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f a 3D current collector with bitter
melon-like TiO2–NCNFs for highly stable lithium–
sulfur batteries†

Xuzi Zhang,a Zhihong Chen, b Lingling Shui, a Chaoqun Shang,*a Xin Wang *ac

and Guofu Zhouac
The conductive 3D freestanding N-doped carbon nanofibers (NCNFs)

current collector was embedded with homogeneously polar TiO2

nanoparticles. This current collector used for the sulfur cathode

exhibits strong chemical adsorption for hindering the shuttle effect of

polysulfides, and demonstrates a high specific capacity of

865 mA h g�1 at 0.2C and excellent cycle performance (200 cycles

with capacity retention of 91%).
High-capacity and long cycling-life energy storage devices have
received considerable attention because of the fast development
of electronic vehicles and the popularization of portable devices.
Lithium–sulfur (Li–S) batteries are believed to be the next-
generation energy storage devices owing to their high energy
density (2600 W h kg�1) and high theoretical capacity
(1675 mA h g�1).1 In addition, they possess many advantages,
such as low cost, non-toxicity and safety.2 However, there still
exist unsolved barriers for their ultimate practical application.3

These barriers could be divided into two main categories: (i) the
negative effects derived from the formation of the insoluble and
insulated S and Li2S/Li2S2 will result in poor reaction kinetics and
large volume change, which will destroy the cathode structure;
(ii) the shuttle effect of soluble lithium polysuldes (Li2Sn, n ¼ 4,
6, 8) will cause the loss of active materials, low specic capacity
and coulombic efficiency, and corrosion of lithium anode.4

In recent years, different approaches have been attempted to
resolve the abovementioned issues with great progress. The
introduction of various types of carbon matrixes to modify the S
cathode can be considered as an appropriate method because of
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carbon's high electrical conductivity, light weight, low cost, and
favorable mechanical properties.5 Carbonaceous materials with
different morphologies, such as nanocapsules,6–8 nanobers,9–11

nanosheets12–14 and other 3D composite materials,15–21 can not
only improve the conductivity of S, but also retard the volume
change during lithiation and delithiation.22,23 Nevertheless,
most of them possess physical connement, which cannot
efficiently suppress the shuttle effect. Combining the carbon
matrixes with polar materials (e.g., Fe2O3,24,25 La2O3,26,27 and
MnO2 (ref. 28 and 29)) has been demonstrated as an effective
strategy to suppress shuttle effect by the strong chemical
bonding between Li2Sn and polar materials.

Titanium dioxide (TiO2), as a polar material, is efficient to
capture Li2Sn with high adsorption energy.30 However, the
undesirable conductivity of TiO2 restricts further trans-
formation of the adsorbed Li2Sn, which hinders the electro-
chemical performance of Li–S batteries.31 In this study, we
encapsulated TiO2 nanoparticles in 1D carbon nanobers
(denoted as TiO2–NCNFs) to construct a bitter melon-like long-
range conductive current collector for Li–S batteries. The polar
TiO2 nanoparticles were employed to immobilize the soluble
Li2Sn by strong chemical interactions. Moreover, the 3D N-
doped CNFs network provided a continuous long-range elec-
tron pathway and more active sites, ensuring fast trans-
formation of adsorbed Li2Sn. Taking advantage of the 3D
freestanding TiO2–NCNFs current collector, the Li–S batteries
could deliver a specic capacity of 865 mA h g�1 at 0.2C with
a capacity retention of 91%, which was maintained over 200
cycles.

Electrospinning is an expedient method to construct 3D
freestanding network structures with excellent stability and
exibility.32 The TiO2–NCNFs were obtained by the one-step
carbonization of as-electrospun nanobers at 700 �C in Ar for
2 h. The peaks in XRD patterns (Fig. 1a) indicate the composi-
tion and crystallinity of TiO2–NCNFs at different calcination
temperatures compared with those of anatase TiO2 (JCPDS no.
21-1272); also, a weak amorphous carbon peak is visible at
27.6�. TiO2 comes from the decomposition of titanium butoxide
Nanoscale Adv., 2019, 1, 527–531 | 527
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Fig. 1 XRD (a) and Raman (b) of TiO2–NCNFs spectra at different
pyrolysis temperatures. (c) TG of TiO2–NCNFs-700 �C. (d) XPS spectra
of Ti 2p before and after capturing Li2S6.

Fig. 2 SEM (a–c) and TEM (d–f) images of TiO –NCNFs-700 �C.
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(TBOT) with a trace of water in DMF. The diffraction peaks of
CNF/TiO2 become sharper and stronger with the increase in the
pyrolysis temperature, demonstrating the enhanced crystal-
linity. It should be noted that a certain amount of Ti is formed at
900 �C by carbon reduction. Raman spectra (Fig. 1b) show
distinct peaks of carbon band (D band, 1350 cm�1 and G band,
1580 cm�1) and three characteristic peaks (386 cm�1, 503 cm�1

and 618 cm�1) of TiO2. The ID/IG of TiO2–NCNFs-700 �C is 1.116,
which is higher than that of TiO2–NCNFs-800 �C (ID/IG ¼ 1.069)
and TiO2–NCNFs-900 �C (ID/IG ¼ 1.066), demonstrating that the
increased calcination temperature enhances the graphitization
degree of carbon. TG analysis in Fig. 1c indicates that the
content of TiO2 in TiO2–NCNFs-700 �C is 24.6%. The weight
losses are attributed to the evaporation of traces of water and
oxidation of carbon at the elevated pyrolysis temperature in air.

To evaluate the chemical state and binding energy of TiO2–

NCNFs, X-ray photoelectron spectroscopy (XPS) was performed,
as shown in Fig. 1d and S1.† Fig. S1a† shows the survey spectra
of TiO2–NCNFs-700 �C with four peaks located at about 285 eV
(C 1s, Fig. S1b†), 399 eV (N 1s, Fig. S1c†), 458 eV (Ti 2p, Fig. 1d)
and 530 eV (O 1s, Fig. S1d†). The Ti 2p spectrum in Fig. 1d
contains two main peaks that are assigned to Ti 2p1/2 and
Ti 2p3/2 of Ti–O bond of anatase TiO2. Test for conrmation of
the chemical adsorption of Li2S6 on TiO2 was also conducted.
Aer adsorption, the peak at 464.28 eV, ascribed to the Ti–S
bond, can be clearly observed, with a 0.22 eV shi to lower
binding energy, which demonstrates that TiO2 serves as an
effective capture site for Li2S6 to improve the electrochemical
performance of Li–S batteries. The presence of the element N in
TiO2–NCNFs is also conrmed by the strong N 1s signals
(Fig. S1c†) with four peaks at 398.3 eV, 399 eV, 400 eV and
400.9 eV, attributed to the pyridinic-N, pyrrolic-N, graphitic-N
and N–O, respectively. Moreover, the S 2p spectrum (Fig. S2a
and e†) is composed of two peaks at 163.5 eV (carbon–sulfur
bond) and 168.6 eV (sulfate species) aer immobilizing Li2S6.
528 | Nanoscale Adv., 2019, 1, 527–531
Aer pyrolysis, bitter melon-like TiO2–NCNFs were gener-
ated from the decomposition and carbonization of PAN. The
surface of synthetic nanobers is very rough and uninterrupted
and possesses many bulges with diameter of 300 nm, resem-
bling bitter lemons, as shown in Fig. 2a–c with different
magnications. The rough surface can afford high contact area
for TiO2 to adsorb Li2Sn, further restraining the shuttling effect.
Moreover, the long-range interlacing continuous CNFs provide
fast conductive pathways for electron transfer to accelerate the
transformation. Furthermore, the freestanding network struc-
ture and the crumpled surface can accommodate large volume
variation of S species during cycling. The surface was further
characterized by TEM (Fig. 2d–f). The amorphous carbon layer
improves the conductivity of insulated anatase TiO2. The
diameter of these nanoparticles is measured to be 50–200 nm.
The high-resolution TEM (HRTEM) in Fig. 2f indicates the
interplanar spacing of 0.357 nm, which is assigned to (101)
plane of anatase TiO2. The EDS mapping (Fig. S3†) shows the
uniform distribution of C, N and O elements. Large TiO2

nanoparticles as well as TiO2 with few nanometers are
embedded in the CNFs. The TiO2 nanoparticles serve as
anchoring sites for adsorbing Li2Sn. Furthermore, the N-doped
CNFs can also act as polarity sites to facilitate the capture of
Li2Sn on the surface of carbon nanobers for the formation of
LiSnLi

+/N binding. N atoms can induce the charge redistri-
bution in graphite carbon to enhance the polarity of carbon
atoms around the N atom.33–35 The SAED diagram (inset of
Fig. 2f) depicts several diffraction rings, which indicate the
polycrystalline structure of anatase TiO2.

The TiO2–NCNFs composite was directly employed as a free-
standing current collector for Li–S batteries without aluminum
foil or conductive adhesive. Cyclic voltammetry (CV) curves were
recorded and illustrated in Fig. 3a aer activation, which show
two distinct reduction peaks at 2.26 V and 1.98 V. These peaks
are ascribed to the reduction of solid S8 to soluble Li2Sn and
insoluble Li2S2/Li2S, respectively. Moreover, the main strong
oxidation peak at 2.46 V has been detected in the anodic scan,
which appeared as a result of oxidation of Li2S2/Li2S to Li2Sn
until the complete formation of elemental S. Aer several cycles,
no signicant shi occurs, implying excellent reversibility and
favorable Li2Sn adsorption performance of TiO2–NCNFs.
Without activation, the CV curve in Fig. S4† shows a signicant
shi in the two reduction peaks to higher voltage in the rst
2

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Electrochemical performance of TiO2–NCNFs. (a) CV test after
activation at a rate of 0.1 mV s�1. (b) The galvanostatic charge/
discharge curves of the TiO2–NCNFs-700 �C with different cycles at
0.2C. (c) Rate performance at different current densities with various
temperatures. (d) Cycle performance of TiO2–NCNFs with different
pyrolysis temperatures at 0.2C.

Fig. 4 (a) Electrochemical impedance spectroscopies (EIS) of TiO2–
NCNFs-700 �C with different cycles. (b) Cycle performance of TiO2–
NCNFs-700 �C with different areal sulfur loading. (c) Long cycle
performance of TiO2–NCNFs-700 �C at 0.2C and 1C.
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three cycles, indicating the existence of the activation process of
active material diffusion to the entire TiO2–NCNFs 3D network.
As shown in Fig. 3b, galvanostatic charge/discharge curves of
the TiO2–NCNFs with different cycles at 0.2C display an initial
discharge capacity of 865 mA h g�1 with an outstanding cycling
stability for 200 cycles. Two discharge plateaus are observed at
2.37 V and 2.1 V, which is in accordance with the results of the
CV test. The two plateaus at 2.37 V and 2.1 V, displayed in the
rst discharge curve, appear in the next 200 cycles, indicating
the high transformation reversibility between elemental S and
Li2S2/Li2S. Furthermore, the rate capabilities of TiO2–NCNFs
prepared under different pyrolysis temperatures were investi-
gated under different constant current density from 100 to
1500 mA g�1 (Fig. 3c). TiO2–NCNFs-700 �C exhibits a capacity of
945 mA h g�1 (100 mA g�1), which then remains at 850 mA h g�1

(200 mA g�1), 780 mA h g�1 (400 mA g�1), 705 mA h g�1

(800 mA g�1) and 620 mA h g�1 (1500 mA g�1), and recovers to
931 mA h g�1 at 100 mA g�1, indicating excellent electro-
chemical reversibility. Cycling performance of TiO2–NCNFs
prepared under different pyrolysis temperatures is presented in
Fig. 3d, where TiO2–NCNFs-700 �C shows excellent cycling
stability for 100 cycles. Compared with TiO2–NCNFs-800 �C and
TiO2–NCNFs-900 �C, TiO2–NCNFs-700 �C exhibits the best rate
capability and cycling performance, which may be attributed to
the unique 1D structure with relatively weak crystallinity. TiO2

generated at low pyrolysis temperature offers more active sites
for adsorption of Li2Sn and fast electron transfer for trans-
formation of Li2Sn due to the numerous disordered crystal
planes of TiO2.

To further verify the electrochemical kinetics of TiO2–

NCNFs-700 �C in Li–S batteries, electrochemical impedance
spectroscopy (EIS) was performed, as shown in Fig. 4a and S5.†
These Nyquist plots are all composed of two distinct semicircles
in the medium–high frequency region and a straight line in the
low frequency region. These two semicircles are attributed to
This journal is © The Royal Society of Chemistry 2019
the interface charge-transfer process, derived from the forma-
tion of insoluble and insulating Li2S layer (high frequencies),
and faradic charge-transfer resistance (Rct) and double-layer
capacitance (medium frequencies). The inclined line is related
to the diffusion process within the cathode (Warburg resis-
tance, W).36–38 Clearly, the Rct of TiO2–NCNFs-700 �C aer acti-
vation is about 36U, which is much smaller than that of pristine
TiO2 (365 U) (Fig. S5†) because of the diffusion of active mate-
rials to the entire current collector. Aer cycling, the Rct of TiO2–

NCNFs-700 �C (Fig. 4a) remains nearly the same, indicating the
homogeneous distribution of S species on the surface of 3D
TiO2–NCNFs-700 �C ensured by the outstanding adsorption
performance of TiO2.

Long cycling performance of Li–S batteries with TiO2–NCNFs
current collector is displayed in Fig. 4c. Aer 200 cycles at 0.2C
with S loading of 1.5 mg cm�2, the capacity remains
786 mA h g�1 with a low decay rate of 0.045% per cycle. Even at
a high rate of 1C, the capacity remains 645 mA h g�1 aer 200
cycles. To demonstrate the excellent stability of Li–S batteries
using TiO2–NCNFs current collector, a comparison of different
titanium and carbon composites is presented in Table S1 in
ESI.† To further verify the cyclic performance of TiO2–NCNFs
current collector with different areal sulfur loading (Fig. 4b),
long cycling-life tests were conducted at a current density of
0.2C for 100 cycles. With the increase in sulfur loading, the
activation process is much more evident in the rst several
dozens of cycles, representing the gradually increasing capacity.
The capacity remains 718 mA h g�1 (3.0 mg cm�2) and
638 mA h g�1 (4.5 mg cm�2) in the end of the 100th cycle. It
should be noted that the capacity contribution of the TiO2–

NCNFs current collector is negligible (Fig. S6†). Another key
aspect to consider when evaluating the performance of Li–S
batteries is the electrolyte/sulfur (E/S) ratio, which is basically
determined by the concentration of the catholyte. In this study,
the E/S ratios are about 17.3 mL g�1, 8.6 mL g�1 and 5.8 mL g�1,
with sulfur loading of 1.5 mg cm�2, 3 mg cm�2 and 4.5 mg
Nanoscale Adv., 2019, 1, 527–531 | 529
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cm�2, respectively.39,40 SEMwas conducted to further investigate
the integrity of TiO2–NCNFs-700 �C current collector aer
cycling. As shown in Fig. S7,† the cycled TiO2–NCNFs-700 �C
current collector maintains its original morphology without
collapsing. The corresponding EDS mapping demonstrates that
TiO2–NCNFs-700 �C is covered with homogenous S distribution
and no sulfur agglomeration, implying excellent adsorption of
TiO2–NCNFs for Li2Sn during cycling.
Conclusions

In summary, bitter melon-like 3D TiO2–NCNFs current collector
for Li–S batteries has been rationally designed and successfully
synthesized. The TiO2 nanoparticles work as chemical adsorp-
tion sites for Li2Sn. In addition, the 3D network can not only
bare the volume change during cycling, but also serves as
conductive host to improve the conductivity of TiO2 and S for
fast electron transfer. Benetting from the unique structure, the
Li–S batteries with TiO2–NCNFs-700 �C current collector deliver
stable cycling performance and high rate capacity. Further-
more, with high S loading of 4.5 mg cm�2, these batteries can
reach a high specic capacity of 718 mA g�1. These results
indicate that the TiO2–NCNFs-700 �C is a promising 3D current
collector for Li–S batteries.
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