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Figure S1

Schematic of the slab cell used for density functional theory (DFT) calculations. The slab cells are
constructed from the relaxed bulk structure of LTO, and the lattice parameters are fixed for the slab
cells. More than 20 A slab thicknesses are chosen for all surface facets, with vacuum thicknesses of

20 A, for accurate calculation of the surface properties.
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Figure S2

(a, b) XRD profiles and (c, d) XPS wide scan spectra of as synthesized F, Cl-doped heterocarbon

powders.
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Figure S3

Difference spectrum, obtained by subtracting the normalized Ti 2p spectrum of F-LTO and CI-LTO
from that of LTO, exhibits two positive peaks at approximately 462 and 457 eV (Ti3") and two valleys

at 464 and 458 eV (Ti*").
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Figure S4

(a) Depth profile of F 1s core-level spectra obtained from F-LTO crystals and (b) Cl 2p core-level
spectra of CI-LTO crystals. The etching thickness is controlled at 20 nm per Ar sputtering step, which

is determined relative to the silicon wafer.

CI-LTO

(400)

(311)
(333)
(440)
(531)
(622)(533)
(444)

=_—
(222)
L (331)

F-LTO

Intensity / a.u.
L; L— L—un
l%_i

I I P

40 50 60 70 80
26 (degree)

1

o
N
o
w
o

Figure S5

Powder XRD patterns for LTO, F-LTO, and CI-LTO crystals.



Figure S6

FE-SEM images of (a,d) LTO, (b, e) F-LTO, and (c, f) CI-LTO crystals.
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Figure S7

Surface atomic and electronic structures of halide anion doped LTOs characterized via
scanning transmission electron microscopy (STEM). (a) F-LTO and (b) shows annular
dark-field images of F-LTO and CI-LTO.
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Figure S8

Galvanostatic charge-discharge profiles of LTO, F-LTO, and CI-LTO electrodes in half-cells with

various C-rates, operated under a controlled cut-off voltage range of 2.4-1.0 V (Li*/Li).
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Figure S9

Peak difference between cathodic and anodic waves observed in cyclic voltammetry (CV)

measurements taken from LTO, F-LTO, and CI-LTO electrodes in Li cells.
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Figure S10

Nyquist plot of aged half-cells comprising LTO, F-LTO, and CI-LTO electrodes.
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Figure S11

Stable atomic arrangements in (a, ¢) LisTisO1,F; and (b, d) LisTisO;,Cl; analyzed by density
functional theory (DFT) calculations for (a, ¢) mixed valence model and (b, d) Li* deficient model.
The colors correspond to the following elements: green for Li, blue for Ti, red for O, silver for F, light

green for Cl, and black for Li* deficient.
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Figure S12

Lattice volume of LisTisO1,.<Ay, determined by density functional theory (DFT) calculations, for

both mixed valence and Li" deficient models.

Table S1

F- substitution energy for mixed-valence model and Li* deficient model, evaluated using density

functional theory (DFT) calculations for Lis., TisO15.F,.

Mixed valence model (Ti**—Ti3*) AH [eV]
LiyTisO1o+ JLiF = LigTisOy; 7sFo.05 + 3Lin0 + —0, 0.77
Li,TisO1o+ sLIF = LigTisOs11.50F0.s0 + 7Li20 + 20, 1.53
LisTisO1o+ ZLIF = LigTisOy11.25F0.75 + 2Li20 + =0, 2.29
LisTisO;, + LiF = Li,TisO4;F; + %Lizo + %oz 3.05

Li Deficient Structure (Li*—V;;) AH [eV]

LisTisOyz + LiF = Lis 55TisOy1 75F0.25 + ;Li20 0.59
LisTisO1, + LiF = Lis s0TisO11.50F0.50 + 3Li20 1.18
LisTisO1, + 2LiF = Lis 55TisO11.25F0.75 + L0 1.74

Li,TisO;5 + LiF = Li;TisOy;F, + Li,0 2.30




Table S2

CI- substitution energy for mixed-valence model and Li* deficient model, evaluated using density

functional theory (DFT) calculations for Lis., Ti501,.,CL,.

Mixed valence model (Ti*t—Ti3+) AH [eV]
Li,TisO1p+ sLICl = LisTisO1; 75Clo 25 + £Li,0 + —0, 0.91
LisTisO12+ SLICl = LisTisO11.50Clo.so + ;Li20 + 20, 1.80
LisTisO;0+ ZLiCI — Li,TisO1; 25Clo. 75 + gLizo + %02 2.71

Li,TisO4+ LiCl = LigTisO4,Cl; + %Lizo + %oz 3.58

Li Deficient Structure (Lit—Vj;) AH (eV)

LisTisO1; + LiCl = Li375TisO11 75Clo 25 + 3Liz0 0.70
LisTisO12 + sLICl = Li3 5TisO11.50Clo.s0 + 5Li20 1.39
LisTisO12 + 2LICl = Li3 25TisO11.25Clo.75 + ~Liz0 2.10

Li,TisO4, + LiCl = Li;Tis0;,Cl; + Li,O 2.71




Table S3

Chemical potential of oxygen gas at which the formation energy of the mixed-valence model is equal
to that of the Li*-deficient model. This indicates the phase transition energy from a mixed-valence
structure to a Li*-deficient structure in Lis, TisO;,.Fy and Lis,TisO;,.,Cl,. The chemical potential of

oxygen atoms is converted to temperature under an oxygen partial pressure of 0.2 atm and at 900 K.

Lig-, TisO12-4Fx
_ Temperature p(0,) at 900 K
x H(0) - 1/2E(0,) (eV) at p(0,) = 0.2 atm (K) (Pa)
0.25 -2.92 ~2210 10-16
0.50 -2.77 ~2100 10-14
0.75 -2.97 ~2240 10-16
1.00 -3.00 ~2260 1017
Lis, TisO12.,Cly
_ Temperature p(0,) at 900 K
x H(0) - 1/2E(0;) (eV) at p(0,) = 0.2 atm (K) (Pa)
0.25 -1.71 ~1370 103
0.50 -1.67 ~1340 102
0.75 -1.62 ~1300 102
1.00 -1.73 ~1380 10-3

Computational studies have demonstrated that the mixed-valence model structure is more stable than
the Li vacancy model due to changes in the chemical potential of oxygen gas on the right side of the
chemical reaction equations presented in Tables S1 and S2. The relationship between the chemical

potential of oxygen gas, temperature, and pressure is described by the following equations:

Py
Ho, (T, Poz) =4, (T, P) ks Tln (p_o2

Po
—,0 0 2
#oZ(T'poz) = Ho, (TP7) + kBTln(F)
where o, (7T, poy) represents the chemical potential of oxygen gas at a designated temperature and
pressure, uCo;, (7, p°) is the chemical potential of oxygen at temperature 7" and standard pressure p©,
kg is the Boltzmann constant, and po, is the oxygen partial pressure. The following equation was

obtained by converting the above equation using the total energy of oxygen gas obtained from DFT



calculations:

Po,

by (T o, ) =E8: 1+ (66, (-G, 0100 #ha Tin (=5

Po
_ pDFT 0 _ 0 2
o (Tipo,) =E5) + (GOZ(T) Gy, (0 K)) + kBTln( " )
where EPFT, is the total energy of oxygen gas at absolute zero calculated using DFT based on a
previous report. The second term on the right side corresponds to the Gibbs free energy of oxygen gas

at standard pressure and the experimental values obtained from the National Institute of Standards and

Technology (NIST).

Table S4

Surface energies of the {100}, {110}, and {111} facets of LTO and F-LTO for both the mixed-valence

and Li*-deficient models, as determined by density functional theory (DFT) calculations.

To study the surface structure, slab models with two types of structures, mixed-valence and Li-
deficient structures, were created. A segregated structure, in which the halide ions introduced by
substitution are segregated onto the crystal surface, was considered. Based on the most stable surface
structure model identified for LTO, a segregated structure forming a mixed-valence model was
prepared by randomly introducing halide ions into the terminal layer of the surface structure model.

Furthermore, Li*-deficient segregated structures were created by randomly introducing Li" defects



into the mixed-valence model-segregated structures.

Table S5

Surface energies of the {100}, {110}, and {111} facets of LTO and CI-LTO for both the mixed-

valence and Li*-deficient models, as determined by density functional theory (DFT) calculations.

Surface energy (J-m-2)

Crystal facet

Pure LTO Mixed valence model Li defect formation model
in CI-LTO In CI-LTO
(100) 0.97 0.74 1.11
{100} (010) 0.84 0.73 0.53
(001) 0.84 0.42 0.18
0.87 1.07
(110) 0.62 0.31
{110} (101) 0.61 0.29 0.15
(011) 0.56
(111) 0.51 0.58 0.39

{111y (1-11) 0.52 0.56 0.29




