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ABSTRACT: Super-bandgap illumination of semiconductors affects the diffusion and reaction 

rates of interstitial atoms, but photoeffects on clusters of interstitials remain virtually unexplored. 

In prototypical metal oxides such as TiO2 and ZnO, oxygen interstitials (Oi) appear to form stable 

clusters below about 300 °C.  Such cluster formation becomes very important when chemically 

prepared surfaces of binary oxides submerged in liquid water inject Oi into the solid. New 

kinetically dominated phenomena occur, such as strong isotopic fractionation, that are influenced 

by interstitial trapping in clusters. Judicious coordination of temperature and illumination allows 

optimization of competing kinetic effects, but little is known about the composition of Oi-

containing clusters or their photoresponse. This study begins to fill that gap by combining 

simulations of Oi-Hi clusters by density functional theory (DFT) with self-diffusion measurements 

of 18O in submerged single-crystal rutile TiO2(110) under ultraviolet (UV) illumination. The 

simulations show that Oi-(Hi)x exists in several isomers, each with multiple charge states that can 
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change upon illumination. The diffusion measurements suggest that UV changes the populations 

of Oi-containing cluster isomers deep in the solid, and that the details of these changes depend 

upon the application of potential bias. The results indicate that illumination alters the rate constants 

for formation or dissociation of (Oi)y-(Hi)x or alters the concentration of the reactant Hi.

1. INTRODUCTION

Super-bandgap illumination of semiconductors has long attracted interest for altering 

equilibria among point defects1–3 and affecting their rates of diffusion4,5 and reaction.6,7 

Photogenerated minority carriers change the defects’ charge state or recombine at defects to 

convert electronic to lattice vibrational energy.8 Lower temperatures accentuate such effects by 

decreasing the rate of thermal carrier generation. Illumination and temperature can then work 

together to affect semiconductor properties,9,10 or induce “thermo-photocatalysis.”11 

In prototypical metal oxides such as TiO2 and ZnO, recent experimental evidence suggests 

that oxygen interstitials (Oi) can react to form clusters that are stable below about 300 C.12 Such 

clustering can neutralize unwanted donors, especially adventitious hydrogen13 that is common in 

oxides,14–18 but also restricts movement of Oi and thereby inhibits removal of potentially unwanted 

O vacancies (VO).19 These effects take on increased importance because of the recent discovery 

that chemically prepared surfaces of binary oxides submerged in liquid water inject Oi efficiently.13 

This injection provides an effectual pathway for Oi to dominate low-temperature point defect 

populations.13,20,21 Submersion temperatures below 100 C facilitate kinetically dominated 

phenomena like strong isotopic fractionation.22,23 Under such conditions, judicious coordination of 

temperature and illumination permits optimization among competing kinetic effects. However, 
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apart from the special case of UO2,24,25 little is known about the composition of Oi-containing 

clusters in metal oxides or their response to photostimulation. In TiO2 and ZnO, the preponderance 

of such clustering appears to involve interstitial hydrogen (Hi).12 

This work begins to fill these gaps by combining simulations of Oi-Hi clusters using density 

functional theory (DFT) with self-diffusion measurements of 18O in submerged single-crystal rutile 

TiO2(110) illuminated by ultraviolet (UV) light. The DFT simulations show that Oi-(Hi)x dimers 

and trimers exist in several isomers, and each has multiple charge states that can change upon 

illumination. The diffusion measurements indicate that UV changes the populations of Oi-

containing cluster isomers deep in the solid, and that the details of these changes depend upon the 

application of potential bias. The results suggest that illumination alters the rate constants for 

formation or dissociation of (Oi)y-(Hi)x or changes the concentration of the reactant Hi.

2. METHODS

2.1 Experiments

Experimental literature concerning illumination-stimulated behavior of defects has 

typically employed measurements of electrical conductivity,26 dopant compensation,27–29 solar cell 

lifetime,9,30 or oxygen incorporation rate.10,31,32 The present study measures depth profiles of 18O 

injected by TiO2(110) exposed to isotopically enriched water. Isotopic fractionation occurs in this 

system, resulting in profile metrics that respond to Oi trapping effects in distinct ways.  Such 

differences enable disaggregation of photostimulation effects on trapping vs other physical 

processes such as injection or site hopping.   
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Protocols employed procedures for specimen preparation and diffusion under illumination 

described elsewhere.13,23,33 Single-crystal specimens of TiO2(110) (5×5×0.5 mm, MTI Corp.) were 

submerged in 18O-labeled water (10 atomic % 18O, Sigma-Aldrich) at constant temperatures (T) 

ranging from 30-80 C. The diffusion time was 60 min except as noted below. Crystals were de-

greased by 10 min of ultrasonic agitation in acetone, isopropanol, ethanol, and methanol, followed 

by wet etching (1:2, 30% NH4OH:H2O) for 40 min at room temperature to remove elemental 

poisons that inhibit Oi injection. 

Diffusion under submersion was studied with UV illumination using a protocol identical 

to that described previously.33 Light originated from an inspection lamp (Black-Ray™ B-

100AP/R, UVP) operating with a central wavelength of 365 nm. At 25 cm, the lamp produced an 

intensity on the order of 5 mW cm-2 at the surface. The intensity was kept low to minimize possible 

heating by light absorption.  Evidence that such heating was indeed negligible has been presented 

elsewhere.33

Application of potential bias in a conventional three-electrode cell configuration aids the 

measurement of self-diffusion metrics by increasing their magnitudes.23 Accordingly, some TiO2 

specimens were immersed for 60 min at constant T with a potential bias applied using a Biologic 

SP200 potentiostat. The electrical connection to the TiO2 specimens was a Cu wire attached with 

double-stick carbon tape covered with Kapton. An Ag/AgCl reference electrode and a Pt counter 

electrode were employed. Before immersion, 10 min of air bubbling through the aqueous solution 

with simultaneous air flow through the headspace established liquid-gas equilibrium.
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The undoped TiO2 was electrically insulating and no electrolyte was employed, so no 

Faradaic electrochemistry occurred. Measured currents were small (10-100 nA) and did not 

correlate with any profile metric. Measurements of pH before and after each experiment hovered 

near 7 and changed 0.25 pH unit or less. Diffusion metrics did not change with the sign or 

magnitude of the applied potential. Unfortunately, the mechanism by which applied bias increases 

the injection flux remains unknown at this point. Applying a bias may unintentionally remove a 

contaminant that poisons injection sites. Other possible hypotheses include that enhanced electric 

fields or some form of electrostatic electrochemistry35,36 could play a role. Investigation of these 

effects will be the subject of future work.

Surface analysis by x-ray photoelectron spectroscopy (XPS) of specimens treated before 

diffusion by vacuum annealing, NH4OH etching or degreasing have been published previously.34  

The spectra showed primarily Ti, O, and C. Surface elemental composition and chemical state 

varied but did not correlate with experimental conditions. Here we supplemented those studies by 

measuring XPS spectra on select specimens before and after diffusion with applied bias. Spectra 

were measured with a Kratos Axis ULTRA instrument using a monochromatic Al K𝛼 source 

(1486.6 eV). Energies were calibrated based on the C1s peak (284.6 eV) of adventitious carbon. 

Elemental compositions and chemical state were determined using the CasaXPS software library.  

The results (Figures S1 and S2 of the Supporting Information) for elemental composition and 

chemical state of Ti, O and C again show variability but no discernable correlation with 

experimental conditions. 

The surface morphology and roughness were measured for some specimens immediately 

after surface preparation but before submerged diffusion by atomic force microscopy (AFM) with 
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an MFP-3D instrument in tapping mode.  A smaller body of such characterization focused on rms 

roughness has been reported previously,34 but the current study examines more specimens and 

reports additional surface parameters such as skew and kertosis. Specimens were dried in flowing 

N2 gas to remove droplets removal after removal from the liquid. For accurate comparison between 

specimens, the Al-coated silicon probes (Ted Pella Inc.) were changed for every measurement. 

Each measurement generated 512 × 512 data points.  Table T1 in the Supplementary Information 

shows that etching with NH4OH yielded a broader range of rms roughness than simple degreasing, 

with the average being slightly smoother than simple degreasing. Skew and kurtosis varied 

considerably, although exceptionally high values were distorted by single large protrusions that 

could have been foreign particulates or dust.  

18O depth profiles were measured ex situ by secondary ion mass spectrometry (SIMS) using 

a PHI-TRIFT III instrument. Depth profiling was accomplished with a 3 keV Cs ion beam having 

a spot diameter near 0.5 mm. Analysis after each cycle of crater deepening employed a beam of 

Au at 22 keV.  18O concentrations were calibrated to the known natural abundance of 18O (0.2%) 

within as-received TiO2 specimens used as standards. 18O concentrations in deep regions of 

diffused profiles often departed only a few percent from the natural abundance baseline. Thus, 

special care was taken to calibrate the ion currents corresponding to 16O and 18O – typically 

measured daily on standard specimens.  After diffusion (or initial etching in liquid), specimens 

were simply removed from the liquid, which did not wet the surface.  Occasional residual drops 

that adhered were blown off with a gentle stream of air or nitrogen. Diffusion profiles were 

measured several days to weeks after diffusion at 2-5 different locations on the surface of each 

specimen. 
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i

After diffusion in submersion, some specimens were subjected to stages of annealing 

lasting 50 min at progressively higher temperatures between 100 and 300 C in air using 

procedures akin to those described elsewhere.12 SIMS was performed after each stage to ascertain 

whether spreading of the 18O profile had occurred due to release of Oi due to dissociation of 

interstitial clusters containing this species. 

2.2 DFT calculations

Clusters containing Oi and Hi were relaxed using first-principles DFT simulations.37,38 The 

projector augmented wave (PAW) method39,40 as implemented in the Vienna Ab Initio Simulation 

Package (VASP)41,42 was utilized, in conjunction with the Perdew-Burke-Ernzerhof (PBE) 

approximation to the exchange-correlation functional.43 Calculations employed a plane-wave basis 

set with a cutoff energy of 520 eV. The ground state lattice parameters of the conventional unit 

cell for rutile TiO2 were determined to be a = 4.648 Å and c = 2.969 Å for a 3×3×4 supercell, 

consistent with other computational44–46 values (experimental values47–50 are a = 4.59 Å and c = 

2.96 Å). Defect structures were modeled in 216-atom supercells using the Monkhorst-Pack 

scheme51 with a 2×2×2 k-point mesh. Geometry optimization of defect structures was performed 

with a convergence criterion of 1×10−6 eV for the total energy and 2×10−2 eV/Å for atomic forces. 

The bandgap computed from PBE was 1.79 eV, consistent with other reported PBE bandgaps46,52–54 

and showing the expected DFT-PBE underestimate compared to the experimental value of 3.03 

eV.55 To obtain more realistic descriptions of charge transition levels lying outside the PBE 

bandgap, the PBE band edges were shifted via alignment to the band edges of the Heyd-Scuseria-
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Ernzerhof (HSE06) screened hybrid functional approximation, opening the predicted gap to 3.05 

eV. 45,56

The defect formation energy 𝐸𝑓𝑜𝑟𝑚 𝑋𝑞
𝑖  of a point or cluster defect in charge state q was 

obtained using the supercell approach:57–59

𝐸𝑓𝑜𝑟𝑚 𝑋𝑞
𝑖 = 𝐸𝑡𝑜𝑡 𝑋𝑞

𝑖 ― 𝐸𝑡𝑜𝑡⌈𝐵𝑢𝑙𝑘⌉ ― ∑𝑖 𝑛𝑖𝜇𝑖 + 𝑞𝐸𝐹 + 𝐸𝑐𝑜𝑟𝑟 (1)

where 𝐸𝑡𝑜𝑡 𝑋𝑞
𝑖  denotes the total energy of the defective supercell and 𝐸𝑡𝑜𝑡⌈𝐵𝑢𝑙𝑘⌉ is the total 

energy of the pristine bulk supercell. The term ni is the number of defective atoms of type i, while 

µi denotes their chemical potential. Oi is mobile, which puts O in the lattice in indirect contact with 

an external reservoir of O (i.e., air). Thus, the O-rich environment characteristic of water with 

dissolved air was simulated in Eq. (1) using µO = −5.15 eV given by half of the energy of the O2 

molecule computed under standard conditions (300 K and 1 atm). 

The situation is more complex for H. For TiO2(110), the surface normal is perpendicular 

to the c-axis. Interstitial hydrogen diffusion in this direction has a substantial barrier of 1.28 eV,17,60 

which renders Hi incapable of diffusing at 70 C and eliminates contact between the crystal and an 

external reservoir of H. Thus, the total amount of hydrogen is not expected to equilibrate with the 

liquid water environment during the experiment but instead remains constant at the initial 

adventitious value. However, as discussed below, assessment of which clusters are most likely to 

form considers reaction energies (Erxn) that do not depend upon the choice of reference states for 

O and H. Consequently, the chemical potential for H in Eq. (1) was set to conditions associated 

with H in air, given by 𝜇𝐻 = 1
2

𝐸𝑡𝑜𝑡(𝐻2) + ∆𝐻 + (𝑍𝑃𝐸 ― 𝑇𝑆) . Here, Etot(H2) denotes the DFT 
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total energy of the H2 molecule, ∆H is the enthalpic correction to standard conditions, and ZPE−TS 

accounts for zero-point energy and thermal entropy contributions. 

The Fermi level EF in Eq. (1) accounts for the exchange of electrons from the reference 

electron reservoir. The energy correction term Ecorr accounts for the finite-size effects resulting 

from electrostatic interactions between charged defects in adjacent supercells. The method 

proposed by Lany and Zunger58 was employed to calculate the finite size effect corrections for 

potential alignment ∆Epa(D, q) and image charge ∆Ei.

The experiments were carried out under kinetically controlled conditions far from 

equilibrium where it becomes more useful to examine reaction energies instead of formation 

energies. Erxn compares the formation energy of a cluster (Oi)y-(Hi)x with the summation of 

formation energies of its isolated point-defect constituents, as given by:

𝐸𝑟𝑥𝑛 = 𝐸𝑓𝑜𝑟𝑚 (𝑂𝑖)𝑦 ― (𝐻𝑖)𝑥 ― 𝑦 ∙ 𝐸𝑓𝑜𝑟𝑚[𝑂𝑖] ― 𝑥 ∙ 𝐸𝑓𝑜𝑟𝑚[𝐻𝑖] (2).

Here, 𝐸𝑓𝑜𝑟𝑚 (𝑂𝑖)𝑦 ― (𝐻𝑖)𝑥  denotes the formation energy of a cluster comprising y interstitial O 

atoms and x H atoms, and 𝐸𝑓𝑜𝑟𝑚[𝑂𝑖] and 𝐸𝑓𝑜𝑟𝑚[𝐻𝑖] respectively represent the formation energies 

of isolated Oi and Hi. A negative value of Erxn signifies exothermicity at 0 K. The calculation does 

not account for entropy and therefore offers only an approximate guide to the free energy change 

at the nonzero temperature of the experiment. 

3. RESULTS

Figure 1 illustrates a typical 18O SIMS profile following diffusion.  The general shape of 

this profile matches those reported previously.22,23 The most dramatic feature is the isotopic 

fractionation represented by the near-surface “valley” where the 18O concentration drops well 
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below the natural abundance (Cnat = 1.29  1020 cm-3) of 18O in TiO2. Isotopic fractionation is 

transient and represents an especially pronounced form of uphill diffusion.61 

The profiles may be quantified by several metrics,23 but the three of interest here are:

• F18: net 18Oi injection flux. The relationship between F18 and the total net flux Ftot of Oi (both 

isotopes) depends on the isotopic compositions of H2O and dissolved O2 as well as the 

chemical concentration of dissolved O2. In the present case of dissolved air, F18 should be 

multiplied by a factor of 10.6 to obtain Ftot.23

Figure 1. Example 18O profile illustrating the definition of the profile metrics F18, 1 and 2.  Profile 
was measured in air without UV illumination at 70 C after 60 min diffusion. Potential bias applied 
was Vappl = -0.4 V vs Ag/AgCl. The water (10 atomic % 18O) contained no electrolyte, and was air-
equilibrated prior to diffusion by bubbling for 10 min.

• 1
: characteristic length describing exponential decay at depths closely associated with 

uphill diffusion.
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• λ2
: characteristic length describing exponential decay at depths well beyond those 

associated with uphill diffusion.  

Ref. 23 details the fitting procedures used to obtain these metrics, with the primary features 

described in the Supplementary Information. All features are stable during long-term storage. 

However, details of the profile shapes vary with position on a given specimen, and between 

specimens. Such variations have been discussed at length elsewhere33,34 and arise mostly from 

differences in the level of surface contamination, especially adventitious carbon, which can poison 

the surface sites responsible for injection. 

3.1 Effects of applied bias in the dark

As a reference point for UV studies, the empirical dependence of F18, 1 and 2 on T and 

diffusion time t was measured with applied bias in the dark.  Under such conditions, the governing 

physical processes entail breaking and forming of chemical bonds, both in fluid species (O2, H2O) 

and in adsorbed OH, and presumably have a corresponding Arrhenius-type temperature 

dependence. Accordingly, Figure 2 shows Arrhenius plots of F18, 1 and 2 from 30  T  70 C. 

For comparison, Figure 2 also shows data for these metrics without bias using a combination of 

previously published measurements,23 new measurements obtained by the methods reported there, 

and the analysis procedure employed in the Supplementary Information. The plots make clear that 

use of applied bias considerably increases the average values of all three metrics. Table T2 in the 

Supplementary Information provides the effective activation energies of F18, 1 and 2.  

F18 depends upon the surface chemical processes of injection and annihilation. The wide 

variation in F18 at fixed temperature, often across the surface of a single specimen, results from 
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variations in tiny concentrations of surface sites at which Oi injection is especially rapid.34 

Variability in semiconductor behavior mediated by small concentrations of surface sites has ample 

precedent. Procedures to minimize such variability in Si device fabrication took several decades 

to develop fully.62 On TiO2 single crystals, small concentrations of defects catalytically mediate 

much of the surface chemistry.63 A general principle of heterogeneous catalysis is that the most 

reactive surface sites are often most vulnerable to deactivation by poisoning.64 Injection entails a 

form of catalysis wherein one reaction produce is Oi. Susceptibility to poisoning and the variability 

of injection rate that ensues34 is therefore not surprising.
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Figure 2. Arrhenius plots for profile metrics under dark conditions with and without applied bias: 
(a) F18, (b) 1 and (c) 2. Lines represent linear least squares fits.   

Figure 2 also shows considerable variability for 1 and 2. These metrics are measured well 

within the bulk and depend directly upon bulk processes such as hopping diffusion, atom exchange 

with the lattice, and interstitial cluster formation.23 However, progressive spatial and temporal 

evolution of clusters incorporating Oi provides a mechanism to couple bulk metrics to F18.34 Higher 

injection fluxes enable quicker evolution of the cluster isomer populations. Thus, much of the 

variability in 1 and 2 arises indirectly from the variations in F18. 

To quantify this coupling, Figure 3 shows plots of 1 and 2 vs F18 in ln-ln form. All metrics 

with applied bias (green points) were measured at 70 C. The plots of both 1 and 2 vs F18 show 

good linearity, signifying an empirical power law dependence. Table 1 lists the corresponding 

slopes m, which provide the exponents m for normalization of bulk metrics by F18
m.  

Table 1. Values of m for normalization of metrics by F18
m

Metric Applied bias dark Without bias dark Without bias UV

1 1.05  0.01 0.89  0.04 0.72  0.05

2 0.83  0.02 0.72  0.10 0.27  0.10
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Figure 3 also shows corresponding data for 1 and 2 (blue points) measured without 

applied bias using previously published results,33 new measurements obtained by the methods 

reported there, and the analysis procedure employed in the Supplementary Information. However, 

fewer data were available at 70 C than for measurements with applied bias. To compensate for 

the smaller data set, a scaling procedure was employed to remove the effects of differing T. The 

regression lines from the Arrhenius plots in Figure 2 were used to estimate the value of each data 

point scaled to 70C. In a chosen Arrhenius plot this procedure in effect translates points at T  70 

C parallel to the regression line to T = 70 C – quantitatively preserving the standard error around

the regression line. We have employed this procedure elsewhere,33 but without a direct test of its 

validity. Here, such a test becomes possible using the data with applied bias because of the large 

number of points across the entire temperature range (about 125). When the entire data sets for 1 

and 2 were scaled to 70 °C, the resulting lines changed slope by only a few percent. The scatter 

about the corresponding regression lines worsened, but only slightly. These results indicate that 

the scaling procedure does not introduce significant distortions or biases into the analysis.  
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Figure 3. ln-ln plot of (a) 1 and (b) 2 vs net injection flux F18 with and without applied bias, 
with and without UV illumination. Lines represent linear least squares fits of the points having 
corresponding color.  No fit appears for applied bias with UV because too few points exist. All 
data shown with applied bias were measured at 70°C. For 1 without bias, the general magnitudes 
of the points with and without UV are nearly identical, although the slopes differ slightly. For 2 
without bias, UV illumination decreases 2 at higher values of F18. The difference in slopes of the 
respective lines are statistically very significant. With bias, UV increases 2 but the effect is slight, 
requiring statistical analysis as described in the text to identify with confidence.

Even after variability due to F18 is accounted for, Figure 3’s data for 1 and 2 without bias 

(both dark and UV) exhibit more scatter than the corresponding results with bias. The origin of 

this added scatter remains unclear at present, but procedural or metrological differences cannot 

explain it because the same equipment and methodology were employed for all data sets. However, 

an empirical linear correlation between ln(1) and ln(F18) works very well for data with bias. We 

therefore employed similar empirical linear fitting for data without bias (both dark and UV) to 

create a basis for comparing all the data sets quantitatively. The slopes of 1 and 2 without bias 
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in the dark (Table 1) fall somewhat below those with applied bias.  However, the slopes for 2 fall 

within each other’s error bars.

Experiments were performed to examine the time dependence of the three metrics with 

applied bias. Figure 4a shows ln(F18) at 70 C vs ln(t) in the range 6-60 min. In this range, ln(F18) 

decreases with a slope of -0.90  0.20. The decrease presumably originates from increasing back- 

diffusion and annihilation of Oi to the surface as the concentration of Oi in the bulk steadily 

increases. Surface annihilation is required by the principle of microscopic reversibility, as has been 

previously reported and discussed for Oi injection into metal oxides. 23 

Corresponding plots for 1 and 2 with bias at 70 C appear in Figure S3 of the SI. These 

metrics by themselves exhibit little time dependence. However, they are heavily convolved with 

the time dependence of F18 as discussed above. To examine the effects of time on profile evolution 

in these regions independent of F18, Figure 4 also shows ln-ln plots of  1/F18
1.05 and 2/F18

0.83 vs t. 

Both normalized metrics increase with time. The slopes in Figure 4 are 1.05  0.04 for 1/F18
1.05 

and 0.78  0.05 for 2/F18
0.83.
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Figure 4. Profile metrics vs diffusion time t (min) at 70 C for (a) ln(F18), (b) ln(1/F18
1.05) and (c) 

ln(2/F18
0.83). Lines represent linear least squares fits. Dense clustering near the line obscures many 

data points at ln(t) = 4.1 in (c) and especially in (b). 

3.2 Effects of ultraviolet illumination 

Figure 5 shows Arrhenius plots of F18, 1 and 2 without applied bias, both in the dark and 

with UV illumination. Table T2 in the Supplementary Information provides the corresponding 

effective activation energies.  The data shown in blue (measured in the dark) replicate the 

corresponding results in Figure 2, with expanded vertical scales in Figure 5 to enable clearer 
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comparison with UV results. The effects of UV illumination on F18 and 1 broadly accord with 

those reported in a previous study33 (wherein 1 was termed “”), with differences in detail arising 

from the enlarged data set and significant differences in the procedure for computing profile 

metrics. For example, existence of the 2 region was not known at the time of the previous study.  

Thus, the UV data in Figure 5 were scaled to 70 C as described above for dark data and 

were plotted in Figure 3 as red points with empirical linear fits. Table 1 shows the corresponding 

slopes. For 1, UV illumination exerts little effect on the general magnitude, but the slope m 

decreases noticeably. The ranges encompassed by the error bars with and without UV do not 

overlap. For 2, UV illumination dramatically decreases m, and the ranges encompassed by their 

respective standard deviations come nowhere near overlapping. Visually, the points at the high 

end of the flux range lie noticeably lower than the corresponding points measured in the dark.  

The variability of 2, together with higher injection fluxes made possible by applied 

potential bias (increasing the signal-to-noise ratio for measuring 2), prompted measurement of 

additional data under UV illumination with bias. An elevated temperature of 70 C was chosen 

because Figure 2(c) shows that 2 increases with T. Although measurements are possible at 80 C 

or higher, loss of labeled water to evaporation becomes a significant problem on the time scale of 

these experiments, even with refluxing.
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Figure 5. Arrhenius plots for profile metrics under dark and UV conditions without applied bias: 
(a) F18, (b) 1 and (c) 2. Lines represent linear least squares fits.  
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Figure 3 shows the results with points that are purple and orange. UV prompts no 

discernable change in 1. Surprisingly, UV appears to increase 2, although the effect is too small 

to assess its reliability with visual inspection alone. Statistical analysis is necessary. 

Such analysis directly on F18, 1 and 2 can be misleading, as all these metrics vary over 

ranges nearly two orders of magnitude wide. Histograms of the distributions23 reveal significant 

deviations from normality in the form of strong positive skew. In addition, all three metrics are 

heteroscedastic (i.e., the standard deviation varies with the value of the metric itself), which is 

common for data sets encompassing such wide ranges. Various methods have been proposed for 

reliable statistical analysis of heteroscedastic, non-normal data.  

Logarithmic transformation is a common approach employed across a wide range of 

disciplines including biology,65 chemistry,66 epidemiology,67 environmental science,68,69 social 

science,70 econometrics71 and others. The transformation often removes heteroscedasticity and 

sometimes leads to normal distributions. Arrhenius plotting as in Figure 2 requires logarithmic 

transformation. The distributions for all three metrics become homoscedastic after transformation. 

However, the distributions continue to deviate from normality. Classical parametric 

statistical tests (e.g., t-tests) exhibit considerable robustness to deviations from a normal 

distribution,72,73 but reformulation of the variables based on independent knowledge of the physical 

system is preferable whenever possible.65 Such a reformulation here is indeed possible as described 

above: determination of empirical exponents m for normalization of bulk metrics by F18
m. For a 

given bulk metric, m represents an empirical quantity that depends upon t and several other 

processes occurring in the bulk. Nevertheless, for profiles measured with applied bias, histograms 
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of the normalized metrics 1/F18
1.05 and 2/F18

0.83 follow normal distributions, indicating that the 

non-normality previously reported23 for 1 and 2 was due to the influence of F18.  

Table 2 shows the means and standard deviations of ln(F18), 1/F18
1.05 and 2/F18

0.83. All these 

variables are homoscedastic. The latter two obey normal distributions, but ln(F18) does not. For 

completeness, Table T3 in the Supplementary Information shows the means and standard 

deviations of the original metrics (F18, 1 and λ2) under both dark and UV conditions with applied 

bias at 70 C. Because these variables are heteroscedastic and encompass ranges up to two orders 

of magnitude, their standard deviations look unnaturally large.    

Table 2. Normalized Profile Metrics and Statistical Results (with Applied Bias)*

Mean (dark) Mean (UV) Deg of Freedom pt pMW

ln(F18) 26.0  0.9 26.5  0.5 8 0.053 0.20

𝟏/𝑭𝟏.𝟎𝟓
𝟏𝟖 (4.030.29)  10-11 (4.140.32)  10-11 76 0.40 –

𝟐/𝑭𝟎.𝟖𝟑
𝟏𝟖  (1.190.24)  10-7 (1.380.30)  10-7 76 0.069 –

* Two-tailed, equal variances (pooled) except for ln(F18), which assumes unequal variances.

Table 2 also shows the results of t-tests comparing the values of ln(F18), 1/F18 and 2/F18
0.8 

with and without UV illumination. For both ln(F18) and 2/F18
0.83, the likelihoods pt are 0.07 or 

below that illumination has no statistically significant effect. In contrast, pt is much larger at 0.4 

for 1/F18
1.05. In other words, UV probably increases 2 directly but exerts no direct effect on 1.

The t-test for ln(F18) is suspect because of the non-normal, positively skewed distribution. 

Distributions with strong positive skew tends to overestimate statistical significance in t-tests.74 

Thus, a non-parametric Mann-Whitney U-test was also applied to ln(F18) that does not presuppose 

normality. The non-parametric test effectively compares medians75 rather than means. Compared 
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to a t-test, a Mann-Whitney test is less vulnerable to Type I errors that reject the null hypothesis 

when it is true. The resulting probability pMW is 0.20. However, a Mann-Whitney test is more 

vulnerable than a t-test to Type II errors that fail to reject the null hypothesis when it is false. 

The statistical tests for ln(F18) thus provide a mixed assessment. The t-test implies strong 

statistical significance, while the Mann-Whitney test implies much weaker significance.  However, 

both tests suffer drawbacks.  As suggested by Figure 5a without bias, the effect of UV varies with 

T and may be too small at 70 C to reliably detect given the variability in the data sets. 

A few crystals that were diffused with applied bias were subjected to progressive annealing 

steps between 100 and 300 C.  In contrast to previous work without applied bias,12 wherein such 

heating induced appreciable profile spreading, the profiles generated with bias exhibited no 

measurable spreading up to and including 300 C. 

3.3 DFT results for clusters of Oi and Hi

Figure S4 in the SI shows the defect formation energies computed via Eq. (1) for the simple 

point defects Oi, VO, Hi, and HO, where HO represents an H atom that substitutes for O in the TiO2 

lattice. For the O-related defects under O-rich conditions, Oi is more stable than VO for n-type 

material (nearly universal for TiO2 single crystals). The ordering inverts for p-type material. In 

agreement with published studies,21,52,76 Oi exists in the 2– charge state over much of the EF range, 

and VO in the 2+ charge state.77,78 Hi exists primarily as a 1+ donor, in agreement with previous 

work.13,17,79–82  HO exists primarily as a 1+ donor, changing to a 1– acceptor at EF close to the 

conduction band minimum (CBM). The donor behavior largely agrees with a previous study80 that 

reported HO to be exclusively a donor over the entire range of EF A different study reported only 
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acceptor behavior,79 but that work placed EF in the conduction band, and a full analysis of charge 

state vs EF was not performed. HO is known to be amphoteric in other oxides such as ZnO,83–85 and 

to a modest extent that behavior appears in Figure S4. 

 For dimer clusters having stoichiometry Oi-Hi, the DFT calculations identified several 

isomers. This study did not attempt an exhaustive search of configuration space, but a random 

sampling method was employed to generate Oi-Hi defects. An O atom with randomly sampled 

spatial coordinates was placed within a single unit cell of the 334 TiO2 supercell. An H atom 

was then placed within an annular region centered on the O defect, with the O-H distance drawn 

from a Gaussian distribution and the orientation determined by a randomly selected angle. The 

defective supercells then underwent geometry relaxation to determine the corresponding energies. 

Figure 6 shows the four most stable dimer cluster configurations, and Figure S5a shows 

the corresponding formation energies. Dimer a exhibits exclusively donor behavior until it nears 

the conduction band edge, maintaining a constant charge state of 1+ for EF < 2.8 eV, whereafter it 

exhibits acceptor behavior with a charge state of 2–. Dimers b-d adopt various forms of a split 

geometry, which means that the two O atoms associated with a single lattice site form no chemical 

bond between each other. These isomers are 1– and 3– acceptors for EF > 0.8 eV but become 

neutral for EF lower in the bandgap. From the thermodynamic perspective of formation energies, 

dimer a is most stable for 0 < EF < 1.7 eV, and dimer b dominates for EF > 1.7 eV. Dimers c and d 

are never the most stable species; c and d formation energies are 0.5-0.6 eV larger than that of b 

throughout the entire band gap. From the kinetic perspective, the situation could differ as detailed 

in the Discussion.  Notably, the H atoms in dimers b and c bond directly to one of the O atoms 
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comprising the defect’s Oi “core.” In dimers a and b, the H atom forms the strongest bond to O 

atoms neighboring the defect core. 

For trimer clusters of interstitials having stoichiometry Oi-(Hi)2, the DFT calculations again 

identified several isomers. Figure 7 shows the five most stable configurations, and Figure S5b 

shows the corresponding formation energies. Trimers a, d and e are donors, with a and d 

maintaining 2+ charge for all EF and e maintaining 1+. Trimer c is neutral for all EF up to 2.8 eV, 

whereafter it transitions through charge states 2–, 3–, 4–, and 5– for EF > 2.8 eV. Trimer b is

Figure 6. Geometries of the four most stable dimers Oi-Hi. Blue, white and red spheres respectively 
represent Ti, lattice O and H. Green signifies the “extra” O in the core O interstitial. 

neutral for EF < 1.0 eV, a 2– acceptor for 1.0 < EF < 2.8 eV and transitions through charge states 

1–, 2–, 3–, 4–, and 5– for EF > 2.8 eV.  As with dimers, the geometries of these trimers remain 

largely unchanged regardless of their charge state. From a thermodynamic perspective of 

formation energies, dimer a is most stable for 0 < EF < 2.0 eV. Trimer c dominates for a narrow 
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range 2.0 < EF < 2.5 eV and trimer b dominates for EF > 2.5 eV, Trimers d and e are never the most 

stable species. The connection between stability and bonding of H differs from that of dimers. For 

trimers, only a has no H atoms bonded directly to the O atoms in the core Oi defect. In d and e, one 

H atom bonds to the core defect, while in b and c, both H atoms bond to core O atoms.

As noted in the Methods section, H and to a lesser extent O were not fully in contact with 

an external reservoir of the corresponding elements. Under such kinetically limited conditions, it 

is more appropriate to gauge the propensity to form dimer and trimer species via their reaction 

energies (Erxn) with respect to the reactants Oi and Hi. Exothermic reactions with Erxn < 0 are 

more likely to occur than endothermic reactions.

Figure 7. Geometries of the five most stable trimers Oi-(Hi)2. Blue, white and red spheres 
respectively represent Ti, lattice O and H. Green signifies the “extra” O in the core O interstitial.  

Accordingly, Figure 8 shows Erxn vs EF for the dimers and trimers described above 

exhibiting the most negative values of Erxn. The details of the plots are complicated, but the high-
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level conclusion is that, over the entire range of EF, at least one dimer and one trimer exist for 

which formation from Oi and Hi is exothermic. For completeness, Figures S6a and S6b depict Erxn 

vs EF for all dimers and trimers, respectively. 

4. DISCUSSION

Most literature describing the effects of photostimulation on defect-mediated diffusion 

focuses on the formation energies of mobile charged defects.27,86,87 Photogenerated minority 

carriers affect these energies, which propagate into mobile defect concentrations and the 

corresponding effective diffusivities. The effects on hopping are usually not considered unless the 

dominant charge state changes (and thereby the relevant hopping barrier)88,89 or direct conversion 

of electronic to vibrational energy at the defect induces hopping.8 However, thermodynamic 
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Figure 8. Reaction energies of selected interstitial dimers and trimers that form exothermically 
from their constituent point defects over most of the range of EF. Identity of the most exothermic 
isomer varies with EF and is traced with dashed lines.

formation energies have little relevance in the present kinetically limited system. Effects of 

interstitial hopping and clustering are more important.

 The lack of knowledge about interstitial cluster formation in oxides near room temperature 

probably reflects their substantial mobility,13,90 which enables their rapid capture by bulk traps or 

surfaces. Interstitial clustering behavior near room temperature has started to attract attention only 

recently, and mainly in Si-based systems9 where illumination exerts noticeable effects. 

An important experimental complication compounds the lack of knowledge; super-

bandgap illumination is absorbed and ultimately converted into heat. Thus, illumination may 

simultaneously induce both thermal and nonthermal effects that are difficult to disaggregate.89 

Keeping the illumination intensity low minimizes such effects, and an important aspect of the 

present data rules out this complication here. The effective activation energy of F18 is higher than 

that of 2, implying that F18 has a stronger temperature dependence. Yet 2 in Table 1 shows a 

greater fractional increase in response to UV than F18. Heating alone would result in F18 exhibiting 

the larger fractional increase. 

4.1 Response of the profile metrics to UV

Figures 3 and 4 show that F18, 1 and 2 all change in different ways in response to applied 

bias, t and UV illumination. These trends all point to differences in the primary governing 

mechanism for each metric. 
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Little theory exists for 1, which contains 18O that has diffused from the “valley” region of 

isotopic fractionation.22  However, the 1 region is much closer to the surface than the 2 region. 

Therefore, the 1 develops sooner than the 2 region, and the concentration of Oi at any given time 

is higher. For these reasons, the 1 region responds less to trapping effects than the 2 region.  If 

trapping effects are weak, the normalized metric 1/F18
m depends primarily upon the diffusivity D. 

As mentioned above, there is precedent for super-bandgap illumination to affect the interstitial 

hopping barrier88,89 due to a change in the majority charge state. However, this effect seems to be 

either small or nonexistent here, both with and without applied bias. 

In contrast, 2 samples a region far deeper in the solid, which is exposed to lower 

concentrations of Oi for shorter times. A metric measured in this region is more sensitive to the 

effects of small concentrations of saturable Oi traps. D probably affects 2, but photostimulated 

effects on D appear to be negligible. With possible effects of UV on F18 removed from the 

normalized variable, the evidence points to significant changes in 2 due to UV, corresponding to 

modified Oi capture by traps.  

F18 contains primarily surface rate parameters as well as the coverage of injectable O, 

which is presumably set by liquid-surface interactions. As mentioned in the Methods, the 

application of bias may remove dissolved impurities that poison injection sites with high activity.  

Also, the electrodes and associated wiring may unintentionally introduce to the liquid small 

amounts of impurities such as Na. Ions of Na have recently been shown91 to shed their hydration 

shell and bond directly to TiO2(110), thereby setting up very strong electric fields (108 V/cm) that 

could influence the injection of charged species such as Oi.
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Although surface kinetic parameters dominate F18, it also contains D via the surface 

annihilation rate. Thus, UV can affect F18 directly via the surface rate parameters and indirectly 

via D. Here, however, UV exerts little if any influence on D.     

Without applied bias, UV increases F18 (Figure 2a), at the lower end of the temperature 

range. UV exerts little effect at 70 C, a finding consistent with the mixed statistical results (Mann-

Whitney and t-tests) discussed above with applied bias. This study cannot determine why UV 

increases F18 at lower temperatures, although removal of carbonaceous impurities by photo-

oxidation has been proposed to cause UV-induced increases in hydrophilicity on TiO2(110).92 A 

similar mechanism may clear Oi injection sites of carbonaceous poisons.

4.2 Properties of interstitial clusters

Oi and Hi are known to form clusters when both species are extrinsic to the semiconductor, 

as in Si.93 In metal oxides, progressive annealing measurements12 of 18O profiles after aqueous 

submersion of TiO2 and ZnO single crystals have suggested that families of (Oi)y-(Hi)x interstitial 

clusters immobilize Oi, but supporting computational evidence was lacking. The DFT calculations 

detailed in this work provide such evidence. 

Interstitial families of clusters exist for dopants in silicon, such as boron.94 In UO2, wherein 

the U cation and O anion have comparable sizes, “Willis clusters” containing multiple Oi atoms 

exist95 along with mixed interstitial clusters containing Oi and Hi.96 Thus, the identification of 

dimers and trimers containing Oi and Hi by the present calculations is not surprising. However, 

given the rarity of Oi in oxides not synthesized specifically to be hyperstoichiometric,97,98 the 

behavior of Oi-containing clusters in oxides remains little investigated.

Certain aspects of the behavior observed here are straightforward to rationalize. The 

dominant charge states of the most thermodynamically stable dimers often represent the sums of 

the dominant charge states of the constituent Oi and Hi. The geometry of the dimer Oi core 

Page 29 of 43 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

1/
20

26
 8

:0
3:

35
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5CP04013B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp04013b


30

(dumbbell or split) mimics that of the parent Oi reactant. For trimers, the same patterns also hold 

for the most thermodynamically stable species except in highly n-type material, for which a split 

acceptor trimer exists. Typically, the most thermodynamically stable dimers and trimers isomerize 

to different geometries when changing ionization states – much like Oi does.  

The dimer and trimer isomers differ considerably among themselves in geometry.  The 

interconversion barriers were not examined but could be considerable given the rearrangements 

involved.  Under kinetically controlled conditions near room temperature, thermodynamically 

unstable clusters may survive intact. The exothermicity of certain species in Figure 8 are not 

helpful for predicting such isomerization; some of the depicted reactions are very exothermic in p-

type material because the Oi reactant is very unstable thermodynamically under those conditions.  

4.3 Effects of interstitial clustering

Traps for Oi in as-received rutile TiO2 take several forms at submersion temperatures, 

including VO, extended defects, and families12,99,100 of small interstitial clusters. Hydrogen is 

ubiquitous in metal oxides101,102 as an adventitious impurity and forms complexes with various 

defects,102,103 including electron acceptors101 such as Oi. The wide range of activation barriers that 

characterizes dissociation of Oi traps in TiO2 suggests that the (Oi)x-(Hi)y family of clusters may 

include many members. One isomer of the dimer has been reported previously13 but the DFT 

results presented here show that several isomers of the dimer Oi-Hi and trimer Oi-(Hi)2 may also 

form exothermically from Oi and Hi. 

Hi may be produced if Oi replaces HO in the lattice via a standard lattice kickout reaction, 

which seems likely. Oi may also react with molecular H2 trapped in the lattice. H2 has not been 

positively identified in rutile, although H2 has been reported likely to exist in anatase.104 Assuming 
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H2 exists in rutile, reaction with Oi would presumably lead to either Oi-(Hi)2 or Oi-Hi plus free Hi. 

Clusters involving multiple Oi species may exist, but that possibility was not investigated here. 

Some of the available traps for Oi, such as VO and HO substituting for O in the lattice,79,83,105 

can be saturated if exposed to enough Oi. The ability of clusters with the general formula (Oi)x-

(Hi)y to saturate remains unclear because many family members have not yet been identified. 

Saturable traps for Oi affect the 2 region most strongly where isotopic label concentrations remain 

close to natural abundance near the leading edge of the tail. 

Smaller values of 2 imply more trapping. The correspondence suggests that in the absence 

of applied bias, UV increases the concentration of one or more small clusters containing O that 

absorb Oi. The effect is larger in the higher ranges of injection fluxes characteristic observed 

without bias. Candidate clusters include the Oi-Hi
- cluster as well as larger clusters of formula 

(Oi)y-(Hi)x for which Oi-Hi
- serves as a kinetic precursor.  

The primary cluster isomers identified in the DFT calculations exist in multiple charge 

states. This is probably also true of other isomers not yet identified. In the dark, the relative 

populations of the isomers and their charge states depend upon EF. Under illumination, both the 

isomeric makeup and the charge states change depend on the isomers’ and point defects’ 

interactions with excess minority carriers via cross sections for carrier capture, excited state 

lifetimes, and other factors. The isomeric makeup can change by several pathways. One or more 

isomers’ stability may increase or decrease due to altered charge state. The charge state of Oi or Hi 

may change, affecting the exothermicity of the formation reaction of one or more isomers.  The 

concentration of Hi may change because its rate of formation from HO or H2 may depend upon the 
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charge state of Oi or HO. In other words, illumination alters the rate constants for formation or 

dissociation of (Oi)y-(Hi)x or changes the concentration of the reactant Hi. Figure 9a and 9b depict 

these ideas schematically. 

Figure 9. Schematic depiction of the effects of UV illumination on interstitial clusters. Blue 
shading near the top of each panel represents the aqueous liquid.  The surface of the green-shaded 
solid injects Oi (grey spheres) into the solid (shown by black arrows in (a). Oi can then react (green 
arrows in (a) with Hi (red spheres) liberated from various forms of adventitious hydrogen already 
present in the solid to yield (Oi)y-(Hi)x dimers, trimers, and perhaps higher-order clusters. UV 
illumination (b) decreases 2 by increasing the concentration of cluster traps for Oi by directly 
stabilizing the clusters and/or facilitating Hi creation. Panel (b) illustrates both effects.  Application 
of potential bias (c) increases the rate of Oi injection. This increases the Oi concentration, which 
enables Oi to penetrate deeper, increasing 2. Faster injection also accelerates the evolution of 
cluster isomers (represented in (c) by an increase in the proportion of trimers to dimers). UV 
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illumination acts on one or more isomers in this changed population to decrease the concentration 
of cluster traps for Oi, thereby increasing 2 instead of decreasing it as in (b). 

With applied bias, F18 is larger than for any of the experiments without applied bias. The 

(Oi)y-(Hi)x clusters are therefore more evolved and have a different balance of stoichiometries. This 

evolution is clear from the lack of spreading in progressive annealing experiments up to 300 C, 

for which a great deal of spreading occurs when diffusion occurs without applied bias. The lack of 

measurable spreading implies that few clusters have dissociated to release the Oi required for 

spreading. Figure 9c illustrates this evolution schematically. The concentration of the preponderant 

cluster in this different population evidently decreases in response to UV illumination as depicted 

in Figure 9d, leading to behavior of 2 that is opposite to illumination without bias wherein the 

preponderant cluster concentration increases in response to UV.  

5. CONCLUSION  

This study combines simulations of Oi-Hi clusters by density functional theory (DFT) with 

self-diffusion measurements of 18O in submerged single-crystal rutile TiO2(110) illuminated by 

ultraviolet (UV) light. The simulations show that Oi-(Hi)x dimers and trimers exist in several stable 

isomers, and each has multiple charge states that can change upon illumination. The diffusion 

measurements indicate that UV affects the concentration of interstitial clusters containing Oi, 

which changes the characteristic decay length for penetration of 18O into the solid. Together, the 

simulations and experiments suggest that illumination alters the rate constants for formation or 

dissociation of (Oi)y-(Hi)x or changes the concentration of the reactant Hi. 

At a high level, this work introduces methods to facilitate kinetically dominated 

phenomena like strong isotopic fractionation by using submersion-created interstitials from oxide 
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surfaces at temperatures below 100 °C. An important step has been taken to solidify the idea that 

families of interstitial clusters such as (Oi)y-(Hi)x exist that can immobilize interstitials, and that 

coordination of temperature and illumination should enable their optimization for defect control.

SUPPLEMENTARY INFORMATION

SI Appendix details the following: summary method for determination of profile metrics; 

supplementary figures and tables.
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