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Abstract
Atomic-scale regulation of both cationic and anionic transport is of great signi�cance in membrane-
based separation technologies. Ionic transport regulation techniques could also play a crucial role in
developing high-performance alkali metal batteries such as alkali metal-sulfur and alkali metal-selenium
batteries, which suffer from the non-uniform transport of alkali metal ions and detrimental shuttling of
polysul�de/polyselenide (PS) anions. These obstacles can cause severe growth of alkali metal dendrites
and the irreversible consumption of active cathodes, leading to capacity decay and short cycling life.
Herein, we report long-life alkali metal batteries enabled by atomic-scale tandem regulation of the
migration of both alkali metal cations (Li+/Na+) and PS anions using negatively charged Ti0.87O2
nanosheets with Ti atomic vacancies. The shuttling of PS anions has been effectively eliminated via a
robust electrostatic repulsion between the negatively charged nanosheets and PS anions. The negatively
charged nanosheets can also regulate the migration of Li+/Na+ ions to ensure a homogeneous ion �ux
through e�cient but light adhesion of Li+/Na+ ions within the nanosheets. The atomic Ti vacancies act
as sub-nanometre pores to provide fast diffusion channels for Li+/Na+ ions. Therefore, eradication of PS
shuttling and stable Li/Na-ion diffusion without compromising the fast transport of Li+/Na+ ions has
been achieved for long-life alkali metal-sulfur and alkali metal-selenium batteries. This work provides a
facile and effective strategy to regulate the transport of both cations and anions for developing advanced
rechargeable batteries by using two-dimensional vacancy-enhanced materials.

Introduction
Rechargeable batteries beyond lithium-ion chemistry are considered as the most promising candidates
for next-generation energy storage with low cost and high energy density1–3. Among them, alkali metal
batteries such as alkali metal-sulfur and alkali metal-selenium batteries have attracted much attention
due to their high theoretical energy density4–7. However, multiple obstacles associated with both S and Se
cathodes and alkali metal anodes have severely hindered their practical applications, especially, the
unwanted shuttle effect of soluble polysul�de/polyselenide (PS) intermediates and the formation of
alkali metal dendrites, which originate from the uneven migration of PS anions and alkali metal cations8–

10. Considerable efforts have been devoted to mitigating these detrimental effects, including the use of
composite S/Se cathodes7,11−13, modi�ed metal anodes14,15, functionalized separators16–23, and solid
electrolytes24–26. Although these efforts have achieved some success by either impeding the shuttling
effect or suppressing dendrite growth, the performance of batteries obtained so far is still far from
satisfactory. Therefore, it is desirable to develop a multifunctional approach which can simultaneously
regulate both cationic and anionic migrations for alkali metal batteries.

In a battery system, separator membranes provide channels for diffusion of both cations and anions. In
alkali metal-S/Se batteries, nano- and micro-porous polyole�n-based membranes such as polypropylene
(PP), are commonly used as separators. However, these porous membranes with a large pore size have a
limited selective effect on the transportation of ions27. The �ow of both alkali metal ions (such as Li+ and
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Na+) and PS anions can be considerably throttled when using such separator membranes. On the one
hand, small but cumulative diffusion of PSs usually causes irreversible loss of sulfur, resulting in poor
cycle life of batteries. Furthermore, unregulated diffusion of alkali metal ions induces inhomogeneous
alkali metal deposition, leading to possible formation of metal dendrites and short-circuiting. Hence
modi�cation of separators could be a straightforward way to control the migration of both alkali metal
cations and PS anions to simultaneously eliminate the formation of metal dendrites and the shuttle
effect of PSs. So far, various functional materials have been employed to modify separators, including
carbon materials17,20,28−33, metal-based oxides21,23,34,35, sul�des36–38, carbides39 and hydroxides40,41,
and metal-organic frameworks (MOFs)16,19,42−46. However, to effectively suppress PS shuttling, most of
the functional layers used to date have a high weight density and a large thickness. These inevitably
place a severe burden on the weight and useable volume of the whole cell, which subtracts from the
targeted high energy densities of alkali metal-S/Se batteries. More importantly, the retarding layer is an
extra barrier to ion transfer, which causes large interfacial resistance and suppresses the transport of
alkali metal cations. Therefore, an ideal functional layer should be as thin as possible to maximize alkali
metal cation transport without compromising the ability to prevent PS shuttling, thus forming a selective
ionic sieve with high permeability for alkali metal ions.

Permselective ionic sieves have been widely applied in membrane-based separation technologies mainly
based on the basic size-sieving effect and electrical interaction between ions and the membrane47–49

(Fig. 1a). Ions/molecules with sizes smaller than the pore size of the membrane can pass, while the ions
with larger volumes are selectively excluded. When signi�cant electrical interactions are present, charged
membrane surfaces repel identically charged ions while attracting oppositely charged ions which may
then permeate through the membrane. Because the �ux of ions is inversely proportional to the membrane
thickness, an ‘ultimate’ membrane would be a one-atom-thick layer with well-de�ned nanopores50.
Therefore, two-dimensional (2D) porous materials with an atomic-scale thickness have attracted
extensive interest51–53. Since 2D atomically-thin nanosheets with sub-nanometer pores could act as a
highly selective and permeable separator, they are highly desirable for long-life alkali metal-S/Se
batteries. Several 2D nanosheet materials had been investigated, including graphene oxide (GO)/reduced
graphene oxide (rGO), MoS2 and MXenes. The membranes/separators of this type that have been studied

were generally thick layers ranging from several micrometers to hundreds of micrometers29,36,39. The PS
shuttling effects were mitigated owing to the steric hindrance effect, but the diffusion of Li or Na-ions
was also hindered. Furthermore, without nanopores, the Li+/Na+ ions could only migrate through gaps
between layers of the materials. Therefore, fabrication of 2D atomically thin membranes with sub-
nanometer pores is a niche strategy for attaining higher performance alkali metal batteries (Fig. 1b). To
the best of our knowledge, this has not yet been reported. Sub-nanopores could e�ciently exclude large
PS anions while allowing small Li+/Na+ ions to rapidly pass through. The atomic-thin membrane would
minimize main transit lengths. Moreover, using negatively charged nanosheets can repel anionic PS ions
and thus enhance the suppression of the shuttle effect while simultaneously facilitating the diffusion of
Li+/Na+ cations via the membrane-ion electrical interactions.
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Here, we report 2D negatively charged titania (Ti0.87O2) nanosheets with Ti atomic vacancies as a
selective ionic sieve in alkali metal batteries. The Ti0.87O2 nanosheets, delaminated from their parent
layered oxides, are single-crystal unilamellar nanosheets with a thickness of 0.75 nm. By a facile �ltration
method, these unilamellar layers were layer-by-layer self-assembled onto commercial PP separators with
a controlled ultralow weight density of 0.016 mg cm− 2 and an average thickness of ~ 80 nm. The
intrinsic Ti atomic vacancies can act as sub-nanometer pores, making the Ti0.87O2 layer a promising

atomically-thin membrane for simultaneously regulating the migration of Li+/Na+ cations and PS anions
at an atomic scale. At the anode side of alkali metal batteries (Fig. 1c), the negatively charged
nanosheets offer strong electrostatic interaction for the e�cient adhesion and homogeneous distribution
of Li+/Na+ ion �ux, resulting in effective elimination of Li/Na dendrite growth. Moreover, the rich Ti
vacancies and atomic-scale thickness provide fast pathways for the diffusion of Li+/Na+ cations. At the
S/Se cathode side of alkali metal batteries (Fig. 1d), the negatively charged Ti0.87O2 nanosheets with a
high negative charge density effectively exclude PS anions via a strong electrostatic repulsion effect. As
a result, when applied in Li-S, Li-Se and Na-Se batteries, the Ti0.87O2 modi�ed separators enable long-term
cycling stability. Flexible Li-S pouch cells were fabricated and exhibited stable cycling performance under
different bending conditions, demonstrating the potential of the Ti0.87O2 nanosheets for practical
applications.

Results
Fabrication and characterizations of the functional Ti0.87O2/PP separator

Negatively charged Ti0.87O2 nanosheets in the form of Ti0.87□0.13O2, where □ represents the Ti

vacancies, were prepared by soft chemical exfoliation of layered lepidocrocite-type titanate crystals54,55.
As illustrated in Fig. 2a, the nanosheet is a single-crystal-like 2D ultrathin monolayer (0.75 nm thickness)
with a high density of Ti vacancies56. The size of the single-Ti atomic vacancy is ~ 0.2 nm × 0.2 nm56,57,
which is larger than a Li+ ion (0.9 Å diameter) or Na+ ion (1.2 Å diameter) but smaller than a PS anion.
Therefore, the Ti vacancies may work as migration-aids for Li+/Na+ ions and obstacle channels for PS
anions, respectively. Atomic force microscopy (AFM) analysis (Fig. 2b) con�rmed that the exfoliated
Ti0.87O2 nanosheets are unilamellar sheets with a uniform thickness of approximately 1.1 nm.
Transmission electron microscopy (TEM) images as shown in Fig. 2c display a �at and transparent
sheet-like morphology, which is consistent with the AFM observation. Selected area electron diffraction
(SAED) (inset in Fig. 2c) indicates the mono-crystalline nature of the Ti0.87O2 nanosheets. Figure 2d
shows an atomic-resolution high-angle annular dark-�eld scanning transmission electron microscopy
(HAADF-STEM) image of a Ti0.87O2 nanosheet, where the Ti vacancies can be clearly visualized58,59. The
Ti vacancies endow the obtained nanosheets negative charges, which has been con�rmed by zeta-
potential measurements (Figure S1). X-ray absorption �ne spectroscopy (XAFS) was conducted to further
investigate the structural characteristics of the defect-containing nanosheets. Figure 2e shows the Ti K-
edge X-ray absorption near-edge structure (XANES) spectra of commercial rutile TiO2 and Ti0.87O2
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nanosheets. The pre-edge peak at ~ 4981 eV represents transitions of core electrons into O 2p states that
are hybridized with the empty Ti 4p state60,61. The intensity of this peak for the Ti0.87O2 nanosheets was
obviously increased compared to that of rutile TiO2, elucidating a decreased electron number of the O
2p–Ti 4p hybrid orbitals. This result indicates the presence of lattice O atoms with unsaturated
coordination, which should be attributed to the presence of nearby Ti vacancies62. Moreover, the Ti K-
edge extended XAFS (EXAFS) k3x(k) oscillation curve of the Ti0.87O2 nanosheets exhibited a slight
intensity decrease compared to rutile TiO2 (Fig. 2f), which also con�rms the presence of Ti

vacancies61,62. The interatomic distances of rutile TiO2 and Ti0.87O2 nanosheets were determined through
Fourier transformed Ti K-edge EXAFS data (Fig. 2g). The �rst major coordination peak corresponds to the
nearest Ti-O bond in the �rst coordination shell. The peak intensity for the Ti0.87O2 nanosheets obviously

decreased relative to the TiO2 samples, which further veri�es the presence of Ti vacancies61,62.

Functional Ti0.87O2/PP separators were fabricated by a facile vacuum �ltration method (Figure S2).
Compared to the porous surface of PP separators (Figure S3), Ti0.87O2/PP separators showed a
homogeneous morphology with uniform surface coverage by Ti0.87O2 nanosheets (Fig. 2h). As shown in
Figure S4, a broad (010) diffraction peak of lamellar Ti0.87O2 was observed, which is the same as the
nanosheets being self-assembled onto commercial PP separators. The weight density and thickness of
the Ti0.87O2 functional layers in the resultant Ti0.87O2/PP separator can be conveniently controlled by
directly adjusting the volume of the nanosheet suspensions used in the vacuum �ltration process. Figure
S5 shows X-ray diffraction (XRD) data of Ti0.87O2/PP separators with different weight densities. As the
weight density increased, the XRD peaks became more intense, with increasing thickness of the Ti0.87O2

layer. A cross-sectional scanning electron microscopy (SEM) image (Fig. 2i) shows a thickness of
approximately 80 nm. Cross-sectional TEM images displayed parallel lamellar fringes (Fig. 2j), further
revealing the layer-by-layer assembly of the Ti0.87O2 nanosheets. The fringe spacing was measured to be
~ 1.1 nm, which is consistent with the basal spacing in the XRD pattern (Figure S4). It should be noted
that the weight and thickness of the Ti0.87O2 layer was only approximately 0.32% and 1.5% of those of
the commercial PP separator (thickness, 25 µm; weight, 2.16 mg; diameter, 16 mm), respectively. Such a
low weight density and ultrathin thickness have not been reported previously, to the best of our
knowledge (Table S1). The as-prepared atomically-thin Ti0.87O2 layers can permit signi�cantly high cation
�uxes, which results in fast Li/Na-ion diffusion. The morphology and cross-sectional characteristics of
Ti0.87O2/PP separators with relatively high weight densities of 0.032 and 0.096 mg cm− 2 were also
investigated (Figures S6-S9). Homogenously stacked layers with thicknesses of approximately 150 and
460 nm were obtained, respectively.

For comparison, anatase TiO2/PP and GO/PP separators with the same weight density of 0.016 mg cm− 2

were fabricated (Figures S2 and S4). As shown in Figure S10, the anatase TiO2 nanoparticles did not
disperse uniformly when coated onto PP surfaces. Only a limited part of the PP surfaces was covered by
the aggregates of anatase TiO2 nanoparticles. This is clearly different from the charged nanosheets in
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suspensions where aggregation has been prevented due to Coulombic repulsion (neutral nanoparticles
with high surface energy are prone to aggregate). As another negatively charged nanosheet material, GO
was able to uniformly coat on the surface of PP separators (Figure S11). A slightly larger thickness of
approximately 120 nm was observed for the GO/PP separator (Figure S12), compared with the
Ti0.87O2/PP separators. This matches the calculated result based on an ideal 2D weight density in the
lateral dimensions of GO and Ti0.87O2 monolayers (Figure S13).

The coating of atomically-thin Ti0.87O2 layer brings several advantages to improve the electrochemical
performance of a separator membrane. As shown in Figure S14, after being placed on a hot plate and
heated at 120°C for 10 min, the Ti0.87O2/PP �lm retained its original geometrical shape, while the pristine
PP �lm tended to shrink. The improved thermal stability of the Ti0.87O2/PP would enhance the safety of
batteries in practical applications. Figure S15 shows the contact angles of electrolyte on the PP and
Ti0.87O2/PP separators. A smaller contact angle was observed on the Ti0.87O2/PP separators than that on
PP separators, suggesting a better wettability of the Ti0.87O2/PP separators by electrolyte. Besides this
effect, the as-prepared Ti0.87O2/PP separators showed high stability under various degrees of mechanical

bending (Figure S16). As shown in Figures S17-S19 and Fig. 2k, the Li+ ion conductivity (see the
Experimental details in the Supplementary Information) of the Ti0.87O2/PP separators (3.81 × 10− 1 mS

cm− 1) was higher than that of the bare PP (3.05 × 10− 1 mS cm− 1) and anatase TiO2/PP separators (2.46

× 10− 1 mS cm− 1), and over three times higher than GO/PP separators (1.17 × 10− 1 mS cm− 1). The Li-ion
transference numbers were also determined, as shown in Figure S20 (see the Experimental details in the
Supplementary Information). Compared to other functional layers, the Li+ ion transference number
increased signi�cantly from 0.36 for bare PP to 0.55 for Ti0.87O2/PP with a weight density of 0.016 mg

cm− 2 (Fig. 2k and Figure S21). Generally, covering open pores of pristine separators will increase the
tortuosity of ion movement, leading to reduced Li-ion diffusion. However, the above testing results
demonstrated that Ti0.87O2 nanosheets can facilitate Li-ion migration. Because the Ti0.87O2 layers are
negatively charged with cation vacancies, the electrostatic attraction force between Ti0.87O2 nanosheets

and Li+-cations facilitates the migration of Li ions towards the membrane with subsequent diffusion
through the membrane. Similar phenomenon was also observed in other recent papers63,64, in which Li+

ions were observed to pass through the open channels of TaO3 nanosheets with a mesh structure. The Ti

vacancies further provide an expressway for rapid transportation of Li+ ions in addition to the
conventional interlayer galleries between the Ti0.87O2 sheets64. Besides these effects, the atomically-thin
size scale of the Ti0.87O2 layers is also favorable for fast Li-ion diffusion.

Dendrite-free alkali metal anodes
Bene�ting from the merits mentioned above, Ti0.87O2/PP separators are promising for regulating alkali
metal ion �ux in electrolyte and facilitating homogenous alkali metal deposition. Asymmetric Li||Cu half
cells with various separators were fabricated to evaluate the cycling performance of Li metal anodes
during repeated deposition and stripping. As shown in Fig. 3a, the cell with the Ti0.87O2/PP separator
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exhibited a steady Coulombic e�ciency above 96.5% with stable plating/stripping voltage pro�les for
more than 100 cycles (Fig. 3b). In contrast, the cells with the bare PP (Fig. 3c), anatase TiO2/PP (Figure
S22) and GO/PP separators (Figure S23) displayed a gradually increased voltage hysteresis and severely
�uctuating Coulombic e�ciency, which can be ascribed to the non-uniform Li deposition, and the
formation of mossy or dendritic Li on the surface of Li metal anodes. Symmetric Li||Li cells were
assembled to further investigate the superiority of Ti0.87O2/PP separators for stabilizing Li metal anodes.
As shown in Fig. 3d, the cell with the Ti0.87O2/PP separator delivered an extended cyclability with stable

voltage plateaus (Figs. 3e-3g) for over 300 h at a current density of 2 mA cm− 2 with an area capacity of 1
mAh cm− 2. In sharp contrast, the cell with the PP separator exhibited a gradual increase in voltage
hysteresis (Figs. 3d-3f). A similar phenomenon was found for regulating Na deposition and suppressing
Na dendrite growth using Ti0.87O2/PP separators. Figure S24 shows the Coulombic e�ciencies of
asymmetric Na||Cu cells with PP and Ti0.87O2/PP separators. The corresponding voltage pro�les of Na
plating/stripping in Na||Cu half cells with PP and Ti0.87O2/PP separators are shown in Figures S25 and
S26, respectively. The average Coulombic e�ciency of the cell with the Ti0.87O2/PP separator is about
98.8% for 200 cycles. In contrast, the Coulombic e�ciency of the cells with the bare PP decreased below
91% in 150 cycles.

The morphology of the cycled Li anodes in symmetric cells was investigated to clarify the effect of the
Ti0.87O2 nanosheets on the suppression of Li dendrite formation. As shown in Figures S27 and S28, the
loosely-stacked mossy Li with a highly porous structure has been observed on the Li anodes from cells
with bare PP separators. In contrast, when a Ti0.87O2/PP separator was used, the surfaces of the Li metal
anodes were still compact without obvious mossy Li (Figures S29 and S30). This result demonstrates
that the Ti0.87O2 nanosheets can facilitate homogeneous Li+ ion �ux, giving rise to uniform Li deposition.
Additionally, AFM Young’s modulus mappings revealed that Ti0.87O2/PP separators exhibited a modest
modulus of around 60 MPa, (Figure S31, see the Experimental details in the Supplementary Information),
meeting the requirement for suppressing the growth of Li dendrites65.

Theoretical calculations were conducted to investigate the diffusion properties of Li+ ions through
anatase TiO2 (Fig. 4a), lepidocrocite-type TiO2 without Ti vacancies (Fig. 4b) and Ti-defect-containing

Ti0.87O2 (Fig. 4c). Figure 4d shows the transfer pro�les of single Li+ ions passing through these layers.
For anatase TiO2 and lepidocrocite TiO2, potential energy barriers are as high as 4.83 and 7.06 eV,

respectively. This indicates that it would be challenging for a Li+ ion to diffuse through them. After
introducing a Ti vacancy, the energy barrier of the Ti0.87O2 monolayer radically decreased to 0.75 eV,

which is comparable to, or even lower than, that of defective graphene66. Besides these lattice averages,
the electronic structure of Ti0.87O2 might also induce lowered energy barriers. The charge density
distribution on a Ti0.87O2 lattice with a single Ti cationic defect is shown in Fig. 4e. It can be seen that the

charge density around the Ti vacancy can signi�cantly increase the charge attraction for a Li+ ion,
reducing the electrostatic charge overlapping, and weakening any Coulombic repulsion between a Li+ ion
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and the Ti0.87O2 lattice, thus resulting in a lower diffusion barrier for Li+ ions. To further visualize the
effects of defective nanosheets on the Li-ion transportation process, two kinds of thin-layer models were
constructed by restacking the conventional nanosheets and defective nanosheets, respectively (Figure
S32). In the case of the restacked thin layer of conventional nanosheets, the gaps between the adjacent
nanosheets were the only pathways for Li+ ion transport. Thus, a non-uniform distribution of Li+ ions was
formed (Fig. 4f). In contrast, in the restacked thin layer of cation-defect nanosheets, the Li+ ions could be
uniformly redistributed. This can be explained by the fact that Li+ ions migrate through not only the gaps
between layers but also the defects within individual layers, resulting in a uniform distribution of Li-ion
�ux (Fig. 4g). Although the above idealized models cannot fully re�ect all the aspects of real
circumstances (especially once electrolyte interactions are introduced into the scenarios), the theoretical
calculation and simulation results demonstrate the superiority of the cation-defect nanosheets for
facilitating Li+ ion transport.

We propose a possible mechanism on the formation of dendrite-free alkali metal (Li/Na) anodes by using
the negatively charged Ti0.87O2 nanosheets with atomic Ti vacancies (Figure S33). Upon discharging,

solvated Li+ ions in liquid electrolyte diffuse to the anode side. The negatively charged Ti0.87O2

nanosheets could attract numbers of Li+ ions and facilitate the de-solvation process of the solvated Li+

ions before deposition, leading to a small energy barrier for deposition67,68. Then, the desolvated Li+ ions
diffuse through the Ti atomic vacancies. Given the homogenized Ti atomic vacancies of the as-prepared
Ti0.87O2 nanosheets, a uniform Li+ �ux has been achieved. Consequently, a dendrite-free Li anode with a
smooth deposition is formed. However, in the absence of Ti0.87O2 layers, a large energy barrier is needed

during the de-solvation process67,68. The distribution and transport of Li+ ions are inhomogeneous and
then form Li tips. Subsequently, Li+ ions tend to accumulate at preferentially formed Li tips, resulting in
severe dendrite growth (Figure S34).

Elimination of polysul�de/polyselenide (PS) shuttling
In addition to ion re-distribution for a uniform alkali metal deposition, negatively charged Ti0.87O2 can
also act as a protective barrier to inhibit the shuttle effect of PS anions. Taking polysul�des as an
example, permeation measurements were conducted to evaluate the permeation resistance of
Ti0.87O2/PP separators for minimizing the diffusion of PS anions (see the Experimental details in the
Supplementary Information). The diffusion of Li2S6 was observed when use PP (Fig. 5b) and anatase
TiO2/PP separators (Figure S35a) within 1 h. In contrast, the GO/PP and Ti0.87O2/PP separators were
able to suppress the diffusion of PSs. However, as time elapsed, PSs were still able to pass through the
GO/PP separators (Figure S35b). Only the Ti0.87O2/PP separator demonstrated a stable blocking effect
towards PSs, lasting up to 10 h (Fig. 5a). Both GO and the Ti0.87O2 nanosheets are negatively charged
and thus could suppress the shuttling of the negatively charged PS anions via electrostatic repulsion. The
different capabilities of GO and Ti0.87O2 for preventing the shuttling of PS anions should ascribed to their
negative charge densities. Based on theoretical calculations (Figure S36), Ti0.87O2 nanosheets have a
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negative charge density of 1.46 C m− 2, which is over 20 times higher than that of GO (0.064 C m− 2)69.
Therefore, the Ti0.87O2 nanosheets with a much higher negative charge density can more effectively
inhibit PS shuttling than GO layers. DFT calculations were performed to further elucidate the electrostatic
repulsion between PS anions and Ti0.87O2 nanosheets (Figs. 5c-5f). Similar calculation methods were
also conducted on anatase TiO2 and GO sheets (Figures S37 and S38). As shown in Fig. 5g, the Ti0.87O2

displayed much higher repulsion energies than anatase TiO2 or GO for all PS species.

Ex situ Raman spectroscopy was measured to gain further insights into the suppression of PS shuttling
by the Ti0.87O2 nanosheets. Li-S coin cells were disassembled at a given voltage during the
charge/discharge processes. We characterized the surfaces of the separators which had been in contact
with lithium anodes. Figures 5h and 5i show the Raman spectra of the PP and Ti0.87O2/PP separators,
respectively, retrieved from Li-S batteries. For the PP separator (Fig. 5h), three characteristic Raman peaks
of S8

2− (at ~ 150, 220, and 470 cm− 1) were observed in the initial stage of the discharge process,

associated with the formation of long-chain PSs. The Raman peaks of S8
2− gradually decreased as the

discharge reaction proceeded. Meanwhile, Raman peaks at ~ 260 and 415 cm− 1 emerged, which
correspond to the short-chain PSs of S4

2− and S5
2−. At the end of the discharge process, strong

characteristic peaks of S4
2− and S5

2− were observed. This clearly indicates that the PSs shuttled through
the PP separator from the cathode side and then deposited on the PP separator facing the anode side.
Similarly, during the charging process, strong Raman signals of various PSs were observed. In contrast,
for the Ti0.87O2/PP separator (Fig. 5i), almost no Raman signals of PS species were detected throughout
the entire discharge and charge processes, indicating effective inhibition of PS shuttling. To observe the
inhibition of PS shuttling and stabilization of Li metal anodes, the cycled cells were disassembled and
the sides of Li metal anodes facing the separators were checked. As shown in Figure S39a, yellow
polysul�des were observed on the Li anodes in the cells with PP separators. For the cell with Ti0.87O2/PP
separators, almost no yellow species were observed and the cycled Li metal still exhibited a bright
metallic lustre (Figure S39b). All these results con�rmed that the PS shuttling and the growth of Li
dendrites has been successfully eliminated when using Ti0.87O2/PP separators. A molecular dynamic
simulation further con�rmed the inhibition of the PS shuttling and regulation of Li ion transport through
the Ti vacancies (Movie S1).

Electrochemical performances
The electrochemical performances of Ti0.87O2/PP separators in Li-S batteries were tested using a carbon
black/S composite cathode. Typical cyclic voltammogram (CV) curves of a Li-S cell with a Ti0.87O2/PP
separator showed distinct reduction/oxidation peaks, which correspond to the conversion reactions of
sulfur cathodes (Figure S40). Li-S cells with different separators were charged and discharged at 0.2C
(1C = 1,673 mA g− 1). The voltage plateaus of the Li-S cell with a Ti0.87O2/PP separator (Figure S41) were

consistent with its CV measurement. The initial discharge capacity was measured to be 960 mAh g− 1,
followed by a moderate drop to 750 mAh g− 1 by the end of the 500th cycle (Fig. 6a). In contrast, a cell
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with a PP separator displayed an initial capacity of 980 mAh g− 1 (Figure S42) and rapidly decreased to
345 mAh g− 1 after 500 cycles. For the cells with the anatase TiO2/PP (Figure S43) and GO/PP (Figure

S44) separators, lower speci�c capacities of 450 and 580 mAh g− 1 were obtained by the end of the 500th
cycles, respectively. Figure S45 shows the rate performance of Li-S cells with Ti0.87O2/PP and PP
separators at different current rates from 0.2C to 2C. The charge-discharge pro�les of cells with the
Ti0.87O2/PP separators showed distinguishable voltage plateaus at each current density (Figure S46).

High speci�c capacities of 960 and 560 mAh g− 1 were achieved at 0.2C and 2C, respectively. However,
the cells with PP separators suffered from dramatic capacity decay. Although at 0.2C, the capacity
reached up to 950 mAh g− 1, as the current rate was increased to 2C, the capacity dramatically decreased
to 260 mAh g− 1. A long-term cycle test was conducted at a 1C rate for over 5000 cycles to verify the
functioning of the Ti0.87O2 layer (Fig. 6b). A speci�c capacity of 585 mAh g− 1 was maintained at the end
of the 5000th cycle, corresponding to an ultralow capacity decay of 0.0036% per cycle. SEM images
(Figure S47) showed that Ti0.87O2 nanosheets were still maintained on the separator after such long-term
cycling. To the best of our knowledge, this is the best cycling stability among reported functionalized
separators for Li-S batteries (Fig. 6c and Table S1), including GO28, graphene29, G@PC31, rGO@SL32,
CNT/NCQD33, MgAl-LDH41, NiFe-LDH/N-graphene40, MoS2-PDDA/PAA37, Sb2Se3 − x/rGO22, Ti3C2

39,

Cu2(CuTCPP)44, CNT/ZIF-843, Ce-MOF/CNT45, BC/2D MOF-Co46, and Laponite nanosheets18.

To explore the potential for practical applications, thick cathodes with a sulfur loading of 3.5 mg cm− 2

were assembled and investigated. Figure 6d shows the long-term cycling performance of a Li-S cell with a
Ti0.87O2/PP separator. After an initial activation at 0.2C, the cell delivered a speci�c capacity of 565 mAh

g− 1 at 1C up to 5000 cycles. Even at a high current density of 2C, this cell still delivered a reversible
speci�c capacity of 250 mAh g− 1 after 10000 cycles, corresponding to a capacity decay as low as
0.0035% per cycle. It should be noted that, to highlight the function of Ti0.87O2 nanosheets, the cathode
matrix of carbon black has almost no PS adsorption ability. The use of porous carbon with hierarchical
nanostructures as sulfur cathodes could further increase the sulfur mass loading for higher energy
densities. For example, we used commercial carbon nanotubes (CNT) as the sulfur host (Figure S48). The
Li-S batteries achieved high capacities and high area energy densities (Figures S49 and S50). Flexible Li-
S pouch cells were assembled using Ti0.87O2/PP separators. During charging and discharging at different
bending angles, the pouch cells exhibited stable cycling performance at a current density of 0.2C up to
120 cycles (Fig. 6e).

The applications of Ti0.87O2/PP separators was also extended for Li-Se batteries. Figures S51 and S52
show the typical charge/discharge pro�les of Li-Se batteries with PP and Ti0.87O2/PP separators,
respectively. A gradually increased voltage polarization was observed for the Li-Se batteries with PP
separators during the initial several cycles, accompanied by an obvious capacity decay. However, the
overlapped charge/discharge curves con�rmed the cycling stability of the Li-Se batteries with Ti0.87O2/PP

separators. After continuous cycling at 0.2C for over 500 cycles, a speci�c capacity of 460 mAh g− 1 was
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still retained (Figure S53). The Ti0.87O2/PP separator is also promising to improve the cycling stability for
Na-Se batteries. As shown in Figures S54 and S55, highly overlapped charge/discharge curves were
observed for Na-Se batteries with Ti0.87O2/PP separators, suggesting superior cycling performance
compared to the cells with bare PP separators. Upon continuous cycling at 0.2C, a speci�c capacity of
around 450 mA h g− 1 was achieved after 250 cycles (Figure S56).

Discussion
In summary, we have demonstrated that 2D anionic Ti0.87O2 nanosheets with Ti atomic vacancies can be
used as a selective ionic sieve with high permeability to regulate alkali metal (Li and Na) deposition while
simultaneously preventing PS shuttling for alkali metal-S and alkali metal-Se batteries. The negatively
charged Ti0.87O2 nanosheets showed strong electrostatic attraction and re-con�gurable adhesion for

Li+/Na+ ions which enabled Li+/Na+ ions to transit rapidly. The Ti vacancies appear to act as sub-
nanometre pores, providing fast diffusion channels for Li+ or Na+-ions. Therefore, a homogeneous
distribution of Li+/Na+ ions was achieved at the alkali metal anode side of test cells, inhibiting the growth
of Li/Na dendrites without compromising the fast transport of Li+/Na+ ions. On the cathode side, the
negatively charged Ti0.87O2 nanosheets showed strong electrostatic repulsion towards PS anions,
resulting in effective suppression of PS shuttling. The Ti0.87O2 nanosheets enabled high-performance Li-
S, Li-Se and Na-Se batteries with long cycle lives. Flexible Li-S pouch cells were assembled, showing
stable cycling performance under different bending states. This work highlights a new strategy of using
2D nanosheets with atomic defects to achieve tandem control of migration of both cations and anions in
advanced batteries.
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Figure 1
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Schematic illustration of 2D porous nanosheets as a selective ionic sieve in membrane-based separation
and alkali metal-S/Se batteries. (a) 2D porous nanosheet-based membranes act as selective ionic sieves
in membrane-based separation technologies. The small cations can pass, while large anions are
selectively excluded based on a size-sieving effect and electrical interaction between ions and membrane.
(b) 2D nanosheets with sub-nanometer pores act as selective ionic sieves in alkali metal-S/Se batteries.
The small Li+/Na+ ions can rapidly pass through the sub-nanopores, while the large
polysul�de/polyselenide (PS) anions are selectively excluded due to size sieving effect and electrical
repulsion between PS anions and negatively charged nanosheets. (c) 2D negatively charged Ti0.87O2
nanosheets with atomic Ti vacancies offer strong electrostatic interaction with Li+/Na+ ions, resulting in
homogeneous distribution of Li+/Na+-ion �ux, preventing the growth of Li/Na dendrites. (d) 2D negatively
charged Ti0.87O2 nanosheets with a high negative charge density provide a strong electrostatic repulsion
of PS anions, resulting in effective suppression of PS shuttling.
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Figure 2

Fabrication and characterization of Ti0.87O2 nanosheets and Ti0.87O2/PP separators. (a) Crystal
structures of Ti0.87O2 nanosheet with respect to c- and b-axes. Enlarged structure using ionic radii to
show the relative size of the Ti vacancy. (b) AFM image of Ti0.87O2 nanosheets. (c) TEM image and
SAED pattern of a Ti0.87O2 nanosheet. (d) HAADF-STEM image of a Ti0.87O2 nanosheet. (e) X-ray
absorption near edge structure (XANES) of Ti K edge for commercial rutile TiO2 and a freeze-dried
sample of Ti0.87O2 nanosheets. (f) The k3-weighted EXAFS in K-space for commercial rutile TiO2 and a
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freeze-dried sample of Ti0.87O2 nanosheets. (g) Fourier transforms of k-space oscillations of Ti K edge
of commercial rutile TiO2 and a freeze-dried sample of Ti0.87O2 nanosheets. (h) SEM image showing a
top-down view of a Ti0.87O2/PP separator. (i) SEM image showing a side-on view of a Ti0.87O2/PP
separator. (j) TEM image showing a side view of a Ti0.87O2/PP separator. (k) Li ion conductivity and Li
ion transference number of PP, anatase TiO2/PP, GO/PP and Ti0.87O2/PP separators.

Figure 3
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Electrochemical performance of Ti0.87O2/PP separator for dendrite-free Li metal anodes. (a) Coulombic
e�ciencies of Li||Cu cells with PP, anatase TiO2/PP, GO/PP, and Ti0.87O2/PP separators with an area
capacity of 1 mAh cm−2 at 1 mA cm−2. Voltage pro�les of Li plating/stripping processes in Li||Cu cells
with (b) Ti0.87O2/PP and (c) PP separators with an area capacity of 1 mAh cm−2 at 1 mA cm−2. (d)
Voltage-time pro�les of Li plating/stripping processes in Li||Li cells with PP and Ti0.87O2/PP separators
with selected voltage-time pro�les for the (e) 21st-25th, (f) 96th-100th, and (g) 201st-205th cycles.

Figure 4

Theoretical calculations and simulation results of ion transportation behaviors in Ti0.87O2 nanosheets.
Li+ ion diffusion in (a) anatase TiO2, (b) lepidocrocite TiO2 sheet, and (c) Ti-defective Ti0.87O2 sheet. (d)
Potential-energy curves of Li+ ion diffusion in anatase TiO2, lepidocrocite TiO2, and Ti0.87O2. (e) Charge
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density plot of Ti0.87O2 with a Ti defect. Distribution of Li+ ions through a restacked thin layer of (f)
conventional nanosheets and (g) Ti-defect nanosheets.

Figure 5

Polysul�de shuttling suppression capability for the Ti0.87O2/PP separator. Polysul�de permeation
measurements in H-type cells with (a) Ti0.87O2/PP and (b) bare PP separators. Optimized conformations
of (c) S22−, (d) S42−, (e) S62− and (f) S82− on a Ti0.87O2 sheet. (g) Repulsion energies of various
polysul�de Sx2− on anatase TiO2, GO and Ti0.87O2. Raman spectra obtained during the discharge and
charge processes in Li-S batteries with (h) PP and (i) Ti0.87O2/PP separators.
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Figure 6

Li-S battery performance with Ti0.87O2/PP separators. (a) Cycling performance with PP, anatase
TiO2/PP, GO/PP and Ti0.87O2/PP separators at 0.2C for 500 cycles. (b) Long-term cycling stability of a
Li-S battery with a Ti0.87O2/PP separator at 1C for 5000 cycles. (c) Comparison of weight density and
cycling performance for Ti0.87O2 nanosheets and some other reported functional layers on commercial
separators in Li-S batteries. Further details of the selected functional materials are provided in the
Supplementary Table S1. (d) Cycling performance of a Li-S battery with a Ti0.87O2/PP separator at a
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sulfur mass loading of 3.5 mg cm−2. (e) Cycling performance of a �exible Li-S pouch cell with a
Ti0.87O2/PP separator under different bending angles.
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