the scattered light changes wave-
length. When the wavelength is unchanged during the scattering process, it is
known as elastic light scattering or Rayleigh scattering. On the other hand, a
small amount of the scattered radiation has a different frequency from the exci-
tation photon due to the creation or annihilation of a quantized excitation in the
material [21]. This light scattering process is inelastic and known as the Raman
effect [21]. Raman spectroscopy was acknowledged as an extremely valuable
nondestructive method for extracting structural and chemical information of a
material in 1930 when Sir Chandrasekhara Raman received the Nobel prize for
his work on the subject [22].

A great many introductory and advanced texts have been written on the the-
ory and selection rules responsible for the excitations visible by Raman spec-
troscopy [7, 23, 24]. In this thesis, Raman spectroscopy is primarily used as a
tool for verifying the quality and types of materials being studied. More specif-
ically it was utilized to distinguish how many graphene layers were present in
the sample. For this reason, the discussion on Raman spectroscopy is limited to
a short description of the laws governing the process.

As mentioned above, Raman spectroscopy is an inelastic light scattering pro-
cess where the emitted photon has a different energy from the excitation photon
due to the creation or destruction of a phonon in the material. When the emit-
ted photon has a lower energy than the initial photon, the process is known as
the Stokes process. If however, a quantized excitation is annihilated, increasing
the energy of the emitted photon, it is known as the anti-Stokes process. In this
thesis, only the Stokes process will be considered since all the measurements
were taken at room temperature and the phonon population of graphene would
mostly be in the ground state.

The Raman process abides by two conservation laws: conservation of energy
which was stated above and conservation of momentum. Energy conservation
can be expressed mathematically as:

Ei − Ef = Eph (12)
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The energy difference between the excitation photon (Ei) and the measured
photon (Ef) is exactly the energy of the phonon (Eph).

The second conservation law is a result of the translational symmetry of the
crystal and can be expressed as:

ki − kf = qph (13)

Here ki refers to the wavevector of the initial electron-hole pair excited by the
incoming photon. kf is the final photon wavevector after a phonon with mo-
mentum qph is created during the electron-phonon interaction. The excitation
laser used in these experiments is in the visible range, 488 nm to be precise. The
unit cell of graphene is 2.46 Å meaning that an excitation caused by a photon
is nearly vertical in the Brillouin zone of graphene. Since photons in the visi-
ble have very small wavevectors, the area of the phonon spectrum accessible
when considering first order processes alone is restricted to the Brillouin zone
center, (Γ ). When higher order processes with multiple quantum excitations are
considered, then the individual phonons can have larger wavevectors provided
that the sum of the wavevectors is nearly zero to satisfy the conservation of
momentum.

1.6 raman spectroscopy in graphene

Graphene has a characteristic Raman spectrum which has become a standard
in both identifying the number of layers in the sample as well as the quality
of the graphene. There is a first order Raman mode in graphene known as the
G mode. First order Raman spectroscopy probes the zone center phonons at
the Γ point (Fig. 3). The E2g phonon is an in-plane stretching motion of the
two sublattices, A and B (see Fig. 4 Γ iTO and Γ iLO). In monolayer graphene,
the G mode is a sharp peak centered at ∼1585 cm−1 (Fig. 5). The width of this
peak can provide information on the phonon lifetime. This phonon mode is
also sensitive to the carrier density of the graphene layer [25, 26, 27] and lattice
strain [28, 29].

In monolayer graphene there is a second very prominent sharp Raman peak
at around 2700 cm−1 known as the 2D peak (Fig. 5). This is a second order pro-
cess that requires two phonons with equal and opposite wavevectors in order
to satisfy the momentum conservation law (discussed in more detail in chap-
ter 3). When this condition is satisfied, a resonance occurs and a sharp peak
appears around 2700 cm−1. The exact position is excitation energy dependent
since the peak shifts with the electronic band structure. Surprisingly, in mono-
layer graphene this peak is always much more intense than the G peak which
is unexpected given that it is a second order Raman process.

The 2D peak is sensitive to the number of graphene layers [30]. There is a
radical difference between single and bilayer graphene since the double reso-
nance process depends on the electronic band structure as well as the phonon
dispersion of graphene. The Dirac points in monolayer graphene consist of a
single set of bands that cross. Therefore, the resonance condition is reached
when the phonon emitted near Dirac cone K has the same magnitude but in-
verse direction as the phonon emitted near the Dirac cone K’. This intervalley
process results in a single sharp peak at around 2690 cm−1 (Fig. 6a inset).
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Figure 5: Raman spectrum of monolayer graphene produced by micromechanical ex-
foliation. The G mode is at 1585 cm−1 with a full width at half maximum
(FWHM) of 16 cm−1 and the 2D mode is at 2700 cm−1 with a FWHM of
25 cm−1. Both peaks were fitted with a single Lorentzian curve to extract
the peak position and the FWHM. The spectrum lacks a D peak around
1350 cm−1 indicating that the graphene layer is of high quality. The inset
is a CCD image of the graphene layer and the white dot is the laser spot. A
diagram of the G mode is shown.
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Figure 6: Comparison of the 2D band in monolayer and bilayer graphene. a) Raman
spectrum of monolayer graphene with an inset of the 2D band fitted with
a single Lorentzian curve. b) Raman spectrum of bilayer graphene with an
inset of the 2D peak fitted with four curves. c) and d) are schematics of the 2D
Raman process. The electronic band structure in monolayer graphene (panel
c) around the Dirac points splits into four bands in bilayer graphene resulting
in the 2D peak visible in panel b). c) and d) are from reference [30].
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In bilayer graphene, the electronic band structure around the Dirac neutrality
points is split into two π and π∗ bands. The energy splitting between the two
pairs of respective bands is small. With the same reasoning as for the monolayer
case, there are four possible recombination processes that become resonant for
any given excitation wavelength. Since the electronic band splitting is small,
these four peaks overlap to create a broad 2D peak. The probability of electron-
phonon coupling is stronger for two of the recombination pathways, which is
responsible for the 2D shape seen in Fig. 6b. [30]

A third Raman peak is occasionally visible in graphitic spectra known as the
D peak at ∼1350 cm−1 due to the longitudinal optical phonons that require ei-
ther a defect or an edge for activation [31]. This Raman mode does not conserve
wavevector. It is a radial breathing mode in which all six carbon atoms in the
hexagonal lattice move towards and away from the center of the hexagon. In
pristine graphene with no defects, the D peak is not visible (Fig. 5).

The Raman spectra shown so far have all been from micromechanically ex-
foliated graphene. The same analysis can be performed on graphene produced
by the decomposition of silicon carbide but the spectra are not as clear. There is
a pronounced background from the silicon carbide crystal rendering the iden-
tification of monolayer graphene a more intensive process.

1.7 phonons in magnetic fields

Phonon modes have been studied not only at zero magnetic field but also in
magnetic fields. An interesting effect arises in semiconductors when a magnetic
field is tuned so that the inter-Landau level energy difference is close to or equal
to an optical phonon mode. This effect is called magneto-phonon resonance
(MPR). When the inter-Landau level electronic transitions (Fig. 7b) in graphene
have an energy comparable to the E2g (G band) optical phonon at ∼1585 cm−1

or ∼196 meV (Fig. 7a), a resonance is observed.

E2g 

n=3+ 
n=2+ 

n=1+ 

n=0 

n=3- 
n=2- 

n=1- 

E 

EF  
T1 

 T1 
π 

π* 

a) b) 

Figure 7: a) The atomic displacements corresponding to the E2g (G mode) phonon.
b) The inter-Landau level transitions that couple with the E2g phonon are
indicated by vertical arrows. The horizontal lines represent the Landau levels
in monolayer graphene. Figure taken from reference [32].

The energy of the Landau levels in graphene is given by

εn± = ±
√
2n

 hvf
lB

(14)
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n is a non-negative integer that labels the Landau levels. The positive energy
values are in the π∗ and negative energy values are in the π band. The n = 0

Landau level is at the Dirac point in graphene. The electron velocity is given by
vf = 1.03x108 cm/s [33]. The magnetic length is lB =(

 hc
|e|B

)
1
2 .

Figure 8: Raman spectra for magnetic fields ranging from 4.2T to 6.4T. The spectra are
shifted vertically so that the peak positions of the two coupled modes (red
and blue) are aligned with the anticrossing fit given by equation 15. Figure
taken from reference [33].

Raman spectroscopy can be used to study MPR. Surprisingly, this phenome-
non was seen in kish graphite at the magnetic field of 4.7T. This corresponds to
the inter-Landau level transitions given by the expression above for graphene
from n = −2 to n = 1 and n = −1 to n = 2 [33]. The MPR appears as an anti-
crossing as shown in the Raman spectra in Fig. 8 at ∼5T. The Raman spectra
were analyzed with an equation that describes the magneto-phonon exciton
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and the phonon energy and half-width contributions to the resonance energy
through the electron-phonon coupling strength (g). The equation used for the
analysis is

 hωr± =
EPh + EME

2
±
√
(
EPh − EME

2
)2 + g2 (15)

The phonon contribution EPh = ω− iγ is comprised of the energy, (ω), and
half width (γ) that can be extracted from the measurements. The same is true
of the magneto-phonon exciton EME = Ω− iΓ .

The anti-crossing was only visible on some areas of the kish graphite sample.
One explanation is a large contribution to the Raman signal from decoupled
graphene flakes. This can occur by turbostratic stacking which reduces the in-
teraction between adjacent layers. Recently, MPR was also observed at high
magnetic fields on monolayer graphene [34]. The transitions from 0 −→ 1 were
seen at ∼25T using polarized light in samples with different filling factors, acti-
vating or blocking the inter-Landau level transitions [34].



2
S TAT E O F T H E A RT I N H Y D R O G E N S T O R A G E

The expanding worldwide energy consumption is quickly becoming a concern
due to the limited quantity of fossil fuels, the basic source of energy. Predic-
tions of when the supply of fossil fuels will be exhausted range from 40 years
to 150 years [35], a relatively short time for developing and implementing an
alternate source of energy. Aside from the practical issue of finite fossil fuels
there are the detrimental environmental effects which put time constraints on
the continued use of such forms of energy. Fossil fuels contribute to global
warming since the combustion produces copious amounts of carbon dioxide, a
greenhouse gas [35, 36]. Technological advances in developed countries along
with ameliorating the quality of life in developing countries all require energy,
magnifying the importance of such developments [36]. As a consequence, var-
ious forms of alternative energy such as solar, wind and biofuels are currently
under exploration. These alternative energy forms, along with others, will most
likely replace fossil fuels. The specific energy needs will dictate the choice of
alternative energy. This chapter focuses on hydrogen as an energy vector. The
positive aspects as well as the drawbacks of hydrogen related energy will be
presented. The remainder of the chapter will focus on a central issue indispens-
able for the development of reliable hydrogen-based technology; the storage
and transport of hydrogen. First the current state of the art methods and ma-
terials for hydrogen storage will be presented, followed by the advantages and
disadvantages of using graphene as a scaffold for hydrogen storage.

2.1 towards a hydrogen based energy technology

2.1.1 Hydrogen Production

Hydrogen is an energy vector meaning that it can be used to store and transport
energy [37]. It is not an energy source and although it is abundant in nature, it
is mostly found in water which implies that to extract hydrogen, energy must
be expended. One of the two main hurdles in the use of hydrogen is the process
of producing pure hydrogen efficiently. This means that the production or ex-
traction of hydrogen cannot succeed the specific energy capacity of hydrogen,
142MJ/kg. Specific energy capacity is a measure of the energy per weight of
fuel [38]. One solution is to extract hydrogen via a renewable process such as
wind, solar, tides, etc.

The production of hydrogen can be achieved by splitting water by electrolysis
via any renewable energy source. One possible option is to emulate bacteria and
microalgae which implement photochemical methods. They utilize adsorbed
photons to oxidize water producing hydrogen as a by-product [36, 39]. There is
no shortage of water available on the planet and by harnessing natural sources
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of energy for separating hydrogen and oxygen, the hydrogen can then be used
in fuel cells to provide energy with the only by-product being water.

2.1.2 Energy Production by Fuel Cells

Following the production of hydrogen, it is crucial to implement an efficient
mode of storing it, which will be discussed at length after a short description
on the consumption of hydrogen to produce electricity. The concept behind hy-
drogen fuel cells is the production of electricity by the catalyzed deprotonation
of hydrogen [36]. The electrons are collected for electrical use before reuniting
with the protons which have migrated across a polymer electrolyte membrane
to combine with oxygen molecules forming water [36]. A schematic diagram is
shown in Fig. 9. On the left, there is a hydrogen inlet connected to an anode
with a catalyst such as Pt nanoparticles [36]. The catalyst separates the electrons
which are carried through the anode, leaving the positive ions to move across
the electrolyte membrane [36]. At the cathode, the electrons, protons, and oxy-
gen combine forming water [36]. To economically mass produce hydrogen fuel
cells, research on cheaper catalyst materials is essential.

Figure 9: Diagram of a hydrogen fuel cell. Figure taken from reference [36].

Hydrogen has a remarkable energy capacity as compared to gasoline (46.4
MJ/kg), butane (49.1MJ/kg), propane (49.6MJ/kg), or diesel fuel (46.2MJ/kg),
further supporting a move towards a hydrogen based energy economy [40]. To
provide a more concrete example, suppose a small car can go about 800km on
a full tank (about 50L) of gasoline which weighs about 36.5kg [41], this corre-
sponds to 11.9kg of hydrogen which at standard pressure and temperature is
in a gaseous form that occupies 133 m3! This is an enormous volume render-
ing hydrogen gas an impossible substitute for gasoline in spite of hydrogen’s
gravimetric energy density which is more than three times that of gasoline.
The volume occupied by 11.9kg of liquid hydrogen is 0.17 m3 but hydrogen is
gaseous above -241◦C [40]. The vacuum tanks designed for storage of liquid
hydrogen are costly due to the 30% energy loss from the liquefaction process,
the weight of the cryogenic tanks, and unavoidable loss of hydrogen due to
boiloff [42]. BMW has developed a bi-fuel (gasoline and liquid hydrogen) lux-
ury vehicle called the BMW Hydrogen 7 which has 100 cars in circulation that
runs on liquid hydrogen in a vacuum tank, a dangerous and expensive choice
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for storing hydrogen as demonstrated by the small output of vehicles [43]. One
of the main branches of cutting edge research is focused on innovative ways of
storing hydrogen.

The high energy capacity and the lack of environmental impact are two car-
dinal advantages for using hydrogen as an energy vector. Notably, every step
of the hydrogen energy cycle must be optimized in order to practically use hy-
drogen as a cheap, renewable, carbon-free energy source starting from the pro-
duction of hydrogen, to the storage of the extracted product, to the efficiency
of the fuel cells used to produce electricity.

The focus of this chapter is on the storage of hydrogen, a key challenge in
a hydrogen based economy. The evaluation of plausible methods of hydrogen
storage will be discussed in a framework that provides clear numerical val-
ues to characterize the hydrogen storage efficiency, specifically, the gravimetric
density and the volumetric density of the hydrogen system. The gravimetric
density is the percentage of weight from hydrogen with respect to the total
combined weight of the hydrogen and storage material [37]. The volumetric
capacity is a measure of the hydrogen mass contained in a unit volume of the
storage material [37].

The United States Department of Energy (DoE) is providing extensive fund-
ing for hydrogen storage research and has set standards that have become uni-
versal in the evaluation of materials. The standards set for 2017 are a gravimetric
capacity of 5.5wt% (0.055 kg H2/kgsystemtotal) of usable hydrogen and a vol-
umetric capacity of 4% (0.04 kg H2/Lsystemtotal) [44]. The ultimate goals are
7.5wt% and 7.0%, respectively, for use in vehicles [44]. To comply with safety,
the range of temperatures for the hydrogen release is restricted to -40◦C to 85◦C.
The matrix used for storing hydrogen is expected to be reusable and perform
a minimum of 1500 cycles of hydrogen release. Lastly, for practical use, a tank
with a hydrogen capacity of 5kg is expected to be filled in 3.3 min. These are
steep standards when compared to the current state of the art hydrogen storage
technology.

2.2 state of the art in hydrogen storage materials

2.2.1 High Pressure Tanks

As mentioned above, liquid hydrogen stored in cryo-compressed hydrogen
tanks is one viable option [45]. A prototype known as the Gen-3 cryo-compress-
ed carbon fiber reinforced tank was constructed [45]. The gravimetric and volu-
metric standards set by the DoE for 2017 are met by the Gen-3 cryo-compressed
tank, 5.5wt%, and 4.18%, respectively. However, it is crucial to consider the en-
ergetic cost of hydrogen liquefaction and the total cost of the cryo-compressed
tank which is elevated due to the composite material and the labor intensive
manufacturing process [45].

Carbon fiber reinforced high pressure tanks can also be utilized for com-
pressed hydrogen gas storage. The gas container can withstand 5000-10000psi
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(345-689bar) [46, 47] and it is equipt with an external impact resistant shell for
enhanced safety. The drawback of this storage method, as in the case of liquid
hydrogen storage, is the cost of the carbon fiber composite material in addi-
tion to the large volume. The hydrogen volume can be reduced by cooling the
compressed gas but liquid nitrogen cryo-compressed tanks have added weight,
volume and cost due to cooling [47]. The development of high pressure canis-
ters is ongoing, pursuing two crucial aspects, the material expenses along with
safety.

2.2.2 Hydrogen Storage in Solids

Hydrogen can be stored in solid materials by either chemisorption or physisorp-
tion, the difference being the strength of the interaction between the hydrogen
atom or molecule and the storage medium. Chemisorption is characterized by
a strong bond that typically requires high temperatures (>100◦C) to break, plac-
ing these types of materials outside of the standards set by the DoE, unless the
desorption and adsorption barriers can be significantly reduced. On the other
hand, physisorption is a weaker interaction and often requires cooling of the
storage medium to increase the strength of the interaction. In the following
sections we discuss the most relevant forms of hydrogen storage.

2.2.3 Metal Hydrides

Metal hydrides form when hydrogen atoms diffuse through a metal lattice
forming a hydrogen sublattice [42]. There are a number of metal hydrides that
comply and in some cases even surpass the gravimetric standards set by the
DoE, yet there are hurdles that must be overcome. One issue involves the dif-
fusion of hydrogen throughout the lattice which is determined by the metal-
hydrogen bonding. In the case of transition metals, the hydrogen can partially
donate its electron to the lattice leaving the proton to migrate through the crys-
tal [42]. However, when hydrogen atoms bond covalently or ionically, the dif-
fusion is impeded and the hydrogen atoms remain mainly at the surface of the
metal lattice [42]. A practical solution is replacing bulk metals with nanopar-
ticles, however, when the hydrogen-metal bonds are covalent or ionic, the hy-
dride is stable, consequently, the energy required to release the hydrogen is
extremely high. One such example is the lithium imide system starting from
ballmilling lithium amide and lithium hydride where the hydrogen desorbs
at 700◦C [42]. Furthermore, a viable metal hydride must exhibit low heat dis-
sipation during formation, fast kinetics, and resist degradation, retaining its
properties over numerous dehydration/rehydration cycles [48].

A number of light weight metals have been considered for hydrogen stor-
age with the inclusion of heavier catalytic elements that modify the formation,
release or kinetic properties of the compound [48]. A few examples will be pre-
sented that touch on the gamut of metal hydride compounds explored over the
years as possible solutions for hydrogen storage.

NaBH4 is a promising material on account of its stability in air, formidable
hydrogen uptake, 10.8wt%, and the advantage of a one step release mecha-
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nism [49]. One drawback is the release of hydrogen takes place at temperatures
above 500◦C causing melting and decomposition of the compound making the
process irreversible [49]. Reversibility is an essential quality in developing a
sustainable alternate source of energy [49]. By creating core-shell nanoparticles
with NaBH4 covered by Ni which shields the core from melting due to the
high melting temperature of Ni with respect to NaBH4, the process becomes re-
versible [49]. However, the hydrogen weight percent is reduced to 5wt%, below
the standards set by the DoE [49]. Furthermore, the absorption and desorption
processes are slow (full absorption takes 5 hours) and require high tempera-
tures (350◦C) and elevated pressure (4MPa) [49]. These results published in
2012, are an indication of the state of the art of metal hydride materials illustrat-
ing the shortcomings regarding every standard set by the DoE demonstrating
areas for significant improvement.

Magnesium is another commonly used element since the formation of the
compound MgH2 has a high gravimetric density (7.6wt%) [50, 51] and the
cost of the material is low. A fundamental problem associated with magne-
sium stems from the thermodynamic stability of the hydride, consequently, the
temperature required for releasing the hydrogen is approximately 400◦C [50].
Furthermore, the kinetics of absorption is slowed by the formation of an ox-
ide on the surface when not in an oxygen-free environment [48, 50]. A process
known as ball-milling in which large surface areas are exposed by grinding the
metal or metal compound to form nanocrystals, has been implemented with
positive results: lowering the desorption temperature, increasing the surface
area and therefore the speed of absorption of hydrogen. Nonetheless, the re-
sults do not meet the standards set by the DoE. In a recent study published
in Nature Materials, Mg nanocrystals with a diameter of approximately 5nm
were embedded in PMMA which acts as a sieve [52]. It is permeable to hydro-
gen and a barrier to oxygen, preventing the formation of oxide on the surface
of the Mg nanocrystals that hinders the hydrogen uptake and release [52]. The
composite formed from Mg nanocrystals in PMMA could absorb up to 4wt%
hydrogen, when considering the entire composite mass [52]. The size of the
nanocrystals and the selective permeability capacity of the polymer decrease
the hydrogen absorption time to approximately 30 minutes at 200◦C and a H2
pressure of 35mbar while simultaneously stabilizing the composite in air [52].
The hydrogen absorption and release can be repeated about three times before
the material begins to degrade reducing the efficiency [52]. These results are a
notable improvement over Mg composite metal hydrides yet none of the stan-
dards set by the Department of Energy have been reached.

2.2.4 Metal Organic Framework

Another possibility for storing hydrogen are metal organic frameworks, a net-
work of metal atoms bound to organic molecular chains, (metal-ligand bonds),
forming a porous structure capable of adsorbing molecular hydrogen, predom-
inantly via physisorption [53]. The weak van der Waals forces responsible for
the hydrogen adsorption can be tuned by controlling the pore size. The draw-
backs of metal organic frameworks are the low hydrogen binding energy and
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the large volume. The former indicates that the hydrogen gravimetric capac-
ity is enhanced by cooling the system to cryogenic temperatures which is both
costly and increases the total weight of the combined storage system when con-
sidering the extra weight and volume required for cooling. The large volume is
an intrinsic property of metal organic frameworks which stems from the large
surface areas necessary for molecular hydrogen physisorption.

An example of one of the highest performing metal organic frameworks
is Zn4O(BDC)3, an extended cubic structure formed with zinc based clusters
bound to six organic linkers creating a porous periodic scaffold. It displays high
surface area where hydrogen molecules interact strongly with the zinc vertices
and weakly with the linkers [54, 55]. The 12 Å pore-diameter framework ad-
sorbs 4.5wt% at 78K and 1bar but the physisorption properties dramatically de-
crease at room temperature requiring a moderate pressure of 20bar to achieve
1wt% [54, 56]. The gravimetric capacity does not satisfy the standard set by the
DoE.

2.2.5 Carbon-Based Materials

A plethora of research has been dedicated to studying carbon-based materials
for hydrogen storage. Initially fullerenes were considered due to their large
hydrogen uptake which reached a gravimetric capacity of greater than 6wt%
[57]. Unfortunately the hydrogenation time was 30 minutes at both elevated
temperature and pressure, 400psi (28bar) and 180◦C, respectively, well outside
of the constraints set by the DoE [57]. Various catalysts were tested to reduce
the temperature of hydrogenation and dehydrogenation but the DoE standards
have not been obtained.

Soon after, carbon nanotubes captured the spot light and have been an area
of ongoing study. Despite the advancements over the years carbon nanotubes
are far from displaying advantageous qualities for hydrogen storage. Pristine
bundled multiwall carbon nanotubes have a hydrogen gravimetric density of
0.52wt% which can be increased to 2.7wt% with the creation of nanopores and
defects subsequently decorated with Pt nano particles, a costly catalyst [58].
This is still well below the gravimetric density of 5.5wt%, the DoE target for
2017.

2.2.6 Why Graphene?

Recently, there has been a renewed interest in carbon-based materials for hydro-
gen storage thanks to graphene. Graphene has taken center stage in the field of
hydrogen storage due to the high surface area and vast possibilities of chemi-
cal functionalization. Furthermore, the predicted theoretical gravimetric densi-
ties range from 5wt% to 8wt% [37], well above the standards set for 2017 [44].
The adsorption of hydrogen on graphene can be separated into two categories:
physisorption and chemisorption. Physisorption is mediated by weak interac-
tions such as van der Waals forces between molecular hydrogen and graphene.
Chemisorption is characterized by a chemical bond between hydrogen atoms
and graphene.
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2.2.7 Physisorption

Graphene was first considered an auspicious material for hydrogen storage in
2005 with the publication of a DFT study focused on creating a hydrogen nano
pump by mediating the interlayer spacing to maximize the molecular hydrogen
intake [59]. The theoretical results for the graphene nanopump did not comply
with the standards set by the DoE, nonetheless, they provoked an interest in
pursuing graphene as a potential material for hydrogen storage. It spurred
many theoretical proposals for chemically modifying the graphene surface with
various transition metals [60, 61, 62, 63, 64, 65, 66] to increase the interaction of
molecular hydrogen and graphene.

2.2.8 Chemisorption

In 2007, a theoretical study predicted the stability of chemically bonding atomic
hydrogen to graphene [67]. However, the decisive spark came in 2009 when
graphane, hydrogen-passivated graphene, was first demonstrated [2]. Grapha-
ne is graphene with atomic hydrogen chemically bonded to each carbon atom
in the graphene lattice which translates to a gravimetric density of 8wt%, well
above the standards set for 2017 [2]. Furthermore, a unique advantage of graph-
ene is the possibility of exploiting its flexibility to control the uptake and release
of hydrogen at room temperature and pressure [3].

The experimental work presented in this thesis focuses on demonstrating the
interaction between atomic hydrogen and graphene and secondly, the role of
curvature in mediating the interaction. Initially, research was aimed at identi-
fying a suitable graphene system characterized by possessing curvature on a
local scale [3]. Chapter 3 describes the growth process used to produce var-
ious types of graphene: monolayer graphene grown on SiC(0001), the buffer
layer (described in chapter 3), and quasi-free-standing monolayer graphene (de-
tails found in chapter 3). The three surfaces were characterized by Raman spec-
troscopy and scanning tunneling microscopy. We were able to acquire atomic
resolution images of the surfaces and analyze the image profiles to select an
ideally curved surface. We selected monolayer graphene grown on the silicon
face of silicon carbide for studying the interaction of hydrogen and graphene.
In chapter 4 the results of exposing the monolayer graphene to atomic hydro-
gen are presented. We were able to achieve atomic resolution images after hy-
drogenation and identify the stable hydrogen conformations which we com-
pared to DFT calculations carried out at NEST. The most important observa-
tion was that the hydrogen preferentially chemisorbed on the convex areas of
the graphene surface. The hydrogen attached to the most severely curved areas
were stable up to ∼650◦C at which point the chemical bond was broken. The
graphene remained intact and the process was repeated a few times. These re-
sults agree with theory and are a starting point for creating graphene based
hydrogen storage devices that rely on curvature alone for the adsorption and
desorption of hydrogen on graphene [3].
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G R A P H E N E G R O W T H A N D C H A R A C T E R I Z AT I O N

The focus of this chapter is to explain how carbon-rich layers such as graphene
can be produced from silicon carbide. A brief description of the growth process
is presented followed by a section on the characterization techniques employed
in identifying and evaluating the quality of the graphitic layers produced. In the
last section these methods will be exploited to characterize the samples. These
samples are studied in the following chapter to understand the interaction of
hydrogen chemisorption on graphene.

3.1 crystal structure of silicon carbide

Silicon carbide (SiC) is a crystal formed from silicon and carbon atoms which
in its most common form has a layered hexagonal structure. The basic unit is a
tetrahedral structure as seen in Fig. 10, where the silicon atom is bonded to four
carbon atoms and vice versa. The silicon carbon bond length is 0.189 nm and
the in plane crystal structure is hexagonal with a lattice constant a = 0.308 nm.
This silicon-carbon plane is called a bilayer. Bilayers can be stacked in numerous
sequences but the three main polytypes of silicon carbide are 3C, 4H, and 6H.
The number of bilayers in the stacking sequence is given by the number in
front of the letter. The letters used to identify the silicon carbide polytype are
related to the crystalline structure, hexagonal (H) or cubic (C), which describe
the atoms as seen from above when the lattice is cut along the (0001) plane. The
cubic structure is comprised of two interpenetrating face-centered cubic lattices
with the tetrahedral basis described above. The bottom part of Fig. 10 shows
the bilayer stacking sequences for the polytypes 3C, 4H, and 6H.

The most common polytypes used for producing graphene are 4H and 6H.
Graphene can be grown on both the silicon face, SiC(0001) and the carbon face,
SiC(0001̄) [68, 69, 70]. The number of layers of graphene grown on the carbon
face is difficult to control since the growth process is fast. The graphene layers
do not grow in a well defined staking sequence but turbostratically [69].

On the other hand, the stacking order and the number of layers grown on the
silicon face can be controlled precisely by optimizing the growth temperature,
time and growth chamber pressure [68, 70]. The graphene grown on the silicon
face is corrugated with a periodicity given by the interaction with the surface
below [71, 72]. The samples used in this thesis were grown on the silicon face in
order to exploit the expected corrugation to study the interaction of hydrogen
with graphene as a function of curvature.

3.2 growth on silicon carbide

The growth of graphene on SiC is a two-step process starting with hydrogen
etching to remove the scratches on the surface. Large terraces form on the sur-
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Figure 10: Silicon carbide crystal structure. The tetrahedral structure is shown on the
left. The large orange circles are Si and the small blue balls are C. A dia-
gram of the SiC crystal bilayer stacking is on the right. The three stacking
sequences from left to right are 4H, 6H, and 3C.
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face because the crystal is not cut directly along the plane (0001) which means
that multiple bilayers are cut across. The angle off the plane (0001) determines
the size of the terraces. The hydrogen etching process removes the scratches
and only the terraces remain. The graphene growth process starts at the terrace
edges better known as step edges [68, 70]. The second step is graphene growth
in which the crystal is heated to high temperatures and the silicon sublimates
leaving excess carbon on the surface which reassembles to form a carbon layer
[68, 70]. The first carbon layer that forms during the growth process on the sili-
con face is called the buffer, interface, or zero layer. This is a carbon layer in the
same topological configuration as graphene. The carbon atoms, however, bond
to the SiC reconstruction below when the two lattices are in register [71]. The
SiC lattice has a lattice constant of 3.08 Å and graphene has a lattice constant of
2.46 Å [71]. The super periodicity due to the buffer layer’s interaction with the
SiC reconstruction is called the (6

√
3x6
√
3)R30◦ and the length of the unit cell is

32 Å [71]. This is equivalent to 13 graphene hexagons. 6
√
3 is the number of SiC

lattice units that have the same length as 13 graphene rings. It is considered the
true periodicity of the graphene that grows on the silicon face and has been ex-
perimentally observed by x-ray diffraction, low energy electron diffraction, and
scanning tunneling microscopy [72, 73]. However, often the simple quasi-(6x6)
periodicity is observed by scanning tunneling microscopy which gives rise to
a unit cell of about 20 Å [72, 73]. The reason for this discrepancy is not well
understood. The peak to peak corrugation of the buffer layer is theoretically
predicted to be 1.2 Å [71].

The bonding between carbon atoms in the buffer layer lattice with the silicon
atoms in the lattice below cause a periodic corrugation. The carbon atoms are
pulled towards the silicon atoms where there is an sp3 bond (See bottom part
of Fig. 11). Figure 11 also shows a theoretical calculation of the buffer layer.
The plot displays the two unit cells (the (6

√
3x6
√
3)R30◦ (dashed diamond) and

quasi-(6x6) (solid diamond)).
Growth on the silicon face is a process that takes place from the inside out

[74]. This means that the first layer that forms is the buffer layer. This layer
forms after three bilayers of silicon desorb from the crystal. The carbon atoms
that remain can form a single layer of carbon atoms in the topological arrange-
ment of graphene, i.e. the buffer layer (Fig. 12a). If the crystal is heated to a
higher temperature, more silicon atoms sublimate out of the crystal and the
remaining carbon atoms form a new buffer layer below the first buffer layer.
The previous buffer layer becomes the first graphene layer and the carbon layer
formed underneath is bonded to the substrate with the (6

√
3x6
√
3)R30◦ period-

icity (Fig. 12b). The monolayer of graphene is situated on top of the corrugated
buffer layer so it shows the same long range periodicity but the corrugation is
lower, about 0.4 Å (Fig. 13) [71].

Graphene growth was initially performed in ultra high vacuum which led to
very inhomogeneous and low quality graphene samples. The surface morphol-
ogy was dramatically improved by growing graphene in an argon atmosphere
at atmospheric pressure [68]. The increased pressure in an inert atmosphere
reduces the rate of silicon desorption. This allows the growth process to take
place at higher temperature, providing excess kinetic energy for the carbon
atoms left on the surface to reorganize into a uniform layer.
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1nm 

1nm 

Figure 11: The charge-density map of the buffer layer on SiC(0001) is shown on top.
The (6

√
3x6
√
3)R30◦ (dashed diamond) and quasi-(6x6) (solid diamond) are

indicated. The cross-section below was taken along the green dashed line.
The figure is from ref. [71].
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Buffer layer 

Monolayer 

a) 

b) 

Buffer layer 

Figure 12: a) A diagram of the buffer layer with bonds to the SiC reconstruction below.
b) A diagram showing the monolayer on top of the buffer layer.
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1nm 

1nm 

Figure 13: The charge-density map of monolayer graphene on SiC(0001) is shown on
top. The cross-section below was taken along the white dashed line. The
figure is from ref. [71].

Therefore, growth of graphene is now typically performed in chemical vapor
deposition (CVD) systems in an inert argon atmosphere. The growth system in-
stalled at NEST (Fig. 14) is a prototype system designed by Aixtron. It is a verti-
cal CVD reactor with direct heating via a graphite heater. The sample is placed
on top of the graphite heater and a current is passed through the graphite,
heating it to the desired temperature, measured by an infrared sensor. The pro-
cess gases are let into the growth chamber above the sample. Although the
system is different, the growth concept is the same as in a classic CVD system.
Our preliminary results from the Aixtron prototype system will be presented
to demonstrate the different samples that can be produced and the methods
implemented to characterize the samples. The samples used for the hydrogen
adsorption experiments were produced with optimized growth processes in a
classical CVD system and the description of these samples follows.

3.2.1 Hydrogen Etching Process

Commercially produced and polished 6H silicon carbide wafers were the start-
ing material for all the samples produced at NEST. However, even polished
wafers have scratches on the surface (see Fig. 15) which need to be removed
to create an atomically flat surface. To remove the scratches, the silicon carbide
wafers are heated to 1500◦C in an argon-hydrogen atmosphere at 450 mbar.
The silicon on the surface evaporates and the hydrogen molecules crack on the
surface of the SiC crystal forming hydrocarbons which are volatile and carried
away. After 5minutes of hydrogen etching the scratches are removed leaving an
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Graphite heater Sample holder 

Gas shower head 

Figure 14: The top photograph is the prototype CVD by Aixtron. The growth chamber
is seen from above with the graphite heater. The sample’s position during
growth is also labeled. The bottom photograph shows the CVD with the top
partially closed to show the shower head where the process gases enter.
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Figure 15: SEM image of scratches on a pristine SiC(0001) surface.

atomically flat surface with steps (Fig. 16). The steps result from the inability to
cut the silicon carbide crystal exactly along the crystallographic axis SiC[0001].
The small angle off the crystallographic axis means that multiple atomic planes
are cut through and form steps.

Figure 16: SEM image of atomic steps on SiC(0001) after hydrogen etching.

3.2.2 Growth Process

Once the SiC(0001) surface is atomically flat, uniform carbon layers can be
grown on the surface. The growth process initiates at the step edge when the
sample is heated to 1550◦C (buffer layer) or 1600◦C (monolayer graphene) for
12 minutes (buffer layer) or 10 minutes (monolayer graphene). The growth oc-
curs in an argon atmosphere of 790 mbar for the buffer layer and 750 mbar
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for monolayer graphene. These parameters are system dependent. The high
pressure slows the growth by preventing sublimation of the silicon, while at
the same time it permits the growth to take place at a higher temperature [68].
When three layers of silicon sublimate from the surface, there are enough car-
bon atoms to create a single layer of graphene. The high temperature supplies
additional kinetic energy to the carbon atoms allowing them to migrate along
the surface and create large areas of uniform, high quality graphene.

3.2.3 Hydrogen Intercalation
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Figure 17: a) ARPES measurements of a buffer layer. b) ARPES measurements of
quasi-free-standing monolayer graphene (QFMLG) showing the π-bands of
graphene after hydrogen intercalation. The dark color indicates high inten-
sity meaning areas where there are electronic states. The white areas are
where there are no states. Diagrams of the buffer layer and QFMLG are
above the ARPES measurements. The blue circles are carbon atoms. The or-
ange circles are silicon atoms. The green circles are hydrogen atoms. ARPES
measurements courtesy of Dr. Camilla Coletti (IIT, NEST Pisa).

Hydrogen intercalation is a process that allows for breaking the silicon-carbon
bonds between the buffer layer and the SiC reconstruction below. The sili-
con dangling bonds are passivated with atomic hydrogen, forming silicon-
hydrogen bonds. The intercalation process is performed at elevated temper-
atures, 600◦C to 1000◦C, in a pure molecular hydrogen atmosphere at atmo-
spheric pressure [75]. The molecular hydrogen bond cracks on the surface
forming atomic hydrogen. On flat graphene, hydrogen-carbon bonds are un-
stable above about 450◦C [2]. The intercalation process was performed above
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this temperature to minimize the possibility of forming hydrogen-carbon bonds
while providing optimal conditions for breaking the silicon-carbon bonds and
forming silicon-hydrogen bonds. The process of hydrogen intercalation can re-
store the graphene band structure to the buffer layer as demonstrated in Fig.
17. Angle-resolved photoemission spectroscopy (ARPES) measurements mani-
fest the electronic band structure of a material. The ARPES measurements on
the buffer layer before hydrogen intercalation show two delocalized states at
energy values below the Fermi level of around −0.2 eV to −0.6 eV and then be-
low -1.0 eV [75]. These delocalized states are a result of the periodic bonding of
the carbon atoms in the buffer layer to the SiC surface below [75]. These states
are replaced by the characteristic π-bands of graphene after hydrogen interca-
lation [75]. Graphene formed by hydrogen intercalation is known as quasi-free-
standing monolayer graphene (QFMLG).

3.3 techniques for sample characterization

The methods typically used for characterizing graphene samples are Raman
spectroscopy, scanning electron microscopy (SEM), ARPES, and x-ray photo-
electron spectroscopy (XPS). Raman spectroscopy is useful for identifying how
many layers of graphene have been grown and is widely used as a reliable
method for characterizing graphene. SEM can provide topological information
on the growth uniformity and if the growth is initiating at the step edge. Re-
markably, SEM images provide a clear contrast between single layers. However,
identifying whether the layer is the buffer layer, monolayer or bilayer from
SEM measurements alone is not possible. ARPES can be used to reproduce the
filled electronic bands. XPS uses the photoelectric effect to extract information
on the chemical composition of a surface by analyzing a set of well defined
peaks in a photoelectron spectrum. One drawback of this technique is that it
cannot directly detect hydrogen. The work presented in this thesis is focused
on the interaction of hydrogen and graphene at an atomic scale making the
best method of characterization scanning tunneling microscopy (STM). STM is
a technique that can provide atomic resolution images of a surface. The quality
of the graphene lattice can be evaluated. Furthermore, the long range periodic-
ity can be observed and the corrugation can be measured. Once these pristine
surfaces have been characterized, they can be exposed to atomic hydrogen. The
positions of the hydrogen atoms can be distinguished on the graphene lattice,
making STM an extremely valuable method for probing this system. The most
relevant approaches for characterizing the samples, keeping in mind the aim of
this thesis, are micro-Raman spectroscopy and STM which will be presented in
the following sections.

3.3.1 Raman Spectroscopy: Setup

Spatially-resolved Raman spectroscopy was performed at room temperature in
air. The 488 nm line of an Argon laser was focused by a 100x objective lens on
the sample with a spot diameter of 350 nm. The backscattered light was col-
lected by a single-grating spectrometer onto a Peltier-cooled CCD. An off-axis
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CCD camera was used to select the laser position. Piezoelectric micrometers
on the sample stage provide precise positioning and focusing of the laser on
the sample and can be programmed to collect Raman spectra maps on a user
defined grid.

3.3.2 STM Theory

Scanning tunneling microscopy (STM) was first achieved in 1981 by Gerd Bin-
nig and Heinrich Rohrer and its novelty led to the Nobel Prize in 1986 [76]. The
concept is to create a map of the density of states of a surface at a given energy
using the tunneling of electrons. The resolution of these maps is routinely on
the atomic scale so in a very naive picture, the STM provides an image of the
positions of the atoms on a surface.

The basic concept behind STM is electron tunneling from (to) a sharp metallic
tip to (from) a conducting surface directly below the tip. By raster scanning the
tip across the surface and recording one of two parameters, tunneling current,
I, or distance, d, between the sample and the tip, an image is created. In the
case that the tunneling current is recorded, the bias voltage, i.e. the difference
in voltage between the tip and the sample, and the distance of the tip from
the sample, selected at the beginning of the scan, are held constant. A map is
created where the topography is given by the tunneling current. These types
of images are taken in the constant height mode. A more common technique
used to image a surface via STM is known as the constant current mode. The
tunneling current is held constant by a feedback mechanism which changes
the tunneling junction distance, d, to maintain a constant current. The resulting
image is a topographic map of the density of states of the surface at a given
energy defined by the bias voltage. All the images shown in this thesis were
obtained using this method.

The first theory of STM tunneling presented in 1983 is a simplified model
of how atomic resolution is achieved [77]. The full theory related to tunneling
and atomic resolution is more profound and complex and should include the
wave function of the tip. The results presented in 1983 clarify some of the basic
concepts and are presented below. In the model, the tip apex is approximated
as spherical with a radius R. The first important result is that tunneling and
therefore the tunneling conductance, σ, depends exponentially on the tip and
sample distance in agreement with quantum mechanics [77]. The tunneling
of an electron can be described quantum mechanically using the Schrödinger
equation. The electron wavefunction is found to exponentially decay in a barrier
and the probability density of detecting the electron at a given point is the
square of the wavefunction [78]. In STM, the bias voltage applied to induce
tunneling is considerably smaller than the work function, the energy need to
expel the electron to the vacuum [78]. If the tunneling current is defined as the
sum of the all electrons tunneling from the tip to the sample and the density
of states of the tip and sample are assumed to be constant, the tunneling is
proportional to [77, 78]:

σ ∝ e−2κd (16)
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In the above equation κ is the inverse of the wavefunction decay length, and
d is the vacuum gap between the tip and the sample. Typically d is on the order
of 10 Å and the tunneling current decreases by one order of magnitude with a
distance increase of 1 Å. This explains why tunneling occurs from the last atom
or formation of atoms at the tip.

A more elaborate result of the tunneling current was provided by Bardeen’s
formalism [79]. To a first order approximation, the tunneling current is given
by [80]:

I =
2πe
 h

∑
µ,ν

f(Eµ)[1− f(Eν + eV)]|Mµν|
2δ(Eµ − Eν) (17)

where f(E) is the Fermi function, Mµν is the tunneling matrix between the
tip states and the sample states and V is the bias voltage applied between
the tip and sample. ν designates the sample and µ, the tip. Calculating the
tunneling matrix elements Mµν is a formidable problem that should account
for the detailed electronic structure of the tip and the surface. Despite these
details, the meaning of the equation is that the tunneling current is the sum
of all the tunneling events between the occupied states, f(Eµ), of the tip and
the unoccupied surface states in the energy range of Eν to Eν + eV . If the bias
voltage polarity is reversed, then the occupied and unoccupied states as defined
above are inverted.

In reality calculating the tunneling current is an extremely complex function
when the electronic structure and form of the tip are brought into consideration.
The tips are often made of tungsten, as is the case here, and the transition
metal’s dz2 states on the surface form sharp dangling bonds that allow for the
high lateral and vertical resolution in STM [81].

3.3.3 Scanning Tunneling Spectroscopy Theory

The tunneling current as defined in the equation above (17) can be written in
another form as follows [82]:

I =
4πe
 h

eV∫
0

|Mµν|
2ρµ(EF − eV + ε)ρν(EF + ε)δε. (18)

This equation has a few important assumptions. The bias voltage is assumed
to be small and the Fermi functions have been replaced with step functions
which imply a sharp cutoff at EF between the filled and empty states. ρ is the
density of states of the sample or tip. The tunneling current equation can be
further simplified by considering the matrix elements to be nearly constant in
the range of values measured [79]. The equation is then simplified to:

I ∝
eV∫
0

ρµ(EF − eV + ε)ρν(EF + ε)δε. (19)

The tunneling current is proportional to the density of states of the sample
and the tip [82]. If the density of states of the tip is constant then the current is
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proportional to the density of states of the sample at a given voltage V. By tak-
ing the derivative of the current as a function of voltage, the sample density of
states can be recovered. In other words, if the current is recorded at a given po-
sition over a range of voltages (I/V curves) and the derivative is taken (dI/dV)
and plotted as a function of V, the graph is proportional to the density of states.
These types of measurements are known as scanning tunneling spectroscopy
(STS).

To measure the true density of states, the dI/dV curve should be normalized
by I/V. This removes the tip-sample distance dependence that can change the
form of the I/V curves [83].

3.3.4 Tip Etching

The dc electrochemical tip etching electronics and apparatus were homebuilt
using the model from J. P. Ibe et al [84]. The tips were etched from tungsten
wire. The electrochemical reaction occurs at the junction between the air and
the basic solution [84, 85].

An electrical potential is applied between the tungsten wire (anode) im-
merged in a 2M NaOH solution and a gold ring (cathode) at the meniscus
of the liquid surface. A positive voltage applied at the tungsten wire oxidizes
at the liquid surface and forms WO2

−

4 [84]. The cathode reduces the water to
form OH− and H2 gas [84].

The oxidation reaction causes the wire emerged in the solution to loose mass,
predominately at the interface between the liquid and the air. As the wire thins,
the voltage drop across the anode-electrolyte-cathode interface increases and
the current decreases. Once the wire breaks, the resistance between the anode
and the cathode dramatically increases and the current drops to nearly zero. To
make sharp tips, the electrochemical reaction must stop when the wire breaks,
otherwise the etching will continue and dull the tip. The home built electronics
stops the etching process at precisely this point.

Optimizing the etching process resulted in tips with a diameter of less than
20 nm when measured by scanning electron microscopy (SEM). Figure 18 is an
SEM image of a tip etched with this setup. The optimal parameters obtained
were a 0.25 mm diameter tungsten wire with a length of 1.5 cm. 3 mm of the
wire were submerged in the 2M NaOH solution with a cutoff voltage to stop
the etching reaction of 2.7 V and a starting voltage difference of 4 V. The average
etching time was 8 to 10 minutes. The freshly etched tip is then cleaned with
DI water, acetone, and isopropanol.

3.3.5 In Situ Tip Preparation

The tips are then brought into the STM ultra high vacuum chamber. The elec-
trochemical etching process leaves an insulating layer of tungsten oxide (WO3)
on the surface of the tips, which must be removed to attain a stable tunneling
junction [85]. The tips are subsequently placed on a tip preparation tool, which
consists of a filament at a fixed distance from the tip with contacts to apply a
voltage difference between the tip and the filament.
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Figure 18: Scanning electron microscope image of a tip. The lower panel is a close up
of the tip. The circle (with a diameter of ∼17 nm) next to the tip can be used
to discern how sharp the tip is. Tips like this give atomic resolution.
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The tips are degassed overnight by running a current through the filament,
which anneals the tips without deforming them. Following the degas, the oxide
is removed by bombarding the tip with electrons emitted from the filament.
A voltage difference of 600 V is applied between the tip (positive) and the
filament (negative). The current through the filament is quickly increased until
the emission current measured at the tip is 10 µA. This removes the oxide
without blunting of the tip.

These tips are now stable and ready for use for STM and STS measurements.

3.3.6 STM Setup

The STM we set up is a variable temperature ultra high vacuum STM from
RHK Technologies (Fig. 19). Images can be acquired from temperatures down
to 100K and up to 1500K. The UHV system is comprised of three chambers.
The smallest is the load lock which is used for loading and removing samples
and tips without bringing the entire STM system to atmospheric pressure. The
load lock can be pumped down to ∼1x10−8 mbar by a turbo pump backed
by a scroll pump in approximately 8 hours. Once this pressure is reached, the
sample or tip can be moved into the preparation chamber (∼1x10−10 mbar) or
the STM chamber (∼5x10−11 mbar). The preparation chamber is equipt with a
mass spectrometer, a metal evaporator, low energy electron diffraction (LEED),
Auger electron spectroscopy (AES), and a thermal hydrogen cracker designed
by Tectra. The preparation and STM chambers each have an ion pump and a
titanium sublimation pump. The STM chamber contains solely the STM. Dur-
ing imaging, the STM head rests on the sample holder which is on a stage.
The stage suspension system is a combination of spring suspension and eddy
current damping. While taking measurements, the turbo and scroll pumps are
disengaged and the entire apparatus is on a pneumatic vibration isolation sys-
tem.

The experiments described in this thesis utilized the thermal hydrogen cracker
and the STM. The thermal hydrogen cracker breaks the H2 bond creating
atomic hydrogen. The H2 molecule is passed through a heated capillary that
thermally breaks the molecular bond leaving the hydrogen atoms to flow into
the chamber. The capillary is heated by creating a 1 kV voltage difference be-
tween the capillary walls and the tungsten filament. The electrons emitted by
the filament are accelerated towards the walls of the capillary and upon impact,
release their kinetic energy as heat. When the sample is within 10 cm of the
shutter of the hydrogen cracker, the vast majority of hydrogen atoms do not
recombine before hitting the surface of the sample [86].
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Figure 19: Scanning tunneling microscope used in the experiments presented in this
thesis. The lower image is a view inside the STM chamber. Photographs
courtesy of Massimo Brega.
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3.4 buffer layer on sic

3.4.1 Characterization of the Buffer Layer

A buffer layer sample was grown in our prototype system after removing the
scratches by hydrogen etching. The silicon carbide was heated to 1550◦C for 12
minutes in an argon atmosphere at 790 mbar. The Raman spectra acquired on
the sample do not show the 2D peak around 2700 cm−1 (Fig. 20), indicative of
graphene and graphite. The peak structure visible below 1900 cm−1 is due to
the SiC crystal [87].
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Figure 20: Raman spectrum of the buffer layer. The spectrum does not show a 2D peak
around 2700 cm−1. The inset shows the Raman spectrum of the buffer layer
after the SiC substrate spectrum has been subtracted. No 2D peak or G peak
are visible.

In buffer layer samples, there is no G band or 2D band making it difficult
to distinguish between the signal of silicon carbide and that of the buffer layer
using Raman spectroscopy alone [88]. When the growth is stepwise and the
process has been perfected, it is possible to deduce where the buffer layer is,
provided that its presence has been verified by other characterization methods
such as ARPES (see Fig. 17a). When the monolayer graphene signal is found at
the step edges and there is no monolayer signal in the terraces, then the buffer
layer is assumed to be in the terrace. In these preliminary studies, only Raman
spectroscopy and SEM were used to characterize the samples.

The SEM images provide information regarding the morphology of the growth.
The buffer layer in Fig. 21, shows terraces approximately 1µm in width. The
steps consist of two shades of grey. When the SEM images are considered with
the Raman measurements which showed no 2D peak across the steps of the
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Figure 21: SEM image of the buffer layer. The step are clearly visible with two shades
of grey. The darker shades along the step edges are the buffer layer. The
lighter areas are silicon carbide.

sample, it can be deduced that the lighter shade is the silicon carbide surface
and the darker shade is the buffer layer. The growth is stepwise with the darker
shade on the edge of the steps. This is one of the first buffer layer samples
grown in the prototype system newly installed in Pisa and further analysis
and characterization should be carried out before these samples are used for
experiments.

The buffer layer samples characterized below were grown in an optimized
classical radio-frequency (RF) induction furnace under an Ar atmosphere at
about 1400◦C [89]. They were first characterized by angle-resolved photoemis-
sion spectroscopy (ARPES), X-ray photoelectron spectroscopy (XPS), atomic
force microscopy (AFM), and micro-Raman spectroscopy. ARPES and XPS re-
sults for the buffer layer samples are in line with reference [75] and confirm the
validity of the preparation protocol.

Combined Raman and AFM measurements were obtained on the sample.
The shape of the terraces typically present on the SiC substrate was exploited
to obtain spatially-resolved Raman spectra in an area that could be easily identi-
fied and measured by AFM. AFM imaging was performed by a Caliber (Veeco)
instrument configured in intermittent-contact mode, where topography and
phase-images were simultaneously acquired. It was possible to acquire high
resolution images of the graphene grown on SiC terraces and to distinguish
between the buffer layer and monolayer graphene both by topography and by
phase contrast [90].

Spatially-resolved Raman spectra on the buffer layer regions show the typi-
cal SiC bands and no graphene-related bands. However, at selected positions
the typical 2D band of monolayer graphene was also detected, characterized
by a single Lorentzian peak centered at 2760 cm−1 with an average full-width
at half maximum (FWHM) of ∼55 cm−1, which suggests the presence of in-
homogeneous compressive strain [87, 91]. Figure 22 shows the Raman signal
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Figure 22: The left panel is an intensity map of the 2D peak acquired along the line in
the image in the central panel. The bright areas of the Raman intensity map
indicate areas with a peak. The spectrum i was acquired at the step edge
(see arrow labeled i) and shows the 2D peak associated with monolayer
graphene. The spectrum ii was acquired in the terrace and has no 2D signal
indicating the presence of the buffer layer. The central panel is an image
taken by an off-axis CCD camera on the micro-Raman setup. The third panel
is an AFM phase image showing the steps. From these measurements it is
clear that the growth is stepwise with the buffer layer in the terrace and the
monolayer signal at the edge.
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(left panel), the optical image of the sample (central panel), and the AFM phase
signals (right panel) obtained at the same area on the sample. The combined
Raman and AFM measurements show that monolayer graphene is only present
in the proximity of substrate steps. This is consistent with ARPES and XPS data
for the same sample that indicate a low coverage of monolayer graphene. Away
from step edges, the sample is covered by only the buffer layer, which in fact
does not produce graphene-related Raman signals.

3.4.2 Atomically-Resolved STM Images of the Buffer Layer

1.4nm 

1.4nm 

2.00

0.00 2.0Å 0.0Å 

Figure 23: STM images of the buffer layer. The inset shows a low-resolution image of
the buffer layer. In the main STM image, atomic resolution is visible and both
the quasi-(6x6) (solid diamond) and the (6

√
3x6
√
3)R30◦ (dotted diamond)

are visible. Image parameters: +1.7 V, 0.3 nA.

STM was performed within the central terrace regions (away from step edges)
where Raman and AFM analysis confirm the presence of the buffer layer on the
sample surface. Figure 23 shows two images of the buffer layer taken with a
sample tunneling bias UT of +1.7 V where the long-range periodicity of the
surface is easily observed in STM. The main plot in Fig. 23 shows the surface
imaged under tunneling conditions where, already on this large scale, atomic
resolution of the buffer layer can be recognized. This situation was attained
only after imaging the same surface area for an extended period of time (sev-
eral hours) and most likely as a result of achieving stable tip and tunneling
conditions. The tunneling conditions typically remain stable for about 30 min-
utes. At earlier stages, images such as those shown in the inset of Fig. 23 and
in previous works [69, 72, 92, 93, 94, 95, 96] were obtained.
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Figure 24: STM images of the buffer layer over time. a) The typical resolution observed
on the buffer layer. b) Slightly improved resolution after scanning. c) The
best resolution on the buffer layer reported in literature. It is obtained after
prolonged scanning on the same area. The inset is a zoomed in image show-
ing that the triangular formations on the surface can be resolved. d) Atomic
resolution on the buffer layer where the triangular formations are still vis-
ible. Image parameters: a) −0.54 V, 0.3 nA b) −0.54 V, 0.3 nA c) −0.54 V,
0.3 nA d) −0.22 V, 0.3 nA.
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Before obtaining atomic resolution on the buffer layer, images only show the
very basic quasi-(6x6) superperiodicity indicated by the solid diamond in Fig.
23. As the tunneling conditions stabilize, the simple bright spots with spherical
forms shown in Fig. 24a begin to take on more definition (Fig. 24b). When the
raised areas have taken on triangular form and there are small circular spots
visible in the areas between the triangular forms, the tunneling conditions are
approaching those necessary for atomic resolution of the buffer layer (Fig. 24c).
These images are on a large scale but once the image size is reduced it becomes
clear that the triangular forms are actually three circular protrusions that could
not be differentiated at the previous magnification (Fig. 24c inset). Already at
this scale, the atomic resolution is visible. If the scan area is further reduced
(24d), the hexagonal lattice becomes clearly visible. When the tunneling condi-
tions stabilize and the resolution improves, the images show more details and
the quasi-(6x6) superstructure is resolved. This accounts for the variation of the
buffer layer images observed in literature [69, 72, 92]. The pictures shown in Fig.
23 are dominated by the quasi-(6x6) corrugation which is indicated in the main
image by the solid diamond together with the (6

√
3x6
√
3)R30◦ unit cell as a

dashed diamond. The measured unit vector lengths of the two periods are 1.85
nm and 3.2 nm, respectively, as expected [72]. The strong and easily imaged
corrugation of the surface is a consequence of the covalent bonds that form
between approximately 30% of the buffer layer carbon atoms and the silicon
atoms of the SiC(0001) surface [70, 97], as sketched in Fig. 25. The buffer layer
is smoothly varying on an atomic scale with a superstructure due to the cova-
lent bonds to the substrate. The out of plane displacement of single atoms is
limited by their covalent bonds to the three neighboring carbon atoms; it is en-
ergetically favorable to distribute the strain on several neighboring bonds. The
typically observed long range periodicity known as the quasi-(6x6) observed
for the buffer layer [71, 72, 93, 98] is clearly resolved in the STM image shown
in Fig. 26. When STM images of the buffer layer cover a small area, it is often dif-
ficult to clearly recognize the long range periodicity since very few periods are
present and only the change in height is apparent. However, these images indu-
bitably resolve an additional periodicity that displays a graphene-like atomic
arrangement. The atomic structure of the buffer layer is fully resolved in Fig. 25,
a close up STM image obtained at a sample bias of −0.223 V. The honeycomb
structure has a measured lattice constant of 2.5 Å ± 0.1 Å clearly showing a
graphene-like topography. The graphene lattice constant is 2.46 Å which falls
within the error of the measured buffer layer lattice constant. Some atomically
resolved images of the buffer layer also show the (6

√
3x6
√
3)R30◦ unit cell. Re-

solving the honeycomb structure was also possible at higher biases but never
for values of |UT | < 200 mV. Tunneling conditions became unstable below this
sample bias, as expected for the buffer layer [95]. Atomically-resolved images
such as the one reported in Fig. 25 were consistently acquired when measur-
ing within the terraces in several different areas of the sample. These first STM
images of the buffer layer with full atomic resolution clarify the debate concern-
ing the atomic structure of the buffer layer. They demonstrate that the buffer
layer is topologically identical to monolayer graphene and thus represents a
true periodic carbon honeycomb structure.
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Figure 25: Atomic resolution STM image of the buffer layer. Image parameters:
−0.223 V, 0.3 nA. The diagram above is a representation of the covalent
bonds between the buffer layer and the substrate. The orange circles are Si
and the blue circles are C.
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Up until this point, the structure of the buffer layer on an atomic scale was
still debated since complete atomic resolution had eluded STM studies. Sev-
eral reports suggested a hexagonal atomic arrangement such as in monolayer
graphene [70, 71, 72, 93, 97, 98], but also a nanomesh structure with isolated
carbon islands was proposed [92]. The discovery that the buffer layer can be
converted into pristine sp2-bonded graphene (the so-called quasi-free-standing
monolayer graphene (QFMLG)) via the intercalation of hydrogen at the inter-
face with the SiC substrate (see sketch in the inset to Fig. 17) [75] was a strong
argument in favor of the hexagonal atomic arrangement of the buffer layer. In
spite of this, recently an arrangement of hexagonal, pentagonal, and heptago-
nal atomic placements [99] was put forward as the buffer layer geometry. The
clarification of the atomic structure of the buffer layer is imperative for under-
standing and controlling the epitaxial growth of mono- and few-layer graphene
on SiC(0001). The above atomically-resolved STM images of the buffer layer
clearly demonstrate a graphene-like honeycomb structure, hence resolving the
dispute on the atomic arrangement within the interface layer.

3.4.3 Corrugation

1nm 

a) b) 

Figure 26: a) STM image of the buffer layer. b) The profile taken along the blue line
shows the high corrugation. Image parameters: 2 V, 0.3 nA.

Figure 26a illustrates a roughness analysis of the surface. For this purpose
the images were filtered with a Gaussian profile of decay length 3 pixels (1
pixel ∼0.18 Å) to reduce noise. A line-profile analysis of the buffer layer image
is shown by the blue line in Fig. 26b and demonstrates the high corrugation of
this interface layer which is a result of the spatially-varying coupling to the SiC
substrate mediated by covalent bonds as noted previously. The peak-to-peak
corrugation value of 1.1 Å agrees with what was theoretically calculated by
Varchon et al. [71]. The root mean square (RMS) roughness value, calculated
from 5 buffer layer images of 25 nm2 each, is 0.178 Å ± 0.020 Å.

3.4.4 STS Analysis

To further demonstrate that the atomic resolution images were obtained on
the buffer layer and not on minor inclusions of monolayer graphene, STS was
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Figure 27: STS acquired on the buffer layer on an area where atomic resolution was ob-
served. a) I/V and b) dI/dV vs. V curves. The red arrow indicates where the
delocalized states in the buffer layer are visible in the ARPES measurements.
Setpoint: −0.53 V, 0.3 nA.
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performed on the same areas imaged by STM. Figure 27a shows the average
of multiple I-V curves acquired in various points on the buffer layer. The ex-
tremely low currents measured for tunneling voltages in the range from −0.5 V
to +0.5 V confirm that the images were taken on buffer layer areas. A low den-
sity of states in the vicinity of the Fermi level is a consequence of the strongly-
modified electronic structure of the buffer layer due to partial hybridization of
its carbon atoms with the SiC substrate [70, 97]. Figure 27b shows the differen-
tial conductance spectrum, i.e. the derivative of the I-V curve plotted in panel a.
The buffer layer spectra show virtually no conductance over an energy range
of approximately ± 0.5 eV with respect to the Fermi level. The reported dI/dV
curve is qualitatively similar to the one obtained by Rutter et al. for the buffer
layer [95].

As a summary of the results on the buffer layer, the Raman measurements
demonstrate that the samples are buffer layer except at the step edges where
there are monolayer inclusions, typical of growth on SiC(0001) which starts at
the step edge. The long range (6

√
3x6
√
3)R30◦ periodicity due to C-Si bonds is

visible when the STM images are taken on a large scale. When atomic resolu-
tion is achieved, the variation in height is more than 1 Å as expected. These are
the first atomically resolved images of the buffer layer showing the true hon-
eycomb structure of the carbon atoms clarifying the debate surrounding the
topography of the buffer layer. The bias voltage needed for atomic resolution is
in the energy range where there are delocalized states in the buffer layer (see
ARPES data in Fig. 17a).

3.5 monolayer graphene on sic

3.5.1 Characterization of Monolayer Graphene

Figure 28a shows a Raman spectrum after substraction of the SiC background,
leaving the monolayer graphene spectrum clearly visible. The G band is at
1610 cm−1 and the 2D band is at 2760 cm−1. The shift in the G and 2D bands
is a result of doping and strain in the graphene layer [87, 100]. It is often ardu-
ous to extract the G peak as it lies on the side of a peak of the silicon carbide
spectrum. A simple subtraction of the silicon carbide spectrum from the com-
bined graphene-silicon carbide spectrum does not produce a single peak with
a flat background as expected (see Fig. 28a). A likely explanation for this is the
graphene layer that grows on top of the silicon carbide interacts with the sub-
strate modifying the Raman spectrum so the subtraction of the silicon carbide
Raman spectrum does not result in a level background. For this reason, we fo-
cus on the 2D peak to identify the graphene samples grown on silicon carbide.
A spatial map of the intensity of the 2D band is shown in Fig. 28b. The uni-
form light areas indicate the presence of the 2D band, evidence of monolayer
graphene whereas the dark areas are the buffer layer, no 2D peak is observed.
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Figure 28: (a) The Raman spectrum of monolayer graphene after subtracting the SiC
background. The G band is at 1610 cm−1 and the 2D band is at 2760 cm−1.
(b) Micro-Raman intensity map of the 2D band. The light areas indicate the
presence of a 2D peak similar to the one seen in panel a. The dark areas do
not have a 2D peak. These regions are the buffer layer.
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3.5.2 Atomically-Resolved STM Images of Monolayer Graphene

The STM images on monolayer graphene are sensitive to the tunneling bias.
Since the density of states is linear where the π-bands cross, it would appear
that the best STM images would be acquired away from the Dirac point where
the density of states is higher and the tunneling would be more favorable. Con-
trary to this reasoning, the best images were acquired at low bias. The reason
why the best atomic images of the graphene layer were obtained at low bias
may result from bringing the tip closer to the sample. As the bias is decreased,
the distance between the tip and the sample is decreased to allow the same
amount of tunneling current to be detected. When the tip is very close to the
sample, the corrugation measured is higher [80]. This might explain why im-
ages at a lower bias provide atomic resolution. Some of the best monolayer
images were obtained at a bias of ∼0.115 V, a bias at which the buffer layer
could not be atomically imaged. Images acquired at low bias (Fig. 30) resolve
the honeycomb lattice almost immediately, unlike the buffer layer where the
atomic images are only obtained after prolonged imaging.

Figure 29: STM image of monolayer graphene. Image parameters: −0.292 V, 0.3 nA.
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An atomic resolution STM image acquired on monolayer graphene with a
bias voltage of −0.292 V and a tunneling current of 0.3 nA is shown in Fig. 29.
The quality of the monolayer is clearly visible due to the lack of defects. The
white spots on the image are probably adsorbates stuck on the surface.

3.5.3 Corrugation

Both the buffer layer and monolayer graphene are hexagonal lattices formed by
carbon rendering the identification of the layer a more in depth process. The
corrugation of the monolayer is lower than the buffer layer. The monolayer is a
relaxed graphene lattice and does not conform exactly to the buffer layer below
which exhibits a much higher corrugation (∼1.2 Å) due to the sp3 bonds to
the silicon reconstruction. The peak to peak height in the case of monolayer
graphene is ∼0.4 Å, topological information that can be extracted from STM
images (see Fig. 30).

1nm 

Figure 30: STM image of monolayer graphene. The profile was taken along the blue
line. Image parameters: +0.023 V, 0.3 nA.

3.5.4 STS Analysis

The buffer layer has delocalized states that form due to the periodic sp3 bonds
to the substrate that interrupt the sp2 bonds in the carbon lattice forming an in-
sulating material. Monolayer graphene is a gapless semiconductor with a linear
band structure in which the π-bands cross. The density of states can be probed
by STS. A dI/dV versus V average curve shown in Fig. 31 obtained from 30

spectra shows that the density of states decreases approximately symmetrically
to a minimum around a bias voltage of zero, similar to the observations by
Lauffer et al. [93]. Usually graphene grown on SiC(0001) is n-doped with a
carrier density of about n = 1013 cm−2 [70]. Monolayer graphene grown on
SiC(0001) has the Dirac point shifted to −0.4 eV [101, 102] yet the density of
states extracted from STS measurements appears to have a minimum at a bias
voltage of 0 V and does not go completely to zero. The results obtained here
are in agreement with the results of other groups [93, 95].
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Figure 31: STS of monolayer graphene. Setpoint: 0.115 V, 0.3 nA
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The STS data obtained on monolayer graphene on SiC(0001) shows a min-
imum of the dI/dV curve at a sample bias of approximately 0 V. At first
glance, this is in disagreement with the angle-resolved photoemission spec-
troscopy (ARPES) results showing that the Dirac point on monolayer graphene
on SiC(0001) is at approximately −0.4 eV to −0.5 eV [93, 101, 102, 103]. One
would expect a minimum in the STS dI/dV data at approximately −0.4 V to
−0.5 V and not at 0 V since STS data is a measure of the density of states of a
material.

The first piece of the puzzle concerns the dI/dV of monolayer graphene that
shows a minimum at 0 V, the chemical potential of the graphene sample. In
2008, Zhang et al. discovered that the minimum in the STS measurements re-
sults from the reduction of elastic tunneling around the chemical potential in
addition to the suppression of inelastic tunneling from out-of-plane acoustic
phonons below approximately 67 meV [103]. The contribution from inelastic
tunneling through channels opened by the acoustic phonons significantly aug-
ments the conductance through the following process. Electrons tunnel from
the STM tip to the σ∗ band in the vicinity of the Γ point. Subsequently, the elec-
trons lose energy to an out-of-plane acoustic phonon with momentum K’ (K)
and fall to an available K (K’) state at the chemical potential thereby conserv-
ing energy and momentum [103]. If the phonon-mediated inelastic tunneling
cannot occur because there is not enough excess energy, the electron must tun-
nel directly to the states at the chemical potential, which are close to the K
(K’) points [103]. Since the tunneling current decays exponentially and the de-
cay length is smaller for electrons tunneling to large momentum surface states
such as around K (K’), the STS measurements have a minimum at 0 V where
the elastic tunneling is greatly reduced and the inelastic tunneling channels are
inaccessible [77, 103].

In all publications, there is always a clear minimum in the STS measure-
ments at 0 V but the Dirac point is only weakly visible as a small dip when
the graphene is on an SiO2 covered Si substrate [93, 95, 103, 104]. In monolayer
graphene on SiC(0001), the STS data has a minimum at 0 V but no minimum
is visible at approximately −0.4 V, as expected from the ARPES measurements
[70, 93, 95, 101, 102]. There are two factors which contribute to the missing
minimum in monolayer graphene on SiC(0001); the buffer layer and the rela-
tionship of tunneling current with distance [93]. The buffer layer, as discussed
previously has a delocalized state at around −0.2 to −0.6 eV, precisely in the
range of the Dirac point of monolayer graphene. This delocalized state is ap-
parent in the STS dI/dV data obtained on the buffer layer as shown in Fig. 27b.
STS on monolayer has contributions from both the monolayer and the buffer
layer since the tunneling current decreases exponentially with distance (Eq. 16)
[77, 93]. The resulting STS spectrum on monolayer graphene does not show a
dip in the dI/dV curve at approximately −0.4 V as expected from ARPES mea-
surements because the buffer layer has a delocalized state in that range which
cancels out the expected minimum, leaving only the minimum at 0 V due to
the chemical potential [93]. In the bilayer graphene case, the contribution of the
buffer layer to the bilayer graphene STS is negligible due to the exponential be-
havior of tunneling current with distance and therefore the dip in the density
of states is clearly visible at the Dirac point of bilayer graphene at 0.31 eV [93].
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B. Scanning tunneling spectroscopy

In this section, we concentrate on results from STS. In
particular, we discuss how the tunneling spectra depend on
the thickness of the layer and how they can be interpreted in
terms of the DOS of FLG calculated by a tight binding
model.

Figure 9 displays representative dI /dV curves of FLG lay-
ers with different thicknesses. The spectra shown in that fig-
ure are averages of spectra taken over several points �be-
tween 11 and 21� along lines connecting topological minima
or maxima caused by the interface layer �see also the discus-
sion below�, i.e., they cover several graphene unit cells lying
above different positions of the 6�3 interface structure. Com-
mon to all dI /dV spectra is a minimum at zero bias but
without reaching zero. A similar study of graphene on
SiC�0001� by Rutter et al.26 also shows a local minimum at
zero bias. In that case, dI /dV remains finite, too. In contrast,
Brar et al.27 found a minimum for both monolayer and bi-
layer graphene, where the dI /dV curve drops down to zero.
This was interpreted as a gap in the electronic structure and
its origin was discussed. However, a definitive explanation of
this observation cannot be provided at present.

In addition to the zero bias minimum, the dI /dV spectra
of 2, 3, and 4 ML graphene are characterized by local
minima at negative biases followed by a pronounced maxi-
mum. Both shift steadily toward zero bias with increasing
thickness �see Fig. 9�. The minima at −0.31, −0.19, and
−0.13 V, respectively, fit well to the position of the Dirac
point ED as observed by ARPES.14,16,17,21 We therefore pro-
pose that these minima mark the position of the Dirac point
in our FLG films.

Before we turn our attention to the interpretation of the
experimental dI /dV curves of multilayer graphene, we shall
discuss some more the spectrum of monolayer graphene. For
graphene, a linear DOS with a minimum at ED
= �0.48�0.05� eV below EF �Refs. 14, 16, 17, and 21� is
expected. The measured tunneling spectrum shown in Fig. 9
and also the data of Brar et al.27 do not agree with that
expectation. Note also that no gap is observed at the Dirac

energy, which was suggested by Zhou et al.21 to have a mag-
nitude of 260 mV. However, the interpretation of tunneling
spectra of monolayer graphene on SiC�0001� in terms of the
graphene band structure is difficult because of the underlying
6�3 interface layer, which can contribute to the tunneling
current.25 This 6�3 interface layer has been studied by
ARPES,19,20 and a weakly dispersing state was observed at
�0.5�0.1� eV, i.e., at the same energy where ED is expected
for the monolayer graphene sample. The contribution of the
interface layer to the tunneling current is expected to expo-
nentially decay with the thickness of the FLG layer so that
the undistorted electronic structure of the films will become
observable for multilayers, as will be demonstrated below.

In order to interpret the spectra in terms of the band struc-
ture of bi-, tri-, and quadlayer films, we have calculated the
DOS for different thicknesses by using the generalized tight
binding �TB� Hamiltonian17,38–40

H =�
�1 �0

�0
T �2 �s

�s
T �3 �0
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T �4 �s

�s
T
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v� Ei

, �s = 	1	 0 s
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 ,

where Ei is the on-site Coulomb energy for layer i, �= px
+ ipy, 	1 is the interlayer hopping integral, and v is the band
velocity. The on-site Coulomb potential is caused by a layer
dependent charge density as discussed in detail
elsewhere.14,17 Different stacking orders are dealt with by the
variable s, which is 0 for Bernal �ABA . . . � and 1 for rhom-
bohedral �ABC . . . � stacking.17 The reference energy is the
Fermi level EF, and ED=Tr�H /2N�. N is the number of lay-
ers. The parameters used in the calculations were initially
taken from Ref. 17 and then optimized for agreement be-
tween experimental dI /dV spectra and calculated DOS. The
values are compiled in Table I. Note that the model Hamil-
tonian used here neglects the effect of trigonal warping.

Figures 10�a�–10�c� show a comparison of measured
dI /dV spectra from 2, 3, and 4 ML thick FLG films with the
calculated DOS. For clarity, the tight binding band structure

is also shown for k�
� values in the range of �0.15 Å−1 around

the K point in such a way that the energy scale coincides
with the scale of the bias voltage. Since trigonal warping is
neglected, the band structure is symmetric around the K
point, which is, strictly speaking, only valid at energies close
to ED.

The case of bilayer graphene is depicted in Fig. 10�a�.
Three different measurements �two on different areas of the
same sample and one from a different sample� are shown
�black lines� together with the calculated DOS �red solid
line�. The DOS shows two singularities at −0.36 and
−0.24 V, which are due to the top of the upper � band and
the bottom of the lower �* band, respectively. In addition, a

FIG. 9. �Color online� Representative dI /dV spectra of FLG
with different thicknesses. For clarity, the spectra are vertically off-
set from each other and their zeros indicated by tick marks.

LAUFFER et al. PHYSICAL REVIEW B 77, 155426 �2008�

155426-6

Figure 32: Spectra, dI/dV versus sample bias (V), from single to four layer graphene
on SiC(0001), (black line, red line, green line, and blue line, respectively).
The spectra are vertically offset with the tick marks on the dI/dV axis repre-
senting the zero dI/dV for each spectrum [93]. The figure is from reference
[93].

In trilayer and quadlayer graphene, the minimum in the STS data below 0 V
shifts to higher energy in agreement with the ARPES measurements [93, 101].
Figure 32 shows the STS of monolayer to quadlayer graphene on SiC(0001) as
measured by Lauffer et al. in which the features described above are visible [93].
In summary, the buffer layer’s delocalized states in the same range as the Dirac
point in monolayer graphene on SiC(0001) are contributing to the STS spectra,
canceling out the minimum as expected from the ARPES data [93].

In conclusion, monolayer graphene can be identified by STM by the hexag-
onal lattice arrangement of the carbon atoms with a low peak-to-peak height
variation of 0.4 Å, much lower than the buffer layer. The STM measurements
can be acquired at a bias voltage below 0.2 V, where the buffer layer cannot be
imaged. Furthermore, the STS dI/dV data show a minimum around 0 V with
a nearly symmetric shape around 0 V, typical of monolayer graphene. These
monolayer graphene samples were not grown in our lab in Pisa since the CVD
parameters are still being optimized.
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3.6 quasi-free-standing monolayer graphene on sic

3.6.1 Characterization of Quasi-Free-Standing Monolayer Graphene

A high quality graphene monolayer can be formed by converting a buffer
layer into a monolayer. As was shown previously, the buffer layer is topolog-
ically identical to the monolayer without exhibiting the electronic properties
of graphene. Passivating the SiC reconstruction with atomic hydrogen, thereby
breaking the silicon-carbon bonds and returning the carbon layer to its zerogap
semiconductor state, could provide high quality graphene since the starting
material is essentially defect free. The quasi-free-standing monolayer graphene
was characterized by ARPES (not presented here), micro-Raman, and STM.

2600 2700 

Raman Shift [cm-1] 

Figure 33: The panel on the left is an optical image taken by the off-axis CCD camera
on the micro-Raman setup. The right panel shows the Raman spectrum of
the 2D peak of QFMLG obtained across the step shown on the left. The 2D
band shows monolayer graphene (iii) on the terrace and multilayer graphene
(iv) at the step edge.

The micro-Raman maps of the 2D band on the buffer layer (Fig. 22) show
the step edge growth of graphene. On the terraces the samples are uniformly
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buffer layer but at the step edge where the growth initiates, there is monolayer
graphene (Fig. 22). Passivation of the buffer layer samples leads to monolayer
graphene on the terraces with multilayer graphene at the step edge. Figure 33

shows that on the terraces, there is a symmetric 2D band at 2663 cm−1 with a
FWHM of ∼30 cm−1, indicating the presence of monolayer graphene. Near the
step edges, the 2D peak becomes much broader and shifts to higher energies.
The broadening of the 2D peak attests to multiple layers of graphene and shifts
can occur because of doping [100]. QFMLG is known to be p-doped [75] so it is
possible that the multiple layers at the step edge are also p-doped which cause
the shift observed in Fig. 33.

3.6.2 Atomically-Resolved STM Images of Quasi-Free-Standing Monolayer Graphene

2.00

0.00 2.0Å 0.0Å 

1.4nm 

Figure 34: STM image of QFMLG. Image parameters: +0.103 V, 0.3 nA.

Figure 34 shows an STM image of QFMLG obtained at a sample bias of
+0.103 V, a bias that yields clear atomically resolved images on monolayer
graphene but at which the buffer layer cannot be imaged [69, 72, 73, 93, 95, 105].
The lattice constant extracted from these images is 2.4 Å ± 0.1 Å consistent with
that of pristine graphene. The quasi-(6x6) periodicity present on the buffer layer
disappears after intercalation of hydrogen, and the layer appears flat. Also, no
obvious atomic defects can be observed in Fig. 34 or in other QFMLG images.
This indicates that the process of hydrogen intercalation is rather gentle, and de-
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spite the high process temperature additional atomic defects are not noticeably
introduced into the graphene layer.

3.6.3 Corrugation

1.4nm 

Figure 35: Profile of QFMLG obtained along the grey line in the inset. Image parame-
ters: −0.1 V, 0.3 nA.

A roughness analysis was carried out on the QFMLG. The same Gaussian
smoothing applied to the buffer layer images was used to reduce the noise in
the QFMLG images. A line profile analysis yields a peak-to-peak corrugation
of approximately 0.4 Å, as shown in Fig. 35. The RMS value calculated from
5 QFMLG images is 0.125 Å ± 0.005 Å, demonstrating that QFMLG is flatter
than the buffer layer. When comparing the RMS values of these two surfaces it
is important to consider that both the long-range corrugation due to the recon-
struction and the atomic corrugation contribute to the peak-to-peak values, so
that the real differences in reconstruction-related corrugation are actually more
pronounced. For the buffer layer, the corrugation due to the (6

√
3x6
√
3)R30◦

reconstruction alone amounts to approximately 0.6 Å [73]. On the other hand,
for QFMLG the peak-to-peak corrugation is dominated by the graphene lattice
(∼0.3 Å) while the residual long-range variations are around 0.1 Å.

The STM images of the QFMLG show that the long range periodicity is no
longer visible. The STM images provide the topological information needed
to demonstrate that the hydrogen intercalation process was successful and the
long range periodicity due to the sp3 bonded carbon atoms has been relieved.
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3.6.4 STS Analysis

d
I/

d
V

 [
n

A
/V

] 
C

u
rr

en
t 

[n
A

] 

Bias Voltage [V] 

Figure 36: STS of QFMLG. It is similar to that of monolayer graphene (Fig. 31). Setpoint:
0.1 V, 0.3 nA.

The electronic structure of QFMLG should be similar to that of monolayer
graphene. The differential conductance curves of QFMLG display a minimum
near zero sample bias but the value is finite and does not vanish similarly to
as-grown monolayer graphene on SiC(0001) (see Fig. 31). QFMLG appears to be
slightly p-type doped as the minimum of the dI/dV curve i.e., the Dirac point,
is shifted to a positive sample bias of about 13 mV (Fig. 36).

In summary, hydrogen intercalation lifts the electronic coupling of the buffer
layer to the substrate and changes the electronic structure from an insulator to
pristine graphene. The quality of the QFMLG was studied by STM and showed
no obvious atomic defects indicating both the quality of the starting lattice
(buffer layer) and the effective and non destructive intercalation process. The
QFMLG is also extremely flat and does not appear to have any sort of intrinsic
rippling.
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Atomic hydrogen was adsorbed on the surface which was subsequently stud-
ied by scanning tunneling microscopy and spectroscopy. Initially, the monolayer
graphene sample was exposed to a low flux of atomic hydrogen for a short du-
ration of time. As the exposure time increased, a band gap opened as predicted
for graphane [67]. Section 4.1.1 will address this behavior. As the quantity of
hydrogen adsorbed on the surface augmented, the tunneling between the tip
and the sample became increasingly unstable at the optimal tunneling param-
eters because the number of states available for tunneling decreased to zero.
This constraint dictated the parameters for studying the interaction between
hydrogen and graphene as a function of curvature: short exposure to a low
flux of atomic hydrogen and a low bias voltage to resolve the graphene lattice.
Our initial studies focused on identifying the stable hydrogen conformations
on the graphene surface and comparing them to theory. Simultaneously the
preferential adsorption of hydrogen on the convex areas, exacerbating the long
range periodicity of the monolayer graphene on SiC(0001) was observed by
scanning tunneling microscopy. The graphene-hydrogen binding energy on the
convex areas of the lattice was estimated by a stepwise heating of the graphene
layer followed by STM measurements. At approximately 650◦C the hydrogen
desorbed from the surface leaving a pristine, defect-free graphene layer. The
quality of the graphene is maintained after multiple hydrogenation and dehy-
drogenation cycles making it a very promising reusable material for hydrogen
storage. These experiments will be described in detail in this chapter followed
by a short section on the preliminary results obtained on hydrogenation of the
SiC(0001) buffer layer, a graphene-like lattice with a higher local curvature than
monolayer graphene on SiC(0001).

There have been various studies of hydrogen adsorption and desorption on
graphite [106, 107, 108, 109, 110, 111] but there is very little experimental work
on the adsorption and desorption of hydrogen on graphene as a function of cur-
vature [112]. The in-depth characterization of monolayer graphene on SiC(0001),
the buffer layer and quasi-free-standing monolayer graphene were presented in
the previous chapter to show their corrugation which will be used in the fol-
lowing to study the interaction of atomic hydrogen on graphene and the effect
of local curvature on this interaction. Quasi-free-standing monolayer graphene
is exceptionally flat rendering it unsuitable for corrugation studies. The buffer
layer is highly curved but the results on this surface must be analyzed with
caution since there are sp3 bonds to the substrate in the concave areas eliminat-
ing the possibility of forming C-H bonds in the troughs. Monolayer graphene
on SiC(0001) is an advantageous system for studying the role of local curvature
on the binding energy of hydrogen on graphene. This system is periodically
corrugated on a nm scale and there are no sp3 bonds to the substrate.

61
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4.1 hydrogen interaction on corrugated monolayer graphene

4.1.1 Experiment

The monolayer graphene samples used in the experiments were characterized
as discussed in chapter 3. Figure 37 summarizes the results. Panel a is the Ra-
man spectrum of the monolayer after subtracting the SiC background. A micro-
Raman spatial map of the intensity of the 2D peak is shown in panel b. The
light areas show a 2D peak such as the one in panel a, indicating monolayer
graphene. The dark areas are the buffer layer where no 2D peak is measured.
Panel c shows an STM image of the sample with the graphene lattice clearly vis-
ible as well as the quasi-(6x6) superperiodicity. The area where the STM image
was taken was further verified to be monolayer graphene by STS measurements.
The dI/dV vs. V plotted in Fig. 37d is the average of 320 I/V spectra acquired
along an evenly spaced grid where the STM image was obtained. There were
no significant differences observed for spectra on and off the hills. In agree-
ment with other STS studies of monolayer graphene on SiC(0001) [93, 95, 104],
a minimum at zero bias was observed which does not reach zero and no par-
ticular features at the Dirac point (which is located at ca. −0.4 V [101, 102]). A
cross section shown as the purple line in Fig. 37c, is plotted in Fig. 37e. A peak
to peak maximum variation in height of 35 pm over a length of about 2 nm,
along the quasi-(6x6) periodicity was measured. Such a corrugation is typical
for monolayer graphene on SiC(0001) [71] and lower than that of the buffer
layer which is ∼110 pm [73]. From the STM image, it is clear that the surface is
clean with no adsorbates or defects.

The monolayer graphene was successively exposed to atomic hydrogen in
situ with an atomic flux of ∼5.1 x 1012 H atoms/(s cm2) ± 0.1 x 1012 H atoms/
(s cm2) for varying lengths of time and subsequently measured by STM and
STS. Low coverage, which occurred after a 5 second exposure to atomic hydro-
gen results in a surface coverage of about 0.8%±0.1%. The graphene-hydrogen
system was stable and it was possible to obtain atomic resolution on the surface.
After hydrogen exposure of 25 seconds and of 145 seconds (surface coverage
around 3.8%±0.2% and 22.1%±0.6%, respectively), the system became exceed-
ingly difficult to image, and good atomic resolution was not possible. However,
STS measurements could be acquired.

Figure 38 shows average STS data obtained as a function of increased atomic
hydrogen exposure. The black line is from pristine graphene, mirroring the re-
sults of previous groups [93, 95, 104]. The red line, obtained after hydrogen
exposure for 5 seconds, shows a shoulder at negative voltages that increases
for a 25 second exposure (green line). After an atomic hydrogen exposure for
25 seconds, the dI/dV curve indicates that a gap has opened of ∼0.4 eV and in-
creases to 1.5 eV after 145 seconds of atomic hydrogen exposure. The formation
of a gap is evidence of chemisorption of hydrogen on the monolayer. The gaps
are clearly visible in Fig 38b. No significant differences for spectra on and off of
the hills was observed. A plausible explanation is that the wavefunction of the
chemically adsorbed hydrogen on the graphene is likely to extend more than
1 nm from the C-H bond. Since the spacing between maximally convex areas is
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Figure 37: Characterization of monolayer graphene on SiC(0001). a) Raman spectrum
averaged over a 12 µm x 12 µm area after subtraction of the SiC background.
The spectrum shows the characteristic G and 2D bands at 1610 cm−1 and
2700 cm−1. b) Integrated intensity of the 2D peak as a function of the posi-
tion on the sample. The dark (light) areas show the absence (presence) of the
2D band indicating the absence (presence) of monolayer graphene. c) STM
image of monolayer graphene obtained at bias voltage 115 mV and tunnel-
ing current 0.3 nA. The diamond shows the quasi-(6x6) superstructure. d)
Average STS data obtained in this area of the sample. e) Cross section taken
along the purple line indicated in c.
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less than 2 nm, it is therefore possible that the wavefunctions overlap leading
to a smoothing of the STS data.
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Figure 38: STS of monolayer graphene upon hydrogen exposure plotted on (a) a lin-
ear and (b) a logarithmic scale. The black curve corresponds to pristine
graphene. The red curve corresponds to a low coverage of hydrogen (5 sec-
ond hydrogenation). The green and blue curves are for higher coverages
(25 seconds and 145 seconds of hydrogenation, respectively). The increasing
tendency towards insulating behavior is in agreement with the saturation
of the π-bonds and the opening of a gap. Setpoints: 0.3 nA, 115 mV (no H);
0.3 nA, 115 mV (5 sec H); 0.3 nA, 1 V (25 sec H); 0.3 nA, 2 V (145 sec H).

The spectra also explain why STM imaging became increasingly difficult for
higher hydrogen coverage. The atomically-resolved images of graphene were
obtained at voltages below 200 mV. With increased hydrogenation, the density
of states at those bias voltages decreased to zero, excluding the possibility of
achieving stable tunneling conditions and therefore images at those biases. Fur-
thermore imaging at a higher bias, outside of the gap, caused the tip to snap to-
wards and away from the sample, probably due to electron induced desorption
of hydrogen from the graphene surface. The results presented in the following
section are all obtained after a 5 second hydrogenation process.

4.1.2 Results After a 5 Second Exposure to Atomic Hydrogen

The STM images of monolayer graphene are dramatically altered when atomic
hydrogen bonds to the carbon atoms. Figure 39 shows two STM images of
monolayer graphene grown on SiC(0001). The left image is from pristine graph-
ene and the right image is after exposure to atomic hydrogen for 5 seconds. The
z-scale is the same in both images emphasizing the out-of-plane modification
due to the addition of hydrogen to the surface. After hydrogenation, all the
graphene hills have protrusions at the peaks. Looking closely, it is evident that
the protrusions are various combinations of hydrogen atoms; para dimers (Fig.
40a), ortho dimers (Fig. 40c) and tetramers (Fig. 40e). In the para dimer con-
figuration (Fig. 40b inset), the two hydrogen atoms are on opposite sides of
the hexagon lattice of graphene. When the two hydrogen atoms bind to neigh-
boring carbon atoms they form an ortho dimer (Fig. 40d inset). The tetramers
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observed were formed from two ortho dimers on opposite sides of the hexago-
nal lattice (Fig. 40f inset).

1nm 1nm 

a b 

Figure 39: a) STM image of pristine monolayer graphene. b) STM image of monolayer
graphene after 5 seconds of hydrogenation. The two images have the same
z-scale. Setpoints: a) 115 mV, 0.3 nA, b) 50 mV, 0.3 nA

The hydrogen atom conformations were also identified from the comparison
with Density Functional Theory (DFT) calculations, shown in (b, d, f) [3]. These
calculations were performed on a model system, consisting of a supercell of 180
C atoms in which the corrugation is obtained by lateral compression [3]. The
calculation setup and model system is the same used in previous studies (de-
tails provided in reference [3]), but with a lower level of corrugation, in order to
better match the natural curvature of the monolayer. After adding H atoms in
an ortho, para or tetramer conformation on the hills, the system is relaxed and
the electronic structure is calculated. The simulated STM images are then ob-
tained from the iso-electronic density surfaces of the states near the Fermi level
(see Fig. 40 caption). The lighter areas are elevated with respect to the darker ar-
eas just as in the STM images. Ultimately, the calculated STM images reported
in panels b, d, and f confirm the observations of a para dimer, an ortho dimer
and a tetramer, as reported in panels a, c, and e, respectively. Notably, the most
prevalent configuration found in the STM scans was the tetramer (Fig. 40e), not
reported in previous studies. This might be a result of a high concentration of
hydrogen on the surface resulting in complex structural arrangements formed
by combining basic dimers, which require the least amount of energy to assem-
ble. It is also possible that cooperative effects might induce H atoms to cluster
on the graphene surface, a process that has been theoretically proposed [3, 113].

Studies by Dumont et al. [106], of hydrogen adsorption on graphite, reported
that the most stable configuration was the ortho dimer, while in our experi-
ment we saw predominantly tetramers, which can be considered pairs of ortho
dimers. In 2009, Balog et al., published STM results on monolayer graphene
on SiC(0001) showing that hydrogen adsorbs along the superstructure and that
the hydrogen adsorbs in dimer configurations [112]. The reported extension of
the dimers was more than 10 Å, and they were not atomically resolved. In a
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Figure 40: a) A para dimer observed in a scanning tunneling microscopy (STM) image
obtained on a monolayer graphene surface after a low dose (5 sec) of atomic
hydrogen. b) Simulated STM image obtained from Density Functional The-
ory (DFT) calculations of the charge density isosurface of the para dimer. c)
STM image of an ortho dimer and d) corresponding simulation. e) STM im-
age of a tetramer and f) corresponding theoretical calculation. In each case
(b, d, and f), the electronic density is evaluated integrating over a sufficient
number of electronic states between the Fermi level and the offset. The in-
sets in b, d, and f are schematics of the various hydrogen configurations
observed and described in the respective pairs of panels. Parameters for the
STM images were bias voltage 50 mV and tunneling current 0.3 nA. The
density charge level for the iso-surfaces and the shades scale are chosen in
order to match with experimental images. Higher areas are lighter.
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following paper by Šljivančanin et al. [110] from the same group, structures on
graphite with the same dimensions were defined as extended hydrogen dimers,
configurations with two hydrogen atoms that are not on the same hexagon
in the graphene lattice [110]. The study showed both the measured extended
dimers covering a length of more than 10 Å [110], which is similar to the work
by Balog, et al. [112], and their theoretical simulation [110]. This later work clar-
ifies the discrepancy between the length of the graphene lattice and the length
of the hydrogen structures observed by defining the previously known dimers
as extended dimers. On the contrary, the dimers observed here are defined as
two hydrogen atoms on the same hexagon and are atomically resolved directly
on top of the carbon atoms, which agrees with the simulations (Fig. 40). Fur-
thermore, both the ortho and para dimers do not extend beyond 4 Å (Fig. 40).
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Figure 41: a) STM image with a tetramer located in the center. The cross section shown
in the lower half of b was taken along the green line in a. The upper half of
b shows the charge density profile for a tetramer cut along the same orien-
tation as a in the charge density map from DFT calculations, represented in
c. The same procedure for evaluating the electronic density was used as in
the DFT calculations reported in Fig. 40 and the shades scale was selected
to correspond with the STM image. The positions of the atoms and the lo-
cal curvature where the hydrogen atoms are attached are in agreement. Set
points: bias voltage 50 mV, tunneling current 0.3 nA.

Figure 41 show an STM image (Fig. 41a) and cross section in green (Fig. 41b)
and the theoretical equivalent (Fig. 41c) of a tetramer. The cross sections of
the C-H bonds in the STM images affirm that the hydrogen attaches on top
of the hills forming protrusions of approximately 50 pm. This is much less
than approximately 1.1 Å, the expected C-H bond length [3, 67]. This may
be due to the fact that carbon is slightly more electronegative than hydrogen
so the electronic wavefunction is pulled towards the graphene surface. The
theoretical cross section shows that the hydrogen carbon bond is concentrated
more closely to the carbon atom, indicated by the darker shades of grey that
start at approximately half the height of the hydrogen wavefunction (Fig. 41b).
In fact half of 1.1 Å is 55 pm which agrees quite nicely with the measured
change in height of 50 pm.

Remarkably, as visible from the STM images in Fig. 40 and Fig. 41, the hy-
drogen preferentially binds on sites where the lattice is maximally convexly
curved (i.e., lighter contrast areas). DFT calculations relating the local curva-
ture, defined for a given carbon atom as the distance out of the plane defined
by the three nearest neighbor carbon atoms, and the hydrogen-graphene bind-
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Figure 42: Schematic of local curvature. The linear relationship between C-H binding
energy and local curvature is plotted on the right. Figure taken from refer-
ence [3].

ing energy are reported in Fig. 42 [3]. The relationship between C-H binding
energy and local curvature is linear and varies over 2 eV as the active carbon
atom changes from convex, puckering out the plane by 0.2 Å to concavely po-
sitioned out the plane by 0.2 Å, as plotted in Fig. 42 [3]. More precisely, the
binding energy of a hydrogen atom attached to a convexly puckered carbon
atom in the lattice is negative and can become positive as the corrugation is
changed to concavity indicating unstable hydrogen bonding sites [3]. Concep-
tually, the correlation between local graphene curvature and binding energy
is comprehensible. This is conceivable because the most favorable formation
of an sp3 bonded molecule such as methane, CH4, is a tetrahedral structure.
The carbon atom is situated in the center of a tetrahedral where the vertices
are the positions of the hydrogen atoms. The hydrogen atoms are positioned in
such a way as to maximize the distance between any given hydrogen atom. The
same concept can be applied to graphene. In other words, the change from an
sp2 to sp3 hybridization requires the bonds to form the lowest energy config-
uration that deforms the surface towards a tetrahedral form. The carbon atom
in question is pulled out of the plane to maximize the distance between the
neighboring carbon atoms and the hydrogen atom, a tetrahedral conformation
analogous to that of methane. If the local curvature is privy to that arrange-
ment, the formation of a C-H bond is more favorable and the barrier for atomic
H adsorption is reduced or even eliminated. This is the same rationale that ex-
plains why there is no hydrogen attached in the concavely curved areas of the
graphene lattice. This is a direct demonstration of the geometrical preferential
formation of graphene-hydrogen bonds.

After identifying the stable hydrogen conformations on the locally puckered
graphene lattice, the hydrogenated sample was heated in steps of 50◦C and
subsequently measured by STM in order to measure the desorption energy
barrier for hydrogen. Figure 43 is a summary of the main results obtained.
The top left STM image shown in Fig. 43 was obtained from pristine graphene.
A cross section taken across the surface (blue line) is shown below the STM
image and displays a height variation of 40 pm as expected [71]. The average
root mean square (RMS) roughness value calculated from this image after noise
removal by Gaussian smoothing is 9.92 pm. Following a 5 second exposure to
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Figure 43: STM images of graphene with corresponding cross sections. a) Pristine
graphene (115 mV, 0.3 nA). b) Graphene after exposure to atomic hydro-
gen for five seconds resulting in a low coverage of hydrogen (50 mV, 0.3 nA).
A diamond showing the quasi-(6x6) superstructure is also shown. The cross
section below shows a large increase in corrugation due to the C-H bonds on
the convex areas of the graphene surface. Selected STM images of graphene
after annealing for five minutes in steps of approximately 50◦C from 310◦C
to 680◦C are shown: c) 310◦C (50 mV, 0.3 nA), d) 420◦C (50 mV, 0.3 nA), e)
630◦C (50 mV, 0.3 nA), and f) 680◦C (112 mV, 0.3 nA). The STM image of
graphene after a five minute annealing at 680◦C shows a clean surface and a
corrugation equivalent to that of the pristine graphene (panel a), indicating
that the hydrogen has desorbed from the surface. The color scale and im-
age size is the same for all STM images. All images were obtained at room
temperature.
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atomic hydrogen, the corrugation dramatically increases reaching a value of
120 pm with an RMS value of 25.6 pm.

This corrugation remains following a 50◦C stepwise 5 minute annealing up
to 630◦C as seen in images acquired at 310◦C and 420◦C. It is important to note
that the bright areas visible on the unheated hydrogenated graphene (Fig. 43)
are not strictly restricted to the peaks of the reconstruction but are also visible
in the areas with lower local curvature. However, at higher temperatures, the
hydrogen remains solely on the peaks of the graphene lattice where the local
convex curvature is maximized. This is in agreement with theory [3] which pre-
dicts that the C-H bond energy is greatly diminished when the local curvature
becomes concave. Finally, when the sample is heated to 680◦C, the hydrogen
desorbs from the peaks and the graphene relaxes back to the pristine structure,
as can be discerned by the cross section. The RMS value calculated from the
image at 630◦C (Fig. 43) is 17.86 pm, and after heating to 680◦C (Fig. 43), it
reduces to 8.93 pm, similar to the RMS value of the pristine graphene mono-
layer. All images in Fig. 43 have the same z-scale to emphasize that hydrogen
attaches on the hills, increasing the corrugation along the quasi-(6x6) supercell
indicated by the diamond in the hydrogenated STM image in Fig. 43, which
has the same periodicity shown on the pristine monolayer.

The corrugation trend is shown in Fig. 44 that reports the RMS values calcu-
lated from the height variation of STM images obtained before hydrogenation
(black data points), after hydrogenation (red data points) and after progressive
heating in steps of 50◦C (blue data points). The graphene height variations in
the pristine case and after annealing to 680◦C are similar. Hydrogenating the
sample greatly increases the roughness due to the presence of chemisorbed
hydrogen on the surface. This corrugation remains approximately constant up
to 630◦C. The hydrogen desorbs between 630◦C and 680◦C. This is duly con-
firmed by the RMS values which drop back to that of pristine graphene in such
temperature range.

Using 650◦C (∼930K) as the approximate temperature of the hydrogen des-
orption from the puckered graphene, the only positions where hydrogen is sta-
ble at elevated temperatures, a desorption energy barrier of 1.4eV is deduced
[114]. The basis of this calculation is the combination of the Arrhenius equa-
tion with heating and the assumption of first-order desorption. This assump-
tion was motivated by the observation of dimer arrangements of the hydrogen
atoms on graphene similar to what has been observed for hydrogen released
from graphite [115] and Rh(110) [116]. First-order desorption means that the
hydrogen atoms on the surface desorb in pairs and the pairing process does
not occur separately from the desorption process [116]. A second-order process
is associated with a multi-step process where for example the hydrogen atoms
diffuse across the surface, combine to form pairs and desorb [116]. In the STM
experiments we observed hydrogen dimers on the maximally convex areas of
the graphene which remained stable until the dimer desorbed. Using the Ar-
rhenius equation with the assumption of a constant heating rate, one has [117]:

Ed
κTm

= Aτme
−Ed
κTm . (20)



4.1 hydrogen interaction on corrugated monolayer graphene 71

0 5 0 3 0 0 3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 7 0 0 7 5 0
6

8

1 0

1 2

1 4

1 6

1 8

2 0

2 2

 

 

RM
S (

pm
)

T e m p e r a t u r e  ( o C )

N o  h y d r o g e n  
A f t e r  h y d r o g e n a t i o n
A f t e r  h e a t i n g  

Figure 44: Average root mean square (RMS) values calculated from the height variation
of STM images as a function of temperature. The data were collected from
two samples (squares and circles). Each point is the average RMS from the
images obtained at that temperature. The error bars denote the standard
deviation of these averages. The pristine graphene (black data points) has a
low corrugation that dramatically increases when the sample is exposed to
a low dose (5 sec) of atomic hydrogen (red data points) at room temperature.
The RMS remains high until the sample is heated to 680◦C at which point
the corrugation relaxes back to that of pristine graphene. This occurs because
the C-H bonds are broken and the hydrogen desorbs from the graphene. The
grey dashed lines are guides to the eye.
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Figure 45: Energy profiles for the reactions of chemisorption of atomic and molecular
hydrogen. Black solid line: chemisorption of a single H atom on a convex
site. Green solid line: chemisorption of a second H atom in ortho position
with respect to the first. For comparison, curves for the same processes on
flat graphene are reported as dotted lines. Red solid line: associative desorp-
tion/dissociative adsorption profile at 0K temperature. Red shaded band:
the same at 300K. The error bars are due to the energy fluctuations of the
system. Representative shapshots taken from the simulations are reported.
The reaction coordinate is a combination of the H-H and C-H distances (ar-
bitrary units) as calculated in Ref. [3]. The reaction path from adsorbed (left)
to desorbed hydrogen (right) is followed by increasing the C-H distance and
constraining the H-H distance in a controlled fashion [3]. The energy scales
on the left and right y-axis are both in eV, but with two different reference
levels: on the left the reference energy level is that of unbound molecular
hydrogen; on the right, the energy level is that of the unbound atomic hy-
drogen. Their offset is the hydrogen molecule dissociation energy per atom.
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τm is the time after which the desorption temperature Tm is reached, and A the
Arrhenius constant (whose typical value is 1013 sec−1 [107]). We set τm ∼ 103

sec (∼15 min), the same order of magnitude as the experimental time to desorb
all the hydrogen from the surface. Using this value, one has Ed

κTm
∼ 33, hence

Ed ∼ 2.8 eV/molecule or ∼ 1.4 eV/atom. The value obtained for the barrier
changes less than 0.05 eV with a variation of τm over 30 minutes indicating the
validity of the approximation of τm. Additionally, the Arrhenius constant can
be changed by one order of magnitude while the energy barrier changes less
than 10%. This value for the desorption barrier is consistent with the DFT cal-
culations (Fig. 45), showing a barrier of 1.55 eV at T = 0 (solid red line in Fig. 45)
that decreases to 1.4 eV (red shaded band in Fig. 45) as an effect of the dynam-
ical fluctuations of the graphene sheet at room temperature. The calculations
also show that the dimers are approximately as stable as molecular hydrogen
and more stable than single hydrogen atoms chemisorbed on graphene. Two ef-
fects contribute to this: first, the chemisorption of an isolated H atom is favored
on convex areas (difference between dotted and solid black lines in Fig. 45).
The local curvature increases after the first H atom is adsorbed because the car-
bon atom puckers out of the graphene plane [3]. This effect induces adhesion
of subsequent H atoms (green lines in Fig. 45). The adhesion of atomic hydro-
gen becomes thus barrierless. On the other hand, the desorption of hydrogen
(or the adsorption of molecules) is a process with a barrier. Starting from the
ortho dimer, the first part of the red curve follows the reverse of association,
until reaching the activated process, at which point the two H atoms prefer to
bind together and form a molecule than to separate, thus following the red line
instead of the green one.

In summary, the preferential chemisorption of atomic hydrogen on graphene
was demonstrated. Atomic hydrogen did not attach to the locally concave graph-
ene surface, evidence of the instability of the C-H bond at room temperature in
these regions. Chemisorption occurred in the areas where the local curvature
is maximally convex. This shows that these sites are both the most energeti-
cally favorable for hydrogen adsorption and the most stable. The various com-
binations of hydrogen atoms on graphene were identified: para dimers, ortho
dimers and tetramers. Furthermore, the hydrogen adsorbed on the π-bonds of
the graphene lattice with lower local curvature tended to desorb at a lower tem-
perature, which indicates a lower binding energy in agreement with previous
calculations [3]. The curvature dependent adsorption and desorption of hydro-
gen combined with the robust quality of graphene provides the basis for the
exploitation of graphene as a scaffold for reusable hydrogen storage devices
that do not depend on temperature or pressure changes. The hydrogen would
be adsorbed in the areas that are convex which can reduce the energy barrier
for binding atomic hydrogen to graphene to zero. The hydrogen-carbon bonds
on the locally convex areas of graphene are thermally stable up to high tem-
peratures (650◦C) as was shown in Section 4.1.2. On the areas where the local
curvature is concave, the atomic hydrogen is unstable. The local curvature of
the graphene lattice could be inverted changing the convex areas to concave
areas which would release the hydrogen. A device that relies on controlling
the curvature to adsorb and release hydrogen would transform the field of hy-
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drogen storage since such devices would function independent of changes in
pressure and temperature. A possible method for modifying the curvature is
presented in Chapter 5.

4.1.3 Hydrogen on Graphene Compared to Other Carbon Materials

Graphene is a flexible and robust material that chemisorbs hydrogen prefer-
entially based on local curvature. Regions of convex local curvature are the
most chemically active and result in strong carbon-hydrogen bonds. There are
other carbon based materials with intrinsic curvature such as carbon nanotubes
and fullerenes. These materials have been considered for hydrogen storage but
both fall short of the standards set by the U.S. Department of Energy [44]. A
brief description of the hydrogen adsorption studies on carbon nanotubes and
fullerenes will illuminate the advantages of graphene as a possible candidate
for hydrogen storage.

Carbon Nanotubes:

Adsorption mechanisms in carbon nanotubes can be divided into chemisorp-
tion and physisorption as in graphene. The bulk of theoretical and experi-
mental work on the interaction of hydrogen and carbon nanotubes focuses
on physisorption of molecular hydrogen both inside and around the carbon
nanotubes [118, 119, 120, 121].

Chen et al. modeled the hydrogen uptake in nanotubes as a function of tube
diameter [118]. The mechanism for molecular hydrogen storage in carbon nan-
otubes appears to be interplay between van der Waals interactions of the carbon
atoms and the hydrogen as well as between the hydrogen molecules. The hy-
drogen is theoretically stored within the carbon nanotubes [118]. The model
divides the carbon nanotubes into four groups based on diameter: tiny tubes,
(0.9 nm and smaller), small tubes, (1.1 nm to 2.4 nm), medium tubes, (2.6 nm
to 4.1 nm), and large tubes, (4.2 nm and up) [118]. Only carbon nanotubes with
a diameter of 2.6 nm to 4.1 nm were predicted to achieve 6.5 wt% hydrogen
[118]. Smaller carbon nanotubes are strained and when the diameter of the nan-
otube is tiny, the strain was expected to fracture the nanotube [118]. On the
other hand, when the carbon nanotubes are larger than 4.1 nm, collapse is an-
ticipated [118]. This indicates that physisorption inside the carbon nanotubes is
not predicted to achieve the ultimate goal set by the DOE of 7.5 wt% [44].

Chemisorption on carbon nanotubes has received less attention but within
the theoretical realm of studies, the overwhelming message is binding energy
of hydrogen adatoms is found to be inversely proportional to the nanotube
radius [122, 123, 124]. The chemisorption of adatoms on carbon nanotubes has
been calculated using density functional theory [122]. As the nanotube radius
increases, the binding energy of the hydrogen atom is expected to approach
that of hydrogen on graphene. Therefore, theoretical calculations on carbon
nanotubes [122, 123, 124] are in agreement with those on graphene [3], as the
curvature increases, the binding energy increases.
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Carbon nanotubes with a diameter greater than 1.25 nm, are not predicted to
chemisorb one hydrogen atom per carbon atom in the exo-hydrogenation con-
figuration with all the hydrogen atoms adsorbed on the outside of the nanotube
[124]. Completely hydrogenated nanotubes would have the same gravimetric
density as graphene, approximately 8 wt% [2]. Only small diameter tubes are
expected to be fully hydrogenated and all carbon nanotubes with diameters
greater than 1.25 nm will only be partially hydrogenated [123, 124]. It is sig-
nificant that experimentally, the process of producing and purifying carbon
nanotubes is complex and separating carbon nanotubes by exact diameter is
extremely challenging. Experiments often remark on the purity of the tubes as
well as the range in diameters.

Pioneering hydrogen adsorption experiments were performed by Dillon et al.
in 1997 [120]. The single-walled carbon nanotubes were not purified or sepa-
rated from the soot generated simultaneously during the nanotube production
process and consequently made up 0.1 to 0.2 wt% of the sample [120]. The hy-
drogenation process was performed at 133K and the temperature desorption
spectra was acquired [120]. Temperature desorption spectra showed approxi-
mately 0.01 wt% of hydrogen desorbed below room temperature [120]. How-
ever, Dillon et al. surmised that if the single-walled carbon nanotubes could
be purified, the gravimetric hydrogen storage capacity would increase to 5 to
10 wt% [120].

Subsequently, hydrogen adsorption experiments were performed on pretreat-
ed single wall carbon nanotubes with an average diameter of 1.85 nm and
increased purity with respect to the experiments performed by Dillon et al.
[120, 125]. At room temperature in an over pressurized H2 atmosphere of 10
to 12MPa, the carbon nanotubes were found to adsorb up to 4.2 wt% after 6
hours [125]. The hydrogen charging time and gravimetric capacity of the carbon
nanotubes did not comply with the standard set by the DOE [44]. When the
pressure was reduced to atmospheric pressure, the physisorbed hydrogen was
released and amounted to approximately 3.4 wt% [125]. The remaining 0.6 wt%
of hydrogen on the carbon nanotubes was released when the nanotubes were
heated to 473K indicating that is was chemisorbed [125].

The most similar experiments to the experiments on monolayer graphene on
SiC(0001), were performed in 2005 on single-walled carbon nanotubes exposed
to atomic hydrogen [126]. The atomic hydrogen formed C-H bonds with the car-
bon atoms of the nanotubes with diameters ranging from 1 nm to 1.8 nm [126].
The 5.1±1.2 wt% of hydrogen was stable up to 600◦C [126]. The gravimetric ca-
pacity is markedly higher than in previous experiments deriving from the high
purity of the carbon nanotubes. These results are in agreement with theory
concluding that the total chemisorption of hydrogen on the nanotubes is not
feasible when the diameter is above 1.25 nm [124]. Furthermore, as the diame-
ter of the tubes increased, the local curvature decreased and the chemisorption
of hydrogen was expected to respond similar to graphene.

Nikitin et al. [126] measured desorption of hydrogen to be around 600◦C
where as Liu et al. [125] measured desorption of hydrogen to be around 750◦C.
Although the reported diameters of the nanotubes in the two experiments are
comparable, the discrepancy in temperature when the hydrogen was released
may be due to a variation in tube diameters in these experiments. Another



76 hydrogen on corrugated graphene

explanation is that nanotubes with smaller diameters cannot relieve the stress
due to carbon-hydrogen bonds culminating in weaker C-H bonds. Desorption
of chemisorbed hydrogen in these experiments was in the same temperature
range as monolayer graphene on SiC, around 650◦C. This is surprising given
that if the maximally curved region monolayer graphene on SiC(0001) is con-
sidered an arc on a circle, the diameter of the circle would be approximately
20 nm, resulting in a local curvature that is much smaller than the carbon nan-
otubes. A possible explanation for a comparable temperature range for hydro-
gen desorption from nanotubes with a diameter about 10 to 20 times smaller
than that of graphene on SiC(0001), could conceivably be a consequence of the
deformational strain on the carbon nanotubes from the hydrogen bonds which
cannot be released. The strain may cause the carbon-hydrogen bond to be less
stable than in corrugated graphene, where the strain can be released since the
graphene layer is not rigidly fixed and the atoms can move to relax the strain.

Graphene curvature can theoretically be tuned to adsorb and release hydro-
gen. Two methods for modifying the curvature of the carbon nanotubes have
been explored theoretically although to our knowledge experimental verifica-
tion of hydrogen reactivity using these methods has not yet been published.

One potential technique for adsorbing the hydrogen on carbon nanotubes
was explored by Srivastava et al. who performed theoretical calculations on
bent carbon nanotubes [127]. In the study, the kink is along the length of the
nanotube. The results indicated increased chemical reactivity in regions of high
local convex curvature which are strained [127]. The kinked areas are character-
ized by a puckering of the carbon atoms out of the plane produced by the three
neighboring carbon atoms. This distortion modified the local conformation of
the bonds from sp2 towards sp3, spatially isolating the p-orbital resulting in in-
creased chemical reactivity [127]. The binding energy of hydrogen to the kinked
carbon nanotubes is predicted to increase by up to 1.6 eV as compared to undis-
torted nanotubes [127]. These theoretical results provide a possible method for
chemisorbing the atomic hydrogen on the convexly bent regions of the nan-
otubes. Hydrogen is chemically stable on the regions of high local curvature
and the difficulty lies in finding a viable method for inverting the curvature to
release the chemisorbed hydrogen.

A second approach for tuning the binding energy was explored theoretically
by squeezing the nanotube along the length of the tube creating an elliptical
cross section rather than circular cross section as observed in a non deformed
nanotube [122]. If the hydrogen is attached to a carbon atom on a highly curved
region of the carbon nanotube, the C-H bond is expected to be stronger than
on a flattened region of the distorted nanotube [122]. As in the bending of the
nanotube, the binding energy of hydrogen can be altered, however, to release
the hydrogen atoms, the curvature would need to locally change from convex
to concave. A facile technique of inverting the curvature in a systematic manner
has not yet been discovered. Additionally, it is not clear if the change in local
curvature from convex to concave will cause excessive strain on the carbon-
carbon bonds leading to fracturing of the nanotube.

In summary, carbon nanotubes have two indubitable disadvantages with re-
spect to graphene. Firstly, the process of producing nanotubes requires exten-
sive treatment to obtain tubes of high purity. These tubes often have a range
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of diameters which complicate the possibility of using nanotubes for curvature
based hydrogen storage when the state of the starting material is still not well
controlled. The range in diameters results in varying degrees of local curvature
and subsequently of the energy needed to adsorb and release the hydrogen.
Notably, the gravimetric capacity in carbon nanotubes, has not yet reached the
standards set by the DOE. The high gravimetric densities reported by Liu et al.
[125] and Nikitin et al. [126], have not been easily reproduced [37]. Frequently,
the gravimetric densities reported are in the range of 1 wt% at room tempera-
ture [37, 128]. The enormous variation in gravimetric capacity is an indication
of the inability to repeatedly produce high purity, nanotubes with low varia-
tion in the tube diameter. Furthermore, the curvature of the tubes cannot be
easily modified rendering the release of hydrogen a difficult feat. Graphene, on
the other hand, is currently being produced on large scales by chemical vapor
deposition and sold commercially [129]. It has been shown to be flexible and
strong even after many changes in the local curvature [130] adding to the ap-
peal of graphene for hydrogen storage.

Fullerenes:

Buckminsterfullerenes are carbon molecules characterized by pronounced cur-
vature given that the radius of the spherical molecules is 3.55 Å. This translates
to a protrusion of the carbon atom out of the plane defined by the neighboring
carbon atoms of 0.29 Å which would correspond to a C-H binding energy of
approximately 1.3 eV (Fig. 42) [3, 131]. Ab initio calculations find exohedrally
hydrogenated buckminsterfullerenes with 36 and 48 chemisorbed hydrogen
atoms to be the most stable [132]. The latter case translated to approximately
6.2 wt%, falling short of the ultimate gravimetric capacity standard set by the
DOE but surpassing the 2017 target [44]. However, experimentally, chemisorp-
tion of hydrogen on C60 fullerenes has been shown to reach 3.7 wt% which is
equivalent to 28 hydrogen atoms per 60 carbon atoms, not 36 atoms [131]. A
limiting factor may be the strain induced by the fullerene distortion to accom-
modate the rehybridization from sp2 to sp3 [131].

In 1996, the U.S. Department of Energy financed research on fullerenes for
hydrogen storage [133]. The fullerenes were exposed to molecular hydrogen
at various temperatures ranging from 375◦C to 425◦C for 30 minutes which
resulted in 0.65 wt% to 2.50 wt% hydrogen adsorption, respectively [133]. Tem-
perature desorption measurements were acquired in the range from 28◦C up to
400◦C [133]. The temperature was increased at a constant rate, reaching 400◦C
in 90 minutes and maintained at 400◦C for 30 minutes [133]. Below 400◦C, the
hydrogen released was negligible [133]. The potential barrier a hydrogen atom
chemisorbed on the fullerene needed to overcome to break the C-H bond with
the fullerene was calculated from the Arrhenius equation to be 0.8 eV per hy-
drogen atom [133].

The temperature needed to desorb atomic hydrogen from graphene on
SiC(0001) was found to be approximately 650◦C which corresponds to 1.4 eV
per hydrogen atom. The local curvature on graphene on SiC(0001) is signifi-
cantly lower than that of fullerenes, therefore, a lower temperature is expected
to cause hydrogen desorption. The reason why this is not the case, is perhaps
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caused by the deformational strain to the fullerene from the hydrogen bonded
to the surface. The spherical form of the fullerene may not allow for the strain to
dissipate whereas in graphene on SiC(0001), the atoms can adjust to minimize
the strain, strengthening the carbon-hydrogen bond.

Fullerenes are produced by a combustion process that results in soot with
varying degrees of purity ranging from 2% to 40% [134]. Additional process-
ing can purify the fullerenes to 98% [134]. The fullerenes obtained are a mix
of C60, C70, C90, etc. [134]. The varying size of the fullerenes does not lend
them to controllable curvature based storage mechanisms. The production and
purification processes are a drawback to using fullerenes for hydrogen storage.
Furthermore, as in the case of carbon nanotubes, buckminsterfullerenes have
not attained the ultimate goals for the gravimetric capacity set by the DOE. In
addition, the idea of modulating the binding energy of hydrogen on fullerenes
by varying the local curvature is a formidable undertaking not yet explored.
Graphene, however, is bendable and not brittle making it an ideal candidate
for curvature based hydrogen storage devices with industrial scale production
already underway [129].

4.2 hydrogen on the buffer layer

The preliminary experiments described in the following section are in agree-
ment with the results presented for the monolayer graphene on SiC (0001).
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Figure 46: STM image of a pristine buffer layer. The image was Gaussian smoothed to
remove the noise. The peak to peak height variation typical of the buffer
layer can be observed in the cross section. Setpoint: bias voltage -0.54 V,
tunneling current 500 pA.

4.2.1 Experiment

The buffer layer was characterized as discussed in detail in chapter 3. The buffer
layer was placed in the STM with a base pressure of 1 x 10−10mbar and an-
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nealed to 600◦C to remove the adsorbates. Figure 46 shows the pristine buffer
layer. The cross section shows the intrinsic curvature with a peak to peak height
of approximately 1 Å. Next, the sample was exposed to atomic hydrogen in situ
at room temperature for 5 seconds at a chamber pressure of 5 x 10−9 mbar. A
distinct change in the STM images was observed due to the low dose of atomic
hydrogen. Hydrogen is found on some of the peaks of the superperiodicity but
the effect was minimal. The sample was subsequently hydrogenated for another
20 seconds at the same hydrogen pressure.

4.2.2 Results

Comparing the pristine buffer layer to the 5 second hydrogenated buffer layer, a
clear change was observed. The surface corrugation is enhanced by the chemi-
sorption of hydrogen on the convex areas of the lattice. In Fig. 47, there are
protrusions on the peaks with a change in height of approximately 1 Å in
agreement with the C-H bond length [3]. An STM image of the sample after a
second atomic hydrogen exposure of 20 seconds is shown in Fig. 48. Consider-
ing the first and second hydrogenation STM images together it is apparent that
the hydrogen attaches in clusters in the locally convex areas of the superstruc-
ture. This further corroborates the theory that predicts the energy barrier can
be reduced to zero by curvature effects. The reduction of the energy barrier for
adsorbing the second hydrogen atom is a consequence of the local curvature of
the graphene lattice, which increases when the first hydrogen atom is attached.
As in the case of the monolayer graphene on SiC(0001), the hydrogen bonds to
the locally convex carbon atoms in the lattice.

These results must be considered with caution since the corrugation of the
buffer layer is due to periodic bonding with the silicon below. From the theoret-
ical models it has been predicted that the atoms in the buffer layer bonded to
the silicon are pulled toward the substrate thus creating the high corrugation.
This indicates that the areas of local concavity are already sp3 bonded meaning
that in order to create a C-H bond in that area, the bond with the substrate
must be broken. Consequently, the buffer layer alone is not an optimal system
to test the theory of preferential hydrogen bonding. However, by comparing
these initial results with those obtained on the monolayer, it is clear that the
hydrogen binds predominantly on the peaks of the buffer layer where the local
convexity is maximized. One advantage of the buffer layer system is that the
pristine layer has a curvature about 3 times that of the monolayer on SiC(0001)
so the adsorption of hydrogen as a function of curvature should be enhanced.

4.3 conclusions

The studies on monolayer graphene on SiC(0001) and the preliminary studies
on the buffer layer show that the atomic hydrogen adsorbs on areas of high local
convex curvature and the C-H bond is stable up to approximately 650◦C. The
locally concave areas of the lattice are not conducive to chemisorption of hydro-
gen at room temperature. The instability of atomic hydrogen on the concavely
corrugated regions can be exploited, as discussed theoretically [3], to create hy-
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Figure 47: STM image of the buffer layer after a 5 second exposure to atomic hydrogen
as described in the text. The image is dramatically different from the pris-
tine buffer layer in Fig. 46. The white spots are hydrogen chemisorbed on
the surface. The cross section shows the change in height when compared to
the pristine buffer layer (Fig. 46 before exposure to atomic hydrogen) where
two hydrogen atoms are chemisorbed on the peak of the buffer layer recon-
struction. The peak to peak height increases to approximately 2 Å. Setpoint:
bias voltage 0.43 V, tunneling current 500 pA.
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Figure 48: STM image of the buffer layer after a total atomic hydrogen exposure time
of 25 seconds as described in the text. The hydrogen atoms (white areas)
are clustered on the tops of the super periodicity of the buffer layer as seen
in the cross section, further distorting the super periodicity of the buffer
layer. A Gaussian smoothing was applied to the image to remove the noise.
Setpoint: bias voltage -0.42 V, tunneling current 500 pA.
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drogen storage devices that rely on the local curvature alone for adsorbing and
desorbing hydrogen.





5
C O N C L U S I O N S

The interaction between atomic hydrogen and graphene was experimentally ex-
plored by STM in view of using graphene as a scaffold to store hydrogen in a
safe, compact, inexpensive, and efficient manner. A brief summary of the cur-
rent state of the art in hydrogen storage materials and devices was presented
in chapter 2 indicating the strengths and weaknesses of the various materials
in terms of the standards set by the U.S. Department of Energy (DoE). Only
the high pressure tanks meet the standards in terms of gravimetric and volu-
metric density. However, the tanks are not an ideal solution due to safety and
cost issues. Furthermore, all hydrogen storage devices relay on a change in
pressure and/or temperature for loading and releasing hydrogen. Graphene,
on the other hand, theoretically meets the standards set by the DoE with the
advantages of being safe, nontoxic, and cheap. However, the differentiating
factor setting graphene in a category of its own was presented in the experi-
ments and theory described in the previous sections. Evidence that graphene
can adsorb and release hydrogen using a mechanism that exploits solely the
local graphene curvature makes graphene the first potential hydrogen storage
device that does not depend on temperature or pressure changes. In order to
create a graphene based hydrogen storage device, the basic interplay between
hydrogen and graphene must be well understood.

Theoretical studies state that by controlling the local curvature of graphene,
the atomic hydrogen affinity could be tuned [3]. Convexly curved areas of
graphene should form extremely stable carbon-hydrogen bonds at room tem-
perature [3]. On the contrary, hydrogen-carbon bonds are predicted to be unsta-
ble in concavely curved areas of the lattice [3]. Finding a suitable system to test
these predictions presented a significant hurdle. Exfoliated graphene on SiO2
is corrugated but the morphology is dependent on the substrate which exhibits
an amorphous surface. This would require measuring the exact same area be-
fore and after hydrogenation and correlating the measurements with graphene
curvature would be a nontrivial task. Furthermore, each specific area of the
exfoliated graphene would have a different local curvature. The ideal system is
one with an intrinsic periodicity. STM images on a periodically curved system
would eliminate the necessity of measuring the same position by making all
areas identical. More importantly, it allows for a striking indication of the effect
of curvature on the graphene-hydrogen system since all the atomic hydrogen
on the same positions on the periodically curved graphene will interact in the
same manner. For this purpose, we studied graphene on SiC(0001). It has an
intrinsic curvature due to the super periodicity with a change in z of ∼40 pm
over a length of ∼1.8 nm periodically. Scanning tunneling microscopy measure-
ments showed that atomic hydrogen strongly bounds to the carbon atoms with
a maximum convex curvature, following the long range periodicity. The results
presented in this thesis are in agreement with studies of hydrogen on graphene
on Ir(111) [135]. The Moiré pattern of graphene on Ir(111) has a lower cor-
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rugation than graphene on SiC(0001). The long range periodicity is ∼2.53 nm
with a change in z of 27 pm [136]. When graphene on Ir(111) was exposed
to atomic hydrogen, the hydrogen followed the Moiré pattern and opened a
band gap [135]. We observed an analogous situation on monolayer graphene
on SiC(0001). Moreover, we were able to identify the stable hydrogen config-
urations and compare them to theory. We found para dimers, ortho dimers,
and tetramers. This is the first time they have been atomically resolved on a
graphene lattice. The C-H bonds on the graphene lattice with maximum local
convex curvature were stable up to ∼650◦C. The hydrogen on areas with lower
local curvature desorbed at lower temperatures. Where the local curvature was
concave, the hydrogen did not form stable bonds at room temperature. The
experimental results presented in this thesis provide the basis for curvature
dependent hydrogen storage devices that operate at room temperature and
pressure.

Further research is necessary to implement such devices. The next step is to
develop a controllable method for inverting the curvature of graphene thereby
initializing the adsorption and release of hydrogen. A monolayer graphene
membrane is astonishingly strong due to the carbon-carbon bonds and the lack
of defects over areas of hundreds of lattice sites [137]. A measure of the stiff-
ness of a material is the Young’s modulus. Graphene has a Young’s modulus
of ∼1.0 terapascals [137] but is remarkably flexible [130]. Carbon nanotubes are
essentially single sheets of graphene rolled up and can be as small as 3 Å in di-
ameter with a circumference of 4 carbon rings, indicating that a single graphene
sheet can withstand extensive deformations [138]. The flexibility of graphene
was demonstrated in a scanning tunneling microscopy study where a graphene
membrane vibrated between the substrate and the tip with a change in z of
∼30 pm when the tip was placed at an appropriate distance from the graphene
membrane and an alternating current was applied [130]. The graphene mem-
brane remained intact and no defects were introduced by the vibration of a
frequency of ∼430 GHz [130]. This experiment shows that vigorously changing
the curvature of the graphene lattice does not destroy the graphene, an essen-
tial quality that can be exploited for the adsorption and release of hydrogen by
inverting the curvature.

Reversing the curvature of graphene to induce spontaneous desorption of
chemisorbed hydrogen is one of the principle hurdles to overcome. Simulations
by Tozzini et al. of a transverse acoustic phonon traveling through the graphene
sheet have been suggested as a potential method for changing the curvature
[37]. The curvature will be completely inverted after the wave has propagated
half a period, releasing the hydrogen on the areas that were initially locally
convex [37]. A piezoelectric substrate was proposed to produce the transverse
acoustic phonons [37].

Another possible method for inducing a curvature change is to create a de-
vice that pulls the graphene across a curved substrate [139]. It has been shown,
experimentally that graphene conforms to the substrate topography but it can
slide across the substrate topography when pulled [140, 141]. If hydrogen is
chemisorbed to graphene on a substrate with topography of nanoscale hills and
valleys, as the graphene is pulled across the surface, the hydrogen will desorb
when the graphene that was initially on the convex area is drawn into a concave
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Figure 49: Schematic representation of a hydrogen storage device based on photo-
switchable molecules that moderate the graphene curvature. The upper
panel shows trans-PFPA-azobenzenes pushing the graphene layer out of the
plane defined by the shorter non-photoswitchable molecules (diphenylacety-
lene derivatives). The hydrogen atoms are attached to the convex areas of
the graphene lattice. In the lower panel, the photoswitchable molecules have
been illuminated with light at a suitable wavelength inducing a conforma-
tion change to cis-PFPA-azobenzenes. The areas that were initially convex
become concave and release the hydrogen.
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area on the substrate [139]. Pulling of the graphene membrane can be achieved
by building a device with a graphene layer on a nanometer rough substrate
such as a Si/SiO2 wafer with a trench towards one side and a metal electrode
attached to the graphene layer [139]. If the pressure outside of the trench is
larger than the pressure in the trench, the graphene membrane will bend to-
wards the base of the trench, pulling the graphene layer across the surface of
the substrate [140]. Another method for bending the graphene layer towards
the trench can be achieved by applying a large voltage difference between the
substrate and the graphene sheet [141]. If the graphene is pinned on one side by
a metal electrode, as the gate voltage is increased the graphene membrane will
slide across the topography of the substrate and release the hydrogen as the
local curvature changes from convex to concave [139]. Furthermore, when the
gate voltage is reduced to zero, the graphene across the trench once again be-
comes a flat membrane [141], indicating that the hydrogen desorption process
can be performed many times using the same device, an important component
to reusable hydrogen storage devices.

A third possibility for inverting the curvature is to functionalize a graphene
monolayer with photoswitchable cis\trans molecules. If the photosensitive mol-
ecules are attached to a rigid substrate and a graphene monolayer, the corruga-
tion could be controlled by illuminating the molecules with a wavelength that
causes them to change configuration from cis to trans or vice versa. Molecules
with a perfluorophenylazide (PFPA) portion can covalently attach to graphene
[142]. A photoswitchable molecule whose photophysics is well known is azoben-
zene. Its photophysical features are still active when in contact with graphene
[143]. If azobenzene contains a PFPA moiety it would probably covalently bond
to graphene with a photoconversion wavelength in or near the UV [143]. If
the graphene curvature can be inverted by changing the configuration of the
PFPA-azobenzene molecules, a hydrogen storage device could function inde-
pendent of temperature and pressure changes. In Fig. 49 a hypothetical scheme
is depicted. In the upper panel the trans-PFPA-azobenzenes are pushing the
graphene layer out of the plane defined by the shorter non-photoswitchable
molecules (diphenylacetylene derivatives). The hydrogen atoms attach to the
convex areas of the graphene layer. The C-H bonds would be stable at room
temperature and pressure indefinitely. By illuminating the photoswitchable
molecules, the corrugation is inverted and the hydrogen is released (Fig. 49

lower panel). If this concept works, it could be implemented on multilayered
graphene structures with photoswitching molecules attached to adjacent sheets.
Devices with these qualities have the potential to revolutionize the field of hy-
drogen storage. These would be the first devices that could adsorb, store, and
release hydrogen without changes in pressure or temperature.
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A
C A L C U L AT I N G T H E AT O M I C F L U X O F H Y D R O G E N

Known:
The chamber pumping speed is 450 L/s.
The chamber pressure is 5 x 10−9 mbar.
Hydrogen gas bottle pressure is 12 bar.
Avogadros number NA = 6.0221 x 1023 molecules/mol.
Using the ideal gas law, PV=nRT, 1 mole of gas occupies 2.03 L at room
temperature (293 K) and 12 bar.
R is the universal gas constant with the value 8.324 J/(mol K).
The distance between the atomic hydrogen source and the sample is 10 cm.

When the pressure is constant in the chamber:
Gas in = Gas out
The hydrogen gas flows from the pressurized bottle with a given rate into the
chamber. The number of molecules is constant in the chamber when the cham-
ber pressure is constant.
(Hydrogen gas bottle pressure)∗(Gas flow rate) = (Chamber pressure)∗(Pumping
speed)
Gas flow rate = (Chamber pressure)∗(Pumping speed)/(Hydrogen gas bottle
pressure)
Gas flow rate = (5 x 10−9 mbar)∗(450 L/s)/(12000 mbar) = 1.88 x 10−10 L/s
Since all the values on the right side of the equation are known, the gas flow
rate can be calculated. The volume of 1 mole of an ideal gas at 12 bar and
293 K can be calculated by the ideal gas law. Therefore, the number of hydrogen
molecules can be calculated by the gas flow rate.
Number of H molecules = NA∗(Gas flow rate)/(2.03 L/mol)
Number of H molecules =

(6.0221 x 1023 molecules/mol)∗(1.88 x 10−10 L/s)/(2.03 L/mol)
= 5.56 x 1013 molecules/s

The cracking efficiency is given by the manual of the atomic hydrogen source
[86] and its value depends on the chamber pressure. See table on the following
page.
Number of H atoms = (Number of H molecules)∗(Cracking efficiency)∗(2 H
atoms/molecule)
Number of H atoms = (5.56 x 1013 molecules/s)∗(1.0)∗(2 H atoms/molecule)

= 1.11 x 1014 H atoms/s
The beam of H atoms diverges from a straight trajectory by 15◦ when it enters
the chamber. With a bit of basic trigonometry, the diameter of the hydrogen
beam can be derived at the position of the sample.
Radius of H at the sample = tan(15◦)∗(Distance to sample) = tan(15◦)∗(10 cm)

= 2.679 cm
Area of H at the sample = π∗(Radius of H at the sample)2 = 22.556 cm2

With the above calculation, the flux of atomic hydrogen is given by:
Flux = (Number of H atoms)/(Area of H at the sample)

89
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Flux = (1.11 x 1014 H atoms/s)/(22.556 cm2) = 4.93 x 1012 H atoms/cm2 s

Chamber pressure
(mbar)

Cracking efficency
(%)

Atomic hydrogen
(H atoms)

Flux
(H atoms/cm2s)

5 x 10−7 0.94 1.05 x 1016 4.64 x 1014

5 x 10−8 0.99 1.01 x 1015 4.88 x 1013

5 x 10−9 1.0 1.11 x 1014 4.93 x 1012

5 x 10−10 1.0 1.11 x 1013 4.93 x 1011
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[107] L. Hornekær, Ž. Šljivančanin, W. Xu, R. Otero, E. Rauls, I. Stensgaard,
E. Lægsgaard, B. Hammer, and F. Besenbacher. Metastable structures
and recombination pathways for atomic hydrogen on the graphite (0001)
surface. Phys. Rev. Lett., 96(156104), 2006.

[108] L. Hornekær, W. Xu, E. Lægsgaard, and F. Besenbacher. Long range orien-
tation of meta-stable atomic hydrogen adsorbate clusters on the graphite
(0001) surface. Chem. Phys. Lett., 446:237–242, 2007.

[109] T. Zecho, A. Güttler, X. Sha, B. Jackson, , and J. Küppers. Adsorption of
hydrogen and deuterium atoms on the (0001) graphite surface. J. Chem.
Phys., 117(18):8486–8492, 2002.
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