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ABSTRACT

Lithium-sulfur (Li-S) battery has attracted extensive attention because of its ultrahigh theoretical energy density and low cost.
However, its commercialization is seriously hampered by its short cycling life, mainly due to the shuttle of soluble lithium
polysulfides (LiPSs) and poor rate capability due to sluggish reaction kinetics. Although significant efforts have been devoted to
solving the problems, it is still challenging to simultaneously address all the issues. Herein, titanium nitride hollow multishelled
structure (TiIN HOMS) sphere is designed as a multi-functional catalytic host for sulfur cathode. TiN, with good conductivity, can
effectively catalyze the redox conversion of S and LiPSs, while its surficial oxidation passivation layer can strongly anchor LiPSs.
Besides, HOMS enables TiN nanoparticle subunits to expose abundant active sites for anchoring and promoting conversion of
LiPSs, while the multiple shells provide physical barriers to restrict the shuttle effect. In addition, HOMS can buffer the volume
expansion of sulfur and shorten the charge transport pathway. As a result, the sulfur cathode based on triple-shelled TiN HoMS
exhibits an initial specific capacity of 1016 mAh-g™ at a high sulfur loading of 2.8 mg-cm and maintains 823 mAh-g™ after 100
cycles. Moreover, it shows a four times higher specific capacity than the one without TiN host at 2 C.
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1 Introduction

Lithium-sulfur (Li-S) battery, which possesses a high theoretical
energy density of 2600 Wh-kg™, abundant sulfur storage, low cost,
and environmentally friendliness, has drawn intensive interest
[1-5]. However, Li-S battery suffers from a series of challenges,
such as poor rate capability due to the low electrical conductivity
of S and sluggish reaction kinetics. More severely, the large volume
expansion of S and the shuttle of long-chain lithium polysulfide
(LiPS) intermediates cause short cycling lifespan and low S
utilization, which seriously hinders the commercialization of Li-S
batteries [6-13]. Great efforts have been devoted to solving these
problems, mainly including design of novel S cathode architecture,
binder optimization, electrolyte component optimization, or the
use of solid-state electrolyte [14, 15]. Typically, hollow structured
materials have been extensively employed as S host in Li-S
batteries [16-24]. The large internal cavity buffers the volume
expansion of S during lithiation process, while the polar metal
compounds are capable of adsorbing polysulfides. Wherein,
hollow multishelled structures (HoMS) with multiple ordered
shells have been proven promising for as S host as well as multiple
other application fields [25-30]. For example, Wang’s group
developed a TiO, , as S host [25], which provides more
adsorption and redox active sites and restricts the shuttle of LiPSs
effectively. Additionally, porous thin shells can shorten the
electron and ion transport paths [31-41]. Nonetheless, most metal

compound hollow materials possess poor electrical conductivity
and limited active centers. Therefore, the performance of Li-S
battery still remains to be improved.

Herein, we develop TiN HoMS for the first time as multi-
functional catalytic host for S cathode. As shown in Scheme 1,
such polar TiN HoMS host has abundant desirable advantages: (1)
TiN has an excellent electrical conductivity of up to 55,000 S-cm™,
and it enables catalytic conversion of LiPSs after their adsorption
and capture, further promoting redox reactions [42-47]; (2) TiN
can anchor LiPSs via forming N-S bonds, in addition, its naturally
formed surficial oxide passivation layer could also anchor LiPSs
via forming S-Ti-O bonds, thus effectively inhibiting the shuttle
of LiPSs [48,49]; (3) the large internal cavity of HoMS
significantly buffers the volume expansion of S material during
lithiation [50, 51]; and (4) the HoMS could increase the contact
area between TiN and active substances, providing more
adsorption and redox active sites [52,53]. As a result, the Li-S
battery, by adopting triple-shelled TiN HoMS as S host, exhibits
an initial specific capacity of 1016 mAh-g" under a high sulfur
loading of 2.8 mg-cm™ and the specific capacity maintains at
823 mAh-g after 100 cycles. More impressively, a much better
rate capability than the one without S host is achieved.

2 Results and discussion
TiN HoMSs were fabricated through a sequential templating
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Scheme 1 Schematic illustration of the electrode process for the S@3s-TiN HoMS cathode.

approach (STA), which has been proven quite fruitful for HoMS electron microscopy (TEM) images of TiO, hollow sphere (HS)
synthesis [54-57], followed by a nitride treatment. Firstly, TiO, and double- and triple-shelled (2s- and 3s-) TiO, HoMS,
HoMSs were synthesized by the STA method, as reported in Refs. respectively. The multishelled structure was well-maintained after
[30,58,59], which were then nitrided to become TiN using being nitrided (Figs. 1(e)-1(g)) to obtain TiN HoMS. As
melamine as nitrogen source. Figures 1(a)-1(c) show transmission characterized by scanning electron microscopy (SEM) (Figs. 1(d)
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Figure1 TEM images of (a) TiO, HS, (b) 2s-, and (c) 3s-TiO, HoMS. (d) SEM images of 3s-TiO, HoMS. TEM images of (e) TiN HS, (f) 2s-, and (g) 3s-TiN HoMS.
(h) SEM images of 3s-TiN HoMS. The HRTEM images of (i) 3s-TiO, HoMS and (1) 3s-TiN HoMS. (j) Powder XRD patterns of 3s-TiO, HoMS and 3s-TiN HoMS.
(k) Ti 2p XPS spectra of 3s-TiN HoMS. (m) Nitrogen adsorption—desorption isotherms and (n) Barret-Joyner-Halenda (BJH) pore-size distribution curves of the as-
prepared 3s-TiO, HoMS and 3s-TiN HoMS.
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and 1(h)), both shells of TiO, HoMS and TiN HoMS are
composed of nanosized grains. X-ray diffraction (XRD) patterns
(Fig. 1(j)) and the high-resolution TEM (HRTEM) (Fig.1(i))
indicate that 3s-TiO, HoMS is composed of anatase and rutile
phase, while only the peaks of TiN without any impurity phases
are detected in the TiN HoMS sample, which indicates the total
transformation of TiO, HoMS to TiN HoMS after nitridation
treatment. In addition, clear lattice fringes with an inter-planar
spacing of 0.212 and 0.244 nm are observed in the HRTEM (Fig.
1(1)), which is assigned to the (200) and (111) planes, respectively,
of TiN [42]. X-ray photoelectron spectroscopy (XPS) test was also
performed on TiN HoMS (Fig. 1(k) and Fig. S4 in the Electronic
Supplementary Material (ESM)). The signals at 460.98 and 455.08
eV are ascribed to the Ti-N configuration, and the peaks at 462.48
and 456.44 eV are attributed to the Ti-N-O species. In addition,
there are two signals at 464.08 and 458.42 eV, corresponding to
the Ti-O signals of TiO,, which may be due to that oxide layer is
formed on the surface of TiN when it is exposed to ambient air
[42]. What is more interestingly, Brunauer-Emmett-Teller (BET)
N, adsorption-desorption analysis (Fig. 1(m), and Fig.S3 and
Table S1 in the ESM) shows that the specific surface area of TiN
HoMS is three times that of TiO, HoMS. In addition, the pore size
distribution indicates that TiN HoMS possesses more mesopores
(Fig. 1(n)). The higher specific surface area and more mesopores
of TiN HoMS are favorable for anchoring sulfur and LiPSs.

The S@TiN composite was synthesized by a melting-diffusion
method, and details could be found in the ESM. TiN HoMS
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maintains its original spherical shape after S loading, and the
contrast within the cavity between shells is obviously darkened
compared to bare TiN samples (Figs. 2(a)-2(c)). Energy-dispersive
X-ray (EDX) element mapping (Fig. 2(d)) proves that S has been
successfully loaded into the internal space of TiN hollow sphere.
The linear scan analysis of S@2s-TiN HoMS composite further
proves the presence of high content of S distributed in the cavity
of TiN HoMS (Figs. 2(e) and 2(f)). In addition, sharp XRD peaks
of S were detected in the S@TIN composite, suggesting that
crystalline S has been successfully encapsulated into TiN HoMS
(Fig. 2(g)). Thermogravimetric analysis shows that the loading
mass ratios of S in the S@TiN HS, S@2s-TiN HoMS, and S@3s-
TiN HoMS are about 65.4%, 70.3%, and 80.1%, respectively. The
higher S loading of the 3s-TiN HoMS may be that its multiple
shells could better inhibit the S loss comparable to TiN HS during
the washing process to remove the surface residual S.

To compare the LiPS adsorption ability of different samples,
parallel adsorption measurements were performed by placing the
same mass amount of samples into Li,S, solution (5 mmol-L™).
After 12 h of immersion, the color of the solution added with TiN-
nanoparticle (NP) turned lighter (Fig.3(a)) but remained
yellowish. Comparatively, solutions containing TiN HS or HoMS
turned colorless, which may be because that TiN HS or HoMS
possesses a larger specific surface area and better adsorption of
Li,Ss. The ultraviolet-visible (UV-Vis) spectral characterization
(Fig. 3(a)) further confirmed the above results. The chemical
interaction mechanism between titanium nitride and LiPSs was
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Figure2 TEM images of (a) S@TiN HS, (b) S@2s-, and (c) S@3s-TiN HoMS. (d) EDX mapping and corresponding elemental distributions of S, N, and Ti of S@2s-
TiN HoMS. (e) TEM image of S@2s-TiN HoMS and (f) linear distributions of S and Ti along the arrow line on (e). (g) Powder X-ray diffraction patterns of 3s-TiN
HoMS and S@3s-TiN HoMS. (h) Thermogravimetric analysis of S@TiN HS and S@TiN HoMS.
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Figure3 (a) UV-visible spectra and inserted optical images of Li,S in 1,3-dioxolane/1,2-dimethoxyethan (DOL/DME) solution and after being adsorbed by TiN-NP,
TiN HS, and 2s- and 3s-TiN HoMS. (b) Ti 2p XPS spectra of TiN HoMS and TiN HoMS-Li,S. (c) Polarization curves of the Li,Ss symmetric cell. (d) CV curves of
S@TiN HoMS at 0.2 mV-s". Tafel plots for S@TIN HoMS electrodes during (e) reduction and (f) oxidation processes. Fitting of current vs. time curves for a
potentiostatic discharge at 2.02 V, (g) CFC, (h) CFC + TiN-NP, and (i) CFC + 3s-TiN HoMS.

determined by XPS measurements. Figure 3(b) illustrates an
overall shift of the peaks of TIN HoMS-Li,S, toward lower binding
energies compared to TiN HoMS, which indicates a stronger
interaction between TiN and Li,S. Likewise, a similar peak shift is
observed in the N 1s spectrum (Fig. S5 in the ESM). TiN HoMS-
Li,S¢ exhibits a new peak at 456.42 eV, corresponding to the
formed S-Ti-O bond [60]. The above results suggest that TiN
HoMS provides strong anchoring ability to LiPSs, which is
conducive to confining the diffusion shuttle of LiPSs.

In addition to chemical anchoring LiPSs, TiN HoMS is able to
catalyze the conversion of LiPSs and promote Li,S nucleation and
growth [61,62]. To verify the electrocatalytic activity of TiN
HoMS, a symmetric cell was assembled. As shown in Fig. 3(c),
cells based on TiN HoMS electrodes show higher currents than
those based on TiN-NP electrodes. Additionally, the magnitude of
the current was increased with an increase in shell number in the
TiN sample. The electrocatalytic activity was further verified
through cyclic voltammetry (CV) and potential polarization
experiments. In Fig. 3(d), the reduction peak at R1 corresponds to
the reduction of Sg molecules to soluble long-chain polysulfides
(Li,S,, n = 4-8) during discharge process, and the reduction peak
at R2 corresponds to the reduction of soluble polysulfides (Li,S,,
n = 4-8) to electrolyte-insoluble Li,S, and Li,S [63]. Two oxidation
peaks O1 and O2 correspond to the oxidation of Li,S,/Li,S to Sg
during the charge process. Figures 3(e) and 3(f) show the Tafel
slopes during the oxidation and reduction processes, respectively.
The Tafel slopes of S@TiIN HS, S@2s-TiN HoMS, and S@3s-TiN
HoMS are 93, 61, and 51 mV-dec™ for the Li,S to Li,S, conversion
and 183, 141, and 115 mV-dec” for the Sy to Li,S, conversion,
which further proves the electrocatalytic activity of TiN HoMS.

Tsinghua University Press

Normally, the reaction kinetics of the conversion from soluble
polysulfide to insulating solid Li,S is poor in the late stage of
discharge process, wherein the precipitation of Li,S greatly affects
the capacity of the battery. To evaluate the effect of TiN on the
precipitation of Li,S, cells were assembled by using equal mass of
TiN-NP and 3s-TiN HoMS loaded carbon fiber cloth (CFC) as
cathode and lithium metal as anode. Cells were discharged to
2.06 V at a current density of 0.112 mA and then held potential at
2.05 V until the current dropped below 10° A. According to
Faraday’s law, the Li,S precipitates were evaluated according to the
charge [47,64]. As shown in Figs. 3(g)-3(i), the deposition
capacity of Li,S on the surface of CFC + 3s-TiN HoMS reaches
411 mAh-g', which is the largest among the three cells,
confirming that 3s-TiN HoMS can enhance the conversion of
LiPLs to Li,S and the nucleation and growth of Li,S. The reasons
are ascribed to that the excellent electrical conductivity of TiN
facilitates electron diffusion and the HoMS can shorten the
transport path of ions and electrons.

The electrochemical performance is evaluated by assembling
CR2032 coin cells with lithium metal used as the counter and
reference electrode. Figure 4(a) shows the first-cycle
charge/discharge voltage profiles of the S@3s-TiN HoMS, S@2s-
TiN HoMS, S@TiN HS, S/TiN-NP, and S/C electrodes at 0.2 C.
S@3s-TiN HoMS exhibits the highest specific capacity and high
initial Coulombic efficiency of 98.3%. It is worth mentioning that
TiN hosts have no contribution to the overall capacity by
themselves (Fig. S6 in the ESM). In addition, it is worth noting
that the specific capacities of the five electrodes are relatively
similar in the first discharge plateau but differ dramatically in the
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Figure4 (a) Galvanostatic charge-discharge voltage profiles of S@TiIN HoMS, S@TiN HS, S/TiN-NP, and S/C at a rate 0.2 C. (b) Nyquist plots of S@TiN HoMS,
S@TiN HS, S/TiN-NP, and S/C from 0.1 to 100 MHz. (c) CV profiles of S@3s-TiN HoMS at a scan rate of 0.2 mV-s™. (d) Rate capabilities of S@TiN HoMS, S@TiN
HS, S/TiN-NP, and S/C electrodes tested at 0.2, 0.5, 1, and 2 C, with a mass loading of 1.0 mg-cm™. (e) Cycling performance of S@TiN HoMS, S@TiN HS, S/TiN-NP,
and S/C at 0.2 C (activated at 0.05 C was removed). (f) Rate capabilities of 2.8 mg-cm™ sulfur-loaded S@3s-TiN HoMS cathode. (g) Cycle performance and Coulombic

efficiency of 2.8 mg-cm™ sulfur-loaded S@3s-TiN HoMS cathode at 0.1 and 0.5 C.

second discharge plateau (Fig. S8 in the ESM). The ratios of the
capacity obtained in the second discharge plateau to those
obtained in the first plateau for S@3s-TiN HoMS, S@2s-TiN
HoMS, S@TiN HS, S/TiN-NP, and S/C are 3.1:1, 3.0:1, 2.2;, 2.0:1,
and 0.9:1. It is demonstrated that 3s-TiN HoMS host enables the
catalytic conversion of polysulfides more effectively.

The magnitude of the charge transfer resistance (R,) can be
compared by the depressed semicircle of the Nyquist curve in the
high frequency region. As shown in Fig. 4(b), the R, of S/TiN-NP
is significantly lower than that of S/C due to the better
conductivity of TiN (4000-55,000 S:cm™) than carbon
(0.2-0.5 S-«cm™) [57]. In particular, the R, of TIN HoMS decreases
with the increase in the number of shells. It is due to that multiple
shells are connected with each other and form a percolated
conductive pathway, which is able to reduce the overall resistance
of the circuit [65].

Figure 4(c) demonstrates the CV curves of the cell with the
S@3s-TiN HoMS cathode in the first five cycles at 0.2 mV-s™. The
CV cycle almost overlapped, demonstrating good reversibility and
stability of the S@3s-TiN HoMS electrode. Moreover, the cycle
performance of S@TiN HoMS composite is generally superior to
the S@TiIN HS, S/TiN-NP, and S/C composite (Fig.4(e)).
Specifically, S@3s-TiN HoMS achieves the highest capacity of
790 mAh-g™ after 100 cycles at 0.2 C, followed by S@2s-TiN
HoMS (663 mAh-g"), S@TiN HS (648 mAh-g"), S/TiN-NP
(648 mAh-g?), and S/C (424 mAh-g™). Figure 4(d) shows the rate
capability at 0.2, 0.5, 1, 2, and 0.2 C rate, respectively. Obviously,
the S@TIN HoMS exhibited a better rate capability compared to

S@TiN HS, S/TiN-NP, and S/C, delivering a discharge capacity of
1019, 869, 747, and 618 mAh-g* at 0.2, 0.5, 1, and 2 C rate,
respectively. Moreover, the discharge capacity can almost be
recovered to the similar value when the current density decreases
back to 0.2 C, indicating that S@3s-TiN HoMS has excellent
multiplicative performance. This is mainly due to the shortened
ion and electron transport path and the effective confinement of
LiPSs by TiN HoMSs.

Considering the requirements of practical application,
electrochemical performance with a high sulfur loading is
explored. When the sulfur loading was increased to 2.8 mg-cm?,
the cathodes of S@3s-TiN HoMS still performed a good rate
capability, showing discharge capacities of 1060, 970, 896, and
751 mAh-g™ at 0.1, 0.2, 0.5, and 1 C rate, respectively (Fig. 4(f)).
When the rate was switched back from 1 to 0.2 C, the discharge
capacity recovered to 964 mAh-g. In addition, the cycle life of the
S@3s-TiN HoMS electrode with areal sulfur loading of
2.8 mg-cm™ was tested at 0.2 and 0.5 C for 100 cycles (Fig. 4(g)).
Upon the initial activation cycle at 0.05 C, the discharge capacities
of 1585 and 1534 mAh-g™ are delivered, corresponding to an areal
capacity of 44 and 4.3 mAh-cm?, respectively. The S@3s-TiN
HoMS electrode delivers capacities of 1016 mAh.g* (2.8
mAh-cm”) at 0.1 C and 891 mAh-g' (2.5 mAh-cm”) at 0.5 C,
respectively. The capacities are stabilized at above 823 mAh-g*
(2.3 mAh-cm™) and 763 mAh-g” (2.1 mAh-cm™) over 100 cycles,
respectively, which is attributed to the good conductivity of TiN
and its effective catalytic effect promoting the conversion of LiPSs.

To further understand the reaction mechanism, in situ Raman
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Figure5 In situ Raman spectra of Li-S batteries based on (a) S@3s-TiN HoMS and (b) S/C cathodes during the discharge-charge processes. Pouch cells were
assembled by pairing S@3s-TiN HoMS cathode with Li foil anode, (c) LED display light lighting test and (d) long-time bright screen test of LED display.

spectroscopy was carried out to monitor the real-time evolution of
sulfur species. Figures 5(a) and 5(b) depict the in situ Raman
spectra obtained for S@3s-TiN HoMS and S/C cathode surface,
respectively, during the discharge—charge process. Characteristic
peaks around 145, 211, and 463 cm™ corresponding to Sg can be
observed at the beginning of the discharge process for these two
cathodes [66,67]. As for the S@3s-TiN HoMS cathode,
characteristic peaks around 232 and 427 cm™ corresponding to
TiN can also be observed. With the continuous discharge, the
peaks of S¢~ became weaker and totally disappeared at the end of
discharge process, indicating that S has been totally converted
and no Sy species has been transported to the anode side. In
addition, the signal of S¢ gradually re-appeared during the charge
process, indicating the reversible and fast redox reaction. In
contrast, as for the S/C cathode, the peaks of Sy were slightly
weakened and could be observed during the whole discharge
process, indicating that the reduction reaction of Sg was
incomplete, which may be ascribed to the severe shuttle effect
happened in the S/C cathode. To further investigate the
practicability of 3s-TiN HoMS host, a pouch cell based on S@3s-
TiN HoMS cathode and lithium foil anode was constructed. As
shown in Figs. 5(c) and 5(d), this pouch cell could easily and
continually power the light-emitting diode (LED) screen with a
“HOMS” pattern.

3 Conclusions

In summary, TiN HoMS was synthesized and employed as a
catalytic host for S cathode. TiN not only improves the
conductivity of sulfur cathode but also promotes the redox
reaction kinetics, and its strong adsorption ability of lithium
polysulfide effectively inhibits the LiPSs shuttle effect. Meanwhile,
HoMS not only effectively buffers the volume expansion of S but
also shortens the ion and electron transport pathways, as well as

inhibits shuttle effect by providing abundant adsorption sites and
multiple physical barriers. As a result, 3s-TiN HoMS
simultaneously exhibits a high specific capacity, good cycling
stability, and superior rate capability, reaching an initial specific
capacity of 1016 mAh-g” and maintained at 823 mAh-g™ after 100
cycles with a high sulfur loading of 2.8 mg-cm”, and showing a
four times high specific capacity than the one without TiN host at
2 C. This work provides novel insight into the design of multi-
functional hosts for Li-S batteries with better multiplicative
performance, high capacity, and long cycle stability.
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