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ABSTRACT: Single-atom catalysts have expanded the design paradigm for oxygen
reduction reaction (ORR) relying on nonplatinum group metals (non-PGM). Here,
density functional theory calculations were performed on a variety of dual-metal active
centers, consisting of both PGM (Pt and Pd) and non-PGM (Fe, Co, Ni, and Cu) metals,
embedded in a monolayer of graphene and coordinated by six pyridinic nitrogen atoms.
The dual-metal site stability, OH ligand effect, and electronic structures relevant to ORR
were investigated. The ORR reactivities can be depicted in terms of a volcano diagram
divided into multiple potential limiting regimes based on a wide range of ΔGOH* values. In
addition to OH removal and free molecular O2 protonation as the potential-limiting steps,
the protonation of adsorbed O2 and O also emerge as likely potential-limiting steps due to
strong O2 adsorptions at certain dual-metal active sites. Among the systems investigated,
Fe−Co(OH)s exhibits the highest activity. Moreover, other PGM-free dual-metal sites
such as Fe−Fe(OH), Fe−Cu(OH), and Co−Co(OH) also appear to be competitive and
would encourage further explorations for Pt-free ORR electrocatalyst alternatives.

1. INTRODUCTION
Fuel cell technology is an essential toolset to mitigate our
dependence on fossil-based fuels and to better engage with
sustainable energy sources.1−3 The efficiency of direct methanol
fuel cells may reach up to 96.5%.4,5 Currently, the choice for the
electrocatalysts to carry out the cathodic oxygen reduction
reaction (ORR) is primarily based on platinum group metals
(PGMs);6−8 however, the reliance on scarce catalytic materials
poses severe limitation on achieving low-cost power generation
(< $30/kW) for wide-ranging applications.9

Atomically dispersed transition metal single-atom catalysts
(SACs), containing PGM or non-PGM active centers (e.g., Fe,
Co, and Mn), offer an appealing solution by enabling
competitive ORR pathways under both acidic and alkaline
conditions.9−16 For example, the single Pt atom active site
coordinated by N dopants has a half-wave potential (one key
metric for ORR activity) of 0.87 V in alkaline solutions (vs 0.84
V on standard bulk Pt catalysts).17 Even higher ORR activities
have been reported on non-PGM single-atom Fe species
anchored in N-doped graphitic carbon, with a half-wave
potential that is 30 mV higher than the standard Pt/C in
alkaline solutions.18 The X-ray absorption near-edge structure
(XANES) confirmed that single-atom Fe active sites favor a
FeN4 configuration.

1,16,19−23 With the single-atom Fe attributed
to the active site, a maximal atomic utilization for ORR can be
ensured.
A broader group of N-doped SACs based on the metal−

nitrogen−carbon (M−N−C) moieties are being discussed in
the literature.1,9,10,12,16,19,21,24,25 These M−N−C moieties
display a rich variety in their central metal ions and ligand

configurations. The ORR efficacy is also sensitive to the
heteroatom codopants such as B,14 P,26 and S13 or the presence
of external ligands (e.g., OH,24,27−30 O,28 Cl,31 NH2,

32 and
imidazole33) directly associated with the active centers.
Dual-metal centers represent extended forms of SAC.10 It has

been reported that Fe dimers retain high ORR activity and could
be even more stable than the single-atom FeNx configu-
ration.29,34 The investigation of ORR activity over a variety of
dual-metal sites beyond Fe−Fe has also been carried out.
Zinc-,35−37 iron-,38−42 or cobalt-36,37,40,43 containing dual-metal
sites, paired with Ni, Cu, Pt, and Mn in characteristic MN6 (see
Figure 1) or MN5-OH configurations, further enrich the
repertoire of atomically dispersed electrocatalysts for ORR
applications. On dual-metal sites, molecular O2 binds frequently
at the metal−metal bridge site.26 The O−O bond cleavage is
facilitated and proceed at lower energy barriers as the dissociated
species may occupy different metal sites that function synergisti-
cally.39 The measured ORR activity on the Pt−Co dual-metal
site catalyst is 267 times higher than the bulk Pt catalyst.43 The
Fe−Co system is one remarkable dual-metal catalyst. The half-
wave potentials obtained from the Fe−Co dual-metal system in
respective acidic and alkaline solutions are 0.86 and 0.95 V,
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versus 0.86 and 0.84 V on Pt/C under comparable
conditions.39,44 The reported half-wave potentials for commer-
cial Pt catalysts normally range from 0.8 to 0.9 V.39,45,46

Therefore, the Fe−Co dual-metal catalyst are quite attractive for
large-scale ORR applications.
One of the restraints in M−N−C moiety design is that the

active sites must withstand potential structural decay or
decomposition under harsh ORR reduction potentials during
long-term operations.9,10 Wang et al.39 demonstrated that the
Fe−Co dual-metal cathode showed almost no voltage loss over a
period of 100 h in the HClO4 (0.1 M) solution. Zhang et al.40

also showed that the Fe−Co dual-metal site anchored in metal−
organic frameworks exhibited negligible activity decay after
5000 voltage cycles in alkaline solutions (0.1 M KOH).
A number of theoretical dual-metal constructs have been

proposed and investigated by Hunter et al. and Meng et al.47,48

Here, we adopted a structure motif based on recent XANES and
extended X-ray absorption fine structure analyses, which
revealed that the Fe−Co dual-metal site is coordinated with
six pyridinic N atoms in direct contact with the binuclear metal
center (see Figure 1).39,44 Like single-metal sites (e.g., FeN4),
dual-metal configurations are also tunable through similar
structure manipulation strategies. For instance, the potential-
limiting step (PLS) (e.g., OH removal) is mitigated by an
external OH ligand due to the weakening of OH binding.27,44

Density functional theory (DFT) calculations revealed that a
weaker Fe−O bonding in FeCoN5−OH leads to ORR activities
surpassing that of FeN4.

44 As reported by Holby and Taylor,34

the limiting potential at the Fe−Co center with a bridging OH
ligand coordinated by five pyridinic N at the graphene edge
improves to 0.8 V.
To systematically survey the potential of dual-metal ORR

electrocatalysts, periodic DFT was employed to investigate the
impact of pairing in dual-metal sites that consist of Pt, Pd, Fe,
Co, Ni, and Cu elements. In particular, the influence of the
external OH ligand on the ORR rate-limiting step will be
understood. The trends and behaviors will be revealed through
electronic structure calculations and mechanistic analyses.

2. COMPUTATIONAL METHODS
Periodic, spin-polarized DFT calculations were performed using
the plane-wave-based Vienna Ab initio Simulation Package
(VASP).49,50 The projector augmented wave method was used
to describe the wave functions of the ionic cores;51 the
generalized gradient approximation PBE functional was used

to account for the electron exchange−correlation effects.52 An
energy cutoff of 520 eV was to determine the graphene (GN)
lattice; then 440 eV was applied for regular geometry
optimizations of O2, OOH, O, and OH adsorptions at the
dual-metal sites. The Monkhorst−Pack k-point mesh of 6 × 6 ×
4 was used for lattice optimization and 4 × 4 × 1 was used for
regular geometry optimizations, correspondingly.53 The con-
vergence criterion for the self-consistent iteration was 1 × 10−6

eV; the ionic relaxations stopped when the force on each atom
was less than 0.02 eV/Å. In this work, the Grimme’s DFT-D3
theory was employed to account for the van der Waals
interactions between adsorbates and substrates.54

As illustrated in Figure 1, the Fe−Co dual-metal site
coordinated by 6 N atoms has been confirmed in nitrogen-
doped carbon structures.39,44 Here, all dual-metal sites were
constructed in a similar fashion. The relative stabilities of dual-
metal active sites (denoted as M1−M2) were evaluated with the
formation energy defined by eq 1,55 where the the most stable
crystal bulk of M1 and M2 elements, a pristine GN monolayer,
and gas-phase N2 were used as the reference state.

μ μΔ = + − − − −‐G E E E E10 3f dual metal/GN C M1 M2 GN N2

(1)

In eq 1, μC refers to the chemical potential of the carbon atom
in a GN monolayer and its coefficient corresponds to the
number of carbon atoms (10 atoms in total) removed to
generate the vacancy to accommodate each dual-metal site. EM1
and EM2 are the total energies per atom in their respective bulk
states. Edual‑metal/GN and EGN represent the total energies of GN
monolayer with and without the dual-metal site, respectively.
Lastly, μN2

represents the chemical potential of gas-phase N2 at 1
atm and 298 K. All gas-phase species were modeled in a large
vacuum box (20 × 20 × 20 Å3).
The adsorption energies of O2*, OOH*, O*, and OH*,

denoted as Δ *GO2
ΔGOOH*, ΔGO*, and ΔGOH*, were calculated

based on eqs 2−5, using μH2O and μH2
as references

μΔ = − * − − μ −* *G G E 2( ) 4.92O O H O H2 2 2 2 (2)

μ μΔ = − * − −* *
i
k
jjj

y
{
zzzG G E 2

3
2OOH OOH H O H2 2 (3)

μ μΔ = − * − −* *G G E ( )O O H O H2 2 (4)

μ μΔ = − * − −* *
i
k
jjj

y
{
zzzG G E

1
2OH OH H O H2 2 (5)

Δ = Δ + Δ − Δ + ΔG E T S GZPE U (6)

Eq 6 was used to calculate the reaction free energy change for
each elementary step, where ΔE represents the total energy
change, andΔZPE andTΔS represent the zero-point energy and
entropy changes, respectively. For the former, we adopted
ΔZPE values reported by Nørskov and co-workers, i.e., 0.1, 0.4,
0.05, and 0.35 eV for O2*, OOH*, O*, and OH*,
respectively.35,56−58 ΔGU represents the energy contribution
from the applied potential, −neU, where n is the number of
electrons transferred in each elementary step, and U is the
applied electrode potential. The solvation energies of the liquid-
phase species, at 1 atm and room temperature, such as H2O(l)
were obtained from the free energy differences between its gas
and aqueous phase, according to ref 59.

Figure 1.Molecular structure of the dual-metal active center anchored
with six pyridinic nitrogen atoms in a periodic monolayer graphene
sheet. Color scheme: brown-graphitic carbon, gray-pyridinic nitrogen,
yellow-Metal site 1 (M1), and purple-Metal site 2 (M2).
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+ + →− −O (g) 2H O(l) 4e 4OH (aq)2 2 (R1)

+ * → *O (g) O2 2 (R2)

* + + → * +− −O H O(l) e OOH OH (aq)2 2 (R3)

+ + + * → * +− −O (g) H O(l) e OOH OH (aq)2 2 (R4)

* + → * +− −OOH e O OH (aq) (R5)

* + + → * +− −O H O(l) e OH OH (aq)2 (R6)

* + → * +− −OH e OH (aq) (R7)

In this paper, the ORR mechanism fitting for alkaline
conditions is considered (R1). An outer-sphere electron transfer
mechanism (as in R4) is frequently adopted if O2 adsorption on
a crystalline catalyst surface is deemed weak.46,60,61 However, for
single-atom active centers, the molecular O2 adsorption state
will play a more pronounced role in determining the rate-
limiting potential.60,62 Hence, the inner-sphere electron transfer
mechanism (R2) will also be considered whenever Δ <*G 0O2

.60,61 Following R2, the adsorbed O2 is converted into OOH via
a H2O-coupled charge transfer step (R3), producing one OH−

ion. IfΔ >*G 0O2
, R4 will still be used as the initial ORR step. In

this step, weak OOH binding typically indicates that subsequent
O−Obond cleavage will likely be the PLS. After forming OOH*
by accepting a second charge (R5), the O−O bond cleavage
occurs forming O* and another OH−(aq). The O* species is
then converted into OH* in a second H2O-coupled charge
transfer step (R6). Finally, OH* desorbs as an OH− ion by
accepting the fourth charge to vacate the active site (R7), which
has been widely recognized as the PLS when OH binding
becomes too strong, as on the Fe−Fe or Co−Co dual-metal
sites.27

The limiting potential (Ulim in V), also referred as working
potential12,48,63 (or onset potential47,64), was employed to assess
catalyst performance. Here, Ulim represents the largest free
energy change among R3−R714,35 and is expressed in eq 7.

= −
[Δ Δ Δ Δ Δ ]

U
G G G G G

e
max , , , ,

lim
3 4 5 6 7

(7)

3. RESULTS AND DISCUSSION
3.1. Stability of the Dual-Metal Configurations. The

structural stability of M−N−C motifs depends on specific
metal−metal and/or metal−ligand configurations. The metal−
ligand interactions will be mainly governed by the M−N-type
bonding (Figure 1). There is evidence showing that even with
subtle variations, such as the coordination numbers associated
with the M−N bonding and the separations between metal ions,
the ORR performance will be impacted.47,48

The formation energies (ΔGf) for the illustrated dual-metal
sites (Figure 1) are presented in Table 1. Holby et al.47 already
showed that the FeN4 site is less thermodynamically stable than
the Fe−Fe dual-metal sites. According to eq 1, the lower
formation energies indicate stronger cohesion for the overall
system. The low ΔGf values obtained for both Fe−Fe and Fe−
Co dual-metal sites are supported by prior studies in the
literature.27,42,47 For instance, the formation energy of Fe−Co is
slightly lower than that of Fe−Fe, which is consistent with Yang
et al.27 and Hunter et al.47 In an even broader context, the
stability of Fe−Co under typical ORR conditions has been

extensively confirmed with both experimental and theoretical
approaches in these studies.39,44 Using the Fe−Co system as a
benchmark, it can be learned that systems such as Fe−Ni, Fe−
Cu, Co−Ni, and Ni−Cu also show comparable cohesive ΔGf
values to Fe−Co. On the other hand, the Co−Co, Pt−Fe, Pt−
Co, and Pt−Pd systems are not as stable. Such information can
be used as metric, in additional to their intrinsic ORR reactivity,
for the purpose of future catalyst screening.

3.2. ORR at Dual-Metal Sites.The preferred adsorptions of
O2, OOH, O, and OH at the top or the bridge site are illustrated
in Figures S1 and S2. Molecular O2 can uniquely bind in di-σ, π,
or η1 configurations at these two-center dual-metal sites. The
adsorption energies of O2 will be used to determine the initial O2
protonation in the 4e− associative mechanism and are
summarized in Table 1.
The hydroperoxyl (OOH) group always prefers the more

oxophilic metal species at the dual-metal site, especially when a
PGM atom (i.e., Pt or Pd) is paired with Fe, Co, or Ni. For Fe−
Ni and Fe−Cu, OOH prefers the top sites of Fe. In Pt−Pd,
where both atoms are PGM species, OOH prefers the Pd site.
The optimizations of OOH at the Co−Co and Co−Ni sites
resulted in O−O cleavage, and in this case, the coadsorptions of
O and OH were considered instead. For the remaining dual-
metal systems, their bridge or the tilted top site is preferred. As
shown in Table 1, OOH binds the most strongly at the Fe−Fe
site. The adsorption energy decreases for other Fe-containing
heteronuclear dual-metal sites (i.e., one Fe is substituted by a
different metal species). At Co−Cu, Ni−Ni, Ni−Cu, Cu−Cu,
and the Pt(Pd)-containing dual-metal sites, the binding of OOH
is much weaker.
The hydroxyl (OH) and atomic oxygen (O) always prefer the

bridge site, but the calculated adsorption energies follow a
similar pattern to OOH, that is, OH and O bind the most
strongly at the Fe−Fe site, which is closely followed by Co−Co.
The Ni−Cu, Cu−Cu, Pt−Cu, and Pd−Ni are among the
weakest binding sites for OH and O.
Dual-metal centers support the 4e− ORR pathways, as

represented by R1.27,44,65 The free energy diagrams for the six
dual-metal systems containing Pt or Pd are summarized in
Figure 2 at three applied potentials. The profiles at 0 V are
shown in blue and at their limiting potential (Ulim) are shown in

Table 1. Adsorption Energies (in eV) of O2, OOH, O, and
OH, theDual-Metal Site Formation Energies (ΔGf in eV), the
Limiting Potentials (Ulim in V), and the corresponding PLS

Δ *GO2 ΔGOOH* ΔGO* ΔGOH* ΔGf Ulim PLS

Fe−Fe −1.17 3.48 0.31 −0.13 4.07 −0.13 R7
Fe−Co −0.94 3.96 0.46 0.35 4.00 0.02 R3
Fe−Ni −0.62 3.97 0.77 0.34 3.92 0.33 R7
Fe−Cu −0.94 3.70 1.00 0.27 4.24 0.27 R7
Co−Co −1.05 1.94 0.48 0.02 4.40 0.02 R7
Co−Ni −0.62 2.36 1.00 0.40 4.22 0.40 R7
Co−Cu −0.31 4.12 1.54 0.70 4.34 0.48 R3
Ni−Ni 0.19 4.65 1.80 1.16 3.75 0.27 R4
Ni−Cu 0.21 4.66 2.24 1.21 4.12 0.26 R4
Cu−Cu 0.33 4.78 2.54 1.21 4.45 0.14 R4
Pt−Fe −0.37 3.89 1.07 0.66 4.60 0.41 R6
Pt−Co −0.27 3.98 1.14 0.55 4.98 0.55 R7
Pt−Ni 0.58 4.84 2.07 1.30 4.47 0.08 R4
Pt−Cu 0.61 4.93 2.64 1.42 4.64 −0.01 R4
Pd−Ni 0.34 4.79 2.12 1.28 4.46 0.13 R4
Pt−Pd 0.49 4.56 2.15 1.12 5.46 0.36 R4
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red. Also, the free energy profiles obtained at U = 1.23 V are
shown in green. Based on Δ *GO2

listed in Table 1, ORR follows
the outer-sphere electron transfer process (when Δ >*G 0O2

)
except at the Pt−Fe and Pt−Co sites. For Pt−Fe (Figure 2a) and
Pt−Co (Figure 2b), the PLSs corresponds to the conversions of
O* into OH* at the active site (R6) and the removal of OH
(R7), respectively. For Pt−Ni (Figure 2c), Pt−Cu (Figure 2d),
Pd−Ni (Figure 2e), and Pt−Pd (Figure 2f), the protonation of
gas-phase O2 (R4) is the PLS, due to weak O2 binding. For this
group, the Pt−Co dual-metal site exhibits the highest limiting
potential at 0.55 V.
The ORR free energy profiles representing the ten non-PGM

dual-metal sites are summarized in Figure 3. On Fe−Fe (Figure
3a), O2, OOH, O, and OH bind the strongest, and a negative
Ulim (−0.13 V) is determined by the highly endothermic R7 step.
At Fe−Co (Figure 3b) and Co−Cu (Figure 3g), Ulim is both
determined by R3, involving the protonation of the adsorbed
molecular O2. The removal of OH (R7) is the PLS for Fe−Ni
(Figure 3c), Fe−Cu (Figure 3d), Co−Co (Figure 3e), and Co−
Ni (Figure 3f). At the Ni−Ni (Figure 3h), Ni−Cu (Figure 3i),

and Cu−Cu (Figure 3j) sites, ORR follows the outer-sphere
electron transfer process, and it was shown that the Ulim is
determined by R4 (the protonation of gas-phase O2). Overall, a
trend characterizing the ORRmechanism at the PGM-free dual-
metal sites emerges: with decreasing active-site oxophilicity, the
PLS transition from the late-stage OH removal (R7), toward the
protonation of adsorbed O (R6) and O2 (R3), to the initial
protonation of gas-phase O2 (R4).

3.3. ORR at the Dual-Metal Sites Modified by OH
Ligands. It has been shown that the strong binding OH at the
Fe single-atom site also modulates the active-site electronic
s t ruc tu re s w i th imp l i ca t ions to ORR per fo rm-
ance.10,24,27,28,30,34,44,66 As reported by Yang et al.,67 the OH
ligand originates either from the ORR intermediate (in acidic
environments) or directly from alkaline solutions. In this work,
assuming alkaline conditions, an OH group was left at those
dual-metal sites (with R7 as the PLS), which are denoted as
M1−M2(OH). Subscripts ‘o’ and ‘s’ are added to indicate ORR
intermediates bind at the opposite or the same side of the
preadsorbed OH ligand. The adsorption energies of ORR

Figure 2. Free energy diagrams for six dual-metal sites: (a) Pt−Fe, (b) Pt−Co, (c) Pt−Ni, (d) Pt−Cu, (e) Pd−Ni, and (f) Pt−Pd, at U = 0 V (blue),
Ulim (red), and U = 1.23 V (green). “*” indicates the clean surface.
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intermediates at the modified M1−M2 dual-metal sites are

shown in Table 2 (for M1−M2(OH)o) and S1 (for M1−

M2(OH)s).

The top and side views of the optimized O2, OOH, O, and
OH on M1−M2(OH)o are illustrated in Figure S3. As shown in
Table 2, the Δ *GO2

for all six dual-metal systems favors a

molecular adsorption state, that is, Δ <*G 0O2
, and were

Figure 3. Free energy diagrams for ORR over PGM-free dual-metal sites: (a) Fe−Fe, (b) Fe−Co, (c) Fe−Ni, (d) Fe−Cu, (e) Co−Co, (f) Co−Ni, (g)
Co−Cu, (h) Ni−Ni, (i) Ni−Cu, and (j) Cu−Cu, at U = 0 V (blue), Ulim (red), and U = 1.23 V (green). “*” indicates the clean surface.
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included in the ORR mechanism. Molecular O2 prefers the
bridge or the top site of themore oxophilic metal species inM1−
M2(OH)o.
The OOH species always prefer the top site of the more

oxophilic metal species for M1−M2(OH)o. As shown in Table
2, OOH binds the most strongly on Fe−Co(OH)o, followed by
Fe−Fe(OH)o, Fe−Ni(OH)o, Pt−Co(OH)o, and Fe−Cu-
(OH)o. On Fe−Fe(OH)o, Fe−Co(OH)o, Fe−Ni(OH)o, Co−
Co(OH)o, and Co−Ni(OH)o, atomic O prefers the bridge site
as a bridging oxygen, while on Fe−Cu(OH)o and Pt−Co(OH)o,
O prefers the Fe (or Co) top site as an oxo-group (Figure S3).
The O also binds the most strongly on Fe−Fe(OH)o. For OH,
the top sites of the more oxophilic metal atoms are preferred
except for Fe−Fe(OH)o (Figure S3). Just like OOH, OH binds
most strongly on Fe−Co(OH)o, followed by Fe−Fe(OH)o, Fe−
Ni(OH)o, Fe−Cu(OH)o, and Pt−Co(OH)o. In fact, all ORR
intermediates bind weaker than on ligand-free sites except for
OOH at Fe−Co(OH)o (Table 2). Particularly, ΔGOH*
universally shifts toward more positive values (i.e., weaker
binding), compared with the bare dual-metal sites.
It has been previously shown that the single-atom Fe−N−C

motifs modified by the S or P dopant in the π-bonded carbon
supports exhibit enhanced ORR performance.13,68 Functional
groups with excess electrons in the proximity of the metal
centers are shown to weaken the adsorbate binding by lowering
the d-band center. Theoretically, the calculated net changes of
the charges carried by the metal centers in all these systems
change inversely with the adsorption energies of OH.48,68 The
Bader charge analysis was performed on all M1−M2(OH)
systems and is presented in Figure S4. Figure 4 shows that with
the nonparticipating OH ligand, charges are transferred away
from the active sites (more positive Bader charge) when
compared with the bare dual-metal centers. Furthermore,
subsequent OH binding became weaker in the presence of an
OH ligand. This observation further confirms that the electron-
withdrawing effects as OH ligands shift the d-band centers
downward.
Figure 5 summarizes the free energy diagrams for the ORR on

M1−M2(OH)o. At U = 0 V, the energy profiles of considered
M1-M2(OH)o systems show exothermic behaviors. According
to the respective limiting potentials (red), the OH ligand shifts
the PLS from R7 to R3. The Ulim associated with Fe−Fe(OH)o
(Figure 5a) has increased substantially to 0.02 V. In fact, all the
variations in calculatedUlim indicate that the OH ligand plays an
active role in facilitating OH desorption to varied extents. The
Ulim values for Fe−Co(OH)o (Figure 5b), Fe−Ni(OH)o (Figure
5c), Fe−Cu(OH)o (Figure 5d), and Co−Co(OH)o (Figure 5e)
have all increased, from 0.02, 0.33, 0.27, and 0.02 to 0.26, 0.37,

0.59, and 0.18 V, respectively. The enhancement on ORR
activity at these dual-metal sites associated with the OH ligand is
consistent with the observations reported in recent liter-
ature.24,28,30,34,44,66 However, for Co−Ni(OH)o and Pt−Co-
(OH)o, the presence of a OH ligand weakens OOH binding and
will thus hinder ORR. Not surprisingly, the limiting potentials
decrease from 0.40 to 0.35 V and from 0.55 to 0.53 V
correspondingly.
Adsorptions of O2, OOH, O, and OH on M1−M2(OH)s

were also considered and are shown in Figure S5, and the
adsorption energies are summarized in Table S1. Unlike the bare
and M1−M2(OH)o systems, the OH ligand at the bridge site
will potentially block the access of other intermediates to this
site as their first choice. Geometry optimizations showed that
O2, OOH, O, and OH all will bind at the top sites of the
oxophilic metal species. In general, the adsorptions of ORR
intermediates are further weakened. This consequence reflects
that ORR now follows an inner-sphere electron transfer process
that is only applicable for Fe−Fe(OH)s and Fe−Co(OH)s.
The free energy profiles are summarized in Figure S6. The

Ulim for Fe−Fe(OH)s is still determined by the OH removal step
(R7), while the PLS for the remaining M1−M2(OH)s is the
protonation of gas-phase O2, forming OOH (R4). The highest
Ulim was obtained from Fe−Fe(OH)s, Fe−Co(OH)s, Fe−
Ni(OH)s, and Fe−Cu(OH)s, at 0.62, 0.73, 0.62, and 0.59 V,
respectively. However, at the Co−Ni(OH)s and Pt−Co(OH)s
sites, as shown in Figure S6 f and g, Ulim lower than that of the
bare Co−Ni and Pt−Co sites was obtained due to weakened
OOH binding.
Previous studies have established linear correlations among

ORR intermediates for the purpose of ORR catalyst screen-
ing.48,69,70 In this study, similar linear correlations were observed
for O (ΔGO*) and OOH (ΔGOOH*) (Figure 6a), as well as
molecular O2 (Δ *GO2

) (Figure S7) against ΔGOH* on the dual-
metal sites with and without the OH ligand. The slope for the
correlation between OH and O (1.62, see Figure 6a) is in a good
agreement with the value (1.49) reported by Meng and co-
workers.48 The slope for the correlation between OH and OOH
is 0.92 (also see Figure 6a), which is also consistent extensively
with previous reports (i.e., ∼1).48,70−73 Most notably, a decent
correlation, with a slope of 1.11 (R2 = 0.84), between OH and

Table 2. Adsorption Energies (in eV) of O2, OOH, O, and
OH, Limiting Potentials (Ulim in V), and the Corresponding
PLS for M1−M2(OH)o

a

Δ *GO2 ΔGOOH* ΔGO* ΔGOH* Ulim PLS

Fe−Fe(OH)o −0.83 4.07 1.13 0.70 0.02 R3
Fe−Co(OH)o −0.76 3.90 1.19 0.53 0.26 R3
Fe−Ni(OH)o −0.44 4.11 1.52 0.76 0.37 R3
Fe−Cu(OH)o −0.16 4.17 1.88 0.80 0.59 R3
Co−Co(OH)o −0.32 4.42 2.14 1.07 0.18 R3
Co−Ni(OH)o −0.15 4.42 2.14 1.04 0.35 R3
Pt−Co(OH)o −0.24 4.15 2.27 0.82 0.53 R3

aSubscript “o” indicates that binding sites are on the opposite side of
the OH ligand.

Figure 4. Relationship between ΔGOH* (eV) and the Bader charge (q,
in |e|) at the OH binding site. The colored lines are used to guide the
trend. Green indicates the relationship for the dual-metal sites without
OH ligands, blue indicates the relationship on the same side with the
OH ligand, and red indicates the relationship on the opposite sides of
the OH ligand.
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the adsorbed O2 was also established, as shown in Figure S7. A
rather broad range ofΔ *GO2

values (−1.2−0.5 eV) was observed,
indicating that the binding of molecular O2 is sensitive to the
compositions of the dual-metal sites. For systems such as Fe−Fe
andCo−Co, the stable O2 adsorption state (without O−Obond
cleavage) may not be completely neglected.

When theUlim for all dual-metal systems is organized based on
ΔGOH* (Figure 6b), Ulim peaks at a ΔGOH* value of
approximately 0.8 V. Moreover, the dual-metal systems included
in this volcano-like trend can be generally grouped in three
regimes following the identified PLS: (I) strong OH binding
dual-metal sites with R7 as the PLS, (II) intermediate OH
binding dual-metal sites with R3 or R6 as the PLS, and (III)

Figure 5. Free energy diagrams for (a) Fe−Fe(OH)o, (b) Fe−Co(OH)o, (c) Fe−Ni(OH)o, (d) Fe−Cu(OH)o, (e) Co−Co(OH)o, (f) Co−Ni(OH)o,
and (g) Pt−Co(OH)o at U = 0 V (blue), Ulim (red), and U = 1.23 V (green). “*” indicates the clean surface. The subscript ‘o’ indicates that ORR
happens at the opposite side of the OH ligand.

Figure 6. (a) Linear scaling relationships between ΔGOH and ΔGO (orange) and GOH and GOOH (blue). (b) Predicted Ulim as a function of GOH.
Systems associated with the PLS (PLS) OH* → OH(aq)

− (left side) are colored in blue; systems associated with the PLS O* → OH(aq)* or O2* →
OOH* (middle) are colored in purple; and system associated with the PLSO2(g)→OOH* (right side) are colored in green. In addition, the bare dual-
metal centers are represented in dots, the dual-metal centers with ORR occurring on the same side with the OH ligand are represented by squares, and
the dual-metal centers with ORR occurring on the opposite side of the OH ligand are represented by diamonds.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c10617
J. Phys. Chem. C 2021, 125, 2334−2344

2340

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10617/suppl_file/jp0c10617_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10617?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10617?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10617?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10617?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10617?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10617?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10617?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10617?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c10617?ref=pdf


weak OH binding dual-metal sites with R4 as the PLS. The dual-
metal sites in regime I (blue) form a strictly linear left boundary,
as shown in Figure 6b. In this case, Ulim is purely dictated by
ΔGOH*, which is also used as the ORR performance descriptor.
Almost all the dual-metal systems in this regime are OH-ligand-
free (represented by dots) except for Fe−Fe(OH)s. It is also
evident that all these dual-metal sites contain at least one Fe or
Co, which are both strong OH binding species. On the other
hand, the right boundary formed by the dual-metal sites from
regime III (green) is more scattered, governed byΔ *GO2

instead.
Hence, the less-define nature reflects the correlation between
ΔGOH* and Δ *GO2

(Figure S7). By inspection, common
elemental species in these dual-metal sites are Pt, Pd, Cu, and
Ni, occasionally coupled with Fe and Co. When Fe or Co is
present, the dual-metal site always contains the OH ligand, as
M1−M2(OH)s (square). In this case, as discussed previously,
the OH ligand tends to weaken the bindings of O2, O, OH, and
OOH much more effectively. The ORR performance in the
dual-metal systems in regimes I and III is governed by one of the
two conventional mechanisms, that is, either the strong OH
binding (left leg) or the protonation of the free O2 molecule
(right leg).35,47,48,69,70

In Figure 6b, we also identified several dual-metal systems
(highlighted in purple) located in regime II. These diverse
groups contain bare dual-metal sites (dots), such as Fe−Co, Pt−
Fe, and Co−Cu; the same-sideOH ligand (squares) such as Fe−
Co(OH)s; and opposite-side OH ligands (diamonds) such as
Fe−Fe(OH)o, Fe−Co(OH)o, Fe−Ni(OH)o, and Pt−Co-
(OH)o. In this regime, corresponding to the intermediate
ΔGOH*, the PLS that determinesUlim is the protonation of either
O or O2 adsorbed at the dual-metal sites.
Overall, the mechanistic study based on DFT suggests that

dual-metal compositions, ligands, and locations of ORR allow
molecular O2 adsorption to play an influential role and to
subsequently alter the potential limiting step. Ramaswamy60 has
also recognized the necessity to consider O2 adsorption at SAC
sites in their respective investigations. In our final analysis, we
tracked the variations of Ulim for the Fe−Co system to further
elucidate the impact from the OH ligand. Interestingly, all three
Fe−Co, Fe−Co(OH)o, and Fe−Co(OH)s systems are located
in regime II. Also, the Fe−Co dual-metal site has already been
reported for its promising ORR reactivity in a number of
literature studies.27,39,44,47,48 Without explicitly considering
molecular O2 adsorption at the Fe−Co site, the ORR has
been suggested to be hindered by the difficulty in OH removal
(i.e., R7).27,31,47

Molecular O2 has a stable adsorption state on bare Fe−Co
with a Δ *GO2

of −0.94 eV. The associated Ulim is 0.02 V (lower
purple region in Figure 6b) with the protonation of adsorbed O2
(R3) as the PLS. In Fe−Co(OH)o, ΔGOH* becomes more
positive. Nevertheless, the PLS remains the same despite a small
shift toward right, but Ulim increases above 0.2 V. In Fe−
Co(OH)s, ΔGOH* continues to shift right (even more positive).
At this point, theUlim increases significantly to 0.73 V. This value
matches the results predicted by Wang and co-workers.44

Moreover, other PGM-free dual-metal sites, such as Fe−Fe,
Co−Co, and Fe−Cu, also exhibit enhanced ORR activities by
the OH ligand. By comparing with the FeN4 motif,74 which
yields the limiting potential as 0.46 V, the dual-metal centers
indeed display improved performance. The outstanding ORR
activity of Fe−Co(OH)s shows good consistency with Wang’s

work.39,44 It is very encouraging to note that PGM-free catalysts
are capable of replacing PGM-based ORR catalysts.

4. CONCLUSIONS
DFT calculations were performed on a variety of dual-metal
active centers coordinated by six pyridinic nitrogen embedded in
GN monolayer for 4e− ORR. Both PGM (Pt and Pd) and non-
PGM (Fe, Co, Ni, and Cu) metal species were considered.
Moreover, the OH group was deliberately considered as a
modulating ligand for the charge redistribution at the dual-metal
sites that naturally bind OH strongly. The ORR reactivities at
these dual-metal sites can be depicted in terms of a volcano
diagram divided distinctively by multiple PLSs. Specifically, the
traditional OH removal and the protonation of gas-phase O2
remain as the two boundaries for the ORR reactivity volcano
when too strong or weak OH binding occurs at the active sites,
respectively. However, due to the strong molecular O2
adsorption at the dual-metal sites, protonation of adsorbed O2
and protonation of O species also emerge as likely PLSs and thus
enrich the electrochemistry for ORR. Among all dual-metal sites,
Fe−Co(OH)s is predicted to have the highest limiting potential,
with a Ulim of 0.73 V, which remains consistent with literature
findings. Also, the PGM-free dual-metal sites such as Fe−
Fe(OH), Fe−Cu(OH), and Co−Co(OH) also appear to be
competitive, which encourage further explorations for Pt-free
ORR electrocatalysts.
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