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From Nanoalloy to Nano-Laminated Interfaces for Highly
Stable Alkali-Metal Anodes

Parham Pirayesh, Karnpiwat Tantratian, Maedeh Amirmaleki, Feipeng Yang, Enzhong Jin,
Yijia Wang, Lyudmila V. Goncharova, Jinghua Guo, Tobin Filleter, Lei Chen,*
and Yang Zhao*

Metal anodes are considered the holy grail for next-generation batteries
because of their high gravimetric/volumetric specific capacity and low
electrochemical potential. However, several unsolved challenges have
impeded their practical applications, such as dendrite growth, interfacial side
reactions, dead layer formation, and volume change. An electrochemically,
chemically, and mechanically stable artificial solid electrolyte interphase is key
to addressing the aforementioned issue with metal anodes. This study
demonstrates a new concept of organic and inorganic hybrid interfaces for
both Li- and Na-metal anodes. Through tailoring the compositions of the
hybrid interfaces, a nanoalloy structure to nano-laminated structure is
realized. As a result, the nanoalloy interface (1Al2O3–1alucone or
2Al2O3–2alucone) presents the most stable electrochemical performances for
both Li-and Na-metal anodes. The optimized thicknesses required for the
nanoalloy interfaces for Li- and Na-metal anodes are different. A cohesive
zone model is applied to interpret the underlying mechanism. Furthermore,
the influence of the mechanical stabilities of the different interfaces on the
electrochemical performances is investigated experimentally and theoretically.
This approach provides a fundamental understanding and establishes the
bridge between mechanical properties and electrochemical performance for
alkali-metal anodes.

1. Introduction

The next-generation alkali-metal batteries, such as Li-metal and
Na-metal batteries, have received increasing attention because
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of their high energy densities.[1] How-
ever, several challenges need to be ad-
dressed before their practical applications.
First, the Li- and Na-dendrite growth will
induce short circuits and cause safety
concerns.[2] Second, undesired chemical
and electrochemical side reactions between
highly reactive Li/Na metal with liquid
electrolytes lead to unstable solid elec-
trolyte interphase (SEI),[3] which results
in large polarization and deteriorates the
electrochemical performance. Third, the
formation of dendrites and unstable SEI
lead to low Coulombic efficiency (CE) and
inactive “dead Li/Na” layers.[4] A stable
SEI enables uniform Li/Na electrochemi-
cal deposition behaviors and enhances elec-
trochemical performances. The unstable
SEI layer can promote dendrite growth
due to the nonuniform ion flux distribu-
tion and non-homogeneous alkali-metal de-
positions, leading to the large polariza-
tion and the decay of the electrochemical
performances.[5] Various approaches, such
as electrolyte modifications, interface engi-
neering, and electrodes/separator designs,

have been proposed to stabilize the interface to reduce the den-
drite growth, prevent the side reaction and enhance the electro-
chemical performances.[6] One of the most popular strategies is
to design artificial interfaces for Li- and Na-metal anodes.[7] In the
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previous study, different artificial interfaces have been reported
with improved electrochemical performances and reduced den-
drite growth, such as ceramic layers, solid-state electrolyte layers,
polymer layers, and hybrid layers.[5c,8]

However, a few questions still remain. How do the composi-
tion, structure, and properties of the artificial interfaces affect
the battery performance? What properties play a major role in
cycling stability? For the different alkali metals, will they follow
the same design principles for the artificial interfaces? It has
been widely studied that the chemical and electrochemical sta-
bilities of the interface can affect electrochemical performances.
Recently, the importance of the mechanical properties of the
interfaces for the electrochemical deposition behavior and per-
formances is gradually recognized.[9] However, how to design
a chemically/electrochemically/mechanically stable interface is
still an unanswered question. The most widely used inorganic
layers, such as metal oxide or solid-state electrolytes, generally
have high Young’s modules but are often brittle, which leads
to crack formation in the inorganic layers during the metal de-
position process.[10] Organic polymers with high flexibility are
promising candidates to relieve the volume change of Li/Na
metal during cycling.[11] However, the dendrites can penetrate
the polymer layers due to their low modulus and strength. In this
case, there is still a challenge of balancing the multiple mechan-
ical parameters to achieve a mechanically stable interface.[12] In
order to tune the mechanical properties of the interface, the most
effective approach is to design the organic and inorganic hybrid
structures. The organic-inorganic hybrid layers, with different
configurations and compositions, present huge interests as in-
terfacial layers for Li- and Na-metal anodes. Various hybrid struc-
tural designs, such as organic-inorganic dual-layer structures,
nano-scale gradient structures, cross-linked and multifunctional
structures, etc., have been proposed.[9a,13] However, the effects
of various hybrid interface structures on electrochemical perfor-
mance are still being debated. Furthermore, for achieving a long
lifetime and dendrite-free structure, there should be a balance be-
tween the chemical, electrochemical and mechanical properties
of the interfaces.

Different approaches have been reported to fabricate nanohy-
brid films, such as self-assembly, chemical vapor deposition,
and magnetron sputtering, for a diverse range of different
applications.[14] However, most of these methods are not suit-
able for engineering the interface for Li- and Na-metal anode
due to the high reactivities and low melting points of alkali met-
als. Another challenge is to fabricate the hybrid coating with
controlled structure and compositions at the nanoscale. Atomic
layer deposition (ALD) and molecular layer deposition (MLD)
are unique techniques to achieve nano-hybrid interfaces for al-
kali metals with excellent coverage, conformity, and low de-
position temperatures.[15] For example, the elastic modulus of
a few nanometers alucone and Al2O3 was reported to be 21–
37 GPa and ≈165 GPa, respectively. It has also been reported
that the ALD-Al2O3 and MLD alucone alloy or nano-laminated
films with varying ratios of ALD and MLD, lead to the tunable
elastic modulus and hardness.[16] The composition of the hy-
brid film can be controlled by varying the relative number of
ALD and MLD cycles. When the number of deposition cycles
for ALD and MLD processes are large to deposit full monolay-
ers, it is called a “nano-laminated structure”. When both num-

ber of ALD and MLD cycles are small, it will generate a homoge-
neous nano-alloy film.[16c,17] However, there is no demonstration
for fabricating the nano-hybrid interfaces with balanced chem-
ical/electrochemical/mechanical properties by tuning the com-
position of the coating. In addition, the electrochemical metal
deposition behavior and performance in different electrolytes are
quite different between Li and Na metals. The chemical and phys-
ical properties of the different alkali metals may also affect the
dendrite formation and electrochemical properties of the inter-
faces. In this case, the design principles and optimal structures
for different alkali metals need to be studied in detail.

Herein, we first propose a new concept of organic and inor-
ganic hybrid interfaces with nanoalloy and nano-laminated struc-
tures for Li- and Na-metal anode. First, the structures, thick-
nesses, and compositions of the hybrid interfaces are precisely
controlled by the ALD/MLD process. The structures of nanoal-
loy to nano-laminated are designed with tuned electrochemical
and mechanical properties. Second, the optimized composition
and thicknesses of the Al2O3–alucone alloy interface on the Li-
and Na-metal anodes demonstrate significant enhancement for
the electrochemical performances. Third, the surface and inter-
face chemistry of SEI properties and behaviors have been stud-
ied in detail by complementary surface and interface character-
ization techniques. Finally, the mechanisms have been compre-
hensively understood by the cohesive zone model and phase-field
model. Our study provides the bridge between mechanical prop-
erties and electrochemical performance for alkali-metal anodes
and opens a new window to design the nanostructure interfaces
for alkali-metal anodes for the next-generation alkali-metal bat-
teries.

2. Results and Discussion

The schematic diagram of the nano-hybrid interfacial layer is
shown in Figure 1a. Inorganic ALD-deposited Al2O3 and organic
MLD-deposited alucone are used to form the nano-hybrid struc-
tures, for demonstrating the concept. In this study, two key pa-
rameters of the nano-hybrid interface, the unit structures, and
thicknesses, are investigated. Three types of unit structures for
the nano-hybrid interfaces are fabricated, including one layer
of ALD-deposited Al2O3 with one layer of MLD-deposited alu-
cone (1ALD-1MLD), two layers of ALD Al2O3 with two layers
of MLD alucone (2ALD-2MLD), and five layers of ALD Al2O3
with another five layers of MLD alucone (5ALD-5MLD). In ad-
dition, for each unit structure, different thicknesses have been
further investigated by changing the number of deposition cy-
cles. For example, for the 1ALD-1MLD unit structure, we repeat
the deposition for this unit structure for a different number of cy-
cles, including 5, 10, and 25 cycles. The corresponding samples
for 1ALD-1MLD unit structures with different thicknesses are
named: (1ALD-1MLD)5, (1ALD-1MLD)10, and (1ALD-1MLD)25,
respectively. The same naming conversion has been applied to
the other two types of unit structures. To demonstrate the unique
feature of the rational-designed nano-hybrid interface, both Li-
and Na-metal anodes are used for comparison.

Several surface characterization methods are applied to un-
derstand the surface/ interface compositions of the designed
nano-hybrid interfaces for both Li- and Na-metal anodes. The
time-of-flight secondary-ion mass spectrometry (TOF-SIMS) is
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Figure 1. a) Schematic diagram of the fabrication of the nanoalloy and nano-laminated interfacial structures. b) TOF-SIMS secondary-ion images, the
depth profile of various secondary ion species and corresponding 3D images of Na@(1ALD-1MLD)10.; c) RBS spectra and calculated depth profiles of
Na@(1ALD-1MLD)10.

performed to probe the composition and the element depth
distributions of the nano-hybrid. The TOF-SIMS results of
Na@(1ALD-1MLD)10, Na@(2ALD-2MLD)4, and Na@(5ALD-
5MLD)2 are shown in Figure 1b and Figures S1, S2 (Support-
ing Information), respectively. Figure 1b presents the TOF-SIMS
depth profiles and chemical ion images of Na−, Al−, CAl−,
and AlO2

− species for Na@(1ALD-1MLD)10. Obvious featured
species of CAl−, (from MLD alucone) and Al−, AlO2

− (from both
ALD Al2O3 and MLD alucone) are observed to identify the deposi-
tion of the Al-containing film on the substrates of Na metal. From
the depth profiles and corresponding 3D images, it can be ob-
served that all of those species of Al−, CAl−, and AlO2

− distribute
from the top surface to the bulk Na metals. Similar phenomena
can be observed from both Na@(2ALD-2MLD)4 and Na@(5ALD-
5MLD)2, in which the ionic species of Al−, CAl−, and AlO2

− dis-
tribute along the surface to the bulk Na. The TOF-SIMS results
demonstrate that the inorganic-organic alloy structures are suc-
cessfully deposited by the hybrid ALD-MLD processes.

The Rutherford backscattering spectrometry (RBS) results for
Na@(1ALD-1MLD)10, Na@(2ALD-2MLD)4, and Na@(5ALD-
5MLD)2 were further performed, as shown in Figure 1c and

Figures S3, S4 (Supporting Information). The RBS Al, C and
O surface peaks confirm the successful synthesis of the Al-
contained hybrid layers on Na metal. According to the elemental
depth profiles obtained by simulating RBS spectra, one can ob-
serve that the thicknesses of the nano-hybrid layers for three dif-
ferent configurations are very similar, which is ≈200 nm. These
results indicate that the sequence of layers of the nano-hybrid
structure by ALD/MLD will not affect the total thicknesses of the
coating significantly if the total number of ALD-MLD deposition
cycles stays the same. Moreover, similar to the TOF-SIMS results,
the C spectra from all the samples demonstrate the formation of
Al2O3–alucone alloy structures, in which the C signals distribute
from the top surface to the bulk Na at the same depth as Al.

In addition, the TOF-SIMS results for the nano-hybrid in-
terface coatings on Li metals are shown in Figures S5–S10
(Supporting Information). Figures S5–S7 (Supporting Informa-
tion) present the top surface secondary ion images and their
depth profiles and the corresponding 3D reconstructed images
for Li@(1ALD-1MLD)10, Li@(1ALD-1MLD)25, and Li@(1ALD-
1MLD)50. For the Li@(1ALD-1MLD)10, the AlC2

− and AlOC2
−

species derived from MLD alucone distribute along with the
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Figure 2. a–c) The electrochemical performances of Na/Na symmetric cells using bare Na foil and Na@(1ALD-1MLD)10 at different current densities
and capacities. d–f) The electrochemical performances of Li/Li symmetric cells using bare Li foil and Li@(2ALD-2MLD)25 at different current densities.

AlO− and AlO2
− species, which indicates the Al2O3–alucone al-

loy structure and is similar to results for Na@(1ALD-1MLD)10.
However, when the total ALD-MLD cycles increase with the same
configuration of 1ALD-1MLD (Figures S6, S7, Supporting Infor-
mation), the signals of AlC2

− and AlOC2
− in the depth profiles

show fluctuations in the coating layers. The fluctuations of the
C-contained species are more obvious for another two configu-
rations of Li@(2ALD-2MLD)25 and Li@(5ALD-5MLD)10, which
are shown in Figures S8, S9 (Supporting Information). The fluc-
tuations of the C-contained species indicate the content change of
the alucone layer in the coatings and the formation of the Al2O3–
alucone alloy with more obvious nano-laminated structures. Fur-
thermore, the (10ALD-10MLD)5 are deposited on Li metal and
the TOF-SIMS results are shown in Figure S10 (Supporting
Information). From the 3D reconstructed images of AlC2

− for
Li@(10ALD-10MLD)5, the clear nano-laminated structure of the
C-containing layer is observed, resulting from the MLD alucone
deposition. In this case, we found that with the control of the
unit structures of ALD-MLD deposition, the compositions of the
deposited coatings are precisely controlled from Al2O3–alucone
alloy to Al2O3–alucone nano-laminated structures. With the thin
unit structures of 1ALD-1MLD and 2ALD-2MLD, it is difficult
to form the nano-laminated layered structures since the thick-
ness of the single ALD and MLD layer is at an angstrom level.
The unit structures of 1ALD-1MLD and 2ALD-2MLD are more
like the alloy structure with the Al2O3–alucone hybrid coatings.
However, when we increase the units to 5ALD-5MLD and 10ALD-
10MLD, the structures of the coating layers turn into obvious
nano-laminated layered structures. In addition, the soft X-ray ab-
sorption spectroscopy (XAS) of the near-edge structure at the
Al K edge was carried out to further investigate the composi-
tion of the designed samples (Figure S11, Supporting Informa-
tion). As reported in the literature, the main peak for the Al K
edge for Al2O3 at 1564.7 eV is assigned to transitions from the
Al 1s orbitals into Al 3p and O 2p antibonding orbitals of t1u
symmetry.[18] In the spectrum for the different compositions,
this main peak slightly shifts to the low energy of 1564.4 eV.
However, the peaks remain in the same position for the alloy
structure (Li@(2ALD-2MLD)25) and the nano-laminated struc-
ture (Li@(10ALD-10MLD)5), as shown in Figure S11a (Support-
ing Information). For the alloy structure of (2ALD-2MLD), the

increase of the thicknesses (from 10 cycles to 50 cycles) does not
affect the local electronic structures of Al (Figure S11b, Support-
ing Information).

Symmetrical cells were assembled to evaluate the Na and Li
plating/stripping behavior of the different designs of the nano-
hybrid layers. Figure S12 (Supporting Information) shows the
optimization of the different configurations and thicknesses of
the nano-hybrid interfaces for the Na-metal anodes at the cur-
rent density of 3 mA cm−2 with the capacity of 1 mAh cm−2.
The electrochemical performances of the unit structure of 1ALD-
1MLD with different thicknesses are presented in Figure S12a
(Supporting Information). Compared to the performance of bare
Na (shown in Figure 2b), the Al2O3–alucone alloy coating with
the unit of 1ALD-1MLD can significantly improve the cycling
stability. The optimized thickness of the 1ALD-1MLD unit with
the Al2O3–alucone alloy structure is Na@(1ALD-1MLD)10. An-
other two configurations of 2ALD-2MLD and 5ALD-5MLD are
investigated under the same conditions, in which the electro-
chemical performances are presented in Figure S12b,c (Sup-
porting Information), respectively. For the coating with the unit
structures of 2ALD-2MLD and 5ALD-5MLD, the thin coatings of
Na@(2ALD-2MLD)4 and (5ALD-5MLD)2 show the longest life-
time in their groups. Comparing the various samples with dif-
ferent units and thicknesses, the Na@(1ALD-1MLD)10 with the
Al2O3–alucone alloy structure presents the best electrochemical
performances at the current density of 3 mA cm−2 with the ca-
pacity of 1 mAh cm−2. The results indicate that with the optimal
thickness, the alloy-based interfaces demonstrate better electro-
chemical performances compared to the nano-laminated layered
structural interface for Na-metal anodes.

With the optimized thickness and composition, the
Na@(1ALD-1MLD)10 was used to further investigate the battery
performance. Figure 2a shows the cycling stability of bare Na foil
and Na@(1ALD-1MLD)10 at the current density of 1 mA cm−2

with the capacity of 1 mAh cm−2. The initial Na stripping/plating
over-potential of bare Na foil is ≈30 mV and rapidly increases
to over 100 mV after ≈100 h. Then, the short circuit happens
with the sudden drop of the overpotential. In contrast, the initial
overpotential of the Na@(1ALD-1MLD)10 is ≈60 mV and it
gradually decreases to ≈20 mV after a few cycling, indicating the
sodiation process of the Al2O3–alucone alloy films. After that, the
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overpotential of Na@(1ALD-1MLD)10 is extremely stable with
a low overpotential of 30 mV after ≈2000 h without any short
circuit. When the current density is increased to 3 mA cm−2

(as shown in Figure 2b), the bare Na even has a faster short
circuit within 100 h electrochemical cycling. In comparison, the
Na@(1ALD-1MLD)10 displays significantly improved stability
with a stable overpotential of 30 mV over 1500 h. We also inves-
tigated the electrochemical performance with a higher capacity
of 2 mAh cm−2 with the current density of 1 mA cm−2, as shown
in Figure 2c. The bare Na displays even worse cycling stability
at higher capacity with high overpotential and wildly fluctuating
curves. Remarkably, the Na@(1ALD-1MLD)10 shows very stable
performances with a low overpotential of 30 mV over 1500 h.
The electrochemical impedance spectroscopy results for bare Na
and Na@(1ALD-1MLD)10 are shown in Figure S13 (Supporting
Information) for the Nyquits plots before cycling, after 50 cycles,
after 100 cycles, and after longtime cycles under the current
density of 3 mA cm−2 with the capacity of 1 mA h cm−2. It
is considered that two distinct semicircles are associated with
both the SEI/electrode (high frequency) and the charge transfer
(CT)/electrical double layer (lower frequencies). From Figure
S13a (Supporting Information), it can be observed that the
resistance of bare Na slightly increases after 50 electrochemi-
cal cycles, however, after 100 cycles and long-time cycles, the
resistance of bare Na increases rapidly, indicating the serious
side reactions, large impedance interface, and dead Na layer
formation. As a comparison, the Na@(1ALD-1MLD)10 presents
a higher resistance compared to bare Na before cycling, which
is consistent with the symmetrical cell performances and due
to the non-conductive nature of the Al2O3–alucone coating. The
resistance of the Na@(1ALD-1MLD)10 after 50 electrochemical
plating/stripping decreases and keeps stable after 100 cycles
and even after long-time cycling. These results indicate that the
Al2O3–alucone alloy interlayers have a significant influence on
the long-life Na-metal anode. Overall, the Al2O3–alucone alloy in-
terface of (1ALD-1MLD)10 demonstrates significantly enhanced
electrochemical performances and stabilizes the interfaces with
low resistances for Na-metal anode with high current density or
high capacity.

To further prove the concept, the Li–Li symmetrical cells were
assembled to evaluate the Li plating/stripping behavior in the
carbonate-based electrolyte. The thickness of the interface is first
optimized using the Al2O3–alucone alloy structure of (1ALD-
1MLD), as shown in Figure S15 (Supporting Information). As
shown in Figure S15 (Supporting Information), the optimal
thickness of the (1ALD-1MLD) alloy interface for Li-metal an-
ode in the carbonate-based electrolyte is Li@(1ALD-1MLD)50.
Compared to the optimal thickness for the Na-metal anode, it
requests a much thicker interface layer for the Li-metal anode
in the carbonate-based electrolyte. With the optimized thick-
ness, we further investigate the structures from alloy to nano-
laminated for Li-metal anode, as shown in Figure S16 (Support-
ing Information). We observe that the alloy structure of (2ALD-
2MLD)25 presents the best cycling stability compared with the
nano-laminated structures. It is worth mentioning that when the
structure of the interface tunes from alloy (2ALD-2MLD) to more
nano-laminated (5ALD-5MLD and 10ALD-10MLD), the electro-
chemical performance is even worse, which is consistence with
the electrochemical performances for Na-metal anode. However,

the optimized alloy structures and interface thicknesses for both
Li- and Na-metal anodes are different, which should be the results
led by the balances of chemical/electrochemical/mechanical
properties in different electrolytes. The comparison of the electro-
chemical performances for bare Li foil and Li@(2ALD-2MLD)25
is shown in Figure 2d–f. With the current density of 2 mA cm−2

and the capacity of 1 mAh cm−2, the overpotential of bare Li start
to fluctuate after 150 h with the overpotential increasing from 100
to 800 mV. After 270 h, the short circuit happens for the bare Li
foil. However, for the Li@(2ALD-2MLD)25, the cell is very stable
with the overpotential of 80 mV over 500 h. When increasing the
current density to 3 and 5 mA cm−2 (Figure 2e,f), the Li(2ALD-
2MLD)25 displays significantly improved electrochemical perfor-
mances with low overpotential and longer lifetime compared to
the bare Li foil without coatings.

To understand the influence of the Al2O3–alucone alloy in-
terface on the Na deposition behavior, the morphology and sur-
face composition of Na metal was investigated by different char-
acterizations. Figure 3 and Figures S17, S18 (Supporting Infor-
mation) show the SEM images of bare Na foil and Na@(1ALD-
1MLD)10 after electrochemical cycling of 50 cycles and long cy-
cles at the current density of 1 mA cm−2 with a capacity limit of
1 mAh cm−2. From Figure 3a and Figure S17 (Supporting Infor-
mation), we can observe that mossy Na and dead Na layers are
formed within 50 cycles, becoming more significant after longer
cycling. With long electrochemical cycles (Figure S17, Support-
ing Information), long and deep cracks are formed with a rougher
surface on the Li, which causes the increase of polarization in
the cells and eventually leads to the short-circuit of the batteries.
On the contrary, the morphologies of the Na@(1ALD-1MLD)10
after cycling are different, as shown in Figure 3b and Figure
S18 (Supporting Information). The surfaces of the Na@(1ALD-
1MLD)10 are much smoother with less mossy Na and crack for-
mation after 50 cycles and long cycles. The mossy/dendritic Na
growth and dead Na formation are effectively prevented with the
Al2O3–alucone alloy interfaces, which leads to significantly im-
proved electrochemical performances. To further study the Na
deposition behavior, the Cu foils (with and without coating) are
used as working electrodes. Figure S19 (Supporting Informa-
tion) shows the SEM images of bare Cu foil and Cu@(1ALD-
1MLD)10 with electrochemical deposition of different capacities
of 0.1 and 1 mAh cm−2 at the current density of 1 mA cm−2. It
can be clearly seen from Figure S19a (Supporting Information)
that the morphology of the deposited Na on bare Cu foil during
the initial nuclear process with the capacity of 0.1 mAh cm−2 is
non-uniform with mossy Na and crack formation. With an in-
creasing capacity to 1 mAh cm−2, the surface of the deposited Na
turns rougher and large holes/cracks form during the deposition
process. On the contrary, the Na deposition on the Cu@(1ALD-
1MLD)10 is very smooth without any mossy and dendrite forma-
tion from the nuclear stage to the higher capacity, as shown in
Figure S19b (Supporting Information). The deposition behavior
study demonstrates that the designed nanoalloy interface is en-
abled to reduce the Na-dendrite growth and is expected to im-
prove the electrochemical performances.

Besides the morphology, the compositions of the interface
are critical for the metal deposition and electrochemical per-
formances. The TOF-SIMS is carried out to understand the
chemical composition of the interface after plating/stripping. In
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Figure 3. a) Top-view SEM images of bare Na foil and Na@(1ALD-1MLD)10 after electrochemical cycling (50 cycles). b) TOF-SIMS depth profiles and
corresponding 3D reconstructed images of Na@(1ALD-1MLD)10 after electrochemical cycling.

Figure S20 (Supporting Information), the TOF-SIMS results of
surface chemical ion images, depth profiles, and corresponding
3D reconstructed images for bare Na foil after 50 cycles of plat-
ing/stripping under the conditions of 1 mA cm−2/1 mAh cm−2

are displayed. For cycled bare Na foil (Figure S20, Supporting
Information), the surface is covered with by-products from the
side reactions between Na metal with electrolytes, presenting the
strong signal of F− and SO3

−. As shown in Figure 3b, the Al2O3–
alucone alloy coating remains on the surface of Na metal after
cycling and has small changes compared to the TOF-SIMS re-
sult before cycling (Figure 1b). The TOF-SIMS results demon-
strate that the Al2O3–alucone alloy interface is robust and chemi-
cal/electrochemical stable during electrochemical cycling. Sim-
ilarly, the TOF-SIMS results for bare Li foil and Li@(1ALD-
1MLD)50 after 50 cycles of electrochemical plating/stripping are
presented in Figures S21, S22 (Supporting Information), respec-
tively. The pristine Li shows deep penetration of F from elec-
trolyte with a long sputtering time (over 1000 s), which is re-
lated to the thick dead Li layer formation. In contrast, for the
Li@(1ALD-1MLD)50 after cycling (Figure S22, Supporting Infor-
mation), the Al2O3–alucone alloy interface is very stable and re-
mains with a similar structure compared to the coating before
cycling. The XAS at Al K-edge was performed for Li@(2ALD-
2MLD)25 after cycling. After cycling, the XAS spectra of Al K-
edge (Figure S23, Supporting Information) become broader, with
the peak shifts to higher energy compared to that of before cy-
cling. However, it still confirms that the (2ALD-2MLD)25 inter-
face is a stable protective layer during cycling. The integration
of organic compounds, such as zincone and titanicone, into in-
organic layers can lead to the formation of polymer chains con-
taining benzene rings, specifically (–Zn–O–Benzene–O)n and (–
Ti–O–Benzene–O)n.[19] DFT calculations have shown that these
polymer chains are the key to reducing the energy barrier for
Li-ion migration.[19] Similarly, in this work, the addition of the
alucone organic layer expectedly containing (–Al–O–CHx–O)n
chains could have similar potential to enhance Li- and Na-ion mi-
gration at the interface.

We further investigated the influence of mechanical properties
on the interfaces. First, we understand the effect of the thickness
of the film on the mechanical properties using the 1ALD-1MLD

alloy structure as an example. The mechanical performance of
the different film thicknesses of 1ALD-1MLD alloy structures was
evaluated using the AFM deflection technique where the center
of a free-standing film is deflected with a predefined force and
the film deflection from the applied force is detected.[9a,c,20] A
holey silicon nitride TEM grid with a hole diameter of 2.7 μm
covered with monolayer graphene as a support layer was used
to deposit the ALD and MLD films. The mechanical properties
of single-layer graphene were found to dominate the mechanical
performance of thin layers up to 3 nm thickness, therefore we
evaluated the mechanical performance of (1ALD-1MLD)10 and
(1ALD-1MLD)25 and (1ALD-1MLD)50 with 4–20 nm thickness.
All mechanical tests were conducted using an Asylum MFP-3D
AFM. The cantilever with a diamond tip (NadiaProbes, Catalogue
#: ND-DYIRS-5) was calibrated using Sader’s method with a nor-
mal spring constant of 35 N m−1. For elastic studies, the films
were deflected to small force ranges <60 nN while the films
were deflected to failure at higher force levels to study the fail-
ure. At least ten samples were collected for elastic and failure
behavior for each film. For all of the films, the elastic response
was found to be consistent and repeatable. No significant hys-
teresis was observed between loading-unloading curves, imply-
ing no obvious slippage between deposited layers and graphene
substrate. Due to the covalent bonding inherent to the deposi-
tion process, good adhesion between ALD and MLD layers is ex-
pected, and no hysteresis was observed for deflection tests. Figure
S24 (Supporting Information) represents the elastic behavior of
the (1ALD-1MLD)10 and (1ALD-1MLD)25 and (1ALD-1MLD)50
films. As expected, the in-plane stiffness of the alloy structure
increased with the thickness (stiffness is related to the slope of
the force-deflection curve). The films deflected to failure which
is identified by abrupt force drop to or beyond 20% of maxi-
mum force. Failure force–deflection representative curves of the
(1ALD-1MLD)10 and (1ALD-1MLD)25 and (1ALD-1MLD)50 al-
loy films are shown in Figure S24b (Supporting Information).
The elastic and failure results showed that the (1ALD-1MLD)50
remains stiff, from the slope of the (F–𝛿) curve, during the entire
loading stage to failure. Interestingly, for (1ALD-1MLD)10 and
(1ALD-1MLD)25 films the slope of the F–𝛿 curve was observed
to significantly increase at higher forces and as such the film
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exhibited higher stiffness. The increased stiffness is likely due
to strain hardening from the alignment of the polymer network
in the (1ALD-1MLD) alloy during plastic deformation which is
noticeable for smaller thicknesses. The toughness values of the
films were calculated based on the area under the F–𝛿 curve be-
low the failure point. In Figure S24c (Supporting Information),
the FFacture and toughness values of the alloy structures normal-
ized to the film thinness are presented. The trend in the normal-
ized FFracture and toughness to thickness implies that a higher
amount of force is required to fail the thinner films; therefore,
the normalized toughness decreases with thickness due to the
higher volume and higher number of defects under the tip at
failure. These mechanical results indicate that the thinner films
with higher toughness likely will fail under higher stress levels
and can show more flexibility at the interface with Na compared
to thicker films, which is in agreement with their electrochemical
performances in this work.

We further used the same AFM deflection technique men-
tioned before to study the mechanical performance of (1ALD-
1MLD)50, (2ALD-2MLD)25 alloy film, and (5ALD-5MLD)10
nano-laminated film with a similar thickness of ≈20 nm, which
are used as protective layers for Li-metal anodes (As shown in
Figure S25, Supporting Information). As discussed above, for
the Li-metal anode, the optimized thickness and composition for
electrochemical performance are (2ALD-2MLD)25. Interestingly,
when increasing the film thicknesses to 20 nm, the mechanical
performances of the films from the alloy structure to the nano-
laminated structure are not as strong as the films with a thin
thickness (like 4 nm), which is likely due to the increased vol-
ume of the films as well as the number of defects under the
AFM tip. However, the nanoalloy structure of (2ALD-2MLD)25
still presents higher forces and higher stiffness compared to the
other two films, which is constant with the electrochemical per-
formances of the Li-metal anode. Herein, although the optimized
thicknesses and compositions for Li and Na metals are quite dif-
ferent, the mechanical properties still play an important role in
affecting the electrochemical stabilities.

As observed in the previous section, the optimal thickness of
SEI for Li is 20 nm, while it is 4 nm for Na. This section aims to
explain why Li needs a thicker SEI layer to effectively suppress
dendrites. To do so, the mechanics of the SEI delamination is
simulated with a cohesive zone model (CZM). Figure 4a shows
the geometry and initial/boundary conditions of the stress equi-
librium equation. The initial damage area refers to the region
where the SEI is fully delaminated from the anode surface due to
the Li/Na-dendrite initiation and is under mechanical pressure
from Li/Na-dendrite nucleation pushing outward. The undam-
aged area is modeled by CZM with the bilinear form of traction-
separation law[21] (Supporting Information for more details). The
physics simulation is run in, a finite element software, COM-
SOL Multiphysics. The magnitude of pressure that Li/Na acting
on the SEI is evaluated through the following thermodynamics
relationship:[22]

𝜎Vm = FΔ∅ (1)

where 𝜎 is mean stress, Vm is the molar volume of the an-
ode, F is the Faraday constant, and Δ∅ is the overpotential that
drives the reaction. Under the same charging rate, Δ∅ is as-

sumed constant, and thus the mechanical pressure is solely a
function of Vm, which varies from one to another material. Ex-
perimental characterizations, Figure S26 (Supporting Informa-
tion), show that under the same charging conditions (3 mA cm−2,
5 mAh cm−2), the thickness ratio of deposited Li over the de-
posited Na (Vm,Li/Vm,Na) is 0.59. Therefore, the ratio of pres-
sure exerted by deposited Na and Li (𝜎Li/𝜎Na) is 1.82. Here, in
the simulation, it is assumed that 𝜎Li is 100 MPa; thus, 𝜎Na is
59 MPa. The studied range of SEI thickness is from 4 to 20 nm.
The displacement of the left boundary in the y-direction is as-
sociated with the dendrite length and is measured when the
system reaches mechanical equilibrium. Figure 4b shows that
when the SEI thickness is 4 nm, the Li-dendrite length is much
larger than the Na dendrite. And to achieve a similar suppression
performance (same length of dendrites), Li would obviously re-
quire a thicker SEI than Na due to a larger induced mechanical
stress.

Next, we aim to simulate how each (1ALD-1MLD) thick-
ness works against dendrite nucleation through the phase-field
model for dendrites coupled with SEI mechanics. This phase-
field model is an extension of Chen and antratian’s works.[23]

More details are available in Supporting Information. Figure 4c
shows the initial morphology of the anode surface with a pertur-
bation radius of 4 nm. In this mechano-electrochemical model-
ing, the velocity of the moving Li/SEI interface is the boundary
condition that causes the stress distribution in the SEI domain.
Meanwhile, the interfacial stress at Li/SEI interface plays a part
in controlling the plating behavior: interfacial tensile stress pro-
motes deposition rate, while interfacial compressive stress sup-
presses deposition reaction. Each (1ALD-1MLD) thickness has
distinct mechanical properties due to the size scale effect, and the
elastic modulus of each one is extracted from Figure S24 (Sup-
porting Information). The negative overpotential of 0.1 V is ap-
plied to simulate plating behavior. Stress distributions in the SEI,
as well as the resulting surface morphologies, are captured at the
end of the simulations.

Figure 4e shows how different SEI thicknesses smoothen the
anode surface during the plating process. The black line repre-
sents the initial anode surface, with one perturbation. As a result
of plating, the final anode surface rises up, but the morpholo-
gies are different from one to another case. (1ALD-1MLD)25,
and (1ALD-1MLD)50 both result in a very smooth surface, while
the perturbation is not well suppressed in the case of (1ALD-
1MLD)10. This is due to the different magnitudes of mechanical
stress at the interface, Figure 4d,f. (1ALD-1MLD)25 and (1ALD-
1MLD)50 possess a similar magnitude of interfacial stress, while
the interfacial stress in (1ALD-1MLD)10 is lower. The mechanical
suppression mechanism works by slowing down the deposition
rate at the tip due to compressive stress while promoting the plat-
ing reaction at the valleys due to tensile stress. However, if the
interfacial mechanical stress is too low, the impact of mechan-
ics on the electrochemical reaction is not significant, and rough
surfaces are not effectively alleviated, like in the case of (1ALD-
1MLD)10. As a result, a thicker SEI layer tends to have better
dendrite suppression performance. Nevertheless, it is important
to note that high tensile stress at the interface can also cause SEI
delamination, leading to other interfacial issues. Therefore, the
thickness of the SEI layer must be optimized to balance the me-
chanical suppression effect and the potential delamination issue.
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Figure 4. a,b) SEI delamination model based on mechanical analysis. a) Schematic with initial and boundary conditions. b) Plot of the SEI thicknesses
against the resulting dendrite nucleation length (normalized with the SEI thicknesses). c–f) Phase-field model for dendrite growth coupling with SEI
mechanics. c) Schematic of the simulation with initial and boundary conditions. d) Stress distribution on three SEI thicknesses: (1ALD-1MLD)10,
(1ALD-1MLD)25, and (1ALD-1MLD)50. e) Resulting anode surfaces due to the mechanical suppression by each SEI thickness. f) 1D interfacial stress
distribution near the perturbation region from point A to B.

Based on the discussion above combining electrochemical per-
formance, mechanical property measurements, and theoretical
modeling, we have provided a comprehensive understanding on
the electrochemical/chemical/mechanical stability of the inter-
faces for metal anodes. 1) For both Li- and Na-metal anodes, the
nanoalloy structure interfaces present the best electrochemical
performances and the nanoalloy interfaces are electrochemically
and chemically stable after cycling. 2) However, the thicknesses
of the nanoalloy interfaces required for Li- and Na-metal anodes
are quite different, in which a thicker interface is essential for
Li metal and a thinner coating is strong enough for Na metal. A
cohesive zone model is proposed to explain the mechanism. 3)
The mechanical behavior of the hybrid films is affected by both
thickness and configuration. Although the thin nanoalloy film

demonstrates a higher toughness and average failure force, the
thick nanoalloy interface provides a higher interfacial stress and
smooth surface based on the phase-field modeling.

3. Conclusion

We have demonstrated a new concept of organic and inorganic
hybrid interfacial layers for both Li- and Na-metal anodes. By
controlling the compositions, we realize the nanoalloy struc-
ture to the nano-laminated structure. As a result, the nanoal-
loy interface presents the most stable electrochemical perfor-
mances for both Li- and Na-metal anodes. The thicknesses of
the nanoalloy interfaces required for Li- and Na-metal anodes are
different and the mechanism is understood by a cohesive zone

Adv. Mater. 2023, 35, 2301414 © 2023 Wiley-VCH GmbH2301414 (8 of 10)
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model. Furthermore, the influence of the mechanical stabilities
of the different interfaces on the electrochemical performances
has been investigated experimentally and theoretically. Our ap-
proach provides a fundamental understanding and establishes
the bridge between mechanical properties and electrochemical
performance for alkali-metal anodes. In addition, a comprehen-
sive understanding on the electrochemical/chemical/mechanical
stability of the interfaces for metal anodes has been studied by
combing experimental measurements and theoretical modeling.
We believe that this work can not only open a new window on the
design of the electrochemical/chemical/mechanical stable inter-
faces for alkali metal but also provides new insight into the me-
chanical effects of electrochemical metal depositions.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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