PHYSICAL REVIEW B 105, 045424 (2022)

Absence of midgap states due to excess electrons donated by adsorbed
hydrogen on the anatase TiO,(101) surface
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Hydrogen is involved in various important chemical processes on metal-oxide surfaces. Due to its electron-
donating character, hydrogen tends to form polaronic states, where the electron is spatially separated from the
proton, which exerts significant impact on the electronic properties of metal-oxide surfaces. By individually
probing the proton with nuclear reaction analysis and the electron with ultraviolet photoelectron spectroscopy
and in combination with density functional theory calculations, we clarify the electronic state of hydrogen on the
anatase TiO,(101) surface. Hydrogen is found to adsorb with a saturation coverage of 0.48 & 0.12 monolayers,
donating an excess electron to the substrate without forming a midgap state, which is in contrast to the behavior

of oxygen vacancies.
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Titanium dioxide (TiO,) finds many applications including
photocatalytic water splitting and hydrogen sensors. Under-
standing the interaction of hydrogen (H) with TiO, surfaces is
thus of crucial importance to elucidate the microscopic mech-
anisms behind these functionalities [1,2]. In ionic crystals,
the introduction of defects such as oxygen vacancies (Vo)
and interstitial hydrogen produces excess electrons, which
often form localized states accompanied by lattice distortion
through electron-phonon interaction (EPI) [3], so-called po-
larons. Depending on the strength of the EPI, polaronic states
are classified into small and large (Frohlich) polarons: in the
former, the electron is localized at a specific site, while in the
latter the electron extends over several unit cells, propagating
through the lattice with an increased effective mass. These
quasiparticles are formed in a variety of materials such as
transition metal oxides [4-7], organic semiconductors [8] and
two-dimensional materials [9], exerting significant effects on
the charge transport properties [8,10] and surface reactivity
[11,12]. A typical metal oxide is TiO,, and it has been reported
that excess electrons form different polaronic states on the
surfaces of the rutile and anatase polymorphs of TiO,. The
polaronic character may well depend on if a polaron is formed
at the surface or in bulk. Focusing on the TiO, surfaces, it has
been reported that excess electrons form different polaronic
states on the rutile and anatase surfaces.

On the rutile TiO, (110) surface, ultraviolet photoemission
spectroscopy (UPS) studies have revealed that excess elec-
trons originating from Vg form midgap states at 0.8 eV below
the Fermi level (Er) [13—17]. These states mainly consist of
Ti 3d orbitals as confirmed by resonant UPS [15], and are
turned out to be localized at the Ti sites as small polarons as
observed by scanning tunneling microscopy (STM) [7,18,19].
Therefore, the midgap state is regarded as a sign of small
polaron formation. When the rutile TiO, (110) surface is ex-
posed to atomic H, hydrogen adsorbs on the two-coordinated
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oxygen atoms (O,.) that protrude from the surface [20-24],
and the excess electron donated by the adsorbed H also forms
a mid-gap state similar to Vo [25,26]. Hydrogen is also sug-
gested to adsorb on the five-coordinated titanium atoms (Tis.)
below 115 K [27]. The effects of Vg and adsorbed H on the
electronic structure of the rutile TiO, (110) surface have also
been analyzed theoretically. In order to examine the localized
nature of excess electrons, the band gap of TiO, needs to
be described correctly, which can be achieved by density
functional theory (DFT) calculations using the +U correc-
tion or hybrid functionals. DFT calculations with either +U
correction or hybrid functional revealed the mid-gap state and
localized nature of excess electrons due to Vg and adsorbed
H are well reproduced on the (110) surface as well as in the
bulk of rutile TiO, [28-39].

On anatase TiO,, on the other hand, angle-resolved UPS
has revealed that there exists a free-electron-like state near Eg
on oxygen-deficient TiO, (101) and (001) surfaces, which are
assigned to large polarons [40,41]. In addition to this free-
electron-like state, a mid-gap state is also observed on anatase
surfaces with Vg [41-43]. An STM study using scanning tun-
neling spectroscopy (STS) has found a mid-gap state localized
near the Vg site. Although the large polaronic state due to Vg
observed in photoelectron spectroscopy (PES) is not seen in
STS, a shallow donor state bound to Nb dopants is observed
in STM/STS on the Nb-doped anatase TiO,(101) surface [7].
Considering the previous results of PES and STM/STS, it
seems that both the delocalized state and mid-gap state coexist
on the anatase TiO, surface with Vg in contrast to the rutile
surface. A possible reason for the coexistence is that the first
electron is localized at Vo forming a mid-gap state and the
second electron is delocalized due to the Coulomb repulsion
at Vg [44]. It is noted that coexistence of the free-electron-like
state and mid-gap state was also observed at the oxygen-
deficient and H-adsorbed SrTiO3(001) surface [44-46]. It
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should also be noted that observation of the free-electron-like
state near Er seems to depend on the experimental technique;
it is invisible to STM [7] and UPS at a photon energy of
21.2 eV as shown later. Furthermore, the previous studies
suggest that the electronic state of excess electrons is sensitive
to the nature of the impurity, i.e., either Vo or Nb [7].

As to the H adsorption on the anatase TiO, surface,
ab initio calculations have shown that H is adsorbed at the
twofold O site and migrates to the subsurface region at high
coverages [47,48]. While interstitial H in the anatase bulk is
shown to form a mid-gap state [11,49-55], both possibilities
of being localized at a single Ti atom and delocalization over
several Ti atoms have been suggested by DFT calculations
[11,30,31,33,34,49]. Experimentally, the dissociation of water
at oxygen vacancies produces H atoms adsorbed at the two-
coordinated oxygen atoms as confirmed by infrared reflection
absorption spectroscopy [56]. Despite the importance of hy-
drogen on the anatase TiO, surface, however, the polaronic
state of hydrogen-derived excess electron on the anatase TiO,
surface is yet to be elucidated.

In the present study, we quantitatively measure the H
coverage with nuclear reaction analysis (NRA) [57,58] and
observe the electronic states with UPS on the clean and
atomic H-exposed anatase TiO, (101) surface without oxy-
gen vacancies. The NRA results show that H adsorbs on the
surface with a saturation coverage of (2.5 & 0.6) x 10'* cm~2
(048 £0.12ML; 1 ML = 5.16 x 10'* cm~2). The adsorbed
hydrogen donates an excess electron to the substrate as evi-
denced by band bending observed in UPS. In marked contrast
to the rutile surface, no mid-gap states were observed due to
H adsorption, which is also different from the behavior of
oxygen vacancies on anatase surfaces. The absence of the
mid-gap states suggests that the H-donated excess electron
forms a large polaronic state.

The experiments were conducted in ultrahigh vacuum
(UHV) chambers with base pressures below 1 x 10-8 Pa. The
sample was a natural single-crystal anatase TiO,(101), which
was originally orange and partially blue in color. The surface
was cleaned by 1 keV Ar' sputtering at 2 uA for 10 min
followed by annealing at 600 °C under 1.0 x 10~* Pa of oxy-
gen (99.999 % purity) for 10 min. The sample shows electric
conductivity, although no impurity is observed in x-ray photo-
electron spectroscopy (XPS). H, gas (99.999%) was purified
by a palladium membrane heated at 450 °C and introduced
into the UHV chamber. Atomic hydrogen was produced by
passing H, gas through a tungsten tube heated at 1650 °C.
Hence, the sample surface was exposed to a mixture of hy-
drogen molecules and atomic hydrogen.

The surface electronic structure was investigated by UPS
with the He I source (21.2 eV) in normal emission. The
energy scale is referenced to the Fermi level of Au. The band
bending and work function were evaluated from the shifts of
the valence band maximum and the cutoff of the secondary-
electron emission, respectively. The absolute density of H and
its depth profile were evaluated by NRA via '"H(’N, ay) '>C
at room temperature at the 1E beamline of the 5 MV Van de
Graaff Tandem accelerator in the Microanalysis Laboratory
(MALT) of The University of Tokyo. The energy resonance
of the '"H("’N, ay) '2C reaction at 6.385 MeV has a width of
1.8 keV, which provides a few nm depth resolution. A PN+

ion beam irradiated the sample surface at a current of 20-80
nA with a beam area of ~8 mm?2, and the y ray from the
nuclear reaction was detected with a BiyGe;0;, scintillator
[58]. The absolute density of H is evaluated by calibrating
the y-ray detection efficiency with a Kapton film of known
H concentration. One concern of NRA is the damage due to
the high-energy >N ion irradiation. It was confirmed that the
signal intensity is almost the same before and after the depth
profile measurement. According to the SRIM-2008 simulation
software [59], furthermore, the N ion at an energy of 6.4 MeV
has a penetration depth of 3.5 um for the anatase TiO,. This
depth location is not expected to affect the surface properties.
It was confirmed that the same UPS spectrum is observed and
no impurities are observed in XPS after the NRA experiment.
We can therefore safely consider that the N ion damage is
neglected for the present experiment.

The hydrogen-adsorbed structure and the change of the
work function were calculated based on DFT including on-site
Coulomb interaction via a Hubbard term (DFT 4 U) with
the PHASE code [60]. The exchange and correlation terms
were expressed by the generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof [61]. The pseudopotential
is employed with the projector augmented wave method. The
cutoff energies are 25 Ry for the wave functions and 196 Ry
for the augmented electron densities. The calculations were
performed for seven layers with 4 k points for Brillouin-zone
sampling. Inversion symmetry with respect to the slab center
is used to enhance the computational efficiency. The structure
model consists of a (2 x 2) surface unit cell and a slab of 7 lay-
ers with a vacuum spacing of the same thickness. The atomic
positions are relaxed in order to reflect equilibrium positions.
The value of U and the radius of the projection operator were
determined such as to reproduce the experimental value of the
band gap. We used U = 4 eV and a projection operator radius
of 2.25 bohr.

Figure 1(a) demonstrates the changes of the UPS spectrum
of the anatase TiO,(101) surface due to exposure to atomic
H. In Fig. 1(a), the predominant features between 3.5 and
9 eV are mainly derived from O 2p, where the three peaks
at4.5, 6.0, and 7.8 eV were assigned to the O 2p nonbonding,
O 2p — Ti 3d m-bonding and O 2p-Ti 3d o-bonding states,
respectively [15]. After exposure to atomic hydrogen of 2000
Langmuir (1 Langmuir = 1.33 x 10~* Pa - s), the spectrum
shows a slight increase in the peak intensity around 9.6 eV.
Since the H 15-O 2p bonding orbital is expected to appear at
9-11 eV, H is adsorbed on the O atom. The spectrum also
shows a downward shift of the O 2p band, implying that
adsorbed H donates an excess electron to the surface and that
the band is downward bent in the near-surface region. It is
worth noting that no mid-gap state is present after exposure to
atomic hydrogen in contrast to the rutile TiO,(110) surface,
where a mid-gap state was observed at 0.8 eV below the
Fermi level [25,26]. The excess electron due to adsorbed H
on anatase TiO,(101) seems to form a large polaron state,
although no significant intensity is observed at the Fermi level.
Note that metallic states at the Fermi level are often invisible
with UPS at 21.2 eV because of a small photoionization cross
section [4], but may be observable at higher photon energies
as demonstrated for the anatase TiO,(101) and (001) surfaces
with oxygen vacancies [41].
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FIG. 1. (a) UPS spectra for clean and H exposed surfaces taken at room temperature with a photon energy of 21.2 eV. (b) Changes of the
work function versus H exposure at 300 K. The band bending (eAV') and the work function (¢) are estimated from UPS spectra. The electron

affinity (Ay) is calculated from the relationship Ax = A¢ + eAV.

After electron irradiation with an energy of 500 eV at
102 K, on the other hand, a mid-gap state is observed at 1.1 eV
below the Fermi level as shown in Fig. 2(a). Since electron
irradiation induces oxygen vacancy formation, this mid-gap
state originates from oxygen vacancies, which is consistent
with previous studies [7,41]. Note that the O 2p band is also
downward shifted after electron irradiation, indicating down-
ward band bending. As shown in Fig. 2(a), the mid-gap state
disappeared after heating the sample at 300 K for 10 min,
which is consistent with a previous study showing that the
oxygen vacancy migrates into the bulk around 200 K [62].
Figure 2(b) shows UPS spectra after electron irradiation at
300 K, where a mid-gap state was also observed in agreement
with a previous study [42]. The electron irradiation dose re-
quired for the formation of the mid-gap state at 300 K was
three times larger than that at 102 K. The results of Fig. 2
suggest that at 300 K the oxygen vacancy formation at the
surface occurs after saturation of oxygen vacancies below the
surface.

Figure 1(b) summarizes the changes of the band bending
(eAV), electron affinity (A x), and work function (A¢) as a
function of the H exposure at 300 K. The electron affinity
is estimated from the relationship A¢ = —eAV + Ax. The
work function and band bending steeply change up to 100 L
followed by a gradual change with increasing H exposure.
This indicates that electron donation from adsorbed H occurs
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continuously throughout the H exposure. Since the electron
affinity reflects the surface dipole layer, the decrease in Ay
denotes formation of a dipole pointing to the vacuum, which
is similar to the rutile TiO,(110) surface [26]. The forma-
tion of a surface dipole throughout the H exposure suggests
that the H atom mainly adsorbs on the bridging oxygen site
forming an electric dipole pointing to the vacuum as shown
in Fig. 4(a).

Figure 3(a) shows the NRA H depth profiles of the H-
saturated anatase TiO,(101) surface at 300 K and after heating
in UHV to 500 and 700 K for 10 min. Only a symmetric
peak centered at 0 nm is observed indicating the presence of
H at the surface, while there is no absorbed H detectable in
the subsurface region. The H density on the surface is esti-
mated to be 0.48 == 0.12 ML at saturation. After heating the
sample, the intensity of the surface peak decreases at 500 K
[Fig. 3(b)] and completely disappears upon heating at 700 K
[Fig. 3(c)]. This temperature dependance is consistent with
previous studies showing that adsorbed hydrogen desorbs
around 500 K [56]. It should be noted, however, that the band
bending was not recovered to the initial value after annealing
at 700 K.

The adsorption structure and electronic state of hydro-
gen on the anatase TiO,(101) surface were calculated by
the DFT + U method with a U value of 4 eV. With this U
value, the band gap was calculated to be 3.2 eV, which is

(b)

» (3] (o2}

Counts (x1 03)
w

— e -irradiated at 300 K\ :

Binding energy [eV]

FIG. 2. (a) UPS spectra for surfaces after electron irradiation at 102 K and subsequent annealing at 300 K. (b) UPS spectra for clean and

electron-irradiated surfaces taken at room temperature.
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FIG. 3. NRA profiles for H-saturated surface at room temper-
ature and after heating excursion to each temperature on anatase
TiO,(101) surfaces.

consistent with the experimental value. Figure 4(a) shows
the side view of the H-adsorbed anatase TiO,(101) surface
and the calculated density of states. The conduction band
has a tailing feature, and the H-related state is formed just
below the conduction band minimum. The wave function
corresponding to the excess electron is delocalized over sev-
eral Ti atoms in the cell. This theoretical result is consistent
with the present experimental results. The work function
decrease calculated from the change in electron density
[Fig. 4(b)] is 0.11 eV at 0.25 ML and 0.34 eV at 0.5
ML. This trend is in good agreement with the experimen-
tal results. Since the slab thickness used for the theoretical
calculations is seven layers, the effect of band bending may
not have been treated properly. This implies that the theo-
retical work-function value should rather be compared with
the experimental electron affinity. Then the theoretical cal-
culation seems to overestimate the work-function change
compared with the experimental data. This difference may
be caused by the difference in the electron density between
the surface and the bulk, which means that U for the sur-
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FIG. 4. (a) The side view of the calculated structure and charge
densities of in-gap states of anatase TiO,(101) surfaces where hy-
drogen adsorbed on an two-coordinated oxygen atom. Red, blue, and
green balls represent O, Ti, and H atoms, respectively. Yellow isosur-
faces represent electronic charges of excess electrons corresponding
to the in-gap state. (b) Density of states calculated for the structure
in Fig. 4(a). The dashed line indicates the Fermi level.

face atoms should be smaller. In DFT, U corresponds to a
part of the dynamically screened Coulomb interaction and
is calculated as the difference between the on-site Coulomb
interaction and the exchange interaction [63]. This means that
U depends on the electron density, because the exchange in-
teraction is proportional to the electron density to the power of
one third.

The mid-gap state is regarded as a fingerprint of a small
polaron with a localized character of an excess electron.
Whereas some theoretical studies showed presence of mid-
gap states due to hydrogen adsorption on or interstitial
hydrogen in anatase TiO, [47,50], other studies suggested
both possibilities of localized and delocalized states for
hydrogen-induced excess electrons [11,49]. The present study
definitely shows that the excess electron due to hydrogen
adsorption on the anatase TiO,(101) surface reveals a de-
localized character without forming a mid-gap state. This
delocalized nature of the excess electron is related to a lower
diffusion barrier of hydrogen in anatase TiO, as compared the
rutile TiO, [64].

In conclusion, we have experimentally clarified the elec-
tronic state of hydrogen at the anatase TiO,(101) surface
with UPS and NRA. In combination with theoretical calcu-
lations, we have shown that the H-derived excess electrons
form delocalized states on the anatase TiO,(101) surface
without forming a mid-gap state, which is in contrast
to the excess electron behavior induced by oxygen vacancies.
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