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Table S1 The Li-insertion coefficient, x determined from cyclic voltammogram (scan rate 0.2 
mV/s) at the given potential. (The potentials are referred to the Ag/AgCl electrode, which is 
upshifted by 2.78 V against the Li/Li+ electrode) 

Insertion Extraction 

Potential 
[V vs. Ag/AgCl] 

x Potential 
[V vs. Ag/AgCl] 

x 

-0.2 0 -1.6 0.406 
-0.5 0 -1.2 0.279 
-0.7 0.011 -1.15 0.279 
-0.9 0.029 -1.1 0.278 
-0.95 0.036 -1.05 0.277 

-1 0.045 -1 0.275 
-1.05 0.06 -0.95 0.273 
-1.1 0.131 -0.9 0.268 
-1.15 0.208 -0.7 0.0246 
-1.2 0.249 -0.5 0 
-1.25 0.276 -0.2 0 
-1.3 0.298    
-1.35 0.322    
-1.45 0.369    
-1.6 0.406     
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Table S2. The Raman frequencies of various isotopologues of LixTiO2 generated 
electrochemically at -1.25 V vs. Ag/AgCl pseudoreference electrode (corresponding to 1.53 
V against the Li/Li+ electrode) (x  0.3).  Also shown are the  istope shifts (in percent, 
calculated  from Eqs. (2a) and (3b) for the actual experimental frequencies for all four 
possible combinations of isotopologues. 

  

peak 6LixTi16O2 7Lix Ti16O2 6LixTi18O2 7LixTi18O2 (16O) (18O) (7Li) (6Li) 
-1) -1) (cm-1) -1) 67 

(%) 
67 

(%) 
1618 

(%) 
1618 

(%) 
p1 167.2 167.4 163.4 162.9 0 0 2.7 2.3 
p2 179.9 180.1 175.9 175.3 0 0 2.7 2.2 
p3 - - - - - - - - 
p4+p5a 237.0 232.2 233.6 227.7 2.0 2.5 1.9 1.4 
p6 - - - - - - - - 
p7 317.7 314.2 308.1 304.3 1.1 1.2 3.2 3 
p8 325.9 325.7 314.7 313.6 0 0 3.7 3.4 
p9 338.5 339.9 322.7 323.8 0 0 4.7 4.7 
p10 356.3 356.4 346.2 345.9 0 0 2.9 2.8 
p11 - - - - - - - - 
p12 419.3 416.3 397.6 397.2 0.7 0 4.6 5.2 
p13 433.5 436.7 408.8 408.1 0 0 6.6 5.7 
p14 474.0 470.4 450.3 459.4 0.8 -2.0 2.3 5.0 
p15 516.5 516.6 492.5 489.9 0 0.5 5.2 4.6 
p16 531.9 532.5 507.7 506.1 0 0.3 5.0 4.5 
p17 556.8 557.5 529.7 528.2 0 0 5.3 4.9 
p18 578.1 - 562.7  -  - 2.7 
p19+p20a 632.8 626.9 612.7 598.4 0.9 2.3 4.5 3.2 
a overlapping bands fitted by one Lorentzian peak 
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Table S3. The Raman frequencies of  7LixTiO2 generated by chemical reduction with n-
butyllithium. Also shown are the istope shifts (calculated  from Eq. 2b) for the actual 
experimental frequencies.   

peak 7LixTi16O2 7LixTi18O2 (7Li) 
-1) -1) 1618 (%) 

p1 166.5 162.9 2.2 
p2 179 174.8 2.3 
p3 - - - 
p4 222.5 220.1 1.1 
p5 231.1 228.6 1.1 
p6 279.9 264.4 5.5 
p7 309.1 302.8 2 
p8 321.5 311.2 3.2 
p9 336.5 322.1 4.3 
p10 355.4 346.7 2.4 
p11 - - - 
p12 416.6 396.7 4.8 
p13 432.2 408.8 5.4 
p14 464.9 447.5 3.7 
p15 514.9 489.9 4.9 
p16 530.4 504.7 4.8 
p17 554.6 528.3 4.7 
p18 - - - 
p19 613.4 592.1 3.5 
p20 629.4 606.8 3.6 
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Table S4. The Raman frequencies of various isotopologues of LixTiO2 generated 
electrochemically at -1.25 V  vs. Ag/AgCl pseudoreference electrode (corresponding to 1.53 
V against the Li/Li+ electrode); 6LixTi16O2, 6LixTi18O2) and chemically (7Lix Ti16O2, 
7LixTi18O2).  The Raman spectra were acquired at 77 K. 

peak 6LixTi16O2 6Lix Ti18O2 7LixTi16O2 7LixTi18O2 

-1) 
p1 169.7 165.9 167.3 164.6 
p2 185.4 180.9 181.2 178.6 
p3 203.4 198.6 200.7 197.2 
p4 227.6 224.1 224.8 223.3 
p5 245.9 243.2 236.6 236.4 
p6 282.1 270.2 280.4 269.2 
p7 329.0 318.1 321.8 314.0 
p8 338.7 329.4 334.8 329.0 
p9 349.6 343.7 345.3 344.1 
p10 359.6 350.0 358.4 350.8 
p11 385.3 365.8 382.0 359.7 
p12 424.2 408.6 419.7 405.0 
p13 438.1 416.8 437.8 414.7 
p14 475.5 458.0 469.9 453.4 
p15 525.8 498.6 519.9 494.9 
p16 535.6 509.6 533.8 508.1 
p17 562.0 534.7 560.4 533.4 
p18 588.2 572.5 569.4 548.8 
p19 620.9 592.2 610.0 596.8 
p20 643.8 624.9 634.4 611.2 
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Table S5. The calculated Raman frequencies of Li0.5TiO2 isotopologues.   The involvement 
of different atoms in each normal vibration mode was characterized by the sum of the square 
roots of all components corresponding to the given atom.  The atomic contributions for Li 
and O were averaged from calculations for each isotopologue, and are quoted as Avg(Li) and 
Avg(O), respectively. (The atomic contribution of Ti is 100-Avg(O)-Avg(Li)). The standard 
deviations ( ) of averaging are also listed in the last two columns.  

symmetry 6Li0.5Ti16O2 7Li0.5Ti16O2 6Li0.5Ti18O2 7Li0.5Ti18O2 Atomic contributions 
 Avg(Li) Avg(O) (Li) (O) 

 cm-1 % 
Ag 107.5 122.3 111.9 123.2 16.1 20.5 1.2 2.3 
B1g 161.3 161.0 158.8 160.2 1.0 29.9 0.1 2.4 
B2g 165.1 163.6 163.9 164.9 0.0 3.7 0.0 0.4 
B3g 165.7 164.2 163.5 163.7 1.7 14.5 0.6 3.5 
B3g 171.9 171.8 173.1 172.3 1.7 11.3 0.2 2.4 
B2g 182.0 182.1 183.7 182.2 3.0 7.3 0.5 1.6 
Ag 198.3 194.9 191.9 188.4 14.8 48.3 2.4 3.5 
B1g 236.1 233.7 229.6 227.5 12.4 47.6 2.7 10.0 
Ag 244.1 244.2 232.6 234.8 0.9 56.3 0.4 7.2 
B1g 247.8 246.4 239.8 239.0 4.3 53.9 1.5 1.4 
B3g 254.1 252.5 245.3 242.5 10.3 63.4 2.5 2.9 
B1g 260.0 259.4 248.7 248.5 2.0 73.2 1.1 1.9 
Ag 275.1 274.2 268.0 266.8 1.1 54.9 0.8 2.2 
B1g 277.6 274.5 272.4 270.2 11.8 30.8 8.0 5.3 
B2g 286.7 285.6 272.8 269.3 12.1 81.2 4.2 4.3 
Ag 293.1 288.8 284.7 280.7 13.1 50.5 4.2 2.1 
B1g 295.2 288.1 287.1 279.4 33.3 50.6 3.9 2.3 
B2g 307.6 304.3 292.9 289.0 12.5 82.8 2.2 1.7 
Ag 311.9 305.9 301.5 296.6 17.6 55.3 3.7 8.6 
Ag 323.9 322.9 310.0 308.0 5.2 76.3 3.7 7.8 
B3g 331.1 329.1 313.5 310.5 8.5 90.0 2.6 2.4 
B1g 354.9 353.5 340.9 339.4 3.3 69.0 1.0 2.2 
B2g 365.5 363.5 347.0 345.0 7.1 91.0 2.3 2.3 
B3g 387.2 382.0 368.5 364.2 17.7 81.3 9.1 9.0 
B1g 397.7 388.6 389.0 380.7 28.0 36.3 2.4 2.4 
Ag 410.2 402.8 400.6 393.9 27.0 39.8 1.8 1.4 
B1g 429.6 425.4 414.3 409.4 14.3 63.0 2.5 3.7 
B3g 440.6 419.7 434.0 411.4 60.1 39.8 14.0 14.0 
B2g 442.0 418.8 435.6 412.5 64.7 34.7 8.2 8.3 
B1g 456.2 455.8 432.0 431.3 3.2 93.7 1.5 1.4 
Ag 462.6 461.3 442.1 441.3 5.0 74.6 3.0 11.4 
Ag 467.7 463.2 447.4 444.3 10.1 73.7 4.4 7.3 
B1g 469.8 468.9 446.0 444.8 3.1 88.4 1.6 3.2 
Ag 502.1 499.5 478.2 476.9 10.0 77.1 11.3 8.0 
B1g 527.5 509.7 505.3 495.4 35.3 60.3 16.5 17.1 
Ag 528.8 503.9 510.2 493.5 54.1 37.9 12.3 11.2 
B3g 529.7 530.0 500.2 499.8 0.1 99.8 0.0 0.1 
Ag 534.8 533.1 518.4 509.3 3.4 78.4 1.7 1.8 
B2g 535.4 535.7 505.5 504.9 0.6 99.2 0.2 0.2 
B1g 572.9 559.0 557.6 537.7 37.0 55.7 12.1 13.7 
Ag 583.1 575.5 566.2 554.0 21.6 56.5 13.0 13.7 
B1g 610.2 607.0 594.4 588.5 10.9 47.6 8.4 7.7 
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Table S6. The full-widths-at-half-maxima (FWHM) of Raman peaks of 7LixTiO2 generated 
by chemical reduction with with n-butyllithium at room temperature (RT) and 77 K. Values 
are in cm-1. The entry FWHM is a difference between FWHM measured at room temperature 
and at 77 K. 

  

peak 

7LixTi16O2 
RT 

7LixTi18O2 
RT 

7LixTi16O2 
77 K 

7LixTi18O2 
77 K 

7LixTi16O2 7LixTi18O2 

FWHM FWHM FWHM FWHM FWHM   FWHM   

p1 8.4 9.7 5.5 6.8 2.9 2.9 
p2 11.9 11.1 10.0 11.1 1.9 0.1 
p3 - - 15.4 17.5 - - 
p4 11.5 10.9 5.3 8.0 6.2 2.8 
p5 15.5 15.2 10.3 11.7 5.2 3.5 
p6 4.2 12.0 5.4 5.4 -1.2 6.6 
p7 15.6 15.0 12.5 11.8 3.2 3.2 
p8 18.9 12.6 10.8 12.2 8.1 0.4 
p9 19.5 14.3 10.6 13.8 8.9 0.4 
p10 16.9 17.5 10.0 11.6 6.8 5.9 
p11 - - 5.4 12.4 - - 
p12 17.7 13.8 13.6 16.0 4.1 -2.2 
p13 13.0 16.3 8.6 7.4 4.4 8.9 
p14 13.6 19.2 7.7 7.4 5.9 11.8 
p15 15.8 16.6 9.9 10.1 5.9 6.5 
p16 23.4 23.0 15.4 16.2 8.0 6.8 
p17 20.5 23.5 12.4 15.4 8.2 8.1 
p18 - - 15.7 16.6 - - 
p19 35.8 32.0 18.3 26.9 17.4 5.1 
p20 37.4 35.5 28.3 30.0 9.0 5.5 
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Figure S1. The cyclic voltammogram of  Ti18O2 (anatase)  in  1 M LiClO4  + EC/DMC (1/1), 
scan rate 0.2 mV/s. Current is normalized to the mass of the active electrode material. The 
potentials measured against the Ag/AgCl pseudoreference electrode are presented along with 
the corresponding potentials referenced to the Li+/Li (1 M LiClO4) reference electrode. 
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Figure S2. The X-ray diffraction patterns of anatase Ti18O2 and Ti16O2.  

 

 

 

 

 
 
 
 
 
Figure S3. The scanning electron microscopy images of anatase Ti16O2 and Ti18O2. 
 
 

 
 
 
 
  

908070605040302010
2 Theta, deg.

 Ti18O2

 Ti16O2



10 
 

Figure S4.    The in-situ Raman spectra of lithium titanates at -1.25 V vs. Ag/AgCl 
pseudoreference electrode (corresponding to 1.53 V against the Li/Li+ electrode) made by 6Li 
insertion into Ti16O2 (red points) and Ti18O2 (grey points). Electrolyte solution 1M LiClO4 in 
EC/DMC (1/1). The solid lines represent  convolution of individual Lorentzian components 
for 6LixTi16O2 (red) and 6LixTi18O2 (black). The individual Lorentzian components of 
6LixTi16O2 and 6LiTi18O2 with their convolutions (dashed lines) are shown in charts  (b) and 
(c), respectively. 
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Figure S5.    The in-situ Raman spectra of lithium titanates at -1.25 V vs. Ag/AgCl  
(corresponding to 1.53 V against the Li/Li+ electrode) made  by 7Li insertion into Ti16O2 (red 
points) and 6Li insertion into Ti16O2 (grey points). Electrolyte solution 1M LiClO4 in 
EC/DMC (1/1). The solid lines represent  convolution of individual Lorentzian components 
for 7LixTi16O2 (red) and 6LixTi16O2 (black). The individual Lorentzian components of 
7LiTi16O2 and 6LiTi16O2 with their convolutions (dashed lines) are shown in charts  (b) and 
(c), respectively. 
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Figure S6.    The ex-situ Raman spectra of lithium titanate prepared by electrochemical  
lithiation of Ti16O2 (red points) and  Ti18O2 (grey points) in 6LiClO4 electrolyte solution.  The 
solid lines represent convolution of individual Lorentzian components for 6LixTi16O2 (red) 
and 6LixTi18O2 (black). The individual Lorentzian components of 6LixTi16O2 and 6LixTi18O2 
with their convolutions (dashed lines) are shown in charts (b) and (c), respectively.  Anatase 
Ti16O2 impurity is also seen in chart b. The spectra were measured at 77 K. The peak at ca. 
125 cm-1 is unassigned. Since it does not appear in the same spectra at room teperature (Figs. 
3,4) we ascribe it to an unknown impurity in these particular samples, 6LixTi16/18O2. 
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Figure S7.  The ex-situ Raman spectra of lithium titanate prepared from Ti16O2 by 
electrochemical lithiation (6Li, red points) or chemical lithiation (with n-butyllithium, 7Li, 
grey points).   The solid lines represent convolution of individual Lorentzian components for 
7LixTi16O2 (red) and 6LixTi16O2 (black). The individual Lorentzian components of 7LixTi16O2 
and 6LixTi16O2 with their convolutions (dashed lines) are shown in charts  (b) and (c), 
respectively.  Anatase Ti16O2 impurity is also seen in chart c. The spectra were measured at 
77 K. The peak at ca. 125 cm-1 (charts a, c) is unassigned. Since it does not appear in the 
same spectra at room teperature (Figs. 3,4) we ascribe it to unknown impurity in this 
particular sample, 6LixTi16O2. 
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Figure S8.  The ex-situ Raman spectra of lithium titanate prepared from Ti18O2 by 
electrochemical lithiation (6Li, red points) or chemical lithiation (with n-butyllithium, 7Li, 
grey points).   The solid lines represent the convolution of individual Lorentzian components 
for 7LixTi18O2 (red) and 6LixTi18O2 (black). The individual Lorentzian components of 
7LixTi18O2 and 6LixTi18O2 with their convolutions (dashed lines) are shown in charts  (b) and 
(c), respectively.  Anatase Ti18O2 impurity is also seen in chart b. The spectra were measured 
at 77 K. The peak at ca. 125 cm-1 (charts a, c) is unassigned. Since it does not appear in the 
same spectra at room teperature (Figs. 3,4) we ascribe it to unknown impurity in this 
particular sample, 6LixTi18O2. 
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Figure S9. The ex-situ Raman spectra of lithium titanate prepared from Ti18O2 by chemical 
lithiation (with n-butyllithium, 7Li) at room temperature (red) and 77 K (black). The spectrum 
of anatase impurity is also shown. 

 

 

 

 

Figure S10. The scatter plot including the correlation ellipse for the relation between 
frequencies of peaks in chemically lithiated 7LixTi18O2 at 77 K and RT against the 
contribution of Li atoms to the respective vibrations as derived for the same material at 77 K 
from 67 using Eq. 3a. 
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insertion into nanocrystalline Li4Ti5O12 spinel: An electrochemical study.  Electrochim. Acta, 

2017, 245, 505-511. Copyright (2017) Elsevier. Reprinted with permission from Elsevier. 
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Figure S1: X-ray photoelectron spectra of ANA001 (blue curves) and ANA101 (red curves). (a) 
Full scan, (b) O1s detail, (c) O2s and valence band, (d) Ti 2p1.2

 and Ti2p3/2 detail. Curves are 
offset for clarity, but the intensity scales are identical in the respective charts. 
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Figure S2. The density of states against applied potential computed for devices employing 
ANA001 (blue circles) or ANA101 (red diamonds) films as photoanode. The results are for 
devices with iodide based electrolyte solution (a) and cobalt based electrolyte solution (b). 
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Figure S3: Ultraviolet photoelectron spectra of ANA001 (blue curves) and ANA101 (red 
curves) in the region of valence-band onset. Curves are offset for clarity, but the intensity scales 
are identical. Inset shows the detailed spectrum with determination of the valence-band 
maximum (VBM).  



 

Figure S4: Ultraviolet photoelectron spectra of ANA001 (blue curves) and ANA101 (red 
curves) in the region of secondary electron cutoff. The linear extrapolation of the spectrum is 
used for the determination of work function. 
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Figure S5. Tauc plot ( )1/2 vs. photon energy   and determination of energy band gap Eg for 
ANA101 (dashed red line) and ANA001 (dashed blue line). The Eg was specified by fitting of 
linear parts of corresponding curves (full lines).   
 
 
 

 
 

Figure S6.  in the sub-bandgap region for ANA101 (red points) 
and ANA001(blue points). The corresponding linear fits are depicted by full lines. 
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Figure S7. The transient photovoltage measurement. The dependence of chemical capacitance 
on applied potential for DSCs with iodine based electrolyte employing either ANA001 (blue) or 
ANA101 (red).  
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