THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

DFT Studies on the Interaction of Defective Graphene-Supported

Fe and Al Nanoparticles

Dong-Hee Lim, Ana Suarez Negreira, and Jennifer Wilcox*

Department of Energy Resources Engineering, Stanford University, 367 Panama Street, Green Earth Sciences, Stanford, California

94305-2220, United States

e Supporting Information

ABSTRACT: The structural, electronic, and magnetic properties of Fe;3 and Al;3  Fgqs Ala
nanoparticles adsorbed on monovacancy defective graphene have been determined
using density functional theory with the generalized gradient approximation (GGA).
Graphene vacancies are used as anchoring points for these pure metal nanoparticles,
ensuring their isolated stability on the surface, thereby maximizing their catalytic

,Z_;N‘

e
reactivity through the availability of undercoordinated surface sites along with a high  =QLEL =00t “_'.;‘:'l & ;}‘
surface area. The results of this work indicate that the strong binding of Fe;3 and Al ;3

nanoparticles on defective graphene (—6.98 and —3.84 €V in adsorption energy,

respectively) is due to strong hybridization of the nanoparticles with the sp> dangling bonds of neighboring carbons near the
vacancy. Charge difference and Bader charge analyses of the Fe;3 and Al;; adsorbed systems suggest that charge redistribution of
defective graphene occurs to a greater extent in the Fe;; system than in the Al;; system due to the strongly hybridized Fe,; d-states
with the monovacancy defective site of graphene. For the Fe;; nanoparticle, upon adsorption its d-band center shifts closer to the
Fermi level from —1.28 to —1.13 eV, indicating a potential increase in the catalytic reactivity associated with the graphene surface.

1. INTRODUCTION

Graphene is one planar sheet of sp’-bonded carbon atoms
arranged in a hexagonal lattice and is the basis of carbon
nanotubes." The importance of graphene sheets has been
demonstrated in a variety of applications including high electron
mobility, and the enhancement of mechanical and electrical
properties of composite materials.” The presence of defects on
the graphene structure due to carbon vacancies influences the
chemical and physical characteristics of graphene® since it
generates nonequivalent carbon atoms on the surface. Defect
sites present higher reactivity for adsorption, which makes
chemical functionalization an easy method to detect imperfec-
tions on graphene.* Defective graphene where carbon atoms are
missing can be obtained, for example, during generation of
functionalized single graphene sheets (FGSs) from the thermal
expansion of graphite oxide (GO).® Monovacancies, multivacan-
cies, pentagon—heptagon palrs, and adatoms are predicted as
typical stable graphene defects.® Tight-binding molecular dy-
namics (TBMD) simulations predicted that two single vacancies
coalesce into a double vacancy 5—8—S defect where two carbon
atoms are missing, leaving a surface with two pentagonal rings
and one octagonal ring.”

The defect sites in graphene can be used as starting points for
the growth of nanoparticles. A previous experimental study
suggests that the presence of defects on graphene substrates
allows for controlled morphology of iron nanoparticles.® These
graphene-supported nanocrystals may enhance the rate of elec-
tron transport while influencing the structural stability of the
material, both effects potentially leading to enhanced surface
react1v1ty
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Nanoparticles composed of Fe and Al are considered in the
current study with specific focus on the modification of their
mechanical and electronic properties from bulk to nanoparticle
scale, similar to previous investigations,'® but with special interest
to catalysis applications. Changes in the lattice constant, surface
stress, and surface energy associated with nanoparticle size'® may
influence their surface reactivity. For example, in the case of
Fe nanoparticles, reactivity with hydrogen and binding energies
of ammonia and water significantly change depending on the
Fe, cluster size (e.g, n < 23). "' The magnetic moments of Fe,
clusters also vary remarkably depending on the size of the Fe
clusters'>~'* in addition to the environment in which they are
adsorbed. The effect of the substrate was shown in prev10us
studies of Fe clusters depos1ted on a MgO(111) substrate'® and
embedded in a Co matrix.'® Supported Al nanoparticles are of
interest to the combustion community for fuel enhancement
with regard to combustion rates and combustion exothermicity
of energetic materials, for instance. Rocket propellants can be
enhanced by the addition of Al nanoparticles within a given
fuel.'”'8 Additionally, it is interesting to study the fundamental
differences between the mechanisms of nanoparticle binding in
the case of Al versus Fe, to specifically outline the role that the
d electrons of Fe may play in enhancing nanoparticle sorption
and/or nanoparticle surface chemical reactivity.

Experimental work carried out by Sakuri et al." indicate that
transition-metal clusters (Fe, Ti, Zr, Nb, and Ta) with “magic
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Figure 1. Five different initial adsorption modes of nanoparticles (NPs) on defective graphene with a monovacancy. (A) Icosahedral symmetry of NPs.
(B) Atop-bridge mode. (C) Bridge—bridge mode. (D) Bridge-atop mode. (E) Triple-bridge mode. (F) Triple-atop mode. In panel A, (a) indicates
adsorbed atom for mode B, (b) indicates adsorbed atoms for modes C and D, and (c) indicates adsorbed atoms for modes E and F.

numbers” 1,"”%° such that n = 7, 13, and 15 atoms in a given

cluster, have a higher geometric and/or electronic stability than
other cluster sizes. A previous DFT study'” reports that Fe
clusters may also have magic numbers of 8, 10, 13, and 15. For the
current study, n = 13 has been chosen with an icosahedral
configuration to likely have the most energetically favorable
structure of the Fe,3 cluster.'"'**"** Clusters of Al,; with the
icosahedral symmetry have also been shown to exhibit enhanced
stability. '

Previous studies focused on understanding functionalized or
doped graphene surfaces,”>** and investigations of supported Fe
and Al nanoparticles have been limited to perfect graphene
sheets. The goal of the current study is to use graphene vacancies
as anchoring points for the pure Fe and Al nanoparticles,
ensuring their isolated stability on the surface, thereby maximiz-
ing their catalytic reactivity through maximum availability of
undercoordinated surface sites along with a high surface area.

It is well-known that Fe and Al are easily oxidized materials
and that even minimally oxidizing conditions will lead to their
oxidized forms. The current study focuses specifically on the pure
metal nanparticles of Fe and Al, but future work will consider
systems in which the outer metal atoms of the nanoparticle
cluster are bound to oxygen sourced from molecular oxygen in
equilibrium with the surface.

2. COMPUTATIONAL METHODOLOGY

Density functional theory calculations were performed using
the Vienna ab initio Simulation Packa§e (VASP)> % with the
projector-augmented wave (PAW)*?° method to calculate the
electronic and atomic structures and energies of Fe and Al
nanoparticle—graphene systems. Electron exchange-correlation
functionals were represented with the generalized gradient
approximation (GGA), and the model of Perdew, Burke, and
Ernzerhof (PBE)*! was used for the nonlocal corrections. For the
Fe nanoparticle and defective graphene, the spin-polarized
GGA—PBE was used. An orthorhombic supercell of 19.74 x
17.10 x 32.01 A with periodic boundary conditions was used
for the nanoparticle—graphene systems. The nanoparticle—
graphene system was separated from its periodic images in the

z-direction by a vacuum space of 25.5 A. To compensate for the
dipole moment perpendicular to the surface, a dipole moment
correction was incorporated®>** and tested but not included in
the adsorption calculations due to its negligible effect on adsorp-
tion energy. A kinetic energy cutoff of 400 eV was used with a
plane-wave basis set. The integration of the Brillouin zone was
conducted using a 2 X 2 X 1 Monkhorst—Pack grid®* with the
[-point included and first-order Methfessel—Paxton smearing®®
with a width of 0.1 eV. All atoms were fully relaxed and optimized
until the forces were reduced below 1 X 10~ 2 eV/A.

The supercell used for graphene consists of 127 carbon atoms
with a single carbon atom vacancy at the center. The geometry
optimization of graphene was carried out using the same condi-
tion as was used in the nanoparticle—graphene systems but with
a Gaussian smearing width of 0.2 eV. This is a relatively larger
smearing width but is traditionally used in DFT studies of
graphene®® and graphite®” and provides a reasonable magnetic
moment of defective graphene compared to previous DFT
studies in which smaller smearing widths were used.***” The
formation energy for the monovacancy (Egymation) is calculated as:

n—1
Etormation = Evac — —Eperfect (1)
where E,. and Ej et are the total energies of defective and
perfect graphene, respectively. n is the number of atoms in the
perfect graphene.

The interactions between defective graphene and Fe,; and Alj3
nanoparticles with icosahedral symmetry'>*' were investigated.
Beginning with the bulk lattice constants of each system (2.83 A
for bulk bee Fe and 4.04 A for bulk fcc Al), isolated Fe,; and Al;;
nanoparticles were optimized in a 254 A cubic supercell. The
Brillouin zone integration was carried out for the I-point only. In
the case of Fe, the ferromagnetic spin state of Fe;3 was employed
because the ferromagnetic spin state (total spin magnetic moment of
44 ug) is known to have a lower energy compared to the anti-
ferromagnetic spin state (total spin magnetic moment of 34 ug).">*"

Five different initial adsorption configurations of the nano-
particles were considered in the current study and are dependent
on the number of nanoparticle atoms that adsorb on the vacancy
site of graphene as indicated in Figure 1. The adsorption energy
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Figure 2. (A) Optimized structure of a monovacancy defect graphene
(127 carbon atoms) and (B) its spin density at the vacancy site (unit: e/A%).

(E.gs) per nanoparticle is calculated as:

Eads - (Esurf + cluster — Esurf —N, cluster X Ecluster) (2)

N, cluster

where Njyer is the number of nanoparticles in the model
system. Eguftclusters Esurp and Eqyseer are the total energies of
defective graphene with adsorbed nanoparticle, bare defective
graphene, and gas-phase nanoparticles. A negative adsorption
energy indicates that adsorption is exothermic (stable) with
respect to the free nanoparticle cluster.

The charge difference density (An(r)) plots were obtained by
subtracting the charge densities of the separated nanoparticles
and defective graphene from the charge density of the Fe and Al
systems as follows:

An(r) = Ngurf + cluster (1‘) - [”surf (l‘) + Ncluster (1‘)] (3)

where Nsurf-cluster (l'), Nsurf (l‘), and Neluster (l‘) are the electron
charge distributions of the defective graphene with adsorbed
nanoparticles, isolated defective graphene, and isolated nanopar-
ticles, respectively. The source of the isolated nanoparticle and
defective graphene structures used for the charge difference
density calculations have been directly obtained from the opti-
mized structures of the bound systems, rather than the optimized
free NP and graphene systems. The density plots have been
created using the XCrySDen graphical package.*

To quantitatively compare transferred charges between the Fe
and Al nanoparticles and defective graphene, a Bader charge
analysis*'~* has also been carried out. The optimized geometry
of the Fe and Al systems, isolated nanoparticles, and defective
graphene are kept fixed for the Bader charge analysis. For
improved accuracy, the structures with fixed geometries have
been calculated with a second finer fast fourier transform (FFT)-
mesh 4 times that used in the adsorption calculations.

3. RESULTS AND DISCUSSION

A. Geometry and Magnetism of Defective Graphene with
Monovacancy. Upon relaxation of a monovacancy defective
graphene (127 carbon atoms) surface, the neighboring carbon
atoms near the vacancy form a pentagonal-like ring as shown in
Figure 2A. Due to the single carbon vacancy that results in a
carbon—carbon bond cleavage, the neighboring carbon atoms
near the vacancy (Cl1, C2, and C3 as shown in Figure 2A) have
sp” dangling bonds.>***** This agrees well with other DFT
studies of defective graphene in that the vacancy site undergoes
Jahn—Teller distortion,******~* in which the C2 and C3
dangling bonds are reconstructed because of the single carbon
vacancy. The distance between C2 and C3 atoms contracts from
the standard length of 2.47 A in perfect graphene to 2.04 A in
monovacancy defective graphene, with the C1 atom displaced by
a distance, Az = 0.12 A out-of-plane. This phenomena has been
documented in previous studies with Cl out-of-plane
displacements,"’5 Az, of 0.18 A and 0.47 A.*® The distortion
can be explained on account of the weak covalent C—C bond
between the C2 and C3 atoms that repel the C1 atom, resulting
in the out-of-plane distortion. This geometric distortion also
agrees well with other DFT studies of defective graphene with
the monovalc21ncy.38’44’45 However, some DFT studies®”*>*
show that the C2—C3 length becomes longer after geometry
optimization of the defective graphene and may be attributed to a
local minimum of the symmetric D5, vacancy of graphene where
only in-plane reconstruction of the C2 and C3 atoms occurs
without the out-of-plane distortion of the C1 atom.* El-Barbary
et al*® show that the defective graphene with the distorted
vacancy yields a reduced energy of around 0.2 eV compared to
the symmetric vacancy in Cjy0H,; systems. The formation
energy for the monovacancy site in graphene is approximately
7.7 eV of the current study, which agrees well with the experi-
mental value of 7.0 £ 0.5 eV*” and with the previous DFT values
of 7.7°* and 7.8 eV.”

Perfect graphene is nonmagnetic, but the presence of the
monovacancy in graphene induces magnetism by breakin§ the
symmetry in the 7r-electron system of graphene.*®***#*% We
predict that the magnetic moment of the defective graphene with
monovacancy is 1.22 ug. The study carried out by Ma et al.*®
resulted in a calculated magnetic moment of the monovacancy of
1.04 ugp, and they found from spin density analysis that the
magnetic moment is attributed to the remaining unsaturated
bond (C1) after the formation of the C2—C3 bond in the
pentagon shape.’®** We also confirm from the spin density
analysis that the unsaturated sp” dangling bond at C1 signifi-
cantly contributes to the total magnetic moment of defective
graphene as shown in Figure 2B. Depending on the packing
distance of monovacancies, the magnetic moment varies from
1.1S up for the smallest distance to 1.45—1.53 up for greater
distances.** The structural and magnetic property agreement of
the monvacancy site of defective graphene between previous
investigations available in the literature and in the current study
validates the computational parameters chosen for the defective
graphene model of the current study.

B. Adsorption of Fe,3 and Al;3 Nanoparticles on Defective
Graphene. The geometries of isolated Fe;3 and Al nanopar-
ticles were optimized in the gas phase with the cluster radii
defined as the distance from the atom at the center of a nano-
particle to the outer edge atoms. The cluster radii are 2.40 and
2.67 A for Fey; and Aly; clusters, respectively. These results are

8963 dx.doi.org/10.1021/jp2012914 |J. Phys. Chem. C 2011, 115, 8961-8970



The Journal of Physical Chemistry C

Table 1. Adsorption Energy (E.4,) and Average Cluster Radius (ravg with standard deviation (SD) and maximum, minimum
values) of Fe,; and Al,; Nanoparticles, and Bond Lengths of Neighboring Carbon Atoms (dc;,/dc,3) Near the Vacancy of

Defective Graphene”

Fe,3 system

Al,; system

Eq (eV) Tavg (£SD) (max, min) (A) deia / deas (A) Eqs (eV) Tavg (£SD) (max, min) (A) dcia/dcas (A)

(A) nanoparticle - 2.40 - 2.67

(B) A—B mode —6.98 2.39 (£0.09) (2.50, 2.24) 2.72/2.70 —3.84 2.72 (£0.10) (2.92, 2.60) 2.87/2.95
(C) B—B mode —4.62 2.39 (£0.07) (2.47,2.29) 2.68/2.78 —1.83 2.67 (£0.05) (2.71, 2.59) 2.58/2.82
(D) B—A mode —4.05 2.38 (+0.03) (2.42, 2.34) 2.75/2.40 —1.84 2.68 (£0.04) (2.73,2.61) 2.58/2.83
(E) T-B mode —4.57 2.39 (£0.05) (2.47,2.32) 2.63/2.61 —1.87 2.69 (£0.05) (2.79, 2.63) 2.77/2.77
(F) T—A mode —3.89 2.39 (£0.05) (2.49, 2.36) 2.65/2.59 —1.92 2.67 (£0.04) (2.73,2.61) 2.82/2.82
defective graphene — — 2.57/2.04 — 2.57/2.04

“ Symbols A—F indicate adsorption configurations as labeled in Figure 1.

consistent with previous DFT studies of Fe 3 (2.40 A)* and Al
clusters (2.76 A)."® We confirm that the total magnetic moment
of the ferromagnetic spin state of the icosahedral Fe,; cluster is
44 uyp in agreement with other DFT studies.'>*!

Among the five different adsorption configurations tested as
shown in Figure 1, the atop-bridge mode (A—B mode) where
one nanoparticle edge atom interacts with three sp> dangling
bonds of carbon at the vacancy site shows exceptional stability
compared to the other modes where two or three nanoparticle
atoms are placed near the vacancy site. The details of the relative
stabilities and adsorption energies associated with the various
configurations are available in Table 1. The adsorption energies
for the most stable Fe;; and Al;; nanoparticles are found to
be —6.98 and —3.84 eV, respectively, when the dipole moment
correction is not applied. The effect of the dipole moment
correction is negligible and in the case of the most stable
adsorption configuration of the Fe system, the correction causes
the adsorption energy to change by approximately 3.5 meV (note
this comparison was made with less strict geometry convergence
criterion than described in Computational Methodology, i.e.,
total energy change upon the relaxation of the electronic degrees
of freedom less than 10™* €V). We also calculated the A—B
adsorption modes of the Fe and Al nanoparticles at the center of a
hexagonal lattice of perfect graphene. The Fe,; nanoparticle has
an adsorption energy of —0.89 eV on perfect graphene. On the
perfect graphene system, the second-layer Fe atoms contract
toward the surface carbon atoms with the nanoparticle tilting into
the surface. The Alj; nanoparticle on the perfect graphene
surface is barely stable with an adsorption energy of —0.13 eV.
Because of the monovacancy, Fe;3 and Al,3 nanoparticle adsorp-
tion is significantly enhanced on graphene. The strong interac-
tion between the nanoparticles and the carbon-vacancy defect in
graphene is attributed to the sp” dangling bond formed at the
three neighboring carbon atoms near the vacancy™® due to the
carbon—carbon bond cleavage.****** These relatively strong
adsorption energies are comparable with enhanced adsorption
energies of Pty and Aug cluster binding at a monovacany defect
site of graphene, increasing from —1.4 to —7.7 eV for Pt; and
from —0.71 to —1.56 €V for Aug.*® The adsorption energy of the
Aug cluster also is enhanced from —0.3 eV on perfect graphene up
to —2.6 eV on defective graphene with a monovacancy.

Figure 3 shows top and side views of the most stable Fe;; and
Al}3 nanoparticle configurations (A—B mode) on the mono-
vacancy defect site of graphene. The adsorbed configurations of
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Figure 3. (A) Top view and (B) side view of adsorbed Fe 3 and Al,5
nanoparticles on the defect site of graphene.
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the rest modes are shown in Supporting Information Figures S1
and S2. Upon adsorption, both geometries of the adsorbed
nanoparticles and the initially planar surface of defective gra-
phene are distorted and strongly reconstructed. The Fe;3 and
Alj; cluster radii change, ranging from 2.24 to 2.50 A
(—6.6—4.1% change) and 2.60 to 2.92 A (—2.8—9.4% change),
respectively. The Fe;3 nanoparticle contracts vertically with a
horizontal expansion, while the Al;; nanoparticle expands in
both directions. Comparing the five adsorption configurations of
each nanoparticle, the stronger nanoparticle—surface interaction
leads to greater distortion. As can be seen in Table 1, the greater
deviation from the average cluster radius correlates with in-
creased nanoparticle distortion.

The initially planar surface of defective graphene strongly
reconstructs with relaxation normal to the surface (i.e., in the
z-direction), especially near the defect site as shown in Figure 3B.
The height of the carbon atoms near the defect site increases up to
1.09 and 1.48 A for Fe,3 and Al,3 systems, respectively. Figure 4
shows that the elevated height of the carbon atoms is the highest at
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Figure 4. Elevated height (in units of A) of carbon atoms after Fe 3 (A)
and Al;3 (B) nanoparticle adsorption.

the nearest benzene rings near the adsorption site (defect site) and
decreases with respect to the distance from the adsorption site.
This elevation of carbon atoms upon adsorption of adsorbates is a
common phenomenon of defect sites of graphene.****>~>* The
average distances between the directly bound atom of the nano-
particle (i.e, Fel or All) and the three neighboring carbon atoms
nearest the monovacancy of the Fe,; 3 and Al 5 systems are 1.83 and
1.95 A, respectively. The increase in carbon’s height and the longer
average distance of Al1—C1,2,3 compared to the Fe system are
due to the larger atomic radius of Al compared to Fe. These
observations are in agreement with a previous DFT study in which
Fe and Al atoms are adsorbed on perfect graphene with reports of a
greater distance of Al—C compared to Fe—C.>> On the other
hand, lateral relaxation of the graphene lattice is not significant
compared to the relaxation normal to the surface. Due to
nanoparticle adsorption, the weak covalent C2—C3 bond, with
an original distance of 2.04 A, is broken and each C2 and C3 atom
interacts directly with atom 1 (Figure 3) of the nanoparticle. This
is supported by the elongated C2—C3 distances of 2.70 and 2.95 A
for the Fe and Al systems, respectively. The carbon—carbon bond
lengths at the three-pentagon perimeter near the vacancy site
increase by up to 0.08 A and 0.07 A for the Fe and Al systems,
respectively, with the exception of the direct bonds with C2 and
C3 atoms that decrease due to the elongation of the C2—C3 bond.
These geometry distortions of both the nanoparticles and defec-
tive graphene demonstrate that the Fe;; and Al;3 nanoparticles
interact strongly with the defect site of graphene.

One interesting observation regarding the nanoparticle ad-
sorption is that the Fe,3 and Al;3 nanoparticles are tilted toward
opposite directions of each other as shown in Figure 3B. This is
caused by different initial positions of the nanoparticle atoms on
the defect site of graphene due to different atomic radii, which
determines distance between Fe or Al and carbon atoms near the
monovacancy. Before adsorption, the average distances between
Fe3 and Al3 and their nearest pentagon-shaped carbon atoms
near the C1s atom are 3.26 and 3.33 A, respectively. Similarly, the
average distances between the Fe4 and Al4 atoms and their
nearest hexagon-shaped carbon atoms near the C2 atoms are
3.27 and 3.25 A, respectively. The shorter initial distance of the
Fe3—pentagon and Al4—hexagon areas initiates a stronger
interaction near the C1 atom for the Fe,; nanoparticle and near
C2 and C3 atoms for the Al 3 nanoparticles, resulting in opposite
tilting directions of each other. Different adsorption configura-
tions due to different initial positions of nanoparticles in the A—B
mode are shown in Supporting Information Figure S3.

C. Projected Density of States (PDOS) of Fe;3 and Al
Nanoparticles on Defective Graphene. The projected density
of states (PDOS) has been analyzed for the valence electrons of
the isolated nanoparticles (Fe, 3 and Al;3) and defective graphene
in addition to the adsorbed complexes. The PDOS analyses are
useful for understanding the details of the interaction between
the Fe;; and Al;; nanoparticles and defective graphene. The
PDOS is calculated by projecting the electron wave functions
onto spherical harmonics centered on each type of metal atom.

Figure 5 shows plots of the PDOS of the d-states of the Fe;;
nanoparticle (A) before and (B) after adsorption, the p-states of
the Al; nanoparticle (C) before and (D) after adsorption, and
the p-states of defective graphene (C1 and C2 of Figure 2A) (E)
before and (F) after adsorption, where the Fermi energy is
referenced at 0 eV. While Fe and Al atoms in the isolated
nanoparticles show narrow and sharp bands, Fe and Al atoms
in the adsorbed nanoparticles represent broader and strongly
modified bands ranging from —7 to 3 eV and from —10to 5.5 eV,
respectively. For Fe, Figure SB shows strong hybridization
between Fe 3d-states and defective graphene states, indicating
covalent bonding between Fe and C atoms.”> For Al Figure SD
reveals that 3s- and 3p-states of Al broaden noticeably and shift to
lower energy levels due to the Al-defective graphene interaction.
For example, the 3s-state of Al2 (the center atom of Al;3) at —8.7
and —2.3 eV relative to Eg before adsorption appears to split and
hybridize with the defective graphene at energies of —9.3, —3.5,
and 2.5—35.5 eV relative to Eg after adsorption. These broadened
and strongly modified states of Fe and Al indicate a strong
hybridization of the nanoparticles with the sp” dangling bonds of
carbon.

Figure SE shows that the spin states of the p orbital of the C1
atom near the vacancy split at approximately the Fermi energy
leading to spin-polarized states and resulting in asymmetry of the
spin-up and spin-down states. However, the p orbitals of the C2
and C3 atoms are symmetric, indicating that the total magnetic
moment caused by the monovacancy is localized at the C1 atom,
rather than at the C2 or C3 atoms. The spin density analysis of
defective graphene in Figure 2B agrees w1th the PDOS analysis of
C1 and C2 atoms in Figure SE. Yang et al.* also reported similar
results of the PDOS of the C1, C2, and C3 atoms near the
vacancy, but they concluded that the C2 and C3 atoms give rise
to the splitting of the spin states, leading to the spin-polarized
states. This discrepancy may be attributed to different optimized
structures of monovacancy graphene between Yang et al.’s and
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Figure S. Projected density of states (PDOS) for nanoparticles and defective graphene before and after adsorption. (A and B) d-state of Fe, 3 before and
after adsorption, respectively. (C and D) p-state of Al;; before and after adsorption, respectively. (E and F) p-state of the monovacancy defect graphene
before and after adsorption, respectively. Subscripts 1 and 2 for Fe and Al represent the bound Fe or Al atom at the vacancy site and the centered Fe or Al
atom in the nanoparticles, respectively (as labeled in Figure 3B). C1 and C2 atoms represent the C atoms neighboring the vacancy as depicted in

Figure 2A. The Fermi energy is referenced at 0 eV.

the current study. While Yang et al’s study considers the
symmetric D3, vacancy of graphene with a C2—C3 bond of
2.67 A, the structure of the current work has a distorted vacancy
site with a C2—C3 bond distance of 2.04 A, as discussed
previously. In the distorted vacancy of monovacancy graphene,
alocalized magnetic moment is strongly shown at the C1 atom as
shown in previous studies.”®** Strong unoccupied bands above
the Fermi level in Figure SE due to the sp> dangling bonds of
carbon are filled and shifted to below the Fermi level in Figure SF
after adsorption of the Fe; 3 nanoparticle. The same phenomenon
is shown in the case of Al;; adsorption on the vacancy site of
graphene, demonstrating that the valence orbitals of the Fe and
Al nanoparticle strongly interact with the graphene surface.

D. Charge Transfer between Nanoparticles and Defective
Graphene. To understand enhanced adsorption of Fe;; and
Al;3 nanoparticles on defective graphene, we conduct charge
difference density and Bader charge analyses.*' ~* Figure 6
displays the charge difference density, i.e., the difference between
the density of the nanoparticle-defective graphene system and its
separated constituents (adsorbate and substrate). The red color
represents charge accumulation, while the blue color charge
depletion. In Figure 6, strong charge accumulation is observed
at the neighboring carbon atoms (C1, C2, and C3) near the
vacancy due to the interaction between the sp> dangling bonds of
carbon and the nanoparticles. This indicates that both Fe;3 and
Al;; nanoparticles donate electrons to defective graphene, in
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Al scale:
An(r) (e/A%)

Figure 6. Charge difference density plots of the Fe (A—C) and Al (D and E) systems. (A and D) Top views. (B and E) Side views. (C and F) Front
views. Contours are drawn on a linear scale from —0.65 to 0.65 e/A> for the Fe system, and from —0.20 to 0.65 ¢/A> for the Al system. The red, purple,
and yellow colors represent Fe, Al, and C, respectively. Numbers 1, 2, and 3 represent C atoms as depicted in Figure 2A.

particular to the sp” dangling bonds of carbon. Consequently, the
magnetic moment of the Fe; 3 nanoparticle is reduced from 44 15
for the isolated structure to 36 up for the adsorbed Fe system.
According to Chan et al,*® spin polarized electrons in an isolated
transition metal such as Ti are transferred to less polarized
graphene states when the atom is adsorbed on graphene. Upon
Fe and Ti transition metal adsorption on perfect graphene,55 the
magnetic moments of Fe and Ti atoms are reduced from 4.00 to
2.03 up and 4.00 to 3.41 ugp, respectively. Considering the
magnetic moment reduction of Fe;; in the current study and
the charge difference density analysis, it is likely that charge is
transferred from Fe;3 nanoparticle to defective graphene.

Figure 6B (Fe,; system) shows that the majority of the charge
is depleted from the vicinity of bound Fe, indicating that the
charge is transferred from bound Fe to the neighboring carbons
near the vacancy; however, in the case of the Al;; system
of Figure GE, relatively weak charge depletion at the vicinity of
bound Al is observed. The weak charge depletion of the Al-
defective graphene system is caused by an underestimation of the
charge density of isolated Al;; since the isolated Al;3 structure
used in the charge difference density plot is significantly more
distorted and expanded compared to its optimized structure in
the gas phase. In the charge difference density analysis and from
eq 3, structures of isolated adsorbate and substrate are directly
obtained from an optimized adsorbate—substrate system, so that
the isolated adsorbate and substrate structures used in the charge
difference density analysis can be different from their optimized
structures in the gas phase when the geometry of an adsorbate is
significantly distorted upon adsorption.

To quantitatively compare transferred electrons between the
Fe and Al nanoparticles and defective graphene, Bader charge
analyses have also been carried out. Table 2 indicates the excess
charges of the Fe;; and Al; systems over isolated nanoparticle
and defective graphene for atoms labeled in Figure 3B. Bader
charge analysis reveals large negative excess charges on the bound
Fe and Al atoms (atom 1) of —0.47 and —1.72¢, respectively,
while large positive excess charges on the neighboring carbon
atoms (C1, C2, and C3) near the vacancy site. This indicates that
charges are transferred from the bound Fe and Al atoms to

Table 2. The Excess Bader Charge (in units of e) over the
Isolated Nanoparticle and Defective Graphene for Atoms
Labeled in Figure °B

excess charge

d-band center of

Fe system Al system Fe (before/after)
atom 1 —0.47 —-1.72 —1.28/—1.48
atom 2 0.10 —0.14 —1.30/—-1.27
atom 3 —0.29 0.07 —1.28/—-1.14
atom 4 —0.23 —0.45 —1.28/—1.03
atom S —0.11 —0.19 —1.28/—1.03
atom 6 0.01 —0.02 —1.28/-1.14
atom 7 —0.01 —0.05 —1.28/—1.08
atom 8 —0.01 —0.05 —1.28/-1.06
atom 9 0.01 —0.07 —1.28/—1.10
C1 0.18 0.40
C2 0.13 0.86
C3 0.15 0.88
total (+) on all C* 3.15 4.45
total (—) onall C —1.58 —1.36
total (4) on NP” 0.12 0.12
total () on NP ~1.70 321
net on all C 1.57 3.08

“Total positive excess charge on defective graphene. " Total positive
excess charge on nanoparticles.

defective graphene. Table 2 also summarizes the total positive
and negative excess charges on defective graphene and localized
excess charges on Cl, C2, and C3 atoms. Although the total
negative excess charges on the defective graphene sites of the
Fe (—1.58¢) and Al (—1.36¢) adsorbed systems are similar to
each other, the total positive excess charge of the Fe system
(3.15¢) is smaller than that of the Al system (4.45¢), resulting in
net excess charges of defective graphene of 1.57 and 3.08¢ in the
bound Fe and Al systems, respectively. The sum of positive
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Figure 7. The excess Bader charge (in units of ¢) on the defective
graphene of the (A) Fe,; system and (B) Al;; system over isolated
nanoparticles and defective graphene.

excess charges of the C1, C2, and C3 atoms in the Fe and Al
systems is 29 and 69% of the net excess charges of defective
graphene, respectively. Comparing these values, we find that
upon Fe;3 adsorption, charge redistribution occurs throughout
the entire surface of the defective graphene, while charge
redistribution occurs on the localized site of defective graphene
upon Al,; adsorption, as shown in Figure 7. Unlike Al with two s
and one p valence electrons, the Fe,; d-states strongly hybridize
with the defective graphene states to form covalent bonds,
thereby s1§n1ﬁcantly altering the electronic structure of defective
graphene.”™ The charge redistribution of defective graphene in
the Fe system may be understood by the Dewar—Chatt—
Duncanson model,*® in which filled 77 orbitals of carbon donate
charge density to unoccupied d-orbitals of Fe, while other
occupied d-orbitals back-donate into the empty 77* antibonding
orbitals of carbon, as demonstrated in previous work in which the
m—d orbital hybridization occurs on Pt-adsorbed carbon
nanotubes®” and Ti-doped fullerene.>®

Although charge transfer is both qualitatively and quantita-
tively described in the current study, using charge difference
density and Bader charge analyses, a direct comparison of
transferred charge between Fe and Al systems may not give
useful insight for understanding nanoparticle adsorption on

defective graphene. This is because charge transfer is more
applicable in the context of ionic bonding, while less relevant
in the case of covalent bonding, such as the case of Fe due to
shared charges in the covalent bond between adsorbate and
substrate.”> For ionic bonding systems, the work-function ()
and ionization potential (IP) are important electronic properties
for evaluating charge transfer between adsorbate and substrate
because both terms refer to energy required to remove electrons
from an adsorbate—substrate system. Although work-function
changes are not always governed by the sign and quantity of
adsorbate-induced charge transfer,® charges are generally more
likely transferred from adsorbates with lower ® and IP. Chan
et al.>® correlate the calculated work-function shift relative to
isolated perfect graphene (A®) with experimental ionization
potentials (IP) for ionic and covalent bonding metals and find
that adatoms with covalent bonding also follow the general trend
of the A® and IP correlation. Both Fe and Al show negative AP
(—1.02 for Fe and —1.18 €V for Al),>” indicating that charges are
transferred from Fe and Al to perfect graphene, with an IP of Fe
and Al that is 7.90 and 5.9 eV, respectively.>® Both A® and IP of
Fe and Al on perfect graphene suggest that charges are more
likely to transfer from Al to perfect graphene rather than from Fe
to perfect graphene. This trend supports the more negative net
charge of Al;; (—3.08 €) in contrast to Fe;; (—1.57 €) on
defective graphene as reported in the current study.

E. Enhancement of Catalytic Reactivity of Fe;3 Nanopar-
ticles. In addition to the PDOS evidence of the strong interac-
tion between the nanoparticles and defective graphene, for
transition metals the position of the d-band center is a good
measure of the relative reactivity of a given surface.’”®" Although
d-band theory has been primarily applied to determine the extent
of surface reactivity within transition metals and their alloys, it is
being applied in the current study as a measure to investigate the
potential change in nanoparticle surface reactivity before and
after adsorption on defective graphene. When materials of
differing lattice constants are alloyed or layered, the d-band
center can shift, based upon a modification in a given material’s
electronic structure. As the d-band center shifts, so do the
antibonding orbitals. As antibonding orbitals shift higher in
energy, they become more difficult to fill, leading to stronger
binding of an adsorbate on a catalytic surface. For example, the
strength of adsorption of CO and O atoms increases as the
d-states of Au and Pt surfaces are shifted toward the Fermi
level.®* In another study,” it was shown that CO binding on the
FeCo(100) alloy surface is stronger on the Co-terminated sur-
face compared to the Fe-terminated surface and that the d-band
center of the Co surface is closer to the Fermi level than that of
the Fe surface. These examples show that the enhanced catalytic
activities of metal surfaces can be proven by examining the
d-band center shift. In the current study, the d-band center of the
isolated Fe,3 nanoparticle is —1.28 eV and shifts up to —1.13 eV
after adsorption, indicating that the reactivity of the nanoparticle
may be enhanced upon adsorption. Table 2 shows individual
d-band centers of the Fe atoms in the nanoparticle labeled in
Figure 3B, and all of the Fe atoms of the isolated Fe;; show the
same d-band centers, i.e.,, —1.28 eV, except for the centered Fe2
atom (—1.30 eV) due to the symmetry of the icosahedral cluster.
For adsorbed Fe,3, the d-band center of the bound Fel atom is
the lowest (—1.48 eV) among the Fe atoms, even further away
from the Fermi level than that of the isolated Fe;; due to the
bond formation of Fe with the sp” dangling bonds of the carbon
atoms of defective graphene. However, the remainder of the Fe
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atoms show shifted d-band centers ranging from —1.03 to —1.27
eV. It may be useful to know for further catalytic studies which
site on the adsorbed nanoparticle exhibits the highest catalytic
reactivity. The highest d-band center is shown at Fe4 and Fe$
atoms in Figure 3B, —1.03 eV, followed by Fe8 (—1.06 eV), Fe7
(—1.08 eV), and Fe9 (—1.10 eV) atoms. Future work should
include the investigation of these sites for potentially enhanced
reactant uptake. However, it should be noted that if these sites
bind a reactant too strongly, this is not favorable for intermediate
formation and catalyst turnover; hence, a balance in the binding

strength should be sought.

4. CONCLUSIONS

We demonstrate stable anchoring of Fe;3 and Al 3 nanoparticles
on defective graphene by showing relatively strong adsorption
energies of Fe,3 (—6.98 eV) and Al}; (—3.84 V) nanoparticles on
the monovacancy defect site of graphene. Upon adsorption of the
nanoparticles, the sp” dangling bonds of neighboring carbons near
the vacancy site significantly contribute to anchoring the nanopar-
ticles, so that the height of the neighboring carbon atoms increases
up to 1.09 and 1.48 A for Fe, 3 and Al,; systems, respectively, while
lateral relaxation of the graphene lattice is not significant. PDOS
analyses also support strong hybridization of the nanoparticles with
the sp” dangling bonds of carbon. Charges are transferred mostly
from the bound nanoparticles at the vacancy to defective graphene,
and the net charge accumulations on defective graphene are 1.57
and 3.08¢ for the Fe and Al systems, respectively. Due to Fei;
d-states, charge redistribution of the defective graphene in the Fe
system occurs throughout the entire surface of the defective
graphene, while charge redistribution occurs only locally around
the vacancy site upon Al;3 adsorption. We also suggest enhanced
catalytic reactivity of the Fe;; nanoparticles upon adsorption on
defective graphene indicated from a d-band center shift closer to
the Fermi level upon adsorption (from —1.28 to —1.13 eV).
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