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ABSTRACT: The mechanisms of the oxygen reduction reaction
(ORR) on defective graphene-supported Pt; nanoparticles have
been investigated to understand the effect of defective graphene
support on the ORR and predict details of ORR pathways.
We employed density functional theory (DFT) predictions using the
projector-augmented wave (PAW) method within the generalized
gradient approximation (GGA). Free energy diagrams for the
ORR over supported and unsupported Pt,; nanoparticles were
constructed to provide the stability of possible intermediates in
the electrochemical reaction pathways. We demonstrate that
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the defective graphene support may provide a balance in the binding of ORR intermediates on Pt,; nanoparticles by tuning the
relatively high reactivity of free Pt;; nanoparticles that bind the ORR intermediates too strongly subsequently leading to slow
kinetics. The defective graphene support lowers not only the activation energy for O, dissociation from 0.37 to 0.16 eV, but
also the energy barrier of the rate-limiting step by reducing the stability of HO* species. We predict the ORR mechanisms via
direct four-electron and series two-electron pathways. It has been determined that an activation free energy (0.16 V) for O,
dissociation from adsorbed O,* at a bridge site on the supported Pt;; nanoparticle into O* + O* species (i, the direct
pathway) is lower than the free energy barrier (0.29 eV) for the formation of HOO* species from adsorbed O,* at the
corresponding atop site, indicating that the direct pathway may be preferred as the initial step of the ORR mechanism. Also, it has
been observed that charge is transferred from the Pt;; nanoparticle to both defective graphene and the ORR intermediate species.

1. INTRODUCTION

The oxygen reduction reaction (ORR) is of central focus amidst
ongoing studies of electrode reactions in polymer electrolyte
membrane (PEM) fuel cells because of the slow kinetics that
take place at the cathode electrode. Although efforts are being
pursued to try and advance its performance to achieve improved
efficiency,' ™ the slow kinetics of the ORR limits PEM fuel cell
applications. Platinum (Pt) has been reported as one of the best
electrocatalysts for PEM fuel cells; however, its high cost is one
of the main obstacles to the commercialization of PEM fuel
cells.>® For this Pt and Pt alloy nanocatalysts supported on
graphene,” "' graphene nanoplatelets,'> or nanoscale graphite'?
have gained much attention because of the reduction in the high
cost of the precious metal and the increase in the durability of
the Pt support. In particular, functionalized graphene-supported
Pt nanoparticles show enhanced oxygen reduction activity in a
PEM fuel cell,” better performance in a hydrogen fuel cell,® and
also higher activity for methanol oxidation reaction'" because of
increased electrochemically active surface area and less aggre-
gation of Pt nanoparticles. Furthermore, the vacancy sites in
graphene can serve as anchoring points for the growth of nano-
particles."*">  Defective graphene-supported nanoparticles may
enhance surface reactivity'®'® and previous experimental studies
have shown that atomic defects in graphene may be formed after
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several tens of seconds of irradiation with an electron beam'” or by
treatment with hydrochloric acid."®

The mechanisms of the ORR have been investigated experi-
mentally and theoretically for Pt and Pt alloy catalysts. The
following two overall mechanisms of ORR have been sug-
gested:""? a direct four-electron pathway (eq 1), in which O, is
directly reduced to H,O without the formation of the hydrogen
peroxide (H,0,) intermediate and a series two-electron path-
way (eqs 2 and 3) in which O, is reduced to H,O via H,0,.

0, + 4H" + ¢7) = 2H,0 (1)
0, +2(H" + ¢7) = H,0, @)
H,0, + 2(H + ¢7) - 2H,0 3)

It has been reported that the ORR proceeds principally through
the direct pathway in both acid and alkaline aqueous electro-
lytes, provided that adsorbed impurities are minimal." However,
Markovic et al.”® suggested that the series pathway may apply
to Pt- and Pt-based bimetallic catalysts. In place of one domi-
nant mechanism of either a direct or a series pathway, a parallel
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pathway has also been suggested in which both the direct and
series pathways take place simultaneously,” with the direct
pathway dominant.>**

The ORR pathway may also be influenced by the adsorption
and coverage of oxygen on the Pt surface. Norskov et al.” re-
ported that an associative mechanism is dominant at high oxygen
coverage (6o = 0.5 monolayer (ML)), in which ORR occurs via
the formation of an HOO* intermediate (i.e. the series
pathway). While a dissociative mechanism is dominant at low
oxygen coverage (0o = 0 ML) in which ORR occurs without
the formation of an HOO¥* intermediate (i.e., the direct
pathway). Yeager”® postulated that the direct pathway occurs
when O, molecule is adsorbed as a di-o structure (i.e., a bridge
site-configuration), while the series pathway is preferred when
only one atomic site is available (ie., an atop site-configuration).
On the other hand, Sidik and Anderson® conducted a DFT
cluster study and showed that O, bonded to a dual site on a Pt,
cluster proceeds via the series pathway, not being dissociated, but
through the formation of an HOO* species

Despite efforts ongoing theoretical investigations of ORR
mechanisms on flat Pt and Pt alloy metals as previously dis-
cussed, few theoretical studies of ORR mechanisms on graphene-
supported Pt nanoparticles have been conducted to date. The
purpose of the current study is to investigate ORR mechanisms
on defective graphene—supported Pt nanoparticles using
density functional theory (DFT) calculations coupled with a com-
putational hydrogen model (CHE)” to provide information re-
garding the stability of possible intermediates within the electro-
chemical reaction pathways. Although metal nanoparticles used
for the ORR applications are deposited on various substrates
(e.g., usually carbon supports),”>*® we compare our O, adsorp-
tion and reactivity results to free Pt;; nanoparticles to demonstrate
the effect of a defective graphene support on the catalytic activity
of Pt;; nanoparticles. In addition, details of the structural and
electronic properties of these systems are discussed.

2. COMPUTATIONAL METHODOLOGY

Spin-polarized density functional theory calculations were per-
formed using the Vienna ab initio Simulation Package (VASP)*’~>°
with the projector-augmented wave (PAW)>"** method. 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 non-
local corrections. An orthorhombic supercell of 19.74 X 17.10
X 32.01 A with periodic boundary conditions was used with a
vacuum space of 25.5 A. A dipole moment correction was not
incorporated due to its negligible effect on adsorption energy
of Fe; nanoparticle 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
using a 2 X 2 X 1 Monkhorst—Pack grid** with the I-point
included and first-order Methfessel—Paxton smearing® with a
width of 0.1 eV. All atoms were fully relaxed and optimized
until total energy change upon two steps of the electronic self-
consistent loop less than 107* eV.

The supercell used for a monovacancy defective graphene
consists of 127 carbon atoms with a single carbon atom vacancy
at the center. A Pt; cluster was chosen for a Pt nanoparticle
according to “magic numbers” n***” of transition-metal clusters
(Fe, Ti, Zr, Nb, and Ta), such that, n = 7, 13, and 1S atoms that
provide a higher geometric or electronic stability than other
cluster sizes. The isolated Pt;; nanoparticle was optimized in a
25.0 A cubic supercell, in which the Brillouin zone integration
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was carried out for the I'-point only. Oxygen adsorbates on Pt;;
surfaces were considered as neutrally charged oxygen ad-
sorbates, instead of superoxide O, or peroxide O,>”, as studied
by Norskov et al.” showing reasonable agreement with experi-
ments in terms of ORR overpotential calculations (more details
in Supporting Information, Computational Methodology
section 1). The adsorption energy (E,q,) of an adsorbate
(02) is defined as Eads = Esubstrate+adsorbate —E —E
where Esubstrate+adsorbate! Esubstrate! and Eadsorbate are the total energies
of a substrate and adsorbate (O,—Pt;-defective graphene), a
substrate (Pt,y-defective graphene), and a gas phase adsorbate
(0,). A negative adsorption energy indicates that adsorption is
exothermic (stable) with respect to the free gas phase adsorbate.
More details of the adsorption of Pt;; nanoparticles on defective
graphene and the adsorption of O, on Pt,;-defective graphene are
discussed in our previous study."

Fully relaxed and optimized Pt,;-defective graphene systems
were partially frozen for this ORR study to save computational
effort. The boundary 83 carbon atoms out of 127 carbon atoms
of defective graphene were frozen based on its negligible in-
fluence on O, adsorption and geometry change as shown in
Supporting Information, Computational Methodology section
2 (Figure S1 and Figure S2). The change in O, adsorption
energies used for the ORR mechanism pathways is less than S
meV because of the frozen carbon atoms. The activation
barriers of O, dissociation are computed using the climbing
image nudged elastic band (CI-NEB) method that is known to
effectively locate the minimum energy paths (MEPs) and the
corresponding transition states of adsorbate molecules on the
transition metal surface.®® Once the initial and final con-
figurations of a reaction path are known, intermediate con-
figurations are determined by interpolating between the initial
and final configurations. The interpolated chain of config-
urations are connected by springs and relaxed simultaneously to
the MEP, through which the highest-energy configuration
climbs uphill to the saddle point.>®

Free energies of the ORR intermediates in electrochemical
reaction pathways were calculated based on a computational
hydrogen electrode (CHE) model suggested by Nerskov et al.>***°
The CHE model defines that the chemical potential of a
proton/electron (H* + €) in solution is equal to half of the
chemical potential of a gas-phase H,. Free energy change (AG)
is calculated as AG = AE + AZPE —TAS, where AE is the
total energy change directly obtained from DFT calculations,
AZPE is the change in zero-point energies, T is temperature
(298.15 K), and AS is the change in entropy. The effect of a
bias can be applied by shifting AG by —eU, where e is the
elementary positive charge and U is the applied bias. Free
energies of adsorbates were calculated by treating 3N degrees
of freedom of adsorbates as vibrational frequencies in the
harmonic oscillator approximation and fixing Pt;-defective
graphene surfaces (assuming vibrations of the Pt ;-defective
graphene surfaces are negligible) as done in Peterson et al.*’
Zero-point energies and entropies of the ORR intermediates
were calculated from the vibrational frequencies according to
standard methods,* and those of free gas-phase molecules were
obtained from thermodynamics database.” Details of free energy
calculations and DFT total energies, ZPE, entropies, and free
energies of the intermediates are shown in Supporting
Information, Computational Methodology section 3 (Table S1).

The Bader charge analysis*>~** was carried out for the op-
timized geometries of free O,, Pt ;-defective graphene, and O,—
Pt);-defective graphene to quantitatively compare transferred

substrate adsorbates
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charges among O,, Pt;; nanoparticle, and defective graphene.
The charge difference density (An(r)) plot of the HOO—Pt,;-
defective graphene system upon HOO adsorption was obtained
by subtracting the charge densities of the separated constitutes of
the HOO adsorbate (n(r),georae) and Ptjs-defective graphene
substrate (1(r)gupstrae) from the charge density of the HOO—
Pt;;-defective graphene system (n(r)gsem) a5 7(0)gsem —
[1(0) gsorbate + M()substrate]- The source of the isolated HOO
and Pt;-defective graphene structures have been directly
obtained from the optimized structure of the O, adsorbed
Pt);-defective graphene system.

3. RESULTS AND DISCUSSION

Simple Oxygen Reduction over Pt;; Nanoparticle. A
simple model for ORR, in which one atomic oxygen adsorbs on
the surface (O*, asterisk denoting adsorbed species thereafter)
and undergoes the first and second proton/electron (H* + ¢7)-
transfer steps (HO* and H,0, respectively), is useful in provid-
ing insight on the activity of the Pt;; nanoparticle compared to
that of flat Pt metals. Figure 1 shows the free energy diagrams
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Figure 1. Free energy diagram for the simple oxygen reduction model
over a Pt,; nanoparticle (red) compared to that of Pt(111) (black) by
Norskov et al.” Solid and dashed lines represent reactions at zero cell
potential (U = 0 V) and the equilibrium potential (U = 123 V),
respectively.

of the simple ORR over the Pt;; nanoparticle compared to that
of Pt(111)? illustrating the four reaction steps with optimized
intermediates, O* and HO*. At zero electrode potential (U =0 V),
roughly equivalent to the gas-phase hydrogen oxidation
reaction,” both the Pt; nanoparticle and Pt(111) exhibit exo-
thermic reactivity. At an equilibrium electrode potential of
U = 123V, that is, the maximum thermodynamic potential of
the fuel cell,* both materials exhibit energetically uphill proton/
electron-transfer steps. Norskov et al.” have suggested that the
origin of the overpotential for ORR at the Pt cathode is attrib-
uted to one of two energetically uphill steps (0.45 eV), which is
close to the experimentally measured overpotential. In the case
of the Pt;; nanoparticle, the O* and HO* species are strongly
stabilized, with adsorption energies of —4.99 and —3.54 eV,
respectively. These adsorption energies are significantly
stronger than those of O* on Pt(111) (ie, —4.21 eV*) and
HO* on Pt(111) (ie, —2.25% or —2.31 eV*’). The greater
stability of these intermediates promotes the initial oxygen binding
step on the Pt;; nanoparticle; however, it may hinder further reac-
tion steps toward oxygen reduction due to potentially increased
energy barriers associated with the proton/electron-transfer steps.
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The binding of HO* on the Pt;; nanoparticle is relatively
stronger compared to the O* binding. The rate-limiting step lies
in the second proton/electron-transfer step with an overpotential
of 1.13 eV (ie, defined as the minimum energy required for total
process’) as shown in Figure 1. This strong binding interaction of
the O* and HO* intermediates with the free Pt;; surface may
cause the proton/electron-transfer steps to be strongly
endothermic, thereby thermodynamically hindering the formation
of product species.

In addition to investigation of the bridge site for ORR inter-
mediate adsorption, less stable configurations of the atop site
were also examined and are available in Supporting Information,
Figure S3. The adsorption energies of O* and HO* on the
atop site are —4.72 and —3.42 eV, respectively, which are 0.27
and 0.12 eV higher than those of the intermediates at the bridge
site, resulting in minimum energy barriers for the first and
second reduction steps of 0.25 and 1.05 eV, respectively. This
result also indicates that an ORR pathway involving stronger
binding of O* and HO* intermediates requires higher over-
potentials for oxygen reduction.

Direct Pathway of ORR on Pt;;-Defective Graphene.
Similarly, in the simple ORR pathway, a direct four-electron
pathway of ORR on defective graphene-supported Pt;; nano-
particles has been investigated according to the following
reaction steps:

0, = 0; (4)
0; » O* + O* ()
O* + O* + (H" + ¢7) - O* + OH* (6)
O* + OH* + (H" + ¢7) » O* + H,0 7)
O* + H,0 + (H' 4+ ¢7) - OH* + H,0 (8)
OH* + H,0 + (H" 4+ ¢7) = 2H,0 (9)

The O, adsorption configurations on the Pt,;-defective graphene
systems have been extensively investigated in our previous
study," in which it was found that O, prefers to bind on the
Pt,;-defective graphene systems in a bridge configuration with an
adsorption energy of —2.30 eV. This bridge configuration (i.e., a
di-o structure in which O, adsorbs over two Pt atoms) is likely to
proceed toward oxygen reduction via the direct pathway™ and
may involve O, dissociation rather than the formation of HOO*
intermediate species by protonation.2 However, it is still unclear
whether O, dissociation occurs prior to proton/electron-transfer
steps. To investigate this, we tested the adsorption of atomic
hydrogen on O, adsorbed in the bridge configuration as shown
in Figure 2A. The geometry optimization indicates that upon H
adsorption, the O—O bond dissociates and O* and HO* species
are formed (Figure 2A). Thus, we postulate that O, dissociates at
the bridge O, adsorption configuration and proceeds to further
proton/electron-transfer steps as described in eqs 4—9 and steps
1-7 in Figure 3. The same direct pathway of ORR is also
investigated on the free Pt;; nanoparticle to understand the effect
of the defective graphene support on ORR mechanisms.
Figure 3 shows a comparison of the ORR mechanisms be-
tween the Ptj;-defective graphene and the free Pt;; nano-
particle. At zero electrode potential (U = 0 V), both show
strong exothermicities except for the last step associated with
H,O desorption. This endothermic step (i.e., steps 6 = 7) is
due to the exceptional stability of HO* at step 6 on both
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Figure 2. Geometry optimization of atomic hydrogen adsorption at
bridge (A) and atop (B) sites on O,—Pt;;-defective graphene systems.
Optimized Oj adsorption configurations and initial positions of H
atoms are in the left side and optimized H atoms are in the right side.
Numbers with arrows represent bond lengths in A.
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Figure 3. Free-energy diagram for oxygen reduction through a direct four-
electron pathway on free Pt;; nanoparticles (A and markers in orange) and
defective graphene-supported Pt;; nanoparticles (B and markers in blue).
Solid and dashed lines represent reactions at zero cell potential (i.e.,
U =0 V) and the equilibrium potential (ie, U = 1.23 V), respectively.
Images of steps 1—7 correspond to eqs 4—9 (a direct four-electron
pathway). Gas-phase species (e.g, O, H,O, and H,) are separately cal-
culated and protons in the gas-phase are omitted in the images. TS 1 and 2
represent activation free energies for O, dissociation on the supported and
unsupported Pt;; nanoparticles, respectively. Inset shows alternative
intermediates (less stable) of step S’ and 6’ of the supported Pt;; system.

supported and unsupported Pt;; nanoparticles. In contrast to
the strongly bound O* and HO* intermediates on the atop site
of the Pt,;-defective graphene at steps S and 6, respectively, the
less stable intermediates of these steps lead to exothermic
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reactions as shown in the inset. The adsorption behavior of
OH on the Pt;;-defective graphene agrees with that of OH on
Pt(111) in that OH prefers to bind at an atop site rather than a
bridge site.***” For the supported system, at the equilibrium
electrode potential (i.e., U = 1.23 V), all of the four proton/
electron-transfer steps are energetically uphill (endothermic
reactions) except for step S — 6. The rate-limiting steps lie in
the last proton/electron transfer and H,O desorption steps
(ie., step 6 — 7), with minimum energy barriers of 1.68 and
2.71 eV for both supported and unsupported Pt ; nanoparticles,
respectively. In the case of the less stable intermediates of
the supported system shown in the inset of Figure 3, the rate-
limiting step appears at the second proton/electron transfer
and first H,O desorption step (i.e., step 4 — S) with a mini-
mum energy barrier of 0.78 eV. This remarkable change in the
rate-limiting energy barrier indicates that the stability of the
ORR intermediates, that is, O* and HO¥, serves a key role in
the activity of Pt surfaces toward oxygen reduction as pre-
viously discussed. In addition, the defective graphene support
significantly contributes to the reduction of the energy barrier,
which provides an opportunity for tuning the activity of Pt
nanoparticles using the graphene support. The decrease in the
stability of the ORR intermediates may be due to a charge re-
distribution caused by the defective graphene support. Upon
O, adsorption on the Pt ;-defective graphene, charge flows
from the Pt nanoparticle to both O, and defective graphene as
shown in our previous study.'®

Free energies of activation for O, dissociation (between steps
2 — 3) on both supported (TS1) and unsupported Pt;3 (TS2)
nanoparticles are 0.16 and 0.37 eV, respectively, as shown in
Figure 3. The defective graphene support significantly lowers
the O, dissociation barrier compared to the energy barriers of
the free Pt); nanoparticle and flat Pt surfaces, which range in
DFT gas-phase calculations between 0.24 and 0.76 eV depending
on O, coverage (e.g, 0.12—0.50 ML) on Pt(111),** 0.69 and
0.90 eV on Pt(111),* 0.8 and 0.9 eV on Pt(211),* 0.44 eV on
Pt(111),°° and between 0.15 and 0.30 eV on Pt(111).>' The O,
dissociation barrier energy on the free Pt;; nanoparticle is close
to the experimental value of 0.32 eV on Pt(111) in the gas-phase.

The lower O, dissociation barrier of the Pt,;-defective graphene
system compared to the free Pt;; nanoparticle is directly
associated with the degree of activation of the adsorbed O,
molecule at the bridge site of the Pt;; nanoparticles. Comparing
the O—O bond lengths on both systems as shown in Table 1
and Figure 2, the O—O bond distance of 1.44 A on the Pt,;-
defective graphene is more elongated than that of the free Pt);
nanoparticle (1.40 A). The elongated O—O bond length is
consistent with the O, excess Bader charges (i.e., charge trans-
ferred to O,) of 0.65 and 0.62¢ in the O,—Pt,;-defective graphene
and the O,-free Pt;; nanoparticle systems, respectively. These
results indicate that a strong linear relationship exists between
the elongated O, bond lengths and the charge transferred to
0,."> The more activated the O, molecule is upon adsorption,
indicated by the extent of the O—O bond distance elongation,
the smaller the energy barrier required for dissociation.

Traditionally on flat metal surfaces, the more strongly O, is
adsorbed, the more elongated the surface-bound O, bond is,
which leads to the smaller the energy barrier for O, dis-
sociation. This is demonstrated in previous investigations associated
with flat metal surfaces that show a linear dependence between the
O, adsorption energy and the O, dissociation barrier.>> However,
this trend shown on flat metal surfaces is contradictory to the
relatively weaker O, adsorption energy (—2.30 eV) yet smaller O,
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Table 1. O—O Bond Lengths, Activation Energies of O, Dissociation (E,),” and Pt—O and Pt—OH Bond Lengths of the Free
Pt,; Nanoparticle (Pt;;) and Pt ;-Defective Graphene Systems (Pt;;/G) of Direct and Series Pathways”

0-0 (A) E, (eV) Pt—0 (A) Pt—OH (A)
direct series direct direct series direct

Pty Pt;3/G Pt;3/G Pty Pt;3/G Pty Pt;3/G Pt;3/G Pt;; Pt;3/G series
step 1 1.23 1.23 1.23
step 2 1.40 1.44 1.38 0.37 0.16 1.96* 1.93* 2.04*
step 3 4.47 3.79 1.48 1.77% 1.78% 1.94
step 4 4.57 3.49 3.58 1.77 1.79 1.77 1.92 1.93 1.94
step S 1.77 1.78 1.77
step 6 1.93 1.93 1.94

“E, is calculated between steps 2 and 3. “Steps 1—6 correspond to images of Figure 3 and 4 (*indicates average lengths with + less than 0.007 A).

dissociation barrier energy on the Pt ;-defective graphene com-
pared to those (adsorption energy of —3.92 eV)" on the free
Pt); nanoparticle. This is partly because, unlike flat metal surfaces,
the stability of the O,-free Pt;; system may be attributed to a
significant geometry distortion of the free Pt;; nanoparticle upon
O, adsorption. This can be further validated by examining the O,
adsorption energy (ie, —1.14 eV) on a fixed free Pt
nanoparticle."®

Despite the stronger O, adsorption energy on the free Pt3
nanoparticle compared to that of the Pt;-defective graphene,
the O, molecule is more activated on the Pt,;-defective graphene
as indicated by the O—O bond lengths of adsorbed O,, which
lowers the O, dissociation barrier energy compared to the un-
supported system. However, the magnitude of difference in the
degree of activated O, between the supported and unsupported
Pt,; nanoparticles is small in terms of the elongated O—O bond
and extent of charge transfer. Another important factor that may
in part aid in explaining the difference in the O, dissociation
barrier energy is the degree of relaxation associated with the free
Pt,; nanoparticles. Upon O, adsorption, the overall change of the
Pt atomic positions (ie, defined as sum of the Pt atom
diplacements after geometry optimization) of the unsupported
and supported systems are 0.038 A and 0.014 A, respectively.
This indicates that the number of degrees of freedom of the free
Pt); nanoparticle is greater than the supported Pt; nanoparticle,
which allows reconfiguration of the free particle upon O,
adsorption. The higher number of degrees of freedom of the
free Pt); nanoparticle leads to the more stable adsorbed O,
configuration, but less stable configuration of the transition state
of O, dissociation. Although the comparison of the O,
dissociation barrier energies indicate that the defective graphene
support may be beneficial for lowering the O, dissociation barrier
energy compared to the unsupported system, it may not
influence the overall ORR since the rate-limiting step lies in the
last proton/electron transfer and H,O desorption step (i.e., steps
6 — 7 in Figure 3).

The lower energy barrier of the rate-limiting step for the
supported Pt nanoparticle compared to the unsupported sys-
tem potentially resulting in faster kinetics may be interpreted in
terms of the d-band center shift. For transition metals, the
position of the d-band center is a good measure of the relative
reactivity of a given surface.”*** An upshift of the d-band center
closer to the Fermi level (Ej) causes the antibonding orbitals of
a catalytic surface to shift higher, potentially making them more
difficult to fill, thereby leading to a stronger binding interaction
between the adsorbate and surface. The d-band centers of
defective graphene-supported Pt;; nanoparticle and free Pt);
nanoparticle are —1.98 and —1.89 eV, respectively. This is

3657

consistent with a previous DFT calculation®® showing —2.05
and —1.71 eV, respectively, for Pt,;-defective graphene and
free Pt,; in a shape of icosahedrons (which is different from our
distorted cuboctahedron shape of Pt;;). In the case of the
supported Pt,;, the d-band center is downshifted farther from
Ep because of the defective graphene support. The relatively
weaker interaction of the ORR intermediates with the
supported Pt;; nanoparticle compared to that of the free Pt
nanoparticle can be understood by the farther d-band center
position from Eg, which results in the lower energy barrier for the
rate-limiting step (ie, step 6 — 7 in Figure 3) leading to
relatively faster kinetics.

Series Pathway of ORR on Pt;;-Defective Graphene.
A series two-electron pathway of ORR on defective graphene-
supported Pt;; nanoparticles has also been investigated based
on the direct pathway by replacing eq 5 and 6 by eq 10 and 11,
respectively.

O} + (H" + ¢7) - HOO* (10)

HOO* — O* 4+ QH* (11)

As discussed previously, while an addition of atomic hydrogen
to the bridge O, adsorption configuration leads to dissociation
of the O—O bond (Figure 2A), an addition of atomic hydrogen
to the atop O, adsorption configuration forms HOO* species
as shown in Figure 2B. An atop O, adsorption configuration
(i.e., step 2 in Figure 4) is thus likely to proceed via the series
pathway.”® This is a major difference between the direct and
series pathways for ORR, occurring at steps 2 and 3. The
remaining steps 4—7 may be interchangeable between the
direct and series pathways.

At zero electrode potential (i.e, U = 0 V), the series path-
way is overall highly exothermic. By shifting the potential to
the equilibrium electrode potential (i.e, U = 1.23 V), as in the
direct pathway, the series pathway also shows that all of the
four proton/electron-transfer steps are energetically uphill. The
series ORR pathway on Pt(111)* has showed similar behavior
at the HOO* formation step as shown in our study in that this
reaction is endothermic at between steps 2 and 3. Under a high
oxygen coverage of 0.5 ML, both O, adsorption and HOO*
formation on Pt(111) are endothermic at the equilibrium elec-
trode potential.”

A remarkable difference between the direct and series path-
ways occurs at steps 2 and 3 and is associated with the
geometric stability of the HOO* intermediate species at step 3.
Thus, additional geometry configurations of the HOO*
intermediate species are examined with their minimum energy
barriers between steps 2 and 3 in the series pathway predicted
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Figure 4. Free energy diagram for oxygen reduction through a direct
four-electron (markers in blue) and a series two-electron (markers in
green) pathway on defective graphene-supported Pt;; nanoparticles.
Solid and dashed lines represent reactions at zero cell potential (i.e.,
U = 0V) and the equilibrium potential (i.e,, U = 1.23 V), respectively.
Images of steps 1—2, 2—4, and 4—7 correspond to egs 4, 10—11, and
7-9, respectively (a series two-electron pathway). Gas-phase species
(e.g, Oy H,0, and H,) are separately calculated and protons in the
gas-phase are omitted in the images. TS 1 represents free energies of
activation for O, dissociation on the supported Pt ; nanoparticles. The
inset shows alternative intermediates (i.e., less stable) of steps 3, 3",
and 3" of the series pathway at the equilibrium potential.

at the equilibrium electrode potential as shown in the inset of
Figure 4. The O, dissociation barrier energy (TS1) of 0.16 eV
in the direct pathway is lower than the minimum energy barrier
of 029 eV between steps 2 and 3 of the series pathway,
indicating that the direct pathway in which O, dissociates first is
initially preferred compared to the HOO* species formation in
the ORR pathway. This is an interesting finding compared to
previous studies of ORR pathways on Pt(111)* and Pt
clusters'®**>5  approximating flat Pt surfaces, which have
proposed that the HOO* species might be an intermediate
for the initial proton transfer step. Among these previous
studies, Wang and Balbuena® conducted ab initio molecular
dynamics simulations of oxygen reduction on Pt(111) and
suggested that the dissociation of adsorbed O,* on Pt(111)
may have a higher activation energy than that of the formation
of the HOO* intermediate species, concluding that the HOO*
formation may be an initial ORR step. This may be, however,
because of a preferred O, adsorption configuration, which is a
canted O—O structure at an atop—brldge site on flat Pt surfaces.
In the work of Wang and Balbuena,’ they showed that O, binds
on Pt(111) in a canted HOO* configuration in both cases where a
hydrated proton interacts with O, before or after O, adsorbs onto
the surface. On the other hand, the canted O—O adsorption
configuration is not the most stable adsorption configuration
on Pt ; nanoparticles as extensively examined in our previous
study.” Instead, because of highly undercoordinated Pt atoms
of Pt;; nanoparticles, the bridge site for O, adsorption on the
supported Pt;; nanoparticle (e.g., Figure 3B, step 2) may become
more active in order to stabilize adsorbed O3, which consequently
results in strongly activated Oj species that lowers the O,
dissociation barrier (e.g, TSI in Figure 3 and 4).

As shown in Table 1, upon O, adsorption on the supported
Pt,; nanoparticles, O, is activated by charge transferred from Pt
atoms,"® resulting in elongated O—O bond lengths of 1.38 and
1.44 A from a gas-phase O, length of 1.23 A at the atop (e.g,
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step 2 of the series pathway) and bridge (e.g, step 2 of the
direct pathway) modes, respectively. This is consistent with
their O, adsorption strength of —0.78 and —2.30 eV at the atop
and brldge modes of the supported Pt;; nanoparticles, respec-
tively,"> in which the stronger O, adsorption leads to the more
activated (i.e., the more elongated) O,* species. The HOO*
intermediate species of the series pathway (i.e., step 3) is likely
to be a decomposition precursor as indicated by an elongated
O-0 bond distance of 1.48 A and a shortened Pt—O bond
distance of 1.94 A compared to the adsorbed O,* intermediate
of step 2, which agrees with Wang and Balbuena.’> This
activated HOO* species decomposes to adsorbed O* and HO*
species with its actlvatlon barrler small (i.e, 0.06 eV) according
to previous DFT studies.>** The reduction of HOO* may lead
to H,0O by the formation of hydrogen peroxide (H,O3)
intermediate (i.e., a series pathway)>*"** or by directly forming
H,O and adsorbed O* >*>° Although the former was suggested
to be the lower energy pathway, it has generally been accepted
that the H,O5 intermediate is unstable and thus readily dis-
sociates homolytically into HO* + HO* species.”*' Our
preliminary geometry optimization of the HOO-free Pt,; cluster
with the addition of a H atom also shows that the latter is more
likely to occur rather than the formation of an H,Of species
(Supporting Information, Figure S4). Thus, the remaining
oxygen reduction steps after the formation of the HOO* interm-
ediate species were determined and shown as steps 4—7 in Figure 4.
It should be noted that other important factors affecting the
ORR pathways but not considered in this study may include
the effect of water molecules and oxygen coverage on the
stability of the ORR intermediates. Because of the polarity of
HO* and HOO* species, they will interact more strongly with
water molecules adsorbed on the Pt surface and will be further
stabilized relatively, compared to O* species,” which might
alter the ORR pathways suggested. The degree of oxygen
coverage on the Pt;; nanoparticle surface will also affect the
binding energles and free energy changes for ORR inter-
mediates.” With an oxygen coverage of 0.5 ML, for example, O,
requires a higher energy of dissociation,” which will ultimately
influence the mechanism of oxygen reduction. Lastly, we have
compared the ORR of the defective graphene-supported Pt,;
nanoparticle with that of the free Pt;; nanoparticle to
theoretically demonstrate the effect of the support on the
ORR. However, it may not be appropriate to directly compare
the results of the ORR of the supported Pt,; nanoparticle with
those of flat Pt metal surfaces. For example, the overpotential of
the supported Pt;; nanoparticle (i.e, ranging from 0.69 to
1.68 eV) is shown higher than the theoretically and
experimentally observed overpotential (~0.45 eV)™*® of
Pt(111). This is, however, because of the high reactivity of
the Pt;; nanoparticle and monovacancy defect site of graphene
employed in this study. If may be possible that larger Pt
nanoparticles (i.e, > Pt;;) are less reactive than the smaller
nanoparticle cluster examined in the current work, thereby
leading to potentially lower overpotentials. Further work that
examines the size effect on reactivity will aid in determining the
possibly tunability of these composite nanostructures.
Electronic Properties. Figure SA displays the excess Bader
charge of each component (defective graphene, Pt;, and ad-
sorbates (O,, OOH, O, or OH)) of the Pt,;-defective graphene
and free Pt;; systems. Negative and positive excess charges
represent charge depletion and accumulation, respectively. In
all of the cases, it is clear that charge is transferred from the Pt ;
nanoparticle to both defective graphene and the adsorbates.
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Pt);-defective graphene and free Pt ; systems depending on the direct
and series oxygen reduction pathways. (B) Charge difference density
(An(r) in units of e/A%) of HOO* species (step 3) in the series
pathway) showing the top part of Figure 2B (right).

Relatively strong charge depletion on Pt;; nanoparticle occurs
at both interfaces of Pt ;/defective graphene and Pt;;/O, as
shown in previous studies.'>” A significant difference between
the direct and series pathways on the Pt);-defective graphene
systems is observed at step 3, where an HOO* intermediate
species is formed in the series pathway. The relatively weaker
interaction of the HOO®* intermediate species with the
supported Pt;; nanoparticle is responsible for both the
decreased charge depletion on the Pt;; and decreased charge
accumulation on the adsorbate. Between the direct pathways of
the supported and unsupported Pt,; nanoparticles, the amount
of charge transferred to the adsorbates is similar in both cases,
but less charge depletion is observed on the unsupported Pt;;
nanoparticle because of the absence of defective graphene that
aids in depleting the charge of the Pt;; nanoparticle. Defective
graphene shows similar charge accumulation between the direct
and series pathways of the Pt ;-defective graphene system,
which is not remarkably affected by adsorption. Figure 5B
shows the charge difference density of the HOO* inter-
mediate species (step 3) in the series pathway. Upon adsorp-
tion of HOO species, there is a charge depletion (in blue) from
the vicinity of the top Pt atom and accumulation (in red) at the
oxygen atoms. The charge difference density plot may not
accurately describe the total amount of charge depleted and
accumulated because of its known limitations, especially when
adsorbates are significantly distorted upon adsorption'*'* (i.e.,
charge densities of separated constitutes of an optimized system
examined from the optimized composite system, not from their
optimized gas-phase structures). For example, the magnitude
of charge depletion of an Al nanoparticle upon adsorption on
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defective graphene was underestimated due to a significant
geometry expansion of the Al nanoparticle."* Despite this
limitation, Figure SB clearly shows that the charge is transferred
from the Pt atom to the HOO* species as discussed previously
in the Bader charge analyses.

4. CONCLUSIONS

The current study has demonstrated theoretically that defec-
tive graphene used as a support structure may be used to enhance
the catalytic activity of Pt;; nanoparticles. Comparing the free
versus supported nanoparticle systems, the defective graphene
support lowers the O, dissociation activation energy from 0.37
to 0.16 eV by promoting charge transfer from Pt atoms to O,
and limiting the degree of relaxation of Pt;; nanoparticle, and
also decreases the energy barrier of the rate-limiting step by
reducing the stability of the HO* intermediate species. An
additional benefit of the graphene support is its ability to
anchor Pt nanoparticles to prevent sintering of the catalyst.

The ORR mechanisms via both the direct four-electron and
series two-electron pathways have been investigated and com-
pared. Both pathways show that at the equilibrium electrode
potential (ie, U = 1.23 V) all of the four proton/electron-
transfer reactions are endothermic. A major difference between
the two pathways examined occurs at the initial ORR step
where O, adsorbs and either dissociates into O* + O* species
(ie, the direct pathway) or forms the HOO* intermediate
species (i.e., the series pathway). By comparing O, dissociation
activation energy (0.16 eV) and the minimum energy barrier for
HOO* formation (0.29 eV), it has been found that the direct
pathway is preferred at the initial step of the ORR pathway. The
HOO* intermediate species in the series pathway is likely to be a
decomposition precursor that decomposes to O* and HO*
species. Following this step, three additional proton/electron-
transfer steps lead to the formation of two water molecules, which
may be interchangeable with the direct pathway. Lastly, upon
adsorption of the ORR intermediate species on Pt);-defective
graphene, the Pt;; nanoparticle serves as a charge donor to both
defective graphene and the intermediate species.
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