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Parasitic side reactions and the formation of zinc dendrites in aqueous solutions severely hinder the
practical application of Zn metal anodes. Carbon materials with high electrical conductivity and
mechanical robustness are promising protective materials for Zn anodes. However, the zincophobic
nature of carbon materials impedes the cycling stability of zinc-ion batteries. Herein, a versatile design
strategy is proposed utilizing carbon doped with single atoms with atomically dispersed zincophilic sites
as a multi-functional protective material for high-performance zinc anodes. Taking bismuth-single-
atom-doped carbon (Bi SAs) as an example, density functional calculations verify that the introduction of
bismuth single atoms can enhance zincophilicity, promote robust adhesion to zinc foil, and effectively
suppress hydrogen evolution. Guided by theoretical calculations, Bi single-atom-doped carbon

nanobelts are synthesized and employed as a protective material to stabilize zinc anodes. As expected,
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Introduction

Aqueous zinc-ion batteries are recognized as highly promising
contenders for sustainable energy storage based on their cost-
effectiveness, outstanding safety features, environmental
friendliness, and potential for scalable production.* Zn metal
anodes offer several inherent advantages, including a high
theoretical capacity (820 mA h g ') and low redox potential
(—0.76 V vs. standard hydrogen electrode).>* However, the
practical application of Zn anodes is severely hindered by their
poor cycling stability and low coulombic efficiency (CE), which
result from deleterious side reactions such as the hydrogen
evolution reaction (HER), Zn corrosion, and by-product forma-
tion, as well as dendrite growth.>®

To tackle the challenges of Zn anodes, various strategies
have been developed, such as constructing protective layers,’*>
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, respectively, in symmetric cells. Additionally, the Bi SAs@Zn//MnO, full cell achieves a stable
lifespan of 1000 cycles at 1 A g7, retaining 95.58% of the initial capacity.

designing three-dimensional (3D) current collectors,"” and
optimizing  functional electrolytes.”"”  Among these
approaches, the coating of a protective layer on the zinc surface
is regarded as an effective method for mitigating the HER and
promoting uniform Zn deposition.”®'® To date, various zinc
protective materials have been explored, including carbon
materials,* metal oxides,**> metal-organic frameworks,* and
organic compounds.* Among these materials, carbon materials
have garnered significant attention due to their outstanding
conductivity and excellent mechanical robustness.”® For
instance, Mai et al. demonstrated that an interfacial layer
composed of carbon nanotubes could effectively modulate the
local current density, ensuring a dendrite-free zinc anode.*®
However, the inherent zincophobic nature of carbon materials
leads to a high Zn nucleation barrier and poor adhesion of the
protective layers to the zinc anodes.”**” Therefore, it is of great
importance to increase the zincophilic sites of carbon materials
and thus to enhance their performance in the protection of zinc
anodes.

Single atoms (SAs)-doped materials with atomically
dispersed metal sites have been widely investigated in various
fields due to their homogeneous reactive sites and high utili-
zation efficiency of the metal.”®* In recent years, SAs with
atomic scale lithiophilic sites have been investigated as hosts or
protective layers for high-performance lithium metal
batteries.**** For example, Guo et al. found that an atomically
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dispersed cobalt coordinate conjugated bipyridine-rich covalent
organic framework as an artificial solid electrolyte interphase
(SEI) on the surface of Li metal anode can regulate the Li" local
coordination environment and achieve uniform Li nucleation.*
Most recently, SAs have been explored to improve the electro-
chemical performance of Zn metal anodes. For instance, Lou
et al. reported an elaborate design with atomically dispersed Cu
and Zn sites anchored on N,P-co-doped carbon macroporous
fibers as a three-dimensional (3D) host for a zinc anode, pre-
senting a low Zn nucleation overpotential, high reversibility,
and dendrite-free Zn deposition.*® Nevertheless, the application
of SAs in zinc metal anode optimization is still in the early stage.
In these studies, SAs are mainly employed to modify the zinc
host or scaffold materials.***® SAs are rarely applied as
a protective layer for zinc anodes.* The protection mechanisms
based on SAs also remain largely unexplored, but are very crit-
ical for designing high-performance zinc anodes.

In this work, we propose that single-atom-doped carbon with
atomically dispersed zincophilic sites is an efficient protective
material for zinc anodes. Considering bismuth (Bi) single atoms
as an example, density functional theory (DFT) calculations first
predict that Bi-single-atom-doped carbon (Bi SAs) exhibits
greater zincophilicity and stronger adhesion to zinc foil than
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nitrogen-doped carbon (NC). The Bi SAs also exhibit hydro-
phobic properties and a greater ability to inhibit the HER.
Inspired by the DFT predictions, Bi SAs nanobelts are synthe-
sized and used as a protective material for a zinc anode. Excit-
ingly, the Bi SAs@Zn anode achieves satisfactory
electrochemical performance in symmetric, asymmetric, and
full cells.

Results and discussion

DFT calculations are performed to investigate the feasibility of
the application of Bi SAs as a protective layer for zinc anode.
Atomic models of Bi SAs, NC, Bi metal, and bare Zn are first
constructed (Fig. S1tf). The nucleation energy barrier for Zn
clusters at the zincophilic sites is then calculated. The nucle-
ation energy barrier of the first Zn atom on the Bi SAs is 0.741 eV
which is weaker than that of NC (0.860 eV) and Bi metal (0.857
eV) (Fig. S2at), indicating that Bi SAs exhibit greater zincophi-
licity than NC and Bi metal. Although the nucleation energy
barrier of the first Zn atom on the Bi SAs is slightly higher than
that on bare Zn (0.645 eV), it is noteworthy that the chemical
potential of Zn deposition on bare Zn from the second Zn atom
on decreases sharply (Fig. 1a), which is unfavorable for
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Fig. 1
diagram of bare Zn, Bi SAs, Bi, and NC. (c) Binding energy of NC and
corrected HAADF-STEM image of Bi SAs. (g) Bi Ls-edge XANES and (h)
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(a) Changes in the chemical potential of bare Zn, Bi SAs, Bi, and NC for zinc cluster nucleation. (b) Hydrogen adsorption Gibbs free energy

Bi SAs on bulk Zn. (d) TEM image, (e) STEM image, and (f) aberration-
FT-EXAFS spectra of Bi foil, Bi SAs, and Bi,Os. (i) EXAFS fitting of Bi SAs.
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homogeneous Zn nucleation. A similar phenomenon can be
also observed on Bi metal. In contrast, the Bi SAs and NC
surfaces maintain a relatively stable chemical potential during
the deposition of successive Zn atoms. As illustrated, by the
deposition of the 14™ Zn atom (Fig. S2b?), both Bi SAs and NC
are conductive for the uniform nucleation and growth of Zn.
Fig. 1b shows that the calculated Gibbs free energies for
hydrogen adsorption on Bi SAs (1.30 eV), NC (1.45 eV), and Bi
metal (0.76 eV) are higher than that on bare Zn (0.28 eV), sug-
gesting that Bi SAs exhibit great potential to hinder the HER. In
addition, an ideal artificial protective layer should exhibit
strong adhesion to zinc foil to prevent coating delamination
during cycling. Compared to that of NC (—0.70 eV), Bi SAs
demonstrate a much stronger binding energy of —1.22 eV to
zinc foil (Fig. 1c), which can not only inhibit coating delami-
nation but also promote efficient electron transfer between the
coating layer and zinc foil.

Guided by these DFT simulations, a straightforward pyrol-
ysis strategy*® is employed to synthesize Bi single atoms-doped
carbon nanobelts using a Bi metal-organic framework as
a template (Fig. S3t). The as-synthesized material exhibits an
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amorphous carbon structure and belt-like morphology
(Fig. S41). The nanobelts are highly porous, as confirmed by
transition electron microscopy (TEM) and high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) images (Fig. 1d and e). The porous structure is expected
to facilitate rapid ion transport. Isolated bright spots (marked
with yellow circles) can be clearly observed in the aberration-
corrected HAADF-STEM image (Fig. 1f), evidencing the exis-
tence of Bi single atoms. The Bi content is determined to be
1.56 wt% using inductively coupled plasma-optical emission
spectrometry (ICP-OES).

X-ray photoelectron spectroscopy (XPS) is performed to study
the chemical state of the as-synthesized material. The four
peaks of the C 1s XPS spectra can be assigned to C=C (284.8
eV), C=N (286.1 eV), C-N (288.5 eV), and O-C=0 (290.5 eV)
species (Fig. S5at). The high-resolution N 1s spectrum can be
deconvoluted into graphitic N and pyridinic N (Fig. S5b¥). The
Bi 4f XPS spectrum shows a valence state between 0 and 3
(Fig. S5ct). Furthermore, the accurate local atomic coordination
of Bi SAs is determined using X-ray absorption near-edge
spectroscopy (XANES) and extended X-ray absorption fine
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Fig. 2

(a) Tafel curves of bare Zn, NC@Zn, Bi@Zn and Bi SAs@Zn electrodes in 2 M ZnSO, electrolyte. DRT analysis of (b) bare Zn and (c) Bi

SAs@Zn in symmetric cells during standing by EIS. (d) LSV curves in 1 M Na,SO,4 electrolyte, (e) activation energies, and (f) CA curves at an
overpotential of —150 mV. (g) Nucleation overpotential of bare Zn and Bi SAs@Zn electrodes at a current density of 5 mA cm™2in 2 M ZnSO,
electrolyte. (h) Overpotential plots at different current densities and the corresponding (i) exchange current density of bare Zn, NC@Zn, Bi@Zn,

and Bi SAs@Zn electrodes.
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structure spectroscopy (EXAFS). As depicted in Fig. 1g, the Bi L,-
edge XANES spectrum of the as-synthesized material is located
between that of Bi foil and Bi,0;, demonstrating that the
average valence of the Bi in the as-synthesized material is
between Bi® and Bi*', consistent with the XPS results. The
Fourier transform (FT) EXAFS spectrum of the as-synthesized
material in Fig. 1h exhibits a dominant Bi-N coordination at
1.47 A. Moreover, there are no detectable peaks for Bi-Bi coor-
dination, implying that the Bi atoms are dispersed as isolated
atoms. The EXAFS fitting results affirm the coordination
structure of the Bi sites as Bi-N, (Fig. 1i and Table S1%). The
above characterization results show that Bi-single-atom-doped
carbon nanobelts are successfully synthesized; the product is
henceforth referred to as Bi SAs. As control samples, NC and
bulk Bi are also synthesized (Fig. S6 and S77).

All the synthesized materials are then coated onto Zn foil to
evaluate their Zn protection performance. Fig. 2a illustrates that
the Bi SAs@Zn electrode exhibits a more positive corrosion
potential than the NC@Zn, Bi@Zn, and bare Zn electrodes,
indicating that Bi SAs is effective in inhibiting the corrosion of
zinc metal. This may be due to the hydrophobic properties and
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low SO,*>” permeability of the Bi SAs surface (Fig. S8 and S97).
When bare Zn and Bi SAs@Zn electrodes are immersed in 2 M
ZnSO, solution for three days, white precipitates with an
inhomogeneous flaky structure, corresponding to Zn,SO,(-
OH),-xH,0, form on the surface of bare Zn, while no significant
changes are observed on Bi SAs@Zn (Fig. S107). In situ elec-
trochemical impedance spectroscopy (EIS) is performed to
further investigate the corrosion resistance performance
through analyzing the distribution of relaxation time (DRT).** A
new peak appears in the DRT of bare Zn after 40-50 minutes of
resting, indicating the formation of by-product (Fig. 2b and
S11at). In sharp contrast, no obvious peak can be found for Bi
SAs@Zn (Fig. 2c and S11bt). Additionally, the linear sweep
voltammetry (LSV) curves in Fig. 2d illustrate that much higher
overpotentials are required for Bi SAs@Zn to trigger the HER,
suggesting the significant HER suppression properties of Bi
SAs.

The ionic conductivity of the Bi SAs interfacial layer is
determined to be as high as 2.42 x 107> S em™ "' (Fig. S127),
further validating the effective role of Bi single atoms in accel-
erating Zn>" transport. As determined using the Arrhenius
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Fig.3 (a) CE profiles of Zn//Ti, NC@Zn//Ti, Bi@Zn//Ti and Bi SAs@Zn//Ti at 5 mA cm~2 and 1 mAh cm™~2. Galvanostatic charge/discharge curves
of (b) Bi SAs@Zn//Ti and (c) Zn//Ti. (d) Long-term cycling stability of bare Zn, NC@Zn, Bi@Zn, and Bi SAs@Zn symmetric cells at 5 mA cm~2 and
1 mAh cm™2. (e) Cycling stability at 20 mA cm™2 and 5 mAh cm™2 and (f) rate performance at different current densities from 1 to 30 mA cm—2 of

bare Zn and Bi SAs@Zn.
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equation (Fig. 2e and S13t), the activation energy (E,) for Bi
SAs@Zn (20.79 k] mol ') is lower than that of NC@Zn
(26.60 k] mol™"), Bi@Zn (26.77 k] mol '), and bare Zn
(34.92 kJ mol ), which may be attributed to the high surface
energy of the single atoms in promoting Zn** desolvation and
migration.*” With the exception of the bare Zn anode, the other
electrodes initially exhibit a rapid 2D diffusion process (within
10 s), followed by a stable 3D diffusion phase (Fig. 2f),
demonstrating uniform Zn deposition. The nucleation over-
potential of Bi SAs@Zn (72 mV) is much smaller than that of
bare Zn (154 mV) (Fig. 2g), suggesting that less energy is
required for nucleation on Bi SAs. Within the examined current
density range (1 to 10 mA cm™?), the observed overpotentials of
Bi SAs@Zn are consistently lower than those of NC@Zn, Bi@Zn,
and bare Zn (Fig. 2h). In addition, the exchange current density
of Bi SAs@Zn is higher than that of the other three electrodes,
reflecting that Bi SAs can promote surface charge transfer
kinetics (Fig. 2i).

The Zn”" plating/stripping behaviors are investigated in both
asymmetric and symmetric cells. As depicted in Fig. 3a, the Bi
SAs@Zn//Ti cell can maintain an average CE of 99.66% over
4000 cycles at a current density of 5 mA cm™ > with a capacity of
1 mAh cm % demonstrating remarkable reversibility and
stability. As evidenced by the voltage-capacity profiles, the Bi
SAs@Zn//Ti cell displays a well-leveled charging-discharging
plateau with a lower voltage gap throughout the entire cycling
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(Fig. 3b). In contrast, the voltage polarization of bare Zn//Ti
increases sharply at the 200" cycle, which can be attributed to
the formation of Zn dendrites (Fig. 3c). In addition, a high and
stable CE is also exhibited by the Bi SAs@Zn//Ti cell at various
current densities (Fig. S14 and S157), while the Zn//Ti, NC@Zn//
Ti, and Bi@Zn//Ti cells show an unstable CE and short cycle life.
In the symmetric cell tests, the thickness of the coating layer is
first optimized to be 5 um (Fig. $16 and $171). At 5 mA cm ™2 and
1 mAh cm ™2, the Bi SAs@Zn symmetric cell can achieve a long
lifespan of 4200 h without notable voltage fluctuations (Fig. 3d),
much better than those of the NC@Zn, Bi@Zn, and bare Zn
cells. Even tested at 20 mA cm™ > and 5 mAh cm™?, the Bi
SAs@Zn cell still presents superior cycling stability up to 600 h
with a cumulative capacity as high as 6000 mAh cm ™2 (Fig. 3e),
again demonstrating the high durability and reversibility of Bi
SAs@Zn. Remarkably, the cumulative capacity and cycle life of
the Bi SAs@Zn anode outperform many previously reported Zn
metal anodes (Table S21). Moreover, at a high depth of
discharge (DOD) of 85.47% (5 mA cm™ 2, 10 mAh cm™?), the Bi
SAs@Zn cell displays an impressively long cycle life of 600 hours
(Fig. S18t). Additionally, the rate performance tests reveal that
the Bi SAs@Zn cell can deliver a smaller voltage hysteresis and
better stability than the NC@Zn, Bi@Zn, and bare Zn cells
under different current densities ranging from 1 mA cm ™~ to 30
mA cm 2 (Fig. 3f). As elucidated by galvanostatic intermittent
titration technique (GITT) tests, the Bi SAs can effectively
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Fig.4 SECM feedback images of (a) bare Zn and (b) Bi SAs@Zn anodes after zinc deposition for 600 s at 5 mA cm™2. (c) TEM image of Bi SAs@Zn
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mA cm 2. COMSOL electric field simulation of (f) bare Zn and (g) Bi SAs@Zn.
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facilitate Zn>" ion transfer (Fig. S197) by reducing the concen-
tration polarization from 6.2 mV to 3 mV and mitigating ohmic
and interfacial electrochemical polarization from 30.88 mV to
23.09 mV. Additionally, in situ DRT analysis reveals that the Bi
SAs@Zn anode presents a shorter relaxation time during Zn>*
deposition (Fig. S207), indicating that the Bi SAs coating can
accelerate the desolvation process of Zn>" ions.*

Scanning electrochemical microscopy (SECM) is utilized to
probe the surface morphological change of the Zn anode before
and after Zn deposition.* The local feedback current change
reveals that both the bare Zn and Bi SAs@Zn electrodes exhibit
a homogeneous surface (Fig. S217). Following the deposition of
Zn, compared to bare Zn, Bi SAs@Zn still provides a uniformly
distributed electric field, revealing dense and uniform Zn
deposition (Fig. 4a and b). This phenomenon can be also evi-
denced using scanning electron microscopy (SEM) character-
ization (Fig. S227). After 10 min of deposition, Zn nanoparticles
with an average size of around 10 nm and a mainly exposed
(002) plane are uniformly dispersed on the surface of the Bi SAs
(Fig. 4c and S237). In situ optical microscopy observations
(Fig. 4d and e) verify that the Bi SAs coating can robustly
suppress dendritic growth, while prominent bubbles and
dendrites are observed on bare Zn. After 50, 100, and 150 cycles,
distinct protruding particles or dendritic structures appear on
the bare Zn surface (Fig. S247), suggesting nonuniform plating/
stripping processes and the generation of Zn,SO4(OH)s-xH,O

View Article Online

Edge Article

byproducts (Fig. S25at). Conversely, the surface of Bi SAs@Zn
appears to be uniform and flat on the whole (Fig. S25b¥),
reflecting favorable Zn plating/stripping behavior. COMSOL
simulations**** illustrate that the Zn>" ions exhibit fluctuations
and clustering near the tips of the bare Zn anode surface due to
the strong electric field, thus fostering the growth of Zn
dendrites (Fig. 4f and S26at). In stark contrast, the Bi SAs
coating can effectively equalize both the Zn>" ionic concentra-
tion and electric field, thereby guiding uniform Zn deposition
(Fig. 4g and S26bf).

A Bi SAs@Zn//MnO, full cell is assembled to further explore
the practical applications of the modified zinc anode. A simple
precipitation method*® is employed to synthesize MnO, with
nanosheet morphology (Fig. S277). The cyclic voltammetry (CV)
curves of the full cells with bare Zn and Bi SAs@Zn anodes
exhibit similar shapes (Fig. 5a). However, the Bi SAs@Zn//MnO,
cell exhibits higher redox current density, suggesting enhanced
electrochemical reactivity. This is ascribed to the significantly
lower charge transfer resistance of Bi SAs@Zn//MnO, (Fig. 5b).
The galvanostatic charge-discharge curves verify that the Bi
SAs@Zn//MnO, cell presents lower voltage hysteresis and
higher capacity compared to the Zn//MnO, cell (Fig. 5c). The
rate performance of the Bi SAs@Zn//MnO, cell is also superior
to that of the Zn//MnO, full cell. When returned to 0.1 Ag™ ", the
Bi SAs@Zn//MnO, cell remarkably sustains a capacity of
382 mAh g~ (Fig. 5d). Additionally, the Bi SAs coating is able to
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Fig.5 (a) CV curves at a scan rate of 0.1 mV s, (b) EIS plots before cycling, (c) charge/discharge profiles at the 10" cycle with a current density
of 0.5A g™ and (d) rate performance of Bi SAs@Zn//MnO, and Zn//MnO; full cells. Self-discharging voltage—time curves of (e) Bi SAs@Zn and (f)
bare Zn. (g) Cycling performance of Zn//MnQ, and Bi SAs@Zn//MnO, full cells at 1 A gt
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mitigate the self-discharge phenomenon in Zn//MnO, batteries
(Fig. 5e and f), highlighting its ability to alleviate side reactions.
The long-term cycling performance of the full cells is evaluated
at 1 A g '. As depicted in Fig. 5g, the Bi SAs@Zn//MnO, cell
impressively maintains a specific capacity of 150.95 mAh g *
after 1000 cycles with a retention rate of 95.58%. For bare Zn//
MnO,, the capacity fades to 24.26% (35.08 mAh g~ ') after 1000
cycles. It is noteworthy that this remarkable cycling stability
surpasses those of most reported full cells (Table S3t). Addi-
tionally, a full cell using NH,V,0;, (ref. 47) as cathode also
reveals the feasibility of the Bi SAs@Zn anode (Fig. S28 and
$29%).

Conclusions

In summary, DFT calculations demonstrated that Bi single
atoms incorporated into carbon can act as zincophilic sites and
inhibit the HER. It was also predicted that Bi SAs would exhibit
stronger binding to Zn foil compared to nitrogen-doped carbon,
ensuring the stability of the protective coating. Based on these
theoretical predictions, Bi SAs-doped carbon nanobelts are
synthesized as a multi-functional protective layer to stabilize
a Zn anode. The atomic-scale zincophilic sites can accelerate the
desolvation kinetics and migration of Zn>', promote the
uniform distribution of Zn>" to inhibit side reactions, and
facilitate rapid dendrite-free Zn deposition. Consequently, the
asymmetric cell shows a high average CE of 99.66%, and the
symmetric cell exhibits an ultra-long cycle life of 4200 h at
a current density/capacity of 5 mA cm~*/1 mAh cm™>. Even at
a high deposition capacity/current density of 5 mAh cm™ /20
mA cm 2, the Bi SAs@Zn anode maintains stable cycling over
600 hours with a low overpotential. Furthermore, the Bi
SAs@Zn//MnO, full cell exhibits outstanding cycling stability at
1 Ag ! after 1000 cycles, retaining 95.58% of the initial capacity.
This work provides an intriguing strategy to design high-
performance Zn anode protection materials at the atomic scale.
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