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as an usher for deeply cyclable Li
metal anodes†
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Jun Zhong, c Chenglin Yan *a and Federico Rosei *b
The practical application of lithium (Li) metal anodes is limited by

various issues, especially the uncontrolled growth of dendrites. Herein,

we report single-cluster Au uniformly dispersed on activated carbon

cloth as a model to control directed Li deposition and suppress Li

dendrite growth. Single-cluster Au can induce Li plating with zero

nucleation overpotential, due to an optimized electron field distribu-

tion, as validated by DFT calculations. Stable and reversible Li metal

anodes were achieved by virtue of single-cluster Au, exhibiting

excellent cycling stability for more than 900 cycles with almost 100%

coulombic efficiency and deeply cyclable behavior at a high areal

capacity of up to 20 mA h cm�2. Benefiting from guided Li deposition

and maximum Li-utilization, we found that Li metal batteries with

high-loading cathodes also deliver an outstanding electrochemical

performance, showing promise for future rechargeable Li metal

battery technologies.
Introduction

High energy and cost-effective Li-ion batteries are promising for
large-scale energy storage applications such as electric vehicles,
consumer electronics and grid energy storage. However, tradi-
tional Li-ion batteries are approaching their theoretical energy
density limits.1–4 In this context, Li metal anodes are ideal
candidates due to their low redox potential (�3.04 V vs. the
standard hydrogen electrode) and high theoretical specic
energy (3860 mA h g�1).5–11 Unfortunately, the uncontrolled
formation of dendrites, the large volume change and the
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unstable interface during electrochemical cycling hinder the
applications of Li metal anodes, which reduce the cycling life
and lead to safety hazards including internal short circuits and
thermal runaway.12–16 Several strategies have been investigated
to address these issues, yet oriented control over Li deposition
remains elusive.8–14,17 The systematic investigation of Li nucle-
ation behavior has become particularly relevant to spontane-
ously guide Li deposition with control over both morphology
and position. The nucleation overpotential is dened as the
difference between the bottom of the voltage dip and relatively
stable voltage platform, which is induced by heterogeneous Li
nucleation and mass-transfer resistance.18–20 The mass-transfer
overpotential is used to trigger Li ion migration on the collec-
tor's surface, connected with the current density and the
process of Li ion migration in the electrolyte. The heteroge-
neous nucleation overpotential is necessary for the deposition
of Li metal on a heterogeneous electrode, which is affected by
the lithiophilicity of the electrode surface. Different materials
exhibit varying overpotential values, resulting from their
respective thermodynamic behaviours toward Li metal. For
a conventional collector, the nucleation overpotential of C, Ni
and Cu is around 15–40 mV, which is too high to overcome
nucleation barriers.19

Noble metals have been widely used in several areas of
technology, including pharmaceuticals, environmental protec-
tion, catalysts and energy storage.21–28 It is noteworthy that the
nucleation overpotential on noble metals is essentially zero,
which can cause Li ions to selectively nucleate on the noble
metals and be spatially controlled on anode substrates.18–20

Unfortunately, noble metals are scarce and expensive, and are
very unreactive in the bulk state, limiting their potential for
commercial use. Downsizing noble metals to single clusters or
atoms can effectively decrease their usage and maximize the
atom efficiency.25–28 However, previous theoretical studies
showed that these singly dispersed atoms or clusters would be
thermodynamically unstable. To date, signicant progress has
been achieved in the development of tightly bound single
clusters or atoms by strong electronic or covalent interactions.
This journal is © The Royal Society of Chemistry 2019
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As a noble metal, Au has been demonstrated to effectively
enhance electrocatalytic activity by favorable local interfacial
interactions. Single-cluster Au, in unsaturated coordination
environments, is usually more reactive than the corresponding
particle and cluster counterparts, which are more selective to
a specic product.24–26 Due to the innite surface free energy,
quantum size effects and strong metal–support interaction,
single-cluster Au will make a breakthrough in the limitation of
shallow cycling conditions, and realize the potential of deeply
cyclable Li metal electrodes.

Herein, we report the dispersion of single-cluster Au on acti-
vated carbon cloth (SCAu-CC) as a model to guide Li deposition
uniformly, thereby constraining the growth of dendrites. Single-
cluster Au not only favors Li deposition with zero overpotential
similar to Au nanoparticles, but also has great affinity and inter-
actions with Li ions in the electrolyte, providing stable adsorption
positions for Li atoms, which are further conrmed by density
functional theory (DFT) calculations. Aer being supported by
single-cluster Au, the Li anodes can maintain a good plating/
stripping efficiency of 99.82% for 900 cycles at 1 mA h cm�2,
and be deeply cycled at a high current density and areal capacity of
15.0 and 20.0 mA h cm�2 with a high coulombic efficiency.
Moreover, Li metal batteries (LMBs) are successfully assembled,
and show high Li-utilization and feasibility of the anodes.
Experimental section
Preparation of single-cluster Au dispersed on activated carbon
cloth

Carbon cloth was washed and dried thoroughly before the
experiments. Aer this, the carbon cloth was treated using
a modied Hummers method. Single-cluster Au was dispersed
on activated carbon cloth using a typical three-electrode cell
consisting of a working electrode, a platinum counter electrode,
and an Hg/HgO reference electrode in a mixture of 0.05 M NaCl
and 0.3 mM HAuCl4. Single-cluster Au was deposited on acti-
vated carbon cloth by stepping the potential to �0.6 V vs. SCE
for 5 s, followed by stepping back to�0.2 V vs. SCE for 5 s for six
cycles.
Structural characterization

The morphologies and elemental mapping were studied using
eld emission scanning electron microscope imaging and eld
emission transmission electron microscopy using a SU8010,
Hitachi, Ltd and a FEI Tecnai G220, FEI NanoPorts, Ltd.
Subangstrom-resolution aberration-corrected scanning trans-
mission electronmicroscopy (STEM, FEI Titan ETEMG2 80-300)
was used to characterize the dispersion and conguration of
single clusters. Surface elemental analysis was performed using
X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD,
Japan) and X-ray powder diffraction (XRD, D8 ADVANCE, Bruker
AXS GmbH Co., Ltd). X-ray absorption near edge structure
(XANES) and extended X-ray absorption ne structure (EXAFS)
data were collected on beamline 14W at the Shanghai
Synchrotron Radiation Facility (SSRF) and on beamline 01C at
the Taiwan Light Source (TLS).
This journal is © The Royal Society of Chemistry 2019
Electrochemical measurements

CR2032-type coin cells were employed in an argon-lled glove
box for repeated plating and stripping testing and Li foil was
used as the counter/reference electrode. The electrolyte was
1 M lithium hexauorophosphate (LiPF6) in ethylene
carbonate (EC)/diethyl carbonate (DEC) (1 : 1 by volume). For
symmetric batteries, two alkali metal anodes using various
current collectors were reassembled into CR2032-type coin
cells with 80 mL electrolyte and a Celgard separator. The
batteries were rst treated by an activated process via galva-
nostatic cycling between 0.01 and 1.0 V at 0.5 mA cm�2 for 5
cycles to remove surface contamination and form a primordial
SEI layer. Then, a xed amount of Li was plated onto the
substrates and stripped when charging to 1.0 V during each
cycle. For metal batteries, the SCAu-CC-Li (with a Li loading of
8 mA h cm�2) anodes were obtained from preprocessed
symmetric cells. Metal batteries with Li foil were assembled
with LiFePO4, respectively. The LiFePO4 electrodes were
prepared by mixing active materials, polyvinylidene uoride,
and carbon black in the ratio 8 : 1 : 1 with N-methyl-2-
pyrrolidone as the solvent. The areal mass loading of the
LiFePO4 electrodes was �12 mg cm�2.
Computational details

First principles calculations in the framework of density
functional theory, including structural and electronic perfor-
mances, were carried out based on the Cambridge Sequential
Total Energy Package known as CASTEP. The exchange-
correlation functional under the generalized gradient
approximation (GGA) with norm-conserving pseudopotentials
and the Perdew–Burke–Ernzerhof functional was adopted to
describe the electron–electron interaction. An energy cutoff of
750 eV was used and a k-point sampling set of 5 � 5 � 1 was
tested for convergence. A force tolerance of 0.01 eV Å�1, an
energy tolerance of 5.0 � 10�7 eV per atom and a maximum
displacement of 5.0 � 10�4 Å were considered. Each atom in
the storage models was allowed to relax to the minimum in the
enthalpy without any constraints. The vacuum space along the
z direction is set to be 15 Å, which is enough to avoid inter-
actions between two neighboring images. Then, the Li atom
had been adsorbed on the surface of graphite, and graphite +
Au. Bonding energy DEbond of the Au atom on the surface of
substrates is dened as

DEbond ¼ E*Au � (E* + EAu) (1)

where *Au and * denote the adsorption of the Au atom on
substrates and the bare substrates and EAu denotes the chem-
ical potential of Au element. Adsorption energy DE of Li group
on the surface of substrates is dened as

DE ¼ E*Au � (E* + EA) (2)

where *A and * denote the adsorption of the Li atom on
substrates and the bare substrates and EA denotes the chemical
potential of the Li element.
J. Mater. Chem. A, 2019, 7, 14496–14503 | 14497
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Results and discussion

Single-cluster Au was supported on the carbon skeleton, and
was characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and aberration-
corrected high-angle annular dark-eld scanning transmission
electron microscopy (HAADF-STEM). As shown in Fig. 1a and
S1, S2,† aer the introduction of single-cluster Au, the structure
of the skeleton shows no signicant change and Au particles are
not detected. HAADF-STEM images show that the bright spots
corresponding to single-cluster Au are uniformly dispersed on
the skeleton (Fig. 1b). Meanwhile, electron energy-loss spec-
troscopy (EELS) mapping images of SCAu-CC suggest that
atomic Au distributes evenly on the surface of the carbon skel-
eton (Fig. 1c and S3†). The chemical state and crystal structure
of single-cluster Au were further investigated by X-ray photo-
electron spectroscopy (XPS) (Fig. S4a†) and X-ray diffraction
(XRD) (Fig. S4b†). Fig. S4a† shows the XPS survey spectrum of
SCAu-CC. The peak representing Au 4f is clearly visible in the
spectra, while the XRD peaks of Au on SCAu-CC almost disap-
pear in the curve compared with those of Au particles-CC. These
observations indicate that the Au distributes on the carbon
cloth in the form of single clusters.

Normalized X-ray absorption near edge structure (XANES)
spectra for Au L3-edges of PAu-CC and SCAu-CC are shown in
Fig. 1d with comparison to standard Au foil, which were further
Fig. 1 Morphology and characteristics of SCAu-CC. (a) TEM images of S
single-cluster Au is highlighted in green circles. Scale bar, 2 nm. (c) Exam
homogeneous distribution of single-cluster Au on the carbon skeleton. (d
weighted extended X-ray absorption fine structure (EXAFS) spectra.

14498 | J. Mater. Chem. A, 2019, 7, 14496–14503
used to investigate the local electronic structure and their
interaction with the carbon skeleton. The spectrum of the Au
foil and PAu-CC exhibits almost no white-line intensity, due to
the completely lled 5d state of Au0. The white-line intensity of
SCAu-CC marked by arrows increases substantially, suggesting
that more electrons transfer from the Au cluster to the carbon
skeleton. The variation of intensity is consistent with that of the
Au–O coordination number, further demonstrating that the
electronic properties of Au could be dramatically improved by
forming unique atomic scale Au structures. Fig. 1e shows
extended X-ray absorption ne structure (EXAFS) data. The
peaks at 2.14 Å and 2.56 Å are associated with Au–Au peaks,
which are obvious in the Au foil and PAu-CC spectra. The
intensity of the peaks decreases due to the formation of unique
nanoscale or atomic scale structures. The Fourier transforms of
SCAu-CC show one prominent peak at 1.84 Å from the Au–O
contribution and a weak peak at 2.53 Å from either the Au–C or
Au–Au contributions. Compared with the Au foil and PAu-CC,
the signicant intensity of Au–O bonds and considerable
deviation of the Au–Au bonds indicate the presence of single-
cluster Au.

The magnitude of the nucleation overpotential for Li depo-
sition on the collector is particularly relevant for island growth
and evolution of surface morphology.29,30 From Fig. 2a, the
nucleation overpotential of metallic Li plating on Cu foil is
about �46 mV, and CC exhibits a nucleation overpotential of
CAu-CC. Scale bar, 50 nm. (b) HAADF-STEM image of SCAu-CC, and
ination of the corresponding EELS mapping of C, O, and Au reveals the
) Au L3-edge XANES spectra of the samples. (e) Fourier-transformed k3-

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Demonstration of the strong interaction between single-cluster Au and Li metal. (a) Voltage profiles of galvanostatic Li deposition on Cu
foil, CC, PAu-CC and SCAu-CC. Electron density distribution and binding energy of the stable configurations with (b) Li atoms adsorbed on the
carbon skeleton, and (c) Li atoms adsorbed on SCAu-CC.
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�13 mV. Driven by the electric eld, Li ions transfer toward the
collector's surface and start nucleating. The nucleation sites for
Li plating are randomly distributed and isolated due to the high
nucleation overpotential of the collector. Aer nucleation, the
voltage maintains relatively stable values. This suggests that
subsequent Li ions will be more inclined to nucleate on
previous sites, leading to the growth of dendrites. By contrast,
SCAu-CC and PAu-CC exhibit a similar Li metal nucleation
behavior to the Au electrode. The Li metal nucleation over-
potential on the SCAu-CC collector is essentially 0 mV, which
could conveniently guide Li to deposit on even-distributed
single-cluster Au, offering uniform nucleation sites (Fig. S5†).
The decrease of the nucleation overpotential aer dispersing
single-cluster Au on the CC collector implies that the Au inter-
face sites play a vital role in Li plating behavior, in agreement
with the results of DFT calculations.

The interaction between single-cluster Au and Li atoms,
electron density distribution and binding energy were further
used to demonstrate that Li nucleation is induced by single-
cluster Au, which promotes the selective and uniform deposi-
tion of Li metal on the skeleton. Electrophilic Li ion diffusion is
slower than electron transfer and the distribution process is
stochastic. The morphology of Li metal deposition mainly
depends on the distribution and diffusion of Li ions near the
surface of the current collector. Fig. 2b shows that the charge
distribution is homogeneous on the bare CC collector. This
means that Li ions remain scattered throughout the carbon
skeleton, which will cause an uneven accumulation of Li metal.
In addition, the binding energy between the Li atoms and
carbon skeleton is only 0.14 eV. Such values are extremely weak
and imply that the Li cluster can easily detach from the bare CC
collector, resulting in the growth of Li dendrites and isolated Li
particles (“dead Li”). By contrast, for SCAu-CC, single-cluster Au
withmaximum reactivity is uniformly distributed on the surface
of the whole carbon skeleton. As shown in the center of Fig. 2c
the p electrons of the carbon skeleton tend to accumulate in the
region around Au atoms, and single-cluster Au with Li atoms
exhibits a relatively large binding energy of 0.52 eV. Therefore,
the charge localization and strong interactions of Au atoms
effectively enhance the affinity for Li ions and guide Li ion
This journal is © The Royal Society of Chemistry 2019
deposition, realizing spatial control over Li nucleation. In
addition, Au can react with Li to generate multiple LixAu alloy
phases, which will be benecial for Li deposition on Au with
zero overpotential. Induced by the uniform single-cluster Au
nanoseeds, Li ions are only selectively deposited on the surface
of SCAu-CC, where no amplied and uncontrolled Li deposition
occurs, maintaining a dendrite-free morphology.

Seeded growth of Li metal on single-cluster Au with uniform
distribution can form a well-regulated Li anode in the collector,
as proved from the SEM images of the anodes aer Li deposi-
tion on different collectors at 6 mA h cm�2. For the bare CC and
PAu-CC collector, obvious Li clustering and a rough surface can
be seen on the collectors (Fig. S6a–d†), which grows vertically
outside the collectors. The uncontrolled growth of Li dendrites
without constraint and spatial connement will cause an
internal short circuit of the Li metal battery, with obvious safety
concerns. By contrast, from the SEM images of SCAu-CC in
Fig. S6e and f,† no apparent pancake-like Li pieces are observed
on the surface of the carbon skeleton, which is uniformly
covered by a layer of smooth Li without recognizable Li
dendrites. The successful plating of Li was further characterized
by XRD measurements and the cross-section view of SEM
images. Broad and strong peaks at around 44� and 26� corre-
spond to the (002) and (100) crystal planes of carbon substrates
(Fig. S7a†). In addition, the peaks located at 36� (100), 52� (200)
and 65� (211) are observed, which is in accordance with the
characteristic peaks of bare Li foil. More importantly, as shown
in the cross-sectional view (Fig. S7b†), the surface of carbon
skeletons, especially for the interior 3D skeletons, is uniformly
encapsulated by the Li deposit layer with an average thickness
of�1.25 mm. The structural integrity of SCAu-CC aer Li plating
remained well preserved, indicating superior exibility and
robust mechanical properties. To further illustrate the efficient
suppression of Li dendrite growth and directed uniform Li
plating, we used in situ optical microscopy to record the
dynamic process of Li deposition. For the bare CC collector,
protrusions and dendrites start to appear along the edges, and
become more and more obvious over time (Fig. 3a, and Video†).
As shown in Fig. S8,† some Li laments still grow on the edge of
the PAu-CC collector during the Li plating process, and the
J. Mater. Chem. A, 2019, 7, 14496–14503 | 14499
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Fig. 3 Electrochemical behaviour of Li metal batteries. In situ optical microscopy observations of the Li deposition process with (a) CC and (b)
SCAu-CC. (c) CE of the SCAu-CC electrode at 10.0–15.0 mA h cm�2. (d) Rate capability of the CE at different areal capacities from 1.0 to
20 mA h cm�2. Comparison of the CE of Li plating/stripping at a current density of (e) 0.5 mA cm�2 and (f) 3.0 mA cm�2 with an areal capacity of
1.0 mA h cm�2 and 6.0 mA h cm�2, respectively. (g) Cycling performance of different symmetric cells at a current density of 2.0 mA cm�2 for
more than 500 h.
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carbon skeleton is lled with mossy Li. In contrast, Li metal
selectively nucleates on uniform single-cluster Au with a negli-
gible nucleation overpotential, and the edge of the SCAu-CC
collector remains smooth, free from pulverization and Li
dendrites (Fig. 3b), according to the SEM images and electro-
chemical performance.

The morphologies of the SCAu-CC electrode are further
examined by SEM at different points of Li stripping during
cycling. As shown in Fig. S9,† Li dendrites and dead Li are
present during the whole Li stripping process for the PAu-CC
and CC substrates. In sharp contrast, the surface of SCAu-CC
at different points during the rst Li stripping process
remains smooth without dendritic and mossy Li. Furthermore,
the obvious variation can also be observed from the XRD
patterns of Li-SCAu-CC aer Li stripping at different points. The
intensity of the Li (100) plane gradually decreases and nally
vanishes as the stripping process goes on, demonstrating the
successive removal of Li deposits from the 3D carbon skeleton.
Such observations conrm the superior reversibility during the
Li plating/stripping process. It is well known that the high
coulombic efficiency during testing under cycling conditions is
attributed to the excellent reversibility of the SCAu-CC elec-
trode, and the SEM images of electrodes aer different Li
stripping processes are presented as further stronger evidence
for the high coulombic efficiency (Fig. S10†).16–18 The obvious Li
dendrites and dead Li can be seen on the surface of PAu-CC and
14500 | J. Mater. Chem. A, 2019, 7, 14496–14503
CC even at the end of the rst Li striping process. In sharp
contrast, the edge of the SCAu-CC electrode remains smooth
aer Li stripping, free from pulverization and Li dendrites. The
XRD pattern of corresponding electrodes is displayed in
Fig. S11.† No signal corresponding to the Li deposits can be
observed in the XRD pattern of the SCAu-CC electrode, regard-
less of different cycles of the Li plating/stripping process.
However, the peaks located at 36� (100), 52� (200) and 65� (211)
are observed for PAu-CC and CC electrodes even aer the rst Li
stripping process, which demonstrated vestigial Li dendrites
and dead Li.

Coulombic efficiency (CE) is dened as the ratio between Li
stripping and Li plating capacity during cycling of Li metal
batteries, and is very important in evaluating the sustainability
of the anode. In a typical cell, Li ions rst move from the Li foil
to the SCAu-CC collector, and deposit onto the collector. Aer
that, Li is stripped and returns back to the Li foil. Furthermore,
the CE can be affected by the current density and areal capacity.
The CE of the cell using the SCAu-CC collector was investigated
from specic charge/discharge proles under conditions of
a high current density of 4 mA cm�2 and considerable areal
capacities of 10 and 12 mA h cm�2, which exhibit excellent
stability of the deeply cyclable Li plating/stripping behavior
(Fig. 3c and S12†). Due to the decrease of the diameter and
increase of the surface atoms, the evenly distributed single-
cluster Au can improve surface activity, which presents higher
This journal is © The Royal Society of Chemistry 2019
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reactivity for adsorption of Li ions. In addition, single-cluster Au
may enhance the rate of electron transport while inuencing
the structural stability of the material, both effects potentially
leading to enhanced surface reactivity. The SCAu-CC collector
exhibited a stable CE with a high areal capacity of 15 mA h cm�2

during the deep charge–discharge cycles. The CE of the SCAu-
CC collector was also evaluated by continuously varying
current densities. Fig. 3d shows that the CE varies by about
99.91–99.17% when the current density is varied from 0.5 to 5.0
mA cm�2 corresponding to an areal capacity from 1.0 to
10.0 mA h cm�2. Even at a high current density of 7.5 and 10.0
mA cm�2 corresponding to an areal capacity of 15.0 and
20.0 mA h cm�2, respectively, it is still capable of retaining
a high and stable CE of 98.23% and 95.90%. This shows that the
electrodes in this study can realize deep cycling and much
higher capacities without compromising other properties such
as the CE and cycle life, which is suitable for commercial
applications in quick-charging systems.

As shown in Fig. 3e, the average CE is about 99.82% for 900
cycles at a current density of 0.5 mA cm�2 with an areal capacity
of 1.0 mA h cm�2. In contrast, batteries using the CC collector
exhibit a stable CE of 99.3% for the initial 283 cycles, followed
by uctuating CEs, which could be attributed to the reaction of
the electrolyte with exposed Li metal to re-form the SEI layer
during the repeated lithium deposition/dissolution process. A
similar CE performance is achieved at a current density of 1.0
mA cm�2 with an areal capacity of 2.0 mA h cm�2 (Fig. S14†). In
addition, at a high current density of 3.0 mA cm�2, batteries
using the CC collector exhibit a rapid decay of the CE to less
than 88.4% aer 21 cycles. Fluctuating CEs are observed for the
PAu-CC collector aer 50 cycles. The CEs of SCAu-CC can
remain stable at 99.23% for over 80 cycles at a deposition areal
Fig. 4 High Li metal utilization. (a) Galvanostatic charge–discharge profil
with an active material loading of up to 10.9 mg cm�2. (c) Long-term cy

This journal is © The Royal Society of Chemistry 2019
capacity of 6.0 mA h cm�2 (Fig. 3f). Under even harsher condi-
tions at a high current density of 4.0 mA cm�2 with an areal
capacity of 10.0 mA h cm�2, batteries with the SCAu-CC
collector can work stably with high average CEs of 99.16%.
The excellent cycling stability and high coulombic efficiency
encourage us to investigate their fast-charging capability, which
is a key enabler of major parameters for electric vehicles. Here,
the fast-charging capability of SCAu-CC was investigated at
a high current density of 4.0 mA cm�2 with an areal capacity of
1.0 mA h cm�2. As shown in Fig. S15,† the average coulombic
efficiency of our strategy can reach up to 99.4%.

To further study the electrochemical behavior, Li||Li, Li-
CC||CC-Li, Li-PAu-CC||CC-PAu-Li and Li-SCAu-CC||SCAu-CC-Li
symmetrical cells were congured for testing (Fig. 3g). At
a current density of 2.0 mA cm�2 and a capacity of
1.0 mA h cm�2, the Li||Li cell exhibits much worse performance
with random voltage oscillations and a large overpotential of
>168 mV followed by continuous overpotential increases during
the repeat cycles. The dendrite-induced short circuit occurs
within 70 h, signaled by voltage uctuations.31–33 Similarly, the
Li-CC||CC-Li symmetrical cell shows a uctuating overpotential
of 120.0 mV, and the Li-PAu-CC||CC-PAu-Li cell shows a high
overpotential of 89.8 mV with a voltage increase aer cycling for
220 h, indicating uneven Li deposition. In contrast, the Li-SCAu-
CC||SCAu-CC-Li cell displayed an excellent cycling stability as
evidenced by a much lower overpotential, which further stabi-
lized at 37.0 mV for more than 500 h. From Fig. S16,† the
overpotential of Li||Li, Li-CC||CC-Li and Li-PAu-CC||CC-PAu-Li
symmetric cells presents an obvious wave phenomenon at
a higher current density of 3.0 mA cm�2, but the Li-SCAu-
CC||CC-SCAu-Li cell exhibits stable voltage proles for over
350 h. All the above phenomena illustrate that as the nucleation
es and (b) cycling performance of Li-SCAu-CC/LiFePO4 metal batteries
cling performance of Li metal batteries.
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and growth of Li metal are seeded by single-cluster Au, Li metal
can be deposited on the carbon skeleton uniformly and
reversibly, which can mitigate the degradation of Li metal upon
cycling.

To further demonstrate the advantages of the SCAu-CC
collector, we conducted a proof-of-concept study on LMBs
assembled with Li-SCAu-CC as anodes and LiFePO4 as cathodes.
The Li-SCAu-CC anodes were prepared by the predeposition of
Li onto the SCAu-CC electrode. The battery with a cathode active
material mass of 10.9 mg cm�2 was galvanostatically cycled
between 2.5 and 4.0 V to study its specic capacities to gain
a better understanding of Li utilization and commercially
sustainable development of the Li-SCAu-CC anode. As illus-
trated schematically in Fig. 4a, each prole shows charge/
discharge voltage plateaus, corresponding to the two-phase
reaction of Li extraction and insertion, which is in agreement
with the traditional LiFePO4 cell. At a current density of 0.1C
(1.0C ¼ 170 mA g�1), the cell delivers capacities of
124.3 mA h g�1 with an average CE of 99.6% during cycling
(Fig. 4b), thereby satisfying the requirements for commercial
manufacturing. Furthermore, the cell exhibits a very stable
cycling performance with an active material mass of 2.6 mg
cm�2 over 200 cycles as shown in Fig. 4c. The specic capacity
shows an initial value of 161.5 mA h g�1 with a tiny capacity
reduction of 0.14% per cycle, which was very close to its theo-
retical value, and the CE approached 99.86% during each cycle.

Conclusions

In summary, single-cluster Au dispersed on a functionalized
carbon skeleton is used to induce substrate-dependent metal
nucleation processes during its electrochemical plating, on
which Li metal is guided to form a smooth Li metal anode
without dendrites. DFT calculations and in situ optical micros-
copy observations are used to reveal the guiding function
between single-cluster Au and Li metal. The resulting Li anode
exhibits excellent cycling stability up to 900 cycles and is deeply
cyclable to high capacities of 20.0 mA h cm�2. Cells with
LiFePO4 cathodes show the feasibility of the anodes with
excellent cycling stability up to 200 cycles, which benets from
guided deposition and high Li metal utilization. We believe that
with continuous efforts, single clusters or atoms will play an
important role in modied current collectors of alkali metal
batteries in consideration of both Li metal deposition and
utilization, towards the realization of large-scale energy storage
applications.
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