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Abstract: Effective management of lithium (Li) metal nucleation and growth is critical
for its practical application, yet limited understanding of Li metal anode morphology
has impeded progress. This study advances the comprehension of dense spherical Li
deposition by linking atomic charge distributions to macroscopic phenomena. By
introducing silver (Ag) single atoms into titanium (T1) vacancies in MXene, we form a
unique Ag-C composite that modulates charge distribution, thereby facilitating uniform,
spherical Li deposition across the surface. This approach minimizes Ag consumption
to below 1 wt% while achieving Li metal deposition capacities exceeding 40 mAh cm™.
Moreover, full cells incorporating MXene-AgSAs@Li anodes paired with LiFePO4 or
sulfur cathodes exhibit significantly enhanced cycling performance and high-rate
capabilities. These findings provide novel insights into the role of charge partitioning

in Li metal deposition and the formation of dense, spherical Li arrays.



The ongoing quest for clean and renewable energy has resulted in a growing
demand for the development of efficient energy storage devices.!” Lithium-ion
batteries (LIBs) have been widely used in everyday life due to their safety and long
lifespan.*® However, the energy densities of current LIBs are nearly approaching their
theoretical limits and are insufficient to meet the growing demands for advanced energy
storage devices. Lithium (Li) metal anode, with a high specific capacity (3860 mAh g’
1 and a low redox potential (-3.04 V vs. standard hydrogen electrode), is regarded as
one of the most promising anode materials.®”!! Therefore, Li-sulfur and Li-air batteries,
which are based on the Li metal anode, have been extensively investigated in the past

decades for the construction of high-energy density batteries.!?"16

Although Li metal batteries have received a great amount of attention, there are a
series of issues associated with their practical application. One of the most critical
issues is the formation of Li dendrites.!”"!” Li dendrites are Li crystals produced by the
irregular electrodeposition of highly reactive Li atoms at the interface between the
nucleation site and the solid electrolyte interface (SEI) film.?%?> Such small and slender
Li dendrites tend to break and lose their electrical contact with the bulk Li, subsequently
forming "dead Li", leading to severe capacity loss.>>* In addition, the formation of Li
dendrites not only deteriorates battery performance but also leads to thermal runaway
due to internal short circuits, posing serious safety hazards.?> 26 Therefore, controlling
the nucleation and growth of Li metal and inhibiting the growth of Li dendrites is the
key to achieving the next generation of high energy density and safe Li metal batteries.
Deep plating and stripping of Li represent significant challenges, heavily influenced by
the initial nucleation of Li. Consequently, the control of Li nucleation and early growth
on specialized substrates also emerges as a crucial factor in enhancing recyclability. As
demonstrated in a prior investigation, the swift diffusion of Li at the interfaces of
Li/solid electrolyte interphase (SEI) and Li/substrate enables rapid "self-
rearrangement", facilitating early nucleation and resulting in a more uniform Li growth
profile.2”- 28 Regarding substrate effects, it was also observed that a high affinity with

the substrate material facilitated Li deposition. To understand deeply, metals capable



of alloy formation (e.g., silver and gold) are frequently employed to lower barriers to
Li deposition. For example, Cui's team proposed that hollow carbon spheres modified
with Au nanoparticles effectively promoted Li deposition and obstructed the formation
of Li dendrites.?” Lou's group also revealed that carbon fibers doped with nitrogen can
be implanted with Ag nanoparticles to create a stable Li anode.® These reports illustrate
that Au or Ag metals have an important role to play in the field of LMBs. However,
their high prices and unclear essential cause of lithiophilicity limit their practical
application in LMBs, resulting in the necessity to investigate the mechanism of Li

deposition to design better Li dendrite inhibiting strategies.

Controlling the initial phase of Li growth is crucial to minimize both Li dendrite
formation and high-capacity deposition. Several studies have found that the growth of
Li dendrites can be inhibited by regulating the formation of spherical Li.*" 32 To
investigate the underlying reasons for the formation of spherical Li, we try to introduce
Ag single atoms into the titanium (T1) vacancies of MXene, a two-dimensional material
with excellent electrical conductivity. As we know, the successful introduction of Pt
and Ni single atoms into the Ti vacancies of MXene has been reported.** ** However,
introducing single atoms into Ti vacancies presents challenges, as metal single atoms
may bind to the oxygen termination group of MXene instead of occupying the Ti
vacancy.’® Particularly, the incorporation of Ag single atoms remains relatively
unexplored due to the high reactivity of Ag" ions, which form Ag particles easily in the
presence of the highly oxidizing MXene. As a result, there are few reports regarding
the introduction of Ag single atoms into Ti vacancies. In this work, Ag single atoms
were used to occupy the Ti vacancies as the atomic radius of Ag (144 pm) is close to
that of Ti (147 pm), likely enabling better compatibility. Experimentally, we observed
that the Ag single atoms have successfully occupied the Ti vacancies, bringing upon
the extra benefit of cost affordability. In addition, this study also contributes a novel
aspect by reporting on the Ag-C system, which has been scarcely explored in previous
studies on Ag single atoms as existing studies on Ag single atoms are mainly based on

the Ag-O and Ag-N systems.’® >’ Coupled with our novel synthesis method that



effectively reduces reaction rate through an inhibitive solvent, we can precisely deposit

Ag single atoms in Ti vacancies.?® 34

ensuring that the unique Ag-C system is
showcased in our material, thus allowing our work to be a representative work for future
researchers working to explore the Ag-C systems of Ag single atoms. Unlike
conventional lithiophilic precious metal nanoparticles, the Ag single atoms are not only
substantially cheaper (Table S1), but also have largely homogeneous morphological
and atomistic characteristics, ensuring that the lithiophilic capability of each metal
single atom site is consistent.*®*? Furthermore, the introduction of Ag atoms into the Ti
vacancies substantially homogenized the electronic environment near the Ti vacancies.
This signifies the impact of charge modifications on Li deposition from an atomic-level

viewpoint for the first time, offering a deeper comprehension of the effect of

macroscopic charge distribution on Li deposition.

As a result, we utilize Ag single atoms to form uniform electronic sites that can
modulate current densities and induce homogeneous spherical Li metal deposition,
allowing dense and uniform spherical Li metal to be formed in the initial deposition
stage. This initial formation of spherical Li metal is observed to effectively inhibit the
growth of Li dendrites even after depositing ultra-high capacity. Therefore, the Ag
single atoms modified MXene electrodes show a low overpotential and high CE over
800 cycles, as well as deep plating-stripping capacities of up to 40 mAh cm2. COMSOL
Multiphysics simulations also illustrate a more uniform deposition and distribution of
electrons on the MXene-AgSAs electrode compared to MXene and Cu electrodes. This
observation suggests a substantial role for Ag single atoms in modulating electronic
behavior and impeding the growth of Li dendrites. To further demonstrate its
practicality, the full cell of MXene-AgSAs@Li anode is assembled with LiFePO4 and
S respectively, which demonstrated a stable cycle life of over 400 (1C) and 1000 cycles

(2C) respectively.

The MXene-AgSAs were synthesized via a facile vacancy capture-reduction
method.* 3 As illustrated in Scheme S1 (Supporting Information), Ti3C2Tx (MXene)

sheets were obtained by etching Al from TizAIC, with the assistance of LiF and HCI.



Afterwards, MXene was reacted with AgNOs in ethanol to conduct Ag" ion trapping
and reduction (synthesis details in SI). The strongest powder X-ray diffraction (XRD)
peak of Ti3AlC; near 40° is observed to have disappeared after etching (Figure Sla)
along with the formation of the main characteristic (002) peak of Ti3C, Ty, indicating
the successful synthesis of MXene sheets (Figure S1b). Despite the thereafter
introduction of silver atoms, diffraction peaks of Ag species are not observed,
indicating the lack of crystalline Ag in the MXene-AgSAs sample. Nonetheless,
inductively coupled plasma optical emission spectroscopy (ICP-OES) still indicates
that the Ag content in MXene-AgSAs is 0.76 wt% (Table S2), serving as a preliminary
suggestion that Ag may be present in MXene as single atoms. Scanning electron
microscope (SEM) and transmission electron microscope (TEM) images of MXene
show a typical layered structure with smooth surfaces (Figures S2 and S3), a
characteristic which was retained after Ag incorporation (Figures S4 and S5). Further
elemental mapping also revealed that there was no aggregation of Ag in the MXene-
AgSAs sample. Moreover, the scanning transmission electron microscopy (STEM)
image of the MXene-AgSAs and related elemental mapping images also demonstrate

the uniform distribution of the Ag single atoms (Figure S6).

To study the status of Ag in MXene, X-ray absorption spectroscopy (XAS)
measurements are performed at the Ag K-edge. The X-ray absorption near-edge
structure (XANES) region of the XAS reveals that the energy edge of Ag in MXene-
AgSAs i1s higher than that of Ag foil, indicating the Ag atoms in MXene-AgSAs are
positively charged (Figure 1a). Further structural information of Ag single atoms can
be obtained from Ag K-edge extended X-ray absorption fine structure (EXAFS)
analyses. The Fourier-transformed R-space curves of the Ag Ks-edge EXAFS spectra
unveiled the bonding environment of Ag atoms in MXene-AgSAs. As shown in Figure
1b, the MXene-AgSAs shows two main peaks at 1.74 A and 2.99 A, corresponding to
the first coordination shell of Ag-C and the second coordination shell of the Ag-Ti bond,
respectively. This is clear evidence that the Ag atoms in MXene-AgSAs are coordinated

with C atoms. The fitting spectrum of the Ag foil, Ag,O, and MXene-AgSAs are in



good agreement with experimental results (Figure S7 a-d and Figure S8), indicating
that the fitting results are reliable. According to the EXAFS fitting results shown in
Figure 1c and Table S3, the coordination number of Ag-C and Ag-Ti is 3.7 and 4.1
respectively. To further confirm that the Ag" ions are captured by the Ti vacancies in
MXene, several pieces of evidence are provided. From the HAADF-STEM images, Ag
single atoms are observed by being visually brighter than surrounding atoms. In Figure
1d, these Ag single atoms are circled in red, indicating that Ag single atoms are well-
distributed in the MXene. The close-up image of an Ag single atom further confirmed
that Ag atoms are implanted in MXene (Figure 1e), which is further visualized through
a 3D projected image, highlighting the difference in atomic contrast between Ag single
atoms and the surrounding atoms (Figure 1f).** The X-ray photoelectron spectroscopy
(XPS) result indicates that the Ag peak appears only after introducing Ag to MXene
(Figure S9) and the high-resolution XPS of Ti 2p demonstrates an increase in the
oxidation state of Ti after introducing Ag, suggesting that the redox reaction between
the Ti vacancies and the Ag" ions has occurred (Figure S10a). This is coupled with a
rightward shift of the Ti-C peak near 455.5 eV to lower binding energy, indicating an
elevated valence of Ti. Furthermore, the C 1s peak near the 282 eV (C-Ti bond) also
demonstrates a similar shift (Figure S10b). For the charged state of Ag, the high-
resolution XPS of Ag indicates the valence of Ag is between Ag® and Ag" (Figure S11).
The above results indicate that the Ag atoms are captured by the Ti vacancies,
influencing the charge states of Ti and C.

Besides, the wavelet transformed (WT) of the EXAFS spectrums is displayed in
Figure 11, delivering the maximum intensity at 3.5 A", which can be assigned to Ag-C
coordination without Ag-Ag and Ag-O signals (Figure 1g-1h). The second coordination
shell of Ag-Ti is also labelled in the wavelet-transformed EXAFS spectrum of MXene-
AgSAs. Based on the above, we can deduce that the Ag single atoms are captured by
the Ti vacancies and stabilized by the formation of four Ag-C bonds with four adjacent
C atoms. Therefore, it can be concluded that Ag single atoms are well-dispersed in the

MXene with Ag-C coordination, forming a novel MXene-AgSAs material.



To assess the effect of Ag single atoms on the Li deposition process, we compared
the Li deposition morphologies on Cu, MXene, and MXene-AgSAs respectively. Based
on the SEM results obtained after plating different amounts of Li, it is evident that the
Li deposition is non-uniform following plating 0.2, 0.5, and 1 mAh cm™ on Cu foil
(Figure 2a-2c). Specifically, dendrites are observed after plating at only 4 mAh cm™
(Figure 2d), while severe dendritic growth is apparent after plating at 8 mAh cm™
(Figure 2¢). For the MXene substrate, Li dendrites are not readily apparent after plating
at 0.2, 0.5, 1, and 4 mAh cm? (Figure 2£-21), but the distribution of the Li is still not
uniform. They become pronounced after plating at 8 mAh cm (Figure 2j). Conversely,
on the MXene-AgSAs substrate, it is evident that uniform spherical Li deposition
occurs after plating at 1 mAh cm (Figure 2m). At a low plated amount of 0.2 mAh cm™
2 there are some obvious spherical Li formed on the surface (Figure 2k), after
increasing to 0.5 mAh cm™ (Figure 21), the spherical Li becomes more prominent, and
its morphology remains more uniform compared to both MXene and Cu foil. This
morphology persists as smooth and flat even after plating at 4 and 8 mAh cm™ (Figure
2n-20). Furthermore, the cross-sectional views of the plated Li clearly show dendrite
formation on both Cu (Figure S12 a-b) and MXene (Figure S12 c-d) substrates after
depositing 4 and 8 mAh cm™2, respectively. In contrast, Li plated on the MXene-AgSAs
substrate forms a densely stacked layer (Figure S12 e-f). These findings indicate that
MXene-AgSAs substrates effectively inhibit lithium dendrite growth. Excitingly, the
electrode surface of MXene-AgSAs demonstrates consistent and uniform Li deposition,
even following the deposition of significant Li capacities, ranging from 10 to 40 mAh
cm™ (Figure 2p-2r). Remarkably, even at a deposition capacity of 80 mAh cm™,
although surface Li distribution becomes slightly uneven, no visible Li dendrites are
observed (Figure 2s). Subsequently, we observed the bottom morphology of the
deposited Li, and we could clearly see a large amount of spherical Li at the bottom
(Figure 2t). This observation suggests a potential mechanism underlying the ability of
MXene-AgSAs electrodes to facilitate the deposition of ultra-high-capacity Li. Contact
angle tests are also performed to evaluate the wettability of several substrates to the

electrolyte. As Figure S13 shows, the contact angle between the MXene-AgSAs



substrate and electrolyte is ~27.5°, much smaller than the MXene (~71.1°), and Cu
(~110.6°), indicating the better diffusion of electrolyte in MXene-AgSAs. This result
may also elucidate the more uniform deposition of Li on MXene-AgSAs electrodes.
The spherical Li is keeping in good shape after loading at high capacity, indicating the
ultrahigh stability of the spherical Li. This phenomenon may be attributed to the
presence of unique Ag single atoms occupying the Ti vacancies (Figure 3a-3b). These
Ag atoms likely rearrange the charge distribution around the Ti vacancies, thereby
exerting an atomic level influence on the charge density (Figure 3¢c-3d). A rearranged
and uniform charge distribution ensures that the electric field strength across the
electrode surface remains consistent in all directions. Under these conditions, Li ions
deposit at a uniform rate as they approach the electrode, promoting the formation of a
spherical or nearly spherical metal layer. This uniform electric field facilitates the even
distribution of the deposit, leading to the natural emergence of a spherical structure.
This redistribution of the electronic near the Ag atoms further result in a low current
density of the electrode and uniform macroscopic depositional morphology (Figure 3e-
3f), which are supported by Density functional theory (DFT) calculations and
COMSOL simulations. Conversely, according to COMSOL simulations, the Li
deposition morphology on the MXene and Cu substrates becomes increasingly
heterogeneous, while the charge density tends to increase (Figure S15 a-b). These
results indicate that Ag atoms prevent the formation of localized high electric field
regions, thereby inhibiting the growth of irregular, sharp structures like dendrites, thus
promoting the formation of spherical deposits. Moreover, the presence of Ag single
atoms promotes the formation of thick and stable SEI, which is thicker than the current
record (~10-20 nm).** ** This was supported by the Cryo-TEM image showing the
thickness of the SEI to be <70 nm (Figure S14). The thicker SEI layer may explain why
spherical Li is stabilized and maintains its shape during high-volume deposition.

To explore the composition of the thick SEI, XPS with depth profiling was employed
to determine the identity of the SEI layer. Based on the XPS results in Figure 3g, the
external layer of the SEI is organic, which can give flexibility to spherical Li. As the

depth increases, the organic -CF2, -(CH2CH20)-, and RCH,0OCO;Li-related peaks



disappear gradually in C 1s spectra. Furthermore, the peak intensity of Li-C (282.5 eV)
increased while the intensity of the Li2CO3; (290 eV) decreased. The high-resolution
spectra of F 1s and O 1s also show that the contents of LiF (685.5 eV) and Li>O (529.5
eV) are higher in the inner SEI layer, while the organic -CF3 (689 eV) contents and
Li2COs (531.5 eV) salt are lower in the inner layer (Figure 3h-31), consistent with the
C Is spectra. The increase of these inorganic salt components effectively improves Li
ion conduction. The atomic ratio of the different elements also indicates that the amount
of Li and F increased, but the ratio of C and O decreased (Figure 3j). This result
indicates that the composition of the outer SEI layer is dominated by the organic content
and Li»COs3, while the inner SEI membrane is dominated by inorganic salts Li>O and
LiF, with a small number of organic compounds (-CF2, R-CH2OCO:Li) intercalated in
the inner SEI layer. The inorganic salts in the inner SEI layer effectively ensures the
fast conduction of Li ions, while the organic layer in outer SEI layer ensures the
flexibility of the spherical Li.**® Hence, this shows that the introduction of Ag single
atoms not only guides the deposition of spherical Li metal but also catalyzes the
formation of inorganic salts rich in the inner layer and thick SEI films, leading to the
formation of a more stable spherical Li morphology. Besides, the binding energy (BE)
is also investigated to enhance the understanding, which can also show the importance
introducing of the Ag atoms in Ti vacancies. In general, electrostatic interactions
between the negative sites on the anode substrate and the Li-ions in the electrolyte
facilitate the driving of Li-ions to the lithiophilic sites for nucleation. The lithiophilicity
of the anode can be quantified by assessing the BE between the Li and the anode. A
higher BE leads to a smaller barrier to Li nucleation, resulting in a lower nucleation
overpotential and smooth Li deposition.?> 3% 459 The lithiophilic property of the
different bonds in the MXene-AgSAs is demonstrated by the DFT calculation. As
summarized in Figure 3k and 31, the Ag-C bond in Mxene-AgSAs is more susceptible
to Li adsorption (-2.36913 eV), which indicates much stronger interaction with Li
compared to Ti-C (-1.82652 eV), Ti-O (-1.50363 eV), Ti-OH (-1.36932 eV), Ti-F (-
0.86912 eV), and Cu (-0.53693 eV). This result suggests that Li nucleation tends to

occur at the Ag-C site, which is consistent with the reported results that lithiophilic Ag



can effectively reduce the barriers to Li nucleation and confer uniform Li deposition.>!
The lithiophilicity observed may stem from variances in the charge distribution
surrounding the Ag atoms. Due to the uniform distribution of Ag single atoms in these
Ti vacancies, Li ions tend to concentrate around these higher lithiophilic Ag-C sites
during the Li deposition process. Hence, the spherical Li may generate from these Ag
atoms due to the lithiophilic of the Ag-C sites and the uniform electronic distribution
near the sites. As the plating capacity increases, the deposited Li gradually forms
spherical Li near the Ag atoms, which inhibits the formation of Li dendrites and
achieves a high performance of Li metal battery.

Subsequent electrochemical testing was conducted to assess the impact of Ag
single atoms on the electrochemical performance. The Coulombic efficiency (CE) is a
crucial parameter to evaluate the sustainability and practicality of Li metal anodes.
Typical coin cells by coupling bare Li with Cu, MXene, and MXene-AgSAs are
assembled to compare the CE. Figure 4a shows the relationship between CE and cell
cycle number for the same plating capacity of 1 mAh cm™ at a current density of 0.5
mA cm. Compared with Cu and MXene, the MXene-AgSAs electrode delivers a more
stable cycling and a longer cycle life (more than 500 cycles) with a stable CE of around
98.6%. The nucleation overpotential of MXene-AgSAs is 51 mV at 0.5 mA cm?, as
shown in Figure S16, which is smaller than MXene (70 mV) and Cu (73 mV). This
result indicates that the Ag single atoms modified MXene exhibits a better lithiophilic
character. As the current density increases to 1 mA ¢cm, the MXene-AgSAs achieve a
high CE of 98.0% for more than 300 cycles, while the CE of Cu and MXene dropped
below 80% after 50 and 90 cycles respectively. The charge and discharge curves of
different cycles for MXene-AgSAs electrodes at current densities of 0.5 mA cm? and
1 mA cm™ also show that MXene-AgSAs electrodes have a smaller hysteresis voltage
(Figure S17). On the contrary, the charge and discharge curves of MXene (Figure S18)
and Cu (Figure S19) deliver an increasing hysteresis voltage at current densities of 0.5
mA cm™ and 1 mA cm™. In further experiments, the MXene-AgSAs anode shows an
ultra-stable and high CE over 98% at 0.5 mA cm™ with a capacity of 0.5 mAh cm™ for

more than 800 cycles (Figure S20), indicating the Ag single atoms have an excellent



ability to inhibit the growth of dendrites. To investigate the status of dendrites during
cycling, SEM is conducted after different cycles. As shown in Figure S21, dendrites are
formed on the Cu foil surface after 10 cycles at 1 mA cm with a capacity of 1 mAh
cm™, which becomes more serious after 50 cycles, with dead Li growth on the surface
at the same time. For the MXene, a flat morphology is observed after 10 cycles, but
dendrites are formed after 50 cycles, indicating the weak dendritic inhibition property.
Nonetheless, the MXene-AgSAs electrode shows excellent ability to suppress the
dendrites growth. MXene-AgSAs deliver a smooth surface after cycling, indicating
their great ability to inhibit Li dendrites. In addition, the MXene-AgSAs also exhibit
good stability and reusability. Figure S22 shows the HAADF-STEM and EDS mapping
image of the MXene-AgSAs after 10 cycles at 0.5 mA cm™ with 1 mAh cm™ the atomic
dispersion of Ag atoms is well retained, indicating the good stability of the Ag atoms
in the electrode.

To investigate the interfacial stability and Li-ion transport capabilities, we plated Li
on MXene-AgSAs to obtain an anode (MXene-AgSAs@Li) with a capacity of 5 mAh
cm and assembled a symmetric cell of MXene-AgSAs@Li/Li. The morphology of the
MXene-AgSAs@Li after plating 5 mAh cm™ is shown in Figure S23, in which the
thickness of the plated Li is about 15 pm. MXene@Li and Cu@Li electrodes are
prepared with the same method. The rate cycling performance of the symmetric cell is
shown in Figure 4c, in which the long-term overpotential of MXene-AgSAs delivers a
smaller and more stable voltage hysteresis during the switch of different current
densities from 0.5 mA cm™ to 8 mA cm™ with a capacity of 1 mAh cm™. In comparison,
the MXene and Cu electrodes show a larger voltage hysteresis during the switch of
current densities. Figures 4d and 4e exhibit the voltage profile of symmetrical cells at
the current density of 2 mA ¢cm? and 1 mA cm™ with the capacity of 1 mAh cm™ and
2 mAh cm™ respectively. It shows that the MXene-AgSAs electrode exhibits a flat Li
stripping/plating plateau with a small voltage hysteresis (~ 40 mV) beyond 400 hours
at the current density of 2 mA cm with the capacity of 1 mAh cm™. However, the Cu
and MXene electrodes show an increasing voltage hysteresis after cycling for about 90

hours and 120 hours respectively. At 1 mA cm™ with a capacity of 2 mAh cm?, the



MXene-AgSAs electrode also shows a stable performance for more than 500 hours. In
comparison, the voltage hysteresis of Cu and MXene electrodes increased and became
unstable after 200 and 300 hours respectively. To test the superior modulation of Li
deposition by MXene-AgSAs, the plating and striping capacity increased to 10 mAh
cm™? and 40 mAh cm™ at 1 mA cm™ respectively (Figure 4f and 4g), and the MXene-
AgSAs electrode still shows a stable cycling performance over 800 hours. The highly
stable cycle life and low voltage hysteresis of the symmetrical cell indicate that the
MXene-AgSAs@Li anode can operate under practical cycling conditions. To compare
the charge transfer kinetics of the MXene-AgSAs@Li with MXene@Li and Cu@Li,
the exchange current densities are calculated and compared via Tafel plots (Figure 4h).
The MXene-AgSAs@Li electrode exhibited an exchange current density of 2.06 mA
cm, which is significantly higher than that of MXene@Li (0.359 mA cm™) as well as
Cu@Li (0.172 mA cm™). This substantially higher exchange current density of the
MXene-AgSAs@Li electrode reflects the enhanced electrochemical reaction kinetics
of the MXene-AgSAs@Li electrode, indicating a lower Li nucleation barrier and
overpotential during Li plating/stripping. Meanwhile, the incorporation of Ag single
atoms enhanced the ion and electron transfer kinetics. To verify that MXene-AgSAs
improve the reaction kinetics of the electrodes, EIS measurements were carried out in
the half-symmetric cells of MXene-AgSAs, MXene, and Cu. As shown in Figures 41
and 4j, the MXene-AgSAs electrode exhibits a smaller impedance of about 18 and 13
Q after 10 and 50 cycles at 1 mA cm™ and 1 mAh cm™. However, MXene and Cu
electrodes display a larger and increasing impedance after different cycles. This
phenomenon supports the superiority of MXene-AgSAs electrodes in stabilizing the
inter-reactive phase of Li/electrolyte and enhancing the transport of Li* ions over the
formed SEI. Thus, our work demonstrates superior performance compared to some
other reported studies, as outlined in Figure 4k and Table S4.

To demonstrate the application potential of MXene-AgSAs@Li as an anode for
Li-ion and Li-sulfur batteries, full cells are assembled MXene-AgSAs@Li with
LiFePO4 and S cathodes respectively. As a comparison, a full cell using a bare Li anode

is also assembled with the same cathode. As illustrated in Figure 5a, the MXene-



AgSAs@Li|[LiFePO4 full cell shows a higher initial capacity of 150 mAh g! and a
more stable capacity retention of 126 mAh g™!' (84.36%) after 400 cycles. However, the
full cell of bare Li could only provide 63.16% capacity retention at 1 C, indicating rapid
capacity decay. Figure 5b shows MXene-AgSAs@Li||S full cell delivers a more stable
and long cycle life at 2 C, which maintains 200 mAh g! after 1000 cycles. However,
the bare Li||S full cell shows a decreasing capacity and only delivers a capacity of 100
mAh g after 1000 cycles. Figure 5c shows that the rate performance of the MXene-
AgSAs@Li|[LiFePO4 is much better than that of bare Li anodes at different current
densities. The capacity of the full cell with bare Li drops sharply and approaches zero
at 5C. In contrast, the MXene-AgSAs@Li||[LiFePOs still has a high reversible capacity
of 103 mAh g'! at 5C. The charge/discharge curves of MXene-AgSAs@Li for different
current densities at 0.2, 0.5, 1, 2, 3, 4, and 5C are shown in Figure 5d. Its polarization
voltage is smaller than that of bare Li (Figure S24a). Additionally, the MXene-
AgSAs@Li||S full cell also shows a better rate performance than bare Li high current
densities (Figure 5e and Figure S24b). These two results indicate that the MXene-

AgSAs@Li electrodes have good potential in practical applications.

In summary, by introducing Ag single atoms into the vacancies of MXene, we
successfully facilitated the formation of stable and uniform spherical Li, effectively
inhibiting Li dendrite growth. We discussed and verified the effect of Ag single atoms
on Li nucleation, spherical Li growth, and charge distribution. Based on our studies,
we could conclude that the Ag single atoms enabled the regulation of charge
distribution around the original Ti vacancies, thus affecting the Li"-ion deposition
concentration and the shape of the deposited. Benefiting from these advantages, a high
CE of over 98% can be achieved at a current density of 0.5 mA cm with a capacity of
0.5 mAh cm™ for more than 800 cycles. Symmetric cells are also plated and stripped
with an ultra-high capacity of up to 40 mAh cm™ and cycled stably for more than 800
hours. Full cells assembled using MXene-AgSAs@Li anodes paired with LiFePO4
cathodes or S cathodes individually exhibit enhanced cycling and rate performances.

These findings underscore the significance of a high-quality anode in practical battery



applications. Consequently, these remarkable properties effectively suppress Li
dendrite formation, offering promising prospects for the practical integration of noble
metals in Li metal batteries. We anticipate that this study will inspire novel approaches

for Li anode design and enhance our comprehension of Li nucleation principles.
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Figure 1. (a) XANES spectra at the Ag K-edge; (b) the K3-weighted Fourier transforms
of Ag K-edge EXAFS spectra for MXene-AgSAs, Ag foil, and Ag,0; (c) the K3-
weighted Fourier transforms of Ag K-edge EXAFS spectra for MXene-AgSAs and
fitting line; (d) HAADF-STEM image of Ag single atoms on MXene; (¢) HAADF-
STEM image of Ag single atoms in MXene lattice; (f) the 3D atom distribution and
morphology of the labelled area; wavelet transformed Ag K-edge EXAFS spectra for
Ag foil (g), Ag2O (h) , and MXene-AgSA (i).
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Figure 2. The morphologies of the Cu (a-e), MXene (f-j), and MXene-AgSAs (k-0)

after plating 0.2, 0.5, 1, 4, and 8 mAh cm?; (f-j) the morphologies of MXene-AgSAs
after plating 10, 20, 40, 80 mAh cm™ (p-s), and (t) the bottom morphology of the Li
after plating 80 mAh cm™.
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Figure 3. (a) The HAADF-STEM of MXene-AgSAs and the vacancies occupied by
Ag atoms (b); The calculated electron charge density distribution near the vacancies of
MXene (c)and MXene-AgSAs (d); 2D phase-field simulation of local current density
distribution on MXene-AgSAs (e) and Li deposition morphology (f); C 1s (g), F 1s (h),
and O 1s (i) in-depth XPS spectra of SEI layer on MXene-AgSAs@Li; (j) the atomic
ratio of different element at different etching depth; (k) Differential charge density
between Li and the related bonds in MXene-AgSAs; (I) Summary of the calculated
binding energy of Li with different bond in the MXene-AgSAs composites.
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Figure 4. CE of Li deposition on Cu, MXene, and MXene-AgSAs at a current density
of 0.5 mA cm™ (a) and 1 mA cm (b) with a deposition capacity of 1 mAh cm™; (c) the
rating performance of Cu, MXene, and MXene-AgSAs at a current density of 0.5, 1, 2,
4,8,4,2,1,and 0.5 mA cm™ with a deposition capacity of 1 mAh cm?; (d) the cycling
performance of Cu, MXene, and MXene-AgSAs at a current density of 2 mA cm™ with
a deposition capacity of 1 mAh cm™; (e) the cycling performance of Cu, MXene, and
MXene-AgSAs at a current density of 1 mA cm™ with a deposition capacity of 2 mAh
cm?; (f) the cycling performance of MXene-AgSAs at a current density of 1 mA ¢cm™
and a deposition capacity of 10 mAh cm™ and 40 mAh cm™ (g); (h) Tafel curves of
MXene-AgSAs@Li, MXene@Li , and Cu@Li symmetric cells; Impedance spectra of
Cu, MXene, and MXene-AgSAs half-symmetric cells after 10 cycles (i) and 50 cycles

() at 1 mA cm™ and 1 mAh cm™.
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Figure 5. (a) Cycling performance of MXene-AgSAs@Li/LiFePO4 and bare
Li/LiFePOg4 at 1C; (b) Cycling performance of MXene-AgSAs@Li/S and bare Li/S at
2C; (c) Rate capabilities of MXene-AgSAs@Li/LiFePO4 and bare Li/LiFePO4 at
various current densities from 0.2 C to 5 C and related charge and discharge curves (d);
(e) Rate capabilities of MXene-AgSAs@Li/S and bare Li/S at various current density

from 0.1 C to 4 C and related selected charge and discharge curves (f).
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