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Lithium metal anodes form a dendritic structure after cycling which causes an internal short circuit in

flammable electrolytes and results in battery fires. Today's separators are insufficient for suppressing the

formation of lithium dendrites. Herein, we report on the use of mesoporous silica thin films (MSTFs) with

perpendicular nanochannels (pore size �5 nm) stacking on an anodic aluminum oxide (AAO) membrane

as the MSTFtAAO separator for advancing Li metal batteries. The nanoporous MSTFtAAO separator

with novel inorganic structures shows ultra-long term stability of Li plating/stripping in Li–Li cells at an

ultra-high current density and capacity (10 mA cm�2 and 5 mA h cm�2). A significant improvement over

the state-of-the-art separator is evaluated based on three performance indicators, e.g. cycle life, current

density and capacity. In Li–Cu cells, the MSTFtAAO separator shows a coulombic efficiency of >99.9%

at a current density of 10 mA cm�2 for more than 250 h of cycling. The separator gives improved rate

capability in Li–LiFePO4 (LFP) batteries. The excellent performance of the MSTFtAAO separator is due

to good wetting of electrolytes, straight nanopores with negative charges, uniform Li deposition and

blocking the finest dendrite.
Introduction

Lithium (Li) metal is considered as the ultimate anode material
for the development of next-generation batteries, mainly due to
its extremely high theoretical specic capacity (3860 mA h g�1

vs. 372 mA h g�1 for graphite), the most electronegative
potential and the lightest weight, compared to other alkali
metals.1 However, Li metal as an anode material for Li metal
batteries still suffers from some serious drawbacks. First, active
Li metal reacts with aprotic liquid electrolytes easily and forms
a porous and inhomogeneous solid electrolyte interphase (SEI)
layer on the Li metal surface.1,2 The highly resistive SEI layer is
associated with performance degradation and the dendrite
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formation.3 Second, Li electrodes form dendritic structures and
isolated Li particles (dead Li) aer electroplating and stripping
processes which causes an internal short circuit and rapid
heating of the cell.1,2,4 Li dendrite growth could result from the
inhomogeneous ion transport to the Li metal surface.

To achieve practical Li metal battery applications, various
strategies based on modication of electrolytes, electrodes, and
separators have been explored.5,6 Different liquid electrolytes
and additives have been used to suppress the growth of Li
dendrites and improve the interfacial stability of the SEI layer
on Li electrodes.7,8 However, most electrolyte additives would be
continuously consumed during cycling so that the effect of
electrolyte additives on Li metal is not fully sustainable. In most
cases, the stability of Li can be improved at small current
densities and low capacities. The formation of Li dendrites
would still exist in cells operating at high current densities. For
the development of rechargeable Li metal batteries, eliminating
the formation of Li dendrites and the risk of internal shorts at
practical currents and areal capacities are still challenging. The
relevant material designs such as polymers, solid-state electro-
lytes or solid-state blocking layers pre-coated on the Li surface
have been proposed to block Li dendrites.2,9

Separators serve the function of separating the anode and
the cathode to prevent Li dendrite penetration while ensuring
sufficient passage of the Li ion and electrolyte.5 An ideal sepa-
rator would be thermally stable, highly ionic conducting, and
impenetrable to dendrite growth. Traditional polyolen
J. Mater. Chem. A, 2020, 8, 5095–5104 | 5095
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separators have many drawbacks such as non-wetting of elec-
trolyte, large pore size and poor thermal stability, which are
insufficient for practical Li metal battery applications.5 The use
of porous inorganic materials, such as glass bers and porous
Al2O3, with high hydrophilicity and high thermal stability at
elevated temperature has been proposed to block Li dendrites
and effectively improve safety of Li metal batteries.9 However,
their pore sizes are normally above the range of tens of nano-
meters which are insufficient for stopping dendrite penetration
at high current density.

Our approach is to make a separator whose pore size is in the
sub-10 nm range such that it is surely smaller than any
conceivable Li dendrite diameter. At the same time, the thick-
ness of this sub-10 nm pore lm needs to be as small as
possible, preferably in tens of nanometers, so as not to impede
the ionic conductivity. We grew mesoporous silica thin lms
(MSTFs) with perpendicular nanochannels onto the 70 nm
pore-size anodic aluminum oxide (AAO) membrane as the
MSTFtAAO separator for Li metal batteries. AAO only serves as
a support in this study. High quality continuous thin lms of
mesoporous silica with vertical pores are formed with a lm
thickness of ca. 30 nm and uniform pore diameters of 5.4 �
0.4 nm. The ordered vertical nanochannels with charged walls
are expected to block Li dendrites effectively. The designed
porous MSTFtAAO separator has several nice features for
a good separator, including good wetting of electrolytes (CA z
0�), thermal stability, ultra-small pore size, high porosity with
low tortuosity (sz 1), and charged pore channels. A separator is
not just a passive blocking device in batteries, it can also be
designed to control the ionic current for stable batteries.10

In our MSTFtAAO separator, the current/ion distribution
would be very uniform both in the z-direction (perpendicular to
anode) and x, y direction. As a result, we achieved ultra-long life
performance in Li–Li symmetric cells at record high current
densities (10–20 mA cm�2) and at Li deposition at electrodes
with the MSTFtAAO separator. The MSTFtAAO separator
shows a signicant improvement over the state-of-the-art
separator and its performance is evaluated based on three
performance indicators, e.g. cycle life, current density and
capacity. We also studied the enhanced coulombic efficiency
(CE) of Li–Cu cells so that future application of the separator in
anode-free batteries could be evaluated. Finally, we demon-
strate an enhanced full Li metal battery performance cycled at
a high discharge–charge rate using the MSTFtAAO separator,
Li metal anode and LiFePO4 (LFP) cathode.

Results and discussion

A highly ordered mesoporous silica thin lm (MSTF) of
continuous macroscopic dimension was synthesized on top of
anodic aluminum oxide (AAO) through a polymer transfer
method. The perpendicular nanochannels with a pore size of
�5 nm regulate the Li plating/stripping behavior and improve
the stability of Li metal batteries. Details of the preparation
methods are provided in the Experimental section and ESI.†
Fig. 1A shows a schematic diagram of the structure of the
anodic aluminum oxide (AAO) substrate with periodic straight-
5096 | J. Mater. Chem. A, 2020, 8, 5095–5104
through macropores. Fig. 1B shows a schematic diagram of the
structure of the MSTF on the AAO membrane (MSTFtAAO).
Scanning electron microscopy (SEM) images in Fig. 1C–E show
the top view and cross sectional view of the bare AAO
membrane, demonstrating periodic macropore channels of ca.
70 nm. The top-view SEM images of the MSTFtAAOmembrane
(Fig. 1F, G) show the continuous periodic nature of the meso-
porous silica thin lm (MSTF) with perpendicular pores on the
AAO support and without apparent defects or breaks. Under
SEM observation, the MSTF is a translucent single layer with
extremely uniform pore size (5.4 � 0.4 nm). One can clearly see
the perpendicular pore structure of the MSTF covering the
underlying AAO substrate (Fig. 1G). SEM images of the cross-
sectional view of MSTFtAAO reveal the ultrathin smooth
layer of the MSTF on top of the AAO surface (Fig. 1H). The MSTF
has a uniform thickness of �30 nm and the AAO support has
the uniform perpendicular channels of length of �56 mm
(Fig. S1A in the ESI†).

A centimeter-sized thin lm of mesoporous silica in
MSTFtAAO can be routinely prepared (Fig. S1B in the ESI†). To
conrm the macro-uniformity of the vertical mesopore chan-
nels over the entire MSTF membrane, we further examined the
membrane by using grazing-incidence small-angle X-ray scat-
tering (GISAXS). Three prominent spots on the le x-axis of the
grazing-incidence X-ray beam can be seen in the 2D GISAXS
pattern, and there is no structure along the z-direction (Fig. 1I).
Fig. 1J shows the 1D GISAXS prole with the (100) (110) and
(200) peaks, indicating that a highly ordered 2D hexagonal
packing of vertical pores of the MSTF has been prepared. The
1D GISAXS prole gives a d-spacing of 6.5 nm, equivalent to
a pore-to-pore centre distance of 7.5 nm, which is consistent
with our SEM results (Fig. 1F) (average pore size of 5.4 � 0.4 nm
and pore wall sizes of 2.1 � 0.2 nm). The highly ordered vertical
nanochannels of the mesoporous thin lm-MSTF can be
therefore prepared over a large area. Meanwhile, the macro-
scopically continuous and non-breaking nature of materials has
been conrmed.11,12

Given that the electrolyte wettability of a battery separator
also correlates with the ion transport performance,10 contact
angle measurements are used to evaluate the wettability of
electrolyte on the as-prepared membrane. The contact angle
measurement of MSTFtAAO shows superior wettability with
contact angle (CA) z 0� in both 1 M LiTFSI DOL/DME elec-
trolyte (Fig. 1K) and 1 M LiPF6 EC-DEC electrolyte in the
comparison of the Celgard 2325 and AAO membrane
(Fig. S1C–H in the ESI†), indicating that the mesoporous
MSTF membrane can achieve rapid absorption and diffusion
of liquid electrolytes. Moreover, the excellent thermal stability
of the MSTFtAAO membrane was examined by thermal
gravimetric analysis (TGA) measurements under ambient air
conditions (Fig. S1I in the ESI†). The vast thickness difference
between AAO and the MSTF may result in an unnoticeable
change in the TGA results. Thus, we performed TGA of pore-
expanded mesoporous silica nanoparticles (ex-MSN) which is
a concomitant product with the same silica mesostructure as
the MSTF. The TGA results also suggest the good thermal
stability of ex-MSN up to 600 BC (Fig. S1J in the ESI†). Zeta
This journal is © The Royal Society of Chemistry 2020

https://doi.org/10.1039/c9ta13778e


Fig. 1 Schematic diagram and morphology characterization of the AAO separator and MSTFtAAO separator. A schematic of the (A) AAO
separator and (B) MSTFtAAO separator. SEM images of the surface and cross-section of (C–E) bare AAO film and (F–H) MSTF on the AAO film. (I)
2D GISAXS scattering profile and (J) 1D intensity profile plotted against qy for the GISAXS pattern of the MSTF thin membrane. (K) Contact angle
image of the MSTFtAAO film. The electrolyte is 1 M LiTFSI in 1 : 1 (v/v) solution of DOL/DME.
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potential measurements show that the MSTF membrane is
negatively charged which has been reported as an effective
strategy to stabilize Li deposition.13 (Fig. S1K in the ESI†)
Thus, the MSTFtAAO membrane has several features such as
uniform nanochannels (high porosity, tortuosity z 1), great
affinity with the electrolyte (CA z 0�), high thermal stability,
and a negatively charged surface which are the requirements
of next-generation separators.

In order to examine the effect of the MSTFtAAO nano-
porous separator on the Li deposition behavior, we investigated
the behavior of Li electroplating and electrostripping with the
nanoporous separator using galvanostatic cycling of Li–Li
symmetric cells in the liquid electrolyte as shown in Fig. 2A.
Fig. 2B shows the galvanostatic cycling performance of the Li–Li
symmetric cell with Celgard 2325 (black), bare AAO (red) and
This journal is © The Royal Society of Chemistry 2020
the MSTFtAAO separator (blue) cycled at a xed current
density of 2 mA cm�2 and capacity of 1 mA h cm�2. The cell with
the MSTFtAAO separator gives an excellent cycling stability
with stable voltage polarization for over 2000 h of operation,
suggesting that Li cycling is highly stable and reversible with the
MSTFtAAO separator, and Li dendrite growth is dramatically
suppressed. The overpotential of the Li plating/stripping
process obtained with bare AAO and MSTFtAAO separators
is high in the initial cycles (<20 h), suggesting that the electro-
chemical behavior of Li metal is unstable. Aer the initial
cycles, the overpotential of the Li plating/stripping process
becomes stable which could result from the formation of suit-
able SEI layers. Also, the formation of stable inorganic
separator-Li metal interfaces should be taken into
consideration.
J. Mater. Chem. A, 2020, 8, 5095–5104 | 5097
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Fig. 2 Electrochemical tests with MSTFtAAO, bare AAO and the Celgard 2325 separator. (A) Schematic of the symmetric cell for the lithium
plating/stripping experiment. (B) Galvanostatic cycling performance of the Li–Li symmetric cell with (blue) MSTFtAAO, (red) bare AAO and
(black) Celgard 2325 separator cycled at a fixed current density of 2mA cm�2 and capacity of 1 mA h cm�2, (C–E) the galvanostatic cycling profile
of cycling regions (I)–(III) shown in (B). (F) Interfacial resistance of Li metal in Li–Li symmetric cells calculated from impedance spectra after
cycling. The electrolyte is 1 M LiTFSI in a 1 : 1 (v/v) solution of DOL/DME.
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Fig. 2C–E show the galvanostatic cycling proles of operation
regions (I)–(III) shown in Fig. 2B. The overpotential of Li
plating/stripping behavior obtained with the MSTFtAAO
separator shows a low overpotential of �22 mV. In contrast, the
voltage proles obtained in the Li–Li symmetric cell with the
Celgard 2325 separator exhibit a dramatic increase in the
overpotential of Li plating/stripping in less than 200 h of
operation which is attributed to the instability of Li/electrolyte
interfaces (Fig. 2C). The cell with the bare AAO separator
shows an overpotential of �20 mV and the voltage for the Li
plating/stripping extremely increases in about 1000 h of oper-
ation (Fig. 2D), indicating that cell failure happened. The
cycling performance of Li–Li symmetric cells with the Celgard
2325 and AAO separator is consistent with previous results.14

The cycling performance of Li–Li symmetric cells with the
MSTFtAAO separator exhibits a great improvement over the
previous studies summarized in Table S1.†

The stability of the Li metal/electrolyte interface was evalu-
ated using electrochemical impedance spectroscopy (EIS) to
provide additional insight into the role of the nanoporous
separator in Li metal batteries.15 The EIS results show that the
cells with AAO andMSTFtAAO separators exhibit less variation
of interfacial impedance (RSEI) than that of the Celgard 2325
separator, indicating that more stable SEI layers are formed
with the AAO and MSTFtAAO separator aer 50 cycles (Fig. 2F
and S2†).

To further understand the effect of the MSTFtAAO sepa-
rator on the suppression of Li dendrites during the Li plating/
stripping process, the SEM observation of the morphologies
of the Li metal surface aer cycles was performed. The Li metal
in the cells stopped at the end of the stripping process was used
for the SEMmeasurements. SEM images of the Li metal surface
cycled with Celgard 2325 aer 200 cycles and AAO separators
aer 400 cycles show extensive appearance of micrometer-sized
5098 | J. Mater. Chem. A, 2020, 8, 5095–5104
and tree-like structures (Fig. 3A–D), suggesting the formation of
Li dendritic structures aer cycling.16 In contrast, Li metal
cycled with the MSTFtAAO separator shows a dendrite-free at
surface which is correlated to stable Li cycling performance
obtained in the Li–Li symmetric cell (Fig. 3E, F). Fig. S3A, B†
show SEM images of Li metal cycled with the MSTF side and
AAO side of the MSTFtAAO separator at a xed current density
of 2 mA cm�2 and capacity of 1 mA h cm�2. Uniform Li depo-
sition can be achieved in the MSTF side of the MSTFtAAO
separator. SEM images of the MSTFtAAO separator show that
the MSTF remained on the AAO surface and has high electro-
chemical stability aer cycling (Fig. S3C–G in the ESI†).

We next examine the penetration of lithium into the AAO
channels aer cycling with synchrotron transmission X-ray
microscopy (TXM). Fig. 3G shows that the TXM image of AAO
before cycling exhibits uniform and hollow channels (marked
by red arrow). Fig. 3H–I show the TXM images of AAO and
MSTFtAAO separators cycled at a xed current density of 2 mA
cm�2 and capacity of 1 mA h cm�2 aer 400 repeated Li plating–
stripping cycles, respectively. In Fig. 3H, bright channels with
�400 nm width in the AAO separator pointed by white arrow
suggest that residual Li metal is present in the channels of AAO
aer cycling which is associated with deep penetration of Li
dendrites and eventual cell failure. Movie S1† shows the corre-
sponding TXM movie of the AAO separator aer cycling. In
contrast, the MSTFtAAO separator as shown in the TXM image
(Fig. 3I) shows no residual Li in MSTFtAAO separators aer
400 cycles, which suggests that the MSTFtAAO separator is
able to block the Li penetration.17 Fig. S3H† shows the TXM
image of MSTFtAAO separators before cycling.

To further evaluate the electrochemical compatibility of the
MSTFtAAO membrane with the Li metal at high current
densities, galvanostatic Li cycling experiments at higher current
densities were performed in the ether-based electrolyte system
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Li morphologies of Li–Li symmetrical cells after Li plating–stripping cycles. The surface SEM image of Li metal cycled in a Li–Li symmetric
cell with (A and B) Celgard 2325 at a fixed current density of 2 mA cm�2 and capacity of 1 mA h cm�2 after 200 repeated Li plating–stripping
cycles and (C and D) bare AAO and (E and F) MSTFtAAO separator at a fixed current density of 2 mA cm�2 and capacity of 1 mA h cm�2 after 400
repeated Li plating–stripping cycles. The Li metal was stopped at the end of the stripping process. (G) TXM image of bare AAO. TXM images of (H)
AAO and (I) MSTFtAAO separator cycled at a fixed current density of 2 mA cm�2 and capacity of 1 mA h cm�2 after 400 repeated Li plating–
stripping cycles, respectively. The electrolyte is 1 M LiTFSI in a 1 : 1 (v/v) solution of DOL/DME.
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(Fig. 4A–C). At a xed current density of 3 mA cm�2 and capacity
of 1.5 mA h cm�2, the voltage proles obtained with the
MSTFtAAO separator maintain lower overpotential (15–25mV)
Fig. 4 Electrochemical properties with MSTFtAAO, bare AAO as the s
performance indices. The galvanostatic cycling performance of Li–Li sym
current densities of (A) 3 mA cm�2 and capacity of 1.5 mA h cm�2, (B) 10m
of 10 mA h cm�2. The electrolyte is 1 M LiTFSI in a 1 : 1 (v/v) solution o
(current density, capacity, and duration time), as measured in the Li–Li asy
in the literature (a total of 9 entries as summarized in Table S1†).

This journal is © The Royal Society of Chemistry 2020
and have an ultra-long cycling life in comparison with the AAO
separator (150–230 mV) for even more than 2000 h of operation
(Fig. 4A). At a very high current density 10mA cm�2 and capacity
eparator at high current densities and comparison of electrochemical
metric cells with bare AAO (red line) and MSTFtAAO (blue line) at fixed
A cm�2 and capacity of 5 mA h cm�2, and (C) 20mA cm�2 and capacity
f DOL/DME. (D) Comparison of electrochemical performance indices
mmetric cells with the MSTFtAAO (red) separator with those reported

J. Mater. Chem. A, 2020, 8, 5095–5104 | 5099
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of 5 mA h cm�2, the MSTFtAAO separator could maintain
stable cycles for more than 1600 h of operation without a short
circuit (Fig. 4B), while overpotential obtained with the AAO
separator suddenly drops aer approximately 250 h of cycling
which is attributed to short circuits. Signicantly, for an
extremely high current density of 20 mA cm�2 and capacity of
10 mA h cm�2, stable Li cycling can even be achieved with the
MSTFtAAO separator for over 400 h of operation with a low
overpotential of 100–145 mV (Fig. 4C). However, the over-
potential obtained with the corresponding bare AAO separator
exhibits voltage uctuations and shorts at �135 h of cycling.
Detailed voltage proles are shown in Fig. S4 (ESI†). The
pronounced enhancement of cycling performance with the
MSTFtAAO separator can also be observed in the carbonate-
based electrolyte system (Fig. S5A, B in the ESI†).

Moreover, Li metal cycled with the MSTF side and AAO side
of the MSTFtAAO separator at higher current density was
further examined using SEM (Fig. S5C, D in the ESI†). The SEM
images show that the MSTF regulates the Li plating/stripping
processes and suppresses the formation of Li dendrites.
Fig. 4D and Table S1† show the performance of the MSTFtAAO
separator in the Li–Li symmetric cells compared with other re-
ported results.18–26 Given that capacity, current density, and
duration time are all the key parameters to evaluate the stability
of the Li plating/stripping process, many studies reported good
battery performance only with one or two indicators. Thus, the
three dimensional coordinate diagram shown in Fig. 4D was
applied to compare the performance of the MSTFtAAO sepa-
rator (red line) with other reported studies in Li–Li cells, in
which most reported studies are limited to the cycling condi-
tions within the scope of current density under 2 mA cm�2,
capacity under 2 mA h cm�2 and duration time under 400 h (the
black shaded area labeled in Fig. 4D). Although Li–Li symmetric
cells cycled at a high current density of 5 mA cm�2 and high
capacity of 20 mA h cm�2 have been previously demonstrated,
the duration time only lasted for 180 h. Our MSTFtAAO
separator shows such a long cycle life and high stability at high
current densities and capacities, which are superior to those of
previous reports (Fig. 4D and Table S1†).18–26

We next discuss possible reasons for the stable Li plating/
stripping process with the MSTFtAAO separator. First, Li
metal forms dendrites at the Sand's time when the current
density reaches over-limiting current.27,28 During the Li depo-
sition process, the depleted Li ions near the electrode surface
are unable to be replenished by the diffusion process. Thus,
concentration gradients lead to the formation of space-charge
region and Li dendrites. Previous studies show that the
formation of Li dendrites can be suppressed under some
conditions such as low current density and high Li+ trans-
ference number (tLi+).2,13,27 Based on the Peers equation,29 the
limiting current-density in the electrode (Jlim) can be written
(the detailed derivation of the Peers equation is listed in the
ESI†):

Jlim ¼ ZcC0FF(Dsolution) (s)
�1 (L)�1(t�)

�1 (1)
5100 | J. Mater. Chem. A, 2020, 8, 5095–5104
where Zc is the charge number of the lithium cation (Zc ¼ 1), C0

is the bulk electrolyte concentration (C0 ¼ 1), F is the Faraday
constant, F is the volume fraction of void, Dsolution is the
diffusion coefficient of solution, s is the tortuosity of the
diffusion path, L is the thickness of the separator, and t� is the
transference number of anions. The detailed derivation of the
Peers equation is provided in the ESI.† The tortuosity factor of
Celgard 2325 30 is about 2.5 times higher than the tortuosity
factor of the MSTFtAAO separator. (see the ESI†) According to
eqn (1), the MSTFtAAO separator could tolerate �2.5 times
higher limiting current density than the Celgard 2325 separator
with a similar thickness and volume fraction of void. Second,
the use of an immobilized anion on the electrode surface has
been shown to stabilize Li deposition.31 As the MSTF materials
being highly negatively charged and immobile, tuning pore size
to meet the Debye length of the electrolyte can regulate the tLi+
to nearly unity. The proposed MSTF structure with both small
pore and highly negatively charged channels can exclude the
transport of anions and decrease the t� value to nearly
zero.13,31,32 According to eqn (1), the MSTFtAAO separator with
a very small t� should give a much higher Jlim. In our previous
work, both experimental results and theoretical calculation
showed that the MSTFtAAO membrane with a uniform and
periodic perpendicular pore structure can achieve ultra-high
permeate ux in ultraltration.12 The concept of permeability
can also be applied to theoretically evaluate the Li+-ion trans-
port in the separator membrane.10 Third, the MSTF with a small
pore size (5.4 � 0.4 nm) can easily block even the nanometer-
sized Li dendrite structure. Fourth, Monroe et al. reported
that a mechanically strong separator can be used to suppress
the formation of Li dendrites.33 An inorganic MSTFtAAO
separator with a high shear modulus can effectively suppress Li
dendrites. Lastly, the ne spacing of the pore opening of the
MSTF leads to a very uniform distribution of Li ux (along the
x,y plane) during the Li deposition.

The cycling performance of Li–Cu asymmetric cells with the
MSTFtAAO separator was investigated to quantify the stability
of Li plating/stripping behavior resulted from the electrolyte/
separator assembly.7 Fig. 5A, B show that the Li–Cu asym-
metric cells cycled with the MSTFtAAO separator exhibit
a high CE of >99.9% with stable plating/stripping voltage
proles for more than 250 cycles at a current density of 10 mA
cm�2. Each plating and stripping process is 30 min. Such a high
CE suggests that the Li plating/stripping process is highly
reversible with the MSTFtAAO separator. The stable Li plating/
stripping process can also be achieved at lower current density
(Fig. S6 in the ESI†). The lower CE obtained with the
MSTFtAAO separator at initial cycles could result from the
formation of stable SEI layers occurred in the rst 5 cycles. The
cells cycled with the AAO separator exhibit an obvious uctua-
tion of CE, suggesting that the Li plating/stripping process is
unstable. We then compare the performance of the MSTFtAAO
separator with those reported in the literature.22,34–45 The
MSTFtAAO separator shows the advance over the state-of-the-
art separator (Fig. 5C and Table S2†). A CE of at least 99.8%
required for the future application of anode-free batteries (e.g.,
>100 cycles) has been proposed to withstand extensive cycling.46
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (A) Galvanostatic cycling performance of the Li–Cu asymmetric cell with MSTFtAAO cycled at a fixed current density of 10 mA cm�2 and
capacity of 5 mA h cm�2. (B) Coulombic efficiency of the cell with bare AAO and MSTFtAAO cycled at a fixed current density of 10mA cm�2 and
capacity of 5 mA h cm�2. Cu is against the MSTF side in cells with MSTFtAAO separators. The electrolyte is 1 M LiTFSI in a 1 : 1 (v/v) solution of
DOL/DME. (C) Coulombic efficiency of a Li–Cu cell with the MSTFtAAO separator, compared with the coulombic efficiency of Li–Cu cells
improved by various strategies (a total of 13 entries as summarized in Table S2†). (D) Cycling performance of Li/LiFePO4 batteries with the Celgard
2325 and MSTFtAAO separator, respectively. The C rate is 0.5C. (E) Cycling performance of Li/LiFePO4 batteries with the Celgard 2325 and
MSTFtAAO separator cycled at various C-rates.
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An increase in CE from �99.0% (previous studies) to >99.9%
(this study) suggests that formation of dead Li decreases by
more than 10-fold during cycling. A high CE (>99.9%) is
required for the development of next-generation batteries.
Fig. S7† shows the surface and cross sectional SEM images of
the Cu electrode cycled in Li–Cu asymmetric cells with the AAO
and MSTFtAAO separator aer 50 cycles and 150 cycles at
a current density of 2 mA cm�2 and a capacity of 1 mA h cm�2,
respectively. The Cu surface cycled with the MSTFtAAO sepa-
rator shows a clean and smooth Cu surface which is consistent
with the excellent CE of Li–Cu cells shown in Fig. 5A, B.

We next perform a battery test with the Li metal anode, LFP
cathode and MSTFtAAO separator. Fig. 5D shows the cycling
performance of Li-LFP batteries with the MSTFtAAO separator
and Celgard 2325 separator cycled at a 0.5C rate. An initial
specic capacity of �130 mA h g�1 was observed with the
This journal is © The Royal Society of Chemistry 2020
MSTFtAAO separator and the battery performance still main-
tains aer 200 cycles with a CE of �99.6%, demonstrating that
Li-metal, MSTFtAAO, and liquid electrolytes are compatible.
Meanwhile, the decrease in Li-LFP battery performance with the
MSTFtAAO separator is slower than that with the Celgard 2325
separator. Furthermore, our separator exhibits stable battery
performance at various C rates (Fig. 5E). The battery displays
a capacity of �150 mA h g�1 at 0.1C and �110 mA h g�1 at 1C,
whereas the capacities obtained from the cells with bare Cel-
gard 2325 shows a signicant decrease of the specic capacity of
�145 mA h g�1 at 0.1C and �95 mA h g�1 at 1C. Notably, the
batteries with the MSTFtAAO separator also show a capacity of
ca. 100 mA h g�1 aer 100 cycles and CE of �99.5% at a current
density of 10C (Fig. S9 in the ESI†). Thus, the MSTFtAAO can
signicantly improve the charge–discharge rate performance of
Li metal batteries.
J. Mater. Chem. A, 2020, 8, 5095–5104 | 5101
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Fig. 6 Li deposition mechanism. A schematic figure of Li deposition on the electrode through (A) MSTFtAAO separator and (B) AAO separator.
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According to the aforementioned results, the MSTFtAAO
separator exhibits excellent cycling performance of Li–Li cells
and Li–Cu cells and suppresses the formation of Li dendrites at
ultra-high current densities. Correlating the experimental
results with the properties of the MSTFtAAO separator, the
proposed dendrite-resistant mechanism is shown schematically
in Fig. 6. First, the ne spacing of the uniform mesopore (5.4 �
0.4 nm) opening in the MSTF acts as a Li ion redistributor to
regulate the Li+ ux and leads to a very uniform Li+ distribution
(along the x,y, plane) and thus uniforms Li plating. Second, the
MSTFtAAO membrane with negatively charged perpendicular
nanochannels and low tortuosity (s z 1) can promote unifor-
mity of ion distribution in the z-direction due to the high
transference number of lithium ions moving in the nano-
channels of the MSTF which prevent the formation of Li
dendrites. Third, the strong mechanical properties of the
MSTFtAAO separator block the Li whisker penetration or
punching through the separator. Furthermore, the periodic-
patterned MSTF could serve as a good model system to under-
stand the electrochemical dynamics during cycling. However
a disadvantage of AAO as the separator is its brittleness owing to
the lack of active plastic deformation mechanisms. This
problem may be dealt with in two directions. First, our newly
developed transfer method for making MSTFtAAO, in contrast
to the direct growth process in our previous work,12 would allow
us to transfer the MSTF to other porous polymer lms to make
a ductile MSTF/polymer, such as PVDF or PE, which is under
investigation in our laboratory. Second, recent work has shown
that a highly ductile dense amorphous aluminium oxide lm at
room temperature and a high strain rate can be obtained by
a special fabrication process.48 This gives hope for developing
a ductile porous aluminium oxide lm in the future.
Conclusions

In summary, we have developed a superior dendrite-resistant
MSTFtAAO membrane with negatively charged uniform
perpendicular nanochannels (5.4 � 0.4 nm), good electrolyte
wettability (CA z 0�), high thermal stability and strong
5102 | J. Mater. Chem. A, 2020, 8, 5095–5104
mechanical properties as an effective dendrite-free separator for
stable Li plating–stripping processes. The effect of the
MSTFtAAO membrane on the Li plating–stripping process has
been systematically investigated. Excellent cycling performance
can be achieved in Li–Li cells with the MSTFtAAO separator
cycled at ultrahigh current densities such as 10 mA cm�2 for
more than 1600 h of operation. Also, the MSTFtAAO separator
results in the extremely high CE of >99.9% in Li–Cu cells cycled
at a high current density of 10 mA cm�2 and capacity of
5 mA h cm�2 for more than 250 h of cycling. Full-cell Li metal
battery tests suggest that the MSTFtAAO membrane can be
used to achieve safe Li metal batteries. The rational design of
the nanoporous solid membrane demonstrates homogeneous
Li deposition and long lifetime performance for Li metal
batteries.
Experimental section
Synthesis of the MSTFtAAO membrane

First, a thin polyvinylidene uoride (PVDF) lm was formed by
spinning coating PVDF solution on a glass sheet (2 � 4 cm2),
and the PVDF lm was used as a transfer layer to transfer the
MSTF onto the porous anodic aluminium oxide membrane
(AAO). Subsequently, the MSTF was grown on the PVDF lm by
the growth procedure of MSTFs reported previously.11 Finally,
the MSTF/PVDF layer was transferred on the AAO (pore size of
70 nm, thickness of 56 mm, Shengzheng Topmembrane Co.
LTD., China) substrate and calcined in an air atmosphere at
500 �C to remove the PVDF interlayer. The MSTFtAAO
synthesis method used in the present study has been signi-
cantly improved in the comparison of the synthesis method in
our previous nanoltration study.12 Detailed information is in
the ESI.†
Materials characterization and electrochemical
measurements

Top-view and edge-view micrographs were recorded using
a eld emission SEM (Hitachi S-4800) which operated at
This journal is © The Royal Society of Chemistry 2020
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accelerating voltages of 5 kV. Grazing-incidence small-angle X-
ray scattering (GISAXS) was conducted at the BL23A station in
Taiwan Light Source (TLS), National Synchrotron Radiation
Research Center (NSRRC), Taiwan. The transmission X-ray
microscopy (TXM) results were obtained at the BL01B1 beam-
line of TLS (NSRRC, Taiwan).47 Contact angle measurements
were performed with a contact angle goniometer (FTA125).
Cycling processes were carried out by using an Arbin battery
tester (Model BT 2043, Arbin Instruments Corp., USA) and
electrochemical impedance spectroscopy (EIS) measurements
were conducted using a frequency analyzer (Solartron 1255,
AMETEK) in a frequency range from 0.01 Hz to 1 MHz with an
amplitude of 10 mV and a potentiostat (Solartron 1287, AME-
TEK). Detailed information of electrochemical measurements is
in the ESI.†
Electrolyte and cell preparation

The electrolytes were 1 M lithium bis(triuoromethane
sulfonyl)imide (LiTFSI) in a 1 : 1 (v/v) solution of 1,2-dime-
thoxyethane (DME)/1,3-dioxolane (DOL, anhydrous, Sigma-
Aldrich) and 1 M lithium hexauorophosphate in a 1 : 1 (v/v)
solution of ethylene carbonate (EC) and diethyl carbonate
(DEC). All the cells were assembled in an Ar-lled glove box with
moisture and oxygen levels below 1 ppm. Detailed information
is in the ESI.†
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