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Figure S1. The thermogravimetric analysis (TGA) of the LTO/C-HNS. The solid line indicates the

thermogravimetric curve and the dotted line indicates the differential thermogravimetric curve.

Table S1. Residual weight ratios of the LTO/C-HNS series after TGA measurements.

Sample LTO/AC hybrid nanotubes  LTO/C hybrid nanotubes

Residual weight ratio
[Wt%6)] 78.86 64.28

TGA was carried out to calculate the weight ratio of the lithium titanium oxide phase in the LTO/AC hybrid
nanotubes and the LTO/C hybrid nanotubes. These values contributed to the evaluation of the specific surface
area of a carbonaceous phase in a composite according to the BET analysis, as shown in Figure 3. The samples
were heated from 25°C to 800°C at a heating rate of 5°C min™ under an air flow rate of 100 mL min™. The

residual weight after calcination of each sample is listed in Table S1.
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Figure S2. Raman spectrum and curve fitting result for the LTO/AC hybrid nanotubes. Four peaks with peak

maxima at 1171, 1337, 1507, and 1604 cm™ were required for the curve description of the Raman spectrum.

Table S2. Deconvolution of the Raman spectrum of the LTO/AC hybrid nanotubes, as shown in Figure S2.

Position Area FWHM
Peak Intensity R=1peaka! | peaka
[cm™] [Area %] [em™)
Peakl 1171.8 115543.1 (15.8) 557.8 165.5
Peak?2 1337.4 354979.2 (48.7) 1838.0 154.2
1.25
Peak3 1507.1 109485.1 (15.0) 791.1 1105
Peak4 1604.8 149527.2 (20.5) 1463.2 81.6

The Raman spectrum of the LTO/AC hybrid nanotubes is illustrated in Figure S2 and the curve deconvolution
result is listed in Table S2. Peak 1 at position 1171 cm™ arose from the sp®-rich phase of the amorphous carbon,*
2 peak 2 at position 1337 cm™ (D band) arose from highly disordered graphitic structure,®“ peak 3 at position
1337 cm™ arose from the semicircle ring stretch vibration of benzene,® and peak 4 at position 1337 cm™ (G
band) arose from the sp? stretch vibration contribution from the benzene moiety.> * The curve envelops and peak

parameters corresponding to each peak are listed in Table S2.
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Figure S3. XPS survey spectrum with the inset showing the Ti2p region (A) and the C1s region (B) of the

LTO/AC hybrid nanotubes.

Table S3. C1s peak deconvolution of the XPS spectrum in the LTO/AC hybrid nanotubes, as shown in Figure

S3B.
Peak position Relative amount of element
Sample Element
[eV] [Area %]
C-Cand/or C=C 284.55 89.0
LTO/AC hybrid nanotubes C-O0 286.70 3.3
CO0O0 288.43 7.7

The XPS analysis results of LTO/AC hybrid nanotubes are illustrated in Figure S3. The inset of Figure S3A
shows that the Ti2p level consisted of a single doublet due to spin-orbit splitting composed of two symmetric
peaks at 464.02 eV and 458.26 eV for the Py, and Pa, lines, respectively. These results supported the presence
of only Ti*" in the Li,TisO;, phase of the composite®® indicating that the Li,TisO;, phase was well synthesized
after the preparation procedure for the LTO/AC hybrid nanotubes. Figure S3B shows the C1s spectra of the
LTO/AC hybrid nanotubes. The peaks were deconvoluted using a Lorentzian-Gaussian mixed function. The
information and the peak parameters are summarized in Table S3. As shown in Figure S3B, the C1s spectrum of
the LTO/AC hybrid nanotubes mainly consisted of three peaks at binding energies of 284.55, 286.70, and 288.43

eV, which corresponded to the non-functionalized graphitic carbon (C-sp? and/or -sp® bondings), the C-O of
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ether/hydroxyl groups, and the COO of the carboxyl/lactone groups, respectively.”* These results indicated the
absence of a carbon peak corresponding to the carbonyl/quinone groups through the LiCl-assisted air-activation
process for PVA. Also, the element data, normalized by the area ratio of each peak in Table S3, shows that
graphitic carbon clearly provided the most dominant carbon structure, at about 78% in the LTO/AC hybrid

nanotubes, due to the use of the LiCl-assisted air-activation process.
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Figure S4. Cycle performances of the LTO/C hybrid nanotubes at various charge/discharge rates in the potential
range 1.0-2.5 V vs. Li/Li*. The inset shows the discharge capacity of the LTO/AC hybrid nanotubes and LTO/C

hybrid nanotubes at various charge/discharge rates.

Figure S4 shows the cycle performance of the LTO/C hybrid nanotube at various charge/discharge rates as the
anode of LIBs. Also, a comparison of the discharge capacity between LTO/AC hybrid nanotubes and LTO/C
hybrid nanotubes is displayed in the inset. This indicates that the discharge capacity of the LTO/AC hybrid

nanotubes is better than that of the LTO/C hybrid nanotubes at each charge/discharge rate, which illustrates that
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the porosity and high surface area of the LTO/AC hybrid nanotubes help to enhance the electrochemical

performance due to the better charge transport kinetics.

Figure S5. Equivalent circuit evaluated based on the AC impedance spectra of the LTO/AC hybrid nanotubes

and pure LigTisOq,.

Table S5. Impedance parameters and Li* ion diffusion coefficient calculated from the impedance spectra of the

LTO/AC hybrid nanotubes and pure LisTisO1,.

Sample R, [Q g] R« [Q g io [MAcm?] Dyis [cm?s™]
LTO/AC hybrid nanotubes 5.089 x 10™ 0.058 0.263 9.48 x 10™°
Pure Li,TisO1, 3.067 x 107 2.632 0.717 237 x 10°

The AC impedance analysis spectra in Figure 5 were fitted using a simple modified Randles—Ershler equivalent
circuit'? as shown in Figure S5 and the related parameters were calculated based on the impedance results listed
in Table S5. The electrolyte solution resistance (R;) was evaluated based on the impedance intercept on the Z-
real axis in Figure 5. Furthermore, the charge transfer and Li" ion diffusion kinetics were estimated based on the
semicircle in the high-middle frequency range and the oblique line of the low frequency range, respectively. The
charge transfer resistance at the active material/electrolyte interface (R.) was evaluated based on the right-hand
side intercept impedance intercept on the Z-real axis of the semicircle. Figure S5 indicates the equivalent circuit,
where W is the Waburg impedance, CPE is the constant phase element representing the double layer capacitance,

and Cy is the insertion capacitance under the applied potential. The Li* ion diffusion coefficient, abbreviated
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Dy;., was calculated using the following equation®® **;

v RT 1
Lt 21/2n2F2A X oC. ..

Li

1)

where R is the gas constant (R = 8.314 J mol™ K™), T is the working temperature, n is the number of electrons in
the reaction, F is the Faradaic constant (F = 96500 C mol™), A is the active surface area, and Cy;, is the molar

concentration of Li in an electrode active material. The Waburg impedance coefficient, denoted 6, may be

12

obtained from the slope of Ry vs. ®™ (w: angular frequency) in the medium frequency range. Also, the values of

the exchange current density, abbreviated io, in Table S5 were calculated from the following equation.™®

RT

g =——— 2
° nFAR, @
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Figure S6. Normalized capacitance and frequency response for the LTO/AC hybrid nanotubes and pure

Li4Ti5012 half-cells.
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The rapid power generation performance of the LTO/AC hybrid nanotubes compared with the pure Li;TisOy;
was also demonstrated by comparing the normalized capacitance with the frequency response of each sample in
Figure S6. The results indicated that the capacitance dropped to 50% of its maximum value (fos). The LTO/AC
hybrid nanotubes apparently provided a faster frequency response for fq5=0.6 Hz than the pure Li,TisOy, of

f05=0.9 Hz, which results agrees well with the values of D, ;. provided in Table S5 with the high rates.'
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Figure S7. The CV of AC at a5 mV s™ sweep rate over various potential ranges from 1 to 4 V vs. Li/Li" .

The cyclic voltammograms (CVs) of the activated carbon (SX Ultra, denoted as AC) in various potential ranges
were measured at a sweep rate of 5 mV s with the Li salt-based organic electrolyte (1 M LiPFs in EC/DEC) to
use AC as the positive electrode in the hybrid BatCap system (Figure S7). The resulting curve yielded a typical
rectangular shape related to the curve shape for common AC from electrical double layer capacitance (EDLC)
by a rotational mirror symmetry operation in the potential range 2.0-4.0 V vs. Li/Li*. The CV results of the AC
indicated that an a solid electrolyte interface (SEI) layer, which closed the open pores on the surface of the AC,
thereby limiting the approach of Li* ions in the electrolyte, could be formed at applied potentials below 2.0 V vs.
Li/Li". Besides, the electrolyte decomposition on the surfaces of the AC could be prevented at potentials up to

4.0 V vs. Li/Li* of the applied potentials, which caused irreversible specific capacity.*” Therefore, the CV test
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results indicated that AC is and appropriate active material for use in the hybrid BatCap system at a potential

range of 2.0-4.0 V vs. Li/Li". The calculated capacitance of the AC based on the CV result was 69 F g™, which

provided a specific capacity of 46 mAh g™ at a working potential of 2—4 V/ vs. Li/Li".
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