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Graphone, uniformly semihydrogenated graphene, though an interesting material, is known to be highly unstable due to large
chemical imbalance between the sublattices of the bipartite graphene lattice. The freestanding semihydrogenated graphene
(GrH) sheet can be stabilized by changing the hydrogen adsorption pattern in such a way that the chemical imbalance is re-
moved. However, when placed on lattice-matched transition metal surfaces we find that the highly unstable uniformly
semihydrogenated graphene is stabilised and on Ni(111) surface it shows equal stability with at least three other structures.
The other three structures are rectangular graphone, zigzag graphone and armchair graphone. On Co(111) and Cu(111) sur-
faces rectangular graphone shows more stability than other structures. Nonetheless the corelevel shifts of these four
semihydrogenated graphene on the (111) surfaces of Ni, Co and Cu shows differences which are less than 0.2 eV. It is thus
highly unlikely that X-ray Photoelectron spectroscopy measurements will be able to discern different H adsorption patterns.
Therefore our study contradicts the notion that upon hydrogenation of graphene sheet supported on a lattice matched transi-
tion metal substrates a uniform H adsorption pattern will be formed. Furthermore we find that the electronic and magnetic
properties at the interface of semihydrogenated graphene and metal surface show variation with H adsorption patterns. This
makes the study of hydrogenated graphene on transition metal surfaces more intriguing and important from the point of view
of using the interface as a device. Of all structures studied in this paper we find that only uniform graphone on Cu(111) sur-

face shows higher possibility for spin polarized conduction at the interface.
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1. Introduction

Chemical modifications through hydrogenation of
graphene is one of the most popular ways to alter its proper-
ties. First principles study by Zhou et al.! predicted that a
freestanding uniformly semihydrogenated graphene sheet
(UGrH) is ferromagnetic. However, it is highly unstable due
to the sublattice imbalance induced in the graphene sheet.
The sublattice imbalance is defined as, n =N, — NB’ where
N, and N are number of C atoms at sublattices o and 3 in
graphene respectively, to which the adsorbing species binds.
Zero sublattice imbalance implies = 0. It is observed that
the sublattice imbalance is minimized, and hence stability is
enhanced, when H atoms are absorbed in a more closed
packed pattern on the graphene sheet?3. Clustering of H

was observed experimentally using scanning tunnelling mi-
croscopy (STM) studies at both low and high H exposures
on the epitaxial graphene sheet supported on SiC substrate®.
Different first principles studies, through simulations of diffu-
sion of atomic H from the UGrH structure, were able to pre-
dict H adsorption patterns of GrH with zero chemical imbal-
ance, that are found to be more stable than UGrH. Feng et
al.? predicted a rectangular arrangement (RGrH) while
Sljivancanin et al.% suggested a zigzag arrangement (ZGrH)
of H atoms on the semihydrogenated graphene sheet. Hence
it would be interesting to explore whether there are other
possible H adsorption patterns with n = 0 and whether there
is ground state structure for freestanding semihydrogenated
graphene.
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Another way to reduce the sublattice imbalance is to syn-
thesize GrH on a substrate like transition metal (TM) sur-
faces. The interaction of graphene divides TM surfaces into
two groups: (i) metal surfaces on which graphene is chemi-
sorbed like Ni, Co, Rh, Ru and (ii) metal surfaces on which
graphene is physiorbed like Cu, Au, Ag, Ir, Pt’~%. Further-
more each groups can be further divided into subgroups: (1)
the metal surfaces with lattice parameter in close agreement
with that of graphene (2.46 A) like Ni(111) (2.49 A), Co(0001)
and Co(111) (2.51 A) from group (i) and Cu (2.6 A) from group
(i) and (2) the metal surface which have large lattice mis-
match with graphene [for example Rh(0001) and Ru(111)
from group (i) and (111) surfaces of Ir, Pt, Au from group (ii)].
On lattice mismatched metal surfaces it is observed that
between two successive top-site C atoms along the lattice
vectors of the metal surface the positions of the C atoms
vary continuously from top site to bridge site to top site. The
top site is defined as when the C atom sits right atop of the
surface metal atom while bridge site is defined when the C-
C bond is on the top or hollow site of the metal surface. The
relative change in the position of C atoms causes periodic
buckling in graphene sheet such that some portions of the
graphene sheet show binding to metal substrate while some
do not. The hydrogenation pattern on the supported graphene
sheet is observed to be sensitive to the interaction of epi-
taxial graphene with its substrate. For example High Resolu-
tion Electron Energy Loss Spectroscopy (HREELS) studies
of Kyhl et al.! have shown that the graphane-like structures
are formed where the carbon atoms in the graphene sheet
interact strongly with the Ir(111) substrate, while dimer for-
mation is observed at other sites that show weaker interac-
tions. Further the degree of hydrogen uptake also varies
depending on the substrate. For example, Son et al.!! found
that uptake of hydrogen is reduced by 50% when the
graphene sheet is on hexagonal boron nitride (almost lattice
matched with graphene) compared to that observed when
the supportis silicon or molybdenum disulphide (MoS,). Simi-
larly, among TM surfaces, graphene supported on lattice-
mismatched Ir(111) and Pt(111) show large hydrogen uptake
of around 67% and 50%'2. In contrast, on commensurate
Ni(111) surface, it is observed that the H uptake on graphene
is only 17%2. Only recently Zhao et al.'® have shown from
their combined study using X-ray Photoelectron Spectros-
copy (XPS) measurements and density functional theory
(DFT) calculations that graphene sheet supported on Ni(111)
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surface can show an uptake of 50% H resulting in GrH. Based
on their DFT studies they concluded that the adsorbed hy-
drogen form an uniform adsorption pattern, i.e. UGrH. The
pattern formation observed upon H adsorption on the
graphene sheet supported on surfaces of TM such as Ir and
Pt are driven by the strain that the graphene sheet experi-
ences due to lattice mismatch. However, on surface of TM
like Ni, Co and Cu the C atoms of the graphene sheet is in
registry with the substrate and there is negligible strain on
graphene. On lattice matched surfaces the most stable con-
figuration of graphene is where one of the C sublattice is on
top of the metal atoms while the second one is at a hollow
site’4-16. Based on the concept of sublattice imbalance, it is
natural to expect that the adsorbed H atoms form a uniform
pattern, i.e. they bind only to the C atoms that are in registry
with the hollow site of the metal surface. However, this gives
rise to a set of questions such as (1) What happens to the
other adsorption patterns, namely the ZGrH and RGrH, that
were more stable compared to UGrH for the free standing
GrH? (b) Can these or some other novel H adsorption pat-
terns be stabilized for graphene on these substrates and if
so, how their properties are affected because of the interac-
tion with the substrates?

To find answers to these questions, we have investigated
the relative thermodynamic stability and properties of
semihydrogenated graphene with different H adsorption pat-
terns on three transition metal surface, namely Ni(111) and
Co(111) from group (i) and Cu(111) from group (ii). The rest
of the paper is organized as follows. The details of the com-
putational methods used in our study are given in Section 2.
Then in Section 3 we present and discuss our results, first
on freestanding and then on TM surface-supported
semihydrogenated graphene. We also compare our results
with the XPS measurements reported by Zhao et al.'3. Fi-
nally, we summarize our results and conclude in Section 4

2. Computational method

We have performed ab initio spin polarized DFT calcula-
tions using plane-wave based Quantum ESPRESSO soft-
ware'7 for investigating semihydrogenation of freestanding
graphene and graphene supported on Ni(111), Co(111) and
Cu(111) surfaces. The electron-ion interactions have been
treated with ultrasoft pseudopotentials'® that are available
on Quantum ESPRESSO website'®. The pseudopotentials
have been generated using Rappe Rabe Kaxiras
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Joannopoulos (RRKJ) method20. The valence configurations
used for the generation of pseudopotentials for C, H, Ni, Co
and Cu are [He]2s? 2p2, 1s', [Ar]ds’ 3d° , [Arj4s’ 3d® and
[Ar]ds’ 3d"0, respectively. The kinetic energy cutoffs for
wavefunction and charge density used for the calculation in
freestanding condition are 35 Ry and 280 Ry, respectively,
those on Ni(111) and Cu(111) surface are 35 Ry and 360 Ry,
respectively and those on Co(111) surface are 40 Ry and
320 Ry. The electron-electron exchange-correlation poten-
tial is described by Perdew, Burke and Ernzerhof parametri-
zation which uses the generalized gradient approximation?”.
The Brillouin zone integrations are performed on a 12x12x1
Monkhorst Pack shifted k-point grid per (1x1) unit cell of
graphene23. For speeding up the calculations we have used
Marzari-Vanderbilt smearing?? of widths 0.003 Ry and 0.01
Ry for the freestanding and supported semihydrogenated
graphene, respectively.

Further we have tested the pseudopotentials by comput-
ing the following quantities: We have obtained the lattice
parameter of Ni bulk to be 3.52 A with magnetic moment of
0.64ug per Ni atom; lattice parameter of Co bulk to be 2.50
A and c/a ratio of around 1.55 with magnetic moment of
1.69ug per Co atom; lattice parameter of Cu bulk to be 3.67
A. For freestanding graphene, we have obtained the lattice
parameter of 2.46 A with C-C bond length of 1.43 A. These
preliminary results for TM bulk and pristine graphene are in
excellent agreement with the previous reports'-2%. Upon uni-
formly semihydrogenating graphene the sheet becomes
buckled with the hydrogenated carbon moving out-of-plane.
The buckling is obtained of around 0.32 A, the C-C bond
length increases to 1.50 A and the C-H bond length is about
1.15 A. The graphene sheet becomes ferromagnetic semi-
conductor with total magnetization of 1ug/(1x1) unit cell,
which is majorly contributed by the unhydrogenated carbon
atom, and an indirect bandgap of around 0.68 eV. These
results for the uniformly semihydrogenated graphene or
graphone are in perfect agreement with those reported by
Zhou et al..

Uniform graphone can be modeled in 1x1 hexagonal cell
while zigzag, rectangular and armchair requires supercell of
size 1x2, 2x1 and 2x2, respectively. In order to investigate
all the different H adsorption patterns in the same size of cell
we have modeled the graphene sheet in an orthorhombic
unit cell whose optimized lattice parameters are a = 4.27 A

Table 1. The cell parameters of freestanding semihydrogenated
graphene sheet in different H adsorption patterns and transition
metal surfaces

Structure Cell parameter (A)

a b
Gr 427 493
UGrH 4.38 5.06
RGrH 428 5.09
ZGrH 4.29 5.00
AGrH 4.28 4.85
Ni(111) 4.32 498
Co(111) 4.35 5.02
Cu(111) 4.50 519

and b = 4.93 A. Each unit cell contains 8 carbon atoms. The
cell parameters are further optimized upon semihydro-
genating the graphene sheet with different H adsorption pat-
terns which are given in Table 1. On a substrate, the lattice
parameter of graphene will be determined by that of the sub-
strate. Hence, the semihydrogenated graphene supported
on TM surfaces is modeled in the orthorhombic unit cell of (i)
Ni(111) surface lattice with a = 4.32 A and b = 4.98 A: (ii)
Co(111) surface lattice with @ = 4.35 A and b = 5.02 A and
(iii) Cu(111) surface lattice with a = 4.50 A and b = 5.19 A.
The slab of (111) surface of Ni, Co and Cu are asymmetric
and consist of 6, 7, 6 layers, respectively, of which bottom 3
layers are kept fixed at the bulk interplanar distance while
the top 3 layers are relaxed. The periodic images of pristine
graphene and clean TM surfaces in the direction perpen-
dicular to the surface are separated by a vacuum of 12 A
thickness to minimize the spurious interaction between them.
The interaction between TM surface and graphene is weak
chemisorption in case of Ni(111) and Co(111) while
physiorption in case of Cu(111) surface. Therefore for ob-
taining the TM-C interaction correctly at the interface one
needs to consider the dispersion interaction between the two
surfaces, which otherwise is not included in the DFT based
calculations'8. For this purpose we have used Grimme’s van
der Waals dispersion (DFT-D2) correction in all our calcula-
tions for the supported semihydrogenated graphene?*:25. We
have checked the validation of the DFT-D2 correction for the
case of Ni(111)/graphene interface which is widely studied in
comparison with Co(111)/graphene and Cu(111)/graphene
interfaces, by comparing our results with previous studies
(both experimental and computational) reported in literature.
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We have obtained the binding energy of graphene on Ni(111)
surface (AEg,) to be around -0.17 eV/C atom and the Ni-
graphene distance (dy;.,) to be around 2.1 A, which agrees
well with those reported in other computational as well as
experimental studies. For example, Gamo et al.2” performed
low-energy electron diffraction (LEED) experiments to inves-
tigate atomic structure of graphene on Ni(111) surface and
found dy; g, to be around 2.11£0.07 A that is in excellent
agreement with our computed value. Zhao et al.28 obtained
dyig around 2.2 A and AE, around —0.12 to -0.14 eV us-
ing density functional theory calculations with semiempirical
van der Waals correction developed by Ortmann et al.2°.
Hamada and Otani®® studied graphene supported on differ-
ent metal surfaces using van der Waals density functional
(vdW-DF)3" and its second version, vdW-DF2%2, with ex-
change functional developed by Cooper®3 (C09). Their com-
puted values of AEg, and dy;_g, obtained with vdW-DF C09x
(vdW-DF2 C09x) are around -0.18 (-0.14) eV and 2.06 (2.07)
A, which are in good agreement with those reported by our
calculations'. However when compared with ACDF-RPA
results we find that DFT-D2 overestimates the binding en-
ergy'®. Nonetheless the binding distance is in close agree-
ment.

For semihydrogenated graphene supported on TM sur-
face we have determined core-level shifts in the C 1s states
due to the local environment by calculating the core level
binding energy (AEC) using the following equation:

AEC - EGS_ ECFS (1)

where, E®S and ECFS is the ground state and full core-hole
final state energy of the system, respectively. AE is com-
puted for both, hydrogenated and unhydrogenated carbon
atoms of graphene. The computed binding energies are then
plotted as a Gaussian function, as given by eq. (2), with a
width (o) of 0.5 eV.

(2)

1 ~AEC(j))?
l(8)=52j=1,/\/C exp{(8 2><52(j)) }
where, I(e) is intensity at energy e of the incident X-ray. N, is
the number of carbon atoms whose core level binding en-
ergy is calculated. In the pseudopotential based calculations
the information regarding the energies of the core states is
not available. Therefore the absolute values of computed

and experimental binding energies do not match. Hence we
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have compared the differences in binding energies of hydro-
genated and unhydrogenated carbon atoms obtained from
our calculation with that obtained from the experimental study.
For the calculation of system with corehole we have used
full corehole norm-conserving pseudopotential for the excited
carbon atom in order to describe the electron-ion interaction.
The pseudopotential with a hole in the 1s core state for C is
also taken from the Quantum ESPRESSO website'®. This
pseudopotential had been generated using the Troullier-
Martin method34. The electronic configuration used for the
generation of this pseudopotential is 7s' 252 2p19. The ki-
netic energy cutoff for wavefunction is increased to 65 Ry.
The separation between the periodic images of the C atoms
with corehole is around 4.38 A and 5.06 A along the a and b
directions. On increasing the separation to around 7.59 A
(by using a 3x3 hexagonal cell) the core level shifts change
by about 0.1 eV, with respect to the previous case with a
smaller separation between the periodic images. We note
that these changes are smaller than the differences in the
binding energy of the C 1s electron between the hydroge-
nated and unhydrogenated C atoms. Therefore all calcula-
tions with corehole are performed with the smaller separa-
tion between the core-hole atoms.

3. Results and discussion

(I) Determining stable structure of freestanding
semihydrogenated graphene

In pristine graphene sheet the unbalanced p, electrons
on every carbon atom form a mt-rt bonding network. The elec-
tronic structure of graphene shows that the occupied bond-
ing and unoccupied anti-bonding states of these p, electrons
cross each other exactly at the Fermi energy. Thus the
bandstructure of graphene shows zero bandgap with zero
density of states at the Fermi energy®®. The rt-network is
however broken locally upon adsorption of H atom. As a re-
sult new C-p, state emerges near Fermi energy which be-
longs to the carbon atoms that are in close vicinity of the

hydrogenated carbon atoms. éljivanéanin et al.2 demon-
strated from their first principles study of H dimer on graphite
surface that the second H atom adsorbs selectively at a site,
neighboring to the first hydrogenation site, with highest local
density of states near the Fermi energy. An increase in the
local density of states is a consequence of increased charge
localization on the carbon atom due to breaking of the mt-1t
bond upon hydrogenation. Therefore the unhydrogenated C
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atoms closest to the hydrogenated C will show greater charge
localization and hence will be more reactive. Thus we ob-
serve that the adsorbed H is present in a closed-packed ar-
rangement rather than in scattered or dispersed patterns on
grapheneZ?. In the present study we make use of this site
selectivity of adsorbing H atom to determine the lowest en-
ergy structure of the semihydrogenated freestanding
graphene. For this purpose we hydrogenate one carbon atom
at a time in an orthorhombic unit cell containing 8 C atoms
(Fig. 1 (a)). For each hydrogenation step we have determined
the charge localization (An(r)) on unhydrogenated C atoms
so as to find out the next preferable H adsorption site. The
charge localization is determined using the following equa-
tion:

An(r) = nf{, (1) = n}3, (1) = ny (3)
Ineq.(3), nXH_Gr is the total charge density of graphene sheet
with X number of H adsorbed (XH-Gr), "\, ¢, is the total
charge density of graphene sheet with one H atom less than
in XH-Gr but in the same geometry as XH-Gr and nH is the
charge density of H atom(s) in the same unit cell as that of

the hydrogenated graphene sheet. X takes the minimum value
of 1 and maximum value of 4, which corresponds to a mini-
mum H coverage of 0.125 ML and a maximum H coverage
of 0.5 ML H on graphene sheet respectively. In the begin-
ning hydrogen is adsorbed at C4, on sublattice o, which gives
rise to a non-zero sublattice imbalance. The charge transfer
shows that the charge localizes on the neighboring carbon
atoms, C,, C, and Cg of sublattice 3 as shown in Fig. 1(b).
We notice that C,, and Cg are equivalent with respect to their
local environment and thus they show equal charge localiza-
tion, which we have confirmed from the exactly same contri-
bution to the density of states (DOS) from these two C at-
oms near the Fermi energy (in Fig. 1(f)). Therefore hydroge-
nating either of these two carbon atoms is thermodynami-
cally equivalent. Unlike C, and Cg, C, has a diagonally op-
posite hydrogenated carbon atom. So hydrogenating C, will
form a more denser H cluster than that formed by hydroge-
nating C, or Cg. Hence we find that C, shows slightly greater
charge localization relative to C, and Cg as shown by the
projected DOS in Fig. 1(f). As a consequence hydrogenating
C, is energetically more favourable (by 0.72 eV) than hydro-

() I o EER ) - Kc) den C) S (e f
fj': 32 H t3’ 2 1 ’\ ’ 3 @.q\_ A NS ’is . @»
3 i @ @ |9 v e | 1@ ~
L 9 X
H,.nsz __ﬁ_ﬁli 8 . 5@ 5 @ 5 8 _&—?
o« T —d Sy D€ w D 6 m nl @ A
—C y \}-‘ (..lw__":'“'; " ‘___
- O - P
s g ‘ m_ S m »
U] — T T T
A
il
il
0.5 N Wi
" ¥ U
] I I
g 0 1
1
[
-0.5] M [
1 ;
-1F 1 I
4 L L l 3 " il
4 3 -2 -1 0 l 2 ) T 2 I 0 I 2
e (eV) e, _(eV)

Fig. 1. (a) Structure of freestanding graphene sheet. The black dashed box denotes the orthorhombic unit cell. (b, ¢, d) Structure (in panel [I])
and charge transfer plot (in panel [Il]) for hydrogenated graphene with one, two and three H atoms in the orthorhombic unit cel of
graphene, respectively. Charge transfer is determined using eq. (3). The red and blue isosurfaces show accumulation and depletion of
charge, respectively. (e) Optimised structure of hydrogenated graphene sheet with four H atoms in the orthorhombic unit cell. (f, g) DOS
for C atoms in structures (b) and (d), respectively. In this and the subsequent figures the C and H atoms are denoted by orange and clue

colored spheres, respectively.
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genating C, or C. By taking into account the periodic bound-
ary conditions, we find that the structure in Fig. 1(c) is similar
to that reported for H trimer on graphene3. On adding the
second H at C, the chemical imbalance within the graphene
lattice is nullified. With H adsorbed at C; the second H
adsorbed on C, give rise to charge localization on C5 and Cy
(Fig. 1(c) [ll]). C5 and C5 are equivalent with respect to their
local environment and hence hydrogenating either of them
amounts to equal thermodynamic stability. So we add the
third H in the unit cell at C5 and we find that the charge local-
izes on Cg and Cg, as shown in Fig. 1(d) [ll]. Cg has two
neighboring hydrogenated C while C4 has only one. There-
fore similar to the case of adsorption of the second H atom
we find that hydrogenating Cg is more favorable (by around
0.80 eV) because it forms a more compact H cluster on the
graphene sheet than that formed upon hydrogenating Cg.
Consistently we find from the DOS of C g-2p that the charge
accumulation is greater on Cgq than that on Cg (Fig. 1(g)).
Thus we add the fourth and the last H on Cq. We do not add
any more H atoms as we are only interested in studying the
hydrogenation of graphene at 0.5 ML H coverage.

An important observation to note here is that every new
H atom that is added in the cell is adsorbed on a different
sublattice than in the previous step. This shows that the
chemical imbalance majorly governs the site selective ad-
sorption of H on graphene. The charge redistribution guides
us to the lowest energy structure of semihydrogenated
graphene which is shown in Fig. 1(e). The hydrogenation
pattern in this lowest energy structure form strips of hydro-
gen atoms along the armchair direction of the graphene sheet.
Therefore we call this structure as armchair graphone (AGrH)
consistent with other nomenclature like rectangular graphone
(RGrH)® and zigzag graphone (ZGrH)®. Further we have com-
pared the stability of AGrH with the other three earlier re-
ported semihydrogenated graphene structures (GrH, RGrH
and ZGrH) by determining the binding energy of H, AE,
using the following equation:

(Egrm = Egr—#xEn)

AE, = . (4)

The first (Eg, ) and second (Eg,) terms on the right hand
side (RHS) of eq. (4) are the total energies of hydrogenated
and pristine graphene sheet in freestanding condition, re-
spectively. The third term (Ep) is the total energy of an iso-

938

lated H atom. A is the unit cell area of the hydrogenated
graphene sheet. We find that the hydrogen atoms bind stron-
gest on graphene sheet in AGrH with AE, of around -0.30
eV/A2. In RGrH and Z-GrH AE,, is around -0.28 eV/A? and
that in UGrH is around —0.12 eV/A2. We have shown the
optimized structures of all the four semihydrogenated
graphene sheets in Fig. 2. A more detailed comparison of
the stability and properties of freestanding semihydrogenated
graphene in the four H adsorption patterns are included in
the supported information.
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Fig. 2. (a)-(d) Side and top-view geometry of the uniform, rectangu-

lar, zigzag and armchair hydrogen patterns on the graphene
sheet, respectively. The black dotted box is the orthorhombic
cell containing 8 C atoms. The distances displayed in the fig-
ures are in angstrom units.

(l) Semihydrogenated graphene supported on TM sur-
face

(A) Structure and electronic properties:

We have next studied semihydrogenation of graphene
sheet supported on three transition metal surfaces, namely
Ni(111) and Co(111) surfaces, on which the epitaxial graphene
sheet is found to be chemisorbed and Cu(111) surface which
physisorbs the epitaxial graphene sheet. From Ni(111) to
Co(111) to Cu(111) surfaces the strain on the epitaxial
graphene increases as 1.2%, 2.0% and 5.7%, respectively.
By comparing the lattice parameters of semihydrogenated
graphene in different H adsorption patterns and the three
TM surfaces we find that the strain on semihydrogenated
graphene remains trifling when supported on Ni(111) and
Co(111) surfaces while it is significant when on Cu(111) sur-
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face. The lattice parameters of the four freestanding
semihydrogenated graphene and the three transition metal
surfaces are given in Table 1. On Ni(111) surface we find
that all four H patterns are equally stable with binding energy
of H (AESUPP) around -0.39 eV/AZ. On Co(111) surface AGrH
and ZGrH are equally stable with AES"PP of around -0.37
eV/A2, RGrH on Co(111) is slightly more stable with AES|PP
around -0.38 eV/AZ while UGrH shows less stability with
AESUPP around -0.36 eV/AZ. Similarly on Cu(111) surface
AGrH and ZGrH again show equal stability (AES"PP = -0.34
eV/A2); RGrH is most stable (AES'PP around -0.37 eV/A?)
and UGrH is least stable (AESUPP = 0.33 eV/A%). AES"PP s
determined using an equation analogous to that of eq. (4)
where Eg,q and Eg, on the RHS are replaced with total en-
ergies of semihydrogenated graphene (Eqpg,n) and pris-
tine graphene (Etyy ) on TM surface, respectively. Even
though the stability of all four structures on Ni(111) surface
are equal the sites occupied by the C atoms in each struc-
ture are different. Similarly different configurations of
semihydrogenated graphene for different H adsorption pat-
terns are observed on Co(111) and Cu(111) surfaces. The
top and side view of the relaxed structures of the
semihydrogenated graphene on Ni(111), Co(111) and Cu(111)
are shown in Figs. 3, 4 and 5, respectively. The UGrH on all
three TM surfaces takes the top-fcc configuration in which
the hydrogenated (unhydrogenated) C is at the fcc (top) site.
This is consistent with our earlier study on uniform graphone
supported on Ni(111) and Co(111)"415, Next RGrH takes the
bridge-top configuration on all the three TM surfaces. The
bridge-top configuration is formed when one C is at the bridge
between fcc and top sites while the other one is at the bridge
between hcp and top sites. Thus the C-C bonds lie above
the surface TM atom. Bridge-top configuration is found to be
equally stable to top-fcc configuration for clean graphene
sheet on Ni(111)28. In RGrH the C-C bond over the top-site
is between the same kind of carbon atoms, i.e. both are ei-
ther unhydrogenated or hydrogenated. Next, ZGrH on Ni(111)
surface takes the bridge-top configuration such that the C-C
bond over the top-site is between one unhydrogenated C
and one hydrogenated C. A different structure is obtained for
ZGrH on Co(111) and Cu(111) where the carbon atoms are
laterally shifted by 0.4-0.5 A from the top sites and 0.3-0.4
A from fec sites. Hence we have named the configuration as

(a) U-GrH

.\

.
..
L
>
-

(c)Z-GrH

Fig. 3. Topview (in top panel) and side-view (in bottom panel) of con-
figurations of uniformly hydrogenated graphone (UGrH) (a),
rectangular graphone (RGrH) (b), zigzag graphone (c) and
armchair graphone (d) on Ni(111) surface. In top-view the big-
ger dark (brown) colored atoms are surface Ni atoms and lighter
ones are the Ni atoms that resides below the surface. The
blue rectangular box denotes the unit cell. The distances shown
in side-view figures are in angstrom units.

shifted-top-fcc configuration. AGrH on Co(111) takes bridge-
top configuration while on Ni(111) and Cu(111) the C atoms
are present in shifted-top-fcc configuration. The lateral shift
in the C atoms with respect to Ni (Cu) atoms at the top-sites
is around 0.3 (0.3-0.4) A while at fcc-sites is around 0.3-0.4
(0.5-0.6) A in AGrH on Ni(111) (Cu(111)) surface.

At this point few questions arise: (a) First question is how
is it that on Ni(111) surface alone all the hydrogenation pat-
terns on the semihydrogenated graphene, including UGrH,
are equally stable? (b) Next question is why are the four
semihydrogenated graphene structures present in different
configurations on the TM surfaces? (c) Further among the
four stable patterns only UGrH structure on Ni(111) surface
was recognised experimentally using XPS measurements.
Why were there no signatures of other H adsorption pattern
in the XPS studies'3.? To answer the first question we have
decomposed the AES'PP into its constituent energy terms, in
the following equations. The competing energy terms are (1)
interaction energy (E™) which is the sum of C-H interaction
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(a)u-grH H3

Fig. 4. Topveiw (in top panel) and side-view (in bottom panel) of con-
figurations of uniformly hydrogenated graphone (UGrH) (a),
rectangular graphone (R-GrH) (b), zigzag graphone (Z-GrH)
and (c) armchair graphone (A-GrH) (d) on Co(111). In top-
view the bigger dark (blue) colored atoms are surface Co at-
oms and lighter ones are the Co atoms that reside below the
surface. The red rectangular box denotes the unit cell. The
distances shown in side-view figures are in A.

energy (Eg‘:_H)and H-H interaction energy (E M) and (2)
strain energy (ES™" ).
g [ el | 2 5

(E o ) first term in the RHS of eq. (5) is given by,

; E —E" —F
int _ =TMI/GrH TM/Gr 4H
g, - Emwen—E ®

where, Eqyygn I8 the total energy of the combined system.
The second (third) term in eq. (6), E'ryyar (E'sn), is the total
energy of graphene on TM surface (H atoms) obtained by
removing the H (graphene and TM substrate) atoms from

the optimised geometry of the combined system. (E ,T_‘H ) is

the second term in eq. (5) which is evaluated with the follow-
ing equation.

it Eap—MxEy
G 7)

940

(c)z-GrH k¥

Fig. 5. Topveiw (in top panel) and side-view (in bottom panel) of con-
figurations of uniformly hydrogenated graphone (UGrH) (a),
rectangular graphone (R-GrH) (b), zigzag graphone (Z-GrH)
(c) and armchair graphone (A-GrH) (d) on Cu(111). In top-
view the bigger dark (red) colored atoms are surface Co at-
oms and lighter ones are the Cu atoms that reside below the
surface. The blue rectangular box denotes the unit cell. The
distances shown in side-view figures are in angstrom units.

E’ 4 is same as defined in eq. (6) and E is the energy of a

single isolated H atom. The last term in eq. (5) (E étrrai") cor-

responds to the strain arising in epitaxial graphene on TM
surface due to change in its geometry upon hydrogenation.
It is determined by the difference between the energy of
graphene on TM surface when present in the same geom-
etry as in the combined system (E'ys,) and total energy of
completely relaxed pristine graphene on TM surface
(Etmiar)- @s given below in eq. (8):

Eétrrain _ E/TM/Gr ;ETM/Gr (8)
Fig. 6 shows bar plot of AESPP for different semihydro-
genated structures on the three TM surfaces along with the

contribution of the two competing energy terms. We note
that £ is highly dominating over ES™" and thus
semihydrogenated graphene is stable on all three TM sur-
faces. On Ni(111) surface both EM and ES™" shows the

following trend among the four semihydrogenated structures:
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—Ni(111)

== Co(111) ===Cu(111)

pp— sem sssdesdans

U-GrH R-GrH 7Z-GrH A-GrH

Fig. 6. (a) Strain energy, (b) interaction energy and (c) binding en-
ergy of H on graphene supported on Ni(111) (black), Co(111)
(red) and Cu(111) (blue) surfaces.

ZGrH > UGrH = AGrH > RGrH. Moreover we note that the
difference in the net energy gain by the system (i.e. change

in £M) is compensated exactly by the difference in the en-

ergy cost by the system (change in £ étrrai") as we move from

one structure to other on Ni(111) surface, thereby making all
the patterns equally favorable. On Co(111) as well as on
Cu(111) surfaces the trends observed for Eétrrai” are differ-
ent from that for £M On Co(111) surface trends in EM and
(") are ZGrH > RGrH = AGrH > UGrH and ZGrH > AGIH

= UGrH > RGrH, respectively. ZGrH on Co(111) surface
shows largest E™ (~0.61 eV/A?) while UGrH has the least (-
0.58 eV/A2). RGrH and AGrH has equal £™ (-0.59 eV/A2)
which is less than that in ZGrH. Though ZGrH on Co(111)
surface has largest £M but it also has largest Eg‘{ai” (0.24
eV/A?) resulting in -0.37 eV/A? of AESPP which equal to
that in AGrH on Co(111). Both UGrH and AGrH on Co(111)
shows 0.02 eV/A? smaller £ 3" than ZGrH on Co(111) sur-
face. But since EM in UGrH is less than that in AGrH on
Co(111) by about 0.01 eV/A? the resultant AES'PP is larger
inAGrH (=0.37 eV/A2) than in UGrH (~0.36 eV/A2) on Co(111)
surface. The least ES™" is observed in RGrH (0.21 eV/A?)

resulting in largest AESUPP of about —0.38 eV/AZ, On Cu(111)
we find the trend in £™ as RGrH = AGrH > ZGrH > UGrH and

thatin E3%" as UGrH = ZGrH = AGrH > RGrH. RGrH shows

largest EM (-0.53 eV/A?) and smallest ES™" (0.17 eV/A2)
which makes it the most stable structure. The remaining three
structures show equal strain of around 0.18 eV/A2. Thus their
relative stability is decided by £™. AGrH has equal EM as in
RGrH on Cu(111) thus it has second largest AES"PP around
-0.35 eV/A2, E"in ZGrH and UGrH is around -0.52 eV/A?
and -0.51 eV/A? which results in AESUPP of around -0.34
eV/AZ and -0.33 eV/AZ, respectively.

For addressing the second question we have evaluated
interaction energy between TM surface and epitaxial
graphene sheet when it is clean and when it is semihydro-
genated in different H adsorption patterns. The TM-Gr inter-

action energy (EiT”,‘w_Gr) is determined using eq. (10)

i E- —ETm—E¢
E'llpl\t/I-Grz TMIGr/H ATM Gr/H (9)

where, the terms in the RHS are the total energies of
semihydrogenated graphene on TM surface, the clean TM
surface and the freestanding semihydrogenated graphene
sheet, all calculated using their respective geometries as in
the semihydrogenated graphene supported on TM surfaces.
For the system of clean graphene on TM surface the first
and third term in eq. (10) are replaced with total energy of
clean graphene on TM surface and total energy of freestand-
ing graphene. EX . for different systems are listed in Table
2. As freestanding UGrH (AGrH) is highly unstable (stable)

: int
we find that £}, .

all three TM surface. AES'PP has direct dependence on

is stronger (weaker) for UGrH (AGrH) on

E int

T Which is shown in eq. (11).

int ' rint strain int
Etmer = AEH - ETM-Gr] +Eg +Epy

A

AE'jupp =[ (10)

Table 2. Interaction energy of graphene (column 2) and
semihydrogenated graphene in different H adsorption patterns
(columns 3-6) with its transition metal substrates in eV/A2

Substrate Gr UGrH RGrH ZGrH AGrH
Ni(111) -0.06 -0.34 -0.20 -0.22 -0.19
Co(111) -0.08 -0.32 -0.20 -0.19 -0.17
Cu(111) -0.03 -0.21 -0.11 -0.09 -0.09

941



J. Indian Chem. Soc., Vol. 96, July 2019

AE’ and EiT”,\t/I_Gr are binding energy of H in freestanding

semihydrogenated graphene when it has the same geom-
etry as on TM surface and interaction energy of clean
graphene sheet and TM surface when the system of epi-
taxial graphene on TM surface is in the same geometry as
when semihydrogenated. The rest of the terms are defined

earlier in this paper (EZ™" in eq. (8) and {7}, in eq. (7).
Note that the first three terms in eq. (11), included within
square brackets, amounts to Eg‘:_H which is defined in eq.

(6). Thus stronger EX, . strongeris £t and more is the

stability of semihydrogenated structure (or larger AE % ).
Hence the direct dependence of stability of semihydrogenated

graphene on TM surface on Eiantw-Gr suggests that the role of

substrate is to stabilise the unhydro-genated C. The C-H in-
teraction energy in freestanding semihydrogenated graphene
is givenin Fig. 1 of the Supporting information which is weaker
than that when the semihydrogenated graphene sheet is
supported on TM surfaces. In order to achieve maximum
stability of the unhydrogenated C the semihydrogenated
graphene sheet chooses different configurations on the TM
surfaces. Thus the semihydrogenated graphene with uniform
H pattern stabilises in top-fcc configuration even when we
start with bridge-top configuration on Ni(111) surface. Simi-
larly ZGrH and AGrH on Ni(111) moves to bridge-top and
shifted-top-fcc configuration from the initial top-fcc configu-
ration. We were able to optimise AGrH on Ni(111) in bridge-
top configuration however, it shows higher total energy than
shifted-top-fcc configuration by 108 meV. RGrH also chooses
bridge-top configuration over top-fcc configuration by about
72 meV of energy. In the same manner we obtain different
configurations of different semihydrogenated graphene sheet
on Co(111) and Cu(111) surfaces. We further note that un-
like UGrH and RGrH structures, AGrH and ZGrH structures
does not show same configuration as we change the under-
lying substrate. For explaining this observation we have cal-
culated strain energy in the semihydrogenated graphene
sheet when it is freestanding but in the same geometry as it
is on the TM surfaces. The strain energy is calculated by
taking the difference between total energies of freestanding
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semihydrogenated graphene when it is in the same geom-
etry as on TM surface and when it is completely relaxed. We
find that for both, UGrH and RGrH, the strain energy remains
more or less constant on all three TM surfaces to 0.03 eV/A2
and 0.04 eV/A2, respectively. Therefore for these two H pat-
terns we do not observe change in their configurations with
different metal substrates. For ZGrH the strain energy on
Co(111) and Cu(111) surfaces are equal and around 0.03
eV/AZ while it is higher on Ni(111) surface which is around
0.05 eV/A2. Thus on Co(111) and Cu(111) surfaces ZGrH
chooses same configuration (shifted-top-fcc) while on Ni(111)
surface it settles in a different configuration (bridge-top). Simi-
larly for AGrH strain energy is higher when placed on Ni(111)
surface (0.04 eV/A2) and Cu(111) surface (0.05 eV/A?) than
when placed on Co(111) surface (0.02 eV/A2). Therefore on
Ni(111) and Cu(111) surfaces AGrH is present in shifted-top-
fcc configuration while on Co(111) surface it is present in
bridge-top configuration.

In order to address the last question we have compu-
tationally determined the core-level shifts for C 1s of
unhydrogenated and hydrogenated C in all the Ni(111) sur-
face-supported structures and have compared with the ex-
perimental C 1s spectra reported by Zhao et al.'® for
semihydrogenated graphene on Ni(111) surface. In Fig. 7

| & =

U-GrH_C

U-GrH_HC 1
== R-GrH_C

=]
T

Intensity
I

— AGrH_HC |
s Expi_C
s Expi_HC

L]
LI

%% 286 84 282 280
Binding energy (eV)

Fig. 7. Corelevel shifts of C 1s of the unhydrogenated carbon (C) and
hydrogenated carbon (HC) in the semihydrogenated graphene
sheet supported on Ni(111) surface. The dotted and solid
curves corresponds to C and HC, respectively. The peaks are
shifted with respect to the experimental peak of the
unhydrogenated C atom at 284.96 eV. The experimental data
is obtained from the XPS studies performed by Zhao et al."3.
The difference in the binding energy are noted above the plot.
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we have shown the C 7s spectra of hydrogenated and
unhydrogenated carbon atoms with dashed and continuous
lines, respectively. The plots for all the four structures are
shifted so as to align the peaks corresponding to the
unhydrogenated carbon atoms obtained from our study with
the peak for unhydrogenated carbon atoms obtained from
the experimental measurement at 284.96 eV by Zhao et al.™®.
The spectra obtained for all the four structures from our cal-
culations match quite well with the experimental one. The
area under the peaks corresponding to the unhydrogenated
carbon atom and hydrogenated carbon atom are equal im-
plying that the hydrogen coverage is 0.5 ML. Also the spec-
tra for all four Ni(111)/HGr structures closely follow each other
which is consistent with our result that the four semihydro-
genated structures on Ni(111) surface are equally favourable.
The small differences in the corelevel shifts (0.01-0.05 eV)
due to change in the H adsorption patterns of the
semihydrogenated graphene are quite smaller than the ex-
perimental resolution (0.2 eV) and hence probably are not
detected. Similar corelevel shifts were determined for struc-
tures on Co(111) and Cu(111) surfaces. However since XPS
studies on semihydrogenated graphene supported on Co(111)
and Cu(111) surfaces has not been reported we are unable
to make any comparisons of our results on these surfaces
with those from experiments. The corresponding corelevel
shift plots of semihydrogenated graphene on Co(111) and
Cu(111) are shown in Figs. 4(a) and 4(b) of the Supporting
information. Where for the Ni surface we find that CLS vary
between 0.72-0.77 eV, for Co(111) they vary between 0.7 to
0.85 eV and for Cu(111) they vary between 0.96 to 1.15 eV.
Thus again it will be difficult to discern different H adsorption
patterns on Co(111) as well as Cu(111) surfaces if the reso-
lution is set to 0.2 eV in the XPS measurements. Though not
discernible from XPS measurements our study shows that
each structure displays different interfacial electronic and
magnetic properties. From Figs. 3, 4 and 5 we observe varia-
tion in the TM-C bondlength suggesting variation in TM-C
interaction (which is calculated above) among different struc-
tures. This variation in TM-C interaction in turn results in varia-
tion of magnetic moments on surface TM and graphene sheet.
In Figs. 8 and 9 we have plotted the average magnetic mo-
ment on surface TM and graphene sheet for the four
semihydrogenated structures supported on TM surfaces,

respectively. Weaker (stronger) is the TM-C bondlength larger
is the magnetic moment on surface TM (C) atoms. In UGrH
on Ni(111) surface the Ni-C bond length is around 1.96 A
which slightly increases to 1.99 A in ZGrH. As a consequence
the magnetic moment on surface Ni in UGrH on Ni(111) sur-
face is around 0.16 u g which is less compared to 0.26 pgin
ZGrH on Ni(111) surface. In case of AGrH on Ni(111) surface
there are two kind of Ni-C bondlengths: (i) one where the
unhydrogenated C is in shifted top site and the Ni-C bond
length is stronger of around 1.94 A and (i) the other where
the unhydrogenated C is in the shifted fcc site with weaker
Ni-C bond length of around 2.15 A. Thus the stronger of the
two interactions result in 0.26 g while the weaker results in
0.40 ug magnetic moment on the surface Ni. Finally in RGrH
only half of the Ni atoms interact with pairs of unhydrogenated
C (Ni-C bondlength = 2.03 A) while the other half has pairs of
hydrogenated C above them. Therefore, those Ni atoms in-
teracting with unhydrogenated C have quenched magnetic
moment of 0.42 ug while the rest of the Ni atoms have a
magnetic moment of 0.64 pp that is closely comparable in
magnitude with what is observed for the clean Ni(111) sur-
face (0.71 ppg). The interaction with surface Ni atoms induces
magnetic moment on unhydrogenated C of the graphene
sheet giving rise to small net magnetic moment which is an
order of magnitude smaller than that of surface Ni atom as
shown in Fig. 8. On Co(111) surface UGrH again shows stron-
ger Co-Cr interaction which results in quenched magnetic
moment on surface Co of around 1.30 pg with respect to
1.78 ngin clean Co(111) surface. In shifted-top-fec configu-
ration of ZGrH structure we find that only half of the surface
Co interacts with the unhydrogenated C resulting in Co-C
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Fig. 8. Net magnetic moment of surface Ni and Co atoms in four
semihydrogenated structures.
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bondlength of around 1.94 A. Therefore half of the surface
Co show quenched magnetic moment of around 1.15 ug
while the remaining Co show larger magnetic moment of
around 1.87 ug. Thus the net magnetic moment of surface
Co in ZGrH on Co(111) is around 1.51 ug. Like on Ni(111)
surface, RGrH on Co(111) is present in bridge-top configura-
tion such that half of the surface Co atoms interact with the
pair of unhydrogenated C making Co-C bondlength of around
2.07 A. Thus half of the surface Co have quenched mag-
netic moment (1.32 ) while the remaining half have larger
magnetic moment (1.82 pg) making the net magnetic mo-
ment on surface Co to be around 1.57 . Similar to RGrH,
AGrH on Co(111) is present in bridge-top configuration with
only half Co atoms interacting with the pair of unhydrogenated
C (Co-C bondlength = 2.05 A) which results in quenched
magnetic moment on surface Co of around 1.18 ug. The
remaining half surface Co have magnetic moment of around
1.84 ug which results in the net magnetic moment on sur-
face Co of around 1.51 . As in the case on Ni(111) we find
weak net magnetic moment on graphene when the semi-
hydrogenated graphene sheets are supported on Co(111).
However on Co(111) surface the induced moment on
graphene is larger than on Ni(111) as also seen from Fig. 9.
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Fig.9. Net magnetic moment on graphene sheet in four
semihydrogenated structures supported on Ni(111) (black) and
Co(111) (red) surfaces.

Unlike Ni and Co surfaces, Cu(111) is non-magnetic. Hence
the three non-magnetic semihydrogenated graphene struc-
tures, namely AGrH, ZGrH and RGrH remains non-magnetic
on Cu(111) while the ferromagnetic structure, UGrH show
magnetic moment of around 0.22 ug on each unhydro-
genated C in the graphene sheet. The surface Cu atoms in
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UGrH on Cu(111) also show weak magnetic moment of
around 0.08 .

Further, we have studied the contribution to the DOS from
atoms at the interface of semihydrogenated graphene and
TM surfaces. In Fig. 10 we have shown the DOS projected
on the d-orbitals of the surface TM and on both hydroge-
nated and unhydrogenated C for all the four structures. We
notice that the supported semihydrogenated graphene in all
four H adsorption patterns show non-zero DOS at Fermilevel,
which arise primarily from the interaction of unhydrogenated
C atoms with the TM substrate. The interaction at the inter-
face causes variation in the density of states of surface TM
atoms with H adsorption patterns. We have quantified this
variation by calculating spin polarization (S) of TM-d using

eq. (9).

D'(er) - D (ef)

S=
D' (er)+ D (ef)

%100 (11)
where, DT (e) is the density of state of spin up/down at
the Fermi energy. The positive (negative) S suggests that
there is density of states from spin up (down) electrons. The
spin polarization of Ni-d in UGrH, RGrH and AGrH are 67.7%,
78.8% and 56.4%, respectively while that in ZGrH is only
9.9%, where we notice both the spin channels heavily con-
tribute in conduction. The interaction with Ni(111) induces
smaller spin polarization, relative to that in Ni-d, in
semihydrogenated graphene sheet which are around 6.3%,
7.8%, —2.5% and 19.7% for UGrH, RGrH, ZGrH and AGrH,
respectively. Similarly spin polarization of Co-d in UGrH
(-68.8%), RGrH (-79.5%), ZGrH (-78.4%) and AGrH
(-71.2%) induces spin polarization in the semihydrogenated
graphene which are around 31.1%, 24.6%, 4.8% and 29.2%.
The spin polarization of semihydrogenated graphene sup-
ported on Co(111) are greater than that of those supported
on Ni(111) surface. However the spin polarization in Co-d
and graphene have opposite sign. Thus interfaces with
Ni(111) and Co(111) surfaces with different semihydro-
genated graphene structures will give rise to weak or non
spin polarized conduction. On Cu(111) structure with uniform
hydrogen pattern show spin polarization of Cu-d (-60.2%)
and semihydrogenated graphene sheet (—61.1%) suggest-
ing much higher possibility of spin polarised conduction than
in structures on Ni(111) and Co(111) surfaces. The states of
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Fig. 10. Projected DOS of surface TM atom (shaded grey), unhydrogenated C (red) and hydrogenated C (blue)in (a, €, iy UGrH, (b, f, j) RGrH, (c,
g, k) ZGrH and (d, h, ) AGrH supported on TM(111) surface. The energies are shifted with respect to vacuum energy. The vertical dashed

line denotes Fermi energy.

the interfacial atoms at remaining three structures on Cu(111)
are non-spin-polarised.

4. Conclusions

We have carried out detailed investigations of semihydro-
genated graphene sheet when freestanding and when sup-
ported on a (111) surfaces of Ni, Co and Cu. Our calcula-
tions suggest that the preferred H adsorption pattern on free
standing graphene is determined by two factors: (a) minimi-
zation of sublattice imbalance and (b) packing of the H at-
oms. Based on these two factors we have identified the arm-

chair graphone as the most stable configuration for the
semihydrogenated freestanding graphene. Further, upon
semihydrogenating the graphene sheet on a Ni(111) support
alone we find that all the different adsorption patterns are
equally favorable. The reason for this is attributed to the fact
that the energy gained is balanced equally with energy loss
as we move from one structure to other which is observed
neither on Co(111) surface nor on Cu(111) surface. Further
importantly we note from core-level shifts in semihydro-
genated graphene supported on (111) surface of Ni, Co and
Cu that the four H adsorption patterns can be distinguished
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in XPS measurements if and only if the resolution less than
0.2 eV. For structures on Ni(111), Co(111) and Cu(111) sur-
face the required minimum resolution is around 0.05 eV, 0.1
eV and 0.19 eV so that at least two structures are discerned.
However such small resolution is extremely difficult in cur-
rent setup for XPS measurements. We further investigated
interfacial properties at different structures on the three TM
surfaces. We find that though the stability of different semihy-
drogenated graphene structures are similar they show var-
ied structural, electronic and magnetic properties. The inter-
face with the ferromagnetic Ni(111) and Co(111) surfaces
induces small magnetic moment in the non-magnetic
semihydrogenated graphene structure, namely RGrH, ZGrH
and AGrH. However magnetic moment in ferromagnetic UGrH
is highly quenched. On Cu(111) surface RGrH, ZGrH and
AGrH retain their non-magnetic behaviour while UGrH show
larger magnetic moment that observed on Ni(111) and
Co(111) surfaces. Furthermore we find the magnetic moment
on surface Ni and Co atoms are quenched with stronger in-
teraction with unhydrogenated C in semihydrogenated
graphene. The TM-C interaction in UGrH on Cu(111) surface
induces small magnetic moment on surface Cu atoms. More-
over, this interface, of UGrH and Cu(111) surface show high
possibility for spin polarised conduction than any other inter-
face studied in this paper. Hence in our opinion to realisti-
cally model these interfaces and throw light on their proper-
ties, it is important to consider all the H adsorption patterns
reported in this work.
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