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ABSTRACT: The structural and electronic properties of Pt;3 nanoparticles =~ Monovacancy Eads=-230eV  Eads=-0.78 &V
adsorbed on monovacancy defective graphene have been determined to under- ::‘I'I‘:I\A; 02 e €
stand oxygen adsorption on Pt nanoparticles based upon density functional [ I I I Ptis

strate that a monovacancy site of graphene serves a key role as an anchoring point
for Pt 5 nanoparticles, ensuring their stability on defective graphene surfaces and ~ *
suggesting their enhanced catalytic activity toward the mteractlon with O,. ¥ ™™™

s
theory predictions using the generalized gradient approximation. We demon- I‘T 1
Y ¥
S

Strong hybridization of the Pt;3 nanoparticle with the sp> dangling bonds of

neighboring carbon atoms near the monovacancy site leads to the strong binding of the Pt;3 nanoparticle on defective graphene
(—7.4S eV in adsorption energy). Upon both adsorption of the Pt;; nanoparticle on defective graphene and O, on Pt;;—defective
graphene, strong charge depletion of the Pt atom at the interfaces of Pt—C and Pt—O, is observed. Pt;3 nanoparticles are able to
donate charge to both defective graphene and O,. The Pt;;—defective graphene complex shows an O, adsorption energy of —2.30
eV, which is weaker than the O, adsorption energy of —3.92 eV on a free Pt; 3 nanoparticle. Considering the strong stability of the Pt
nanoparticles and relatively weaker O, adsorption energy due to the defective graphene support, we expect that the defective
graphene support may increase the catalytic activity of Pt nanoparticles compared to flat Pt metal surfaces, not only by preventing
sintering of Pt nanoparticles due to the strong anchoring nature of the graphene defect sites but also by providing a balance in the O,

binding strength that may allow for enhanced catalyst turnover.

1. INTRODUCTION

Graphene, one planar sheet of sp>-bonded carbon atoms
arranged in a hexagonal lattice, has recently attracted wide
attention in materials science and condensed matter physics
due to its unique electronic properties.' > The presence of carbon
vacancies on graphene significantly influences the physical and
chemical characteristics and magnetic properties of graphene.*~
Carbon vacancies induce magnetism bg breaking the symmetry
of nonmagnetic perfect graphene. > The vacancy sites in
graphene can be used as anchoring points for the growth of
nanoparticles. The binding of Fe and Al nanopartlcles, for
example, is significantly enhanced due to sp danghng carbon
bonds at a monovacancy site of defective graphene.” These
defective graphene -supported nanoparticles may enhance sur-
face reactivity.>'® Previous experimental studies have shown that
atomic defects in graphene sheets can be formed after several
tens of seconds of irradiation with an electron beam'" or by
treatment with hydrochloric acid.'>

Platinum (Pt) nanoparticles are considered in the current
study with specific focus on the changes of mechanical and
electronic properties from the bulk phase to the nanoparticle-
scale, with interest to the oxygen reduction reaction (ORR).
Platinum has been represented as one of the best electrocatalysts
for ORR with most of the previous Pt ORR studies focusing on
different types of Pt surface models (i.e., Pt(111), Pt(110), or
Pt(100))"*™" or cluster models."®"” The ORR has been of
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central focus amidst the ongoing studies of electrode reactions in
low-temperature fuel cells. The slow kinetics of this reaction is
limiting its application, although efforts are being pursued to try
and advance its performance to achieve improved efficiency.'*'*~*°

Recently, composites of graphene with deposited metal na-
noparticles (e.g., Pt, Au, and Pd) have been proposed as effective
nanocomposites for fuel cell applications,>* with the
graphene metal nanocomposites casted as films on electrode
surfaces.”"** Pt nanoparticles supported on functionalized graphene
sheets have showed enhanced activity and stability of Pt catalysts
for electrocatalytlc oxygen reduction in proton-exchange membrane
(PEM) fuel cells.”* The enhanced activity of Pt nanoparticles on
functionalized graphene may be attrlbuted to enhancement of the
electrochemically active surface area.”

Experimental work carried out by Sakurai et al.** indicate that
transition-metal clusters (Fe, Ti, Zr, Nb, and Ta) with “magic
numbers” 1n,”**° such that, n = 7, 13, and 1S5 atoms in a given
cluster, have a higher geometric and/or electronic stability than
other cluster sizes. For the current study, n = 13 has been chosen
to investigate the interaction of a Pt nanoparticle on defective
graphene and the adsorption of oxygen on the defective-
graphene-supported Pt nanoparticle.
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For ORR investigations, the essential first step is to elucidate
the behavior of oxygen adsorption on Pt nanoparticles. The
purpose of the current study is to utilize defective graphene-
supported Pt nanoparticles for the enhancement of the catalytic
activity of Pt nanoparticles toward oxygen reduction. For this, the
current study investigates the following two adsorption studies:
(1) Pt 3 nanoparticle adsorption on a monovacancy defect site of
graphene and (2) oxygen adsorption on the Pt,;;—defective
graphene. The current study also provides details of the structural
and electronic properties of these investigated systems.

2. COMPUTATIONAL METHODOLOGY

Spin-polarized 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 Pt 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.
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 vacaum
space of 25.5 A. A dipole moment correction was not incorpo-
rated due to its negligible effect on adsorption energy of Fe,;
nanoparticles on a monovacancy defective graphene.” A kinetic
energy cutoff of 400 eV was used with a plane-wave basis set. The
integration of the Brillouin zone was conducted usinga2 x 2 X 1
Monkhorst—Pack grid®® with the [-point included and first-
order Methfessel—Paxton smearing®* with a width of 0.1 €V. All
atoms were fully relaxed and optimized until the forces were
reduced below 0.02 eV/A.

The supercell used for a monovacancy defective graphene
consists of 127 carbon atoms with a single carbon atom vacancy
at the center. The isolated Pt;3 nanoparticle was optimized in a
30.0 A cubic supercell in which the Brillouin zone integration was
carried out for the I'-point only. For O, in the gas phase, the
calculations predict an oxygen bond length of 1.23 A and bond
dissociation energy of 6.07 eV. Both are larger than experimental
data (i.e., bond length of 1.21 A and bond dissociation energy of
5.17 €V).* Other DFT studies predict O, bond lengths of 1.24
and 1.22°7 A and bond dissociation energies of 5.73%7 and
6.24%* eV, which are comparable with the predictions of the
current work. The adsorption energy (E,4;) of a Pt; 3 nanoparticle
(or O,) per adsorbate is calculated as

Eads - (Esubstrate+adsorbate - Esubstrate - NadsorbateEadsorbate)

(1)

where N, qsorbate 1S the number of an adsorbate in the model
system. Esubstrate+adsorbate) Esubstrate) and Eadsorbate are the total
energies of Pt;;—defective graphene (or O,—Pt;;—defective
graphene), defective graphene (or Pt;;—defective graphene),
and gas phase Pt nanoparticle (or O,). A negative adsorption
energy indicates that adsorption is exothermic (stable) with
respect to the free nanoparticle cluster.

For the charge difference density (An(r)) plot of the O,—
Pt;3—defective graphene system upon O, adsorption, the charge
densities of the system (11(r)syseem) and its separated constitutes
of the O, adsorbate (n(r),gsorbate) and Pt;3—defective graphene

Nadsorbate

&

(D4h)

'S B
(1) (On)

B Monovacancy Pt13

Figure 1. (A) Pt;3 nanoparticles. (B) Top view and (C) side view of the
adsorbed Pt; 3 nanoparticle on the monovacancy site of graphene. Yellow
and gray colors represent C and Pt, respectively.

substrate (n(r)spstrate) Were integrated in x and y directions
(parallel to the surface), and An(r) was calculated as n(r) syscem —
[1(1) adsorbate + 1(T)substrate ]- The source of the isolated O, and
Pt;3;—defective graphene structures has been directly obtained
from the optimized structure of the O, adsorbed Pt,;—defective
graphene system and then reoptimized by relaxing x and y
directions while freezing the z directions. The Bader charge
analysis®® ** has been carried out by using the optimized geo-
metries of free O,, Pt;3—defective graphene, and O, adsorbed
Pt;3—defective graphene with a second finer fast Fourier trans-
form (FFT)-mesh 4 times that used in the adsorption calculations.

3. RESULTS AND DISCUSSION

Interaction of Pt,3 Nanoparticle on Defective Graphene.
Prior to the investigation of Pt;; nanoparticle adsorption on
defective graphene, a stable configuration of isolated Pt;; nano-
particle was sought by optimizing three different geometries of
Pt;3 nanoparticles in the gas phase: icosahedron (I;,), regular
cuboctahedron (0),), and distorted cuboctahedron (D,;) as
shown in Figure 1A. The distorted cuboctahedron (D) con-
figuration is more stable than the other symmetry configurations
showing ~1 eV lower total energy. This result is consistent with a
previous DFT study of Pt nanoclusters showing that the lowest
energy configuration of Pty is a symmetry-broken Dy, rather
than icosahedral configuration.*' The cluster radii of the Pt;3 Dy,
configuration are 2.49 and 3.13 A for the nearest and next nearest
Pt atoms from the center Pt atom, respectively. Bare defective
graphene with a monovacancy site has a magnetic moment of
1.20 g, whereas perfect graphene is nonmagnetic. The magnetic
moment is attributed to the C1 unsaturated bond rather than the
C2 and C3 atoms that form a weak bonding interaction (i.e,, 2.03 A,
shorter than 2.47 A of perfect graphene) in Figure 1B.” Details of
spin density analysis supporting the localized magnetic moment of
C1 at the carbon vacancy site of bare defective graphene are available
in the Supporting Information, Figure S1.
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For Pt;3 nanoparticle adsorption on defective graphene, the
current study tested three different adsorption configurations of
Pt;3 Dy, based on the adsorption studies of Fe;; and Alj;
nanoparticles on monovacancy defective graphene,” in which
one nanoparticle edge atom interacts with three sp> dangling
bonds of carbon at the monovacancy site showing exceptional
stability compared to the other modes where two or three
nanoparticle atoms are placed near the monovacancy site.
Figure 1 panels B and C, represent the most stable adsorption
configurations of the Pt;3 nanoparticle on the monovacancy site
of graphene. The adsorption energy for the most stable Pt;3 Dy,
nanoparticle is found to be —7.45 eV. The strong interaction
between the nanoparticle 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.°® The full geometries of the
other adsorption configurations are available in Supporting Infor-
mation, Figure S2.

Upon adsorption, both geometries of the adsorbed Pt
nanoparticles and the initially planar surface of defective gra-
phene are distorted and strongly reconstructed. 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 while lateral relaxation of the
graphene lattice is not significant as shown in Figure 1C. The
height of the carbon atoms near the defect site increases up to
1.33 A, which is similar with the elevated heights of carbon atoms
shown in the Fey; (1.09 A) and Alj; (1.48 A) nanoparticle
adsorption on the monovacancy site of defective graphene.”
The elevated heights of carbon atoms at the monovacancy site
are ordered as Fe < Pt < Al nanoparticle systems. This may be
attributed to the atomic radii of Fe (1.26 A) < Pt (1.39 A) < Al
(143 A)°

The projected density of states (PDOS) has been analyzed for
the valence electrons of the isolated Pt;; nanoparticle and
defective graphene in addition to the adsorbed complexes. The
PDOS analyses are useful for understanding the details of the
interaction between the Pt;; nanoparticle and defective gra-
phene. Figure 2 shows plots of the PDOS of the s, p, and d states
of bound Pt (Pt1 in Figure 1C) and the s and p states of carbon
nearest from monovacancy site of graphene. Pt atoms in the
isolated Pt;; nanoparticle show narrow and sharp bands char-
acterized by a set of discrete levels in a finite system™® (data not
shown here). However, Pt atoms in the adsorbed nanoparticle
represent delocalized, broadened, and strongly modified bands
ranging from —15 to +7 eV in Figure 2A, which is similar to the
PDOS of the Pt(111)** metal surface. Comparing the PDOS of
Pt and C atoms in Figure 2, strong hybridization between Pt 5d
states and C 2p states of defective graphene occurs through
almost the entire energy region, supporting a covalent bonding
interaction between Pt and C atoms as described in a Pt'—C
example.** These broadened and strongly modified states of Pt
indicate a strong hybridization of the Pt nanoparticle with the sp*
dangling bonds of carbon at the monovacancy site of graphene.

Figure 3 displays excess Bader charges of the Pt;3—defective
graphene system indicating relatively strong charge accumulation
at the neighboring carbon atoms near the monovacancy due to
the interaction between the sp> dangling bonds of the carbon
atoms and the Pt nanoparticle. Also, relatively strong charge
depletion is found near the bound Pt atom (Ptl in both
Figures 1C and 3). Bader charge analysis reveals negative excess
charges on the bound Pt atom of —0.41e and positive excess
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PDOS (states/eV/atom)

Energy (E-E) (eV)

Figure 2. (A) PDOS of's, p, and d states of bound Pt (Pt1 in Figure 1C)
at the monovacancy site of graphene. (B) PDOS of s and p states of
carbon nearest from the monovacancy after adsorption. Spin-up () and
spin-down (V) states are marked as positive and negative values,
respectively. The Fermi energy is referenced at 0 eV.
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Figure 3. Excess Bader charges (in units of e) of the monovacancy
defective graphene and adsorbed Pt,; (in the inset) in the Pt;;—defec-
tive graphene system. Numbers 1—9 in the inset represent Pt atoms as
depicted in Figure 1C.

charges (up to 0.05—0.09¢) on carbon atoms neighboring the
monovacancy site. Total net excess charge on the defective
graphene is 0.24¢. This indicates that charges are transferred
from bound Pt to defective graphene, in particular to the sp>
dangling bonds of carbon atoms near the vacancy site. Lim et al.’
conducted Fe,; and Al,; nanoparticle adsorption on the mono-
vacancy defective graphene and reported that excess charges on
bound Fe and Al atoms at the monovacancy site were —0.47
and —1.72e, respectively, and total net excess charges on the defec-
tive graphene were 1.57 and 3.08¢ for the Fe;3 and Al;; nanoparticle
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Figure 4. (A) O, adsorption on defective graphene-supported Pt;3
nanoparticles: O, adsorption energies of (a) —2.30, (b) —1.96, (c) —1.80,
and (d) —0.78 eV. (B) O, adsorption on free Pt,3 nanoparticles opti-
mized in the gas phase: O, adsorption energies of (a) —3.92 in a
bridge, (b) —1.20 in a vertical (Pauling model), and (c) —1.19 eV in
an atop (Griffit model) mode. Red, yellow, and gray colors represent
O, C, and Pt, respectively.

systems, respectively. The amount of charge transferred from the
Pt, Fe, and Al nanoparticles to defective graphene is ordered as,
Pt (0.24¢) < Fe (1.57¢) < Al (3.08¢). This can be explained by
the difference in both the work functions of Pt (5.64 eV),>
Fe (4.67 eV),* and Al (4.06 V) and the ionization potentials
of Pt (8.96 eV),* Fe (7.90 eV),* and Al (5.99 eV).*® The work
function (®) and ionization potential (IP) are important elec-
tronic properties for evaluating the charge transfer between
adsorbate and substrate since both terms refer to the energy
required to remove electrons from an adsorbate—substrate
system. Although the work function is not always _governed by
the quantity of adsorbate-induced charge transfer,” charges are
generally more likely transferred to substrates from adsorbates
with lower @ and IP.

Interaction of O, on Pt;3—Defective Graphene. To deter-
mine the possible O, adsorption configurations on the defective
graphene-supported Pt;3 nanoparticle, a simple Pt;3 model was
used for preliminary tests to offer insight into O, adsorption on
the supported Pt;; nanoparticle. The simple Pt;3 model was
directly obtained from the adsorbed Pt;3 nanoparticle config-
uration shown in Figure 1C by removing defective graphene and
freezing only Pt1 (bound Pt) to mimic the anchored Pt atom at
the monovacancy site of graphene. After examining the relative
total energies of 16 different O, adsorption configurations on the
simple Pt;3; model including bridge, vertical (Pauling model),
and atop (Griffit model) modes,**” it has been found that O,
prefers to bind on the simple Pt;; model in a bridge configuration
as shown in the Supporting Information, Table S1. Among the 16
possible initial O, adsorption configurations on the simple Pt;;
model, three bridge configurations and one atop configuration
were fully reoptimized on the monovacancy site of defective
graphene. As shown in Figure 4A, stable O, adsorption configurations

on the defective graphene-supported Pt;3; nanoparticles have
adsorption energies of —2.30 eV in the bridge configuration (a)
and —0.78 eV in the atop configuration (d). The predicted O,
adsorption energy in the bridge configuration is significantly
enhanced compared to other studies of O, adsorption, which
range among —0.58 to —0.72 eV on Pt(111),°° —1.30 eV on
Pt(001),>' —1.48 eV on Pt(110),>* —1.42 €V on a Pt, cluster,”
—1.08 eV on a Pt; cluster,”® and —0.53 to —0.83 eV on Pt,
clusters (n=2—5).>* The O, bond length of 1.23 A as a free gas-
phase molecule is more elongated upon adsorption on defective
graphene-supported Pt,; systems, i.e., as 1.44 and 1.38 A for the
bridge and atop configurations, respectively, compared to 1.35 A%
on Pt(111). A strong linear relationship is observed between
elongated O, bond lengths and transferred charge amounts to O,
(R* = 0.98); the more charge transferred to O, from the Pt;;—
defective graphene system, the more elongated the O—O bonds
become. Table S2 in the Supporting Information summarizes the
elongated O, bond lengths and the excess Bader charge of the
components of the Pt;;—defective graphene systems (this Bader
charge analyses were conducted with the same FFT-mesh as used
in the adsorption calculations to save computational effort).
Although defective graphene-supported Pt;; nanoparticles
may enhance O, adsorption, the adsorption energies are higher
(less stable) than those of the free Pt;3 nanoparticles optimized
in the gas phase. Figure 4B shows O, adsorption on free Pt;;
nanoparticles, exhibiting a greater exothermic O, adsorption
energy of up to —3.92 eV in the bridge configuration compared
to that of defective graphene-supported Pt;3 nanoparticles. This
exceptionally stable O, adsorption brings significant distortion to
the free Pt;3 nanoparticle compared to other O,—free Pt;3
systems as shown in Figure 4B (more configurations of O,—free
Pt,; systems in Supporting Information, Figure S3). Traditionally,
stronger adsorption leads to a greater distortion in adsorbate—
substrate systems as discussed in the previous work,” concerning
Fe,; and Al,; nanoparticle adsorption on defective graphene. In
other words, an adsorbate—substrate system that provides more
degrees of freedom for geometry distortion may be better suited
for allowing enhanced adsorption between an adsorbate and
substrate. To test this hypothesis, O, adsorption energies on the
free Pt;3 nanoparticle were recalculated by freezing the positions
of the atoms in the Pt;; nanoparticle. Two adsorption sites were
examined, i.e, the most and least stable sites as illustrated in
Figure 4B (a) and (c), with adsorption energies of —1.14 and
—1.07 eV, respectively. Compared to the fully relaxed Pt;3
nanoparticles (—3.92 and —1.19 eV for the most and least stable
sites, respectively), this result indicates that the significant
enhancement of the oxygen interaction with free Pt;3 nanopar-
ticles is attributed to the geometry distortion of the free Pt;;
nanoparticle upon O, adsorption. Additional views of Figure 4B
(a) are shown in the Supporting Information, Figure S4, that
further illustrate the extent of distortion upon O, adsorption.
The monovacancy defective graphene support stably anchors
a Pt;3 nanoparticle at the vacancy site and consequently prevents
the Pt;; nanoparticle from being significantly altered upon O,
adsorption. This may explain the weaker O, adsorption energies
on the defective graphene-supported Pt;; system compared to
those of the free Pt;3 nanoparticle, which may furthermore be
beneficial to this system’s potential catalytic applications, e.g,
oxygen reduction reaction. For instance, if a reactant binds too
strongly to a catalyst surface, it can substantially decrease the
turnover frequency. Rather, a balance in the binding strength
should be sought. It should be duly noted that larger Pt nanoparticles
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Figure 5. Charge difference density of integrated charge densities in the
x and y directions normal to the surface for adsorbed O, on the
monovacancy defective graphene-supported Pt;3 nanoparticle. L1, L2,
and L3 represent the bottom and top Pt layers and O, layer, respectively.
The L1 layer is referenced at 0 A in z height. Red, gray, and yellow colors
represent O, Pt, and C, respectively.

(>Pt;3) that provide less degrees of freedom for geometry
distortion upon O, adsorption might behave difterently in terms
of O, adsorption strength between defective graphene-sup-
ported and free Pt systems.

Figure S displays the charge difference density, An(r), of
integrated charge densities in x and y directions (parallel to the
surface), which are plotted with respect to the z direction. As
discussed in previous work,” the charge difference density may be
underestimated or overestimated when an adsorbate is signifi-
cantly distorted upon adsorption. The magnitude of charge
depletion of an Al nanoparticle upon adsorption on defective
graphene was, for example, underestimated due to significant
geometry expansion of the Al nanoparticle.® Thus, the least-
modified adsorption geometry of the O,—Pt;3—graphene sys-
tem [Figure 4A(d)] was chosen for the charge difference density
analysis. As seen in Figure S (z height between L2 and L3),
appreciable charge depletion from the vicinity of the top Pt atom
(Pt9) and charge accumulation in the vicinity of O, is observed,
indicating qualitatively that charges are transferred from Pt to O,
at the Pt—O, interface. This electron transfer from Pt to O, is
also reported by another DFT study regarding O, adsorption on
Pt(111).> The overall electron transfer scheme may include
electron donation from the O, 27T orbital to the Pt 5d.. orbital
and simultaneous back-donation from the partially filled Pt 5d,,
or 5d,, orbital to the O, 27* orbital as proposed by Toda
et 31.53:57 The An(r) of the inner Pt; 3 nanoparticle (z height from
L1 to L2 in Figure S) is more likely to be of the Friedel oscillation
type (i.e, persistent oscillations of the electronic state density due
to boundary effects>®) rather than a net transfer, which is very
similar behavior to that of the O, adsorbed—Pt(111) bulk layers.55

4. CONCLUSION

The current study demonstrates two potential benefits of the
use of defective graphene as a support for the catalytic activity of
Pt nanoparticles, ie., enhanced stability of surface-bound Pt
nanoparticles and possible tunability of the O, adsorption strength.
The monovacancy site of graphene plays a key role in anchoring
the Pt;; nanoparticles, yielding a relatively strong adsorption

energy of —7.45 eV due to the strong hybridization of the Pt
nanoparticle with the sp” dangling bonds of neighboring carbon
atoms near the monovacancy site of graphene. This enhanced
stability may provide minimal Pt nanoparticle aggregation on the
graphene surface.

Upon adsorption of a Pt;3 nanoparticle on the monovacancy
defect site of graphene, charge is transferred mostly from the
bound Pt atom at the monovacancy site to defective graphene,
accumulating a total net charge of 0.24e on defective graphene.
The O, adsorption on the defective graphene-supported Pt;;
nanoparticle leads to a charge depletion of Pt, while O, accu-
mulates charge at the Pt—O, interface. O, adsorption energies
on the Ptj3—defective graphene complex and the free Pt;;
nanoparticle are —2.30 and —3.92 eV, respectively. This wea-
kened O, adsorption energy due to the defective graphene
support may contribute to the potential optimization of the
catalytic activity of Pt nanoparticles toward oxygen reduction by
providing a balance in the O, binding strength thereby allowing
for an optimal turnover .

B ASSOCIATED CONTENT

© Supporting Information. Spin density and geometry at
the carbon vacancy site of bare defective graphene, two other less
stable adsorption configurations of Pt;3 nanoparticles on the
monovacancy defective graphene, relative total energies of O,—
Pt,; simple models, elongated O, bond lengths and excess Bader
charge of the O,—Pt;3—defective graphene systems, and O,
adsorption on free Pt;3 nanoparticles. This material is available
free of charge via the Internet at http://pubs.acs.org.
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