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1. Method for determination of profile metrics

Determination of the profile metrics F18, 1 and 2 has been detailed elsewhere1 and will 

be only summarized here. Decay of the 18O concentration beyond the peak obeyed a bi-exponential 

functional form having two widely separated decay constants, 1 << 2. Decay according to 1 

dominated the change in 18O concentration near the peak and reached a plateau typically 3-10% 

above the natural abundance of 18O (CO =1.276 × 1020 cm-3) in TiO2.  This plateau signified the 

beginning of decay according to 2.  

In each profile, the concentration characterizing this plateau was normalized with respect 

to CO to yield a dimensionless scaling factor Z, which typically varied from 1.03 to 1.1. The 

functional form phenomenologically describing the 1 region was: 

(S1),
𝐶(𝑥) = 𝐶𝑂[𝐶𝑂𝑇 ‒ 𝐶𝑂

𝐶𝑜
𝑒

‒
𝑥

𝜆1
+ 𝑏1

+ 𝑍]
where C(x) denotes the concentration of 18O at a depth x below the surface, COT is the total 

concentration of O atoms in the TiO2 lattice (6.38  1022 cm-3), and b1 is a phenomenological 

amplitude factor. A similar expression described decay of C(x) in the 2 region down to Z=1:
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(S2),
𝐶(𝑥) = 𝐶𝑂[𝐶𝑂𝑇 ‒ 𝐶𝑂

𝐶𝑂
𝑒

‒
𝑥

𝜆2
+ 𝑏2

+ 1]
where b2 is a second phenomenological amplitude factor.

Eq. (S1) was fit to the 1 region of the profile using a nonlinear least squares algorithm to 

determine 1, b2 and Z.  The range of depths contributing to the fit typically lay between x=, 

which is near the peak, and +41. 

SIMS measurements stopped at depths much shallower than 2. However, with , 1, b1, 

and Z known, 2 and b2 could be determined mathematically by requiring continuity at the 

boundary between the 1 and 2 regions of both the profile itself and its first derivative.  We 

consistently set this boundary at a depth equal to +41.  Requiring continuity of the profile itself 

at +41 means setting Eq. (S1) equal to Eq. (S2) at x = +41 to yield  

  (S3).
𝑙𝑛[𝑒

‒ 𝛼 ‒ 4𝜆1
𝜆1

+ 𝑏1
+

𝐶𝑂(𝑍 ‒ 1)

(𝐶𝑂𝑇 ‒ 𝐶𝑂)] =
‒ 𝛼 ‒ 4𝜆1

𝜆2
+ 𝑏2

Requiring continuity of the first derivative yields 

  (S4).
1
𝜆1

𝑒
‒

𝑥
𝜆1

+ 𝑏1
=

1
𝜆2

𝑒
‒

𝑥
𝜆2

+ 𝑏2

Simultaneous solution of Eqs. (S3) and (S4) yields

(S5).
𝜆2 =  𝜆1[1 +

𝐶𝑂(𝑍 ‒ 1)

(𝐶𝑂𝑇 ‒ 𝐶𝑂)
𝑒

 
𝛼

𝜆1
+ 4 ‒ 𝑏1]

Substitution of this value of 2 back into either Eq. (S3) or (S4) yields b2. 

The net flux F18 was computed as 

F18 = N18/t (S6),

where N18 denotes the number of injected 18O atoms. N18 was computed as the integral of (C-CO) 

throughout the entire solid. This integral was performed piecewise. The number NVP of injected 
18O atoms appearing in the valley-peak region between x = 0 and  was obtained by numerical 

trapezoidal-rule integration of (C-CO). For x > , contributions to the integral from the 1 and 2 

regions of the profile were computed analytically using Eq. (S1) and (S2) for C together with the 
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parameters 1, 2, Z, b1 and b2 determined as described above.  The number of atoms in the 1 

region, N1, is

(S7),
𝑁1 =

𝛼 + 4𝜆1

∫
𝛼 [𝐶𝑂[𝐶𝑂𝑇 ‒ 𝐶𝑂

𝐶𝑂
(𝑒

‒
𝑥

𝜆1
+ 𝑏1) + 𝑍] ‒ 𝐶𝑂] 𝑑𝑥

while the corresponding number N2 in the 2 region is 

(S8).
𝑁2 =

∞

∫
𝛼 + 41

[𝐶𝑂[𝐶𝑂𝑇 ‒ 𝐶𝑂

𝐶𝑂
(𝑒

‒
𝑥

𝜆2
+ 𝑏2) + 1] ‒ 𝐶𝑂] 𝑑𝑥 

Performing the analytical integration and adding all the piecewise components together yields:
𝑁18

=  𝑁𝑉𝑃 + 𝑁1 + 𝑁2 = 𝑁𝑉𝑃 + ((𝐶𝑂𝑇 ‒ 𝐶𝑂){[𝜆1𝑒

‒ 𝛼
𝜆1

+ 𝑏1
(1 ‒ 𝑒 ‒ 4)] + [𝜆2𝑒

‒ 𝛼 ‒ 4𝜆1
𝜆2

+ 𝑏2]}) +                                                    4

𝜆1𝐶𝑂(𝑍 ‒ 1)
(S9).

  

2. Supporting Figures
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Figure S1. Surface composition measured by XPS for elements visible in the spectra.  Most spectra 
were measured after diffusion on specimens diffused with applied bias; several values of applied 
bias Vappl (vs Ag/AgCl) are represented. Diffusion temperature was 70C in all cases. “Degreased” 
means surface preparation included only the degreasing step, not etching by NH4OH. Two 
specimens were measured before submersion; “out-of-box” and “NH4OH-etched” respectively 
mean XPS was performed on the specimen before any surface conditioning and after etching by 
NH4OH. The elemental composition exhibits no clear relationship with either surface preparation 
or Vappl. 
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Figure S2. Chemical state information measured by XPS for elements visible in the spectra: (a) 
C, (b) O and (c) Ti.  Most spectra were measured on specimens diffused with applied bias; several 
values of applied bias Vappl (vs Ag/AgCl) are represented. Diffusion temperature was 70C in all 
cases. “Degreased” means surface preparation included only the degreasing step, not etching by 
NH4OH. Two specimens were measured before submersion; “as-received” and “etched” 
respectively mean XPS was performed on the specimen before any surface conditioning and after 
etching by NH4OH. The elemental composition exhibits no clear relationship with surface 
preparation or Vappl. 

20

40

60

80

100

Su
rf

ac
e 

co
m

po
si

tio
n 

(a
to

m
ic

 %
)

O1s in TiO2 (110) out-of-box
NH4OH-etched
0V
0.4V
-0.4V
0.8V
-0.8V
degreased 0.4V
degreased -0.4V

lattice O non lattice O/OH

0

20

40

60

80

Su
rf

ac
e 

co
m

po
si

tio
n 

(a
to

m
ic

 %
)

C1s in TiO2 (110)
out-of-box
NH4OH-etched
0V
0.4V
-0.4V
0.8V
-0.8V
degreased 0.4V
degreased -0.4V

C=C
C-C

O=C-OC-O
C-OH

10

30

50

Su
rf

ac
e 

co
m

po
si

tio
n 

(a
to

m
ic

 %
)

Ti2p in TiO2 (110)
out-of-box
NH4OH-etched
0V
0.4V
-0.4V
0.8V
-0.8V
degreased 0.4V
degreased -0.4V

Ti4+
2p(3/2) Ti4+

2p(1/2) Ti3+
2p(3/2)



6

 
Figure S3. Profile metrics vs diffusion time t (min) with applied bias at 70C for (a) 1 and (b) 2. 
Lines represent linear least squares fits.  There is little variation of either 1 or 2 with t. 

Figure S4.  Formation energies vs EF of point defects in rutile TiO2.
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Figure S5.  Formation energies of stable (a) Oi-Hi dimer Oi-(Hi)2 and (b) trimer defect clusters in 
rutile TiO2. 

Figure S6.  Reaction energies of (a) Oi-Hi dimer and (b) Oi-(Hi)2 trimer clusters in rutile TiO2. 
Identity of the most exothermic isomer varies with EF and is traced with dashed lines.
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3. Supporting Tables

Table T1. Atomic Force Microscopy parameters for surface treatments

Table T2. Effective activation energies (eV) of profile metrics 

Metric Applied bias 
(dark)

Without bias 
(dark)

Without bias 
(UV)

F18 0.39  0.06 0.33  0.05 0.13  0.04

1 0.05  0.06 0.14  0.05 0.061  0.037

2 0.21  0.05 0.27  0.05 -0.013  0.025

Table T3. Profile metrics with applied bias at 70 C.

Mean (dark) Mean (UV)

F18 (cm-2s-1) (3.2  3.1)  1011 (3.7  1.9)  1011

 1 (nm) 46  45 59  33

2 (nm) 450  370 630  220

Treatment RMS Dev (nm) Skew Kurtosis

0.21 0.017 0.34

0.23 0.059 0.36Degreased only

0.27 0.14 1.2

0.058 -0.039 0.016

0.10 0.21 -0.28

0.18 0.33 -0.76

0.23 0.094 1.12

0.23 4.79 75.9

0.23 5.32 85.9

NH4OH etched

0.29 0.43 0.62
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