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conductivity of lithium polysulfides and the poor kinetics of the lithium sulfur reduction reaction, which com-
bined lead to the loss of active cathodic material. In this work, titanium oxide (TiO») nanostructures are used as a
host for a niobium catalyst which accelerates the conversion of polysulfides. Cells containing the TiOz-supported
niobium catalyst demonstrated a very high level of stability, with a specific capacity decay rate of 0.045 % per
cycle over 350 cycles. Li-S cells using this cathode host material also demonstrated high initial specific capac-
ities, with initial capacities as high as 961 mAh g~! at 0.2 C and 629 mAh g~! at 3.0 C.
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1. Introduction

A shift in the current paradigm of procuring energy from fossil fuels
to the use of cleaner, sustainable sources is a global solution to meeting
the world’s increasing energy needs while protecting the environment
[1-5]. Among environmentally friendly and sustainable energy storage
systems, rechargeable batteries [6-8] and supercapacitors [9-12] have
been receiving increasing attention recently. With the energy density of
the Li-ion battery approaching its theoretical maximum, the scientific
community has recently shifted their interest to systems beyond Li-ion.
Due to the abundance and low cost of elemental sulfur, the lith-
ium-sulfur (Li-S) battery has been recognized as a promising candidate
for the next generation of energy storage. Unfortunately, the poor ki-
netics of the lithium sulfur (Li-S) reduction reaction currently limit the
practical performance of Li-S batteries, however, they can be improved
through the use of Nb catalysts on cathode host materials. Various ma-
terials [13-15] (such as metal oxides and metal sulfides, etc) have been
reported to be considered as catalysts for polysulfide conversion. Metal
oxides have been extensively applied in rechargeable Li-S batteries
owing to their impressive adsorption capability, which can immobilize
polysulfides and mitigate the shuttle effect effectively. However, metal
oxides demonstrate a low conductivity and a limited capability to pro-
mote the kinetics of polysulfide redox chemistry. Considering the
complicated multi-step chemical reactions and sluggish redox kinetics,
accelerating the chemical conversion of sulfur species is of great sig-
nificance for the alleviation of sulfur losses. Electrocatalysis can serve to
remedy this, as they have a significant impact on regulating the redox
rate. When loaded on the TiOj-based nanotubes, Nb catalysts act as
extremely polar sites, a property which gives them several capabilities.
Firstly, Nb catalysts are able to further increase the conductivity of
cathode host materials, improving the rate of electron transfer and the
speed at which the Li-S reduction reaction can occur. In particular,
catalysts promote the kinetics of the slow liquid to solid phase and solid
to solid phase changes experienced during the discharge of Li-S cells
[16]. Secondly, Nb catalysts are able to act as a polar host for lithium
polysulfides (LiPS), reducing the severity of the polysulfide shuttling
effect by limiting the mobility of liquid LiPS and preventing its diffusion
to the anode. Thirdly, the bonds formed between Nb catalysts and LiPS
weaken the S-S bonds of the sulfur chains, reducing the energy needed
for reduction [17]. A wide variety of different catalysts have been
analyzed, via both simulation and experimentation, and results indicate
that d-block metals of the fourth period demonstrate the best perfor-
mance as catalysts for the cathode side of Li-S batteries. Among these,
niobium has been identified as especially potent. Niobium and sulfur
have the following electron configurations, [Kr] 4 d* 5s! and [Ne] 352
3p* respectively. Theoretical analysis indicates that Nb catalysts should
promote d-p hybridization, enhancing the ability of a host material to
trap LiPS. The p orbital of the sulfur atoms in the LiPS chain overlaps
with the d orbital of the Nb catalysts, resulting in the formation of = and
o bonding states. This results in the hybrid d-p orbital state experienced
by the two atoms, which serves to improve the ability of Nb catalysts to
adsorb LiPS. The reduction of the adsorbed LiPS is then spurred by the
enhanced charge transfer kinetics and conductivity of the host material
due to the presence of the Nb catalysts [18].

Electrochemical catalysts require a substrate and demonstrate the
best performance when paired with a host material that already im-
proves the performance of Li-S batteries. TiO,-based nanotubes are one
such material and present some unique advantages when paired with
catalysts and with Nb catalysts specifically [19].

On their own, TiO; based cathode host materials have shown great
promise. TiO5 was identified early in the recent development of Li-S
cathode host materials as an excellent candidate due to its ability to
readily adsorb and trap liquid phase LiPS [20]. TiO2 is an extremely
stable material, able to demonstrate many different morphologies and
withstand chemical treatments. The adsorptive capability of TiO3 can be
further enhanced through surface engineering to increase surface area
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and through the introduction of oxygen deficiencies which increase the
material’s affinity for LiPS [21]. Increasing the surface area to volume
ratio of the material increases the amount of LiPS the TiO5 can interact
with, while the introduction of oxygen vacancies and other defects in-
creases the strength of the interaction. These coupled factors cause high
surface area oxygen deficient TiO, materials to demonstrate a catalytic
effect on the Li-S reduction reaction, as the increased surface contact of
the adsorbed LiPS enables easier electron transfer to and from the
cathodic material.

The phenomena demonstrated by the defects caused by oxygen de-
ficiencies in TiO, can be further enhanced through the use of Nb as a
doping agent to introduce larger scale defects. Ti and Nb both share very
similar atomic radii, 0.70 A and 0.68 A respectively, meaning that the
lattice mismatch between TiOs and NbyOs has little impact on the
structure of the hybrid metal oxide [22]. This trend remains true for the
ions of Nb and Ti found in metal oxides, with the ionic radii of Ti4+, Tis*
and Nb>* being 0.605 A, 0.670 A and 0.64 A respectively [23,24]. The
introduction of Nb catalyst into TiO, lattices also promotes the forma-
tion of Ti>" and Ti vacancies due to the differing valance of the two
metals (Nb5+, Ti4+), leading to increased electrical conductivity [25].
The formation of these Ti vacancies due to the Nb doping also causes the
ion diffusion channels within the structure of TiO, to expand, further
increasing the adsorptive capabilities of the host material [26]. The use
of TiO,-based nanotubes as a substrate for Nb catalyst loading would
bolster the catalytic and polar host properties of both materials, leading
to the formation of a cathode host material with superior performance.

2. Experimental
2.1. Preparation of TiOz-based nanotubes

TiO9-based nanotube samples were prepared via a one-step hydro-
thermal template synthesis method [27]. The samples were prepared
from rutile TiO5 (predominantly rutile titanium (IV) oxide, 99.999 %,
Acros Organics). The initial particle size of TiO, material has a signifi-
cant impact on the final morphology of the nanotube structure, with
larger initial particle sizes leading to longer and more ordered nano-
tubes. 2 g of the rutile TiO, powder was added to 80 mL of 10 M NaOH
solution. The mixture was vigorously magnetically stirred for 24 h at
ambient temperature to ensure the TiO, powder was totally dissolved.
The solution was then placed in a 200 mL Teflon lined autoclave and
sealed. Nanotube formation was performed using a programable box
furnace, which heated the sample and held it at 150 °C for 72 h. The
sample was allowed to air cool to ambient temperature in the box
furnace. The TiOs-based nanotube slurry was poured into a vacuum
filtration center, and any solids were scraped out of the autoclave into
the vacuum filter as well. The solids were first washed with a 40 mL 0.1
M HCI solution, and then with 500 mL DI water. The HCI solution is
meant to remove sodium ions left on the nanostructure from the NaOH
solution by causing them to interact with Cl ions in solution rather than
the TiO; crystal, and the DI water wash is meant to dissolve and remove
the resulting ions from the surface of the nanostructure [28]. The solids
were then removed from the filter and placed in a vacuum furnace set at
80 °C to dry overnight.

2.2. Preparation of Nb catalyst loading on TiO2-based nanotube

Nb catalysts were loaded onto TiO»-based nanotubes via a modified
two-step chemical/thermal method [18]. Nb precursor was first loaded
onto the TiOs-based nanotubes via the mixing in absolute ethanol in an
argon-filled glove box. 0.15 g TiOy-based nanotube powder was added
to 50 mL absolute ethanol and agitated via magnetic stirring in an
Erlenmeyer flask until fully dispersed. Once dispersed, 10.5 pL of
niobium ethoxide (99.9 %, Strem Chemicals INC) was added slowly
under continued agitation. Once the niobium ethoxide had been fully
dispersed, the flasks were sealed shut via rubber stoppers and parafilm,
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then removed from the glove box and stirred overnight. The resulting
suspension of niobium ethoxide loaded TiO; particles was then filtered
using a vacuum filter and 0.22 pm pore size nylon membrane filters and
allowed to dry in a desiccator. Once totally dry, the loaded TiO2-based
nanotube was placed in ceramic crucibles and moved to a tube furnace.
This tube furnace was heated to 960 °C for 3 h under flowing argon gas.
The samples were allowed to cool to ambient temperature in an argon
atmosphere. A sample without niobium catalyst loading (TiO»-based
nanotube) was created to act as a control sample.

2.3. Preparation of electrolyte solution and LizSe catholyte solution

The electrolyte solution was prepared by combining 2 mL dioxolane
(DOL) with 2 mL dimethoxyethane (DME) to create 1:1 ratio DOL:DME
solution (Alfa Aesar, 99 %). 1.15 g lithium bis(trifluoromethane) sul-
fonimide (LiTFSI) (AdipoGen Life Sciences, 99 %) and 0.15 g lithium
nitrate (Alfa Aesar, 99.999 %) were then added to the solution. The
solution was stirred at ambient temperature for 24 h [29]. All mixing
and stirring were performed in an argon-filled glove box due to the
oxygen and moisture sensitivity of the electrolyte and its components.

LisSe was used as the active material in the catholyte solution due to
the fact that it is soluble in the electrolyte and can be prepared via a
facile synthesis method. Its liquid nature allows it to easily be applied to
the electrode via the use of a micropipette and allows it to be quickly and
deeply adsorbed by the host material due to the high kinetic mobility of
liquids rather than applied as a powder to the surface of the electrode.
The catholyte was prepared by adding 92 mg Li,S (Alfa Aesar, 99.9 %)
and 320 mg sublimed elemental sulfur powder (Alfa Aesar, 99.5 %) to 2
mL of the electrolyte solution to create a 1.0 LisSg solution. The solution
was stirred for 24 h at 60 °C to enable the formation of LisSe from LisS
and sulfur [30].

2.4. TiOy on carbon cloth electrode preparation

Cathodes were prepared by applying TiO,-supported niobium cata-
lyst or TiO2-based nanotube containing slurry to 15 mm carbon cloth
discs (Fuel cell earth, thickness = 0.381 mm, density = 1.75 g/cm3). The
slurries were prepared by combining 50 mg of the TiOj-supported
niobium catalyst or TiOs-based nanotube with 7.5 mg super P carbon
black (Alfa Aesar, 99 %) and 7.5 mg polyvinylidene fluoride (PVDF). The
powder mixture was then added to 600 pL N-methyl-2-pyrrolixone
(NMP). In this mixture, the super P acts to boost the conductivity of the
cathode host, the PVDF acts as a thermosetting binder, and the NMP acts
as a solvent for the three powders. The slurry was then stirred vigorously
for 24 h to ensure even dispersion of all three powders. The prepared
slurry was then applied to carbon cloth discs via a micropipette, with 30
pL applied to each disc. This volume was chosen as it results in the
application of between 2.0 and 3.0 mg of host material, which was found
to show the best results. The cathode host loaded carbon cloth electrode
discs were then dried in a vacuum furnace set at 60 °C for 24 h.

2.5. Cell assembly

Cell assembly was performed in an argon-filled glove box using the
previously prepared materials, lithium metal foil discs, Celgard 2500
separators, commercially available stainless steel CR2032 size coin cell
casings, spacers, and springs. Cell assembly started by placing the
cathode host loaded carbon cloth electrode on the positive side cell
casing and centering it. 10 pL of the catholyte, corresponding to an areal
loading of 1 mg cm ™2 active sulfur on the electrode, was then applied to
the center of the electrode. 30 pL of the electrolyte was then applied to
the center of the electrode. A 19 mm disc of Celgard 2500 separator
material was then placed to isolate the cathodic and anodic sides of the
cell. Another 30 pL of electrolyte was applied to the center of the anodic
side of the separator. A lithium metal anode disc was placed on top of the
electrolyte at the center of the cell, followed by a spacer and a spring.
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The negative case was then fitted over the lithium metal anode and
spacers, and the cell was crimped closed using a die and 100 kg em 2 of
force applied via a manual hydraulic press.

2.6. Electrochemical testing

Electrochemical impedance spectroscopy (EIS) testing, cyclic vol-
tammetry (CV) testing, and galvanostatic charge discharge cycling were
performed on Li-S cells containing the TiO,-supported niobium catalyst
or TiO2-based nanotube. EIS testing was conducted to assess the internal
resistance of each cell, CV testing was conducted to determine the
relative voltage and current peaks of charge and discharge cycles and
impact of the catalytic materials, and charge discharge cycling was
conducted to determine the stability of the cathode host at different
current rates and over time. A Gamry Interface 1000E potentiostat/
galvanostat/ZRA instrument was used to perform EIS and CV measure-
ments. Charge discharge cycling was performed using a Neware battery
testing system.

2.7. Materials characterization

XRD analysis was performed using a Philips X’Pert MRD with a Cu Ko
source (wavelength A = 0.154 nm) at 45 kV and 40 mA on a well ground
powder sample in order to confirm the presence of Nb catalyst loading in
the cathode host samples.

Raman spectroscopy was also performed to validate the presence of
Nb catalyst loading in the cathode host samples. It was performed using
a 785 nm wavelength laser and a Princeton Instruments Acton SP2500
spectrometer with a shutter time of 20 s.

SEM and TEM were performed using an Apreo FE-SEM and FEI
Tecnai F-20 TEM respectively to assess the surface and internal
morphology of TiO,-supported niobium catalyst or TiO,-based nano-
tube. Energy dispersive X-ray spectroscopy (EDS) was also performed to
validate the presence and distribution of Nb catalyst loading on the
surface of TiOgp-based nanotube. It was performed using an Ametek
Octane Elite EDS fitted to an Apreo FE-SEM.

3. Results and discussion
3.1. Characterization before cycling

To determine the crystallographic phases of the samples, X-ray
diffraction (XRD) pattern investigations on TiOp-supported niobium
catalyst and TiO,-based nanotube were conducted. Fig. S1 (a) shows a
comparison of TiOg-supported niobium catalyst and TiO»-based nano-
tube, however no significant difference can be asertained between the
two. This means that no new phase is formed after Nb doping. This also
suggests that Raman spectroscopy is unable to detect the presence of Nb
in the samples, indicating that the Nb particles are too small to be
resolved by Raman spectroscopy to collect data. In order to validate the
presence of Nb catalyst doping within the doped samples, analysis using
a technique with a smaller wavelength is neceseatated.

As shown in Fig. S1 (b-c), XRD analysis reveals the presence of
several dominant phases present in the heat-treated materials. As shown
in Fig. S1 (b), the heat-treated TiOs-based nanotube shows the presence
of rutile TiO5 and sodium titanium oxide. The presence of sodium in the
sample is a result of the synthesis method of the nanostructure, as so-
dium ions are trapped in the polar TiO,-based nanotube as they form
[31]. Contrasting Fig. S1 (b) with Fig. S1 (c) reveals the presence of
several peaks suggesting the presence of Nb catalyst loading in the
sample, particularly the (110) peak present at 38.7°. This peak can be
identified in the Nb doped sample and not the undoped sample. Un-
fortunately, many peaks within the samples cannot be identified. This is
likely a result of the formation of a large number of minor phases
comprised of titanium, oxygen, niobium and sodium which have formed
as a result of the large number of chemical and heat treatments [32].
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Additional analysis must be performed to fully understand the compo-
sition of these samples and confirm the presence of Nb catalyst loading.
While the X-rays used to generate data in XRD have an adequately small
wavelength to interact with and indicate the presence of Nb catalyst
loading, this technique generates too much data about the material,
making it difficult to extract meaningful data regarding the distribution
and composition of Nb catalyst loading on the surface of the
nanostructures.

To determine the composition and identify the chemical states of
TiOs-based nanotube and TiO,-supported niobium catalyst, XPS analysis
was carried out. As shown in Fig. 1 (a-b), the XPS survey spectra exhibit
that TiOz-based nanotube and TiO»-supported niobium catalyst both
contain Ti, O, and Na. Additionally, TiOy-supported niobium catalyst
shows the existence of Nb element, which confirms the successful
loading of Nb catalyst [33-35]. Fig. 1 (c-f) shows Ti 2p and O 1s regions
of the high resolution XPS spectra of TiOy-based nanotube and TiO2--
supported niobium catalyst. The two noticeable peaks from TiO»-based
nanotube and TiO-supported niobium catalyst at around 465.3 eV and
459.5 eV with symmetry can be attributed to Ti 2p1/2 and Ti 2p3/2,
respectively [36]. The peak positions and 5.8 eV peak separation of the
Ti 2p doublet agree well with the energy reported for TiO5 nanoparticles
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[36,37]. The peaks of O 1s are located at about 531.0 eV, whose energy
is equal to the O 1s electron binding energy for TiO, [38]. Also, there is
one more peak in both samples observed at binding energy of 532.0 eV,
corresponding to the H-O from the absorbed H2O on their surface [39].
As shown in Fig. 1(g-h), the extreme resolution Na 1s peak showed a
major peak at 1072.0 eV for TiOs-based nanotube and TiO,-supported
niobium catalyst [40-42]. As shown in Fig. 1 (i), the high resolution Nb
3d displays two noticeable peaks for TiOs-supported niobium catalyst,
confirming the successful loading of Nb catalyst. The peak of Nb 3ds 2 is
located at 206.3 eV, and the peak of Nb 3ds/s is located at 209.1 eV
[43-45].

Fig. 2 (a-b) shows SEM images of each of the cathode host materials
for comparison. The TiO»-based nanotube and TiO,-supported niobium
catalyst sample demonstrate a uniform geometry, demonstrating longer
and finer granules with less agglomeration and fusing of particles.
Additionally, contrasting Fig. 2 (a-b) reveals that the presence of Nb
catalyst loading has no impact on the final morphology of the material
after heat treatment [46-48].

As shown in Fig. 2 (c-d) and Table 1, the presence and quantity of Nb
catalyst loading present in the sample can easily be observed using EDS.
The electron beam used by the SEM to generate characteristic X-rays is

(a) TiO,-based nanotube (b) TiO,-supported niobiur?ncatalyst (C) TiO,-based nanotube Ti 2p
o -
X (@]
—~ O —
5 a 5 |o -
S o S & s & (g
2 |% 2 |7 = 2
@ |z 0 ‘»
o c c
] 0 ]
£ = 2
5 £
(sp}
0
z
1000 800 600 400 200 0 1000 800 400 200 0 470 465 460 455
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(d) TiO,-supported niobium catalyst Ti 2p (e) TiO,-based nanotube O 1s (f) TiO,-supported niobium catalyst O 1s

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)

470 465 460 455 540
Binding energy (eV)

Binding energy (eV)

540 535 530
Binding energy (eV)

(g) TiO,-based nanotube

Intensity (a.u.)
O,
Intensity (a.u.)

TiO,-supported niobium catalyst

TiO,-supported niobium catalyst

Na 1s (i) Nb 3d

Intensity (a.u.)

T T b T
1085 1080 1075 1070 1085 1080
Binding energy (eV)

Binding energy (eV)

1 0I75 1 0I70 215

Binding energy (eV)

Fig. 1. XPS survey spectra of (a) TiO»-based nanotube and (b) TiO,-supported niobium catalyst; Ti 2p high-resolution XPS spectra of (¢) TiO»-based nanotube and
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Fig. 2. SEM images taken at 20,000 x magnification of (a) TiO,-based nanotube, and (b) TiO,-supported niobium catalyst. EDS analysis of (¢) TiO,-based nanotube,

and (d) TiOy-supported niobium catalyst.

small enough to interact with the Nb catalyst, indicating their presence
and concentration on the surface of the TiOy-based nanotube. Per
Table 1, TiOz-supported niobium catalyst demonstrated the presence of
Nb. As shown in Fig. 2, the size and morphology of TiOy-supported
niobium catalyst changed a little due to the Nb addition and the thermal
treatment. Additionally, SEM imaging and EDS elemental mapping
(Fig. S2 (a-f)) of TiOs-supported niobium catalyst were carried out,
which clearly demonstrate the homogenous distribution of Nb on the
TiO-based nanotube.

To substantiate the presence of hollow nanotubes in the TiO,-based
nanotube sample, TEM imaging was carried out (Fig. 3 (a-b)). Firstly, a
regular TEM image (Fig. 3 (a)) was obtained to show the interior
structure of the nanostructures. As shown in Fig. 3 (a), the TiO-based
nanotube demonstrates an ordered nanorod structure. The lack of
contrast in the middle of the sample indicates that the sample possesses a
nanotube structure. As TEM displays the “shadow” of matter, the darker
portions correspond to be the thicker portions (mass-thickness contrast
mechanism), and thus can be interpreted as the walls of a hollow
structure. High-resolution TEM image (Fig. 3 (b)) was obtained to esti-
mate an average tube diameter of the TiO,-based nanotube. Analysis
from the various locations on the structure yielded an average of about
10.2 nm, with values being clustered between 9 nm and 12 nm. The
length could not be determined for the TiOs-based nanotube, as the
structures had to be pulverized and ultrasonicated in order to disperse
them thinly enough to analyze single structures via TEM.

Table 1
Chemical composition data for samples of TiO»-based nanotube, TiO»-supported
niobium catalyst obtained via EDS analysis.

Atomic % Atomic % Atomic % Atomic %

Ti [¢] Na Nb
TiO,-based nanotube 25.08 64.35 10.51 —
TiOz-supported niobium 25.31 62.56 11.72 0.40

catalyst

3.2. Electrochemical characterization

The electrochemical performance of each cell was validated via EIS,
as shown in Fig. 4 (a-d). Potentiostatic EIS testing was performed using
CR-2032 type coin cell batteries employing the TiO2-based nanotube
and TiOg-supported niobium catalyst with a frequency window of
0.01-10° Hz. The results of the EIS tests are shown as Nyquist plots
(Fig. 4 (a-b)), which graph Z, (denoted Z) against ~Zimaginary (denoted
Z"). Analyzing the inflection point of these graphs allows values for
electrolyte resistance, solid electrolyte interface resistance, and charge
transfer resistance to be obtained, denoted R;, R¢, and R, respectively
[49-52]. As shown in Fig. 4 (a), both cathode host types demonstrated
roughly similar values for Rg, due to the fact that each cell shared the
electrolyte and the fact that the only variable in the construction of each
cell was what host material was loaded onto the carbon cloth electrode.
Before cycling (Fig. 4 (a)), the solid electrolyte interface resistance (R¢)
and the charge transfer resistance (R.) value of the TiOy-supported
niobium catalyst cell (8.2 Q and 3.5 Q respectively) are much smaller
than those of the TiO,-based nanotube cell (33.4 Q and 11.1 Q respec-
tively), implying an accelerated charge transfer and a promoted redox
reaction. After 350 galvanostatic cycles at 3C (Fig. 4 (b)), the
high-frequency semicircles of both cells clearly are smaller than those of
the fresh cells, implying accelerated charge transport, successful rear-
rangement of the active material, and more complete electrolyte infil-
tration after the initial galvanostatic cycles [53]. Elaborately designed
TiOy-supported niobium catalyst cell still exhibited a lower charge
transfer resistance representing a significantly smoother charge transfer
compared with the TiOs-based nanotube cell, resulting in faster redox
kinetics throughout the entire electrode. Additionally, the lower inter-
face resistivity of the TiOs-supported niobium catalyst sample when
compared to the TiOg-based nanotube sample indicates that the pres-
ence of Nb catalyst loading has a positive effect on the surface in-
teractions of the materials, with the Nb catalyst loading boosting the
electrical conductivity of the sample and thus the rate of the reaction.

Fig. 5 (a) shows the CV data for the TiO»-based nanotube and TiO»-
supported niobium catalyst cells. Measurements were taken with a po-
tential window of 1.7-2.8 V with a scan rate of 0.1 mV s~ '. The TiO»-
supported niobium catalyst sample outperformed the TiOs-based
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Fig. 3. TEM images of TiO,-based nanotube.
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Fig. 4. Experimental EIS data displayed as Nyquist plots for each sample (a) before cycling (b) after cycling. The fitted values for the equivalent circuit elements (c)

before cycling and (d) after cycling.

nanotube sample in terms of the measured current rate at the anodic and
cathodic peaks (Fig. 5 (b)), indicating superior electron transfer per-
formance. This implies that the TiO-supported niobium catalyst sample
had a superior conductivity, which echoes the low R value obtained in
the EIS testing. These results also indicate that the TiOy-supported
niobium catalyst sample allowed a higher rate of charge transfer, as
more lithium polysulfides were able to interact with the surface of the
cathode host simultaneously. The Tafel plots are deduced from the
potentiostatic polarization experiments at the CV peak position, and
they can reflect the kinetic behavior of electrochemical process. It is

apparent that the TiOy-supported niobium catalyst cell demonstrates a
higher onset potential for the electrochemical reduction of polysulfides
than the TiOs-based nanotube cell (Fig. 5 (c) and (e)), suggesting a lower
energy barrier for polysulfide catalytic conversion. Additionally, the
TiOg-supported niobium catalyst cell also exhibits a lower onset po-
tential as well as a higher current response for the Li,S oxidation to the
soluble long-chain polysulfides than the TiO2-based nanotube cell (Fig. 5
(g)), implying a lower energy barrier for Li>S decomposition [54].
Further investigation of the electrocatalytic effect was carried out by
comparing the slopes of the fitted Tafel plots. The TiOy-supported
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niobium catalyst cell demonstrates a smaller slope during both the
reduction (Fig. 5 (d) and (f)) and oxidation processes (Fig. 5 (h)). For
instance, the TiO,-supported niobium catalyst cell exhibits a lower Tafel
slope (44.9 mV dec™! for peak C I, 57.1 mV dec! for peak C II, and
122.2 mV dec™! for peak A) compared to those of the TiOy-based
nanotube cell (52.4 mV dec ™! for peak C1, 100.0 mV dec " for peak C1I,
and 220.0 mV dec ™! for peak A). The noticeable decrease in the Tafel
slope values substantiates the increased rate of polysulfide redox con-
version [55-57].

To understand the catalytic effect of TiO2-supported niobium cata-
lyst additive on the sulfur species redox chemistry, CV in the symmetric
cells which comprise two identical TiOz-based nanotube or TiOz-sup-
ported niobium catalyst as both working and counter electrodes was
measured (Fig. 6). Interestingly, three pairs of reversible redox peaks are
observed in the CV curve of the TiO,-supported niobium catalyst cell
(Fig. 6 (a)). These peaks exhibit sharpness or narrow shape for each
redox pair, suggesting excellent catalytic activity and kinetics charac-
teristics for LiPSs conversion [58]. However, only two pairs of peaks are
found in the CV curve of the TiOs-based nanotube cell, which are
assigned as the decomposition of Sg to Li»S4 (peak A) and the electro-
chemical reduction of LisS4 to LipS (peak C), respectively [59]. The
corresponding electrochemical reactions for those redox peaks of the
TiOg-based nanotube cell or TiO,-supported niobium catalyst cell are
summarized in Fig. 6 (b). Each peak corresponds to a specific chemical
redox reaction during cycling. It is worth noting that the peak pairs (a/A,
¢/C, a’/A, and ¢’/C') show a very similar voltage position. Therefore, as
shown in Fig. 6(b), these peak pairs are assigned as the same electro-
chemical redox reactions. Based on the voltage position of the b/b’
redox peak pair, the corresponding chemical reactions are associated
with the electrochemical reduction from long-chain LiSg to LizS4 and
the electrochemical oxidation from LisS4 to soluble high-order LisSg,
respectively. The appearance of the b/b’ redox peak pair confirms the
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favorable catalytic effect of the TiOs-supported niobium catalyst elec-
trode on the electrochemical conversion between a large number of
high-order Li»Sg and low-order LizS4 [59]. The integration of the CV
profiles also indicates that the TiO»-supported niobium catalyst cell
presents rapid diffusion and transfer of electrons/ions due to the cata-
lytic effect of niobium on the polysulfide conversion. Considering the
roles of polar TiO, support and niobium catalyst, the TiOz-supported
niobium catalyst combines the advantages of strong anchoring for LiPSs
with good nucleation/decomposition of LipS and surface diffusion for
accelerating bidirectional sulfur redox kinetics (both the reduction of
LiPSs and the oxidation of insoluble Li;S/LisS5), thereby to achieve the
balanced adsorption-catalytic conversion-nucleation behaviors for sul-
fur species and alleviate the polysulfide shuttle effect, and finally lead-
ing to outstanding electrochemical performance (Fig. 6 (c)).

The nucleation and dissolution of Li»S were carried out to demon-
strate the improved redox reactions with the help of TiOs-supported
niobium catalyst. The nucleation experiments (Fig. S3 (a-b)) exhibit the
capacity of precipitated Li»S on TiOz-supported niobium catalyst (328
mAh g~1), which is much higher than that on TiO,-based nanotube (155
mAh g™1). To evaluate the dissolution behaviors of LisS on TiOs-sup-
ported niobium catalyst and TiO,-based nanotube surface, the poten-
tiostatic charge experiments were implemented at 2.38 V (Fig. S3 (c-d)).
TiOg-supported niobium catalyst exhibits a higher capacity (387 mAh
g’l) for LisS dissolution compared to the TiOz-based nanotube (216
mAh g1). These results verified the bidirectional roles of TiO,-sup-
ported niobium catalyst in the redox conversion between LiPSs and Li,S.

To investigate the influence of loading Nb catalyst in TiOs-based
nanotube on electrochemical performance, the coin-type cells were
fabricated with TiOz-supported niobium catalyst and TiO2-based nano-
tube. The maximum initial specific capacity and overall stability of each
sample were assessed via a “steps” test in which the C rate was changed
every 5 cycles as follows: 0.2, 0.5, 1.0, 2.0, 3.0, 2.0, 1.0, 0.5, 0.2 C. The

(D) Strong polysulfide adsorption

(2) Alleviated shuttle effect

(3) Rapid polysulfide conversion kinetics
(@) Fast bidirectional sulfur redox chemistry

© ox
® ®

Supported Nb catalyst
TiO,-based nanotube

Carbon cloth

Fig. 6. (a) The CV profiles of the symmetric cells based on TiO»-based nanotube and TiO,-supported niobium catalyst; (b) The corresponding chemical reactions for
the redox peaks in (a) of the TiO,-based nanotube and TiO,-supported niobium catalyst cells; (¢) The working mechanism comparison for the TiO,-based nanotube

and TiO,-supported niobium catalyst cells.
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results of this test are shown in Fig. 7 (a-d). The cells exhibit two voltage
plateaus at the discharge curves and one voltage plateau at the charge
curves. During discharge, the first plateau corresponds to the electro-
chemical transition from solid Sg to soluble LiPS, and the second plateau
corresponds to the electrochemical transition from liquid LiPS to solid
LisSy/LisS. During charge process, the plateau is ascribed to the con-
version of LipSo/LisS to Sg [60,61]. The charge-discharge profiles of the
cell with TiOy-supported niobium catalyst display a lower electro-
chemical polarization at all current densities. These phenomena suggest
the improvement of LiPSs conversion kinetics by introducing Nb catalyst
into TiOg-based nanotube. Additionally, the cell based on TiO2--
supported niobium catalyst delivers a higher average discharge capacity
0f 961 mAh g1, 816 mAh g}, 758 mAh g1, 701 mAh g ! and 629 mAh
g1 at 0.2C, 0.5C, 1C, 2C, and 3C (1C = 1675 mAh g™ 1), respectively.
The cells using the TiO-supported niobium catalyst cathode host ma-
terial outperformed the cells using the TiO»-based nanotube cathode
host materials significantly. The cell based on TiOs-based nanotube
delivers an average discharge capacity of 713 mAh g}, 605 mAh g2,
537 mAh g1, 479 mAh g~! and 407 mAh g ! at 0.2C, 0.5C, 1C, 2C, and
3C, respectively. Furthermore, the capacity of the cell with TiO,--
supported niobium catalyst (Fig. 7 (d)) recovers to 921 mAh g*1 when
the current density decreases back to 0.2C, suggesting the outstanding
rate performance and superior electrochemical reversibility of the cell
with TiOz-supported niobium catalyst. The superior high-rate perfor-
mance of the TiO,-supported niobium catalyst sample indicates there is
a positive impact on reaction speed from the presence of Nb catalyst
loading on the sample, as more of the reduction reaction’s electro-
chemical energy is captured at these high rates [62-64]. The cycle
performance of the cells with TiOz-supported niobium catalyst and
TiOg-based nanotube is further evaluated at 3.0 C. As shown in Fig. 7 (e),
an initial capacity of 575 mAh g~! can be obtained by the cell with
TiOg-supported niobium catalyst at 3.0 C, which is higher than the ca-
pacity of the cell with TiO,-based nanotube (461 mAh g~1). After 350
cycles, a retainable capacity of 484 mAh g~ can be obtained by the cell
with TiO,-supported niobium catalyst. As a contrast, the capacity of the
cell with TiO,-based nanotube could only maintain 443 mAh g! after
350 cycles. The defect design endows the TiO,-supported niobium
catalyst cell with significantly enhanced electron conductivity and
stronger chemical adsorption toward polysulfide [65-67]. The cycling
performances of the TiOy-supported niobium catalyst and TiOy-based
nanotube cells at 0.2 C over 100 cycles are presented in Fig. 7 (f). The
TiOs-supported niobium catalyst cell exhibits a higher initial capacity of
966 mAh g_1 than that of the TiO,-based nanotube cell (721 mAh g_l).
The TiOg-supported niobium catalyst electrode can still deliver a
reversible capacity of 947 mAh g! even after 100 cycles, which is su-
perior to the electrode (657 mAh g™'). Since the TiOg-supported
niobium catalyst electrode demonstrated a more favorable electro-
chemical performance under low sulfur loading than the TiOy-based
nanotube sample, furthermore, taking the practical commercialization
into account, the electrochemical measurement with high areal sulfur
loading (5 mg cm™2) was carried out. Fig. 7 (g) exhibits during 100
cycles at 0.1 C, the initial capacity of the TiOs-supported niobium
catalyst cell was 777 mAh g~ ! under a high areal sulfur loading of 5 mg
cm 2, while the TiOy-based nanotube sample was only 632 mAh g~.
This shows that the TiOg-supported niobium catalyst cell could still have
a good performance even with a high areal sulfur loading of 5 mg cm ™2
prone to shuttle effect. As shown in the long cycle at 0.1 C in Fig. 7 (g),
the capacity of the TiOs-supported niobium catalyst cell was still
maintained at 744 mAh g~! at 100th cycle, higher than that of the
TiO,-based nanotube cell (568 mAh g_l at 100th cycle), and it achieved
a comparably small capacity decay rate (0.042 % per cycle).

The best rate performance was observed for the TiOy-supported
niobium catalyst cathode host material, demonstrating an initial ca-
pacity of 961 mAh g~ at 0.2 C and 629 mAh g~! at 3.0 C. The superior
high-rate performance of the TiOg-supported niobium catalyst sample to
the TiO2-based nanotube sample can be attributed to the presence of Nb
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catalyst loading, as their catalytic effect allows for enhanced Li-S
reduction kinetics at higher rates, enabling higher useable specific ca-
pacities to be achieved.

TiOy-supported niobium catalyst cathode host materials also
demonstrated excellent stability over extended cycling, with a decay
rate of 0.045 % per cycle over the 350 cycles. This decay rate indicates
that there is no “tipping point” for capacity retention for the TiOy-sup-
ported niobium catalyst cathode host material, indicating a very high
level of stability. These results indicate that the higher surface area
demonstrated by the more ordered, less agglomerated TiO»-based
nanotube materials led to a higher cycle life, and that the presence of Nb
catalyst loading allowed the TiO,-supported niobium catalyst cathode
host sample to demonstrate excellent stability and high-capacity
retention.

The LiPSs shuttling causes the active materials in the cathode to
become unstable during the multi-step redox reactions undergone dur-
ing charge and discharge cycling. This instability allows the active
materials to detach from the cathode host, dissolving into the electrolyte
in the form of soluble LiPSs. This phenomenon causes the viscosity of the
electrolyte to increase and leads to self-discharging, the combination of
which results in significant capacity loss and a low Coulombic efficiency.
The self-discharging caused in the cell by the dissolution of LiPSs into
the electrolyte is one of the greatest technical barriers to commerciali-
zation of this technology.

A self-discharge test was carried out to evaluate the LiPSs adsorption
of the TiOg-supported niobium catalyst cell and the TiOs-based nano-
tube cell. Firstly, both coin cells were galvanostatically cycled at 0.2 C
for 10 cycles. Then, the cells were rested for 24 h before the 11th cycle at
0.2 C. Severe self-discharge behavior can be observed from the TiOy-
based nanotube cell. As shown in Fig. S4, the TiO»-based nanotube cell
experienced a serious irreversible capacity loss of 17.4 % after 24 h of
rest. In contrast, the TiOs-supported niobium catalyst cell demonstrated
a capacity loss of only 6.1 % after resting for 24 h, which confirms that
self-discharge behavior was significantly mitigated. This indicates that
the TiOy-supported niobium catalyst contributes to the anti-self-
discharge feature.

After 100 cycles at 0.2 C, the TiOs-supported niobium catalyst cell
and the TiOz-based nanotube cell were disassembled inside the glove-
box, and the separators and Li anodes were collected. The visual
observation of the cycled separators can be achieved from Fig. 8 (a-b).
The separator from the TiO2-supported niobium catalyst cell was clean
and fresh suggesting minimal polysulfide migration and effective
immobilization of polysulfides by TiOz-supported niobium catalyst.
However, the heavily yellow-colored separator from the TiOj-based
nanotube cell exhibited severe polysulfide shuttling issue, leading to a
huge loss of active material. Additionally, the Li metal anode in the TiO5-
supported niobium catalyst cell shows a cleaner surface without
noticeable corrosion (Fig. 8 (c)). Yellow substances were observed on
the surface of the cycled Li anode in the TiO,-based nanotube cell (Fig. 8
(d)), implying the serious shuttling issue. The TiO»-based nanotube can
only address the shuttle effect issue to some extent. For the TiO»-based
nanotube during long-term cycling, a great amount of active material
was lost due to the insufficient restriction and sluggish conversion of
polysulfides.

A credible confirmation in support of alleviated polysulfide migra-
tion was made by observing the surface of the cycled Li metal anode
[68-70]. The TiOy-supported niobium catalyst cell and the TiOq-based
nanotube cell were dissembled inside of Argon-filled glovebox after
cycling. As demonstrated in Fig. 9 (a), a smooth surface without obvious
pulverization or cracks was observed from the TiOz-supported niobium
catalyst cell, suggesting that polysulfides are effectively trapped on the
cathode side through the strong chemical bonding with the TiO,--
supported niobium catalyst. As shown in Fig. 9 (c), numerous cracks and
a large amount of Li»Sy/LisS deposition were easily observed from the
TiOg-based nanotube cell. The shuttle effect can be mitigated to some
extent by using the TiO,-based nanotube. However, the TiO»-based



Z. Barlow et al.

Fig. 7. (a-b) Charge-discharge cycling profiles of Li-S batteries at various charge rates using TiO,-based nanotube and TiO,-supported niobium catalyst materials
respectively. (c) the comparison of specific discharge capacities at various current rates (d) displays of “steps” tests conducted on Li-S batteries between charge rates
of 0.2 and 3.0 C for TiO2-based nanotube and TiO-supported niobium catalyst. (e) display long cycling tests conducted at 3.0 C, showing the first 350 cycles. (f)
Cycling performance of the TiO2-based nanotube cell and the TiO,-supported niobium catalyst cell at 0.2 C for 100 cycles. (g) Cycling performance of the TiOo-
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Cycle number

Cycle number

supported niobium catalyst cell and the TiO,-based nanotube cell with high sulfur loading (5 mg cm™2) at 0.1 C for 100 cycles.
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(b)

(d)

Fig. 8. The optical photos of (a) the cycled separator and (c) the cycled Li
anode from the TiOs-supported niobium catalyst cell; The optical photos of (b)
the cycled separator and (d) the cycled Li anode from the TiO»-based nano-
tube cell.

nanotube was not capable of successfully immobilizing polysulfide
species during long-term cycling due to the limited adsorption capability
and the poor electronic conductivity. Moreover, the EDS elemental
mapping of Li anode with TiOy-supported niobium catalyst shows a
much less deposition of sulfur element than the one with TiOy-based

Materials Chemistry and Physics 314 (2024) 128830
nanotube (Fig. 9 (b) and (d)).
4. Conclusion

TiOy-based nanotubes with an intrinsic polar nature and high phase
stability are a promising host for Nb catalyst loading. Additionally,
niobium and titanium have the similar ionic size, leading to easy infil-
tration of the niobium catalyst into the TiO; crystal lattice, significantly
increasing the presence of conductive titanium ions and further
improving the material’s electrical conductivity. The rich defects of the
TiOg-supported niobium catalyst offer a huge number of catalytic sites
that can chemically adsorb the polysulfides and simultaneously accel-
erate their conversion reactions. The effectiveness of the Nb catalyst
loading hosted on TiOy based nanostructures as a host and catalyst
material for Li-S batteries can be attributed to its ability to infiltrate the
lattice of TiO, based crystals and increase the concentration of Ti®* jons
due to their similar atomic size and mismatched valance state. Testing
showed that in refined TiO, materials, such as TiOy-supported Nb,
catalyst loading resulted in lower charge transfer resistances than the
TiOs-based nanotube alone. The Nb catalyst loading also enabled higher
capacity retention at high rates for the TiO,-supported niobium catalyst
sample over the TiOp-based nanotube sample while retaining similar
long term cycling performance and stability.

Overall, the presence of Nb catalyst loading on TiO,-based nanotube
host materials allowed for effective alleviation of polysulfide diffusion
and extremely stable cell performance for over 350 cycles. The contri-
bution of the Nb catalyst loading to performance was validated through
comparison to identical materials without Nb loading, which demon-
strated inferior performance at high charge rates. The proposed working
mechanism for this phenomenon is that the high surface area polar TiO»-
based nanotube material is able to chemically retain LiPS, and Nb
catalyst loading on the surface of the material are able to improve po-
larity and reduction kinetics to prevent capacity fading. This work
demonstrates a synergistic effect of defect fabrication and structural
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Fig. 9. (a) SEM images of the Li anode surfaces from the disassembled TiO,-supported niobium catalyst cell after 100 cycles at 0.2 C; (b) Corresponding EDS
elemental mapping of the Li anode surfaces from the TiO,-supported niobium catalyst cell after 100 cycles at 0.2 C; (¢) SEM images of the Li anode surfaces from the
disassembled TiO,-based nanotube cell after 100 cycles at 0.2 C; (d) Corresponding EDS elemental mapping of the Li anode surfaces from the TiO,-based nanotube

cell after 100 cycles at 0.2 C.
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design that proposes a meaningful attempt toward enhancing the elec-
trochemical performances of Li-S batteries.
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