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Abstract

This paper aims to present the fabrication of a Li-ion supercapattery by an anode designed
for a lithium-ion battery (nanotube TiO; (NT-TiO2) and carbon nanotubes (CNTs), namely
as NT-TiO2/CNTs) with a cathode designed for an electrochemical double-layer capacitor
(derived activated carbon), resulting in high energy and densities of power. The hydro-
thermal route formed the composite NT-TiO2/CNTs. DFT calculations provide the Li absor-
bed inside and outside isolated CNTs and NT-TiO;/CNTs. The lithium diffusion energy
barrier results show that Li is preferred energetically inside CNT. The energy barrier of Li
diffusion for isolated CNTs is 1.21 eV, whereas that of NT-TiOz/CNTs is computed at
0.69 eV. It demonstrated that the functionalized NT-TiO; improves the performance and
the rate of Li diffusion of the isolated CNTs system, which agrees with the experiment. The
results illustrate that the synergistic effect of high conductive CNT networks and well-
dispersed NT-TiO; structure can enhance hybrid capacitors' power and energy density
through the brief diffusion routes for Li-ions and rapid transference of electrons. A Li-ion
supercapattery battery, NT-TiO,/CNTs-1/[activated carbon (AC), achieved an energy
density of 48.9 Wh kg™, surpassing supercapacitors, and a power density of 1667 W kg!
at a current rate of 1 A g1, exceeding that of Li-ion batteries.
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Introduction

Storing energy by utilizing Li-ion batteries (LIBs) or supercapacitors does not yet meet hybrid and
all-electric vehicles power and energy demands, primarily due to Faradaic reactions from the
intercalation of Li-ions into the electrodes, LIBs can deliver a high energy density of approximately
150 Wh kg1 [1-3]. Nonetheless, such energy storage systems have limitations, including short cycling
lifetimes and low power densities caused by the resulting volumetric strain and inherently sluggish
diffusion of solid-state lithium in bulk. Meanwhile, electrochemical double layer capacitors (EDLCs)
offer prolonged electrochemical stability (roughly 10,000 cycles) and high capacity of power (2 to
5 kW kg); nevertheless, these systems have minimal energy density (3 to 6 Wh kg) for EDLCs due
to limited charge accumulation [4,5]. Therefore, the invention of a hybrid Li-ion capacitor (LIC) that
merges the merits of both aforementioned technologies can be considered a potential candidate
for a revolutionary energy storage system. Hybrid Li-ion capacitors, or supercapatteries, typically
feature supercapacitor electrodes (made of carbonaceous materials forming electric double layers)
on one side and Li-ion intercalating electrodes on the other [6,7]. With this setup, the device stores
charge via reversible anion adsorption/desorption on the cathode surface and reversible lithium-
ion insertion/extraction in the anode material [8].

Titanium dioxide (TiO;) has drawn considerable attention as a battery electrode material. Due to
its high chemical stability, affordability, abundant availability, and multiple oxidation states (lll to V),
it is applied in various fields, such as storing energy, photocatalysis, and dye degradation [5,9-11].
Nonetheless, a significant challenge for battery-type TiO; electrodes that limits their energy-storage
performance is the insufficient cycling stability and electronic conductivity. This inadequacy, par-
ticularly during cycling, can lead to a loss of electrochemical sites [12]. Employing a LiPFs-EC/DMC/DEC
electrolyte with a concentration of 1 M, a cathode of carbon nanotube, and an anode of TiO;-B
nanowire, the hybrid Li-ion capacitor achieves a high energy density, which was 12.5 Wh kg™ [13].
Other studies have also reported on LICs using the compound of titanium anode electrodes. While
these devices show a slight increase in energy density, their power capability remains constrained by
the slow intercalation electrode reaction in LICs. Research suggests that growing an ordered array
architecture directly on conductive substrates can address the limitations of mixing with polymer bin-
ders or conductive carbon while providing efficient transport pathways for ions and electrons [7,14].

Activated carbon (AC) is used widely for the cathode electrode in a hybrid Li-ion capacitor because
of its excellent contact area and electrical conductivity [15-17]. Nonetheless, this is attributed to the
limited ion transport through small tunnels due to the restricted ion transportation, which reduces
electrochemical surface accessibility. Thus, finding alternative carbon materials that offer better
power density and energy in an organic electrolyte is crucial. A coconut-shell-derived AC is one of the
popular biomass-derived ACs that has received enormous attention in the electrochemical capacitor
industry [18,19]. The supercapattery based on nanotube-TiO2/carbon nanotubes| |activated carbon
(NT-TiO2/CNTs| | AC) offers high energy density, fast charge-discharge cycles, and a long lifespan.
These features make them ideal for key applications, such as stabilizing renewable energy systems
(like solar and wind), enhancing energy efficiency in electric vehicles by capturing regenerative braking
energy, and providing fast-charging solutions in portable electronics. Their ability to manage energy
fluctuations makes them valuable in smart grid systems.
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Herein, we have developed a hybrid Li-ion capacitor constructed with synthesized NT-TiO,/CNTs
and coconut-shell-derived AC. The hydrothermal structure is used to prepare the composites of the
nanotube structure of TiO2 and CNTs.

Experimental

Preparation of NT-TiO,/CNTs nanocomposite

All chemicals were of high purity grade and were used without purifying. The NT-TiO2/CNTs
nanocomposites were prepared via a hydrothermal route. Initially, 1.13 g of TiO; was dispersed in
103.8 mL of NaOH with a concentration of 10 M and was magnetically stirred for one hour. After
that, this mixture was transferred to a Teflon-lined autoclave before heating for 18 hours at 180 °C.
This was followed by the step that the carbon nanotubes were added with distinct weight present,
including 1, 3, and 5 wt.% of CNTs; the samples were marked as NT-TiO,/CNTs-1, NT-TiO2/CNTs-3,
NT-TiO,/CNTs-5, respectively. Next, 5 mL of deionized water was added to the solution, which was
stirred for 1 hour until homogeneous. The resulting powder was then calcined at 500 °C for 2 hours
at a heating rate of 5 °C min™L. The residue was washed with deionized water and dried at 100 °C for
24 hours. For comparison, the same procedure was applied to prepare the pristine TiO, without
CNTs, referred to as pristine NT-TiO,.

Structural and morphological characterization of nanocomposite NT-TiO2/CNTs

The nanocomposites NT-TiO2/CNTs were analyzed using X-ray diffraction (XRD) on a D8 Advance
diffractometer (Bruker) equipped with a LYNXEYE detector, with a Cu anode (Akq = 0.15689 nm) in
the scan range of 20 to70° (0.02°/step). Raman scattering spectra were measured using an XPLORA
spectrometer (HORIBA) with an excitation laser wavelength of 532 nm, and a measurement range
from 50 to 2000 cm™. The pore volume distribution and specific surface area were determined by
the Brunauer-Emmett-Teller (BET) method on a TriStar 11-3000 (Micromeritics, USA). The morpho-
logy and particle size characteristics of composites were also examined by transmission electron
microscopy (TEM) using a FEI Tecnai G2 F20 (USA).

Electrochemical characterization

The synthesized powders were combined in a porcelain mortar and pestle with acetylene black and
polyvinylidene fluoride (PVDF) in a weight ratio of 80:15:5, respectively. The mixture was then coated
onto the base (aluminum foil) to a 0.1 mm thickness, dried at 100 °C for 12 hours, and pressed to a
final thickness of 200 um; the mass density of the electrode was controlled around 10 mg cm™. The
electrode preparation was detailed in the Supplementary material. The cell was assembled with the
prepared anodes and lithium metal as the counter electrode. The electrolyte LiPF¢ 1 Mina 1:1 EC:DMC
(v/v) was used at 150 pL, with three Whatman glass fibers as the separator. The full cell NT-TiO2/CNTs-
1| |AC was assembled using coin-cell CR2032 type, the anode was the NT-TiO2/CNTs composite
electrode, and the cathode was the coconut-shell-derived AC electrode. The details of AC cathode
preparation process are described in the Supplementary material. The LANHE CT2001A apparatus
(China) was utilized at various current rates within a 0.0 to 3.0 V voltage range to test the galvanostatic
charge/discharge performance. The capacitance from GCD curves was calculated by Equation (1). The
Ragone plot is constructed by plotting specific energy, E / Wh kg, against specific power, P / W kg,
using the data from GCD curves, Equations (2) and (3):
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where Csp / F gt is the specific (gravimetric) capacitance of the cell, / / Ais the applied current, At /s
is the discharge time, m / g is the mass of both electrodes, V / V is the potential window, and the
given numerical factors are time/mass conversion factors.

Computational details

This research used calculations based on the first principles of density functional theory (DFT) from
the Vienna ab Initio Simulation Package (VASP) [20,21]. Core regions were treated using the projector
augmented wave (PAW) pseudopotentials [22,23]. The combination of generalized gradient
approximation (GGA) [24,25] and the Perdew-Burke-Ernzerhof (PBE) [26,27] scheme was used to
describe the exchange and correlation potentials. The GGA-PBE function has been reported with well-
reasonably described carbon-based systems [28-37]. In all calculations, Grimme’s DFT-D3 was
employed to describe van der Waals interactions between carbon atoms [38], with an energy cutoff
of 600 eV. All atomic positions were optimized using the conjugate gradient method, with self-
consistent field (SCF) force values and conversion energy set to 10° eV and 0.002 eV nm%, respectively.
DFT calculations were conducted with a Monkhorst-Pack [39]. 2x2x1 k-point with the involvement of
the DFT+U approach [40] because of the 3d electrons of Ti. Hubbard parameters with J set to 0.5 eV
and U set to 6.0 eV were used to treat these electrons [41,42] along with Grimme’s D3 dispersion
corrections to account for van der Waals interactions [43]. The lithium diffusion paths were employed,
utilizing the nudged elastic band (NEB) method [44] within six transition images.

Results and discussion

Structure and morphology of NT-TiO,/CNTs

Figure 1a illustrates the XRD patterns of the pristine NT-TiO, and the composite NT-TiO2/CNTs
samples. All peaks align well with the anatase phase (JCPDF-01-078-2486), exhibiting tetragonal
symmetry with the point space group 141/amd [45,46]. The CNT content does not significantly
change the anatase structure. The central peak (101) is observed at 25.3°, showing significant
dependence on the synthesis. Under the assumption that the Debye-Scherrer equation is valid for
spherical particles, the crystallite size was calculated using Equation (4):

KA
D= (4)
pcosb
where D is the average crystallite size (hnm), fthe full width at half maximum (FWHM), € the Bragg
diffraction angle, K is the Scherer constant number (0.89), and A the wavelength of X-ray (0.154 nm).

The lattice parameters and average crystallite size are presented in Table 1.

Table 1. Lattice parameters and average crystallite size of pristine NT-TiO, and NT-TiO,/CNTs composites

a=b/nm c/nm V/nm3 D/ nm

NT-TiO; 0.37889 0.95537 0.13715 19.05
NT-TiO,/CNTs-1 0.37879 0.95209 0.13661 14.57
NT-TiO,/CNTs-3 0.37957 0.95552 0.13766 22.18
NTTiO,/CNTs-5 0.37889 0.95537 0.13715 19.05
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Figure 1. (a) XRD diagrams, (b) Raman spectra and (c) nitrogen adsorption/desorption isotherm of pristine
NT-TiO; and NT-TiO;/CNTs composites
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Raman spectra (Figure 1b) show three features of the anatase phase NT-TiO; and the D-/G-bands
of carbon. The characteristic bands in the low-frequency region (200 to 800 cm™) at 400, 515, and
639 cm™ correspond to the anatase phase's Blg, Alg + Blg, and Eg modes. The Blg mode at
400 cm™ is associated with Ti—O stretching vibrations. All the samples exhibit the anatase phase,
the three active modes of TiO,, corresponding to 397 (A1) and 639 (Eg) cm™ [47,48]. Moreover,
Raman spectroscopy is extensively employed to analyze the electronic structure of carbon-based
materials. In the high-frequency region, the carbon Raman spectrum exhibits two distinct peaks: the
D-band (1320 cm™) and the G-band (1571 cm™) [49,50].

Figure 1c compares the nitrogen adsorption/desorption isotherms at 77 K and the distribution in
size. The multipoint BET method, based on adsorption data within the relative pressure (P/P,) range
of 0.05 to 0.30, was utilized to calculate the specific surface area, whereas the Barrett-Joyner-
Halenda (BJH) desorption analysis was used to obtain the pore volume and average pore diameter.
As a result, the isotherms display type IV behavior, characteristic of mesoporous materials, with
hysteresis loops resembling type H3, indicating plate-like particle aggregates with slit-shaped pores.
CNT loading notably affects the porous volume, with the maximum volume observed at a 0.05 ratio
reaching approximately 162 m? g3, higher than the sample without CNTs. Although the BET surface
area remains relatively unaffected by CNT loading, the BJH desorption analysis shows a correlation
between porous volume and pore diameter. Pore sizes initially measured at 8.3 nm increase to 8.7
to 9.8 nm with CNT addition. The active surface area and average pore size are provided in Table 1.

Figure 2 illustrates TEM micrographs of NT-TiO2/CNTs composites, revealing the interconnection of
nanotubes. The morphology of NT-TiO> (Figure 2a) and NT-TiO2/CNTs composites (Figure 2b to 2d) is
uniform. The size of the nanotube is around 4-5 nm for the inner diameter and around 13-15 nm for
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the outer diameter. The length of NT-TiO; can be found in the range of 100 to 150 nm. Moreover, fiber
with a small diameter can be attributed to the CNT fiber. With a matrix interconnection, the
NT-TiO2/CNTs can promote electron transfer and Li-transportation in the electrochemical
performance.

Figure 2. TEM images of (a) pristine NT-TiO; (b) NT-TiO,/CNTs-1; (c) NT-TiOs/CNTs-3;
(d) NT-TiOs/CNTs-5 composites

The survey XPS spectrum (Figure 3) reveals the presence of carbon, oxygen, and titanium, which
validates the successful synthesis of the composite. In the high-resolution Cls spectrum, multiple
carbon states are observed. The peak at 283.4 eV corresponds to sp? hybridized carbon, confirming
the presence of intact carbon nanotubes. The C—O bonds at 284.8 eV may arise from functional
groups on the CNTs or contaminants. Notably, the Ti—O—C interaction peak at 287.1 eV implies a
robust interface between NT-TiO; and CNTs, which can enhance charge transfer in applications such
as photocatalysis or energy storage. The O 1s spectrum exhibits two oxygen environments. The
lattice oxygen in TiO; is shown at 528.4 eV, whereas the higher energy peak at 529.7 eV indicates
surface-adsorbed oxygen species. The Ti 2p spectrum displays the expected spin-orbit splitting for
Ti 2p3/2 and 2p1y2, confirming the presence of Ti** ions in the NT-TiO> crystal structure. The absence
of lower binding energy peaks suggests that Ti is primarily in the +4-oxidation state without
significant reduction to Ti3*, which is favorable for maintaining the material's electronic properties.
These XPS results confirm the successful fabrication of the NT-TiO2/CNTs composite with a robust
interfacial interaction. For supercapattery, the NT-TiO2/CNTs interface could facilitate rapid electron
transfer, improving charge/discharge rates and overall performance.
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Figure 3. XPS spectrum of NT-TiO,/CNTs-1: (a) full-scan profile, and narrow profiles (b) carbon, (c) oxygen,
and (d) titanium

Electrochemical performance

Cyclic voltammetry (CV) studies were performed on the prepared samples within a voltage range
of 1.5 to 2.5 V (vs. Li*/Li) to investigate the lithiation and delithiation behavior. The CV curves of
pristine NT-TiO2 and NT-TiO2/CNTs electrodes are shown in Figure 4a-d and carried out at many scan
rates (from 0.01 to 0.4 mV s). The cycles show a characteristic cathodic/anodic peak at 1.6 V and
2.0 V due to the insertion/de-insertion of Li* ions in the TiO2 host. The area of CV curves indicates
the total Li* storage capacity, which generally comprises two parts: (i) Faradaic contributions with
the Li* diffusion-controlled redox reactions and (ii) non-Faradaic contributions from the double-layer
capacitive effect. The cyclic voltammetry data were analyzed at different sweep rates using the
following Equation (5):

I=avb (5)

The scan rate v influences the measured current / following a power law relationship, with a and
b as adjustable parameters. The b-value is determined from the slope of the log / versus log v plot.
A b-value of 1.0 indicates a capacitive surface process, whereas a b-value of 0.5 suggests a diffusion-
controlled process corresponding to the Ti**/Ti3* redox reaction. Figure 4e shows that plotting log /
versus log v results in a linear relationship with slopes of b = 0.55 for the anodic process in
NT-TiO2 and b = 0.62 for the NT-TiO2/CNTs-1 electrode. A b-value of 0.55 is close to 0.50, which
suggests that charge storage within the scan rate range of 0.01 to 0.4 mV s and a voltage window
of 1.5 to 2.5 V is predominantly governed by diffusion-controlled insertion processes. Using
Equation (6), the proportion of each contribution type is determined from the total charge storage
at a given scan rate.

https://doi.org/10.5599/jese.2451 7
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I = kv + kov'/2 (6)

Equation (6) can be altered to the Equation (7):
1/VY2 = kw2 + (7)

In Equation 6, the first term (k1v) represents the capacitive contribution to the current response,
while the second term (kav'/?) reflects diffusion-controlled process contribution. The coefficients k1
and k; are obtained from the linear fit as the slope and y-intercept of linear relation defined by
Equation (7). The total current response is separated into individual contributions by utilizing these
values, which are then used in Equation (6).

Figure S1 to Figure S4 in the Supplementary material exhibit the charge contributions determined
from CV curves at different potential scan rates. By comparing the total area to the shaded area at
a scan rate of 0.40 mV s, the capacitive contributions are found to be 73.8, 78.2, 74.1 and 72.3 %
of the total charge for the pristine NT-TiO2 and NT-TiO2/CNTs electrodes. A Ti**/Ti3* redox reaction
controls the diffusion-controlled charge at a given peak potential. Using the same approach, the
contributions of the two charge storage processes at different scan rates are assessed and depicted
in Figure 4f as a bar graph at a scan rate of 0.4 mV s1. With increasing scan rates, the capacitive
contribution becomes the main factor determining the total charge stored in the cell. This increased
capacitive effect at higher scan rates results from enhanced electron transfer due to a shorter Li*
diffusion path, which supports rapid charge storage and better long-term cyclability. Moreover, the
diffusion-controlled process at the electrode surface and throughout the electrode contributes to
faster Li* kinetics, improved rate performance, and longer cycle life.
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Figure 4. Cyclic voltammetry curves of (a) pristine NT-TiO,, (b) NT-TiO,/CNTs-1, (c) NT-TiO,/CNTs-3 and
(d) NT-TiO,/CNTs-5 electrodes at various sweep rates from 0.01 to 0.4 mV s, (e) log | vs. log v and
(f) charge contributions for electrodes at 0.4 mV s

The first charge-discharge curves at rate C/10 of NT-TiO, and NT-TiO2/CNTs electrodes in
1.0 to 3.5 V in lithium half-cells are presented in Figure 5a-b, respectively. It has a notable reversible
discharge capacity of 270 mAh g'* and a Coulombic efficiency of 100 % for NT-TiO,/CNTs-1 electrode.
The capacities for other electrodes are found to be 207 mAh g for pristine NT-TiO2, 235 mAh g for
NT-TiO2/CNTs-3 and 214 mAh g for NT-TiO2/CNTs-5. Long-term cycle performance is shown in Figure
5b. The NT-TiO,/CNT-1 electrode delivers excellent cycle stability, maintaining 90 % capacity retention
after 160 cycles. Moreover, the rate performance of the NT-TiO2/CNTs-1 electrode is also measured

8 [Cher |
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and presented in Figures 5c to 5d. It exhibits significantly outstanding rate capability, particularly at
high C rates. It achieves capacities of 270, 235, 213, 193, 168, and 147 mAh g at numerous current
rates, including 0.1C, 0.2C, 0.5C, 1C, 2C, and 5C. These findings demonstrate that the NT-TiO2/CNTs-1
electrode delivers a high reversible capacity, cycle stability, and outstanding rate performance.
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Figure 5. (a) Charge/discharge curves and (b) cycling behavior of pristine NT-TiO, and NT-TiO5/CNTs
electrodes at rate 0.1C; (c) typical charge/discharge curves and (d) cycling behavior at various rates from
0.1Cto 5C of pristine NT-TiOz and NT-TiOz/CNTs electrodes

Figure 6a displays the charge/discharge curves in the voltage window from 0-3 V of hybrid Li-ion
capacitor in asymmetric configuration NT-TiO2/CNTs| | AC at different charge-discharge current rates
and the long-term cycling stability at 10 A g is shown in Figure 6¢. As the current density discharge
increases (0.2 to 10 A g1), the specific capacitances of the NT-TiO2/CNTs| | AC cells decrease because
of the polarization effects and surface adsorption processes (Figure 6b). The specific capacitance is
found to be 4.5 F g'* for pristine NT-TiO,| | AC cell, 28.8 F g% for NT-TiO2/CNTs-1| | AC cell, 20.5 F g* for
NT-TiO2/CNTs-3| |AC cell, and 15.1 F g for NT-TiO2/CNTs-5| | AC cell at current rate 10 A g*. At high
current densities, ions are near the surface of the electrode material due to the charge storage on the
surface (non-Faraday mechanism), leading to a reduced capacitance value. The NT-TiO2/CNTs-1]| |AC
cell shows a suitable capacitance of 28.8 F g at a current density of 10 A g%, and the capacitance
retention is nearly 85 % upon 5000 cycles. Figure 6d illustrates the Ragone plot of asymmetric cells
NT-TiO2/CNTs| | AC (AC: coconut-shell derived activated carbon). At the current density of 1 A g4,
TiO2/CNTs-1| | AC asymmetry cell displays superior performance, exhibiting an energy density of
48.9 Wh kg and a power density of 1677 W kg. When the power density increases, the energy
density of these electrodes decreases. Proportionally, NT-TiO2/CNTs display a competitive perfor-
mance compared with other hybrid supercapacitors [51-54].
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Figure 6. (a) Charge/discharge curves of NT-TiO,/CNTs-1] |AC cells at various rates from 0.2 to 10 A g%;
(b) specific capacitance vs. rate of NT-TiO,/CNTs| |AC cells; (c) cycling behavior of NT-TiO,/CNTs-1] |AC cell
upon 5000 cycles at rate 10 A g* and (d) Ragone plot of NT-TiO,/CNTs-1] [AC

Computational part

The equilibrium structures

The NT-TiO, was constructed via three layers of (101) anatase surface (55). The NT-TiO2/CNTs system
was built as the (101) TiO; anatase functionalized 4 x4 armchair carbon nanotube (CNTSs), as shown in
Figure 7. The interlayer-connected distances between the top layer of TiO, and the surface of CNTs were
most stable at 0.236 and 0.224 nm. The average C—C bond lengths of pristine CNTs and NT-TiO2/CNTs
were computed as 0.143 and 0.143 nm, respectively. These parameters are consistent with the previous
study of CNTs25 and prove that our methodology is reasonable for further calculations.

The adsorption energies (Eags) of lithium on pristine CNT and the system of TiO2/CNT were
computed as Eads = Evi+sys - ELi - Esys, Where Elissys, ELi and Esys are defined as the DFT-total energy of Li
adsorbed on systems, the isolated Li atom at the most stable position, and the pristine CNT and
TiO2/CNT, respectively.

Table 2 reported that in both systems of CNT with and without the functionalized TiO;, the value
of Li adsorption energies suggests Li can adsorb at the inside and outside surface of CNT. The
functionalization of nanotube TiO, improved the lithium adsorption behavior corresponding with
the negatively higher Li adsorption energies than the system of isolated CNTs in interior and exterior
Li adsorption. The higher negative value of the adsorption energy proves that the Li atom slightly
prefers to adsorb at the exterior side of armchair CNTs, and the CNTs system with the functionalized
TiO agrees well with the precious study [56] and our experiment. These points are also consistent
with the closer Li-CNTs distance with Li adsorbed inside and outside surface of CNT in NT-TiO2/CNTs
compared to an isolated CNTs system. The mobility of Li in the electrodes significantly influences
the charge/discharge rate of the LIBs. The Li diffusion paths of CNTs and NT-TiO2/CNTs were
investigated through the NEB method, in which Li moves along different possible reaction paths.
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(a.1) (a.2) (a.3)

Figure 7. The most stable configurations of (a.1) armchair 4 x4 Carbon nanotube (CNTs) and
(b.1) NT-TiO,/CNT. They are absorbed by a lithium atom (green atom) and stable lithium interior (a.2) or
exterior (a.3) of the CNTs. The adsorbed Li inside and outside NT-TiO,/CNT were shown in (b.2) and (b.3),
respectively. The brown, red, blue, and green spheres represent carbon (C), oxygen (0), titanium (Ti), and
lithium (Li) atoms, respectively

We studied the Li diffusion route by moving a lithium atom along the axis of the tube. The systems
with Li atoms around the tube ends have much higher total energy than those on the inner or outer
surface of the tube. This suggests that Li prefers to move across the CNTs wall and toward the
direction of the open ends of CNT in both isolated 4x4 CNTs and NT-TiO2/CNTs systems, as shown
in Figure 8a-b. Figure 8c shows the energy diffusion barriers of isolated CNTs are 1.21 and 1.82 eV
for the Li-interior and exterior surfaces of CNTs, respectively. In the case of NT-TiO2/CNTs, the
energy barrier of Li-CNTs interior is 0.69 eV, while lithium diffusing above the outer of CNTs should
overcome a slightly higher energy barrier of 0.90 eV. The energy barrier for Li inside CNTs is lower
than the CNTs out sites, matching well with the other theoretical study [57]. NT-TiO2/CNTs in interior
and exterior Li adsorption sites have lower energy barriers than the isolated system of CNTs. It
demonstrated that the functionalization of NT-TiO, can enhance the performance and the rate of
electron transfer of Li diffusion, which agrees with our experiment.

Table 2. Summary of the Li-CNTs distance in pristine CNTs and NT-TiO,/CNTs system. di, and dex are described
for the distance between Li adsorbed position inside (Li-interior) and outside (Li-exterior) surface of CNTs and
the centroid of the nearest corresponding hexagonal ring of CNTs, respectively

Li-interior Li-exterior
din / nm Eags [ eV din / nm Eags [ €V
CNTs 0.0179 -1.42 0.0174 -1.67
NT-TiO,/CNTs 0.0176 -1.66 0.0174 -1.74
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Figure 8. The most stable diffusion paths of Li via 6 transition steps for (a) CNT, (b) NT-TiO,/CNTs. (c) The
profile energy barrier of Li diffusion for CNTs and NT-TiO5/CNTs with the interior and exterior Li adsorption

Conclusions

In conclusion, we have successfully designed the composites of nanotube structure TiO2 with
CNTs via a hydrothermal route. A high-performance supercapattery was developed and tested,
featuring an NT-TiO2/CNTs anode and a coconut-shell-derived AC cathode. The results indicate that
the synergistic effect of well-dispersed NT-TiO; structure and high conductive CNTs network can
improve hybrid capacitors' energy and power density through the short Li-ion diffusion paths and
the quick electron transfer. The NT-TiO2/CNTs-1| | AC asymmetric cell displayed high energy density
versus power density (48.9 vs. 1667 W kg!) at current rate 1 A g* and superior cycle stability at
10 A g* with capacitance retention of nearly 85 % after 5000 cycles. The DFT calculations provide
two possible interior and exterior Li absorbed on CNTs and NT-TiO2/CNTs. The energy diffusion
barrier of Li at the inside and outside surfaces of isolated CNTs are computed at 1.21 and 1.82 eV,
respectively. Besides that, the NT-TiO,/CNTs also proved that the Li-interior diffusion energetically
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is more favorable than that of Li-exterior, with a lower energy barrier of 0.21 eV. The Li diffusion
energy barrier of Li located on the inside surface of isolated CNTs and NT-TiO2/CNTs are 1.21 and
0.69 eV, respectively. Our experiment and theoretical results demonstrated that NT-TiO; is
promising to enhance the electron transfer rate and Li diffusion of isolated CNTSs.

Supplementary material: Additional data are available electronically on article page of the journal's
website: https.//pub.iapchem.org/ojs/index.php/JESE/article/view/2451, or from the corresponding
author upon request.
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