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lithium deposition in lithium metal anodes

‘ ’.) Check for updates

Cite this: DOI: 10.1039/d5eb00196j

a,c

® and Vibha Kalra (2 *¢

Neal A. Cardoza,® Mary Qin. Hassig,® Tran Ngo, Taber Yim,
Brianna Markunas,? Joshua Snyder, (2@ Michel W. Barsoum

Lithium metal has long been considered the ideal anode for a variety of cell chemistries owing to its quite
high gravimetric capacity. Dendrite growth, loss of Li in SEl, and processing challenges, however, restrict
its practical deployment. Here, a new form of titania, TiO,, viz. 1-dimensional lepidocrocite (1DL) are used
as the basis for creating a Li scaffold. The basic units are Ti—-O chains — 5 x 7 A? in cross-section — that
can assemble into quasi 2D nanoflakes. These nanoflakes are synthesized via a bottom-up reaction,
directly from commercial 3D-bulk solids at near ambient temperatures and pressures. Here the 2D flakes
are vertically oriented to guide Li-metal deposition and serve as a Li metal scaffold. This is achieved
through a directional control freezing of an aqueous blade cast slurry. The vertical-1DLs (V-1DL) enable Li
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nucleation at lower overpotentials compared with bare copper or a conventional cast slurry of 1DL. Their
long-range order and vertical alignment contribute to improved Li-ion fluxes. V-1DLs also show improved
cyclability with plating and stripping at 2 mAh cm™2 and 2 mA cm™2

further indicate that V-1DL reduces Li loss to dead Li.

, up to 150 h. Dead Li measurements
rsc.li/EESBatteries

Broader context

To meet growing demand for higher energy density, the field is shifting from lithium-ion batteries (LIBs) to lithium-metal batteries with a low redox potential
(—3.04 V versus standard hydrogen electrolyte, SHE) and high theoretical capacity (3860 mAh g™'). However, dendritic Li growth, dead Li accumulation, and
large volume changes leading to safety concerns remain major barriers to large-scale application of Li metal batteries. Moreover, Li production emits 15 tons
of CO, per ton of Li produced, posing environmental concerns for the battery industry. In light of this, research has been devoted to anode-free Li metal bat-
teries (AFLMBs), which offer high volumetric and gravimetric energy density, reduced Li consumption leading to decreased volume, weight, and complexity
during manufacture, and enhanced safety by eliminating excess Li. Yet, the absence of Li" host material makes AFLMBs susceptible to dendritic Li, irrevers-
ible solid electrolyte interphase (SEI) growth, and depletion of active Li. Therefore, in this study, we developed a 3D low tortuosity current collector with verti-
cally aligned lepidocrocite nanofilaments that guides Li deposition, reduces Li nucleation overpotential, suppresses dendrites and enhances Li plating and
stripping thereby prolonging cycle life. This simple, scalable, and environmentally benign strategy paves the way toward large-scale, safe, and high energy
density AFLMBs that can advance next-generation energy storage technologies.

systems, lithium metal (Li) anode systems are best suited to
meet the ever-increasing demand, as Li has a quite high

1. Introduction

The rapid development and demand for electric vehicles, and
the electrification of other systems, have driven the demand
for energy storage with high specific energy densities.
Currently, lithium-ion (Li-ion) batteries are being used to meet
some of this demand."” However, for more energy-dense
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specific capacity of 3860 mAh g~" and a low electrochemical
potential of —3.04 V vs. SHE.>* Li metal anodes are the ideal
anode for new next generation chemistries like lithium
sulfur.””” However, there are well documented challenges that
limit their practical application.

Li metal is highly reactive and as such suffers from dendrite
and dead Li formation. Uneven deposition of Li across the
surface of the electrode leads to the formation of Li dendrites
that can eventually pierce the separator and lead to short-
circuits.*® Additionally, Li’s reactivity with the electrolyte leads
to the formation of a solid electrolyte interface (SEI). Over the
course of cycling and formation of dendrites, this interface
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breaks down. The subsequent rebuilding of the SEI consumes
Li, electrolyte, and traps Li in the SEI This trapped Li is called
dead Li, as it is electrochemically inactive.”*' These issues
lead to the loss of Li, short-circuits, and poor cycle life. In
recent years many strategies have been developed to mitigates
the drawbacks of Li, focusing on the electrolyte, charging
mechanisms, coatings and collector
modifications.*">?

Current collector modifications and coatings have attracted
a lot of interest, as improving the substrate of the electrodepo-
sition, improves the overall cyclability through better uniform
dense Li deposition. Considering Cu is non-lithiophilic, a
variety of elements alloyed with Cu (Ag, Zn, Au, Sn, and Sb)
improve its lithiophilicity.>® For instance, Li et al. evaporated
Sn on Cu under vacuum to create a lithiophilic nanolayer,
demonstrating 40% reduction in nucleating voltage.**
However, many of these alloys primarily improve nucleated Li
but do not homogenize the Li ion flux. Artificial coatings such
as multilayer graphene and polyethylene oxide on Cu can
improve the homogeneity of Li surface flux.>**' We have
additionally shown how a facile film of poly(vinylidene fluor-
ide) can improve Li ion flux aided with Li salts.” However,
these coatings can separate through the volume expansion of
the Li plated on the surfaces, ultimately increasing the energy
required for Li nucleation.

To combat these issues, 3D current collectors have been
proposed to improve flux homogeneity. This is typically carried
out by changing the morphology of the current collector, such
as Cu mesh by growing vertically aligned fibers such as carbon
nanofibers.>>*® The 3D morphology improves the Li flux hom-
ogeneity, lowers nucleation overpotential, and suppress den-
dritic growth. Yet, dopants are needed to further make the 3D
structure lithiophilic and contribute to the SEI.

TiO, has gained popularity as a Li metal host, owing to its
affinity for Li and electrochemical stability. Additionally, Li
can be stored in the lattice of TiO, with low volume expansion
of ~4%.>"7° Typically, the TiO, used for such purposes is
anatase and is further doped with lithiophilic atoms like
silver.>** As far as we can ascertain, lepidocrocite TiO, has
not been used as a Li metal host. However, lepidocrocite TiO,
has been used in numerous reports as a layered anode interca-
lating Li*, owing to its layered structure.**® This inherent
layered crystal structure can be leveraged to increase the lithio-
philicity of the TiO,. Furthermore, applications of lepidocrocite
TiO, have primarily relied on sol-gel approaches with titanium
isopropoxide, leading to a complicated synthesis pathway.

Herein, we introduce a new class of nanomaterials,
1-dimensional lepidocrocite nanofilaments (1DLs) vertically
aligned on Cu. These 1DLs-TiO, nanofilaments are syn-
thesized through a process we recently developed by reacting
earth-abundant, nontoxic, Ti-containing precursors with qua-
ternary ammonium hydroxides at ~80 °C and 1 atm for 3-5
days. The cross section of these filaments falls within the 5 x
8 A% range. Thus far, we have demonstrated a wide application
range of the 1DL materials, including Li-S storage, hydrogen
production, electrocatalytic oxygen evolution, dye degradation,
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and water purification.’’ *' This material is inherently lithio-
philic and can additionally intercalate Li ions between its
layers. Additionally, the hydroxyl surface functionalization of
these material further contributes to an SEI with a higher con-
centration of LiOH.***® Furthermore, we demonstrate their
electrochemical performance as a planar structure, isolating
the effect of 3D morphology from the intrinsic properties of
1DLs as Li metal hosts.

2. Results

1DLs have shown a range of applications arising from their
high surface area, hydroxyl functionalization, lithiophilicity,
and ability to intercalate Li. To study the role of 1DL as a Li
host, two electrode classes were fabricated: the first being 3-D
vertical-1DL called V-1DL and the second being the more tra-
ditional, planar, horizontal-1DL called H-1DL.

Fig. 1A shows the directional freeze-casting process used to
create V-1DL. A cast aqueous slurry is frozen from the bottom
up, enabling the formation of vertical ice crystals growing from
the Cu surface. These vertical ice crystals orient the 1DLs per-
pendicular to the surface, after sublimation, V-1DL is
obtained.

Typical SEM micrographs are shown in Fig. 1B-D. In
Fig. 1C, the width between the nanoflake arrays is ~20 pm,
and the dry thickness is ~40 pm, seen in Fig. 1D. Expanded
SEM images, shown in Fig. S1, illustrate V-1DL structure. The
elemental mapping of V-1DL is presented in Fig. S2, where
1DL contributes to the Ti and O signals, the carbon black con-
tributes to the C signal and the polymer binder contributes to
the C and O signals. Lastly, the vertical orientation is con-
firmed in the EDS maps (Fig. S2) where the Cu signal appears
in lines where there are no Ti signals.

The 3D structure of the current collector is shown to
provide inherent benefits for the overall deposition of Li on
the surface of the 2D electrodes, which arises from the
improvement in the homogenization of the Li ion flux on the
surface of the electrode.***® V-1DL compared to H-1DL
benefits from low tortuosity and the easy access of Li to the
deposition channels between the 1DL nanoflakes. The higher
tortuosity structure of H-1DL can be seen the SEM images
seen in Fig. S3. Additionally, the lithiophilicity of the 1DL
increases the benefit of the low tortuosity of Li-ion channels.
Furthermore, 1DL initially intercalates Li into the layered lepi-
docrocite structure, enabling the Li to nucleate and directly on
the nanoflakes. Lastly, the 3D nature of V-1DL increases the
overall effective surface area for the deposition of the lithium,
lowering the local current density near the surface of V-1DL
when compared to 2D electrodes resulting in larger Li nuclei
and even deposition of Li on the electrode surface.*® This
larger Li nuclei results in more evenly plated Li layer, improv-
ing the cyclability.

Galvanostatic Li plating overpotentials and Tafel exchange
current densities, shown in Fig. 2A and B, respectively, were
used to shed light on the Li deposition process. Three electro-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of directional freezing and casting of V-1DL in panel A. SEM images of the top-down view of V-1DL after freeze drying, demon-
strating the vertical array of 1DL, seen in Panel B and C. The cross-section view of V-1DL seen in panel D.
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Fig. 2 (A) Overpotential of Li plating on various substrates at 0.25 mA cm™2 (B) Tafel plots of electroplated Li on various substrates, showing lower

exchange current density of V-1DL.

des were tested: Cu, H-1DI and V-1DL. The initial voltage drop
of nucleating Li on the surface of the electrode of the former
two are more dramatic (—0.08 V vs. Li/Li*) than that on V-1DL
(=0.06 V vs. Li/Li"). The nucleation overpotential of Cu (—0.029
V) is higher than H-1DL (~0.024 V) and ~0.017 V for V-1DL.
These overpotentials are inversely related to the size of the Li
nuclei.*® It has also been shown that larger Li nuclei contrib-
ute to lower dendritic Li growth.

However, V-1DL structure contributes to the homogeniz-
ation of Li ion flux resulting in even distribution with larger
nuclei of Li. Additionally, surface Li deposition can be charac-
terized by the limiting exchange current densities derived

© 2026 The Author(s). Published by the Royal Society of Chemistry

from the Tafel plot seen in Fig. 2B. All exchange currents are
normalized to the geometric area of the electrodes. Thanks to
its layered structure with various Ti*" vacancies and surface
hydroxyl groups, lepidocrocite TiO, could promote Li" interca-
lation by providing low-energy diffusion pathways within its
interlayers and vacancies, thus facilitating fast Li* diffusion
and interfacial ion transfer kinetics.>* This intrinsic chemistry
of 1DL was reflected in Fig. 2A where both H-1DL and V-1DL
display lower overpotentials than Cu. Although lower overpo-
tential is often associated with reduced exchange current
density, the higher exchange current density of H-1DL com-
pared to Cu arises from the normalization by the geometric
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area rather than the electrochemically surface area.”® However,
owing to a significantly large effective surface area, V-1DL still
shows the lowest exchange current density among the three
electrodes (Fig. 2B). A lower limiting exchange current density
can be directly related to the nuclei size of the lithium depo-
sition and allowable rate of Li deposition. Here, the lower lim-
iting exchange current density is achieved largely through a
higher effective surface area of V-1DL. It has been shown that
a lower limiting exchange current density is characteristic of a
denser and more even Li deposition. Thereby, this demon-
strates that a denser Li layer with reduced dendritic Li growth
forms during the initial plating of Li on the surface of V-1DL
when compared to 2D electrodes, ultimately contributing to
better cyclability of Li metal anodes. For a more quantitative
correlation between nucleus density and overpotential, poten-
tiostatic nucleation transients were performed on bare Cu and
V-1DL (Fig. S7). Despite some deviations from the theoretical
Scharifker-Hills nucleation model due to its complicated 3D
structure and the simultaneous SEI formation and electrolyte
decomposition in the Li plating process, V-1DL shows a better
fit to the 3D instantaneous nucleation model which was
reported to yield more uniform and homogeneous nucleation
growth compared to the 3D progressive mechanism observed
in Cu.” Based on the fitted nucleation model, nuclei densities
were calculated for Cu and V-1DL, in which a noticeably lower
value was obtained in V-1DL, suggesting that V-1DL is more
effective in decreasing nucleation overpotential as the nuclei
number density increases with the cube of the overpotential
(Table $2).*5%33
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The cyclability of the Li metal anodes were evaluated
through galvanostatic stripping and plating cycling of sym-
metric cells. Li was first plated from a half cell with a Li metal
foil and with working electrode being V-1DL, H-1DL, or Cu.
The now plated Li electrodes from two half cells were then
assembled into one symmetric cell. These symmetric cells
were tested at 2 mAh cm™> and 2 mA cm 2 for all three electro-
des. V-1DL electrode was additionally tested at 1 mAh ecm™>
and 1 mA cm™?, as shown in Fig. 3A. Fig. 3B and C show the
cycling result for the three electrodes at 2 mAh cm™> and 2 mA
cm™>. In Fig. 3B, the cycling of Cu starts to fail as early as 40 h,
with complete failure occurring at 90 h. This can be largely
attributed to the formation of increased dendritic Li, and
increasing accumulation of dead Li. At 40 h, V-1DL and H-1DL
show lower polarization and better stripping and plating of Li
seen in Fig. 3C. At 40 h of cycling, H-1DL indicates a lower
polarization than even V-1DL which can be explained by the
plating of Li on the surface of the electrode.

However, once this plated Li is consumed through SEI for-
mation and dead Li accumulation, it is reasonable to conclude
that the tortuous structure of H-1DL leads to its failure.
Nevertheless, compared to Cu, H-1DL demonstrated longer
cyclability, attributed to the better SEI components generated
through presumably the hydroxyl functionalization of the 1DL,
as Cu and H-1DL share a similar planar morphology.
Introducing the added benefits of the low 3D tortuosity of
V-1DL further improves the cyclability from 110 h to over 150 h
for cells cycled at 2 mAh cm™> and 2 mA cm ™2 (Fig. 3B). At the
lower cycling rate, V-1DL electrode remained stable for more

0.2 A
< o1
9]
D 0.0
©
=
S -01
—0.2{ —— V-1DL 1mAh.cm~ 1mAh.cm™
0 25 50 75 100 125 150 175
Time (hr)
0.3 C
0.2
= e 014
2 2
[ [
E’ g 0.0 1
o )
= Z 0.1 W
s \/-1DL
—0.24 s H-1DL
— CU
-0.3+ T T T T :
0 20 40 60 80 100 120 140 40 42 44 46 48 50
Time (hr) Time (hr)

Fig. 3 Electrochemical Cycling of plated Li on V-1DL, H-1DL, and Cu as symmetric cells. (A) Symmetric cell of V-1DL running at 1 mAh cm™

2 and

1 mA cm™2, (B) symmetric cells run at 2 mAh cm™2 and 2 mA cm™2, (C) zoomed in voltage profile of symmetric cells cycled at 2 mAh cm™2 and 2 mA

cm™2, showing Cu starting to fail at 40 h.
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than 170 h (Fig. 3A), demonstrating the overall improved
cyclability of V-1DL owing to its 3D low tortuosity, hom-
ogenous Li-ion flux, and improved SEI formation.
Nevertheless, some polarizations were still observed in V-1DL
at higher cycling rate (Fig. 3B). This is likely due to interfacial
degradation under more aggressive Li plating/stripping con-
ditions. In addition, the side reactions between residual water
that has not been removed during drying and Li could likely
cause the loss of inventory Li. While V-1DL provides a signifi-
cant advantage over bare Cu and H-1DL, this test highlights
the extreme challenges of AFLMBs operating at high current
density and areal capacity.

The improved cyclability can be also understood by
imaging the anodes post Li plating, via SEM seen in Fig. 4.
Two Li half cells were made for each electrode, the first being
Li plated for 4.5 mAh (left and center columns in Fig. 4) and
the second to 9 mAh (right column in Fig. 4). It is evident
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from Fig. 4A and B that there is dendrite-like whisker plating
occurs on Cu. This dendrite plating leads to uneven Li depo-
sition, as seen in Fig. 4C, leading to uneven stripping and
plating in subsequent cycles.

This type of uneven deposition contrasts with Li deposited
on H-1DL and V-1DL, as shown in Fig. 4D. Here, Li is plated
into H-1DL structure, which due to its high tortuosity, resulting
in uneven stripping and plating of Li, leading to dendrites during
cycling. However, the Li plated in H-1DL is smooth in localized
areas on the electrode surface, as seen in Fig. 4F, though overall
Li deposition at the electrode level remains uneven.

Lastly, for V-1DL at 4.5 mAh of plated Li, the Li is deposited
both on the surface of the Cu in between the nanoflakes and
nucleates on the nanoflakes themselves, as seen in Fig. 4G and
H. At the full 9 mAh of Li plated on the surface of V-1DL in
Fig. 41, there is a qualitatively more even surface layer of Li de-
posited on the surface compared to lower capacities. While

[ 4.5 mAh of Li

| 9 mAh of Li

Cu

V-1DL

Fig. 4 Postmortem SEM top-down micrographs of Li plated on (A-C) Cu, (D-F) H-1DL, and (G-I) V-1DL, indicating the morphology of the de-

posited of Li at two different Li deposition amounts.
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these observations are based on a limited number of fields-of-
view counts, the types of initial Li deposition seen on the
surface of Cu, H-1DL and V-1DL are consistent with the differ-
ences in the overall cyclability of the electrodes.

To further understand how the proportion of Li lost to dead
Li is affected by the 1DLs and electrode design, the cycled elec-
trode had their dead Li measured through titration gas ana-
lysis, gaining insight into the SEI via the proportion of irrevers-
ible and reversible Li plating during cycling. The experimental
setup, seen in Fig. 5A (created with BioRender.com, N. Cardoza,
2026 *%), is a modified version from Fang et al.>* The modifi-
cation arises from the direct correlation of hydrogen, H,,
measured versus a pre-measured amount of Li reacted with DI
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water. The calibration curve, as seen in Fig. S4, establishes a
relationship between Li weight and the H, integrated area. It is
clear from Fig. 5B that Cu, despite having higher reversible Li
plated, has a significant amount of Li lost to dead Li compared
to H-1DL and V-1DL electrodes. The proportion of Li lost to
SEI elements, while higher in V-1DL and H-1DL owing to the
increased effective surface areas, is more stable than planar, as
indicated by the symmetric cell cycling. The continual loss of
Li to SEI and dead Li in Cu leads to a loss of Li and cyclability.

We then obtained postmortem XPS depth profiles on cycled
electrodes to further understand the role of SEI on these elec-
trodes, specifically the differences between the SEI on Cu and
V-1DL samples. These electrodes were plated with Li and then
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1s, (D) V-1DL Li 1s, (F) V-1DL O 1s, and (H) V-1DL atomic percentage of
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cycled 10 times at 2 mAh cm™? and 2 mA cm™>. The cycled
electrodes were then removed from the cell and transferred
via an Ar transfer cell into the XPS chamber. The samples
were sputtered with an Ar gun for 60 s per sputter, for a total
of 4 rounds of sputtering. The XPS spectra for C 1s, Li 1s, O
1s, and atomic percentages are seen in Fig. 6, where the red
border refers to Cu and the green to V-1DL. N 1s and F 1s
spectra are reproduced in Fig. S5 with fitting constraints in
Table S1.

When the Cu and V-1DL electrode XPS spectra are com-
pared, the latter shows increased lithium hydroxide (LiOH), N,
and F which can be attributed to a more robust SEI.>*” LiOH
and LizN have increased ionic conductivity when compared to
lithium carbonate (Li,CO;).>® The increased LiOH concen-
tration is seen in Fig. 6E and F for O 1s, and additionally in 6C
and 6D for Li 1s, for V-1DL compared to Cu. LiOH, shown in
green, appears as a peak with binding energy (BE), of 532.5 eV
for O 1s and 55.3 eV in Li 1s. Cu demonstrates a higher pro-
portion of Li,COj3, seen in orange, at 288.9 eV in C 1s, 54.2 eV
in Li 1s, and 531.4 eV in O 1s. It is important to note that
these compounds have quite similar binding energies. Despite
this, it is evident from the C 1s spectra in Fig. 6A and B that
Cu has a greater proportion of Li,CO; when compared to
V-1DL. It has been shown that having a higher concentration
of Li,CO; in the SEI can contribute to poor cyclability.!”
Additionally, seen in the atomic percentages in Fig. 6G, the
atomic percent of F and N increase for V-1DL electrode as the
sample was sputtered. For the Cu electrode, the atomic
percent of F and N decrease and plateau the further the
sample was sputtered (Fig. 6G).

3. Conclusion

Herein, we have expanded on the role of 1DL in lithium metal
cells, building on our prior work with 1DLs as sulfur hosts in
Li-S batteries. Additionally, utilizing the nanoflake mor-
phology of the 1DL, we demonstrated its role in a low tortuos-
ity, lithiophilic material with vertical channels as a Li metal
host. The vertical channels were constructed through direc-
tional freezing of an aqueous slurry, consisting of 1DL nano-
flakes, carbon black, and sodium methyl cellulose. The design
of this electrode offers reduced Li nucleation overpotential
and improved plating and stripping compared to planar Cu
and H-1DL. However, H-1DL without the vertical morphology
on the electrode offers improved plating and stripping cycling
when compared to similarly planar Cu, indicating the role of
1DL. The Li deposition was further investigated with post-
mortem SEM to understand the morphology of the plated Li,
where planar Cu had uneven Li plating and dendritic Li, com-
pared to V-1DL with even surface of plated Li. TGC was further
used to quantify the proportion of dead Li and SEI Li within
the irreversible Li. TGC indicated that while Cu had the
highest reversible Li plated at 10 cycles, it had the most Li lost
to dead Li. In contrast, V-1DL had the lowest dead Li, owing to
the 1DL hydroxyl functionalization and the 3D low tortuosity

© 2026 The Author(s). Published by the Royal Society of Chemistry
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structure. Additionally, post-mortem XPS of these cycled elec-
trodes show the formation of more F and N species when com-
pared to Cu. Furthermore, Cu shows the formation of a higher
degree of Li,CO; compared to a higher degree of lithium
hydroxide in 1DL, which could explain the more robust SEI of
1DL. These results indicate that V-1DL can be used as a Li host
material.

4. Experimental

4.1. 1DLs synthesis

The methods to make the 1DL have been previously described
in our previous papers.>***%* Briefly, 10 g of TiB, powders
(purity, 99+% metal basis, Alfa Aesar, USA) were mixed with
100 ml of tetramethyl ammonium hydroxide (TMAOH) at
80 °C for 4 days, in a polyethylene bottle into which 2 needles
were inserted to prevent pressure buildup. After reaction, the
mixture was washed with 200 proof ethanol (Decon Labs) until
a neutral pH was reached. After which, the 1DL NFs were sep-
arated from unreacted TiB, using a DI water wash and a centri-
fuge run at 3500 rpm for 30 minutes to form a colloidal sus-
pension. The latter was then mixed with 5M lithium chloride
(LiCl) in an aqueous solution (Thermo Scientific Chemicals
99% anhydrous) at ~2x the volume of the colloidal suspen-
sion, on a stir plate overnight for ~20 h. The excess LiCl was
then washed with DI water till a neutral pH was again reached.
The final 1DL water mixture was then centrifuged to separate
the 1DLs from excess water and the aqueous supernatant was
discarded. The sediment that was separated, consisting of 1DL
with residual water was then freeze dried with liquid N, over-
night and used as is.

4.2. Fabrication of vertical 1DL morphology

The 1DL NFs were orientated vertically using directional
freezing of a slurry. To make the slurry, 1DL NFs were mixed
with carbon black (Alfa Aesar) and sodium carboxymethyl
cellulose (Frontier Scientific) in a mass ratio of 50:20:30
with 1.5 ml of DI water, in a Thinky planetary mixer. This
was then cast on a Cu foil on a steel plate with doctor blade
at a thickness of 75 pm (top schematic in Fig. 1A) The cast
slurry on the steel plate was directionally frozen from below?
With a larger thermal sink acting as a cold plate (seen as
blue-grey plate in bottom schematic of Fig. 1A) at —196 °C
using liquid N,. After which, the anode was subjected to
vacuum for 24 h, allowing the ice to sublimate via freeze

drying.

4.3. Building the coin cells

For electrochemical testing, electrodes were punched in
11 mm disks and assembled into stainless steel coin cells
(MTI, China) and (TMXCN, China). First, they were transferred
into the glovebox (Mbraun, Germany) with H,O and O, levels
<1 ppm. After which an initial Li layer was deposited on the
electrodes by building half-cells with Li counter and reference
electrodes. 20 pL of the electrolyte (1:1 dimethoxyethane:
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dioxolane, 1 M lithium bis(trifluoromethanesulfonyl)imide,
1 wt% of lithium nitrate) (Gotion USA) was used, and a 15 mm
disk of Celgard 2325. Li was then deposited on the electrode
galvanostatically at 0.25 mA for 36 h on Neware cyclers. After
which the coin cells were decrimped and the electrodes were
harvested to be used in a symmetric cell. The symmetric cell
was built similarly, with identical electrodes on either side of
the Celgard 2325 separator with 20 pL of the same electrolyte
from Gotion USA.

4.4. Electrochemical tests

All galvanostatic tests were run on a battery cycler (Neware,
BTS 4000, China), and all potentiostatic tests were run on a
potentiostat (VMP3, Biologic, France). Stripping and plating
tests were run on the battery cycler at 2 mA cm > for 1 h with
10 cycles of 1 mA ecm™> for 1 h as preconditioning cycling.
Tafel plots were run on the potentiostat with linear sweep vol-
tammetry with a scan rate of 0.1 mV s~ with a 200 mV overpo-
tential over open current voltage (OCV ~ 0 V) vs. Li.

4.5. Material characterization

Scanning electron microscope (SEM) micrographs were
obtained on Thermofisher Apreo 2S with a clean connect
transfer cell. The SEM was equipped with a Trinity detection
system (in-lens and in-column), ETD SE detectors. Energy
dispersive X-ray spectroscopy (EDS) was performed on the
same SEM using Thermofisher ultradry silicon drift
detectors.

Titration gas chromatography (TGC) was performed with
gas chromatographer (GC) (Agilent 8890) with a 250 puL sample
loop running through thermal conductivity detectors, TCD,
using N, as the carrier gas. The GC was fitted with Hayesep Q
and a Molsieve 5A columns. The extracted postmortem de-
lithiated cycled electrodes were sealed in a glass vial under
argon, Ar, with a septum seal. Using a syringe, the sealed vial
reacted with 2 ml of DI water. The resulting hydrogen, H,,
evolved from the reaction mixed with Ar was sampled using a
gas tight syringe (Hamilton, USA). The H, evolved was diluted
with N,, in a ratio of 0.25 ml of gas sampled to 5 ml of N,.
This mixture was injected into the sample loop of the GC, with
N, purged through the sample loop and TCDs between runs.
To correlate the area under the peak in the chromatograph
with a Li weight, a calibration curve was developed. This
involved sealing multiple weights (0.25 mg to 3 mg) of Li in an
Ar glovebox and measuring the peak areas of H, in the chro-
matograms. The correlation between unreacted metallic Li and
H, arises from the reaction between Li and water: 2Li + 2H,O
— 2LiOH + H,. Once obtaining the amount of metallic Li, the
amount of Li trapped in the SEI was calculated from the mass
balance:

Total inactive Li = SEI-Li + Metallic Li from TGC

In detail, the total amount of Li plated was first determined
from the applied charge (in mAh). After the first stripping
cycle, the irreversible Li loss was calculated from the coulom-
bic efficiency. Using Faraday constant, both values were then
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converted from ampere-hour to milligrams of Li following the
conversion:

1

h=——Ah
3600

1C=1AXxs=1x

3600
1C = 6.25 x 10'® e~ = 1.038 x 107> mole~
Lit +e” = Li
1 mAh = 3.7368 x 10~° mol Li = 0.2594 mg Li

Post-mortem XPS was conducted by plating Li on the
various electrode materials at the same rate as the electro-
chemical tests, after which 10 cycles of plating and stripping
were performed at the same 2 mAh ¢cm™ to build an SEI layer.
The cells were then decrimped in an Ar glovebox after which
they were transferred to the XPS to be sputtered. The XPS used
was Thermo Scientific Nexsa G2 using Avantage with a mono-
chromatic Al Ka X-rays (1486.6 eV). Depth profiling was per-
formed using an Ar sputter gun with 60 s of sputtering per
run.
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