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ABSTRACT: Development of cost-effective and highly-active platinum group metal-free (PGM-free)
electrocatalysts for the oxygen reduction reaction (ORR) has recently attracted a great deal of attention.
Among various PGM-free chemistries, FeNx moieties atomically dispersed into the host carbon have emerged as
promising candidates. In this work, we employ density functional theory calculations to explore the idea of ORR
activity enhancement of the FeN4 sites in the graphene matrix because of the charge transfer in a model doped
graphene/metal heterostructure. By screening a number of face-centered cubic metal substrates using the
computational hydrogen electrode approach, we predict Cu as a promising support that results in the theoretical
ORR overpotential of the hybrid system that is lower than that of the pure Pt(111) surface. We also determine
that Cu exhibits strong adhesion to the FeN4-doped graphene that should improve stability of the catalytic system in aqueous
media. Overall, the obtained results demonstrate that nanostructuring or alloying of M−N−C materials with other metals is a
viable strategy to enhance the activity and stability of ORR PGM-free catalysts.

■ INTRODUCTION

There has been an upsurge of interest in recent years to
develop platinum group metal-free (PGM-free) electrocatalysts
for the oxygen reduction reaction (ORR) to replace costly
precious metals used in the current polymer electrolyte fuel cell
technology.1−6 Heteroatom-doped carbon-based electrocata-
lysts are especially attractive as cheap and earth-abundant
materials capable of delivering ORR activities approaching
PGM counterparts. Such noble metal-free carbon-based
catalysts are very promising because their structure is amenable
to various modifications enabling efficient tuning of catalytic
activity.7−10 Despite significant progress in the field over the
past years, the nature of active sites, the overall reaction
mechanism, and parasitic side reactions are not well-under-
stood. In addition, degradation of such carbon-based electro-
catalysts during fuel cell operation still represents an important
issue. As a result, despite the price, platinum-based catalysts
remain dominant in polymer electrolyte fuel cells.
Among low-cost PGM-free electrocatalysts, two-dimensional

N-doped graphene systems have been extensively explored,
and a variety of doping types were studied by means of density
functional theory (DFT) calculations.11−14 Theoretical calcu-
lations suggest that single metal atoms embedded into
graphene may also deliver high ORR activities.15−19 Derived
from the structure of iron porphyrin, nitrogen-doped iron and
cobalt-based electrocatalysts have recently attracted a lot of
interest because of their ORR activity.20 Although the atomic
structure of active sites in these materials remains largely
debated,21−24 a recent experimental study has directly
identified the FeN4 moieties in the graphene sheets,25

advocating for the use of FeN4 species in graphene as
reasonable structural models in ab initio simulations.26 In the
case of hybrid metal−carbon systems, much of the work has

been devoted to the studies of the ORR for carbon-supported
metal clusters27 and nanocomposites.28−30 The interfacial
electronic-structure changes due to the interactions between a
metal nanocrystal and carbon substrate are known to be critical
for the enhanced electrocatalytic activity during the ORR.
One important challenge in application of PGM-free

materials is their durability which is typically inferior to that
of PGM catalysts. Different deactivation mechanisms of PGM-
free catalysts were previously identified including carbon
corrosion, protonation of surface N groups,31 metal
dissolution,32,33 and H2O2-induced degradation.34 For exam-
ple, it was recently revealed that FeNxCy moieties are
electrochemically unstable in acidic electrolytes with respect
to oxidation by H2O2 which is the main ORR byproduct.34

Therefore, the design of new PGM-free material chemistries
must take into account not only the reactivity but also long-
term stability of catalysts in electrochemical environments.
In the present work, we aim to investigate the idea of how

the reactivity of FeN4 sites in the graphene matrix can be
further enhanced by a metal substrate. We hypothesize that
because of the interfacial electron transfer, the electrocatalytic
activity of the FeN4 active sites can be modulated by choosing
the appropriate alloying element. We explore this idea by
building a composite FeN4-doped graphene/metal system with
the (111) metal surface as a support. This model allows us to
examine a series of face-centered cubic (fcc) metals that are
characterized by small lattice mismatches with the graphene
basal surface. Through DFT-based computational screening
within the computational hydrogen electrode (CHE) ap-
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proach, we predict that the Cu-supported FeN4-doped
graphene system has the ORR overpotential lower than that
of Pt(111). We also note that Cu should be beneficial from the
stability point of view because of very favorable adhesion
between Cu and FeN4-doped graphene. The remainder of this
paper is organized as follows. First, we introduce the structural
model and compute the ORR overpotential across a number of
metal-supported FeN4-doped graphene systems. Then, we
analyze the relationship between the estimated overpotential
and the electronic structure properties revealing an approx-
imately linear correlation between the ORR overpotential and
d-band center of the Fe atom.

■ COMPUTATIONAL DETAILS
DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP)35,36 within the generalized
gradient approximation utilizing the revised Perdew−Burke−
Ernzerhof (RPBE) exchange−correlation functional.37 The
RPBE functional was corrected for long-range dispersion
interactions using the D3 approach according to the Grimme
formalism.38,39 A cutoff energy of 500 eV was chosen, and the
convergence criteria for the total energy and atomic forces
were set to 10−5 eV and 0.01 eV/Å, respectively. The
rotationally invariant GGA + U approach was applied using
the U−J values of 3.29, 3.40, and 3.87 eV on the Fe, Ni, and
Cu 3d orbitals, respectively.40,41 It should be noted that it is
common to treat bulk metals using the plain GGA formalism,
while GGA + U is generally reserved for application to
compounds with localized electronic states such as metal
oxides and nitrides. However, there were theoretical studies
demonstrating that GGA + U could provide more accurate
energetics for some metallic systems.42 In the case of the
FeN4−graphene/Cu system identified as the most favorable
ORR system in this work, our simulations reveal that the GGA
and GGA + U calculated ORR overpotentials agree within just
a few millielectronvolts. The optimized lattice parameter for
each fcc metal (see Table 1 for structural information) is found
to be in reasonable agreement with the literature data.43 The
periodic slab model (see Figure 1) comprising one FeN4-
doped graphene layer and five metal layers of the extended
(111) surface with a vacuum gap of at least 20 Å was
employed. During optimization, the bottom three layers of the
metal support were fixed, while the top two layers of the metal
and one graphene layer were allowed to relax. The metal bulk
structures were optimized with a 12 × 12 × 12 Monkhorst−
Pack mesh to sample the k-space, while the (111) metal slabs,

FeN4-doped graphene layer, and the composite graphene/
metal systems were computed using a 4 × 3 × 1 k-point mesh.
The Gibbs free energies of the multistep ORR process were

calculated according to the following equation44−46

Δ = Δ + Δ − ΔG E T SZPE

where ΔG is the Gibbs energy for a system under standard
conditions of 298.15 K and 100 kPa. The obtained values are
corrected by zero point energies (ΔZPE) and taking into
consideration the entropy (ΔS) of the system at 298.15 K.
Entropy values of gaseous molecules are taken from the
standard tables.47 The computational standard hydrogen
electrode (SHE) approach is employed to calculate the
abovementioned energy terms for the *O, *OH, and *OOH
intermediates. The proton−electron pair is replaced by half of
a hydrogen molecule in the SHE mode.48 The equilibrium
potential U0 for the four-electron transfer ORR process at pH
= 0 is 1.23 V versus the reversible hydrogen electrode (RHE).
Therefore

Δ * = * + − − *
+ * + − − *
− × * + − − *

G E E E E

T S S S S

( )

(ZPE ZPE ZPE ZPE )

( )

O O H H O

O H H O

O H H O

2 2

2 2

2 2

Table 1. Structural and Energetic Parameters of the Composite FeN4-Doped Graphene/Metal Systemsa

surface cell ΔEadh (eV/nm
2)

M DM−M (Å) a (Å) b (Å) mismatch (%) atop bridge hollow DFe−M (Å)

Ni 2.45 8.50 9.82 0.46 −4.84 −4.58 −4.77 2.46
Cu 2.51 8.69 10.03 1.71 −4.29 −4.37 −4.45 2.80
Ir 2.74 8.22 9.49 3.73 −3.04 −2.96 −3.05 2.79
Pd 2.78 8.34 9.63 2.33 −4.16 −4.58 −4.62 2.60
Pt 2.81 8.44 9.74 1.25 −5.86 −5.86 −5.84 2.47
Al 2.83 8.50 9.82 0.46 −2.48 −2.29 −2.27 2.71
Ag 2.96 8.88 10.25 3.92 −0.97 −1.55 −1.19 3.06
Au 2.96 8.89 10.27 4.10 −1.61 −1.83 −1.84 3.10

aDM−M is the shortest interatomic distance for the optimized fcc metal (M) substrates and a and b are the surface cell dimensions of the
corresponding metal slabs. The lattice mismatch between the doped graphene and a metal support is also listed. ΔEadh stands for the adhesion
energy between the carbon and metal layers, and DFe−M is the distance between the nearest metal atom of the support and the Fe atom of the FeN4
species in the most favorable adsorption configuration.

Figure 1. Simulation cell used to model the thermodynamics of the
oxygen reduction reaction over the FeN4 site of graphene supported
by the (111) surface of an fcc metal using the 4 × 4 surface supercell.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b07860
J. Phys. Chem. C 2019, 123, 30335−30340

30336

http://dx.doi.org/10.1021/acs.jpcc.9b07860


Δ * = * + × − − *
+ * + × −

− * − × * + × −

− *

G E E E E

T S S S

S

( 0.5 )

(ZPE 0.5 ZPE ZPE

ZPE ) ( 0.5

)

OH OH H H O

OH H H O

OH H H O

2 2

2 2

2 2

Δ * = * + × − × − *
+ * + ×

− × − *
− × * + × − ×

− *

G E E E E

T S S S

S

( 1.5 2.0 )

(ZPE 1.5 ZPE

2.0 ZPE ZPE )

( 1.5 2.0

)

OOH OOH H H O

OOH H

H O

OOH H H O

2 2

2

2

2 2

The Gibbs free energies for reactions 1−4 described below
can be further simplified into

Δ = Δ * −G G 4.921 OOH

Δ = Δ * − Δ *G G G2 O OOH

Δ = Δ * − Δ *G G G3 OH O

Δ = −Δ *G G4 OH

Finally, the ORR overpotential is calculated as

η = + {Δ Δ Δ Δ }G G G G e1.23 max , , , /1 2 3 4

■ RESULTS AND DISCUSSION
Figure 1 shows the simulation cell used to model the ORR
over the FeN4 site of graphene supported by an fcc metal.
Table 1 summarizes the surface cell parameters, the
corresponding lattice mismatches, and the estimated adhesion
energies between the metal substrate and graphene layer. It is
seen that the lattice mismatch does not exceed a few percent
across the chosen metals. The following equation is used to
evaluate adhesion energy between the graphene layer and
support

Δ =
− −+E

E E E
Aadh

M G M G

where ΔEadh is the adhesive energy, EM, EG, and EM+G are the
total DFT energies of a metal support, FeN4-doped graphene,
and the graphene/support heterostructure, respectively, and A
is the surface area. It is seen from ΔEadh reported in Table 1
that all metals exhibit propensity for binding doped graphene
irrespective of the binding configuration (when Fe is
positioned at the top, bridge, or hollow sites with respect to
the metal surface). The highest adhesion energies are
determined for Cu, Ni, and Pt suggesting enhanced stability
of the corresponding composite systems with respect to
degradation in electrochemical environments.
We next examine the thermodynamics of the ORR occurring

at the FeN4 catalytic site of the graphene/metal hetero-
structure. First of all, we estimate the Gibbs free energy of O2
binding to the surface active site from the gas phase. Based on
the calculated ΔG of O2 adsorption at the FeN4 site for all
metal supports considered in this work, the O2 adsorption is
found to be thermodynamically unfavorable (endothermic) at
room temperature. Specifically for the Cu(111) support, which
turns out to exhibit the lowest theoretical ORR overpotential,

ΔG (298 K, 1 bar) = 0.39 eV. The corresponding atomic
structure of the adsorbed O2 molecule at the FeN4−graphene/
Cu surface is characterized by the Fe−O distance between the
Fe atom of the active site and the closest O atom in O2 of
about 2.44 Å, while the O−O distance in O2 is 1.26 Å being
very close to the value in an isolated oxygen molecule. This
suggests that the chemical step of O2 adsorption can be
combined with the first electrochemical step of the ORR into a
single binding/electron transfer step in agreement with some
previous theoretical studies of the ORR on N-doped graphene
structures.49,50 Thus, the overall ORR mechanism can be
described as a sequence of the following four H+/e− transfer
reactions

* + + + → *+ −O H e OOH2(g) (1)

* + + → + *+ −OOH H e H O O2 (2)

* + + → *+ −O H e OH (3)

* + + → + *+ −OH H e H O2 (4)

where * indicates the catalyst surface and *X represents a
chemical moiety bound to the surface active site.
The calculated Gibbs free energies of the abovementioned

four-electron transfer reactions (ΔG1, ΔG2, ΔG3, and ΔG4)
reveal that the adsorption of OOH species (characterized by
ΔG1) is always the potential-determining step (PDS) of the
overall ORR process for all the metal substrates except Ir (see
Table 2). As seen from the calculated ΔG1 listed in Table S2

(Supporting Information), the adsorption strength of the Fe
center for OOH is gradually increasing when going from Pd
and Au to Cu. To elucidate the reason for such behavior, we
plot the electron density difference maps (EDDMs) for the Au
and Cu cases (Figure 2). It can be seen that the Cu support
unlike Au provides more electron density to the Fe atom
forming a tighter Fe−OOH bond. The more pronounced
charge transfer across the interface in the case of Cu is also
illustrated by the density of states (DOS) (Figure 3), revealing
a more substantial overlap between the Fe 3d and O 2p
orbitals as compared to the Au case.
The obtained theoretical values of the ORR overpotential

(η) for the studied systems are listed in Table 2. The lowest
overpotential is found for the system with the Cu substrate
(0.44 V), and the highest overpotential is computed for Pd
(1.08 V). We note that the predicted η for the Cu system is
even lower than the one computed for the pristine Pt(111)
surface (∼0.5 V for a 2 × 2 surface cell). The overpotential is

Table 2. Estimated Values of the d-Band Center of the Fe
Atom DOS in the Doped Graphene/Metal Heterostructure,
the PDS of the ORR, and the Corresponding Theoretical
Overpotential (η)

M d band center (eV) PDS η (V)

Cu −1.30 1 0.44
Al −1.64 1 0.52
Ag −1.66 1 0.54
Ni −1.37 1 0.64
Pt −1.82 1 0.84
Au −1.73 1 0.84
Ir −1.85 2 0.97
Pd −2.39 1 1.08
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also low for the Al case, but Al should be easily oxidized under
ORR operating conditions. The inclusion of implicit water
solvation using the VASPsol implementation51 reveals that the
stabilization energy for the adsorbed OOH intermediate due to
the solvent is comparable to previous theoretical results on the
ORR over doped graphene (∼0.2−0.3 eV).41,52 We also find
that OOH is slightly more stabilized by the implicit solvent in
the case of the doped graphene/Cu system than for the
pristine Pt(111) surface (by ∼0.06 eV). Because a larger
surface cell may be required to avoid defect self-interaction, we
also estimated the ORR overpotential using a 6 × 6 surface cell
in the case of the Cu support resulting in a slightly increased
value of 0.47 V. We determine, however, that the ORR
overpotential would also increase for the pristine Pt(111)

surface if using a larger 6 × 6 surface cell leading to the value of
about 0.6 V.
Furthermore, we correlate the obtained overpotentials with

the d-band centers of the Fe atom across the graphene/metal
systems and find a nearly linear relationship between the two
quantities as demonstrated in Figure 4. The figure shows that

the overpotential decreases with an increase of the d-band
center of the Fe atom and therefore the d-band center
approach can be used to screen ORR candidates beyond the
systems examined in this work. This relationship is in
agreement with the fact that the higher d-band center of a
transition metal should result in a higher activity for adsorption
of water species.

■ CONCLUSIONS
In this work, we have investigated the idea of possible
enhancement of electrocatalytic activity of the PGM-free FeN4-
doped graphene by a metal support toward the ORR. To this
end, we have employed the DFT-based CHE approach to
predict the ORR overpotential across a number of fcc metals.
The obtained results suggest Cu as a promising metal support
that gives rise to the ORR overpotential of about 0.44 V which
is lower than that of the pristine Pt(111) surface. A linear
correlation between the estimated ORR overpotential and the
d-band center of the Fe active site is found, which can be used
for screening other metals to catalyze the ORR. In addition, Cu
is determined to exhibit high adhesion with FeN4-doped
graphene that should improve stability of the composite system
under aqueous electrochemical conditions. Overall, these
results suggest that coupling Fe−N−C catalysts with metals
through nanostructuring or alloying to produce composite
structures should be a feasible strategy for facilitating the ORR.
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Gibbs free energies of *O, *OH, and *OOH adsorbed
on the FeN4-doped graphene supported by fcc
metal(111) surfaces, Gibbs free energies of reactions
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metal(111) surfaces, and optimized geometries of FeN4-
doped graphene supported by Cu (PDF)

Figure 2. Two-dimensional EDDMs for the OOH adsorbed over the
FeN4 center for Cu and Au substrates. The red indicates electron
density depletion, while the blue indicates electron density
accumulation.

Figure 3. DOS projected onto the Fe and adjacent O atoms when
OOH is adsorbed at the FeN4 site of graphene supported by Cu
(upper panel) and Au (lower panel).

Figure 4. Linear correlation plot between the theoretical ORR
overpotential and d-band center of the Fe atom across the composite
systems under study.
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