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Rechargeable batteries can efficiently store and convert chemi-
cal energy to electricity and thus are of increasing interest in 
a growing set of practices, including consumer electronics, 

advanced robotics, grid storage and electrified transportation1–4. 
To keep pace with constantly increasing performance demands, 
progress is required to design energy storage systems able to 
safely and reversibly store electrical energy with high energy den-
sity, high efficiency and long lifetime5–8. It has been commonly 
understood that the exploration of new electrochemically active 
materials that undergo efficient reduction/oxidation chemistry 
and possess considerably higher energy per unit mass/volume 
than those used in state-of-the-art batteries represents an impor-
tant direction towards the energy storage breakthroughs sought 
in applications9–11.

The carbonaceous anode of a lithium ion battery (LIB) can 
be replaced by a metallic lithium anode with ten times the spe-
cific energy (3,860 mAh g−1 versus 360 mAh g−1), which in prin-
ciple should enable advanced high-energy non-lithiated cathodes 
such as sulfur or oxygen, so that the energy storage density of the 
whole cell can be significantly improved. Even more exciting cost 
and performance profiles are possible with room-temperature ver-
sions of these batteries that utilize metallic sodium or aluminium 
as the anode12,13. Challenges associated with developing reversible, 
safe and cost-effective high-energy rechargeable batteries based on 
any of these chemistries have become increasingly well known6,14. 
The most difficult issues stem from the fact that the highly electro-
chemically active materials at the anode are either naturally unsta-
ble against commonly used electrolytes or promote uncontrolled 
formation of rough, fragile solid-electrolyte interphases (SEIs). 
Although the concept of using spontaneously formed SEIs on the 
anode to regulate these events is not unfamiliar to the field, as it 
has long been known for lithiated graphite anodes in LIBs, infor-
mation regarding their formation mechanism and detailed meth-
ods for controlling their structure/composition remain lacking15,16.  

The fact that the state-of-the-art LIBs render very high Coulombic 
efficiency and thus minimal energy loss during cycling underscores 
the criticalness of a well-defined, stable SEI17.

Unfortunately, these benefits are not easily realized in anodes 
based on energetic metals such as aluminium, lithium or sodium, 
as well as silicon and tin because their naturally grown SEIs are  
fragile, non-homogeneous (in terms of both morphology and  
composition), and the electrodes undergo substantial volume 
change during charge–discharge cycling. Thus, whether the charge-
storage reaction relies on alloy formation, intercalation or plating 
of the active metal at the battery anode, the SEI formed naturally 
at any of these anodes undergoes repeated breakage and reforma-
tion processes during battery cycling, which is a parasitic cycle that 
consumes electrolyte and salt18. Moreover, if the electrode process 
requires metal plating, even at moderate current densities the con-
ductivity inhomogeneity promotes selective electrodeposition on 
sparse local sites where mossy dendrites can proliferate.

A successful SEI for reactive metal anodes must have several 
properties including uniform contact with the electrode, high 
interfacial conductivity, and stable mechanical and electrochemi-
cal properties during battery cycling6,7. Previous studies have shown 
that crosslinked polymers19,20, ceramics21 and composites22–25 pre-
vent dendrite proliferation by slowing deposition kinetics at rough 
regions on an electrode26. A number of works have also shown that 
single-ion conductors27–29 and ionic liquids12,30 limit concentration 
polarization above the diffusion-limited current, thereby suppress-
ing electroconvective instabilities. Molecular species including 
vinylene carbonate, LiNO3 and fluorinated ethylene carbonate31,32 
have also emerged as effective electrolyte additives for stabilizing 
metal electrodes. Artificial SEIs composed of polymers33,34, inor-
ganic conductive compounds35,36, nanoparticles37,38, thin film39, car-
bon materials40,41 and so on have likewise been reported to isolate 
the electrodes from parasitic side reactions with anions or solvent  
components in liquid electrolytes.
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Carefully designed solid-electrolyte interphases are required for stable, reversible and efficient electrochemical energy stor-
age in batteries. We report that hybrid battery anodes created by depositing an electrochemically active metal (for example, 
Sn, In or Si) on a reactive alkali metal electrode by a facile ion-exchange chemistry lead to very high exchange currents and 
stable long-term performance of electrochemical cells based on Li and Na electrodes. By means of direct visualization and ex 
situ electrodeposition studies, Sn–Li anodes are shown to be stable at 3 mA cm−2 and 3 mAh cm−2. Prototype full cells in which 
the hybrid anodes are paired with high-loading LiNi0.8Co0.15Al0.05O2(NCA) cathodes are also reported. As a second demon-
stration, we create and study Sn–Na hybrid anodes and show that they can be cycled stably for more than 1,700 hours with 
minimal voltage divergence. Charge storage at the hybrid anodes is reported to involve a combination of alloying and electro-
deposition reactions.
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Here, we show that the formation of artificial interphases com-
posed of an electrochemically active metal that stores charge by 
alloying reactions on an alkali metal anode leads to hybrid electrodes 
that utilize alloying and electrodeposition reactions to overcome 
the most serious challenges with sodium and lithium electrodes. 
Specifically, we take advantage of a facile ion-exchange chemistry 
performed in a carbonate electrolyte to rapidly deposit conformal 
coatings of tin onto sodium or lithium electrodes. By controlling 
the thickness of these coatings to nanometre dimensions, we fur-
ther show that they perform multiple beneficial functions, includ-
ing protecting the alkali metal electrode against parasitic reactions, 
providing a compliant interphase to accommodate volume changes 
associated with both the alloying and plating processes, and sup-
pressing dendrite formation. In cells where the alloying and plat-
ing reactions occur at similar potentials, we find fast, unhindered 
ion transport across the solid–solid interface. By these means, we 
find that Sn–Li and Sn–Na anodes enable high-capacity, dendrite-
free battery cycling in both symmetric cells and in prototype cells 
in which Sn–Li is paired with LiNi0.8Co0.15Al0.05O2(NCA) electrodes 
with nominal specific capacity of 190 mAh g−1. The benefits of the 
approach are quite dramatic for sodium electrodes, which are noto-
rious for their reactivity and propensity to form large, fragile den-
dritic deposits30 that easily break. It is observed that Sn–Na anodes 
cycle stably for >​ 1,000 hours in normally reactive electrolytes.

Structural and transport characterization of Sn–Li anodes
The hybrid anodes used in the study were prepared by a simple 
surface ion-exchange reaction in a commonly used aprotic liquid 
lithium electrolyte, 1 M LiPF6 in an ethylene carbonate-dimethyl 
carbonate (EC/DMC) solvent blend containing a second salt  
(see Fig. 1a)42. We focus on Sn because much is known about the 
electrochemical behaviour of the metal and its oxides43,44, includ-
ing the fast interdiffusion of Li in Sn and the <​ 500 mV separation 
between Li–Sn alloy formation and Li plating. The treatment pro-
cess is also fast and spontaneous due to the large electronegativity 
difference between alkali metals and metallic tin. Depending on the 
concentration of Sn salt employed, the appearance of the lithium 
surface after treatment ranges from dark brown to dark grey. The 
surface and the cross-sectional morphology of Sn–Li was inter-
rogated without risk of contamination using a cryo-focused ion 
beam-scanning electron microscope (cryo-FIB-SEM). Figure 1b–e 

shows images captured at −​165 °C of Sn–Li using a 10 mM tin salt. 
It is evident that a tri-layer structure is formed. The top layer is the 
frozen electrolyte; the second is a tin-rich layer with thickness on 
the order of 500 nm composed of nanoparticles with average size 
around 200 nm. Energy-dispersive X-ray spectroscopy (EDX) map-
ping confirms that Sn is present in the nanoparticles, but no Sn is 
observed in the first layer. The bird’s eye view of the Sn–Li anode 
deduced from room-temperature SEM reveals a uniform distribu-
tion of Sn nanoparticles on the surface of Li, a morphology quite 
distinctive from the pristine lithium.

To confirm the structure and chemistry of the Sn–Li hybrid 
electrode, X-ray diffraction (XRD) was employed (see Fig. 2a). 
The lithium metal used in the analysis was treated with electrolytes 
containing 1, 10 and 100 mM Sn salt. At the lowest concentration, 
only lithium metal signals and a minor lithium oxide peak at 32.6 
degrees are observed. This indicates that the reaction is inhibited 
probably due to the low activity of Sn ions. Peaks at 31.1, 32.4, 44.1 
and 45.2 degrees start to appear when the concentration is increased 
to 10 mM, suggesting that metallic tin with a structure following 
the R3m space group is formed. Increasing the salt concentration 
to 100 mM, the Sn layer alloys with Li as is evidenced by the peaks 
labelled with asterisks, which correspond to a Li5Sn2 phase. The 
thickness of the Sn overlayer is estimated to be 2 μ​m with a com-
pact, solid-like structure, as shown in Supplementary Figs. 2 and 3.  
The surface morphology is glassy with grain gaps among alloy ter-
races, possibly due to the formation of a Zintl phase that is naturally 
ionic and brittle45,46. Owing to their more uniform morphologies, 
electrochemical properties of Sn–Li anodes created using the 
10 mM electrolyte (~500 nm coating thickness) are evaluated in 
detail. Compared to the thickness of the Li electrode (450 μ​m for 
bulk lithium or 45 μ​m for thin lithium studied later), the Sn coat-
ing thickness is low. As both the Sn and Li components are able to 
reversibly store Li by alloying and plating processes, respectively, 
lithium batteries that rely on mixed storage mechanisms are pos-
sible. The binary lithium plating/alloying energy storage modes on 
the interphase between the anode and the electrolyte are expected 
to work in synergy with the surface protection feature provided by 
the Sn SEI.

Knowledge of the charge transport processes at Sn-based elec-
trode/electrolyte interphases can be deduced from impedance spec-
troscopy. Figure 2b compares the temperature-dependent Nyquist 
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Fig. 1 | Hybrid anodes based on facile and fast Sn deposition on reactive metals produced by ion exchange. a, A schematic illustration of the tin 
protection on the lithium metal electrode. b, A cross-section cryo-FIB-SEM image of the tin-protected lithium, with dashed lines showing the EDX location. 
c, Typical EDX spectra of tin-protected lithium. d, EDX elemental mapping of fluorine (magenta) and tin (yellow) in the dashed rectangular region in Fig. 1b. 
e, Room-temperature field-emission SEM image of the surface morphology of the tin-protected lithium.
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plots of symmetric Sn–Li electrodes and pristine lithium in a EC/
DMC electrolyte. Each spectrum can be fitted into the equivalent 
circuit model to decouple the interfacial transport resistance from 
other processes. As expected, the interfacial resistance decreases 
with increasing temperature (see Supplementary Fig. 4). The data 
are well described by a quasi-Arrhenius form in the intermediate 
temperature region, implying that the interfacial transport is ther-
mally activated. Only one semicircle appears in the spectra, which 
indicates that the tin protection introduces no additional interfacial 
transport resistance. In fact, the interfacial resistance of cells using 
Sn–Li anodes is gradually lowered with increasing concentration 
of tin-bearing electrolyte (see Fig. 2c). A nearly threefold decrease 
(from approximately 80 Ohm cm2 (pristine) to 25 Ohm cm2 (2 μ​m  
tin protection)) of the interfacial resistance is observed. This result 
demonstrates that ion transport through the Sn SEI is unhindered 
and perhaps even promoted, which we suspect comes from fast 
charge transfer kinetics at the Sn–Li interface. It is well known 
that because of its reactivity with oxygen, Li foil forms an insulat-
ing oxide layer on its surface even when stored in an argon-filled 
glovebox. By treating the lithium with tin-bearing electrolyte, the 
oxidized layer is replaced by electrochemically active Sn nanostruc-
tures, which significantly facilitate ion transport through the SEI. 
Evidence in support of this point is presented in Supplementary 
Fig. 5, where the interfacial impedance of Sn–Li exposed to air is 
reported as a function of time. It is clearly seen that the Sn over-
layer leads to enhanced chemical stability of the interface, which 
would enable integration of such electrodes in conventional dry-
room manufacturing processes. The temperature-dependent ionic 
conductivity of electrolytes in contact with the Sn–Li anodes is 
reported in Fig. 2d for various Sn coating thicknesses. The con-
ductivity exhibits a Vogel−​Fulcher−​Tamman temperature depen-
dence in all cases, and cells based on the 500 nm Sn layer exhibit 

the highest ionic conductivity (1.3 mS cm−1 at 25 °C). Considering 
that essentially the same electrolyte is used in the measurement, the 
slight variation in conductivity may come from the increased actual 
surface area of the 500 nm particle-based Sn–Li, in contrast to the 
glassy 2 μ​m-thick Sn–Li surface.

To further understand the electrochemical features of Sn–Li 
anodes, symmetric cells composed of a pristine Li electrode and a 
Sn–Li working electrode were evaluated using cyclic voltammetry 
(Fig. 2e). The broad peak near 100 mV corresponding to tin lithia-
tion/delithiation is observed over multiple cycles in addition to 
the typical Li/Li+ polarization curves, which confirms that the Sn 
layer on Li is electrochemically active. X-ray photoelectron spec-
troscopy (XPS) analysis of the cycled Sn–Li anode (Supplementary 
Fig. 6) reveals a SEI composed of typical materials including 
lithium carbonate, lithium carboxylates and fluorinated species. 
High-resolution scanning in the Sn 3d region shows completely 
attenuated peaks. These peaks become more pronounced and only 
slightly attenuated after multiple cycles, which testifies to the stable 
lithium–tin alloying without obvious SEI build-up, a result in agree-
ment with a previous study47. The right panel in Fig. 2e compares 
the cyclic voltammogram of Li/Li cell and Li/Sn–Li cells. The dras-
tic slope difference is the most significant feature. Fitting the small 
overpotential region of the current–overpotential (I–η) curve to the 
Tafel equation, the exchange current density can be obtained (see 
Supplementary Fig. 7). The exchange current (7.5 mA cm−2) for the 
Sn–Li anode is substantially higher than the corresponding value 
for Li/Li+ on pristine lithium48. The fast charge transfer kinetics 
obtained from the exchange current density reinforces our conclu-
sions from the impedance results that the Sn-rich SEI on lithium 
facilitates fast charge transfer.

Supplementary Fig. 8 compares the impedance spectra of sym-
metric cells using Sn–stainless steel (Sn–SS) electrodes with those 
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Fig. 2 | Physical and electrochemical analysis of Sn–Li hybrid electrodes. a, XRD profiles of tin-protected lithium prepared from the tin-bearing electrolyte 
with concentrations of 1 mM, 10 mM and 100 mM. b, Impedance spectra of symmetric lithium cells with tin-protected lithium and pristine lithium at a 
range of temperatures from −​5 to 100 °C. c, A comparison of impedance spectra of symmetric lithium cells with tin-protected lithium and pristine lithium 
at room temperature. d, Temperature-dependent ionic conductivity of symmetric lithium cells with tin-protected lithium and pristine lithium. e, Left: cyclic 
voltammogram for cells with Sn–Li hybrid electrodes scanned at 1 mV s–1, for the first, second and fifth cycle. Right: comparison of cyclic voltammograms 
for symmetric cells containing Sn–Li hybrid and pristine Li electrodes scanned at a fixed rate of 1 mV s–1.
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for Sn–Li. The low interfacial impedance observed relative to pris-
tine lithium (Fig. 2c) confirms the effectiveness of the Sn coating. 
The electrochemical activity of the Sn coating can be examined 
in a straightforward manner by cyclic voltammetry, as shown in 
Supplementary Fig. 9. Pronounced peaks in the range of 0.3–0.8 V 
are associated with Li alloying reactions in Sn49. A similar electro-
chemical response is observed in the galvanostatic cycling measure-
ments reported in Supplementary Fig. 10. The discharge plateau 
in the range 0.3–0.4 V with moderate capacity can be attributed to 
partial lithiation of Sn. Post-mortem SEM images of the electrodes 
reveal structural change after the cycling. Supplementary Fig. 11 
compares SEM for Sn–SS electrodes before and after cycling. It 
is apparent that the Sn particle morphology is largely preserved 
(Supplementary Fig. 12).

Electrochemical stability of Sn–Li hybrid anodes
A suitable artificial SEI on lithium is desirable for suppressing 
dendrite proliferation. Lithium electrodeposition at a 500 nm Sn–
Li electrode was visualized using a custom-built optical cell (see 
Supplementary Fig. 13). For these experiments, Sn coatings were 
applied on two cylinder-shaped lithium surfaces, which are con-
nected to the battery tester by stainless-steel transmission wires. 
Real-time images of the electrolyte/Sn interface can be captured at 
all stages of electrodeposition using an optical microscope. Figure 3a 

(top) shows the evolution of the interface during electrodeposition 
at a current density of 4 mA cm−2. It is seen that the electrode has a 
smooth morphology and is essentially dendrite-free, with a visually 
slower growth rate compared with pristine Li. Semi-quantitative 
analysis can be performed on images using ImageJ software to 
obtain deposition thickness and roughness as a function of capac-
ity (see Fig. 3b). Drastic morphology and roughness differences are 
apparent during the initial deposition of 0.5–1.0 mAh cm−2, a capac-
ity roughly equivalent to that of the Sn coating. Electrodeposition 
of more lithium on the Sn–Li electrode is seen to produce a slightly 
rougher surface morphology, which is within expectations con-
sidering the current applied is above the diffusion limit. The over-
all roughness of the Sn–Li electrodes is nonetheless remarkably 
reduced relative to the rapid and uncontrollable mossy deposits 
observed for a pristine Li electrode. These results further imply that 
the electrochemically active Sn overlayer on the Li electrode is able 
to stabilize electrodeposition of Li by alloying with Li and facilitat-
ing fast interfacial transport. Similar results have been obtained 
in the ex situ SEM study on Sn–Li electrodes (Supplementary  
Fig. 14). The smooth deposit morphology remains after multiple 
cycles (Supplementary Fig. 15), which along with the XPS results 
confirms the stability of the Sn coating during Li plating/stripping.

A requirement for interface stability is that artificial interphases 
must be able to survive extensive cycling. Figure 3c reports that the 
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Fig. 3 | Direct and indirect demonstrations of stability of Sn–Li hybrid anodes. a, Capacity-sequenced optical microscopy images of the electrolyte–
electrode interface during electrodeposition on Sn–Li and pristine lithium electrodes at a current density of 4 mA cm−2. The capacity (mAh cm–2) of lithium 
being electrodeposited on the substrate is shown in the top left corner of each image. b, Quantitative analysis of average deposition thickness (red) and 
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Sn–Li anode can be operated stably in a symmetric cell configura-
tion at a practical current density of 3 mA cm−2 and a capacity of 
3 mAh cm−2 per cycle. No short-circuit is observed during a 500-h 
period of continuous measurement, as opposed to the control, 
which exhibits permanent failure, evidenced by the sudden volt-
age drop after approximately 55 h (see Fig. 3d and Supplementary  
Fig. 16). The stability of the Sn–Li anode makes it a promising 
candidate for new types of Li battery that rely on a combination 
of plating and alloying processes for achieving stable, long-term 
operation. Figure 3e shows that such cells can be operated in proto-
type full cell configurations paired with state-of-the-art intercalat-
ing cathodes (NCA) with high loading (19.9 mg cm−2; 3 mAh cm−2); 
the inset reports the voltage–capacity profile. A capacity retention 
of >​80% is observed over 300 cycles of operation at a rate of 0.5 C 
with Coulombic efficiency close to unity (Supplementary Fig. 17). 
Similar stable operation has also been observed in cells equipped 
with LiCoO2 cathodes (Supplementary Fig. 18), which testifies to 
the broad compatibility of the Sn–Li hybrid anodes studied here. 
A stable Li–electrolyte interface means that cells based on thinner 
Li anodes should be possible. To explore this possibility, we stud-
ied Sn–Li/NCA cells in which the anode/cathode capacity ratio is 
fixed at 3:1 (Supplementary Fig. 19). In contrast to cells that use 
pristine lithium, which fail quickly within 30 cycles, the Sn–Li/
NCA cells cycle stably for over 100 cycles. Post-mortem analysis 
(Supplementary Fig. 20) reveals that thickened SEI forms as a result 
of electrolyte decomposition; despite this, the surface morphology  

is observed to remain flat. This, in principle, will increase the inter-
face impedance, underscoring the need for additional efforts to 
optimize the electrolyte composition for Sn–Li anodes for further 
improvements in cell performance.

Stabilizing sodium metal electrodes with metallic tin
The success of the Sn–Li hybrid electrodes leads one to wonder 
whether the same concept might be applied to achieve stability of 
sodium anodes, notorious for their reactivity with carbonate elec-
trolytes and propensity to form rough, dendritic deposits during 
battery recharge. To evaluate this, Sn–Na hybrid electrodes were 
prepared in a similar manner based on ion exchange with a Sn salt 
additive in a liquid carbonate electrolyte. Figure 4a compares the 
impedance spectra measured at room temperature for the pris-
tine symmetric sodium cell and symmetric Sn–Na cells, both in a 
1 M NaPF6–EC/propylene carbonate-based electrolyte. The interfa-
cial resistance of the Sn–Na cells is evidently significantly reduced 
compared with the pristine case. In contrast to lithium, the Sn layer 
on sodium is mostly in the form of a sodium-rich alloy instead 
of the metal, as evidenced by the XRD profile (Supplementary 
Fig. 21). Some oxide peaks are observed as a result of swift reac-
tion of sodium in the environment. This can be attributed to the 
high reactivity of the sodium electrode and its fast transport in Sn. 
After cycling symmetric cells, both pristine and Sn–Na electrodes 
were harvested and observed using SEM (Fig. 4b). The pristine 
sodium forms irregular bumps covering the surface, probably due 
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Fig. 4 | Hybrid Sn–Na anodes offer a route to stable deposition at reactive sodium electrodes. a, Impedance spectra of the tin-protected sodium 
symmetric cell and pristine sodium symmetric cell measured at room temperature. b, Post-mortem SEM images of the pristine sodium electrode (left) and 
tin-protected sodium electrode (right) after being cycled at 0.5 mA cm−2 and 0.25 mAh  cm−2 for 10 cycles. c, Voltage profile of sodium plating/stripping 
on the symmetric tin-protected sodium cell at a current density of 0.25 mA cm−2 for 1 h at each step. d, Voltage profile of sodium plating/stripping on 
the symmetric tin-protected sodium cell at a current density of 0.5 mA cm−2 for 0.5 h at each step. e, Voltage profile of sodium plating/stripping on the 
symmetric pristine sodium cell at a current density of 0.25 mA cm−2 for 1 h at each step, with the inset showing the first 20-h plot. f, Average discharge 
voltage at different cycles for the tin-protected sodium and the pristine sodium from c,e.
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to the non-uniform, fragile SEI formation because of the electrolyte 
decomposition. On the other hand, the surface of the Sn–Na elec-
trode maintains a flat, uniform morphology. A protected electrode 
surface is particularly critical for long-term battery operation. As 
a proof-of-concept, the symmetric sodium cells were subjected to 
repeated charge/discharge cycles at moderate current densities of 
0.25 and 0.5 mA cm−2, as shown in Fig. 4c,d. Sodium metal batteries 
typically fail quickly due to the resistive SEI formed by uncontrolled 
side reactions between sodium and essentially all liquid electrolytes, 
which manifests in a tell-tale voltage divergence at the end of life. In 
contrast to this expectation, the Sn–Na symmetric cells exhibit dras-
tically improved voltage profiles over extensive cycling, with only a 
slight increase in the overpotential. As expected, the pristine sodium 
cell exhibits a quick voltage divergence to 1 V after merely 250 h 
even at the low current density (Fig. 4e,f). We further demonstrate 
a proof-of-concept investigation on a Sn–Na/sodium manganese 
hexacyanoferrate battery. The results reported in Supplementary 
Fig. 22 show that the typical voltage profiles50 are observed for this 
cell chemistry and that the profiles are stable over multiple cycles 
of charge and discharge. These results support the feasibility of the 
Sn–Na hybrid anode for Na-based batteries. Our results also imply 
that Sn protection of reactive metal anodes provides a versatile route 
towards hybrid anodes that take advantage of alloying and plating 
processes for stable, high-energy electrochemical storage.

Conclusion
We report that hybrid anodes created by depositing Sn on the surface 
of reactive alkali metals such as Li and Na via a facile ion-exchange 
reaction provide a mechanism for protecting the anode and at the 
same time facilitate fast charge transfer kinetics at the electrode. We 
find that Sn–Li and Sn–Na anodes exhibit vastly reduced interfacial 
impedance and much higher exchange current in liquid electrolytes. 
These observations are attributed to utilization of a combination of 
metal electrodeposition and alloying for hybrid charge storage and 
fast interfacial charge transport. Sn–Li anodes are also reported by 
means of direct visualization studies in an optical microscope and ex 
situ electron microscopy measurements to exhibit stable long-term 
galvanostatic cycling without forming dendrites. The excellent sta-
bility of Sn–Li is further demonstrated in studies utilizing the mate-
rial as the anode for lithium metal batteries where it is paired with a 
high-loading (19.9 mg cm−2, 3 mAh cm−2) NCA cathode. Motivated 
by these observations, we create and study hybrid Sn–Na anodes 
and report that they enable exceptionally stable electrodeposition of 
the notoriously unstable metal sodium. Over 1,600 h of steady oper-
ation of symmetric Sn–Na cells can be achieved at moderate current 
densities, with no signs of voltage divergence typically observed in 
Na cells based on aprotic liquid electrolytes.

Methods
Fabrication of the protected lithium metal anode. Lithium metal foil was 
purchased from MTI and stored in a sub-ppm argon-filled glovebox (Inert Inc.) 
before use without additional treatment. Tin bis(trifluoromethanesulfonyl) imide 
(SnTFSI, Alfa Aesar) was dissolved in ethylene carbonate/dimethyl carbonate 
(EC/DMC, 1:1 v/v) with different concentrations and the resultant clear solution 
was used to pretreat lithium metal foil to form surface protection. One hundred 
microlitres of SnTFSI solution was dropped on the lithium surface and the reaction 
was allowed to proceed for 30 min. Treated lithium metal appears dark grey on the 
surface and was dried in the glovebox antechamber before use. The Sn coating can 
also be transferred to an inert stainless steel by gently pressing the treated lithium 
metal on the stainless steel. As-obtained Sn–stainless steel electrodes could be 
directly used for characterization. Sodium cubes (Sigma-Aldrich) were stored in 
mineral oil and sliced with fresh inner exposed for the same surface treatment.

Materials characterization. A Leo 1550 Keck field-emission scanning electron 
microscope with a Bruker EDX detector and an FEI Strata 400 DualBeam focused 
ion beam (FIB) fitted with a Quorum PP3010T Cryo-FIB/SEM Preparation 
System were used to characterize the surface morphology and cross-section 
morphology of the tin-protected alkali metal. To avoid reaction of the lithium 
sample with O2 and moisture in the ambient air during cryo-FIB experiments, the 

samples were quickly plunged into a nitrogen slush immediately after treatment or 
harvesting from lithium cells. To confirm the chemical stability of lithium in liquid 
nitrogen, a scan of the EDX spectrum of a pristine lithium frozen undergoing 
the same treatment was conducted, which showed no detectable nitrogen signal 
(Supplementary Fig. 1). The samples were subsequently maintained at −​165 °C 
in the cryo-FIB to preserve their structure. After cooling, all samples investigated 
remained under liquid nitrogen or in vacuum for the duration of the experiment. 
The crystal structure of the tin-protected lithium/sodium was investigated using 
a Rigaku X-Ray diffractometer from 20 to 80 degrees (two theta). Tin-protected 
sodium metal was wrapped in Kapton tape during the experiment to avoid 
oxidation in air. Tin-protected lithium metal was measured directly to gain the 
best resolution, since the surface treatment significantly slows down the oxidation. 
X-ray photoelectron spectroscopy SSX-100 (XPS) was used to study the detailed 
chemistry information on the tin-protected lithium surface. To avoid surface 
contamination, a vacuum puck was used to transfer samples from the argon-filled 
glovebox to the high-vacuum XPS chamber without exposure to the atmosphere.

Electrochemical characterization. Electrochemical studies were performed using 
CR2032 coin cells with symmetric and asymmetric designs. Symmetric lithium 
cells were assembled with two tin-treated lithium metal anodes (Sn–Li/Sn–Li), 
a Celgard 3501 polypropylene separator, and electrolyte containing 1 M LiPF6 in 
EC/DMC (1:1) with 10 v% fluorinated ethylene carbonate and 1 vol% vinylene 
carbonate. For cyclic voltammetry measurement, symmetric lithium cells with 
pristine lithium and tin-treated lithium (Li/Sn–Li) were used. Symmetric sodium 
cells were assembled with two tin-treated sodium metal anodes (Sn–Na/Sn–Na), 
a Celgard 3501 polypropylene separator, and electrolyte containing 1 M NaPF6 in 
EC/propylene carbonate (1:1 vol%). Asymmetric lithium cells composed of a  
tin-treated lithium metal anode with a thickness of 450 μ​m and lithium nickel 
cobalt aluminium oxide (NCA) cathodes (Sn–Li/NCA) were provided by the 
CAMP facility at Argonne National Labs; these had a 90% active material loading 
and an area capacity of 3 mAh cm−2. A piece of glass fibre was added in the 
prototype full cell to absorb sufficient electrolyte (200 μ​l, about 110 μ​l remained in 
the cell after the cell crimping). For 3:1 anode to cathode capacity ratio Sn–Li/NCA 
cells, lithium was first deposited on stainless steel with the predetermined capacity 
(9 mAh cm−2, which corresponds to a thickness of about 45 μ​m) in 1 M LiTFSI 
DOL/DME (1:1), whose surface was thoroughly cleaned with DOL solvent and 
dried. Then the same Sn ion exchange process was applied to achieve the Sn–Li 
anode, as described previously.

Temperature-dependent ionic conductivity and impedance spectra were 
measured from 107 Hz to 10−1 Hz at a temperature range of −​5 to 100 °C using 
a Novocontrol dielectric/impedance spectrometer coupled with a temperature-
controlling chamber. Cyclic voltammetry was performed on a CH 600E 
potentiostat with lithium being the pseudo-reference electrode at a sweep rate of 
1 mV s−1. Galvanostatic plating/stripping of symmetric cells was studied on Neware 
battery testers at room temperature. Sn–Li/NCA prototype full cells were cycled 
using a constant current–constant voltage charge and constant current discharge 
from 3 to 4.2 V.

The in situ observation cell (illustrated in Supplementary Fig. 13) was home-
made and fitted in the stage of an upright optical microscope (Nikon Optiphot) 
equipped with an objective with an extra-long working distance. Two lithium 
cylinder rods with a diameter of half an inch were used as the electrodes connected 
with stainless-steel transmission lines to the battery test channels. The snapshots 
were taken using an Olympus camera and a microscope with ×​100 magnification. 
Images analysis was performed using ImageJ software. Parameters are defined as 
the ratio between the two-dimensional image area from the measurement and the 
theoretical value assuming a dense, flat deposit.

Data availability. The data that support the plots within this paper and  
other findings of this study are available from the corresponding author upon 
reasonable request.
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