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Abstract 

Uniform migration of lithium (Li) ions between the separator and the lithium anode is critical for achieving good 
quality Li deposition, which is of much significance for lithium metal battery operation, especially for Li–sulfur (Li–S) 
batteries. Commercial separators such as polypropylene or polyethylene can be prepared by wet or dry processes, but 
they can indeed cause plentiful porosities, resulting in the uneven Li ion stripping/plating and finally the formation of 
Li dendrites. Thence, we constructed an atomic interlamellar ion channel by introducing the layered montmorillonite 
on the surface of the separator to guide Li ion flux and achieved stable Li deposition. The atomic interlamellar ion 
channel with a spacing of 1.4 nm showed strong absorption capacity for electrolytes and reserved capacity for Li ions, 
thus promoting rapid transfer of Li ions and resulting in even Li ion deposition at the anode. When assembled with 
the proposed separator, the Coulombic efficiency of Li||Cu batteries was 98.2% after 200 cycles and stable plating/
stripping even after 800 h was achieved for the Li||Li symmetric batteries. Importantly, the proposed separator allows 
140% specific capacity increase after 190 cycles as employing the Li–S batteries.
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Introduction
With ever-increasing demand for high-performance elec-
tronic applications such as electric vehicles and portable 
systems, the research focused on energy storage devices 
with high energy density and long cycle life has received 
extensive attention [1–3]. Specifically, lithium-metal bat-
teries (LMBs) such as lithium sulfur (Li–S) batteries are 
able to deliver excellent energy storage performance 
owing to high energy density, prospective for practical 
applications [4–6]. Notably, Li metal has been employed 
as a promising anode material, since it has high theo-
retical storage capacity (~ 3860  mAh   g−1), low standard 
potential (− 3.04 V v.s. the standard hydrogen electrode) 

and light weight density (0.53 g  cm−3). Nevertheless, the 
existence of irregular pores in commercial separators 
can lead to poor quality of deposited lithium, which can 
result in dendritic formation and consuming more lith-
ium metals and electrolytes during the repeated plating/
stripping processes [7, 8].

Consequently, Li dendrites could form the “dead” Li 
metal when they are easily broken away from the con-
ductive collector, resulting in low Coulomb efficiency 
(CE) and irreversible capacity loss [9, 10]. Additionally, Li 
dendrites could pierce the separator and thus cause short 
circuit of LMBs, further leading to thermal runaway, fire 
and even possible explosion of rechargeable batteries 
[11, 12]. Because of such obstacles, the use of LMBs in 
rechargeable batteries has been indeed limited in the past 
20 years. Therefore, preventing the formation of lithium 
dendrites can be an effective approach to fully exploit 
promising features of LMBs [13]. Recently, researchers 
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have proposed various methods to resolve the above 
issue, including optimizing electrolyte composition [5, 
14], constructing the artificial solid electrolyte inter-
phase (SEI) layer on Li metal anode [15], developing the 
three-dimensional composite Li anode [16], and modify-
ing the collector [17, 18]. Although those strategies were 
designed to stabilize the SEI layer and/or reduce the 
effective applied current density of lithium metals, they 
were primarily focused on lithium metals and electro-
lytes. To date, only a few works have been conducted to 
address or mitigate the dendrite challenges by modifying 
the separator [19]. Evidently, regulating the separator can 
be a novel and feasible method to inhibit the formation of 
lithium dendrite.

Among the components of LMBs, the separator not 
only plays a key role to segment anode and cathode elec-
trodes for avoiding short circuit, but also directly affects 
the performance of batteries via authorizing Li ion migra-
tion [9, 20, 21]. Thence, it has been reported that simple 
modification of the separator using semi-solid polymer 
electrolyte interlayer [22], graphene [23] or high modu-
lus surface coating [24] can effectively prevent the forma-
tion of dendrites and thus improve LMBs performance. 
Amongst the previously reported approaches, however, 
the barrier layers were thick (> 10 µm) and had high mass 
loading (several milligrams), which can inevitably impede 
the rapid diffusion of Li ions and reduce energy density 
of LIBs. In addition, most LMBs using those functional 
separators can only cycle with low current densities, for 
instance, smaller than 2 mA  cm−2. To improve the criti-
cal  current  density of LMBs, the addition of inorganic 
particles within the separator to improve the porous 
structure and increase critical current density can be 
another effective method. However, uneven pore distri-
bution in the separator can generally lead to disordered 
diffusion of Li ions during the plating/strip process, lead-
ing to the uneven deposition of Li ions and the formation 
of Li dendrites [7]. Therefore, the separator microstruc-
ture with a uniform lithium transfer channel is greatly 
beneficial to eliminate the encountered problem of den-
drite during the charge/discharge processes.

In this work, aiming to guide the migration of Li ions 
evenly through the separator, a Li-based montmorillon-
ite (Li-MMT) modified composite separator is fabricated 
via constructing atomic interlamellar ion channels on 
the PP separator. The as-prepared separator embedded 
with interlamellar spacing (~ 1.4 nm) provides abundant 
active sites for Li ion diffusion and electrolyte wetting 
[25]. Thus, the modified separator is allowed to achieve 
uniform deposition of Li ions on the Li anode by unifying 
the direction of Li flows, which can effectively eliminate 
the Li dendrite issues in the charge/discharge processes. 
As a result, the Li-MMT separator enables the Li||Cu 

batteries to deliver 98.2% CE even after 200 cycles and 
ensures the Li||Li symmetric batteries to actualize stable 
plating/stripping over 800 h at 1 mA  cm−2 with a capacity 
of 1 mAh  cm−2. Moreover, the batteries with Li-MMT@
PP separators also deliver good cycle stability with 140% 
specific capacity increased as compared to PP separators 
after 190 cycles at 0.5  mA   cm−2 with sulfur loading of 
1.5 mg  cm−2.

Experimental Methods
Materials and Preparations
Montmorillonite (MMT), polyvinylidene fluoride 
(PVDF), and lithium hydroxide (LiOH) were purchased 
from Aladdin. The N-methyl pyrrolidone (NMP) and 
sulfuric acid  (H2SO3) were obtained from Sinopharm 
Chemical Reagent Co., Ltd. Sulfur powder (S) and acety-
lene black (denoted as C powder) were purchased from 
Alfa Aesar. Celgard 2500 was used as separator. The 
Li-MMT powder was prepared via cation exchange. 
Typically, 0.2  M  H2SO3 solution was used to covert the 
cations within the interlayer of MMT to ions and then 
LiOH solution was used to make the solution at PH = 7 
as well as covert the hydrogen ions to the Li ions. Freeze-
drying technology was used to collect the Li-MMT pow-
der. For the preparation of Li-MMT@PP separator, only 
one side of the separator was coated the Li-MMT slurry 
that Li-MMT and PVDF powder with mass ratio 9:1 were 
uniform dispersed in the NMP solution and the average 
mass loading of Li-MMT is only ~ 0.15 mg  cm−2.

Characterization
X-ray diffraction (XRD) spectrum using a UltimaIV dif-
fractometer with CuKα1 radiation (λ = 1.4506  Å) was 
employed to investigate the crystal structure of Li-MMT 
powder. High-resolution transmission electron micro-
scope (HRTEM) was used to observe the interlayer of 
Li-MMT and the scanning electron microscope (SEM, 
FEI NANOSEI 450) was used to analyze the surface 
morphologies.

Electrochemical Measurements
For the Li||Cu and Li||Li battery tests, typically, the Cu 
foils were firstly washed with deionized water and etha-
nol three times to remove the possible impurities. Then, 
the lithium foil was cut into circles with area of 1   cm−2 
to use as the Li sources. The electrolyte was 1  M bis-
trifluoromethanesulfonimide lithium salt (LiTFSI) 
in a mixture of 1,3-dioxacyclopentane (DOL) and 
1,2-dimethoxyethane (DME) (1:1 v/v) with 2 wt% lithium 
nitrate  (LiNO3) as additive. For the Li–S battery tests, the 
S cathode was prepared via our previous method that 
The C and S powder were mixed and heated at 155 ℃ for 
24 h with a mass ratio of 8:2 [26]. And then the powders 
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of C/S composites, C and PVDF with mass ratio of 8:1:1 
were uniformly dispersed in the NMP solution to pre-
pare the sulfur electrode. The average sulfur loading is 
1.5 mg  cm−2 which was coated on the carbon coated alu-
minum  foil. The batteries were assembled via stainless 
steel coin battery (CR2025) in an argon-filled glove box. 
Li foil was used as anode. 20 uL electrolyte was used to 
wet the lithium anode and additional 20 µL was used to 
wet the separator and cathode. Before testing, the assem-
bled Li–S batteries was rest 12 h and then 0.2 mA  cm−2 
with 5 cycles was used to active the battery performance. 
The electrochemical test system was CT2001A battery 
test system (LAND Electronic Co., China). The cut-off 
voltage was 1.7–2.7 V. Electrochemical impedance spec-
troscopy (EIS) was tested by Electrochemical workstation 
(CHI660E, Chenhua Instruments Co., China).

Results and Discussion
To illustrate the lithium ion flux across the commercial 
PP separator, the schematics are shown in Fig.  1a, b, in 
which the ~ 5  µm Li-MMT layer was uniformly coated 
on the PP separator to guide the flux of Li ions. It is well 
known that the commercial PP separator is typically pre-
pared by the dry or wet processes, and then the separa-
tor is stretched to generate plentiful voids to allow Li 
ion pass. However, the commercial PP separator shows 
higgledy-piggledy paths and arbitrarily stacked pores 
(Fig.  1a), thus can fail to realize uniform migration of 
Li ions and finally cause Li dendrites. Therefore, atomic 
ion channel Li-MMT was employed as the modulator 
to guide even flow of Li ions (Fig.  1b) and achieve uni-
form Li deposition. The crystal structure of MMT is 
typically composed of negatively charged layers (NCLs) 
separated by interlayer space (> 1  nm), which hosts the 
exchangeable cation ions, such as  Li+,  Na+,  Mg2+,  Ca2+, 
etc. Therefore, cation exchange method is necessary to 
covert the host cations to Li ions [25]. The basic struc-
ture of NCLs is a typical T-O-T layer, where "T" stands 
for the tetrahedral sheet and "O" is for the octahedral 
sheet [25]. With the unique interlayer structure of Li-
MMT, the electrolyte can effectively penetrate into the 
Li-MMT layer, resulting in the unimpeded transport of 
Li ions, thus achieving the efficient diffusion of ions [7, 
25]. The morphology of Li-MMT is shown in Fig.  1c, d 
that clearly shows typical 3D nanosheet structure with 
closely and arbitrarily stacked architecture. According to 
the HRTEM image, the layered structure of Li-MMT can 
be observed and shows an interlayer space of ~ 1.39 nm.

The precise measurement of interlayer space of Li-
MMT is shown in Fig.  1e. Raw MMT with the indeter-
minate cations in its interlayer presents a peak around 
6.04°. After ion exchange, the peak located at 6.92° is able 
to confirm the change of indeterminate cations to the Li 

ions. Since the cations within raw MMT are highly vari-
able in size and distribution while the Li ions are smaller 
size than other cations [25], causing the interlayer dis-
tance decreases gradually. According to Bragg’s law, the 
interlayer spacing of Li-MMT can be estimated to be 
~ 1.4  nm, which can provide a wide channel for Li ion 
transport and electrolyte wetting. The porous morphol-
ogy of PP separator is presented in Fig. 1f. After coating 
the Li-MMT layer, it can be found the porosity of Li-
MMT@PP separator is significantly decreased (Fig.  1g), 
beneficial for the regular ion movement. In this work, 
the Li-MMT slurry was coated using a coating machine, 
which shows potential for large-scale production. The 
coated thickness is only 5  µm (Fig.  1h) with negligible 
mass increase.

Benefited from the aforementioned atomic interlamel-
lar ion channel, the Li-MMT@PP separator is effective 
for regulating the Li deposition and suppressing the Li 
dendrite growth at an atomic scale via guiding the Li ion 
flux. The Brunner–Emme–Teller (BET) measurements 
show the pore size distribution of Li-MMT powder 
within the scope of 1–3  nm (Additional file  1: Fig. S1). 
As shown in Fig. 2a, the Li||Cu battery was employed to 
study the CE. It is found that the Li-MMT@PP separa-
tor can deliver the Li||Cu battery with high CE and excel-
lent stability even over 200 cycles at the current density 
of 1  mA   cm−2 with a capacity of 1 mAh  cm−2. During 
the tests, it can be observed that all of the CE present an 
upward trend in the first 5 cycles, caused by the surface 
passivation of Li deposition. However, higher average CE 
in the first 5 cycles of Li-MMT@PP separator highlights 
the advantages that the deposited Li metal suffers lower 
side reaction with the liquid electrolyte as coupled with 
Li-MMT@PP separator. With the reduplicative plating/
stripping, the shortcoming of PP separator is gradually 
exposed that the assembled Li||Cu battery only endures 
~ 50 cycles and its CE decreases sharply to 60% and 
almost to zero after 150 cycles. On the contrary, the CE 
of Li||Cu battery assembled with Li-MMT@PP separa-
tor still delivers stable cycles with lower over-potential 
(Fig.  2b) and the battery still maintains 98.2% CE after 
200 cycles, indicating the deposited Li metal is more uni-
form and no lithium dendrite is produced after the regu-
lation of Li-MMT layer.

To further investigate the advantages of the Li-
MMT@PP separator in the cycling stability of Li metal 
anodes, symmetric Li||Li batteries with various separa-
tors are also fabricated. As shown in Fig.  2c, when the 
cycling capacity is 1 mAh  cm−2 at a current density of 
1 mA  cm−2, the battery with the Li-MMT@PP separator 
delivers an excellent cycling stability with stable voltage 
plateaus over 400 cycles (900 h) (Fig. 2d). In sharp con-
trast, the battery with the PP separator exhibits strong 
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voltage hysteresis in the initial stages. The overpotential 
is almost two times than that of Li-MMT@PP separa-
tor (Fig. 2e). After Li plating/stripping over 84 h, a sud-
den voltage drop is observed for the battery with the PP 
separator (Fig. 2f ), which can be ascribed to the electri-
cal connection between the electrodes, resulting in the 
“soft short”. Therefore, the rate performances of Li sym-
metrical battery were further used to assess the current 

density in suppressing the Li dendrites. As shown in 
Fig.  2g, the Li-MMT@PP separator under the current 
density even as high as 5 mA  cm−2 still exhibits normal 
plating/striping behavers. The PP separator appears sig-
nificant voltage fluctuations as the current density clos-
ing to 3 mA  cm−2. Especially when the current density is 
increased to 5 mA  cm−2, the voltage becomes extremely 
unstable, indicating the Li anode surface suffers serious 

Fig. 1 Preparation and characterizations of Li-MMT powders and Li-MMT@PP separator. a, b Schematics of design concepts with different 
separators. c SEM image of Li-MMT. d HRTEM image of Li-MMT. e XRD spectrum. f SEM image of PP separator, the inserted optical image is PP 
separator. g SEM image of Li-MMT@PP separator and h corresponding cross profile, the inserted optical image in g is Li-MMT@PP separator. Scar 
bar: c 1.5 µm, d 5 nm, f 2.5 µm, g 25 µm, h 5 µm
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Li dendrites. As compared with previous works (Addi-
tional file  1: Table  S1), the Li-MMT modified separator 
shows competitive advantages to effectively suppress the 
Li dendrites.

The correlation of Li ions across the separator before 
and after coating the Li-MMT layer is proposed in 
Fig. 3a. After cation exchange, the interlayer of Li-MMT 
provides the active site for Li. The interlayer spacing of 
1.4 nm serves as a unique Li ion channel to allow the reg-
ular flux of Li ions during the plating/stripping processes. 
However, for the PP separator, the higgledy-piggledy 
paths (Fig.  3b) and arbitrarily stacked pores will fail to 
allow the uniform migration of Li ions as across the sepa-
rator, leading to the heterogeneous deposition of Li ions 
in the electrochemical processes, and causing the forma-
tion of lithium dendrites. Thus, the morphologies of Li 
metal anodes after 20 cycles are investigated to further 
clarify the effect of Li-MMT@PP separator on the sup-
pression of Li dendrites. As shown in Fig. 3c, e, after coat-
ing the Li-MMT layer, uniform and dense Li deposition is 

realized and no formation of Li dendrite is observed on 
the anode surface even after 20 cycles. Importantly, the 
Li metal anode still retains a relatively dense and compact 
structure with dendrite-free surface, highlighting the 
advantages of Li-MMT layer for favorable dendrite-free 
Li plating/stripping behavior. However, for the cell with 
PP separator, the Li metal anode displays obvious wire-
shaped Li dendrites after cycles (Fig.  3d), and loosely 
stacks mossy Li with a highly porous structure (Fig. 3f ).

To demonstrate the potential of Li-MMT@PP separa-
tor in the practical application of Li metal batteries, the 
S cathode with S loading of 1.5 mg   cm−2 was employed 
as the electrode. The electrochemical interface assembled 
with different separators was investigated by the electro-
chemical impedance spectroscopy (EIS) measurement. 
As shown in Fig.  4a, typically, all of the separators dis-
play depressed semicircles at high frequencies, which are 
correspond to the interfacial charge transfer resistance. 
Although we can see that the charge transfer resistance 
of the battery assembled with Li-MMT@PP separator 

Fig. 2 Electrochemical performances of Li||Cu and Li||Li symmetric batteries. a CE curves and b corresponding voltage curves. c Voltage–time 
profiles of the Li||Li symmetric batteries using Li-MMT@PP or PP separator at 1 mA  cm−2 with a capacity of 1 mAh  cm−2. d Voltage hysteresis of Li||Li 
symmetric batteries. e, f The partial enlargement profiles of c. g The rate performances of Li||Li symmetric batteries
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is slightly greater than that of PP separator, the battery’s 
performance was not affected after low current density 
activation, which has been claimed in the experimen-
tal section. During the low frequency regions, the sloping 
lines present the lithium ion diffusion within the active 
materials. Figure  4b shows the voltage plateaus of C/S 
composite cathode assembled with Li-MMT@PP or PP 
separators between 1.7 and 2.8 V (V.S. Li/Li+). The cyclic 
voltammetry (CV) tests were conducted and presented in 
Additional file 1: Fig. S2. Although the larger concentra-
tion of polysulfides only generates slightly larger concen-
tration polarization than the PP separator, the peak area 
of Li-MMT@PP separator is much larger than that of PP 
separator, indicating that more polysulfides are gener-
ated when using the Li-MMT coating layer. According 
to the reaction mechanisms of S cathode, the Li–S bat-
tery exhibits two typically plateaus during the charg-
ing/discharging processes. In the first stage before the 
knee point, the Li-MMT@PP separator delivers a high 
discharge capacity of ~ 400 mAh  g−1 with negligible 

voltage hysteresis. However, for the PP separator, only 
~ 210 mAh  g−1 capacity is observed, indicating that par-
tially released long-chain polysulfides (especially for the 
 Li2S8) are not involved in the subsequent redox reaction 
to contribute the capacity. The higher discharge capac-
ity during the first plateau implies the Li-MMT layer can 
effective avoid the shuttle of soluble long-chain poly-
sulfides to the Li anode surface. At the second conver-
sion steps, obviously, for the PP separator, small amounts 
of short-chain polysulfides are formed due to the exist-
ence of shuttle effect within the ether-based electro-
lyte, which has been confirmed by our previously work 
[26]. In contrast, the Li-MMT@PP separator is rational 
designed that the Li-MMT surface has strong anchoring 
ability for polysulfides to avoid the shuttle of polysulfides 
[25]. The excellent adsorption properties ensure that the 
polysulfides are prevented to spread the Li anode surface 
and passivate the Li surface, thus allowing Li–S battery 
assembled with Li-MMT@PP separator has a high dis-
charge capacity of 1283 mAh  g−1. Long-term cycles with 

Fig. 3 SEM images of Li anode coupled with Li-MMT@PP or PP separator after 20 cycles at 1 mA  cm−2 with a capacity of 1 mAh  cm−2. a, b 
Mechanism illustration of Li-MMT@PP or PP separators. c, e Li-MMT@PP separator. d, f PP separator. Scale bars: c 25 µm, d 10 µm, e, f 2.5 µm
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good stability are the primary goals for the commercial 
batteries. The long-term cyclability of Li-MMT@PP sep-
arators is shown in Fig. 4c. In the early 20 cycles, it can be 
observed that the capacities of Li-MMT@PP and PP sep-
arator show a typical decreasing trend. This is because, 
in the early discharge process, plentiful polysulfides 
would precipitate from the inner of C/S cathode material 
and deposit on the surface of the cathode material [26], 
resulting in the loss of capacity. However, after stabiliz-
ing the lithium metal anode, the benefits of Li-MMT@
PP separator are emerged that the retention of discharge 
capacity maintains 100% during the subsequent cycles 
and the CE is also 100%.

Conclusions
In summary, the interatomic ion channel (Li-MMT) was 
constructed on the porous PP separator to modulate the 
Li ion flux and then guide the even deposition of Li ion 
on the Li anode during the electroplating/stripping. Due 
to the wide interlayer space (~ 1.4  nm) of Li-MMT, the 
Li-MMT@PP separator greatly ensures the cyclability of 
Li metal anode by unifying the flow direction of lithium 
ions, resulting in the uniform deposition of Li ions on 
the anode surface, thus forming a dendritic free lithium 
anode. As assembled with the Li-MMT@PP separator, 
the Li–S battery exhibits a remarkable reversible capacity 

of 776 mAh  g−1 (almost 1.4 times larger than PP separa-
tor) with a 100% CE after 190 cycles at the current density 
of 0.5 mA  cm−2 with the sulfur loading of 1.5 mg  cm−2.
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