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AbstracL

The appliQ lithium (L1) metal anode in rechargeable batteries is primarily restricted by
Li dendrit‘ éowth on the metal’s surface, which leads to shortened cycle life and safety
concemﬁe introduce well-spaced nanotubes with ultra-uniform surface curvature as
a Li metal anodeStructure. The ultra-uniform nanotubular surface generates uniform local
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electric fields that evenly attract Li-ions to the surface, thereby inducing even current density
distrivaer, the well-defined nanotube spacing offers Li diffusion pathways to the
electroact well as the confined spaces to host deposited Li. These structural
attributés eFeae@unique electrodeposition manner — that is Li metal homogenously deposits
on the nan r wall, causing each Li nanotube to grow in circumference without any sign

of dendriti ation. Thus, the full-cell battery with the spaced Li nanotubes exhibits a high

S

specific ¢ ty®f 85 mA h g at 10 C and an excellent coulombic efficiency of ~99.85%

over 400 cycles.
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1. In 10N

Lithiu anode attracts enormous interests nowadays as an ideal electrode for

rechargea!e batteries due to its high specific capacity (3860 mA h g'l), low electrochemical

potential (@VS. standard hydrogen electrode), and its low density (0.53 g cm™).['"™]

These pro re what make Li metal batteries a promising replacement for traditional

Li-ion .

I

kg™, w:edes their implementation over a wide spectrum of high-energy

-ion technology suffers from limited gravimetric energy density (<250 Wh

applicatio tal anodes, however, still possess critical challenges that restrict its

comm 1on as a reliable electrode material. One of the main drawbacks is Li dendrite
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growth, which leads to the decay of coulombic efficiency, poor cycling performance, and

even inw circuits.>*!

To date, s@es show that the growth of Li dendrite starts with small nuclei, which

N
result fror!either (1) the non-uniformity of the metal surface or (ii) the instability of the solid

electrolytoffiiterfee (SEI) due to the large volume change.l”*! Due to the accumulation of

C

electric chmx the nucleation tips, the local electric field strength is very strong at these

points, attracts the large concentrations of Li-ions in the electrolyte to its sharp surface.

U

Conseque ons are not evenly distributed, resulting in non-uniform local current

density diSfribution at the electrode surface. Li rapidly grows on the sharp tips of the nuclei

A

where the rrent density is concentrated, while Li slowly deposits on the base where

d

the loc nsity is relatively small,l-'*!

causing Li dendrite formation as shown in
Figure 1a, lve the root causes of this problem, the ideal anode structure must feature

uniform surface curvature to equalize the electric field and must be able to accommodate

large Voluﬁtion during cycling as well.

Previous eQwe been exerted to tackle Li dendrite growth, including stabilizing the SEI

layer t ing additives to the electrolytes,!'>'*

increasing the electrolyte salt’s
concentrﬁa n, !] and designing an artificial layer at the electrode/electrolyte interface for
dendrite san.[m’m Recently, hosting Li metal inside a 3D scaffold is known as one of

the effegsi proaches to solve this challenge.!'" 2" A high specific surface area of the 3D

scaffold decreases the effective current density and thus delays the Li dendrite formation, in
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accordance with Sand’s formula.”*!

) In addition, the 3D structure provides confined space to
accomeraﬁng, mitigating massive volume changes. This strategy not only allows

the utiliza ifferent materials, but different morphologies as a host structure for Li

&

metal, fér eE@mple, ccllulose nanoﬁbersm], carbon felt,m] nickel foam,[24’25 ] layered reduced

graphene o He & and copper nanowires.””” Recently, vertically-aligned structures, such as

C

. 28 . 29 . 30
carbonize "8 copper microchannels,*” and nanochannels on stainless steel®® have

O

gained int ause these vertically-oriented structures efficiently promote Li-ion

transport to the el@ctroactive areas during plating, enhancing charge transfer kinetics.

Gl

However, r current densities, the electrode architecture plays a bigger role in the

£

morpholo lution of Li deposition. An excessive buildup of Li plating occurs on a

d

sharp curv ea, introducing “hot spots” for Li dendrite formation (Figure 1b).1
Therefore, is a strong need to develop a 3D scaffold that features uniform surface

curvat th a vertically-aligned structure.

The electrhal anodization method is well-known for its capability to produce

vertically @ metal oxide nanotubular structures, such as titanium dioxide (TiO,)
nanotulﬂ this fabrication process, vertically-aligned TiO, nanotubes own uniform
surfaceWAlso, Ti0; nanotubes itself exhibit excellent elastic modulus (23-44
GPa),”! i@ an ability to resist deformation under mechanical stress induced by the
volume cha Li metal during cycling. These suggest that TiO, nanotubes may be a

promising fold for Li metal anodes. Nevertheless, self-ordered TiO, nanotube arrays
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are generally closely packed,***¥ featuring little to no space between nanotubes to host Li
plating.med nanotube arrays are used as a host structure, Li mostly grows toward

the separ top surface of the nanotubes, eventually causing the Li dendrite

probleri a88l@WE in Figure 1c. Therefore, the nanotube spacing must be widened to

effectivel}@modate Li plating.

In this stumeport, for the first time, vertically well-spaced TiO, nanotube arrays with
ultra-uniform curvature as a host structure for Li metal anode. The TiO; nanotube arrays,
fabricated:modiﬁed electrochemical anodization, exhibit uniform surface curvature,

regular nafjotube spacing, and vertical alignment. Molten Li metal is successfully infiltrated

[F)

into the s » nanotubes scaffold to form the spaced Li nanotubes structure, which can

d

effecti s the dendrite formation as illustrated in Figure 1d. Figure 1e shows how

the electric distributed equally on the nanotubular wall due to the uniform surface

M

curvature. Consequently, Li-ions evenly migrate to the nanotubular surface, leading to

I

uniform 1 nt density distribution. Moreover, the spacing between each

vertically @ anotube gives direct pathways that promote Li-ion diffusion to the

electroactiye areas and also provides confined spaces to accommodate Li growth. These

h

electro 1 properties endow the uniform Li deposition on the nanotubular wall,

{

resulting in the clsicumferential growth of Li nanotubes during plating (Figure 1f).

Ul

Additionall nderlying mechanism of this unique Li growth manner is further explained

A

via current distribution and phase-field models. We believe the concept of uniform
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surface curvature along with space confinement can be applied to develop a Li metal anode

architeWables dendrite-free Li deposition.

V

— ~
b % ,
J,Da_ﬁ%f&_mfz

c

o slece b gy §

TiO, nanotubes /“"“
Cross-section A-A

Many cycles e

T~ i st | @

TiO, nanotubes

Growth in circumference

B Limetal | | Hoststructure &3 Lidon © Electron <¢= Diffusion = Migration <— Electric field

Figure 1. Schematic of Li deposition on four different anode structures. Li deposition on a)

Li foil, b) My-aligned structure with non-uniform surface curvature, ¢) closed Li

nanotubepaced Li nanotubes. €) 3D schematic illustration of Li-ion transport under

the influe ffusion and the uniform electrostatic forces that guide Li-ions to distribute
over the nFotubisurface uniformly. f) 2D cross-section of a Li nanotube illustrating the

unique el@sition manner, i.e., the circumferential growth of the spaced Li nanotubes.
2. Res Discussion

2.1. Characterization of the Li Nanotubes
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The TiO, nanotube arrays with ultra-uniform tubular curvature are fabricated by utilizing an
electrocWodization technique, which is characterized by its simplicity,
cost-effecd wide implementation on large-scale production.***¥ Utilizing the
convenfiof@@ethod, the classic closed TiO, nanotubes are obtained. But, to fabricate the
spaced Tihubes, the anodization parameters such as anodization time, applied voltage,
and electro ution are adjusted to widen the inter-nanotube space. Then, molten Li
metal (at ws infiltrated into the TiO, nanotubes scaffold to form the composite anode
structure, called Se spaced Li nanotubes, as illustrated in Figure 2a. Note that due to the high

lithiophiliﬂioz, pre-surface treatment is not required prior to Li infiltration.

Figure 2b e scanning electron microscopy (SEM) image of the spaced TiO; nanotube
scaffol L infiltration. Obviously, the structure is composed of vertically-oriented
nanotubes v + 20 nm diameter, 125 £+ 50 nm inter-nanotube space and uniform surface

curvature. The thickness of the TiO; nanotubes is around 15-20 nm. During Li infiltration,
molten Lihliformly spreads over the TiO, nanotubes surface due to (1) its low
viscosity and (i1) the excellent lithiophilic surface of TiO, that allows molten Li to
flow inﬂmre under capillary action. After Li infiltration, Figure 2c¢ shows the
unifomWof Li metal over the TiO, nanotubes surface. Furthermore, the resulting Li

nanotube arrays 5'11 possess the moderate spacing between nanotubes, which allows for host
Li metal gr. d improves ionic transport with its vertical carrier pathway. For
comparison, so measured the closed TiO, nanotube arrays. Figure 2d displays little to
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very narrow nanotube spacing. After Li infiltration, Li metal barely infuses into the
nanotuWre, but instead mostly covers the top surface and occasionally closes pores
as illustrae 2e. The lighter contrast observed on the nanotubes is Li, which is
highly BenSiti@®@ the clectron beam. The TiO, has low electrical conductivity. However, the
Li metal layer cgvering the entire TiO, nanotube surface is electrically conductive. Thus, Li

deposits on iform surface of the Li metal layer during Li plating, not directly on the

S

TiO; surf: efore, the poor coverage of Li metal could result in a decrease in the

electroactive aregiand an absence of the confined spaces.

U

Author Man
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Figure 2. ogical comparison between the spaced TiO, nanotubes and the closed TiO,

nanotubefefore and after Li infiltration. a) Schematic of Li infiltration into the TiO;

anodiz s. Scanning Electron Microscopy (SEM) top-view images of the spaced

{

Ti0; nanotubes Sbefore and c) after Li infiltration. SEM top-view and tilted view images of

the closed Ti notubes d) before and e) after Li infiltration.
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2.2. Morphology of Li Metal Deposition

To exprace morphology after cycling, SEM images of the spaced Li nanotubes
and the Li rparts were taken after 100 cycles at 1 C- The pristine Li foil itself has

 E—
an irreguldr bare surface (Figure S1). The roughness of the metal surface overwhelmingly

contribute@nhomogeneous distribution of local current density on the

electrode/elgc e interface. As a result, the non-uniform Li deposition on the Li foil
surface is md‘, as shown in Figure 3a. At the stripping state, the severe Li dendrite
formation :nt in Figure 3b. On the contrary, the spaced Li nanotubes exhibit uniform
tubular cuyature (Figure 2c¢) that induces even current density distribution throughout its

surface. Amlating, the thickness of each Li nanotube is increased to 30-35 nm without
any si 1 rite formation (Figure 3¢). The newly deposited Li consistently forms a
unifoﬁing the previously deposited Li on the nanotubular wall. Consequently,
the thickness of each Li nanotube continuously increases with time, showing a very unique
electrodehehavior. In addition, the Li growth direction is parallel to the separator,
and the di remains confined in the inter-nanotube space. Figure 3d shows the
thickneﬂd Li nanotubes is reduced to 16-21 after Li stripping. Due to an excellent
mecharMemical strength of TiO, nanotube arrays, the nanotubular morphology with
uniform c@is still stable after 100 cycles, indicating the robustness of the scaffold.

Furthermor 1 deposition morphology on the closed Li nanotubes after cycling is also

investigated. served from Figure S2, Li metal barely resides in the nanotube spacing,
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but deposits on the top surface of the nanotubes, forming a moss-like Li dendrite. Clearly, the

nanotuW closed tube spacing could not suppress the Li dendrite formation due to

the lack oﬁnement.

After Li plating After Li stripping

Spaced
L1 nanotubes

Figure 3. ogical evolution of Li deposition. SEM images of Li foil surface a) after Li

plating@ Li stripping at the 100™ cycle. SEM images of the spaced Li nanotubes

surfaceMplating and d) after Li stripping at the 100" cycle.

-

<
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To further explain the difference between the Li deposition mechanisms for the spaced Li

nanotulMed to the closed Li nanotubes and Li foil, a nonlinear phase-field model

with masnd charge conservation equations analysis was performed to simulate

the Li dép@Sifi@@®On the Li foil surface, small Li nucleation sites occur at the

electrode/e e interface during cycling primarily due to the non-uniformity of the

electrode s _ The tips of the nucleation sites induce the large Li-ion concentration,!'*!

S

leading to mulation of local current density. Li grows rigorously on the tips, thus

U

resulting in the gtowth of Li dendrites as observed in Figure 4a. Figure 4b illustrates that

Li-ions ar ted unevenly, corresponding to the dendritic shape. Figure 4c displays that

N

the current is concentrated only at the dendrite tips. On the contrary, Figure 4d shows

the unifo

g5

osition on the spaced Li nanotubes. In Figure 4e, Li-ions are distributed

uniformly o nanotubular surfaces. The spacing between vertically-aligned nanotubes

M

guides ing vertically downward into the electroactive surface area. So, the ample

amounts i-ions, which are ready for further Li deposition on the nanotubular wall, is

3

present in @ ptube spacing. In Figure 4f, the current density distribution is homogeneous

throughou otubular walls due to uniform surface curvature. As a result, Li metal

contin uniformly on the nanotube surface and is confined in the inter-nanotube

th

spaces. H or the closed Li nanotubes, Li deposition mostly happens at the top of the

U

nanotubes, causing a wavy-like surface as shown in Figure 4g. Figure 4h shows Li-ions are

concen ar the top of the nanotubes. The current density profile follows the irregular

A

surface of the deposited Li metal (Figure 41). These findings imply that further Li deposition
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would occur on the irregular surface in the direction of the separator without space

conﬁnWavy surface of deposited Li together with the accumulation of current

density mctrode/electrolyte interface susceptible to the Li nucleation sites that

eventudll yRgaWS@ILi dendrite growth.

Morphology

Li-lon
concentration

&
=
<O
=
% g
2
o
Li Feil Spaced Li Closed Li
nanotubes nanotubes

Figure 4. Qulated Li deposition morphology on a) Li foil, d) the spaced Li nanotubes
and g) d Li nanotubes (white arrows indicate the Li growth directions). The
normalized Li-ion concentration distribution in the electrolyte near b) Li foil, e) the spaced Li
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nanotubes and h) the closed Li nanotubes. The normalized local current density profile for c)

Li foil, Wd Li nanotubes and i) the closed Li nanotubes.

Q.

I
2.3. Efaniform Surface Curvature on Ionic Transport
Accordintharacteristic of a conducting object, the area of the highest curvature
develops wst electric field strength out of its surface. In the electrodeposition system,
blunt points, edgs, and sharply curved areas on the electrode surface produce the most

intense lo ic fields. This electric field attracts a huge amount of surrounding Li-ions

to the sha\m leading to the inhomogeneous distribution of local current density, and

consequen ndrite growth. On the contrary, the electric field strength on the electrode
surface is eous at the locations where the surface curvature is uniform. Li-ions
evenly he electrode surface, leading to the uniform distribution of local current
density, wllich contributes to the uniform Li deposition. Within, the current density

distributiing was performed to understand the underlying mechanism of ionic

diffusionwﬁation near the Li nanotubes surface.

Figure We current density is distributed uniformly over the nanotubular walls,
which is attrlEut5 to the ultra-uniform nanotube structure. Moreover, Figure 5b and 5c
illustrate tha simulation time, t) = 5 ms (the time at which the system reaches

steady-statc); urrent density and Li-ion concentration distribution in the electrolyte are
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homogenously accumulated near the nanotubular wall. On the contrary, with a non-uniform
tubularMcurrent density distribution is not uniform over the nanotubular wall due to
the inhoi-ion concentration at the surface (Figure 5d). The current density and
Li-ion @brieentE@sion distribution near the nanotube surface are not as homogenous as the
uniform sa Figure Se and 5f). In this case, as evident from Figure 5g, the concave curve

in the mid e non-uniform nanotube contributes to uneven current density distribution.

S

Figure 5h at along the outer surface of the nanotube (at z = 325 nm), the current
density is relativdly high at the more curved areas, while the ultra-uniform nanotubular

structure flat current density profile.

nu

Neverthelmp edges are inevitable in any tube structure, leading to the highest local
curren 1 wever, this problem is insignificant in the case of the nanosized structure
because the di nce in a degree of curvature between the nanotube body and its edge is

insignificant. To elaborate on this theory, we investigated the preference of the nanotubular
electrodes*ed to the microtubular electrodes. The dimensions of the microtube used
herein are larger than the ultra-uniform nanotube. The normalized current density
along tlﬂgth for the uniform nanotube and microtube at the steady-state is plotted in
Figure Wifference in magnitude of local current density between the tube body and

its edge is clearlyfobserved for the microtube, while the current density along the length of

U

the nanotub ost uniform. In addition, at the time t, (the time at which Li-ions evenly

A

distribute o notube surface), Li-ions are only accumulated at the top of the microtube

This article is protected by copyright. All rights reserved.
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(Figure S3b). Interestingly, Li-ions take a greater amount of time to distribute over the

microtuWuniformly (Figure S3c). The longer the time it takes for Li-ions to

distribute ctrode surface equally, the higher the chance it has for non-uniform Li

depositiormiPligEsfore, an excessive buildup of Li deposition is more likely to occur on the

edges of thEmliotubes than on the nanotubes.
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Figure 5. Simulagion results for current density distribution modeling. a) The current density

t

distributi e Li nanotubes surfaces with ultra-uniform curvature. 2D plots of b) the

U

normalized cu density and c) Li-ion concentration distributions in the electrolytes near

the ultra- nanotube wall at the simulation time, ty = 5 ms (the time at which the

A
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system reaches steady-state). d) The current density distribution over the Li nanotubes
surfaceWuniform morphology. 2D plots of ¢) the normalized current density and f)
Li-ion codistributions in the electrolytes near the non-uniform morphology at the
simulafib I HFeE. ) A comparison plot of current density distribution on the nanotubes
surface along the z-direction. h) A comparison plot of current density distribution along the

perimeter O anotubes cross-section at z = 325 nm.

7
-
=
(0

2.4. Ele mical Measurements in Symmetrical Cell
In orde, he stability of Li metal electrodes, electrochemical measurements have
been condu ing symmetric coin cells in which two electrodes are identical. The tests on

three different electrode structures are performed: (1) the spaced Li nanotubes, (ii) the closed
Li nanotuh(iii) bulky Li foils. Electrochemical cycling was performed for 225 cycles
(450 h) at@ density of 4 mA cm™ and a charging capacity of 4 mA h cm™. In Figure
6a, the @es show similar stability at the first 60 cycles, though the Li foil sample
shows W cycling overpotential (Figure 6b). At the 70™ cycle, the Li foil symmetric

cell exhibits a si@mificant increase in the overpotential with large hysteresis, which is mainly
related to the Jagg@endrite formation (Figure 6¢). At the 150 cycle, the magnitude of
overpotenti e closed Li nanotubes starts to increase as cycling number increases. At
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the 200" cycle, the closed Li nanotubes sample exhibits much greater overpotential (1.45 V)
than thW nanotubes sample (0.63 V), indicating a decline in the stability of the

closed Li lectrode (Figure 6d). The spaced Li nanotubes cell shows the highest

stabilitilo Wem#@Re ycling period, without any voltage hysteresis.

To study @aoe stability, we investigated the interfacial resistance for these three
samples usi trochemical impedance spectroscopy (EIS) measurements and then
obtained the uist plots for the symmetric cells. The high-frequency semicircle represents
the interfjtance and the charge transfer resistance at the electrode/electrolyte
interface. SEG intersection of the high-frequency semicircle with the Re (Z) axis represents
the overalmresistance of the cell. Figure 6e shows the EIS obtained before cycling. The
spaced Ld es symmetric cell shows the lowest interfacial impedance, while the
pristine Li foi ple exhibits the highest interfacial impedance. This is probably because
the spaced Li nanotubes structure provides the largest electrode/electrolyte contact area,
improvinghrge transfer kinetics at the electrode interface. After the 30™ cycle at the
current de @ 4 mA cm”, the interfacial resistances of the three samples are greatly

reduced agia result of the oxide layer removal during cycling (Figure 6f). However, the

h

spaced s cell still possesses the lowest interfacial resistance. Such a small overall

{

resistance indicaf@s outstanding interfacial stability and favorable charge transport at the

Ul

interface. W. ute the low interfacial impedance of the spaced Li nanotubes to its

A

structural ¢ ristics: (1) the uniform curvature that ensures uniform current density
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distribution, stabilizing the electrode/electrolyte interface and (ii) the nanotube spacing that
providW pathways for Li-ions to spread over the electroactive surface, enhancing

charge tracs.

N _ .
MoreoverSo further study the influence of the surface curvature on the electrochemical

performav@ntrolled experiment was carried out. The Li infiltration method is used to

obtain a Lj node composited on a wood-based scaffold with random surface curvature

(Figure S4a). After the 100 cycle, under 4 mA cm™ current density and 4 mA h cm™ cycling
capacity, 4b shows a huge change in the electrode morphology. The inhomogeneous

Li plating§s evident, which impedes electrochemical performance. Thus, the cycling stability

A

of the sy ell shows a large overpotential only after the 15™ cycle (Figure. S4c),

a

indicat interfacial stability of the wood-based electrode.

Author M
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tr

closed Li nanotuBles, and the spaced Li nanotubes. a) Cycling at the current density of 4 mA

Ul

cm”and ¢ apacity of 4 mA h cm™. Variation of the overpotential at b) 0-10 h and c)

A
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140-150 h and d) 400-410 h. Electrochemical impedance spectroscopy (EIS) for the three

sampleWycling and f) after the 30™ cycle.

Q.

2.5. Ap ien in Full-cell Batteries

[

C

The spacedi otubes and its Li foil counterpart are used as the anodes in two different

cells, wit eR®, used as the cathode for both cells. As shown in Figure 7a, the cell with

S

the spaced Li narl®tubes reveals excellent specific capacity even under the high charging rate

Ll

(85 mA h C), which significantly surpasses its Li foil electrode counterpart (10 mA

hg'at10 cell stability is further investigated using coulombic efficiency at 1 C. The

all

spaced Li es cell shows great robustness with a coulombic efficiency of ~ 99.85%

over 400 ¢ igure 7b). No significant decay is observed over cycling with an average

M

specifi £132 mA h g". On the other hand, with the Li foil anode, the specific

capacity offthe cell decays continuously during cycling from 120 mA hg” to 95 mA h g™

[

The voltag @ es for both cells at 0.5 C, 5 C, and 10 C are shown in Figure 7c-e,

respectivel n be observed, the cell with the spaced Li nanotubes shows a flatter

voltag .5 C with a lower overpotential for both the charging and discharging

{

cycles, co o the cell comprised of Li foil anode. At 5 C and 10 C charging rates, the

9

overpoten e cell with Li foil significantly increases, while the cell with the spaced Li

nanotu shows a flat voltage plateau, indicating greater electrochemical stability. The

A

large specific capacity and exceptional coulombic efficiency at the high charging rate for the
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cell with the spaced Li nanotubes, are of great importance in high-energy applications that

require Wg/discharging speed with reliable performance and long-term stability.
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-

3. COW

We investm\ effective solution to address the Li dendrite problem by introducing
unifo aced Li nanotubes array asLi metal anode architecture. The spaced Li

nanotubes are coistructed by infiltrating molten Li metal into a well-spaced TiO, nanotubes
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scaffold. The spaced Li nanotubes anode possesses two crucial structural characteristics that
effectivw the causes of Li dendrite growth: (i) ultra-uniform surface curvature and
(i1) well-tube spacing. First, ultra-uniform surface curvature homogenizes the
local cuérdf@@@Asity at the nanotube wall. This fundamental mechanism has been proved
through curzentdensity distribution modeling. The homogenized current density leads to the
uniform Li on the nanotube surface. Also, such a uniform Li deposition behavior is
considerawikely to cause the mechanical rupture of the SEI layer, contributing to high
interfacial stabilii during cycling. This approach to suppress Li dendrite growth is applicable
to all typeEtrolytes and remains effective if uniform surface curvature of the electrode
is present; y, the well-defined nanotube spacing not only provides direct Li-ion
diffusion pahWa¥s but also confined spaces. The spacing between vertically-aligned Li
nanotubes g i-ions moving directly into the electroactive area, improving the charge
transfe the electrode interface. Moreover, the sufficient space between nanotubes

could hostighe uniform Li deposition on the nanotubular wall, allowing each Li nanotube to

steadily g@rcumference during Li plating. In addition, Li deposition direction is

parallel to rator, which helps to alleviate safety concerns. . Furthermore, the nanotube
spacin e cell stability and performance. Within this research, we demonstrate that,
when co the spaced Li nanotubes, the closed Li nanotubes less effectively suppress

Li dendrite growth, show lower interfacial stability and have inferior cycling stability.
Nevert e effects of different nanotube spacing on the Li deposition morphology and
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cell performance have not yet been thoroughly investigated. To find an optimum design for

the nanMng, more efforts are needed.

In summa@ presents the spaced Li nanotube arrays with ultra-uniform curvature as

N . ‘ _
ali metal!node structure. Due to the metal oxide’s uniform tubular curvature and its

well-deﬁr@ube spacing, Li uniformly deposits on the nanotubular wall, causing
individual lgi tubes to get thicker over time during Li plating. Thus, the full-cell battery
with LiFemode and spaced Li nanotubes anode shows an excellent specific capacity of
85 mA h gm high charging rate (10 C), with a coulombic efficiency of ~ 99.85% over
400 cycle@lieve the uniform curvature of the anode structure, as well as the space

conﬁnemmhe keys to achieve these highly stable Li metal anodes. This novel

nanotu de architecture takes an inspiring step toward improving the reliability of
Li metal a

L

4. Expeal Section

TiO; nan e Preparation: The spaced TiO, nanotube arrays were fabricated via a modified
anodizams. The electrolyte used was 0.25 wt% ammonium fluoride (NH4F) (99 %,

Sigma Aldrich) M anhydrous ethylene glycol (99.8%, Sigma Aldrich) at room temperature.

U

Titanium (Ti (Sigma-Aldrich) with a thickness of 0.25 mm were cleaned by sonicating

A

them in ace d ethanol consecutively. They were then rinsed with deionized (DI) water
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and dried in an oven. The Ti foil served as the anode with platinum (Pt) as the counter
electrod“n the well-spaced TiO, nanotube arrays, the anodization was performed
under 36 the ethylene glycol solution with 1 wt.% of NH4F and 4 wt. % of DI
water. I J@AEEas® the TiO, nanotube arrays with narrow space were fabricated under 130 V

for 1 hin t ene glycol solution with 0.5 wt.% of NH4F.

Li inﬁltraw TiO; nanotube arrays were transferred into an argon-filled glove box.
ons

Lithium rib i99.9%, Sigma Aldrich) were scraped using blades in order to get rid of any

surface o r. Afterward, Li metal was melted to 450 °C, at which TiO, nanotube

arrays wefg put in contact with the molten surface. After molten Li infused into the nanotube

structure, osite Li/TiO, was left to be cooled to room temperature before being used
as the ote that the titanium foil was little fragile and requires caution. However,
after lithiumg ation, the structure became very robust and easily handled.

Electrochimical Characterizations: For the galvanostatic symmetric cell test, two identical
electrodes ssembled with (2025-MTI) coin cell type. In this setup, the three electrodes
samples WQH, the spaced Li nanotubes, and the closed Li nanotubes. For the full-cell
tests, tl@i nanotubes were used as the anode, whereas LiFePO,4 was used as the

cathodeMunterpart, Li foil was used as the anode instead, and LiFePO,4 was used as
the cathoactive cathode material was prepared with polyvinylidene fluoride (PVDF,

MTI) n black with a ratio of 8:1:1 in N-Methyl-2-pyrrolidone (NMP) solvent. The

electrolyte used 11 all of the tests was 1 M Li bis(trifluoromethane-sulphonyl)imide (LiTFSI)
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dissolved in 1:1 v/v 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME) with 2 wt.% Li

nitrate. 25 (25 um) was used as the separator. For the measurements,
u 1Y

Galvanos tests were performed using LANDTH 8-channel tester. The

electro&hcii@@ifhpedance spectroscopy tests were carried out using Biologic VMP3

potentiost@lg from 1 MHz to 100 mHz, and the amplitude is 5 mV.
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