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r porous conductive network
structure Li4Ti5O12@C/CNT microspheres with
enhanced sodium-storage capability as an anode
material†

Guozhen Zhu, *a Linhe Yu,a Qihao Yanga and Renchao Che *bc

Li4Ti5O12@C/CNT microspheres, wherein CNTs were firmly anchored to Li4Ti5O12@C nanoparticles, were

prepared via a facile spray drying method and subsequently annealed in an argon atmosphere, exhibiting

long cycling stability (charge/discharge capacities of 85.45/86.18 mA h g�1 after 500 cycles at

500 mA g�1) and excellent rate capability (charge capacity of 61.16 mA h g�1 after 10 cycles at

1000 mA g�1). The special spherical structure design is not only beneficial to improving the structural

stability and reaction kinetics of the electrode materials during the long-term extraction–insertion of

sodium ions but also supplies numerous interfacial sites to store more sodium ions.
1. Introduction

Li4Ti5O12, with a spinel structure, is a promising anode material
of lithium-ion batteries because of its excellent cycling stability,
stable discharge voltage platform, and high lithium-ion diffu-
sion coefficient.1,2 However, its further development is severely
restricted by its low theoretical specic capacity and poor elec-
tronic conductivity.3–5 In addition, atulence occurs due to the
side reactions between electrolyte and Li4Ti5O12, leading to
rapid capacity fading and serious security threats.6,7 Research
shows that the capacity can be improved by reducing the
particle size,8 and a high rate capability can be realized by
coating with a carbon layer9 or compositing with CNTs10,11 with
good conductivity. Carbon layers coated on the surface of
Li4Ti5O12 particles can prevent direct contact between the
electrolyte and Li4Ti5O12, preventing the appearance of atu-
lence. Although the reversible capacity and conductivity of
Li4Ti5O12 have been greatly improved, the healthy development
of lithium-ion batteries is strictly limited by the lack of lithium
resources.

Sodium-ion batteries have been regarded as an ideal alter-
native to lithium-ion batteries due to the abundance of sodium
resources and their low cost, and have been widely studied in
recent years.12–18 Similar to lithium-ion batteries, CNTs and
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carbon layers can be used to enhance the sodium-storage
capability of Li4Ti5O12. A free-standing LTO-C/RGO electrode
was prepared by modied vacuum ltration, which exhibited
superior rate capability (98.7 mA h g�1 at 5C) and long cycling
performance (114 mA h g�1 at 2C aer 600 cycles).19 Wang et al.
reported free-standing CNT/Li4Ti5O12/C composite nanobers,
achieving a high reversible capacity (119 mA h g�1 aer 100
cycles at 100 mA g�1) and excellent rate capability (77 mA h g�1

at 50 0 mA h g�1).20 Although the rate capability and cycling
stability have been greatly improved via various effective
methods, the yield of the product is too low to satisfy the
practical application of sodium-ion batteries. Thus, it is
particularly important to nd a method for large-scale produc-
tion. Spray drying is a method for large-scale production that is
widely used in the eld of lithium-ion batteries.21–28 However, its
application in the eld of sodium-ion batteries is rarely re-
ported. A Li4Ti5O12@C/rGO electrode was fabricated via the
spray drying method, which shows superior sodium storage
performance. A capacity retention of 95% is maintained aer
1000 cycles at 5C at room temperature. Even when the ambient
temperature increases to 60 �C, the capacity retention is still as
high as 95% aer 500 cycles at 10C.29

Hence, nano/micrometer porous structure Li4Ti5O12@C/
CNT microspheres were prepared via a facile spray drying
method and subsequently annealed in an argon atmosphere in
this work. As a comparison, Li4Ti5O12 hollow nanospheres were
synthesized by the solvothermal method to identify the supe-
riority of the Li4Ti5O12@C/CNT microsphere structure. The
results of electrochemical performance indicate that the special
nano/micrometer porous structure of the Li4Ti5O12@C/CNT
microspheres is crucial to improving their sodium-storage
capability. Compared with the Li4Ti5O12 hollow nanospheres,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the Li4Ti5O12@C/CNT microspheres show superior rate capa-
bility and longer cycling life. Thus, the Li4Ti5O12@C/CNT
microspheres are a promising anode material for sodium-ion
batteries.
2. Experimental section
2.1 Chemicals

Tetrabutyl titanate (C16H36O4Ti), lithium acetate (CH3COOLi),
titanium dioxide (TiO2), absolute ethanol, and sucrose
(C12H22O11) were all purchased from Sinopharm Chemical
Reagent Co., Ltd. Carbon nanotubes (CNTs, 95%) were
purchased from Chengdu Organic Chemicals Co., Ltd. All the
chemical reagents were used without further purication.
Deionized water from a Milli-Q system (Millipore, Bedford, MA)
was used in all the experiments.
2.2 Fabrication of the Li4Ti5O12@C/CNT microspheres

The synthetic process of the Li4Ti5O12@C/CNT microspheres is
shown in Fig. 1. Firstly, CNTs and deionized water were mixed
and stirred for 2 h to obtain a well dispersed CNT dispersion,
and sucrose was dissolved in deionized water to prepare
a sucrose solution. CH3COOLi, TiO2, sucrose solution, and the
CNT dispersion were mixed in a suspension. Then, the
suspension was sprayed onto a Li4Ti5O12@C/CNT microsphere
precursor using a spray dryer. Finally, the Li4Ti5O12@C/CNT
microsphere precursor was annealed under an argon atmo-
sphere at 800 �C for 10 h to synthesize the Li4Ti5O12@C/CNT
microspheres.
2.3 Fabrication of the Li4Ti5O12 hollow nanospheres

The synthetic process of the Li4Ti5O12 hollow nanospheres is
shown in Fig. S1,† which is mainly composed of SiO2
Fig. 1 The synthetic process of the Li4Ti5O12@C/CNT microspheres.

© 2022 The Author(s). Published by the Royal Society of Chemistry
nanospheres, the SiO2@Li4Ti5O12 nanosphere precursor, and
Li4Ti5O12 hollow nanospheres.

2.3.1 Fabrication of the SiO2 nanospheres. Firstly, 32 mL
absolute ethanol and 1.5 mL deionized water were mixed and
stirred for 30 min to obtain a well dispersed ethanol solution.
Then, 35 mL concentrated ammonia was mixed with ethanol
solution and stirred for 1 h to prepare a mixed solution. Finally,
3 mL tetraethyl orthosilicate was added to the mixed solution
and stirred for 5 h. SiO2 nanospheres were synthesized via
centrifugation and dried at 80 �C for 10 h.

2.3.2 Fabrication of the SiO2@Li4Ti5O12 nanosphere
precursor. Firstly, 0.6 g SiO2 nanospheres were dispersed in
100 mL absolute ethanol and stirred for 2 h to prepare
a homogeneous suspension. Secondly, a 20 mL mixed solution
containing 0.132 g lithium acetate and 0.850 g tetrabutyl tita-
nate was poured into the suspension and stirred for 2 h at room
temperature to obtain a mixed solution. Thirdly, the mixed
solution was poured into a hydrothermal autoclave and main-
tained at 200 �C for 36 h. Finally, the SiO2@Li4Ti5O12 nano-
sphere precursor powder was fabricated via centrifugation and
subsequently dried at 80 �C for 12 h.

2.3.3 Fabrication of the Li4Ti5O12 hollow nanospheres.
Firstly, the synthesized SiO2@Li4Ti5O12 nanosphere precursor
powder was dispersed in a 100 mL 0.5 M KOH solution and
stirred for 12 h in a water bath at 60 �C. Then, the product was
washed by ultrasonication 3 times, and subsequently dried in
a vacuum at 80 �C for 10 h. Finally, the dried powder was
annealed under an air atmosphere at 800 �C for 12 h to prepare
the Li4Ti5O12 hollow nanospheres.
2.4 Material characterization

The crystal structures were examined by X-ray diffraction (XRD,
Bruker D8 Advance). The microstructures of the materials were
analyzed by scanning electron microscopy (S-3400N) and
transmission electron microscopy (JEM2100). The Raman
spectra were recorded on a Raman spectrometer (LabRAM HR).
The weight loss of the materials was detected by thermogravi-
metric analysis (Diamond TG/DTA). The N2 adsorption–
desorption isotherms were plotted to analyze the specic
surface area (BELSORP-miniII).
2.5 Sodium-ion battery electrochemical measurements

Firstly, the prepared powder, Super P, and sodium carbox-
ymethyl cellulose (weight ratio: 7 : 1 : 2) were mixed to prepare
a slurry. Then, the slurry was uniformly coated on copper foil
and dried under vacuum at 80 �C for 12 h. Thirdly, coin cells
(CR2016) were assembled in a glovebox lled with argon.
Sodium metal foil and glass ber were used as the counter
electrode and separator, respectively. NaClO4 was mixed with
ethylene carbonate (EC) and diethyl carbonate (DEC) (1 : 1 v/v)
to prepare the electrolyte. The charge/discharge, rate capa-
bility, and cycling performance were tested using a Land Battery
instrument. Cyclic voltammetry and electrochemical imped-
ance spectroscopy were performed on a electrochemical work-
station (CHI604D).
RSC Adv., 2022, 12, 26782–26788 | 26783
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3. Results and discussion

The phases of the Li4Ti5O12 nanospheres and Li4Ti5O12@C/CNT
microspheres are analyzed by X-ray diffraction to estimate the
purity of the phase (Fig. 2). The diffraction peaks of the two
materials are essentially similar, exhibiting that the crystal
structure of Li4Ti5O12 has not been changed by the coated
carbon layers and composite CNTs. The pure Li4Ti5O12 phases
are detected and other phases are not found, showing that the
Li4Ti5O12 nanospheres and Li4Ti5O12@C/CNT microspheres are
synthesized successfully.

Fig. 3 shows the microstructures of the Li4Ti5O12 hollow
nanospheres and Li4Ti5O12@C/CNT microspheres. The SiO2

nanospheres (Fig. S2a†) with a diameter of about 200 nm show
good dispersion, which is conducive to the coating of the
Li4Ti5O12 shell. Li4Ti5O12 was successfully coated on the surface
of the SiO2 nanospheres, and SiO2@Li4Ti5O12 core–shell nano-
spheres were successfully prepared (Fig. S2b†). The size of the
Li4Ti5O12 hollow nanospheres ranges from 50 nm to 300 nm
(Fig. 3a), which is benecial to the size effect. The microspheres
with a diameter of 1–10 mm exhibit good dispersion. The outer
surface structure of the microspheres consists of Li4Ti5O12

nanoparticles and CNTs with a diameter of 50 nm (Fig. S3a†),
and a network structure was formed by interweaving between
the Li4Ti5O12 nanoparticles and CNTs (Fig. 3b and S3b†). In
addition, numerous nanometer and micrometer-scale pores
were produced due to the interweaving action.

TEM and HRTEM images of the Li4Ti5O12 hollow nano-
spheres and Li4Ti5O12@C/CNT microspheres are shown in
Fig. 4. The shell thickness of the Li4Ti5O12 hollow nanospheres
is about 10 nm (Fig. 4a), which is too thin to resist the stress
from the long charge and discharge processes. The lattice
spacing of 0.486 nm corresponds to the (111) crystal facet of the
Li4Ti5O12@C/CNT microspheres. Meanwhile, the carbon layers
coated on the surface of the Li4Ti5O12 nanoparticles measure
about 1 nm. The coated carbon layers can not only improve the
Fig. 2 XRD patterns of the Li4Ti5O12@C/CNT microspheres and
Li4Ti5O12 hollow nanospheres.

26784 | RSC Adv., 2022, 12, 26782–26788
electroconductibility but also prevent direct contract between
the electrolyte and Li4Ti5O12 to reduce side effects.

The Raman test results of the Li4Ti5O12@C/CNT micro-
spheres are shown in Fig. S4.† The presence of carbon is iden-
tied by the D and G peaks of the Li4Ti5O12@C/CNT
microspheres. An ID/IG ratio greater than 1 indicates that the
coated carbon layers are highly graphitized. The disordered D-
band peak located at 1340 cm�1 and graphitic G-band peak
located at 1591 cm�1 represent the crystal defects of carbon
atoms and sp3 hybridization, respectively. Abundant defects are
conducive to the diffusion of sodium ions. In addition, the
defects accelerate the transmission of electrons to improve
conductibility. Fig. S5† presents the thermogravimetric curve of
the Li4Ti5O12@C/CNTmicrospheres. Three stages of weight loss
were found. The 0.27 wt%, 7.38 wt% and 3.74 wt% weight losses
are attributed to the loss of adsorbed water, coated carbon
layers, and CNTs, respectively, indicating that the carbon layers
were successfully coated on the surface of the Li4Ti5O12 nano-
particles and the CNTs were successfully composited with the
Li4Ti5O12 nanoparticles, which is consistent with the results in
Fig. 3b and 4b. The N2 adsorption/desorption isotherms of the
Li4Ti5O12@C/CNT microspheres and Li4Ti5O12 hollow nano-
spheres were recorded to test the specic surface area. The
specic surface area of the Li4Ti5O12 hollow nanospheres is
slightly lower than that of the Li4Ti5O12@C/CNT microspheres
(Fig. S6†), which is the result of the special porous spherical
structure. The abundant nanometer and micrometer-scale
pores, distributed on the surface of the Li4Ti5O12@C/CNT
microspheres, are conducive to increasing the contact area
between the electrode and electrolyte and increasing the
specic surface area.

Fig. 5a exhibits the cycling stability curves of the Li4Ti5-
O12@C/CNTmicrospheres and Li4Ti5O12 hollow nanospheres at
a current density of 100 mA g�1 for 150 cycles. The obvious
capacity attenuation phenomenon appeared in the rst two
cycles, which is the result of the decomposition of the electro-
lyte. The charge/discharge capacities of the Li4Ti5O12@C/CNT
microspheres are both signicantly higher than those of the
Li4Ti5O12 hollow nanospheres at different cycles. Moreover, the
Li4Ti5O12@C/CNTmicrospheres show superior cycling stability.
The charge/discharge capacities of the Li4Ti5O12@C/CNT
microspheres decreased from 172.1/174.9 mA h g�1 to 122.8/
124.1 mA h g�1 aer 150 cycles. By contrast, the Li4Ti5O12

hollow nanospheres exhibit poorer cycling stability; the charge/
discharge capacities decay from 171.4/174.3 mA h g�1 to 82.2/
84.6 mA h g�1 aer 150 cycles. The longer cycling stability of the
Li4Ti5O12@C/CNT microspheres is attributed to their special
structural design. Moreover, the abundant nanometer and
micrometer-scale pores distributed on the surface of the
microspheres can effectively relieve the huge volume change
from the repeated extraction–insertion of sodium ions. In
addition, the CNTs play a key role in enhancing the structural
stability of the microspheres. The Li4Ti5O12 nanoparticles are
rmly anchored by the CNTs, forming microspheres with an
extremely stable structure. The cycling stability test results of
the Li4Ti5O12@C/CNT microspheres and Li4Ti5O12 hollow
nanospheres at a current density of 500 mA g�1 for 500 cycles
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of (a) the Li4Ti5O12 hollow nanospheres and (b) Li4Ti5O12@C/CNT microspheres; inset represents the outer surface structure
of a microsphere.
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are shown in Fig. S7† to further conrm the superior cycling
stability of the Li4Ti5O12@C/CNT microspheres. The charge/
discharge capacities (85.45/86.18 mA h g�1) of the Li4Ti5O12@-
C/CNT microspheres are higher than those of the Li4Ti5O12

hollow nanospheres (13.52/14.07 mA h g�1) aer 500 cycles, and
the capacity attenuation of the Li4Ti5O12@C/CNT microspheres
is much lower than that of the Li4Ti5O12 hollow nanospheres,
indicating the superior cycling stability of the Li4Ti5O12@C/CNT
microspheres. The rate performances of the Li4Ti5O12@C/CNT
microspheres and Li4Ti5O12 hollow nanospheres were tested
to identify the superior conductibility of the Li4Ti5O12@C/CNT
microspheres (Fig. 5b). The capacity decay rate of the
Li4Ti5O12 hollow nanospheres is signicantly faster than that of
the Li4Ti5O12@C/CNT microspheres with the increase in
current density. A charge capacity of 61.16 mA h g�1 is main-
tained at 1000 mA g�1, and a 138.81 mA h g�1 charge capacity is
retained when the current density recovers to 50 mA g�1 (Li4-
Ti5O12@C/CNT microspheres). As a comparison, the charge
capacity of the Li4Ti5O12 hollow nanospheres decays from
132.94 mA h g�1 (50 mA g�1) to 18.32 mA h g�1 (1000 mA g�1),
and the charge capacity recovers to 119.38 mA h g�1 when the
current density decreases to 50 mA g�1. The excellent rate
capability of the Li4Ti5O12@C/CNT microspheres can be
attributed to the coated carbon layers and CNTs. The carbon
layers coated on the surface of the Li4Ti5O12 nanoparticles are
benecial to improving the electronic conductivity, promoting
the transfer of electrons, and enhancing the rate capability of
Fig. 4 TEM images of the (a) Li4Ti5O12 hollow nanospheres and (b) Li4Ti5
microspheres.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Li4Ti5O12. A spherical conductive network structure was formed
due to the synergetic effect of the CNTs and carbon layers,
which provides more transmission paths for electrons.

The charge/discharge curves of the Li4Ti5O12@C/CNT
microspheres are shown in Fig. 5c. The stable voltage plat-
forms located at 1.07 V and 0.78 V correspond to the charge
voltage platform and discharge voltage platform, respectively,
implying that the structure of the Li4Ti5O12@C/CNT micro-
spheres is extremely stable. On the contrary, the Li4Ti5O12

hollow nanospheres display a higher charge voltage platform
(1.21 V) and lower discharge voltage platform (0.65 V) due to
polarization (Fig. S8†). The polarization of the Li4Ti5O12@C/
CNT microspheres is effectively alleviated by the coated
carbon layers and composited CNTs, which greatly improve the
electroconductivity and promote the kinetic properties.

The rst three cycles of cyclic voltammetry were performed to
analyze the electrochemical reaction process of the Li4Ti5-
O12@C/CNT microspheres during the process of Na-ion inser-
tion–extraction (Fig. S9†). The reduction/oxidation peaks
located at 0.72/1.12 V are attributed to the sodium-ion inser-
tion–extraction of the Li4Ti5O12 nanoparticles in the rst cycle.
Compared with the rst cycle, the reduction peaks of the last
two cycles have been changed signicantly, which is due to the
irreversible sodium insertion process. The cyclic voltammetry
curves of the rst three cycles almost overlap, indicating the
excellent cycling stability of the Li4Ti5O12@C/CNT
microspheres.
O12@C/CNT microspheres. (c) HRTEM image of the Li4Ti5O12@C/CNT

RSC Adv., 2022, 12, 26782–26788 | 26785
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Fig. 5 (a) Cycling curves of the Li4Ti5O12@C/CNT microspheres and Li4Ti5O12 hollow nanospheres at a current density of 100 mA g�1, (b) rate
performance of the Li4Ti5O12@C/CNT microspheres and Li4Ti5O12 hollow nanospheres, (c) charge and discharge profiles of the Li4Ti5O12@C/
CNT microspheres, and (d) Nyquist plots of Li4Ti5O12@C/CNT microspheres and Li4Ti5O12 hollow spheres.
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Electrochemical impedance spectroscopy of the Li4Ti5-
O12@C/CNT microspheres and Li4Ti5O12 hollow nanospheres
was performed to identify the superiority of the spherical
conductive network structure (Fig. 5d). The charge transfer
resistance of the Li4Ti5O12@C/CNT microspheres is lower than
that of the Li4Ti5O12 hollow nanospheres, which is attributed to
the superior conductivity of the Li4Ti5O12@C/CNT micro-
spheres. Compared with the Li4Ti5O12 hollow nanospheres, the
Li4Ti5O12@C/CNT microspheres are composed of carbon layers
and CNTs, and a conductive network structure is formed due to
the synergy of the carbon layers and CNTs. The spherical
structure of the Li4Ti5O12@C/CNT microspheres is essentially
maintained at 500 mA g�1 for 500 cycles (Fig. S10†), which
further indicates the stable spherical structure of the Li4Ti5-
O12@C/CNT microspheres.
4. Conclusions

Herein, Li4Ti5O12@C/CNT microspheres with numerous nano-
meter and micrometer-scale pores were synthesized, which
show excellent sodium-storage capability. The charge/discharge
capacities of 85.45/86.18 mA h g�1 are maintained aer 500
cycles at 500 mA g�1, exhibiting long cycling stability. The CNTs
tightly anchored to the Li4Ti5O12@C nanoparticles, and the
various nanometer/micrometer-scale pores distributed on the
surface of the microspheres play a vital role in improving the
26786 | RSC Adv., 2022, 12, 26782–26788
cycling stability. The CNTs ensure the stability of the spherical
structure during the long-term extraction–insertion of sodium
ions. The abundant pores are able to effectively relieve the
volume expansion from the charge/discharge processes. In
addition, a charge capacity of 61.16 mA h g�1 is kept at a high
current density of 1000 mA g�1, showing high rate capability,
which is the result of the coated carbon layers and CNTs. The
carbon layers coated on the Li4Ti5O12 nanoparticles greatly
improve the electroconductivity of the Li4Ti5O12 nanoparticles.
Meanwhile, a 3D continuous conductive network is formed via
the tandem action of the CNTs. There are correlations between
the Li4Ti5O12@C nanoparticles. The prepared Li4Ti5O12@C/
CNT microspheres indicate that the design of the nanometer/
micrometer porous conductive network structure is an effec-
tive method to enhance the sodium-storage capability, which
provides a new idea for the fabrication of anode materials for
high-performance sodium-ion batteries.
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