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ABSTRACT: Oxygen vacancy is a common defect in metal oxides that causes appreciable
damage to material properties and performance. Removing bulk defects of oxygen vacancy
(Vo) typically needs harsh conditions such as high-temperature annealing. Supported by first-
principles simulations, we propose an effective strategy of removing V bulk defects in metal
oxides by evaporating hydrogen dopants. The hydrogen dopants not only lower the migration
barrier of Vg but also push Vi away due to their repulsive interaction. The coevaporation
mechanism was supported by a neural networks potential-based molecular dynamics
simulation, which shows that the migration of hydrogen dopants from inside to surface at
400 K promotes the migration of V5 as well. Our proof-of-concept study suggests an alternative
and efficient way of modulating oxygen vacancies in metal oxides via reversible hydrogen

doping.

ulk defects have been regarded as a critical factor that

damages properties and performance of solid materials."”
Processing of electronic materials and devices is often
jeopardized by defects that capture electrons and block their
transport.” Photoelectric conversion in photovoltaic and
photocatalytic semiconductors can be severely suppressed by
defects that recombine photogenerated charges.”~” Surface
defects on catalysts can serve as active sites, while the
unwanted bulk defects always hurt the delivery of energetic
charges.g’9 Although oxygen vacancies (V) in some metal
oxide materials favor solar-fuel photocatalyst applications by
forming the conductive channel and prolonging the electron
lifetime,'® playing an important role in catalysis,"' they may
occur at various locations in the bulk, where they are extremely
difficult to remove or control. In addition, the formation of
oxygen vacancies may prevent useful metal-to-insulator phase
transitions.'”

Many strategies have been proposed to remove V, defects in
the bulk, such as thermal annealing and plasma treatment."*~ "
Thermal annealing (Figure 1a) is widely applied to repair
vacancy defects. It bestows V, with kinetic energy, driving V
to move and resulting in more organized systems with lower
energy. However, high operating temperature makes thermal
annealing and plasma treatment energy demanding and
environmentally unfriendly.'® These methods also lead to
side reactions such as phase transitions. It is thus a pressing
issue to develop cost-effective strategies for removing Vg
defects in metal oxides under mild conditions.

Hydrogenation could be a potential approach to repair
structural defects in metal oxides.'” Zou et al. found that the
oxygen vacancies of VO, could be repaired quickly as it was
treated by hydrogen doping.'® Because we have developed a
cost-effective acid—metal treatment for hydrogen doping of
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Figure 1. (a) Mechanism of the traditional thermal annealing process.
(b) Schematic of the hydrogen-dopant evaporation strategy.

metal oxides at ambient conditions,'® an alternative strategy of
removing oxygen defects in metal oxides based on manipu-
lation of hydrogen dopants is foreseeable.

In this work, we selected rutile TiO,, rutile SnO,, and
monoclinic VO, as objects of investigation because they share
the same coordination numbers and similar lattice topology.
We built bulk models of TiO,, SnO,, and VO, with proper
amounts of hydrogen dopants and performed both first-
principles calculations and molecular dynamics (MD)
simulation on these systems. We found that oxygen defects
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are prone to migrate with hydrogen doping, and nearby
hydrogen atoms are mutually exclusive to oxygen defects
because of the repulsive dipole interaction.”

Figure 1b depicts the mechanism of the hydrogen-dopant
evaporation strategy. First of all, hydrogen doping increases the
mobility of oxygen defects due to the accumulation of
electrons in oxygen defects caused by hydrogen doping.
Then, the generated dipole moments on both H and Vg have
repulsive interactions, which further incentivizes the diffusion
of V. As the system is heated, the diffusion of H dopants will
promote oxygen vacancies to flee to the surface, facilitating the
repair of original bulk oxygen vacancies.

We chose rutile TiO,, which crystallizes in a tetragonal cell
with space group P,,/mnm, and built a (2 X 2 X 2) supercell.
The optimized structure supercell of rutile TiO, consists of 16
Ti atoms and 32 O atoms with the lattice parameters a = b =
9.34 A and c = 6.06 A (Flgure Sla), in good agreement with
the reported experiment data.”' Then, we created an oxygen
vacancy in the supercell, which amounts to a defect
concentration of ~3.13%. The optimized TiO,—V( systems
possess the lattice parameters a = b = 9.37 A and ¢ = 6.09 A.
Compared to the defect-free supercell of TiO,, each dimension
increased slightly by 0.03 A upon introduction of one oxygen
vacancy. Meanwhile, the Ti—O bond lengths for the Ti
originally bonding with the removed O atom shortened by
0.03 A to 0.17 A because of pulling by the remaining O atoms
bonding with these Ti atoms. In addition, the shape of cell
changed from tetragonal to monoclinic (@ ==y =90° > a =
B =90° y = 90.49°).

A hydrogen dopant can adopt either perpendicular or
parallel orientation with respect to a Ti—O-Ti plane. A
previous study’” has shown that the energy for the
perpendicular bonding state is lower than that for the parallel
bonding state for r-TiO,. The perpendicular bonding structure
is used in our simulation. The optimized lattice constants of H-
doped TiO, supercell are a = 9.48 A, b=9324A, and c = 6.12
A, showing a slight expansion of the lattice, similar to the
system containing V. The structure distortion induced by an
interstitial hydrogen mainly acts on the O atom that bonds
with it and causes elongation of the three Ti—O bonds by 5—
9% (Table S1).

Importantly, H-doping alters the electronic structure of the
system. The differential charge density (Figure S2) shows
charge transfer from the H atom to the neighboring O atoms.
As a result, the H atom produces a dipole interaction with Vi,
The DDEC6 method is used to compute the net atomic
charges (NACs) and the atomic dlpole moment The dipole
moment of a fragment is given by eq 1:*

/_j = quﬁA"_ Z/“_‘;t
A A (1)

where g, is the NAC of atom A, I_iA is the atomic coordinate,
and Ji, is the atomic dipole moment. To estimate the
interaction between the oxygen vacancy and the H dopant, we
first defined the change of the dipole moments of the whole
system due to introduction of the oxygen vacancy as the
oxygen vacancy derived dipole. Within the point-dipole
approximation, the coupling stren§th ] between Vg and
doping H can be expressed as eq 2:""*°
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where firy, is the oxygen vacancy transfer dipole, iy is the

doped H dipole, 7 is the position vector between the two
fragments of the barycenter, and & is the vacuum permittivity.
Figure 2a,b shows that the angle between the dipole moments
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Figure 2. (a, b) The change of the dipole—dipole interaction between
Vo and doped H during V, migration. (c) Representation for
repulsion of the oxygen defect and H in TiO,.

changes from 40° to 159° as the Vi moves away from H.
Meanwhile, the energy change due to the dipole coupling is
reduced by 0.1 eV, suggesting that the hydrogen and the
oxygen defect tend to repel each other when they are close. We
considered more oxygen defect structures with doped
hydrogen in Figure S3 and Table S3, confirming the
relationship between the dipole interaction and the distance.
Figure 2c shows the energy required to drag an oxygen defect
and H from infinity into the TiO, cell. We define the energy
(AE) induced by the interaction between Vg and doped H in
eq 3:

AE = (EVos+H +E - (EVos + EH) (3)

where Eyypny Epurer Evoy and Ey denote the energies of the
structures of H-doped TiO, with V, pure TiO,, TiO, with V,
and H-doped TiO,, respectively. For TiO,, AE is 0.76 eV. The
result suggests that Vo and doped H have a repulsive
interaction, which provides the potential for the oxygen
vacancies to move.

To study the impact of H-doping on diffusion of Vi, we
used the climbing-image NEB (CI-NEB) method to calculate
the energy barrier of V diffusion for different H-doping
concentrations (the structures are shown in Figure S4). As
shown in Figure 3a, the energy barriers for the V; migration go
down from 1.03 to 0.52 eV as the concentration of H dopants
increases from 0 to 4 per unit. Meanwhile, the ionic mobility of
oxygen vacancy is calculated to be 2.83 X 107, 1.40 X 107%,
1.57 x 107", and 1.08 x 107" m? s7' V7! in TiO,_
H,,6TiO,_s, H,/;sTiO,_5 and H,,, TiO, 5 respectively. The
ionic mobility is greatly improved with the increase of H-
doping concentration. The promotion of migration of the
oxygen vacancy by the H dopants is mainly due to the
repulsive interaction between them.

In addition, the H dopant can steer the direction of the
oxygen vacancy migration (Figure 3a,b). The whole system is
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Figure 3. (a) Potential energy diagrams of V, migration for the different concentrations of H-doping. (b) Associated snapshots of the initial state
(IS), the transition state (TS), and the final state (FS) in H;/;sTiO,_s. (c) Minimum temperature needed for the oxygen vacancy migration as a
function of the hydrogen dopant concentration. (d) Pathway of V, migration in H;,¢TiO,_s in molecular dynamics simulation.
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Figure 4. Impact of H-doping on the energy barrier of V migration in (a) SnO, and (b) VO,(M).

less stable when H and Vg are adjacent (which is set as the
initial state) and more stable as they are apart (which is set as
the final state). Driven by thermodynamic energy, the oxygen
vacancies tend to move away from the H dopant. Given that
surface V, is more stable than bulk V (Table S2), it is very
likely that the H dopant will facilitate bulk Vg to move out.
To verify the hydrogen-assisted Vg diffusion mechanism, we
performed molecular dynamics simulation with neural net-
works potential (NN-MD) at different temperatures as
implemented in the LASP 2.3 package.”””” Consistent with
the CI-NEB results, the energy needed for the V, diftusion, as
reflected by the temperature threshold value, decreases with
the increase of the H-doping concentration (Figure 3c). The
lowering of the V, migration barrier also benefits from the
hydrogen-doping-induced negative charges in the d orbitals of
Ti atoms, which weaken Ti—O bonds and help Vg
movement.”® This conjecture is supported by the simulation
of migration of oxygen defect as an extra electron is added to
the system which predicts a decrease of 0.14 eV for the energy
barrier of Vo migration (Figure SS). As expected, the
temperature threshold for the Vi migration is lowered from
800 to 750 K if hydrogen atoms are doped into the TiO,_;

9581

supercells (Figure 3d, Figure S6, and Movies S1—S8). If the H-
doping concentration reaches H,,TiO,_; an achievable
concentration,'’ Vo will be able to migrate at 400 K, which
not only is substantially below the temperature for the thermal
annealing treatment'® but also is comparable with the
evaporation temperature of hydrogen dopants in metal oxides.
Meanwhile, the potential competing between H diffusion and
V,, diffusion is investigated. As H atoms gain enough kinetic
energies during the heating process, they can move toward
oxygen vacancy as the latter is adjacent to the diffusion path of
H atoms. The dynamic bonding between lattice O and
diffusing H will also stabilize the H near the oxygen defect
position. As one of the MD trajectories (Movie S9) shows, a
hydrogen dopant moves to an oxygen vacancy as close as 4.4 A
and then oscillates. During the oscillation, H would push
oxygen vacancy to move (Movie S10) due to their repulsive
dipole—dipole interaction. Therefore, albeit the repulsion
between H and V, H will be able to facilitate the migration
of V.

We then used DFT calculations to examine the same
hydrogen-dopant-assisted V diffusion mechanism in SnO,
and VO,(M). The DFT computations revealed that these
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oxides have a similar topology to r-TiO,. The migration
pathways and the energy diagrams for the V diffusion driven
by the H-doping in the different concentrations are also
determined (Figure 4). Just as in r-TiO,, the energy barriers
along the migration pathways in SnO, and VO,(M) decrease
with the H-doping, and the oxygen vacancy tends to migrate
away from the H atom. The similarity in the impact of the H-
doping on the V migration suggests a general approach for
treating bulk oxygen vacancies in metal oxides based on
hydrogen doping. In addition, the energy barrier of oxygen
defect migration in anatase-TiO, continuously decreases with
the increase of H-doping concentration, which is in line with
the simulation result of rutile TiO, (Figure S7).

In this work, we have considered TiO, as a representative
system to demonstrate how hydrogen doping affects the
mobility of oxygen vacancy and have found that hydrogen
doping provides two driving forces for the oxygen vacancy
migration. One is the charge accumulation at the oxygen
vacancy that weakens the bond between the metal and oxygen
atoms. The other is the repulsive dipole—dipole interaction
between the hydrogen dopant and the oxygen vacancy that
drives the migration of the oxygen defect associated with the
hydrogen escape upon heating. On the basis of the mechanistic
understanding, we have established a cost-effective approach to
repair bulk oxygen vacancies in r-TiO, and similar metal oxides
under mild conditions. Our work provides chemical and
physical insights into the hydrogen-assisted oxygen defect
repair and will guide the development of alternative ways of
removal of bulk oxygen vacancies in metal oxides.
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