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In this study, we selected 10 Co-based double-atom catalysts (DACs) catalysts, namely CoMNg-gra(OH) (M = Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn), and investigated their oxygen reduction reactions (ORR) catalytic performances
with/without considering the magnetic coupling by means of density functional theory (DFT) calculations. It was
found that CoNiNg-gra(OH), CoCuNg-gra(OH), and CoZnNg-gra(OH) exhibit good catalytic activity of ORR (with
low overpotentials of 0.33, 0.34 and 0.23 V, respectively) when the magnetic coupling is considered. In particular,

magnetic changes in CoMNg-gra(OH) candidates play a vital role in their ORR catalytic activity. Interestingly, the
d-band center can be utilized to well rationalize the ORR catalytic activity. This work highlights the importance of
considering the magnetic coupling to well predict the activity of ORR catalysts, and discloses that the manipu-
lation of the magnetic coupling between transition metal atoms is an emerging and powerful approach for the
development of high-performance electrocatalysts for ORR and other related reactions.

1. Introduction

Because of the growing energy consumption, climate change, and
environmental and ecological effects of greenhouse gas emissions, great
efforts have been made to develop renewable and sustainable energies to
replace the fossil fuels [1-3]. Fuel cells, as energy conversion devices,
have high conversion efficiency, low pollutant emission, and low energy
waste, among which the proton exchange membrane fuel cells (PEMFC)
deliver high power density and have the advantages of low noise, wide
range of applications, and low operating temperature compared with
other fuel cells [4-10]. However, the slow oxygen reduction reaction
(ORR) of the cathode is one key factor restraining the efficiency of energy
conversion [11,12], and catalysts with high ORR activity are of a great
need [13,14]. Currently, Pt and its alloys are the most common and
efficient electrocatalysts, however, their high cost, scarce earth reserves,
and poor long-term stability pose a major obstacle to their wide appli-
cations [15-19]. Therefore, it is critical to develop low-cost alternatives
with high ORR catalytic efficiency.

To date, a variety of ORR catalysts with promise to replace Pt and its
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alloys have been reported, such as metal-free heteroatom-doped gra-
phenes [20-22], black phosphorus [23,24], nanowires [25,26], transi-
tion metal oxides and nitride [27,28], metal clusters [29-31], and
composites [32,33]. Single-atom catalysts (SACs), in which individual
atoms are well dispersed on the support, have shown remarkable per-
formance as ORR catalysts [34-41]. The great success of SACs have also
inspired the development of double-atom catalysts (DACs), in which
metal dimers are anchored on supporting substrate materials [42-44].
Notably, recent experimental and theoretical studies have shown that the
introduction of a second metal atom can change the electronic properties
of the catalyst and further improve the ORR activity [45-56]. For
example, Xiao et al. synthesized binuclear CoyNs sites, which have much
higher ORR activity than the single CoN4 active site [45]. The binuclear
Fe—Ni [46] and Co-Ni [48] embedded in N-doped carbon were observed
to possess outstanding catalytic performance in oxygen reduction and
evolution reactions. The Co-Zn catalyst was reported to exhibit excellent
ORR performance under both alkaline and acidic conditions [49]. On the
other hand, by means of density functional theory (DFT) computations,
Xia and coworkers designed new dispersed metal-atom catalysts with
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single-, dual-, and tri-metallic sites, and found that a variety of catalysts
in dual-sites with metal bonds have excellent ORR performance [50].
Quite recently, by DFT computations, Deng et al. investigated the cata-
lytic performance towards ORR of over 80 homo- or hetero-nuclear DACs
with N-doped graphene as the support, and their machine learning
studies showed that their activity was mainly governed by simple geo-
metric parameters [51].

Identifying the key factors and appropriate approaches to improve the
catalytic efficiency of ORR catalysts will greatly facilitate the computa-
tional screening and design of these catalysts [57-59]. One important
factor is the coordination environment of the active site. For example,
Zhang et al. identified the CoN4-gra as the best bifunctional catalyst
among the Co and N codoped graphene SACs (CoN,-gra, x = 1-4) [60].
Ligand substitution [61,62] and modification of the first and second
coordination spheres [63] have also been confirmed to be effective. Very
recently, it was proposed that the spin state of single transition metal
atom associates with chemical adsorption of reaction intermediates and
the reaction pathways, and tuning the spin state of active site is an
emerging strategy to improve the catalytic activity of SACs. For instance,
in 2018, Jiang and coworkers found that the adsorbed CO molecule not
only changes the spin of the active site of FeN3 embedded on graphene,
but also affects the spin of the adjacent site, and called for attention to the
cooperative spin transition between adjacent active sites on SACs [64]. In
2020, they demonstrated that manipulating the spin state of single Co
atom in covalent organic frameworks can improve the photocatalytic
performance [65]. In 2021, they proposed using electronic spin moment
as a catalytic descriptor for the ORR activity of Fe SACs supported on CoN
monolayer [66], and showed that controlling the spin state of MoS, by
adopting suitable doped metal atoms or their adsorption sites can achieve
improved NRR catalytic activity [67]. However, the effect of spin states
in DACs, especially the magnetic coupling between the two metal atoms,
have not received much attention.

In this work, we aimed to find out whether the magnetic coupling of
DACs could improve the catalytic efficiency for ORR by means of DFT
computations. Considering that DACs with the participation of Co usually
have good catalytic performance for ORR [49-51], we combined Co and
3d transition metals as the dual-metal sites in N-doped graphene
(CoMNg-gra, M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Fig. 1a), and
investigated their catalytic performance for ORR. Note that such con-
figurations have been widely adopted in previous theoretical studies [51,
68] and have also been synthesized experimentally [69]. By comparing
the energies of nonmagnetic, ferromagnetic (Fig. 1b), and antiferro-
magnetic (Fig. 1¢) orderings in each elementary step during the ORR
process, we found that the ORR efficiency can be improved when the
magnetic coupling is considered. This work underlines the importance of
spin states in designing DACs for ORR and related electrochemical pro-
cesses, and demonstrates that tuning the magnetic coupling between
transition metal atoms is a powerful but nearly neglected approach to
improve the catalytic activity of electrocatalysts.

2. Computational methods

For systems without strong spin-orbital coupling (SOC), typically we
can predict the properties of materials without magnetic properties using
the spin-unpolarized DFT computations, and predict the properties of
magnetic materials by the spin-polarized DFT. Since the chemical re-
actions involve bond stretching, breaking, and formation, and radicals
are common intermediates, the spin-unpolarized DFT is not an option for
studying the catalytic process, while the spin-polarized DFT is of a good
choice.

Nevertheless, for nonmagnetic (NM) materials, the spin-polarized
DFT computations will give the same result as the spin-unpolarized
DFT computations: during the minimization process, the spin-density
“dependent” exchange functional will converge to the spin-density “in-
dependent” exchange functional. When studying magnetic materials
with the spin-polarized DFT and the default setting in VASP, typically, a
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(c)

Fig. 1. (a) Structural illustration of CoMNg-gra model. (b,c) Schematic diagrams
of ferromagnetic and antiferromagnetic orderings. Color scheme: C, brown; N,
silver; Co, blue; M, yellow.

ferromagnetic (FM) state is obtained, which is exemplified by CoZnNe-
gra(OH) in this work: the spin-polarized DFT with the default setting of
magnetic order revealed that each key intermediate during the ORR
process is ferromagnetic, as shown in Table S1. However, using such a
default setting, the lower-energy antiferromagnetic (AFM) ground state is
not located.

Consequently, the magnetic coupling between the two metal atoms in
DAGs, ie., the preference of adopting anti-ferromagnetic group state for
some reaction steps in the electrochemical process, might escape the
attention. For example, many open-shell transition metal (TM) atoms
possess certain magnetic moments, whereas only a few of them (like Fe,
Co, Ni) exhibit ferromagnetism in their crystalline state. Moreover, the
combination of different types and number of atoms would lead to
tunable magnetism in the alloy clusters, even beyond the current mag-
netic alloy of solid phase [70].

DFT computations were performed using the Vienna Ab initio Simu-
lation Package (VASP) [71,72]. The spin-polarized calculations were
carried out unless mentioned otherwise. The interactions between ion
cores and valence electrons were described by the projector augmented
wave (PAW) method [73]. The Perdew-Burke-Ernzerhof (PBE) functional
was used to describe the exchange-correlation energy [74]. The energy
cutoff was chosen as 500 eV [75]. The Monkhorst-Pack (MP) scheme of 3
x 3 x 1 k-points was adopted to sample the Brillouin zone. The van der
Waals (vdW) interactions between the reactants/intermediates and the
catalyst were considered using the DFT-D2 method [76]. For 3d transi-
tion metals (M), DFT + U (U = 4 eV) method was also considered in the
calculations [77]. Note that the U values may have influence on the



L Yuetal

energy and magnetism, so we tested different U values for CoNiNg@gra,
and our results showed that the relative energies and magnetism of each
magnetic state do depend on the U values (Table S2). However, all the
four considered U values (U = 3, 4, 5 and 6 eV) locate the AFM as the
energy-preferred state, and the magnetic moment on Co/Ni atom yielded
at U =4 eV is acceptably close to U= 6 eV (—1.98 vs —2.53/0.52 vs 0.77
ug). We therefore used the uniform U (4 eV) for all transition metal el-
ements in our study. The convergence criterion for the energy of
self-consistent iterationis 1 x 10~° eV, and that for the force is 0.02 eV/A
on each atom. The Poisson-Boltzmann implicit solvation model with a
dielectric constant of ¢ = 80 for water was used to simulate the H,O
solvent environment [78].

As shown in Fig. 1, we used a 7 x 7 supercell of graphene in the
calculations. To avoid the interaction between two neighboring surfaces,
a vacuum space ~20 A was applied [79,80].

The overall reaction of ORR is

0,(g) + 4H" + 4e” — H,0() (€Y

The four elementary reaction steps during ORR in acidic media are as
follows:

0,(g) + H" + e + * - *OOH ()]
*OOH + H' + e — *O + H0(1) 3
*04 H' + ¢= — *OH (C))
*OH + H' + e - H,0(l) + * 5)

where “*” denotes the adsorption site. The absorbed energy is calculated
by Refs. [81,82]:

AE:g = E(*O) — E(*) — (Emo — Eu,) (©)
b om0 (1 1)
AE«on = E(*OOH) — E(*) — <2EH10 - %EH2> ®

where E(*) is the ground state energy of catalyst; AE+o, AE«on, and
AE«qoy are the ground state energies of O, OH, and OOH adsorbed cat-
alysts, respectively; Ey,o and Ey, are the energies of water and hydrogen
molecules of gas phase in a cube of 20 A x 20 A x 20 A, respectively.

The free energy of a reaction step is calculated by the following
equation:

AG = AEpsr + AZPE — TAS + AGy, — AGu 9

where AEpgr is the reaction energy obtained from the DFT calculations
directly; AZPE and TAS are the contributions of the zero-point energy
(ZPE) and entropy, respectively [83]; the pH related term AG.y is
determined by AG,z = kT x In10 x pH, of which kg is the Boltzmann
constant, and pH is set as 0 in our work, thus AG,y = 0; Up is the po-
tential with respect to the standard hydrogen electrode (SHE) at standard
conditions (Up =0V, pH =0, p=1 bar, T = 298.15 K). The free energy of
a free Oy is determined by the following equation in our study [84]:

G()2 = 2GHZO - 2GH2 + 492 (10)

where Gy,0 and Gy, are the free energies of Hy and H,O molecule.
The AG;—AGy of each step of the ORR can be obtained by the
following expressions:

AG, = AG:oon — 4.92eV an
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AGZ - AG*O - AG*OOH (12)
AG; = AGw oy — AG+o 13)
AG4 = 7AG*OH (14)

The limiting potential (Up), which is also called the working potential,
is used to evaluate the catalytic performance [85-88]. Here, Uy, repre-
sents the maximum free energy change in Egs. (11)-(14) and is expressed
as Eq. (15):

AG,,AG,, AGs, A
U, — _ max(AG, (527 G3,AG,) (15)

The overpotential (noggr) of the whole ORR (in the unit of eV) can be
obtained following Eq. (16):

max(AGh AG27 AG37 AG4)
e

Hoge = 123U, =123+ (16)

3. Results and discussion
3.1. Stability of DACs

The stability of the DACs in our work was evaluated by calculating the
binding energy of the anchored metal dimer (Co and M) on graphene as
follows:

1

E, = 7(EC0MN(,—gm - EN(,—gra

5 — Eco — En) 7

where Ecomng —gra and En, —gra are the energies of nitrogen-doped graphene
with and without adsorbing transition metal atoms, respectively, Ec, and
Eum are the energies of a single Co and M atom, respectively. Then, the
binding energy was compared with the average cohesion energy (E.) of
transition metal atoms in bulk phase by the equation AE = E, — E,
[79], where the average cohesion energy is determined by Eq. (18):

1

Econ = 5

(Econ-co + Econ-m) (18)
where Econ.co and Econm are the cohesive energies of Co and M metals,
respectively. As shown in Table S3, the binding strength of metal dimers
on Ng-gra support are all stronger than the average cohesive energies of
metal bulk, suggesting the good stability of these DACs. The distances
between Co and M in all CoMNg-gra configurations (Table S3) increase
gradually as the number of electrons outside the nucleus of element M
increases.

The magnetic properties of the ten COMNjg-gra catalysts are also given
in Table S3. CoScNg-gra, CoVNg-gra, CoCoNg-gra and CoCuNg-gra exhibit
ferromagnetic properties, and the remaining six catalysts (CoTiNg-gra,
CoCrNg-gra, CoMnNg-gra, CoFeNg-gra, CoNiNg-gra and CoZnNg-gra) are
antiferromagnetic. When using the default settings in the spin-polarized
calculations, only two DACs (CoMnNg-gra and CoFeNg-gra) were pre-
dicted in the antiferromagnetic ground-state, while the remaining eight
catalysts all are ferromagnetic, particularly, the antiferromagnetic order
of CoTiNg-gra, CoCrNg-gra, CoNiNg-gra and CoZnNg-gra was failed to be
located (Table S3). Therefore, quite different magnetic order was pre-
dicted by spin-polarized DFT computations when using default setting or
well considering the magnetic coupling.

To verify that the 7 x 7 supercell (the lateral dimension is ~17.16 A)
is large enough, we evaluated the magnetic properties of a 14 x 7
supercell for CoCoNg-gra. The relative energies of nonmagnetic, ferro-
magnetic and antiferromagnetic orderings agree well with those of a 7 x
7 supercell (Table S4), confirming that a 7 x 7 supercell is large enough
to avoid image interactions.

Since OH species have strong binding at the CoMNg-gra active site,
and the previous studies showed that the adsorbed OH species would
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enhance the ORR activity [50,51,89-91], we adopted structures with
pre-adsorbed *OH species at the active center as our DAC models,
referred as CoMNg-gra(OH), to explore their Oy adsorption and ORR
performance (Fig. 2). Notably, four (out of 10) DACs examined in this
work, namely, CoScNg-gra(OH), CoVNg-gra(OH), CoCrNg-gra(OH) and
CoMnNg-gra(OH), adopt the generally ignored AFM state as the ground
state (Table 1), and among them, both CoScNg-gra(OH) and CoV-
Ne-gra(OH) take the AFM state instead of the FM state adopted by their
*OH-free counterparts, indicating that the intermediate adsorption is
vital to regulate the magnetic configuration of the metal dimers.

Note that the adsorbates may alter the easy axis (EA) and the mag-
netic anisotropy energy (MAE) for the ferromagnetic systems [92]. We
examined the EA and MAE for ferromagnetic CoCuNg-gra and
CoCuNg-gra(OH). Our results revealed that the adsorption of OH will not
alter the EA (both are along y-axis direction), and the MAE is increased
from 0.21 to 1.36 meV when OH is adsorbed (Table S5). However, such
small variation is negligible for the free energy change and the limiting
potential prediction.

3.2. Adsorption of Oz

The O, adsorption is the precondition for the ORR. Thus, we first
examined the adsorption of O3 on these DACs. The O, molecule prefers to
be adsorbed over the Co—M bridge site with the end-on configuration
(Fig. S1). We selected the lowest energy state of the magnetic configu-
ration as the magnetic ground state, and calculated the free energy of O,
adsorption (Table S6). Interestingly, except for CoCrNg-gra(OH) and
CoMnNg-gra(OH) which preserves the AFM character, the adsorption of
O, changed the magnetic coupling between Co and M of all the other
DACs. The FM state of CoTiNg-gra(OH), CoFeNg-gra(OH), CoNiNg-
gra(OH) and CoCuNg-gra(OH) was switched to AFM upon O adsorption,
the AFM state of CoScNg-gra(OH) and CoVNg-gra(OH) was changed to
FM, and the NM state of CoZnNg-gra(OH) and CoCoNg-gra(OH) was

(b)

Fig. 2. Model of CoMNg-gra with pre-sorption of OH species, top view (a) and
side view (b). Color scheme: C, brown; N, silver; Co, blue; M, yellow; O, red;
H, pink.
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Table 1
Relative energies of NM, FM and AFM states of examined DACs with adsorbed
*OH species, where the lowest energy state was set as zero (eV).

catalysts NM FM AFM
CoSc(OH) 0.04 0.01 0.00
CoTi(OH) 0.17 0.00 0.01
CoV(OH) 0.46 0.56 0.00
CoCr(OH) 2.39 0.02 0.00
CoMn(OH) 2.27 0.23 0.00
CoFe(OH) 0.92 0.00 0.18
CoCo(OH) 0.00 0.00 0.01
CoNi(OH) 0.50 0.00 0.49
CoCu(OH) 0.71 0.00 0.01
CoZn(OH) 0.00 0.00 0.00

modulated to FM and AFM, respectively (Table S7). For all these cata-
lysts, the length of the O—O bond of the adsorbed O5 (1.30-1.33 A) was
elongated by ~0.1 A compared to the length of free molecule (1.21 A),
and 0.52-0.81 electrons were transferred from the DACs to the O, ac-
cording to Bader charge analysis (Table S6), indicating that the adsorbed
*Q4 is activated.

3.3. Catalytic performance of DACs with/without well considering
magnetic coupling

In order to unveil the effect of magnetic coupling on the catalytic
performance of the CoMNg-gra(OH), we first computed the free energy
changes of the key reaction steps. For each intermediate adsorbed DACs,
a few possible configurations were examined and the lowest-energy ones
were chosen. Both ferromagnetic (FM) and antiferromagnetic (AFM)
coupling between Co and M atoms as well as the nonmagnetic (NM) state
were considered for the 10 CoMNg-gra(OH) DACs. Note that the spin-
unpolarized computations were also performed for the cases in which
the NM state was not located in the spin-polarized computations to
obtain the NM state for comparison. The relative energies of the three
states with respect to the ground state for each ORR intermediate were
compared in Table S7.

We found that the magnetic orderings of the 10 examined DACs
change during the ORR process (Fig. 3 and Fig. S2). For example, the *O-
adsorbed CoNiNg-gra(OH) alters from antiferromagnetism to nonmag-
netic when *O is reduced to *OOH, and CoNiNg-gra(OH) switches back
to ferromagnetic coupling upon *O and *OH adsorption, i.e., during the
whole ORR process * — *Oy — *OOH —» *O — *OH — * + H50, the
magnetic coupling of CoNiNg-gra(OH) is FM — AFM — NM — FM — FM
— FM. For the case of CoCuNg-gra(OH), the magnetic variation is FM —
AFM - NM — AFM — NM - FM, while for CoZnNg-gra(OH), when
considering magnetic coupling, the magnetic change in the reaction steps
is NM - FM - FM - FM — NM — NM.

When involving the magnetic coupling, we calculated the free energy
change of each elementary step, the limiting potential, and the over-
potential (nogr), and the results are summarized in Table S8. Note that
the obtained nogg order, CoZn (0.23 V) < CoNi (0.33 V) < CoCu (0.34 V)
< CoCo (0.58 V) < CoMn (0.88 V) < CoFe (1.02 V) < CoCr (1.42V) <
CoV (1.95 V) < CoSc (2.01 V) < CoTi (2.40 V), is quite different to the
sequence obtained by Deng et al. [51], CoNi (0.35 V) < CoCo (0.41 V) <
CoZn (0.43 V) < CoCu (0.45 V) < CoMn (0.91 V) < CoFe (1.00 V), for
which the computations were carried out by setting the magnetic
configuration as default values (but not essentially in the magnetic
ground state). Actually, we computed the overpotential for CoZnNe--
gra(OH) with the magnetic configuration set as default value, and our
results agreed well with Deng et al‘s [51]: the same
potential-determining step (PDS) (*OH — H20(1)) and very close nogrr
values (0.39 vs 0.43 V, the slight difference might be assigned to the
different methods of dispersion correction) (Table S9). Thus, we took
their results as an example for the simulations, in which the magnetic
configuration is set as default values.
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Fig. 3. Free energy diagrams of ORR over three DACs with considering magnetic coupling (left panel) and with magnetic configuration set as default value (right
panel, results from the article by Deng et al. [51]) for CoNiNg-gra(OH) (a and b), CoCuNg-gra(OH) (c and d), and CoZnNg-gra(OH) (e and f) at Uy = 0 V (blue), Uy = Uy,
(red), and Up = 1.23 V (black). ‘*’ represents the adsorption site. The potential-determining step was highlighted by dashed ellipse.

We carefully examined the calculated limiting potentials (Fig. 3 and
Fig. S2) by the spin-polarized DFT computations when the magnetic
coupling was considered and when it was not well addressed (with the
magnetic configuration set as default value). When the magnetic
coupling was considered, three catalysts, COMNg-gra(OH) (M = Ni, Cu,
Zn), stand out among the 10 DACs since their limiting potentials are
about 1 V (0.90, 0.89 and 1.00 V, respectively; Fig. 3). The geometric
configurations and the spatial spin density distributions of the ORR in-
termediates adsorbed on these three DACs are presented in Fig. 4, in
which the AFM ground state of *O-CoCuNg-gra(OH) is clearly shown by
the magnetic distribution. Moreover, the calculated ORR overpotential
when considering the magnetic coupling is generally lower, since the
intermediates involved in the potential-determining step are of lower
energies under such a treatment.

Well treating the magnetic coupling or not may give different PDS.
Though in both cases the same PDS (the reduction of *OH) can be ob-
tained for CoNiNg-gra(OH), different results arise for CoCuNg-gra(OH)

and CoZnNg-gra(OH). When clearly including the magnetic coupling, the
formation of *OOH and the reduction of *OH are the PDS for ORR on
CoCuNg-gra(OH) and CoZnNg-gra(OH), respectively; while when the
magnetic coupling is not well considered, the reduction of *OH and the
reduction of *O are predicted as the PDS on these two catalysts
(Table S10).

Among all the examined catalysts, CoZnNg-gra(OH) has the highest
limiting potential, thus deserving further explorations. When the mag-
netic coupling is considered (Fig. 3e), the free energy changes for the four
elementary steps are —1.46, —1.40, —1.00 and —1.06 eV, respectively, all
approaching to the optimal value of —1.23 eV, resulting in an over-
potential (nogrr) of 0.23 V, and the corresponding PDS is *O (FM) — *OH
(NM). For comparison, we also evaluated the ORR performance of
CoZnNg-gra(OH) in the nonmagnetic case using the spin-unpolarized
DFT computations. The calculated norg value is 0.38 V, quite close to
0.39 V obtained when setting the magnetic configuration as default value
(Table S9). However, the predicted PDS is the *OOH generation (O3(g) —
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Fig. 4. Spatial spin density distributions of CoNiNg-gra(OH) (a), CoCuNg-gra(OH) (b) and CoZnNg-gra(OH) (c) with adsorption of *O, *OH and *OOH species,

respectively (Isosurface value = 0.0055 e/1°§3).

*OOH) in the nonmagnetic case, while it is the *OH reduction (*OH —
H,0()) in the latter case. Though it is well known that the spin-
unpolarized DFT method is not recommended to study catalytic pro-
cesses, our test computation here provides another example that such a
computational method is not reliable to examine reaction pathways.

3.4. Linear relationship between limiting potential and key descriptors

Our above analyses clearly showed that it is important to well
consider the magnetic coupling between two transition metal atoms in
DACs, and the spin-polarized DFT computations involving magnetic
coupling give more accurate prediction of the catalytic activity of these
DACs. As shown in Fig. 5a, when the magnetic coupling is considered, the
limiting potentials of the 10 DACs are higher, especially better catalytic

performance is predicted for COMNg-gra(OH) (M = Ni, Cu, Zn) catalysts
than the previously reported [48-51].

In order to better understand the role played by magnetic coupling in
DACs, and also to find the characteristic descriptors of the 4e-pathway of
ORR, we examined the relationship between the limiting potential (Uy)
and key descriptors, such as AG+og and outer d-electron number of M
atom (Fig. 5b and c). Since Ref. 51 only examined six out of the 10 cat-
alysts examined here, we also fitted our own data for these six catalysts,
which are indicated by dashed lines in Fig. 5b and c.

Many previous studies indicated that the ORR activity is mainly
determined by the free energy changes of *OOH, *O and *OH species,
and the ORR catalytic activity and adsorption free energies form a vol-
cano plot [93]. Thus, we first examined the relationship between the
catalytic activity and AG:on. Regardless of whether the magnetic
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Fig. 5. Histogram of limiting potentials of ten DACs in magnetic default setting and with magnetic coupling (a), linear fitting of limiting potential with AG+oy (b) and
outer d-electron number of M (c) in magnetic default setting, with magnetic coupling and part of with magnetic coupling, respectively.

coupling is considered or not, U, and AG«oy of the 10 DACs have a linear
relationship (Fig. 5b), but the linear fitting is better when the magnetic
coupling is well treated (Pearson correlation coefficient (p) of 0.999 vs.
0.943). If we only limited to the six catalysts in Ref. [51], the linear
relationship is also better upon including the magnetic coupling (p value
0.998 vs. 0.943, for the data indicated by the dashed lines in Fig. 5b).

We next investigated the relationship between the catalytic activity
and the outer d-electron number of M atom in the DACs. Interestingly,
nearly the same trend was obtained as that between Uy, and AG+oy, Better
linear fitting is obtained when the magnetic coupling is well considered
as compared with the case only default magnetic setting is used (for the
10 DAGs, p value 0.952 vs. 0.771; for the six catalysts in Ref.51, p value
0.914 vs. 0.771, for the data indicated by the dashed lines in Fig. 5c).

The above results showed that considering magnetic coupling gives
better linear fitting between the activity and the key descriptors. Thus,
considering the magnetic coupling is essential to precisely predict the
catalytic ORR performance of DACs, when the descriptor-based proced-
ure is used to screen potential DACs.

3.5. Origin of ORR activity

To investigate the origin of magnetic configuration changes in the
catalyst and how the magnetic coupling impacts on the ORR perfor-
mance, we calculated the Bader charge of the key intermediates
(Table S11). It was found that the charge transfer occurs between the
transition metal and the adsorbate in each step of the reaction, and the
amount of the transferred charge associates with the activation of the
adsorbed species by the catalyst. All the transition metals on DACs are
positively charged, but the two metal atoms of the same catalyst have
different amounts of positive charge partially due to the synergistic
interaction between adjacent transition metal atoms, which may play an
important role in tuning the electronic structures of the active metal
centers in the catalytic process [46].

Since CoMNg-gra(OH) (M = Ni, Cu, Zn) catalysts have exceptional

catalytic activity towards ORR (with nogrg values of 0.33, 0.34 and 0.23
V, respectively), we carefully examined the charge transfer on these three
catalysts. As shown in Table S11, pronounced charge change occurs on
the Co site along the elementary reaction steps, while the charge on the M
(M = Ni, Cu, Zn) site has very little change. The corresponding changes in
the magnetic moments on Co in these three catalysts are also more
remarkable (Table S11). The asymmetric charge distribution on the
active site may be one of the reasons for its excellent catalytic perfor-
mance [22].

Then, we investigated the effect of magnetic coupling on the potential
limiting step of three distinguished DACs, namely CoMNg-gra(OH) (M =
Ni, Cu, Zn). As shown in Table S10, on CoNiNe-gra(OH), regardless
whether the magnetic coupling is well considered or not, the limiting
step is the process of *OH — HO(1). This is why the limiting potential in
our calculations after considering magnetic coupling (0.33 V) is similar to
that obtained by Deng et al. (0.35 V) when the magnetic configuration
was set as default value) [51]. However, for CoCuNg-gra(OH) and
CoZnNg-gra(OH), the potential limiting steps are different from the
previous studies [51]. When the magnetic coupling was well considered,
the PDSs are *OH (NM) — H,O(l) (FM) and *O (FM) — *OH (NM),
respectively, both are accompanied by changes in magnetic coupling;
while when the magnetic properties were set to default values, the PDSs
are Oy(g) — *OOH and *OH — Hy0(l), respectively. Such differences
may be the main reason for the improvement of ORR catalytic activity
after well considering the magnetic coupling between transition metal
atoms in DACs.

To further elucidate the underlying reason for the enhanced catalytic
activity by the pre-adsorbed OH species and considering the magnetic
coupling, we plotted the density of states (DOS) for the 10 examined
DACs with or without pre-adsorption of *OH groups, and with default
magnetism setting or magnetic coupling (Fig. 6 and Fig. S3). All these 10
DACs have electronic DOS at the Fermi energy level (0 eV), and thus are
metallic. When magnetic coupling is considered, the *OH-adsorbed DACs
have more bimetallic overlap in the DOS diagram than the pristine
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Fig. 6. Density of States plot for CoNiNg-gra(OH), CoCuNg-gra(OH) and CoZnNg-gra(OH) with or without pre-adsorption of *OH groups with default magnetism
setting and magnetic coupling, where the green and red dashed lines indicate the Fermi energy level and the d-band center, respectively. The magnetic ground state

when well considering magnetic coupling is given in parentheses.

counterparts have, especially for CoNiNg-gra(OH) and CoFeNg-gra(OH)
DACs, which indicates that the *OH-adsorption introduces a stronger
interaction between the two metal atoms.

In addition, when magnetic coupling is considered, the contributions
of metal atoms at the Fermi energy level are different in the DACs after
adsorption of *OH groups, as compared with that using the magnetic
default setting. For example, for the CoCuNg-gra(OH), the Cu atom is the
main contributor when magnetic coupling is considered, while the Co
atom dominates the DOS when using the default magnetism setting; for
the CoZnNg-gra(OH), Co contributes more than Zn does with either
default setting or magnetic coupling, while the contribution of Co atoms
is obviously enhanced when magnetic coupling is considered.

According to Sabatier's principle, an ideal catalyst should provide a
moderate adsorption strength for reactants, intermediates, and products,
so that these species can leave the active site when the catalytic reaction
is complete [56,79]. The adsorption strength on the catalyst is related to
the d-band center: the closer the d-band center is to the Fermi energy
level, the stronger the adsorption of the adsorbate to the catalyst. Thus,
including pre-adsorbed OH species and magnetic coupling or not is ex-
pected to affect the position of the d-band center.

Thus, we calculated the d-band centers of these catalysts (Table 2)
with or without pre-adsorption of *OH groups (Table 2). Regardless
whether the magnetic coupling is considered or not, compared with the
pristine COMNg-gra, in most of the CoMNg-gra(OH) catalysts, the d-band
centers are further away from the Fermi level, the significant exception is
CoZnNg-gra whose d-band center is far away from the Fermi level, upon
the adsorption of *OH group, the d-band shifts closer to the Fermi level.
Thus, the pre-adsorption of *OH in general pushes the d-band center
away from the Fermi level, resulting in a milder adsorption of the
adsorbate, and the enhanced catalytic activity of these DACs.

Including magnetic coupling or not will affect the d-band centers of

Table 2
d-band centers (Cg.pand, in €V) of CoMNg-gra and CoMNg-gra(OH) with default
setting of magnetic and with magnetic coupling.

Ca.vana With magnetic coupling Ca.vana With default setting

CoSc/CoSc(OH) 0.03/-0.17 0.11/0.30
CoTi/CoTi(OH) —0.39/-0.34 0.03/-0.21
CoV/CoV(OH) —0.97/-1.05 —0.54/-0.79
CoCr/CoCr(OH) -1.14/-1.05 —0.60/-0.84
CoMn/CoMn(OH) -1.61/-1.88 —1.02/-1.35
CoFe/CoFe(OH) -1.21/-1.94 -1.39/-1.79
CoCo/CoCo(OH) —1.45/-1.69 -1.96/-1.48
CoNi/CoNi(OH) -1.78/-2.49 —1.49/-2.26
CoCu/CoCu(OH) -3.10/-2.32 —3.03/-2.61
CoZn/CoZn(OH) —5.03/-4.38 —5.43/-5.04

the DACs under examination. When the magnetic coupling is considered,
for most of the CoMNg-gra(OH) catalysts, the d-band center shifts to
lower energy, while the opposite happens for CoZnNg-gra(OH) whose d-
band center is too far away from the Fermi level at the default magnetic
setting. Including the magnetic coupling pushes the d-band center to a
higher energy level (closer to the Fermi level). In general, after consid-
ering the magnetic coupling, the d-band center moves to the position
which favors a modest binding strength between catalyst and adsorbate,
resulting in the promoted ORR catalytic activity.

4. Conclusions

In summary, the catalytic performance of 10 Co-based double-atom
catalysts, COMNg-gra (M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn), toward
ORR was revisited by the first-principles calculations, emphasizing the
necessity of including the magnetic coupling between the two metal
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atoms. The spin-polarized DFT computations were performed with
magnetic coupling, and those with default magnetic states were carried
out for comparison. Different computational approaches predict different
limiting potentials and different order of electrocatalytic performance
toward ORR, largely because the magnetic coupling between transition
metal atoms affects the binding strength between intermediates and
DAGCs, the potential determining step, and the limiting potential. The
ORR catalytic activity of these DACs is highly correlated with the number
of outer electrons and the d-band center, which provide guidelines for
designing related DACs toward ORR. This work revealed that it is of
critical importance to consider magnetic coupling between transition
metal atoms and examine the spin states of catalyst active sites and re-
action intermediates for accurate prediction of catalytic performance of
DAGCs, and demonstrated that manipulating the magnetic coupling be-
tween transition metal atoms is an emerging and effective approach to
enhance the electrocatalytic activity of DACs. Note that the above con-
clusions hold true also for tri-atom catalysts, single-cluster catalysts, and
even metal-free catalysts, and for reactions beyond ORR. Also note that
the magnetic coupling associates with charge, structure, symmetry,
component elements, interlayer interaction, external field, etc. [94]. We
hope that this work will stimulate more efforts in designing efficient
nanocatalysts by manipulating magnetic coupling in both theoretical and
experimental communities.
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