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Defect engineering of a TiO, anatase/rutile
homojunction accelerating sulfur redox kinetics
for high-performance Na-S batteries¥

Yue Xiao,? Yelei Zheng,? Ge Yao,*® Yuhang Zhang,? Zhigiang Li,® Shoujie Liu*® and
Fangcai Zheng () *@P

Room-temperature sodium—sulfur (RT Na-S) batteries have the drawbacks of the poor shuttle effect of
soluble sodium polysulfides (NaPSs) as well as slow sulfur redox kinetics, which result in poor cycling
stability and low capacity, seriously affecting their extensive application. Herein, defect engineering is
applied to construct rich oxygen vacancies at the interface of a TiO, anatase/rutile homojunction (Oy-
TRA) to enhance sulfur affinity and redox reaction kinetics. Combining structural characterizations with
electrochemical analysis reveals that Oy,-TRA well alleviates the shuttle effect of NaPSs and precipitates
the deposition and diffusion kinetics of Na,S. Consequently, S/Oy-TRA provides excellent electrochemical
performance with a reversible capacity of 870 mA h g~* at 0.1 C after 100 cycles and a long-term cycling
capability of 759 mA h g’1 at 1 C after 1000 cycles. This work provides an effective interfacial defect

rsc.li/dalton

1. Introduction

Room-temperature sodium-sulfur (RT Na-S) batteries are con-
sidered an attractive alternative for next-generation energy
storage systems owing to their high theoretical energy density
(1274 W h kg™") and low cost." Furthermore, RT Na-S bat-
teries have a wide range of large-scale market application pro-
spects owing to abundant Na and S resources.”” Nevertheless,
RT Na-S batteries suffer from sluggish kinetics, which results
in the diffusion of long-chain sodium polysulfides (NaPSs)
into the electrolyte and further leads to a series of more
serious problems, including low battery capacity, rapid
capacity decay, enormous volume change, quick structural col-
lapse and low utilization efficiency of active S components.®™®
These disappointing results are also related to the insulation
characteristics of S and Na,S,/Na,S.'° Therefore, it is crucial to
design a host material that not only enhances the electronic
conductivity of S, but also immobilizes soluble NaPSs and
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engineering strategy to promote the application of metal oxides in RT Na-S batteries.

accelerates their reversible transformation into a fully dis-
charged product of Na,S.

A variety of strategies are designed to fabricate advanced S
host materials for RT Na-S batteries. Carbon-based materials
with large specific surface areas, including carbon
spheres,""'* carbon nanotubes,”®'* and microporous carbon
skeletons,">™"” are popular S host materials to improve elec-
tronic conductivity and alleviate volume expansion. For
example, Wu et al. synthesized carbon spheres with continu-
ous pore distribution to alleviate the volume expansion of S
and Na,S,/Na,S for RT Na-S batteries.'® However, the weak
physical interaction between the nonpolar carbon matrix and
polar NaPSs makes it difficult to effectively suppress NaPSs
diffusion, leading to the unfavorable shuttle effect and
abysmal capacity decay.'”® To obtain a superior S cathode,
polar materials with strong polar-polar interaction toward
NaPSs are proposed, such as oxides,>**" sulfides,*** and tran-
sition metal nanoclusters/single atoms,”*>® where a strong
polar chemical interaction is conducive to anchor NaPSs and
catalyze their rapid conversion, which is critical to suppress
the shuttle effect and improve the cycling stability of the S
cathode. Li et al. reported that Y single-atom catalysts with a
Y-N, structure were beneficial for the chemical affinity of
NaPSs and lowered the conversion kinetics.>®> Mou et al. pre-
pared a highly efficient MOC@NHC electrocatalyst to alleviate
volume change and suppress the diffusion of polysulfides.*®
However, it is difficult to precisely control the catalyst structure
at the atomic level. In contrast, oxygen vacancy engineering is
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one of the most effective strategies to anchor LiPSs and accel-
erate their conversion in Li-S batteries owing to the fact that
an oxygen vacancy site can strongly accommodate electrons
from LiPSs and thus accelerate reaction kinetics.>'”** Zou et al.
reported that the oxygen vacancy in the structure of In,O;_y
facilitated the strong interaction toward LiPSs and accelerated
the S redox kinetics.*® Based on the above analysis, construct-
ing a defect structure with abundant oxygen vacancies could
be also an effective strategy to accelerate S redox kinetics in RT
Na-S batteries.

The formation of oxygen vacancy is closely related to inter-
facial band structures, such as heterostructures and homo-
geneous structures, which are beneficial for promoting charge
transfer and encouraging catalytic activity.>*® Interestingly,
compared with heterojunction, homojunction promotes faster
charge transfer and has strong electron conductivity due to
ideal interfacial contact and near-perfect lattice
mismatching.>”*® Therefore, constructing oxygen vacancy at
the interface of the homojunction structure possesses the
superiority in generating much more active sites to adsorb S
species. However, it is rare to design a homogeneous structure
for capturing NaPSs and boosting their conversion in RT Na-S
batteries. As one of the typical metal oxides, TiO, delivers high
adsorption for polysulfides based on strong Lewis acid-base
interaction between Ti*" and the electron-rich S,>~, but the low
electrical conductivity intrinsically limits the conversion
efficiency of S.>**° Particularly, the formation of surface phase
junctions between anatase and rutile always easily introduces
abundant oxygen vacancies, which can promote the interaction
toward reaction intermediates and lower the reaction barrier.**

In this work, we constructed abundant oxygen vacancies at
the interface of anatase and rutile through thermal calcination
of NH,-MIL-125(Ti). Besides, owing to the carbonization of
organic likers during the calcination process, the resulting
oxygen-vacancy-rich TiO, homojunction structure is well dis-
persed into the carbon skeleton (denoted as Oy-TRA). The
physical characterization data confirmed that the homojunc-
tion structure facilitates the formation of oxygen vacancy.
Moreover, the electrochemical analysis demonstrates that the
oxygen vacancy is beneficial for the adsorption of NaPSs and
promotes the reaction kinetics. The resulting S/Oy-TRA dis-
plays enhanced electrochemical performance for RT Na-S bat-
teries with a long cycling lifespan, excellent rate capability,
and high coulombic efficiency.

2. Results and discussion

The schematic diagram illustrates the fabrication procedures
of O,/TRA via calcining NH,-MIL-125(Ti) in Ar (Fig. 1a).
Notably, the anatase TiO, is metastable and can be converted
into the rutile TiO, at high temperatures. The transformation
process usually introduces abundant defects at the interface,
which is beneficial for increasing the conductivity of the
material.** The X-ray powder diffraction (XRD) pattern of the
resulting precursor is well indexed to NH,-MIL-125(Ti)
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(Fig. S17), and the scanning electron microscopy (SEM) image
(Fig. 1b) reveals that NH,-MIL-125(Ti) exhibits a uniform circu-
lar-cake structure with a diameter of 400-500 nm and thick-
ness of 200 nm. After calcination at 550 °C, NH,-MIL-125(Ti)
was decomposed into oxygen-vacancy-rich anatase TiO, within
an N-doped carbon skeleton (recorded as Oy-TA). Oy-TA still
maintains the mooncake-like morphology (Fig. S2t). As the
pyrolysis temperature increases, some metastable Oy-TA is
transformed progressively into crystalline rutile TiO,.*> Thus,
Oy-TRA was formed at 800 °C. Fig. 1c and d displays SEM and
transmission electron microscopy (TEM) images of Oy-TRA,
which maintains a similar mooncake-like structure.
Significantly, the surface of Oy-TRA is crude, where small par-
ticles agglomerate on the surface of the mooncake, suggesting
that the high temperature facilitates the transformation of
NH,-MIL-125(Ti) into large-sized TiO, nanoparticles.*> The
high-resolution transmission electron microscopy (HRTEM)
and inverse fast Fourier transform (IFFT) images show lattice
fringe spacings of 0.231 and 0.170 nm (Fig. 1e and f), corres-
ponding to the (004) plane of anatase and (211) plane of rutile,
respectively, achieving the anatase-rutile homogeneous struc-
ture. The selected area electron diffraction (SAED) image in
Fig. 1g can be attributed to the planes of anatase ((101) and
(004)) and rutile ((110) and (211)), further manifesting the for-
mation of anatase-rutile homojunction in Oy-TRA. The inter-
face of anatase-rutile TiO, homojunction is beneficial for
smooth electron migration.** Furthermore, the homojunction
is organized within a conductive N-doped carbon network
from the carbonization of the organic ligand in NH,-MIL-125
(Ti).* As shown in Fig. 1h-k, energy-dispersive X-ray spec-
troscopy (EDX) mapping images indicate the uniform distri-
bution of C, N, O, and Ti across Oy-TRA, indicating an evenly
dispersed anatase-rutile homogeneous structure. Besides, TRA
without oxygen vacancy was also prepared to explore the posi-
tive effect of oxygen vacancy on the electrochemical perform-
ance of RT Na-S batteries, and it shows a similar morphology
with Oy-TRA (Fig. $37).

The XRD pattern (Fig. 2a) displays that the peaks of Oy-TRA
are indexed to anatase TiO, (No. 89-4921) and rutile TiO, (No.
21-1276), demonstrating the formation of a homojunction.
Besides, the generation of O,-TA at low calcination tempera-
ture is also confirmed. After the removal of oxygen vacancy,
the homojunction is still retained. X-ray photoelectron spec-
troscopy (XPS) was performed to further explore the elemental
chemical states of Oy-TRA. Fig. 2b shows the signals of Ti, O,
C, and N elements in the full survey of Oy-TRA. The Ti 2p spec-
trum for Oy-TRA shows an obvious peak of Ti** compared to
those of TRA and Oy-TA (Fig. 2c). More importantly, the ratio
of Ti**/Ti*" is 2.70 for O-TRA, which is lower than that in Oy-
TA (2.82), signifying the formation of structural defects and
contributing to the existence of more oxygen vacancies.** In
the Ti 2p spectrum of Oy-TRA (located at 464.99 eV and 459.32
eV), the binding energy of Ti*" shifts negatively by 0.05 eV
compared to that in TRA (located at 465.04 eV and 459.37 eV),
indicating that Oy-TRA owns a higher electron density at the Ti
site. This can imply the high electron-attracting impression,
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Fig. 1 (a) Schematic of the preparation procedure for Oy-TRA. SEM images of (b) NH,-MIL-125(Ti) and (c) Oy-TRA. (d) TEM and (e) HRTEM images
of Oy-TRA. (f) The corresponding inverse fast Fourier transform (IFFT) lattice fringes. (g) SAED pattern of Oy-TRA. (h—k) EDS mapping images of

corresponding elements in Oy-TRA.

and prove the existence of oxygen vacancy.”” The O 1s spectra
for Oy-TRA and Oy-TA, as shown in Fig. S4,1 display three
peaks, which are attributed to lattice oxygen (Op), oxygen
vacancy (Oy), and surface hydroxyl (Oc).*® Compared to TRA
(530.67 eV) and Oy-TA (530.27 eV), the O 1 s peak of Oy-TRA
(530.75 eV) shifts to a higher binding energy region, thereby
confirming the existence of oxygen vacancy in Oy-TRA.*” More
convincingly, the concentration of Oy in Oy-TRA is 22.74%,
which is higher than that of Oy-TA (11.59%), indicating the
palpable lattice defects in Oy-TRA. To better distinguish the
valence and differences in the chemical environment of Ti in
Oy-TRA and TRA, X-ray absorption near edge structure
(XANES) spectra at Ti K-edge were measured.*’ Fig. 2d reveals
the XANES spectra of Oy-TRA and TRA with Ti foil as a refer-
ence. The absorption edge of Oy-TRA shifts negatively com-
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pared to TRA, verifying that Ti in Oy-TRA has higher electron
charge and a lower valence state compared to TRA.*® This
result is the same as the results of XPS. Furthermore, as dis-
played in Fig. S5,f the Fourier transform (FT) k*-weighted
extended X-ray absorption fine structure (EXAFS) spectra of Oy-
TRA and TRA exhibit the peaks at ~1.5 A and ~2.5 A, which
correspond to Ti-O bond and Ti-Ti bond, respectively.*>°
These results further confirm that the oxygen vacancy can
induce the localized electron distribution on Ti sites in Oy~
TRA, which can enhance the sulfur affinity and redox reaction
kinetics. The electron paramagnetic resonance (EPR) was per-
formed to further verify the defects of the oxygen vacancy
(Fig. 2e). A g value of 1.998 refers to oxygen defects in Oy-TRA
and Oy-TA, where Oy-TRA has the stronger signal than Oy-TA,
indicating the existence of defects in Oy-TRA, which is attribu-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) XRD patterns and (b) the full survey XPS spectra and (c) Ti 2p spectra of Oy-TRA, Oy-TA and TRA. (d) Ti K-edge XANES spectra of Oy-TRA,

TRA and Ti foil. (e) EPR spectra of Oy-TRA, Oy-TA and TRA. (f) N, adsorption—desorption isotherms of Oy-TRA and S/Oy-TRA.

ted to incompatible interface between anatase and rutile
phases.”" It is worth noting that TRA shows almost no sign of
oxygen defects. The interface of the anatase-rutile TiO, homo-
junction is beneficial for smooth electron migration. These
results also agree well with the XPS analysis, and the obtained
homojunction with abundant oxygen vacancies is beneficial to
upgrade the intrinsic electrical conductivity.>®> Furthermore,
the defects induced by oxygen vacancies enhance the wide-
range adsorption capacity towards electron-rich polysulfides,
serving as catalytic sites to promote the transformation of
polysulfides.>

The prepared samples serve as S hosts for RT Na-S bat-
teries, which are correspondingly recorded as S/Oy-TRA, S/TRA
and S/Oy-TA. They still maintain the mooncake-like mor-
phology based on SEM and TEM images (Fig. S61). XRD pat-
terns confirmed the successful loading of S into the host
materials (Fig. S7T) and the S content in S/Oy-TRA, S/TRA and
S/Oy-TA was 56.20, 49.41 and 49.11 wt%, respectively (Fig. S87).
The increased S content in Oy-TRA further certifies that the
rich oxygen vacancies facilitate the immobilization of Sg. The
specific surface area of Oy-TRA was analyzed as 350 m”> g~*
(Fig. 2f), which is higher than that of Oy-TA (112 m* g7') and
TRA (318 m® ¢™') (Fig. S10a, S11a, and Table S1}). The pore
volume of Oy-TRA (0.419 cm® g™") is higher than those of Oy-
TA (0.418 ecm® g') and TRA (0.409 cm® g™ ') (Fig. S9, S10b and
S11b and Table S27). The exceptional specific surface area and
pore volume of Oy-TRA generously provide many more sites for

This journal is © The Royal Society of Chemistry 2024

loading S, adequately enhancing the contact area between the
electrolyte and the electrode material. S/Oy-TRA shows the
reduced specific surface area (3.92 m> g~') and pore volume
(0.066 cm® ¢™') compared to those of Oy-TRA, demonstrating
the successful and uniform storage of S in their defective struc-
ture. Likewise, S/Oy-TA (4.26 m*> g”" and 0.392 cm® g™") and S/
TRA (15.11 cm® g7" and 0.073 em® g™ ') reveal reduced specific
surface area and pore volume after the introduction of
S. These results demonstrate that S was successfully melted
into the host materials.

The visualized adsorption experiment was carried out to
further verify the adsorption ability of Oy-TRA toward Na,Se.
As shown in Fig. 3a, identical masses of Oy-TRA, Oy-TA and
TRA were immersed into Na,S¢ solution (FEC/PC, 1:1 by
volume). Oy-TRA made the color of the solution change from
vibrant yellow to nearly colorless after 12 h, whereas Oy-TA and
TRA only made the color pale yellow. Moreover, the super-
natant of the adsorbed solution was further tested by ultra-
violet-visible spectroscopy (UV-vis) (Fig. 3b), and the peak
around 300 nm corresponds to the S¢°~ species. Furthermore,
the peak of S¢>~ is lower than those of Oy-TA and TRA, con-
firming the stronger adsorption ability of Oy-TRA for Na,Se.
These outcomes demonstrate the favorable chemical adsorp-
tion and anchoring capacity of Oy-TRA toward NaPSs, which
contributes to suppressing the diffusion of NaPSs into the
electrolyte. Simultaneously, XPS was further conducted to
explore the underlying interaction between Oy-TRA and Na,Se.

Dalton Trans., 2024, 53, 8168-8176 | 8171
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Fig. 3

(a) Digital images of Oy-TRA, Oy-TA, and TRA immersed into Na,Sg-PC/FEC. (b) UV-vis spectra of O\-TRA, Oy-TA, and TRA. (c and d) XPS

profiles of Ti 2p and S 2p of Oy-TRA after interacting with Na,Sg solution. (e—g) Potentiostatic discharge curves (Na,Se) of Oy-TRA, TRA and Oy-TA.
(h) Tafel plots calculated from oxidation peaks. (i) Tafel plots calculated from reduction peaks.

The peaks of Ti 2p;, and Ti 2p,,, negatively shift (Fig. 3c),
which is attributed to the electron transfer from Na,Sg to Oy~
TRA,> revealing the increased electron density located at
oxygen vacancy and strong chemical interaction. Besides, the S
2p spectra at 169.96 and 170.91 eV (Fig. 3d) can be attributed
to thiosulfate and polythionate, and the two peaks at around
164 eV can be attributed to S 2p,,, and S 2p3/,. The formation
of thiosulfate and polythionate demonstrates the oxidation of
NaPSs by Oy-TRA.>* Likewise, the experiments were repeated
with 1,2-dimethoxyethane (DME), and Oy-TRA still exhibited
enhanced adsorption ability toward Na,Se (Fig. S1271). The XPS
results also confirmed that the peaks of Ti 2p;/, and Ti 2p;,,
negatively shifted (Fig. S13t), which is attributed to the elec-
tron transfer from Na,Ss to Oy-TRA, revealing the increased
electron density located at oxygen vacancy and strong chemical
interaction. Furthermore, potentiostatic nucleation and growth
experiments (Fig. 3e-g and Fig. S141) were carried out at 1.25
V to further investigate the catalytic effect on the polysulfide

8172 | Dalton Trans., 2024, 53, 8168-8176

conversion. The deposition of Na,S on Oy-TRA is significantly
faster (2845 s) at a larger current response (0.20 mA) than
those of Oy-TA (8590 s, 0.11 mA) and TRA (11162 s, 0.07 mA).
In addition, Oy-TRA delivers the highest deposition capacity of
386.51 mA h g~' compared with that of O,-TA (332.98 mA h
¢™") and TRA (220.88 mA h g™"). The findings show that the
high-density oxygen vacancies in Oy-TRA exhibit excellent
adsorption capacity towards NaPSs, and endow the higher
electrochemical activity toward Na,S precipitation, which con-
tributes to inhibit the shuttle effect and promote the conver-
sion of NaPSs. The Tafel slope (Fig. S151) from the oxidation
peak (Fig. 3h) of S/Oy-TRA (382 mV dec™") is inferior to those
of S/Oy-TA (497 mV dec™") and S/TRA (454 mV dec™'), and the
Tafel slope from the reduction peak (Fig. 3i) for S/Oy-TRA
(353 mV dec™) is inferior to those of S/Oy-TA (688 mV dec™)
and S/TRA (543 mV dec™), indicating that S/Oy-TRA delivers
enhanced reaction kinetics for polysulfides reduction and
Na,S oxidation.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 displays the electrochemical performance in RT Na-S
batteries based on S/Oy-TRA, S/O-TA and S/TRA. Fig. 4a exhi-
bits the CV tests of S/Oy-TRA for the initial four cycles at
0.1 mV s~*. The cathodic peak at 1.73 V in the initial curve was
observed, which is attributed to the conversion of Sg to Na,S,
(4 < x < 8).°> The cathodic peak at 0.77 V is mainly attribu-
ted to the conversion of Na,S, (4 < x < 8) to Na,S, and Na,S,
the formation of the surface SEI film, and the occurrence of
side reactions during the initial discharge process.”>>” In the
subsequent cycles, the CV profiles display two cathodic peaks
at 1.60 and 1.02 V and two anodic peaks at 1.85 and 2.18 V,
which are attributed to the conversion of long-chain NaPSs to
Na,S, and eventually into Na,S and the reversible oxidation of
Na,S; to NaPSs and then to Sg.*° Additionally, the following
CV curves are similar in shape, suggesting that S/Oy-TRA pos-
sesses excellent cyclic stability and favorable reversibility. The
CV profiles of S/Oy-TA and S/TRA (Fig. S16f) exhibit similar
electrochemical processes to S/Oy-TRA. Fig. 4b illustrates the
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second charge/discharge curves, where S/Oy-TRA exhibits a
higher capacity (920 mA h g™') and a smaller voltage gap (0.53
V), compared to S/Oy-TA (430 mA h g™, 0.96 V) and S/TRA
(536 mA h g', 0.80 V), further demonstrating that the rich
oxygen vacancies possess superior electrocatalytic activity
toward NaPSs for RT Na-S batteries. Furthermore, as shown in
Fig. 4c, the cycling performance of S/Oy-TRA exhibits a
superior capacity of 870 mA h g™ at 0.1 C (1 C = 1675 mA h
g™") with a capacity retention of 94.5% after 100 cycles.
However, the capacities of S/Oy-TA and S/TRA are 279 mA h g_1
and 454 mA h g™" after 100 cycles, respectively. Additionally,
the charge-discharge profiles of S/O-TRA at different cycles
further demonstrate the good reversibility (Fig. 4d). Hence, it
is inferred that Oy-TRA greatly diminishes the shuttle effect of
NaPSs, minimizes the volume expansion, and fosters the
prompt conversion of NaPSs. The rate performances of S/Oy-
TRA, S/Oy-TA and S/TRA were evaluated in the range of 0.1 to 3
C (Fig. 4e). S/Oy-TRA exhibits excellent rate capability with
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Fig. 4 (a) CV curves of S/Oy-TRA. (b) Charge—discharge profiles of S/Oy-TRA at 0.1 C. (c) Cycling performance at 0.1 C. (d) Charge—discharge
profiles of S/Oy-TRA at 1 C. (e) The rate capabilities under various current densities. (f) Charge—discharge profiles of S/Oy-TRA at rates from 0.1to 3
C. (g) Long-term cycling performance at 1 C. (h) Comparison of the long-term cycling performance with most previously S cathodes on the market

for RT Na-S batteries.
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capacities of 900, 838, 730, 673, 600, and 570 mA h g_1 at 0.1,
0.2, 0.5, 1, 2, and 3 C, respectively, which is superior to those
of S/Oy-TA and S/TRA. Fig. 4f still shows obvious charge-dis-
charge plateau for S/Oy-TRA at different rates, suggesting the
enhanced sulfur redox kinetics. Fig. 4¢ shows the cycling per-
formance at 1 C after 1000 cycles, and S/Oy-TRA maintains a
higher capacity of 759 mA h g~ with a capacity retention of
95.0% in comparison with those of S/Oy-TA (172 mA h g7,
66.4%) and S/TRA (326 mA h g7', 73.9%). Importantly, the
electrochemical performance of S/Oy-TRA is superior to that of
most previously reported S cathodes for RT Na-S batteries
(Fig. 4h and Table S37). This excellent performance empha-
sizes the crucial role of the homojunction structure containing
abundant oxygen vacancies in boosting the catalytic conver-
sion of NaPSs, thereby contributing to outstanding electro-
chemical performance.
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The CV curves of S/Oy-TRA with various scan rates are
arranged to further investigate the kinetic process (Fig. S177).
The b values for redox peaks are 0.81 and 0.99, suggesting the
fast reaction kinetics for S/Oy-TRA. As the scan rate increases,
the influence of capacitive charge becomes more pronounced,
where the contribution ratio of capacitive at 1.0 mV s~ is
approximately 79% (Fig. S17c and df), which is higher than
those of S/Oy-TA (39%) (Fig. S181) and S/TRA (64%) (Fig. S197).
These results confirm that the oxygen vacancy can significantly
enhance Na' storage kinetics and expand the electrocatalytic
efficiency of NaPSs.”® Na* diffusion coefficients were evaluated
using the galvanostatic intermittent titration technique (GITT)
to reflect the reaction kinetics of polysulfides transformation
(Fig. 5a and S20f), where the Na' diffusion coefficients of
S/Oy-TRA are even higher than those of S/Oy-TA and S/TRA
during the whole process. Fig. 5b demonstrates the equivalent
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Fig. 5 (a) GITT profiles and (b) EIS plots of S/Oy-TRA, S/Oy-TA, and S/TRA. (c) In situ XRD patterns and (d and e) ex situ XPS spectrum of the S/Oy-
TRA cathode at different discharge/charge states for RT Na—S batteries. (f—k) Elements mapping images of S/Oy-TRA after cycling. (i) Schematic for
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circuits corresponding to the Nyquist plots. Besides, S/Oy-TRA
(60 Q) has a smaller charge transfer resistance (R.) than S/Oy-
TA (260 Q) and S/TRA (143.5 Q) (Fig. 5b). Fig. S217} exhibits the
resistance after cycles, where the R, of S/Oy-TRA gradually
decreases due to the generation of a more stable surface SEI
film after repeated cycles.>® The electrochemical mechanism
of the cycling process was studied by in situ XRD (Fig. 5c). The
peaks of Sg gradually disappear, and the peaks of Na,S, (4 < x
< 8) are present in the initial cathodic cycle. With continuous
discharge, the characteristic peak of Na,S, was observed, and
the characteristic peak of Na,S, appears at ~0.8 V. Then, the
characteristic peak of Na,S is present when the discharge is
sustained to about 0.7 V, demonstrating that the conversion
from Sg into Na,S is completed. Besides, the extremely revers-
ible process is displayed in the anodic cycle, where Na,S gradu-
ally converts into Na,S, and further into long-chain NaPSs.
Furthermore, the ex situ XPS of S/Oy-TRA was also performed
to elucidate the corresponding reversible processes (Fig. 5d
and e). The S 2p XPS spectrum was fitted to two main peaks of
S 2py, and S 2ps, in the initial state.®® Two peaks of Na,S,
(167.12 eV) and Na,S, (162.91 eV) appeared at 1.45 V, demon-
strating the formation of NaPSs.**®" With discharge to 1.05 V,
the peak intensity of Na,S, gradually weakens, and the peak
intensity of Na,S, increases.>® Upon discharge to 0.5 V, the
peak of Na,S was present at 162.18 eV. During the charge
process, Na,S was progressively reverted into Na,S,, Na,S,, and
long-chain NaPSs, confirming the reversible charge-discharge
process.®® Besides, according to the TEM observation, S/Oy-
TRA exhibits excellent structural integrity after several cycles
(Fig. 5f-k and Fig. S22+t). These results manifest that Oy-TRA is
effective for the adsorption and conversion of polysulfides
(Fig. 51), thus inhibiting the shuttle effect and boosting the
reaction kinetics.

3. Conclusions

In general, TiO, homojunction with abundant oxygen
vacancies was successfully prepared as the S host material for
RT Na-S batteries. The designed anatase-rutile TiO, homo-
junction contributes to increased defect density in lattice and
optimizes the electronic structure, which promotes the
effective adsorption toward NaPSs and catalyzes the rapid
transformation, thereby accelerating the reaction kinetics and
improving the electrochemical performance of RT Na-S bat-
teries. S/Oy-TRA displays a high capacity of 870 mA h g " at 0.1
C after 100 cycles, and a prominent cycle life with a high
reversible capacity of 759 mA h g™' at 1 C over 1000 cycles.
This research provides a viable interfacial defect engineering
strategy to promote the application of metal oxides in RT Na-S
batteries.
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