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Herein, we report on the rutile TiO, decorated hierarchical Li,TisO1, nanosheet arrays for lithium ion hybrid supercapacitor

application for the first time. It is noted that the self-supported arrays manifest impressive rate capability and cycling

stability, showing a reversible specific capacity of 142.9 mAh g'l, and maintaining 92.3% of its initial capacity over 3000

DOI: 10.1039/x0xx00000x

www.rsc.org/ residual

cycles at a rate of 30 C. Lithium ion hybrid supercapacitor, constructed with Li,TisO1, nanosheet arrays and nitrogen doped
carbon nanotubes (N-CNTs), exhibits an ultrahigh energy density of 74.85 Wh kg’1 at a power density of 300 W kg'l. The

self-supported LisTisO;,-rutile TiO, nanosheet arrays with hierarchical 3D interconnected nanostructure, as well as the

efficient lithium diffusion along the [011] direction for LisTisO;, and [001] for rutile TiO,, play important role in the

outstanding energy storage performance.

1. Introduction

Lightweight and high power density capacitors are of particular
interest for the development of hybrid and electric vehicles as well
as portable electronics. The fast-charging devices allow for
significant energy saving, because they can accumulate energy
during braking and release it during acceleration. However, the
conventional supercapacitors (SCs) individuals can be unable to
meet the ever-growing requirements for devices with high energy
density.[”] It is commonly recognized that the SCs are capable of
delivering power density as high as 10 kW kg’1 with long cycle life
(>100,000 cycles), however, they are constrained by the poor
energy density (5710 Wh kg™).**'Accordingly, lithium ion batteries
(LIBs) possess high energy density (150~200 Wh kg), but suffer
from the limited cycle life (<1000 cycles) and low power density
(<1000 W kg'). A new strategy noted as lithium ion hybrid
electrochemical supercapacitors (LICs), which consist of a capacitor-
type cathode (mainly carbon materials), a lithium ion battery-type
anode, and organic electrolyte, has attracted worldwide attention
with high energy density while preserving high power density. It is
expected that the advantages of LIBs and SCs could be combined in
LICs.®! Nevertheless, the imbalance of the reaction kinetics
between the two electrodes have become one of the most
important challenges. The sluggish solid-state ion diffusion in the
bulk anodes, especially at a high current density, drastically retards
the LICs performance.m The anodes with open nanostructure in
the hybrid supercapacitor would be benefited with ion diffusion.
Also excellent electronic and ionic conductivity, the intimate
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adhesion with the current collector as well as ultrahigh
electrochemical stability should be possessed for these anodes.
Recently, nanostructured materials including Fe203,[5] VN,[8]
TiNb,0,, s, Mno,"” Ti0,'**** and Li,Ti;0,,***™, have been
exploited as anode for LICs and shown impressive electrochemical
performance. Amongst them, titanium based compounds are the
most appealing materials due to the specified lithium-insertion-type
reaction.™™” For instance, a carbon nanotube cathode and a TiO, (B)
nanowire anode have been developed to LICs by Wang et al.,®
delivering an energy density of 12.5 Wh kg'1 at a rate of 10 C with
excellent cycling performance. Mesoporous TiO, microspheres were
introduced to assemble the LIC along with activated carbon as
cathode,™® which achieved an energy density of 79.3 Wh kg'1 at a
power density of 178.1 W kg'l, retaining 98% of the initial energy
density after 1000 cycles. It is noted that the nanostructured TiO,
allows for easy penetration of electrolytes into the active materials,
and thereby advances lithium ion diffusion and rate performance.
Meanwhile, the kinetics mismatch between cathode and anode in
LICs can be significantly circumvented. Carbon-nanotube-threaded
TiO, nanocrystals with 3D spherical architecture were subsequently
realized by Chen et al M delivering an energy density of 22.3 Wh
kg'1 at a power density of 13.9 kW kg'l. The excellent performance
can be attributed to the versatile engineering of nanostructured
TiO, on conductive carbon nanotubes, which enhances the electric
conductivity along with lithium ion diffusion, and thereafter
guarantees an ideal rate performance. Spinel structured LisTisO;,
(LTO) as the zero strain lithium insertion type electrode, with salient
advantages of impressive cycling performance, safety in operation,
environmental friendliness, and thermodynamically flat charge-
discharge plateau as well, have also aroused intensive attention.™”
2 However the low electronic conductivity and lithium ion diffusion
coefficient for LTO are still main issues to impede its practical
implementation.[m The commonly used protocols to improve this
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performance are mainly focused on structure engineering LTO
particles, in combination with decorating the LTO with secondary
conductive materials, such as carbon and conductive polymers.m
For example, carbon coated LTO particles have been initiated to
constitute the LICs,“S] whose lithium ion diffusion coefficient and
electronic conductivity are greatly enhanced. The resulted LICs have
shown excellent electrochemical performance with 95% of its initial
capacity retained after 1000 cycles. Nanocrystalline LTO attached
on carbon fibre nanocomposite[”] and graphene—wrappedm] LTO
have also been developed as anode for LICs with enhanced energy
and power density. The abovementioned titanium based materials
for LICs must be mixed with insulating binder, followed by being
coated on current collector. The weak adhesion between the active
materials and the substrate determines the slow lithium ion and
electron transportation in these devices.?#? Therefore, it is highly
desirable to improve lithium ions and electrons transportation for
the anode materials in LICs.

This work presents a hybrid capacitor using rutile TiO, decorated
LTO (denoted as RLTO) with 3D interconnected nanostructure as
negative electrode. The unique hierarchical nanosheet construction
with interconnected 3D open microstructure allows for the robust
penetration of electrolytes into the active materials and shows up
the enhanced rate capability for RLTO electrode. The exposed (011)
facets for LTO and (001) facets for rutile TiO, provide fast diffusion
pathways for lithium ions. The self-supported RLTO nanosheet
arrays possesses lithium ion diffusion coefficient as high as 5.83x10°
1 em? s This guarantees a direct assembly of electronic devices
without any polymeric binder, and thus, an enhanced energy and
power density. The cathodes in the hybrid supercapacitor are
generally carbon-based materials, which should possess properties
of high electrical conductivity and large specific surface area.
Porous nitrogen doped carbon nanotubes (N-CNTs) are selected as
the cathode due to high electrical conductivity and large specific
surface area.””!

2. Experimental section

Preparation of RLTO nanosheet arrays and N-CNTs: TiO, nanosheet
arrays were fabricated based on our previous work.22¢] Firstly, Ti
foils (50x30x0.1 mm? purity>99.99%) were ultrasonicly cleaned by
ethanol and acetone for 10 min, respectively. Then the dried Ti foils
were placed against the wall of Teflon-lined autoclave (90 mL)
which contains 1 M NaOH solution with volume of 40 mL followed
by being held at 180 °C for 12 h in the oven. The obtained film was
immersed in the diluted HCI solution (0.3 M) for 2 h to thoroughly
exchange the Na" with H* and rinsed with distilled water to clean up
the residual. The resultant film is denoted as H,Ti,05-H,0
nanosheet arrays, which is directly calcined in air at 500 °C for 1h to
prepare TiO, nanosheet arrays. Simultaneously, the obtained
H,Ti,05-H,0 nanosheet arrays were placed in the solution of
LiOH-H,0 (2 M) at 60 °C for 10 h, followed by being carefully rinsed
by the ethanol and calcined in N, at 600 °C for 3 h, thus RLTO
nanosheet arrays are finally obtained. On the other hand, the
nitrogen doped carbon nanotubes (N-CNTs) are realized according
to the previous reports.m] FeCl;-6H,0 (14.4 mM) and mmethyl
orange (2.4 mM) as the template were dissolved in the deionized
water (480 mL), then pyrrole (0.84 mL) was stepwise added to the
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aboved solution and held stirring for 24 h at the room temperature.
The precipitate was filtered and washed thoroughly with deionized
water and ethonal until the solution became colorless. Through the
vacuum freeze drying process, the obtained polypyrole nanotubes
were carbonized in N, at 800 °C for 2 h, followed by the uniform
mixing with KOH according to the mass ratio of 1:4 and being
calcined in N, at 700 °C for 1 h. Consequently, the resulted powder
was rinsed with a large amount of HCl (1 M) and deionized water
for three times followed by the drying at 60 °C for 12 h and the N-
CNTs were obtained.

Material characterizations: Field-emission scanning electron
microscopy (FESEM, SEM 450, Netherlands)
measurement was performed to observe the morphologies of our
synthesized materials. The porous structure and lattice fringes were
further determined utilizing Transmission electron microscopy (TEM,
Tecnai G220) operation. All of the phases for as-prepared arrays
were analyzed utilizing X-ray diffraction (XRD) characterization
using X’ Pert PRO (PANalytical B.V., Netherlands) diffractometer
with Cu Kal irradiation (A=1.5406 A). The nitrogen doping for N-
CNTs was determined by X-ray photoelectron spectroscopy (XPS,
AXIS-ULTRA DLD-600W, Shimduzu) measurement, and the mean
pore size distribution in combination with specific Brunauer-
Emmett-Teller (BET) surface area of N-CNTs was obtained by N,
isotherm adsorption/desorption measurement using ASAP 2020
(Micromeritics). We first weighted a piece of circular slice (1.13 cmz)
with an electronic balance (METTLER TOLEDO, XS3DU, Switzerland
d=0.001 mg). The bare slice was weighted again after polishing
away the active materials on the Ti substrate with abrasive paper.
Therefore, the weight of the active materials on the Ti substrate
(0.2¥0.3 mg cm'z) could be preciously determined.

Device performance measurements: The resultant TiO, and RLTO
films were punched to the wafer with diameter of 12 mm and
directly assembled to 2016 half cells using porous polypropylene
membrane as a separator. The TiO, and RLTO arrays were utilized
as the working electrode without any additive conductors and
polymeric binder, while the corresponding Li metal foils were
utilized as the counter and reference electrodes. The N-CNTs were
mixed with polyvinylidene fluoride (PVDF) and carbon black as the
mass ratio of 8:1:1, dissolved into the N-methylpyrrolidone (NMP)
solvent and stirred for 12 h at ambient temperature, which was
coated on the Al foil and dried at 80 °C for 12 h in vacuo. The
obtained films were punched to the wafer (12 mm) and assembled
to 2016 half cells, on the other side, the LICs were assembled with
N-CNTs as the cathode and RLTO arrays as the anode. The device
fabrication was carried out in an Ar-filled glove-box, in which the
water and oxygen content were remained less than 1 ppm. The
composition of electrolytes is LiPFg (1 M) dissolved in a mixture of
ethylene carbonate (EC), ethylmethyl carbonate (EMC) and
dimethyl carbonate (DMC) with a volume ratio of 1:1:1. The
electrochemical performance of our prepared electrodes was
performed using Land (CT 2001A Wuhan, China) battery system
with the voltage window of 1~3 V (vs. Li*/Li) at various current
densities. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were conducted using a CHI 660D
electrochemical workstation.

Nova Nano
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3. Results and discussions

Scheme 1 depicts the overall synthesis process of RLTO nanosheet
arrays. The RLTO nanosheet arrays were finally derived with the
H,Ti,05-H,0 as the precursor, followed by chemical lithiation and
calcination in N, (see XRD result and SEM image in Figure S1la and
b)[n]. It is worth noting, that the hierarchical 3D interconnected
nanosheet architecture provides open channels and more active
sizes for the facile lithium ion diffusion. The self-supported arrays
possesses faster lithium ion and electron transportation compared
to the conventional electrode derived from coating method using
polymeric binder, substantially guarantees the excellent rate
capability and cycling performance.

Lithiation
reaction

Hydrothermal
reaction
—

0.3 M HCI

Calcination
inN,

In-situ formed

Ti substrate RLTO nanosheet array

H,Ti,0, ‘H,0
nanosheet array

u

Large open space

Hierarchical
nanostructure fo
more active sizes

Fast lithium ion and
electron transportation

Scheme 1 Schematic illustration of the LTO nanosheet arrays.

Figure 1a highlights XRD patterns of RLTO (red line) and TiO,
(black line) nanosheet arrays. For the TiO, nanosheet arrays, all of
peaks can be assigned to the anatse TiO, besides the typical peaks
for Ti. Interestingly, there exists a weak peak at 28.7° from
TiOz(B).[ZS’ZGI For the RLTO sample, the peaks located at 18.5°, 43.8°
and 56.8° can be indexed to cubic spinel Li,TisO4,, and the other
weak peaks at 27.8°, 53.3° and 63.2° can be indexed to the rutile
TiO,. 7 The strong peak intensity demonstrates the RLTO and TiO,
nanosheet arrays are well-crystallized. Leaf-like TiO, and RLTO
nanosheets, with 12 um in width as well as open 3D
interconnected architecture, are uniformly distributed as shown in
Figure 1 b and 1c. The LTO arrays inherit the morphology of TiO,
even through calcination at 600 °C. Figure 1d presents the SEM
image of N-CNTs, in which a large number of nanotubes with length
of 2~4 um are detected and the obvious tubular structure is further
determined according to the TEM image (the inset). The
corresponding XRD pattern (Figure S2) exhibits broad peaks at 23°
and 42.7°, indicating the highly amorphous structure.”® In order to
determine the nitrogen doping into CNTs, XPS characterization was
carried out and the results are shown in Figure S3a, in which three
distinct peaks are assigned to C, N and O elements.” The N1s
spectrum (Figure S3b) deconvoluted into three peaks at 398.8 eV,
400.6 eV and 401.9 eV, are indexed to pyridinic (N-6),
pyrrolic/pyridine (N-5) and quaternary (N-Q) nitrogen,mgl]
suggesting the nitrogen doping for CNTs. The mass fractions of C, N,
O was calculated to be approximately 93.26%, 3.22% and 3.52%,
respectively. N, absorption-desorption measurement was carried
out to determine the specific surface area of N-CNTs and pore size
distribution. A large specific surface area of 2236.5 m? g'1 is
obtained with pore volume of 1.8 cm® g’1 (Figure S4). The mean
pore size distribution can be detected at 2.0 and 3.5 nm using the
Barrett-Joyner-Halenda (BJH) method. It is noted that the ultrahigh
surface area as well as these mesoporosity are beneficial to the
transportation of ions, thus providing abundant active sizes for ion
accumulation.®

This journal is © The Royal Society of Chemistry 20xx

Representative TEM images of TiO, and RLTO arrays are
introduced in Figure 2 to further analyze the nanostructures. An
individual TiO, nanosheet with around 3 um in width and 5 pum in
length is observed in the view, which is composed of a large
quantity of nanoparticles (~30 nm) and nanorods (100-200 nm),
accompanying with a large amount of mesopores around 5-10 nm
in size uniformly distributed inside the nanosheet (Figure 2a and
2b). Figure 2c shows the corresponding high-resolution TEM
(HRTEM) image for anatase TiO, with a spacing of 0.35 nm, which

W L,Ti,0,

& Rutile T0,
A& Anatase TIO,
+T

< v SNA W = -
Fig. 1 (a) The XRD patterns for the TiO, nanosheet (black line) and RLTO
nanosheet arrays (red line) and arrays, SEM images of (b) TiO, nanosheet
arrays and (c) RLTO nanosheet arrays, (d) SEM image and TEM image (the
inset) of N-CNTs.

can be contributed to the typical (101) pIane.m] Figure 2d-f display
the TEM images of RLTO nanosheet arrays obtained from the above
mentioned nanostructured H,Ti,05-H,0. There exist a number of
wrinkles and mesopores inside LTO nanosheet which is composed
of nanorods (200-400 nm in length) and nanoparticles (~40 nm)
according to the TEM images (Figures 2d, 2e and S5). The
substantial nanorods and nanoparticles form the hierarchical and
interconnected architecture containing with mesopores, which
provides abundant pathways for lithium ion diffusion, thereafter
favors the rate capability. The corresponding lattice fringes in Figure
2f shows the typical (111) plane of LTO with an inter-planar distance
of 0.48 nm, and the fast Fourier-transform (FFT) pattern in the inset
shows the [011] zone axis of LTO with exposed (011) facets.®® The
spacing of 0.32 nm is assigned to the (110) plane of rutile TiO,,
which indicates that rutile TiO, are surrounded by exposed (001)
facets with high lithium ion diffusion coefficient of 10° cm? s along
the [001] direction.® The crystal structure of LTO and rutile TiO,
are presented in Figure 3 a and b, in which the view direction are
[011] and [001] directions for LTO and rutile TiO,, respectively. It
can be obviously seen that there exist open lithium ion diffusion
pathways along the [011] and [001] crystal orientations, which is
rather beneficial to the lithium ion transportation for the RLTO
composition.

Half cells were assembled for abovementioned RLTO arrays to
analyze their electrochemical performance. Indispensably, cyclic
voltammetry (CV) curves in Figure 4a are introduced to investigate
the redox reaction of the RLTO half cells, in which two pairs of
redox peaks located at 1.50 V/1.65 V can be assigned to the
lithium/delithium reactions for LTO”***** and the three overlapped
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redox peaks illustrate the excellent reversibility of RLTO electrode.
Notably, there were no redox peaks assigned to the TiO, for RLTO
electrodes, which may be attributed to the small quantity of the
rutile TiO, in RLTO composites. What’s more, a larger current
intensity was observed for the RLTO electrode than that of the TiO,
electrode (Figure S6a), demonstrating the lower overall
resistance,m] which can be further verified by electrochemical
impedance spectroscopy (EIS) technique. The

.

Fig. 2 (@) TEM image, (b) the magnified TEM image, and (c) the
corresponding HRTEM image of of TiO, nanosheet arrays. (d) TEM image, (e)
The magnified TEM image, and (f) the corresponding HRTEM image of RLTO
nanosheet arrays. The inset shows the FFT pattern.

: L ]
Fig. 3 Crystal structure of (a) LTO along [011] direction and (b) rutile TiO,
along [001] direction.

Nyquist plots for RLTO electrode after the rate performance
operation are given in Figure Séb in the frequency range of 100 kHz
to 0.1 Hz, consisting of a pair of semicircles at the medium
frequency and inclined lines at the low frequency. For the
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comparsion purpose, Figure S6b also gives the impedance
spectroscopy of the TiO, electrode. As the frequency increasing,
there are several elements in the equivalent circuit model
corresponding to the ionic diffusion in the electrolyte, the charge
transfer process at electrode/electrolyte interface, and the charge
transport process in the surface film, respectively. An equivalent
circuit model (the inset of Figure S6b) was employed to analyze the
EIS data, in which Ry is the resistance of the electrolyte, C; is the
capacitance phase element, and R, represents the charge-transfer
resistance at the electrode/electrolyte interface. R, R and R as
illustrated in the equivalent circuit represent the series resistance
(resistance of the electrolyte, separator and electrodes), the
contact resistance for the surface film between electrolyte and
electrode, and the charge-transfer resistance, respectively.m] For
better fitting, all capacitor elements were replaced by constant
phase element (CPE) exponent p quite close to the perfect capacitor
values, p:l.[38’4°] The charge-transfer resistance (R) is the major
influence to the overall resistance of the electrode,[m which is
evaluated to be 81.7 and 210.1 Q for the RLTO and TiO, electrodes,
respectively. The corresponding lithium ion diffusion coefficients
are calculated to be 5.83x10™ cm” s™ and 2.53x10™™° cm? s for
RLTO and TiO, electrodes according to the following equations (1)
and (2):1*

2
(RT)
Dy = 2.2 2 (1)
24n’°F’C, 0
Zyp = Ry + R+’ 2)

where R represents the gas constant, F represents the Faraday’ s
constant, A denotes the area of the electrode and C;; denotes the
molar concentration of lithium ions. The value of o is calculated on
the basis of the slopes shown in Figure S7. The above results
demonstrate that the unique RLTO nanosheet arrays have
competitive electronic conductivity and lithium ion diffusion,
further proving that the special 3D architecture and crystal
structure gives rise to the rate performance. The galvanostatic
charge-discharge curves are available in Figure 4b for the RLTO
electrode, in which a wide charge-discharge plateau around 1.55 V
can be obviously detected and is identical with the typical CV curve
of LTO."® No obvious plateau for TiO, and no distinct potential
polarization are detected for the RLTO electrode at various rates. In
contrast, polarization is highly serious for the TiO, electrode as the
current density changes from 1C to 30 C (Figure Séc).
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Fig. 4 (a) CV curves of RLTO electrode at a scan rate of 0.5 mV s™. (b) The
galvanostatic charge-discharge curves in the voltage window of 1~3 V at
different current densities for the RLTO electrode.
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The rate performance of the RLTO electrode at current densities
of 1C,6C,12C,30C, and backto 1 C (1 C=170 mA g'l) was further
characterized and the results are shown in Figure 5a. Although the
initial discharge capacity at 1 C for RLTO electrode is merely 185.0
mAh g‘l, the capacity degradation for RLTO electrode is much
alleviated in comparison with the TiO, electrode upon the
increasing current density. Even at a current density as high as 30 C,
there is still a specific capacity of 142.9 mAh g'1 for the RLTO
electrode, being higher than the capacity of 114.4 mAh g‘1 for the
TiO, electrode. After the rate is returned to 1 C, the reversible
capacity of 173.7 mAh g‘1 for RLTO electrode can be remained, close
to the theoretical capacity of this material. Figure 5b presents the
cycling performance for RLTO electrode at a rate of 1 C.
Interestingly the discharge capacity increases to 183.6 mAh g‘1
during the 130 cycle testing at a rate of 1 C. In order to further
examine the cycling performance of RLTO nanosheet arrays, a test
of 3000 cycles was performed at an ultrahigh current density (i.e.,
30 C). As seen from Figure 5c, the RLTO electrode exhibits
impressive stability. A specific capacity of 132.3 mAh g'1 can be
maintained through an extended cycling test at a fast charge-
discharge condition, being 92.3% of its initial capacity. The
corresponding coulombic efficiency is close to 100%. It is worth
noting that the RLTO nanosheet structure after 3000 cycles at 30 C
have no obvious change and aggregation compared with the
original morphology (Figure 5d, e), showing sturdy hierarchical
construction with interconnected architecture. This is significantly
important for the cycling stability especially at high current
densities. Figure 5f compares the rate capability between the self-
supported LTO nanosheet arrays and the previously reported LTO-
based electrodes, including LTO hollow spheres,ml LTO
microspheres,[45'46] LTO-TiO, nanocomposite,[42'47'5°] LTO-TiO,
nanosheets,[26’27'37] flexible LTO-CNTs composite,[43] LTO-graphene
nanocomposite[48] as well as LTO-CNTs-graphene nanocomposite.[49]
It is remarkably demonstrated that the self-supported hierarchical
RLTO electrode shows the most excellent rate capability. This will
benefit the electrochemical performance of LICs as discussion
below. The excellent electrochemical properties can be attributed
to the following aspects: (1) A special hierarchical nanosheet
construction with interconnected 3D open microstructure, with the
macropores around 1 um constructed by the interconnected
nanosheets and served as the reservoirs for electrolytes, and the
mesopores around 5-10 nm inside nanosheets provided as
accessible channels for lithium ions, allows for the robust
penetration of electrolytes into the active materials and advances
rate capability; (2) The intimate adhesion between the active
materials and substrate plays important role in facilitating electron
and ion transportation; (3) The interconnected 3D architecture with
large open space imparts the RLTO arrays with structural integrity,
which can effectively hinder the aggregation during fast charge-
discharge process; (4) The exposed (011) facets for LTO and (001)
facets for rutile TiO, in RLTO composite provide efficient lithium
diffusion channels and largely improve the lithium ion diffusion
coefficient.

Hybrid supercapacitor was assembled by utilization of the self-
supported RLTO arrays as anode and N-CNTs as cathode. The
scheme in Figure 6a illustrates Li*ions intercalate into the anode
and the PFg ions accumulate on the surface of cathode electrode

This journal is © The Royal Society of Chemistry 20xx
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during the charge process. In the discharge process, the Li* ions and
PFg return back to the electrolyte. The mass loading was optimized
to be 1:3 with respect to anode and cathode materials. Figure S8
shows the CV curves of RLTO//N-CNTs (0.5-2.5 V) hybrid
supercapacitor, RLTO (1-3 V) and CNTs half (3-4.5 V) cells at a scan
rate of 5 mV s™. For the hybrid supercapacitor, the capacitive and
redox reactions are observed in the meantime. Compared to the
RLTO half cell, the overpotential is greatly alleviated for LICs with
the capacitor-type cathode and lithium ion battery-type anode.
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Fig. 5 ( (a) Rate performance of the RLTO and TiO, electrodes. The cycing
performance of the RLTO electrode at (b) 1C and (c) 30 C. Right ordinate is
the corresponding coulombic efficiency. (d, e) SEM images of RLTO
nanosheet arrays after 3000 cycles at 30 C.(f) Comparison of the rate
performance the RLTO nanosheet arrays in this study to previously reported
RLTO-based anode materials.
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Fig. 6 (a) schematic illustration of LICs with RLTO nanosheet arrays as anode
and N-CNTs as cathode, (b) Galvanostatic charge-discharge curves of LICs at
different current densities, (c) The capacity retention of LICs over 5000 cycles,
(d) Ragone plots of the RLTO//N-CNTs hybrid supercapacitor in this study
with other previously reported LICs.

This is caused by the synergetic effect between anode and cathode
for LICs."™ The Galvanostatic charge-discharge curves at applied
current densities of 0.2 A g'l, 05A g'l, 1A g'l, 2A g'l and 5 A g'1 for
LICs with the potential window of 0.5-2.5 V are displayed in Figure

6b. The current density was calculated on the basis of the total
mass for the cathode and anode. It is noted that charge-discharge
curves exhibit a gradually sloping profile in the range of 1-2 V
different from the linear curves, which can be attributed to the
Faradic reaction for RLTO and is benefical to the energy density. The
unconspicuous voltage plateau around 1.5 V for RLTO may result
from the special electrochemical property of LICs which is the
combination of LIBs and SCs. Meanwhile, the LIC shows ultra-long
cycling performance, remaining 83.3% of its initial capacity after
5000 cycles at 2 A g'1 as shown in Figure 6¢. The corresponding
specific energy density and power density are calculated according
to the following equations:
P=Viax *Viin) x112m (3)
E=Pxtlm (4)

Vmax and Vi, are the highest and lowest potential in the charge-
discharge process for hybrid devices. The hybrid supercapacitor
possesses the maximum energy density of 74.85 Wh kg'1 at a power
density of 300 W kg'l. An energy density of 36.04 Wh kg'1 can be
still achieved even at a high power density of 7500 W kg'l. Figure 6d
shows the Ragone plots of specific energy density and power
density for the prepared RLTO//CNTs electrode combined with
other previous reports, including LTO//porous carbon with graphitic
shells,®”  Ti0,//cNTs-AC,™Y  LTO//AC™  c-LTO//AC™! -
LTO//CNF[ZO], and LTO//MOF-C[SZI. The perfect synergetic effect
between RLTO nanosheet arrays and CNTs, by which the ultrafast
lithium/delithium reaction on the RLTO anode because of the
special hierarchical nanostructure and unique crystal structure
matches well with the capacitor-type N-CNTs cathode, could be the
major factor to determine the excellent rate and stability
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performance of the hybrid device. Even so, the further optimization
for the performance of LICs is still needed.

4. Conclusions

In summary, N-CNTs and hierarchical RLTO nanosheet arrays with
3D interconnected architechture have been successfully fabricated.
From the aspect of morphology, the hierarchical 3D open
interconnected structure for RLTO nanosheet arrays provides open
channels for lithium ions and electrons as well as effectively
mitigates the aggregation because of the stable interconnected
construction. From the aspect of crystal structure, the exposed (011)
facets for LTO and (001) facets for rutile TiO, in RLTO composite
provide efficient lithium diffusion channels. The above mentioned
advantages guarantee the excellent electrochemical performance
of RLTO electrode with a reversible specific capacity of 142.9 mAh g
! and 92.3% retention of its initial capacity at a rate of 30 C over
3000 cycles. The competitive rate capability matches well with the
high surface area N-CNTs even at high current density, and an ideal
electrochemical performance is realized with the superb energy
density of 74.85 Wh kg™ at a power density of 300 W kg™
Nevertheless, further optimization will be done to improve the
energy density of the device.
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