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Abstract

One-dimensional Co**-doped LisTisO1, nanofibers with a diameter of approximately 500 nm have been synthesized via a one-
step controllable electrospinning method. The Co®*-doped LisTisO,» nanofibers were systematically characterized by XRD, ICP,
TEM, SEM, BET, EDS mapping, and XPS. Based on the cubic spinel structure and one-dimensional effect of Li,TisO,, Co*-
doped Li4TisO4, nanofibers exhibit the enlarged lattice volume, reduced particle size and enhanced electrical conductivity. More
importantly, Co**-doped Li,TisO,, nanofibers as a lithium ion battery anode electrode performs superior electrochemical
performance than undoped LisTisO;, electrode in terms of electrochemical measurements. Particularly, the reversible capacity
of C02+-doped LisTisO, electrode reaches up to 140.1 mAh gf1 and still maintains 136.5 mAh gf1 after 200 cycles at a current
rate of 5 C. Therefore, one-dimensional Co**-doped Li,sTisO;» nanofiber electrodes, showing high reversible capacity and
remarkable recycling property, could be a potential candidate as an anode material.
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Introduction

In recent years, lithium ion batteries (LIBs), as one of the most
popular energy storage systems (ESSs), due to its long life-
time, high energy efficiency, and competitive energy density
[1-3], have received increasing research interests to tackle
issues of energy insufficiency and environmental pollution
caused by vast fossil fuel consumption. As one of the most
promising anode materials for LIBs, the spinel Li4TisO, (de-
noted as LTO) nanomaterials have attracted tremendous atten-
tion owing to the high lithium insertion/extraction voltage (~
1.55 V, vs Li*/Li), zero volume change during the charge/
discharge process, and low material cost [4—6]. However, like
many other electrode materials, LTO-based anodes are
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plagued with two main challenges: the low electrical conduc-
tivity and poor lithium ion diffusion coefficient [7, 8].

In order to tackle these challenges, various strategies have
been investigated for the modified LTO anode material, such
as carbon coating, nanostructure designing, and nonmetal ions
and metal ions doping [9-12]. As is known to all, one-
dimensional (1D) nanostructure could prevent the aggregation
of particles [13], which could make full use of the advantages
of the nanostructures to offer a large number of active sites for
Li" ions, improve the intercalation kinetics, and reduce the
diffusion pathways to improve electrochemical properties,
such as reversible capacity and rate capability [13, 14].
Meanwhile, the electrospinning, as a simple and low-cost
technology, is chosen as the synthetic method to fabricate
the continuous 1D novel nanostructures, such as nanofibers,
microfibers, nanotubes, and nanobelts as electrode materials
for LIBs [15-18]. Furthermore, metal ion doping can be cho-
sen to improve the insulating character owing to the superior
maneuverability and favorable effects. Consequently, various
metal ion doping approaches have been proposed in the case
of doping with Cr** [12], S¢** [19], Dy** [20], and Ce** [21].
Nevertheless, metal ion doping combining electrospinning
method to prepare the modified LTO electrode has been rarely
investigated, except Ni**-doped LTO [22], Zr**-doped LTO
[23], and Cu**-doped LTO nanofibers [24]. But to the best of
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our knowledge, Co**-doped LTO nanofibers have not been
found in the application of lithium ion batteries.

Based on the merits mentioned earlier, 1D C02+-d0ped
LTO nanofibers have been synthesized via a one-step
electrospinning method in the present paper. Introduced
Co?* ions into LTO nanofibers, Co**-doped LTO nanofibers
are made up of fine particles and possess lower charge transfer
resistance and Li* ion diffusion coefficient than pure LTO
counterparts.

Experimental
Materials synthesis

All the chemicals were of analytical grade and used as re-
ceived without further purification.

In a typical synthesis, 0.5000 g polyvinylpyrrolidone
(PVP-K90) was dissolved in 10 mL absolute ethanol with
magnetic stirring for 12 h at room temperature. Then,
0.4284 g (4.2 mmol) lithium acetate dehydrate (CH;COOLi:
2H,0), 1.6676 g (4.9 mmol) tetrabutyl titanate (C;5H3604T1),
and 0.0291 g (0.1 mmol) cobalt nitrate (Co(NO5),-6H,0)
were sequentially added into the aforementioned solution.
After that, | mL acetic acid was successively added to the
abovementioned solution in order to avoid the hydrolysis of
tetrabutyl titanate. Lithium acetate dehydrate was excessive
by 5 wt% to avert the decrease of Li* volatilization in the high
temperature. The solution was stirred for 12 h to obtain the
homogeneous and transparent precursor sols.

The precursor sols were subsequently placed into 20-mL
syringe attached to a stainless steel needle with an inner diam-
eter of 0.6 mm, and then ejected from the needle with a volt-
age of 20 kV. The tip-to-collector distance was set to 20 cm,
and aluminum foil was used to collect the electrospun fibers.
The flow rate of the precursor sols was 2.26 mL h™', and the
humidity level was maintained around 30% RH. The as-
collected gel nanofibers were dried at 80 °C for 12 h, and then
were put into an air atmosphere programmable muffle furnace
calcined to 350 °C from room temperature with a heating rate
of 1 °C min~" for 2 h and then calcined to 800 °C at a rate of
2 °C min"! for 3 h. The sample was naturally cooled to room
temperature in the furnace. Figure 1 shows the schematic il-
lustration of the synthesis of Co**-doped LTO nanofibers.

Materials characterization

X-ray diffraction (XRD) patterns of the obtained samples
were characterized on a Bruker D8 ADVANCE X-ray diffrac-
tometer with Cu K« radiation (A=0.15418 nm). Rietveld
refinements were carried out using the GSAS program with
the EXPGUI interface [25, 26]. Morphologies of the products
were identified using scanning electron microscopy (SEM,
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Hitachi FESEM-4800) and transmission electron microscopy
(TEM, JEM2100). The chemical compositions of the obtained
products were analyzed using an inductively coupled plasma
optical emission spectroscope (ICP-OES, Optima 7300 DV).
The specific surface area measurement was conducted by ni-
trogen adsorption-desorption experiments (JW-BK100A). X-
ray photoelectron spectroscopy (XPS) was performed on a Phi
5300 ESCA system with Al K« radiation (photoelectron en-
ergy 1486.6 eV). The Cls peak at 284.6 eV was used to
calibrate peak positions.

Electrochemical measurements

The electrochemical performances of the as-prepared products
were evaluated by CR2032 coin-type cells. The working elec-
trode was prepared by blending the as-prepared active mate-
rial, carbon black, and polyvinylidene fluoride (PVDF) at a
weight ratio of 8:1:1 in N-methyl-2-pyrrolidone (NMP). The
above slurry was then coated onto a Cu foil which was dried at
110 °C for 12 h in a vacuum oven. Each working electrode
was cut into a disc with a diameter of 1.2 cm, and loading
density was 2.0 mg cm 2. The cells were assembled in an Ar-
filled glovebox (MIKROUNA) by using lithium foil as the
counter electrode and Celgard-2400 polypropylene as the sep-
arator. The electrolyte solution was 1 M LiPF dissolved in the
mixture of ethylene carbonate and dimethyl carbonate (1:1
volume ratio).

Galvanostatic charge-discharge measurements were tested
on a multichannel battery test system (Land CT2001A).
Cyclic voltammetry was performed at a scan rate of
0.1 mV s~ from 1.0 to 2.5 V on a computer-controlled
CHI760E electrochemical workstation at room temperature.
Electrochemical impedance spectroscopy (EIS) patterns were
recorded on a CHI760E electrochemical work station with an
excitation voltage of 5 mV and a frequency between 100 kHz
and 0.01 Hz by using a three-electrode system.

Results and discussion

Figure 2a displays the XRD patterns measured from 10° to
70° 2theta of pure LTO and Co?*-doped LTO nanofibers cal-
cined at 800 °C for 3 h, respectively. The diffraction peaks of
both samples can be identified as the cubic spinel structure of
LTO (JCPDS no. 49-0207), and no impurity phase is found
after the introduction of Co** ions, which illustrates that the
doping of Co** ions does not change the spinel structure of
LTO. As shown in Fig. 2b, the magnified (111) peak of Co**-
doped LTO nanofibers shifts to the low angle direction.
According to the Bragg equation and Pauling radius, the radi-
us of Co?* (0.745 A) is bigger than that of Ti** (0.605 A), so
the enlarged lattice parameters could be attributed to Co**
doping into LTO lattice to replace Ti**. The XRD patterns of
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Fig. 1 Synthesis of Co?*-doped
LTO nanofibers

the increased exposition time have been measured at 2theta
from 10° to 120°, and more accurate lattice parameters have
been obtained and supplemented in Fig. 2c, d. The
convincible lattice volume of Co**-doped LTO nanofibers
(584.18 A®, seen in Fig. 2d) that originated from GSAS atom-
ic structure refinements is larger than that of pure LTO nano-
fibers (583.67 A3, shown in Fig. 2¢), which corresponds with
the results of XRD analysis in Fig. 2b.

Figure 3 shows the morphologies and microstructures of
pure LTO and Co**-doped LTO nanofibers. As shown in Fig.
3a, the representative SEM image of LTO precursor nanofi-
bers reveals a host of nondirective and smooth-faced nanofi-
bers with length of up to tens of micrometers, and the diameter
is approximately 600 nm. By introducing Co** ions, there is
no obvious change for Co**-doped LTO precursor nanofibers
sample which still remains the well-defined and relatively
uniform 1D nanostructure. After calcined at 800 °C for 3 h,
the pure and Co**-doped LTO nanofibers both possess the
uniform diameter (~500 nm) and relatively dense surface
(Fig. 3b, ¢), which are in agreement with the results of TEM
analysis (Fig. 3c, f). The diameter reduction after calcination

2.26 mL/h

e

may be due to the loss of organic components, thermal de-
composition of inorganic ions, and crystallization of inorganic
oxides [27]. Interestingly, the average size of nanoparticles (~
158 nm) made up of Co**-doped LTO nanofibers is smaller
than that of pure LTO nanofibers (~ 186 nm), which may be
ascribed to the retarded long-range order of the lattice by in-
troducing doping ions [28]. The reduced particle size for
Co?**-doped LTO nanofibers could greatly improve the elec-
trochemical kinetics owing to a reduced diffusion length to the
fiber core (¢=L?/D;, t reaction time, L ion diffusion length, D
diffusion coefficient) [29]. Moreover, the reduced particle size
is beneficial to the increased surface area (shown in Fig. S1)
for a fully contact between electrode and electrolyte. EDS
mappings of Co**-doped LTO nanofibers in Fig. 3g—i indicate
the uniform distribution of the elements of Ti, Co, and O. The
element contents of Ti, Co, and O are 31.45, 0.64, and
67.91%, respectively, and the element ratio of Ti and Co is
approximately 49.14:1 (shown in Fig. 3j). The ICP-OES anal-
ysis for Co**-doped LTO nanofibers in Table S1 further re-
veals that the element ratio of Ti and Co is about 48.9: 1,
closing to the initial mole ratio (49:1).
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Fig. 3 a, d The representative
SEM images of pure LTO and
Co?*-doped LTO precursor
nanofibers, respectively. Typical
SEM (b, e) and TEM (¢, f) images
of pure LTO and Co**-doped
LTO nanofibers calcined at

800 °C for 3 h, respectively. Insets
of b and e are the particle size
distribution curves.
Corresponding EDS mappings
(gi) and EDS (j) of Co**-doped
LTO nanofibers

IV BT

In order to further determine the chemical compositions of
pure LTO and Co**-doped LTO nanofibers, XPS measure-
ments in Fig. 4 were carried out in region of 0—-1100 eV. A
full XPS survey shows the presence of Li, Ti, and O elements
for C02+-d0ped LTO nanofibers, but it is not evident that Co
2p peaks of Co®*-doped LTO nanofibers appear in the range
of 775 to 805 eV (Fig. 4a). To affirm the existence of Co
element, the typical high-resolution XPS spectrum of Co 2p
is shown in Fig. 4b. The weak binding energy peaks at ~ 796.1
and ~780.4 eV correspond to Co 2pl/2 and Co 2p3/2 [30],
while the satellite peaks at ~801.8 and ~786.5 eV could be
attributed to Co(II) oxide [31]. The formation of Co>* ions for
Co**-doped LTO nanofibers results from the oxidation of
original Co®* ions at high calcination temperature under air
atmosphere. The high-resolution XPS spectra of Ti 2p are
shown in Fig. 4c. Two broad peaks of pure LTO and Co**-
doped LTO nanofibers at 464.2 and 458.4 eV correspond well
with Ti 2p1/2 and Ti 2p3/2 peaks of Ti** ions, respectively. As
a matter of fact, the radius of Co>* ions (0.630 A) is smaller
than that of Co”* ions (0.745 A), so the enlarged lattice pa-
rameters (shown in Fig. 2¢, d) could mainly result from the
existence of Co”* ions.

Potential capacity curves (Fig. 5a, b) and rate cycling per-
formance (Fig. 5c) for pure LTO and Co?**-doped LTO elec-
trodes were tested between 1.0 and 2.5 Vat0.1,0.2,0.5, 1, 2,
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and 5 C (1 C=175 mA g "), respectively. As shown in Fig.
Sa, the discharge capacity of pure LTO electrode reaches
170.9, 157.3, 143.1, 126.9, 110.6, and 78.9 mAh g ' at 0.1,
0.2,0.5, 1,2, and 5 C, respectively. Furthermore, the capacity
decreases rapidly and the separation between charge and dis-
charge plateaus (AV) becomes large, accompanying with the
increasing of current rates, which results from the low elec-
tronic conductivity and small Li* ions diffusion coefficient
[32]. Figure 5b illustrates that the discharge capacity of
Coz+—doped LTO electrode could reach 172.4, 160.7, 151.3,
145.6,141.1,and 138.1 mAh g 'at0.1,0.2,0.5,1,2,and 5 C,
respectively, indicating that the introduction of Co”* ions im-
proves the discharge capacity of LTO electrode. As shown in
Fig. 5c, the rate cycling performance of pure LTO and Co?*-
doped LTO electrodes was measured between 1.0 and 2.5 Vat
0.2,0.5,1,2,and 5 C, respectively. With the increase of C rate,
Co**-doped LTO electrode performs the better rate cycling
performance than pure LTO electrode. Even at the high rate
of 5 C, the average discharge capacity of Co**-doped LTO
electrode could still maintain as high as 138 mAh g~'. In order
to thoroughly investigate the cycling stability under the high
rate for the pure LTO and Co**-doped LTO electrodes, the
cycling performance of pure LTO and Co**-doped LTO elec-
trodes was tested between 1.0 and 2.5 Vat 5 C for 200 cycles.
As shown in Fig. 5d, both pure LTO and Co**-doped LTO
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Fig. 4 a XPS survey spectra of
pure LTO and Co**-doped LTO
nanofibers. b Typical high-
resolution XPS spectrum of Co**-
doped LTO nanofibers at the
range of 775 to 805 eV. ¢ Typical
high-resolution XPS spectra of Ti
2p of pure LTO and Co**-doped
LTO nanofibers

electrodes perform the admirable cycling stability with scarce-
ly any capacity loss at 5 C after 200 cycles. Especially, Co**-
doped LTO electrodes have the high discharge capacity
(140.1 mAh g ') and still remain at 136.5 mAh g ' after

200 cycles at 5 C.

Fig. 5 a-b Potential capacity
curves of pure LTO and Co”*-
doped LTO electrodes between
1.0and2.5Vat0.1,0.2,0.5,1,2,
and5C(1C=175mA g "),
respectively. ¢ The rate cycling
performance of pure LTO and
Co**-doped LTO electrodes
between 1.0 and 2.5 Vat 0.1, 0.2,
0.5, 1, 2, and 5 C, respectively. d
The cycling performance of pure
LTO and Co**-doped LTO
electrodes between 1.0 and 2.5 V
at 5 C for 200 cycles.
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Figure 6 exhibits the cyclic voltammograms of pure
LTO and Co**-doped LTO electrodes between 1.0 and
2.5 V at a scan rate of 0.2, 0.4, 0.6, 0.8, and
1.0 mV s '. There exists a pair of cathodic/anodic peaks

at ~1.5 V/1.7 V with the different scan rate of each
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Fig. 6 a, b The cyclic a ,; b
voltammograms of pure LTO and ) n
Co?*-doped LTO electrodes 24
between 1.0 and 2.5 V at a scan ; -
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sample, which corresponds to the reversible change of
Ti** to Ti** during the charge/discharge process accom-
panied by the insertion of Li* ions. The ¢, (anodic peak)
and ¢, (cathodic peak) of pure LTO electrodes are 1.453/
1.683, 1.442/1.698, 1.415/1.728, 1.394/1.763, and 1.377/
1.776 V at a scan rate of 0.2, 0.4, 0.6, 0.8, and
1.0 mV s !, respectively, while the ¢, and ¢, of Co**-
doped LTO electrode are 1.488/1.668, 1.467/1.669, 1.458/
1.728, 1.450/1.742, and 1.440/1.753 V at a scan rate of
0.2, 0.4, 0.6, 0.8, and 1.0 mV s !, respectively. The cor-
responding potential difference 2p (p,-¢.) of pure LTO
and C02+-doped LTO electrodes is 230/180, 256/232, 313/
270, 369/292, and 399/313 mV, respectively. Moreover,
the potential difference of CV peaks reflects the polariza-
tion degree of the electrodes [33]. It is obvious that Co**-
doped LTO electrode has the lower polarization degree
than pure LTO electrode.

As shown in Fig. 8c, the relationship between the peak

0.012 0.016 0.020 0.024 0.028 0.032

.004 T T T T T
0.012 0.016 0.020 0.024 0.028 0.032

12 12 _-172. 12 12 _-12

(Scan Rate) " (V "'s )

used to evaluate the Li* diffusion coefficients for pure
LTO and Co**-doped LTO electrodes. On the basis of
CV data and following Eq. [34]:

I, = 2.69 x 10°An*>CyD'/*v'/? (1)

where D is the Li* diffusion coefficient, A is the surface
area of the electrode (1.13 cm?), n is the number of elec-
trons during the half-reaction of the redox couple, and C,
the is molar concentration of Li* in solid; so the conclu-
sion could be obtained as follows:

Ip/vl/zo(Dl/z

Therefore, the Li* ion diffusion coefficient of Co**-doped
LTO electrode is higher than that of pure LTO electrode, indi-
cating that Co”* ion doping could enhance the diffusion coef-
ficient of Li* ions.

The electrochemical impedance spectra (EIS) of pure LTO

current (V) and square root of scan rate (V"2 s ") canbe  and Co?**-doped LTO electrodes between 1.0 and 2.5 Vat 5 C
Fig. 7 a The electrochemical a 400 b 8
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Fig. 8 TEM images of pure LTO
(a) and Co**-doped LTO (b)
electrodes after 200 cycles
between 1.0 and 2.5 Vat 5 C,
respectively

were further measured after 200 cycles in the frequency range
from 0.01 Hz to 100 kHz, respectively. According to the
equivalent circuit (inset of Fig. 7a), the EIS are fitted success-
fully. As shown in Fig. 7a, the electrochemical impedance
spectra consist of one high-to-medium-frequency semicircle
and one low-frequency straight line, which are mainly related
to the charge transfer resistance and Warburg impedance, re-
spectively [35]. Comparing with pure LTO electrode, Co**-
doped LTO electrode possesses the reduced charge transfer
resistance, which could result in the enhanced electrochemical
performance (Fig. 7a, b). The possible reasons for this are as
follows: First of all, Co®* ion doping can increase the elec-
tronic conductivity of LTO electrode. Moreover, the introduc-
tion of Co®* ions enlarges the lattice volume of LTO, which
could improve the lithium insertion/extraction kinetics during
the charge/discharge process. Last but not the least, the re-
duced nanoparticle size of Co**-doped LTO nanofibers may
be also the reason for enhancing the lithium insertion/
extraction kinetics by providing the rapid and efficient path-
ways for ion and electron transport.

The coin cells were disassembled after 200 cycles between
1.0 and 2.5 V at 5 C to track the structural stability of 1D
nanofibers during the high-rate charge/discharge process.
The active materials are then peeled off from Cu foil and
calcined at 500 °C for 2 h in the air atmosphere in order to
burn off the acetylene black and the polytetrafluoroethylene.
As shown in Fig. 8, the appearance of 1D nanostructure for
pure LTO and Co**-doped LTO electrodes further exhibits the
relatively high structural stability, especially at a high current
density.

Conclusions

In conclusion, this work reported a novel and maneuverable
Co?* doping strategy for LTO nanofibers. The introduction of
Co”* ions greatly improved the rate performance and cycling
stability of LTO anode materials. When all is said and done,
the high-rate and high-capacity lithium storage could be at-
tributed to the enhanced electrical conductivity and the rapid
and efficient pathways for ion and electron transport. The
superior electrochemistry performances proved that the

Co**-doped LTO electrode could have a great potential as
LIBs anode materials.
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