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Abstract: Lithium (Li)-based batteries are the dominant energy source for
consumer electronics, grid storage, and electrified transportation. However, the
development of batteries based on graphite anodes is hindered by their limited
energy density. With its ultrahigh theoretical capacity (3860 mAh-g™"), low redox
potential (-3.04 V), and satisfactorily low density (0.54 g-cm™3), Li metal is the
most promising anode for next-generation high-energy-density batteries.
Unfortunately, the limited cycling life and safety issues raised by dendrite growth,
unstable solid electrolyte interphase, and “dead Li” have inhibited their practical
use. An effective strategy is to develop a suitable lithiophilic matrix for regulating
initial Li nucleation behavior and controlling subsequent Li growth. Herein, single-
atom cobalt coordinated to oxygen sites on graphene (Co-O-G SA) is demonstrated as a Li plating substrate to efficiently
regulate Li metal nucleation and growth. Owing to its dense and more uniform lithiophilic sites than single-atom cobalt
coordinated to nitrogen sites on graphene (Co-N-G SA), high electronic conductivity, and high specific surface area (519
m?-g™"), Co-O-G SA could significantly reduce the local current density and promote the reversibility of Li plating and
stripping. As a result, the Co-O-G SA based Li anodes exhibited a high Coulombic efficiency of 99.9% at a current density
of 1 mA-cm with a capacity of 1 mAh-cm™, and excellent rate capability (high current density of 8 mA-cm™). Even at a
high plating capacity of 6 mAh-cm™2, the Co-O-G SA electrode could stably cycle for an ultralong lifespan of 1300 h. In the
symmetric battery, the Co-O-G SA based Li anode (Co-O-G SA/Li) possessed a stable voltage profile of 18 mV for 780 h
at 1 mA-cm™, and even at a high current density of 3 mA-cm™, its overpotential maintained a small hysteresis of
approximately 24 mV for > 550 h. Density functional theory calculations showed that the surface of Co-O-G SA had a
stronger interaction with Li atoms with a larger binding energy, —3.1 eV, than that of Co-N-G SA (-2.5 eV), leading to a
uniform distribution of metallic Li on the Co-O-G SA surface. More importantly, when matched with a sulfur cathode, the
resulting Co-O-G SA/lithium sulfur full batteries exhibited a high capacity of 1002 mAh-g~', improved kinetics with a small
polarization of 191 mV, and an ultralow capacity decay rate of 0.036% per cycle for 1000 cycles at 0.5C (1C = 1675 mA-g™")
with a steady Coulombic efficiency of nearly 100%. Therefore, this work provides novel insights into the coordination
environment of single atoms for the chemistry of Li metal anodes for high-energy-density batteries.
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High-energy-density lithium battery

Received: August 13, 2020; Revised: September 8, 2020; Accepted: September 8, 2020; Published online: September 14, 2020.
Corresponding author. Email: wuzs@dicp.ac.cn; Tel.: +86-411-82463036.
The project was supported by the National Key R@D Program of China (2016YBF0100100), the National Natural Science Foundation of China (51872283,
21805273), the Liaoning BaiQianWan Talents Program, Liaoning Revitalization Talents Program (XLYC1807153), the Natural Science Foundation of
Liaoning Province (20180510038), Dalian Institute Of Chemical Physics (DICP ZZBS201708, DICP ZZBS201802, DICP 1202032), Dalian Institute Of
Chemical Physics and Qingdao Institute of Biomass Energy and Bioprocess Technology (DICP&QIBEBT UN201702), and the Dalian National Laboratory For
Clean Energy (DNL), CAS, DNL Cooperation Fund, CAS (DNL180310, DNL180308, DNL201912, DNL201915).
FE 5 R T (2016 YBFO100100), 5K H 48R3 42(51872283, 21805273), L4 “HT AL TR HiH, 54 NI4T HA
(XLYC1807153), iL T4 HARFH £ 5 42(20180510038), &M ATEMIGIHT 2 4:(DICP ZZBS201708, DICP ZZBS201802, DICP 1202032), Ki#EALYIFT-
H B AR Tl A 34 4 (DICP&QIBEBT UN201702) K H [H o} Bt v 14+ B i 618 BT 7T B (DNL 180310, DNL180308, DNL201912, DNL201915)%t )

© Editorial office of Acta Physico-Chimica Sinica



Y ERAL 252 Acta Phys. -Chim. Sin. 2021, 37 (11), 2008033 (2 of 8)

ZEE- - Vit RN AL S ke ol = R R

FWEAR 123, AWK 12, BRI 12,
P ERFREFRRAFARIE, 17 K&

SHERFRAF, ALE 100049

116023

T . M4 BA B S L 2 8 (3860 mAh-g ™). R &AL IE A7 (-3.04 V) A Jy 2 5 B
FIREAS 7 HSeBRI o R SR AR AR S T 45 B A AT R I AR A I RO . AR TR

BRCR ARG, AR “OE” A

A 12
PERERAREYERS, RUEREREAZRE, LT A%

116023

L& 1 A R 2 — o 8T

o BRATTR A Ay s A S R SIS A2 8 B 5 (Co-O-G SAVE A TR B A, I 5 LI A A AE K AT 8. Co-O-G SAR A

IR SRR 55

o R DU RTA(519 m2-g7"), Al R 3 BRI R o R i e A R, 2
A, L, 3T Co-O-G SAHE MR TE HLIR % & 41 mA-cm™

R E AR A AR T
» VIR R 1 mAh-em ™2t H 45 99.9% ) e 18 2 A A1t 5

Ak BE , 7E8 mA-cm™2 FLIALE R 47 ik $1300 h. 7E X FK FL i, Co-O-G SAHE 111 (Co-O-G SA/Li)fE1 mA-cm™

MIRRE LT, AR

LA it B AR SR T A LA

18 mV, HarikF780h. HICHCHRIEM, K154 HIh{EO. 50(1c=1675mA-g-1)E@%1ﬁFF,
FAA1002 mAh-g™" (L&, 1000 & 3R F2 - A 0.036% [ 7 f R % . A LAE il

NRTCECE YR U AT B P

R PlT; BOAMEE, SREEAAT; BAE: R A

FESKS: 0646

1 Introduction

With the flourishing advance of the high-end electronic
devices, developing high-energy-density batteries is urgently
needed to alleviate the concerns of batteries cruising ability '3
Since lithium (Li) metal anode possesses ultrahigh theoretical
capacity of 3860 mAh-g™! and the lowest redox electrochemical
potential (—3.04 V vs standard hydrogen electrode). Li metal-
based batteries are considered as the most promising high-
energy-density batteries 4°. However, the disgusting Li dendrite
and “dead Li” during the repeated Li plating/string process have
caused the internal short circuit and limited their cycling life, and
severely hindered their practical applications ¢

To address the above issues, significant progresses have been
achieved up to now, including (i) employing liquid electrolyte
additives to stabilize solid electrolyte interface (SEI) films '%-'2,
(i1) adopting the solid-state or polymer electrolytes with high
mechanical strength to inhibit Li dendrite '*-'5, and (iii)
constructing three dimension (3D) high surface area host to
reduce the effective current density 618, However, those
strategies rarely concentrate their initial nucleation behavior,
which critically determines the final morphology of Li metal. In
other words, suppressing the Li dendrite growth at the nucleation
process is of great significance, but remains elusive.

Very recently, Zhang and co-works have adopted Nitrogen-
doped graphene as the lithiophilic sites to regulate Li metal
initial nucleation process and suppress the dendrite growth '°.
Our recent work has also revealed that the lithiophilic function
groups of MXene could effectively regulate Li nucleation and
growth 2, Notably, single atom with well-defined metal center
has been used intensively in the area of energy storage and

conversion 223, and several reports demonstrate that single-
atom materials with the homogenous and active lithiophilc sites
could offer uniform areal nucleation 2427, Unfortunately, those
works only focus on the influence of the kinds of central metal
atom for the Li dendrite, however, the coordination environment
of the metal single atom has been never studied in details.

In this work, we first reported a cobalt (Co) single atom
coordinated to oxygen sites anchored on graphene (Co-O-G SA)
for stable and dendrite free Li metal anodes. The Co-O-G SA
with high specific surface area (519 m?g™') possesses more
lithiophilic sites than the Co single-atom coordinated to nitrogen
sites on graphene (Co-N-G SA) to efficiently guide Li metal
uniform nucleation and growth, and thus substantially
suppressed the growth of Li dendrite. As a result, the Co-O-G
SA  exhibited
including high Coulombic efficiency of 99.9% for ultralong
lifespan (1300 h), stable and flat voltage profile (24 mV) for 550
h without Li dendrite. Finally, an ultralow capacity decay rate of
0.036% per cycle was realized for the Co-O-G SA based lithium
sulfur (Co-O-G SA/Li-S) full battery during 1000 cycles.

impressive  electrochemical performance,

2 Experimental
2.1 Preparation of Co-O-G SA

In a typical synthesis 2%, 10 mL Co(NQ3)2:6H20 (Aladdin
Industrial Inc., 99%, 1 mg'mL™') aqueous solution was added
into 100 mL graphene oxide (GO, 1 mg:mL™") solution and
continuously stirred for 1 h. Then, the as-obtained suspension
was frozen in liquid nitrogen to make a fast frozen and free-dried
for 48 h to remove water. Afterwards, the freeze-dried sample
was annealed in flow Argon (Ar) gas for 6 h at 400 °C.
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For comparison, the G-O sample was synthesized as the same
procedure of Co-O-G SA without adding Co(NO3)2:6H20. The
Co-N-G SA was also prepared in term of the following
procedure %: typically, 3 mL 2-methylimidazole (Aladdin
Industrial Inc., 99%, 1 mg:mL™") aqueous solution, 10 mL
Co(NO3)2:6H20 (1 mg'mL™!) aqueous solution were added in
sequence into 100 mL GO (1 mgmL™') solution and
continuously stirred for 1 h. Followed by frozen in liquid
nitrogen and free-dried for 48 h, the sample was heated in a
muffle furnace at 100 °C in air for 5 h, and then annealed at Ar
gas at 700 °C for 2 h to acquire the Co-N-G SA.

2.2 Material characterization

The morphology and structure of materials and electrodes
were characterized by scanning electron microscope (SEM,
JEOL JSM-7800F, Japan), high resolution transmission electron
microscopy (TEM/HRTEM, JEOL 2100, Japan), aberration-
corrected HAADF-STEM (FEI Titan Cube Themis G2 300, 300
kV equipped with two spherical aberration correctors). X-ray
photoelectron spectroscopy (XPS, Thermo ESCALAB 250Xi
equipped with monochromatic Al K, source of 1486.5 ¢V), X-
ray diffraction (XRD, Empyrean with Cu K, radiation in the 26
range from 5° to 90°), nitrogen adsorption and desorption
isotherm (Quadrasorb SI, Quantachrome Instruments), The Co
K-edge extended X-ray absorption fine structure (EXAFS) data
were collected on the beamline BL14W1 at Shanghai
Synchrotron Radiation facility (SSRF).

2.3 Electrochemical measurement

The as-obtained Co-O-G SA, Co-N-G SA or G-O nanosheets
as active materials and polyvinylidene fluoride (PVDF) as
binder (mass ratio of active materials : binder =9 : 1) were mixed
into a slurry by stirring in N-methyl-2-pyrrolidone (NMP) for 1
h. Then, the slurry was coated onto copper (Cu) foil and dried in
a vacuum drying oven at 100 °C for 12 h. Further, the foil was
punched into disks with a diameter of 12 mm as the working
electrode. The loading mass of materials was approximately 1.0
mg-cm 2, and bare Cu foil was also punched for reference. All
the batteries were assembled with standard 2016 coin-type cells
in an Ar-filled glovebox with Oz and H20 content below 0.5 ppm
(1 ppm = 1 mg-L™"). The electrolyte was 1.0 mol-L™! lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in a mixture
solution of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME) (1 : 1, volume ratio) with 1% (mass fraction, w) LiNO3
as additive. About 40 pL electrolyte was dropped into each cell,
and the polypropylene membrane (Celgard 2400) was used as
the separator. Co-O-G SA, Co-N-G SA, G-O or bare Cu severed
as the working electrode, and Li foil was used as the
counter/reference electrode to evaluate the Coulombic
efficiency. The assembled cells were precycled between 0.01
and 3 V for 3 times to stabilize the SEI formation and remove
surface contamination. Afterwards, a certain capacity of Li was
deposited onto the current collector and then charged to 1 V (vs
Li*/Li) to strip the Li at certain current density for each cycle on
a LAND CT2001A battery system. And symmetric cell

configurations were assembled with Co-O-G SA lithium (Co-O-
G SA/Li) or Co-N-G SA lithium (Co-N-G SA/Li) anodes to
evaluate the long-time cycling stability, where the pre-plating of
Co-O-G SA/Li or Co-N-G SA/Li with Li was realized by
charging 5 mAh-cm™2 Li onto the electrodes. For the full battery
tests, the working electrode contained 80% (w) of S-C (mass
loading of S was 75%), 10% (w) of carbon black, and 10% (w)
of PVDF with NMP as the solvent. The well-mixed slurry was
cast onto carbon-coated Al foil using the doctor blade technique,
and then dried under vacuum at 55 °C for 12 h. The S cathode
with S loading of ~1.0 mg-cm 2, Co-O-G SA/Li and Co-O-G
SA/Li anodes were obtained from preprocessed half cells. After
depositing a certain amounts of Li metal (10 mAh-cm™2) onto the
current collector, the battery was disassembled in the glove box
and the dismantled Li anodes were further reassembled into a
full cell against S cathode, using 1.0 mol-L™! LiTFSI in
DOL/DME (v/v=1: 1) with 1% (w) LiNOs as the electrolyte.
2.4 Computational simulation

Density Functional Theory (DFT) calculations were
performed with DMol3 package *. In the framework of DFT,
the generalized gradient approximation (GGA) combined with
the Perdew-Burke-Enzerhof (PBE) functional was employed to
describe the exchange and correlation potential 332, All the
atoms of the calculated systems are allowed to fully relax in
order to optimize the adsorption geometries. A double-numerical
basis with polarization functions (DNP) is utilized to expand the
valence electron functions into a set of numerical atomic
orbitals, and the DFT semi-core pseudopotential (DSPP) is used
when tackling the electron-ion interactions. The k-points mesh
in the Monkhorst Pack sampling scheme was setas 1 x 1 x 1 33,
The Fermi smearing is set to 5.0 x 10 Ha (1 Ha = 27.21 V).
For the convergence criteria, the Self-consistent field
(SCF)tolerance used was 1.0 x 107 eV atom™!, the maximum
force and displacement were set as 5.0 x 102 eV-A~! and 2.0 x
10 A (1 A = 0.1 nm), respectively. For the Li metal atom
combined with Co-O-G SA and Co-N-G SA 34, the binding
energy (Ev) is defined as the energy difference between the
substrate with Li atom (£) and the summation of Li metal atom
(E1) and substrate system (E2): Ea = E1 + E2 — E.

3 Results and discussion
3.1 Characterization of Co-O-G SA

The detail synthetic process has been illustrated in
experimental section. Notably, GO was selected as single atom
carrier due to its abundant oxygen functional group, and 2D
sheets morphology with high specific surface area. First, the
homogeneously dispersed Co(NOs3)2 aqueous solution was
mixed with GO solution under vigorous stirring. In this process,
The Co*" will be immobilized on GO at a single atomic state.
The following freeze-drying process was to stabilize and avoid
the aggregation of Co?'. Finally, an optimized annealing
temperature of 400 °C was adopted for the formation of mono-
dispersed Co single atom. The as-prepared Co-O-G SA shows
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typical 2D sheet graphene morphology with the size of several
micrometers without massive aggregation of the Co particle
(Fig. 1a and Fig. S1 (Supporting Information, SI)). Nitrogen
adsorption and desorption isotherm of Co-O-G SA displays a
typical IV curve with high specific surface area of 519 m?g™!
(Fig. 1b), and the corresponding pore-size distribution presents
a dominant mesopore of 3.9 nm (Fig. 1c). XPS spectra (Fig. 1d)
reveals the presence of O and Co with an atom ratio 5.4 in Co-
0O-G SA (Fig. S2 (SI)). And the chemical state of Co in Co-O-G
SA is probed by high-resolution Co 2p XPS spectrum, where the
peak at 803.1 eV is regarded as satellite peak, while the Co 2p3»2
peaks located at 780.2 eV and 781.9 eV can be assigned to the
Co?*—0 and Co*"—O bonds, respectively, and the peak at 786
eV is attributed to the Co— OH bond (Fig. 1d) 3, which is
identical to the high-resolution O 1s spectrum (Fig. S2 (SI)) 3°.
The monatomic dispersion Co is further confirmed by XRD
pattern, in which only one broad graphene diffraction peak (002)
at 21.2° is observed, and no peaks of Co metal and cobalt oxides
are found (Fig. le). In addition, atomic-resolution aberration-
corrected resolution high-angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM) image
indicates the individual Co atoms (seen as bright spots as
highlighted by red circles) are randomly dispersed on the
graphene and no sub-nanometer clusters, which is in good
agreement with the XRD result. To further probe the nature of
the coordination of Co atom in Co-O-G, the spectra of X-ray
absorption near-edge structure (XANES) and EXAFS at the Co
K-edge were acquired to verify the possible coordination

environment of central Co in Co-O-G SA. In comparison with
the reference samples (Co foil and CoQO), the absorption edge
position of Co-O-G SA indicates the valence state of Co species
are higher than the Co?" (Fig. 1g), identical to the XPS result.
The EXAFS spectrum of R space for Co-O-G shows a main peak
of Co—O coordination at 1.63 A, similar to the Co—O bond of
Co0 (1.65 A). And no Co-Co coordination peaks in Co foil (2.12
A) and CoO (2.61 A) are detected, demonstrative of Co atoms
are mainly dispersed as single atom on graphene (Fig. 1h).
Furthermore, EXAFS fitting result shows that the Co SA is
coordinated with four etherified O atoms and two OH groups to
form a thermal stable polyoxic Co—O4(OH): structure (Fig. 11
and Table S1 (SI)) 2%,
3.2 Coulombic efficiency of Co-O-G SA electrode
The surperiority of Co-O-G SA for stable Li anode was first
investigated by the Coulombic efficiency test. For comparison,
the Co-N-G SA (531 m>-g!, Fig. S3, S4 (SI)), G-O and bare Cu
electrodes based asymmetrical batteries were also fabricated.
The barrteies were first cycled between 0.01 and 3 V for three
cycles to clean the impurity and form the stable SEI film (Fig.
S5 (SI)) 3738, As shown in Fig. 2a and Fig. S6 (SI), with a current
density of 0.5 mA-cm 2 and areal capacity of 0.5 mAh-cm2, the
Co-O-G celectrode showed a stable average Coulombic
efficiency of 99.8% and low standard deviation of 0.2 for 200
cycles with a small voltage hysteresis of ~13 mV (Fig. S7 (SI)),
siginificantly superior to Co-N-G SA (94.9%, 5.2 for 119 cycles,
80 mV), G-O (96.2%, 8.3 for 42 cycles, 90 mV), and Cu (92.3%,
33.1 for 9 cycles, 150 mV). Notably, when the deposition
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Fig.1 Morphology and structure characterizations of the as-prepared Co-O-G SA. (a) SEM image of Co-O-G SA. (b) Nitrogen adsorption-desorption
isotherm, and (c) pore size distribution of Co-O-G SA. (d) High-resolution Co 2p XPS spectrum, and (e¢) XRD pattern of Co-O-G SA. (f) HAADF-
STEM image of Co-O-G SA, where the single Co atoms present as red circles. (g) K-edge XANES and (h) FT-EXAFS spectra of Co-O-G SACs with
references of CoO and Co foil. (i) The FT-EXAFS curves of the proposed Co-O4(OH): architecture (red line) and the measured
Co0-0O-G SACs (black line). Inset is the proposed model of Co-O4(OH): architecture.
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Fig.2 Coulombic efficiency of Co-O-G SA electrodes. (a) The Coulombic efficiencies of Co-O-G SA, Co-N-G SA, G-O and Cu electrodes with
Li deposition amount of 0.5 mAh-cm at 0.5 mA-cm2. (b) The Columbic efficiency of Co-O-G SA electrode obtained at 1 mA-cm™2 with
1 mAh-em™. (c) Nucleation voltage profiles of Co-O-G SA, Co-N-G SA, G-O and Cu electrodes at the first cycle. (d, ) Coulombic

efficiencies of Co-O-G SA electrodes with increasing capacities at fixed (d) time of 1 h, and (e) current density of 0.5 mA-cm™.

capacity was increased to 1 mAh-cm2 at high current density of
1 mA-cm2, the Co-O-G SA electrode also maintained a high
Coulombic efficiency neraly 100% at 250 cycles with a stable
overpotential (47 mV) (Fig. 2b and Fig. S8 (SI)). And even under
the low mass loading of 0.2 mg-cm 2, the Co-O-G SA electrode
could still keep a high Coulombic efficiency of 96.3% at 75
cycles (Fig. S9 (SI)). The Li nucleation performances were
explored by the voltage profiles at the first cycle, the Co-O-G SA
electrode showed relatively flatter slope of potential profile with
lower overpotential of 10.5 mV than those of Co-N-G SA (44.3
mV), G-O (52.4 mV), and bare Cu electrodes (224.8 mV),
indictative of exceptional lithiophilicity of Co-O-G SA (Fig.
2¢) 340, Benefit from the above advantages, the Co-O-G SA
electrode offered exellent rate capability, for example, with the
increased Li plating capacities at fixed palting time of 1 h, Co-
O-G SA electrode retained high Columbic efficeincy of 98.6%
even with high Li deposition capacity reached up to 8 mAh-cm™
more than 75 cycles (Fig. 2d). Moreover, the Coulombic
efficiencies of Co-O-G SA with increased Li palting time from
0.5 to 12 h at the same current density of 0.5 mA-cm™2 always
exceeded 99% during the whole cycles, and kept stable cycling
ability up to 1300 h (Fig. 2e). Importantly, the high current
density, high deposition capacity, coupled with long lifespan (8
mA-cm 2, 8 mAh-cm2, 1300 h) of Co-O-G SA are superior to
the most reported single atom based Li anode (Table S2 (SI)),
such as single-atom Zn on carbon (1 mA-cm™2, 2 mAh-cm 2,
1050 h) 2, atomically dispersed nickcel on N doped graphene (1

mA-cm 2,2 mAh-cm 2, 560 h) 2. demonstrating the merits of the
Co-O-G SA on Li dendrite suppression.

3.3 Performance of Co-O-G SA anode for symmetric

batteries

In addition, symmetic batteries based Co-O-G SA and Co-N-
G SA anodes were fabricated to evaluate the Li plating/string
behavior. As shown in Fig. 3a, the Co-O-G SA battery showed
flat and stable voltage profile of 18 mV for 780 h at 1 mA-cm ™2
for 1 h. While the overpotential of Co-N-G SA was sharply
increased to 124 mV over 680 h due to the dead Li and Li
dendrite (Fig. 2b and Fig. S10 (SI)). Further increase the current
density to 3 mA-cm 2, even the overpotential was not stable at
initial cycling due to unstable SEI film, the overpotential of Co-
O-G SA anode still maintained small hysteresis of around 24 mV
for more than 550 h without failure of the battery (Fig. 3¢ and
Fig. S11 (SI)), indicating that the Co-O-G SA could successfully
suppress the Li dendrite. To probe the Li deposition process and
the interaction between the Li atom and Co-O-G SA and Co-N-
G SA, DFT calculations were conducted to evaluate their
binding energies. It is revealed that the Co-O-G SA showed a
larger binding energy of —3.1 eV than Co-N-G SA of —2.5 eV
(Fig. 3d,e), manifesting that the surface of Co-O-G SA has a
strong interaction with Li atom, leading to the uniform
distribution of metallic Li on the anode surface *'*2. This result
was further verified by SEM image, showing the morphology of
Li plating of 1 mAh-cm™ on the different electrode surfaces.
Unlike the Co-N-G SA electrode was full of Li dendrite (Fig.
S12 (SI)), a smooth and flat morphology of Li deposition without
Li dendrite was realized (Fig. 3f), even after 250 cycles (Fig. S13
(SD)), suggesting the superiority of our Co-O-G SA for dendrite-
free Li anode.
3.4 Performance of Co-O-G SA/Li-S full battery

To further verify the remarkable performance of the Co-O-G
SA/Li anode for practical applications, Li-S full batteries based
on Co-O-G SA/Li (Co-O-G SA/Li-S) and Co-N-G SA/Li (Co-
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Co-O-G SA/Li anode with a capacity of 3 mAh-cm™. (d, e) Binding energy of a Li atom with (d) Co-O-G SA and (e) Co-N-G SA
(grey ball: C atom; red ball: O atom; blue ball: N atom; white ball: H atom; purple ball: Li atom). (f) Top-view SEM image of
Co0-0-G SA electrode at the stage of plating Li with capacity of 1 mAh-cm™.
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Fig. 4 Electrochemical performance of Li-S full cells with Co-O-G SA/Li anodes. (a, b) Charge and discharge curves of (a) Co-O-G SA/Li-S and
(b) Co-N-G SA/Li-S full batteries measured at 0.5C for different cycles. (c) Voltage profile comparison of Co-O-G SA/Li-S and Co-N-G SA/Li-S
batteries obtained at 1st cycle. (d) Long-term cycling stability of Li-S full batteries based on Co-O-G SA/Li or Co-N-G SA/Li anodes tested at 0.5C.

N-G SA/Li-S) were fabricated and compared their cycling charge profiles (Fig. 4a,b) 43, while the Co-O-G SA/Li-S battery
performance. Both of them showed typical Li-S discharge and possessed much smaller polarization of 191 mV between the
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charge and discharge plateaus than that of Co-N-G SA/Li-S
battery (265 mV), indictive of significantly improved kinetics in
the Co-N-G SA/Li-S battery “+#, The long-term cycling abilities
at 0.5C (1C = 1675 mA-g ') were shown in Fig. 4d. The Co-O-
G SA/Li-S battery delivered a high capacity of 1002 mAh-g™!
and long cycle life up to 1000 cycles with a low average capacity
decay of only 0.036% per cycle and steady high Coulombic
efficiency of nearly 100%. However, the Co-N-G SA/Li-S
battery displayed a relative low capacity of 915 mAh-g™! and a
fast decay of capacity of 0.071% (Fig. 4d). These results further
confirm the superiority of the Co-O-G SA for high-energy-
density Li metal batteries.

4 Conclusions

In summary, we have developed oxygen coordinated single
atom cobalt on graphene for dendrite-free and stable Li metal
anodes for high-energy-density batteries. Benefiting from the
high specific surface area and uniform lithiophilic sites of the
Co-O-G SA surface with a larger binding energy of —3.1 eV than
Co-N-G SA (—2.5 eV), a decreased local current density and
regulated Li plated nucleation process are realized. As a result,
dendrite-free and uniform Li electrodeposition with high
Coulombic efficiency of 99.9% could be maintained at a current
density of 1.0 mA-cm™2 and a cycle capacity of 1.0 mA-cm™2.
Even at high current density of 8 mA-cm™2, high plating capacity
of 6 mAh-cm2, Co-O-G SA electrode could stably cycle with
high Coulombic efficiency nearly 100% for 1300 h. Moreover,
Co-O-G SA/Li-S full battery showed extremely low capacity
decay rate of 0.036% for 1000 cycles. This strategy emphasizes
the importance of coordination group of single atoms for
controlling the Li plating morphology and can shed a new light
on developing high safe Li metal batteries.

Supporting Information:
internet at http://www.whxb.pku.edu.cn.

Available free of charge via the

Acknowledgements:
Synchrotron Radiation Facility (SSRF) for conducting the
XANES/EXAFS experiment (BL14W1).

We acknowledge the Shanghai

References

(1) Kang, K.; Meng, Y. S.; Bréger, J.; Grey, C. P.; Ceder, G. Science
2006, 311, 977. doi: 10.1126/science.1122152

(2) Choi, J. W.; Aurbach, D. Nat. Rev. Mater. 2016, 1, 16013.
doi: 10.1038/natrevmats.2016.13

(3) Goodenough, J. B.; Kim, Y. Chem. Mater.2010, 22, 587.
doi: 10.1021/cm901452z

(4) Armand, M.; Tarascon, J. M. Nature 2008, 451, 652.
doi: 10.1038/451652a

(5) Shi, H.; Zhang, C. J.; Lu, P.; Dong, Y.; Wen, P.; Wu, Z. S. ACS Nano
2019, /3, 14308. doi: 10.1021/acsnano.0c03042

(6)

(O]

®)

©)

(10)

(an

(12)

(13)

14

(15

(16)

an

(18)

(19)

(20)

Shi, H.; Qin, J.; Huang, K.; Lu, P.; Zhang, C.; Dong, Y.; Ye, M.; Liu,
Z.; Wu, Z. S. Angew. Chem. Int. Ed. 2020, 59, 12147.

doi: 10.1002/anie.202004284

Cheng, X. B.; Zhang, R.; Zhao, C. Z.; Zhang, Q. Chem. Rev. 2017,
117,10403. doi: 10.1021/acs.chemrev.7b00115

Xu, X.; Wang, S.; Wang, H.; Hu, C.; Jin, Y.; Liu, J.; Yan, H. J. Am.
Chem. Soc. 2018, 27, 513. doi: 10.1016/j.jechem.2017.11.010

Chen, S.; Niu, C.; Lee, H.; Li, Q.; Yu, L.; Xu, W.; Zhang, J. G.;
Dufek, E. J.; Whittingham, M. S.; Meng, S. Joule 2019, 3, 1094.

doi: 10.1016/j.joule.2019.02.004

Ran, Q.; Sun, T.; Han, C.; Zhang, H.; Yan, J.; Wang, J. Acta

Phys. -Chim. Sin. 2020, 36, 1912068 [f}3£, #h K, #H,
ki, BRI, TEEE. WIEALEAR, 2020, 36, 1912068.]

doi: 10.3866/PKU.WHXB201912068

Ding, F.; Xu, W.; Graff, G. L.; Zhang, J.; Sushko, M. L.; Chen, X.;
Shao, Y.; Engelhard, M. H.; Nie, Z.; Xiao, I.; et al. J. Am. Chem. Soc.
2013, 135, 4450. doi: 10.1021/ja312241y

Wang, G.; Xiong, X.; Xie, D.; Fu, X.; Ma, X.; Li, Y.; Liu, Y.; Lin, Z,;
Yang, C.; Liu, M. Energy Storage Mater. 2019, 23, 701.

doi: 10.1016/j.ensm.2019.02.026

Zhao, C. Z.; Duan, H.; Huang, J. Q.; Zhang, J.; Zhang, Q.; Guo,

Y. G.; Wan, L. J. Sci. China Chem. 2019, 62, 1286.

doi: 10.1007/511426-019-9519-9

Jin, F., Li. J.; Hu, C. J.; Dong, H. C.; Chen, P.; Shen, Y. B.; Chen, L.
W. Acta Phys. -Chim. Sin. 2019, 35, 1399. [{:4%, 2%, RS, #
JBA, BRI, P75, BROLHE. AL AR, 2019, 35, 1399.]
doi: 10.3866/PKU.WHXB201904085

Zhu, G.; Zhao, C.; Yuan, H.; Nan, H.; Zhao, B.; Hou, L.; He, C.; Liu,
Q.; Huang, J. Acta Phys. -Chim. Sin. 2021, 37, 2005003. [k e, &4
JRAL, A, mfhdE, AR, GESLMG, TR, x4te, S
YIFRAL 2R, 2021, 37, 2005003,

doi: 10.3866/PKU.WHXB202005003

Zhang, H.; Liao, X.; Guan, Y.; Xiang, Y.; Li, M.; Zhang, W.; Zhu,
X.; Ming, H.; Lu, L.; Qiu, J.; et al. Nat. Commun. 2018, 9, 3729.

doi: 10.1038/s41467-018-06126-z

Zhang, C.; Lyu, R.; Lv, W.; Li, H.; Jiang, W.; Li, J.; Gu, S.; Zhou,
G.; Huang, Z.; Zhang, Y .; et al. Adv. Mater. 2019, 31, ¢1904991.
doi: 10.1002/adma.201904991

Ni, S.; Tan, S.; An, Q.; Mai, L. J. Energy Chem. 2020, 44, 73.

doi: 10.1016/j.jechem.2019.09.031

Zhang, R.; Chen, X. R.; Chen, X.; Cheng, X. B.; Zhang, X. Q.; Yan,
C.; Zhang, Q. Angew. Chem. Int. Ed. 2017, 56, 7764.

doi: 10.1002/ange.201702099

Shi, H.; Yue, M.; Zhang, C. J.; Dong, Y.; Lu, P.; Zheng, S.; Huang,
H.; Chen, J.; Wen, P.; Xu, Z.; et al. ACS Nano 2020, 14, 8678.

doi: 10.1021/acsnano.0c03042



Y ERAL 2525 Acta Phys. -Chim. Sin. 2021, 37 (11), 2008033 (8 of 8)

1)

(22)

(23)

24

(25)

(26)

27

(28)

(29)

(30)
(31

(32)

(33)

Zhang, J. Q.; Zhao, Y. F.; Guo, X.; Chen, C.; Dong, C. L.; Liu, R. S;;
Han, C. P.; Li, Y. D.; Gogotsi, Y.; Wang, G. X. Nat. Catal. 2018, 1,
985. doi: 10.1038/541929-018-0195-1

Zhang, J. Q.; Zhao, Y. F.; Chen, C.; Huang, Y. C.; Dong, C. L.;
Chen, C.J.; Liu, R. S.; Wang, C. Y.; Yan, K,; Li, Y. D.; et al. J. Am.
Chem. Soc. 2019, 141, 20118. doi: 10.1021/jacs.9609352

Zhao, D.; Chen, Z.; Yang, W. J.; Liu, S. J.; Zhang, X.; Yu, Y ;
Cheong, W. C.; Zheng, L. R.; Ren, F. Q.; Ying, G. B.; et al. J. Am.
Chem. Soc. 2019, 141, 4086. doi: 10.1021/jacs.8b13579

Xu, K.; Zhu, M.; Wu, X.; Liang, J.; Liu, Y.; Zhang, T.; Zhu, Y ;
Qian, Y. Energy Storage Mater. 2019, 23, 587.

doi: 10.1016/j.ensm.2019.03.025

Zhai, P.; Wang, T.; Yang, W.; Cui, S.; Zhang, P.; Nie, A.; Zhang, Q.;
Gong, Y. Adv. Energy Mater. 2019, 9, 1804019.

doi: 10.1002/aenm.201804019

Gu, J.; Zhu, Q.; Shi, Y.; Chen, H.; Zhang, D.; Du, Z.; Yang, S. ACS
Nano 2020, 14, 891. doi: 10.1021/acsnano.9b08141

Zheng, J.; Engelhard, M. H.; Mei, D.; Jiao, S.; Polzin, B. J.; Zhang, J.

G.; Xu, W. Nat. Energy 2017, 2, 17012.

doi: 10.1038/nenergy.2017.12

Li, Y.; Wu, Z. S.; Lu, P.; Wang, X.; Liu, W.; Liu, Z.; Ma, J.; Ren,
W.; Jiang, Z.; Bao, X. Adv. Sci. 2020, 7, 1903089.

doi: 10.1002/advs.201903089

Xu, Y.; Zhang, W.; Li, Y.; Lu, P.; Wu, Z. S. J. Energy Chem. 2020,
43, 52. doi: 10.1016/j.jechem.2019.08.006

Delley, B. J. Chem. Phys. 2000, 113, 7756. doi: 10.1063/1.1316015
White, J.; Bird, D. Phys. Rev. B 1994, 50, 4954.

doi: 10.1103/PhysRevB.50.4954

Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77,
3865. doi: 10.1103/PhysRevLett.77.3865

Monkhorst, H. J.; Pack, J. D. Phys. Rev. B 1976, 13, 5188.

doi: 10.1103/PhysRevB.13.5188

(34

(3%

(36)

(37

(38)

(39

(40)

(41)

(42)

43)

(44

(45)

Cui, J.; Yao, S.; Thsan-Ul-Haq, M.; Wu, J.; Kim, J. K. Adv. Energy
Mater. 2019, 9, 1802777. doi: 10.1002/aenm.201802777

Sun, W.; Du, L.; Tan, Q.; Zhou, J.; Hu, Y.; Du, C.; Gao, Y.; Yin, G.
ACS Appl. Mater. Interfaces 2019, 11, 41258.

doi: 10.1021/acsami.9b11830

Yang, L.; Shi, L.; Wang, D.; Lv, Y.; Cao, D. Nano Energy 2018, 50,
691. doi: 10.1016/j.nanoen.2018.06.023

Cheng, X. B.; Yan, C.; Peng, H. J.; Huang, J. Q.; Yang, S. T.; Zhang,
Q. Energy Storage Mater. 2018, 10, 199.

doi: 10.1016/j.ensm.2017.03.008

Liu, K.; Li, Z.; Xie, W.; Li, J.; Rao, D.; Shao, M.; Zhang, B.; Wei, M.
Energy Storage Mater. 2018, 15, 308.

doi: 10.1016/j.ensm.2018.05.025

Deng, W.; Zhu, W.; Zhou, X.; Liu, Z. Energy Storage Mater. 2018,
15, 266. doi: 10.1016/j.ensm.2018.05.005

Chen, W.; Salvatierra, R. V.; Ren, M.; Chen, J.; Stanford, M. G.;
Tour, J. M. Adv. Mater. 2020, 2002850.

doi: 10.1002/adma.202002850

Zhang, R.; Chen, X.; Shen, X.; Zhang, X. Q.; Chen, X. R.; Cheng, X.
B.; Yan, C.; Zhao, C. Z.; Zhang, Q. Joule 2018, 2, 764.

doi: 10.1016/j.joule.2018.02.001

Chen, X.; Chen, X. R.; Hou, T. Z.; Li, B. Q.; Cheng, X. B.; Zhang,
R.; Zhang, Q. Sci. Adv. 2019, 5, eaau7728.

doi: 10.1126/sciadv.aau7728

Yin, Y. X.; Xin, S.; Guo, Y. G.; Wan, L. J. Angew. Chem. Int. Ed.
2013, 52, 13186. doi: 10.1002/anie.201304762

Shi, H.; Zhao, X.; Wu, Z. S.; Dong, Y.; Lu, P.; Chen, J.; Ren, W.;
Cheng, H. M.; Bao, X. Nano Energy 2019, 60, 743.

doi: 10.1016/j.nanoen.2019.04.006

Shi, H.; Dong, Y.; Zhou, F.; Chen, J.; Wu, Z. S. J. Phys.: Energy
2018, 7, 015002. doi: 10.1088/2515-7655/aadef6



