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Abstract

The development of oxygen reduction reaction (ORR) catalysts with high activity, stability, and economic
applicability plays a decisive role in reducing expenses and enhancing the discharge performance of seawater-
based zinc-air batteries (SWZABs). Co- and Fe-based single-atom catalysts (M-N,-C) with metal-N, structure
offer advantages of well-defined active structure and high active site utilizations. However, the oxygen
electrocatalytic performance of M-N,-C remains a formidable challenge due to the highly stable centrosymmetric
electronic structure. To overcome the dilemma, we develop a Co-N,CI-C with axial coordination of Cl atoms. The
axial coordination drags the Co atoms out of the Co-N, centrosymmetric configuration. This alters the electronic
configuration of Co single-atom sites, resulting in a valence state change from +1.83 to +0.67 and forming a
localized negative charge environment. These alternations enhance the electronic orbital overlap between Co
single-atom sites and oxygen species, promote the rapid evolution of *OOH intermediates, and inhibit the
adsorption of toxic Cl ions, ensuring the ORR kinetics and stability. Co-N,CI-C exhibits a high oxygen reduction
onset potential of 1.05 mV and a half-wave potential of 0.88 mV vs. the reversible hydrogen electrode. The
SWZAB, featuring a Co-N,CI-C catalyst cathode, Zn anode, and NaCl electrolyte supplemented with KOH, reaches
a discharge voltage platform of 1.27 V and a peak power density of 179 mW-cm?, even at a current density
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of 10 mA-cm™. This study sheds important light on advancing single-atom catalysts with superior ORR performance
and economic viability.

Keywords: Co-N,-C single-atom catalyst, chlorine axial coordination, electronic structure, oxygen reduction
kinetics, seawater-based zinc-air battery

INTRODUCTION

The seawater-based zinc-air batteries (SWZABs) exhibit prominent advantages, including low cost, intrinsic
safety, and high theoretical energy density". For SWZABs, the oxygen reduction reaction (ORR) constitutes
a pivotal electrochemical process”*. The catalytic activity of the cathode significantly dominates key
performance indicators of these systems, such as rate capacity, energy density, and operational lifespan'’.
The ORR is characterized by a complex four-electron transfer mechanism that involves multiple steps of
proton-coupled electron transfer, which results in slow kinetic rates'”. The fundamental challenge is that the
electronic configuration of the metal sites in the catalytic active centers remains suboptimal, leading to
excessively strong or weak adsorption/desorption of the oxygen-species intermediates. Additionally, the
suboptimal electronic structure fails to effectively impede the adsorption of Cl ions in chloride-rich
seawater electrolytes, resulting in the poisoning and corrosion of metal active sites and consequently
diminishing the operational lifespan"”. Therefore, the regulation of electronic structure in metal sites is
essential for enhancing ORR activity and stability.

Currently, commercial noble metal catalysts (e.g., Pt, Pd) feature an excellent intrinsic electronic structure,
demonstrating impressive ORR activity'. However, the widespread implementation of these catalysts is
restricted by the scarcity of resource distribution and high costs”. Moreover, the Co- and Fe-based non-
noble metal catalysts with suboptimal electronic structures exhibit strong binding energy with oxygen-
containing intermediates, resulting in sluggish kinetic behavior"”"”. For Co- and Fe-based compounds,
including oxides, nitrides, and phosphides, systematic regulation of their electronic structures has been
attempted through various strategies, such as doping, vacancies, and strain. However, the performance
improvement from these strategies remains limited, which fails to fundamentally address the issue of low

13-16]

intrinsic activity!**.

Single-atom catalytic materials with metal-nitrogen (M-N,, M = Co, Fe, efc.) structures present several
advantageous characteristics of homogeneous distribution of catalysts, including the uniformity of active
sites and the adjustable interactions with ligands, while integrating the significant stability and recyclability
of heterogeneous catalysts"”. Notably, the uniformity of active sites ensures a high proportion of exposed
atoms, high active site utilizations, and well-defined active sites at the single-atom level, thereby offering the
potential to surpass bulk materials"®. However, these catalysts typically adopt the M-N, configuration with a
centrosymmetric structure, which tends to exhibit a highly stable electronic structure”?". The stable
electronic structure increases the 3d-band electron density of the transition metal single atom, thereby
reducing its orbital interaction with O 2p electrons and imposing a higher thermodynamic energy barrier
for the generation of the *OOH intermediate”*”. Although extensive efforts have been devoted to adjusting
the first and second coordination shells, these strategies have demonstrated limited efficacy in altering the
centrosymmetric configuration of the M-N, site”**”. The activity of these single-atom catalysts is urgently in
need of enhancement. Moreover, the electronic structure of M-N, configuration with a centrosymmetric
structure is insufficient to hinder the adsorption of Cl ions on Co single-atom sites, which leads to the
poisoning of the Co single-atom sites, thereby reducing its stability®. Therefore, there is an urgent need to
optimize the M-N, electronic structure of metal single-atom catalysts to achieve both rapid kinetics and
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strong resistance to Cl ion poisoning.

In this work, we axially coupled electron-rich and highly electronegative Cl atoms to the Co-N,
coordination structure without altering its tetracoordination, thereby designing the Co-N,CI-C catalyst. The
Co-N,ClI coordination structure consists of a Cl atom coordinated to the Co-N, structure in an adjacent 2-
dimensional (2D) carbon layer. The axial coordination of Cl atoms reconstructs the local electronic
environment and optimizes the electronic configuration of the Co single-atom sites, thereby significantly
enhancing the intrinsic ORR activity. This axial coordination of Cl transfers electrons to Co single-atom
sites, reducing the electron density at the Co site in Co-N,CI-C from +1.83 to +0.67. The reduction in
electron density enhances the orbital coupling between Co single-atom sites and oxygen species, facilitating
the generation of *OOH intermediates and thus accelerating the ORR kinetics. This ensures an efficient
four-electron transfer mechanism. Meanwhile, the axial coordination of Cl atoms forms a localized negative
charge environment, reducing the adsorption of Cl ions from the reaction medium, mitigating the
poisoning of cobalt single-atom sites and thus improving stability. Compared to pristine Co-N,-C, the
oxygen reduction onset potential (E,,,) and half-wave potential (E,,) of Co-N,CI-C catalyst are enhanced
by 0.16 and 0.08 V, respectively, achieving values of 1.05 and 0.88 V vs. reversible hydrogen electrode
(RHE). The E,,, of Co-N,CI-C surpasses that of Co0,0,/G (0.74 V), FeNiP-NPHC (0.83 V), Pt/C-Ir/C
(0.85 V), D-FeCo@NHC (0.85 V), and Fe N-NC (0.87 V)****.. Moreover, we designed the SWZAB, which
consists of a Co-N,CI-C cathode, Zn anode, and 0.5 M NaCl electrolyte with 6 M KOH. This SWZAB
achieves a maximum energy density of 179 mW-cm™ and a specific capacity of 778 mAh-g’, while
maintaining a stable discharge voltage plateau of 1.27 V even under a high current density of 10 mA-cm™.

EXPERIMENTAL DETAILS

Materials

Cobalt acetylacetonate [Co(acac),, 98%], zinc nitrate hexahydrate [Zn(NO,),-6H,0, 98%], methanol
(CH,OH, 99.8%), and Pt/C catalyst were sourced from Shanghai Aladdin Biochemical Technology Co., Ltd.
2-methylimidazole (2-mlm, 98%), NaCl (99.5%), and KOH (95.0%) were supplied by from Shanghai
Macklin Biochemical Co., Ltd. A 5 wt.% Nafion solution, prepared in a mixture of lower aliphatic alcohols
and deionized water, was supplied by Shanghai Yien Chemical Technology Co., Ltd. All experimental
agents were utilized without undergoing additional purifying processes.

Fabrication of the Co-ZIF-8 precursor

A 2.60 g quantity of 2-mlm was solubilized in 35 mL of CH,OH, followed by continuous agitation for
30 min, culminating in the formation of Solution I. Concurrently, 1.20 g of Zn(NO,),-6H,0 and 0.36 g of
Co(acac), were homogeneously dispersed in 15 mL of CH,OH and subjected to vigorous stirring for 30 min,
yielding Solution II. Subsequently, Solution I was amalgamated with Solution II and underwent continuous
agitation for an extended period of 24 h. The mixed solution was filtered and washed six times with
CH,OH. The resulting Co-ZIF-8 powder was dehydrated at 60 °C for an extended period in a vacuum
drying oven.

Fabrication of the Co-N,-C catalyst

The Co-ZIF-8 precursor underwent pyrolysis at 1,000 °C for a duration of 2 h under an argon gas
atmosphere, with a thermal ramp rate of 5 °C per minute, and was then permitted to cool to ambient
temperature in a natural manner. The resultant black powder was termed as the Co-N,-C catalyst.

Synthesis of the Co-N,CI-C catalyst
The Co-ZIF-8 precursor was combined with NaCl powder in a mass proportion of 4:1 and subjected to
grinding for 1 h. Subsequently, the mixture was subjected to pyrolysis under a flow of Ar gas at 1,000 °C for
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a duration of 2 h, with a thermal ramp rate of 5 °C per minute. The resultant black powders were washed
with deionized water, separated via centrifugation, and ultimately dried at 60 °C in a vacuum oven for 12 h.
The obtained black powders were designated as the Co-N,CI-C catalyst.

Synthesis of the nitrogen-doped carbon catalyst

A 2.60 g quantity of 2-mlm was solubilized in 35 mL of CH,OH to yield Solution I. Next, 1.20 g of
Zn(NO,),-6H,O was dispersed in 15 mL of CH,OH to form Solution III, which was then added to Solution I,
followed by uninterrupted agitation for 24 h. The resultant white precipitate was isolated via vacuum
filtration, washed three times with CH,OH, and dried overnight at 60 °C in a vacuum oven. Finally, the
white precipitate was subjected to pyrolysis at 1,000 °C in an argon condition for 2 h, with a temperature
increase rate of 5 °C per minute. The acquired product was referred to as the nitrogen-doped carbon (NC)
catalyst.

Characterizations

The X-ray diffraction (XRD, Rigaku, SmartLab XRD) utilizing Cu-Ka radiation was performed to examine
the phase constitution. The morphological and microstructural properties were characterized by scanning
electron microscope (SEM, Thermo Scientific, Verios G4 UC), transmission electron microscopy (TEM,
Thermo Scientific, Talos F200X G2) equipped with energy dispersive spectroscopy (EDS), and high-angle
annular dark-field scanning TEM (HAADEF-STEM, JEOL, JEM-ARM200F). The quantitative analysis of the
Co element content was accomplished through inductively coupled plasma OES spectrometer (ICP-OES,
SPECTRO Analytical, SPECTRO-blue). The chemical environment of Co and Cl atoms was scrutinized by
X-ray photoelectron spectroscopy measurements (XPS, VG Scientific ESCALAB250). The electronic
configuration and coordination structure of Co atom-single sites were probed by X-ray absorption
spectroscopy (XAS, easyXAFS, easyXAFS300+). Standard Co foil and CoO powder were deployed as
references for Co” and Co** chemical states, respectively. The Co-Pc and CoCl, were utilized as references
for the Co-N and Co-Cl coordination structures, respectively. The obtained extended X-ray absorption fine
structure (EXAFS) data were treated in accordance with the standard systemic procedures using the
ATHENA module applied in the IFEFFIT software package.

Electrochemical tests

To fabricate the slurry, 10 mg of the catalyst were incorporated into a mixture comprising 80 uL of Nafion
(5 wt.%) and 920 pL of isopropanol alcohol, followed by ultrasonication for 1 h. The electrochemical
behavior of the ORR was appraised utilizing a conventional three-electrode setup. 4 pL of the paste was
applied to a polished glassy carbon electrode, yielding a catalyst loading weight of 0.2 mg-cm?, which was
employed as the working electrode. A Pt foil with an area of 1 cm x 1 cm was engaged as the counter
electrode. A Hg/HgO electrode, impregnated with a 1 M KOH solution, was leveraged as the reference
electrode. A mixture of 0.5 M NaCl and 1 M KOH was deployed as the electrolyte. All reported potentials
were referenced to the RHE using the following expression: E,, pug = E,, yggo + 0.098 V + 0.059 x pH. The
rotating disk electrode (RDE) was interfaced with an electrochemical workstation (Ivium) and a controlled
speed rotator (AFMSRCE, Pine Instruments). The ORR polarization curves were captured at a scan rate of
5mV-s"' in the electrolyte under O,- and N,-saturated conditions. The ORR linear sweep voltammetry
(LSV) curves on RDE were documented over disk rotation speeds spanning from 400 to 2,500 rpm. The
ORR stability measurement was conducted at ambient temperature in the O,-saturated electrolyte
containing 0.5 M NaCl and 1 M KOH.

Calculation of electron transfer numbers
Electron transfer numbers (n) were determined using the Koutecky-Levich Equations (1) and (2)"*:
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where J indicates the measured response current density, J, and J; refer to the kinetic and limiting current
densities, w denotes the angular velocity of the disk, F signifies the Faraday constant (96,500 C-mol™), n
represents the electron transfer numbers throughout ORR process, C, reflects the bulk concentration of O,
in KOH (1.2 x 10° mol-cm™), D, means the diffusion coefficient in KOH (1.9 x 10° cm®s™), and V refers to
the kinematic viscosity in the electrolyte (0.1 M KOH: 0.01 cm*s™)".

Calculation of mass activity and turnover frequency
The value of mass activity (A g,.."') was computed by the following Equation (3)"°:

Jg xAx1073

Mass activity = o
‘metal

3)

where ], and A represent the kinetic current density (mA-cm?) and the geometric electrode area (cm?), and
M.,.... signifies the loading mass of active centers in the electrocatalyst. The Co single-atom sites were
regarded as active centers, and their content was validated by ICP-OES testing.

The value of turnover frequency (TOF) was inferred through the Equation (4)"":

Jrg xAx Nex 1073

TOF =
4 % Mietal X Na/M

“4)

where N, refers to the electron number per Coulomb (6.24 x 10™), N, signifies Avogadro’s constant
(6.02 x 10”*), and M represents the molar mass of Co atom (58.93 g-mol™).

Fabrication of SWZABs

A solution composed of 6 M KOH and 0.5 M NaCl functioned as a simulated alkaline seawater electrolyte.
This electrolyte was maintained in an O,-saturated state over prolonged durations to assess the
electrochemical performance of SWZABs. A zinc plate featuring an active area of 1 cm x 1 cm was utilized
as the anode. The catalyst was applied to carbon paper to form the air membrane electrode for the cathode,
with the catalyst-coated area measuring 1 cm x 1 cm.

RESULTS AND DISCUSSION

The preparation procedure for the Co-N,Cl-C catalyst is schematized in Figure 1. Initially, Co(acac), and
Zn(NO,), interact with 2-mlm to form the Co-ZIF-8 organic ligand. Subsequently, Cl atoms are
incorporated into the Co-N, coordination structure through a molten NaCl-assisted strategy, after which
Co-N,CI-C is obtained. For comparison, the synthesis process for the Co-N,-C catalyst is identical to that of
Co-N,CI-C, except for the exclusion of NaCl.
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Figure 1. Visual representation of the synthetic procedures for the Co-N,CI-C catalyst. 2-mIm: 2-methylimidazole.

The morphological characteristics of Co-N,-C and Co-N,CI-C were first examined using SEM and TEM.
The Co-N,-C catalyst exhibits a solid dodecahedral morphology, with particles observed to be
approximately 80 nm after pyrolysis [Figure 2A and B], which is similar to the Co-ZIF-8 precursor [
Supplementary Figure 1]. In contrast, with the molten NaCl-assisted strategy, the dodecahedral structure of
Co-N,CI-C undergoes slight collapse, shrinking to a size of 50 nm [Figure 2C and D]. Meanwhile, the
dodecahedral configuration evolves from a solid structure into a porous hollow carbon skeleton
[Figure 2D]. The formation of the porous hollow carbon framework is attributed to the high polarity of
NaCl, which melts and infiltrates the Co-ZIF-8 dodecahedral structure during pyrolysis””**. This process
induces localized etching between adjacent C and Cl atoms, generating pores and facilitating the
introduction of Cl atoms. EDS mapping was employed to verify the spatial distribution of multiple elements
within the catalyst. The comparison of EDS mapping results [Figure 2F and F] ascertains that C, N, Co, and
additional Cl elements are evenly dispersed throughout the Co-N,CI-C, while C atoms are enriched in edge
regions. Based on the fitting curves of the EDS spectrum, the content of Cl atoms in the Co-N,CI-C catalyst
was determined to be 0.17 wt.% [Supplementary Figure 2]. The Cl content is significantly lower than the
nominal concentration, showing that most Cl atoms are volatilized during 1,000 °C pyrolysis, leaving only
trace residues. To clarify the specific localization of Co atoms on the carbon substrate, the HAADF-STEM
test was conducted. The isolated bright spots attest to the monatomic distribution of Co atoms in Co-N,-C
[Figure 2G] and Co-N,CI-C [Figure 2H]. Moreover, no well-defined lattice fringes are observed.
Accordingly, the selected area electron diffraction (SAED) patterns [Figure 2G and H, inset] reveal
concentric rings of diffuse scattering, indicating the amorphous structure of Co-N,-C and Co-N,CI-C"*.

The XRD patterns of Co-N,-C and Co-N,Cl-C [Supplementary Figure 3] exhibit a broad peak instead of
sharp diffraction peaks within the range of 15° to 35°, indicating the non-crystalline nature. To elucidate the
degree of atomic order in the microstructures of these catalysts, Raman spectroscopy was implemented
[Supplementary Figure 4]. The distinguishing peaks at 1,350 and 1,580 cm™ can be matched to the D and G
bands, respectively. For the Co-N,-C and Co-N,CI-C catalysts, the high I/I, ratio of 1.08 suggests a
disordered carbon network. The XRD and XPS analyses jointly corroborate the amorphous structure of
these catalysts". In ICP-MS analysis [Supplementary Table 1], the Co single-atom contents in Co-N,-C and
Co-N,CI-C are confirmed to be 1.27 and 1.44 wt.%, respectively, indicating that the introduction of Cl has
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Figure 2. (A and C) The SEM pictures; (B and D) TEM pictures; (E and F) corresponding EDS mappings; and (G and H) HAADF-STEM
images of Co-N,-C and Co-N,CI-C, respectively. SEM: Scanning electron microscope; TEM: transmission electron microscopy; EDS:
energy dispersive spectroscopy; HAADF-STEM: high-angle annular dark-field scanning TEM.

no adverse effect on the loading amount of Co single-atom sites.

The XPS detection technology was performed to reveal the surface chemical environment of catalysts. In the
high-resolution Cl 2p spectra [Figure 3A], the prominent characteristic peak is observed at 197 eV for Co-
N,CI-C™. For the high-resolution Co 2p spectra [Supplementary Figure 5] of Co-N,-C and Co-N,Cl-C
catalysts, peaks are observed at 778.8 and 793.6 eV, which are characteristics of the Co® 2p,,, and Co’ 2p,,,
orbitals, respectively. Prominent peaks at 780.7 and 795.6 eV are indicative of the oxidation status of the
Co* 2p,,, and Co™ 2p,,, orbitals, respectively. Moreover, satellite peaks are identified at 785.3 and
800.2 eV™!. For comparison, the intensity of the Co°® peaks in Co-N,CI-C is markedly higher than that in
Co-N,-C, signifying a diminished oxidation state of Co atoms. Through the integration and fitting of the
peak intensities associated with Co® and Co™, the chemical states of Co atoms were ascertained to be +0.68
and +1.72 for the Co-N,Cl-C and Co-N,-C catalysts, respectively. To further confirm the modulation of the
local electronic configuration and coordination characteristic in the Co single-atom sites by Cl atoms, the
XAS measurement was performed in transmission mode. The Co K-edge X-ray absorption near-edge
structure (XANES) spectra for Co-N,-C and Co-N,Cl-C catalysts are positioned between the reference
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Figure 3. (A) Cl 2p XPS spectra of Co-N,-C and Co-N,CI-C; (B) Co-K-edge XANES spectra of samples and references (the inset shows
the magnified pre-edge XANES region); (C) The determined Co K-edge positions and oxidation statuses of Co in the Co-N,CI-C and Co-
N,-C; (D) FT of the EXAFS spectra of samples and references. First-shell fitting of FT of EXAFS spectra for (E) Co-N,-C and (F) Co-N,Cl-
C. EXAFS spectra were fitted using the FEFF 6.0 code (the insets show the structure of the Co-N,-C and Co-N,CI-C; the balls in gray,
blue, pink, and green correspond to C, N, Co, and Cl atoms, respectively); (G) WT of samples and references. XPS: X-ray photoelectron
spectroscopy; XANES: X-ray absorption near-edge structure; EXAFS: extended X-ray absorption fine structure; FT: Fourier transform;
FEFF: full multiple scattering; WT: wavelet-transformed.

spectra of Co foil and CoO, implying that the oxidation state of Co atoms in the catalysts falls between the
range 0 and +2 [Figure 3B]. According to the nearly linear portion of the elevating Co K-edge
(7,716-7,712 €V) of samples and references for integration and defining the integrated average intensity as
the K-edge position, a linear relationship can be obtained and used to identify the oxidation state of Co
atoms in the catalysts [Figure 3B, inset]. The Co K-edge positions of Co foil and CoO are located at 7,717.05
and 7,720.07 eV, respectively. Based on the Co K-edge position in the Co-N,-C catalyst (7,719.82 eV), its
valence state is determined to be +1.83 [Figure 3C]. After the coordination of Cl atoms in the Co-N,CI-C
catalyst, the Co K-edge position shifts from 7,719.82 to 7,718.06 eV, corresponding to a reduction in the
oxidation state of Co atoms from +1.83 to +0.67. These calculated oxidation statuses of Co atoms are in
agreement with the XPS results.
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The K*-weighted EXAFS spectra were derived from the Fourier-transformed (FT) original XAS data. In the
first shell of the R-space between 1 and 2 A, the characteristic peak of Co-N,-C emerges at 1.4 A, similar to
that in Co-Pc, corresponding to the Co-N, coordination structure [Figure 3D]"*. By contrast, this
characteristic peak for Co-N,Cl-C shifts to 1.7 A, resulting in a change in the first-shell coordination
environment of Co metal sites. Moreover, in the Co-N,-C and Co-N,Cl-C catalysts, neither the
characteristic peaks associated with Co-Co and Co-O scattering paths are detected in the second shell of the
R-space spectra within the range of 2 to 2.5 A, indicating that the metal coordination structure consists
solely of Co single-atom sites*>*!. To further elucidate the coordination number and bond length of Co
single-atom sites, the EXAFS curves were quantitatively analyzed using fitting routines [Figure 3E and F].
Compared with Co-N,-C, in the first coordination shell, the Co-N coordination number of Co-N,CI-C
catalyst evolves from 4.1 to 3.6, and the Co-Cl coordination number is calculated to be 0.9 [Supplementary
Table 2]***”. Notably, the generation of the Co-Cl coordination structure stretches the Co-N bond length to
1.7 A, bringing both to a comparable scale. Additional insights into the atomic arrangement of Co are
provided by the EXAFS oscillation curves in k-space [Supplementary Figure 6] and wavelet-transformed
(WT) Co K-edge EXAFS contour plots [Figure 3G]. The intensity maxima of the Co-N,-C and Co-N,CI-C
catalysts appear at 6.5 and 6.2 A", corresponding to Co-N and Co-N/CI scattering paths, respectively,
consistent with the structural analysis of R-space. Based on these XAS results, the structure of Co-N,CI-C
involves the formation of an axial coordination structure between individual Cl atoms and Co single-atom
site in the adjacent 2D carbon layer, pulling the Co atom away from the planar centrosymmetric Co-N,
environment [Figure 3F, inset]. This pulling process induces a tip effect, which triggers the accumulation of
local negative charges and results in partial electron transfer from the chlorine atoms to the cobalt single-

48,49]

atom sites, thereby reducing the valence state of the cobalt single-atom sites***),

To evaluate the benefit of Cl atomic axial coordination, the ORR performances of Co-N,CI-C, Co-N,-C,
NC, and commercial Pt/C catalysts were systematically examined in 1 M KOH and 0.5 M NaCl electrolyte.
The conventional three-electrode setup was employed for electrochemical measurements. This setup
includes the catalyst as the working electrode, a Pt foil as the counter electrode, and an Hg/HgO electrode
(saturated with 1 M KOH) as the reference electrode. In the linear sweep voltammetry (LSV) analysis
conducted on the RDE at a scan rate of 5 mV-s™ under a spinning rate of 1,600 rpm in N,-saturated and O,-
saturated conditions, over a potential span of 0.2 to 1.2 V vs. RHE, the current densities of the Co-N,-C, Co-
N,CI-C, Pt/C, and NC catalysts show a notable increase under O,-saturated condition relative to those
under N,-saturated condition [Figure 4A and Supplementary Figure 7], demonstrating the occurrence of
ORR process rather than other electrochemical reactions (such as double-layer capacitance, ion
intercalation, and hydrogen evolution). After background calibration using the current densities of LSV
curves under N,-saturated conditions, the Co-N,CI-C catalyst delivers oxygen reduction E, ., and E,,, of 1.05
and 0.88 V vs. RHE, outperforming the Co-N,-C (0.89 and 0.8 V), Pt/C (0.94 and 0.85 V), and NC (0.76 and
0.71 V). Meanwhile, the E,,, of Co-N,Cl-C is higher than that of most reported catalysts in seawater-based
systems, such as Co,0,/G (0.74 V), FeNiP-NPHC (0.83 V), Pt/C-Ir/C (0.85 V), D-FeCo@NHC (0.85 V), and
Fe N-NC (0.87 V) [Figure 4B]***’. As shown in Figure 4C, the Co-N,-C, Pt/C, and NC catalysts exhibit the
Tafel slopes of 103, 87, and 143 mV-dec”, respectively. In contrast, the Co-N,Cl-C catalyst demonstrates the
smallest Tafel slope (76 mV-dec™), pointing to faster oxygen electrocatalytic reaction kinetics. The TOF and
mass activity of Co-N,Cl-C and Co-N,-C were calculated at 0.80 V vs. RHE, which serve as key indicators of
intrinsic catalytic activity [Figure 4D]. The Co-N,CI-C catalyst exhibits a mass activity of 1,713 A-g" and a
TOF of 15.72 h”, both of which are approximately 2.5-fold greater than those of Co-N,-C (680 A-g” and
6.24 h). The ORR electron transfer number for Co-N,CIl-C was ascertained from the polarization curves
obtained through the RDE measurement at rotation rates spanning 400 to 2,500 rpm within a potential
window from 0.2 to 1.2 V. In accordance with the Koutecky-Levich (K-L) function in the diffusion-
controlled region®, the Co-N,Cl-C catalyst demonstrates a high selectivity for the four-electron transfer
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Figure 4. (A) LSV tests of Co-N,-C, Co-N,CI-C, Pt/C, and NC collected after the electrolyte is saturated with O,; (B) Literature
comparison chart about ORR performance of Co-N,CI-C with reported catalysts; (C) Tafel plots of Co-N,-C, Co-N,CI-C, Pt/C, NC; (D)
Mass activity and TOF at 0.80 V (vs. RHE) for Co-N,-C and Co-N,CI-C catalysts. ORR polarization curves of (E) Co-N,CI-C and (F) Co-
N,-C at various rotational speeds; the inset shows a fitting illustration of the K-L formula across various voltages; (G) Current-time
chronoamperometric responses of Co-N,CI-C, Co-N,-C, and Pt/C. LSV: Linear sweep voltammetry; ORR: oxygen reduction reaction;
TOF: turnover frequency.

pathway, with an electron transfer number (n) of 3.94 [Figure 4E]. On the contrary, the electron transfer
number (n) of the Co-N,CI-C catalyst is only 3.28 [Figure 4F]. The enhanced ORR kinetics may be
attributed to the Co-N,Cl coordination structure with broken symmetry, which experiences a more rapid
reduction in the filling count of Co 3d electrons, partially evolving into the coordination-reduced Co-N,Cl
structure. This implies that there are more d-band vacant orbitals of Co single atoms available for
conjugation with O 2p orbitals, hereby facilitating the adsorption of oxygen-containing species and ensuring
the expeditious cleavage of the O-O bond in the *OOH intermediate on the Co single-atom sites. The rapid
conversion of *OOH intermediate reduces the ORR energy barrier, which facilitates the four-electron
transfer process and ensures outstanding activity in Co-N,Cl-C****"l. Moreover, chronoamperometric
measurements were executed to quantify the long-term ORR durability of the catalysts [Figure 4E]. The Co-
N,CI-C catalyst achieves the current density of 5.2 mA-cm™ at 0.3 V vs. RHE, exhibiting an excellent current
retention of 96% with a decline of only 0.2 mA-cm™ after 200 h. This current retention rate stands in sharp
contrast to 55% for Co-N,-C and 20% for Pt/C. The significant boost in ORR performance is credited to the
axial coordination of Cl atoms, which results in the formation of a localized negative charge environment
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on the surface of the Co single-atom sites and suppresses the adsorption of Cl ions from the Cl-rich
electrolyte™. Therefore, the adsorption poisoning effect of Cl ions on the Co single-atom sites is alleviated.

The remarkable ORR activity of Co-N,CI-C highlights its potential as a high-performance cathode for
SWZABs. The SWZAB was assembled using the Co-N,Cl-C-based membrane electrode as the cathode and
a zinc plate as the anode. Its practical charge/discharge characteristics were appraised in a simulated alkaline
seawater electrolyte of 0.5 M NaCl and 6 M KOH. The open-circuit voltage (OCV) is determined to be
1.46 V, superior to that of SWZABs driven by Co-N,-C (1.36 V) and Pt/C (1.37 V) [Figure 5A and
Supplementary Figure 8]. The SWZAB employing the Co-N,Cl-C catalyst reaches a peak power density of
179 mV-cm?, surpassing that of batteries manufactured using Co-N,-C and Pt/C catalysts by 1.82-fold
(98 mV-cm™) and 1.25-fold (143 mV-cm™), respectively [Figure 5B]. The Co-N,Cl-C-based SWZAB reaches
a specific capacity of 778 mA-h-g" and a discharge voltage plateau of 1.27 V at a current density of
10 mA-cm™. In comparison, the SWZABs featuring the Co-N,-C and Pt/C catalysts show specific capacities
of only 726 and 705 mA-h-g", respectively [Figure 5C]. In galvanostatic discharge tests [Figure 5D], the
SWZAB utilizing the Co-N,CI-C catalyst demonstrates discharge voltage plateaus of 1.31, 1.27, and 1.25 V at
current densities of 3, 5, and 10 mA-cm?, respectively. Upon elevating the current density from an initial
value of 3 mA-cm? by approximately 6.7-fold to 20 mA-cm?, it remains a discharge plateau of 1.21 V,
achieving a retention rate of 92.3%. Notably, during periodic variations in current density, the Co-N,CI-C-
based SWZAB maintains a distinct discharge voltage. In contrast, SWZABs incorporating Co-N,-C and
Pt/C catalysts exhibit lower voltage plateaus across diverse current densities. Meanwhile, SWZABs equipped
with Co-N,-C and Pt/C catalysts display a rapid decay in discharge voltage after 4 and 3 periods of current
variation, respectively. This is attributed to their sluggish ORR kinetics, which results in a higher energy
barrier, hinders the efficient transfer of electrons during the ORR process, and thereby leads to high
electrochemical polarization. Moreover, a stability assessment was operationalized at a current density of
10 mA-cm? [Supplementary Figure 9]. The Co-N,Cl-C-based SWZAB exhibits remarkable stability, with a
voltage gap of 1.5 V after 30 h. In stark contrast, the Co-N,-C- and Pt/C-based SWZABs demonstrate a
charge-discharge voltage differential that exceeds 2.1 V. These findings underscore the superior rate
capability and reversibility of Co-N,Cl-C under Cl-rich conditions.

CONCLUSIONS

In summary, we incorporated Cl atoms into the Co-N, coordination structure, developing the Co-N,CI-C
catalyst as a high-performance ORR cathode for SWZABs. The Cl atom acts as an electron-rich and highly
electronegative anionic ligand, which forms an axial coordination structure of Co-N,Cl with Co single-atom
sites in the neighboring 2D carbon layer. This axial coordination drags the original planar centrosymmetric
Co-N, structure and stretches the bond length of Co-N, transferring electrons to the Co metal site and
adjusting its charge state from +1.83 to +0.67 due to the accumulation of local negative charges caused by tip
effect. The reduction in charge density boosts electronic orbital overlap between Co single-atom sites and
oxygen species, thereby accelerating ORR kinetics during the conversion of *OOH intermediates.
Meanwhile, the axial coordination of Cl atoms induces a localized negative charge environment on the
surface of Co single atom sites, impeding the adsorption poisoning of Cl" atoms. These alternations result in
high intrinsic activity and stability of Co-N,CI-C in the alkaline seawater medium. The Co-N,CI-C catalyst
exhibits E,, of 0.88 V (vs. RHE), surpassing the values of C0,0,/G (0.74 V), FeNiP-NPHC (0.83 V),
Pt/C-Ir/C (0.85 V), D-FeCo@NHC (0.85 V), and Fe N-NC (0.87 V). The SWZAB coupled with the Zn
anode achieves an excellent peak power density of 179 mV-cm?, retaining a discharge voltage platform of
1.27 V even at 10 mA-cm™ This work provides new guidance for boosting the catalytic activity and
durability of M-N-C catalysts in ORR applications.
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Figure 5. (A) OCV plots of SWZABs assembled with Co-N,CI-C, Co-N,-C, and Pt/C catalysts using simulated alkaline seawater
electrolyte (6 M KOH and 0.5 M NaCl); (B) Discharge polarization curves and power density plots of Co-N,CI-C-, Co-N,-C-, and Pt/C-
based SWZABs; (C) Specific capacity by mass normalization at a constant current density of 10 mA-cm; (D) Galvanostatic discharge
curves at various current densities ranging from 3 to 20 cm™ OCV: Open-circuit voltage; SWZABs: seawater-based zinc-air batteries.
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