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ABSTRACT 
Moiré patterns from two-dimensional (2D) graphene heterostructures assembled via van der Waals interactions have sparked 
considerable interests in physics with the purpose to tailor the electronic properties of graphene. Here we report for the first time 
the observation of moiré patterns arising from a bilayer graphone/graphene superlattice produced through direct single-sided 
hydrogenation of a bilayer graphene on substrate. Compared to pristine graphene, the bilayer superlattice exhibits a rippled 
surface and two types of moiré patterns are observed: triangular and linear moiré patterns with the periodicities of 11 nm and 8–9 nm, 
respectively. These moiré patterns are revealed from atomic force microscopy and further confirmed by following fast Fourier 
transform (FFT) analysis. Density functional theory (DFT) calculations are also performed and the optimized lattice constants of 
bilayer superlattice heterostructure are in line with our experimental analysis. These findings show that well-defined triangular and 
linear periodic potentials can be introduced into the graphene system through the single-sided hydrogenation and also open a 
route towards the tailoring of electronic properties of graphene by various moiré potentials. 
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1 Introduction 
In the last two decades there has been a tremendous interest in 
graphene primarily because of its unique physical and chemical 
properties, and a significant portion of the performed and 
ongoing research on graphene aims at tailoring its properties 
so as to render the material appropriate in a vast number of new 
technological applications [1–8]. A milestone in this endeavour 
is tailoring its electronic properties through periodic potentials 
which create secondary Dirac points and affect the local density 
of states of graphene. This effect can be achieved through the 
formation of moiré interference between two graphene layers 
or a graphene layer and a crystalline substrate [9–12]. Yankowitz 
et al. reported on the development of superlattice Dirac points 
in graphene on a crystalline hexagonal boron nitride substrate 
[13]. In a similar fashion, Yang et al. observed moiré patterns 
when investigating the epitaxial growth of graphene on the 
same substrate with a clear evidence of superlattice Dirac 
points [14]. Moiré superlattices have been also developed in 
graphene utilizing a variety of metal substrates [15]. The choice 
of the metal substrate has been shown to largely influence the 
band structure of graphene and more specifically, metal 
substrates such as Ni [16] or Ru [17], which strongly interact 
with a graphene layer, can induce sizable modification on the 
band structure of graphene. Metal substrates exhibiting weaker 
interactions with graphene such as Ir or Pt preserve the linear 
dispersion feature of graphene [18, 19]. Generally, the lattice 
mismatch in moiré superlattices of graphene on a crystalline  

substrate constitutes a key parameter influencing the energy at 
which the superlattice Dirac point appears. Similar observations 
have also been made in case of twisted bilayer graphene, where 
firstly Li et al. [20] and later Brihuega et al. [21] observed the 
emergence of van Hove singularities and their dependence on 
the rotation angle between the two graphene layers. Similarly 
to the twisted bilayer graphene, graphene derivatives, e.g. 
fluorographene (CF), graphane (CH) and graphone (C2H), 
due to their lattice constant being slightly different from that 
of graphene, have the potential to form moiré superlattices 
when they are well aligned on top of the monolayer graphene. 
However, after synthesis, the obtained graphene derivatives 
always show a rippled surface [22], so that the transferred 
graphene derivative layer cannot atomically lock to the bottom 
flat graphene to form the moiré superlattice. Therefore, to the 
best of our knowledge, there is no report on the formation of 
moiré superlattices involving a graphene layer and a graphene 
derivative layer such as hydrogenated graphene up to date.  

In this work we report the formation of triangular and linear 
moiré patterns arising from a bilayer graphone/graphene 
superlattice produced through the direct hydrogenation of a 
pristine bilayer graphene, leading to the hydrogenation of  
the upper layer but leaving the lower graphene layer intact. 
The formation of as described moiré patterns from the bilayer 
graphone/graphene superlattice is confirmed by atomic force 
microscopy (AFM) measurements and corresponding fast 
Fourier transform analysis, and is further supported from the 
density functional theory (DFT) calculations. 
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2 Experimental 

2.1 Direct synthesis of graphone/graphene bi-layer 

superlattice 

In this work, bilayer graphene was prepared by mechanical 
exfoliation from the highly oriented pyrolytic graphite (HOPG) 
onto the SiO2 (300 nm)/Si substrate. It was first locally positioned 
by light optical microscopy and further confirmed by means 
of Raman spectroscopy (XploRA Plus Confocal Raman 
Microscope, Horiba). Prior to the mechanical exfoliation, 
scanning tunnelling microscopy (STM) was performed on the 
HOPG samples to investigate the intrinsic stacking order of 
the graphene layers by using a Bruker Multimode 8 AFM in 
the STM mode. The hydrogenation of the top layer graphene 
in the bilayer structure was conducted by exposure of the 
bilayer graphene to atomic hydrogens produced via cracking 
of molecular H2 by plasmas [5]. In the experiment, an electrical 
arc is formed between two aluminium electrodes under the 
input voltage of 25 kV, power of 15 W and a frequency of  
160 Hz under a low chamber pressure of 0.1 mbar. To minimize 
the possible structural damage from the energetic particles, the 
graphene sample is positioned away from the discharge zone 
and a total hydrogenation time of 30 minutes is employed in 
the process. The previous study has shown that the substrate 
normally prevents the atomic hydrogen diffusion along the 
graphene-SiO2 interface, leading to the single-sided hydrogenation 
of graphene on the substrate [5, 22–24]. Therefore in our case, 
the plasma method for hydrogenation on bilayer graphene can 
only result in a graphone (single-sided hydrogenated graphene)/ 
graphene superlattice. Before and after the hydrogenation, 
Raman spectroscopy was performed on the bilayer graphene 
sample to investigate the structure modification, and the 
generated moiré patterns were revealed from a Bruker Icon 
AFM under peakforce quantitative nanomechanical mapping 
(PF-QNM) mode by using a silicon AFM tip.  

2.2 Density functional theory calculations 

We performed spin-polarized first principles calculations based 
on DFT by using Vienna Ab initio Simulation Package (VASP) 
[25–27]. Generalized gradient approximation (GGA) was used 
to tackle the exchange-correlation functional whereas projector- 
augmented wave method (PAW) was adopted to deal with the 
electron-ion interactions [28, 29]. Van der Waals correction 
(DFT-D3) to our DFT calculations was further used in order to 
counterbalance the underestimation of GGA in the calculation 
of binding interactions [30]. For the plane wave basis set, we 
used cut-off energy of 500 eV. For both graphene and graphone 
monolayers, 3 × 3 × 1 supercells were used having 18 (18 C) 
and 27 (18 C, 9 H) atoms, respectively. To nullify the possible 
interactions between the periodic images, a vacuum space of 
18 Å was introduced in the vertical z-direction. For the Brillouin 
zone sampling, a mesh of 5 × 5 × 1 for structural optimization 
and 15 × 15 × 1 for the calculation of density of states under 
Monkhorst-Pack scheme were used [31]. We used a convergence 
and force criteria of 10−6 eV and 0.01eV/Å, respectively. 

3 Results and discussion 
The initial stacking order of the starting material is of great 
importance for the investigation and simulation of the generated 
moiré patterns. Therefore, STM measurements were first 
conducted on the HOPG prior to the mechanical exfoliation. 
Figure 1(a) shows the atomic resolution STM image of graphite, 

which depicts a highly intact lattice structure and long-range 
triangular lattice with a periodicity of ≈ 0.25 nm. This structure 
corresponds well with the Bernal stacking order of the graphite 
[7, 32]. The bilayer graphene flake was prepared by mechanical 
exfoliation from the HOPG on the SiO2 (300 nm)/Si substrate. 
Figure 1(b) shows the optical microscopy image of the bilayer 
graphene, where position A and B denote the areas of bilayer 
graphene and monolayer graphene, respectively. Before and 
after hydrogenation, the Raman spectroscopy measurements 
were performed to understand the structure modifications, as 
shown in Fig. 1(c). In pristine monolayer and bilayer graphene, 
prominent 2D peak (at  2,680 cm−1) is observed in both 
Raman spectra and the intensity ratios between the 2D 
peak and G peak (at  1,580 cm−1) are found to be 3:1 and 1:1, 
respectively, corresponding well with the Raman fingerprint 
signatures of the monolayer and bilayer graphene. The D peak 
(at  1,350 cm−1) indicating the defect level is found to be 
negligible in both spectra, which implies that the graphene 
samples are high-quality and defect-free. After hydrogenation, 
an intense and sharp D peaks are both observed in monolayer 
and bilayer graphene samples, which is mainly attributed to 
the broken translational symmetry of sp2 carbon–carbon bonds 
due to the formation of C–H bonds in graphene [5, 33, 34]. In 
the hydrogenated monolayer graphene, the intensity ratio of 
the D peak and G peak is found to be ID/IG = 1.31, which is in 
line with the report on the saturated single-sided hydrogenation 
of graphene [22, 35]. As for the hydrogenated bilayer graphene, 
the ID/IG = 0.68 is obtained from the spectrum, indicating that 
the surface is only partially hydrogenated. This observation 
actually has been noticed experimental and it is attributed to 
the higher rigidity of bilayer, which suppresses its ripples which 
is energy favourable through hydrogen fixation [22, 36, 37]. 

Theoretically, graphene derivatives, e.g. graphane (CH), 
graphone (C2H) and fluorographene (CF), can potentially form 
moiré superlattices through aligning well with monolayer 
graphene due to their similar hexagonal lattice structure and 
small lattice mismatch. However, after synthesis, the obtained 
graphene derivatives always show a rippled surface which 
facilitates the functionalization, and after transferring onto  

 
Figure 1 (a) Scanning tunnelling microscopy image of highly oriented 
pyrolytic graphite, indicating the Bernal stacking order of the graphene 
layers. (b) Light optical image of the exfoliated graphene. Area A is the 
bilayer graphene and area B is the monolayer graphene. (c) Raman spectrum 
comparison of the monolayer graphene and bilayer graphene before and 
after the hydrogenation process. 
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planar monolayer graphene, the graphene derivative layer thus 
is difficult to atomically lock to the flat graphene layer to form 
the moiré superlattice. To address this concern, our strategy in 
this work is to directly hydrogenate the topmost layer in the 
exfoliated bilayer graphene and achieve the C2H/graphene 
superlattice structure. Conventional characterization technique, 
e.g. scanning tunnelling microscopy, is not feasible for the 
observation of the moiré patterns due to the electrical insulating 
character of the substrate SiO2, therefore, AFM is mainly 
employed in our work. When performing the AFM imaging 
on our bilayer graphene surface, a significant morphology 
modification of the bilayer graphene is the observation of the 
rippled surface after hydrogenation (Fig. 2(b)), while the pristine 
bilayer graphene always shows a planar surface (Fig. 2(a)). 
According to the reported work on the formation of hBN 
bubbles by plasma treatment [38], the rippled structure is 
most likely due to the atomic hydrogens moving through the 
bilayer graphene. Moreover, since the hydrogenation triggers a 
conversion of sp2 carbon to sp3 carbon, this process will create 
strains in the graphene lattice and thus also contribute to the 
formation of the ripples. From the image shown in Fig. 2(b), 
we can classify the surface into two areas: the ripple and the 
comparably flat areas. Zoomed-in and fine scanned AFM 
imaging was performed on both areas.  

First of all, on the comparably flat area, there are two types 
of moiré patterns observed as shown in Fig. 3. Figure 3(a) 
shows an intact area consisting of periodically triangular order 
of moiré patterns which depicted a moiré wavelength (long- 
range periodicity) of 11 nm with 60 vector angle as indicated 
in the AFM image. The fast Fourier transform (FFT) of the 
image as shown in Fig. 3(b) further confirms the triangular 
periodicity of the moiré patterns as indicated. The observed 
superlattice possess the typical triangular moiré patterns that 
have been reported from the hBN/graphene superlattice [39] 
but with a different periodicity, which implies the successful 
fabrication of the graphone (C2H)/graphene superlattice with 
top graphone layer atomically locked onto the bottom graphene 
layer. Figure 3(c) shows another pattern that is observed on 
the flat area as well. Even if there are some potential lines 
appearing in the image, it is difficult to get clear moiré patterns 
due to the much less periodicity compared to the AFM image 
shown in Fig. 3(a). It is noted that both of the pattern sites are 
atomically flat with the measured surface roughness less than 
0.3 Å, which implies that there is no significant damage that 
happened here. Therefore, we mainly attribute the blurred 
patterns to the insufficient hydrogenations that thus cannot 
generate uniform hexagonal lattice on the upmost layer of 
graphene. To the best of our knowledge, our result is the first 
experimental observation of the bilayer moiré superlattice in 
the graphene derivative/graphene system and the fabricated 
graphone/graphene superlattice will be a new platform for   

 
Figure 2 Large-scale AFM image of rippled surface of graphene (a) before 
and (b) after hydrogenation. The doted circles denote the positions of the 
ripple and flat areas, respectively.  

 
Figure 3 (a) Zoomed-in AFM image of the type 1 moiré pattern. (b) Fast 
Fourier transform of the type 1 scan area, which confirms the triangular 
periodicity as indications. (c) Zoomed-in AFM image of type 2 pattern 
with less order. 

the investigation of the electronic properties of graphene, in 
addition to previously reported and dominating graphene/hBN 
system.  

Through the work of Tang [39], the moiré wavelength λ in 
bilayers is closely related to the lattice mismatch δ, which can be 
quantitatively extracted from a simple equation: λ = (1–δ)a/δ, 
where a is the graphene lattice constant as shown in Fig. 3(a) 
and the lattice mismatch can be expressed as: δ = (b–a)/a100%, 
where b is the lattice constant of top layer graphone as shown 
in Fig. 3(b). As a consequence, we have plotted the moiré 
wavelength as a function of the lattice mismatch in Fig. 3(c) 
and it is concluded that the moiré wavelength of 11 nm 
corresponds to a lattice mismatch of  2.2%. To further confirm 
our result, we have simulated the moiré patterns arising from 
bilayers with 2.2% lattice mismatch and initial Bernal stacking 
as shown in Fig. 3(d). The resulting pattern is quite similar 
and matches well with our experimental observations. It has 
been reported that, apart from the C2H chair configuration, the 
graphone also has a C2H boat configuration [40, 41] (Fig. S1(a) 
in the ESM).To investigate the possible generated moiré pattern 
from the C2H boat/graphene superlattices, we also carried out 
the simulations that can be found in Fig. S1(b) (in the ESM), 
which shows a rectangular moiré pattern that is distinguished 
from our observed triangular moiré pattern. 

As for the ripple area denoted in Fig. 2(b), an anomalous 
linear moiré pattern is observed as shown in Fig. 5(a). This 
linear moiré pattern with the periodicity of 8–9 nm is confirmed 
from the FFT and cross-profile measurements as shown in 
Figs. 5(b) and 5(c), respectively. The formation mechanism of 
such linear moiré pattern is still unknown to us and one 
possible explanation could be that, at the rippled site, the 
upmost graphone layer is slightly stretched (strained, see 
supporting information), leading to a small mismatch along 
one direction and thus generate the linear moiré pattern (we 
also simulate this case and the obtained pattern can be found 
in Fig. S2 (in he ESM)). But more detailed studies need to 
be carried out to better investigate the mechanism of such 
anomalous linear moiré pattern. 

DFT calculations are also performed to better understand 
the structure of the graphone/graphene superlattice (Fig. 6).  
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Figure 5 (a) Zoomed-in AFM image of the ripple area that shows ordered 
line moiré patterns. (b) Fast Fourier transform of the scan area, which 
confirms the line periodicity. (c) Profile of the line patterns with the 
periodicity of 8–9 nm. 

 
Figure 6 Top view (a) and side view (b) of the optimized structure of 
graphone/graphene superlattice, brown and pink balls represent C and H 
atoms, respectively. The optimized lattice constants, C–C (graphene), C–C 
(graphone) bonds lengths are found to be 1.43 and 1.51 Å, respectively, 
and the lattice spacing is 3.409 Å. 

Through our calculations, the optimized lattice constant, C–C 
(graphene), C–C (graphone) bonds lengths are found to be 1.43 
and 1.51 Å, respectively, which agrees with the literature [42]. 
Moreover, when the C–C bonds from the graphone are projected 
on to the bottom graphene plane, a lattice mismatch of  2.3% 
was obtained, which matches our experimental values and 
calculations. Extra projected density of states (PDOS) of such 
heterostructure can be found in Fig. S3 in the ESM. 

4 Conclusions 
Herein, we report the formation of triangular and linear moiré 

patterns for the first time arising from a directly fabricated 
graphone/graphene bilayer superlattice, which is produced 
through single-sided hydrogenation of a bilayer graphene.  
The triangular moiré pattern shows a long-range periodicity 
of  11 nm, corresponding to a 2.2% lattice mismatch between 
top layer graphone and bottom layer graphene, while the 
linear moiré patterns exhibit a periodicity of 8–9 nm. To the 
best of our knowledge, the newly reported moiré patterns are 
the first observation of the moiré patterns from the derivatised 
graphene bilayer superlattice. It provides a novel platform to 
investigate and tailor the electronic properties of the graphene 
and the rich physics in this remains largely unexploited.  
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Figure 4 Schematic illustrations of the (a) graphene and (b) graphone (C2H chair configuration) with lattice vectors. The silver and yellow spheres 
denote the C and H atoms, respectively. (c) The calculated moiré pattern wavelength as a function of lattice mismatch. (d) Simulated moiré patterns of the 
graphone (C2H chair configuration)/graphene superlattice with a mismatch of 2.2%, which matches well with the calculation of a moiré wavelength of 11 nm. 
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