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ABSTRACT: The adsorption of atoms is one of the efficient
approaches for functionalizing two-dimensional (2D) layer
materials with desirable properties. The structural knowledge of
atoms adsorbed on 2D layer materials is crucial for under-
standing their functional performance. Here we propose a
versatile method for predicting the structures of atoms
adsorbed on 2D materials via the swarm-intelligence-based
CALYPSO structure-prediction method. Several techniques are
implemented to improve the efficiency of structure searching,
including fixed adsorption sites, constraints of symmetry and
distance during structure generation, and the constrained
particle swarm-optimization algorithm for structure evolution. The method is successfully applied to investigate the well-
studied systems of hydrogenated and oxidized graphene. The energetically most stable structures of single-sided hydrogenated
graphene are predicted for different contents of hydrogen; altering the hydrogen content appears to effectively tune the band gap.
An energetically most stable phase of fully oxidized graphene is also uncovered. These results provide new structural knowledge
on the adsorption of atoms on graphene.

I. INTRODUCTION

Two-dimensional (2D) materials have received much attention
owing to their novel electronic and structural properties, which
are dramatically different from those of their three-dimensional
counterparts.1,2 The industrial applicability of pristine 2D
materials is limited by their specific properties, but the chemical
or physical adsorption of atoms, molecules, or functional
groups on such materials can effectively modify their properties
(e.g., band gap, electron mobility, and magnetism). Important
examples include atoms such as H, F, and O adsorbed on
graphene to provide a suitable band gap for transistor
applications.3−7 Moreover, atoms adsorbed on 2D materials
are potentially useful for ion batteries,8 hydrogen storage
materials,9 and superconductors.10

The physical and chemical properties of a material depend
on its specific structure. While several techniques (e.g., scanning
tunneling microscopy3 and Raman spectroscopy11) can be used
to study the structures of atoms adsorbed on 2D materials,
structures often remain experimentally unsolvable11,12 due to
technical limitations. The alternative of solving structures by
theoretical methods uses models built manually or obtained
from molecular dynamics simulations.13−16 These methods are
efficient particularly when there are few adsorbed atoms where
the number of structure variants is relatively small. However,
increasing the number of adsorbed atoms rapidly increases the
number of possible configurations, which makes these
theoretical methods difficult to apply and requires sophisticated
users. There is a general request to seek for more efficient
structure searching methods able to predict reliably the

structure configuration of adatoms without priori structural
knowledge. However, only a few efforts have been attempted to
develop such methods.17

Atomistic structure prediction techniques have been
developed18−26 and widely applied to many important
structural problems.27−29 We developed CALYPSO (Crystal
structure AnaLYsis by Particle Swarm Optimization) for
structure prediction.18,30 This method can efficiently explore
the multidimensional potential-energy surface, and it requires
no prior structure information except the chemical composi-
tion. It is designed to predict the structure for 3D crystals,18

isolated clusters or molecules,31 surface reconstructions,32 2D
layer materials,33 and searching of functional materials (e.g.,
superhard material)34 and has been successfully applied to
many important systems (e.g., semiconducting lithium,35 B38

clusters,36 and the diamond surface32).
Here we report a generalized CALYPSO method to predict

the structures of atoms adsorbed on 2D layered materials. It
implements specific structure-searching techniques for this
purpose, including using fixed adsorption sites, symmetry and
minimal interatomic distance constraints, and a constrained
particle swarm-optimization algorithm. The developed method
is benchmarked using two typical systems (hydrogenated and
oxidized graphene), successfully reproducing their known stable
structures. Besides, our study uncovers two new, unexpected,
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low-energy structures of fully hydrogenated graphene. The
energetically most stable structures are predicted for single-
sided hydrogenated graphene with various contents of
hydrogen, where band gaps can be tuned by changing the
widths of nanoroads in these stable structures. Furthermore,
our method reveals the energetically best structure reported
thus far for oxidized graphene.
The remaining sections of this paper are organized as follows.

In section II, the method and its implementation are discussed
in detail. Applications of the method on hydrogenated and
oxidized graphene are described in section III. Finally, a
summary is provided in section IV.

II. METHOD AND IMPLEMENTATION
We developed an automatic structure prediction method for
atoms adsorbed on 2D layers; it comprises the four main steps
depicted in the flowchart in Figure 1. First, initial structures are

randomly generated with symmetry constraints. Then, the
symmetry function33,37,38 for fingerprinting structures is
calculated to examine the similarity of a given structure with
all the previous ones. If the distance metric shows that the
newly generated structure is similar to the previous ones, it is
discarded. After all the structures of each population are
generated, variable-cell geometry optimizations are performed
to produce physically justified structures sitting at the local
minima of the potential energy surface. Finally, energy surface
minimization is performed by the particle swarm optimization
(PSO) algorithm,18,39 which in practice is adopted to update
the structures for the next generation. To enhance structural
diversity, unbiased structure generation, and coverage of the
entire configuration space, a changeable amount of random
structures (typically 40%) is created and included in each
structure generation calculation.
The structures of atoms adsorbed on each 2D layer are

simulated using a slab, which typically consists of two regions:
the substrate and the adsorbed region. Atoms in the substrate

are fixed so as to preserve its 2D nature, while atoms in the
adsorbed region are subjected to swarm evolution. The
adsorbed atoms can generally occupy any position in the
adsorbed region, but in some particular cases they are known to
stay at specific positions on the substrate. For example,
hydrogen adsorbed on graphene is known to sit at the top sites
above the carbon atoms,3,40 while oxygen atoms occupy the
bridge sites at the midpoints of carbon−carbon bonds.41 Thus,
two structure searching modules including unfixed adsorption
sits (UAS) and fixed adsorption sites (FAS) have been
implemented in CALYPSO. The UAS module should be
used for systems lacking prior knowledge of the adsorption
sites. But for systems where atoms are known to adsorb on
specific positions, generating the structures with FAS technique
is highly efficient since it significantly reduces the search space
and generates physically justified structures. Consider the
example of 100 structures generated for hydrogenated graphene
at four different H coverages (C6H, C3H, C2H, and C3H2)
using each module. The results (Figure 2a) show that, with
increasing H contents, the proportion of reasonable structures
generated with UAS module decreases rapidly. For the highest
hydrogen coverage (C3H2) the FAS module produces 96%

Figure 1. Flowchart of the CALYPSO code for the structure
prediction of atoms adsorbed on 2D layered materials.

Figure 2. (a) Proportion of reasonable structures generated using
adsorption sites that are fixed (FAS, solid squares) or unfixed (UAS,
solid circles). (b) Energetic distributions of randomly generated
structures with or without symmetry constraints for semihydrogenated
graphene. (c) History of a CALYPSO structure search performed on
fully hydrogenated graphene with 60% structures updated with PSO
(red circles) or without PSO (black squares).
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reasonable structures, while only 1% of those generated by the
UAS module are reasonable.
We employ symmetry constraints (Figure 3) to generate the

random structures.15,24−26 For a 2D layer, there are only four

different crystallographic systems (oblique, rectangular, square,
and hexagonal) with 17 planar space groups instead of the 230
space groups for a 3D bulk material. We randomly select a
plane space group, and create an adsorption lattice of equal area
to the 2D substrate. The positions of the adatoms are generated
based on the Wyckoff positions matching the chosen space
group (Figure 3a). If the crystallographic system of the current
lattice is not the same as that of the 2D substrate, it has to be
transformed into the same system. Similarly, the coordinations
of adatoms need to be transformed (Figure 3b,c). Note that
symmetry constraints on structure generation play a critical role
in enhancing structural diversity and generating physically
justified structures. Consider semihydrogenated graphene as an
example. A supercell containing 24 carbon atoms and 12
hydrogen atoms is selected, and 100 structures are randomly
generated with and without symmetry constraints. After
structural optimization using Density-Functional-based Tight
Binding (DFTB+),42 the obtained energetic distributions of the
structures are shown in Figure 2b. It is seen that the structures
generated with symmetry constraints are distributed over a
larger energy range and show a higher structural diversity than
those randomly sampled. More importantly, constrained
structure generation produces many low-energy structures:
about 15% were of low energy (−1244.5 to −1243.5 eV). In
contrast, no low-energy structures are generated without the
constraints (Figure 2b). This example clearly demonstrates that
symmetry constraints on structure generation improve the
efficiency of structure searching.
Applying a minimal interatomic distance is another

constraint on structure generation and has previously been
applied to the structure prediction of 2D surface reconstruc-

tion32 and 3D crystals,18,30 proving to be efficient in eliminating
unphysical structures, especially for large systems. The current
implementation classifies the interatomic distances into two
categories: those between adatoms and substrate atoms, and
those between adatoms. Here we restrict the coordinates of
adatoms along the direction perpendicular to the 2D plane of
the substrate to ensure their sufficient separation from the
substrate atoms.
To fingerprint the structures of atoms adsorbed on 2D

materials, a set of symmetry functions are adopted in our
method. Detailed equations and the properties of the functions
can be found in ref 43. The reliability of the fingerprinting
method for 2D structures has been demonstrated in our
previous study.33 For each atom, we use 33 different symmetry
functions containing information on bond lengths and angles to
characterize the atomic environment. The similarity between
two structures is thus given by the difference of their atomic
symmetry functions.
The local PSO algorithm18,39 is adopted for energy surface

minimization. Here a structure in the search space is
represented as a particle, and a set of particles is called a
generation. Structures are evolved by the PSO formula:

= ++ +x x vi
t

i
t

i
t1 1

(1)

where i and t are the index of the structure and of the
generation, respectively; and x and v represent the positions
and velocities of the structure, respectively. They are N-
dimensional vectors relating to the degrees of freedom of
atomic positions, where N is the number of adatoms in the
simulation cell. Note that the atoms in the substrate region are
fixed, and only the positions of the adatoms need to be
updated. Therefore, the structural positions can be represented
by the positions of the adatoms, while the structural velocities
represent the variations of the positions of the adatoms. The
velocities v of the structures in the first generation are
generated randomly. The velocities vi

t+1 of the structures in
the next generation are calculated as follows:
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where pbesti
t is the ith optimized structure, lbesti

t is the low-
energy structure nearest to the ith structure evaluated by
symmetry functions, ω is the inertia weight in the range of 0.4−
0.9, c1 = c2 = 2, and r1 and r2 are two random numbers
uniformly distributed in the range [0,1].
A modified constrained PSO is developed for the FAS

module. In most cases, the adatoms generated by PSO may not
occupy exactly the given adsorption sites. In such a case, the
PSO velocities of the structures in the next generation are
adjusted to constrain the adatoms to sit on their nearest
adsorption sites. We test the efficiency of the constrained PSO
algorithm, taking a fully hydrogenated graphene unit cell of 32
carbon atoms and 32 hydrogen atoms as an example. Two
different structure prediction runs are compared: one selects
the 60% of structures with low energy to produce by PSO the
structures in the next generation, and the other randomly
generates all the structures in the next generation (i.e., without
PSO). The results (Figure 2c) show that structures generated
by constrained PSO are distributed in lower-energy regions
than those generated randomly, clearly demonstrating that the
constrained PSO algorithm can significantly improve the
structure searching efficiency. It should be emphasized that
PSO plays a critical role in structure evolution to find the global

Figure 3. Representation of structure generation with symmetry
constraints. (a) The lattice and the positions of adatoms (indicated by
blue balls) are generated based on a randomly selected space group.
(b) The lattice and adatom positions are transformed to match the
crystallographic system of the 2D substrate shown in (c). (c) The
transformed adatoms are placed on the 2D substrate indicated by gray
balls. The solid line indicates the unit cell.
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stable structure. Here, the energetically stable structure is
indeed generated by the constrained PSO.

III. APPLICATIONS AND RESULTS

All techniques described in section II have been implemented
into the CALYPSO code. Here, we apply it to investigate two
typical adsorbed systems: hydrogenated and oxided graphene.
DFTB+ and Vienna Ab initio Simulation Package (VASP)44 are
respectively adopted for local optimizations of the two systems’
structures. The DFTB calculations use a k-spacing of 0.37 Å−1

in reciprocal space to ensure good convergence of energy. In
the VASP calculations, we use projector-augmented wave
potentials45 to describe the core electrons. The energy
evaluations use the generalized gradient approximation
(GGA) of Perdew, Burke, and Ernzernhof (PBE)46 for
hydrogenated graphene and the local density approximation
(LDA)47 for oxidized graphene with cutoff energies of 500 and
750 eV, respectively. The k-spacings are set to 0.15 Å−1 in
reciprocal space. All the energy calculations converge to less
than 1 meV/atom. The effective masses of the predicted
structures are calculated using BoltzTraP.48

To reduce the constraints imposed by periodicity, supercells
of different sizes are used. For both-sided fully hydrogenated
graphene (graphane), we use 1 × 4 and 2 × 2 supercells for
C8H8, a ( ×3 2 3 )R30° supercell for C12H12, ( ×3 4 3 )
R30° and ( ×3 2 3 )R30° supercells for C24H24, and a 4 × 4
supercell for C32H32. Two rectangular supercells accommodat-
ing C8H8 and C16H16 are also considered. Partially hydro-
genated single-sided graphene is modeled using a 4 × 4
supercell to accommodate C32H8. A rectangular supercell and a
( ×3 4 3 )R30° supercell are used to accommodate C24H6,
C24H8, C24H12, and C24H16. For oxidized graphene, we use a
( ×3 2 3 )R30° supercell to accommodate C12O12. The
dynamic stabilities of all the predicted structures are examined
by first-principles molecular dynamics simulations with a 0.5 fs
time step. All structures remain almost intact at 1000 K after
running 2000 molecular dynamic steps.
A. Hydrogenated Graphene. Graphene has attracted

considerable attention owing to its potential applicability in
emerging areas such as electronic devices.2−4,49 However, its
zero band gap limits its application in electronic devices.
Hydrogenation can functionalize graphene sheets to provide an
open band gap.3,5,50,51 The level of hydrogen coverage can lead
to fully hydrogenated graphene, referred as graphane, or
partially hydrogenated graphene. Graphane has been proposed
theoretically to show several structures,13,52 but all graphane
conformers have large band gaps of about 3.5 eV,53 making
them unsuitable for electronic applications. Previous studies
have shown that varying the degree of hydrogen coverage of
partially hydrogenated graphene can effectively tune its band
gap.3,5,50,51 For example, single-side hydrogenated graphene has
a band gap of 0.43 eV,54 and a single hydrogen atom in a 32-
carbon-atom slab creates a gap of about 1.25 eV.55 We choose
graphane here as a benchmark system for our method owing to
its possibility of existing as various conformers. We further
investigate the stable structures of partially hydrogenated
graphene in an effort to tune the band gap by varying hydrogen
coverage.
Our CALYPSO method successfully reproduces known

structures of graphane, including the chair,52 tricycle,56

stirrup,57 boat-1,52 and boat-213 conformers, validating our
approach for predicting the structures of atoms adsorbed on 2D

layers. It also reveals two new low-energy structures: the stair
(Figure 4c) and the zipper (Figure 4d). Although their energies

are higher than those of the chair (Figure 4a) and tricycle
conformers, they are more stable than the stirrup (Figure 4b)
and both boat conformers. The atomic arrangement of the stair
structure is similar to that of the tricycle structure in that they
both contain the chair and stirrup conformer units. The zipper
structure contains two normal and two reversed chair chains in
one unit cell.
We use PBE to calculate the band structures of the stair and

zipper conformers (Figure 4e and f): both show a direct band
gap of ∼3.3 eV at the Γ point, and have a large dispersion of the
highest valence band along the Γ−Y direction. The hole
effective masses of the stair and zipper are 0.26m0 (where m0 is
the static mass of one electron) and 0.29m0, respectively, along
the Γ−Y direction, and 0.87m0 along the Γ−Z direction for the
stair, and 0.73m0 along the Γ−X direction for the zipper. Both
structures exhibit distinct anisotropy, unlike the isotropic chair
conformer (effective hole mass ∼ 0.46m0). Note that PBE is
well-known to underestimate band gaps, suggesting that the
band gaps of the stair and zipper conformers are in reality much
larger than those calculated, thus precluding these new
conformers from applications in electronic devices despite
their small effective masses along the Γ−Y direction.
We next explore the stable structures of partially single-sided

hydrogenated graphene for high hydrogen contents of C4H,
C3H, C2H, and C3H2. The lowest-energy structures discovered

Figure 4. Top view (top panel) and side view (bottom panel) of
graphane with (a) chair and (b) stirrup conformers, and the (c) stair
and (d) zipper conformers. Energy relative to the chair conformer of
each structure is labeled. Red and blue balls represent the carbon
atoms with up and down hydrogenation, respectively. The pink balls
represent hydrogen atoms, and the solid black line indicates the unit
cell. The dashed pink and green lines represent the units with chair
and stirrup configurations, respectively. Also shown are band
structures of (e) stair and (f) zipper conformers.
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by CALYPSO in each case are shown in Figure 5. Note that our
C4H structure has much lower formation energy (by 0.19 eV/

H) than the lowest-energy structure58 built manually. Similarly,
our C2H structure has a formation energy much lower (by 1.01
eV/H) than the earlier best structure (referred as graphone).59

Our predicted structures of the partially hydrogenated graphene
sheets of C4H (Figure 5a), C3H (Figure 5b), C2H (Figure 5c),
and C3H2 (Figure 5d) show two regions: hydrogenated
substrate and pristine graphene. The hydrogenated region
separates the pristine graphene, patterning graphene nanoroads,
as proposed by Singh et al.5 in both-sided hydrogenated
graphene. Varying the degree of hydrogenation alters the
widths of the nanoroads as measured by sp2-carbon dimer lines.
Specially, there are 9, 8, 6, and 1 sp2-carbon dimer lines in the
structures of C4H, C3H, C2H, and C3H2, respectively.
The band gap can be tuned by varying the widths of the

embedded nanoroads, as shown in Figure 6e. Increasing
hydrogen coverage constricts the nanoroads, and the band gap
increases from 0.4 to 3.0 eV. Our results thus demonstrate that
changing the hydrogen coverage on single-sided hydrogenated
graphene can efficiently tune its band gap.
We calculated the band structures (Figure 6a−d) of these

structures using PBE. Note that C4H (Figure 6a), C3H (Figure
6b), and C2H (Figure 6c) have similar band structures besides
C3H2 (Figure 6d). The valence-band maxima (VBM) and
conduction-band minima (CBM) of C4H, C3H, and C2H along
the Γ−Y direction (the left-to-right direction in Figure 5) are
almost nondispersive, but exhibit strong dispersion along the
Γ−X or Y−S direction (the top-to-bottom direction in Figure
5), indicating their distinct anisotropic character. The calculated
effective masses are listed in Table 1; those along the Γ−X or

Y−S direction associating with sp2-carbon dimer lines are
relatively small. Note that the magnitudes of the effective
masses of structures of C4H, C3H, and C2H with small band
gap are comparable to those of zincblende GaN,60 suggesting
that these structures can be used for electronic devices with
significant anisotropic behavior.

B. Oxidized Graphene. Oxidized graphene is a promising
precursor for the mass production of graphene via a solution-
based chemical reduction route.61,62 Graphene monoxide
(GMO) with a 1:1 stoichiometric ratio of C and O has been
synthesized,12 but its exact structure remains unknown. Several
low-energy structures have been proposed theoretically.17,63

Two low-energy ordered structures, the mix model and the
epoxy pair model, have been predicted via structure searches
based on the genetic algorithm,17 and the mix model has a
lower energy than epoxy pair model. Two energetically more
favorable structures, named z-GMO and a-GMO, were later
proposed,63 but these structures have substantial deviation from
the structural features of graphene. The two structures are
therefore not discussed or compared below.

Figure 5. (a−d) Top view (top panel) and side view (bottom panel)
of the lowest-energy structures of C4H, C3H, C2H, and C3H2,
respectively. Solid black line indicates the unit cell. Red and blue balls
represent hydrogenated and bare carbon atoms, respectively. Dashed
green line in (a) indicates an sp2-carbon dimer line. Pink balls
represent hydrogen atoms. The formation energy of each structure is
given below the pictures, and is defined as Eform = E(CxH) − xE(C) −
E(H), where E(C) is the energy of graphene per carbon and E(H) is
the energy of a single H atom.

Figure 6. (a−d) Band structures of the lowest-energy structures of
C4H, C3H, C2H, and C3H2, respectively. (e) Variation in band gap
with the number of sp2-carbon dimer-lines (Na) in the partially single-
sided hydrogenated graphene.

Table 1. Effective Masses of Predicted Structures of C4H,
C3H, C2H, and C3H2

a

Γ−Y direction Γ−X or Y−S direction

me mh me mh

C4H 0.61m0 0.80m0 0.09m0 0.09m0

C3H 320.93m0 1.469m0 0.15m0 0.13m0

C2H 74.17m0 5.75m0 0.16m0 0.13m0

C3H2 16.43m0 3.50m0 0.74m0 1.30m0

ame and mh are the effective masses of an electron and a hole,
respectively. m0 is the static mass of one electron.
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We used our method to investigate the structures of GMO.
The mix model and epoxy pair model were successfully
reproduced, validating our approach. Besides, we predicted a
novel structure (Figure 7a) referred to as central-symmetric mix

structure (D2h symmetry). Our calculations demonstrated that
our new structure is energetically more stable than mix-model
(Figure 7b) by 32 meV/O. The central-symmetric mix
structure might be seen as turning over half normal and
unzipped epoxy groups shown in the region enclosed by the
dashed blue line in Figure 7b of the mix model. The normal
and unzipped epoxy groups are distributed on both sides of the
graphene sheet.

IV. CONCLUSION
An efficient method for predicting the structures of atoms
adsorbed on 2D layers is developed and implemented in the
CALYPSO software package. Several especially designed
techniques, including FAS, symmetry and minimal distance
constraints, and a constrained PSO algorithm, are introduced to
improve the structure searching efficiency. Our method is
benchmarked and applied to the well-studied systems of fully
and partially hydrogenated graphene and graphene oxide. The
known phases of graphane are readily reproduced, and two new
low-energy structures are predicted. The energetically most
stable structures of single-sided hydrogenated graphene with
various amounts of hydrogen are predicted, and the band gap
appears to be tuned by the changing widths of nanoroads in
these stable structures. Our method predicts the energetically
best structure yet reported for oxidized graphene. In general,
our method is a promising approach for the smart prediction
and design of structures of atoms adsorbed on 2D layered
materials. Furthermore, it can be applied to the structure
prediction of atoms adsorbed on surfaces by switching the
substrate to a predefined surface other than one layer and then
applying the major techniques as used here.
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