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Seawater electrocatalysis is highly desired for a variety of energy storage and conversion systems, such as water
splitting and metal fuel cells that directly using seawater as electrolyte. However, the adsorption of chloride ions
(C17) on active sites of cathodes would worsen the oxygen reduction reaction (ORR) activity and stability, thus
lowering the battery performance. In this work, we firstly designed an electrocatalyst model, in which the Co
atomic clusters were closely surrounded by satellite Co single atoms on N-doped carbon substrates, designated as
Co-ACSAs. The theoretical calculation results suggested that the Co clusters possess stronger Cl~ binding energy
and acted as pre-adsorption group for Cl™, thus fully exposed Co single atoms as ORR active sites with stronger
0O, adsorption energy to promote the oxygen reduction reaction process. Then, we developed an ultrafast high
temperature shock strategy to synthesize the Co-ACSAs by controlling the N concentration in carbon substrates.
Benefiting from the moderate interacting distance between Co clusters and satellite Co single atoms in Co-ACSAs,
the electronic structure of Co clusters and Co single atoms was optimized through the modulation of the
interconnected hexatomic ring. As a result, Co-ACSAs exhibit superior ORR activity and durability with on-set
and half-wave potentials of 0.885 V and 0.782 V, respectively, and continuously catalyzing for 485 h in
seawater electrolyte. The Co-ACSAs-based seawater battery exhibits a discharge voltage of 1.41 V at 5 mA cm ™2
and realized stable energy supply for more than 390 h.

differentiating from the battery in traditional alkaline electrolyte, the
presence of chloride ions (Cl ") in seawater could heavily lower the ORR

1. Introduction

Harvesting energy from natural resources is of significant interest.
Seawater is the most abundant natural resource, covering 70 % of the
Earth’s surface [1-3]. Seawater electrocatalytic technologies, such as
overall water splitting and metal fuel cells, provide great potential for
directly converting seawater into hydrogen and electricity for powering
the equipments that working on the sea [4-9]. Currently, the majority of
seawater usage techniques are electrochemical devices, in which the
oxygen reduction reaction (ORR) activity and stability of cathode elec-
trocatalysts stand at the core for determining the overall performance of
the energy storage and conversion battery systems [10-13]. However,
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activity and durability of cathode electrocatalysts [1,14-18]. The
adsorption of Cl™ on the surface catalytic sites of electrocatalysts would
poison the active sites, thus suppressing the adsorption of oxygen mol-
ecules, hampering the breakage of O—O bonds, and inducing the ORR
pathway transfer from four-electron to two-electron [19-21]. Therefore,
under the harsh seawater environment, the electrocatalysts need to
satisfy the following requirements: (i) the catalytic active sites should
have no interaction or low adsorption energy with Cl; (ii) the catalysts
should have large active sites exposure to increase their contact with
active species, such as protons, electrons, and oxygen intermediates; (iii)
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the active sites should possess optimal electronic and chemical bonding
structure to promote the catalytic activity and stability.

Pt-based ORR electrocatalysts usually display high ORR efficiency.
However, they are high cost and can be easily corroded in seawater
electrolyte. Although the coating and defecting engineering strategies
were developed, their stability still cannot reach the industrial
requirement. Recently, single-atom (SAs) catalysts, mainly the metal-
nitrogen-carbon (M-N-C) series, are highly efficient for the ORR pro-
cess due to their highly atomic utilization, tunable electronic structure,
superior intrinsic catalytic activity for each active site [22-27]. More-
over, the rational design of the single atomic electrocatalysts would
endow them possess superior chlorine-poisoning resistance and make
them promising for being applied in seawater electrolyte [1,28]. For
instance, Fe-SAs anchoring on graphene/CNT substrates (Fe-N-G/CNT)
were synthesized by the microwave heating method and displayed an
ORR half-wave potential of 704 mV in seawater with a discharge voltage
of 1.18 V at 10 mA cm ™2 in seawater metal-air batteries (SWBs) [29,46].
However, the activity and stability of SAs are trade-off relationships for
the ORR process [13]. The common strategy to balance the activity and
stability is to tune the electronic modulation between metallic sites and
substrates by doping heteroatoms or constructing defects, but the
regulation range is narrow and difficult to break the activity-stability
trade-off relationship [30-34]. Moreover, due to the sparse distribu-
tion of metal atoms in SAs, the electronic interactions between these
metal atoms are generally negligible [13,35,36]. The recently reported
results show that further modulation of the electronic structure of single
atoms by introducing neighboring atomic clusters (ACs) may provide an
opportunity to enhance their intrinsic catalytic activity and stability [16,
37-39]. ACs could provide active sites with adjacent metal atoms while
keeping them as individual sites. The potential synergistic interactions
between ACs and SAs result in unique electronic properties and are
promising for enhancing the electrocatalytic performance [40-42].
However, constructing stable ACs modulated SAs (ACSAs) on conduc-
tive substrates still remains a great challenge due to their high surface
energy and easy for agglomeration into nanoparticles. In addition, little
attention has been paid to studying the ORR mechanism of ACSAs in
seawater electrolyte, which may provide a new way to design active and
stable electrocatalysts for SWBs.

In this work, we designed atomic-level electrocatalysts in which the
Co atomic clusters (Co-ACs) were surrounded by satellite Co single
atoms (Co-SAs), and we designated the electrocatalysts as Co-ACSAs.
Interestingly, the theoretical calculation results suggest that the Co-
ACs in Co-ACSAs show stronger Cl~ adsorption energy but lower Oy
adsorption energy. On the contrary, Co-SAs show lower Cl™ adsorption
energy but stronger Oy adsorption energy. The calculation results indi-
cate that the Co-ACs in Co-ACSAs would play a critical role in protecting
Co-SAs from being poisoned by Cl™, and the stronger O, adsorption
energy on Co-SAs site would promote the ORR process in seawater
electrolyte. Inspired by the primary theoretical calculations, we devel-
oped an ultrafast high temperature shock (HTS) strategy for anchoring
Co-ACs and satellite Co-Ny4 single atoms on N-doped carbon substrates
(Co-ACSAs) in one step. The experimental and theoretical results suggest
that benefiting from the optimal distance between Co-ACs and Co-SAs,
the Co-ACs could modulate the electronic structure of nearby Co-SAs
through the interconnected hexatomic ring, which can promote the
adsorption of oxygen active species on Co-SAs and accelerate the for-
mation of OOH* by reducing the corresponding energy barrier. The
strong modulation between Co-ACs and Co-SAs in Co-ACSAs results in
impressive ORR activity and long-term stability in seawater electrolyte,
superior to the pure phase of Co-SAs and Co nanoparticles (Co-NPs).
Using Co-ACSAs as cathode electrocatalysts, the as-assembled SWBs
reached a peak power density of 96 mW cm™2 and kept stable for at least
380 h for discharging at current density of 5 mA cm ™2 and the discharge
voltage can reach 1.46 V in natural seawater, which achieved a new
record in the area of seawater batteries.
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2. Experimental
2.1. Material synthesis

C4HgCo004-4H0 (Macklin, 99.5 %), urea (Macklin, 99 %), glucose
(Macklin, 99 %), KOH (Macklin, 99 %), NaCl (Macklin, 99 %), Pt/C and
Ni foam (Shanghai Hesen Electric Co., LTD, 20 wt%) were used as pre-
cursors without further purification.

Co-ACSAs were synthesized by the high temperature shock (HTS)
technique. Cobalt (II) acetate tetrahydrate (44.26 mg), glucose (6 g) and
urea (0.412 g) were dissolved in 5 mL ultrapure water at room tem-
perature as precursor solution. Then, it was evenly coated on Ni foam
(NF, 5 x 20 mm) and dried in the vacuum oven at 60 °C for 2 h. The
coated NF was mounted on a glass slide substrate. Copper ribbons were
employed as wires connected to the coated NF with external circuit. The
silver paste was passed to both ends of the NF. The HTS shock treatment
was performed by applying constant current (12 A) to NF in an argon-
filled glove box for 7-8 s [43]. Similarly, 0.148 g and 0.72 g urea
were added in the precursor solution in the precursor solution for pre-
paring Co-NPs and Co-SAs, respectively. The N—C was prepared with
the same synthetic process as described above, but no Cobalt (II) acetate
tetrahydrate was added to the precursor solution.

2.2. Characterizations

The morphologies and micro-nanostructures were recorded using
transmission electron microscopy (TEM, Thermo Scientific, Talos F200X
G2) and high resolution TEM (HRTEM) equipped with energy dispersive
spectroscopy (EDS). High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) images were collected on
the JEOL JEM-ARM200F. The elemental analysis was conducted on the
inductively coupled plasma OES spectrometer (ICP-OES, SPECTRO-
blue). Synchrotron X-ray absorption spectroscopy (XAS)measurements
(Co K-edge XAS) were performed in transmission mode, using easy XAFS
equipment. The Co foil and CoO were selected as the references for Co%*
and Co?", respectively. The acquired EXAFS data were processed ac-
cording to the standard procedures using the ATHENA module imple-
mented in the IFEFFIT software packages [44]. To determine the valence
states of the transition metals at different states of charge, we selected
the nearly linear portion of the rising edge for integration and defined
the integrated average intensity as the K-edge. Fortran-based HAMA
code to do the Morlet wavelet transforms (MWT) of k? weighted EXAFS
spectra [45]. For appropriate resolution in the R-and K-space, a wavelet
parameter combination of k = 15 and ¢ = 2 was well suited to
discriminate atomic contributions in the Fourier transforms of Co K-edge
EXAFS spectra.

2.3. Electrochemical measurements

For preparing the slurry, 5 mg of the prepared catalyst was dispersed
in a mixed solution of 40 pL Nafion (5 wt%) and 460 pL isopropanol
alcohol and sonicated for 20 min. For catalyzing ORR, 4 pL of the slurry
was dropped onto a polished glassy carbon electrode with the catalyst
loading of 0.2 mg cm™2 and was used as the working electrode. A
graphite electrode was used as the counter electrode. Hg/HgO electrode
was used in 0.1 M KOH and Ag/AgCl electrode was used in natural
seawater and the mixture of 0.1 M KOH and 0.5 M NacCl as reference
electrode, respectively. The reported potentials were transferred with
reference to the reversible hydrogen electrode (RHE) according to the
equation: Eyspug= EvsHg/Hgo + 0.886 V in 0.1 M KOH and Eyspue= Evsag/
agcl + 0.689 V in natural seawater and 0.1 M KOH + 0.5 M NaCl. For
catalyzing ORR, the rotating disk electrode (RDE)was connected to an
electrochemical workstation (CHI660E) and a controlled speed rotator
(AFMSRCE, Pine Instruments). The ORR polarization curves for all
catalysts were obtained at a scan rate of 5 mV s ! in natural seawater,
0.1 M KOH or 0.1 M KOH + 0.5 M NaCl with O, saturated. The ORR
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linear sweep voltammetry (LSV) curves were acquired at disk rotation
rates of 400, 800, 1200, 1600 and 2000 rpm for the RDE examination.
The stability tests were investigated at room temperature in Os-satu-
rated natural seawater by continuous potential cycling between 0.05
and 0.9 V vs RHE at a scan rate of 50 mV s~ ! for 50,000 cycles. The initial
and final LSV curves were collected for comparison. The chro-
noamperometry (CA) tests were performed at room temperature in Og-
saturated natural seawater by applying a potential of 0.6 V for 485 h.
The number of electrons transferred (n) and kinetic current density (Ji)
can be calculated from the Koutecky-Levich equation [29]:

1 1

1 1
— - 4 1
JL JK Ba)‘/2+JK ( )

1
J
B = 0.62nFC, DY v~/ @)

where J is the measured current density, Jx and Ji, are the kinetic and
limiting current densities, o is the angular velocity of the disk, n is the
number of electrons transferred in oxygen reduction, F is the Faraday
constant (96,500 C mol’l), Cp is the bulk concentration of O, in KOH
(with NaCl) (1.2 * 10~® mol cm %) and natural seawater (0.25 *10~° mol
cm’3), Dy is the diffusion coefficient of O5in 0.1 M KOH (1.9 *107° cm?
s~ 1) and natural seawater (1.4 x 107> cm?s~ 1), and V is the kinematic
viscosity of the electrolyte (0.1 M KOH: 0.01 cm? s ~ !; natural seawater:
0.1 ecm? s ~ 1).To evaluate the effective electrochemical active areas
surface (ECSA) of the prepared samples, the electrochemical capacitance
(Cq1) parameters were obtained from 1.02 to 1.07 V by CVs measure-
ments at scanning rates of 3, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90 and
100 mV s ~ 1, respectively.

2.4. SWB assembly

The SWBs were assembled using an Mg alloy plate as an anode,
natural seawater as electrolyte and as-prepared catalyst as cathode. 40
wt% Pt/C was used as a reference catalyst. The properties of all SWBs
were evaluated under Os-saturated conditions. To assess the electro-
chemical properties of flexible ZAB, the discharge curves and cycling
stability measurements were tested under 1.0 mA cm ™2 and 5 mA cm ™2,
The discharge performance, open circuit and cycling ability were carried
out on a LAND-CT2001A testing device at room temperature.

2.5. DFT calculations

First principles calculations in the framework of density functional
theory (DFT) were carried out based on the Cambridge Sequential Total
Energy Package known as VASP [47]. The exchange-correlation func-
tional under the generalized gradient approximation (GGA) [48] with
norm-conserving pseudopotentials and Perdew-Burke-Ernzerhof func-
tional was adopted to describe the electron-electron interaction [49].
An energy cutoff of 450 eV was used and a k-point sampling set of 2 x 2
x 1 was tested to be converged. A force tolerance of 0.01 eV A, energy
tolerance of 5.0 x 10~ eV per atom and maximum displacement of 5.0
x 10~* A were considered. The vacuum space along the Z direction was
set to be 15 A, which was enough to avoid interaction between the two
neighboring images. *OOH, *O and *OH groups were adsorbed on the
active sites of the model. The Grimme method for DFT-D3 correction
was used for all calculations [50]. The electrochemical model of ORR
developed by Ngrskov [51] can be divided into four one-electron
reactions:

05 + * + (HpO + e—) — *O0H + OH™ 3)
*OOH + e— — *O 4+ OH™ ()]
*0 + (Hy0 + e~) — *OH + OH~ )

*OH + e— — * +OH~ (6)
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Gibbs free energy changes can be calculated by the following four
Egs. (7)-(10):

AG| = 4.92eV — AG+oon @)
AG; = AG+oon — AGxg (8)
AG3 = AG+g -AG+on (©)
AGy= AG+oy 10

where the sum of AG1-4 is fixed to the negative of the experimental
Gibbs free energy of formation of two water molecules GZA}‘;‘;’O) =492
eV. The over-potential of ORR is determined by the following equations:

nORR = 1.23 - Uorr 1D

UORR = -Max (AG*OOH - 4926\/, AG*O _AG*OOH’ AG*OH - AGxo, AG*OH)/
e (12)

Free energy change AG of the reaction was calculated as the differ-
ence between the free energies of the initial and final states as shown
below: [52]

AG= AE + AZPE - TAS 13)

where AE is the energy change between the reactant and product ob-
tained from DFT calculations; AZPE is the change of zero-point energy; T
equal to 300 K and AS denote temperature and change of entropy,
respectively. T = 300 K was considered.

3. Results and discussion
3.1. The design principles and synthesis of catalysts using HTS

We firstly established an atomic electrocatalyst model in which the
Co-ACs were closely surrounded by satellite Co-SAs in Co-ACSAs
(Fig. 1a). The pure phase mode of Co-SAs on carbon substrates was
also established for comparison. The density functional theory (DFT)
calculations were performed to calculate the adsorption energies of Cl™
and Oz molecule on all potential catalytic sites, including the Co-AC and
Co-SA sites in Co-ACSAs model, and as well as the isolated Co-Ny site in
pure phase of Co-SAs (Fig. 1b and Table S1). As shown in Fig. 1a, the Co-
AC sites in Co-ACSAs show much stronger binding strength (—2.1696
eV) towards Cl~ than that of Co-SA sites in Co-ACSAs (—0.9954 eV) and
isolated Co-N4 (—0.9144 eV). Meanwhile, the Co-SA sites in Co-ACSAs
show stronger binding strength (3.5749 eV) towards O5 molecule than
that of Co-AC sites in Co-ACSAs (2.7496 eV) and isolated Co-N4 (2.2794
eV). These results indicate that Co-AC would prefer to adsorb Cl™ and
thus making more Co-SA sites being exposed to the active oxygen species
for ORR process. Briefly, the Co-AC may act as an umbrella for pro-
tecting the neighboring Co-SAs from being poisoned by Cl™ in the
seawater electrolyte. The synergistic effect between Co-AC and Co-SA
sites in Co-ACSAs would simultaneously enhance the catalytic activity
and stability of the catalysts towards ORR process. However, precisely
synthesizing Co-ACSAs still face great challenge.

To put the theoretical results into practice, the HTS strategy was
employed for the synthesis of Co-based electrocatalysts, and their par-
ticle dimensions were well controlled in a wide range from nanoparticles
(NPs) to atomic clusters and further to single atoms, which were referred
to as Co-NPs, Co-ACSAs, and Co-SAs. In the synthesis process, the
mixture of cobalt acetate, glucose, and urea was coated onto the nickel
foam (NF), and was fixed on the glass holder (Fig. S1). The EDS results
show that no Ni can be observed in the catalysts, excluding the effect of
Ni on the catalytic performance of catalysts (Fig. S2). The electric cur-
rent of 12 A was applied on the heating setup in the Ar atmosphere and
the sintering temperature can reach 1000 °C in milliseconds. The whole
process can be finished in 8 s with ultrafast heating (3 x 103K s ~ !) and
cooling rate (2 x 10°Ks ™ [43], which is far outpacing traditional
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Fig. 1. (a) The schematic illustration of the proposed ORR catalytic mechanism of Co-ACSAs in seawater electrolyte. (b) The theoretical calculation results for the
adsorption energy (AE,4s) of CI™ and O, molecules towards different active sites in Co-ACSAs and Co single atoms. (c-d) The HAADF-STEM images and (e) elemental

mapping images of Co-ACSAs.

chemical and physical processes (Fig. S1). During the heating process,
the glucose and urea acted as C and N sources, respectively, and were
transferred into N-doped carbon substrates (N—C) instantly (Fig. S3). As
reported, the N sites in carbon substrates generally acted as the
anchoring sites for stabilizing transition metal atoms (Fig. 1c). Thus, we
controlled the mass ratio of N with the proportion of 1 wt%, 3 wt%, and
5 wt%, and then the Co atoms can be geometrically separated on the
substrates and forming Co-NPs, Co-ACSAs, and Co-SAs, respectively. In
addition, this synthetic method was developed into a universal strategy
for synthesizing Fe-ACSAs and Ni-ACSAs (Fig. S4).

Transmission electron microscopy (TEM) and atomic-resolution
high-angle annular dark-field scanning TEM (HAADF-STEM) were per-
formed to investigate the microstructure and distribution of Co species
in the N—C substrates. The TEM images show that the substrates of Co-
ACSAs were layered structures (Fig. S5), which can expose more surface
area to load atomic species and to improve the mass transfer rate during
oxygen electrocatalysis. Moreover, no Co agglomerates are presented in
Co-ACSAs, suggesting their well distribution on substrates. Brunauer-
Emmett-Teller (BET) adsorption curves show that Co-ACSA has a
largest specific surface area (794.2 m? g 1) than that of Co-NPs (503.6
m? g ~ 1), and Co-SAs (612.5 m? g ~ 1) (Fig. S6). The HAADF-STEM
images (Fig. 1d-e) show that the atomic clusters were closely sur-
rounded by the single atoms, and the distance between clusters and
single atoms is smaller than 1.0 nm, which provides an excellent op-
portunity for the electronic modulation between the clusters and single
atoms. The elemental mapping images show that the Co-ACSAs were
uniformly distributed on the substrates (Fig. 1e). The Co-NPs and Co-SAs
were also synthesized for comparison using the same strategy. As shown
in the TEM images in Fig. S7-8, Co-SAs were evenly distributed on the
N—C substrates and no clusters appeared in Co-SAs. The TEM and
elemental mapping images of Co-NPs (Fig. S9-10) show that the Co

nanoparticles with size of 3-5 nm were formed when the N proportion
decreased to 1 wt%. The Co content in the three samples was measured
by inductively coupled plasma optical emission spectrometer (ICP-OES),
which are 4.36, 4.15 and 4.08 wt% for Co-NPs, Co-ACSAs and Co-SAs,
respectively (Table S2). The above results suggest that the microstruc-
ture of Co species can be precisely regulated using the HTS strategy by
tuning the N proportion in carbon support, which inspires us to explore
their intrinsic physiochemical properties.

3.2. The structure analyses of the prepared catalysts

X-ray absorption spectroscopy (XAS) was performed to analyze the
local electronic structure and the coordinated environmental variation
of Co atoms in Co-ACSAs and Co-SAs. Fig. 2a shows the X-ray absorption
near-edge structure spectra (XANES) of Co K-edge in Co-ACSAs, Co-SAs
and reference samples (Co foil and CoO). To quantitatively evaluate the
valence states of Co in the catalysts, we selected the nearly linear portion
of the rising K-edge for integration and defined the integrated average
intensity as the K-edge position [54-56]. The absorption threshold po-
sition of Co in Co-ACSAs and Co-SAs is close to that of CoO and far away
from Co foil, implying the bivalent valence states of Co in the two cat-
alysts. Subsequently, the valence states of Co in the catalysts were
quantitatively calculated according to the K-edge position, which was
Co'*%8* and Co'73* for Co-ACSAs and Co-SAs, respectively (Fig. 2b). The
oxidation of Co in atomic level catalysts should be caused by the for-
mation of Co-N-C ligands, in which the electrons were attracted from Co
to N—C [42]. Comparing with that of Co-SAs, the lower valence state of
Co in Co-ACSAs should be due to the existence of Co clusters, in which
part of Co cannot hybridize with N—C substrates and thus forming
Co-Co bonds in the clusters in Co-ACSAs. The k>-weighted Fourier
transforms of the extended X-ray absorption fine structure (FT-EXAFS)
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Fig. 2. (a) The XANES of Co K-edge for Co-ACSAs and Co-SAs with reference spectra of Co foil and CoO. (b) The calculated Co K-edge positions and valence states of
Co in Co-AGSAs and Go-SAs. (c) FT spectra of k3-weighted EXAFS spectra of Co K-edge in Co foil, Co-ACSAs and Go-SAs. (d-f) The MWT images of Co foil, Co-ACSAs

and Co-SAs.

spectroscopy of Co-K-edge in Co-ACSAs and Co-SAs were shown in
Fig. 2c. The Co-N peaks at around 1.4 A in R space can be observed in
both Co-ACSAs and Co-SAs. However, the Co-Co scattering peak at 2.2 A
was only observed in Co-ACSAs, demonstrating the co-existence of Co
clusters and single atoms in Co-ACSAs [43,53]. The weak Co-Co scat-
tering peak suggests that the particle size of Co clusters is very small and
should be defined as an atomic cluster. Moreover, the Co K-edge EXAFS
spectra Co-ACSAs was well fitted using backscattering paths of Co-N and
Co-Co. As shown in Fig. S11 and Table S3, the coordination numbers of
Co-N and Co-Co in Co-ACSAs are 2.54 and 1.92, respectively. The
Morlet wavelet transforms (MWT) of EXAFS spectra is a powerful
method to qualitatively identify and directly visualize the local bonding
structure of metal atoms and identify the overlapping contributions that
caused by the multiple-scattering phenomenon [57]. The MWT of
k3-weighted EXAFS spectra of Co in Co foil, Co-ACSAs and Co-SAs were
shown in Fig. 2d-F. In Fig. 2d, the MWT contour plots show an intensity
maximum at about 7.0 A™! in k space, which can be assigned to the
Co-Co scattering path in Co foil. Comparing to the MWT images of
Co-SAs, both the Co-N and Co-Co maximas appeared in Co-ACSAs at 4.2
A7l and 7.0 A7! (Fig. 2e-F), respectively, which is consistent with the
FT-EXAFS results.

3.3. Half-cell tests and the Cl™ -poisoning resistance analysis of active sites

Aiming at developing efficient and stable ORR electrocatalysts for
the application in seawater batteries, the electrochemical properties of
Co-ACSAs, Co-SAs and Co-NPs were systematically investigated in Oy-
saturated natural seawater using a typical three-electrode system
(Fig. 3). The natural seawater was obtained from the South China Sea
(Fig. S12). All the Linear sweep voltammetry (LSV) curves were tested
on the rotating disk electrode (RDE) by coating catalysts on glassy car-
bon electrodes with the rotation speed of 1600 rpm. The pure phase of
N—C and commercial Pt/C were employed as counterparts. The LSV
results (Fig. 3a) show that Co-ACSAs display impressive half-wave and
on-set ORR overpotentials of Eg = 0.885 Vand E; , = 0.782 V (vs. RHE),
which are much higher than that of Co-SAs (0.787 V and 0.701 V), Co-

NPs (0.714 V and 0.608 V) and Pt/C (0.755 V and 0.632 V). The LSV
curve of commercial Pt/C exhibits no obvious peak and limited current
density, which may be caused by the serious poisonous Cl~ in seawater.
N—C shows weak ORR activity in natural seawater. Correspondingly,
Co-ACSAs also has a smaller Tafel slope (125.73 mV dec™)) than that of
Co-SAs (158.12 mV dec™!), Co-NPs (207.95 mV dec™!), and Pt/C
(289.84 mV dec_l), indicating its superior ORR catalytic kinetics in
natural seawater (Fig. 3b). Subsequently, the LSV curves were also
evaluated on the electrodes without rotation, and the same ORR activity
tendency was obtained (Fig. S13). Moreover, the electron transfer
number (n) of Co-ACSAs, Co-SAs and Co-NPs were evaluated in natural
seawater by testing the LSV curves at different rotation speeds. The
fitted Koutecky-Levich (K-L) plots exhibit that the n values for Co-
ACSAs, Co-SAs, and Co-NPs are 3.89, 3.15, and 2.48, respectively,
suggesting that the Co-ACSAs possess the highest reaction kinetics with
efficient four-electron pathway during the ORR process in natural
seawater (Fig. 3c and Fig. S14). In addition, the Co-ACSAs shows
remarkable ORR stability in natural seawater. After 485 h continuous
chronoamperometric treatment, the Co-ACSAs displays the smallest
degradation rate (8.57 %) at 0.65 V vs. RHE compared to Co-NPs (52.18
%) and Co-SAs (20.83 %) (Fig. 3d). The LSV curves of Co-ACSAs exhibits
excellent stability with half-wave potential (E;/2) loss of only 25 mV
after 50,000 cyclic voltammetry (CV) cycles (Inset in Fig. 3d).

To further analyze the root reason for the ORR activity enhancement
of Co-ACSAs comparing to that of Co-SAs and Co-NPs, the Cl™ resistance
behavior of the catalysts were analyzed in different electrolytes, such as
KOH and the mixture of KOH + NaCl. As shown in Fig. 3e-f, the limit
current density of Co-ACSAs has smaller degradation (1.2 mA cm™?)
when testing in the mixed Cl~ containing electrolyte. However, Co-SAs
and Co-NPs exhibit a tremendous decline (1.9 mA cm™2) in the same
condition, demonstrating more active sites in Co-SAs and Co-NPs were
poisoned by Cl™, but it has no obvious influence towards the active site
exposure of Co-ACSAs. The ORR LSV curves for Co-ACSAs and Co-SAs
were also tested in artificial seawater electrolyte with different NaCl
concentrations. The results show that the ORR activity for Co-ACSAs
displays no obvious change with the increase of NaCl concentration,
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demonstrating the synergistic effect between atomic clusters and single
atoms in Co-ACSAs ensuring its remarkable Cl-corrosion resistance
(Fig. S15). To further verify this hypothesis, the double-layer capaci-
tance (Cq) was performed to evaluate the effective electrochemical
active surface area (ECSA) of the catalysts in the two kinds of electro-
lytes (Fig. 3g-h, Fig. S16 and Table S4) [58,59]. As shown in Fig. 3g-h,
comparing to the tested results in KOH electrolyte, the ECSA values for
Co-ACSAs that tested in Cl™ containing electrolyte declined only 0.77
mF cm 2 (2.6 % degradation), which is much smaller than that of
Co-SAs (13.95 mF cm’z, 62.2 % degradation) and Co-NPs (1.27 mF
cm 2, 33.9 % degradation). The above results suggest that the existence
of CI~ would absorb on the surface of Co-SAs and Co-NPs and thus
reduce the real active sites. The smaller variation of Tafel plot results for
Co-ACSAs also confirmed its stronger Cl™ -poisoning resistance and su-
perior ORR catalytic kinetics in Cl”~ containing electrolyte (Fig. 3i). The
above results suggest that the co-existence of atomic clusters and single
atoms in Co-ACSAs may play a strongly synergistic effect for improving
the Cl™-poisoning resistance and ensuring the Co active sites exposure,
and thus enhancing the ORR catalytic activity in seawater electrolyte.
The synergistic catalyzing mechanism for Co-ACSAs should be further
unveiled with the assistance of the theoretical calculations.

3.4. Theoretical analyses

DFT calculations were performed to unveil the synergistic mecha-
nism between atomic clusters and single atoms in Co-ACSAs for pro-
moting the ORR activity in seawater electrolyte. The key factors, such as
the geometrical size of atomic clusters and the distance between atomic
clusters and single atoms, may have potential influence on the interac-
tion between the two different Co species in Co-ACSAs, which were
systematically investigated in the theoretical calculations. Firstly, two
calculation models of Co atomic clusters (Co4 and Co3) were established
(Fig. S17). The results show that the Co4 in Co-ACSAs would display
smaller Gibbs free energy (AG) barrier at the ORR rate-determine step
(RDS) (Table S5-6). Therefore, we use Co4 as the model of Co-AC and
established Co4/(Co-SA) as the model of Co-ACSAs for further calcula-
tion. We predict that the distance between Co-ACs and Co-SAs would
potentially influence their electronic and bonding interaction, and thus
the model with distance of 2.31 A (no atom interval), 4.85 A (two atoms
interval), and 7.32 A (one hexatomic ring interval) between Co-ACs and
Co-SAs were established, as shown in Fig. 4a-d. For the model with
distance of 2.31 A, the Co-SAs would directly establish Co-Co ligands
with Co-ACs (Cog) and thus tend to form Cos clusters, resulting in much
higher AG value of 0.7828 eV for the RDS. For the model with distance
of 4.85 A, strong electronic modulation would occur between Co-ACs
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and Co-SAs, resulting in serious electronic accumulation around active
sites and larger energy barrier of 0.4829 eV for the determining step
(Fig. 4b and Table S7-8). When increasing the distance between Co-ACs
and Co-SAs to 7.32 A, one hexatomic ring was located at the interval.
Benefiting from the moderate electronic modulation between Co-ACs
and Co-SAs through the hexatomic ring, both Co-ACs and Co-SAs have
optimized electronic distribution density, which results in a smaller
energy barrier of 0.1998 eV for the ORR determining step (Fig. 4c-e and
Fig. S18). Then, the Co-ACSAs display a bigger downhill energy gap
(—1.0301 eV) for the transformation of OO* to OOH* (Fig. 4d), thus
promoting the whole ORR process under the optimal geometrical dis-
tance between Co-ACs and Co-SAs. The above calculation results
demonstrate that Co-ACs would act as pre-adsorption sites towards Cl™
and protect the adjacent Co single atoms from being poisoned by Cl~,
thus exposing Co single atoms as real catalytic sites for the ORR process.

3.5. Application of Co-ACSAs as cathodes in SWBs

The outstanding ORR catalytic performance of Co-ACSAs in seawater
electrolyte encouraged us to explore its practical applications as the
cathodes of SWBs. The home-made SWBs were assembled using Co-
ACSAs as cathode, commercial Mg-alloy plate as anode, and natural
seawater as the electrolyte. For comparison, Pt/C loaded on the carbon
paper was employed as cathode. The schematic diagram of SWB is
shown in Fig. 5a. In the test system (Fig. S19), the natural seawater was
circulated with Og-saturation during the test. The discharge polarization
and corresponding power density curves were shown in Fig. 5b. The
peak power density of SWB using Co-ACSAs as cathode reached 96 mW
cm_z, which is far outpacing that of Co-NPs (43 mW cm_z), Co-SAs (62
mw cm’z), commercial Pt/C (29 mW c¢cm2) and the recently reported
results (Table S10). Moreover, the galvanostatic discharge curves of
SWBs at 1 mA cm ™2 show that Co-ACSAs can maintain the discharge
voltage at 1.41 V for at least 240 h, which is much superior than that of
Co-NPs, Co-SAs and Pt/C (Fig. 5¢). In addition, the open circuit voltage
of Co-ACSAs based SWB can reach 1.72 V and keep stable for at least
6000 s (Fig. 5d). The fitted Nyquist plots by the equivalent circuit model
(Fig. S20 and Table S9) prove that Co-ACSAs has lower Rs and Rct values
than the Co-NPs and Co-SAs, suggesting the fast electron transfer ki-
netics during ORR process.

The rate capability is an important factor for providing variable
electricity to various of equipments in the deep and open sea. As shown
in Fig. 5e, the Co-ACSAs based SWB can keep stable for providing var-
iable current densities of 1, 5, and 10 mA cm ™2 with frequent variation.
As we know, the discharging voltage, specific capacity and durability of
Co-ACSAs based SWB reached a new record in the area of SWB
(Table S10). To promote the SWB into practical application, two home-
made SWBs were in series connected and can well power the light-
emitting diodes (LED) for at least 24 h (Fig. 5f). Furthermore, we
developed near-commercial SWB devices in which the area of air-
electrodes reached 110 cm?, and the sandwich-like packaging devices
were developed by combining two air electrodes with one metallic
electrode (Fig. 5g and S21). The as-assembled SWB devices can provide
current density of 5 mA cm™2 (1.45 V) and make the LED lights working
stable for at least 390 h with a discharging capacity of 2203 mAh g ~ %/[g
(Fig. 5h). The efficient and stable application of custom-made devices
provides extremely promising potential for the commercialization of Co-
ACSAs based SWBs.

4. Conclusions

In summary, we developed an ultrafast method for synthesizing
atomic Co-based electrocatalysts. The particle size of catalysts can be
precisely controlled from nanoparticles to atomic clusters and further to
single atoms by tuning the N mass ratio in carbon substrates. Comparing
to that of Co-SAs and Co-NPs, Co-ACSAs exhibites superior ORR activity
and durability in natural seawater. The experimental and theoretical
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calculation results suggest that the remarkable ORR performance of Co-
ACSAs should be benefiting from the following factors: (1) The elec-
tronic modulation between single atoms and atomic clusters through the
hexatomic ring in Co-ACSAs has optimized the electronic structure of
Co-SAs and thus enhancing their intrinsic catalytic activity; (2) The
stronger Cl™ absorption energy of atomic clusters has protected single
atoms from Cl~ poisoning and thus ensured the large active sites expo-
sure; (3) The independent existence between single atoms and clusters
has synergistically enhanced the stability of Co-ACSAs. The Co-ACSAs
based SWBs display outstanding prolonged discharge power density
and stability and were primarily applied in large-scale devices for light
illumination. The synergistic enhancement of Co-ACSAs in this study
provides valuable guidance for the rational design of ORR electro-
catalysts for developing energy conversion devices in seawater
environments.

Supporting Information.

The experimental details, TEM and XAS; calculation of double-layer
capacitance; DFT calculation results of Co-SAs, Co-ACSAs and Co-NPs,
etc., are included in Supporting Information.
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