
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 2
:3

8:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Hydrogenated de
aDepartment of Physics, Izmir Institute of T

elifunsal@iyte.edu.tr
bDepartment of Photonics, Izmir Institute of
cICTP-ECAR Eurasian Center for Advanced

35430, Izmir, Turkey

† PACS numbers: 71.15.Mb, 61.72.Ww, 63

‡ Electronic supplementary informa
10.1039/c8ra07824f

Cite this: RSC Adv., 2018, 8, 39976

Received 20th September 2018
Accepted 24th November 2018

DOI: 10.1039/c8ra07824f

rsc.li/rsc-advances

39976 | RSC Adv., 2018, 8, 39976–399
rivatives of hexacoordinated
metallic Cu2Si monolayer†‡

E. Unsal, *a F. Iyikanat, a H. Sahin bc and R. T. Senger ac

Herein, we carried out first-principles calculations based on density functional theory to investigate the

effects of surface functionalization with hydrogen atoms on structural, dynamical and electronic

properties of Cu2Si monolayer. Pristine Cu2Si, a metallic monolayer, has a planar hexacoordinate

structure. Calculations revealed that the most favorable position of a single H atom on the Cu2Si

monolayer is at the top of a Si site. Derivatives of Cu2Si monolayer with various H concentrations were

investigated, and by performing phonon calculations, it was found that there are three stable

hydrogenated structures. Specific heat of these monolayers was found to increase with the hydrogen

concentration at temperatures higher than 100 K. Electronically, the hydrogenated derivatives of Cu2Si

monolayer preserve the metallic character.
I. Introduction

Following the successful isolation of graphene,1 the family of
two-dimensional (2D) materials has attracted great attention.
This family has a large variety of members including mono-
atomic honeycomb structures (silicene,2 germanene3), transi-
tion metal dichalcogenides (MoS2,4 WS2,5 ReS2 (ref. 6)) and
group III–V compounds (h-BN,7 h-AlN8,9). Recently, Yang et al.
proposed a new class of highly stable planar hypercoordinated
materials, such as hexacoordinated Ni2Ge,10 Cu2Ge,11 Cu2As,12

Au13 and Cu,14which open up a new branch for the 2Dmaterials.
Those materials have attracted attention due to their structural
and mechanical properties such as strong chemical bonding
and in-plane stiffness.

One of these novel materials is the monolayer Cu2Si15 with
planar hexacoordinated Cu and Si motifs. It is a nonmagnetic
metal with high stability stemming from the superposition of
4c–2e s bonds extended within the 2D sheet. The metallicity of
Cu2Si has been known, Feng et al. veried Dirac nodal line
fermions in Cu2Si monolayer by using angle-resolved photo-
emission spectroscopy and rst-principles calculations.16 Nodal
line semimetals,17,18 a type of topological semimetals, have
symmetry-protected linear-band crossing points near the Fermi
level and they have been intensively studied previously.19 These
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materials are suitable candidates for the realization of high-
speed, low-dissipation devices.16

Chemical functionalization of 2D materials is one of the
most commonmethods to tune the structural,20 electronic21 and
magnetic22 properties of a material. For instance, H and F atoms
are commonly used for the surface functionalization of the 2D
materials. Following the theoretical prediction of hydrogenated
graphene (graphene),23 Elias et al. achieved the synthesis of the
graphene and showed that the reversible hydrogenation process
changes graphene into an insulator.24 Moreover, Nair et al.
achieved to synthesize uorinated graphene (uorographene)
which possesses completely different electronic properties than
that of graphene.25 Although graphene is a highly conductive
semimetal, uorographene is an insulator with an optical gap of
3 eV. Recently, we reported that when the charge density wave
(CDW) phase of single-layer TiSe2 is fully hydrogenated, the
structure transforms to a distorted T-phase (Td).26 In the mean
time, hydrogenation is also used for the passivation of inter-
faces and contacts.27,28 For instance, electrical conductivity of
metals can be changed through various manipulations such as
binding foreign molecules or adatoms.29 During experiments,
the presence of the environmental interactions is inevitable;
therefore, the passivation of suchmaterials plays important role
in achieving a stable electrical behavior. When the material is
hydrogenated, the hydrogen layer acts as a protective layer
against the external inuences while preserving the electronic
properties of the structure.

Even though there are several analyses on structural, chem-
ical and electronic properties of the Cu2Si, the effect of hydro-
genation has not been studied thoroughly. Herein, we present
an investigation of the feasibility of the hydrogenation of the
Cu2Si monolayer based on density-functional theory. Starting
from single atom adsorption, structural, electronic and
This journal is © The Royal Society of Chemistry 2018
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vibrational properties of Cu2Si covered with various concen-
trations of hydrogen are investigated. Three possible structures
of hydrogenated Cu2Si are found to be dynamically stable. As
well as the pristine structure, hydrogenated derivatives of Cu2Si
monolayer exhibit metallic behavior. Moreover, it is found that
the hydrogenation of Cu2Si monolayer leads to an increase in its
specic heat at temperatures higher than 100 K and it reduces
the surface activity of the material against other foreign agents
without effecting its metallic character and planar geometry.

The paper is organized as follows: detailed information
about computational methodology is given in Sec. II. The
structural, vibrational and electronic properties of pristine
Cu2Si, and also the adsorption and diffusion of a hydrogen
atom on Cu2Si are discussed in Sec. III. In Sec. IV, we present the
structural, vibrational and electronic properties of the hydro-
genated derivatives of Cu2Si monolayer. Lastly, Sec. V is allo-
cated for the conclusions.
II. Computational methods

In order to investigate surface functionalization of Cu2Si
monolayer, density functional theory (DFT)-based calculations
were performed by using the Vienna ab initio Simulation
Package (VASP).30,31 In order to describe the exchange and
correlation energies, Perdew–Burke–Ernzerhof (PBE) form of
the generalized gradient approximation (GGA) functional was
Fig. 1 (a) Top and side views of the pristine Cu2Si monolayer. The blue
rhombus represents the unit cell. (b) The phonon band dispersion of 5
� 5 � 1 supercell of Cu2Si monolayer is displayed through the irre-
ducible Brillouin zone. (c) The electronic band dispersion and partial
density of states (PDOS) for the primitive unit cell of Cu2Si monolayer.
Fermi level (EF) is set to zero.

This journal is © The Royal Society of Chemistry 2018
adopted.32 DFT-D2 method of Grimme was used for the van der
Waals (vdW) correction to the GGA functional.33 Bader tech-
nique was used in order to determine the charge transfers in the
structure.35,36

Energy cutoff of the plane-wave basis set was chosen to be
500 eV. For the convergence criterion, the energy difference
between successive electronic steps was taken to be 10�5 eV and
the Hellmann–Feynman forces on each atom were reduced to
a value of less than 10�4 eV Å�1. A vacuum space of 12 Å was
incorporated in order to avoid the interactions between the
adjacent layers. 18 � 18 � 1 G-centered mesh was used for the
Brillouin Zone (BZ) integration of the unit cell and the mesh is
scaled accordingly for larger supercells.

Cohesive energy per atom (Ecoh) was calculated for each
structure, by using the following formula,

Ecoh ¼ 1

ntot

"X
i

niEi � EML

#
; (1)

where i-index denotes the type of the atom. Ei and ni are the
single atom energy and the number of i atoms in the unit cell.
ntot and EML represent the total number of atoms in the unit cell
and the total ground state energy of the related monolayer,
respectively. The vibrational properties and the dynamical
stability were calculated with the small displacement method as
implemented in the PHON code.34 Out-of-plane acoustic
phonon modes in all structures were corrected by quadratic-
tting at the vicinity of the zone center.
III. Adsorption and diffusion of
hydrogen on Cu2Si

Cu2Si monolayer has a planar structure that consists of
a hexagonal sublattice of Cu atoms and a trigonal sublattice of
Si atoms. The primitive unit cell of the structure includes two
Cu atoms and one Si atom as seen from its optimized structure
shown in Fig. 1(a). The calculated structural parameters are
given in Table 1. It is found that the lattice constant of the Cu2Si
monolayer is 4.10 Å each Cu coordinates with three Si and three
Cu atoms while each Si coordinates only with six Cu atoms. It is
calculated that Cu–Si and Cu–Cu bond lengths are equal and
2.37 Å. Lattice parameter and bond length calculations are
consistent with the values reported by Yang et al. (a ¼ b ¼ 4.123
Å, dCu–Si ¼ dCu–Cu ¼ 2.38 Å).15 According to Bader charge anal-
ysis, each Si atom donates 0.2e to Cu atoms indicating the
covalent character of Cu–Si bonds.

In order to investigate dynamical stability, phonon band
dispersion of the Cu2Si monolayer is calculated and is shown in
Fig. 1(b). A 5 � 5 � 1 supercell is used for the phonon band
structure calculations and it is found that the Cu2Si monolayer
is dynamically stable. As seen in the gure, the signature of
a Kohn-type so phonon mode appears at the M point in the
BZ.38 The highest-frequency modes, longitudinal optical (LO)
modes, are mainly composed of the in-plane motions of Si
atoms. The transverse optical (TO) modes that represent the out
of phase vibrations of Cu atoms, have lower frequencies than
that of the LO modes. Fig. 1(b) shows that Cu2Si monolayer has
RSC Adv., 2018, 8, 39976–39982 | 39977
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Table 1 Calculated parameters for the Cu2Si monolayer and the
hydrogenated derivatives of Cu2Si monolayer are; the lattice
constants, a and b; the angle between a and b, g; the atomic distances
between Cu–Si and Cu–Cu, dCu–Si, and dCu–Cu; the average electron
donation of Si atom, Dr; the cohesive energy per atom, Ecoh

a (Å) b (Å) g (�) dCu–Si (Å) dCu–Cu (Å) Dr (e)
Ecoh (eV
per atom)

Cu2Si 4.10 4.10 60.0 2.37 2.37 0.2 3.55
LowH-d 8.09 8.09 58.4 2.33–2.44 2.34–2.46 0.4 3.57
HighH-s 4.12 4.12 60.0 2.41 2.38 0.6 3.59
HighH-d 8.21 8.27 59.7 2.41–2.42 2.38 0.6 3.59

Fig. 2 (a) For a single H adatom, the energy variation between the high
symmetry points of the hexagonal structure is demonstrated. The
binding energy at Si site is set to zero. (b) Energy landscape for single H
adatom adsorbed on Cu2Si monolayer. Blue and red colors represent
the Si and Cu sites, respectively. EQ ¼ 0.72 eV is the lowest energy
barrier through the migration path shown with green dashed arrow.
The energy values on the scale are in units of eV. (c) Folded electronic
band structure of 3 � 3 � 1 Cu2Si monolayer in which single H
adsorbed on Si site. Fermi level, EF, is set to zero.
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2 optical exural (ZO) modes. While the low-frequency mode is
composed of out-of-plane motions of Cu atoms in opposite
direction, the other mode consists of counter-phase motions of
Cu and Si atoms in the out-of-plane direction. Compared to the
typical 2D materials such as graphene (�1500 cm�1),39 h-BN
(�1600 cm�1)40 and MoS2 (�480 cm�1),41 phonon modes of the
Cu2Si monolayer reside at lower energies.

Fig. 1(c) illustrates the electronic band dispersion and the
partial density of states (PDOS) of the Cu2Si monolayer. As can
be seen in the gure, the Cu2Si monolayer is a metal and
exhibits nodal lines around the G point. Extensive discussion of
nodal loops in Cu2Si monolayer can be found in a previous
study by Feng et al.16 Moreover PDOS of Cu2Si monolayer reveals
that the major contribution to the states around the Fermi level
originates from Cu-d and Si-p orbitals. Analysis on the various
ground state magnetic orders reveals that the ground state of
the pristine monolayer of Cu2Si is nonmagnetic as previously
reported by Yang et al.15

The investigation of adsorption of a single H atom on Cu2Si
monolayer is essential for understanding the possible hydro-
genation scenarios of the material. In order to simulate an
isolated H adatom, the size of the supercell is chosen to be 3� 3
� 1. While having the same electronegativity of 1.90 (in Pauling
scale) provides isotropic Si–Si and Cu–Cu bonds, the difference
in their electron affinities (Cu: 118.4 and Si: 133.6 kJ mol�1)
causes a difference in their hydrogen adsorption process. It is
expected that the Si atom provides a stronger attraction on H
atom than the Cu atom. For the adsorption process of a single H
atom, there are ve different high-symmetry lattice sites: Si, Cu,
hollow, bridge site between Cu and Si atoms (BCu–Si) and bridge
site between the two Cu atoms (BCu–Cu) which are shown in
Fig. 2(a). H atoms placed at the BCu–Cu and the Cu sites, settle at
those sites with binding energies of �2.18 and �1.72 eV,
respectively. However, when the H atom is located on the BCu–Su

and the hollow sites, it moves towards Si site and settles. When
a single H atom is placed directly on top of Si atom, it settles at
this site with a binding energy of �2.80 eV. Therefore, Si is the
most favorable lattice site for the H adatomwith a calculated Si–
H bond length of 1.51 Å. This value is close to the reported
experimental Si–H bond length in silane (1.46 Å)42 and the
calculated bond length from the summation of the covalent
radii of Si and H atoms (rSi + rH ¼ 1.42 Å). According to Bader
charge analysis, Si atom transfers 0.6e charge to the H atom
which gives a partial ionic character to the Si–H bond.
39978 | RSC Adv., 2018, 8, 39976–39982
In order to nd the migration path of H atom on Cu2Si
monolayer, variation of its total energy on different lattice
points is also analyzed. The energy barriers that the adsorbed H
atom encounters are demonstrated in Fig. 2(a) and (b),
respectively. For the calculation of the energy landscape, the
position of the H adatom relative to the surface is xed while its
movement along the perpendicular direction is allowed. The
paths considered are shown with black dashed lines in the inset
of Fig. 2(a). The results show that the lowest energy barrier is
0.72 eV which occurs when the H atommoves from one Si site to
another through the BCu–Cu. The migration path of Si–H–BCu–

Cu–H–Si is presented with the green dashed arrow in Fig. 2(b).
Diffusion over the Cu site has the highest energy barrier which
is calculated to be 1.09 eV.

The contribution of a single H adatom to the electronic band
structure of Cu2Si monolayer is also investigated. Folded elec-
tronic band dispersion of 3 � 3 � 1 monolayer of a single H
atom adsorbed Cu2Si is shown in Fig. 2(c). It is seen that
adsorbed H atom does not change the metallic character of
This journal is © The Royal Society of Chemistry 2018
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Cu2Si monolayer. Moreover, the nonmagnetic ground state of
the material is not affected by the adsorption of the H atom.

For the hydrogenation process, it is essential to understand
the interaction between the H adatoms. We investigate 3 � 3 �
1 monolayer of Cu2Si in which two H adatoms are bonded to the
Si sites from (i) one side (single-sided) and (ii) both sides
(double-sided) of the monolayer. Since the separation of the two
nearest Si sites is equal to 4.10 Å, the coupling between two H
adatoms is negligible. The binding energies of single-sided and
double-sided structures are calculated to be �2.68 and
�2.66 eV, respectively. The bond strength between the Si and H
atoms in the H-adsorbed Cu2Si is weaker than the one between
two H atoms in the H2 molecule (�4.54 eV). Thus, for the
hydrogenation of the pristine monolayer, an extra energy is
required to dissociate the hydrogen atoms of the H2 molecule.
In order to validate this discussion, adsorption of a H2 molecule
on Cu2Si is also investigated and it is found that H2 molecule is
physisorbed �4 Å above the pristine monolayer of Cu2Si with
a weak vdW interaction of �0.20 eV. For this reason the
hydrogenation of Cu2Si monolayer is only possible with the
atomic hydrogen (which can be produced by hot wire chemical
vapor deposition43,44). Feasibility of the hydrogenation is
possible with the atomic hydrogen processes by doing plasma
hydrogenation; in particular, plasma hydrogenation is used in
synthesis of graphene.45
IV. Hydrogenated derivatives of Cu2Si

In this section, we investigate the structural, vibrational and
electronic properties of hydrogenated derivatives of Cu2Si
monolayer. We predict structures with various H coverage and
analyze their stability by examining the vibrational spectra.
Consistent with single atom adsorption calculations, surface
coverage calculations show that H atoms do not prefer to bind
on top of Cu atoms. It is found that the structures containing
Cu–H bond are unable to generate the required restoring force
against the atomic motions (see ref. 48). Here, we investigate
three of the dynamically stable hydrogenated derivatives of
Cu2Si monolayer with the highest hydrogen concentration. For
convenience, we label these structures according to their
percentage of hydrogen coverage and their hydrogenated
surfaces. Structure with a stoichiometry of Cu4Si2H, which is
hydrogenated from double sides and has a hydrogenation
atomic ratio of 16.7%, is labeled as lowH-d. For other two
structures, the hydrogen concentration is 33.3% and stoichi-
ometry is Cu2SiH, but they differ in terms of the hydrogenated
surfaces. Single-sided and double-sided Cu2SiH structures are
labeled as highH-s and highH-d, respectively. Various other
hydrogenation scenarios were also considered but they all led to
instabilities in the vibrational spectra.
Fig. 3 Top and side views, and phonon band structures of the
hydrogenated monolayers: (a) lowH-d, (b) highH-s, and (c) highH-d.
A. Structural properties

Among the three hydrogenated derivatives, the monolayer lowH-
d has the lowest amount of hydrogen. It has a unit cell con-
taining 14 atoms and only the half of the Si atoms in the unit
cell are hydrogenated. The hydrogenation leads to a 1.3%
This journal is © The Royal Society of Chemistry 2018
contraction of in-plane lattice constant of the Cu2Si monolayer.
Although the a and b lattice parameters are found to be equal,
its lattice structure is not a perfect hexagon since the angle
between them is 58.4�. The bond lengths of Cu–Cu and Cu–Si
are no longer equal to each other as is in the pristine structure
and they vary from 2.33 to 2.46 Å. The bond distance between Si
and H atoms is 1.51 Å. Bader charge analysis reveals that the
average value of the total electron donation of each Si in lowH-
d increases by 0.2e compared to the pristine monolayer.

For the monolayers highH-s and highH-d, the H concentra-
tion is doubled. Themonolayers of highH-s and highH-d contain
4 and 16 atoms in their unit cells, respectively. Compared to the
pristine monolayer, the lattice constants for both of the struc-
tures are found to increase less than 1%. Although the mono-
layer of highH-s preserves its perfect hexagonal lattice structure,
it is found that the monolayer of highH-d is slightly distorted.
Calculated bond lengths of Si–H for the monolayers of highH-s
and highH-d, are 1.51 Å and 1.52 Å, respectively. For highH-s and
highH-d structures, the average electron donation of Si atom to
H atom is calculated to be same with a value of 0.6e.
B. Vibrational properties

Here, we discuss how the vibrational properties of Cu2Si
monolayer change with surface hydrogenation. The calculated
phonon spectra of the hydrogenated derivatives of Cu2Si
monolayer are demonstrated in Fig. 3(a)–(c). The vibrational
analyses reveal that the monolayers of lowH-d, highH-s and
highH-d have positive phonon branches through the whole BZ
indicating the dynamical stability of the structures at T ¼ 0 K.

Since the unit cells of the pristine Cu2Si and highH-s are
similar, their phonon band diagrams can be directly compared.
Although there is a resemblance between their phonon band
RSC Adv., 2018, 8, 39976–39982 | 39979
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Fig. 4 (a) Phonon partial density of states and derivative of the phonon
occupation functions of the Cu2Si monolayer and its hydrogenated
derivatives at various temperatures. Red, light and dark blue lines
represent the functions calculated at 1000, 300, and 20 K. (b) For the
Cu2Si monolayer and its hydrogenated derivatives, constant volume
specific heat per mass is demonstrated as a function of temperature in
logarithmic scale.
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diagrams, LO and TO modes of pristine structure soen in the
hydrogenated structure. Since Si atoms donate electron to the H
atoms, the in-plane bonds of Si with Cu weaken and this leads
to a decrease in the mode frequencies. On the other hand, ZO
modes dominated by the Cu motions harden (which is dis-
cussed in Sec. IV C).

Furthermore, it is seen from the Fig. 3(a)–(c), the so phonon
mode previously seen at the M point of the phonon band
diagram of Cu2Si monolayer disappears when the material is
hydrogenated. Differing from the pristine Cu2Si, hydrogenated
derivatives have high-frequency modes between 2000-
2100 cm�1 (see Fig. 3) indicating the formation of strong Si–H
bonds. H atoms are relatively much lighter than the Si and Cu
atoms and thus, it is expected that the phonon modes that
correspond to the Si–H bonds have much higher frequencies.
These high-frequency modes have out-of plane character and
include out-of-phase motions of Si and H atoms in all cases.

The effect of the hydrogenation on the constant-volume
specic heat of the material is also investigated. The specic
heat of structures as a function of phonon frequency, w, is
calculated as follows,46

Cv ¼ kB
X
p

ð
dwDpðwÞ x2ex

ðex � 1Þ2 ; (2)

where x ¼ ħw/kBT. ħ and kB are Planck and Boltzmann
constants, respectively and Dp(w) denotes the phonon density of
states (DOS).

Atom-projected partial phonon DOS of pristine and hydro-
genated derivatives of Cu2Si monolayer are presented in
Fig. 4(a). At the low frequencies (i.e. < 300 cm�1), it is seen that
the main contribution to the DOS comes from the Cu atoms,
whereas the DOS of Si atoms dominate at relatively high
frequencies (from 300 to 430 cm�1) as expected from themasses
of these atoms. In the highest frequency region (i.e. > 500 cm�1)
contribution of the H atoms are dominant. The contribution of
the Si atom in this region to the phonon DOS reveals the
interaction of Si and H atoms.

Temperature dependent variation of the derivative of the
phonon occupation functions are also illustrated in Fig. 4(a).
These functions determine the contribution of vibrational
modes to the specic heat of a material. It is evident that the
hydrogen modes, which have very high frequency values,
contribute more to the specic heat of the material at high
temperatures. As a result of this, as the amount of hydrogena-
tion increases, the higher temperature specic heat of the
material also increases (see Fig. 4(b)). Moreover, it is well known
that the hydrogenation of a material leads to decrease in its
mass density which gives rise to an increase in its specic heat
at high temperatures. As the temperature is lowered, the
specic heat values of all these structures get close to each
other, and at temperatures around 100 K, they merge to the
same value. As the temperature is further lowered (around 20
K), the specic heat of pristine Cu2Si becomes higher than those
of the hydrogenated derivatives. A similar crossover in the
specic heat values is also reported for graphite and diamond
structures.47 At room temperature specic heat values of Cu2Si,
39980 | RSC Adv., 2018, 8, 39976–39982
lowH-d, highH-s and highH-d are calculated to be 438, 470, 507
and 508 J kg�1 K�1, respectively. Moreover, in the inset of
Fig. 4(b) the specic heat per atom of all the structures are also
presented. As seen from the gure the pristine structure
approaches the Dulong–Petit limit at much lower temperatures
than the hydrogenated derivatives. Debye temperature values
are calculated to be 429, 867, 1102, and 1078 K, for Cu2Si, lowH-
d, highH-s and highH-d, respectively.
C. Electronic properties

Hydrogenation of a material is a common method to tune its
electronic properties. It has been reported that while pristine
graphene is a conductor, fully hydrogenated graphene is
a semiconductor and half-hydrogenated graphene is a ferro-
magnetic, small band-gap material.24,37 In this section,
hydrogen coverage dependency of the electronic structure of
Cu2Si monolayer is investigated.

As already mentioned in Sec. III, pristine Cu2Si is a metal and
possesses nodal lines in its electronic structure. Electronic band
dispersion and PDOS of hydrogenated derivatives of Cu2Si are
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Electronic band structure and PDOS are demonstrated for monolayers of (a) Cu2Si, (b) lowH-d, (c) highH-s, and (d) highH-d. Fermi level, EF,
is set to zero. Inset figures of PDOS are rescaled with respect to the number of atoms per unit cell.
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shown in Fig. 5. For the sake of comparison, the band structure
of the pristine Cu2Si is also added. As seen in the gure all of the
hydrogenated derivatives preserve the metallic character as the
pristine one. Although Cu2Si monolayer possesses robust
metallic character against hydrogenation, some deviations
appear in the electronic structure as the hydrogen concentra-
tion increases. It is clearly seen that while the two nodal lines of
pristine Cu2Si reside between G and M points at 0.6 and 1.1 eV
below the Fermi level, as the amount of hydrogen coverage
increases, these nodal lines appear closer to the Fermi level (EF)
and at higher energies for lowH-d and highH-d, respectively. As
seen in Fig. 5 (b) and (c), an energy gap occurs between the
nodal lines which reside between G and M points.

To better understand the effect of H atoms on the electronic
structure of Cu2Si, we also analyze PDOS of the hydrogenated
derivatives. As previously mentioned in Sec. III, the main
contribution to the electronic structure around the Fermi level
of the material originates from the Cu-d and Si-p orbitals. As
seen in the Fig. 5 with increasing amount of hydrogen, the
contribution from Si-pz near the Fermi level decreases, and the
hybridization between the orbitals of Si-pz and Cu-d decreases.
It is clearly seen from the PDOS diagrams of hydrogenated
derivatives of the material peak positions and the shapes of the
H-s and Si-pz are overlapped which indicate the strong hybrid-
ization of these orbitals. As a result, the Si-pz peak in PDOS of
the pristine crystal dissolves and moves to lower energies when
the structure is hydrogenated. Bonding states of Si–H reside
about 2 eV below the EF whereas the anti-bonding states of H-s
are 2 eV above the EF. The saturation of the dangling bonds of
Si-pz leads reduction of the surface activity of the Cu2Si mono-
layer. In addition, the calculations reveal that hydrogenated
derivatives of the material do not exhibit any net magnetic
moment.
V. Conclusions

In this study, we investigated structures of hydrogenated
derivatives of Cu2Si monolayer by performing density func-
tional theory-based calculations. The pristine monolayer of
Cu2Si composed of coplanar sublattices of hexagonal Cu and
trigonal Si was found to be dynamically stable. Electronic
structure calculations revealed that the monolayer Cu2Si is
a metal with a nonmagnetic ground state.
This journal is © The Royal Society of Chemistry 2018
Adsorption of a single H atom on Cu2Si monolayer was
examined and the total energy calculations revealed that the
most favorable adsorption site of H atom is Si site with
a binding energy of �2.80 eV. Diffusion energy barrier and
possible migration paths of a single H adsorbed on the struc-
ture were determined. Structural optimizations and phonon
calculations revealed that there exists three dynamically stable
hydrogenated monolayers of Cu2Si. It was found that the planar
geometry and the metallic electronic character of the material
were not affected by different amounts of hydrogenation and
the specic heat of the material at room temperature increases
as the amount of hydrogenation increases. Cu2Si monolayer
with a planar geometry and robust electronic structure offers
a new platform for nanoscale applications.
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