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ABSTRACT: Initial synthesis of semiconducting oxides leaves behind poorly controlled
concentrations of unwanted atomic-scale defects that influence numerous electrical, optical, and
reactivity properties. We have discovered through self-diffusion measurements and first-
principles computations that poison-free oxide surfaces inject interstitial oxygen atoms into the

crystalline solid when simply contacted with liquid water near room temperature. These ads
: 4 : i U—o
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interstitials diffuse quickly to depths of 20 nm—2 pm and are likely to eliminate prominent (S X~ J
classes of unwanted defects or neutralize their action. The mild conditions of operation access a Vv

regime for oxide fabrication that relaxes important thermodynamic constraints that hamper o \ 0.
defect regulation by conventional methods at higher temperatures. The surface-based approach H A~ i
appears well-suited for use with nanoparticles, porous oxides, and thin films for applications in ™ ) solid

advanced electronics, renewable energy storage, photocatalysis, and photoelectrochemistry.
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B INTRODUCTION

The lessened chemical coordination present at solid surfaces
compared to that in the bulk facilitates the creation and
destruction™” of point defects such as interstitial atoms. Metal
oxides such as ZnO and TiO, are examples wherein clean™
surfaces create interstitials of oxygen (0,)°7 or the metal
cation (M,)*"'? from the corresponding adsorbed atoms with
energy barriers below roughly 1 eV. The atomic configurations
for interstitial injection resemble those for site hopping in the
bulk, with barriers only slightly higher.” The modest hopping
barriers of O; (Supporting Information Tables S1 and S2) and
M,;'" in oxides, coupled with those for injection, should enable
clean surfaces to populate the nearby bulk with interstitials
even near room temperature, as hinted recently for UO,."”
Such surprisingly low temperatures access a regime wherein
equilibrium concentrations of native defects become vanish-
ingly small, and kinetic rather than thermodynamic effects
dominate the defect behavior. Hyperdoping of silicon above
the solubility limit illustrates the benefits of kinetic
dominance,** although the possibilities for wielding such
kinetic tools for defect manipulation near room temperature
have not been recognized.

For O; injection into oxides, post-synthesis elimination of
unwanted defects becomes possible, or compensation of their
action as donors or acceptors. Realizing these possibilities
requires generating injectable adsorbates, however. O, gas
dissociation into adsorbed O often requires temperatures
above 500 °C,>° for example. By contrast, man}r oxides are
known to dissociate H,O at room temperature. * Published
studies'*"” show consistently that dissociation proceeds only
partially, with the most stable adsorbed products being H and
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OH. However, experimental studies have usually employed a
vacuum environment or have used methods that would
struggle to detect adsorbed O as a minor product. First-
principles computations have focused on the most stable
products or have not included explicit adsorbate—solvent
interactions that could produce adsorbed O as a secondary
product. Thus, complete water dissociation remains a
possibility. Even as a side reaction, realization of this possibility
with suitably cleaned oxides would enable access to the low
temperature regime by simple immersion in water. Shifting the
fluid phase from gas to liquid would simplify material
fabrication and enable possible rate enhancements due to pH
or electrochemical potentials.

Here, we show by isotopic self-diffusion measurements
combined with first-principles calculations using the density
functional theory (DFT) that poison-free oxide surfaces do
indeed inject O; when contacted with liquid water near room
temperature. For single-crystal oxides of zinc, titanium, and
gallium, O; penetrates to depths ranging between 20 nm and 2
um. This O, almost certainly eliminates oxygen vacancies (V)
within the penetration depth and may form complexes with
hydrogen interstitials (H;) that neutralize their action as
adventitious donors. The results point the way toward broad
applications in nanostructures, thin films, and porous materials.
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B METHODS

Experiments. We employed isotopic self-diffusion experiments to
monitor defect behavior indirectly.'® The oxide is exposed to a fluid
containing isotopically labeled O that enters the solid and undergoes
defect-mediated diffusion. In our work, ubiquitous adsorbates that
poison O; injection were first removed, followed by exposing single-
crystal metal oxide specimens to liquid H,'®O at 30—80 °C. Depth
profiles of 80 were measured afterward by secondary ion mass
spectrometry (SIMS).

Specimen Preparation. All ZnO, TiO,, and Ga,O; specimens
were single crystals and polished on one side. Undoped wurtzite ZnO
(GmbH) was cut to 5—10 mm X $ mm X 0.5 mm. Undoped rutile
TiO,(110) (MTI Corp.) was cut to S—10 mm X S mm X 0.5 mm. -
Ga,05(201) (Novel Crystal Technology, Inc.) with Sn doping at 1.4
X 10" cm™ was cut to 10 mm X 5 mm X 0.65 mm. Atomic force
microscopy indicated that all oxides had a surface roughness of <S A.

To remove surface poisons that inhibit O creation,™® some
specimens of ZnO(0001) and TiO,(110) were treated with liquid
solutions. For ZnO, the procedure employed 10% hydrogen peroxide
for 20 min at 80 °C. For TiO,, the procedure employed a solution of
30% NH,OH and H,O mixed in a 1:2 ratio for 40 min at 25 °C.

All other specimens (including Ga, 05, for which a liquid treatment
has not yet been optimized) underwent high-temperature annealing in
low-pressure natural-abundance O, gas (99.995%) for 4 h in an
ultrahigh vacuum (UHV)-compatible apparatus described elsewhere.’
These specimens were first degreased by successive 10 min ultrasonic
baths in reagent-grade acetone, isopropanol, ethanol, and methanol.
Annealing followed, with the pressures of O, and temperatures being
1 X 107 Torr and 500 °C for ZnO, 5 X 107 Torr and 450 °C for
TiO,, and 1 X 107* Torr and 550 °C for Ga,Os, respectively. For
ZnO and TiO,, wherever direct comparisons between the two
procedures were possible, the vacuum and wet etching approaches
yielded similar values for the net injection flux F and mean diffusion
length 4, including the temperature dependences.

Isotopic Self-Diffusion and Profile Measurement. Isotopic
self-diffusion using liquid water employed a custom-designed
apparatus wherein single crystals were immersed in 5 mL of '*O-
labeled water H,'O (10 atomic % '®O, Sigma-Aldrich) at
temperatures ranging between 30 and 80 °C for 1 h in a laboratory
air environment. The incorporated '*O concentration profiles were
measured by ex situ time-of-flight secondary ion mass spectrometry
(TOF-SIMS, PHI-TRIFT III instrument) employing a Cs ion beam
source operating at 3 keV, with baseline concentrations checked
against known isotopic fractions. In many cases, multiple profiles were
measured at up to three different places on a specimen’s surface.

Profile metrics were obtained using an analytical mesoscale
approach based upon profile-by-profile determination of the slopes
and intercepts in semi-logarithmic plots.'” The approach employs
coupled partial differential equations to describe the time evolution of
the mobile and stationary forms of the isotopic label. Few
assumptions are made about the kinetic mechanisms at play except
that the diffusion of the label occurs via a rapidly mobile intermediate
(such as O;) that is permanently sequestered by a single trapping
event. For an open system where a new label enters the solid at the
surface, solution of the differential equations yields profiles having
exponential shapes at short times whose details depend upon
parameters representing composites of elementary-step rate constants.
Profiles are fitted by

C-C, F x
In] — =1In = t| - —

[Co - CO] [MCO — Col ] A (1
where C is the measured concentration of ‘80, C, is the natural
abundance concentration of *0, CJ denotes the total concentration
of the lattice sites capable of exchanging with O;, t is the diffusion
time, and x is the spatial coordinate with x = 0 referring to the surface.
The profile slope yields A, while the intercept yields F. These two
composite parameters yield a third useful profile metric, the effective

diffusivity D,g.

The model assumes that only one sequestration event occurs for
each O; during the experiment. The validity of this assumption
depends upon whether or not the principal sequestration site can be
saturated (e.g, a vacancy vs a dislocation) and the concentration of
such sites. However, the values of F obtained by this model match
within the experimental error the values obtained independently by
integrating the areas under the profiles and assuming a constant flux.
The parameter A retains utility as a phenomenological profile metric
regardless of physical interpretation.

O; has appreciable mobility even at room temperature. This
mobility, together with the stability of diffused profiles toward long-
term storage near 25 °C, indicates that any O; present after the
injection ends soon disappears by bulk trapping or diffusion back to
the surface.

Because the water was only 10% isotopically pure in 'O,
computation of the net injection flux F included a factor of 10 to
represent the total injected flux of both isotopes. D, is a
phenomenological parameter that does not equal the tracer diffusivity
(as it does in prior gas exchange experiments®) because at these low
temperatures, the solids are far from equilibrium.

For Ga,03, we applied the analysis at depths below about 20 nm.
The deviations from linearity shallower than 20 nm could result from
near-surface band bending and its associated electric field, which
exerts a drift force on the (—2) charged interstitials that can lead to
pile-up.”® The clean surface of f-Ga,0,(201) in vacuum exhibits band
bending that varies considerably with treatment protocols but has
been measured at 0.26 eV,”! which leads to a space-charge width of
about 7 nm that is broadly consistent with this picture. Such effects do
not affect determination of F or A deeper in the bulk.”’

Computations Using DFT. Model for the Oxide Solids and
Their Surfaces. DFT calculations employed the Vienna ab initio
simulation package (VASP)** with the Perdew—Burke—Enzerhof
(PBE) exchange—correlation functional”® and the projector aug-
mented wave method.* The Kohn—Sham wavefunctions were
expanded using a plane wave basis set with plane wave energy cutoff
of 520—530 eV. Monkhorst—Pack k-point sampling of the first
Brillouin zone was adjusted to the size of slab supercells of
Zn0(1010), TiO,(110), and Ga,0,(201) to ensure convergence of
total energies to the number of significant figures shown.”® Geometry
optimization was carried out until the forces on all atoms dropped
below a threshold of 0.01 eV A™". The climbing image nudged elastic
band (NEB) method™ yielded activation barriers, with ionic
coordinates relaxed until the residual force fell below 0.1 eV A7
The spring constant was set to —5 eV A™". Prior publications have
detailed other specifications for surface models of ZnO® and TiO,;*
the same procedures were employed here.

For f-Ga,0;, the computed bulk lattice constants were 12.5, 3.1,
and 5.8 A in the monoclinic structure. Figure S1 shows atomic
geometries in the bulk (a) and on the surface (b), along with
conventional atom labeling conventions. These values lie close to the
published computational®” and experimental®® work. The PBE band
gap was 2.57 eV, which falls well below the corresponding
experimental value of 4.9 eV.”® However, such underestimation is
well-known for the PBE method, and the present result lies close to
that from another PBE work.”> For O, defect formation and bulk
hopping, we used a 1 X 4 X 2 supercell including 160 atoms (64 Ga
atoms and 96 O atoms). The bulk hopping barrier along the
Ga,0,(201) direction from a bulk calculation (periodic boundary
conditions in all three spatial dimensions) was 0.82 eV. For surface
models, the cleaved (201) termination was based upon that used in
ref 29. The slab dimensions were set to 12.4 and 9.0 A for the (2 X 2)
plane and 18.0 A for the depth. The vacuum space was set to 20 A to
minimize artificial interactions arising from periodic boundaries. To
allow for charging of O; that forms O~ in the Ga,0;(201) slab, we
placed two Si atoms as shallow donors on the backside of the slab
because the use of Vo, as in a previous work,’ yielded a deep
electronic state originating from the wider band gap for Ga,0; We
fixed the two backmost layers, including the Si donors, and relaxed all
other atomic coordinates. This procedure avoided complications due
to artificial relaxations of the Si atoms.

https://doi.org/10.1021/acsami.2c07672
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For O,—H; complexes in ZnO and TiO,, calculations employed the
PBE + U method (Dudarev method)* for 3d electron corrections to
the metallic elements in both ZnO (U = 6) and TiO, (Ug = S).
Other publications have detailed specifications of our supercell
models for ZnO® and TiO,*' To confirm the method’s reliability,
defect energies and ionization levels for O;,—H; in ZnO and TiO, were
compared to that of HSE06. At the same chemical potentials, PBE +
U and HSE06 showed comparable defect states.

Model for Adsorption of Water on the Oxides. For all oxides,
we designed 2 X 2 surface slabs with water and or dissociation
products saturating the surfaces. For ZnO and TiO,, adsorption
geometries containing pure molecular and partially dissociated water
have similar energies. We therefore investigated both possibilities in
connection with O injection. For Ga,O; we found that the most
stable surface state involves partial water dissociation, so we
investigated only that case. For all oxides, we used a 1 X 2 portion
of each slab to depict O injection, with the remaining 1 X 2 portion
simply supporting molecular water and (if relevant) its dissociation
products. Figures 1 and S2 illustrate the surface geometry for each

Molecular H,O

Dissociated H,0

Figure 1. Adsorbate configurations for injectable O (circle) in the
absence of co-adsorbed water but in the presence of co-adsorbed
molecular and partially dissociated water for (a,b) ZnO(1010), (c,d)
Ti0,(110), and (e) Ga,0,(201) on a different row. For ZnO and
Ga,0;, the adsorbed O forms a neutral dumbbell structure under the
experimental conditions. For TiO,, the structure is a surface split
species charged —2.

oxide that incorporates both the portion containing injectable O and
the comparatively unperturbed portion, including cases where that
latter portion incorporates water that is purely molecular or partially
dissociated.

Injection of O begins with an isolated O atom formed by
dissociation of either H,O or OH. The geometric configuration of this
adsorbed, injectable O varies according to its charge state. At the
Fermi energies of interest in this work, we found that adsorbed O
adopts a neutral dumbbell configuration on ZnO(1010)° and
Ga,0,(201) and a —2 split configuration on TiO,(110).° For these
configurations, periodic boundary conditions constrain the co-
adsorbate along a metal row to be identical on either side of the
injectable O. Permutations of mixed co-adsorbates, such as H,O on
one side and OH on the other, require investigation of many more
possibilities with much larger unit cells and were not attempted as few
additional insights would be obtained.

To examine the effects of co-adsorbed water, we populated
adjoining sites along the same metal rows with water or whichever
decomposition products could exist stably there—H,0O, OH, or O.
Energy barriers for O; creation with these permutations were
compared with each other and with no co-adsorbate at all. These
calculations incorporate the effects of water only via co-adsorption
and do not account explicitly for solvation effects introduced by the
liquid.*

Figures 1 and S2 show possible atomic configurations for adsorbed
O for ZnO, TiO,, and Ga,0;, focusing only on the (1 X 2) portion of
the computational slab containing injectable O. The figure’s sub-
panels depict injectable O with co-adsorption of H,0, OH, and O
along the same row or with no other adsorbate in that row. In
particular, Figure S2a,e,i shows the injectable O co-adsorbed with
molecular H,O. Figure S2b,f,j shows the injectable O with OH. Figure
S2¢,gk shows the injectable O with a second adsorbed O atom.
Figure S2d,h,] shows the injectable O with no adsorbates in the same
row.

Previous experimental and computational studies™ *° agree that
nonpolar ZnO and TiO, surfaces can support not only molecular
H,O but also its primary dissociation products OH and H. In fact, the
energy difference between monolayer concentrations of adsorbed
H,0 and of H,0/OH/H mixtures falls below 0.1 eV for both
Zn0(1010)*” and TiO,(110)."”*® For both surfaces, we considered 1
monolayer (ML) concentrations of H,O that is either molecular or
partially dissociated. In the latter case, half the adsorbate comprises
H,0, and the other half comprises equal concentrations of OH and
H. Our calculations for the molecular and partially dissociated
configurations yielded energy differences of only 0.01 eV for
ZnO(1010) and 0.06 eV for TiO,(110), in alignment with the
existing literature.'”?”3*

We also examined various combinations of molecular and
dissociated H,O on f-Ga,0,(201). Our calculations identified 1
ML of total adsorption as the most favorable. However, the partly
dissociated form dominates, with 0.25 ML undissociated and 0.75 ML
dissociated into H and OH (Figure S3). This finding aligns broadly
with the existing DFT literature for water adsorption on p-
Ga,0,(201), which reports facile adsorption of both fully molecular
and fully dissociated forms.”> However, co-adsorbed molecular and
dissociated forms were not considered.

B RESULTS

Self-Diffusion Experiments. Figure 2a,c,e shows example
diffusion profiles for wurtzite ZnO(1010), rutile TiO,(110),
and monoclinic $-Ga,05(201). All three surfaces are nonpolar.
At the highest temperatures, 'O from the water reaches
depths of up to 20 nm for ZnO and 70 nm for TiO,. For
Ga,0;, the profiles extend much deeper and lie above the
natural-abundance baseline level of 0.2% everywhere within the
sampled depth of 110 nm. After self-diffusion, specimens
stored in air for many months at room temperature exhibit no
further profile evolution. Control experiments omitting the
removal of surface poisons show much less isotope penetration
(Supporting Information Figure S4).

Experiments using deuterium-labeled water with natural-
abundance O revealed no measurable entry of either '*0 or D
into any of the oxides. The lack of excess 'O indicates that
H,O is the dominant source of labeled O. The lack of D
implies that water dissociates completely to create adsorbed O
that subsequently enters the solid.

Figure 2b,d,f shows the profiles plotted in the normalized
form of eq 1 for determining key metrics including the net O;
injection flux F and the mean diffusion length A. Figure 3
shows F and /A in the Arrhenius form for all three oxides, as
well as the effective diffusivity D & = FA.> For ZnO and TiO,, F
lies mostly between 10" and 10'* cm™ s™', which at the upper
end is equivalent to ~107> monolayer s™'. For Ga,Os, the
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Figure 2. Example isotopic '*O concentration profiles measured for (a) ZnO(1010), (c) TiO,(110), and (e) Ga,05(201) as a function of depth.
The same profiles after normalization appear in (b), (d), and (f). Diffusion time is 1 h. The dashed lines show linear least squares fits to the
normalized profiles. Ga,O; profiles were fitted using points deeper than 20 nm.

corresponding values lie about an order of magnitude higher,
and 4 is 2 orders of magnitude larger at 2000 nm compared to
values near 9 nm for ZnO and 15 nm for TiO,. For ZnO,
Figures 3 and SS (Supporting Information) compare several
crystallographic orientations of the surface, including the
nonpolar (1010) and polar Zn term (0001) and O term
(0001). These orientations manifest no major differences in
the overall magnitude of A and only a factor of three in F.
Table 1 summarizes the activation energies for F, 1, and D¢
measured for all solids and crystallographic orientations
examined in this work.

DFT Calculations. We employed DFT together with the
climbing image NEB method”® to confirm that O; injects and
diffuses readily from -Ga,0;(201) in our temperature regime
and to learn whether co-adsorption of water alters the injection
barrier for any of the three oxides. The calculations focused on
nonpolar crystallographic orientations, for which complicated
surface reconstructions under water are the least likely. The
nonpolar surfaces of all three oxides comprise long rows of
metal atoms adjacent to parallel rows of O atoms. Our previous
work has shown for ZnO(1010) and TiO,(110)>° that in the
absence of water or co-adsorbed species, O atoms adsorb in
association with the metal rows. The present work (Supporting
Information) indicates a similar adsorption behavior for

34062

Ga,0,(201). The injection barrier is 0.86 eV, and the bulk
hopping barrier is 0.82 eV. These numbers both fall below
roughly 1 eV, and their ratio lies close to unity. The rate-
limiting step for injection exhibits an atomic geometry close to
that for site hopping. In these respects, 3-Ga,05(201) mimics
the corresponding behavior for ZnO(1010) and TiO,(110).
For all three surfaces, co-adsorption of water in either
molecular or dissociated form exerts little or no effect on the
injection barrier by the most likely pathway (Table 2).

Once O; forms at the surface and diffuses into the interior,
little or no energy barrier is likely to impede mutual
annihilation of O; and V. However, reactions of O; to form
complexes with other point defects in oxides are possible and
less understood. In particular, it is unclear whether O; might
react with hydrogen, which is ubiquitous in oxides’”*’ as an
adventitious impurity that forms complexes with other
defects*®*" including electron acceptors.”” We therefore
employed the NEB method for the example cases of O;
reacting with H; in ZnO and TiO,. Figure 4 shows activation
barrier diagrams and corresponding atomic geometries at key
points along the reaction coordinate to form the complex O;—
H,. In ZnO, we chose an example Fermi energy (Eg) of 2.6 eV
above the valence band maximum, corresponding to n-type
conditions where defect formation energies indicate that O;,
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Figure 3. Arrhenius plots of (a) F, (b) 4, and (c) D, for various oxide
surfaces. Boxes surround data points that Figure SS (Supporting
Information) also shows with an expanded vertical scale. Error bars
represent standard deviations of the parameter values measured at
three different places on a specimen’s surface.

H;, and O,—H,, respectively, exist in charge states of 0, +1, and
—1 (Figure S). In TiO,, we chose Eg = 2.9 eV where O, H,
and O;—H,, respectively, exist in charge states of —2, +1, and
—1 (Figure S). The calculations revealed barriers for the
association reaction of 0.2 and 0.3 eV for ZnO and TiO,,
respectively, while the corresponding barriers for the
dissociation reaction were 5.2 and 1.4 eV, respectively.

Table 2. Rate-Limiting DFT Barriers for O; Injection with
Water Co-adsorption

activation energy (eV)

Zn0(1010) TiO,(110) Ga,0,(201)

neighboring dissociated  molecular  dissociated  dissociated
adsorbate along row H,0 H,0 H,0 H,0
H,O 1.32 0.82 0.88 0.82
OH 2.01 0.82 0.88 0.82
(e} 1.09 0.82 0.88 091
none” 1.36 0.82 0.88 0.92

“An artificial configuration with adsorbates present in rows adjacent
to injecting O but not within the same row.

B DISCUSSION

Self-diffusion involving high-temperature O, gas exposure is
typically believed to entail near-equilibrium exchange of
isotopes between the solid and fluid. The comparatively low
temperatures of the present experiments are unlikely to permit
such a close approach to equilibrium, especially in the O;
trapping behavior. Nevertheless, the O-rich conditions of water
exposure”” evidently provide a driving force sufficient for O to
enter the solid, thereby leading to its slight oxidation.

A reduction reaction must exist to offset the solid’s
oxidation. Thermal desorption studies of H,O from these
oxide surfaces in UHV have been reported only for TiO, and
ZnO. TiO, shows desorption of only H,O as the major
product, even when partial dissociation occurs.”* For ZnO, H,
appears at most as a minor product.”’ Immersion in liquid
water creates an environment quite different from UHYV,
however. Moreover, SIMS profiles show no entry of H into any
of the solids, and maintaining specimen -electroneutrality
precludes the sustained release of H' into the liquid. These
observations suggest H, as the most likely reduction product.
No gas bubbles were observed during any of the injection
experiments. However, the stoichiometry of the redox reaction,
together with the observed injection rates of O, imply
production rates of H, falling at least an order of magnitude
below that needed to saturate the liquid and enable the
generation of visible bubbles.

The following sections discuss the likely diffusional mediator
for O, trapping reactions that drive oxidation and limit
penetration of O into the solid, and implications for defect
engineering.

Identification of Mobile Species. Scrambling of oxygen
isotopes between adsorbed water and the first layer of oxygen
near room temperature is known for several oxides.'>*’
However, penetration of '*O further into a single-crystal
solid requires a mediating defect. In ZnO, TiO,, and many
other oxides, V5 dominates the diffusive behavior of O under
typical conditions with surfaces unintentionally passivated
against O; creation by ubiquitous adsorbed contaminants.

Table 1. Measured Activation Energies for F, 4, and D of O;

activation energy (eV)

Zn0(0001) ZnO(0001)
F 0.13 + 0.07 0.15 + 0.02
y) 0.15 + 0.08 0.10 + 0.04
Dt 029 + 0.14 0.25 + 0.06

“Nonpolar surface.

34063

Zn0(1010)“ TiO,(110)“ Ga,0,(201)“
0.18 + 0.10 0.31 + 0.06 0.16 + 0.12
0.01 + 0.03 0.09 + 0.05 0.17 + 0.11
0.18 + 0.12 0.40 + 0.09 0.33 + 0.12
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Figure 4. Activation barrier diagrams (a) with corresponding
geometries (i—vi) at key points along the reaction coordinate for
the reaction between O; and H; in bulk TiO, and ZnO. Rightward
movement along the reaction coordinate corresponds to the
association of O; and Hj; leftward movement corresponds to the
dissociation of the complex. In (i—iii) for TiO, (Ez = 2.9 eV), blue
and red spheres designate titanium and lattice oxygen atoms,
respectively. In (iv—vi) for ZnO (E; = 2.6 eV), gray and red spheres
designate zinc and lattice oxygen atoms, respectively. For both oxides,
green spheres designate key participating O atoms, and small white
spheres designate H atoms. For both oxides, the H atom remains in
the formal +1 charge state throughout the association process. For
TiO,, the O atom remains in the formal —2 state. For ZnO, however,
the O atom remains neutral through the transition state (v) and then
absorbs two electrons from the solid to become formally (—2) while
formation of the complex moves to completion.

However, poison-free TiO, and ZnO exposed to O, gas at
500—800 °C exhibit diffusion mediation by O, based on
evidence from several sources. First-principles computations by
DFT indicate that O; has lower formation energies and
hopping barriers than Vg, under O-rich conditions.>*"~** The
empirically measured activation energies for self-diffusion lie
far below those for mediation by V,, and the diffusivities are
orders of magnitude higher.”” The O; hopping barriers and
injection barriers from DFT calculations agree with those from
experimentally based microkinetic models of self-diffusion.”®
For ZnO, crystal color changes add to the evidence for O;.”
Several related arguments can be made for the three oxides
examined here. O; formation energies remain lower than those
for V, with water supplying the needed O-rich conditions.*”
Although no microkinetic models were developed for the
present work and penetration depths were too shallow to
manifest crystal color changes, V5 may be excluded through

transport arguments based on mean square displacement, the
onset temperature where diffusion becomes observable and the
values of the effective diffusivities. The following paragraphs
detail these arguments.

Barrier heights for hopping of O; versus V, for these oxides
(Supporting Information Table S1) enable the experimental
observation of Oj-mediated diffusion near room temperature
but preclude it for Vo. An estimate for observability in SIMS
comes from the random-walk mean squared displacement x*
during time t with hopping diffusivity D, which obeys X =
6Dyqpt. Among the oxides considered here, the lowest hopping
barrier for Vi, (averaged from the literature for each oxide) is
1.15 eV for TiO,, with respective values of 1.2 and 1.5 eV for
Ga,0; and ZnO. The highest for O; is 0.95 eV for ZnO, with
respective values of 0.47 and 0.72 eV for Ga,0; and TiO,. We
assume a hopping pre-exponential factor of 0.01 cm?/s for
both O; and V,.*” Estimates of the mean squared displacement
using the lowest barrier for V5 and the highest barrier for O;
deliberately biases the estimates in favor of V. Nevertheless,
the expression for mean squared displacement at 30 °C leads
to x = 7 nm for O; but only 0.2 nm for V. The latter value is
too small for SIMS to detect. However, the observed diffusion
lengths of S nm are close to the displacement predicted for O,.
These estimates therefore point emphatically to O; as the more
likely mediator.

Published annealing temperatures at which self-diffusion
mediated by V, becomes readily observable also argue against
its participation here. Published compilations report that
minimum temperatures for the onset of diffusion mediated by
Vo lie near 850 °C for Zn0,” 600 °C for Ti02,3 and 800 °C for
Ga,0;*°—all vastly exceeding the temperatures used here.

Examination of the effective diffusivity D g for Vo-mediated
self-diffusion in ZnO and TiO, complements this approach.
D, incorporates interactions of Vg with other defects’ and
requires extrapolation down to 30—80 °C based on published
values for the empirically measured activation energies. Figure
6 shows that such extrapolation yields values of D¢ lying many
orders of magnitude below those observed here, even after
accounting for experimental uncertainties in the high-temper-
ature results.

The oxides exhibit diverse creation mechanisms for O, at the
surface, with notable variations in both defect charging and
rate-determining step. Nevertheless, all mechanisms share the
important feature that the configuration of injectable oxygen
resembles a distorted analogue of bulk O;. Moreover, the rate-
limiting steps for O; creation involve geometries that vary only
modestly from the corresponding steps for bulk hopping and
have barriers only slightly larger (<0.2 eV). Importantly,
neither H,O nor its dissociation products appreciably change
the adsorption configurations of atomic O.

O, Trapping. Solid-state reactions between O; and various
traps limit the depth to which O; can penetrate the solid. Vo
contributes to this trapping in the present experiments as Vg
exists at the outset, and the reaction is likely to have little to no
energy barrier. By contrast, trapping by V, plays no role in self-
diffusion measurements with clean surfaces at high temper-
atures because the usual pre-annealing steps in O, remove V
via the reaction with O;. Native™ or extrinsic*’ point defects
and extended defects’ may play trapping roles that depend
upon the oxide’s identity and fabrication history. The
computed barriers for O;—H; formation and dissociation
suggest that this complex can play a role in the present
experiments. Complexation of O; has been considered
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Figure S. Defect formation energies in ZnO and TiO,. (a) and (b), respectively, show in ZnO and TiO, the defect formation energy for O; (blue),
H;(red), and the O,—H; defect complex (green) at S0 °C and 1 atm. Integer labels correspond to the charge of the dominant charge states.
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Figure 6. Comparison of D 4 between O, gas and liquid water. D
computed from the *O diffusion profiles measured for (a) TiO,(110)
and (b) ZnO(1010), ZnO(0001), and ZnO(0001). Blue triangles, red
diamonds, green circles, and purple squares, respectively, correspond
to TiO,(110), ZnO(1010), ZnO(0001), and ZnO(0001). Data under
O, for TiO, were adapted from refs 62—636465 and for ZnO from
refs 66—67686970. Dashed lines represent composite averages for the
gas data, with average activation energies of 4.0 eV for ZnO’ and 2.4
eV for TiO,> D, extrapolated to 30—80 °C lies many orders of
magnitude below the liquid values, falling well below the horizontal
axes.

previously only in niche oxide systems such as UO,® wherein
the metal cation and O anion have comparable sizes. The
forward barriers shown in the Results section are low enough
for association to occur readily at the experimental temper-
atures, while the reverse barriers are high enough to prevent
dissociation of O,—H;.

In general, formation energies for charged defects vary with
Eg. Figure S shows the charge states of O;, H;, and O;—H; as a
function of Eg in both ZnO and TiO,. When the initial or final
states involve charged species, the forward or reverse barriers
will respectively change with Ep due to changes in the
formation energies. Band gaps of semiconducting oxides widen
considerably as the temperature drops from typical annealing
temperatures to room temperature, and the chemical potential
of oxygen changes as well due to heat capacity effects. The
windows in Ep over which various charge states are stable
widen or narrow accordingly. For example, comparison of the
formation energy diagrams for O; in Figure S and ref 31 shows
that the window for neutral O; in TiO, becomes much wider as
the temperature decreases. For trapping sites that contribute
appreciably to the carrier concentration, the reaction with
injected O; as it diffuses in will induce spatial and temporal
variations in Ep. A full exposition of such a behavior lies
beyond the scope of this paper, even for a single trap such as
H;. However, the DFT results suffice to suggest important
kinetic roles for such traps, both for interpreting self-diffusion
profiles and for defect engineering more generally.

In the present work, O; penetration depths extend to 2 ym
in Ga,O; but only 10—15 nm in ZnO and TiO,. The
penetration depths in the latter two cases lie far below the
corresponding 1—10 ym depths observed above 500 °C.>*~ It
remains indeterminate at this stage whether higher temper-
atures serve to dissociate complexes having modest energies or
instead cause those traps to diffuse out of the solid.

Prospects for Increasing Injection Rates and Pene-
tration Depths. F equals the mathematical difference
between the rates of O; creation and annihilation.” DFT
activation barriers for nonpolar surfaces that create O; are 1.19
eV for ZnO,’ 0.82 eV for TiO,,” and 0.86 €V for Ga,0; (this
work) and appear little-affected by co-adsorption of water.
These barriers substantially exceed the measured activation
energies for F of 0.15—0.3 eV. Since DFT calculations have
proven capable of matching injection barriers from exper-
imentally derived mesoscale models,™ the observed mismatch
between injection barriers derived from DFT and the
activation energies for F suggest that kinetic steps upstream
of O; injection limit the observed rates.

It follows that the rate-limiting steps act to limit the
concentration of adsorbed O. Generation of adsorbed O
entails complete deprotonation of water. As mentioned earlier,
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dissociation of water into H and OH occurs readily on most
oxides, implying that the rate-limiting step for injection
involves removal of the second hydrogen. Use of the liquid
state opens the way toward accomplishing this purpose
through variation of pH to accelerate complete deprotonation,
or application of electrochemical potentials. Such approaches
are not readily available to common techniques for defect
manipulation,” ~>* which rely upon introduction of foreign
elements or mechanical strain during synthesis, optimization of
temperature trajectory during or after synthesis, or high-
temperature exposure to gases.

Increases in the injection rate may indirectly serve to
increase the penetration depth as well. Sufficiently fast
injection could saturate the traps so that increasing F also
increases A. Saturation would presumably begin near the
surface and progress deeper over time.

Implications for Defect Engineering. Injection of O; at
modest temperatures from liquids opens new technological
horizons. O; injection could aid in the compensation of
extrinsic defects, especially those that act as electron donors*'
such as H, as we have seen. The reaction with V4 could also be
beneficial as V influences material properties such as electrical
conductivity,** ferromagnetism,”® superconductivity,® charge
carrier lifetimes,”” and chemical reactivity.”” V forms readily
during synthesis or heating™ at highly variable concen-
trations™ that depend sensitively upon fabrication history.*’
Methods abound to foster Vo formation,”” but many
applications would benefit from V elimination or fine-tuning,
including photocatalysis,57 photoelectrochemistry,57 renewable
energyugroduction and storage,”’ and advanced elec-
tronics.”>*” Diminishment of V, typically employs exposure
to oxidizing gases at high temperatures that enable not only
helpful V,, diffusion to the surface but also harmful solid-state
side reactions that form undesirable but thermodynamically
stable defects.”’ Injection of O; by immersion in water could
remove unwanted Vg, with kinetics that circumvent defect-
generating side reactions. Use of O; for these purposes is best
suited to solid geometries having surfaces nearby, including
nanoparticles, porous oxides, and thin films.

B CONCLUSIONS

We have shown that poison-free oxide surfaces inject O; when
contacted with liquid water near room temperature. For single-
crystal oxides of zinc, titanium, and gallium, O; penetrates to
depths ranging between 20 nm and 2 pym. Such surprisingly
low temperature accesses a regime wherein equilibrium
concentrations of native defects become vanishingly small,
and kinetic rather than thermodynamic effects dominate the
defect behavior. The possibilities for wielding such kinetic
tools for defect manipulation near room temperature have not
been recognized. Despite variations in the mechanistic details
of injection among the three oxides examined, in all cases, O;
creation requires (1) removal of ubiquitous monolayer-level
surface poisons and (2) breakage of strong bonds between
adsorbed O atoms and anything other than the surface. This
commonality arises because the atomic geometries and energy
barriers of O; injection resemble those for bulk site hopping.
This O; almost certainly eliminates V, within the penetration
depth and may form complexes with hydrogen interstitials (H;)
that neutralize their action as adventitious donors. Such post-
synthesis regulation of V5 and other defects by injected O;
would be most suited for use in nanoparticles, porous oxides,

and thin films for possible applications in electronics, energy
storage, photocatalysis, and photoelectrochemistry.
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