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Recently, a lot of attention has been dedicated to | ;¢ vave potential(E, ;)
double- or triple-atom catalysts (DACs/TACs) as promising | U=o0.9V
alternatives to platinum-based catalysts for the oxygen reduction

FeCo-DAC
0-0 bond effective activation

reaction (ORR) in fuel cell applications. However, the ORR sl e OO
activity of DACs/TACs is usually theoretically understood or &
predicted using the single-site association pathway (O, - OOH* o) ” &
— O* > OH* - H,0) proposed from Pt-based alloy and single- e — o-on ——
atom catalysts (SACs). Here, we investigate the ORR process on a o ’ H,0
series of graphene-supported Fe—Co DACs/TACs by means of | Fe-SAC FeCo-DAC Co-SAC jrecia
first-principles calculation and an electrode microkinetic model. Si"g'e';:::;sa‘;daﬁ"e

We propose that a dual channel for electron acceptance— fssis]

backdonation on adjacent metal sites of DACs/TACs efficiently
promotes O—O bond breakage compared with SACs, which makes
ORR switch to proceed through dual-site dissociation pathways (O, - O* + OH* — 20H* - OH* — H,0) from the traditional
single-site association pathway. Following this revised ORR network, a complete reaction phase diagram of DACs/TACs is
established, where the preferential ORR pathways and activity can be described by a three-dimensional volcano plot spanned by the
adsorption free energies of AG(O*) and AG(OH*). Besides, the kinetics preferability of dual-site dissociation pathways is also
appropriate for other graphene- or oxide-supported DACs/TACs. The contribution of dual-site dissociation pathways, rather than
the traditional single-site association pathway, makes the theoretical ORR activity of DACs/TACs in better agreement with available
experiments, rationalizing the superior kinetic behavior of DACs/TACs to that of SACs. This work reveals the origin of ORR
pathway switching from SACs to DACs/TACs, which broadens the ideas and lays the theoretical foundation for the rational design
of DACs/TACs and may also be heuristic for other reactions catalyzed by DACs/TACs.

double-atom catalysts (DACs), triple-atom catalysts (TACs), ORR pathway, dual-site dissociation pathway,
DEFT calculation

ship.”* Nowadays, DACs/TACs have attracted considerable

Atomically dispersed metal catalysts (ADMCs) with well- research interest, since they exhibit remarkable catalytic

defined structures, especially for single-atom catalysts (SACs) perforrlnlances in a Varieltzy of reactions, includlingl Ehermocatal—
and multi-atom catalysts (such as double-atom catalysts ysis,”~"" photocatalysis,'* and electrocatalysis.'*™"*

(DACs), triple-atom catalysts (TACs)), have attracted great The electrochemical oxygen reduction reaction (ORR) has
interest in heterogeneous catalysis in recent years."” SACs gained widespread attention by virtue of its significance in
exhibit distinct catalytic properties compared to metal nano- energy storage and conversion, including metal—air batteries
particles (NPs) due to their uniform active sites and high metal and proton-conducting membrane fuel cells.>'° Platinum-based
utilization.” ™ However, SACs only provide an isolated nanomaterials have been investigated experimentally and

adsorption site for catalytic reactions. For catalytic reactions
involving the adsorption and coupling of multiple molecules,
such as the hydrocarbon hydrogenation reaction and CO,
reduction reaction (CO,RR), it is rather challenging to improve
the catalytic performance of SACs.® Compared with SACs, the
multiple active sites of DACs/TACs may render them versatile
binding modes toward adsorbates due to their diverse
synergistic interactions, thus improving their ability to surpass
the intrinsic performance by circumventing the scaling relation-

computationally in depth over the past decade because they

August 2, 2023
August 23, 2023
August 28, 2023
October 21, 2023

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/jacsau.3c00432

v ACS Publications 3031 JACS Au 2023, 3, 30313044


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoxiang+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiqin+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daojian+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.3c00432&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00432?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00432?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00432?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00432?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00432?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jaaucr/3/11?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/11?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/11?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/11?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.3c00432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

are effective and durable ORR catalysts,'” ' but they are too
expensive for large-scale applications. Nonprecious-metal
carbon-based atomically dispersed catalysts with metal—nitro-
gen coordination sites, especially for Fe-involved or Co-involved
composites,””~>* have attracted broad research interest in recent
years because of their relatively high ORR activity and low
cost.”>*® Many experimental tests and theoretical studies have
been devoted to elucidating the electrocatalytic mechanism of
ORR. The current understanding of the superior ORR
performance of DACs/TACs to SACs is still based on the
single-site associative mechanism (O, - OOH* — O* — OH*
— H,0). Only one of the metal sites (M;) in DACs/TACs
serves as an active center, while the others are spectators
modifying the electronic configuration of M, thus enhancing
the intrinsic activity of the M, site.””*” Besides, theoretical or
high-throughput screening for DACs/TACs aided by density
functional theory (DFT) calculation is similar to that for Pt-
based nanomaterials, which is still based on the associative
mechanism®® and the activity volcano trend spanned by
adsorption free energies of OH*.”” > However, in contrast to
metal particles with continuous zero valence metal sites, the
contiguous metal cations of DACs/TACs provide a desired
synergistic effect altering intrinsic catalytic ability, which in turn
renders the possibility to tune a reaction pathway. Compared
with SACs, DACs/TACs possess multiple active sites to bind
with the adsorbent with different modes, so that the reaction can
proceed through another pathway with kinetics preferabil-

*737 In recent experimental work, Wang et al.”® and Liu et
al.*” adjusted the atomic distance of single-atom pairs to induce
O—O radical breakage without forming redundant *OOH
intermediates, which causes the ORR to follow the dissociated
ORR pathway. Therefore, it is reasonable to infer that unique
charge distribution at the active site of DACs/TACs may
contribute to promoting the delocalized electron transfer
between the orbital of O, and DACs/TACs, and accordingly,
ORR may possess new reaction pathways'® on DACs/TACs,
which accounts for their superior activity to SACs.*' ="’

Herein, we identify a dual channel for electron acceptance—
backdonation between adjacent metal sites of DACs/TACs and
the O—O bond, leading to greater activation and easier cleavage
of the O—O bond on DAC/TACs than those on SACs. A total of
15 Fe—Co DACs and 20 Fe—Co TAC:s supported on graphene
are established to evaluate the ORR process, demonstrating the
universality of preferential pathway switching from the single-
site association pathway to the dual-site dissociation pathway,
due to O—O bond activation by the dual channel for electron
acceptance—backdonation. Following this revised ORR net-
work, a complete reaction phase diagram of DACs/TACs is
established. It shows that the reaction pathways, potential
determining step, and activity of ORR over DACs/TACs can be
described by a three-dimensional volcano plot spanned by the
adsorption free energies of AG(O*) and AG(OH*). Finally, the
domination of the dual-site dissociation pathway on ORR can be
extended to other carbon- or oxide-supported DACs/TACs.
Hence, this work has a deep understanding and rationalizes the
superior ORR kinetic behavior of DACs/TACs to SACs in
available experiments, which opens up a new way for the rational
design of DACs/TACs:.

All of the computations were carried out by the spin-polarized DFT
method, as implemented in the Vienna Ab initio Simulation Package
(VASP) 5.4 code.**** The exchange—correlation energy was modeled
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by the Perdew—Burke—Ernzerhof (PBE) functional. ***’ Among the
extensively theoretical computational works, a N-doped graphene
monolayer has been regarded as an efficient theoretical model to
represent the carbon-based support of ADMCs.****7>° In this work,
graphene was modeled with a (S X S) supercell, and a vacuum slab of 15
A was inserted in the z direction for surface isolation to prevent the
interaction between two neighboring surfaces. The DFT + U method
with U — J = 3.0 eV was used to describe the strong correlation of the
localized Fe/Co 3d states.’’ The magnetic moment of Fe/Co was
calculated, allowing the magnitude to change during the optimization.
An energy cutoff of 500 eV was adopted for the plane-wave basis. In
structural optimizations, the Brillouin zone was sampled by 3 X 3 X 1 k-
points using the Monkhorst—Pack scheme, while denser k-points of 6 X
6 X 1 were employed for electronic property computations. The energy
and force convergence criteria are 10~ eV and 0.02 eV/A, respectively.
The adsorption free energy of each adsorbate is defined as follows

AG = AE — TAS + AE,p; + AE (1)
where AE is the energy change from DFT calculations, AE;pg is the
zero-point energy change, and AS is the entropy change at 298.15 K.
The adsorption free energy AGoopy+ AGos and AGgys are relative to
the free energy of stoichiometrically appropriate amounts of H,O (1)
and H, (g). The solvent effect (AE,;,) was tested by using an implicit
solvation model of the VASPsol code.’”*® At the common ORR
temperature of 298.15 K, the dielectric constant of water is 78.36 F/m.

Referring to relevant calculation references,”* the dielectric constant

solv

of 80 was approximately set to simulate the aqueous electrolyte. The
effective surface tension parameter was assigned to 0 in VASPsol to
neglect the cavitation energy contribution. The Debye length is set to
3.0 A. AE,, refers to the stabilization of the adsorbate because of the
interaction with surrounding water.

Activation barriers for all proton—electron transfer steps of
intermediates were set at 0.26 eV taken from Pt(111),"® which has
been successfully applied in ADMCs.>**> We calculated the activation
barriers of the reaction involved with O—O bond breaking, using the
climbing image nudged elastic band (CINEB)*® method.

The reaction free energies at constant potential were determined by
combining the capacitor model developed by Chan and Nerskov®”*®
and the computational hydrogen electrode (CHE) model proposed by
Norskov et al.*” We first used the capacitor model®”*®
constant-charge simulations to the actual electrochemical constant-
potential conditions. The charge transfer (the Bader charge of the
surface) and work function of state 1(®,) and state 2 (®,) were
calculated based on the optimized structures from density functional
theory (DFT) calculations. All of the calculated charge transfers were

to convert the

referenced to state 2 in each of the elementary steps, and a change of
work function was used to build the linear relations. The free energy
changes between the two states (i.e., state 1 and state 2) at constant
work functions thus are given by

Gz(q)1) - Gl(q)l) = Gz(q)z) - G1(q)1) + (‘12 - ql)((bz - (Dl)/z
2)

Gy(D,) = G(D,) = G,(D,) — G(D) + (qz - ql)(‘bz - @)
/2 3)

in which G,(®,) and G,(®,) represent the DFT-calculated free
energies of the optimized initial and final states, respectively, @, and ®,
are the work functions of the optimized initial state and final state
relative to the vacuum energy level, and q; and g, are the excess surface
charges, at states 1 and 2 simulated with constant charge, respectively.
®(U = 0V) is the value of @ at which the horizontal line AG =
AGcyp(U =0V) and line AG = AG(®) intersect.
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Figure 1. (a) Schematic diagram of the single channel of electron acceptance—backdonation for the O—O bond activated by SACs. (b) Schematic
diagram of the dual channel of electron acceptance—backdonation for the O—O bond activated by DACs/TAC:s. (c) Schematic depiction of the single-
site associative pathway and dual-site dissociation pathways for O, electrochemical reduction.

Generally, the widely accepted ORR pathway is a single-site
associative mechanism (O, - OOH* — O* — OH* — H,0),
which was originally developed from extended metal surfaces
and is now also commonly employed in ADMCs. However, the
mechanism of O, reduction can be very different on DACs/
TACs compared with extended metal surfaces or SACs. Active
centers in DACs/TACs not only optimize the electronic
structure of adjacent metal centers through the short/
medium-range electron interaction but also provide an addi-
tional adsorption site to change the intermediate adsorption.
Previous reports have noted the probable existence of side-on
adsorption of O,* or OOH®, where each adjacent active site
binds to an O atom to form dual-side adsorption on DACs/
TACs,” offering the opportunity to further accelerate multi-
intermediate conversion reactions.’”

The “acceptance—backdonation” mechanism, usually used to
explain the adsorption and activation process of small molecules
(N,*, CO*, etc.) on transition metal catalysts,63_65 was
introduced to understand the activation mechanism of O,
molecules on ADMCs. When adsorbates containing O—O
bonds are adsorbed on SACs (Figure 1a), the lone-pair electrons
from the o orbital of the O—O bond transfer to empty d-orbitals
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ofisolated metal atoms, and simultaneously, the partially filled d-
electrons of isolated metal atoms transfer electrons to z* orbitals
of the O—O bond, thus activating the O—O bond. However,
electrons only transfer from one side of the O—O bond upon
adsorption on solo metal centers of SACs, namely, a single
channel of electron acceptance—backdonation. As shown in
Figure 1b, the adjacent metal sites of DACs/TACs could
provide an additional adsorption site to form a side-on O,
adsorption mode, so we suggest a “dual channel of electron
acceptance—backdonation” mechanism to understand the
activation mechanism of the O—O bond on DACs. The lone-
pair electrons from the ¢ orbital of O, may transfer from both
sides of the O—O bond (or dual channels) to empty the d orbital
of the adjacent metal sites, and the d-electrons of the metal sites
may also donate back part of the electrons to O, through dual
channels. Compared with SACs, the dual channel of electron
acceptance—backdonation of DACs/TACs enables more
efficient orbital overlap between metal and O atoms, leading
to better activation of the O—O bond. When the active centers
of DACs/TACs are involved in the interaction with the O—0O
bond, both M;—O and M,—O bonds have strong binding
abilities, so that both M, and M, have a large pulling force on the
O—0 bond, which is conducive to the dissociation of the O—0O
bond. Due to the “dual channel of electron acceptance—
backdonation” mechanism-induced O—O bond activation,
dissociation pathways involving O—O breakage during ORR

https://doi.org/10.1021/jacsau.3c00432
JACS Au 2023, 3, 3031-3044
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Figure 2. Partial differential charge density projecting to the specific energy level. The projected density of state between the O, molecule on (a) Fe-
SAC and (b) Fe;Co;-DAC. (The blue area represents the loss of electrons, and the yellow area represents the gain of electrons. The Fermi energy is set
to 0 eV.) (c) The reaction free energy (at 0.9 V vs RHE) of the competing steps between single-site association and dual-site dissociation mechanisms
on Fe,Co;-DAC, according to the constant-charge and constant-potential method. (d) The O—O bond cleavage barrier of O,* along with
hydrogenation on Fe-SAC and Fe,Co,-DAC. The associative pathway barrier of O,* + H - OOH* on Fe,Co,-DAC. The free energies of Fe-SAC and
Fe,Co;-DAC with no adsorption are set as references for other intermediates along the reaction (G = 0 eV).

on DACs/TACs should not be overlooked. Here, we further
supplement possible ORR routes for DACs/TACs, as shown in
Figure 1lc, where O, and OOH intermediates proceed to
dissociation on DACs/TACs and generate stable 20H* and O*
+ OH* intermediates. The complete reaction pathway with all
possible intermediates and electrochemical steps is constructed,
where pathway I is a traditional single-site associative pathway
and pathways II-IV are dual-site dissociation pathways.

There are many experimental reports on N—doﬁped graphene
as the supporting material for dual metal sites.”° " Besides,
FeCo DACs have been reported more than once to possess
superior ORR activity to Fe SACs or Co SACs in the
e}cperiment.zs"?’z’69 Therefore, Fe;Co,—Ng and Fe,—N, embed-
ded in graphene were chosen as prototypes (Figure 2a), and the
“dual channel of electron acceptance—backdonation” mecha-
nism was applied to rationalize the more activation of the O—0O
bond and higher ORR activity on Fe;Co;-DAC than those on
Fe-SAC. Adsorption of a single O, molecule on Fe,Co;-DAC
occurs via a side-on configuration with the formation of Fe—O
and Co—O bonds (Figure S1). It is actually more favorable by
0.09 eV than that of the endon configuration. Figures 2a,b and
S2a show the activation mechanism of O,* adsorbed on Fe-SAC
and Fe,Co,-DAC according to the projected density of state and
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partial differential charge density projecting to the specific
energy level”””" When O,* is adsorbed on Fe-SAC, the
electrons of the o orbital of the O—O bond contributed by O 2p,
orbital transfer to d,, and d,, orbitals of Fe in the energy level
from —5 to —7 eV. At the same time, the electrons from the
partially filled Fe d > orbital flow back into the #* orbitals of the
O—O bond in the energy level of 0——2 eV. Fe,Co,-DAC
provides an additional adsorption site to form bonds with both
ends of O,, forming a dual channel of electron acceptance—
backdonation in the corresponding energy level, which could be
conducive to the sufficient activation of O,. The O—O bond
length is elongated to 1.33 A on Fe,Co,-DAC, which is longer
than that on Fe-SAC (1.30 A). The O—O bond strength on
Fe,Co,;-DAC (ICOHP = —6.48 eV) is weaker than that on Fe-
SAC (ICOHP = —6.93 eV). These could be ascribed to the
strong hybridization between Fe 3d 2, Co 3d,2 and O 2p, orbitals
in O,@Fe;Co,-DAC, which increases delocalized electron
transfer between O, and FeCo sites and promotes dissociation
of O, for ORR. The dual channel of electron acceptance—
backdonation is still observed between the O—O bond of
OOH* on Fe,Co,-DAC (Figure S2).

To evaluate the thermodynamic and kinetic priority of O—O
bond dissociation on DACs/TACs, the reaction free energy of

https://doi.org/10.1021/jacsau.3c00432
JACS Au 2023, 3, 3031-3044
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Figure 3. (a) Calculated free energy profiles of reaction pathways I-IV for ORR on Fe,;Co;-DAC. (b) Simulated polarization curves of Fe/Co-SAC
and Fe,Co,-DAC through the sole single-site association pathway and complete pathways. (c) Comparison of half-wave potential (E, ,, Vvs RHE) and
current density (mA/cm?) at 0.9 V versus RHE on Fe;Co;-DAC and Fe/Co-SAC between the theoretical microkinetic model and the experiment
reference.”” (d) Simulated polarization curves of Fe,Co;-DAC and the contribution from various pathways. (e) The coverage of the intermediate and
(f) degree of rate control for each elementary step in the reaction network as a function of output potential on Fe;Co,-DAC. Note: coverage and degree
of rate control profiles for only the relevant states are shown in the respective panel for each metal, and those not explicitly shown indicate zero
coverage.

the competing steps between single-site association and dual- much lower than that of OOH* formation (AG = —0.17 eV).
site dissociation mechanisms on Fe;Co;-DAC is shown in The step OOH* — 20H* (AG = —1.64 eV) is more exothermic
Figure 2c. O,* is preferable to be dissociated and hydrogenated than the step OOH* — O* (AG = —1.39 eV). In addition to
simultaneously to O* + OH* with a AG of —1.46 eV, which is constant-potential calculation, the constant-charge calculation
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0 eV and Uy, > 0 V vs RHE are marked in red).

also supports the thermodynamic priority of dual-site
dissociation mechanisms (Figures 2c and S3). Subsequently,
Figures 2d and S4 show that the H-aided O, dissociation is more
facile than O, direct dissociation of the O—O bond for dual-site
dissociation mechanisms. Figure 2d and Table S1 also show that
the cleavage barrier of the O—O bond upon O,* + H* into O* +
OH?* is much lower on Fe,Co;-DAC (0.14 eV) than that on Fe-
SAC (0.90 eV), and it is also much lower than the associative
pathway barrier of O,* + H* — OOH* on Fe,Co,-DAC (0.62
€V). The reason for the facile cleavage of the O—O bond is
attributed to the effective activation of the O—O bond on the
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Fe—Co dual site. Thus, thanks to the dual channel of electron
acceptance—backdonation, the dual-site dissociation mecha-
nism shows thermodynamic and kinetic feasibility on DAC and
should not be neglected in the ORR network.

3.2. Contribution of Dual-Site Dissociation Pathways for
Enhanced ORR Activity

To determine the predominant mechanisms in ORR on DAC/
TAC:s, free energy profiles for Fe;Co;-DAC are shown in Figure
3a. ORR is a four-electron reaction, and the onset potential is
limited by the step with the smallest free energy drop, which is
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also the rate-determining step of ORR. A smaller free energy
drop in the rate-determining step indicates a lower onset
potential for ORR. Based on thermodynamic analysis, the rate-
determining step of ORR on pathways III and IV (dissociation
mechanism) is identified to be O* — OH*, and AG values are
—0.91 and —0.92 eV, respectively, much lower than that of
pathway I (association mechanism), where AG is only —0.67 eV
from O,* to OOH*. Accordingly, the rate-determining steps of
pathways III and IV are both more exothermic than that of
pathway I, which indicates that the dual-site dissociation
mechanism contributes more activity in ORR. Moreover, we
perform an electrode microkinetic model to simulate polar-
ization curves (see details in the Supporting Information). For
convenience, the rate for electrochemical reduction steps is
calculated by assuming an activation energy of 0.26 eV for
proton transfers to oxygen-involved intermediates in aqueous
solution as previously suggested.'® In Figure 3b, when Fe,Co-
DAC only proceeded through the single-site association
mechanism (named Fe;Co;-associate), it shows similar ORR
activity to Fe-SAC, which is inconsistent with experimental
results.””’>”> Obviously, when the dual-site dissociation
mechanism is considered (named Fe,Co;-complete), there is a
remarkable ORR performance improvement on Fe;Co;-DAC.
Attributed to the consideration of complete reaction pathways
I-VI, the simulated half-wave potential (E,,) and current
density at 0.9 V versus reversible hydrogen electrode (RHE) on
Fe,Co;-DAC were superior to those on Fe/Co-SAC, which is in
good agreement with that reported in experiments (Figure 3¢
and Table $2).°° The current density and dominant
contribution of the dual-site dissociation pathway were not
significantly changed when the calculated barrier of the O—O
bond dissociation step rather than 0.26 eV was adopted in the
microkinetic model (Figure S4). Thus, the reaction pathway
switch to the dual-site dissociation mechanism rationalizes the
superior ORR kinetic behavior of Fe;Co;-DAC to Fe/Co-SAC.

To further identify the contribution of the dual-site
dissociation pathway in the ORR kinetics, we analyze the
contribution of each pathway to the total polarization curve for
Fe,Co,-DAC, as shown in Figure 3d. Obviously, pathway I (red)
contributes a little current density, while pathways I1I (pink) and
IV (green) contribute much more degree of flux, indicating that
the dual-site dissociation pathway is dominant. In addition,
Figure 3e—f shows potential-dependent intermediate coverage
and degree of rate control for each elementary step (details of
degree of rate control are available in the Supporting
Information) for Fe,Co;-DAC. The O* + OH* formation
from the hydrogenation of O,* involved in the dual-site
dissociation mechanism, is found to be the rate-limiting step,
indicating that ORR proceeds dominantly through the dual-site
dissociation pathway. Besides, within the working potential
range, the coverage of both O* + OH* and 20H* intermediates
belonging to the dual-site dissociation pathway is much larger
than that of OOH* involved in the single-site association
pathway. It also suggests a predominant contribution of the
dual-site dissociation pathway to ORR activity on Fe,Co,-DAC.

To further evaluate the feasibility of pathway switch to the dual-
site dissociation mechanism on DACs/TACs and its impact on
ORR activity, we also employ a thermodynamic and micro-
kinetic model from DFT-derived energetics on other Fe/Co
DACs/TACs embedded in N-doped graphene. As shown in
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Figure 4a, we have constructed a total of 15 Fe—Co DAC
(named Fe,Co(,_,)-y-NC, y = 1-5, x = 0—2) and 20 Fe—Co
TAC (named Fe,Co;_)y-NC, y = 1-5, x = 0-3) models, in
which Fe—Co bi-atoms and tri-atoms are embedded in a N-
doped graphene sheet with five different types of environmental
coordination. We evaluated the thermodynamic and electro-
chemical stabilities of these 35 models by the antiaggregation

energy (Eanﬁ_agg) and dissolution potential (Uy,,), which are
defined as follows.
Eanti—agg = EFeXCOZ_X—NC - EFexCOZ_X—l-NC - EFe/Co,bqu (4)
0
L]diss =U diss(metal,bulk) — Eanti—agg/ne (5)

where Eg,/c, b is the total energy of the metal atom in its most
stable bulk structure, Eg, c,, nc and Eg, c,, 1.nc are the total

energies of Fe,Co,_,-NC and the substrate in which an Fe/Co
atom has been dissolved, and Uy, (U, = —0.447V, U¢,°
—0.28 V) and 7 are the standard dissolution potential of the bulk
metal and the number of electrons transferring involved in the
dissolution, respectively. According to our definition, systems
with B,y 40, < 0 €V (for the system containing both Fe and Co
atoms, Eanti—agg = maxl:Eanti-agg-Fe) Eanti-agg-Co] < 0) are considered
to be thermodynamically stable, while materials with Uy, > 0V
versus RHE are regarded as electrochemically stable. The values
Of Epi-agg and Uy, are listed in Table S3. Figure 4b shows the

anti-agg Of the heteronuclear Fe—Co DACs/TACs and
homonuclear Fe/Co DACs/TACs examined in this study. We
finally screened out 10 systems that meet the stability criteria, as
shown in Figure 4b,c marked in red. Since stable horizontal
adsorption of oxygen molecules on DACs/TACs is a necessary
prerequisite for the dual channel of electron acceptance—
backdonation mechanism, we studied the adsorption of O, on
the 10 DACs/TACs that meet the stability criteria. Among
them, only O, on Co,-2 DAC cannot be horizontally adsorbed,
while the other 9 systems can horizontally adsorb O,. In some
DACs/TACs, horizontal adsorption of O, is thermodynamically
less favorable than vertical adsorption and is regarded as a high-
energy metastable structure. Even though the proportion of O,
horizontal adsorption may be lower than that of O, vertical
adsorption throughout the catalytic reaction, it can dictate
catalysis with extraordinary activity arising from its unique dual
channel for electron acceptance—backdonation mechanism and
accordingly dual-site dissociation pathways. The key role of
high-energy metastable structure-enabled catalysis has been
demonstrated before.”*

Then, we present and discuss the pre-adsorption phase
diagram of 10 stable systems (see details in the Supporting
Information), which allows us to analyze the most stable pre-
adsorption situation of each system under the operating
potential.

G = Gy=opu=o) — meU (6)
A spontaneously absorbed different ORR intermediate (OH*,
O%*, or O,*) with the lowest free energy (G) at a given set of
potential (U) and pH = 0 determines the stable form of the
surface in those conditions. Each intermediate species along the
catalytic path for ORR is characterized by a straight line with a
negative slope, which is determined by the number of electrons
to be transferred. m is the number of electrons to be transferred
(1 for m-G(OH*), 2 for m-G(O*), and 4 for m-G(O,*)). The
intermediate corresponding to the lowest line at a common
ORR working potential (U = 0.9 V) is regarded as the most
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Figure S. (a) Simulated polarization curves of Co;-TAC. (b) Comparison of half-wave potential (E; ;,, V vs RHE) and current density at 0.9 V versus
RHE on Co-SAC and Co;-TAC between the theoretical microkinetic model and the experiment reference.” (c) Simulated polarization curves of Fe,-2
DAC and (d) the simulated E, ;, value and j at 0.9 V are in good agreement with those reported in experiments.>

stable form in this work. Therefore, the most stable form of 10
stable systems is determined for further study of the reaction
mechanism, as shown in Figures S5 and S6. We reveal a
potential-dependent structural switching of the active site
between planar and non-planar structures during ORR electro-
catalysis, which provides important insights, since the axial
coordination effect can adjust the electronic structure of the
central atom.

Taking Co;-1 TAC as an example to evaluate the priority of
dual-site dissociation mechanisms in a complete ORR network
induced by the dual channel of electron acceptance—back-
donation. It is apparent that the features of the O—O bond
activation of Cos-1 TAC agree well with those of Fe;Co;-DAC,
namely, a dual channel of electron acceptance—backdonation is
formed, which could be conducive to the sufficient activation of
O, (Figure S7a). The O—O bond cleavage barrier of Cos-1 TAC
is lower than that of Co-SAC (Figure S7b), which indicates the
reasonability of dual-site dissociation mechanisms on Co;-1
TAC. As shown in Figure 5a, the ORR activity of complete
reaction pathways (Cos-1 complete, black), primarily con-
tributed by dual-site dissociation pathways, is remarkably
improved compared with that derived from the sole association
pathway (Cos-1 association, dotted). Therefore, dual-site
dissociation pathways rather than the single-site association
pathway account for the superior ORR of Co; to Co, in the
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experiment.”” Moreover, 20H* and OH* are abundant species
at the working potential range, accompanied by the hydro-
genation of 20H*(20H* transfer to OH*) being the second
rate-limiting step (Figure S7¢,d), which unequivocally indicates
that ORR proceeds exclusively through the dual-site dissociation
mechanism on Coz-1 TAC. These results above suggested that
the reaction pathway switch to the dual-site dissociation
pathway rationalizes the superior kinetic behavior of Cos-1
TACs to Co-SAC.

The dual-site dissociation mechanism is still observed on Fe,-
2 DAC. Within the working potential range, the coverage of the
20H* intermediate belonging to the dual-site dissociation
pathway is much larger than that of OOH* involved in the
single-site association pathway (Figure S8). Besides, the ORR
activity of the complete reaction pathway (Fe,-2 complete,
black), which is mainly contributed by the dual-site dissociation
pathway, is significantly higher than that of the single association
pathway (Fe,-2 association, dotted), as shown in Figure Sc. Due
to the involvement of the dual-site dissociation pathway in the
reaction network, the half-wave potential of Fe,-2 increases
relative to that of Fe,-SAC, rationalizing the superior kinetic
behavior of Fe,-2 DACs to Fe-SAC in the experiment™®"%*
(Figure Sd). Likewise, the consideration of the dual-site
dissociation mechanism increases the onset potential or the
half-wave potential (Figure S10 and Tables S4 and SS) of the
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Figure 6. Contour plot of current density at electrode potentials of 0.9 V versus RHE as a function of AG(O*) and AG(OH*) accompanied by the
reaction pathway phase diagram. (b) The comparison between predicted and computed current densities at 0.9 V versus RHE.

other 8 FeCo DACs/TACs systems compared with the single-
site association pathway. Although the barrier of O, dissociation
upon hydrogenation by surface H* on Fe,-2 DAC is not as
favorable as Fe;Co,-1 DAC and Co;-1 TAC (Table S1), when
the energy barrier of O, dissociation was brought into the
microkinetic model, it was found that the polarization curve
changes little and the dual-site dissociation path is still dominant
(Figure SS), which indicate that the direct hydrogenation of O,
by surface H* or solvent proton does not affect the conclusion of
this study. Dual-site dissociation pathways rather than the single-
site association pathway contribute most of the current flux in
ORR, which suggests the reliability and feasibility of pathway
switch in the ORR network for DACs/TACs. Although the
metal active center and environmental coordination config-
urations of these DACs/TACs systems are different, the ORR
mechanisms possess fairly similar features, implying that the
presence of adjacent metal sites on DACs/TACs plays a key role
in ORR pathway switch to the dual-site dissociation mechanism.
We note that the limitation of CHE modeling applied here is to
consider the pH effect on the reactivity of catalysts, since the free
energy correction of the pH effect is offset when the potentials
are regulated to the reversible hydrogen electrode (RHE) scale.
The pH effect on the adsorption behavior of intermediates,
which leads to the difference in the ORR activity of ADMCs on
acidic and alkaline media, will be considered in our future work
by using grand canonical ensemble DFT.>*”°

The theoretical prediction of the catalytic activity trend has been
widely focused on due to its significant value in providing a
guideline for a catalyst design, where the complete consideration
of the reaction pathway is essential. Based on the identified dual-
site dissociation pathway and the revised ORR network in Figure
Ic, a new reaction phase diagram (RPD) of complete ORR
pathways I—VI can be constructed to predict the pathway
priority and activity trend in this work among DACs/TACs. The
free energies of OOH*, O* + OH*, O*, 20H*, and OH* on
10Fe,Co,_,-NC/Fe Co;_,-NC systems are calculated and
plotted in Figure S11. The DFT adsorption energies, zero-
point energies, entropy, and solvation corrections needed to
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calculate free energies are available in Table S6, and the structure
configurations are shown in Figure S12. The scaling relations
between AG(OH*), AG(O*), and AG(OOH*) are still
applicable in these sgstems, which are in good agreement with
. 28,40,77 . .
previous reports. Importantly, two new scaling relations
are identified for 20H* and O* + OH* adsorbed on adjacent
active sites

AG(O" + OH™) = 0.16AG(0") + 0.78AG(OH™)  (7)

AG(20H™) = 03AG(0") + 0.46AG(OH™) (8)

The AG(OH¥*) term represents the free energy of a single OH*
adsorbed on the active site, and the AG(20H*) term represents
the free energy of two OH* adsorbed on adjacent Fe—Co sites.
In other words, AG(20H*) is not equal to 2AG(OH*) on Fe—
Co DACs/TACs with adjacent active sites, as two OH* can
bond to different active sites and have an effect on the free
energy of each other. In the same way, the free energy of O* +
OH* is no longer thermodynamically equivalent to AG(OH*)
+ AG(O*). Since the free adsorption energy of each
intermediate shows scaling relations with the combination
between AG(O*) and AG(OH*) (Figure S12a), the free
energy change of each elementary step along ORR pathways I—
VI is relationally correlated with AG(O*) and AG(OH*), as
shown in Figure S12b—e. As the adsorption free energies of
AG(O*) and AG(OH*) show a good linear relationship with
each parameter in ORR kinetics, AG(O*) and AG(OH*) are
chosen as independent variables to evaluate the trend of
preferential ORR pathways and ORR activity. A more accurate
consideration of both catalytic mechanisms and the prediction
of the activity trend can be conducted by a collective description
of complete reaction pathways, named the reaction phase
diagram (RPD) for simplicity in this work. The ORR current
density on different catalysts with a given value of the descriptor
(AG(O*), AG(OH*)), jrep(AG(O*), AG(OH*)) is deter-
mined by the following expression

(AG(0¥), AG(OH™)) = max,[epTOFe~] ©)
where all possible reaction pathways (denoted i) are established,
considering all forward and backward elementary steps. e is the

jRPD
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competing steps between single-site association and dual-site dissociation pathways on FeM-DACs.

elementary charge, p is the surface density of active sites, and
TOFe™ is the turnover frequency of electron transfer. All
considered pathways are compared to each other to identify one
contributing the highest current density to the total ORR. As
shown in Figure 6a, a reaction phase diagram at the electrode
potential of 0.9 V versus RHE is established, where the
predominant reaction pathways can be derived from the RPD at
various given O* and OH* free energies. We find in this work
that an ideal catalyst possessing high ORR activity is in the range
of AG(O*) =2.4-3.0 eV and AG(OH*) = 1—1.2 eV. Pathway
IV is more favored over Fe;Co;-1, Fe;Co,-2, Fe,-1, Fe,-2, Co,-1,
Co,-2, and Cos-1, and pathway III is more preferred on Fe,Co,-
1, which suggests that DACs/TACs are more likely to follow the
dual-site dissociation mechanism. The comparison between the
predicted ORR activity and the DFT-calculated ones shows an
excellent agreement (Figure 6b), which also illustrates the
prediction accuracy of the three-dimensional volcano plot
spanned by the adsorption free energies of AG(O*) and
AG(OH*).

Understanding how the electronic characteristics of the active
center affect AG(O*) and AG(OH*) helps to guide the
modification of the DAC/TAC active center and makes them
closer to the volcanic summit. Taking the Fe active center in
FeCo DACs/TACs as an example, Figure S13a shows the d-
electron configurations of iron cations. The iron cations are
regarded as +3 valence based on Bader charges analysis in Figure
S14. The stable spin configurations of +3 valence iron cations
may be in the intermediate-spin state and low-spin state. The
intermediate-spin state of Fe’* enables ty, and e, orbitals to be
occupied by one unpaired electron with two and single spin,
making the whole d-shell act as selective gates to promote the
transfer of local spin currents. The calculated effective magnetic
moments of Fe;Co;-1 and Fe,-2 are 3.77 p.s and 2.48 p g
respectively. We further obtained the number of unpaired d-
electrons (n) of Fe** ion via the following equation

K = n X (n+2) (10)

where the number of unpaired d-electrons (1) of Fe,-2 is about
1.67, which means Fe*" ions have a low-spin state without e,
filling, so that no electron is occupied in the ¢* antibonding
orbital of Fe,-2, leading to a relatively stronger Fe/OH*
interaction (a bond order of 2, Figure S13c). The number of
unpaired d-electrons (1) of Fe,Co,-1 is about 3, which indicates
an intermediate magnetic moment of the Fe center and the
orbital interaction with *OH resulting in a lower bond order of

1.5 (Figure S13b). Since a higher on-site magnetic moment of
the Fe center leads to a lower value of bond order, representing a
weaker chemical bond strength, a positively linear correlation is
reasonably found between AG(OH*) and the on-site magnetic
moment of the Fe center (Figure S13d), clearly indicating that
the spin configurations on the Fe center are the intrinsic factor
dominating the ORR activity.

In addition to FeCo DACs/TACs supported on N-doped
graphene, other metal elements or other substrates for ADMC:s,
such as RuCo-graphene’® and FePt-oxide,”” have also been
reported exhibiting high ORR activity. Thus, we investigate the
applicability of pathway switch from the single-site associative
mechanism to the dual-site dissociation mechanism on the
PtFe@Fe,0,(012)” surface and RuCo@graphene.”® A com-
prehensive analysis of the calculation results shows that the
oxygen molecules can be adsorbed separately on the
appropriately distanced Pt and Fe atoms of PtFe@
Fe,05(012), forming a dual channel of electron acceptance—
backdonation, which could directly catalyze O—O radical
breakage and cause the ORR to follow a fast-kinetic dual-site
dissociation mechanism. As shown in Figure S15, the current
densities (j) of pathways III (pink —3.39 mA cm™?) and IV
(green —5.56 mA cm™) are closer to the total current density
(dotted line —5.97 mA cm™2), indicating that the dual-site
dissociation pathway is dominant. Moreover, the dual-site
dissociation mechanism brings about better and reasonable
onset potentials (Eyn = 1.17 V), which is in better agreement
with the one (E,,. = 1.15 V) obtained in experiments,
compared to the single-site associative mechanism (E, . = 0.75
V).”” The features of the O—O bond activation on RuCo@
graphene agrees well with that on PtFe@Fe,0;, and the ORR
mechanisms possess fairly similar features, implying that the
domination of the dual-site dissociation pathway is still
applicable in this system.

Since the dual-site dissociation pathway of ORR requires two
adsorption sites for oxygen-involved intermediates, we inferred
that the oxyphilic property of the metal site might be an
important factor in determining the feasibility of the dual-site
dissociation pathway. Campbell et al.** demonstrated that the
enthalpy of oxidation formation of metal adsorptive atoms can
be used to effectively evaluate the oxygen-affinity ability of metal
elements, which has been further validated in recent experiments
and calculations.®' Therefore, three metal elements with large
differences in the enthalpy of oxidation formation

https://doi.org/10.1021/jacsau.3c00432
JACS Au 2023, 3, 3031-3044


https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00432/suppl_file/au3c00432_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00432/suppl_file/au3c00432_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00432/suppl_file/au3c00432_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00432/suppl_file/au3c00432_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00432/suppl_file/au3c00432_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00432/suppl_file/au3c00432_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00432/suppl_file/au3c00432_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00432?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00432?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00432?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00432?fig=fig7&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(AH,e1.00ie)”” in the fourth, fifth, and sixth rows of the periodic
table were selected to form FeM-DACs supported on N-doped
graphene (M =Ti, Co, Cu, Y, Zn, Ag, Au, W, and Ta; Figure 7).
As shown in Figure 7a, in the case of AH, .1, oxde = 0 of M, O,
cannot be horizontally adsorbed in the corresponding FeM-
DAG:s after structural relaxation, that is, they cannot go through
the dual channel for electron acceptance—backdonation
mechanism. In the case of AH, . ..oxide Of M < 0, O, can bind
FeM-DACs with side-on adsorption mode. Thanks to the dual
channel for electron acceptance—backdonation mechanism,
these FeM-DACs allowing O, side-on adsorption all show the
thermodynamic priority of the dual-site dissociation pathway to
the single-site association pathway (Figure 7b). Therefore, we
come up with a general insight into the ORR mechanism switch
from SACs to DACs/TAC that AH, .., oxde Of metal elements at
the dual adjacent sites of DACs/TACs may be an efficient
descriptor to judge the feasibility of the side-on adsorption mode
of O, and the dual-site dissociation pathway.

Thus, dual-site dissociation pathways involving O—O break-
age during ORR should not be overlooked in the future rational
design of DACs/TACs. Besides, this work also indicates that the
enhancement of a dual channel for electron acceptance—
backdonation on DACs/TACs is a promising approach to
efficiently promote O—O bond breakage, accordingly improving
the ORR activity due to the reaction pathway switch.

In summary, we propose the “dual channel for electron
acceptance—backdonation” mechanism to rationalize the more
activation of the O—O bond on Fe;Co,-DAC than Fe-SAC,
which makes ORR switch to proceed through dual-site
dissociation pathways from the traditional single-site association
pathway. According to the polarization curve calculated by the
DFT-based microkinetic model, the ORR activity of complete
reaction pathways, primarily contributed by dual-site dissocia-
tion pathways, is remarkably improved compared with that
derived from the sole association pathway. To further evaluate
the feasibility of pathway switch to the dual-site dissociation
mechanism on DACs/TACs and its impact on ORR activity, we
have constructed a total of 15 Fe—Co DAC and 20 Fe—Co TAC
models embedded in N-doped graphene. Although the metal
active center and environmental coordination configurations of
these DACs/TACs systems are different, the preferential ORR
pathway possesses fairly similar features. Following this revised
ORR network, a complete reaction phase diagram of DACs/
TAC: is established, where the preferential ORR pathway and
ORR activity can be described by a three-dimensional volcano
plot spanned by the adsorption free energies of AG(O*) and
AG(OH*). Besides, the kinetics preferability of dual-site
dissociation pathways is also appropriate for other graphene-
supported or oxide-supported DACs/TACs. The contribution
of dual-site dissociation pathways makes the theoretical ORR
activity of DACs/TAC:s in better agreement with the available
experiment than the traditional single-site association pathway,
rationalizing the superior kinetic behavior of DACs/TACs to
SACs. The enthalpy of oxidation formation (AH,.1.oxide) Of the
metal element at the double adjacent sites of DACs/TAC is
found as an effective descriptor to judge the feasibility of the
side-on adsorption mode of O, and the dual-site dissociation
pathway. This work reveals the origin of ORR pathway switching
from SACs to DACs/TACs and indicates that dual-site
dissociation pathways during ORR should not be overlooked
in the rational design of DACs/TACs.
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