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ABSTRACT: The widespread implementation of high-energydensity lithium metal batteries has long been fettered by lithium
dendrite-related failure. Here we report a new strategy to address
the issue of dendrite growth by a polyimide-coating layer with
vertical nanoscale channels of high aspect ratio. Smooth, granular
lithium metal was deposited on the modiﬁed electrode instead of
typical ﬁlamentary growths. In a comparison with the bare planar
electrode, the modiﬁed electrode achieved greatly enhanced
Coulombic eﬃciency and longer cycle life. Homogeneous Li+ ﬂux
distribution above the modiﬁed electrode from the nanochannel
conﬁnement can account for a uniform Li nucleation and a nondendrite growth. We also demonstrated that the polyimide
coating with microscale pores loses the conﬁnement eﬀects and fails to suppress lithium dendrites. This strategy of spatially
deﬁned lithium growth in vertical-aligned nanochannels provides a novel approach and a signiﬁcant step toward stabilizing Li
metal anodes.
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metal/electrolyte interface with protective layers. Zheng et al.13
proposed a coating layer of hollow carbon nanospheres to
successfully inhibit the growth of lithium dendrites. Twodimensional (2D) boron nitride14 and graphene15 have also
been utilized as chemically and physically stable barriers on Li
metal. In addition, the use of solid-state electrolytes including
polymer membranes16,17 and especially ceramic electrolytes18,19
has been shown to be eﬀective for suppressing the growth of
lithium dendrites. However, low ionic conductivity and large
interfacial resistance limit the wide use of solid electrolytes.
Although the protective coating method can enhance
compatibility between the lithium anode and electrolyte, the
intrinsic problem of uneven lithium electrodeposition remains
unsolved. Furthermore, various electrolyte additives have been
explored to suppress dendrite growth and reinforce the lithium
surface, including vinylene carbonate,20 Cs+ and Rb+,21 LiF,22,23
lithium polysulﬁde,24 and ionic liquids.25 However, stable
cycling over long periods of time cannot be guaranteed due to
consumption of the additives. Moreover, for Li metal anode, Li
deposition/dissolution processes take place without a host
material, unlike the graphite anode that has only 10% volume
change during lithiation. So the “hostless” nature of Li metal
with its virtually inﬁnite relative volume change during cycling
and without a material host for atom insertion was recognized
as a major root cause in recent studies.26−30 Various rational
designs of a “host” have been demonstrated including hollow

INTRODUCTION
Technological improvements in high-energy-density rechargeable batteries are being driven by an ever-increasing demand for
portable electronic devices, electrical transportation, as well as
grid-scale energy storage. Intense research has been focused on
high speciﬁc capacity battery chemistries. Anodes include Si,
Ge, Sn, and Li metal,1−4 and cathodes include sulfur5 as well as
air.6 Li metal is an attractive anode material, possessing a high
theoretical speciﬁc capacity (3860 mAh g−1 compared to 372
mAh g−1 for the widely used graphite anode in Li-ion batteries),
low density (0.534 g cm−3), and the lowest electrochemical
potential (−3.040 V versus standard hydrogen electrode).7−10
Unfortunately, issues with safety and eﬃciency that emerge
during prolonged battery operation prevent metallic lithium
from being used in commercialized Li metal batteries. Upon
repeated Li deposition/dissolution processes, the surface of the
Li metal anode uncontrollably develops dendritic growths that
can penetrate the separator and form an internal short to the
cathode, initiating a thermal runaway reaction and catastrophic
battery failure. The Li dendrite-electrolyte interface with high
surface area facilitates the reaction and formation of solidelectrolyte-interphase (SEI) layers on the Li surface, leading to
corrosion and isolation of Li, consequently resulting in
increased interfacial resistance due to the thick SEI and a fast
loss in Coulombic eﬃciency (CE).11,12
Accordingly, several approaches for modifying the morphology of the electroplated Li have been adopted with varying
degrees of success for suppressing dendritic growth and
improving cycling eﬃciency. One method is to control the Li
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Figure 1. Schematic diagrams for the comparison of Li anodes with and without the vertical-aligned nanochannel coating and simulation of Li+ ﬂux
during deposition on the two electrodes. (a) For bare electrode, volumetric changes during the Li deposition process can easily break the SEI layer.
This behavior leads to concentration of Li+ ﬂux near cracks, pits, and crevices, and consequently ramiﬁed growth of Li dendrites and rapid
consumption of the electrolyte. (b) A modiﬁed SS electrode coated with a nanochannel layer creates conﬁnements for Li deposition showing
uniform nucleation and growth due to equal Li+ ﬂux in each nanoscaled pore, which results in nondendritic Li. The volumetric expansion of the Li
deposition process is also partially negated within the volume of the pores due to the ﬁxed thickness of the membrane. (c) Simulation for the bare
electrode. Li+ ﬂux is seen to be greatly enhanced near protruding nonuniform Li nuclei, generating hot spots for Li dendrite formation. Flux
streamlines are obviously converging near the taller nuclei, resulting in further ampliﬁed Li growth. (d) In the case of the electrode with the
nanochannel coating of 3.5 μm in height, Li+ ﬂux is evenly distributed within the pores, indicating the homogenizing eﬀect of the coating structure.
At the bottom of the nanochannel, a lack of hot spots is apparent at the Li surface, even near the protruding nuclei. (e) Simulation cell geometry for
the case with nanochannel coating. Scale bars: 400 nm.

carbon spheres,26 graphene oxides,27 carbon28 and polymer
nanoﬁbers,29 and porous Cu.30 A concept of “lithiophilic”
surface for wetting of lithium metal was proposed.27−29 The
host scaﬀold with lithiophilic coating could allow complete
lithium entrapment.
Additionally, various approaches based on nanopores
polymer/ceramic separators/electrolytes have been demonstrated to eﬀectively improve the stability of lithium
deposition.23,31−36 Archer group reported a composite nanoporous alumina/PVDF separator that could stabilize electrodeposition in lithium metal batteries and improve its lifetime
greatly.23,31 Recently, Bazant’s group demonstrated that the
anodic aluminum oxide (AAO) membrane with pores smaller
than mossy lithium whiskers could enhance safety and cycle life
by replacing polyoleﬁn separators.33
Herein, the present work demonstrates a distinct, novel
approach to suppress Li dendrites at a fundamental level via
manipulating Li+ ﬂux homogeneous distribution above the

anode through nanoscaled conﬁnement, resulting in a uniform
Li nucleation and growth. As shown in Figure 1a, dendritic Li
growth is expected from bare planar electrodes. Volumetric
changes during the Li deposition/dissolution process can easily
break the SEI layer, which leads to concentration of Li+ ﬂux
near cracks, pits, and crevices and consequent ramiﬁed Li
ﬁlamentary growths and rapid consumption of the electrolyte
with reduced CE. In contrast, as proposed in Figure 1b,
uniform Li deposition without mossy-like morphology is
expected for the modiﬁed electrode coated with a thin polymer
layer with vertical-aligned nanochannels. The nanosized
channels with high aspect ratio are able to divide the space
above the anode into small conﬁnements, so that Li-ions could
prefer to move along the normal direction of the electrode
rather than the parallel direction. That means that even though
the height of one Li deposit in one channel is more than the
others, the Li+ ﬂux near this Li deposit could not be ampliﬁed
uncontrollably since the ﬂux in each nanochannel is conﬁned
B
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Figure 2. Fabrication process and micromorphologies of the PI membrane with vertical-aligned nano- and microsized channels. (a) Schematic
illustration for the fabrication of the modiﬁed electrode with PIANC coating. (b) SEM image of silica nanosphere monolayer on the PI with SS
substrate. (c) Shrunk silica nanospheres by RIE based on ﬂuorine chemistry using CHF3. (d) SEM image of the Ti mask with nanoscale holes. SEM
images of the PI membrane with vertical nanopores on SS substrate at (e) low and (f) high magniﬁcation. (g) Cross sectional view of the PIANC
coating. SEM image of top view for the PIAMC membrane, showing (h) square and (i) circle shape, and (j) cross sectional SEM image.

and isolated from each other. Hence, the magnitude of Li+ ﬂux
in each nanochannel could be relatively homogeneous during Li
deposition, resulting in a uniform nucleation and growth, and
the Li deposit could not grow into elongated metal ﬁlaments
like the bare electrode. Meanwhile, the volumetric expansion of
the Li deposition can also be partially negated within the
volume of the pores due to the ﬁxed thickness of the coating.
Additionally and importantly, the porous polymer membrane
contacted with the current collector tightly, which avoids the
possibility of its lift up by the deposition of Li metal.

size of the nanoscaled pores) was initially generated on a planar
current collector. One nucleus was extended vertically to
double the height of the other nuclei, representing a
nonuniformity that could arise from ﬂuctuations in the cell
environment. Lithium deposition was carried out for 200 s, and
the magnitude and direction of Li+ ﬂux were plotted. Figure 1c
depicts the ionic ﬂux around the nuclei for the control electrode
geometry where no nanopores are present. Regions of
increased Li+ ﬂux (nearly double of that within the bulk
electrolyte), also known as “hot spots”, are clearly visible in red
near the protruding nuclei and can promote dendrite formation
and SEI breakage. Additionally, the plotted streamlines indicate
the direction of Li+ ﬂux; the streamlines in the entire cell
converge toward the larger nuclei, indicating the possibility of
rapid self-ampliﬁed growth. Conversely, in Figure 1d, when the
nanochannel coating is introduced into the electrode geometry,
the ionic ﬂux streamlines are seen to be more uniformly
distributed within the columnar pores. The current density in
the channel with the protruding nuclei is only increased by
0.18% relative to that of the surrounding channels, demonstrating that the nanochannel coating eﬀectively homogenizes and
screens any perturbations to the Li deposition process. At the
Li nuclei surfaces, no hotspots are visible, indicating that

■

RESULTS AND DISCUSSION
Simulation Analysis. To visualize the Li+ ﬂux during Li
deposition in the vertical-aligned nanochannels, we created a
simulation cell emulating our experimental setup in COMSOL.
It is well-known that nonuniformities including protrusions and
SEI cracks on the Li surface will be ampliﬁed during growth,
resulting in ramiﬁed dendritic lithium, which is detrimental to
electrode performance.9,11 In our simulation, we compared the
ionic ﬂux and local current densities for two diﬀerent electrode
geometries: planar electrodes with and without nanochannel
coatings. For the bare planar electrode, a uniform array of
hemispherical Li nuclei with diameter 350 nm (to match the
C
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Figure 3. Morphology study of Li deposition on SS electrode with and without PIANC coating. SEM images of lithium metal deposited on a bare SS
substrate at current densities and deposition capacities of (a) 1 mA cm−2 and 0.1 mAh cm−2, (b) 1 mA cm−2 and 1.0 mAh cm−2, and (c) 5 mA cm−2
and 1.0 mAh cm−2, respectively. Top view and cross sectional SEM images with various magniﬁcations of lithium metal deposited on modiﬁed
electrode at current densities and deposition capacities of (d, g, j) 1 mA cm−2 and 0.1 mAh cm−2, (e, h, k) 1 mA cm−2 and 1.0 mAh cm−2, and (f, i, l)
5 mA cm−2 and 1.0 mAh cm−2, respectively.

signiﬁcant deviations in Li+ ﬂux magnitude are suppressed.
Figure 1e shows a schematic of the structure of the simulation
cell seen in Figure 1d for clarity. Additional simulations and
parameters are available in Supporting Information Figure S1.
Moreover, in order to fabricate the porous polymer membrane
with appropriate and eﬀective thickness to suppress Li dendrite,
simulations of the eﬀects of varying the height of nanochannels
were studied. As shown in Supporting Information Figure S2, it
demonstrates that the coating with 1 μm height of nanochannels is too short to have the ﬂux-smoothing eﬀects present
for longer channels (3.5 and 10 μm). As such, the
nanochannels with thickness of about 3.5 μm and large aspect
ratio of 10 were chosen in the current work.
Morphological and Structural Analysis. Polyimide (PI)
is endowed with good chemical and physical stability in battery
environments and as a result is a promising candidate coating
material.29,37 Therefore, we fabricated a PI coating with aligned
nano- and microsized channels (deﬁned as PIANC and PIAMC
coating) on stainless steel (SS) for stabilizing Li deposition. As
the typical diameter of lithium dendrites is around 2 μm for
ether-based electrolyte,13,33 two representative pore sizes have
been investigated in the present work, including 350 nm
diameter (nanoscaled pore) and 15 μm (microscaled pore), to
see how the lithium depositions take place. The fabrication

process for the PIANC coating is illustrated in Figure 2a. A
uniform PI membrane was ﬁrst coated on the SS substrate
using a doctor blade. Monodisperse silica nanospheres were
then assembled into a close-packed monolayer on the PI
coating using the Langmuir−Blodgett (LB) method, as shown
in Figure 2b. The diameter and spacing of the silica
nanoparticles are readily tuned by selective and isotropic
reactive-ion etching (RIE), which enables various pore sizes and
porosities. In the current work, initial silica nanoparticles of
diameter 550 nm were etched to a ﬁnal diameter of 350 nm,
resulting in an areal porosity of 36%. Figure 2c,d shows the
shrunk nanospheres of 350 nm diameter and the Ti mask with
nanoholes, respectively. The PI membrane with vertical
channels was obtained by reactive-ion etching (RIE) using a
mix of O2 and N2 gas (Figure 2e−g). As demonstrated in the
cross sectional SEM in Figure 2g, the straight channels in the PI
layer are clearly observed. For the PI coating with microsized
pores (15 μm) (Figure 2h−j), the Ti micropatterned mask on
the PI membrane was fabricated by typical photolithography.
Both square- and circle-shaped pores were prepared. The
thickness of the PIAMC coating is 15−20 μm. It can be seen
that this multistep coating process to fabricate nano-/
microsized-aligned pores could be applied on various electrode
D
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materials, based on the mature and ﬂexible techniques including
LB coating, photolithography, and RIE process.
Morphology of Lithium Metal Deposition. Lithium
metal deposition/dissolution was investigated using a twoelectrode conﬁguration composed of a Li metal electrode
versus an SS foil assembled in coin cells. 1.0 M LiTFSI in 1:1 v/
v DOL/DME with 1 wt % LiNO3 was used if no clariﬁcation of
electrolyte is given. The conﬁnement eﬀect of the PIANC
coating was systematically investigated by varying the amount
of Li deposited galvanostatically onto the SS electrode and
observing the morphology of the resulting Li metal deposits.
Figure 3a−c clearly shows the direct deposition of Li metal
onto a bare SS electrode at various current densities and
deposition capacities. For a small amount of lithium metal
deposition (0.1 mAh cm−2), uniform spherical nuclei of Li
particles without any ﬁlaments or wire-like growths could be
seen. The nuclei size can be seen in Figure 3a with an average
size of 1.6 μm, which is in agreement with reported results.13,33
However, with additional plating of lithium metal to a capacity
of 1.0 mAh cm−2, a typically ragged growth of elongated lithium
deposits could be formed. The tilted-view SEM image shown in
Supporting Information Figure S3 also clearly shows the
dendritic morphology for the deposited lithium metal. During
lithium deposition, electrons prefer to accumulate at the ridges
or tips with microscopic roughness and promote lithium metal
deposition at those spots from incoming Li+ ions in the
electrolyte.38
On the basis of our simulation results, we expect that spatial
control of Li+ ion motion may be a promising strategy to
stabilize dendritic growth dynamics, achieved here by the
division of the working electrode surface into small compartments for Li plating. The nucleation and growth of Li conﬁned
in pores can result in signiﬁcantly diﬀerent morphologies
compared to bare planar electrodes, particularly when the pore
dimensions are smaller than the critical size of an emergent
nucleus.39 To understand the evolution of Li deposition on the
SS electrode coated with a PIANC layer, ex situ SEM images of
Li metal deposited at various current densities and deposition
capacities have been carried out, as shown in the SEM images
of Figure 3d−l. At the initial stage of Li deposition with a
capacity of 0.1 mAh cm−2 at a current density of 1 mA cm−2,
one lithium nanopillar in one nanochannel that does not
protrude out of the surface of the PI coating is observed to
grow from the center of the pores (Figure 3d,g,j), which
indicates uniform Li nucleation. Further deposition of Li metal
on the modiﬁed SS electrode to 1.0 mAh cm−2 shows Li with a
columnar, smooth, rounded morphology instead of a typical
sharp ﬁlamentary shape on the PI surface (Figure 3e,h,k),
which is in an agreement with what we proposed and the
simulation results. It can be seen clearly from Figure 3h,l that
although the Li metal pillars protrude out of the PIANC
coating, they merged into large granules with rounded edges.
Even for an extremely high current density of 5 mA cm−2
(Figure 3f,i,l), the deposited Li metal also has a columnar
structure rather than dendritic morphology. According to the
literature,33,40,41 lithium metal mainly grows from its roots
below the limiting current density. In the current study, the
current density is in the low-current-density regime, so the Li
growth may take place from the roots. In this case, even when
the capacity of the deposited Li metal is more than that which
can be conﬁned in the pores, the homogeneous distribution of
Li-ion ﬂux above the modiﬁed electrode still could be conﬁned
by the nanochannels, which results in the ﬂat lithium deposition

at higher deposited capacity and the improved CE shown in the
following study. However, at much higher deposited capacities
(3−5 mAh cm2) needed in practical batteries, larger aspect
ratios for the aligned pores are required. The current densities
used in the current work are in the range 1−5 mA cm−2, in the
low-current-density regime that is insuﬃcient to cause masstransport-limited dendritic deposition within the pores.33,42
However, uneven lithium deposits could be also observed in the
form of elongated metal ﬁlaments, which is in agreement with
reported results.43,44 It is worth noting that while altering the
porosity and pore sizes of the membrane will change the
eﬀective current density within the pores, the limiting current
density cannot be surpassed even for extremely low porosities
of only 1%, as shown in Supporting Information Figures S4 and
S5.
The morphology of the deposited lithium metal after 200
plating/stripping cycles is shown in Supporting Information
Figure S6, showing a compact, nonporous, and uniform bulk of
Li metal without any protruding ﬁlaments. Furthermore, this
PIANC coating remains structurally stable after Li stripping
(Supporting Information Figure S7). While SEM images can
show the morphologies of lithium ﬁlaments, it cannot provide
Li deposition in real time and with quantitative information.
Nuclear magnetic resonance (NMR) spectroscopy is a powerful
technique to indicate time-resolved and quantitative results on
lithium metal structure and growth during battery operation.45−47 As such, 7Li solid-state NMR carried out in the next
investigation could provide more detailed evidence of Li
morphology improvement during intermediate states of
deposition. It is also worth noting that, besides the morphology
of nanochannels, the coating material (PI) may also inﬂuence
lithium metal deposition. However, the coating material of PI is
one of the few polymers that exhibit high performance in
battery environments, including good chemical stability and
physical stability at high temperatures.29,37 In addition, due to
the electrically insulating nature of the porous PI coating,
lithium plating is conﬁned within the nanochannels rather than
on the PI surface.29 Thus, the eﬀects of the coating material PI
on lithium deposition are expected to be minimal due to its
inertness. Therefore, these exciting results support the
hypothesis of suppressed Li dendrite growth by coating
PIANC on the electrode. The nanochannels with high aspect
ratio can eﬀectively “screen” morphology-induced electric ﬁeld
imbalances (Figure 1b), resulting in uniform nucleation and
subsequently even Li deposition/dissolution controlled by a
fairly homogeneous Li+ ﬂux in each channel.
Electrochemical Testing. Galvanostatic Li deposition and
dissolution cycling were carried out to substantiate the
practicality of the modiﬁed electrode coated with PIANC and
its chemical stability in contact with Li metal. Coin cells were
assembled using lithium foil as the counter-electrode and SS foil
as the working electrode to study the cycling stability and CE of
Li plating/stripping. CE was deﬁned as stripping capacity over
deposition capacity. The results are shown in Figure 4, plotted
as the CE versus cycle number of the cells at various current
densities with the same areal capacities of 0.5 mAh cm−2. In
comparison to the bare SS electrode, the modiﬁed electrode
with PIANC coating demonstrated more stable electrochemical
cycling and a longer cell life. At current densities of 1.0, 2.0, and
3.0 mA cm−2, the cells with modiﬁed electrodes exhibited
signiﬁcantly improved CE of 97.6% over 240 cycles, 92.9% over
150 cycles, and 88.6% over 140 cycles, respectively. In sharp
contrast, the cells using bare SS electrode showed rapid decay
E
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nanochannel. Therefore, an even Li nuclei distribution and a
uniform Li growth in each nanochannel are expected, which
contribute to the stabilization of Li metal anode. Because of the
improved Li+ ﬂux uniformity and structural protection of the
“roots” of the Li metal growths in the coated electrodes, there
may be less dead Li present after cycling. Therefore, the high
CE for Li deposition and stripping after 1 mAh cm−2 of Li
capacity was achieved. By using the PIANC coating, partially
ﬁxed volume expansion could also be achieved. Moreover,
Supporting Information Figure S9 indicates that the electrochemical performance of the Li/LiFePO4 full cell was also
improved by the use of nanochannel coating.
Furthermore, AC impedance spectroscopy analysis of the
cells using the SS electrode coated with PIANC layer was
performed to gain insight into the growth of Li metal. Figure 5a
shows the impedance spectroscopy for the pristine cells using
the bare SS electrode and the modiﬁed electrode with a PIANC
coating. In the equivalent circuit, R1 is the electrolyte resistance
and contact resistances from electrode leads and terminals. R2
and R3 correspond to the current collector/electrolyte interface
and Li/electrolyte interface, respectively. CPE1 and CPE2 are
the constant phase elements to ﬁt capacitances. The spike at
low frequencies is due to an ion diﬀusion-limited process
contributing to the Warburg impedance Zw response.48 These
two types of electrodes were observed to have similar
electrolyte resistance, interfacial resistance, and total resistance,
as seen in Figure 5a. It is noteworthy that at low frequencies the
slope for the PIANC coated SS is larger than that for bare SS
(Figure 5a), which implies an increased diﬀusive behavior by
using the interfacial layer of aligned porous PI coating. Figure
5b plots the impedance spectroscopy for a bare SS electrode
and a modiﬁed electrode after various Li plating/stripping
cycles. After cycles, a curved line instead of a straight line is
shown at low frequencies (Figure 5b), which indicates more
activated interfacial charge-transfer process and electrochemical
reactions that occur at the electrode surface. It also can be seen
that the electrolyte resistance and the interfacial resistance
increase with the cycle number for both cells due to the
consumption of electrolyte and the formation of the SEI layer.
Compared with the cell using bare SS electrode, the cell using a
PIANC-modiﬁed electrode showed much smaller increases in
resistances, which is in agreement with the CE performance
from cycling tests that the nanoconﬁnement guaranteed more
uniform Li deposition, more stable SEI formation, and
consequently a better cycling stability.

Figure 4. Electrochemical characterization of the electrodes with
PIANC coating for Li deposition/dissolution, together with the data
for the bare SS electrode. Comparison of CE of Li deposition/
stripping with and without PIANC coating at various current rates of
(a) 1.0, (b) 2.0, and (c) 3.0 mA cm−2 with the same areal capacities of
0.5 mAh cm−2.

after 125, 75, and 50 cycles, respectively. Additionally,
Supporting Information Figure S8 illustrates the CE versus
cycle number of the cells at various deposited areal capacities in
the range 0.5−2.0 mAh cm−2 and at the same current density of
1.0 mA cm−2, which also indicates much improved CE and
cycle life for the cells using PIANC-modiﬁed electrodes. The
capacity decay with cycling can be explained by the formation
of SEI due to consumption of electrolyte and by “dead” Li
detached from the current collector. The ﬁxed conﬁned space
could contribute there to formation of a more stable SEI layer,
which improves CE. Hence, as shown in Figure 1b, the space
upon the negative electrode is divided into nanosized
conﬁnements (350 nm) by the use of PIANC coating, which
results in a relatively equal concentration of Li+ ion ﬂux in each

Figure 5. Impedance spectra study of the electrodes with or without coating for Li deposition/dissolution. (a) Experimental and ﬁtted impedance
spectra for the pristine cells using the electrodes with PIANC coating, and using the bare electrode. The inset is the equivalent circuit. (b) Impedance
spectra for the cells using the modiﬁed electrodes with PIANC compared with the bare electrode after 30 and 200 cycles. (c) Voltage proﬁles of the
Li deposition/dissolution process with Li metal as the reference/counter-electrode at 1.0 mA cm−2 for the bare electrode and modiﬁed electrode.
F
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However, when the size of the vertical channel increases to
the microscale (15 μm), the growth of dendritic lithium could
not be suppressed, as shown in Supporting Information Figure
S10. The thickness of the PIAMC coating is about 15 μm. With
the deposition of Li metal, the pores were gradually ﬁlled with
ﬁlamentary Li deposits. The Li deposits prefer to grow along
the wall of the microscaled channels, which results in reduced
surface area that is exposed to electrolyte. Subsequently,
electrodes coated with a PIAMC layer exhibit enhanced stable
cycling eﬃciency compared with the cells using the bare SS foil,
as shown in Supporting Information Figure S11. However, the
PIANC coating still out-performs the PIAMC coating due to
the spatial conﬁnement eﬀects discussed previously, although
the resistance for the pristine cells using modiﬁed electrode
with PIAMC coating is not much increased (Supporting
Information Figure S12).
Additionally, the morphologies of Li metal deposited from
LiPF6 in EC/DEC electrolyte were also characterized.
Supporting Information Figure S13 shows the SEM image of
Li plated at a current density of 1.0 mA cm−2 and capacity of
0.5 mAh cm−2 on bare SS electrode, exhibiting needle-like
lithium dendrites with the diameter of around 200 nm. In
contrast, a homogeneous conﬁned growth of Li metal in
nanosized pores was observed on the SS electrode coated with
the PIANC layer. However, similar to the case in ether-based
electrolyte, microsized channels could not suppress the growth
of lithium dendrites, as shown in Supporting Information
Figure S13e,f. The cycling performance for the modiﬁed
electrode with nanochannels using carbonate electrolytes is
shown in Supporting Information Figure S14, which indicates
more stable CE.
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