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Multi-walled carbon nanotubes induced
a controllable TiO, morphology transformation for

high-rate and long-life lithium-ion batteriest
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We have demonstrate a facile strategy to achieve the controllable morphology transformation of TiO,
induced by the introduction of multi-walled carbon nanotubes. The intervention of functionalized
carbon nanotubes (CNTSs) is key to the formation of TiO, nanopompons. Furthermore, the size of the

obtained TiO, nanopompons can be controlled by modulating the CNT amounts. The obtained TiO,
nanopompon-embedded CNT hybrid networks (TNP@QCNT HNs) incorporate the advantages of
hierarchical nanostructures and 3D interconnected conductive networks, including high surface area,

uniform particle/pore size, short Li* ion/electron transport pathway, and high electronic conductivity.
These TNPQCNT HN-based anodes achieve a significant improvement in the insertion/extraction of Li*

ions and electrochemical performances via optimizing the CNT amounts and the size of the TiO,
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nanopompons. The lithium-ion batteries based on the optimized TNP@QCNT HNs exhibit excellent

cycling stability (keeping approximately 200 mA h g~ after 500 cycles at 2C rate, 1C = 170 mA g~ and

DOI: 10.1039/c7ra02190a

rsc.li/rsc-advances cycles).

1. Introduction

Titanium dioxide (TiO,) has attracted considerable attention as
one of the most credible alternative anode materials to
conventional graphite, attributed to its low cost, environmental
benignity, and high structural stability."* Anatase-phase TiO,
has a relatively high insertion/extraction potential (1.3-1.8 V vs.
Li'/Li) inhibiting common growth of Li dendrites on the anode
surface, and a small volume expansion (less than 4%) during
the Li" insertion/extraction process ensuring good cycling
stability. However, some inherent drawbacks impede the
further development of anodes based on TiO,, such as the low
ionic diffusivity and electronic conductivity.>® To address this
issue, many efforts have been devoted to the synthesis of
nanoscale TiO, with a high electrode/electrolyte interface area
and short solid state diffusion pathway for Li" ions/electrons.”
Nevertheless, the increased contact resistance and inevitable
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rate performance (approximately 125 mA h g’l at 20C rate with a capacity retention of 77% after 2000

self-aggregation caused by the use of nanosized TiO, anode
materials leads to eventual capacity fading and poor cycling
stability."** In this regard, hybrid structures combining TiO,
and carbon nanotubes (CNTs) have been proposed to circum-
vent the above problems.****

CNTs with high electronic conductivity (approximately 5 x
10> S m™ ") can be well connected to form 3D conductive
networks by 7-m interactions, which provide continuous elec-
tron transport pathways and ensure fast penetration of the
electrolyte.'® Furthermore, the 3D connected CNT networks also
facilitate the dispersion of TiO, nanostructures because of their
large surface area and internal pore volume that preventing the
self-aggregation of TiO, anode materials during Li' ion
insertion/extraction process.’” As reported in previous litera-
tures, numerous approaches have been proposed to synthesize
TNP@CNT composites.*®° Typically, it is difficult to control the
hydrolysis rate of heterogeneous nucleation on graphite
surface. Thus most reports were about disordered TiO, nano-
particles or aggregations on CNTs. Recently, many strategies
have been demonstrated to directly synthesize the coaxial core-
shell heterostructures formed by coating TiO, nanocrystal
building blocks on the surface of CNTs.**** Generally, the
formation of ultrathin TiO, shell is essential to shorten Li* ion
diffusion length and guarantee sufficient electron transport,
which results in relatively low active-material loading.”* There-
fore, it is of great importance to design and synthesize uniform
3D TNP@CNT hybrid networks with well-defined morphology

This journal is © The Royal Society of Chemistry 2017
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and homogeneous dispersion for achieving high electro-
chemical performance.

Herein, we demonstrate a controllable morphology trans-
formation of TiO, induced by CNTs, as shown in Fig. 1a. The
intervention of functionalized CNTs not only promotes the
formation of TiO, nanopompons, but also provides an inter-
connected conductive network ensuring the homogenous
dispersion of TiO, and fast diffusion kinetics of both Li" ions
and electrons. Moreover, the relationship between the size of
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obtained TiO, nanopompons and the concentration of CNTs in
the precursor has been investigated. To our best of knowledge,
this is the first time to report these 3D CNT hybrid networks
with controllable uniform TiO, nanopompon dispersion. The
lithium-ion batteries based on these TNP@CNT HNs anode
materials exhibit excellent cycling stability and rate perfor-
mance, attributing to such unique hybrid architecture that
combines the advantages of well-defined hierarchical nano-
structures and 3D interconnected conductive networks.

TNP@CNT HNs-3
4 mg mL!CNTs

crease of the CNT amounts in the precursor

Fig. 1

(a) Schematic representation of the controllable morphology transformation of TiO, induced by precisely modulating the CNT amounts in

the precursor. FE-SEM images of (b) branched TiO, without CNTs, (c) TiO,/CNTs composites, (d and e) TNP@QCNT HNs-1, (f and g) TNP@QCNT

HNs-2, and (h and i) TNP@QCNT HNs-3.
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2. Experimental section

2.1 Synthesis of uniform TiO, nanopompon embedded
carbon nanotube hybrid networks

The uniform size-tunable TiO, nanopompon embedded carbon
nanotube hybrid networks (TNP@CNT HNs) were synthesized
via a facile one-pot hydrothermal approach. Firstly, the func-
tionalized multi-walled CNTs were obtained by nitric acid
treatment at 120 °C for 5 h. Then, the acid-treated CNTs were
ultrasonically dispersed in 10 mL deionized (DI) water, followed
by adding 0.5 g potassium titanium oxide oxalate (PTO) and 30
mL diethylene glycol (DEG). In order to investigate the influence
of CNTs on the morphology of as-synthesized TiO,, the
concentration of CNTs in precursor DI water was controlled to
1, 2, and 4 mg mL™ ", respectively. The obtained mixture solu-
tion was transferred to a 100 mL Teflon-lined autoclave and
heated at 180 °C for 6 h. The resulting precipitate was recovered
by centrifuging and rinsing with sufficient DI water several
times to remove soluble impurities, followed by drying in
vacuum at 70 °C over night. Subsequently, all the dried samples
were annealed in a nitrogen atmosphere at 500 °C for 1 h. The
final products obtained with 1, 2, and 4 mg mL ™' CNTs were
labelled as TNP@CNT HNs-1, TNP@CNT HNs-2, and
TNP@CNT HNs-3, respectively.

For comparison purpose, TiO,/CNT composite was prepared
by employing CNTs without any acid treatments according to
the procedures described above (the concentration of CNTs is
controlled to 2 mg mL™"). Branched TiO, sample was also ob-
tained via the mentioned synthetic process without the inter-
vention of CNTs.

2.2 Material characterizations

XRD measurements were performed on a PANalytical XRD
system with Cu Ko radiation (A = 1.54056 A). Raman spectra
were recorded on a Renishaw inVia Laser micro-Raman spec-
trometer with an excitation of 532 nm laser light. The
morphologies of uniform TNP@CNT HNs were observed using
a field-emission scanning electron microscopy (FE-SEM, HITA-
CHI SU8010). Transmission electron microscopy (TEM) and
high-resolution TEM investigations were carried out on a FEI
Tecnai G20. Thermo-gravimetric analysis (TGA) was performed
on a SDT Q600 thermal analyzer (TA, USA), with a heating rate of
10 °C min~' from room temperature to 800 °C in air. The
specific surface area and pore size distribution of as-synthesized
samples were characterized nitrogen adsorption-desorption
isotherms (Micromeritics ASAP 2020 instrument). X-ray photo-
electron spectroscopy (XPS) was performed on a multifunc-
tional imaging electron spectrometer (Thermo ESCALAB 250XI)
using monochromated Al Ko radiation (1486.6 eV).

2.3 Electrochemical measurements

The working electrodes for the battery test cells were prepared
from the active materials (TNP@CNT HNSs), carbon black, and
a polyvinylidene fluoride binder in a weight ratio of 70 : 20 : 10,
followed by pasting on a Cu foil and drying under vacuum at
120 °C overnight. The mass of active materials loaded on each
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electrode was ca. 0.5 mg. The electrochemical properties of the
obtained TNP@CNT HNs samples were conducted using 2032
coin-type half cells that were assembled in a glove box filled with
argon gas. A pure Li foil was employed as the counter electrode
and a polypropylene membrane (Celgard) was used to separate
the anode and cathode. The electrolyte consisted of a solution
of 1.0 M LiPFs in ethylene carbonate (EC), ethylene methyl
carbonate (EMC) and dimethyl carbonate (DMC) (in a volume
ratioof 1 : 1 : 1) obtained from Shenzhen Kejing Instrument Co.
Ltd. A cyclic voltammograms (CV) test was performed on an
electrochemical workstation (Zahner, Zennium) between 1.0
and 3.0 V at a scan rate of 0.1 mV s '. The galvanostatic
discharge and charge measurements were carried out on
a LANHE test system (CT20014) in a voltage range of 1.0-3.0 V
vs. Li/Li" at room temperature with different current rates.
Electrochemical impedance spectroscopy (EIS) measurements
were performed on a CHI660C electrochemical workstation.

3. Results and discussion

The morphologies of as-synthesized samples were characterized
by field-emission scanning electron microscopy (FE-SEM), as
shown in Fig. 1d-i. Uniform TiO, nanopompon embedded
carbon nanotube hybrid networks were obtained by control-
lable hydrolysis of potassium titanium oxide oxalate (PTO) via
a facile one-pot hydrothermal process. The formed TiO, nano-
pompons were monodispersed with a size of approximately
500 nm and dispersed uniformly between the CNTs, as shown
in Fig. 1d and e. With the increase of CNT amounts, the size of
obtained TiO, nanopompons decreased to approximately 300
and 200 nm for TNP@CNT HNs-2 and TNP@CNT HNs-3
samples, as shown in Fig. 1f-i. In our contrast test, we synthe-
sized micro-sized branched TiO, assembled by nanowire-coated
dendrites without addition of CNTs (Fig. 1b). Thus, the inter-
vention of CNTs in this work promotes the formation of TiO,
nanopompons. The existence of CNTs not only hinders the
directional growth of dendritic building blocks resulting to
a nano-sized TiO, architecture, but also provides an inter-
connected conductive network ensuring the homogenous
dispersion of TiO, and fast diffusion kinetics of both Li* ions
and electrons. In order to identify the growth patterns, we
systematically investigated the influence of the reaction time to
the TiO, morphology transformation, as shown in Fig. S1.1 The
amount of CNTs for the set of experiments is 1 mg mL ", It can
be observed that there are few TiO, nanostructures in a short
reaction time (0.5 h and 1 h). When the reaction time increased
to 2 h, we have obtained TiO, spheres in the interconnected
CNT networks. With further increase of reaction time, the semi-
grown TiO, nanopompons have been obtained at 4 h and 5 h.
However, the dispersion is not homogeneous and the obtained
TiO, architectures are not well-defined compared with those
synthesized at 6 h. Furthermore, we prepared TiO,/CNT
composite by employing CNTs without any acid treatments
according to the same procedures, as shown in Fig. 1c. It can be
observed that the acid-treatment of CNTs is significant to the
formation of well-defined 3D TiO, morphology and homoge-
neous dispersion between CNTSs.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2a shows the typical X-ray diffraction (XRD) patterns for
as synthesized TNP@CNT HNs-1, TNP@CNT HNs-2, and
TNP@CNT HNs-3 powder. The diffraction peaks observed at
XRD patterns of all the three samples can be indexed to
a dominant anatase phase (JCPDS card no. 71-1166). A weak
peak at a 26 of 29.5° indicates the existence of a tiny TiO,-B
phase (JCPDS card no. 74-1940). The typical peak of CNTs also
appeared at a 26 of 43.2° in all the XRD patterns, which are
consistent with previous published results.”® The relative
diffraction intensity of CNT peak was slightly enhanced result-
ing from the increase of CNT amount in TNP@CNT HNs
samples. The crystal structures of all TNP@CNT HNs samples
were also characterized by Raman spectroscopy in the range of
100-2000 cm™ ", as shown in Fig. 2b. The vibrational modes with
strong intensities centered approximately at 149 (E,), 199 (E,),
390 (B1g), 512 (Asg), and 639 cm ™' (Ey) were observed in Raman
spectra of TNP@CNT HNs-1, TNP@CNT HNs-2, and TNP@CNT
HNs-3, indicating that all the three samples have dominant
anatase phase.”® It can be also observed that an additional
vibrational mode with relatively weak intensity located approx-
imately at 289 cm ™t attributing to TiO,-B phase, which is
consistent with XRD analysis. Furthermore, characteristic peaks
of CNTs appeared at wavelengths of approximately 1346 and
1578 cm™ ', which related to the disordered band (D band) and
graphitic band (G band). The G band/D band ratio of TNP@CNT
HNs-1, TNP@CNT HNs-2, and TNP@CNT HNs-3 was 1.076,
1.019, and 0.992, respectively. The obtained G band/D band
ratio decreased with the increase of CNTs, which indicates the
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stronger interconnection between TiO, and CNTs resulting
from the formation of more disordered 3D hybrid networks.
The final content of CNTs in the hybrid composites were
determined by thermo-gravimetric analysis (TGA) with a heat-
ing rate of 10 °C min~* from room temperature to 800 °C in air,
as shown in Fig. 2¢. An obvious weight loss was observed from
450 to 600 °C in all the three samples resulting from the
oxidation of CNTs. The weight percentages of CNTs in as-
synthesized TNP@CNT HNs-1, TNP@CNT HNs-2, and
TNP@CNT HNs-3 were 7.82%, 13.01%, and 23.05%, respec-
tively. Textural characterizations of TNP@CNT HNs-1,
TNP@CNT HNs-2, and TNP@CNT HNs-3 were investigated by
nitrogen adsorption-desorption isotherms. All the three
samples exhibited II-type isotherm curves with a type H3
hysteresis loop in the P/P, range of 0.7-1.0,”” as shown in
Fig. 2d. The observed II-type isotherms indicate the existence of
macropores, and the type H3 hysteresis loop can be also
attributed to a macropore size distribution tendency. The
textural properties of all TNP@CNT HNs samples are summa-
rized in Table 1. The Brunauer-Emmett-Teller (BET) surface
area and total pore volume of TNP@CNT HNs-3 sample are
102.1 m* g~ and 0.4278 cm® g, which are much higher than
that of TNP@CNT HNs-1 and TNP@CNT HNs-2. The increased
specific surface area and total pore volume are resulted from the
size decrease of TiO, nanopompons and the rise in CNT
amounts. The pore size distribution calculated using the Bar-
rett-Joyner-Halenda (BJH) method shows two sets of pores
(Fig. 2d, inset). The pore size distribution centred at
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(a) X-ray diffraction patterns (Cu Ka radiation) of TNP@QCNT HNs-1, TNP@QCNT HNs-2, and TNP@QCNT HNs-3. (b) Raman spectra of

TNP@CNT HNs-1, TNPQCNT HNs-2, and TNP@CNT HNs-3 samples in the range of 100-2000 cm™2. (c) TGA curves for TNP@QCNT HNs samples
synthesized with different CNT amounts. (d) Nitrogen adsorption—desorption isotherm curves and pore-size distribution curves of TNP@QCNT

HNs-1, TNPQCNT HNs-2, and TNP@QCNT HNs-3.
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Table 1 Surface area, pore volume and pore size of as-synthesized
TNP@CNT HNs samples

Samples Sger® (m” g ) v (em® g 7Y D, (nm)

TNP@CNT HNs-1 80.9 0.3323 37.1, 289.1
TNP@CNT HNs-2 95.5 0.3876 36.9, 296.7
TNP@CNT HNs-3 102.1 0.4278 37.0, 297.5

¢ Sper: the specific surface area calculated using the BET method. b Ve
the total pore volume at relative pressure (P/P) of 0.99. © Dp: the pore
diameter calculated from the desorption branch of the isotherm using
the BJH method.

approximately 290 nm can be attributed to the formation of
interconnected CNT hybrid networks. The secondary pore size
at approximately 37 nm is probably ascribed to the TiO, nano-
rods assembled 3D nanopompons.

The morphologies and crystalline structures of as-
synthesized TNP@CNT HNs samples were further character-
ized by transmission electron microscopy (TEM), as shown in
Fig. 3. The TEM images with low magnification confirmed the
size decrease of TiO, nanopompons with the increase of CNT
amounts (Fig. 3a, e, and i). The obtained nanopompons were
assembled by TiO, nanorods of approximately 10-15 nm in
diameter. Fig. 3b, f, and j show that the length of these TiO,
nanorods decreased from TNP@CNT HNs-1 to TNP@CNT HNs-
3, confirming the inhibition effect of CNTs to the directional
growth of TiO, nanorods. The lattice fringes were clearly
observed from high-resolution TEM images, as shown in
Fig. 3c, g, and k. The neighboring lattice fringes with an inter-
plane spacing of 3.51 + 0.1 A can be corresponding to (101)

100 nm
e

2nm ¥T
—
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planes of anatase phase. Fig. 3d and h, and I show the electron
diffraction patterns of TNP@CNT HNs samples. There are four
diffraction rings that match well the (101), (103), (200), and
(105) planes of anatase phase and two diffraction rings corre-
sponding to (111) and (220) planes of TiO,-B, which is in good
agreement with that characterization of XRD and Raman
spectroscopy.

The chemical states of TNP@CNT HNs-2 were investigated
by X-ray photoelectron spectroscopy (XPS). The XPS survey
spectrum reveals that the sample is composed of Ti, C, O, and K
elements, as shown in Fig. 4a. The two sets of peaks at 459.1 eV
and 464.9 eV observed in Ti 2p spectrum can be associated to
the Ti 2ps;, and 2p,), binding energy (Fig. 4b), which are char-
acteristic for the Ti*" oxidation state. The high resolution XPS
spectrum of C 1s reveals three types of carbon bonds (Fig. 4c).
The main peak at 284.2 eV attributing to C-C, C=C or C-H
indicates a conjugated honeycomb lattice of carbon atoms in
the CNTs. The small peaks at 284.9 and 285.8 eV are related to
the C-O and O-C-O bonds of carbon-based functional groups,
respectively. As shown in Fig. 4d, the O 1s XPS spectra can be
fitted into three peaks: Ti-O-Ti (530.5 eV), C=0 or O=C-OH
(531.0 eV), and Ti-O-C (eV). The existence of Ti-O-C bonds
indicates that the TiO, nanopompons are substantially bonded
to the CNTs, which not only improved the electron transport but
also stabilized the TNP@CNT hybrid structure.

To evaluate the electrochemical performance of these
TNP@CNT HNs, cyclic voltammograms (CV) of different
samples for the initial cycle were performed in the voltage range
from 1.0 to 3.0 V at a scan rate of 0.1 mV s~ ', as shown in Fig. 5a.
All the CV curves show a cathodic peak located at 1.75 V and
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(103) —(111)
(200)—— ———(220)
(105y—"

=] Anatase

4 (101 \ TiO2-B
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Fig. 3 TEM and HR-TEM images of (a—c) TNPQCNT HNs-1, (e-g) TNP@QCNT HNs-2, and (i-k) TNP@QCNT HNs-3. (d), (h), and () show the

electron diffraction patterns of corresponding sample.
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a corresponding anodic peak centered at 2.0 V, which can be
associated with Li" ion insertion and extraction into and from
the anatase lattice. It can be observed that the CV curves showed
a slightly distorted rectangular shape in the range of 1.0-2.0 V,
which can be associated to the characteristic of pseudocapacitive
storage behavior resulting from the 3D TiO, nanopompons and
CNTs.*** Furthermore, the cathodic and anodic peaks of all the
three samples are almost overlapping for the first three cycles
(Fig. S2t), indicating that these TNP@CNT HNs have good
reversibility. The lithium storage performances of LIBs based on
these TNP@CNT HNs were investigated using a coin-type half-
cell configuration with pure Li foil as the counter electrode at
room temperature. Fig. 5b shows the cycling performances of
LIBs based on TNP@CNT HNs-1, TNP@CNT HNs-2, and
TNP@CNT HNs-3 electrodes at a rate of 2C (340 mA g ') in the
potential range of 1.0-3.0 V. The charge-discharge galvanostatic
curves for all the three TNP@CNT HNs based anodes are shown
in Fig. S3a-c.7 The device based on TNP@CNT HNs-2 exhibited
a high reversible capacity of 200 mA h g~ " after 500 cycles,
whereas the LIBs based on TNP@CNT HNs-1 and TNP@CNT
HNs-3 only retained a discharge capacity of 135 and 180 mA h
g™, respectively. The obviously enhanced reversible specific
capacity of the TNP@CNT HNs-2 anode can be attributed to the
optimization of introduced CNT amounts and the size of TiO,
nanopompons. An optimized uniform 3D TNP@CNT hybrid
networks incorporated the advantages of hierarchical nano-
structures and conductive interconnected networks, such as
high surface area, uniform particle/pore size, short Li" ion/
electrons transport pathway, and high electronic conductivity.
In order to confirm the superiority of this unique 3D hybrid
architecture, we compared the cycling performance of
TNP@CNT HNs-2 to those of TiO,/CNT composite and the

This journal is © The Royal Society of Chemistry 2017

branched TiO, without CNTs, as shown in Fig. 5c. It can be
observed that the capacity fading of the LIBs based on TiO,/CNT
composite and branched TiO, without CNTs is much higher
than that of TNP@CNT HNs-2 based device. The battery based
on TiO,/CNT composite delivered a discharge capacity of 131.2
mA h g~ " after 500 cycles, a 34.4% decrease compared to that of
TNP@CNT HNs-2 based device. Thus, the acid-treatment of
CNTs, which promoted to the formation of uniform TiO,
nanopompons embedded CNT hybrid networks, is significant to
achieve an enhanced electrochemical performance. Without
adding CNTs, we obtained branched TiO, architecture. Although
this 3D branched TiO, architecture assembled by nanowire-
coated TiO, dendrites achieved remarkably improved electro-
chemical performance that has been reported in our previous
work,” the corresponding battery only obtained a discharge
capacity of 141.9 mA h g~ " over 500 cycles. This result indicates
that it is essential to design and synthesize proper TNP@CNT
hybrids for achieving high electrochemical performance.

To further investigate the rate capability of these TNP@CNT
HNs, the batteries were charged and discharged under various
rate conditions. Fig. 5d shows the rate performances of
TNP@CNT HNs-1, TNP@CNT HNs-2, and TNP@CNT HNs-3
electrodes cycled at different current rates from 1C (170 mA
g 1) to 20C (3.4 A g ') between 1.0 and 3.0 V with the same
charge and discharge rates. Comparison of the rate capability
for all the three samples with increasing rates is shown in
Fig. S3d-f.7 The device based on TNP@CNT HNs-2 delivered
a discharge capacity of approximately 224.2, 200.0, 169.7, 145.5,
and 127.3 mAh g~ atarate of 1, 2, 5, 10, and 20C, respectively.
In comparison, the batteries based on other two TNP@CNT
HNs samples exhibited lower cycling capacity and more obvi-
ously degradation with increased current rates. The improved
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Fig.5 (a) Cyclic voltammograms of different TNP@QCNT HNs samples for the initial cycle at a scan rate of 0.1 mV st in the voltage range from 1.0
to 3.0 V. (b) Cycling performance of LIBs based on TNP@QCNT HNs-1, TNP@QCNT HNs-2, and TNP@QCNT HNs-3 at a current rate of 2C (340 mA
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of 10C (1.7 A g% and 20C (3.4 A g1, respectively.

high rate performance of device based on TNP@CNT HNs-2
compared to the counterpart based on TNP@CNT HNs-1 can
be attributed to the increased CNT amounts which provided
more conductive interconnected networks. On the other side,
the faded rate capability of TNP@CNT HNs-3 compared to that
of TNP@CNT HNs-2 can be ascribed to the further decreased
TiO, nanopompon size resulting to a degree of self-aggregation.
Therefore, it is essential to balance the introduced CNT
amounts and obtained TiO, nanopompon size. The capacity
retention of TNP@CNT HNs-2 at high current rate was evalu-
ated by cycling at a rate of 10C (1.7 A g~ ') and 20C (3.4 A g™ )
with the same charge and discharge rates for 2000 cycles. As
shown in Fig. 5e, approximately 80% of its initial capacity (140
mA h g~ ") was retained after 2000 cycles at 10C rate. Even at 20C
rate, the battery achieved approximately 125 mA h g~" with
a capacity retention of 77% after 2000 cycles, revealing an
excellent rate performance for long-term cycle life.

The electrochemical impedance spectroscopy (EIS) of these
TNP@CNT HNs based LIBs was measured to get further insight

21994 | RSC Adv., 2017, 7, 21988-21996

into the diffusion kinetics of Li" ion and electrons. Fig. 6a—c
illustrate the Nyquist plots of TNP@CNT HNs-1, TNP@CNT
HNs-2, and TNP@CNT HNs-3 based batteries before initial
cycle, after 100 cycles and after 500 cycles at 2C rate (340 mA
g ') between 1.0 and 3.0 V. An equivalent circuit was used to fit
the data of Nyquist plots (Fig. 6d), where R, is the resistance of
electrolyte and cell components, R is the resistance of Li*
migration through the surface and charge transfer, Ry, is the
bulk resistance, CPE¢. is the constant phase elements of
surface film and double layer capacitance, CPEy is the bulk
capacitance, Z, is the Warburg impedance, and Cj,; is the
intercalation capacitance.”® The fitting results determined from
EIS are also listed in the table shown in Fig. 6d. The battery
based on TNP@CNT HNs-3 achieved the lowest value of R
for fresh cell and after cycles. The value of R decreased with
the rise of CNT amounts indicating the improved electronic
contact and more effective charge transport after the introduc-
tion of CNTs. The schematic illustration of the lithium insertion
and extraction process of the TNP@CNT HNs is shown in

This journal is © The Royal Society of Chemistry 2017
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and extraction process of the TNP@QCNT HNs.

Fig. 6e. The formation of uniform 3D conductive interconnected
networks incorporating with TiO, nanopompons provide a high
contact area with electrolyte and a short Li* ion/electrons
diffusion pathway. Therefore, this unique hybrid structure
achieved a high specific rate capability and superior long-term
cycling performances.

In order to further identify the structure—property relation-
ship, we investigated the lithium diffusion coefficients (Dy;) of
the electrode materials, which can be determined by the War-
burg data of Nyquist plots in the low-frequency region,
according to the following equation:*

- () )

This journal is © The Royal Society of Chemistry 2017

where F is the Faraday constant, V;, is the molar volume of TiO,,
S is the surface area of the electrode, dE/dx is the first order
derivative of the discharge profile. ¢ is the Warburg coefficient
that can be figured out from the slope of the linear fitting of Z’
vs. w2 plots (Fig. S41):

_dz
7= dw-1/2

The calculated lithium diffusion coefficients of different
TNP@CNT HN samples before initial cycle, after 100 cycles, and
after 500 cycles are listed in Table S1.7 It can be seen that the
lithium diffusion coefficient was remarkable enhanced with the
increase of CNT amounts, which can be attributed to the high
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conductivity of CNTs and the formation of interconnected
networks. It is noteworthy that the Dy; of TNP@CNT HNs-3 is
the highest of all the three samples, however, the battery
performance is not the best of all. Thus, there is a balance
between the conductivity and the electrochemical performance.
This result confirms the facile electron transport and Li'
diffusion between TNP@CNT HNs based anode materials and
liquid electrolyte, which is consistent with the EIS analysis.

4. Conclusions

In summary, we have achieved a controllable morphology
transformation of TiO, via the introduction of CNTs. The rela-
tionship between the TiO, nanopompon size and the CNT
amounts in the precursor has been systematically investigated.
The intervention of acid-treated CNTs promotes the formation
of TiO, nanopompons with tunable size from ~200 to ~500 nm
by adjusting the amount of CNTs. Furthermore, the existence of
CNTs provides an interconnected conductive network ensuring
the homogenous dispersion of TiO, and fast diffusion kinetics
of both Li" ion/electrons. Typically, the TNP@CNT HNs with an
optimized diameter (~300 nm) exhibited a high specific surface
area, uniform particle/pore size, short Li" ion/electrons trans-
port pathway, and high electronic conductivity. Owing to these
unique structural features, the LIBs based on this optimized
TNP@CNT HNs shows excellent cycling performance and high
rate capability. This interventional synthesis strategy opens up
new opportunities to design and synthesize uniform 3D hybrid
networks with well-defined morphology and homogeneous
dispersion for achieving high electrochemical performance.
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