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To address the problem of shutting effect of Li—S batteries, we used Ti-based MOF as precursor to obtain
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a conductive matrix with dual inhibitors. The target material, namely NTiPC, shown remarkable discharge

capacity with 1178 mA h g™, and maintained at 732 mA h g~ after 100 cycles. The results indicated the

DOI: 10.1039/d2ra06372g

rsc.li/rsc-advances between matrix and polysulfides.

Introduction

Lithium-sulfur (Li-S) batteries, one of the main branches of
second-generation rechargeable batteries, have rapidly drawn
widespread attention in recent years, owing to their high theo-
retical capacity (~1675 mA h g '), low cost, almost non-toxic
and abundant reserves in nature.“” Despite the numerous
advantages, the shuttle phenomenon of polysulfides greatly
restricts the industrialization of Li-S batteries from perspective
of reality.>® Much efforts have been tried in physically and/or
chemically block the dissolution of polysulfides.®® This
strategy is mainly to confine the guest molecular, such as
microporous carbon.”'® Whereas, the weak interaction between
carbonic skeleton and polysulfides conduces a significant decay
on the basis of long term cycling."*> N-doped carbons, can act
as effective shuttle effect inhibitor owing to strong binding with
polysulfides species.'*'* Moreover, transition metal oxides
(TMOs) have also been studied due to the strong binding
capabilities with polysulfide.”>” However, these materials are
controversial because of their undefined structure. In partic-
ular, conventional approaches to make porous carbon, such as
template synthesis, are often complex and involve highly toxic
substances, which impedes the use of the materials mentioned
above as sulfur hosts for commercial Li-S batteries.*®

Instead of adopting active sites (N- or TMOs) doped porous
carbon materials as the host of sulfur followed by traditional
synthesis method, the use of metal-organic frameworks (MOFs)
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N- and Ti-active sites synergistic acted with conductive framework can facilitate binding reaction

with ordered crystalline structures as precursor have been
certified to make framework structures and active elements
distribute more uniformly, improve sulfur utilization and
facilitate the kinetics of the Li-S redox reaction.*®** MOFs, with
metallic centers and redox active organic linkers, is already
proven to be used in the field of electrode materials.”*** As ideal
host materials, MOFs with long range ordered channels to
fabricate cathode composites can confine the polysulfides
species through the confinement effect.”*** Nevertheless, the
inherent insulating properties of crystalline MOFs limit their
electrochemical performance as host for sulphur.”® Hence,
modulating the conductivity of MOFs while inheriting part of its
structural and physicochemical characteristics is an effective
way to adjust the host of sulfur.

Based on these, we attempted to use a nitrogen- and
titanium-codoped porous carbon nanocomposites, which
derived from Ti-based MOFs, as host to accommodate large
amounts of sulfur. By using this Ti-assisted N-inhibiting
strategy, nitrogen and titanium-doped porous carbon exhibit-
ing incredible reversible charge/discharge performance,
capacity retention ability and high electronic conductivity.

Experimental
MIL-125(Ti)

MIL-125(Ti) was prepared by reported in previous literature with
slight alteration.”® A mixed solvent consisting of 18 ml DMF
(N,N-dimethylformamide) and 2 ml dry MeOH was used for
solvent method. The mixture of 1.5 mmol tetra-n-butyl titanate
(Ti(OC4H,),), 6 mmol terephthalic acid (H,BDC) and compo-
nent solvent was stirring for 0.5 h at room temperature. After
that, transferred the mixture into Teflon-lined stainless steel
reactor and kept at 150 °C for 15 h. The products were cleaned
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with DMF and methanol several times, filtered and separated.
After vacuum drying at 120 °C, the white powders was obtained.

NH,-MIL-125(Ti)

NH,-MIL-125(Ti), yellow solid products, is isomorphic to MIL-
125(Ti), which obtained by substituting NH,BDC for H,BDC.”

Ti-doped porous carbon (TiPC), N- and Ti-codoped porous
carbon (NTiPC)

The as-synthesized Ti-MOFs were heated to 900 °C with a 4 °
C min~" heating rate, and maintained the temperature for 2 h
under the protection of argon gas flow. After natural cooling,
pure black powders of TiPC and NTiPC were collected.

S/MIL-125(Ti), S/TiPC, S/NH,-MIL-125(Ti) and S/NTiPC
cathodes

According to the description reported by Wang et al.,*® we
preparation a series of cathodes materials. The mixture of
samples (MIL-125(Ti), TiPC, NH,-MIL-125(Ti), NTiPC) and
sulfur (m/m = 1:1) were ground in the quartz mortar and
heated to 155 °C under argon for maximum 12 h, respectively.

Materials characterizations

Crystalline phase features of the samples were confirmed by X-
ray powder diffraction (XRD, PANalytical X-ray Diffractometer
Model X pert3). The morphologies of compounds were photo
via field emission scanning electron microscopy (SEM, Sigma
500 VP). The distribution of elements on the surface of the
samples were measured by Energy Dispersive X-ray spectros-
copy (EDX). Oxidation states of the elements were demonstrated
by X-ray photoelectron spectroscopy (XPS, Thermo-Fisher
ESCALAB250xi). The sulfur loading in the as-samples was
detected by thermogravimetric analysis (TGA, Perkin-Elmer TG-
7 analyzer). Quantachrome Instrument (Quabrasorb SI-3MP)
were employed to characterize N, adsorption/desorption
measurements.

Results and discussion

In this work we aimed at encapsulating sulfur within the matrix
of N- and Ti-codoped porous carbon. For this purpose, we
designed to use a typical Ti-based MOF, NH,-MIL-125(Ti) as
precursor, to mitigate shuttle effect by Ti-assisted N-inhibiting
strategy. The products analysis and phase purity of the as-
synthesized MIL-125(Ti) and NH,-MIL-125(Ti) have been
confirmed by XRD patterns as shown in Fig. S1.T The patterns of
MIL-125(Ti) and NH,-MIL-125(Ti) are matching well to the
previous reports,>*=** which identified the successfully synthesis
of precursor. TigOg(OH),"*" cluster and H,BDC construct an
octahedral cage, and then expand to 3D porous framework
(Fig. 1). Besides, the presence of NH,- groups did not influence
the architecture, so that MIL-125(Ti) and NH,-MIL-125(Ti) have
isomorphic structures. In order to uniformly disperse nitrogen
and titanium elements in the framework, MIL-125(Ti) and NH,-
MIL-125(Ti) were used as precursor. After the sulfur loading
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Fig.1 Ball and stick representation of the octahedral cage of MIL-125
and NH,-MIL-125, the large light green sphere represents the effective
accessible volume of the cage. The illustration of MIL-125(Ti) and NH,-
MIL-125(Ti) after carbonization under an N, atmosphere, and the S/
MIL-125(Ti) and S/NH,-MIL-125(Ti) composites preparation.

process, we obtained the cathodes. And the XRD diffraction
peaks of S/MIL-125(Ti) and S/NH,-MIL-125(Ti) still obviously
inosculate with micro crystalline MOFs, which represent the
successful loading of sulphur. The XRD patterns of TiPC and
NTiPC show the patterns of carbon materials. The XRD of S/
TiPC and S/NTiPC can observe the characteristic diffraction
peaks of sulfur.

Brunauer-Emmett-Teller (BET) specific surface area of as-
prepared TiPC and NTiPC are 546 and 414 m” g~ ' respectively
(Fig. S27). A considerable decrease in BET surface area for NH,-
MIL-125(Ti) was caused by the presence of amine groups inside
of the matrix. However, the specific surface area of S/TiPC and S/
NTiPC are only 12 and 13 m” g™, which is demonstrated the
successfully encapsulated of sulfur. Therefore, the sufficient
sulfur loading could be ensured. The isotherms exhibit types I
sorption behaviour typical for microporous materials. Both
TiPC and NTiPC have average pore size of approximately 5 nm.

According to TGA (Fig. S3t), all of the as-synthesized and
prepared materials possess approximately 50 wt% loading
quantitative of sulfur. Based on the reported by Fu et al., the
main weight loss of MIL-125(Ti) and NH,-MIL-125(Ti) are
higher than 300 °C,** so the pretreatment samples without
solvent molecules were tested at the thermal weight loss range
of sulfur. XRD patterns further demonstrated the successfully
loading of sulfur. The experimental diffraction pattern of S/MIL-
125(Ti) and S/NH,-MIL-125(Ti) are obeyed with the Ti-based
MOFs. It means that the structural integrity is maintained in
time of sulfur encapsulation procedure. In addition, TiPC and
NTiPC show amorphous carbon materials pattern, and diffrac-
tion peaks of sulfur appear in S/TiPC and S/NTiPC, which
confirmed the successful loading of sulfur (Fig. S11).

Scanning electron microscopy (SEM) morphologies show the
images of Ti-based MOFs, TiPC, NTiPC, S/TiPC and S/NTiPC as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. 2 and S4.1 The synthesized MIL-125(Ti) exhibit
well-defined disk-like morphology, and the NH,-MIL-125(Ti)
play a square piece morphology. After calcination, TiPC and
NTiPC inherit the shape of precursors. There is no obvious
sulfur aggregation but a highly dispersed state on the surface of
the samples. This phenomenon is usually unavoidable in one-
step homologous thermal decomposition.**~*

The distribution of different elements in the S/TiPC and S/
NTiPC is investigated by energy-dispersive X-ray (EDX) spec-
troscopy mapping analysis. The uniform distributions of N and
Ti elements suggest that the NTiPC matrix are formed in almost
all particles. The strong EDX signal of sulfur in these compos-
ites imply the large amount of sulfur in the final cathodes. The
XPS survey spectra reveals the surface chemical composition
and functional groups of the NTiPC and S/NTiPC composites.
The result shows that the presence of N-, C-, O-, S- and Ti-related
peaks in the survey spectra (Fig. 3a). The peaks at 164 and
228 eV for S/NTiPC are attributed to S 2p and S 2s, respectively.
The doublet peaks observed at 458.8 and 464.4 eV in NTiPC, and
the peaks at 458.9 and 464.5 eV in S/NTiPC were characteristic
of the TiO, species (Fig. 3b). Another minor feature located at
457.4 eV in both NTiPC and S/NTiPC was attributed to a Ti,O;
surface phase. The there peaks at 400.5 eV, 396.9 eV and
395.9 eV in the N 1s spectrum of NTiPC (Fig. 3c) indicated the
presence of quaternary N, pyrrolic N and pyridinic N species,
respectively. The peaks at 401.5 eV, 398.8 €V and 396.3 €V in
the N 1s spectrum of S/NTiPC are in the same circumstance. The
N- and Ti-doped dual active sites are considered to enhance the
binding strength and energy of the nonpolar atoms of host with
polar polysulphides of guest, thus significantly increasing the
long-cycle stability.

To investigated the electrochemical behavior of TiPC and
NTiPC, we adopted a series of contrast materials to eliminate
other factors. Such as anatase TiO,, unprocessed carbon and as-
prepared Ti-MOFs precursor. Cyclic voltammetry (CV) analysis
was used to prove the discharge/charge cycling performance
and the presence of active substances of sulphur in a half cell.
As shown in Fig. 4, all of the cathode materials showed obvious

Fig.2 SEM images of NH,-MIL-125(Ti) (a), NTiPC (b) and S/NTiPC (c),
respectively. The elemental mapping of carbon (d), nitrogen (e),
oxygen (f), titanium (g) and sulfur (h) of S/NTIPC.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS spectra of NTiPC and S/NTiPC composites: (a) survey scan;
(b) Ti 2p; and (c) N 1s.

characteristic redox peaks of Li-S batteries, which is the
working voltage range of the cells cycled at low rates. The
characteristic reduction peaks at 2.3 V and 2.0 V are belonging
to the multistep reduction of sulfur with Li.***” The oxidation
peak approximately 2.4 V vested in reaction behaviour. The
oxidation peak of S/MIL-125(Ti) and S/NH,-MIL-125(Ti)
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15 20 25

10

—1st
—5th

jS/NHz-MIL-125(Ti) SINTIPC

Current Density (10° mA cm?)

s¢ 1S 20 25 Y

Potential (V vs. Li/Li*)

Fig. 4 CV curves of in a range of S/MIL-125(Ti), S/TiPC, S/NH,-MIL-
125(Ti) and S/NTIPC cathodes 1.5-3 V with a scanning rate of 0.1 mV
1

S
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cathodes accompanies a broad peak starting at 2.3 V to 2.6 V,
which is believed to be a feature of the active material within
confined structures.*® Notably, the peaks of S/NTiPC at 5th cycle
matches well with the initial ones without barely position offset
or dramatically intensity decrease. Thus, NTiPC as host,
possesses excellent electrochemical stability which attributed to
the Ti-assisted N-inhibiting strategy and confinement effect of
derivative framework. SEM images indicate that the
morphology of NTiPC remained stable after several cycles of
discharge/charge cycling (Fig. S57).

Nyquist profiles of AC impedance represent the dynamics
performance of batteries (Fig. S61). The charge transfers resis-
tance (R of S/MIL-125(Ti), S/TiPC, S/NH -MIL-125(Ti) and S/
NTiPC cathodes at the first cycle are 70.1 Q cm ™2, 38.8 Q cm ™2,
259.9 Q ecm™?, 112.7 Q em %, 99.3 Q cm 2, 28.5 Q cm 2
respectively. The R.; of NTiPC and S/NTiPC cathodes are almost
the same, which lower than other cathodes materials and have
better electrical conductivity. Obviosity, the R value is higher
when micro crystalline Ti-MOFs used as anode materials
directly. After high-temperature carbonization, NTiPC derived
from Ti-MOFs can reduce the resistance of electron transfer and
bring out lowest R value. Furthermore, the N- and Ti-active
sites synergistic acted with conductive matrix can facilitate
the electrolyte infiltration, which has triggered the easily
interface ion transfer and leaded to a lower R..

When evaluated as cathode of Li-S batteries, NTiPC nano-
composite exhibits excellent discharge/charge capacity and
cycling performance at 0.5 C-rate (1C = 1672 mA h g~ ') in the
voltage window of 1.5-3 V (Fig. 5). The capacity decay of S/TiO,
is dramatically, even though it possesses the highest discharge
capacity of 1271 mA h g~ ! at 1st cycle (Fig. S71). It can only be
maintained at approximately 510 mA h g~ " after 40 cycles. The
discharge capacity of battery with the S/carbon cathode is at
most 636.9 mA h g, but its capacity retention ability is good.

The discharge capacities of S/MIL-125(Ti), S/TiPC, S/NH,-
MIL-125(Ti) and S/NTiPC cathodes at 1st cycle is 568, 928, 800
and 1178 mA h g™, respectively. By contrast, S/NH,-MIL-125(Ti)
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Fig. 5 Discharge/charge curves of the S/MIL-125(Ti), S/TiPC, S/NH,-
MIL-125(Ti) and S/NTiPC cathodes at different cycles at 0.5C.
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cathode has higher discharge capacity and retention rate to S/
MIL-125(Ti), which provides N-active sites are favourable
inhibitor of polysulfide shuttle. The contrast between micro-
crystalline MIL-125 and TiPC derivatives is well illustrated that
the TiO, as active sites could be uniformly dispersed in the
conductive matrix after carbonization. And that makes a lot of
sense why the S/NTiPC cathode exhibited a remarkable
discharge capacity and a proper capacity retention ratio. After
40 cycles the capacity of S/NTiPC cathode as high as
912mAhg.

After 100 cycles, the capacity of S/NTiPC cathode still stands
at 732 mA h g~ ' with nearly 100% coulombic efficiency, which is
extremely better than that S/TiPC cathode with value of
456 mA h g (Fig. 6). The capacity of S/TiO, and S/carbon
remain to be only 376 and 472 mA h g~ after long discharge/
charge process, demonstrating the derivative matrix with N-
and Ti-codoped sites is the main contributor to the overall
capacity. In addition, while S/NH,-MIL-125(Ti) can maintain at
445 mA h g ', and S/MIL-125(Ti) can only maintain at
358 mA h g '. It means that co-doped strategy is double
insurance for capacities retention. Cycling performance at
higher rate is necessary to evaluate. The experimental results
show that the discharge capacity of the battery decreases obvi-
ously with the increase of current density, especially at higher
rate, and the capacity retention rate is only about 50% (Fig. S87).
When the sulfur doping mass ratio of the NTiPC (at 900 °C for 2
h) is 1:3, the initial discharge capacity is more than
1600 mA h g '. But the decay rate is very fast, and the capacity
retention rate is only 25% (Fig. S97). It is due to the overloading
of sulfur, which causes most of the sulfur to simply adhere to
the surface of the material, rather than in the pores. Under the
same sulfur-carrying mass ratio and carbonization temperature
condition, when the carbonization time increases, the cyclic
stability of the material is improved, but the specific discharge
capacity decreases sharply. We speculate that the reason for this
phenomenon is that the carbonization of the material for a long
time leads to the aggregation of the active sites within the
material, which cannot effectively inhibit the shuttle of poly-
sulfides. In addition, if the carbonization temperature of the
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Fig. 6 The discharge capacity of S/MIL-125(Ti), S/TiPC, S/NH,-MIL-
125(Ti) and S/NTIPC cathodes and the coulombic efficiency of S/
NTiPC cathode at 0.5C during 100 cycles.
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material is lower than 900 °C, the specific discharge capacity of
S/NTiPC cathode is also relatively low.

The rate cycling capabilities of these cathodes are investi-
gated at different current density from 0.2 to 1C (Fig. S10%). The
average capacities of S/NTiPC are 1350, 1007, 832 and
689 mA h g~' at 0.2C, 0.5C, 0.8C and 1C rates respectively,
indicating a high charge/discharge capability. When the current
density was resettled to 0.2C, S/NTiPC can be resumed to
989 mA h g ', that the structure of NTiPC still stable after
suffering high current density test. In comparison, the average
discharge capacities for S/TiPC at different rates are 700, 507,
and 397 mA h g, and capacities for S/MIL-125(Ti) are 566, 421,
382 and 356 mA h g, and capacities for S/NH,-MIL-125(Ti) are
901, 655, 563 and 494 mA h g~ respectively. In short, by using
N- and Ti-active sites as dual-inhibitors, NTiPC can effectively
mitigate the polysulfides shuttle effects.

Conclusions

To address the problem of shutting effect of Li-S batteries, we
designed and synthesised a nitrogen- and titanium-codoped
porous carbon material as host for mitigating the sulfur decay
by Ti-assisted N-inhibiting strategy. By using NH,-MIL-125(Ti)
as precursor, NTiPC has been obtained and shown remark-
able discharge capacity of 1178 mA h g * at low current density.
The results indicated the N- and Ti-active sites synergistic acted
with conductive matrix can facilitate the electrolyte infiltration,
which has triggered the easily interface ion transfer, strong
binding with polysulfides, and significantly inhibiting the
shutting phenomenon in Li-S batteries.
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