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Plasma treated TiO,/C nanofibers as high
performance anode materials for sodium-ion
batteriesT

Rui Wang, 2* Shuimei Chen,* Daming Ren, Songting Liu, Beibei He,
Yansheng Gong‘® and Huanwen Wang =

TiO, has been a promising anode material for sodium-ion batteries because it is low-cost and environment-
friendly. However, its electrochemical performance at high rates is still not acceptable. Herein, we
synthesized a TiO,/C nanofiber material by the electrospinning method, and introduced air plasma
treatments to modify the obtained material. Characterization results indicate that after the plasma
treatments, the C fibers may have reacted with the plasma, and the surface areas of the nanofibers are
increased. Electrochemical tests show this plasma treatment may be beneficial to the rate performance.
The TiO,/C nanofiber with plasma treatment could deliver a high redox capacity of 191 mA h g~ after
500 cycles at a very high rate of 10C (3300 mA g %). The superior effects of the plasma treatment on the
rate performance may provide new insights for developing better materials for practical sodium-ion

rsc.li/rsc-advances batteries.

1. Introduction

With the rapid development of consumer electronics and elec-
trical vehicles, lithium-ion batteries (LIBs) have been widely
researched and are in frequent use nowadays."” However, the
potential limit and high cost of lithium resources are still big
concerns, which may hinder the applications of LIBs in large-
scale energy storage systems. Recently, with the advantage of
low-cost and widespread availability of sodium resources,
sodium-ion batteries (SIBs) have become an important and
competitive option for electrical storage applications.*™*
However, in SIBs, since the radius of the Na ion is 43% larger
than that of the Li ion, it is more difficult to find suitable
electrode materials to accommodate sodium ions and achieve
rapid and reversible ion insertion/extraction. Recently, many
efforts have been made to find suitable anode materials for
SIBs.™™ ™ As to the carbon based materials, most of them have
irreversible reactions with sodium.*® Only a few hard carbons
were reported to have attractive sodium storage performance,
but their low potential and large polarization are still big
concerns for battery applications.**° The alloying anodes such
as Sb, Sn, and P, are other types of anode candidates and have
shown high reversible capacities.* > However, the large volume
change during cycles is a big obstacle, which leads to electrode
pulverization, capacity loss and poor cycling performance.**
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Therefore, searching for low cost, reasonable performance
anodes is still a great challenge in SIBs.

TiO, is a low-cost, abundant, and environment-friendly
material, which has shown large reversible capacity and good
cyclability in LIBs. Recently, it is also proposed to be used as
anode materials in SIBs, but the insulating nature of TiO, is still
a big problem, which may result in a poor electrochemical
performance, especially the rate performance.” TiO, has many
structures, and the sodium storage capabilities of polymorphs
such as amorphous,* anatase,” and rutile®®* have been
studied. Though their performances exhibit a large diversity,
most of them deliver capacities lower than 200 mA h g™, only
a few of them can deliver a capacity higher than 250 mA h g~*
(about 0.76C). In order to improve the rate performance,
previous reports have suggested to make one-dimensional
nanosized materials. Xiong et al. developed an electro-
spinning technique to prepare TiO,/C nanofibers, and the
material can deliver a capacity of 164.9 mA h g™ at a current
density of 2000 mA g '.* Ge et al. prepared TiO,@CNF
composites at different temperatures, and their results indi-
cated the material prepared at 550 °C presented higher capacity
retention, while the material prepared at 650 °C possessed
better rate capability.** Wu and coworkers introduced nitrogen
doping to the electrospun TiO,/C nanofibers, and improved the
capacity from 87 to 108 mA h g~ ' at the rate of 10C.*> These
results suggest that electrospinning is an effective method to
make one dimensional TiO,/C fibers with improved
performances.

Recently, the plasma-based technique has been applied to
modify the surface of various materials. It has several
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advantages such as effective, pollution-free, uniform, and
reproducible.®*** In particular, if carbon-based material is
treated and oxygen is involved as a working gas, the surface will
be etched and become rougher.®® Liu et al. reported that in
addition to etching the surface of the material, the biggest
feature of plasma process is the generation of new structures,
including edge-dangling bonds, defects and oxygen-containing
functional groups, which may contribute to the conductivity of
carbon materials.’® Lu et al. mentioned that oxygen-containing
functional groups, such as C=0 and C-O, played an important
role in catalytic activity.*” In this case, it is interesting to modify
materials with this plasma technique and observe their elec-
trochemical performances. In this work, we used the electro-
spinning method to prepare TiO,/C nanofibers. Then the air
plasma treatment was employed to modify the fibers and its
effect on the electrochemical properties was investigated in
details.

2. Experimental
2.1 Preparation of materials

TiO,/C nanofibers were prepared by the electrospinning tech-
nique with different precursor solutions. For TiO,/C nanofibers,
0.75 g polyvinylpyrrolidone (PVP, M,, = 1 300 000) was dissolved
in 10 mL ethanol (=99.9%) at vigorous stirring for 6 h, then
a mixture of 2 mL tetrabutyltitanate (Ti(OC,H,),) and 2 mL
acetic acid was dripped in. After stirring for 3 h, the obtained
solution was used as the precursor solution.

In the electrospinning experiment, the precursor solution
was loaded into a 10 mL syringe and the flow rate of solution
was set to 9 mL h™" by a syringe pump. A high-voltage power
supply was connected to the needle in order to apply a positive
voltage of 12 kV and negative voltage of 2.5 kV between the
needle and the collector for the formation of nanofibers. As
prepared nanofibers were first heated in a muffle furnace at
200 °C in air for 2 h at a heating rate of 0.5 °C min ', and then
calcined in a tube furnace at 550 °C in Ar atmosphere for 3 h.
Finally, a film composed of nanofibers was obtained, and is
marked as TC.

The plasma treatment was carried on in a plasma equipment
(PDC-MG, Mingheng, China). In a typical treating process, the
obtained film was fixed on a glass plate in the chamber. The
chamber was degassed to 100 Pa and then dry air was led into
the reactor. The experimental power input from RF generator
was 130 W and the treatment time is 3 min for each side of the
film, and the obtained sample is marked as P-TC.

2.2 Materials characterization

X-ray diffraction (XRD) data were collected on a Bruker D8 X-ray
diffractor using Cu Ko radiation (A = 1.5406 A). The morphol-
ogies of the prepared nanofibers were characterized by scan-
ning electron microscopy (SEM, SU8010, Hitachi, Japan) and
transmission electron microscopy (TEM, JEM-2100F, Japan). X-
ray photoelectron spectroscopy (XPS) was employed on a Multi-
lab 2000 to investigate the valence states of the surface atoms.
Nitrogen adsorption-desorption isotherms (BET) were obtained
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on a Micromeritics ASAP 2460 instrument. Thermo-gravimetric
measurement (TGA) was conducted on a STA 449 F3 Jupiter
thermogravimetric analyzer (Netzsch, German).

2.3 Electrochemical characterization

For electrochemical measurements, the TC or P-TC nanofibers
were milled into powders and made into electrodes. The elec-
trodes were composed of nanofibers, super P and PVDF at
a weight ratio of 8 : 1 : 1. Cu foil was used as current collector,
and the diameter of each electrode is 12 mm. The average mass
loading is ~1 mg ecm™>. CR2032 coin cells were assembled in
a glovebox filled with high purity argon atmosphere (O, and
H,0 < 0.05 ppm). A sodium foil was used as both counter and
reference electrode, and glass fiber (Whatman) was used as the
separator. The electrolyte was 1 M NaClO, in propylene
carbonate (PC) and ethylene carbonate (EC) with a volume ratio
of 1: 1. All the cells were cycled using a Land automatic battery
tester. Electrochemical impedance spectroscopy (EIS) were
measured on a Gamry Reference 3000 electrochemical work-
station at the open circuit potential in the frequency range from
1 MHz to 0.01 Hz.

3. Results and discussion

The XRD patterns of TiO,/C (TC) and Plasma-TiO,/C (P-TC)
nanofibers are shown in Fig. 1. The main XRD peaks of each
sample can be indexed to the (101), (200), (105), (211), and (204)
planes, corresponding to anatase TiO, (JCPDS no. 021-1272).
Besides, a bump at around 22° can also be observed, and it is
related to the carbon fibers.*® The TGA results of the TC and P-
TC sample are shown in Fig. S1.1 It can be seen that the carbon
contents in all two samples are about 18.0% and 18.6%,
respectively.

The morphology and microstructure of the two samples are
demonstrated via SEM. SEM images in Fig. 2a and b show that
TC and P-TC nanofibers all display a connected network-like
structure, with a uniform diameter distribution of about
400 nm. However, the slight changes can be observed from their
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Fig. 1 XRD patterns of the TiO,/C (TC) and Plasma-TiO,/C (P-TC)
samples.
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Fig.2 SEMimages of the TC and P-TC samples at low magnification (a
and b) and high magnification (c and d).

morphologies at a high magnification in Fig. 2c and d. After
plasma treatment, surfaces of the fibers became rougher, and
this may be the result of the plasma etching.
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The results of Brunauer-Emmett-Teller (BET) surface area
and pore size distribution measured by N, adsorption-desorp-
tion isotherms are shown in Fig. 3. As shown in Fig. 3a, the
surface area of TC is determined to be 89 m> g~ . After the
plasma treatment, the surface area changes to 118 m* g~" in
Fig. 3b. This means the surface of fibers have been corroded by
the plasma and the area was increased by 33%. It can be seen
from Fig. 3c-d that the pore size distribution of the two are
similar, with the pore size mainly between 10 and 40 nm. But
the content of pores with the size around 10 nm increases
slightly after the plasma treatment.

Considering that the plasma may react with the carbon
fibers, XPS is employed to investigate the surface compositions
and chemical states of TC and P-TC nanofibers. Fig. 4a shows
the XPS spectra of Ti 2p. In both samples, two peaks located at
around 458.2 and 463.9 eV can be observed, and these two peaks
both correspond to Ti*" in TiO,. No obvious differences are
observed in these two spectra, which means that the air plasma
treatments do not change the chemical states of Ti. For other
three elements, there have been some changes in the spectra,
and the details are presented below. The C 1s spectra are shown
in Fig. 4b. In the spectra of TC, only one peak appears at
284.8 eV, and it is related to the C-C bonds. However, two extra
peaks at around 286 and 288.5 eV appear after the air plasma
treatments, which may be corresponding to the C-O-C and
O-C=0 bonds.* These results imply that during the plasma
treatments, the oxygen in the air may have reacted with the
carbon fibers, resulting in the generation of new oxygen-
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Fig. 3 N; adsorption—desorption isotherms of TC (a) and P-TC (b); the corresponding BJH pore size distribution curves of TC (c) and P-TC (d).
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Fig. 4 High-resolution XPS spectra of Ti 2p (a), C 1s (b), O 1s (c) and N 1s (d) of the TC sample and P-TC samples.

Fig. 5 TEM (a and b), HRTEM (c), and SAED result (d) of the P-TC sample; TEM (e and f), HRTEM (g), and SAED result (h) of the TC sample.
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Fig.6 Charge/discharge curves measured at a current of 66 mA g~* (0.2C) of TC (a) and P-TC (b); cycling performances of the two samples (c).

containing functional groups, such as C-O and C=O0. The
reaction mechanism was explained by Liu's work that the
bombardment of the plasma caused the breaking of some C-C
bonds and then generated edge-dangling bonds. Meanwhile,
the edge-dangling bonds reacted with oxygen to form oxygen-
containing functional groups.*® Wang et al. reported that O-
doped architecture of graphite domain can promote the elec-
trical conductivity.*® Similar stories may happen here, the C-O
and C=O0 bonds introduced by the plasma treatments may also
increase the electrical conductivity. Consistent results can be
obtained based on the O 1s spectra shown in Fig. 4c. Before the
plasma treatment, a peak at 529.8 eV and a shoulder at 531.4 eV
can be observed. The previous peak is related to the Ti-O bond,
and it may be assigned to the lattice oxygen. The latter shoulder
is ascribed to the formation of oxygen vacancies.**** This
shoulder may be ascribed to that the crystal sizes of the TiO, we
obtain are too small, and there are many vacancies on the
surfaces.*” After the plasma treatments, a peak at 533.1 eV
appears in the spectra, and it corresponds to the C=0 bond.
This result also implies that oxygen in the air may have reacted
with the carbon during the plasma treatments. The electro-
negativity of oxygen is very high, and oxygen-containing func-
tional groups attract electrons from the surrounding carbon
atoms, resulting in the rearrangement of the surrounding
charges. Carbon atoms with positive charge are active sites,
thereby enhancing the electrochemical properties of carbon
materials. The N 1s spectra for the TC and P-TC samples are
shown in Fig. 4d. For TC, a small peak appears at 398.4 eV,
which may be related to the pyridine-like N atoms (N-6) from

raw material.*® The P-TC spectrum has two peaks at about 399.8
and 401.1 eV. These two peaks are related to the pyrrolic N (N-5)
and graphitic N (N-Q).** All these results indicate that after the
plasma treatment, the TiO, kept unchanged, but new functional
groups, edge-dangling bonds and even defects on carbon fibers
were introduced, which made the carbon fibers have a better
electrical conductivity.

In order to understand the microstructures of the nanofibers
after plasma treatment, both samples were observed via trans-
mission electron microscopy (TEM). The results of TEM images,
high-resolution TEM (HRTEM) images and selected area elec-
tron diffraction (SAED) patterns of the two samples are shown
in Fig. 5. It can be seen that the surface of P-TC sample (Fig. 5a
and b) was obviously rougher than the TC sample (Fig. 5e and f),
which infer the surface may have been corroded by the plasma.
In both samples, TiO, nanoparticles piled along the fiber
orientation and the diameters of these particles are several
nanometers. The lattice fringes in the high-resolution TEM
(HRTEM) image (Fig. 5¢) has a spacing of 0.35 nm, corre-
sponding to the (101) planes of anatase TiO,. All d-spacings
derived from the SAED pattern (Fig. 5d) can be assigned to TiO,.
As to the P-TC sample, similar information is obtained (Fig. 5g
and h). These results confirmed again that after the plasma
treatments, TiO, in the fibers kept unchanged.

The electrochemical performances of two samples were
evaluated in sodium half cells. The galvanostatic charge-
discharge profiles at 0.2C are shown in Fig. 6. For two samples,
the irreversible capacities in the initial cycles result from the
formation of solid electrolyte interphase (SEI) and the
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Fig. 7 Cycling performances of the two samples at a rate of 5C (a), 10C (b); rate capability at different rates from 0.2C to 10C (c).
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Fig. 8 EIS results of TC (a) and P-TC (b); the inset shows the equivalent circuit used for simulating.

decomposition of electrolyte. After the first cycle, all the elec-
trodes display sloped charge-discharge profiles without distinct
plateaus, suggesting the Na insertion into the TiO, lattice is
homogeneous. The voltage profiles in the second and third
cycles overlap for both of electrodes, which demonstrates the
insertion and extraction processes are reversible. During 100
cycles, the capacities of TC and P-TC samples are both about
250 mA g~ *. According to the TGA results, the TiO, contents in
both samples are larger than 80%, which infers the main
capacities of the two samples came from TiO,. Since TiO, kept
unchanged during the plasma treatments, the overall capacities
before and after plasma treatments at a low rate of 0.2C kept
nearly unchanged. To provide further evidence for the struc-
tural stability of the plasma treated TiO,/C nanofibers, SEM
images of the P-TC nanofibers were taken from the cycled
electrode (shown in Fig. S27). It can be seen from Fig. S21 that
the fibrous morphology of the plasma treated TiO,/C nanofibers
remains intact after 3 and 60 cycles. Moreover, there seems to be
a thick film in the latter sample, which may be the grown SEI
films after 60 cycles. This result indicates a strong tolerance of
the material to the volumetric changes during Na'-insertion/
extraction cycles.

However, at high current densities, the two samples show
distinguished performances. It should be mentioned that all
batteries in our work are cycled at 0.5C for 3 cycles before high-
rate tests. As displayed in Fig. 7, when the current density is 5C
(1650 mA g 1), the capacities for TC and P-TC after 500 cycles
are 93 and 204 mA h g, respectively. The corresponding
capacity retention ratios are 79.9% and 92.8%. In Fig. 7b, when
the electrodes are cycled at 10C (3300 mA g~ 1), the two samples
could maintain capacities of 81 and 191 mA h g™, respectively.
The capacity retention ratios after 500 cycles are 85% and 94%.
These results show that the plasma treatment greatly improved
the rate capability and cycling performance at high rates. The
rate performances are demonstrated in Fig. 7c. It can be seen
that the P-TC electrode can deliver much larger capacities at
high rates. Even at 10C, the reversible capacity of 200 mAh g™*
could be obtained. When the current density goes back to 0.2C,
the charge capacity could be maintained at around
260 mA h g™, which exhibit a superior cycling performance.

18456 | RSC Adv., 2019, 9, 18451-18458

In order to understand why the two samples show
different rate performances, electrochemical impedance
spectroscopy experiments were carried out to study their
resistances. For each sample, the data was taken from the
same battery cycled after 1°* and 50" cycle at a rate of 0.5C.
The equivalent circuit for fitting Nyquist plots is shown in the
inset picture of Fig. 8a. It can be seen that after the first cycle,
the charge transfer resistance of the P-TC sample (169 Q) is
significantly smaller than the TC sample (586 Q), which
means plasma treatment may have increased the electrical
conductivity. As discussed above, the surface area of P-TC
sample is only 33% larger than TC sample, thus it is infer-
red that the conductivity of the fibers after plasma treatment
is greatly improved. After 50 cycles, the resistance of TC
sample increases to 632 Q. However, the resistance of P-TC
becomes smaller, which is 153 Q. After cycled for 100
cycles, the resistance of P-TC sample is still smaller than the
TC sample. These results indicate that the P-TC sample keeps
stable during the electrochemical cycles. As discussed above,
during the plasma treatments, TiO, kept unchanged while
the C fibers have reacted with the plasma. And the changes of
carbon fibers might increase the total electrical conductivity
and then decrease the charge transfer resistance of the
overall material. However, the detailed mechanism still
needs further investigation.

4. Conclusions

In this work, TiO,/C nanofibers are prepared by an electro-
spinning method, and the air plasma treatments are employed
to modify the fibers. Electrochemical results show the rate
performances of the samples are greatly improved upon the
plasma treatments. Detailed studies indicate that the plasma
have reacted with the C fibers and the surface areas are
increased. These effects make the samples have a higher elec-
tronic conductivity and cyclability during continuous discharge/
charge cycles. Our results suggest plasma treatments may be an
effective method to modify the carbon based electrode mate-
rials and make them present better electrochemical
performances.

This journal is © The Royal Society of Chemistry 2019
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