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HIGHLIGHTS

First application of tantalum-

based materials as electrocatalyst

in Li-S batteries

A pore-constriction mechanism

realizes the crystallinity tuning of

materials

Oxygen defects in Ta2O5�x act as

catalytic centers promoting

polysulfide conversion

‘‘Ship in a bottle’’ nanostructure

design enhances catalytic activity

and stability
A new tantalum-based electrocatalyst for the lithium-sulfur system is developed to

overcome some key challenges in lithium-sulfur batteries. Efficient crystallinity

tuning is realized via a pore-constriction mechanism in the ‘‘ship in a bottle’’

nanostructure, which offers abundant polysulfide-retaining and catalytically active

sites. Oxygen vacancies in tantalum oxide manipulating electron structure with

increased intrinsic conductivity function as catalytic centers to accelerate sulfur

redox reactions. Excellent rate capability and cycling stability are achieved at

practically relevant sulfur loadings and electrolyte content.
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for Polysulfide Catalysis and Retention
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Progress and Potential

Lithium-sulfur (Li-S) batteries

represent one of the most

promising contenders in the

‘‘beyond lithium-ion batteries’’

energy-storage arena to support

the ever-expanding electrical

market. However, the practical

application of Li-S batteries is still

discouraged from several issues

on the cathode side including the

polysulfide shuttling behavior,

sluggish sulfur redox kinetics, and

volume variation during battery

operation. This work presents a

potent strategy to solve these

challenges by developing a new

tantalum-based electrocatalyst

for the Li-S system. The ‘‘ship in a

bottle’’ nanostructure of

electrocatalyst featuring efficient

crystallinity tuning and tailored

oxygen defects enables a superior

catalytic activity and stability for

sulfur redox reactions, which lead

to a significant increase in Li-S

battery performance at practically

relevant sulfur loadings and

electrolyte content.
SUMMARY

Polysulfide retention and catalysis are currently among the most
important factors toward solving much of the technical challenges
of lithium-sulfur (Li-S) batteries. Taking advantage of the electronic
structure specific to tantalum, we explore the application of amor-
phous tantalum oxide with oxygen vacancies embedded inside a
microporous carbon matrix as an electrocatalyst for the Li-S system.
Through a pore-constrictionmechanism, the dimensions of tantalum
oxide are controlled to be nanosized with abundant polysulfide-re-
taining and catalytically active sites. High cycle and rate perfor-
mances were achieved at practically relevant sulfur loadings and
electrolyte content. We believe our identification of tantalum as a
new catalyst material for Li-S batteries will incite more investigation
into the specific selection of transition metals based on their elec-
tronic structures. Meanwhile, the ‘‘ship in a bottle’’ strategy will
enlighten the structure design for energy conversion and storage
systems.

INTRODUCTION

The burgeoning energy demand of modern society has been spurring extensive

research interests in pursuit of next-generation high-energy-density energy-storage

systems.1,2 Lithium-sulfur (Li-S) batteries present one of the most promising solu-

tions to high-efficiency and cost-effective energy storage.3,4 Yet, despite their

intriguing merits including high energy density and low cost, progress toward the

widespread commercialization of Li-S batteries is impeded by several technical chal-

lenges. The intrinsic poor electrical conductivity of sulfur and discharge products

(Li2S/Li2S2), the shuttling behavior derived from the dissolution of lithium polysulfide

(LPS), and, more importantly, the sluggish kinetics for LPS conversion reactions,

result in poor sulfur utilization, rapid capacity decay, and unsatisfactory cycle

life.5,6 Strategies to address these issues rely mostly on the following. (1) A well-de-

signed electrode structure is expected to effectively retain LPS to suppress the shut-

tling effect and mitigate the S volume expansion during lithiation for enhanced cycle

stability.7,8 (2) Besides, the establishment of a pass-through system enables fast

electron and ion conduction for sufficient LPS redox reactions.9,10 (3) More

importantly, an efficient electrocatalyst, such as transition metal oxides and sul-

fides,11–13 accelerates the reaction kinetics of soluble LPS conversion into insoluble

Li2S/Li2S2 to reduce their dissolution and diffusion in the electrolyte. This could pro-

mote both sulfur utilization and battery cycle life. Additionally, the catalytic activity

for a reaction is correlated with the exposed active sites that have unique chemical

and electronic structures.14,15 Defect engineering and crystallinity tuning, which
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possess good capability of altering the electronic environment for enhanced LPS

adsorptive and catalytic features,16,17 provide a promising approach to improving

Li-S electrochemistry.

In the search for an efficient electrocatalyst for LPS conversion in the Li-S system,

tantalum oxide (Ta2O5) is found to be an attractive candidate. Ta2O5 possesses

high thermodynamic stability due to the strong Ta–O bonding, and a high dielectric

constant.18 The synergism between the Ta d-orbital and the unsaturated O atom re-

sults in an effective d-band structure,19 potentially imparting catalytic characteristics

with suitable valence band maximum and conduction band minimum (CBM) strad-

dling the polysulfide redox potentials. Besides, the introduction of surface defects

is capable of further tailoring band structure toward desirable electron mobility

and catalytic activity.20 Here, we provide the first rational application of amorphous

oxygen-defective Ta2O5�x as an electrocatalyst in Li-S batteries. Ultrafine Ta2O5�x

nanoclusters are implanted within the micropores of carbon nanospheres

(a-Ta2O5�x/MCN). The elaborate design presents multiple merits to fulfill the afore-

mentioned rules. (1) The Ta2O5�x-in-pore strategy presents a ‘‘ship in a bottle’’ struc-

ture, shaping a three-dimensional (3D) conductive nanoreactor, which not only gua-

rantees a high surface-to-volume ratio to offer abundant polysulfide-retaining and

catalytically active sites but also prevents the agglomeration of nanoclusters during

synthesis and catalysis, potentially addressing the long-term issue of nanocatalyst

stability. (2) The interconnected porous conductive network promotes the penetra-

tion of electrolytes and charge transfer, leading to fast motion of ions and electrons

throughout the framework. (3) The tailored pitaya-like architecture promotes sulfur

homogenization and buffers their volume expansion during cycling. (4) The nucle-

ation process of Ta2O5�x nanoseeds is constrained by the nanopores to realize crys-

tallinity tuning, which alters the Ta–O bond length and provides increased binding

energy (BE) between Ta2O5�x and LPS. (5) Oxygen deficiencies in the Ta2O5 nano-

clusters manipulate the local coordination environment and electron band structure,

which significantly ameliorate the intrinsic conductivity and function as catalytic cen-

ters to accelerate LPS conversion. Ex situ X-ray absorption spectroscopy (XAS) and

theoretical calculations demonstrate the enhanced LPS-retaining and electrocata-

lytic features driven by pore-guided amorphous structure and oxygen defects. The

a-Ta2O5�x/MCN-based sulfur electrode presents excellent Li-S performance, i.e.,

superb rate capability up to 5 C, long-term cyclability over 1,000 cycles with an ultra-

low capacity fading rate of 0.029% per cycle, and high areal capacity of 5 mAh cm�2

under raised sulfur loading of 5.6 mg cm�2 and lean electrolyte/sulfur ratio of

3.6 mL g�1.
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RESULTS AND DISCUSSION

The synthesis strategy of a-Ta2O5�x/MCN is illustrated in Figure 1A. The initial

microporous carbon nanosphere, MCN, was prepared by a unique dual-activation

technique involving chemical and physical activation simultaneously (Figure S1).

MCN presents regular sphericity with a uniform diameter of 150 nm (Figure S2).

By means of a wet-impregnation strategy, MCNs were immersed in tantalum(V)

chloride ethanol solution to lead the built-in implantation of tantalum-alcoholysis

product inside pores of MCN (denoted as Ta(OC2H5)x/MCN).21 Following this, the

Ta5+-impregnated MCN was pyrolyzed in the H2 atmosphere, in which amorphous

tantalum oxide with rich oxygen vacancies is shaped and immobilized within the

pores (a-Ta2O5�x/MCN). Figure S3 displays the typical scanning electron micro-

scopy image of a-Ta2O5�x/MCN, which holds a spherical morphology with uniform

size and clean surface. No undesirable particle aggregation is observed on the
2 Matter 3, 1–15, September 2, 2020
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Figure 1. Synthetic Route and Characterizations of Ta-Based Materials

(A) Schematic illustration of the formation of a-Ta2O5�x/MCN/S.

(B–F) (B) TEM image, (C) EDS elemental mapping images, (D and E) HAADF-STEM images, and (F) SAED pattern of a-Ta2O5�x/MCN.

(G) HAADF-STEM image and corresponding EELS elemental mapping of individual Ta2O5�x nanocluster accommodated inside carbon pores.

(H–J) (H) XRD patterns, (I) N2 adsorption-desorption isotherms, and (J) PSD plots of various samples.
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external surface of carbon nanospheres. As displayed in the transmission electron

microscopy (TEM) image (Figure 1B), a-Ta2O5�x/MCN exhibits the same diameter

(ca. 150 nm) as MCN without apparent structure change after impregnation of

Ta2O5�x. The energy-dispersive X-ray spectroscopy (EDS) mapping (Figure 1C) man-

ifests the homogeneous distribution of a-Ta2O5�x throughout the MCN matrix. As

demonstrated by the high-angle annular dark-field scanning TEM (HAADF-STEM)

image (Figure 1D), the bright Ta2O5�x nanocluster seeds are uniformly rooted inside

the pores of MCN, presenting a pitaya-like structure. The implanted amorphous

Ta2O5�x nanoclusters possess a size of around 1.2 nm (Figure 1E) that is consistent

with the nanocluster size distribution (Figure S4). It is worth noting that such tiny

nanoclusters could be retained during the high-temperature treatment benefiting

from strong spatial confinement effect of carbon pores, which effectively inhibits

Ta2O5�x nanoclusters from agglomeration. The selected area electron diffraction

(SAED) pattern (Figure 1F) shows the diffused ring without observable diffraction

spots, confirming the amorphous structure of Ta2O5�x that arises from its confined

nucleation by carbon micropores. The HAADF-STEM image in Figure 1G focuses

on one individual Ta2O5�x nanocluster. The corresponding electron energy loss

spectroscopy (EELS) mapping demonstrates the intimate contact between built-in

Ta2O5�x nanoclusters and carbon framework, which provides an interconnected

conductive network for expediting electron transfer. These results consistently

confirm the successful implantation of ultrafine, uniform, and amorphous Ta2O5�x

within the MCNmatrix. The mass loading of Ta2O5�x in the composite is determined

to be 23.5 wt % by thermogravimetric analysis (TGA) (Figure S5).

To demonstrate the important role of oxygen vacancies in Ta2O5 for Li-S chemistry,

we prepared the control sample, a-Ta2O5/MCN, by annealing Ta(OC2H5)x/MCN in

argon (Ar) atmosphere at the same temperature with a-Ta2O5�x/MCN. The mass

loading of Ta2O5 in a-Ta2O5/MCN is 23.3 wt % (Figure S6A), which is almost consis-

tent with a-Ta2O5�x/MCN. To further show the structural merits of a-Ta2O5�x/MCN

as sulfur host, we also prepared three other control samples. First, amorphous Ta2O5

(a-Ta2O5) was obtained by annealing Ta(OC2H5)x in Ar atmosphere at a low temper-

ature (450�C), as confirmed by X-ray diffraction (XRD) (Figure 1H). a-Ta2O5 exhibits a

large bulk morphology (Figure S7). The second control sample was obtained by me-

chanically mixing Ta(OC2H5)xwith MCN followed by the same pyrolysis process as a-

Ta2O5 (denoted as a-Ta2O5+MCN). a-Ta2O5+MCN has a Ta2O5 loading of 23.2 wt %

(Figure S6B). Devoid of the pore spatial confinement effect, a-Ta2O5+MCN exhibit

much larger Ta2O5 particles with a microscale size (Figure S8) compared with

a-Ta2O5�x/MCN. Serious aggregation appears in a-Ta2O5+MCN, resulting in an un-

even distribution of Ta2O5 and carbon nanospheres. In addition, the commercial

Ta2O5 particles with a high crystallinity, as shown in Figure 1H, were applied as

another control group (T-Ta2O5). The morphology of T-Ta2O5 is shown in Figure S9,

which exhibits large micrometer-sized particles and severe agglomeration. The

amorphous nature of a-Ta2O5�x/MCN is clearly unveiled by XRD. The two peaks

of a-Ta2O5�x/MCN appearing at 23� and 43� can be indexed to the characteristic

(002) and (100) plane of graphitic carbons, respectively.22,23 The orthorhombic lat-

tice structure of Ta2O5 possesses a long rod-shaped unit cell of 22 Ta atoms and

55 O atoms (lattice parameters: a = 6.198 Å, b = 40.290 Å, c = 3.888 Å).24 Although

the pyrolysis temperature of a-Ta2O5�x/MCN (i.e., 650�C) is enough for the
4 Matter 3, 1–15, September 2, 2020
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formation of Ta2O5 crystal,
24 the carbon micropores with the narrow space confine

the nucleation of Ta2O5�x nanoclusters, which shape an incomplete unit cell in the

amorphous structure even at a high temperature.

The pore structures of as-prepared samples were studied by N2 adsorption-desorp-

tion analysis. A characteristic type I isotherm in Figure 1I reveals the microporous na-

ture of MCN,25 which exerts a pore volume of 1.52 cm3 g�1 and specific surface area

of 2,501 m2 g�1. The narrow pore size distribution (PSD) (Figure 1J) of MCN (ca.

1.3 nm) coincides with the size of Ta2O5�x nanoclusters implanted inside pores.

The desirable pore size is capable of potently immobilizing Ta2O5�x nanoclusters

to prevent their detachment and restricting their nucleation process to tune crystal-

linity. After loading of Ta2O5�x nanoclusters, the a-Ta2O5�x/MCN inherits well the

original microporous structure of MCN, but with a slight reduction in pore volume

(1.23 cm3 g�1) and surface area (1,880 m2 g�1). Besides, a-Ta2O5/MCN also shows

a type I isotherm with an adsorption plateau similar to that of a-Ta2O5�x/MCN.

a-Ta2O5/MCN possesses a high surface area of 1,846 m2 g�1 and pore volume of

1.20 cm3 g�1, both of which are close to those of a-Ta2O5�x/MCN with 1,880 m2

g�1 and 1.23 cm3 g�1, respectively. The consistent shapes of sorption isotherms

and PSD curves with the same peak position between MCN, a-Ta2O5�x/MCN, and

a-Ta2O5/MCN strongly manifest that Ta2O5 nanoclusters root inside the pores.

Owing to the strong physical and chemical confinements of the structure, the

Ta2O5�x-loaded micropores can effectively restrain the dissolution of LPS in organic

electrolyte. In contrast, a-Ta2O5+MCN shows a different PSD plot with weaker peak

volume as well as significantly decreased pore volume (0.74 cm3 g�1) and surface

area (1,271 m2 g�1), implying that the non-uniform mechanical mixing may cause

the blockage of pores and thus lower the porosity.

The defect engineering strategy by introducing oxygen vacancies into amorphous

Ta2O5�x aims to improve the intrinsic conductivity and enhance the electrocatalytic

activity for sulfur species. In the X-ray photoelectron spectroscopy (XPS) spectra of

Ta 4f (Figure 2A), a-Ta2O5/MCN exhibits the Ta 4f7/2 and 4f5/2 peaks at 26.6 and

28.5 eV, respectively, confirming the dominant oxidation state of Ta5+,26 whereas

for a-Ta2O5�x/MCN, these two peaks shift to lower BE of 26.0 and 27.8 eV, respec-

tively, implying the lower valence state of Ta species arising from the oxygen va-

cancies. In the O 1s spectra (Figure 2B), three deconvoluted peaks (O1, O2, O4)

appear on both a-Ta2O5�x/MCN and a-Ta2O5/MCN. For the strongest O1 peak, it

appears at 530.3 eV in a-Ta2O5/MCN ascribed to the Ta–O bond27 while there is a

positive shift toward a higher BE (530.8 eV) in a-Ta2O5�x/MCN, strongly evidencing

the modified chemical state of Ta–O bond induced by the successful introduction of

oxygen vacancies. Besides, the shoulder O2 peak centered at around 531.5 eV indi-

cates the hydroxylated surface, which is conducive to attracting polysulfides;28 the

O4 peak appearing at 533.1 eV is associated with the adsorbed moisture.29 It is

particularly noteworthy that a-Ta2O5�x/MCN presents a distinct O3 peak emerging

at 532.4 eV, which is attributed to defects with low oxygen coordination.30 This

directly suggests the formation of oxygen defects in a-Ta2O5�x/MCN, which can

be further corroborated by electron paramagnetic response (EPR) spectroscopy

(Figure 2C). a-Ta2O5�x/MCN shows a conspicuous signal with a g value of 2.003,

signifying the higher oxygen-vacancy concentration in a-Ta2O5�x/MCN compared

with that of a-Ta2O5/MCN.31 These results all suggest the highly oxygen-deficient

nature of a-Ta2O5�x/MCN.

Further identifications of the electronic structure and local coordination environment

were demonstrated by synchrotron-radiation-based X-ray absorption near-edge
Matter 3, 1–15, September 2, 2020 5



Figure 2. Defect Analysis and Manipulation of Electronic Band Structure

(A–C) High-resolution XPS spectra of (A) Ta 4f and (B) O 1s; (C) EPR patterns for a-Ta2O5�x/MCN and a-Ta2O5/MCN.

(D and E) (D) Ta L3-edge XANES spectra and (E) FT k3-weighted Ta L3-edge EXAFS spectra of various samples.

(F) Wavelet transforms for the k3-weighted Ta L3-edge EXAFS signals of a-Ta2O5�x/MCN and Ta2O5.

(G–I) (G) Valence band XPS spectra, (H) Kubelka-Munk plot, and (I) band diagram of a-Ta2O5�x/MCN and a-Ta2O5/MCN.
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structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectros-

copy. In the XANES spectra (Figure 2D), the absorption edge of a-Ta2O5�x/MCN

is consistent with Ta2O5, indicating the predominant valence state of Ta5+. The white

line at the Ta L3-edge XANES represents the dipolar transition from 2p core levels to

unoccupied Ta 5d states.32 a-Ta2O5�x/MCN shows the highest white-line intensity,

which demonstrates the increased density of Ta 5d unoccupied states near the Fermi

level probably induced by the oxygen-vacancy defect.33 Besides, the Ta L3 absorp-

tion edge energy (E0) reflects the CBM.34 The E0 of a-Ta2O5�x/MCN and a-Ta2O5/

MCN is 9,882.75 eV and 9,883.82 eV, respectively, which implies that a-Ta2O5�x/

MCN possesses a lower CBM, desirable for electron transition. In the Fourier trans-

formed (FT) k3-weighted EXAFS as shown in Figure 2E, Ta2O5 exhibits a single peak

with the average bond length of 1.53 Å, corresponding to the Ta–O bond
6 Matter 3, 1–15, September 2, 2020
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coordination. For a-Ta2O5/MCN, benefiting from the spatial confinement effect, the

narrow carbon pore restricts the nucleation and growth of Ta2O5, thus resulting in an

incomplete unit cell with a short-range ordered structure (i.e., amorphous structure).

As such, a reduced Ta–O bond length (1.51 Å) can be found in a-Ta2O5/MCN. Be-

sides, the oxygen-deficient environment in a-Ta2O5�x/MCN further partially disrupts

the incomplete amorphous structure, which may impel Ta–O bond coordination to

tend toward octahedral TaO6 (short-range order). As a result, this further shortens

the Ta–O bond length (1.47 Å) and enhances the Ta 5d-O 2p orbital overlap with

the increased bond covalency around Ta.35 A Cauchy wavelet transform plot (Fig-

ure 2F) creates a two-dimensional map of the transform space to highlight the contri-

bution of multiple scattering paths to the EXAFS spectra. The Ta2O5 exhibits two

scattering paths from R = 1–2 Å in the first coordination shell, which correspond

to the Ta–O bond coordination of TaO6 octahedra and TaO7 pentagonal bipyra-

mids in the Ta2O5 crystal.
36 Despite the fact that the obtained a-Ta2O5/MCN nano-

cluster is amorphous and lacks long-range order, it still exhibits the building blocks

of TaO6 and TaO7 polyhedrons inside the incomplete unit cell. A slightly negative

shift of radial distance is observed in a-Ta2O5/MCN (Figure S10), corresponding

to the bond-length variation attributed to amorphous structure.37 With the introduc-

tion of oxygen vacancies into Ta2O5, the oxygen-deficient environment weakens

partial Ta–O coordination and reduces its radial distance, provoking severe structure

distortion,38 and thus there is only one scattering path corresponding to the domi-

nant TaO6 octahedra present in a-Ta2O5�x/MCN (Figure 2F).

To elucidate the role of oxygen vacancies in the electrical conductivity, we prepared

another control sample, a-Ta2O5�x, using the samemethod as for a-Ta2O5 except for

annealing in H2 atmosphere to introduce oxygen vacancies. As shown in Figure S11,

the oxygen-deficient a-Ta2O5�x possesses much higher electrical conductivity of

2.1 3 10�2 S m�1 than a-Ta2O5 with 4.2 3 10�7 S m�1 and T-Ta2O5 with 3.4 3

10�7 S m�1. This demonstrates the crucial role of oxygen vacancies in improving

the intrinsic electrical conductivity of Ta2O5. In addition, valence band (VB) XPS

was performed to investigate the electron band configuration. Figure 2G exhibits

the VB XPS spectra and shows the edge of the maximum energy located at 2.39

eV for a-Ta2O5/MCN while the VB maximum of a-Ta2O5�x/MCN moves toward

1.80 eV. Such a blue-shift can be associated with band bending for promoted charge

transfer induced by oxygen vacancies.20 The Kubelka-Munk plot (Figure 2H) demon-

strates band-gap values of a-Ta2O5/MCN and a-Ta2O5�x/MCN of 4.50 and 3.80 eV,

respectively. The narrower band gap of defect-engineered a-Ta2O5�x/MCN con-

firms the efficient band engineering. Accordingly, the energy band diagram is illus-

trated in Figure 2I. a-Ta2O5�x/MCN presents a lower CBM than a-Ta2O5/MCN,

which coincides with the XANES results. Besides, the impact from carbon-defect

structure was excluded by Raman spectroscopy (Figure S12). Both a-Ta2O5/MCN

and a-Ta2O5�x/MCN present similar D/G intensity ratios, indicating their similar de-

gree of carbon defects, which could not contribute to the distinction in band config-

uration.39 This evidence indicates that oxygen vacancies lead to the formation of

new electronic states located in the band gap of Ta2O5, which leads to the enhance-

ment of electrical conductivity and fast electron transfer for sulfur electrochemistry.

UV-visible (UV-vis) and XPS measurements were performed to elucidate the LPS

adsorption abilities toward enhanced sulfur entrapment. As shown in Figure 3A,

the UV-vis spectrum of the pristine Li2S6 shows two peaks at 275 and 422 nm, which

can be assigned to S6
2� and S4

2�, respectively.40 a-Ta2O5�x/MCN exhibits the

largest reduction in peak intensity, suggesting its strongest LPS adsorption capabil-

ities. In the XPS spectra of S 2p (Figure 3B), pristine Li2S6 demonstrates two sets of
Matter 3, 1–15, September 2, 2020 7



Figure 3. Interactions Between LPS and Ta-Based Materials

(A) UV-vis spectra of LPS solution absorbed by various samples.

(B and C) High-resolution XPS spectra of (B) S 2p for pristine Li2S6 and LPS@a-Ta2O5�x/MCN and (C) O 1s for a-Ta2O5�x/MCN and LPS@a-Ta2O5�x/MCN

(D–F) DFT optimized binding geometric configurations and energies of Li2S6 on (D) LPS@Ta2O5 (001), (E) LPS@a-Ta2O5, and (F) LPS@Ta2O5�x (001).

(G and H) Ex situ (G) Ta L3-edge XANES spectra and (H) FT k3-weighted Ta L3-edge EXAFS spectra of a-Ta2O5�x/MCN/S at different discharge/charge

states in first cycle: (i) pristine, discharge to (ii) 2.1 V and (iii) 1.8 V, and charge to (iv) 2.3 V and (v) 2.6 V.
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peaks located between 161.8 eV and 163.3 eV, which correspond to the terminal

sulfur (ST) and bridging sulfur (SB) of LPS, respectively.41 After interacting with

a-Ta2O5�x/MCN, a large positive shift can be observed in LPS@a-Ta2O5�x/MCN,

confirming the strong chemical interactions between a-Ta2O5�x/MCN and LPS.

Two pairs of broad peaks emerging at the high BE region can be assigned to the for-

mation of sulfite and sulfate on the surface, which offers strong chemical interaction
8 Matter 3, 1–15, September 2, 2020
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with LPS.42 Besides, the O1 peak of LPS@a-Ta2O5�x/MCN in Figure 3C shifts toward

higher BE corresponding to the reduced electron cloud density of oxygen, demon-

strating the ‘‘lithium bond’’-like interaction.43 The O2 and O3 peaks shift toward

lower BE, revealing the coordination between sulfur and oxygen vacancies, corre-

sponding to LPS adsorption on defects.44 The enhanced LPS adsorption of amor-

phous and defective structure were examined by density functional theory (DFT) cal-

culations based on the VASP (Vienna ab initio Simulation Package) (Figures 3D–3F).

The configuration optimization of a-Ta2O5 was based on the T-Ta2O5 configuration

where all atoms were allowed to relax. T-Ta2O5 and a-Ta2O5 employed the same

cleaved surface for comparing their surface adsorbability. The crystalline T-Ta2O5

(001) shows a relatively low Li2S6 adsorption energy (Eads) of �0.83 eV with a Li–O

bond length of 2.52 Å, corresponding to its limited chemical confinement of LPS.

Meanwhile, a-Ta2O5 exhibits a stronger Eads of �1.22 eV and shorter Li–O bond

length of 2.25 Å, suggesting enhanced LPS adsorption capability of amorphous

structure. The higher adsorption energy of amorphous structure could be attributed

to the polar surface rearrangement, which strengthens the chemical affinity to LPS.

Moreover, the defective structure greatly improves the Li2S6 BE by offering a higher

Eads (�2.0 eV) and significantly strengthened Li–O bond (1.86 Å), revealing the

excellent LPS confinement on oxygen defects of Ta2O5�x. The higher Eads of amor-

phous and defective structure ensures a highly reversible LPS adsorption-conver-

sion-desorption process, which could be utilized as an electrocatalyst to accelerate

LPS conversion kinetics in Li-S batteries.45

The corresponding sulfur electrodes of various samples were developed via a melt-

impregnation method. The TGA (Figure S13) indicates a sulfur content of 66.2 wt %

in the sulfur composite. As shown in Figure S14, there is no apparent structure change

or particle agglomeration after impregnation of sulfur, which was confined within pores

of a-Ta2O5�x/MCN. The EDS mapping (Figure S15) demonstrates a homogeneous dis-

tribution of S throughout a-Ta2O5�x/MCN/S matrix. As revealed by XRD (Figure S16),

a-Ta2O5�x/MCN/S still exhibits an amorphous structure, and no crystalline S peaks

are observed. The characteristic Fddd orthorhombic crystal structure peaks of element

S disappear from the XRD pattern of a-Ta2O5�x/MCN/S, which indicates that

embedded S existed in ultrafine particles and a highly dispersed amorphous state.

This is due to the spatial confinement of nanosized S inside themicropores, which could

haveprohibited the crystallization of nanosulfur.46 In the Raman spectra (Figure S17), the

characteristic S-S band of the a-Ta2O5�x/MCN/S is not detected, which coincides with

the XRD results. This evidence confirms that S was strongly confined within the micro-

pores of a-Ta2O5�x/MCN/S in a homogeneous distribution and was hardly exposed

to the external surface by virtue of the pitaya-like architecture.

The ex situ Ta L3-edge XANES and EXAFS of a-Ta2O5�x/MCN/S at different applied

potentials in the first cycle were used to determine the valence and chemical envi-

ronment change during the charge-discharge process. In XANES spectra (Fig-

ure 3G), a-Ta2O5�x/MCN/S shows the white-line peaks of 9,886.3 eV at status i

and ii, which positively shift to 9,887 eV at status iii and iv and shifts back to

9,886.8 eV at status v, indicating the reversible Ta valence change during the lithia-

tion-delithiation process. Correspondingly, the FT k3-weighted EXAFS spectra (Fig-

ure 3H) reveal a short radial distance of 1.47 Å at status i and ii and enlargement to

1.53 Å at status iii and iv, confirming strong chemical interaction between LPS and a-

Ta2O5�x/MCN. Moreover, the radial distance switches back to 1.43 Å after charging

to 2.6 V (status v). The reversible bond-length variation suggests the reversibility of

structure change during the charge-discharge process, revealing the stability of ox-

ygen-deficient structure.
Matter 3, 1–15, September 2, 2020 9



Figure 4. Electrocatalytic Analysis of Ta-Based Materials

(A) Scheme illustration of LPS catalytic conversion in nanoreactor.

(B–E) (B) CV curves, (C) EIS spectra of Li2S6 symmetrical cells, (D) LSV curves, and (E) Tafel plots of

Li2S oxidization on a-Ta2O5�x/MCN, a-Ta2O5/MCN, and a-Ta2O5+MCN.
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The above evidence implies that a-Ta2O5�x/MCN could function as a promising

electrocatalyst for sulfur redox reactions. The nanopores loaded with amorphous

Ta2O5�x nanoclusters function as a 3D nanoreactor for fast and durable LPS catalytic

conversion (Figure 4A). Symmetrical cells were assembled using a-Ta2O5�x/MCN,

a-Ta2O5/MCN, and a-Ta2O5+MCN identical electrodes and a Li2S6 electrolyte to

investigate the LPS conversion kinetics. As displayed in Figure 4B, a-Ta2O5�x/

MCN presents strong redox peaks with the highest current response among

different samples, suggesting its faster and more efficient LPS conversions. Besides,

electrochemical impedance spectroscopy (EIS) spectra show the lowest electro-

chemical resistance for a-Ta2O5�x/MCN (Figure 4C), further confirming its fast

charge transfer and facile sulfur redox reactions. In addition, three-electrode linear

sweep voltammetry (LSV) measurements were conducted to specifically investigate

the Li2S oxidization behavior (Figure 4D). a-Ta2O5�x/MCN delivers the highest

current response and the lowest onset potential of �0.56 V in comparison with

a-Ta2O5/MCN (�0.45 V) and a-Ta2O5+MCN (�0.4 V), implying the lowest energy

barrier for Li2S oxidation conversion and revealing the superior catalytic activity of
10 Matter 3, 1–15, September 2, 2020



Figure 5. Electrochemical Performances of Ta-Based Sulfur Electrodes

(A) Charge-discharge profiles at 0.2 C, (B) Nyquist plots, (C) rate performance, and (E) cycle performances at 0.2 C of various sulfur electrodes. (D) Multi-

rate discharge-charge profiles, (F) areal capacities and cycle performances with high sulfur loading of 5.6 mg cm�2 and low E/S ratio of 3.6 mL g�1 at 0.2

C, and (G) long cycling performances at 1 C of a-Ta2O5�x/MCN/S electrode.

ll

Please cite this article in press as: Zhang et al., Tantalum-Based Electrocatalyst for Polysulfide Catalysis and Retention for High-Performance
Lithium-Sulfur Batteries, Matter (2020), https://doi.org/10.1016/j.matt.2020.06.002

Article
a-Ta2O5�x/MCN. This result can be further supported by the Tafel plot (Figure 4E),

which shows a much smaller Tafel slope of 117 mV dec�1 for a-Ta2O5�x/MCN

compared with those for a-Ta2O5/MCN (166 mV dec�1) and a-Ta2O5+MCN

(348 mV dec�1), confirming the remarkable kinetic enhancement owing to the

defect-rich and Ta2O5�x-loaded nanoreactor design. All these results strongly reveal

the superior catalytic activity of the a-Ta2O5�x/MCN toward expedited LPS

conversion.

Electrochemical evaluations were performed to demonstrate the enhanced Li-S perfor-

mances for a-Ta2O5�x/MCN/S. The charge-discharge profiles of sulfur composites

display two plateau curves (Figure 5A). The discharge plateaus at 2.3 and 2.1 V (versus

Li+/Li) are associated with the electroreduction of sulfur into long-chain LPS and further

reduction to Li2S2/Li2S, corresponding to the cyclic voltammetry (CV) results that show

two major reduction peaks and two oxidation peaks (Figure S18). Compared with

T-Ta2O5/S, the a-Ta2O5/S electrode displays higher discharge capacity and smaller po-

larization, suggesting the contribution of amorphous structure to improved Li-S perfor-

mance. Moreover, a-Ta2O5�x/MCN/S exhibits the lowest potential hysteresis in charge-

discharge profiles and CV curve, with enhanced discharge capacity (around 1,200 mAh

g�1) and current response, respectively. The defect-rich amorphous Ta2O5 implanted

within the interconnected micropores of MCN strengthens its ionic/electronic
Matter 3, 1–15, September 2, 2020 11
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conductivity, which acts as the nanoreactor to accelerate LPS redox reaction, leading to

fast and durable electrochemical performance. Figure 5B exhibits the Nyquist plots of

various sulfur electrodes, where the semicircle at the medium-frequency region corre-

sponds to the charge-transfer impedance, and the slope at the low-frequency region

corresponds to Warburg impedance for diffusion process.47 a-Ta2O5�x/MCN/S pre-

sents the smallest charge-transfer and Warburg resistance, indicating its best charge

andmass transfer features. The rate performances and corresponding charge-discharge

profiles are displayed in Figures 5C, 5D, and S19. a-Ta2O5�x/MCN/S delivers the best

rate performance with the highest discharge capacity of 766 mAh g�1 at 5 C compared

with a-Ta2O5/MCN/S (600 mAh g�1) and a-Ta2O5+MCN/S (380 mAh g�1), and the

reversible capacity of 1,080.9 mAh g�1 when the current returns to 0.2 C. These results

congruously confirm that the enhanced catalytic activity and kinetics for LPS conversion

are due to the elaborate design of a-Ta2O5�x/MCN/S composite. The cycling perfor-

mances are compared at a current density of 0.2 C (Figure 5E). a-Ta2O5�x/MCN/S pre-

sents the best cyclability with a high discharge capacity of 913.7 mAh g�1 and high

Coulombic efficiency after 300 cycles. In the long-term cycling testing, a-Ta2O5/

MCN/S electrode exerts a durable cycling performance over 600 cycles at 1 C (Fig-

ure S20). After introducing oxygen vacancies, a-Ta2O5�x/MCN/S exhibits superior cyclic

stability over 1,000 cycles with a remarkably low capacity fading rate of 0.029%per cycle

(Figure 5G). As shown in Figure S21, a-Ta2O5�x/MCN/S still exhibits a decent capacity of

680 mAh g�1 after 1,000 cycles. This performance is very competitive compared with

other reported electrodes based on transition metal/porous carbon composites (Table

S1). a-Ta2O5�x/MCN with a pitaya-like nanoreactor guarantees sulfur homogenization

and facilitated ion/electron conduction, and offers strong chemical and physical con-

finements to suppress an LPS shuttle effect. The successful introduction of oxygen va-

cancies further improves electronic conduction within the electrode and provides elec-

trocatalytic sites promoting the chemical interaction with LPS and sulfur redox kinetics.

High sulfur loading and low electrolyte/sulfur (E/S) ratio are critical for achieving high

areal capacity and energy density toward Li-S battery practicalization. The charge-

discharge profile of a-Ta2O5�x/MCN/S electrode for high-sulfur-loading perfor-

mance (Figure S22) delivers a high areal capacity (5 mAh cm�2) under high sulfur

loading (5.6 mg cm�2) and low E/S ratio (3.6 mL g�1). a-Ta2O5�x/MCN/S exhibits

an excellent cyclability with high areal capacity over 4 mAh cm�2 after 200 cycles

(Figure 5F). The rate performance of a-Ta2O5�x/MCN/S was also investigated at

the practically relevant condition. As shown in Figure S23, a-Ta2O5�x/MCN/S de-

livers a decent capacity over 2.5 mAh cm�2 under a high current density of 2 C

and reversible capacity of 4.7mAh cm�2 when the current returns to 0.2 C. The excel-

lent cyclability and rate capability of a-Ta2O5�x/MCN/S benefit from its potent shut-

tling inhabitation and superior electrocatalytic activity and kinetics for fast LPS con-

version to facilitate sulfur utilization. These results reveal high promise in the

practical application of Li-S batteries.

Conclusions

Taking advantage of the electronic properties specific to tantalum, we developed

amorphous tantalum oxide with oxygen vacancies implanted inside a microporous

carbon matrix as a new electrocatalyst toward polysulfide catalysis and retention.

Carbon nanopores restrict the nucleation of Ta2O5�x nanoseeds to shape the incom-

plete unit cell in an amorphous structure with enlarged active surfaces, which re-

duces the Ta–O bond length and provides strong chemical affinity for LPS. The ox-

ygen vacancies further tune the Ta–O local coordination environment and electron

band structure of Ta2O5�x to improve the intrinsic electrical conductivity and func-

tion as catalytic centers. The engineered 3D conductive nanoreactor loaded with
12 Matter 3, 1–15, September 2, 2020
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Ta2O5�x nanoclusters efficiently inhibits LPS shuttling and promotes LPS catalyzation

with fast redox kinetics. Meanwhile, the sulfur agglomeration and volume expansion

are well suppressed in the pitaya-like structure. These featuring superiorities endow

the developed sulfur electrode with outstanding rate capability and cyclability even

at practically relevant sulfur loading and electrolyte content. We believe that our

identification of tantalum as a new catalyst material for Li-S batteries will stimulate

more efforts on the specific selection of transition metals based on their electronic

structures. The unique ‘‘ship in a bottle’’ strategy offers guidance for rational struc-

tural design in energy conversion and storage systems.
EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and

will be fulfilled by the Lead Contact, Prof. Zhongwei Chen (zhwchen@uwaterloo.ca).

Materials Availability

This study did not generate new unique reagents. All materials used in this work are

commercially available.

Data and Code Availability

All the necessary data supporting the main findings of the paper are available within

the main paper and its Supplemental Information files and from the Lead Contact

upon reasonable request.
Preparation of MCN

In a typical synthesis, a 70-mL aqueous solution of 0.7 M glucose was sealed in a

Teflon-lined stainless-steel autoclave and hydrothermally treated at 185�C for 6 h.

The collected precipitate was washed several times with deionized water. After dry-

ing at 80�C for 12 h, small amount of ZnCl2 aqueous solution was added to the carbo-

naceous powder at a 5:1 weight ratio of ZnCl2 to powder under stirring for 6 h. The

suspension was dried in an oven at 110�C to vaporize the visible water, after which

the collected solid was vacuum dried for 20 h. Following this, the powder underwent

pyrolysis at 850�C for 2 h in the carbon dioxide atmosphere. The obtained samples

were immersed in dilute hydrochloric acid under stirring and then washed with de-

ionized water, resulting in the formation of MCN.
Preparation of a-Ta2O5�x/MCN and a-Ta2O5/MCN

Typically, tantalum(V) chloride was added into the anhydrous ethanol under ultraso-

nication for 2 h. A small amount of the prepared solution was then added toMCN in a

well-dried glass vial, which was quickly capped and underwent ultrasonication for 3

h. After drying at 85�C in vacuum for 12 h, the powder was transferred to the tube

furnace and pyrolyzed in the hydrogen atmosphere at the flow rate of 80 sccm at

650�C for 2 h to yield a-Ta2O5�x/MCN. The control sample, a-Ta2O5/MCN, was syn-

thesized using the above method except for annealing in Ar atmosphere.
Preparation of a-Ta2O5 and a-Ta2O5�x

The prepared tantalum(V) chloride ethanol solution was directly dried at 80�C under

vacuum overnight. The collected solid was then heated in Ar atmosphere at 450�C
for 1 h to obtain the amorphous Ta2O5 (a-Ta2O5).

48 The control sample, a-Ta2O5�x,

was prepared by the same method as a-Ta2O5 except for annealing in the H2

atmosphere.
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Preparation of a-Ta2O5+MCN

The prepared tantalum(V) chloride ethanol solution was directly dried at 80�C in vac-

uum for 12 h. Next, the obtained powder was mechanically mixed with MCNwith the

same Ta2O5 content as a-Ta2O5�x/MCN and a-Ta2O5/MCN. The as-prepared sam-

ple was heated in Ar atmosphere at 450�C for 1 h to yield a-Ta2O5+MCN.

The details of materials characterization, electrochemical measurements, and DFT

calculations are provided in Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.matt.

2020.06.002.
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