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Abstract: Encouraged by the great promise of metal-nitrogen-carbon (M-N-C)
materials in replacing Pt for catalyzing the oxygen reduction reaction (ORR), the
metal-P species was successfully introduced into carbon matrix in experiment and
exhibited high catalytic activity for the ORR. Here, by means of comprehensive
density functional theory (DFT) computations, we investigated the origin and the
mechanism of the occurring ORR on Fe- and Co-P-embedded graphenes. Our
computations revealed that the Fe- and Co-P4 moieties embedded graphenes possess
good stability and high chemical reactivity for O, activation, thus facilitating the
subsequent the ORR steps, and a more efficient 4e pathway in both acidic and
alkaline media is more energetically favorable. Furthermore, by analyzing the
computed free energy profiles, the Fe-P4 species embedded graphene is more efficient
electrocatalyst for the ORR in alkaline medium than the embedded Co-P4 species into
graphene. Our computations DFTs would be useful to gain deeper insight into the

high activity of metal-P species.
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1. Introduction

As one of the most efficient electrochemical energy conversion devices, fuel
cells, which can convert the chemical energy to electrical energy via electrochemical
reactions, have achieved paramount interest in the past few decades due to their high
conversion efficiency, high power density, and no pollution.'” The oxygen reduction
reaction (ORR) plays pivotal roles in fuel cells, which could greatly affect the
chemical—electrical energy conversion efficiency. Nevertheless, the sluggish kinetics
of the ORR has imposed great limitation for the better performance of fuel cells. To
date, platinum (Pt)-based materials are still the most commonly employed
electrocatalysts for ORR due to its high catalytic activity to reduce oxygen efficiently
at low temperatures (normally 60~120 C°).* Although Pt-based catalysts are the best
electrocatalyts identified theoretically, the scarcity, high cost, poor durability, and
large overpotential of the Pt catalysts hinders the commercial applications of fuel cells.
Therefore, the development of inexpensive and highly effective non-precious-metal or
metal-free electrocatalysts has recently become a major focus in fuel cells.”*
Ternary Fe/N/C is generally considered as one of the most promising candidates

15'21, which can be traced back to the

for replacing Pt for catalyzing ORR in fuel cells
pioneering work of transition-metal macrocyclic compounds by Jasinski.*> For
example, Zelenay et al. demonstrated that FeNy embedded polymer materials exhibit
high oxygen reduction activity, along with good performance durability.”> Chen et al.

synthesized Fe incorporated N-doped graphene which displays significantly enhanced

electrocatalytic performance for ORR.** On the other hand, theoretical studies found
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that the metal atom in such catalyst is the active center in the heterogeneous
environment because it can form strong back bonding with the adsorbed O,, which
elongates the O-O bond distance and hence facilitates the ORR.*™* Especially, this
Fe—Ny-embedded graphene catalyst features a more efficient 4e transfer process
toward ORR in both acidic and alkaline media.”

Very recently, a new class of Fe-P species is demonstrated to possess high
electrocatalytic activity for ORR in both acidic and alkaline media when it is
incorporated in carbon matrix.>** In light of the effectiveness of Fe-P-C species for
catalyzing ORR and the wide applications of graphene in the development of
electrocatalysts, several questions arise: (i) Can the Fe-P system embedded into
graphene be used as an electrocatalyst for ORR? (2) If yes, what is the mechanism for
ORR on Fe-P center embedded graphene? (3) Since Co-N,/C electrocatalysts exhibit
high catalytic activity for the ORR,> can Co-P systems possess catalytic activity for
ORR after embedding into graphene? To answer the above questions, in this work, we
investigated the potential of Fe- and Co-P; incorporated graphenes as the
electrocatalysts for the ORR in acidic and alkaline media by carrying out
comprehensive DFT computations. Our DFT results suggest that the incorporated
Fe-P4 moiety into graphene exhibits excellent ORR catalytic activity under alkaline

environments.

2. Computational methods and models

The spin—polarized DFT computations employed an all-electron method within a
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generalized gradient approximation (GGA) for the exchange—correlation term, which
was implemented in DMol® code.*®*” The double numerical plus polarization (DNP)
basis set and PBE functional were adopted.® The accuracy of DNP basis set is
comparable to that of Pople’s 6-31G** basis set and exhibits excellent consistency
with experiments.* * Especially, to accurately describe the long-range electrostatic
interactions of ORR species with catalysts, the PBE+D2 method with the Grimme
vdW correction was employed.41 Self—consistent field (SCF) calculations were
performed with a convergence criterion of 10™° a.u. on the total energy and electronic
computations. To ensure high quality results, the real-space global orbital cutoff
radius was chosen as high as 4.7 A in all the computations. A conductor-like screening
model (COSMO) ** was used to simulate a H,O solvent environment throughout the
whole process. The dielectric constant was set as 78.54 for H,O solvent. All data were
obtained under this method unless mentioned otherwise.

We set the x and y directions parallel and the z direction perpendicular to the
plane of these graphene-based systems, and adopted a supercell length of 15 A in the z
direction. A 5 x 5 supercell consisting of 50 carbon atoms containing 50 atoms was
constructed. Graphitic metal-P, defects were created by substituted the four carbon
atoms around graphene double vacancy (DV) with four phosphorus atoms, and then
incorporating metal atom at the center of DV. The Brillouin zone was sampled with a
5 x5 x 1 k points setting in geometry optimizations, and a 12 x 12 x 1 grid was used
for electronic structure computations. The transition states were located by using the

synchronous method with conjugated gradient refinements. This method involves
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linear synchronous transit (LST) maximization, followed by repeated conjugated
gradient (CG) minimizations, and then quadratic synchronous transit (QST)
maximizations and repeated CG minimizations until a transition state is located.” In
order to ascertain the reliability of computations in 5 x 5 supercells, we repeated
related computations for graphene in 6 x 6 supercells, and detailed results are shown
in Table S1 in the Supporting Information. Small differences between the results of 5
x 5 and 6 x 6 supercells guarantee the validity of the conclusions in this work.

The adsorption energy (E,q) was defined as E,q = FEadsorbate/substrate — Fadsorbate —
Esubstrate, Where Eydsorbate/substrates Eadsorbates Esubstrate ar€ the total energies of the adsorbed
systems, the free adsorbate, and the substrate, respectively. With this definition, a
negative value indicates an exothermic adsorption. The charge transfer was calculated
according to Hirshfeld method.** The change in free energy (AG) of a reaction step on
the M-Ps/graphenes was calculated based on a computational hydrogen electrode
(CHE) model suggested by Neskov et al.**" In detail, free energy change was
determined by AG = AE + AEzpe — TAS + AGpn + AGy, where AE is the reaction
energy directly obtained from DFT calculations, Ezpg is the zero—point energies, T is
temperature (298.15 K), and AS is the change in entropy. AGy= —neU, where 7 is the
number of electrons transferred and U is the electrode potential. AGpy is the
correction of the H" free energy by the concentration AGpn = kgT x In 10 x pH, where
kg is the Boltzmann constant and pH = 0 and 14 in acidic and alkaline conditions.
Zero—point energies and entropies of the ORR intermediates were calculated from the

vibration frequencies. The entropies and vibrational frequencies of molecules in the
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gas—phase are taken from the NIST database,” while the vibrational frequencies of
adsorbed species were calculated to obtain ZPE contribution in the free energy
expression. Only adsorbate vibrational modes were calculated explicitly, while the
functionalized graphene sheets are fixed (assuming vibrations of the embedded

graphene sheets are negligible) as done in previous theoretical studies.*”™"

3. Results and Discussion
3.1. Stability of M—P, embedded graphene.

Firstly, we optimized the P, structure embedded in a 5x5 graphene supercell. Our
computations revealed that a rectangle-like P4 configuration is obtained with the P-P
bond lengths of 2.34 and 2.73 A, respectively (Figure 1a). The P-C bond length is
about 1.76 A, which is much larger than 1.42 A for C-C sp2 bonds. The 24% increase
in the bond length forces the four P atoms protrude from the graphene plane by ~1.50
A, also displacing the positions of the nearest C atoms out of the plane in various
ways. Then, we place the Fe and Co above the center of the P, structure embedded
graphene. After geometrical optimization, four equivalent Fe—P or Co—P bonds are
formed with the distance of 2.09 (Figure 1b) and 2.07 A (Figure 1c). Due to the large
size of metal atom as compared with P atom, the adsorbed Fe and Co atoms moves
outward the basal plane of P4 structure by about 0.65 and 0.55 A, respectively.

Aiming to evaluate the stability of M—P, embedded graphene sheet, which is a
key challenge in fabrication of practical and stable single—atom catalysts, the binding

strength of Fe and Co atoms at P4—configuration embedded graphene sheet is thus
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computed. The results indicated that binding energies of Fe and Co on the
Ps—configuration are -6.34 and -6.54 ¢V, which is higher than the cohesive energies of
the corresponding metals,”® implying the high stability of Fe— and Co—Py species. The
diffusion of Fe on graphene from the P site to its neighboring H—site is endothermic
by 5.15 eV and the computed energy barrier is 6.04 eV, which vigorously excludes the
clustering problem. The strong interaction of Fe or Co with Ps—configuration
embedded graphene sheet is mainly attributed to the geometry distortion of the P4
moiety upon Fe or Co atom. To test this hypothesis, Fe or Co adsorption energy on the
embedded P, configuration inside graphene was recalculated by freezing the positions
of the atoms in the P4/graphene system. The calculated adsorption energies of Fe and
Co on the frozen P4/graphene substrate are -5.04 and -5.05 eV, respectively, which are
smaller than those of on the fully relaxed P./graphene substrate (-6.34 and -6.54 eV).
Clearly, the deformation energies make a great contribution to the high adsorption

energy of Fe and Co on P,/graphene substrate.
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(®)
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Figure 1. The top and side views of the optimized geometrical structures of (a) Py, (b)

Fe-Py4, and (c) Co-P4 embedded graphene. The unit of bond length is A.

Another important question is that the center metal atom of the metal atoms
embedded graphene could be corroded under acidic environment, leading to their poor
long-term stability, in which the metal atoms could be replaced by two protons and
this substitution reaction can be written as: M-Py/graphene + 2H" = 2H-P,/graphene +

M?*". To examine the stability of the proposed catalysts, we thus computed the free

9
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energy change caused by substituting one Fe or Co atom with two protons. The
computed Gibbs energies for Fe- and Co-P, embedded graphene were 1.59 and 1.51
eV, respectively, demonstrating that the substitution reactions are rather difficult to
occur. With increasing electrode potential and pH, the substitution of Fe or Co atom
by two protons would be more and more endothermic for the two catalysts. Thus, Fe-
and Co-P; in the embedded graphene is resistant to dissociation, ensuring their

stability against corrosive acidic and alkaline media.

3.2. O, adsorption on M-P4 embedded graphene.

Generally, the favorable adsorption of O; is a prerequisite for ORR to proceed on
the surface of catalyst. To obtain the most stable configuration for O, adsorption, we
constructed various starting geometries, including end-on configuration and the
side-on configuration, by placing O, in different nonequivalent positions of M-P,
embedded graphene monolayer.

After geometrical optimization, we found that the side-on configurations is the
most energetically favorable on the two catalysts (Figure 2a and b), and the O,
adsorption energies was —1.03 and —0.85 eV on Fe- and Co-P4 embedded graphene.
The distance of the newly formed metal-O bond is 1.92 A. Because there is about 0.22
and 0.18 |e| charge transfer from Fe- and Co-Ps embedded graphene to O,, which
could occupy the antibonding 27t* orbitals of O,, the O-O bond is elongated from 1.21

A of the free O, to 1.37 A of the adsorbed O,, a typical value of peroxo species.

10
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Figure 2. The optimized structures of O, on (a) Fe- and (b) Co-P4; embedded

graphene, and the (c) and (d) corresponding projected density of states.

To get a deeper understanding on the mechanism of O, activation on Fe- and
Co-P4 embedded graphene, we computed the partial density of states for O, adsorbed
the two catalysts. Our DFT computations revealed that there is an obvious
hybridization between the O,-2p orbitals and Fe- and Co-3d orbitals (Figure 2¢ and d).
Thus, the above results demonstrated that O, molecule can be sufficiently activated on
Fe- and Co-P4 embedded graphenes, which would facilitate its subsequent reduction
reactions.

The next important question is whether the chemisorbed O, molecule on Fe- and

11
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Co-P, embedded graphene surfaces undergoes the O-O bond dissociation to form two
separated O atoms. To address this question, we examine the O, dissociation pathway
on the two catalysts. At the final state, one O atom is adsorbed on the top of metal
atom and the other O atom is adsorbed between two neighboring P atoms to form a
three-membered ring (Figure S1 in Supporting Information). Furthermore, the
activation barrier of O, dissociation on Fe- and Co-P4 center is 1.21 and 1.02 eV,
suggesting that this process is unlike to proceed at working temperature, which is
similar to that of on the Fe-Pc monolayer because they possess similar active sites for
the adsorption of dissociated O atoms.>

In addition, we also examine the adsorption of other ORR species, including
OOH, O, OH, HOOH, and H,0 on Fe— and Co—P4 embedded graphene (Figure S2).
Our computations showed that all of the ORR species would bind favorably to the
central transition metal Fe or Co atom with the adsorption energies ranging from -0.40
to -4.40 eV (Table 1). We note that the OOH, OH, and O can bind strongly with Fe—
and Co—P; embedded graphene with the larger adsorption energy, whereas the
interaction of H,O and the two catalysts is comparatively weak, making it easily
release from the catalysts once it is formed. For HOOH species, we find that it is
unlike to maintain its chemical structure on the Fe—P4 center and would spontaneously
decomposes into O + H,O species after structural optimization (Figure S2g). The
calculated adsorption energy is -2.53 eV (Table 1) and the shortest distance between
the dissociated HOOH and Fe—P4 center is 1.69 A. In contrast, the adsorption

behavior of the HOOH species on the Co—P4 complex is completely different, where

12
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the HOOH species remains structurally intact (Figure S2h), corresponding to a small

adsorption energy of -0.47 eV (Table 1) and a long distance between each other (2.08

A).

3.3. ORR on M-P,4 systems in acid medium.

After obtaining the stable configuration of various ORR species on the two
catalysts, we further investigated the elementary ORR steps on the surface of Fe- and
Co-P4 center embedded graphene both in acid and alkaline media.

The complete 4¢” ORR in acidic medium proceeds via the following reactions >*:

O, +4H" +e) >0, +4H" +¢) (1)
‘O, +4(H" +e) — O0H + 3(H' + ¢) Q)
"OOH +3(H' + ¢) >0+ H,0 + 2(H" + &) (3)
‘O+H,0+2(H +¢)— "OH+H" + ¢) 4)
‘OH + H,0 + H" + ¢ — 2H,0 (5)

Alternatively, HO, can form instead of the product in eqn (2) and desorb from

“*”

the catalytic site as a stable intermediate and the left superscript stands for an
active site on the Fe— and Co—P4 embedded graphene. In Figure 3, we presented the
stationary points of the ORR and the corresponding free energies and energy barriers
on Fe— and Co—P, embedded graphenes.

Our DFT computations revealed that the activated O, molecule can be easily

hydrogenated with the help of H and form an OOH group adsorbed on Fe or Co site.

In this configuration, the bond between the Fe or Co atom and the adsorbed O atom

13
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by H atom are elongated to 2.78 and 2.45 A, while the other Fe- or Co-O bond length
is shortened to 1.83 and 1.87 A. Meanwhile, the O-O bond is further elongated to 1.46
A. Notably, the above step is exothermic in the free energy profile by 0.58 and 0.50
eV on Fe-P4 and Co-P4 complex (Figure 3) and the computed energy barrier is 0.53
and 0.57 eV. For the formed OOH species, it cannot directly dissociate into O + OH
on the two catalysts at working temperature owing to the large barrier of 0.91 and
1.02 eV.

Subsequently, we introduced the second H to the two systems to examine the
hydrogenation of the formed OOH" species. Because of random nature, this H atom
can be adsorbed on both O sites. Hence, the ORR can further proceed following two
different pathways, one is the four-electron (4e) reduction pathway in which O; is
reduced to two H,O molecules, and the other is the two-electron (2¢) reduction
pathway in which O, is reduced to a HO, molecule.

In the 4e reduction pathway, the first H,O molecule would be created after the
adsorption of H on the pre-hydrogenated O site of OOH group. This process is
downhill in the free energy profile by 2.03 and 1.65 eV on Fe- and Co-P4 center
(Figure 3). This step also has a moderate free energy barrier of 0.42 and 0.56 eV. In
the transition state, the O-O bond is stretched to 1.53 A, indicating that the OH group
starts to leave OOH* and form chemical bonding with H. After the release of H,0, the
remaining O atom is locating on the Fe and Co atoms with the Fe- and Co-O length of
1.67 and 1.72 A, which can react with another proton to yield an OH group, which is

still adsorbed at the Fe and Co sites and has a Fe- and Co-O bond of 1.85 and 1.88 A.

14
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In the two hydrogenation processes, the Gibbs free energies decrease by 1.12 and 1.55
eV, along with the energy barriers of 0.24 and 0.37 eV. Finally, the adsorbed OH
group reacts with one proton upon one-electron reduction to form another H,O
molecule (Figure 3). This final step is also downhill in the free energy profile by 0.89
and 1.01 eV. Especially, the formed H,O molecule can be effectively removed from

the surface in terms of its weak binding strength with Fe- and Co-P4 complex.

CoP -embedded graphene

>

f~10
& 1‘03

69‘;‘{“ 7;{'*'!’
H,0

(b)

Figure 3. The whole ORR pathway on (a) FeP4- and (b) CoP4-embedded graphene

and the corresponding changes of free energies and energy barriers.

For the 2e reduction pathway, the proton binds to the pre-unhydrogenated O site
of OOH group to form a H,O, molecule. Our DFT found that the HOOH species
would spontaneously dissociate into O + H,O on Fe-P, moiety (Figure Sx), indicating
that the 2e reduction pathway is unfavorable on Fe-P, embedded graphene. On the

contrary, the AG of this process, OOH" + H" + ¢ — HOOH on Co-P, complex is

15
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—0.18 eV, which is much less favorable than that of OOH* reduction to O*+H,0 in
the 4e reduction pathway (AG = —1.65 eV). As the computed adsorption energy of
H,0, molecule on Co-P4 embedded graphene is —0.47 eV (corresponding to the
positive AG of 0.16 eV), the formed H,0, species easily escape from the surface of
Co-P4 embedded graphene into the solution, thus completing the 2e reduction.

In Figure 4, we plot the effects of potential on the free energies of the ORR on
the two catalysts in acidic media. We found that all ORR steps on Fe- and Co-P4
embedded graphene are downhill in the free energy profile at zero potential. However,
with the increase of the potential, some of the intermediate steps turn to be uphill. In
the case of the Fe-P, embedded graphene, the maximum value of potential at which
all reactions are still exothermic (namely, limiting potential) is 0.42 V, while the same
is 0.50 V in the case of the Co-P4-based catalyst. Thus, that the Co-P4 system is a
slighter better candidate as the ORR catalyst in acid medium than Fe-P4 system.
Especially, the ORR on Fe-, and Co-P4 embedded graphenes prefer the 4e reduction
pathway rather than the 2e reduction pathway, which is a big advantage for Fe- or
Co-P system as ORR catalysts because H,O; is an undesirable ORR product which

could significantly affect the durability of fuel cells.

16
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Figure 4. Free energy diagram for the ORR on (a) Fe- and (b) Co-Ps embedded

graphene in acid media.

3.4. ORR on M-P, systems in alkaline medium.

In alkaline medium, the complete 4e ORR takes place via the following reactions

54,

0, + 2H,0 + 4e" — "0, + 2H,0 + 4e” (6)
"0, + 2H,0 + 4¢" — O0H + OH™ + H,0 + 3¢’ (7)
"OOH + OH + H,0 + 3¢’ — "0 + 2(OH") + H,0 + 2¢ (8)
'O +2(OH) + Hy,0 + 2¢— "OH + 3(OH) + ¢ 9)
"OH + 3(OH) + ¢ — 4(0OH) (10)

The computed free energy profiles at different potentials in alkaline medium
were presented in Figure 5. The results revealed that OOH formation is uphill for both
the systems at zero potential. Moreover, the maximum value of potential at which all
reactions turn to be downhill on Fe-P4 system is 0.25 V, which is slightly smaller than
that of on Co-P4 system (0.33 V). Hence, in alkaline environments, Fe-P, moiety

embedded graphene is more efficient catalyst for the ORR, as compared to Co-P4

17
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system. Furthermore, it can be seen that from the free energy diagrams both in acidic
and alkaline media, at higher potentials, 0.33 V < U < 0.42 V, all elementary reaction
steps of ORR are predicted to be downhill. In contrast, U > 0.42, an increasing
number of uphill processes are found in acidic medium. In summary, O, reduction on
Fe-P4 species embedded graphene at higher potential is the most favorable, which is

also observed in the case of graphitic metal-N,.*>*’

0, +2H,0 + 4¢’ U=0.0v 0., +2H.0 + 4¢" U=0.0
0 222 2 2
5 —U=0.25V 0 L 8 — —U=0.33
LN —U=1.23V O, +2H,0+4e*\ —_U=123
Ak ‘0, +2H,0+ 4e ' ¥
N Ak o Ny
} OOH +OH™\ —
~HI .OO—H FrTN f ~ +H,0+ 3e \
g—’ +H,0+ 3¢’ " % 2k
c — o —
woal 3
o c
o o \
= 3 y
w Q oy
4k \ = 0 +20H
0+20H", +H,0+ 26
+H,0+2¢" \ i i
5 s
\ : sl 3
6 4(OH) 4(0OH)
Reaction coordinate Reaction coordinate

Figure S. Free energy diagram for the ORR on (a) Fe- and (b) Co-P4; embedded

graphene in alkaline media.

Finally, using Fe-P system as a representative, we evaluated the potential of other
Fe-P configurations embedded graphene as the electrocatalysts for the ORR, including
Fe-P,, Fe-P,, and Fe-P; systems. Because the catalytic activity of an electrocatalyst
for ORR is highly dependent on the adsorption energy of O, on catalyst surfaces, we
utilized the calculated O, adsorption energy as a performance indicator of different
Fe-P moieties embedded graphene for ORR. The computed most stable configurations

of O, on the three Fe-P systems are presented in Figure S3. Our DFT results indicated

18
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that the end—on configuration is the most energetically favorable for O, on Fe—P;, Fe—
P,, and Fe-P; center with the adsorption energies of —2.22, —2.15 and -2.61 eV.
Moreover, the O-O bond lengths are stretched by 0.18, 0.16 and 0.18 A, as compared
with the isolated O, (1.22 A), which is ascribed to the charge transfer from the Fe-3d
orbtials to the 0,21 orbitals (about 0.30 e). Thus, the adsorbed O, on these Fe-P
systems are sufficient activated. According to the Sabatier principle,” however, an
ideal catalyst should bind with the reaction species not too strongly nor too weakly.
Although the adsorbed O, molecule on Fe-P;, Fe-P, and Fe-P; systems is also be
activated, the adsorption energy of O, to the catalyst is too large, suggesting that the
three Fe-P moieties embedded graphene cannot be a good electrocatalyst for ORR. In
addition, due to the elongated bonding length of M-P, there is a strain existed in the
catalysts, which will have a great influence on its ORR performance. Hence, taking
Fe-P4/graphene system as an example, we investigated the strain effect on its catalytic
activity for the ORR, in which the 5% strain was adopted. As shown in Figure S4, the
calculated limiting potentials of the ORR on Fe-P4/graphene are 0.14 V in acid media,
which is smaller than that of no strain case (0.42 V). Moreover, in alkaline media, the
limiting potential (0.69 V) under 5% strain is larger than that of no strain case (0.25
V). Therefore, we expected that the strain has a negative effect on the catalytic
performance of the M-P moiety embedded in graphene in both acid and alkaline

media.

4. Conclusions
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In summary, our DFT computations show that the formation of Fe- and Co-P4
moiety embedded into graphene is energetically favorable, which can effectively
active the O, molecule, and promote the subsequent ORR to proceed via a more
efficient 4e reduction mechanism in both acid and alkaline medium. On the basis of
the plotted free energy profiles, the limiting potentials for ORR on Fe- and Co-P4
centers are computed to be 0.42 and 0.50 V in acid medium, and 0.25 and 0.33 V in
alkaline medium, indicating that the embedded Co-P, into graphene exhibit better
performance for the ORR in acid media, whereas the Fe-P4 species embedded

graphene is a more efficient ORR catalyst in alkaline medium.
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The optimized structures of the products O, dissociation on Fe- and Co-P4 embedded
graphenes, various ORR species adsorption configurations on Fe- and Co-Py
embedded graphenes, and O, adsorption on (a) Fe-P, and (b) Fe-P; embedded

graphenes.
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Table 1. The adsorption energies (E,q, €V) and band lengths (d, A) of various ORR

species on Fe- and Co-P4 embedded graphenes.

Fe-P4 CO-P4
Eads dre-0 do-o Eags dco-0 do-o
O, -1.03 1.92 1.38 -0.85 1.92 1.37
OOH -2.04 1.83 1.46 -1.51 1.87 1.46
OH -3.19 1.85 / -2.59 1.88 /
O -4.40 1.67 / -3.39 1.72 /
H,0O -0.42 2.00 / -0.40 2.13 /
H 261 1.52(FeH)  / 233 149Co-H)  /
HOOH -2.53 1.69 2.67 -0.47 2.08 1.50
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Reaction coordinate

Fe-P4-embedded graphene exhibits high catalytic activity for the ORR in alkaline

media.
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