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Table S1. Overview of known ambient-condition TiO2 polymorphs

Unit cell (Å)Name Space group

a b c β (°)

vol/Z (Å3) Reference

Anatase I41/amd 3.79 3.79 9.51 90 34.15 1–3

Rutile P42/mnm 4.59 4.59 2.96 90 31.18 1–3

Brookite Pbca 9.17 5.46 5.14 90 32.17 1,2,4

TiO2-B (bronze) C2/m 12.17 3.74 6.51 107.3 35.31 1,2,5

TiO2-H (hollandite) I4/m 10.18 10.18 2.97 90 38.47 1,2,6

TiO2-R (ramsdellite) Pbnm 4.90 9.46 2.96 90 34.30 1,7

TiO2-II (columbite) Pbcn 4.52 5.5 4.94 90 30.70 1,2,8

TiO2-III (baddeleyite) P21/c 4.64 4.76 4.81 99.2 26.22 1,9
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Figure S1. (Left) PDFs of electrode additives used in this study: PVDF binder (black), conductive carbon 
Super C45 (blue) as well as the AMPIX cell only containing the separator and electrolyte (red). The latter 
configuration serves as background and is used for reciprocal space background subtraction. Above ~7 Å the 
signals are reduced and comparable to the noise level. Below 7 Å the conductive carbon and the AMPIX cell 
(i.e. remaining background signal arising from possible non-complete background subtraction) contribute 
with six peaks; two relatively sharp and intense at 1.42 Å and 2.45 Å, and four less intense and less sharp at 
2.85 Å, 3.77 Å, 4.23 Å and 4.99 Å. (Right) Comparison of PDF fits of the pristine rutile TiO2 structure using 
data from ex situ measurements of the pure as-synthesized material (top) and from first scan of the operando 
PDF experiment of an electrode pellet within the AMPIX cell (bottom). The latter fit (Rw = 0.29) includes a 
graphite structure as a second phase and is naturally not as good as for the ex situ data (Rw = 0.12), as the 
signal intensity is decreased, and background noise caused by the AMPIX cell is increased. Consequently, a 
significantly reduction in the signal to noise ratio appears. In the residual plots the noise display a higher 
frequency, in r, for the operando compared with ex situ measurements. This sums up to a larger Rw, even 
though the fit is still relatively good.
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Cell parameters
a (Å) 4.6061(19) diameter (Å) 100(14)
b (Å) 4.6061(19) Ti Uiso (Å2) 0.0052(5)
c (Å) 2.9627(23) O Uiso (Å2) 0.0117(18)

Atom positions
x/a y/b z/c

Ti 0 0 0
Ti ½ ½ ½
O 0.3061(26) 0.3061(26) 0
O 0.6938(26) 0.6938(26) 0
O 0.1938(26) 0.8061(26) ½
O 0.8061(26) 0.1938(26) ½

Cell parameters
a (Å) 4.6251(50) diameter (Å) 113(20)
b (Å) 2.9623(22) Ti Uiso (Å2) 0.0047(6)
c (Å) 4.5844(55) O Uiso (Å2) 0.0102(25)
β (°) 90.24(22)

Atom positions
x/a y/b z/c

Ti 0 0 0
Ti ½ ½ ½
O 0.3064(12) 0 0.3228(13)
O 0.6936(12) 0 0.6772(13)
O 0.1910(12) ½ 0.7852(12)
O 0.8090(12) ½ 0.2148(12)

Figure S2. Pair distribution function (PDF) 
analysis obtained from total X-ray scattering 
(TXS) data of the as prepared rutile TiO2. In (A) 
the PDF is fitted using an undistorted tetragonal 
P42/mnm model while in (B) a distorted 
monoclinic rutile-like P2/mRUT structure model is 
used. 

Table S2. Result of PDF using (Top) an 
undistorted tetrahedral P42/mnm model and 
(bottom) a distorted monoclinic rutile-like 
P2/mRUT structure model. 
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Figure S3. Galvanostatic intermittent titration (GITT) of 13 nm rutile TiO2 vs. Li, each current step lasts 
0.5h @ C/10 rate followed by 4.5 h rest. The GITT curve shows that the over potential at rate C/10 is 
around 0.25V. A potential plateau at 1.5 V from x = 0.2 to 0.45 in LixTiO2 is observed in agreement with 
the Galvanostatic test, and a second plateau at 1.3 V from x = 0.65 to 0.95 in LixTiO2 is slightly lower Li-
content than in the Galvanostatic test. On charge no plateaus are observed. 
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Figure S4. Le Bail fit of (left) ex situ PXD data (Cu Kα) for the chemically lithiated rutile with composition 
Li~1TiO2 and (right) operando PXD data (λ = 0.2173 Å) taken at the end of the first discharge, i.e. xLi ~ 0.93 
in LixTiO2. The data is fitted by a (top) Fm-3m cell (a = 4.1282(4) Å), (middle) a monoclinic P2/m cell (a = 
5.0144(19) Å, b = 2.88262(5) Å, c = 5.0769(11) Å and β = 72.575(14)°) and (bottom) another monoclinic 
P2/m cell (a = 3.39(3) Å,   b = 2.4345(17) Å, c = 2.938(7) Å and β ~ 142.3(4)°). The cell parameters are 
from refinement of the ex situ data. The peak profiles are kept narrow in order to highlight peak positions. 
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Figure S5. Raman spectra of chemically lithiated 13 nm rutile TiO2, (black) pristine sample, (red, green and 
blue) 0.5, 1.0 and 1.5 equivalent of n-butyllithium added.
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anatase bronze (TiO2 (B))

distorted rutile (P2/mRUT) ramsdellite

baddeleyite hollandite
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brookite columbite

no local structure

Figure S6. Fits of the PDF obtained from total X-ray scattering of the chemical lithiated rutile with 
composition Li~1TiO2. All fits include a layered α-NaFeO2-like LiTiO2 phase with particle size of ~50 Å, 
while small domains of ~5 nm of different TiO2 polymorph are included in the fits: From the top the fits 
include: Anatase, Bronce (TiO2(B)), distorted rutile (P2/mRUT), ramsdellite, baddeleyite, hollandite, brookite, 
and columbite. For comparison, the bottom fit includes only the α-NaFeO2-like LiTiO2 phase, i.e. no local 
structure.
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O3-type structure (α-NaFeO2) O2-type structure

Figure S7. close packed stacking sequence of O3-type and O2-type AMO2 structures.
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Figure S8. PDF fits to the chemically lithiated sample, from top and down O3-type, O2-type, mix and the 
distorted α-NaFeO2. The O2-type was added as a second phase with scale factor s, while the scale factor of 
the O3-type was set to (1-s), such that the chance of finding A after AB, i.e. the stacking fault probability, 
comes directly from s. This procedure has been described by Yang et. al.10

Table S3. overview of PDFfit results for the intermediate range ordering

O3-type O2-type O3-type 
(aniso)

O2-type 
(aniso)

mix* distorted
(P2/mRUT)

rw 0.567 0.661 0.552 0.576 0.533 0.516
scale 0.150 0.124 0.155 0.195 0.161 0.164
s - - - - 0.218 -
a (Å) 2.96 3.01 2.95 2.97 2.97 5.27
b (Å) - - - - - 2.91
c (Å) 14.08 8.88 14.12 10.43 13.90 5.09
β (°) 120 120 120 120 120 67.55
delta2 3.10 3.28 3.12 3.38 3.17 3.44
diameter  (Å) 51.5 51.5 51.5 51.5 51.5 50.0
Ti Uiso 0.0383 0.0222 - - 0.0447 0.0461
  U11, U22 - - 0.0337 0.0268 - -
  U33 - - 0.0694 0.1887 - -
O Uiso 0.0167 0.0217 - - 0.0142 0.0057
  U11, U22 - - 0.0083 0.0105 - -
  U33 - - 0.0444 0.0198 - -
* cell parameters relative to O3-type cell, locked such that cO2 = 2/3 cO3
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Figure S9. (a) The von Mises stress distribution on a deformed rutile electrode consisting of a crack-like 
flaw on the distorted lithiated rutile / distorted α-NaFeO2 (Li~0.75TiO2/Li~1TiO2) phase boundary. (b) The 
energy release rate as a function of crack length in the rutile particle. (c) Particle size of rutile electrode 
below which fracture is suppressed as a function of initial flaw size. The shaded region corresponds to the 
typical rutile particles used in our experiments.
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Figure S10. Comparison of the PDF fits for the ex situ and operando data for LiTiO2.The operando fit 
includes a local graphite structure as a second phase. The operando fit (Rw = 0.38) is naturally not as good as 
for the ex situ data (Rw = 0.32), as the signal intensity is decreased, and background noise caused by the 
AMPIX cell is increased as with fits of the pristine rutile TiO2 material and the pristine electrode shown in 
Figure S1.
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