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Dual-atom catalysts (DACs) are promising for the oxygen reduction reaction (ORR) and the oxygen
evolution reaction (OER). However, two vital factors, namely curvature effects and dissociative
mechanisms, are often overlooked in DAC studies, which may miss the possibility of finding the most
promising candidates. To provide a mechanistic understanding of the role of these two essential factors
in effective electrocatalyst design, we explore systematically the catalytic potential of MM'Ng-DACs
supported on graphene and single-walled carbon nanotubes (CNTs) with two diameters within both
dissociative and associative mechanisms where M and M’ represent Fe, Co, Ni, Cu, Ru, Rh, Pd, or Pt
metals. More than ten DACs have shown high activity with overpotential lower than that of common
commercial catalysts, notably non-precious CoCuNg-DACs exhibiting extremely low ORR overpotential
of 0.09 Vgue and low OER overpotential of 0.10 Vgye, and bifunctional ORR and OER overpotential of
0.22 Vgpe. We find that CNT substrates strengthen the adsorption of intermediates on CoCuNg-DACs
compared to graphene substrates, due to increased electronic density of states of metal atoms near the

Fermi level. The dissociative mechanism circumvents the constraints of scaling relationship in the
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Accepted 2nd September 2024 associative mechanism, so that several DACs favoring the dissociative mechanism exhibit substantially

improved activity, with lower overpotential than the theoretical minimum of the associative mechanism.
These results not only shed light on designing high-performance catalysts for the ORR and OER but also
deepen the theoretical understanding of the catalytic mechanism and curvature effects on DACs.
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activity. Therefore, developing replacements combining
economic viability with superior performance for these precious

1. Introduction

The Oxygen Reduction Reaction (ORR) and the Oxygen Evolu-
tion Reaction (OER) involving transformations between water
and oxygen, are crucial for (rechargeable) metal-air batteries,
fuel cells, and electrolyzers."® In particular, in the oxygen
electrode of rechargeable metal-air batteries, both reactions are
important. These sluggish reactions require catalysts to boost
their rate.” Currently, popular commercial catalysts for the ORR
and OER are based on bulk Pt** and RuO,,'™" respectively,
which are hampered by their high cost and only medium
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catalysts is an urgent and important challenge. In particular,
bifunctional catalysts capable of catalyzing both reactions are
essential for improving rechargeable metal-air batteries.

Designing atomically dispersed metal catalysts, such as
single-atom catalysts (SACs)'*™® and dual-atom catalysts
(DACs),"?* is widely regarded as a promising strategy to replace
the need for high-cost Pt and RuO, catalysts to achieve reliable
activity and reduce cost by ultra-high metal utilization. Signifi-
cant theoretical and experimental efforts have been devoted to
exploring potential SACs for various electrocatalytic processes,
such as the ORR,*?® OER,*>* the N, reduction reaction
(N,RR),*” and the CO, reduction reaction (CO,RR).2*=° However,
these reactions involve multiple intermediates, whereas the
activity of SACs is severely limited by the scaling relationship
between intermediates. By contrast, DACs have the potential to
outperform SACs' performance due to possible synergy between
two active sites.**"** For example, more than ten metallic dimers
anchored by N-doped graphene have shown excellent OER
activity, outperforming their corresponding SACs.**
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The ORR and OER can take place through both dissociative
and associative mechanisms. Most of the existing research on
DACs for mono- and bi-functional oxygen electrocatalysis
considers only their performance for the associative mecha-
nism in planar configuration, without considering curvature
effects or the dissociative mechanism. However, these two
factors may play a key role in designing effective DACs. Studies
have shown that curvature effects can be utilized to adjust the
activity of SACs for various electrocatalytic reactions**** and
CoCo-DACs for oxygen electrocatalysis.*® In addition, some
recent studies have shown that oxygen electrocatalysis on DACs
may favor a dissociative mechanism due to the synergy of dual
atoms.***>** Therefore, to address the lack of DAC screening for
oxygen electrocatalysis that considers curvature and dissocia-
tion, we conducted a systematic screening for mono- and bi-
functional ORR/OER catalysts, incorporating these critical
factors.

Herein, in the hope of finding the best DACs for oxygen
electrocatalysis, we theoretically investigated the ORR and
OER performance of MM'Ng-DACs under 3 curvature condi-
tions for both the dissociative and associative mechanisms,
where M and M’ represent Fe, Co, Ni, Cu, Ru, Rh, Pd, or Pt
metals. Dual-atom sites on graphene represent the planar
condition (noted as d = « nm), while these sites on carbon
nanotubes (CNTs) with two diameters (d) represent two curved
conditions (i.e. d = 1.3 nm, and d = 0.8 nm). We found some
promising catalysts for mono- and bi-functional oxygen elec-
trocatalysis with ultra-low overpotential especially in the
dissociative mechanism, such as

@ CoCUg—o nm-DAC (with ORR overpotential n°%% = 0.09 Vv,
OER overpotential 7°%® = 0.13 v, and bifunctional ORR and
OER overpotential n?f"¢ = yORR 4+ nOER — 0 09 + 0.13 = 0.22 V)
and

e CoCuUy_; 3 nm-DAC (with n°%® = 0.22 V, n°"F = 0.10 V, and
pPifune — pORR 4 nOER — 29 +0.10 = 0.32 V).

Moreover, unlike the tethered performance dictated by
scaling relationships in the associative mechanism, the disso-
ciative pathway in oxygen electrocatalysis offers a novel possi-
bility for catalyst activity free from the above limitations. We
analyze the curvature effects on the adsorption of intermediates
on CoCuNg-DACs and discuss the electronic origin.

2. Methods

2.1. Dissociative and associative mechanisms of the ORR
and OER

The ORR involving the transfer of four electrons and protons
can be expressed as follows:

O, +4(H'+e) > 2H,0 E =123V (1)

The ORR can proceed through either a dissociative mecha-
nism or an associative mechanism. The four steps of the
dissociative mechanism can be expressed as:

2%+ 0, + (H"+¢7) > *O + *OH (2)
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*O + *OH + (H" +¢7) — *O + * + H,0 (3)
*O+*+ (H"+e7) > *OH + * (4)
*OH + *+ (H" +e7) — 2* + H,0, (5)

while those of the associative mechanism can be expressed
as:

*+0,+H"+e7) - *OOH (6)
*OOH + (H* + ¢7) — *O + H,0 (7)
*0+ (H"+¢7) > *OH (8)
*OH+ (H" +e7) —» *+ H,0, )

where * represents the adsorption site. The OER is regarded as
the reverse reaction of the ORR.

For the dissociative mechanism, the adsorption free energies
(AG) of intermediates were calculated as:

3
AGeopon = Geopon — G + 50w, — 2Gy,0 —3eU  (10)

AGxonrron = Gronron — G+ + Gy, — 2Gu,0 —2eU  (11)
1

AG*QH = G*OH — G+ + 3

GH2 - GHZO —eU. (12)

By contrast, for the associative mechanism,

3
AGwoon = Groon — G + 56, — 2Gy,0 — 3eU (13)

AG*O = G*O — G« + G]—[2 — GHZO — 2eU (14)

1
AG"OH = G*OH — G« + EGHz — GHZO —eU. (15)

The energy of (H" + e”) at potential U was obtained through
the computational hydrogen electrode (CHE) model as

1
EGHZ —eU.

2.2. Computational details

All spin-polarized density functional theory (DFT) calculations
were performed using VASP 5.4.4. The exchange-correlation
functional was Perdew-Burke-Ernzerhof (PBE) based on the
generalized gradient approximation (GGA) with a plane-wave
cutoff energy of 500 eV.***® Van der Waals interactions were
included using the Grimme D3 method.***° VASPsol was used to
simulate the implicit solvation effect of water.>"*

A vacuum space of 15 A was employed to avoid interactions
between two adjacent periodic images for all structure models.
For structural models based on graphene, the Brillouin zone
was sampled with 3 x 1 x 4 and 5 x 1 X 7 k-point grids based
on the Monkhorst-Pack scheme for structural optimization and
single-point energy calculations, respectively. For structural

This journal is © The Royal Society of Chemistry 2024
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models based on carbon nanotubes, k-point grids were 1 x 1 x
4 and 1 x 1 x 7, respectively. The convergence thresholds for
force and electronic structure energy were 0.02 eV A~' and
107" eV, respectively.

For each elementary step in oxygen electrocatalysis, the
computational hydrogen electrode (CHE) model was employed
to compute the Gibbs free energy change (AG) as:**

AG = AE + AZPE — TASw (16)

here AE is the electronic energy difference, AZPE is the zero-
point energy, T is the temperature (298.15 K), and AS is the
entropy correction.

The theoretical onset potential and overpotential were
calculated from AG of intermediates in the elementary reaction
steps. In the dissociative mechanism, the onset potential of the
ORR and OER was calculated as:

ORR = —max{(AGworon — 4.92), (AGronon — AGroon)s
(AGron — AGsonon), (—AGron)}le (17)

UBER = —max{(4.92 — AGsoon), (AGroon — AGsom/+on)s
(AGxon*on — AGson), (AGxon)}le (18)

By contrast, in the associative mechanism, the onset poten-
tial of the ORR and OER was calculated as:

ORR = —max{(AG«oon — 4.92), (AG+o — AG=oon),
(AGxon — AGso), (—AGson)}/e (19)

UBER = —max{(4.92 — AG+oon), (AG+oon — AG+o),
(AG*O — AG*OH)a (AG*OH)}/Q (20]

For both mechanisms, the ORR, OER and bifunctional
overpotentials were calculated as®>*

n°"R = |1.23 — UZRR (21)
nOFR = |1.23 — UZER (22)
nbifunc — nORR + nOER (23]

3. Results and discussion
3.1. Structure and stability of DACs

Fig. 1a illustrates the structure models of studied MM'N4-DACs. To
simulate DACs under different curvature conditions, the planar
state with zero curvature effect was represented by dual-atom sites
anchored on nitrogen-doped graphene (ie. d = « nm, repre-
senting no curvature), and two curved conditions were represented
by those on nitrogen-doped single-walled carbon nanotubes
(CNTs) with two diameters (i.e. d = 1.3 nm representing smaller
curvature, and d = 0.8 nm representing larger curvature).’**" In
this way, we have covered a wide range of curvatures.
Experimentally, the planar-state DACs can be synthesized by
anchoring metal dimers on a carbon substrate such as gra-
phene* or porous carbon,*® while the curved ones can be
synthesized on curved carbon substrates such as CNTs.>> For

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematics and stability of studied DACs. (a) Schematics for
MM’Ng-DACs at different curvatures for electrocatalyzing the ORR and
OER. Each metallic dimer MM’ is anchored by 6 nitrogen atoms in N-
doped graphene (d = « nm) and N-doped carbon nanotubes (d =
1.3 nm and d = 0.8 nm). For each metal site, 8 transition metals are
considered: Fe, Co, Ni, Cu, Ru, Rh, Pd, or Pt. Atom labels: O (red), H
(pink), C (brown), N (light blue), M’ (gray) and M (dark blue). (b)
Formation energy and dissolution potential of studied DACs.

example, FeCo DACs on two kinds of CNT substrates have been
synthesized for ORR catalysis,”®* and Ni, DACs on the CNT
substrate have been synthesized for electrochemical CO,
reduction.” This indicates the feasibility of synthesizing DACs
with surface curvature. In the future, more curved DACs may be
synthesized, and curved DACs may be confirmed to have
potential applications in OER catalysis.

For DAC models with different N species and relative posi-
tions, the stability of the model is strongly influenced by the
local coordination environment of the metal dimers.*® Here we
focused on the most stable model with the lowest formation
energy.®” In this DAC model, each metal dimer is anchored by
four pyridine nitrogen atoms and two amino nitrogen atoms,
denoted as MM'Ng-DACs (or MM'-DACs for brevity). We
considered 8 transition metals (Fe, Co, Ni, Cu, Ru, Rh, Pd, or Pt)
for the dual-metal sites since they are common design choices
for DACs for the ORR and OER.?*°%¢%:6>

To examine the possibility of experimentally synthesizing
these DACs and their electrochemical stability, we calculated

J. Mater. Chem. A, 2024, 12, 28381-28389 | 28383
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their formation energy (E¢om) and dissociation potential (Ugiss)
as follows,3*¢?

Etorm = (Epac — En—c — Emv — Em)/2 (24)
Udiss = Ugiss(M'bulk) - Eform/ne (25)

Epac represents the total energy of the DACs and Ex_¢ is the
total energy of the nitrogen-doped carbon substrate. Here Eyy
and E\, are the atomic energies of metals M and M’ in their most
stable bulk state, respectively. Ulis(M-bulk) represents the
standard dissolution potential of the bulk metals. And 7 is the
number of electrons transferred during the dissolution.**

If E¢orm < 0 €V, we regard the DAC as feasible to synthesize
experimentally. When Uy;ss > 0, we regard the DAC as electro-
chemically stable. Fig. 1b indicates the formation energy and
dissolution potential of the DACs investigated. All proposed
DACs have negative formation energies and positive dissolution
potentials, suggesting that they are synthetically feasible and
electrochemically stable. Tables S1-S37 list the exact values of
Eform and Ugiss under the three curvature conditions.

3.2. ORR and OER activity of DACs

Fig. 2 compares two mechanisms of the ORR and OER. In the
ORR, O, is reduced to water through four steps of electron-
proton transfers, which can proceed through dissociative and
associative mechanisms.

The four steps of the ORR can be expressed as

e O, & *O + *OH < 2*0OH < *OH < H,O0 in the disso-
ciative mechanism

e O, < *OOH < *O < *OH < H,0 in the associative
mechanism.

By contrast, the OER can be regarded as the reverse reaction
of the ORR where water is oxidized into O,. More details about

,‘?\\\r*O-*OH - i\\I*OH-*OH
-H*-e A
» Dissociative i
= mechanism g
Q -
OER
Bare sites (*) ? *OH
NN O
HZO_H+_e_
i - |
=  Associative )
I(\l . I
O mechanism .
 /

*OOH .
;\.\f;\ - \\\IJ\‘

H,O-H*-e"
Fig. 2 Two reaction mechanisms for the ORR and OER. The yellow

color represents the reaction pathway of the ORR, while the green
color represents the reaction pathway of the OER.
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these two mechanisms are illustrated in Section 2.1. Most
existing research on DACs considers their performance only for
the associative mechanism. However, some recent studies show
that oxygen electrocatalysis on DACs may instead involve the
dissociative mechanism due to the synergy of the dual
atoms,****** suggesting that for DACs, the dissociative mecha-
nism deserves more attention. Therefore, both mechanisms
were considered in this study.

Fig. 3 exhibits theoretical activity, adsorption free energy and
promising candidates of investigated DACs for mono- and bi-
functional oxygen electrocatalysis in the two mechanisms.
Adsorption free energies and overpotentials of all DACs are
shown in Fig. S1 and S2,} respectively. The theoretical activity of
all DACs is indicated in volcano plots (Fig. 3a-f) with the best
candidates marked by stars. The Gibbs free energy diagrams of
the best candidates are shown in Fig. 4a and S3.T7 Here lower
overpotential means higher catalytic activity. The three bench-
marks for screening DAC candidates for the ORR, OER, and
bifunctional oxygen electrocatalysis were set as

ORR overpotential of Pt (111) (0.45 V),

OER overpotential of RuO, (110) (0.37 V), and

bifunctional overpotential (0.82 V), the summation of the
former two values.”

DACs with overpotential lower than these benchmarks are
potential catalysts for the corresponding reactions in the oxygen
electrode of rechargeable metal-air batteries.

By comparing the activity of the best DACs for mono- and bi-
functional oxygen electrocatalysis in the two mechanisms, we
can see that the dissociative mechanism allows the identifica-
tion of DACs with ultra-high activity, as the best DACs in the
dissociative mechanism exhibit much higher activity than those
in the associative mechanism. In the dissociative mechanism,
the best DACs for the ORR, OER, and bi-functional oxygen
electrocatalysis are

¢ CoCUg— o nmDAC (n°FF = 0.09 V),

@ CoCUg—1 3 nm~DAC (n°FR = 0.10 V), and

e CoCUy— o nm-DAC (n”"¢ = 0.22 V).

as shown in Fig. 3a-c. However in the associative mecha-
nism, the best DACs for the ORR, and OER and the two best
DAGCs for bi-functional oxygen electrocatalysis are

® FeCOy— o nm-DAC (n°*F = 0.26 V), and

e RhFe,_o g nm-DAC (°FF = 0.26 V),

e RhFe, (4 nm-DAC (7P = 0.62 V)

® CONig_1 3 nm-DAC (n°"¢ = 0.62 V)

as shown in Fig. 3d-f.

To analyze whether the adsorption of intermediates
conforms to the scaling relationship, a well-known bottleneck
in developing high-performance oxygen electrocatalysts,**** we
performed linear fitting for adsorption free energies of inter-
mediates in both mechanisms. Interestingly, for the dissocia-
tive pathway, both AG«,/«on and AG+opy+on €xhibit a poor linear
relationship with AG«op, with R* ~ 0.4, as shown in Fig. 3g. This
indicates that the dissociative mechanism enables DACs to
circumvent the scaling relationship between intermediates,
which facilitates finding DACs with ultra-high activity for mono-
and bi-functional oxygen electrocatalysis.**** However for the
associative pathway, both AG+oon and AGxo correlate strongly

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Theoretical oxygen electrocatalyzing activity of DACs in this study. In the dissociative mechanism, ORR overpotential (a), OER over-
potential (b), and bifunctional overpotential (c). In the associative mechanism, ORR overpotential (d), OER overpotential (e), and bifunctional
overpotential (f). The stars in overpotential graphs indicate the DACs with the highest activity in this study. The fitting of Gibbs free energy
between 3 intermediates in the dissociative mechanism (g) and associative mechanism (h). The red dashed lines represent the linear fitting of
Gibbs free energy between intermediates. Potential DAC candidates with overpotential lower than the benchmarks for the ORR (i), OER (j), and
bifunctional catalysis (k), respectively. The three benchmarks are 0.45V, 0.37 V, and 0.82 V, respectively.
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Fig.4 Theoretical activity and electronic structures of CoCuNg-DACs at different curvatures. (a) Gibbs free energy diagram for CoCuNg-DACs in
the planar state in the dissociative mechanism. The adsorption configurations of intermediates at each step are shown under the step. (b) Gibbs
free energy diagram for CoCuNg-DACs at different curvatures in the dissociative mechanism. The partial density of states (pDOS) of CoCuNg-
DACs without curvature before (c) and after (d) the adsorption of the OH intermediate. PDOS of CoCuNg-DACs in 1.3 nm CNTs before (e) and
after (f) the adsorption of the OH intermediate. PDOS of CoCuNg-DACs in 0.8 nm CNTs before (g) and after (h) the adsorption of the OH

intermediate. The black dashed line in pDOS represents the Fermi level.

with AG«oy in a linear manner, with R* > 0.8, as shown in
Fig. 3h. This demonstrates that the adsorption of intermediates
in the associative mechanism conforms to the scaling rela-
tionship, which impedes finding of improved DAC candidates
for oxygen-involving reactions.

Fig. 3i-k list the potential DACs under the three curvature
conditions for the ORR, OER, and bifunctional oxygen electro-
catalysis for both mechanisms. For the ORR, Fig. 3i showcases
31 potential candidates in the dissociative mechanism and 30
in the associative mechanism. Among these candidates,
FeCo,—« nm €xhibits excellent ORR activity in both mechanisms

28386 | J Mater. Chem. A, 2024, 12, 28381-28389

(n°%® = 0.26 V), in line with experimental®® and other theoret-
ical® results, since the limiting step on this DAC in both
mechanisms is *OH — H,O. It should be noted that 4 candi-
dates exhibit superior ORR activity in the dissociative mecha-
nism with 7n°%% below 0.2 eV:

e CoCUy— o nm (0.09 V),

e CoCO4—1.3 nm (0.16 V),

e NiRhy ¢4 nm (0.13 V),

e CuRhy ¢ nm (0.19 V).

For the OER, Fig. 3j exhibits 21 potential candidates in the
dissociative mechanism and 15 in the associative mechanism.

This journal is © The Royal Society of Chemistry 2024
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The CoNij—« nm-DAC is a promising OER catalyst in both
mechanisms, especially in the associative mechanism (7% =
0.27 V), which is in line with the experimental result that
atomically dispersed Co/Ni dual sites anchored on nitrogen-
doped carbon exhibits a low 7°EX of 0.25 V at 10 mA cm 2.%
We note here that 3 candidates exhibit superior ORR activity in
the dissociative mechanism with 7°*® below 0.2 eV:

e CoCUy—w nm (0.13 V),

e CoCUy—1.3 nm (0.10 V), and

e RhRhy_gg nm (0.19 V).

For bifunctional oxygen electrocatalysis, Fig. 3k lists 22
promising candidates in the dissociative mechanism and 16 in
the associative mechanism. We note that 4 candidates exhibit
superior ORR activity in the dissociative mechanism with 5"
below 0.4 eV:

e CoCUy—w nm (0.22 V),

e CoCUg—1 .3 nm (0.32V),

® CoCO4—1.3 nm (0.36 V), and

e NiRhy_gg nm (0.34 V).

For both mechanisms, we found DACs with ORR/OER over-
potential lower than 0.30 V, the theoretical minimum for SACs,
suggesting the superiority of DACs over SACs for oxygen elec-
trocatalysis. Our screening provides many candidates for mono-
and bi-functional oxygen electrocatalysis in rechargeable metal-
air batteries. The excellent candidates with low ORR over-
potential can facilitate feasible discharging in rechargeable
metal-air batteries, while those with low OER overpotential
allow for smooth charging. And those with low bifunctional
overpotential can act as bifunctional catalysts to accelerate
reactions in discharging and charging cycles.

3.3.  Oxygen electrocatalysis on CoCu DACs

In the planar state, the CoCuNg-DAC exhibits superior activity
for mono- and bi-functional oxygen electrocatalysis in the
dissociative mechanism (n°%® = 0.09 v, °*® = 0.13 Vv, and
nPfne — 0,22 V) as shown in Fig. 4a, which is much better than
that of the CoN,-SAC and CuN,-SAC in both the associative and
dissociative mechanisms as shown in Table S4.1 This indicates
the superiority of DACs for oxygen electrocatalysis over SACs.
Moreover, for planar-state DACs, the activity of CoCuNg in the
dissociative mechanism is better than that of CoCoNg and
CuCuNg in both the associative and dissociative mechanisms as
shown in Table S4,f which suggests that synergy between
heterogeneous Co and Cu atoms is better than their homoge-
neous counterparts. In addition, the hydrogen adsorption free
energy (AG-y) on the planar-state CoCuNgDAC is 0.64 eV,
indicating that HER activity on this DAC is quite low, making
the HER an unlikely competitive reaction to the ORR.*”

Three CoCuNg-DACs were selected to understand the
curvature effects on DACs for oxygen electrocatalysis in the
dissociative mechanism based on the following two reasons:
first, all three CoCu-DACs under different curvature conditions
are potential candidates for bifunctional oxygen electrocatalysis
as shown in Fig. 3k. Moreover, the CoCUg—o nm-DAC (°FF =
0.09 V) and CoCuy—_; 3 nm-DAC (n°*® = 0.10 V) are the optimal
candidates for the ORR and OER, respectively. As shown in

This journal is © The Royal Society of Chemistry 2024
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Fig. 4b and S4,7 the adsorption free energies of all intermedi-
ates in the whole dissociative pathway gradually decrease with
increasing curvature from d = « nm to d = 0.8 nm, suggesting
that the adsorption strength of these intermediates increases
with curvature.”® On the CoCuy—« nm-DAC, the adsorption free
energies of all intermediates are close to zero, leading to its
superb activity for mono- and bi-functional oxygen electro-
catalysis, with n°%* = 0.09 Vv, n°"® = 0.13 V, and and n"f"¢ =
0.22 V. The rate-limiting step for the ORR on the CoCuy—c nm-
DAC is *O + *OH — 2*OH, while that for the OER is H,0 —
*QH. On the CoCu,_1 3 nm-DAC, n°FR is smaller while n°%F and
7PN are larger than those on the CoCUy_w nm-DAC, with 7°FR
=0.10 V, n°%® = 0.22 v, and "¢ = 0.32 V. The rate-limiting
step for the ORR on the CoCu;—4 3 nm-DAC is *OH — H,O0, while
that for the OER is 2*OH — *O/*OH. On CoCuU;—¢.g nm, all three
overpotentials are the largest among studied CoCuNg-DACs,
with %% = 0.39 v, n°ER = 0.40 V, and """ = 0.80 V. The rate-
limiting step for the ORR on the CoCuy—g g nm-DAC is *OH —
H,O0, while that for the OER is *O/*OH — O,.

To understand the electronic origin of the gradually
strengthened adsorption on CoCuNg-DACs with increasing
curvature, the projected density of states (pDOS) of related
atomic orbitals were compared before and after the adsorption
of the OH intermediate, as shown in Fig. 4c-h. The OH inter-
mediate is chosen for analysis of the electronic properties since
it is the common intermediate in the two mechanisms. For
three CoCu-DACs, main peaks of the p orbitals of O atoms
overlap well with the d orbitals of Co atoms, suggesting that O
atoms bond to Co atoms in the three systems, in line with the
relaxed structures where O bonds with Co. Compared with the
CoCUy—w nm-DAC, the d orbitals of the Co atoms in the
CoCug_1.3 nm-DAC and CoCuy—g g nm-DAC have more electronic
states near the Fermi level, which facilitates electron transfer
between Co and O in DACs on CNT substrates, leading to
stronger adsorption of *OH on the CoCuy—;3; nm-DAC and
CoCuy_g.snm-DAC. As for the d orbitals of the Cu atoms, the
CoCug—1.3 nm-DAC and CoCug,_g s nm-DAC also have more elec-
tronic states near the Fermi level than the CoCu,—_o nm-DAC.
This allows stronger adsorption of *O/*OH and *20H on two
curved CoCu-DACs than planar CoCuy—o nm-DAC, since
adsorption of intermediates in these two steps involves both Co
and Cu atoms.

4. Conclusion

Summarizing, we employed DFT calculations to investigate the
stability and electrocatalytic activity for two mechanisms on
curved DACs for mono- and bi-functional oxygen electro-
catalysis. We found that all studied DACs have negative
formation energies and positive dissolution potentials, sug-
gesting their synthetic feasibility and electrochemical stability.

We found some promising catalysts with ultra-high pre-
dicted activity in the dissociative mechanism for both mono-
and bi-functional oxygen electrocatalysis:

¢ CoCUgy— o nm-DAC (with n°F% = 0.09 V, n°"F = 0.13 V, and
nPifne — 0,22 V) and
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e CoCuy_; 3 nm-DAC (with 7°%% = 0.22 V, n°"F = 0.10 V, and
T]bifunc —0.32 V)

These studies suggest many potential candidates for oxygen
electrocatalysis in rechargeable metal-air batteries, fuel cells,
and electrolyzers.

In addition, we demonstrated that in the dissociative
mechanism, the scaling relationship between intermediates in
oxygen electrocatalysis on studied DACs is broken; while in the
associative mechanism, this scaling relationship limits the
DACs' activity. Traditionally, only the associative mechanism
has usually been considered for oxygen electrocatalysis on dual-
atom catalysts, with the possible synergy between two active
sites neglected, which we show is an oversight. Thus, we show
that for the dissociative mechanism, the synergy between two
active sites can break the scaling relationship between inter-
mediates in oxygen electrocatalysis, leading to catalysts with
extremely high activity.

Moreover, we found that using CNTs to increase the curva-
ture from d = o« nm to d = 0.8 nm, gradually strengthens the
adsorption of all intermediates on CoCuNg-DACs. By comparing
the partial DOS around the Fermi level of related systems, we
found that the enhanced adsorption occurs due to increased
electronic states of metal atoms near the Fermi level.
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