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% Check for updates Dual atom catalysts, bridging single atom and metal/alloy nanoparticle cata-

lysts, offer more opportunities to enhance the kinetics and multifunctional
performance of oxygen reduction/evolution and hydrogen evolution reac-
tions. However, the rational design of efficient multifunctional dual atom
catalysts remains a blind area and is challenging. In this study, we achieved
controllable regulation from Co nanoparticles to CoN, single atoms to Co,Ns
dual atoms using an atomization and sintering strategy via an N-stripping and
thermal-migrating process. More importantly, this strategy could be extended
to the fabrication of 22 distinct dual atom catalysts. In particular, the Co,Ns
dual atom with tailored spin states could achieve ideally balanced adsorption/
desorption of intermediates, thus realizing superior multifunctional activity. In
addition, it endows Zn-air batteries with long-term stability for 800 h, allows
water splitting to continuously operate for 1000 h, and can enable solar-
powered water splitting systems with uninterrupted large-scale hydrogen
production throughout day and night. This universal and scalable strategy
provides opportunities for the controlled design of efficient multifunctional
dual atom catalysts in energy conversion technologies.

Vigorously developing the green hydrogen economy would bring
great benefits for decarbonization in energy sectors'™. Water splitting
systems (WSSs), realized using renewable energy (e.g., solar energy) as
the power and rechargeable batteries (e.g., metal-air batteries) as
electricity storage, have been widely recognized as sustainable and
CO,-free energy devices for efficient and uninterrupted hydrogen (H,)
production®”. Three core half-reactions of WSSs, namely the oxygen
reduction reaction (ORR), oxygen evolution reaction (OER), and
hydrogen evolution reaction (HER), are all subject to complicated
multi-step proton-coupled electron transfer process, leaving the

challenging issues of sluggish kinetics and high overpotentials®***. To
date, the benchmark catalysts for improving these reaction efficiencies
are precious-metal-based materials (i.e., RuO,/IrO, only for OER, Pt/C
only for ORR/HER), but their shortcomings, such as the high cost,
scarcity, poor stability, and single-functionality, greatly restrict the
large-scale application for series WSSs” . Although significant efforts
toward these core half-reactions have been established in the widely
acclaimed single atom catalyst (SAC) featuring minimum particle size,
maximum atomic utilization, and well-defined metal-N, (M-N,4) active
sites, their multifunctionality and sluggish ORR/OER/HER kinetics still
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remain unsolved”**, This arises from the obvious demerit of SAC, that
is, only one kind of specific isolated active site, which makes it difficult
to break the linear scaling relations between the adsorption/deso-
rption toward complicated multi-intermediates and improve the cat-
alytic ORR/OER/HER activities to the optimal level*”. Dual atom
catalysts (DACs) with adjacent dual atom sites have surfaced as a new
research frontier that could bridge the SAC and metal/alloy nano-
particle catalysts, which endow DACs with integrated merits including
high metal atom loading, more sophisticated and flexible active sites,
easily modulated electronic structure, and the synergetic effects
between two adjacent active sites?****, Benefiting from these fea-
tures, DACs offers more prospects toward conquering the challenges
and limitations faced by SACs via synergistically adjusting the
adsorption/desorption behaviors and activation of intermediates, thus
accomplishing accelerated reaction kinetics and efficient multi-
functional ORR/OER/HER performance’**¢. Unfortunately, the
rational design of highly efficient and robust DACs with multi-
functionality is still in a blind area and with numerous challenges due
to the lack of advanced fundamental knowledge of formation
mechanisms for DACs.

In this study, a nanoparticle-to-single-atom-to-dual-atom (NP-to-
SA-to-DA) atomization and sintering strategy was developed. We rea-
lized the controllable adjustment of the existing configuration states
of Co species at the atomic level, yielding Co nanoparticles, CoN,
single atoms, and Co,Ns dual atoms on N-doped hollow carbon
spheres (termed Copnp/HCS-900, Cosa-N-HCS-900, and Co,-N-HCS-
900, respectively). This special design strategy allowed the investiga-
tion of the formation mechanism from NP to SA to DA. Density func-
tional theory and experimental results demonstrated that Co atoms
could be gradually stripped from the nanoparticles and trapped by N
anchoring sites to form CoN, single atoms, and then spontaneously
sintered into Co,Ns dual atoms via thermal migration. Moreover, it was
found that the spin state of Co atoms can be harmonized from NP to SA
to DA, in which the Co,Ns dual atom with a low spin state can achieve
ideally balanced adsorption/desorption of O* and H* intermediates. As
expected, the Co,-N-HCS-900 affords the boosted multifunctional
ORR/OER/HER activity, which endowed Zn-air batteries (ZABs) with
excellent cycling charge-discharge stability over 800 h and enabled
water splitting to operate for over 1000 h. The highly efficient and
durable solar-powered WSS constructed using only Co,-N-HCS-900
ensured uninterrupted large-scale H, production throughout the day
and night for over 48 h. Most strikingly, this NP-to-SA-to-DA atomiza-
tion and sintering strategy can be broadened to prepare 22 types of s-,
p-, and d-block metal dual atom catalysts. This work provides a sys-
tematic study on the formation mechanisms and catalytic activities of
nanoparticle, single atom, and dual atom catalysts, undoubtedly
leading to an upsurge in the rational design of efficient and stable dual
atom catalysts for applications in energy conversion technologies.

Results and discussion

Catalyst design concept

Density functional theory (DFT) calculations were conducted to reveal
the structural transformation mechanism from nanoparticles to single
atoms and then to dual atoms (NP-to-SA-to-DA) by taking Co;o nano-
particles as examples®**, First, the atomization process (Fig. 1a) was
investigated from the Co;o nanoparticles to two types of Co single
atoms with different coordination of C (named Cos,/C) and N atoms
(named CoNy). It can be seen that the formation of Coss/C from Co;g
nanoparticle decomposition requires overcoming a very high kinetic
barrier of 3.23 eV with a large endothermicity of 3.22 eV, indicating that
Coyp nanoparticles might be the main form of existence. The formation
of CoN, from Co,o nanoparticles decomposition requires a relatively
low kinetic barrier of 0.66 eV to be overcome but with a large exo-
thermicity of 3.84 eV, manifesting that the introduction of N elements
can promote the thermal atomization from Co,o nanoparticles to CoN4

single atoms. Additionally, the atomization processes of the Co,c and
Co4 models were investigated. Figure S1 and S2 show that the forma-
tion of Cos,/C from the decomposition of Co, and Coy nanoparticles
requires overcoming a very high kinetic barrier of 3.97 and 3.65eV,
respectively, which is higher than that of the decomposition of Co,o
nanoparticles (3.23 eV). Moreover, the formation of CoN4 from Coyo
nanoparticles decomposition requires a relatively low kinetic barrier
(0.66 eV) to be overcome, lower than those for the formation of CoN4
from the decomposition of Co, (1.50eV) and Co,¢ nanoparticles
(1.30 eV). This implies that the transformation from Co;o nanoparticles
to single atoms can be achieved more easily. Figure 1b displays that the
transforming processes, from two neighboring CoN, single atoms to
edge-adjacent Co,Ng and then to the Co,Ns dual atom, were exother-
mic with the energy of 2.44 and 3.57 eV, respectively. Again, the pro-
cesses from two randomly dispersed CoNy single atoms separated by
several carbon atoms to edge-adjacent Co,Ng and then to Co,Ns dual
atoms were exothermic (Figure S3), further confirming that randomly
dispersed CoN, single atoms would spontaneously be sintered
through the thermal migration process. Because the Co,Ns dual atom
exhibited larger exothermicity than the Co,N¢ dual atom, the former
was more stable and dominantly formed during the sintering process.
These results indicate that Co atoms could be gradually stripped from
the Coyo nanoparticles to form CoN, single atoms trapped by the
anchoring sites of N, and then spontaneously sintered into Co,Ns dual
atoms via thermal migration. Moreover, this NP-to-SA-to-DA atomiza-
tion and sintering strategy can be broadened to the research scope of
transforming conventional Al, Ca, Cr, Mn, Fe, Ni, Cu, Zn, Ru, Sb, Ce, Bi,
and their alloys (taking the FeNi alloy as an example, Figure S4-S16).

Next, we investigated the electronic structures of Co;s nano-
particle, Coyo nanoparticle, Co4 nanoparticle, CoN, single atom, and
Co,Ns dual atom models (Figure S17). The charge density difference
and Bader charge results shown in Fig. 1c confirm that the Co atoms of
the Co,Ns dual atoms possess a higher charge of 1.11 e than those of the
CoN, single atoms (1.03 e) and Co;o nanoparticles (0.11 e). As shown in
the projected density of states (PDOS) diagram (Figure S18), the elec-
trons of Co-3d orbitals are asymmetrically arranged in the spin chan-
nels for Cos nanoparticles, Coyo nanoparticles, Co, nanoparticles,
CoN, single atoms, and Co,Ns dual atoms, exhibiting magnetic
moments of 1.87, 1.48, 1.28, 0.81, and 0.05 ug, respectively. The
decreased spin magnetic moment from NP to SA to DA mainly results
from the redistribution of electrons of the Co-3d orbital triggered by
the energy level rearrangement, which gives rise to the increased filling
degree of d,. orbitals and induces the weakened adsorption of reac-
tion intermediates (OOH*, O*, and OH* toward ORR/OER, H* toward
HER), thus boosting the catalytic activities. Further support for this
phenomenon can be demonstrated by the downshift of the d-band
center of Co-3d orbitals from Co,¢ nanoparticles to Co;g nanoparticles
to Co, nanoparticles to CoN, single atoms, to Co,Ns dual atoms,
accompanied with the corresponding values of —0.52, -0.71, -1.27,
-1.61, and -2.27 eV (Fig. 1d).

We also investigated the Gibbs free energies for the ORR/OER/
HER of the Cos¢ nanoparticle, Co,o nanoparticle, Co, nanoparticle,
CoN, single atom, and Co,Ns dual atom models to obtain a deeper
understanding of the catalytic mechanism and origin of superior cat-
alytic activities. The Gibbs free energy difference between AGoop- and
AGoy+ (| AGoon-onrl) can serve as an important ORR/OER reaction
descriptor, with an ideal value of 2.46 eV****. The |AGoon-ontl is sig-
nificantly restricted by the adsorption affinity of O*, in which either too
strong or too weak adsorption of O* could result in the increased value
of |AGoon-on+ | % As shown in Fig. le, g, and S18, the spin magnetic
moment presents a positive and quasi-linear correlation (R*=0.962)
with the |AGoon+on+l, in the positive sequence from Co,Ns dual atoms
(0.05 ug, 2.55eV) to CoN, single atoms (0.81 ug, 3.12eV) to Coy
nanoparticles (1.28 g, 3.46 eV) to Coyo nanoparticles (1.48 g, 3.79 eV)
and to Co;¢ nanoparticles (1.87 ug, 4.36 €V). A universal AGooy+ to
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Fig. 1| DFT calculation. a Calculated relative energies along the stretching path-
way of the Co atom from Coyo to Cosa/C or CoN, model by CI-NEB, b Calculated
relative energies of CoN,, Co,Ng, and Co,Ns models. ¢ Charge density difference
and Bader charge diagrams; d PDOS; e linear correlation between magnetic
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moment and |AGoop+-on-l; f the AGoop+ to AGoy-+ scaling for Coe, Co1o, Coy, CONy,
and Co,Ns models relative to the universal and ideal scaling lines; and g linear
correlation between the magnetic moment and AGy-. Free energy diagrams of
CoN, and Co,Ns models for h ORR, i OER, and j HER.

AGoy- scaling relation with an average |[AGoop+on+l Value of 3.2 eV has
been established for most conventional catalysts, whereas the ideal
AGoon+ to AGoy- scaling relation possesses an average |AGoop+omsl
value of 2.46 eV for ideal catalysts (Fig. 1f)***°. The AGoop+ to AGoy-
coordinate point of the Co,Ns dual atom is located at the ideal scaling
relations accompanied with the |AGoon--on+l Value of 2.55eV, which is
very close to the 2.46 eV for ideal catalysts toward ORR/OER. This
indicates that the energy of O* intermediate adsorption/desorption for
Co,Ns was the most appropriate. The possible reason for this phe-
nomenon is that the Co,Ns dual atom with the decreased spin mag-
netic moment can break the universal AGoop- to AGoy- scaling relation,
thus achieving the ideal balanced O* adsorption. This phenomenon is

further supported by the moderate O* adsorption energy (1.89eV,
Figure S19) of the Co,Ns dual atom model among three investigated
models, indicating that it could achieve optimized O* adsorption/
desorption, thus boosting the ORR/OER activities. To determine the
correlation between the spin configuration and the free energy of O*,
the crystal orbital Hamilton population (COHP) was calculated to
compare the bonding character of O* absorbed onto the Co;g, CON,4,
and Co,Ns models. Positive and negative COHP are due to bonding and
antibonding states, respectively. The Co-O bonding strength can be
evaluated using the integrated COHP (ICOHP) values, which could
quantitatively describe the d-p hybridization strength. As depicted in
Figure S20, the ICOHP values were found to be -0.22 for Co,o, -0.47
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for CoNy4, and —0.45 for Co,Ns. The intermediate ICOHP value of the
three investigated models confirms the moderated Co-O affinity in the
Co,Ns model, suggesting optimal O* adsorption/desorption, enhan-
cing the ORR/OER activities. In Figure S21, a pronounced antibonding
state for the Co,Ns model emerges at the Fermi level compared to the
other models, implying greater electron transfer from the Co-3d
orbital to the vacant O-2p orbital. This leads to reduced reaction acti-
vation energy and improved catalyst conductivity with minimal ohmic
loss, enhancing catalytic activity****. Regarding HER, a negative and
quasi-linear correlation exists between the spin magnetic moment and
the Gibbs free energy of H* (AGy-). Specifically, AGy- decreases linearly
(R?=0.959) with the increased spin magnetic moment (Fig. 1g). Among
the studied models, the Co,Ns dual atom possesses the highest AGy- of
-0.04 eV (close to the ideal value of 0 eV), demonstrating that its low
spin state facilitates the moderate adsorption and desorption of the H*
intermediate. Moreover, the highest H* adsorption energy of —0.21 eV
was obtained among the three investigated models (Figure S22), again
validating that it affords moderate adsorption and desorption of H*,
endowing excellent HER activities.

Figure 1h-j and S23-27 depict the optimized atomic configura-
tions and Gibbs free energies of the Co;s nanoparticle, Co;o nano-
particle, Co, nanoparticle, CoN, single atom, and Co,Ns dual atom
models bonded with the adsorption of reaction intermediates for
catalyzing the ORR/OER/HER. For ORR (Fig. 1h and S25), the Co,Ns dual
atom affords a higher thermodynamic limiting potential of 0.856 V
than both the CoN, single atom (0.802V) and Co,o nanoparticles
(-0.102 V), highlighting its good ORR activity. As shown in Fig. 1i and
S26, the lowest thermodynamic limiting potential of 1.694 V toward
the OER was obtained for the Co,Ns dual atom among the investigated
models, indicating that it shows the lowest overpotential and superior
OER efficiency. Figure 1j and S27 show the Gibbs free energy of H*
intermediates toward the HER across the models, where the Co,Ns
dual atom provides an adsorption energy value of H* of -0.04 eV,
closest to 0 eV, indicating its superior HER performance. Based on DFT
analyses, the Co,Ns dual atom has a tailored spin state that promotes
the moderated and balanced adsorption and desorption of reaction
intermediates toward the ORR/OER/HER, enhancing its trifunctional
performance*-,

Synthesis and structural characterization

Driven by DFT analysis, a series of catalysts were prepared, including
Conp/HCS-900 with aggregated Co nanoparticles, Cosa-N-HCS-900
with CoN, single atoms, and Co,-N-HCS-900 with paired Co,Ns dual
atoms (Fig. 2a). A facile double-solvent impregnation method was used
to prepare the Co-hollow polymer spheres (Co-HPS) precursor. Then,
Conp/HCS-900 was obtained by directly pyrolyzing the Co-HPS, and
the Conp/N-HCS-300 were synthesized by pyrolyzing the Co-HPS with
melamine at 300 °C. Further, Cosy-N-HCS-900 can be synthesized
when the melamine was added in the above pyrolysis process since the
melamine can be decomposed at high temperatures (>400 °C) and
serve as the N agent that is generally coordinated with Co atoms to
form Co-Nx moieties for promoting the Co nanoparticles
atomization®’. By effectively revising the calcination time, the single Co
atoms could couple with each other and sinter to form Co,-N-HCS-900
with the paired Co,Ns dual atom dimer via thermal migration. The
X-ray diffraction (XRD) patterns in Figure S28 show that only Conp/
HCS-900 has a diffraction peak indexing crystalline Co nanoparticle,
whereas no peak can be observed for either Cosa-N-HCS-900 or Co,-N-
HCS-900. Further support for this phenomenon can be provided by
their corresponding transmission electron microscope (TEM) and
high-resolution TEM (HRTEM) images. As shown in Figure S29,
numerous nanoparticles, accompanied by a lattice distance of
0.203 nm, indexing the (111) facet of metallic Co, were uniformly
anchored on the hollow carbon spheres of Conp/HCS-900. No obvious
Co nanoparticles are observed in either Cosa-N-HCS-900 (Fig. 2b-i) or

Co,-N-HCS-900 (Fig. 2j—-q). Moreover, both Cosa-N-HCS-900 and Co,-
N-HCS-900 exhibited ring-like diffraction in the selected area electron
diffraction patterns (Figure S30 and S31) and a uniform distribution of
C, N, O, and Co elements in the associated elemental mapping profiles
(Figs. 2d-e, I-m), indicating the atomic dispersion of Co species on
both Cosa-N-HCS-900 and Co,-N-HCS-900.

Aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC HAADF-STEM) was used to
investigate the atomic states of the Co species in Conp/N-HCS-300,
Cosa-N-HCS-900, and Co,-N-HCS-900. As shown in Figure S32, several
aggregated nanoparticles (marked with red cycles) were captured on
the carbon substrate, indicating that some Co nanoparticles had sur-
faced on Conp/N-HCS-300. The AC HAADF-STEM images of Cosa-N-
HCS-900 (Fig. 2f-g) and Co,-N-HCS-900 (Fig. 2n-o0) displays numer-
ous bright dots (marked with red circles) homogeneously dispersed on
the carbon skeleton, which indicate Co atoms due to the difference in
Z-contrast between the heavier Co and the lighter C and N. The pro-
jected distance between two adjacent Co atoms in Cosa-N-HCS-900 is
mainly distributed in the range of 0.30-0.50 nm (Fig. 2h-i and S33),
indicating that the Co species mainly exist as single atoms. As for Co,-
N-HCS-900 (Fig. 20), a large proportion of Co atoms are adjacent to
each other and presented in the form of dual Co atoms, with the Co-Co
distance ranging from 0.12nm to 0.25nm (Fig. 2p—-q and S34). This
verifies the presence of paired Co, dual atom dimers. Figure S35
reveals numerous pores (marked by green circles) surrounding the
paired Co, dual atom dimers, indicating that the dimers might be
positioned at the edge of the carbon framework®*%*°, This suggests
that by adjusting calcination durations, single Co atoms can merge to
create edge-adjacent paired Co, dual atom dimers. Additionally, this
NP-to-SA-to-DA atomization and sintering strategy can be adopted for
the generalized synthesis of 21 types of edge-adjacent paired s-, p-, and
d-block M, dual atom structures, including edge-adjacent Al,, Ca,, Cr,,
an, FeZ, Niz, CUz, an, RU2, sz, Cez, Biz, COFe, CONi, COCU, COZn,
CoMn, FeNi, FeCu, FeZn, and FeMn dual atoms on N-HCS, which were
confirmed by the AC HAADF-STEM and the corresponding 3D atom-
overlapping Gaussian-function fitting map analysis (Fig. 3 and S36).

Atomic coordination structure analysis

X-ray absorption spectroscopy (XAS) was employed to elucidate the
detailed local structures of the Co atoms in Cosa-N-HCS-900 and Co,-
N-HCS-900. As can be seen from the X-ray absorption near edge
structure (XANES) spectra in Fig. 4a, the Co K-edge XANES curves for
C0,-N-HCS-900 and Cosa-N-HCS-900 lie between those for Co foil
and Co50,, indicating that their Co atoms show a positive valence.
Figure S37 displays the Fourier transform (FT) k*-weighted extended
X-ray absorption fine structure (FT-EXAFS) spectra at R spaces, in
which the main peak at 1.43 A that corresponds to the Co-N shell
(relative to CoPc) is obtained for both Cosa-N-HCS-900 and Co,-N-
HCS-900. The secondary peak appearing at R = 2.25 A was observed for
C0,-N-HCS-900, which can be indexed to the Co-Co shell in reference
to Co foil, indicating the formation of Co-Co bonds in the catalysts. In
addition, a comparison of the g-space magnitudes in Fig. 4b confirms
the existence of Co-N and Co-Co paths in Co,-N-HCS-900, whereas
only the Co-N path exists in Cosy-N-HCS-900. Further support for the
Co-Co path in Co,-N-HCS-900 is provided by wavelet transform (WT)
contour plots (Fig. 4c). To determine the detailed coordination
structure of the Co atoms in both Cosa-N-HCS-900 and Co,-N-HCS-
900, theoretical calculations and fitted EXAFS at the Co K-edge were
conducted. As shown in Fig. 4d and Table S1, Cosa-N-HCS-900 pro-
vides an average Co-N/O coordination number of 4.0 and a Co-Co
coordination number of 0.1, indicating that Co atoms predominantly
exist in the form of a CoN, structure (inset of Fig. 4d). As for Co,-N-
HCS-900, the average coordinated number of Co-N/O bond and Co-Co
bond were determined to be 3.9 and 0.8 (close to 1), respectively,
meaning that most Co atoms are preferentially bonded with one Co
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NP-to-SA-to-DA atomization and sintering strategy

Co-HPS

Fig. 2 | Structural characterizations. a Schematic diagram of the NP-to-SA-to-DA
atomization and sintering strategy. b TEM, c HRTEM, d HAADF-STEM, ande C, O, N,
Co elemental mapping images; f, g AC HAADF-STEM images (Co single atoms

marked by red circles); h, i 3D atom-overlapping Gaussian-function fitting map in

900°C Agomi®
m
i
o
900°C 30min

g for Cosa-N-HCS-900. j TEM, k HRTEM, 1 HAADF-STEM, and m C, O, N, Co ele-
mental mapping images; n, 0 AC HAADF-STEM images (Co dual atoms marked by
red circles); p, q 3D atom-overlapping Gaussian-function fitting map in o for Co,-N-
HCS-900.

and three N atoms (and one O) to form Co,Ns-O structure (inset of
Fig. 4e). To further verify the possible structures of Coss-N-HCS-900
and Co,-N-HCS-900, DFT calculations were performed to investigate
the possible structures containing a single Co atom and a paired Co,
structure (models 1 to 10, Fig. S38). Moreover, a comparison between
the simulated EXAFS and XANES spectra of the possible structures and
the experimental spectra was recorded. As shown in Figure S39 and
S40 and Table S2, the simulated spectra based on the single atom CoN,
model (model 9) agreed well with the experimental EXAFS and XANES
results of Cosa-N-HCS-900, confirming that this model is the most
likely actual structure of Coss-N-HCS-900. For Co,-N-HCS-900, the
simulated spectra based on model 2 (binuclear Co,Ns configurations
with oxygen) agreed well with the experimental EXAFS and XANES
results (Figure S41 and S42 and Table S3), indicating that model 2 is the
most likely actual structure. These results synergistically validated that

CoN, single atoms could couple with each other to form paired Co,Ns
dual atom dimers via thermal migration.

X-ray photoelectron spectroscopy (XPS) was conducted to
explore the chemical elements and states of Conp/HCS-900, Cosa-N-
HCS-900, and Co,-N-HCS-900 (Figure S43a). The high-resolution C1s
XPS spectra of the three investigated catalysts (Figure S44) can be
divided into four peaks at approximately 284.7, 285.2, 286.3, and
290.3 eV, which are indexed to sp? C = C and sp® C-C (defects), C-N, and
COOH species, respectively. The high-resolution N 1s XPS spectra in
Figure S45 confirm the coexistence of pyridinic N, Co-Nx, graphitic N,
and oxidized N*°. Figure S46 shows that Cosy-N-HCS-900 affords a
higher content of C-N, pyridinic N, and Co-Nx species than Conp/HCS-
900, indicating that melamine (N agent) could be coordinated with Co
atoms to form Co-Nx moieties to promote Co nanoparticle atomiza-
tion. Further, both the content of pyridinic N and C-N species show a
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Fig. 3 | Structural characterizations of 21 types of s-, p-, and d-block dual atom
catalysts. AC HAADF-STEM and corresponding 3D atom-overlapping Gaussian-
function fitting map of region A for a Al,-N-HCS-900, b Ca,-N-HCS-900, ¢ Cr,-N-
HCS-900, d Mn,-N-HCS-900, e Fe,-N-HCS-900, f Ni»-N-HCS-900, g Cu,-N-HCS-900,

h Zny-N-HCS-900, i Ru,-N-HCS-900, j Sb,-N-HCS-900, k Ce,-N-HCS-900, I BiyN-
HCS-900, m CoFe-N-HCS-900, n CoNi-N-HCS-900, o CoCu-N-HCS-900, p CoZn-N-
HCS-900, @ CoMn-N-HCS-900, r FeNi-N-HCS-900, s FeCu-N-HCS-900, t FeZn-N-
HCS-900, and u FeMn-N-HCS-900.

downward trend with calcination time, revealing that the C-N bonds
coordinated with pyridinic N are preferentially cleaved®*. This would
lead to a decrease in total N content (Figure S43b) and generate many
defective structures, which is further evidenced by the high Ip//; ratio
(1.48, Figure S47) and large Brunauer-Emmett-Teller (BET) surface
area (772.9m’g”, Figure S48a) and pore volumes (1.13cm’g?,
Figure S48b) for Co,-N-HCS-900°*. The Co 2p XPS spectra in
Figure S49 shows that four peaks attributed Co-N species and corre-
sponding satellite peaks are obtained for the investigated catalysts,
while two peaks indexing Co° species are observed in the Conp/HCS-
900, indicating the existence of metallic Co nanoparticles in Conp/
HCS-900. As displayed in Figure S50, the deconvolution of the O 1s
spectra demonstrated the coexistence of oxygen-containing func-
tional groups (C = 0 at ca. 531.8 eV, COOH at ca. 533.3 eV, and absorbed
water at ca. 536.3 eV) in Conp/HCS-900, Cosa-N-HCS-900, and Co,-N-
HCS-900. Interestingly, a new peak appears at 530.2eV that was
indexed to the Co-O bond for Co,-N-HCS-900, indicating the presence
of Co-O bonds in the catalyst. The Co content, measured by inductively
coupled plasma optical emission spectrometry (ICP-OES), was deter-
mined to be 1.48 wt% for Conp/HCS-900, 1.41 wt% for the Cosa-N-HCS-
900, and 1.74 wt% for the Co,-N-HCS-900. Considering the BET surface
area and Co content, the Co,-N-HCS-900 affords a higher atomic Co
coverage of 0.233 atoms per square nanometer than the Cosa-N-HCS-
900 (0.196 atoms per square nanometer), demonstrating more
accessible active Co sites on the former.

X-band electron paramagnetic resonance (EPR) measurement is a
powerful tool to investigate the paramagnetic properties of catalysts.
As shown in Fig. 4f, a strong signal was detected for Conp/HCS-900,
indicating that it is paramagnetic. A downward trend was observed for

Conp/HCS-900 to Cosa-N-HCS-900 to Co,-N-HCS-900, indicating that
the spin magnetic moment decreased from the Co nanoparticles to
single CoNy sites and then to paired Co,Njs sites. Notably, no signal
appeared for Co,-N-HCS-900, possibly because of the formation of a
binuclear Co structure with antiferromagnetic coupling sites, again
confirming that the paired Co,Ns structure was successfully con-
structed in Co,-N-HCS-900. As shown in Fig. 4g, the ferromagnetic
hysteresis loops of the investigated catalysts at 300K exhibited
saturation magnetization. Notably, the saturation magnetization
decreased from Conp/HCS-900 to Cosa-N-HCS-900 to Co,-N-HCS-900.
An enlarged view of the curve around H =0 indicates that the Co,-N-
HCS-900 provides the lowest coercive magnetic field and residual
magnetization (Fig. 4g). To further reveal the electron-spin config-
urations of the investigated catalysts, zero-field cooling (ZFC)
temperature-dependent magnetic susceptibility measurements were
conducted (Fig. 4h and S51). As presented in Fig. 4h and i, the effective
magnetic moment of Cosa-N-HCS-900 and Co,-N-HCS-900 were cal-
culated to be 2.6 and 1.7 u.y respectively. The average number of
unpaired electrons is 1.0 in the Co-3d orbitals for Co,-N-HCS-900,
which is lower than that of Cosa-N-HCS-900 (1.7), indicating decreased
electron spin polarization from Cosa-N-HCS-900 to Co,-N-HCS-900.
Based on these results, it can be concluded that the spin magnetic
moment exhibits a downward trend from Conp/HCS-900 to Cosa-N-
HCS-900 to Co,-N-HCS-900. Ultraviolet photoemission spectroscopy
(UPS) was used to investigate the electronic states of Conp/HCS-900,
Cosa-N-HCS-900, and Co,-N-HCS-900. The work function represents
the minimum energy required for the inner electrons to escape from
the catalyst surface. As shown in Fig. 4j and S52, the work function of
Co,-N-HCS-900 was determined to be 5.04 eV, which is higher than
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Fig. 4 | Local structural characterizations and electron spin-state analysis.

a XANES spectra, b g-space magnitude comparisons, and ¢ WT-EXAFS at Co K-edge
of Co foil, CoO, CoPc, Cosa-N-HCS-900, and Co,-N-HCS-900; d, e k3-Weighted
EXAFS fitting curves at R space for Cosa-N-HCS-900 and Co,-N-HCS-900 (inset:
schematic structure of CoN, and Co,Ns models; green: Co, blue: N, red: O); fX-band

Co,-N-HCS-900

18 15

Coga-N-HCS-900 1B7inding (;l?ergy
electron paramagnetic resonance (EPR) spectra and g magnetic hysteresis loops at
room temperature (300 K) and inset image of the magnification of magnetic hys-
teresis loops around H=0; h M-T curves and i corresponding unpaired electron n
and effective magnetic moment (i for Cosa-N-HCS-900 and Co,-N-HCS-900.

Jj Work function spectra for Conp/HCS-900, Cosa-N-HCS-900, and Co,-N-HCS-900.

those of Cosa-N-HCS-900 (4.90 eV) and Conp/HCS-900 (4.52 eV). The
valence band maximum is referred to as the highest occupied mole-
cular orbital (HOMO) and is related to the highest energy level of the
valence band in the solid material. It is widely recognized that shifts in
the valance band indicate changes in the E; energy level, primarily
because valence electrons near the Fermi level significantly influence
the d states*™. The Co,-N-HCS-900 exhibits a high calculated valance
band maximum (VBM) value of 5.63 eV compared to that of Cosa-N-
HCS-900 (5.00 eV) and Conp/HCS-900 (4.41eV) (Fig. 4j, S52, and S53),
indicating that the valance band gets away from the Fermi level for the
Co,-N-HCS-900. The larger work function and VBM indicate that Co,-
N-HCS-900 presents a higher energy barrier for electron donation and
possesses a reduced E, energy level, resulting in favorable interactions
between the intermediates and active sites and enhanced reaction
activity*®.

Evaluation of electrochemical performance
The ORR/OER/HER performances of the obtained catalysts were then
investigated (Fig. 5a-f). Linear sweep voltammetry (LSV) curves show

that Co,-N-HCS-900 exhibits a more positive onset potential (0.99 V)
and half-wave potential (0.86V) toward ORR than HCS-900, Conp/
HCS-900, and Coss-N-HCS-900 (Fig. 5a and S54), which are compar-
able to those of commercial Pt/C and other reported non-precious M-
N-C catalysts (Table S4). The superior ORR kinetics of Co,-N-HCS-900
are evident as it demonstrates the smallest Tafel slope (48.0 mV dec™)
and highest kinetic current density (8.33 mA cm™ @ 0.85V), as shown
in Fig. 5d and S55. Moreover, Co,-N-HCS-900 exhibits a higher elec-
trochemical double-layer capacitance (Cqj) value of 1951 mF cm™ and
mass activity of 97.6 Agc, @ 0.9V than the control catalysts (Conp/
HCS-900, Cosa-N-HCS-900, and commercial Pt/C). This suggests that
more abundant and accessible active sites for ORR catalysis are pre-
sent (Figure S56-58). Koutecky-Levich (K-L) plots derived from the
LSV curves indicate that the ORR kinetics of Co,-N-HCS-900 are closely
related to the O,-diffusion process (Figure S59). The electron transfer
number (n) is determined to be 3.66, indicating a direct 4e reduction
pathway during ORR (Figure S59). Additionally, Co,-N-HCS-900 exhi-
bits the lowest OER overpotentials of 333 mV at 10 mAcm™ and
smallest Tafel slope (97.1mV dec™) of the investigated catalysts,
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Fig. 5 | Electrocatalytic activity and the performance of ZABs. a LSV curves and
d Tafel plots toward ORR in 0.1 M KOH; b LSV curves and e Tafel plots toward OER;
and ¢ LSV curves and f Tafel plots toward HER in 1.0 M KOH for all investigated and
commercial (Pt/C or RuO,) catalysts. g Open-circuit potential plots; h specific

capacities; and i discharge polarization, charge polarization, and corresponding
power density curves for ZABs driven by Co,-N-HCS-900 or commercial Pt/

C +RuO0,. j Discharge curves of ZABs at various discharge current densities, and
k LED screen powered by two tandem Co,-N-HCS-900-based ZABs.

rivaling that of commercial RuO, and other advanced M-N-C catalysts
(Figs. 5b, e, and Table S5). For the HER, Co,-N-HCS-900 achieved good
activity in view of its low overpotential (166 mV at 10 mAcm™ and
252mV at 100 mA cm™) and small Tafel slopes (83.9 mV dec™), sur-
passing those of HCS-900, Conp/HCS-900, and Coss-N-HCS-900 and
comparable to those of most reported M-N-C catalysts (Table S6).
Further, Co,-N-HCS-900 exhibits a large mass activity of 2.79 A gco @
n = 400 mV toward OFR and 1.31A g ¢, @ n = 200 mV toward HER,
exceeding those of the control Conp/HCS-900, Cosa-N-HCS-900, and
commercial Pt/C (Figure S60 and S61). These results highlight the
significant role of the adjacent Co atoms in the Co,Ns structure in
realizing advanced trifunctional activities, which also have advantages
over currently reported multifunctional single atom catalysts
(Table S7). Moreover, Co,-N-HCS-900 confers superior long-term
ORR/OER/HER stability compared to commercial catalysts (Pt/C or
RuO,, Figure S62-64).

The ORR/OER activity of Co,-N-HCS-900 motivated us to inves-
tigate its practical application in assembled liquid ZABs. Figure 5g-i
and Table S8 show that the ZABs driven by Co,-N-HCS-900 demon-
strate a high open-circuit potential (OCP) of 1.45V, a large specific

capacity of 7542mAhg™, and an eminent peak power density of
188.2 mW cm?, far surpassing commercial Pt/C+RuO, based ZABs
(1.42V, 612.5mAhg™, and 129.3 mW cm™). The discharge curves in
Fig. 5j show that Co,-N-HCS-900-based ZABs provide a voltage of
1.22V (5mA cm™) and 0.97 V (100 mA cm™) during the first cycle, and
the voltage loss is negligible after 6 cycles, validating its excellent rate
performance and reversibility. The ZABs powered by Co,-N-HCS-900
also possessed an excellent round-trip efficiency of 58.1% at a current
density of SmAcm™ and an ultralong lifespan of over 800 h with
negligible round-trip efficiency fading (Figure S65 and S66). Notably,
the Co,-N-HCS-900-based ZABs can operate over 600 cycles under a
high current density of 50 mA cm™ (Figure S67), demonstrating its
promising practical application. Moreover, two or three tandem Co,-
N-HCS-900-based ZABs offer an OCP of 2.91 or 4.35V, respectively,
which could power a light-emitting diode screen (LED, 2 V) for several
hours (Fig. 5k and S68).

Leveraging its good bifunctional OER/HER activity, water elec-
trolysis devices were assembled using Co,-N-HCS-900 as the anode
and cathode catalysts. The Co,-N-HCS-900-based system requires
potentials of approximately 1.76, 1.97, and 2.02V to achieve current

Nature Communications | (2023)14:7210



https://doi.org/10.1038/s41467-023-42756-8

a ——Co0,-N-HCS-900 in 1 M KOH b ——Co,-N-HCS-900 in 6 MKOH § CZ 8 ——Co,N-HCS-900 [ 400
3001 __pyc+ruo, 3001 —pvc+Ruo, ; '
— 190V §f 202v| § 200y | @2.41
< i= 2 < |9 i= 2 ; I
£ 2007200 mACMT _ _ _ _____ <--1E 200 7200 mAem_ S -
% 2.0
‘é 180V FI1o7v ‘é 104y | 2
i 2 ” = 2 2
=100 ji=100mAcm” - _ :100__'_109’1“\_01“ ______ SO I T
162V 158V
ollmaen e A =10 mA cm” % 121
¥ T T “ T T T T 0
1.2 14 1.6 1.8 2.0 0 200 400 600 800 1000
E (V vs. RHE) Time (h)

0 20 40 60 80
Time (min)

12:00 IR I

Water splitting system for uninterrupted H, production

Fig. 6 | Electrocatalytic overall water-splitting performance. a, b LSV curves in
1.0 M KOH and 6.0 M KOH. c Stability test for overall water splitting cells. d Digital
image of the water splitting powered by ZABs. e Volumes of O, and H, evolved with

time. f, g Enlarged digital images of the measured gas quantities generated at
10 min intervals for 90 min. h Photograph of series WSS driven by Co,-N-HCS-900
during day and night over 48 h.

densities of 10, 100, and 200 mA cm™2, respectively, which can com-
pete with those of commercial Pt/C + RuO, counterparts (-1.62, 1.89,
and 1.99V, Fig. 6a). Figure 6b displays the overall water-splitting per-
formance of the Co,-N-HCS-900-based devices in a 6 M KOH solution.
A large potential is required to achieve a current density of 10 mA cm™
in comparison with its commercial Pt/C + RuO, counterparts, but the
potential gaps gradually become narrower as the current densities
increase from 10 to 200 mA cm, again emphasizing its good overall
water splitting activity. In addition, the Co,-N-HCS-900-based splitting
devices maintained a constant potential along with negligible changes
after continuous operation for 1000 h in 1 M KOH (Fig. 6¢), underlining
the excellent stability of Co,-N-HCS-900. Inspired by its excellent tri-
functional ORR/OER/HER performance, a cell including two tandem
ZABs and water electrolysis devices was established using only Co,-N-
HCS-900 (Fig. 6d). The cell could provide an ultra-high H, production
rate of 616 umol h™’, which was determined by the volume of generated

H, (20.7 mL) and O, (10.3 mL) over a total of 90 min (Fig. 6e-g). The
quantified generated H,/O, ratio was calculated to be approximately
2.01, which agrees well with the theoretical ratio (Fig. 6e). As the proof-
of-concept, a highly efficient and durable solar-powered WSS that
integrates polycrystalline Si solar panels, three tandem ZABs (with an
OCP of 4.35V, Figure S69), and water electrolysis devices was also
constructed. The WSS could ensure uninterrupted H, production for
48 h, throughout day and night (Fig. 6h and S69), showcasing the
promising potential of Co,-N-HCS-900 for uninterrupted, large-scale
H, production.

In summary, a NP-to-SA-to-DA atomization and sintering strat-
egy was implemented to achieve a controllable adjustment of the
existing configuration states from Co nanoparticles to CoN, single
atoms to Co,Ns dual atoms at the atomic level. We discovered that
dual atom Co,Ns with low spin magnetic moments disrupts
the conventional AGoop+ to AGoy- scaling relations, achieving
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optimal O* adsorption and moderated H* adsorption/desorption. As
expected, Co,-N-HCS-900 exhibited enhanced multifunctional ORR/
OER/HER activity, which enabled the solar-powered WSS to produce
H, continuously over 48 h. More importantly, this universal strategy
can be broadened to transform 22 types of conventional s-, p-, and d-
block metals or their alloys into dual atom structures. This work both
provides a systematic investigation of the formation mechanisms of
dual atom catalysts and emphasizes a universal strategy to synthesize
dual atom catalysts in pursuit of a breakthrough in multifunctional
activities, motivating the rational design of highly efficient multi-
functional dual atom catalysts for application in renewable energy
conversion technologies.

Methods

Chemicals

Hexamethylenetetramine (HMT), 2,4-dihydroxybenzoic acid (DA),
sodium oleate (SO), cobalt chloride hexahydrate (CoCl,- 6H,0),
nickel chloride hexahydrate (NiCl,-6H,0), iron chloride hexahy-
drate (FeCl;-6H,0), manganese acetate (Mn(CH3COO),-4H,0),
copper chloride dihydrate (CuCl,-2H,0), zinc acetate dihydrate
(Zn(CH3CO0O0); - 2H,0), antimony trichloride (SbCl3), calcium acet-
ate monohydrate (Ca(CH5;COO),-H,0), bismuth nitrate pentahy-
drate  (Bi(NOs3);:-5H,0), chromium chloride hexahydrate
(CrCl3-6H,0), cerium nitrate hexahydrate (Ce(NO3)3-6H,0),
ruthenium(lll) chloride anhydrous (RuClz), aluminum chloride
hexahydrate (AICl;-6H,0), melamine, and n-pentane were
obtained from Aladdin Chemical Co. Pluronic P123 (nonionic tri-
block copolymer, EO,oPO50EQ,0) and RuO, were purchased from
Sigma-Aldrich. A commercial Pt/C catalyst (20 wt%) was acquired
from Johnson Matthey Co. (Shanghai, China).

Preparation of hollow polymer spheres (HPS)

The HPS precursor was prepared using the following method”*%. An
aqueous solution A containing 0.375 mM Pluronic P123 and 12 mM SO
was injected into aqueous solution B containing 8.3 mM HMT and
20 mM DA. The mixed solution was then transferred to a Teflon-lined
stainless-steel autoclave and heated to 160 °C for 2 h. Finally, the HPS
precursors were obtained by centrifuging with water and dried at 50 °C
for 24 h.

Synthesis of Co,Ns dual atom on the N-doped hollow carbon
spheres (Co,-N-HCS-900)

HPS (50 mg) was dispersed in n-pentane (10 mL) by ultrasonication for
30 min and stirred for 30 min at room temperature. A certain amount
of CoCly6H,0 solution was injected into the HPS solution and then
continuously stirred for 12 h at room temperature to evaporate the
solvent. The precursor (denoted as Co-HPS) was obtained after drying
in a vacuum at 50 °C for 24 h. Finally, the Co-HPS precursor and mel-
amine with the ratio of 1:10 were ground together and placed into a
tube furnace, heated to 900 °C, and maintained there for 180 min
under N, atmosphere to yield the final catalysts with 20% yield of Co-
HPS (termed Co,-N-HCS-900).

Synthesis of CoN, single atom on the N-doped hollow carbon
spheres (Coss-N-HCS-900)

Co-HPS precursor and melamine with the ratio of 1:10 were ground
together and then placed into a tube furnace, heated to 900 °C, and
maintained there for 30 min under N, atmosphere to yield the Coss-N-
HCS-900 catalysts (around 20% yield of Co-HPS).

Synthesis of Co nanoparticles on the hollow carbon spheres
(Conp/HCS-900)

The Co-HPS precursor was directly placed into a tube furnace, heated
to 900 °C, and maintained there for 180 min under N, atmosphere to
yield Conp/HCS-900 (around 20% yield of Co-HPS).

Synthesis of hollow carbon spheres (HCS-900)

The HPS precursor was directly placed into a tube furnace, heated to
900 °C, and maintained there for 180 min under N, atmosphere to
yield HCS-900 (around 20% yield of HPS).

Preparation of 21 different dual atom catalysts

The Al,-N-HCS-900, Ca,-N-HCS-900, Cr,-N-HCS-900, Mn,-N-HCS-900,
Fe,-N-HCS-900, Ni»-N-HCS-900, Cu,-N-HCS-900, Zn,-N-HCS-900, Ru,-
N-HCS-900, Sb,-N-HCS-900, Ce,-N-HCS-900, Bi,-N-HCS-900, CoFe-N-
HCS-900, CoNi-N-HCS-900, CoCu-N-HCS-900, CoZn-N-HCS-900,
CoMn-N-HCS-900, FeNi-N-HCS-900, FeCu-N-HCS-900, FeZn-N-HCS-
900, and FeMn-N-HCS-900 were synthesized using a similar procedure
to that used for fabricating Co,-N-HCS-900, except the metal Co
salts solution were replaced with a AICl; - 6H,0, Ca(CH5COO), - H,0,
CrCly-6H,0, Mn(CH5C00),:-4H,0, FeCls-6H,0, NiCl,-6H,0,
CUC]Z . 2H20, Zn(CH3COO)2 . 2H20, RuCl3, SbCI3, Ce(NO3)3 . 6H20, or
Bi(NOs); - 5SH,0 solution or a two-mixture solution (1:1).

Characterization

Transmission electron microscopy (TEM) was performed using a
Hitachi H-7650 microscope. High-resolution TEM (HRTEM), high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM), and energy-dispersive X-ray spectroscopy (EDS) were
performed using a JEM-2100F microscope. Aberration-corrected (AC)
HAADF-STEM was employed on a Titan-Cubed Themis G2. X-ray
absorption near edge structure (XANES) and extended X-ray absorp-
tion fine structure (EXAFS) measurements of the Co K-edge were
performed in the fluorescence mode at beamline BL14W1. The X-ray
diffraction (XRD) patterns were recorded using a Bruker D8 Advance
diffractometer. Raman spectra were obtained using a Thermo Fisher
spectrometer equipped with helium-neon (633nm) and argon
(532 nm) lasers. X-ray photoelectron spectroscopy (XPS) was con-
ducted using a Thermo ESCALAB 250XI instrument. Ultraviolet pho-
toelectron spectroscopy (UPS) was performed using a Thermo
ESCALAB Xi+ instrument equipped with an ultraviolet photoelectron
spectroscope (Hel (21.22eV)). Inductively coupled plasma-optical
emission spectrometry (ICP-OES) was used to precisely detect the Co
content. Brunauer-Emmett-Teller (BET) analysis was used to investi-
gate the specific surface areas of the catalysts.

Electrochemical measurements
The ORR, OER, and HER performances were investigated using an
electrochemical station (CHI-660E) equipped with a conventional
three-electrode system. For the OER and HER, the catalyst-modified
pretreated Ni foam, graphite rods, and Hg/HgO electrodes were used
as the working, counter, and reference electrodes, respectively. A total
of 10 mg catalysts were dispersed into 1 mL Nafion-solution containing
water, isopropanol, and Nafion (v/v/v=4:1:0.1), and then ultra-
sonicated for 1h. Then, 100 pL of the suspension was pipetted onto
pre-treated Ni foam (1cm?) and dried under an infrared lamp; this was
used as the working electrode with a loading amount of 1mgcm™.
Linear sweep voltammetry (LSV) was used to evaluate the OER and HER
performances of the catalysts in 1 M KOH with iR compensation. Long-
term stability tests were conducted using chronopotentiometric
measurements. The overall water-splitting performance of the two-
electrode electrolysis devices was investigated in 1.0 and 6.0 M KOH
solutions.

For the ORR, a catalyst-modified glassy carbon electrode (GCE), a
Pt wire, and a Ag/AgCl (KCl-saturated) electrode were used as the
working, counter, and reference electrodes, respectively. 2 mg cata-
lysts were added to 1 mL Nafion-solution and ultrasonicated for 1h.
Then, 27 pL of the suspension was pipetted onto a polished rotating
disk electrode (RDE, diameter: 4 mm) or rotating ring disk electrode
(RRDE, diameter: 4 mm), which was used as the working electrode with
a loading amount of 0.43 mgcm™. Linear sweep voltammetry (LSV)
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was used to explore the ORR performance in O,-saturated 0.1M KOH
at a rotation rate of 1600 rpm.

Aqueous Zn-air battery assembly

Homemade aqueous zinc-air batteries (ZABs) were established to
assess their practical applications. Polished zinc foil was used as the
anode, and a hydrophilic carbon fiber paper substrate coated with a
catalyst layer (1mgcm™) was used as the air cathode. A solution of
6.0 M KOH +0.2M Zn(CH3COO), was used as the electrolyte in the
ZABs. LSV measurements were performed on a CHI-660 electro-
chemical workstation at a scan rate of 10 mVs™ at room temperature.
The galvanostatic charge and discharge measurements were per-
formed at room temperature by a LAND testing system at 5 mA cm™
with 5 min of discharge followed by 5 min of charge.

Computational methods

All calculations were performed within the framework of the
density functional theory (DFT) as implemented in the Vienna Ab
initio simulation package (VASP 5.4.4) code within the
Perdew-Burke-Ernzerhof (PBE) generalized gradient approxima-
tion and projected augmented wave (PAW) method**°°', The cut-
off energy for the plane-wave basis set was set to 400 eV. An ultra-
soft pseudopotential was employed to describe the interaction
between the valence electrons and ionic core. The Brillouin zone was
sampled using gamma-centered 1 x1x 1 k-point meshes to perform
geometry optimization and electronic structure calculations. During
the geometry optimization, all atoms were allowed to relax without
any constraints until the convergence thresholds of maximum force
and energy were smaller than 0.05eV/A and 1.0x10™ eV/atom,
respectively. A vacuum layer of 30A was introduced to avoid
interactions between periodic images. In addition, van der Waals
(vdW) interactions were described by Grimme’s DFT-D3 scheme
with the application of dispersion correction®’. Furthermore, tran-
sition states were searched using the climbing image nudged-elastic-
band (CI-NEB) method combined with the VTST code® ",

Data availability

All the data supporting this study are available in the paper and Sup-
plementary Information. Additional data related to this study are
available from the corresponding authors on reasonable
request. Source data are provided with this paper.
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