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ABSTRACT

The use of three dimensional (3D) conductive hosts is a promising strategy to alleviate dendrite formation in
lithium metal anodes. However, the fundamental issues associated with the 3D hosts, such as formation of exces-
sive solid electrolyte interphase (SEI) and complicated Li deposition morphologies, have not been well studied.
This study focuses on understanding these critical issues using vertically aligned carbon nanofiber (VACNF) array
as a model 3D host. Various characterization tools are employed to elucidate the morphology and composition of
electrodeposited Li (e-Li) and its associated SEI. The e-Li on VACNFs exhibits two different morphologies — a
dominant micron-scale columnar infiltrative Li and a small amount of nanoscale coaxial Li sheath on VACNFs in
the unfilled interstitial area between infiltrative grains. During Li intercalation, an organic-rich loose SEI film
forms on the top of VACNF array and an inorganic-rich SEI sheath forms around individual VACNFs. Li plating
transforms them into inorganic dominant SEIs directly in contact with the e-Li surface. The SEI skins on the infil-
trative Li remain loosely attached to the VACNF array after stripping Li and irreversibly accumulate during Li
plating/stripping cycling, while the coaxial SEI on the nanoscale Li remains as a stable elastic sheath. The loose

SEI skins cause electrolyte consumption and increased heterogeneity, eventually leading to cell failure.

© 20XX

1. Introduction

The ever-increasing global energy demand drives the need for the
development of new battery technologies with higher energy density
than the commercially available lithium-ion batteries (LIBs). Some of
the promising candidates for the next generation batteries include
lithium-sulfur and lithium-air batteries as they offer theoretical energy
densities of 2567 Wh/kg and 3505 Wh/kg, respectively [1]. Both bat-
tery chemistries use lithium as the anode material. Lithium metal anode
(LMA) is considered as the “holy grail” among various anode materials
due to its highest theoretical capacity (3860 mAh/g) and its lowest re-
dox potential (—3.04 V vs standard hydrogen electrode) [2,3]. Though
LMA possesses these desired theoretical properties, the heterogeneous
nature of lithium plating and stripping results in problems such as un-
stable solid electrolyte interphase (SEI), formation of lithium dendrites
and electrically isolated dead Li [3-6]. Also being a hostless anode,
lithium plating involves a virtually infinite volume expansion. All these
result in poor coulombic efficiency (CE), loss of active Li, and poor cy-
cling life, which hinder the commercialization of LMA. Solving these is-
sues associated with LMA is essential in developing next generation bat-
teries.

The formation of lithium dendrites is a serious concern as they pose
a risk of creating an internal short-circuit by penetrating through the
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separator and reaching the cathode [7]. Besides inducing a sudden fail-
ure, the short-circuit easily causes fire due to the use of flammable elec-
trolytes. Approaches commonly explored to prevent dendrites include
use of three-dimensional (3D) conductive hosts as current collectors,
addition of electrolyte additives, application of artificial SEIs, and use
of solid-state electrolytes [8-12]. Among these, 3D conductive hosts
suppress the formation of dendrites by extending the time for depleting
Li* ions on the anode surface during Li plating, owing to the reduction
in the local current density. It is also claimed that 3D hosts homogenize
the electric field to facilitate uniform plating [8,13]. In addition to
these, the lower local current density is beneficial for more uniform
stripping that prevents formation of dead lithium [14]. The rigidity and
porosity of 3D hosts offer preserved rooms to accommodate the contin-
uous Li plating/stripping during cycling without causing electrode vol-
ume changes.

Common 3D conductive host materials include copper, carbon,
metal alloys, etc. [15]. Carbon based 3D hosts are favorable due to their
high tunability in size, structure and chemical properties [16]. How-
ever, common carbon materials are inherently lithiophobic and hence
require heteroatom doping or surface coatings with lithiophilic materi-
als (such as ZnO, Ag, etc.) to serve as an effective host for LMA [17,18].
Though the host surface can be rendered lithiophilic, common 3D car-
bon hosts such as carbon cloth, carbon paper, etc., possess high tortuos-
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ity which decreases Li+ diffusivity and impairs the complete utilization
of available pore volume [19-21]. Also, it is important to have a low
tortuous structure to avoid uneven filling of the pore volume [22]. On
these aspects, several studies have successfully developed lithiophilic
3D carbon materials as hosts for high performance LMAs [20,23,24].
Lin et al. designed a composite material to store Li metal between the
reduced graphene oxide (rGO) layers. The layered Li-rGO composite ex-
hibited a smooth surface without formation of dendrites for 100 cycles
[25], but the structure of the SEI on the internal surface of rGO layers
during lithiation/delithiation processes was unknown. Similarly, in the
study by Fang et al., Ag nanoparticle—~embedded nitrogen-doped carbon
macroporous fibers were used as the host material to achieve more than
500 cycles with the CE higher than 98% at 1 mA/cm?2 The improve-
ment in performance was attributed to the lithiophilic nitrogen-doped
carbon sites and functional Ag nanoparticles, which acted as nucleation
sites for Li plating, while the macroporous framework mitigated the
volume variation during cycling [20]. From the scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM) images, it
can be observed that Li growth occurred within the hollow spaces as
well as on the outer surface of the fibers. It is noteworthy that, at high
capacities, globules formed on the surface. Though the 3D hosts help to
achieve a more stable cycling of LMA by preventing dendrite formation,
it is not clear whether other issues, such as continuous formation of SEI
and dead Li, still limit the performance. Huan Li et al., employed in-situ
Raman to understand the lithium nucleation behavior in low surface
area defective graphene electrodes. They found that, with the use of
high surface area electrode, the cell failed due to electrolyte consump-
tion [26]. However, they did not provide a good mechanistical under-
standing of the structure and nature of the innate SEI on the 3D mater-
ial. It needs to be emphasized that, in addition to Li plating and strip-
ping, Li intercalation and deintercalation processes could also occur in
carbon based 3D hosts [13,27]. The unanswered fundamental scientific
questions include where the SEI forms and its nature, what happens to
the SEI at increased Li plating capacity, and what happens to the carbon
host during the Li intercalation and plating, etc. These are crucial for
designing better 3D host architectures for LMA.

In a previous study, we demonstrated that vertically aligned carbon
nanofiber (VACNF) arrays, with a unique internal microstructure con-
sisting of conically stacked graphitic cups, can serve as a low-tortuosity
brush-like conductive 3D carbon host for high-performance LMAs [13].
In this study, we have chosen VACNFs grown on Cu substrate (VACNE/
Cu) as the 3D host to understand the critical processes involved in LMA.
The following characteristics of VACNF arrays make it an ideal model
to answer the aforementioned fundamental questions. VACNFs are
graphitic carbon inherently doped with nitrogen atoms and functional-
ized with oxygenated groups at the sidewalls, rendering them more
lithiophilic comparing to other 3D carbon hosts [13]. While other car-
bonaceous 3D hosts require additional processes to dope heteroatoms
or coat lithiophilic materials. The high aspect ratio of VACNFs provides
a large surface area while their vertical alignment and open pore struc-
ture (~80% porosity) offer short and low tortuous pathways for fast and
uniform Li* ions diffusion throughout the whole electrode [28-30].
This differs from other 3D hosts based on carbon cloth and carbon pa-
per consist of micron-sized or nano-sized carbon fibers stacked horizon-
tally with a wide range of pore sizes from a few microns to tens of mi-
crons [19,20]. Most of the 3D hosts are quite thick with poorly defined
pore structure and high tortuosity resulting in non-uniform filling of Li
which impedes the complete utilization of pore volume [31]. The high
surface area of these hosts relies on their large thicknesses which would
decrease the volume-specific capacity of the 3D LMAs. In contrast,
VACNEF/Cu is designed such that the entire pore volume would be uti-
lized for the capacity being tested. The VACNFs can be easily scraped
off from the copper substrate and transferred to TEM grids, making it
possible to evaluate the details of SEI and Li plating on individual VAC-
NFs. This was difficult with common carbon host structures. In brief,

the stark contrast between VACNFs and other 3D hosts lies in its well-
defined, aligned pore structure with inherent lithiophilic nature which
makes it a less complicated 3D host structure, serving as a good model
system of LMA hosts.

In this report, we employ various characterization techniques such
as in-situ Raman microscopy, X-ray photoelectron spectroscopy (XPS)
depth profiling, cryo-TEM, field-emission SEM (FESEM) to gain deeper
understanding on the structure, composition and dynamics of SEI, Li in-
tercalation/deintercalation, and Li plating/stripping in VACNF arrays.
These studies are correlated with the enhanced electrochemical perfor-
mance using VACNF arrays as a 3D LMA host. Interestingly, both SEI
and electrodeposited Li are highly heterogeneous over a wide length
scale. Two types of SEIs, on top of the VACNF array and around individ-
ual VACNFs, are formed during intercalation process, which are further
reduced into more compact SEIs during Li plating. The morphology of
electrodeposited lithium (e-Li) is composed of micron-scale columnar Li
grains infiltrated into VACNF arrays and nanoscale coaxial Li sheath
wrapped around individual VACNFs in the interstitial area between the
columnar Li grains. They behave differently during Li stripping. The 3D
structured host reduces the irreversible SEI formation and electrolyte
consumption compared to planar Cu electrode but cannot eliminate
them. These critical factors provide useful insights to develop future so-
lutions to further enhance the performance of LMAs.

2. Materials and methods
2.1. Chemicals and materials

Electrolyte solution containing 1.0 M lithium bis(trifluoromethane-
sulfonyl)imide (LiTFSI) in 1,3-dioxolane (DOL) and 1,2-
dimethoxyethane (DME) (1:1, v/v) with 1 wt % LiNOj additive was
purchased from Dodochem Limited (Suzhou, China). Copper foils
(99.999%) were purchased from Fisher Scientific (Hampton, NH) and
GoodFellow Corporation (Pittsburgh, PA). Li foil, CR2032 coin cell cas-
ings, spacers, and wave springs were purchased from MTI Corporation
(Richmond, CA). The separators Celgard 2400 and glass fiber discs were
purchased from Celgard (Charlotte, NC) and El-Cell GmbH (Hamburg,
Germany), respectively.

2.2. VACNF/Cu electrode preparation

An 84 um thick copper foil was used as the substrate for the growth
of VACNFs. A 300 nm thick Cr barrier layer and a 30 nm thick Ni cata-
lyst layer were sputter coated using a high-vacuum PerkinElmer 4400
series magnetron sputtering system at UHV Sputtering Inc. (Morgan
Hill, CA). VACNFs were grown using a DC biased plasma enhanced
chemical vapor deposition (PECVD) unit (Black Magic, Aixtron, CA) fol-
lowing the same procedure reported in previous studies [13,29,32]. In
brief, the substrate was heated to 500 °C at a rate of 200 °C/min with
ammonia gas at a flow rate of 250 sccm, at a pressure of 3.9 Torr. Under
these conditions, a DC plasma at 40 W was applied for 60 s to dewet
and break the Ni film into randomly distributed Ni nanoparticles. Then,
the temperature was increased to 750 °C at a rate of 250 °C/min while
70 sccm acetylene gas was introduced as the carbon precursor along
with the ammonia gas to give a steady-state pressure of 4.8 Torr. The
process was continued for 90 min to grow 15 pm long VACNFs on Cu.

2.3. Materials characterization

The morphology of the electrodes was studied using Topcon/ISI/
ABT DS 130F FESEM (Akashi Beam Technology Corporation, Tokyo,
Japan) and Helios NanoLab 660 (FEI, OR) with a focused ion beam
(FIB) milling functionality. To image intercalated and/or electroplated
lithium on VACNF/Cu hosts, the electrodes were harvested from half-
cells by disassembling in an Ar-filled glovebox. The harvested elec-
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trodes were washed by immersing in DME several times. After drying in
the antechamber of glovebox under vacuum, FESEM samples were pre-
pared back in the glovebox. The prepared samples were then stored in a
tightly sealed container filled with ultrapure Ar. The samples were ex-
posed to ambient air for a few seconds during transferring from the
sealed container to the sample stage. Before FIB milling, a 2 pm thick Pt
layer was deposited to protect the underneath structure from ion beam
damage. An ECC-Opto-Std optical cell (El-Cell GmbH, Hamburg, Ger-
many) was used for in-situ Raman experiments. A glass fiber separator
(El-Cell GmbH, Hamburg, Germany) of 0.65 mm thickness and 10 mm
diameter was used. The VACNF/Cu and Li foil electrodes of 3.0 mm
wide and 15.0 mm long were placed side by side on top of the glass
fiber separator. The optical cell was filled with 1.0 M LiTFSI in DOL and
DME (1:1, v/v) with 1 wt% LiNO; electrolyte. A constant current of
10 pA was applied for Li intercalation/deintercalation cycles while the
cell voltage was varied between 0.0 and 1.0 V (vs Li*/Li). For lithium
plating, 10 pA was employed for a duration of 13 h. Lithium stripping
was carried out at the same current till the voltage reached 1.0 V (vs
Li*/Li). Raman spectra were acquired using a DXR Raman microscope
(Thermo Fisher Scientific, Madison, WI) with a 532 nm laser at a power
of 10 mW, using a 10Xobjective lens with a slit width of 25 pm at dif-
ferent electrode potentials while cycling. A total of 16 exposures for a
duration of 10 s per exposure was used. XPS depth profiling was carried
out using a PHI 5000 Versa XPS system (Chanhassen, MN) with a mono-
chromatized Al Ka source (1486.7 eV) with a 400 pm spot size. Samples
were prepared according to the sample preparation procedure followed
for FESEM imaging. Shirley background was used for XPS analysis. The
C 1s peak at 284.60 eV was used as the standard to calibrate all XPS
spectra. The morphology of individual VACNFs was imaged using a
Philips CM 100 TEM at a 100 kV acceleration voltage in low dose mode
at —175 °C using a Gatan cryo-holder. The VACNFs were transferred to
TEM grids by scraping them from the electrode inside a glovebox. The
TEM grids were stored in Ar filled storage holders and plunged in liquid
nitrogen without exposing to air. This was followed by transfer of the
TEM grid to the cryo-holder using a cryo-station. The cryo-shield was
used to prevent the sample from exposure to the air during the transfer
from cryo-station to TEM.

2.4. Electrochemical characterization

VACNF/Cu or planar Cu foil electrodes of 15 mm in diameter were
used as the working electrode to assemble half-cells using CR2032 cas-
ings. A 25 pm thick Celgard 2400 and a 0.65 mm thick Li foil were used
as the separator and counter electrode, respectively. A 0.3 mm thick
stainless steel wave spring and two pieces of 0.2 mm thick stainless-
steel spacers were used to provide consistent pressure and good contact
between the components. The Li foils were polished using 200 and 400
grit sandpapers before assembling. 250 pL of 1.0 M LiTFSI in DOL/DME
(1:1, v/v) solvent with 1 wt% LiNO; additive was used as the elec-
trolyte in the flooded condition. The half-cells were assembled in an ar-
gon-filled glovebox (Mbraun MB10 Compact, Stratham, NH) with oxy-
gen and water levels below 0.5 ppm. The assembled half-cells were
tested using a battery testing system (Neware, Shenzhen, China) at
room temperature. Five cycles of Li intercalation/deintercalation at
50 pA were done between 0.0 V and 1.0 V (vs Li*+ /Li) before Li plating.
Li plating and stripping processes were conducted by applying a con-
stant current density of 1.0 mA/cm? to obtain desired capacities. For
the CE test, a capacity of 2.0 mAh/cm? was employed. The upper cut-off
voltage for Li stripping was 1.0 V vs Li*/Li. The CE was calculated as
the ratio of Li stripping capacity to Li plating capacity, expressed in
units of percentage. The symmetric cycling measurement was done
with coin cells with a working electrode (VACNF/Cu or planar Cu) vs. a
Li disk counter electrode at 1.0 mA/cm?2 with a cycling capacity of 1.0
mAh/cm2. Prior to symmetric cycling, the working electrodes were cy-

cled at 1.0 mA/cm? up to 2.0 mAh/cm? capacity for three times fol-
lowed by plating 2.0 mAh/cm? of stablized Li for further experiments.

3. Results and discussion

3.1. Materials and electrochemical characterization of VACNF/Cu
electrode

Firstly, the structure and chemical composition of pristine VACNE/
Cu, the chosen model LMA host for this study, was carefully character-
ized. The FESEM images of the VACNF grown on Cu substrate for
90 min are shown in Fig. la-c and Figs. S1a&b. As seen at a 30° perspec-
tive view, the VACNFs form an array with rather uniform vertical align-
ment. A scratch was purposely made on the VACNF array in Fig. 1a so
that their length can be viewed at the cross-section. From the top-view
images (Fig. 1c and Fig. S1b), the VACNFs are highly aligned perpen-
dicular to the surface of the Cu substrate. Per the calculation shown in
Fig. Slc, the porosity was found to be ~78.6%. The average length and
diameter of the VACNFs were determined to be ~14 pm and ~154 nm,
respectively. A histogram of the fiber diameter is shown in Fig. S2,
which is defined by the diameter of the Ni catalyst particle at the tip of
each VACNF. TEM and HRTEM images of VACNF (Fig. 1d and Fig. S3)
illustrate the conically stacked graphitic cups with an abundance of
graphitic edges on the surface of sidewalls. Since the VACNFs grew by
the tip growth mode, the inverse tear drop shaped Ni catalyst retained
at the tip of the VACNF and was covered by a thin layer (~2-4 nm) of
carbon. This was validated by the XPS data (Fig. S4) which confirmed
the presence of Ni within a depth of 2-10 nm from the surface. The XPS
results (Fig. S5) also revealed that the VACNFs were doped with 2.9%
of oxygen and 7.3% of nitrogen, respectively. The N 1s peak can be de-
convoluted into four peaks with the binding energies (BEs) at 396.3,
398.4, 400.5, and 402.5 eV, corresponding to pyridinic N, pyrrolic N,
graphitic N, and pyridinic N oxide, respectively. The O 1s peak was de-
convoluted into four components with BEs at 531.2, 532.2, 533.4, and
535.1 eV corresponding to C-O, C=0 in carboxylic group (-COOH),
—OH group and adsorbed water, respectively. To understand the loca-
tion of dopants, the top surface of pristine VACNF array was etched us-
ing Ar* at a rate of 0.08 nm/s for 60 s. This translates to removal of
~4.8 nm thick materials, which is equivalent to ~14 layers of graphitic
planes. As shown in Fig. S5, after etching, the O at% decreased by 69%
to a total of 0.9%. Meanwhile, N at% slightly decreased to 7.0%. How-
ever, the composition of the N doping changed as follows. The amount
of pyridinic N oxide decreased significantly by about 53% and those of
pyridinic N and pyrrolic N increased by 54% and 25%, respectively,
while that of graphitic N did not change much. The significant decrease
in oxygen and pyridinic N oxide indicates that oxygenated functional
groups are present only on the exposed edges of VACNFs. After etching
off the surface, the pyridinic N and pyrrolic N groups located within the
few layers from the surface would also get removed but those located
deeper will get exposed. Also, during the etching, graphitic nitrogen sit-
uated close to the surface may get converted to pyridinic/pyrrolic N.
Due to the absence of oxygen during the etching process, pyridinic N
oxides are not formed. This proves that nitrogen dopants are present
throughout the structure of VACNFs while oxygen functional groups are
present only at the graphitic edges.

Half-cells were constructed with VACNF/Cu and planar Cu elec-
trodes as working electrodes to evaluate their performance as LMA
hosts. The CE was assessed at 1.0 mA/cm? with a cycling capacity of 2.0
mAh/cm2, based on our previous work that filling the entire pore vol-
ume of VACNF/Cu with Li would yield a plating capacity of 2.0
mAh/cm?. As shown in Fig. 1e, the CE for VACNF/Cu was only around
87.8% in the first cycle, owing to the formation of initial SEI and the in-
tercalation of Li* ions into the graphitic structure of VACNFs. From the
second cycle, the CE was stabilized at ~98% and retained at this level
for about 130 cycles. In the case of planar Cu, the cell was only stable
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Fig. 1. FESEM images of VACNF grown on Cu substrate at (a), (b) a 30° perspective view, and (c) a 0° top view. (d) TEM image of a VACNF. (e) CE during Li plat-
ing/stripping cycling with 2.0 mAh/cm? capacity at 1.0 mA/cm? for VACNF/Cu and planar Cu electrodes, respectively. (f) Voltage curves for Li plating/stripping
on a VACNF/Cu electrode at different cycles. Evolution of (g) Li nucleation overpotential and (h) Li plating/stripping overpotential over cycles shown in (e). (i)
Symmetric cycling performance of VACNF/Cu and planar Cu electrodes, respectively, plated with 2.0 mAh/cm? Li at a cycling capacity of 1.0 mAh/cm? and a cur-
rent density of 1.0 mA/cm?. (A colour version of this figure can be viewed online.)

for about 44 cycles with a lower average CE of 95.4%. The higher CE
and longer cycle life of VACNF/Cu than the planar Cu make the advan-
tages of using 3D hosts for LMA quite evident, which are supported by
the recent studies [33,34]. The capacity associated with Li intercalation
into VACNFs and SEI formation were significantly reduced in cycle
#2-5, as shown in the Li plating voltage curves in Fig. 1f and S6. In the
first cycle, a capacity of about 0.05-0.07 mAh/cm?2 was consumed in
the potential range of 0.2-0.0 V (vs Li*/Li). This can be attributed to
lithium intercalation into VACNFs, translating to a specific capacity of
84-117 mAh/gyacnr Which is only 22-31% of theoretical capacity of
graphite. Hence, only a small portion of graphitic carbon in VACNFs
(likely only at the exterior surface) is intercalated with Li* at
1.0 mA/cm? current density (the typical rate where Li plating is done in
later discussion). Even at a lower current of 0.028 mA/cm2, the lithia-
tion capacity was ~150 mAh/gyacnr (~40% of the theoretical capacity
of graphite) as shown in Fig. S7. This small Li intercalation is helpful to
make VACNFs lithiophilic before Li plating starts while maintaining
their structural integrity. After stable cycling for ~130 cycles, the CE of
VACNEF/Cu started to decline continuously to a minimal value of 66%
in the 182nd cycle. Beyond this point, the CE increased from 66% to
78% (in the 200th cycle) and then became very unstable. The planar Cu
foil electrode showed a similar behavior but with a much shorter life.
The behavior of increasing CE towards the end of cycle life could be due
to reattachment of physically isolated lithium particles that resulted in
increased stripping capacity [35,36]. Whether the use of VACNFs as 3D
conductive wires improves the chances of reattachment of dead Li is an
interesting topic of future studies.

The Li plating/stripping overpotential (1,,) and the Li nucleation
overpotential (1,,.) were calculated as depicted in Fig. S8. In the stable
cycles, VACNF/Cu and planar Cu had similar nj, of ~40 mV (Fig. 1h),
but showed distinct behavior in 1, (Fig. 1g). In the first cycle, VACNF/
Cu exhibited a lower 1, of 14.5 mV compared to that of planar Cu
(53.4 mV). The lower nucleation overpotential for VACNF/Cu is due to
the high surface area of VACNFs and the lithiophilic nature owing to
graphitic edges, N and O doping, and Li intercalation. These factors col-
lectively decreased the energy barrier for the Li nucleation process. In
following cycles, the 1, of VACNF/Cu gradually increased and got sta-
bilized at 30.1 mV (Fig. 1g). When the CE started to decline, the 1,
quickly dropped to 8.1 mV, a value lower than the initial n,,.. This
trend was observed for planar Cu as well but in much earlier cycles.
This could be an indicator for the growth of uncontrolled high-surface-
area Li structures and/or activation of unstripped lithium sites of previ-
ous cycles in the dynamic environment inside the coin cell, which facili-
tate Li nucleation. As shown in Fig. 1h, during this same period, the
increased to ~65 mV for both electrodes, indicating accumulation of
SEl/dead Li due to increased consumption of electrolyte during the end
of cycle life [35]. This would lead to zones where electrolyte is de-
prived, making the electrode surface more heterogeneous and leaving
behind a large amount of dead Li and SEI as indicated by the low CE.
While it is well known that 3D conductive host, such as VACNF arrays,
can improve the reversibility of Li plating/stripping (Table S1), it is im-
portant to understand the failure mechanism to gain insights into
strategies for further improvement, which is the foci of this study.
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Symmetric cell cycling was also performed to understand the stabil-
ity of SEI and reversibility of Li plating/stripping. The cycling capacity
was kept at 1.0 mAh/cm?, i.e., 50% depth of discharge (DoD), at a rate
of 1.0 mA/cm? using VACNF/Cu and Cu electrodes plated with 2.0
mAh/cm? vs a Li foil counter electrode. As shown in Fig. 1i, VACNF/Cu
electrode exhibited a longer cycling life (156 h) when compared with
planar Cu (100 h). This improvement in performance could be attrib-
uted to higher reversibility of Li plating/stripping and a more stable SEI
formation in VACNF/Cu electrode. For both electrodes, the cells failed
by an increase in the electrode potential due to unavailability of suffi-
cient active Li to deliver the defined stripping capacity. Consistent with
the previous report, VACNF/Cu is indeed a superior LMA host com-
pared to planar Cu [13]. With the testing conditions employed in this
study, no internal short circuits due to dendritic growth were observed.
However, the electrochemical data indicates continuous consumption
of electrolyte and active Li, consistent with recent literature [26,37,38].
Further characterization was carried out to shed light on the processes
that occurred on VACNFs during the Li intercalation/deintercalation
and Li plating/stripping.

3.2. Morphological analysis of electrodeposited Li using FESEM

To understand the morphology of electrodeposited Li (e-Li) on
VACNF/Cu, FESEM images were taken after plating different capacities
of Li at 1.0 mA/cm?, as shown in Fig. 2a-f. After depositing a low capac-
ity of about 0.75 mAh/cm? of Li, micron-scale particles of Li of an aver-
age size of 2.7 pm were observed (as the darker spots in Fig. 2a). The
density of micron-scale Li particles was calculated to be about
5.6 x 10° particles/cm?2. Fig. 2b-f revealed that the VACNF/Cu plated

with the full capacity of 2 mAh/cm? Li displayed two different mor-
phologies — (i) micron-scale, pillar-like, columnar Li infiltrating the
open spaces among the VACNFs (referred to as infiltrative e-Li), (ii)
nanoscale Li that coaxially deposited on the surface of individual VAC-
NFs (referred to as nanoscale e-Li) in the area between the micron-scale
columnar grains. The columnar structure of infiltrative e-Li without
pores are generally reported to be favorable for Li metal anodes as it re-
duces the active surface area, thereby decreasing the consumption of
active Li and electrolyte due to irreversible SEI formation [39,40]. FIB-
FESEM image (Fig. 2f) further showed that the infiltrative Li was non-
porous in nature and it completely filled the pore volume among the
VACNFs. The enhancement in reversibility/CE of Li plating/stripping
on VACNF/Cu electrode could be attributed to this columnar Li mor-
phology. VACNFs acted as conductive wires to maximize the electrical
connection with the plated Li and reduced formation of dead Li. The
growth of columnar Li in the unique low-tortuous open pore structure
of VACNF arrays demonstrates the effectiveness of 3D structure on im-
proving the e-Li morphology. Besides the micron-scale columnar infil-
trative e-Li, nanoscale e-Li were observed on the VACNFs that were not
engulfed by the infiltrative e-Li. The histogram analysis of the diame-
ters of VACNFs after Li plating with different capacities and after Li
stripping were analyzed as shown in Fig. S10. It revealed that the aver-
age fiber diameter increased from ~154 nm to ~163 nm after plating
0.75 mAh/cm?. It further increased to about ~226 nm after an addi-
tional plating of 1.25 mAh/cm? Li. The increase in fiber diameter can be
attributed to the coaxial sheath of nanoscale e-Li and the SEL The
sheath thicknesses was about 4.5 nm and 36 nm for Li capacity of 0.75
and 2.0 mAh/cm?, respectively.

VACNF -~

Infiltrative

Fig. 2. FESEM images at 30° perspective view of VACNF/Cu electrodes after Li plating at 1.0 mA/cm? to the capacity of (a) 0.75 mAh/cm? and (b) 2.0 mAh/cm?. ()
The FESEM images at 30° perspective view and (d) top view of the region highlighted using white dashed rectangle in panel b. (e) Cross-sectional and (f) FIB-milled
cross-sectional FESEM images of VACNF/Cu plated with 2.0 mAh/cm? Li. A protective layer of 2 pm thick Pt layer was deposited on the top surface to protect the
structure underneath from Ga* ion beam damage as shown in Fig. S9. (g)-(i) FESEM images at 30° perspective view of Li-plated VACNF/Cu electrodes after com-
pletely stripping the 2.0 mAh/cm? plated Li at a rate of 1.0 mA/cm?. (A colour version of this figure can be viewed online.)
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After completely stripping Li from the fully plated VACNF/Cu (with
2.0 mAh/cm? capacity), the infiltrative e-Li was clearly removed, leav-
ing behind only the soft SEI skins floating in the VACNF host (Fig. 2g-i).
Contrary to the uniform SEI thin films on planar electrode surface, the
SEI skins left off from infiltrative e-Li were of wrinkled 3D nature, wrap-
ping around the bundle of VACNFs as shown in Fig. S11. This also offers
additional evidence for the engulfing nature of infiltrative e-Li. It is
quite surprising that most of the studies on 3D conductive hosts were
not able to observe such stripped SEI skins even though their CE is less
than 98% [20]. One of the possibilities is that most 3D conductive hosts
were made of powder materials which had complicated tortuous com-
posite structure. The SEI can be disrupted during the electrode prepara-
tion for SEM or TEM imaging. The open vertical architecture of VACNF
array serves as a unique model to observe the plated Li and stripped SEI
skins without disrupting the electrode structure.

As for the coaxially plated nanoscale e-Li, the sidewall of the VAC-
NFs became smoother after completing Li stripping and their average
diameter was reduced to 161 nm. The coaxial SEI sheath left behind by
nanoscale e-Li is very thin and cannot be observed using FESEM. How-
ever, from the similar average diameter between the VACNFs after plat-
ing of 0.75 mAh/cm? Li and those after complete Li stripping, it can be
concluded that, at the low plating capacity of 0.75 mAh/cm?, only a
small fraction of Li was plated as nanoscale e-Li sheath. With further
plating, more Li was deposited as the nanoscale e-Li in the interstitial
area of infiltrative e-Li particles. The high surface area of nanoscale e-Li
would theoretically consume a greater amount of electrolyte if the SEI
were to repeatedly form over cycles. However, considering the im-
proved cycling performance of VACNF/Cu than planar Cu foil and the
significant decrease in SEI capacity from second cycle during the activa-
tion process (i.e., the charging capacity in Fig. 1f and Fig. S6), the SEI

on the nanoscale e-Li likely remains as a stable elastic sheath during Li
plating and stripping cycles.

In contrast to the e-Li morphology on VACNF arrays, the e-Li on pla-
nar Cu exhibited a very different morphology consisting of stacked
spherical particles (as shown in Figs. S12a and S12b) consistent with lit-
erature [41,42]. The average size of the spherical particles was 2.1 pm
after plating 0.75 mAh/cm2 of Li. The presence of whisker-
like/dendritic Li was also observed (pointed by yellow arrows in Fig.
S12c). After stripping Li, abundant SEI skins shed from Li particles were
left on the surface of planar Cu (Figs. S12d and S12e). Also, dead den-
dritic Li were present as indicated in Fig. S12f. Without having any
structural support as in VACNF/Cu, there is a greater amount of dead Li
as well as dendritic Li [43]. This microscopic observation correlates
well with the lower CE and shorter cycle life of planar Cu electrodes.

3.3. In-situ Raman spectroscopic analysis

Since Raman spectroscopy is a proven characterization tool for
studying carbon-based structures, we applied it for in-situ study of the
changes in VACNFs during Li intercalation/deintercalation and Li plat-
ing/stripping processes. The experiments were performed using a com-
mercially available optical cell from El-cell with a sapphire window for
the laser probe. A side-by-side configuration (Fig. 3a) was found to be
the optimal setup with minimal background signal from electrolyte
while proper electrochemical control can be applied (as discussed be-
low Fig. S14 of the SI). It is to be noted that a potential gradient exists
across the electrode surface in this configuration. To minimize this ef-
fect, a low current of 10 pA was used to allow sufficient time for the Li*
ion diffusion. Normal charge-discharge curves could be obtained, and
the measurements were made at designated points in Fig. 3b without
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Fig. 3. (a) Electrode configuration used for in-situ Raman measurements. (b) Voltage curves during Li intercalation/deintercalation and Li plating/stripping at
10 pA for VACNF/Cu electrode during in-situ Raman measurements. In-situ Raman spectra of VACNF/Cu electrode (c) taken around the voltages highlighted as
solid pink circles in panel b during Li intercalation/deintercalation and (d) taken around the designated time highlighted as solid yellow circles during Li plating/
stripping processes. The Raman spectra were collected during the cycling without interrupting the cycling. (A colour version of this figure can be viewed online.)
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disrupting the processes. The Raman spectrum of the pristine VACNF in
Fig. S13 showed the characteristic Raman bands at ~1350 cm~! and
~1550 cm~! corresponding to D and G bands of graphitic carbon, re-
spectively. The D band is associated with the vibrational modes of car-
bon atoms in defect sites and edges of the graphitic planes while the G
band is attributed to the vibrations of sp? hybridized carbon atoms in
the graphitic planes. Their intensity ratio (Ip/Ig) is an indicator of the
defect density in graphitic carbon materials. For pristine VACNFs, the
Ip/1g ratio was 0.92. The high I, in VACNFs is due to the abundance of
graphitic edges and the defect sites doped with nitrogen and oxygen
functional groups.

First, the VACNF/Cu electrode was lithiated/delithiated by cycling
between 1.0 V and 0.0 V vs Li*/Li in which range no Li plating oc-
curred. Fig. 3c shows the changes in the characteristic D and G bands of
VACNFs during Li intercalation and deintercalation. Additional data
are reported in Fig. S15. For the laser focal size of 2 pm, it collects sig-
nals from about 30 to 60 VACNFs and the electrolyte filled within the
open spaces among VACNFs. Hence, the Raman spectra included the
bands corresponding to the VACNFs as well as a set of sharp bands from
the electrolyte (Fig. S16). Like other researchers, we were unsuccessful
in detecting the components of SEI such as Li,0, Li,COs3, etc. [44]. Even
though these materials are Raman active, the signal is too weak due to
their nanoscale nature. Hence our foci are the D and G bands which
clearly decreased and finally disappeared upon Li intercalation. Inter-
estingly, during Li deintercalation, they reappeared without significant
change in the band shapes from pristine VACNFs. This is an indication
of reversible Li intercalation and deintercalation without structural
damage. This reversible phenomena of Li intercalation/deintercalation
were repeated for several cycles. The complete disappearance of D and
G bands confirms that Li intercalation compounds formed in VACNFs
which caused strong light absorption and reduced the depth from
which the Raman scattering may occur [45]. The disappearance of G
band can be also attributed to the Pauli blocking of interband optical
transition preventing resonant Raman process [46]. The formation of
lithium intercalation compounds on the surface of VACNFs before
lithium plating is beneficial as it further improves the lithiophilicity
and electronic conductivity [47].

However, the changes in D & G bands versus the degree of lithiation
were quite different from that of graphite particles. In case of pure
graphite, the G band changes before the D band, which shifts initially,
broadens, splits into two and finally disappears during lithiation [45].
For other defective carbon materials, D bands disappear first and reap-
pear later attributed to preference of Li*™ toward defect sites [26]. For
VACNFs, the D band disappeared later and reappeared earlier than the
G band. As from the earlier estimation, the lithiation capacity of VAC-
NFs is rather low (30%-40%). It was also observed that the color of
lithiated VACNF remained black/grey (Fig. S17a) while fully lithiated
graphite (LiCg) is golden yellow [48]. Both in-situ Raman study (Fig. 3
and Fig. S15) and FESEM characterization (Figs. S17b and S17c)
demonstrated that VACNFs undergo reversible lithiation and delithia-
tion, likely involving only a thin layer at the sidewall surface of VAC-
NFs, which does not damage their inherent structure. Since the defect
sites located deeper within the VACNFs might not be available com-
pared to sp2 carbons on the outer portions, the Li intercalation caused
the G band to disappear earlier than the D band. This corroborates with
the early revelation by XPS that N atoms are rather uniformly doped in-
side VACNFs while oxygenated functional groups only present at the
exposed edges at the exterior sidewall surface. Other techniques such as
operando XRD, in-situ cryo-TEM, and DFT studies might be able to pro-
vide more insights into the lithium intercalation mechanism.

Next, the lower voltage limit at 0 V was removed to allow Li plat-
ing/stripping cycling at 10 pA current while Raman spectra were col-
lected (Fig. 3d and Fig. S18). As the cell voltage decreased to 0 V, simi-
lar changes in the D and G bands to those during Li intercalation/dein-
tercalation cycles were observed. When the cell voltage was further re-

duced to negative values, a new band appeared at ~1850 cm~1. This
band can be attributed to lithium acetylide/carbide (Li,C,;) which
formed through reactions of Li with pre-existing SEI or electrolyte [44].
It is reported that Li,C, is a component of SEI [49]. The origin of this
band is due to the surface enhanced Raman scattering (SERS) effect of
nanoscale e-Li on individual VACNFs [44]. With further Li plating, the
intensity of Li,C, peak increased indicating the growth of nanoscale e-
Li. The FESEM images (Fig. 2c-d) clearly show that their size remains in
the nanoscale range even after plating 2.0 mAh/cm?. When the plated
lithium was stripped off, the Li,C, band vanished completely along with
the reappearance of D and G bands of VACNFs. The vanishing of Li,C,
band can be attributed to complete stripping of nanoscale e-Li and loss
of the SERS effect while Li,C, remained in the SEI. Thus, Li,C, band
serves as a good indicator of the formation of nanoscale e-Li. To the best
of our knowledge, this is the first in-situ Raman observation of re-
versible formation and stripping of nanoscale Li in 3D hosts using
lithium acetylide/carbide as an indicator. It would be interesting to
study further whether this can be used to reveal the presence of dead Li
and Li dendrites in nanoscale regime using micro-Raman imaging.

3.4. Chemical and structural analysis of SEI

3.4.1. XPS depth profiling

XPS depth profiling based on Ar* ion etching for different time peri-
ods was employed to understand the chemical composition of the SEI
formed on Li-intercalated VACNFs (Fig. 4 and Fig. S19). Interestingly,
after Li intercalation, Ni 2p signals were absent. For pristine VACNFs, as
stated earlier, the ability to observe Ni 2p peaks makes it a good inter-
nal reference for the position of VACNF tips while performing depth
analysis. This confirms the presence of a SEI layer on top of the VACNF
array (see Fig. 4a) with a thickness greater than the sampling depth of
XPS. Deconvolution of the C 1s peak showed the existence of five differ-
ent C atoms. The deconvoluted peaks at 282.7, 284.6, 286.5, 288.6, and
290.0 eV can be assigned to carbide (-C=C-), alkyl or aliphatic groups
(C-C/C-H), alkoxy groups (C-OR), carboxyl groups (R-COO) and car-
bonates (CO32-), respectively, with the alkyl or aliphatic groups
(C-C/C-H) being the dominant one. The F 1s peak was deconvoluted
into two peaks at 688.5 and 684.9 eV corresponding to —CF, and LiF, re-
spectively. The decomposition of the salt LiTFSI resulted in the forma-
tion of these compounds and the content of polymeric —~CF, was much
higher than LiF. The O 1s peak yielded four components corresponding
to Li,O, C=0, Li,CO3; and ROCO,Li (or) N-O at 528.2, 530.7, 531.8,
and 533.5 eV, respectively [50,51]. Since LiNO3; was used as the addi-
tive, LisN and -NC/-NH groups were also found in the SEI (Fig. S19a).
Deconvolution of S 2p peaks revealed the presence of SO32- and sulfone
groups on the surface and the presence of lithium sulfides in the deeper
layers (Fig. S19b) [52,53].

From these deconvoluted high-resolution spectra of C 1s, F 1s, and O
1s peaks, it can be understood that a greater fraction of the topmost
layer of the SEI consist of organic compounds such as RCOOLI, Li-O-R,
Li-O-R-O-Li, -CFy, etc., which are formed by the reductive decomposi-
tion of solvents and salt. In depth profiling by XPS, a decrease in the or-
ganic species accompanied by an increase in the inorganic compounds
such as LiF, Li,O was observed in deeper regions after 60 s of Ar+ ion
etching. The Li,CO5; content, however, remained similar at different
depths, indicating its homogeneous distribution throughout the SEI.
From these observations, it can be concluded that the SEI consists of
mainly an organic matrix whose inner layer is enriched with LiF and
Li,O while Li,CO3; homogeneously distributed throughout the matrix.
This is consistent with the recent findings in literature where inorganic
lithium compounds are found to be embedded in an amorphous poly-
meric organic matrix [54]. With continuing Ar* etching for 240 s, XPS
signals from Ni 2p were detected as shown in Fig. S20. This is an indica-
tion that the SEI lying on top of the VACNF arrays are mostly etched off.
From this, the thickness of this top SEI layer was calculated to be



19.2 nm based on the Ta,03 calibration standard. Since the composi-
tion of SEI is of heterogeneous nature, the actual thickness might be
larger due to the higher sputtering yield for soft organic SEI.

If the SEI only exists above the VACNF array, the signals from the
SEI components should fade away versus the sputtering time. However,
we observed a SEI with a composition resembling that of the inner layer
of the SEI located on top of the VACNF array even after etching for 360
s. This observation indicates the existence of a SEI on the sidewall of
VACNFs as well. The SEIs on top and side of lithiated VACNFs are desig-
nated as top SEI and side SEI, respectively. The organic component of
SEl is attributed to incomplete reduction of solvents and salt while their
complete reduction leads to inorganic compounds [50]. Taking this into
account, the formation of top SEI and side SEI might occur in different
stages based on the extent of electrolyte reduction. In the first stage,
most of the electrolyte might have been reduced completely which
takes place around the sidewall surfaces of VACNFs. This becomes the
solid-state barrier for the Li* ions intercalating into the VACNFs. Simul-
taneously, another SEI layer might form on top of the VACNF array. In
the second stage, the electrolyte reduction is likely incomplete and oc-
curs mostly on top of the VACNF array. With the help of depth profiling
by XPS, we were able to reveal the formation of two different SEIs dur-
ing the Li intercalation into VACNFs.

For Li plated VACNF/Cu, the high-resolution XPS spectra of Ni 2p, C
1s, F 1s, and O 1s of VACNFs after plating with 2.0 mAh/cm? of Li are
shown in Fig. S21. The SEI formed on Li plated VACNFs, designated as
e-Li SEI, was found to have a mosaic structure similar to that of side SEI
of Li-intercalated VACNFs prior to Li plating. Considering the existence
of two different types of e-Li as illustrated in Fig. 2, the composition re-
vealed by XPS can be assigned to the SEIs on the top surface of micron-
scale columnar Li grains as well as the outer sheath around the coaxial
nanoscale Li. The 3D nature of e-Li SEI as shown in Fig. 2g-i indicates
that, during Li plating, the preformed top and side SEIs are likely trans-
formed into similar compositions which are rich in inorganic com-
pounds. These SEIs consisted of a higher content of inorganic com-
pounds such as Li,C,, LiF, Li,O and Li,CO5; compared to the top SEI
formed during Li intercalation stage. With the increased depth, these
contents increased further. The higher content of inorganic compounds
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contact with e-Li. The heterogeneous 3D structure of the e-Li made it
difficult to quantify the thickness of e-Li SEI. Nevertheless, our current
study provides the first observation on the complicated SEIs in 3D
hosts, which could provide useful guidance for future studies.

3.4.2. Cryo-TEM imaging of VACNFs after lithiation and lithium plating

A cryo-TEM image of a pristine VACNF processed in the same man-
ner as other samples is shown in Fig. 5a revealing that the structure of
VACNF is unaffected by the employed sample preparation method (in-
cluding scraping, washing with the solvent and depositing on TEM
grids). It could be observed that the diameter of a pristine VACNF was
approximately equal to the widest part of the Ni nanoparticle. Upon
lithiation, a co-axial film was observed only at the sidewall of the
VACNF, which can be assigned as the side SEI (Fig. 5b). Surprisingly,
the top SEI which was unveiled by XPS cannot be found on top of the Ni
nanoparticle in the cryo-TEM image. This suggests that the top SEI is
likely a continuous self-sustained film which is loosely attached to tips
of the VACNF array. It may have been lifted off when the VACNFs were
scraped off the Cu substrate during TEM sample preparation. The FE-
SEM images of pristine VACNF/Cu (Figs. S22a-S22c) and lithiated
VACNF/Cu (Figs. S22e-522g) prepared by the same method further re-
vealed the presence of nanoscale side SEI film around individual VAC-
NFs. The pristine VACNF array collapsed into 1-2 pm wide pyramid
shaped bundles as a result of the elastocapillary aggregation caused by
the capillary forces during drying of DME solvent following electrode
washing. This phenomenon was well documented in our previous work
[55-57]. Importantly, our previous work demonstrated that a thin
coaxial polymeric coating (down to ~20 nm in thickness) on each VAC-
NFs was sufficient to prevent such elastocapillary aggregation [55-57].
Indeed, the lithiated VACNFs in Figs. S22e-S22¢g were able to retain the
vertical array structure without collapsing into microbundles. This fur-
ther validates the presence of the coaxial side SEI sheath.

Fig. 5c and Fig. S23 reveal the nature of nanoscale e-Li that forms
uniformly on the individual VACNFs resulting in the coaxial Li deposi-
tion around the entire VACNF surface. The thickness of the nanoscale e-
Li and its corresponding SEI were in the range of 10-21 nm and
30-60 nm after plating with 0.75 mAh/cm?2 and 2.0 mAh/cm?, respec-
tively. It is to be noted that these VACNFs observed under TEM are
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Fig. 5. Cryo-TEM images of VACNFs scraped off from the electrodes (a) in the
pristine condition, (b) after Li intercalation, (c) after plating with 2.0
mAh/cm? of Li at 1.0 mA/cm?, and (d) after completely stripping of plated Li
at 1.0 mA/cm?. (A colour version of this figure can be viewed online.)

mostly from the interstitial regions between the infiltrative-Li grains
since the VACNFs in later ones are embedded inside Li grains and are
not easy to be broken free. Most of the growth of nanoscale e-Li seems
to occur in the later part of plating step and some nanoscale e-Li still ex-
ists even after plating a capacity of 2.0 mAh/cm?2, which are consistent
with the FESEM results in Fig. 2b-c. In contrast to the Li-intercalated
sample, the tip of Li-plated VACNFs was covered by Li metal and e-Li
SEL. The coaxial Li deposition is favored for suppressing dendrite
growth, which may be enhanced by further improving lithiophilicity in
our future studies [47]. The SAED pattern in Fig. S24 shows the amor-
phous nature of nanoscale e-Li on VACNFs. It was reported that, at low
current densities, Li was normally electrodeposited as amorphous
“glassy” Li [58], which was favored for stable and reversible Li plating/
stripping. The high surface area provided by the VACNFs results in a
low local current density which faciliates the formation of the amor-
phous Li. During subsequent stripping of the e-Li, the thickness of the
coaxial film around the VACNFs was reduced as shown in Fig. 5d. Since
the formation of SEI is irreversible, the coaxial film on Li-stripped VAC-
NFs can be assigned to the SEI of nanoscale e-Li. Fig. S25 shows that the
coaxial SEI after Li stripping bulged into a small bubble due to the heat-
ing by the prolonged electron beam exposure, which further confirms
its coaxial and elastic nature. The difference in the appearance between
the side SEI preformed around VACNFs and the later SEI on the coaxial
nanoscale e-Li confirms the transformation of preformed SEIs at inter-
calation stage into chemically distinct e-Li SEI (richer with inorganic
components) as shown in Fig. S21.

The insights gained so far are schematically illustrated in Fig. 6. XPS
and cryo-TEM measurements revealed the existence of two different
types of SEIs during the Li intercalation stage, including (i) top SEI and

(ii) side SEI The top SEI is rich in organic moieties due to incomplete
decomposition of electrolyte while the side SEI is rich in inorganic
lithium compounds. The top SEI blankets the VACNFs array while the
side SEI forms a coaxial sheath uniformly wrapping the individual VAC-
NFs. Spectroscopic data from in-situ Raman and electrochemical data
showed that the outer layer of VACNFs were lithiated, making it lithio-
philic that favored the lithium nucleation in the following Li electrode-
position. The lithiation and delithiation processes occur reversibly
without damaging the structural integrity. During Li plating, e-Li grows
into two different morphologies, (i) infiltrative e-Li and (ii) nanoscale e-
Li, along with the formation of a new SEI on the e-Li surface that is rich
with inorganic lithium compounds. Infiltrative e-Li exhibits a dense,
non-porous, micron-scale columnar structure infiltrating the pore vol-
ume between VACNFs. A small amount of e-Li exists in the interstitial
area between the infiltrative e-Li grains, as nanoscale Li deposits coaxi-
ally around individual VACNFs. During Li stripping, the infiltrative e-Li
leaves behind irreversible SEI skins loosely attached to the VACNF ar-
rays. The SEI of nanoscale e-Li is also rich with inorganic compounds
but behaves as a stable elastic sheath coaxially wrapped around indi-
vidual VACNFs.

3.5. FESEM imaging of VACNF/Cu after Li plating/stripping cycling

The morphology of VACNF/Cu electrodes after Li plating/stripping
cycling was studied using FESEM. Due to the irreversible and dynamic
nature, a large amount of infiltrative e-Li's SEI skins formed in preced-
ing stripping cycles accumulated on top of the VACNF arrays (Fig. S26).
As shown in Figs. S27a-S27c, at the end of 50 cycles, the e-Li's SEI com-
pletely covered the top surface of VACNF/Cu electrode. The accumu-
lated SEI skins are likely dominated by the e-Li SEI that broke off from
the electrode during Li stripping. The irreversible shedding of SEI skins
not only consumes electrolyte, but also affects the accessibility of
graphitic edges of VACNFs for Li nucleation in the subsequent cycles
and increases the tortuosity of the electrode [59]. This is well reflected
in the electrochemical performance where an increase in the Li plating/
stripping overpotential was observed towards the end of the cycle life.
In comparison, even thicker layers of dead Li mixed with SEI skins were
observed in cycled planar Cu electrodes (Figs. S27d-S27f). Continuous
consumption of lithium nitrate additive and its effect on morphology of
lithium were also observed [60,61]. These led to the highly nonuniform
optical image in Fig. S27d. It can be concluded that accumulation of
dead Li and SEI and electrolyte consumption were the primary reasons
for the failure of planar Cu electrodes. These are reduced but not elimi-
nated in 3D nanostructured electrodes such as VACNF arrays. Further
studies to quantify SEI and dead Li, and understand their evolution are
necessary to develop mitigation solutions. Nevertheless, a common ob-
servation of both cycled VACNF/Cu and planar Cu electrodes is the
high degree of multiscale heterogeneity in both SEIs and Li deposits.
Development of 3D host structures that can facilitate formation of sta-
ble SEIs is critical for commercialization of Li metal anodes.

4, Conclusion

VACNF array electrodes are employed as a model 3D conductive
host to understand the critical issues toward future LMAs. The funda-
mental issues, such as the structure of SEI and the morphological evolu-
tion of Li deposition, during the lithium plating/stripping processes
were studied with various spectroscopic and microscopic techniques. At
electrode potentials positive to Li*/Li, lithium intercalation and dein-
tercalation occur at the VACNF sidewall in a reversible manner without
disrupting its structure. The lithiation makes the VACNFs more lithio-
philic which favors subsequent lithium plating. During electrodeposi-
tion onto the VACNF/Cu electrode, lithium grows into two different
morphologies - the micron-scale columnar infiltrative Li and the
nanoscale coaxial Li sheath. Reversible lithiation/delithiation and Li
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Fig. 6. Schematic to illustrate the structure of SEI formed during Li intercalation, Li plating/stripping and the morphology of electrodeposited Li on VACNF/Cu elec-

trode. (A colour version of this figure can be viewed online.)

plating/stripping were observed in situ based on the D and G bands of
graphitic carbon and the Raman band of lithium acetylide/carbide
(Li,C,), respectively. The high performance of VACNF/Cu as a LMA
host is attributed to the combination of the low surface area of solid in-
filtrative Li grains and the stable SEI on the surface of nanoscale Li.
Depth-profiling XPS revealed the formation of two types of SEIs at the
Li intercalation stage, i.e., a continuous organic-rich SEI film loosely at-
tached to the top surface of the VACNF array and an inorganic-rich
coaxial SEI sheath around individual VACNFs. During Li plating, they
were both transformed into an inorganic-rich SEI directly on the surface
of the electrodeposited lithium. After stripping Li, soft SEI skins from
the infiltrative Li grains were left loosely on the VACNF array and accu-
mulated during cycling while the coaxial SEI on the nanoscale Li re-
mained as a stable elastic sheath. The loose SEI skins were the main fac-
tor for electrolyte consumption and increased heterogeneity, eventually
leading to cell failure. Though 3D hosts enhance the performance of
LMAs proving to be a promising route for suppressing dendrite forma-
tion, other challenges, such as continuous electrolyte consumption,
need to be overcome. Further developments including host structure
design, surface modification and electrolyte additive optimization are
needed to improve the uniformity of lithium nucleation and to achieve
stable, robust SEIs during cycling. These are essential to realize viable
3D LMAs. These results provide useful insights to guide the future de-
sign and development of 3D host structures for long-life LMAs. For 3D
hosts similar to VACNF/Cu, application of preformed artificial SEIs or
in-situ formed SEIs with high Li* conductivity and mechanical/chemi-
cal stability during cycling needs to be further studied to develop better
solutions. Other approaches such as enhanced lithiophilicity by surface

treatment might also be adopted for similar low tortuous 3D hosts to-
wards high performance LMAs.
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