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Experimental
Preparation of TNO nanoparticles

Titanium n-butoxide (Aladdin), ammonia (Xilong Scientific Co., Ltd), nitric acid
(Xilong Scientific Co., Ltd), nibobium oxalate hydrate (Nb(HC,0,)s-xH,0, Alfa
aesar), glycine  (Sinopharm  Chemical = Reagent Co., Ltd), poly
(diallyldimethylammonium chloride) (PDDA) aqueous solution (Aladdin, Mw =
100,000-200,000, 20 wt%) and GO aqueous suspension (2 wt%, Shanghai Ashine
Technology Development Co., Ltd) were used as received.

TNO nanoparticles were prepared by solution-combustion synthesis using titan
nitrate [TiIO(NOs),] and Nb(HC,04)s-xH,0 as the oxidant precursors and glycine as
the fuel. In a typical experiment, 1 mmol Nb(HC,04)s-xH,O and 20 mmol glycine
were added into 0.5 mmol [TiO(NOs).] agueous solution and stirred for 1 h to form a
clear solution. Subsequently, the solution was transferred into a 50 mL alumina
crucible and put into a preheated muffle furnace at 900 °C maintaining for 1 h to
obtain the TNO nanoparticles. The preparation of the [TiO(NOg3),] aqueous solution
was based on a previously reported procedure with minor modifications.™™ Briefly, 4
mL diluted ammonia solution was mixed with 0.17 g titanium n-butoxide (0.5 mmol)
under vigorously stirring in ice-water bath to obtain the TiO(OH), suspension. Then
1.5 mL nitric acid was added into this suspension to obtain the transparent
[TIO(NOs),] aqueous solution. Then, 0.65 g Nb(HC,04)s5-xH,0O (1 mmol) was added
into the solution based on the ratio of Ti:Nb = 1:2 in TiNb,O.

Preparation of the TNO.,@N-G
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Firstly, 1.5 g GO suspension was dispersed in 30 mL deionized water by sonication
for 1 h to form a GO aqueous dispersion. Then 0.3 g TNO nanoparticles and 3 mL
PDDA aqueous solution were dispersed in 150 mL deionized water by sonication for
1 h. The white precipitate was collected by centrifugation, washed by 150 mL
deionized water and added into 50 mL deionized water to form a TNO-PDDA
aqueous dispersion. The TNO-PDDA aqueous dispersion was drop-wise added into
the GO aqueous dispersion under stirring. The resulting flocculent suspension was
frozen by liquid nitrogen and then freeze-dried, followed by thermal treatment at
700 °C under the Ha/Ar atmosphere with the heat rate of 5 °C min™ to obtain the final
TNO.x@N-G.

Characterization

Zeta potentials were measured with the zeta potential analyzer (90 Plus PALS,
Brookhaven Instruments Corporation). The crystal structure of the samples was
characterized by X-ray diffraction (XRD) on the Rigaku miniflex 600 diffractometer
with Cu Ko radiation (A = 0.154 nm). Raman spectra were collected with the
Renishaw inVia Raman microscope using 532 nm Ar-ion laser. The morphology of
the samples was characterized by using the high-resolution transmission electron
microscopy (HR-TEM, FEI, TECNAI G2 F30) and (JEOL-2100). Thermo
gravimetric analysis (TGA) was performed on TGA/DSC 1 STAR® System
(Mettler-Toledo, Switzerland) under air flow (30 ~ 800 °C, 10 °C min™). Powder
electronic conductivity tests were performed on the Power Resistivity Meter SZT-D

(Suzhou Jingge Electronics Co., Ltd.). Differential scanning calorimetric (DSC) tests
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were conducted on the electrochemically lithiated TNO.@N-G and graphite
electrodes to study the thermal stability, which were carried out on Netzsch STA 449
F3 from 30 to 200 °C at a scanning rate of 5 °C min™.
Electrochemical measurement

The working electrode slurry was prepared by mixing active materials (70 wt%),
acetylene black (20 wt%) and bi-component binders of same weight of carboxyl
methyl cellulose (CMC) and styrene-butadiene resin (SBR) (10 wt%) using deionized
water as the solvent. The slurry was spread on Cu foil with an applicator, and dried
for 10 h at 80 °C in a vacuum oven. The loading mass of active materials was 1.3 ~
1.5 mg cm™ CR2016 type coin cells were used to measure the electrochemical
properties of the samples assembled in an Ar-filled glove box. Li metal was used as
the counter electrode and celgard 2400 was used as the separator. The electrolyte was
I M LiPFg dissolved in the mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC) with the volumetric ratio of 1: 1. The cells were tested using a
charge/discharge unit (Neware BTS battery charger, Shenzhen, China) in the potential
range from 1.0 to 3.0 V at various current rates. The theoretical capacity of TiNb,O-;
is calculated to be 232.2 mAh g based on one electron transfer per transition metal
atom, and 1 C is simplified to be 200 mA g™*. Cyclic voltammetry (CV) tests were
conducted on the CHI 1030C electrochemical workstation at the scan rate of 0.1 mV
s, Electrochemical impedance spectra (EIS) were measured on the Autolab 302N in

the frequency range from 100 mHz to 100 kHz.

S5



The LiFePO, cathode was prepared by mixing active materials (80 wt%), acetylene
black (10 wt%) and poly(1,1-difluoroethylene) (PVDF, 10 wt%) using
N-methylpyrrolidone (NMP) as the solvent. The slurry was spread on Al foil with an
applicator, and dried overnight at 80 °C in a vacuum oven. The active carbon cathode
was also fabricated by similar method except that carbon cloth was used as the current
collector. For the assembly of CR-2032 type lithium-ion full cells, the TNO and
TNO. @N-G electrodes were used as anode, and the LiFePO, electrode was used as
cathode, respectively. In lithium-ion full cells, the capacity ratio of the negative
electrode to positive electrode (N/P ratio) was controlled to be 0.80 ~ 0.90. Hybrid
lithium-ion capacitors were also assembled into CR-2032 type coin cells with
prlithiated TNO.x@N-G as the anode (pre-cycled in half cells for 10 cycles, and
disassembled inside the glove box at a lithiation state at 1.0 V (vs. Li*/Li), and active
carbon electrode as the cathode. In hybrid lithium-ion capacitors, the N/P ratio was
carefully controlled to be about 1.

In-situ electrochemical XRD and Raman spectroscopy measurement

The TNO.x@N-G material was coated on the stainless steel grid with the same
slurry preparation procedure mentioned above for in-situ electrochemical XRD and
Raman spectral measurements. The configuration of the in-situ electrochemical XRD
cell and Raman spectral cell were described in the previous reports.) The XRD
pattern measurement and the galvanostatic charging and discharging were
simultaneously performed in the in-situ electrochemical XRD cell. Every XRD
pattern was measured simultaneously with galvanostatic charging and discharging on
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Rigaku Ultima IV with the X-ray radiation wavelength of 0.154 nm (Cu Ka), the
X-ray radiation power of 1200 W, and the 20 angle scanning rate at 2° min™ with the
step size of 0.02°. The in-situ electrochemical XRD test were conducted by a
charge/discharge unit (Neware BTS battery charger, Shenzhen, China) in the potential
range from 3.0 V to 1.0 at a current density of 20 mA g*. Every Raman spectral was
measured with an acquisition time of 600 s and an interval time of 300 s on Renishaw
inVia Raman microscope with the laser wavelength of 532 nm, the laser power of 0.1
mW and the grating of 1800 T.
Ex-situ XRD measurement

The CR2016 type coin cells were assembled as the procedures above. The coin
cells were stopped at the lithiation state y=1.6 and 2.0 in the discharging and the
charging and the electrodes were taken from the coin cell for the ex-situ XRD
measurement with the sealing window. The ex-situ XRD measurement condition is
described as follows: the X-ray radiation wavelength is 0.154 nm (Cu Ka), the X-ray
radiation power is 1200 W and the 26 angle scanning rate at 2° min™ with the step
size of 0.02° on Rigaku Ultima IV.
Theoretical calculations

All first-principles calculations were performed within the Vienna Ab Initio
Simulation Package (VASP) based on density functional theory (DFT).F! The
projector augmented wave (PAW) potentials were used to deal with the electronic
exchange-correlation interaction along with the GGA functional in the

parameterization of the Perdew Burke and Ernzerhof (PBE) pseudopotential.”! A
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plane wave representation for the wave function with a cut off energy of 450 eV was
applied. Geometry optimizations were performed using a conjugate gradient
minimization until all the forces acting on the ions were less than 0.02 eV/A per atom.
A 15 A vacuum in the z direction was used to separate the slabs. In the calculations, a
k-point mesh with a spacing of ca. 0.03 A°* was adopted. The long-range interactions
(DFT-DF3) are considered as a correction in all the calculation. In addition, for the Ti
and Nb atoms, the U schemes need to be applied, and the U has been set as 5.0 and

4.0eV.
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Figure 1. Photographs of the as-prepared TNO through solution combustion method.
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Figure S2. TGA curve of the TNO.x@N-G composite.

Intensity (a.u.)

1.97 1.98 1.99 2.00 2.01 2.02
g-value

Figure S3. EPR spectra of the TNO and TNO_@N-G.
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Figure S4. Size distribution of the as-prepared TNO obtained by analyzing the TEM

image through the ImageJ software.
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Figure S5. Cycling performance of the graphene electrode at 0.1 A g™ between 1.0

and 3.0 V (vs. Li*/Li).
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Figure S6. Typical charge and discharge profiles of the TNO at 0.5 C
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Figure S7. High resolution XPS spectra of the TNO and TNO-x@N-G electrodes after

10 cycles: (a) Ti 2p and (b) Nb 3d.
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Figure S8. Rate performance of commercial LTO and the TNO.@N-G.
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Table S1. The comparison of the TNO-x@N-G and other previously reported

TiNb,O;-based materials in terms of cycling stability and lifespan.

References

Capacity retention

Carbon Coated Porous Titanium Niobium Oxides as Anode Materials
of Lithium-lon Batteries for Extreme Fast Charge Applicationst™
Coarse-grained reduced Mo Til-Nb20O7+ anodes for high-rate
lithium-ion batteries'

Interstitial and substitutional V5+-doped TiNb207 microspheres: A
novel doping way to achieve high-performance electrode!”

lonic Liquid-Directed Nanoporous TiNb207 Anodes with Superior
Performance for Fast-Rechargeable Lithium-lon

Batteries™®

Multiscale Designed Niobium Titanium Oxide Anode for Fast
Charging Lithium lon Batteries™”

Nanoscale assembling of graphene oxide with electrophoretic
deposition leads to superior percolation network in Li-ion electrodes:
TiNb207/rGO composite anodes!”

Superior performance of ordered macroporous TiNb207 anodes for
lithium ion batteries: Understanding from the structural and
pseudocapacitive insights on achieving high rate capability™
TiNb207 hollow nanofiber anode with superior electrochemical
performance in rechargeable lithium ion batteries!*?

TiNb207 nano-particle decorated carbon cloth as flexible self-support
anode material in lithium-ion batteries™!

Controlled fabrication and performances of single-core/dual-shell
hierarchical structure m-TNO@TiC@NC anode composite for
lithium-ion batteries™*

Our work
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Figure S9. Specific capacity of the TNO. electrode (a) at 0.5 C and (b) at 10 C.
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(a) Carbon black (b) N-doped graphene
TNO nanoparticle

Figure S10. Schematics of electrode configurations of the TNO and TNO@N-G
electrodes.

It is generally accepted that ensuring the unobstructed electrical connection
between active materials to form an integral conductive network in the electrode is
crucial for achieving good cycling stability. For the TNO electrode, nanosized carbon
black particles are filled in the interstices between TNO nanoparticles, which form a
conductive network based on the point contact (Figure S9a). In addition to the point
contact conductive mechanism, N-doped graphene layers also serve as 2-D
conductive matrix based on the face-to-face contact for the TNO_ @N-G electrode
(Figure S9b). The well-established multidimensional conductive framework in the
TNO@N-G electrode will reduce the charge-transfer resistance and improve the

cycling stability especially at high-rate conditions.
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Table S2. the kinetic parameters from EIS measurements and powder electronic

conductivity for the TNO and TNO_@N-G.

Sample Rsf Retii () Electronic conductivity (S
Q) cm™)
TNO-rGO 19.39 50.61 1.38
TNO 4041 54.63 3.73x10°
d 3.0 b 9.0
- 95
< 2.5 :‘ fe)
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Figure S11. (a) GITT curves and (b) the calculated Li* diffusion coefficient (D,;+) of

the TNO_,@N-G electrode.
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Table S3. The comparison of D,;+ between the

reported LisTisO1, and TiOs.

TNO@N-G and previously

Samples

D+ (cm?s™)

Carbon-Coated TiO, Nanocrystal™!
Spindle TiO, nanograint®
rGO supported TiO, (B)!"!

LisTis05,M%

N-doped Li;TisO1,/C hybrid!®!
LisTisO5,M™!
GO/Li,TisOp,!™
LisTis05,*
PANI@Li,Tis03,!*"
Li,TisO1,@CN compositel?!
This work

10-10_10-11.2
10-11
10-14
10-16
10-13
10-13

10-12_10-13
10-12
10-12
10-11

10-9.5_10-10.5
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Figure S12. Some single XRD patterns and Raman spectra selected from the Figure
8(b) and (c) for the LiyTiNb,O7 (y=0, 1.0, 1.9, 2.9, 3.8 in the discharging and y= 2.9,

1.9, 1.0, 0.3 in the charging).
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Figure S15. (a) Galvanostatic charge-discharge curves and (b) ex-situ XRD patterns of

the TNO electrode.
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Figure S16. In-situ electrochemical Raman spectra of the TNO electrode: (a) the
voltage curves in the first electrochemical cycling of the TNO in the in-situ
electrochemical Raman spectroscopic cell at 30 mA g* (the x in ‘Li,TiNbO;’ is
calculated based on the TiNb,O; quantity in the TNO); (b) the simultaneous in-situ
electrochemical Raman spectra corresponding to (a) with the intensity colorbar from 0
to 2000 cps on the right. The horizontal dashed lines in (a) and (b) indicate the

different reaction stages of TNO in the initial discharging/charging processes.
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Figure S17. (a) The type Il crystal structure model of TiNb,O;.
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Figure S18. DOS of pure TiNb,O;.

S24



%1.8'/‘—
5 16{f

Sth

1.4] ——2s0th
| ——500th
129 1000th
1.0 1500th
——— 2000th
0‘8 T T T T
0 50 100 150 200 250

Capacity (mAh g?)

Figure S19. Galvanostatic charge-discharge profiles of the TNO.x@N-G||LFP cell at
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