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We predicted a self-assembly vertical zigzag graphene oxide nanoribbons (GONR) on diamond (100) surface
using the structure swarm intelligence algorithm. The results show that the GONR surface structure is dynam-
ically and thermally stable even applied by extra strains and high temperature of 2000 K. The GONR surface
structure has unique chemical bonding including hexagonal sp>-hybridized carbon sheets, C—O—C and C=0

groups. Furthermore, GONR (width n = 1, 2, 3) surface structure exhibits a semiconductive and nonmagnetic
properties with an indirect band gap, and it can be converted to semi-metals with magnetism when the width is
greater than 3. The scanning tunneling microscopy image and Raman spectrum are also calculated, which give a
characterization method for GONR in experiment. Our results supply a way to prepare semiconductive GONR
structure by oxidizing diamond (100) surface and have an important significance in the development of
graphene-based nano-electronic devices.

1. Introduction

Graphene has received much attention in recent years due to its
technologically promising electronic properties [1], which have raised
the possibility of using graphene in the next generation nano-
electronics. However, the pristine graphene remains metallic even at
the charge neutrality point and exhibits gapless property, dramatically
hampering the development of graphene-based nano-electronic devices
[2]. To overcome this problem, several mechanisms on modulating the
band gap of graphene have been studied, including breaking symmetry
by introducing impurity atoms [3-5], functionalization of graphene
edges [6,7], and tailoring graphene nanoribbons (GNRs) through the
control of their width and helicity. Especially, GNRs had been investi-
gated for over two decades without exhausting their wonders and
challenges, since their unique quantum confinement and edge physics
predicted by first-principles calculations [8]. In contrast to semi-metallic
graphene, GNRs typically possess a finite bandgap depending on their
edge type and width [9,10], thus exhibiting attractive potential in future
nano-electronics, spintronic, and quantum information technologies
[11].

It was reported that pristine GNRs can be twisted or warped, causing
its global mechanical instability, which can significantly influence the
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electronic and magnetic properties of free-standing GNRs [12-14]. Even
though this mechanical deficiencies can be mitigated by introducing the
substrate, the electronic structure and carrier mobility of GNRs will
change due to the strongly interaction between n electrons and the
substrates [15,16]. Experimentally, the vertically oriented graphene
nanosheets (graphene nanowalls) had been demonstrated to improve
the performances of GNRs, due to their unique orientation and huge
surface-to-volume ratio [17-20]. By using radical injection plasma-
enhanced chemical vapor deposition, Kondo et al. showed that O
radical had a significant effect to improve the quality of vertically ori-
ented nanowalls [21]. Unfortunately, these experimental results show
that it is a big challenge to control the morphology of the vertically
oriented graphene nanosheets on transition metal or other commonly
substrates [22].

Yuan et al. reported that a unique vertical GNRs terminated by
hydrogen was assembled on diamond (11 1) surface based on the first-
principles calculations [23]. Due to the strong C—C ¢ bond between
GNRs edge and substrates, the proposed configuration can significantly
increase the dynamic stability, yet retaining the electronic, magnetic
properties and high carrier mobility of defect-free GNRs. This suggests
that using diamond as a substrate, GNRs have good stability and
maintain excellent electrical properties. Also, we recently find that
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vertical graphene nanosheets can directly grow on diamond in hydrogen
and oxygen rich atmosphere by chemical vapor deposition [24]. How-
ever, how vertical graphene sheets grow on diamond is still an open
question. Based on the results of hydrogen terminated GNRs assembled
on diamond surface [23], it is interesting to know if oxygen plays role in
the growth of vertical graphene sheets on diamond surface and give
useful guidance for the experimental fabrication.

In this work, we report a self-assembly formation of vertical GNRs on
oxidizing diamond (100) substrate by using theoretical calculations,
called vertical zigzag graphene oxide nanoribbons (GONR) structure.
The structure is dynamically and thermally stable, and it is robust
against a certain degree of tensile strain and even a very high temper-
ature. It is therefore possible to fabricate this surface structure experi-
mentally by oxidizing diamond (100) surface. Also, our proposed
surface system possesses tunable bandgaps controlled by the width of
graphene nanoribbons. And the scanning tunneling microscopy image
and Raman spectrum are calculated, giving a characterization method
for GONR in experiment. Our results supply a way to prepare semi-
conductive GONR structure and have an important significance in the
development of graphene-based nano-electronic devices.

2. Method

Our structural searches of the oxidized diamond (1 00) surface with
simulation cell sizes of up to 20 atoms were performed in the CALYPSO
code [25]. Previous found surface structures are further relaxed within
the framework of DFT as implemented by VASP (Vienna Ab initio
Simulation Package) code [26]. Both hydrogen passivation and sym-
metric slabs are used to model oxidized diamond (1 00) surface. 9 and
14 monolayers of C atoms are used in hydrogen passivation and sym-
metric slabs, respectively. 25 A vacuum region along z-direction has
been placed to avoid the direct interaction between the bottom and top
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surface. Generalized gradient approximation with the Per-
dew-Burke-Ernzerhof (PBE) functional [27] and projector augmented
wave (PAW) potentials [28] are adopted in DFT calculations. A3 x 3 x 1
Monkhorst-pack grid is used to sample the Brillouin zone and the plane
wave cut off energy is set to 900 eV. The positions of atoms are allowed
to relaxed with converged gradient method until the forces are less than
0.01 eV/A, and the energy converges to 10~ eV. The van der Waals
Density Functional (vdW-DF) method was included in our calculations
to describe weak interlayer interaction [29-31]. Heyd-Scuser-
ia—Ernzerhof (HSE06) functional [32] is used to obtain the accurate
band structures. To study the dynamic and thermal stability of the
proposed structures, we perform ab initio phonon calculations by direct
supercell method as implemented in PHONOPY code [33] and ab initio
molecular dynamics (AIMD) simulations using the canonical ensemble.

To evaluate the relative stability of the candidate surface structures
with different number of surface atoms, we define the surface formation
energy AE as

AE = E;v:t’f — N —mil, (€9)]
Where Ei'ol['f is the total energy of the simulated slab, n and m represent
the number of carbon and atoms in the systems, y. and y, are the
chemical potentials C and O atoms, respectively. . is set to the bulk
energy as the system is assumed to be in chemical equilibrium with bulk
diamond [34].

3. Results and discussion
3.1. GONR surface structures

Fig. 1a shows the relaxed structure of GONR with unique chemical
bonds. For comparison, the previously proposed ketone and ether
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Fig. 1. Schematic drawing of relaxed configurations oxidized diamond (1 00) surfaces: (a) three-dimensional structure diagram of GONR, two-dimensional structure
diagram of (b) [100] directional Ketone (c) [100] directional ether, (d) [010] directional GONR (e) [100] directional GONR. Color code: red, oxygen atoms; cyan,

carbon atoms.
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structures [35] are also illustrated in Fig. 1b and 1c, respectively. Our
DFT calculation indicates that the formation energy of GONR surface
structure is significantly lower than the reported most stable ether sur-
face by 0.138 eV per (1 x 1) unit cell via PBE functional [35]. Besides the
well accepted PBE functional, various functionals have also been used to
examine the structures relative stability and they produce similar results
(Table S1).

As shown in Fig. 1a, the GONR surface structure contains various
bonding types, including hexagonal sp?-hybridized carbon sheets,
C—O0—C and C=0 groups. And its corresponding planar structure in
two different directions of [010] and [100] is shown in Fig. 1d and 1e.
This unique structure is composed of diamond substrate, the (100)
surface terminated by O atoms partially as an ether structure (C—O—C,
1.46 10\), and a hexagonal carbon lattice, in which the bottom side of the
edges (closely resembles zigzag-edge graphene nanoribbon, GNR) is
tightly binding on the diamond (1 00) surface by strong C—C ¢ bonds.
Besides, the top side of the GNR edge is terminated via C=O bonds
(1.22 A). Moreover, our first-principles calculations show that the oxy-
gen atoms fluctuation of left and right position exhibit a lower formation
energy compares with linear structure.

Motivated by atomic self-assembly GONR surface structure and the
recent experimental and theoretical researches in graphene-based ma-
terials, we design a kind of diamond-supported vertical zigzag GONR
(see Fig. S1) via adding hexagonal carbon lattices. Unlike epitaxial
graphene sheets on metal or insulating substrates, which lies flat on the
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substrate, and bonded via weak van der Waals forces [29-31], this type
of newly proposed GONR(n) surface structures completely bonds with
diamond (100) surface by a strong C—C covalent bond. Interestingly,
with the increase of nanoribbons width on the diamond substrate, the
geometric configurations of the edge states transform from the regular
oscillation to completely straightened structure when n > 3 (see the
detailed structural diagrams in Fig. S1). This nonreversible trans-
mutation is controlled by the increased n—r interaction between two
parallel graphene oxide nanowalls.

3.2. Energetic, kinetic, and thermal stability of GONR surface structure

Total energy calculations based on DFT show that the newly pre-
dicted GONR surface is significantly more stable than previous known
ketone and ether surface structures. The pristine DFT theory cannot
describe weak van der Waals force, so we further adopt vdw-DF2 [31]
and revPBE-vdw [36] to explicitly add vdW corrections in the total
energy calculations (see Table S2). Though different correction methods
give slightly different energy differences, both functionals give the same
results: GONR structure is more stable than ketone and ether surfaces.
The additional energetic advantage of forming GONR on diamond sur-
faces is reflected in the negative formation energy with respect to ketone
and ether structures. Fig. 2a demonstrates the calculated formation
energy of different terminated diamond (100) surface as a function of
oxygen chemical potential. As can be seen, GONR has lower energy
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Fig. 2. Stability of GONR surface structure. (a) Calculated formation energy of diamond (1 00) surface with different surface terminations. Dimer is the reconstructed
diamond (1 00) surface. (b) Evolution of potential energy of GONR during AIMD simulations at 300 K, 1000 K, 2000 K, respectively. (c) Plot of RMSD traces show the
stability of GONR surface structure as a function of simulation time. (d) The Gibbs free energy within PBE functional of GONR structure with respect to ketone and

ether surface structure as a function of temperature.
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formation than that of ether and ketone in whole range of oxygen
chemical potential. And the position of the intersection represents the
oxygen chemical potential needed to form the corresponding structure.
As oxygen chemical potential decreases to —7.60 eV, it becomes ener-
getically favorable to form GONR on diamond (1 00) surface, while the
oxygen chemical potential decreases to —7.48 eV and —7.15 eV, it
prefers to form Ether and Ketone, respectively.

Next, we studied the thermal stability of GONR structure by per-
forming AIMD at different temperatures. Fig. 2b summarizes the evo-
lution of potential energy of GONR surface structure at 300 K, 1000 K
and 2000 K for 5 picoseconds with a time step of 1 fs during AIMD
simulations. As shown in AIMD dynamics curve of these temperatures,
the total potential energy fluctuates up and down in a straight line,
which indicates that the GONR structure is very stable. Furthermore,
structural stability of GONR surface is checked by analyzing the back-
bone root-mean-square deviation (RMSD) from the starting crystal
configuration over the process of the trajectory, as shown in Fig. 2c. It is
evident that the RMSD levels stay around 1.5 A over the entire length of
simulation time at different temperatures, indicating that the geometric
configuration is expected to be very stable. These results have demon-
strated that the thermal stability of GONR surface structure is robust.

The relative energetic stability of the GONR structures can be further
confirmed by external perturbations, such as compressive strain or
elevated temperatures. The effects of external strain on the stability of
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various structures are demonstrated in Fig. S2. We examine the forma-
tion energy of ketone, ether and GONR surface structures under three
typical strains (uniaxial [100] and [010], and biaxial), respectively.
One can notice that the tendency of the formation energy shows a
similarity with the strain imposed along the different crystallographic
directions, but the GONR surface structure also has a low formation
energy comparing with other two configurations. Especially, 4 % is the
global minimum of the formation energy when we perform a tensile
stress test along the [010] direction, demonstrating that the GONR
surface configuration prefers to exist and has an outstanding stability.
This significant effect of strains on the structural stability provides a
profitably guidance for the synthesis of GONR surface structure in
experiment.

To evaluate the effects of temperature on the stability of the GONR
surface structure, the variation tendency of Gibbs free energies as a
function of the temperature were demonstrated (as depicted in Fig. 2d).
It is found that GONR surface structure is energetically in favor of 0 K,
which Gibbs free energy is lower by 1.24 eV/unit cell than ether surface
structure. Furthermore, comparing with ether surface structure, we find
that the GONR surface structure also has a lower Gibbs free energy with
the increase of the temperature, reaching 1.42 eV/unit cell at 1,000 K.
Next, the lattice dynamic stability is further confirmed by calculating the
phonon dispersion spectrum of the GONR surface structure, as shown in
Fig. S3. The absence of imaginary modes in the entire Brillouin zone
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Fig. 3. Electronic properties (a) Band structure, using PBE (red line) and HSE (green line) functional which fermi level is shifted to 0 eV, and band-decomposed
Charge densities of CBM and VBM at the X, gamma point for (b) and (c), respectively. (d) and (e) represents the 3D differential electronic density map (along
the different perspectives), in which the yellow and green colored volumes represent the charge accumulation and depletion, respectively. The isosurface correspond
to 0.034 eV/A2 (f) A plot of band structures of the GONR surface structure versus the tensile strain, varying from 1 % to 5 %. The tensile strain has a significant effect
on the electronic properties of the surface structure. (g) HOMO-LUMO gaps of GONR surfaces structure as a function of ribbon width Na. The illustration shows the
magnetic moment (in units of pm) of the ferromagnetic state as a function of ribbon width Na. (For interpretation of the references to color in this figure legend, the
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confirms that the structure is dynamically stable and remarkable phonon
gap is observed in the phonon spectra. We find that not only the GONR
surface structure is dynamically robust but also it is thermally stable at
high temperatures (up to 2000 K).

3.3. Electronic structures

Fig. 3 shows the band structures of GONR surface structure and
corresponding band decomposed charge densities. It is observed that the
valance band maximum (VBM) lies on the I' point whereas the con-
duction band minimum (CBM) is located at the X point, indicating the
GONR surface structure is an indirect band-gap semiconductor. The
calculated band gap is 1.55 eV by the PBE functional, while a more
accurate prediction using the hybrid HSE06 functional is 3.10 eV. The
detailed analyses of Bader charge analysis are given in Table S3. It in-
dicates that both the valence band and the conducting band are origi-
nated from oxide nanoribbons and the electronic states near the fermi
level primarily caused by the O atoms on the edges and the sp® hy-
bridized C atoms, confirmed by the band decomposed charge density
distributions and 3D differential electronic density (see b, c and d, e in
Fig. 3, respectively). The electron localization function (ELF) is used to
understand the unique bonding characteristics (see Fig. S4). A basin of
electron localization is found between the C atoms in nanoribbons,
indicating the formation of covalent bonds between them. The C atoms
are sp? hybridized and include both 6 and 1 bonds with their neighboring
C atoms. This unique bonding type makes the unusual bonds charac-
teristics comparing with the C—C distances in graphene (1.42 A).

Moreover, we investigate the effects of tensile strains on the elec-
tronic properties of GONR surface structure. The results show that the
strains along different directions have a clearly influence on the band
structures (see Fig. 3f for strain-dependent band structures). As a result,
we can see the band gap of GONR surface structure exhibits a linear
response to the tensile strain ranging from 1 % to 5 %. This interde-
pendence means that one can tune band gap efficiently by bringing
suitably tensile strains to bear on GONR surface structure. Also, our
band structure results show that the modification of band gap for the
VBM slight movement is arising from the C=0 bonding states, but the
CBM is mainly contributed by all atoms in nanoribbons, so the tensile
strain has much less effect on the VBM.

It was reported that graphene nanoribbons with homogeneous
armchair or zigzag shaped edges all have energy gaps which decreases as
the width of the system increase [37]. Armchair GNRs present a
metallic, nonmagnetic and not apparent effect by regardless of the width
of nanoribbons, while the GNRs with zigzag shaped edges, their band
gaps are originated from a staggered sublattice potential due to spin
ordered states at the edges [38-40]. Also, zigzag-edged GNRs with
precisely-tunable n-magnetism hold great potential for applications in
spintronics and quantum devices [41-43]. Particularly, the properties of
half-metallicity in edge-oxidized zigzag graphene nanoribbons has been
reported and spin magnetization rapid decrease with the increase of the
external electric field, eventually systems reached nonmagnetic [9].
Therefore, we explore the band gap behavior of the GONR on the dia-
mond (100) substrate. Our calculations demonstrate that the ground
state of GONR (n = 1, 2, 3) is nonmagnetic, while the ground state of
other structures (n > 3) is magnetic which exhibit very different char-
acteristics from zigzag GNRs in the previous reports. In Fig. 3g, the
HOMO-LUMO gap oscillations as a function of the ribbon width and this
periodicity of the oscillation appears to be significantly different from
the previously reported zigzag graphene nanoribbons [37,39,44]. It in-
dicates that GONR (n = 1, 2, 3) show a semiconductive property and
GONR (n) can be converted to semi-metals as long as the width greater
than 3. And also, maybe, the half-metallicity in nano-scale GONR
structures can be tuned by external electric fields or appropriate
chemical edge modifications [45,46]. The spin polarization and giant
magnetoresistance in GONR surface structure also can be realized, so
this alternative device based GONR can be applied as a spin filter
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probably [47,48]. These hierarchies are different from the armchair
GNRs or free-standing GNRs on substrates during to its amazing bonding
features. We consider that these completely different electronic prop-
erties are originated from the unique surface nanoribbons configuration,
in which one of the edges is terminated by O atoms, while the other edge
is bound to diamond substrate (is covered by C—O bridges partially)
tightly.

Meanwhile, in order to further analyze the electron orbital contri-
bution of each atom, we calculated the total density of states (TDOS) and
the partial density of states (PDOS) of GONR surface structure. As shown
in Fig. 4, the peak position and intensity of electron state density of O1
(at the edge of GONR) and O3 (on the diamond (100) surface) have a
great change in the energy range of —8-8 eV. This reflects the difference
bonding type with ketone and sp3 bonded ether structures.

In addition, the contribution of the electron density of states to the p-
orbitals of the C atoms in the energy range of —8 ~ 8 eV is also quite
different under the action of the oxygen surface states. As can be seen,
the PDOS of the C1 and O1 atoms have multiple resonance peaks in the
energy range, indicating the formation of a strong C=O bonding.
Compared with the C1 atom, the p-orbitals contribution of C3 and C6
has obvious changes in the position and intensity below the Fermi level,
mainly the py-orbital contribution. And the contribution of s, py and p,-
orbitals of C7 and C9 to the electron density increases significantly,
which is caused by the surface state of oxygen.

3.4. Characterization of GONR surface structure

The theory for simulating scanning tunneling microscopy (STM)
imaging by ab initio density functional calculations has been well
established [49]. To identify the formation characteristics of the GONR
surface structure, we simulated its STM with a tip bias of + 0.1 V shown
in Fig. 5. It is observed that the surface atomic arrangement structure of
GONR is obviously different from that of ketone and ether.

Moreover, we calculated the Raman spectra and electron affinity
(EA) of ketone, ether and GONR surface structures based on the DFT
methods (shown in Fig. S5). The GONR surface structure has quite a lot
of Raman active and an extremely significant different active at 1660
em™! and 1748 cm™! peak (C=C stretching vibration frequency and
C=O0 groups, respectively). For ether surface structure, its EA is esti-
mated to be + 1.4 eV which is close to the experimental results (1.0-1.7
eV) [50], while the EA of GONR surface structure is even greater
(reached + 2.9 eV). The result suggests that oxygen plays a key role in
the direct growth of vertical graphene sheets on diamond surface,
confirmed by our recent experimental results [24]. And more mean-
ingful, the previous experimental results show that the orientation and
nucleation of GNRs on the substrates strongly depend on the addition of
O, gas [21]. Hence, we believe that it is possible to synthesize this
specific type of GONR structure in highly ordered and at very low cost.

4. Summary

In summary, by using the structure swarm intelligence algorithm
combined with DFT calculations, a self-assembly vertical zigzag GONR
on diamond (100) surface is predicted in this work. A series of theo-
retical calculations were performed and the results affirmed that GONR
surface structure is dynamically and thermally stable even under applied
extra strain or under high temperature of 2,000 K. And it has unique
chemical bonding with hexagonal sp*-hybridized carbon sheets,
C—0—C and C=O groups owing to its special surface geometric
configuration. The results show that GONR (width n = 1, 2, 3) exhibits
indirect bandgap semiconductor and non-magnetic properties, and can
be converted into semi-metals with magnetism when n > 3. Our results
provide a way to prepare semi-conductive GONR structure and have an
important significance for the development of graphene-based nano-
electronic devices.
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Fig. 4. TDOS and PDOSs of GONR surface structure. The DOS spectra are aligned such that the bulk VBM is at zero, as with the band structures.

e

Fig. 5. Simulated scanning tunneling microscopy (STM) images of (a) ketone,
(b) ether and (c)GONR surface structure with a tip bias of +0.1 V as shown in a
top view.
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