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Transition-metal nanoparticles adsorbed on graphene are of great interest due to the unique catalytic and
magnetic properties resulting from nanoparticles-graphene interactions. Comparison between the physical
properties of such systems and those of the same nanoparticles in the gas phase is especially important. Here
we report a systematic density functional investigation of the structural, energetic, and magnetic properties of
small Ni,, Pd,, and Pt, clusters, comprising from n = 1 to 6 atoms, in the gas phase and adsorbed on a graphene
monolayer. Our results show that the Ni adatom binds to the graphene hollow site, with —1.47-meV adsorption
energy, while Pd and Pt prefer the bridge sites, with —1.14- and —1.62-meV adsorption energies, respectively.
This difference is determined by a competition between quantum and classical forces. Ni, and Pt, dimers bind
perpendicularly on hollow and bridge sites, respectively, while Pd, lies parallel to the graphene sheet, with
each adatom on a bridge site. For larger TM,, (TM = Ni, Pd, Pt; n = 3-6) clusters, either two or three atoms
bind to bridge graphene sites. In almost all cases the adsorbed clusters retain their gas-phase structures. The
exceptions are Nis and Pty, which acquire more compact structures with effective coordination number 12 and
19% larger than in the gas phase, respectively. As the number of atoms grows, the cluster binds more weakly
to the graphene, while its binding energy mounts up. Van der Waals corrections to the plain density functional
theory (DFT) total energy raise the adsorption energy, but leave the cluster structure unchanged, in the gas phase
or upon adsorption. Bader charge analysis shows that adsorption causes minor charge redistribution: the TM
atoms bound to C atoms become positively charged, while the remaining metal atoms acquire negative charge.
We have derived an approximate analytical expression for the local densities of states for the d orbitals of Ni, Pd,
and Pt adatoms, on the basis of an extended Anderson-Newns model. Comparison with the DFT local densities
of states for adsorption at hollow sites has identified interference among the wave functions responsible for the
binding of distinct d levels to the C atoms. No such interference has become visible for adsorption at bridge sites.
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I. INTRODUCTION

The number of unusual features in such physical properties
as the transport coefficients and absorption spectrum of
graphene [1,2] (Gr) makes this two-dimensional material
unique among solids. The adsorption properties of the material
being likewise extraordinary, transition-metal (TM) clusters
on Gr support emerge as promising candidates for a wide
range of applications, from catalysis to spintronics. For
example, in many reactions the catalytic activity of TM atoms
and nanoparticles adsorbed on Gr is much higher than that
of standard catalysts, such as methanol oxidation [3], or
hydrogenation of 1,3-butadiene [4]. Vacancies in Gr sheets
supporting adsorbed TM clusters enhance their stability and
chemical activity [5] and increase their hydrogen-storage
capacity [6,7]. Yet another example is the large magnetic
anisotropy of certain TM’s, such as Co, adsorbed on Gr [8].

Various experimental approaches have recently yielded
several stable TM adatoms, clusters, and nanoparticles on Gr
sheets [3,9—11]. The resulting samples have been characterized
via x-ray diffraction and spectroscopy, x-ray photoelectron
spectroscopy, scanning tunneling microscopy (STM), and
transmission electron microscopy [10,11]. For example, stable
Ru and Rh nanoparticles on Gr in the 2- to 3-nm range
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resulted from decomposition of metal carbonyl precursors
under rapid microwave irradiation of a Gr suspension in the
ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate
[9]. Another work described the formation of 5- to 40-atom
Pt subnanoclusters on Gr nanosheets, which started with
the ethanol reduction of H,PtClg and yielded compounds
containing Pt with particle sizes in the 2- to 7-nm range.
Subsequent immersion in a H, atmosphere at 400°C generated
Pt subnanoclusters [10]. In a morphological study of atomic
Co and Fe adsorption on Gr, STM measurements showed that
Co monomers adsorb on top [11]. Unfortunately, displacement
of the adatom by the tip defeated the effort to determine the
Fe adsorption site.

On the theoretical front, notwithstanding the number of
reports, the influence of the Gr support on the properties of
the TM clusters is poorly understood. Most density functional
theory (DFT) investigations of Gr-supported TM clusters have
been focused on the structure of TM-atom or small TM,,-
cluster adsorption on Gr, with n = 1-4 or 5 atoms, and TM
= Co [8,12], Au [13], Pt [14-16], Pd [17-19], Pt—Au alloys
[20], and 3d TM atoms (TM = Fe, Co, Ni) [8,12,21,22]. The
TM-adatom adsorption site on Gr has been found to depend
strongly on the chemical specie. For example, 3d adatoms
bind on the hollow sites [8,12,21], while Pd and Pt adatoms
bind on the bridge sites [14,16—18]; Rudenko et al. [12] have
identified two stable states of Co adatoms on Gr: the high-spin
configuration (3d” 452, with S = 3/2), which is physisorbed,
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and the low-spin configuration (3d°, with § = 1/2), associated
with chemical bonding, i.e., strong orbital hybridization. For
small clusters (e.g., Pt), the Pt—Pt binding has been found
to be much stronger than the Pt—C binding, so that the
cluster structure is preserved upon adsorption on Gr, while
the magnetic moments, local spins, orbital moments, and
magnetic-anisotropy energies of the adsorbed Pt clusters are
much smaller than in the gas-phase clusters [14].

To our knowledge, the cluster-size dependence of structural
and adsorption properties has never been systematically
studied. In the case of Ni, for instance, only single-atom [21]
and large-cluster (n = 6-9) [5] adsorptions have been consid-
ered. Moreover, different authors have reported contradictory
findings on the cluster structure on the Gr sheet. For example,
Ji et al. [20] and Cabria et al. [17] have found the Pd, dimer
to bind by one atom, perpendicularly to the Gr sheet, while
Thapa et al. [18] have shown that each Pd atom binds to a
bridge site, so that the dimer axis is parallel to the sheet.

The findings by Btoniski and Hafner [14] and Fampiou and
Ramasubramaniam [16] on the Pt, and Pt; structures on Gr
are similar, both describing an upright dimer and an upright
triangle with one edge parallel to the sheet, respectively. By
contrast, their reports on the structure of the Pty cluster are
distinct: a bent rhombus was found by Ref. [14] and a trigonal
pyramid was found by Ref. [16]. Only the following larger-size
clusters have been investigated: Pd—Au with n = 7 [23]; Co
[24], Pt [25], Fe, Co, Ni [26], and MPd;, (M = Fe, Co, Ni,
Cu, Zn, Pd) [27]; and Auyg [28].

These limitations, complexity, and controversies call for
systematic study of TM,, clusters on the Gr sheet, to identify
trends and classify the interactions between TM clusters
and Gr. Here, we present a density functional investigation
of the structural, adsorption, and magnetic properties of
the TM,, (TM = Ni, Pd, Pt; n = 1-6) clusters on a Gr
monolayer. To accurately describe the effect of van der Waals
interactions on the geometry and electronic structure of the
studied systems, we add van der Waals corrections to the
ground-state energies. To probe the interactions we carry out
Bader charge and density-of-states analyses. On the basis of
the results, we propose a theoretical model that provides deeper
understanding of the interaction between the TM and graphene
atoms.

II. THEORETICAL APPROACH AND
COMPUTATIONAL DETAILS

Our total-energy spin-polarized calculations were based on
DFT [29,30] within the generalized-gradient approximation
[31] (GGA) proposed by Perdew-Burke-Ernzerhof [32] (PBE)
for the exchange-correlation (XC) functional. To compensate
for the poor description of van der Waals (vdW) interactions
by local [33,34] and semilocal XC functionals [35-39], we
employed the a posteriori energy-dispersion correction Egisp
proposed by Tkatchenko et al. (TS-SCS) [40], which takes
into account the self-consistent screening (SCS) effects and
acts in the whole system, e.g., Gr plus clusters. In the TS-SCS
approach the electrostatic screening effect comes not only from
local dipolar fluctuations as in the TS [41] scheme, but it is
also due to the existence of a global interaction between local
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fluctuating dipoles with distant dipoles, which is computed
self-consistently.

The total energy in the TS-SCS framework is the following
equation, Eyy = Etl?fT + Egisp, where EtDOFT is the plain DFT
total energy, and Eg;p, is given by the following equation:

/

N N
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where rap = |ra — rp| is the atomic distance between the
atoms A and B. The Cg4p parameters are the dispersion vdW
coefficients for the atom pair AB. N denotes the numbers
of atoms in the system, the index L = (£1,£2,£3), rap.L =
|ra — (rg + L)| counts the unit-cell translations, and the prime
in the last summation means that for L = 0 A and B are not
equal [41]. The damping function

Faamp(rap) = (1 + exp=rar/CRO=IH ! @

is used to eliminate any divergency for very short distances
r 4B, which must satisfy the following conditions fgamp(rap —
0) =0and fyamp(rap — 00) = 1. Here, Ry is the sum of the
vdW radii of the two atomic species A B. The scaling factor s
and the d parameter are dependent on the exchange-correlation
functional only.

The dispersion coefficients and static polarizabilities are
determined with reference to the atoms-in-molecules concept,
i.e., from the corresponding quantities computed for free atoms
and the proportionality between atomic volumes and polariz-
abilities. The atomic volumes are computed from Hirshfeld
partitioning of the all-electron density [41,42]. The addition
of electrodynamical response effects, such as the interaction
of atomic electric dipole moments with the dynamic electric
field due to the surrounding polarizable atoms, improves the
accuracy of the vdW correction [37].

To solve the Kohn-Sham equations we applied the all-
electron projected augmented wave (PAW) method [43,44], as
implemented in the Vienna ab initio simulation package (VASP,
version 5.3.3) [45,46], which employs plane waves to describe
the Kohn-Sham orbitals under periodic boundary conditions.
All total energies were computed with a 500-eV plane-wave
cutoff, which is 17% higher than the largest recommended
energy among the C (414eV), Ni (357eV), Pd (251eV), and
Pt (249eV) PAW projectors. To improve the self-consistent
electronic convergence, we employed a Gaussian smearing of
0.01eV. The Brillouin-zone integrations for the TM,, clusters
in the gas phase used only the I" point. For TM,, on Gr, using
a (6 x 6) supercell, the integrations ran over a k-mesh of
3x3x1.

To model the neutral TM,, (TM = Ni, Pd, Pt; n = 1-6)
clusters in the gas phase, we employed a 16 A cubic box.
The resulting separation between clusters was at least 10A,
which ensured that the interaction between each cluster and its
nearest image is negligible. To study the adsorption properties
of the TM,, clusters on Gr, we employed the hexagonal (6x6)
supercell with 72 C atoms depicted in Fig. 1. Consecutive
Gr layers were separated by a 16 A-wide vacuum region.
For each unsupported and supported TM,, cluster, several
atomic configurations were calculated to obtain a putative
lowest-energy configuration. Molecular-dynamics simulations
helped us identify the cation in the putative global minimum
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FIG. 1. Top view of the graphene (6x6) supercell, where the
high-symmetry adsorption sites are indicated, namely, the one-fold
top (T), two-fold bridge (B), and six-fold hollow (H) sites.

configurations (pGMC), an expedient that proved especially
important for larger clusters. To determine all equilibrium PBE
configurations we required the atomic force on every atom to
be smaller than 0.025¢VA, and the total energy to converge
within of 1 x 107%V. We reoptimized the lowest-energy
configurations with the PBE+TS-SCS functional.

III. RESULTS AND DISCUSSION

A. Graphene and gas-phase clusters
1. Graphene

For the (6x6) Gr supercell, binding energies of —7.854,
—7.857, and —7.858eV /atom resulted in 2 x 2 x 1,3 x 3 x
1, and 6 x 6 x 1 k-point meshes, respectively. We there-
fore selected the 3 x 3 x 1 mesh, which provides the best
compromise between accuracy and computational cost, for
the subsequent calculations. The computed in-plane lattice
parameter showed excellent agreement with experiment. We
obtained ap = 2.471A (PBE) for the graphene (1 x 1) lattice,
only 0.37% larger than the experimental value (2.462/0\) [47].
The strong localized covalent C-Csp? bond (5.23 eV /bond)
makes the equilibrium distance insensitive to the vdW TS-SCS
correction. Our result for aq is therefore consistent with the
values in previous studies [37-39].

2. Gas-phase clusters

Figure 2 shows the pGMC'’s for Ni,, Pd,,, and Pt, clusters
in the neutral state. The most important higher-energy isomers
are described in Ref. [48]. Table I lists the binding energies per
atom Ej, measured from the free-atom energies, the effective
coordination numbers (ECN), relative to the number of nearest
neighbors (NNN) [49,50], the average weighted bond lengths
dqy, and the magnetic moments mr.

For both Ni, and Pd,;, compact structures, ranging from a
perfect triangle for n = 3 (ECN = 2NNN) to a bipyramidal
structure for n = 6 (ECN = 3.97NNN), proved to be most
stable. By contrast, the studied Pt, clusters showed strong
preference for planar structures with smaller ECN’s. The
same behavior has been reported in small Au, (n < 14)
clusters. Given that relativistic effects tend to lower the energy
of the 6s orbitals and raise that of the 5d electrons, and
that the hybridization is stronger in the planar structures,
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FIG. 2. Putative global minimum configurations for the neutral
TM, clusters (TM = Ni, Pd, and Pt; n = 2-6) in the gas phase
obtained with the PBE functional.

it has been argued that such relativistic effects account for
the planar structure of small Au and Pt clusters [51-55].
More recently, detailed analysis of the planar-to-globular
transition in small gold clusters has convincingly questioned
that argument [56]. The planar structures for Pt, (n = 4-6)
in Fig. 2, which resulted from nonrelativistic computations,
support the conclusions in Ref. [56].

The average bond lengths and average effective coordi-
nation numbers grow with the cluster size n. Inspection of
Table I reveals the following ordering of average bond lengths:
dl < dP' < aPd. To explain this sequence, we have to examine
the two inequalities separately. To see that the first inequality
mirrors the difference between the atomic radius of Ni and
the radii of the other two atoms, we only have to recall that
the lattice parameter in bulk Ni (3.52A) is nearly 10% smaller
than those in bulk Pd (3.89A) or Pt (3.92A) [57].

The same argument cannot explain the second inequality,
however. The difference between the separations in bulk Pd
and Pt is less than 1%. Moreover, the bulk data indicate that Pd
is smaller than Pt, not larger. The inequality ' < df must
therefore be due to a feature of the clusters not found in the
bulk: the planarity of small Pt clusters. Had we considered
clusters with larger sizes than the n in Table I, the Pt structure
would have changed to globular, and the ordering in the bulk
systems would have prevailed: dN < P < 4™,

TABLEI. Gas-phase cluster properties. Binding energy per atom,
—E,; average effective coordination number, ECN, relative to the
number of nearest neighbors; average bond length, d,,; and total
magnetic moment, mr, of the neutral Ni,, Pd,, and Pt, clusters in the
putative global-minimum configurations for gas-phase clusters.

ECN (NNN) dy (A) mr (14g)
Pd Pt Ni Pd Pt Ni Pd Pt

—E, (eV)

n Ni Pd Pt Ni

1.41 0.66 1.90 1.00 1.00 1.00 2.08 2.46 2.32 2.0 2.0 2.0
1.81 1.28 2.46 1.99 2.00 2.00 2.20 2.57 2.48 2.0 0.0 2.0
2.14 1.69 2.76 2.93 298 2.49 2.27 2.59 2.50 4.0 2.0 2.0
239 1.82 3.02 3.19 3.60 2.39 2.28 2.63 2.46 6.0 2.0 0.0
2.61 1.97 327 3.97 398 2.89 2.31 2.64 2.47 8.0 2.0 2.0

AN AW
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FIG. 3. Lowest-energy DFT-PBE configurations for neutral transition-metal clusters (TM,,;; TM = Ni, Pd, and Pt; n = 1-6) on graphene,

computed with a (6 x 6) supercell.

The results for d,, in Table I are in good agreement with
previous results for Ni [58,59], Pd [60,61], and Pt [53,55]
clusters, with the glaring exception of Nis [62-64]. The
computed magnetic moments for the Pd, and Pt, clusters
are equal to 2up, except that the moment vanishes for Pds;
and Pts. The Ni, clusters possess larger magnetic moments,
as expected, in the 2-8up range. The magnetic moment is
proportional to the number of unpaired d electrons and can
be labeled by the multiplicity 25 + 1 of the total spin S. Our
calculations show that Ni, is in a triplet state for n = 2-3
and in quintet, septet, and nonet states for n = 4,5, and
6, respectively. Song et al. [58] report a heptet for n = 6,
but otherwise our results agree well with their findings. In
particular, the magnetic moments in our computations for
n =3 and 5 agree with theirs, rather than with the earlier
computations in Ref. [65]. We identified singlet states for
Pd n = 2,3 and triplets for n = 4-6, in disagreement with
Ref. [66], which found triplets for n = 2,5,6, and quintuplets
forn = 3,4. For Pt,,, we identified triplets forn = 2,3,4,6, and
a singlet for n = 5, in disagreement with Kumar and Kawazoe

[53], notwithstanding the agreement between the structures
computed in Ref. [53] and here.

B. TM,, clusters supported on graphene

The lowest-energy PBE and PBE+TS-SCS configurations
for TM,,/Gr are nearly the same, i.e., only minor differences
distinguish the computed structures; such behavior is expected,
once the importance of SCS effects grows according to the
cluster size [40]. We hence present only the PBE results in
Fig. 3. The higher-energy structures and their total energies
can be found in Ref. [48]. The most important structural
parameters, adsorption energies, and magnetic properties for
both the PBE and PBE4-TS-SCS functionals are summarized
in Table II and will be discussed in Sec. III B 1.

1. Lowest-energy TM,, Gr configurations

Our results show that Ni adatoms are most stable at the
sixfold hollow sites. By comparison, binding to a single C atom
atatop site raises the binding energy by 0.31eV. In contrast, Pd

235422-4



GRAPHENE-SUPPORTED SMALL TRANSITION-METAL ...

PHYSICAL REVIEW B 95, 235422 (2017)

TABLE II. Structural, energetic, and magnetic properties of transition-metal clusters (TM,,;; TM = Ni, Pd, and Pt; n = 1-6) on graphene,
calculated with the PBE and PBE+TS-SCS functionals. Listed are the most stable adsorption sites, the number N, of TM atoms bound to the
graphene sheet, the adsorption energy —E,q per TM atom, the binding energy — E},, the minimum distance d,;, between the TM,, cluster and
the graphene sheet, the changes AECN in the average effective coordination number and in the average bond lengths Ad,, due to the adsorption

on the graphene layer, and total magnetic moment.

—Eu —-E  —E, —EY dy &Y% AECN AECN'Y  Ad, ALY omp omyV
™ n Site N, (V) (eV) (eV) V) A A (%) (%) (%) (%) (us) (uB)
Ni o1 Top 116 143 116 143 202 184  0.00 0.00 00 0.0

1 Bridge 124 151 124 151 209 193 0.0 0.00 00 0.0
1 Hollow 147 181 147 181 211 211 0.00 000 000 000 00 00
2 Hollow 1052 081 192 222 222 221 0.00 000 337 4294 20 20
3 Bridge 2 055 083 237 264 205 204 4050 000 227 -207 20 19
4 Bridge 3048 073 262 287 203 202 4239 +159 220 4221 24 00
5 Bridge 3029 056 267 295 211 201 +1191 012 263 +152 40 40
6 Bridge 3016 041 277 305 203 202 4050 4033 130 +132 22 22
Pd 1 Hollow 092 114 092 114 239 243 000 0.00 0.0
1 Top 110 128 110 128 207 208  0.00 0.00 0.0
1 Bridge 114 134 114 134 209 217  0.00 000 000 000 00 00
1.09%° 2.2
1.18¢ 2.18°
2 Bridge 2 073 092 139 159 213 214 000 000 347 4813 00 0.0
1.28° 226"
1.10¢ 1.78¢
1290 2.48¢
3 Bridge 2 029 046 158 175 223 223 000 000 405 +354 16 16
1.4 2.29°
4 Bridge 2023 040 193 209 228 227 —101 —097 039 +022 18 18
1.84 243
5 Bridge 2 021 035 204 219 222 218 —1.67 —-095 076 +1.02 1.6 16
1.93 2.43
6 Bridge 2 014 027 212 225 219 219 050 4074 076 +045 16 16
Pt 1 Hollow 088  1.19 088 119 240 239  0.00 0.00 0.0
1 Top 142 168 142 168 202 202  0.00 0.00 0.0
1 Bridge 162 188 162 188 209 209 0.0 000 000 000 00 00
1.54¢ 1.54¢ 2.11¢
1.57" 2.10°
2 Bridge 1 048 071 237 260 223 223 0.0 000 172 +131 18 18
0.48° 2.38°

0.39° 238

3 Bridge 2 048 073 294 317 223 223 —0.50 000 000 +1.09 00 00
0.47¢ 2.95¢

0.45° 2.49°

4 Bridge 2038 060 312 335 222 221 41928 41623 320 +338 18 18
031° 3.03¢

0.28° 2.60°

5 Bridge-hollow 2 031 052 333 355 214 214 —042 —054 122 4123 20 20
0.16° 3.20°

6 Bridge 2 0.11 030  3.38 3.59

215 215 -0.69 +0.74 1.61 +184 2.0 2.0

AGGA-PWI1 [17].
bGGA-PWI1 [19].
°GGA-PBE [18].
4GGA-PBE [20].
*GGA-PWI1 [14].
fGGA-PBE [16].

and Pt adatoms bind to the graphene bridge sites, the binding to
the top and hollow sites being less stable, higher in energy by
0.22 and 0.74eV, respectively. The energy differences favoring
adsorption at the top site, relative to the hollow site, are —0.31,
0.18, and 0.54eV for Ni, Pd, and Pt, respectively. The larger

the adatom radius, the more stable the top site. Our results are
in good agreement with previous findings [14,16,18,21].

In the lowest-energy configurations of the TM, diatomic
molecules, Ni, and Pt, bind perpendicularly to the graphene
plane on the hollow and bridge sites, respectively. Only one of
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the two TM atoms binds to the surface. By contrast, Pd, binds
parallel to the graphene plane with each Pd atom on a bridge
site. Our results for Pd, agree with the results by Ji et al. [20]
and Cabria et al. [17], but disagree with another study [18],
which concluded that the Pd, stands upright on the graphene
sheet. Our results for Pt, agree well with those by Btoriski and
Hafner [14] and Fampiou and Ramasubramaniam [16].

For TM3/Gr, the triangular clusters bind perpendicularly to
the plane, at the bridge sites. More specifically, in the most
stable configuration two of the three atoms bind to the plane.
Configurations with the triangle flat on the Gr sheet have higher
energy. For n = 4, the TM,, tetrahedrical clusters bind to the
graphene with three, two, or two TM atoms for Niy, Pd4, and
Pt4, respectively. We found the same numbers of bound atoms
for Ni,,, Pd,,, and Pt, with n = 5 and 6. The number of atoms
that binds to the graphene sheet therefore remains fixed as the
cluster size grows, an invariance that will be discussed below.
For Pt, (n = 3-6), our results are similar to those reported
by Btoniski and Hafner [14]. For Pd,, (n = 3-06), there is clear
disagreement with the results by Cabria et al. [17].

For most clusters, the ECN and d,, are practically identical
to those in the gas-phase clusters, the differences ranging
from —1.67 to +2.39%. There are a few exceptions, however.
For instance, upon adsorption the ECN’s for Nis and Pty
rise roughly 12 and 19%, i.e., from 3.19NNN and 2.49NNN
to 3.57NNN and 2.97NNN, respectively. As these examples
show, the cluster-graphene interaction tends to enhance the
average coordination. Nonetheless, the bond lengths change
by less than 0.1A upon adsorption.

2. Adsorption and binding energies

To monitor the strength of the cluster-graphene interaction
we calculated the adsorption energy per atom E,q and the
binding energy per atom E;,. Both E,q and E} are measured
from the energies of the (infinitely separated) Gr sheet and
gas-phase clusters:

L oom™see o6 ™
Ey = ;(Etot - Eto{ — E )» 3
and
Lt 6 ™
Ey = ;(Etol - Elotr —nEgy )’ “
where Eq'%", EGT, E;t™, and EMM are the total energies of

the TM,,/Gr system, Gr plane, gas-phase TM,, cluster, and TM
free atom, respectively, E;?A"/Gr and ES! being computed with
the same unit cell. The results are listed in Table II.

With either the PBE or the PBE+vdW functionals, the
magnitude |E,q4| of the adsorption energy is reduced as the
cluster size grows. The PBE computation of the adsorption en-
ergy for Ni,, for instance, went down from 1.47eV /atom(n =
1) to 0.16eV/atom(n = 6). The reduction in the per-atom
adsorption energy can be easily understood, since the number
of TM atoms directly bound to the Gr sheet tends to saturate
as n grows. However, the per-cluster adsorption energy nE,q,
a quantification of the cluster-graphene interaction, tends to
decrease with n. This trend is due to the increased coordination
of the TM atoms bound to the graphene.

In contrast with the adsorption energy, the binding energy
per atom rises (in magnitude) with n. For Ni,, our PBE compu-
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tation showed that, in analogy with the binding energies of the
gas-phase clusters, | Ej,| grows with n, from 1.47eV /atom(n =
1) to 2.77eV /atom(n = 6). Relative to the binding energies in
Table I, the binding energies of the supported clusters are
slightly larger. For n = 6, for instance, the binding energy
in Table I is 2.61eV/atom, while the corresponding energy
in Table II is 2.77eV /atom(n = 6). On intuitive grounds, in
analogy with the reasoning that explains the binding energies
of metallic systems, one would expect the binding energy to
decrease upon adsorption, since the valence electrons of the n
TM atoms are now shared among a larger number of bonds.
The enhanced binding energies in Table II indicate that the
adsorption also redistributes the valence electrons of the carbon
bonds in the vicinity of the adsorption sites.

Comparison with the literature shows good agreement with
the data for Pd,,/Gr and Pt,,/Gr. For example, our calculated E,
for Pd,/Gr (n = 1,2) lie in the range of the published binding
energies, which range from —1.09eV [17,19] to —1.18eV [18]
for Pd,/Gr, and from —1.10eV [18] to —1.29¢V for Pd,/Gr
[17,20]. Our results slightly overestimate the energies obtained
by Cabria et al. [17] with the GGA-PW91 functional, e.g.,
|Ep| = 1.44,1.84,and 1.93eV for Pd;/Gr, Pd4/Gr, and Pds/Gr,
respectively. Our findings for Pt,/Gr (n = 1-6) agree very well
with the data by Blonski and Hafner [14] (| E| = 2.38 to 3.20
eV and |Ey| = 1.54 to 0.16 eV for Pt,/Gr), while slightly
overestimating the results of Fampiou and Ramasubramaniam
[16].

3. Effect of van der Waals corrections

In most cases, the addition of vdW corrections to the total
DFT energy has virtually no effect on the cluster structures
in the gas phase, the average bond lengths and the ECN’s
changing by less than 0.01A and 0.0INNN, respectively.
There are two exceptions: Nis becomes more compact, the
ECN growing from 3.19 to 3.58NNN and the average bond
length growing from 2.28 to 2.3 IA, and Pd,, the average ECN
decaying from 2.59 to 2.47NNN. The TM,, clusters supported
on graphene displayed a similar trend. The vdW corrections
changed their ECNs and average bond lengths by less than
1%. The minimal distances dp, separating the clusters from
the Gr sheet varied within the 0.00 to 0.50% range. Again, two
exceptions were found: Nis and Pds, for which d,;, changed by
4.7 and 1.8%, respectively. As expected, the vdW correction
enhances the adsorption energies. The enhancement grows
with the cluster size, but it has weaker dependence on the TM
element. | E,q|, for example, is enhanced by a factor ranging
from 1.23 to 2.56 for Ni,, as the size grows from n = 1 to 6.
For Pd,,, the enhancement varies from 1.18 to 1.93 in the same
range, and for Pt, it varies from 1.16 to 2.37.

4. Bader charge

We relied on Bader charge analysis to determine the nature
of the interaction between the TM,, clusters and graphene.
To compute the Bader charge QB for every atom in
each TM, /Gr system we employed VASP high-density grids
[67]. We calculated the average effective charge AQ™ € =
Zya — OB where Z,, and QB are the number of
valence electrons and Bader charge on each atom, respectively.
Table III presents the average effective charge on the TM atoms
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TABLE III. Effective Bader charges in the TM,,/Gr systems, in units of the electronic charge e, calculated from AQ™-C = 7 . — QBader,
Here AQ™ and AQ™u are the effective charges on the TM atoms bound to and unbound from C atoms, respectively. AQ and A QCub
are the total effective charges in C atoms bound to and unbound from TM atoms, respectively.

AQ™ A Q™ AQ% A QCub

n Ni Pd Pt Ni Pd Pt Ni Pd Pt Ni Pd Pt

I 40525 40235 +0.056 0.000 0.000 0.000 -0.486 —-0.149 -0.087 —-0.039  —-0.086 +0.032
2 +0336 40359  +0.111 —0.133 0.000 —-0249 —-0479 —0.199 -0.126 40276  —0.159  +0.264
3 40564 +0.262 +0355 —-0.122 -0.141 -0.248 -0.382 -0.215 -0.224 -0.059  +0.094 +0.117
4 +0.865 +0339 +0352 -0.116 -0.119 -0.173 -0.578 -0.250 -0.258 -0.172  +0.030  +0.079
5  +0.802 40278  +40.331 —0.125 —0.058 —0.295 -0.573 —0.246  —0.259 -0.104  +0.025 +0.223
6 +0762 40265 —-0.105 —-0.023 —-0025 +0.091 —-0597 —-0221 0228 —0.141 —0.018 +0.242

bound with C atoms, on the remaining TM atoms, and on the
C atoms bound to TM atoms.

Our results show that the binding to the Gr sheet displaces
a small electronic charge away from the TM atoms bound to
the C atoms. The TM atoms therefore acquire positive charge,
while negative charge is transferred to the C atoms directly
bound to the cluster and to the other cluster atoms, the ones
that are unbound from the C atoms. For example, in the Pt,,/Gr
systems (n = 1-5) the charge on the TM atoms directly bound
to C atoms lies in the +0.06 e to +0.36 e range. The charges
of the C atoms bound to the TM atoms are in the —0.09 e to
—0.26 e range.

The transfer is due to the unequal electronegativities [68]
(1.91 for Ni, 2.28 for Pt, 2.20 for Pd, and 2.55 for C). The
effective Bader charges AQ™" and AQ® in Table III corre-
late well with the electronegativity differences. The remaining
charges, AQ™u and A QCw, reflect redistributions imposed
by two physical constraints: (i) overall, the TM,,/Gr system
must have zero charge; and (ii) far from the adsorption site the
electronic density must approach that of the Gr sheet.

5. Density of states

To describe the electronic properties of the studied systems
we calculated the local densities of states (LDOS), such as s,
p, and d states for all chemical species of the systems, i.e.,
C and TM atoms for pure Gr, gas-phase TM,, (n =2 — 6)
clusters, and TM,,/Gr (n = 1-6). Figure 4 displays the LDOS
for TM/Gr. Results for TM,,/Gr (n = 2-6) can be found in
the SI. The top panel of Fig. 4 displays the LDOS for a pure Gr
sheet, showing Cs states and C p, + p, states lying deeply
in the valence band, while the C p, states, represented by
the green line, are close the Fermi level, which controls the
binding of the TM,, clusters. Upon adsorption of TM,, clusters,
small peaks associated with C p, states arise, while the overall
C p, peak amplitude decreases, as shown by the three lower
panels, which display the LDOS for TM,;/Gr [TM = Ni (second
panel), Pd (third panel), and Pt (bottom panel)]. These peaks
are caused by the constructive and destructive interference
between the d states of the impurity and C p, orbital, and their
magnitudes depend on the TM element. In the present paper,
this effect is more prominent for the Ni interacting with Gr. The
d-state LDOS in the three bottom panels display prominent
peaks in the vicinity of the Fermi level and are similar to each
other, even though the blue curve in the second panel is more

tightly concentrated around the Fermi level than the purple and
gray curves in the third and bottom panels, respectively.

IV. TM ADATOMS ON GRAPHENE

Our results for Ni;/Gr show preference for the hollow site,
followed by the bridge and top sites. The bridge site is the
lowest-energy configuration for Pd,/Gr and Pt,/Gr, followed
by the top and hollow sites. These results agree with previous
findings [14,16,18,21]. In Table II for n = 1 the charge image
effect is larger than the hybridization effect, which originates
a chemical adsorption. However, for n > 2 the intracluster
interactions decrease the charge transfer to Gr. Because of
that, the hybridization effect become more important and their
small adsorption energies are typical of physisorption. The
covalent bonds between the p, orbitals of carbon and the d,2,

DOS(states/eV)
o o o
o N oW

o

o
w

DOS(states/eV)
o o
=

o

o
w

DOS(states/eV)
o o
= N

o

DOS(states/eV)
o o o
o D oW

0 ‘
-20 -15 -10 -5 0 5
Energy (eV)

FIG. 4. Local densities of states (LDOS) for a single TM
atom adsorbed on graphene. The top panel depicts Gr, while the
second, third, and fourth panels refer to Ni,/Gr, Pd,/Gr, and Pt,/Gr,
respectively.
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dy;,and d,; orbitals of the TM are weak. The tabulated energies
show that |EP!| > |ENI| > | EPY|.

The relatively small energy gained from adsorption at the
bridge site in Pd,/Gr is only 0.04eV higher than the energy
from on-top adsorption. Given this small barrier separating two
neighboring adsorption sites, we expect Pt to be mobile on Gr.
The barriers between the hollow and bridge sites in Ni;/Gr
and between the bridge and top sites in Pt;/Gr, approximately
0.2eV each, are sufficiently high to pin the adsorbates to the
most stable sites. The binding to the hollow site distinguishes
Ni/Gr from the other two systems. The preference of the hollow
or the bridge site is determined by the competition between
quantum and classical forces: the tendency to form chemical
bonds and the image-charge attraction from the Gr layer. The
latter pulls the adsorbed atom towards the plane through the
Gr lattice sites and hence tends to bring small atoms to the
open space surrounded by six C atoms.

Two factors therefore combine to favor Ni adsorption at the
hollow size. The charge 0.525 ¢ on the Ni atom enhances the
image-charge potential, and the small radius of the transition
metal allows accommodation close to the lattice plane, which
further strengthens the electrostatic attraction. From the data
in Table II and the C atomic radius, simple geometry yields
a distance d = 2.0A between the Ni atom and the plane,
which corresponds to an 0.94 eV image-charge energy, a large
fraction of the Ni; adsorption energy. As the cluster size n
grows the charge transferred to the bonded Ni atoms decreases.
For n > 2 it becomes preferable to bind two or three atoms
at bridge sites instead of having a single atom at a hollow
site. By contrast with Ni, neither the transferred charges nor
the atomic radii favor adsorption of Pd or Pt at hollow sites.
The two atoms are bigger and the transferred charges, listed
in Table III, are 0.235 ¢ (Pd) and 0.056 ¢ (Pt). Even forn =1,
therefore, Pd,,/Gr and Pt,/Gr are more stable at bridge sites.

In an effort to describe the TM d-orbital LDOS’s in Fig. 4
in more detail, we now compare the numerical results with the
predictions of a simple theoretical model. Traditionally, the
adsorption of atoms on metallic surfaces has been described
by the Anderson-Newns model [69,70], in which the metal is
represented by a noninteracting, structureless, half-filled band,
and the adatom is represented by a single level coupled to the
conduction band. Prior to discussing generalizations of the
model to describe adsorption on Gr, brief recapitulation of its
characteristics seems warranted.

Mathematically, the Anderson-Newns model is expressed
by the Hamiltonian

H=Egd'd+) ecla+Y (idlex+He). ()
k k

The adatom energy Ejq is shifted, relative to the atomic level,
by the image potential induced on the metal by the ionized
particle. In Eq. (5), the Fermi operator c¢; (c,) annihilates
an electron at the adatom level (at a conduction level with
momentum k). The first and second terms on the right-hand
side represent the adatom and the metal, respectively, and the
last term is the momentum-dependent coupling between the
two subsystems. The energies ¢, define the dispersion relation
for the metal.

PHYSICAL REVIEW B 95, 235422 (2017)

The single-particle Hamiltonian in Eq. (5) is easily diago-
nalized. The LDOS p,, for the ¢, level can be obtained from
the expression

1
Paa(@) = —;Im[GR(w)], ©)

where G®(w) is the retarded Green’s function:

1

R _
) = T, )

)

Here X4(w) is the c;-level self-energy, due to the hybridization
between the adatom and conduction levels.
The self-energy is given by the expression

Vi 2
Su@) =Y | Vil

X W— €& +in

®)

where 7 is a positive infinitesimal. The real part X 4 () of the
self-energy shifts the adatom energy Ej, while its imaginary

part Ag(w) broadens E4. Substitution of Eq. (7) on the right-
hand side of Eq. (7) yields the following expression for the

¢;-level LDOS:

o (@) = — Ag(w) '
4 T [0 — Eq — Tp@)] + Adw)

®

Margulis and Muryumin [71] have extended the Anderson-
Newns model to discuss hydrogen adsorption on Gr. In
essence, the extension amounts to (i) substituting two bands
with the Gr dispersion relation for the second term on the
right-hand side of Eq. (5) and (ii) defining the momentum-
dependent couplings V to describe binding to a bridge (B),
hollow (H), or top (T) site. For each site, the self-energy can
then be computed from Eq. (8), with the following results:

AB(w) = a)2|w|[1 - 0.5Jy(w)], (10a)
Al (@) = a16|0|[1 — Jo(w)], (10b)
Al(w) = aj|o), (10c)

E,l;(a)) = a2w|:2gc In

—'—(ﬂ/2)No(Iw|)], (11a)

T (w) = otza)|:6gc In

wﬁ‘ _ 3N0(\/§|a)|)i|, (11b)

p w
Sh) = argewln|—|.
We
Here oy = «/§|V0|2/|Vp,,ﬂ|, and o = 2u /7, where V,,; =
—3.03eV is the -electron transfer integral for clean graphene.
Jo and N are the zeroth-order Bessel and Neumann functions,
respectively. Vj is an adjustable parameter defining the strength
of the hybridization [69,70]. The cutoff energy w, is equal to
0.3077/+/3, and the cutoff function g.(w) is the Lorentzian:

2

(11c)

g(®) = (12)

C
®? + w?’

Description of TM adsorption on Gr calls for additional
modification. The electronic configurations of the metals
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FIG. 5. Fits of the LDOS in Fig. 4 with the spectral density for
the Anderson-Newns model described in the text. The open circles
describe the adatom LDOS for the indicated systems, and the solid
lines represent Eq. (13) with the parameters in Table IV. The insets
show that, in contrast with numerical data, the right-hand side of
Eq. (13) vanishes at zero energy. The vertical dashed line marks the
Fermi level, from which energies are measured.

in our computation, Ni = [Ar]3d%4s2, Pd = [Kr]4d'?, and
Pt = [Xe]4 f1454°6s!, all with ten electrons in the valence
band, are poorly described by the LDOS in Eq. (6), which
covers a unit area. We have therefore fitted our numerical
results with a combination of LDOS’s analogous to Eq. (6),
i.e., with the generalized form

N

Paa (w) = Z

J=1

B A(w)/m

- - - s (13)
[0 — E] — Zh)] + [A}@)]

where N =5, the B, and E} are adjustable parameters, and
the 4 (w) [Aj(w)] are given by one of Eqgs. (10) [Eqgs. (11)],
according to the adsorption site, with adjustable coefficients
o substituted for the o on the right-hand sides.

Figure 5 shows the resulting fits. The fitting parameters
are listed in Table IV. As the main plots show, the model
LDOS’s reproduce the peak positions and widths, but miss
the marked dips around € = —0.6eV and —1.2eV in the Ni/Gr
dotted curves in the first panel of Fig. 5. The peaks represent the
resonances resulting from the coupling between each adatom
level and the Gr states. The discrepancies in the top panel
indicate that the two dips are due to destructive interference
between the resonances associated with the coupling of the
Ni adatom and the C adatom around the hollow site, a partial
cancellation that the superposition of spectral densities on the
right-hand side of Eq. (13) cannot reproduce. No comparable
interference is observed at the bridge sites, as indicated by
the better agreement, in the same energy range, between the

PHYSICAL REVIEW B 95, 235422 (2017)

TABLE IV. Adjustable parameters on the right-hand side of
Eq. (13). E} and «; define the frequency and width of each resonance,
while §; defines the strength of the resonance.

™ Adsorption site j Bj E é | V(')j |
Ni Hollow 1 0.77 —4.59 0.15
2 0.79 —1.62 0.45
3 0.01 —1.06 0.28
4 0.43 —1.87 0.24
5 0.65 —6.41 0.16
Pd Bridge 1 0.91 —-6.27 0.32
2 1.00 —5.48 0.35
3 0.69 —6.98 0.25
4 0.23 —14.69 0.37
5 0.49 —17.55 0.22
Pt Bridge 1 0.78 —6.17 0.31
2 0.78 —4.48 0.29
3 0.30 —15.00 0.43
4 0.50 —3.94 0.31
5 0.71 —6.95 0.26

numerical and the analytical Pd/Gr and Pt/Gr curves in the
second and third panels, respectively.

The insets in Fig. 5 are magnifications of the regions around
the Fermi level. While the analytical LDOS’s vanish at e = 0,
the dotted lines representing the numerical data have positive
minima at positive energies. For the Anderson-Newns model,
which represents a single adatom adsorbed on an infinite Gr
monolayer, pgzs(€ = 0) must be zero, because the Gr density
of states vanishes at the tip of the Dirac cones. In the DFT
computation, by contrast, the charge transferred from the
periodic array of TM adatoms to the C atoms raises the Fermi
level to an energy above the Dirac singularity. The minimum
LDOS in each panel is therefore controlled by the charge
transferred between the adsorbed atom and the C atoms. The
progressively smaller inset minima agree well with transferred
charges in Table III, which shrink from 0.53 e (Ni/Gr) to 0.24 ¢
(Pd/Gr) and 0.06 e (Pt/Gr) as one moves down from the top to
the bottom panels in Fig. 5.

V. CONCLUSION

We have carried out an ab initio density functional inves-
tigation of the structural, energetic, and magnetic properties
of one- to six-atom Ni, Pd, and Pt clusters on graphene. With
a few exceptions, adsorption preserves the structure of the
gas-phase clusters. As n grows, the interaction between the
TM,, clusters and Gr weakens. The interaction is strongest for
Ni and weakest for Pd and hence weakens as the d-orbital
occupation grows. The vdW correction in our paper had
little effect upon the TM, cluster structures, either in the
gas phase or adsorbed on Gr. Nonetheless, as expected, the
corrections raise the adsorption energy. Our results show that,
like the adsorption energy itself, the vdW contribution to the
adsorption energy grows with cluster size and decreases with
the number of d electrons.

Adsorption results in charge transfer between the TM,
clusters and Gr. The charge transfer from the TM atoms di-
rectly coupled to C atoms is controlled by the electronegativity
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difference. Typically, the charge transfer between Ni and C is
twice (three times) as large as the transfer between Pd (Pt) and
C. In almost all studied systems, negative charge is transferred
from the bound TM atoms to the C atoms. The exception is Ptg,
in which Pt acquires a small negative charge. In all cases, the
charge on the remaining cluster atoms partially compensates
for the charge lost by the bound TM atoms.

In order to find a different way to explore the physics in-
volved in adsorption of the TM,, on Gr, we have used a modified
Anderson-Newns model to describe the coupling between the
two. Analysis of the agreement between the c¢;-level LDOS
resulting from the model and the DFT computations identified
destructive interference between the resonances resulting

PHYSICAL REVIEW B 95, 235422 (2017)

from (Ni) adsorption on hollow sites, but no interference
when the TM atom is adsorbed on bridge sites (Pd;/Gr
or Pt;/Gr).
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