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ABSTRACT: Aprotic Li—O, batteries have sparked attention in recent years due to their
ultrahigh theoretical energy density. Nevertheless, their practical implementation is impeded
by the sluggish reaction kinetics at the cathode. Comprehending the catalytic mechanisms is
pivotal to developing efficient cathode catalysts for high-performance Li—O, batteries.
Herein, the intrinsic activity map of Li—O, batteries is established based on the specific
adsorption mode of O, induced by diatomic catalyst orbital matching and the transfer—
acceptance—backdonation mechanism, and the four-step screening strategy based on the
intrinsic activity map is proposed. Guided by the strategy, FeNi@NC and FeCu@NC
promising durable stability with a low overpotential are screened out from 27 Fe—Metal
diatomic catalysts. Our research not only provides insights into the fundamental
understanding of the reaction mechanism of Li—O, batteries but also accelerates the rational
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design of efficient Li—O, batteries based on the structure—activity relationship. ®=

Aprotic lithium—oxygen (Li—O,) batteries possess ultra-
high theoretical energy density of 3500 Wh kg™' and are
deemed to be one of the most promising candidates as a power
source for electric vehicles (EV).'™ Typically, a rechargeable
Li—O, battery consists of a lithium anode, a conductive
electrolyte containing Li*, and a porous O, cathode. The core
electrochemical reaction of Li—O, batteries is

2Li + O, = Li,0,, AE° =296V

It functions with the formation and decomposition of a series
of lithium oxides through the oxygen reduction reaction (ORR,
discharging process) and oxygen evolution reaction (OER,
charging process).” According to previous investigations,6
Li,O, can be deeply reduced to Li,O,, which greatly increases
the energy density of the cell through a reversible four-electron
mechanism. Nonetheless, the sluggish reaction kinetics and
formation of a parasitic product at the cathode can result in
large overpotential,’ ™ low discharge capacity,'” and poor cycle
stability'' under operating conditions, which severely hampers
the commercial application of Li—O, batteries. As a result,
numerous attempts have been dedicated to developing high-
activity cathode catalysts for Li—O, batteries. Carbon
materials, such as carbon nanotube'” and graphene,'” possess
exceptional electron conductivity and economical efficiency
but must be replaced owing to electrolyte decomposition and

formation of carbonate film at high charge voltage in order to Rec?ived: April 21, 2024

enable the broader practical application.'*”'® While noble- Revised:  May 9, 2024

based catalysts, such as Pt, Au, and Ru,'”"*° can address the Accepted: May 13, 2024
Published: May 15, 2024

stability concerns and maintain high ORR and OER activity,
their commercialization is restricted by scarce reserves and
high costs. Alternatively, two-dimensional (2D) transition
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metal oxides (TMOs), such as Co0;0,”"** and RuO,,”* have
drawn widespread interest because of their ample surface area
for accommodation of lithium oxide intermediates and tunable
electronic structure, but they usually own a wide band gap with
low conductivity, which may further damage the cycle stability
of the battery. Therefore, it is rather crucial but challenging for
Li—O, batteries to rationally design cathode electrocatalysts
simultaneously satisfying high activity, low cost, and durable
stability.

Recently, atomically dispersed single-atom Fe—N—C cata-
lysts”’25 that exhibit ORR activity (H,—O, fuel cells)
comparable to that of Pt/C, which is regarded as the
benchmark of ORR catalysts, have attracted considerable
interest owning to the maximized atomic utilization. On the
basis of the single-atom catalysts (SACs),”**” another active
single atom is introduced to form a diatomic center which
could combine the advantages of different atoms to achieve a
win—win situation. Dual-atom catalysts (DACs) exhibit
superior catalytic activity in various electrocatalytic reactions
such as the hydrogen evolution reaction (HER),”® ORR,”
OER,’ CO, reduction reaction (CO,RR),’" nitrogen
reduction reaction (NRR),** and nitrate reduction reaction
(NO;RR).*> Moreover, DACs with well-defined structure
provide an ideal platform to examine the potential structure—
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Figure 1. (a) Structural prototype of FeM@NC and 27 transition metals are taken into consideration in this work. (b) Comparison of transferred
charge of FeM (M ranges from Sc to Au) dimers to the substrate. (c) The WF of the FeM@NC. (d) Computed formation energy of the FeM@

NC.

activity relationship®® at the atomic or molecular level by
breaking the scaling relationship limitations. Nevertheless, the
application of DACs in Li—O, batteries is scarcely reported,
presenting a great obstacle to probing the catalytic mechanism
of DACs in Li—O, batteries.

Herein, by means of large-scale density functional theory
(DFT) calculations, we construct a series of FeM dimers
embedded on a N-doped graphene monolayer (FeM@NC, M
ranges from Sc to Au) to screen out promising cathode
catalysts for Li—O, batteries with the help of a “four-step
screening strategy”. We successfully obtain FeNi@NC and
FeCu@NC exhibiting superior performance with a low total
overpotential of 0.54 and 0.55 V, respectively. Moreover, they
promise high thermodynamic stability confirmed by ab initio
molecular dynamics (AIMD). More importantly, we establish
the intrinsic activity map of Li—O, batteries based on the
ability to capture electrons of O, from the substrate.
Furthermore, the adsorption mode of O, plays a vital role in
regulating the orbital matching between dual-atom and O,,
hence affecting the adsorption strength of O,. This work paves
new avenues for efficiently screening and rationally designing
advanced electrocatalysts for Li—O, batteries and other
multielectron reactions.

The FeN, SAC is established by replacing a C—C bond in
the graphene monolayer with an Fe atom meanwhile
coordinated with 4 N atoms (Figure S1). As shown in Figure
la, the 3d, 4d, and 5d TM atoms are selected as dopant metal
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M for FeN, with a total of 27 FeM dimers (except La groups,
Tc, and Hg featuring toxicity or radioactivity). The optimized
structures of these 27 catalysts are presented in Figure S2,
where FeM dimers are in or out of the N-doped graphene
plane primarily related to the radii of the TMs. Thirteen FeM
dimers (M = Sc, Ti, Zn, Y, Zr, Nb, Mo, Ag, Cd, Hf, Ta, W, and
Au) protrude from the N-doped graphene plane, resulting in
the distorted configurations. In contrast, the remaining 14 FeM
dimers are incorporated into the N-doped graphene, producing
almost in-plane structures. The experimentally observed Fe—
Mn bond length in FeMn@NC (2.5 A)* is consistent with
our calculated value of 2.5 A (Table S1), which indicates the
reliability of our calculation procedure. The distances between
Fe and M atoms range from 2.30 (FeRu@NC) to 2.84 A
(FeY@NC) and show a parabolic trend across each period
(Figure S3 and Table S1).

It is well-known that the simultaneous presence of dual
active metal centers can induce unique electronic effects such
as long-range interaction.”® The significant charge (1.77—3.14 |
el) is transferred from the FeM dimers to the N-doped
graphene monolayer, indicating the formation of strong TM—
N bonds and then leading to high structural stability (Figure
1b). The charge transfer of FeM dimers exhibits an increasing
trend across each period (Figure 1b), which is associated with
electronegativity of doped TMs. More importantly, the
positively charged FeM dimers due to their electron-losing
properties (Figure 1b) can facilitate nucleophilic O, capture

https://doi.org/10.1021/acs.jpclett.4c01160
J. Phys. Chem. Lett. 2024, 15, 5501-5509


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c01160/suppl_file/jz4c01160_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c01160/suppl_file/jz4c01160_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c01160/suppl_file/jz4c01160_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c01160/suppl_file/jz4c01160_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c01160/suppl_file/jz4c01160_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01160?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01160?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01160?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01160?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c01160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

>

I
| I
| I
1 Path I Path I1 1
1 77777 1
1 o\€ “Li 9 !
| \)\\,7 Li 1 !
1 4 _ Q
| o p . s 8 » > !
D oC , Lit/e Li*/e Li*/e !
: O2 5\ 77777 77777777 7777 Ve
I s Y "LiO, Li,0, Li;0, Li 0, :
o o |

Fe end-on M end-on FeM bridge Fe side-on M side-on
(d)1.55
Tag -
150 M(,QW" Nbg.*
Reo -
SHE

LS o ow l_, Ve Gz

- o7 Ti

=

< 1401 Ose,-

Né Ruo, " @ Yo
135} Co o Cr

??, oZn
LPM
130 PN e R*=0.93
, > R;:mpo’ oCu
A B
7 pathll 3 12507 b
_5 - 1 1 1 1 1 1 1 1 1
-5 -4 -3 -2 -1 0 0.2 0.4 0.6 0.8 1.0 1.2
E,;(Li) (eV) Transfer charge (je])

Figure 2. (a) Schematic diagram of reaction pathways for the ORR process of Li—O, batteries. (b) Five possible O, adsorption modes on the
FeM@NC. (c) The E,4(O,) and E,4(Li) elucidates the nucleation pathway of LiO, on FeM@NC following Path II. (d) The correlation between
the transferred charge during the O, adsorption process and O—O bond length of O,.

and impede the Li* adsorption, which determines the LiO,
growth pathway. The calculated work function (WF) values
(3.96—4.18 eV) for FeM@NC (Figure 1c) are considerably
lower than that of semiconductor group III phosphide
This
suggests that electrons are prone to escape from FeM@NC
along with enhanced electron conductivity facilitating the
discharge and charge process of Li—O, batteries. Moreover,
the Fe and M atoms exhibit a distinct loss of electrons (Table
S1), which favors the adsorption and activation of linear
molecules (such as 0,).*

Generally, the electron transfer in the substrate can reflect
the stability of the structure. For the FeN, configuration, the
formation energy of Fe sites is —2.23 eV, indicating that the Fe
atom on N-doped graphene is stable. Under the regulation of
adjacent adsorption sites, the formation energy of FeM dimers
ranges from —4.36 to —1.65 eV (Figure 1d). The introduction
of an M atom on the FeN, nanosheet can manipulate the
stability of FeM dimers. Among 27 doping systems, the
relatively stable systems (E; < —2.23 eV, lower formation
energy than FeN,) are chosen as candidates to explore the
activity in Li—O, batteries. Hence, FeAg, FeCd, and FeAu are
ruled out. Note that several systems marked in red have been
synthesized practically, such as FeMn,* FeFe,*” FeCo,*

. . . . 37
materials commonly utilized in electronic devices.
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FeNi,*' FeZn,*” and FeMo," thereby manifesting the
feasibility of our first screening criteria.

The binding strength of O, and Li on the substrate plays a
crucial role in determining the initial nucleation pathway of
LiO,. For the initiall ORR process, two possible reaction
pathways are taken into consideration (Figure 2a). Path I is
understood as the favorable adsorption of Li, whereas path II
signifies the initial adsorption of O,. For the adsorption of Li
on the substrate, we systematically investigate two adsorption
sites of Li on the FeM@NC. Among 24 of 27 FeM@NC
catalysts, the E,4,(Li) are concentrated in the energy level from
—0.46 to 0.16 eV (Table S2). Compared with the E, 4 (Li),
E.4(O,) shows different characteristics. Five possible O,
adsorption modes are taken into account, including Fe end-
on, M end-on, FeM bridge, Fe side-on, and M side-on mode
(Figure 2b). After the full relaxation, there are only three stable
adsorption modes for all 24 systems screened by the formation
energy criteria, ie., Fe end-on, FeM bridge, and M side-on
(Figure S4). As listed and shown in Table S2 and Figure S5,
the E 4(O,) for systems with Fe end-on mode is located
between —0.46 and —0.81 eV, for FeM bridge mode is
between —0.88 and —1.28 eV, and for M side-on mode is
between —2.38 and —4.62 eV. Evidently, the E,4,(O,) strongly
depends on the adsorption mode of O, (M side-on > FeM
bridge > Fe end-on). Moreover, the E,(O,) values vary
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Figure 3. (a) The Gibbs free energy changes for *Li;O, + Li* + e~ — *Li,O,. (b) The total overpotential for two-electron step on 20 catalysts. (c)
The total overpotential for four-electron steps for S promising FeM@NC candidates. (d) The “four-step screening strategy” is applied to identify
the high-performance FeM@NC candidates. The Gibbs free energy diagram of the most favorable intermediate state for *LiO,, *Li,O,, *Li;0,,
and *Li,O, at discharge, equilibrium, and charge potential for the four-electron mechanism on (e) FeN,, (f) FeNi@NC, and (g) FeCu@NC,

respectively.

between —0.71 and —4.66 eV (Table S2), which are all larger
than E,4(Li), indicating O, is more advantageous to adsorb
than Li on the FeM@NC monolayer (Figure 2c). As a result,
the positively charged FeM dimers are desired to adsorb the
nucleophilic O, molecule and then react with Li* to form LiO,;
that is, the formation pathway of LiO, follows path II, and the
adsorption and activation of O, becomes a prerequisite of the
discharging process in Li—O, batteries.

After O, adsorption on the FeM@NC, the O—O bond
length (1.27—1.52 A) is elongated compared with a free O,
molecule (1.23 A), implying sufficient activation of O, on the
FeM@NC. Moreover, a good liner relationship (R*> = 0.93)
between electrons received by O, and O—O bond length is
established (Figure 2d). Therefore, the charge transferred can
serve as an efficient descriptor to elucidate the activation
degree of the O, molecule. To be specific, the more the
electrons O, gains, the higher the activation degree of O,.

Given the complexity of the electrochemical reaction in Li—
O, batteries, efficient filtering descriptors are indispensable.
Therefore, a “four-step screening strategy” is proposed to
assess proper cathode catalysts to achieve high-performance
Li—O, batteries (Figure 3d). As mentioned above, the
structure stability of the substrate is a vital evaluation criterion
for the practical application of Li—O, batteries. Compared with
the formation energy of FeN, (—2.23 eV), more energy is
released during the formation of 24 of 27 FeM dimers, which is
the first criterion in the “four-step screening strategy”. The
second criterion starts from the specific reaction mechanism of
the batteries. The discharging/charging process of Li—0O,
batteries could be described by the four reaction steps:
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0, + Lit + e~ = *LiO,
*LiO, + Lit + e = *Li,0,

*Li,0, + Li + ¢~ = *Li,0,

N
=

—
=

*Li,0, + Li* + ¢~ = *Li,0,

where * represents the cathode catalysts and *Li, O,
intermediates adsorbed on the substrate denote discharge
product of each reaction step during the ORR process. In
aprotic Li—O, batteries, Li,O, could be intermediates and
further reduced to Li,O, under certain catalysts, accompanied
by a four-electron transfer. Therefore, two possible reaction
mechanisms (the two-electron mechanism, O, + 2Li* + 2¢” =
Li,O,, and the four-electron mechanism, O, + 4Li* + 4e~ =
Li,O,) are taken into consideration depending on the final
discharge product (Li,O, or Li,O,). Furthermore, the four-
electron mechanism can provide greater discharge capacity.
Figure 3a depicts the Gibbs free energy changes of the *Li,O,
formation step (*Li;O, + Li* + e~ — *Li,0,), which is
typically considered as rate-determining step (RDS) of the
four-electron ORR process in Li—O, batteries™" because of
similar adsorption strength of Li;O, and Li,O, (Table S2). To
guarantee the spontaneous proceeding of the four-electrons
discharging process and improve discharge capacity for Li—O,
batteries, the free energy change of four-electron deep
reduction reaction should be less than 0 eV. In this step, 20
of 24 FeM@NC systems meet screening criteria, namely, Zr,
Nb, Hf, and W doped systems are screened out (Figure 3a).
On the basis of the reaction free energy of each step (Figures
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J. Phys. Chem. Lett. 2024, 15, 5501-5509


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c01160/suppl_file/jz4c01160_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c01160/suppl_file/jz4c01160_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c01160/suppl_file/jz4c01160_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01160?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01160?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01160?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01160?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c01160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL
N,
(a) ) o 1.00
N, :0.4 = L
04 IE
E|OO0®4 - 0.80
A © 1w |
P O R, 0.60
Ry (©® © © © 9FeM) - 0.40
O(FeM) (@ © O 00O M
Mg, @ d-center - 0.20
d-center ) ) O wr
WF : O Ly, - 0.00
Loo [ J ® 00y
Q(o%) L o © O B, L - -0.20
E, 4 (Li) © E,.(0) | 0.40
Eadsgoz) Q Q ) . . . Eﬂds(LiOZ) e
Eads(ljloz) L JL o0 ([ ] . E,4(Li,0,) L -0.60
E,o(Li,0) @ @ (X ] 00 © 000 E,LyL0,) )
Eads(Lfsoz) 0 O o ( J( ) © O O O E,Li0y) - _0.80
E,4(Li,0,) (X0 00 - 00000 1.4 ”_
Toi(4€) 000000000 -1.00
-1 - p -
(b) [r=000 |(€)[r=000 % [(d)fR=093 2|(€)7} =086 o,
2 y -5 0° 939 g
b2 io 4 o
3 )5 /') -7 /éO -8 ,8
- v S i = . > 7o
E_“ 5 /,’ E 6 // o E a,-’/ E ol,./ Q
5 ¥ S $ ol S 9 eo/
;q‘g -6 ,'0 ;q’g /'b Lﬂg 1 :), Lﬂa -10 fé ’
/ 1 N .
/ 8L J ;
TS K ’ 7
fl /o -10f 7 ’ 1 /
-8fo o/ g’ - 'o
Sa32ad0 saaaa 543210 543210
E,4(0)) (eV) E,4(0y) (V) E,4(0)) (eV) E,4(0) (eV)
E,4i(0,) (eV)
(f) 0 -0.44
-1 -0.86
i Activity
2+ (% -1.28
- -1.69
S|
= -2.11
- |
E'; -2.53
S -5
? B -2.95
-6
F - -3.37
eTa <
-7 Weak <t-------nnoo TM-O affinity ---------------- > Strong -3.78
8| Fe end-on FeM bridge M side-on
- -4.20
¢ ® |
-9 1 2L /////I SIS 1 Vi _4'62
0.2 0.4 0.6 0.8 1.0 1.2

Transfer charge (Je|)
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S6—S8), the Uy, U, and U,q are determined and then 7ogg,
Noer, and fror are used to evaluate the catalytic activity of
FeM@NC. The #5por(2¢”) of FeN, is 0.47 V, which is
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regarded as the third screening criterion in the “four-step
screening strategy” (Figure 3b). Five FeM dimers, namely,
FeV, FeNi, FeCu, FePd, and FePt, are screened after three
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screening steps (Figure 3b). Finally, with the help of the
nror(4e”) (1.02 V) of FeN,, four catalysts (FeNi, FeCu, FePd,
and FePt) are screened out for the promising catalysts with the
nror(4e”) of 0.54, 0.55, 0.78, and 0.92 V, respectively.
Especially FeNi and FeCu stand out with the lowest #pop(4¢”)
(Figure 3c), and their stabilities are proven to be high at
various temperature (Figures S15—S18).

Figure 3e—g depicts the free energy profiles along the four-
electron mechanism (*O,, *LiO,, *Li,0,, *Li;O,, and *Li,0,)
catalyzed by FeN,, FeNi, and FeCu under diverse potentials
with optimized Li, O, intermediate adsorption configuration.
For these three systems, all reaction steps are exothermic and
proceed spontaneously at open-circuit voltage (U = 0 V).
During the discharge process, the discharge potential of FeN,,
FeNi, and FeCu is 1.35, 1.38, and 1.47 V, respectively. When
the applied charge potential reaches 2.36, 1.92, and 2.02 V for
FeN,, FeNi, and FeCu, the whole charging process keeps the
downbhill trend of Gibbs free energy.

To quantitatively measure the catalytic performance of these
systems, discharge overpotential 77opr and charge overpotential
Nogr for FeN,, FeNi, and FeCu are displayed in Figure 3e—g.
The 7orr/Mogr Values of FeNi (0.33/0.21 V) and FeCu (0.29/
0.27 V) are much lower than that of FeN, (0.48/0.53 V),
exhibiting excellent catalytic performance in Li—O, batteries,
which could be attributed to the adsorption strength balance of
lithium—oxygen intermediates. In other words, the interaction
difference of the Li, O, intermediates can be averaged under
the catalysis of FeNi and FeCu (Figure S9), which is in
accordance with previous research.*

A complete activity map needs to be established to elucidate
the activity origin of the promising catalysts FeNi@NC and
FeCu@NC. To evaluate the total overpotential of the four-
electron mechanism, the free energy diagrams are constructed
based on the energetics of all reaction intermediates. This is a
multifactor issue that requires minimizing the number of
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parameters to simplify the problem and enable the rational
design of catalysts. The Pearson correlation map demonstrates
that Eads(OZ) and Eads(LiOZ)l Eads(LiZOZ)) Eads(Li302);
E,4(Li,O,) have a strong positive correlation with correspond-
ing Pearson correlation coeflicients of 0.95, 0.95, 0.96, and
0.93, respectively (Figure 4a). Moreover, the E,(LiO,),
E,4(Li,0,), E,4(Liz0,), and E,4,(Li,O,) is strongly positively
correlated with the E_4,(O,) in the wide range from —5 to 0 eV
(Figure 4b—e). As displayed in Figures S10—S14, E, 4((Li,O,)
and —#por(4¢”) promise a weak correlation. Meanwhile, the
Pearson correlation coefficient between E_ 4(0,), E,4(LiO,),
Eads(LiZOZ)! Eads(LiSOZ)) Eads(Li402)) and _nTOT(4e_) is 088;
0.87, 0.87, 0.89, and 0.76, respectively (Figure 4a).
Considering the association of O, adsorption and activation
mode and battery performances, we construct a volcano
relationship between the E, 4,(O,) determined by Bader charge
transfer during the adsorption process and —#por(4e”) (Figure
4f), which breaks the linear relationship. Specifically, we
discover that an appropriate interaction strength between O,
and FeM dimers with a charge transfer from 0.32 to 0.40 lel can
balance the energy changes of activation of O, in the
discharging process and the desorption of O, in the charging
process, achieving the optimal ORR and OER performance
with a low overpotential. More importantly, the volcano
relationship can be divided into three zones according to the
O, adsorption modes (Fe end-on, FeM bridge, and M side-
on), indicating the catalyst activity origin is highly correlated
with the adsorption mode of O,. Moreover, all catalysts with
high activity (i.e., the most promising catalysts screened by our
“four-step screening strategy”) promise O, with Fe end-on
adsorption mode. Therefore, the adsorption modes of O, play
a crucial role in determining the performance of Li—O,
batteries. Moreover, as the result of the “four-step screening
strategy” (Figure 3), the Fe—M bond length of these four
promising electrocatalysts (FeNi, FeCu, FePd, and FePt)
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gather between 2.45 and 2.47 A, distinguished from other
electrocatalysts (Figure S3 and Table S1), which demonstrates
that an appropriate bond length is crucial for the performance
of Li—O, batteries catalyzed by dual atoms.

The charge density difference (CDD) and the partial density
of states (PDOS) of O, adsorbed on the FeN,, FeNi, and
FeCu is calculated to explore the activation origin of O, with
Fe end-on adsorption mode. The significant charge transfer
(0.349—0.404 lel) between Fe and O, can be observed (Figure
Sb). The charge transfer here is a two-way process, where the
charge accumulation and depletion can be observed for both
Fe and O,. As a result, O, can be activated through the
acceptance—backdonation mechanism, where Fe can receive
the lone-pair electrons from the O, and simultaneously
backdonate electrons to antibonding orbitals of O, (Figure
Se). As shown in Figure Sa, without the adsorption of O,, the
Fe and Ni/Cu atoms of FeNi@NC and FeCu@NC serve as
the electron accumulation and depletion centers, respectively,
demonstrating that the Fe atom can accept electrons from Ni
and Cu and thus realizing a subtle regulation on the electronic
structure of Fe active center.

To unravel deeply the underlying mechanism of O,
activation, the PDOS without and with O, adsorbed on
FeN,, FeNi@NC, and FeCu@NC is employed to investigate
the electronic interactions between the Fe and O, (Figure Sd—
f). After the introduction of Ni and Cu single atom on FeN,,
the d-electron of Fe undergoes delocalization along with the
decrease of the d band center of Fe, implying the weakening of
O, adsorption strength on the substrate (Figure S5d).
Moreover, the magnetic moment of Fe increases from 1.98
to 2.44 and 2.50 uB for FeN,, FeNi, and FeCu along with the
spin transition from the low spin state (LS) to high spin state
(HS), but there is no high spin transformation of Fe in FeRh
and Felr (Table S1). Therefore, HS is beneficial to the
activation of triplet oxygen, which is consistent with relevant
reports.46 For the free O, molecule, three characteristic
molecular orbitals (o, 7z, and 7*) can be observed within the
energy range spanning from —8 to 4 eV (Figure Sc). After O,
adsorbed on FeN, FeNi, and FeCu, the phenomenon of
acceptance—backdonation can also be observed at two energy
windows (Figure 5f). When O, is adsorbed on the FeN,, the ¢
orbital of O, transfers electrons to the empty d orbital of Fe in
the energy level from —8 to —5 eV, forming the bonding states
to enhance the O, adsorption. Meanwhile, the occupied d
orbital of Fe backdonates electrons to the 7* orbital of O, in
the energy level from —3 to 0 eV, leading to the partially filled
7* orbital near the Fermi level (Eg). On the other hand, the d
electrons of Fe are more delocalized during the d—n*
interactions of the backdonation process attributed to the
regulation of another adsorption site (Ni and Cu), leading to
weaker O, adsorption strength. As a result, compared with the
molecular orbitals of free O, gas, the ability of the Fe center to
adsorb and activate O, can be attributed to its empty and
occupied d orbitals.

For a deep insight into the d—z* interactions quantitatively
during the backdonation process, the projected crystal orbital
Hamilton population (pCOHP) of Fe—O bond analysis is
performed. In addition, we also calculate the integrated
pCOHP (IpCOHP) by calculating the energy integral up to
the highest occupied (blow E), which directly gives more
quantitative information. The more negative the IpCOHP
value, the lower the bonding orbital energy level, the more
stable the bond. The computed IpCOHP for FeN, (—0.63 eV)

is more negative than FeNi (—0.55 eV) and FeCu (—0.53 eV)
with the stretching of the Fe—O bond (2.10 and 2.09 A)
(Figure Sg), which is consistent with the above analysis and
conclusions. Through the CDD and PDOS analysis, the
acceptance—backdonation mechanism has been validated. As a
consequence, the activity origin of the promising catalysts FeNi
and FeCu with O, Fe end-on mode can be attributed to the
acceptance—backdonation mechanism between Fe and O,.

In summary, extensive DFT calculations are performed to
systematically investigate the potential of FeM dimers
embedded in N-doped graphene for Li—O, batteries. We
reveal that the activity of Li—O, battery cathode catalysts
originates from the activation of O, with the specific
adsorption mode, which can be modulated by the design of
diatomic catalysts. With the helping hand of a “four-step
screening strategy” (the formation energy E; the Gibbis free
energy change of RDS, the two-electron step total over-
potential #por(2e7), and the four-electron step total over-
potential #ror(4e7)), FeNi@NC, FeCu@NC, FePd@NC, and
FePt@NC are screened out from 27 FeM@NC candidates
with the low nror(4e”); especially, FeNi@NC and FeCu@NC
stand out with the lowest 7ror(4e”) of 0.54 and 0.55 V and
high structure stability to the organic molecules (DMSO and
DME). To unveil the activity origin of FeM@NC in Li—O,
batteries, the activation of O, is closely correlated to the total
overpotential 7por(4e”). Moreover, FeCu and FeNi with Fe
end-on adsorption mode promise the best performance in Li—
O, batteries, which can be attributed to the regulation of
additional active center on the dual metal atom orbital
matching mechanism with electron transfer—acceptance—
backdonation between the Fe active center and O,. The
dual-atom acceptance—backdonation mechanisms may offer
new insights toward the modification of catalysts for the
process involving the activation of oxygen molecules and
promote the rational design of high-efficiency catalysts.
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