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Momentum-resolved electronic structure of
LaTiO5N photocatalysts by resonant Soft-X-ray
ARPES
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Oxynitrides are promising materials for visible light-driven water splitting. However, limited
information regarding their electron-momentum resolved electronic structure exists. Here,
with the advantage of the enhanced probing depth and chemical state specificity of soft-X-ray
ARPES, we determine the electronic structure of the photocatalyst oxynitride LaTiO,N and
monitor its evolution as a consequence of the oxygen evolution reaction. After the photo-
electrochemical reactions, we observe a partial loss of Ti- and La-N 2p states, distortions
surrounding the local environment of titanium atoms and, unexpectedly, an indication of an
electron accumulation layer at or near the surface, which may be connected with either a
large density of metallic surface states or downward band bending. The distortions and
defects associated with the titanium 3d states lead to the trapping of electrons and charge
recombination, which is a major limitation for the oxynitride LaTiO,N. The presence of an
accumulation layer and its evolution suggests complex mechanisms of the photoelec-
trochemical reaction, especially in cases where co-catalysts or passivation layers are used.
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oxygen site leads to the formation of the corresponding oxy-

nitride material!. This substitution results in a significant
reduction of the band gap, typically shifting the band gap from
the ultra-violet region towards the visible light energy range>3.
Moreover, the edge positions of the valence band maximum
(VBM) and conduction band minimum (CBM) for these oxyni-
trides are ideal for overall water splitting, as they incorporate both
the water reduction and oxidation potentials*. With a band gap
lying in the visible-light energy range and suitably aligned band
positions, the perovskite oxynitride LaTiO,N (LTON) is a pro-
mising photocatalyst for visible-light solar water splitting>~7.

However, the surface of LTON initially evolves during opera-
tion conditions, limiting its long-term performance®. The design
and discovery of new materials able to sustain an efficient solar
water splitting process would represent an enormous break-
through for the storage of solar energy in the form of a clean and
renewable fuel®10, To drive this advancement, it requires the
discovery of novel or the improvement of existing materials, able
to fulfill all the requirements to allow efficient solar-to-hydrogen
conversion. Addressing this requires comprehensive under-
standing of the photocatalysts electronic structure and its evolu-
tion over the photoelectrochemical (PEC) reaction (PECR).

The most direct experimental method to probe the electronic
structure is angle-resolved photoemission spectroscopy (ARPES),
where one measures the distribution of photoelectrons as a
function of their kinetic energy E; and, emission angle 6 under
irradiation of the sample by monochromatic photons with energy
hv!l, The electron-momentum (k)-integrated electronic structure
of oxynitrides has already been studied with X-ray photoelectron
spectroscopy!2-14, However, no k-resolved information from
ARPES experiments, pivotal in understanding details of the
electronic structure of these materials, is available up to now. This
can be explained by the fact that the standard ARPES in the
vacuum ultra-violet (VUV) energy range has a probing depth of
less than 0.5 nm!>, which makes this technique extremely sensi-
tive to surface contamination, unavoidably piling up during the
ex-situ transfer of the as-grown sample to the ARPES experiment
and destroying the chemical authenticity and crystallinity of the
probed region.

In this work, we overcome this difficulty and directly access
k-resolved electronic structure of LTON by using soft-X-ray
ARPES (SX-ARPES) in an energy range of several hundreds of
eV, where the probing depth increases to a few nm beyond the
surface contamination layer. Moreover, the SX-ARPES energy
range covers the L-edges of the transition metals and M-edges of
rare-earth elements, which are characteristic components of
oxynitrides (Ti and La in LTON’s case, respectively). This will
allow us to use resonant photoexcitation at the Ti L- and La M-
edges (resonant SX-ARPES) to complement the k-resolution of
the ARPES experiment, by elemental and even chemical-state
resolution!®-18, First, we will establish the k- and chemical-state-
resolved electronic structure of LTON and, second, follow its
evolution associated with photocatalytic reaction.

I n several oxide materials, the substitution of nitrogen into the

Results and Discussion

Experimental strategy. Figure la shows the geometry and sche-
matic representation of a typical ARPES experiment. Here,
monochromatic X-rays from a synchrotron source are incident
on the oxynitride thin film under ultra-high vacuum (UHV)
conditions. Due to the photoelectric effect, photoelectrons are
emitted from the sample. A hemispherical electron energy ana-
lyser detects the escaped photoelectrons as a function of their
kinetic energies (E;) and emission angles (polar 6 and azimuthal
@) depending on the incoming photon energy, hv. In this case, the

hemispherical analyser

X-ray source

oxynitride thin film

visible light

N
- o }
@ » o

Fig. 1 Experimental overview. a Schematic of an ARPES experiment
showing the photoemission geometry. b three-electrode configuration for
the PEC characterisation. The red and white spheres represent oxygen and
hydrogen, respectively.

energy conservation yields the binding energy of these electrons
(Ep relative to the Fermi level Eg) back in the sample as:

E,=E —hv+¢ (1)

where ¢ is the work function. Equally important for the photo-
emission process, involving direct transitions, is the experimental
information on the electron momentum k of the valence states. In
the ARPES experiment on crystalline systems, the surface-parallel
momentum (k) is conserved and can be found as:

A 2m .
K, :T\/Ek sinf + p,, 2

where p,, is the photon-momentum correction.

In this work, we utilize resonant SX-ARPES to measure a
number of LTON oxynitride photocatalyst thin films in their as
grown states and after the PECR. Our results elucidate the
electronic structure of the LTON oxynitride thin film surface
layers and, its associated evolution during the oxygen evolution
reaction.

The photocatalytic conversion of solar energy into a clean, low
cost, renewable fuel source can be realised by the splitting of water
into molecular H, and O,. However, the water splitting reaction is
an energetically unfavourable reaction, requiring a standard Gibbs
free energy change of + 237.2kJmol~! (1.23eV per electron).
Therefore, to produce H, and O, from water requires a light
absorbing semiconductor (SC) photocatalyst to assist in the
process. This material must possess a band gap larger than the
theoretical minimum (1.23eV), to account for Kkinetic over-
potentials and, the band positions must be sufficiently positioned
to account for the redox potentials for the hydrogen evolution and
oxygen evolution reactions (HER and OER, respectively)!?.

The oxynitride LTON, satisfies these criteria with a band gap of
ca. 2.1 eV?. The band gap is large enough to absorb photons with
energy > 1.23 eV but is also responsive to visible light wavelengths
(ca. 590 nm) unlike many of the wide-band gap oxide materials,
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Fig. 2 Titanium B cation resonant SX-ARPES. a XAS spectra for LTON showing the Ti L, and L3 edge before and after the PECR, shown in blue and red,
respectively. b, € Maps of angle-integrated ResPE intensity across the Ti L3 and L, before (b) and after (¢) the PECR. The solid white lines are the XAS
spectra overlaid from (a). The white dashed line marks the Er (0 eV). d Schematic representation of the transition of the L3 and L, absorption bands.
e Graphic representation for the observed changes occurring to the band structure of the surface layers of the LTON photocatalyst, where hv and VB

denote the visible-light photons and the VB, respectively.

which are responsive only to the UV part of the solar spectrum.
As schematised in Fig. 1b, upon light irradiation (photons) with
energy greater than or equal to that of the band gap the photon is
absorbed, creating electron-hole pairs. Excited from the valence
band (VB) to the conduction band (CB), the electrons then travel
via the TiN electrical contact buffer layer to the Pt counter
electrode, where the electrons can directly reduce protons to form
H,. The photogenerated holes left behind in the valence band
migrate to the surface of LTON where, they are then consumed in
the oxidation of water, generating O,. The reference electrode sets
the 0V potential and an increasing voltage bias is applied
between the working and counter electrode. The electronic
current (photocurrent) between the working and counter
electrodes is then proportional to the amount of H, and O,
produced.

In the following sections, we employ resonant SX-ARPES,
complemented by soft-X-ray absorption spectroscopy (XAS), to
study the evolution of the k- and elemental-character resolved
electronic structure of the oxynitride before and after the PECR.
The LTON thin film morphologies and PEC characterisation are
included in Supplementary Fig. 1, 2, respectively.

Resonant SX-ARPES: Titanium B cation. First, we will follow
the electronic structure of the Ti ions in the B site of the per-
ovskite LTON (ABO,N). Figure 2 shows the soft-X-ray XAS
spectra measured at the Ti L, (460.2 V) and L3 (453.8 V) edges.
The L, and L; electronic transitions correspond to the photo-
excitation from the Ti 2p;/, and Ti 2p;, states to the unoccupied
Ti 3d states, respectively (Fig. 2d). The Ti 3d peaks before the
PECR (blue) are split by the crystal-field (A,c) into the #,; and ¢,
states. After the PECR (red) the main peaks of L, and L; edges do

not exhibit any change in position (energy), which suggest no
change in oxidation state for Ti. However, the peak splitting is no
longer resolved, suggesting a lattice distortion surrounding the
absorbing Ti cation and a lowering of symmetry of the octahedra,
likely due to vacancy generation. This has previously been shown
for LTON measured at the Ti K edge using hard X-ray grazing-
incidence X-ray absorption spectroscopy (GIXAS)8. However, the
K edge spectra are sensitive to the 3d and 4p orbitals. In our case,
XAS at the L-edges involve electric dipole allowed 2p to 3d
transitions and therefore, neglecting the multiplet effects?!, reflect
the Ti d states. Vacancy generation should result in Ti37 states,
which may contribute to the small pre-resonance intensity.
However, due to a combination of the crystal-field splitting,
distortions to the octahedral environment, and multiplet effects,
elucidation of various contributions would require reference
materials?? to be measured extensively and compared experi-
mentally and theoretically?3.

The experimental maps of (angle-integrated) resonant photo-
emission (ResPE) intensity as a function of Eg and hv are shown in
Fig. 2 parts b and ¢, before and after the PECR, respectively. In the
first approximation, neglecting the multiplet effects in the ResPE
process!®17:21.24 the resonating intensity represents the admixture
of Ti weight to the VB states, with those near the bottom and top of
the VB being derived from the O 2p and N 2p states, respectively,
hybridised with the Ti states. The resonant intensity appears on top
of a large non-resonant spectral contribution (in Fig. 2b, the
intensity at ca. 452-454 eV).

The XAS spectra (Fig. 2a) are overlaid to the ResPE maps in
Fig. 2 parts b and c as the solid white line, where the four XAS
peaks correspond to the hotspots of the resonating intensity.
After the PECR (Fig. 2c), we observe considerably widened XAS
peaks and the resonating-intensity hotspots in excitation energy.
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Fig. 3 Titanium B cation high-statistics ARPES data. a, b Ti [5-edge high-statistics ARPES images acquired at hv = 465.3 eV before (a) and after (b) the
PECR. ¢ Angle-integrated ARPES images from a, b, d, e the ARPES data from a, b represented in the second derivative -d2//dEg? to enhance the band
dispersions. The parallel Ti L,-edge data are included in Supplementary Fig. 4.

Moreover, after the PECR there is an increase in the L; resonating
intensity of the Ti - O 2p states at the bottom of the VB. This may
suggest creation of additional Ti - O 2p states and increased
hybridisation between their respective valence orbitals. This
observation would be in agreement with previous reports for
perovskite oxynitrides with vacancy healing by O species under
OER conditions?? and perovskite oxides, which exhibit increases
in hydrophilicity and undergo surface reconstructions during the
OER, resulting in a superficial enriched B cation - OH/O(OH)
surface layer and an increase in catalytic activity?>=27.

As previously described, upon the O to N substitution in
LTON, N 2p states are introduced that lie higher in energy than
the O 2p states, shifting the VB maximum (VBM) upwards and
reducing the band gap (Fig. 2e). In the as grown sample (before
the PECR), the VBM, which consists of Ti — N 2p states, is
situated below the Ep at ca. —3 to —4eV. After the PECR
(Fig. 2c), the N 2p derived states partially deplete, which results in
the loss of intensity at the VBM between —3 and —4eV.
Furthermore, the resonating intensity near the Ep (just below
0eV) dramatically increases after the PECR, indicating that new
defect states emerge in this energy region. Consistently with the
loss of the N 2p states near the VBM, we conjecture that these
states are split off the Ti-derived states constituting the CBM of
LTON. It has been suggested that LTON has a direct bandgap?$,
which is line with previous reports for LaTiO,N,°. However, as
this is usually inferred via UV-vis spectroscopy?%->", there are also
reports for LTON through theoretical calculations suggesting it
has both direct and indirect points3!. As it is not possible to
observe the unoccupied states using ARPES, we are unable to
experimentally determine whether LTON possesses a direct or
indirect bandgap. That said, the emerging states split of the CBM
suggest that we observe an indirect band gap for LTON.

The reduced intensity of the VBM suggests that bulk N leaves
the lattice structure. It remains however, interstitial/chemisorbed
on the surface in the form of N, and NO, species as corroborated
by XPS data”32 As the surface-lattice N and the OER
intermediates (OH/O(OH)) likely react in competitive side
reactions?”>33-3%, it is possible that the increase in hydrophilicity
and a superficial B cation-OH/O(OH) enriched surface layer,
normally associated with the perovskite oxides, will have a more
antagonistic role with respect to the oxynitrides.

We now complement the k-integrated ResPE maps in Fig. 2 by
high-statistics k-resolved measurements at the Ti L, and L; edges,
providing direct information on the band dispersions and their
evolution across the PECR (Fig. 3).

Parts a-b, presents the ARPES intensity images at the Ly edge
(the results at the L, edge are similar and are presented in
Supplementary Fig. 4) before and after the PECR, respectively,
and k, describes the component of k parallel to the surface of
LTON along the Miller Indices, hkl [100]. The resonance
emphasises the O and N 2p states hybridised with the Ti states.
To discriminate the band dispersions, the angle-integrated
spectral intensity is subtracted in these ARPES images from the
raw intensity. Furthermore, the parts d-e emphasize the spectral
peaks using the negative second derivative -d?/dEg? of the
(Gaussian pre-smoothed) spectral intensity (with the —d2/dEg2
<0 values, having no direct physical meaning, set to zero). The
data processing steps can be seen in Supplementary Fig. 3.

We observe dispersive VB states near the VBM and at ca.
—4eV. The very fact of k-dependent electron energies attests
good crystallinity of our samples. The partial loss of the N 2p
states near the VBM after the PECR is associated with flattening
of the electron dispersion in this energy region. We also note that
the states near the Ey (just below 0 eV), which we have previously
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Fig. 4 Lanthanum A cation resonant SX-ARPES. a XAS spectra for LTON showing the La M5 and M, edges, respectively. b Schematic representation of
the transitions of the M4 and Ms absorption bands. € Schematic representation of the La contribution to the band structure of LTON. d La resonance
(angle-integrated) PE intensity map before PEC. e After PEC. f Angle-integrated plots for data shown in parts d, e.

assigned to the Ti-derived states split off from the CBM, scale up
in intensity after the PECR but also flatten their dispersion. The
loss of dispersion and reduction of the band curvature suggests
reduced orbital overlap and, in turn, a weaker hybridization
which could be associated with the formation of an accumulation
layer. The high-statistics Ti L, measurements (Supplementary
Fig. 4) show the same effect but with reduced resonating
intensity, due to the relative strengths of the L, and L; transitions.

Resonant SX-ARPES: Lanthanum A cation. We will now follow
the electronic structure of La ions in the A site of LTON. Fig-
ure 4a shows the XAS spectra for LTON measured at the La M5
(836eV) and M, (853 eV) edges. These involve the electronic
transitions of the La 3ds,, and 3d5, states to the unoccupied La 4 f
states, respectively (Fig. 4b). Due to selection rules3¢ the 3d > 4d
transition is forbidden, as shown by the red arrow. The transition
to the 4p state is allowed, however, this process has much smaller
cross-section compared to the 4 f resonance and is shifted into
higher photon energies. The two main peaks in the 3d >4 f XAS
spectrum of LTON arise due to spin-orbit coupling, with the
spin-orbit splitting between the peaks being ca. 16.2 eV, in line
with previous reports37-38. After the PECR, the splitting of these
peaks increases slightly due to a reductive shift of the Ms peak in
Ep of ca. 0.1-0.15 eV (Fig. 4a), accompanied by an increase in its
energy width, with the amplitude unchanged. The M, peak also
increases its width after the PECR, but its energy does not shift
and has a notable increase of its amplitude. These changes can be
explained by the partial covalence between the La 54 and O 2p
states upon the formation of LaO,/LaOH at the surface. Here, La
behaves as a transition metal, albeit a poor one. It retains partial

d-electron (5d') density®3°-43, used in hybridisation and the
partial covalence between the O 2p states.

The maps of (angle-integrated) ResPE intensity at the M-edge
of La are included in Fig. 4d-f. The resonant intensity
enhancement for La is weaker compared to the Ti resonance
(Figs. 3¢, 4f) which is expected since the sites of O and N, forming
the VB, are situated on the octahedral sites of the Ti cation.
Interestingly though, we can see resonating spectral intensity just
below the Ep (just below 0eV) as also observed for the Ti
resonance.

This fact suggests that La 4f states hybridise with the N 2p ones
forming the VBM at ca. —3 to —4 eV, yet the majority of the La
resonant weight is contributed by the La — O 2p hybridised states
lower in the VB. We note, however, that in the case of La the
multiplet effects in ResPE?! are much more pronounced than for
Ti, and the relation of the ResPE intensity to the La weight in the
VB states becomes less direct.

Experimental vs theoretical Density of States (DOS). The
experimental k-integrated DOS is qualitatively represented by oft-
resonant angle-integrated ARPES spectra, albeit modulated by
photoemission matrix elements depending on Ej the binding and
hv excitation energies. Figure 5, parts a and b presents such
spectra measured just below the Ti L; and La M5 resonances,
respectively. The gross features of both spectra are the VB
extending over the Ep range from —9 to —3 eV, and a narrow
band just below the Er (0eV). The spectral modulations in the
VB region are however, different because of the matrix elements*4
depending on hv. The experimental angle-integrated spectra can
be considered representative of the DOS (notwithstanding the
fact that the PE intensity is modulated by the matrix elements and
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the angular integration extends over a limited angular range
falling into the acceptance of the ARPES analyzer).

The element-resolved partial DOS (PDOS) can qualitatively be
determined from the ResPE angle-integrated spectra where,
neglecting the multiplet effects?!, the resonant intensity difference
relative to the off-resonant spectra represents the weight of the
resonating element in the electron states!®17-24, Such differential
spectra for the Ti L; and La M5 edges, representing the Ti and La
partial DOS, respectively, are shown in Fig. 5c, d. To help our
understanding of LTON’s electronic structure and afterwards its
evolution over the PECR, we will compare the experimental data
with Density-Functional Theory (DFT) calculations (see Experi-
mental Section) for stoichiometric LaTiO,N.

Figure 5e shows, the calculated total and the PDOS for Ti, O, N
and La, aligned to Eg, with the work function calculated as 6.0 eV.
The band gap of LaTiO,N is 1.9eV, which is close to the
experimentally reported values!#>. The calculations confirm the
commonly accepted picture of LTON’s electronic structure where
the states near the VB bottom are formed mostly by O 2p atomic
orbitals and near the VBM mostly by the N 2p orbitals. With the
reservation for the matrix elements, the calculated total DOS is in
a reasonable agreement with the experimental VB in Fig. 5a, b.
Turning to the Ti PDOS hybridized mostly with the O 2p states,
the calculations suggest its notable increase towards the VB
bottom. This is confirmed by the experimental Ti PDOS derived
from the ResPE data, Fig. 5¢, that indeed scales up in this energy
region. The calculated partial La PDOS is weighted towards the
VB centre, which is also consistent with the ResPE results in
Fig. 5d.

There are however significant deviations of the experiment
from the calculations: (1) the experimental VB (—3 eV) in Fig. 5a
is deeper in Ep by ~1.5eV, and (2) there is a narrow band just
below the Er (0eV) which, according to the Ti ResPE data in
Fig. 2b, ¢ and the derived Ti PDOS in Fig. 5c, has a large Ti
weight. These observations can be reconciled with the theory if
the Ep shifts upwards into the Ti derived CB. This means,
however, that the surface layer of our LTON sample, probed in
our ARPES experiment, should be metallic. We conjecture that,
with the intrinsically semiconducting bulk of LTON, the presence
of such a metallic surface layer may be explained by either a large
density of surface states or downward band bending towards the
surface.

Electronic structure evolution across the PECR. Consistently
with the previous works”40-48, our DFT calculations confirmed
by the experimental ResPE data have shown that the VBM (-3 to
—4 V) below the Eg (0eV) is comprised of the Ti and La states
hybridised with the N 2p ones, whereas in the bottom of the VB
these states hybridise with the O 2p ones. The angle-integrated
ARPES intensity for the above high-statistics measurements at the
Ti L; edge are included in Fig. 3c. Here, it is easier to follow the
evolution of the DOS in LTON and the changes with respect to
the OER. Confirming our observations in the ResPE maps in
Fig. 2b, ¢, we observe an increase in the total resonating intensity
after the PECR, which suggests creation of additional O 2p states
or a greater degree of hybridisation in the bottom of the VB (ca.
—5to —8¢eV).

We also observe reduced intensity of the VBM (—3 to —4eV)
due to the partial loss of lattice N at/near the surface of LTON
under OER conditions. Effectively, this would mean a lower
probability of photon absorption in the visible light region due to
loss of states near the VBM.

The same two effects can also be observed in the La ResPE map
and the angle-integrated plot, shown in Fig. 4 parts e and f,
respectively.

In Fig. 5, we compare the Ti (c) and La (d) resonant
contributions, representing the weight of the Ti and La hybridised
states in the VB of LTON, before and after the PECR. After the
PECR, we can see a slight loss of the La and Ti weight at the VBM
(=3 eV). We attribute this evolution of the spectra to the partial
loss of lattice N at the surface during the OER, whereby the La-N
and Ti-N hybridized states near the VBM (—3eV) partially
deplete.

For comparison with the evolution of LTON after the PECR, in
Fig. 5f we compare the calculated total DOS for the stoichiometric
LTON with that for the unstable LaTiO; (LTO) and the anion-
deficient defect structure La,TiyOoN3 (D-LTON). For the sake of
clarity, only the spin-up contributions have been included in this
comparison (the total DOS for LTO and D-LTON are included in
the Supplementary Fig. 6). These materials were chosen with their
respective elemental compositions to reflect possible trends to the
electronic structure of LTON upon the loss of N and creation of
anion vacancies and/or changing the O/N content, as suggested
by the resonant SX-ARPES data evolution over the PECR. To
compare the three materials more accurately, the energy scale of
their DOS was aligned to the Eg level (0 eV). We note that the
DOS of LTO and D-LTON show that the Ep (0eV) of these
materials lies in the CB, which is composed of anti-bonding
states. Their occupation is unfavourable, because it would
destabilise the lattice, resulting in its reorganisation. Usually,
such reorganisations proceed via phase transformations or due to
vacancy formation, which explains why LTO does not exist as a
natural mineral. Furthermore, we note that both LTO and
D-LTON are spin polarised since Ti has the formal charge 37 in
LTO, whereas D-LTON is a non-stoichiometric material (the
spin-up/spin-down decomposition of their DOS is given in
Supplementary Fig. 6).

Comparing the total DOS in Fig. 5f, we can see that the
partial or total loss of N in the anion-deficient D-LTON or in
the unstable LTO shifts the VBM downwards in energy (ca. 2
and 4.5 eV, respectively). This further suggests that during the
OER, the O/OH™ intermediates are involved in the photo-
catalytic formation of nitrate and nitrite species from the
surface lattice N atoms2733:3> whereby they leave the lattice and
remain chemisorbed on the surface in the form of NO, species’.
This effect is consistent with the observed suppression of
electron dispersions in the CB near the Egr. Furthermore, we
conjecture diffusion of O atoms to heal remnant oxygen
vacancies into LTON, generated upon loss of N from the lattice
structure, from the O and OH- reactionary intermediates
generated during the OER*. This is consistent with a slight
increase of the VB intensity (at ca. —4 to —7eV) in the off-
resonant spectra, Fig. 5a, b, after the PECR.

However, the resonant weighted contributions for Ti and La
(Fig. 5¢, d) show that the La resonating intensity in the bottom of
the VB increases, suggesting increased La — O 2p hybridization,
whereas that for Ti decreases. This can be explained by the fact
that many such oxides and oxynitride SCs exhibit a preferential
AO surface termination (LaO in the case of LTON) as
experimentally determined by low energy ion spectroscopy
(LEIS)26:50-52_ The B cation, usually a transition metal cation,
conventionally acting as the active site for oxygen evolution,
would be hidden below the first atomic surface layer. Therefore,
surface oxygen/nitrogen vacancies, would expose the underlying
transition metal cations.

Previous calculations for LaTiO,N>3 have also suggested that
the more oxygen added to the La-O surface layer, the more the SC
is self-doped with electrons (accumulation) filling the empty Ti
3d states. We see certain evidence of this effect in the La resonant
spectrum (Fig. 5d) which shows increased O hybridisation,
whereas, the Ti resonant spectrum (Fig. 5¢) shows an increase of
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the Ti 3d weight just below the Eg (0 eV) after the PECR. It was
also suggested in the same work®? that the evolution of the
surface results in a geometrical configuration where two N atoms
leave the Ti layer and move to the La surface layer, resulting in a
more stable 5-coordinated Ti configurations.

Previous work® suggests that LTON undergoes a surface
reconstruction with Ti showing signs of vacancy generation
(resulting in an under-coordinated Ti) with the charge surround-
ing Ti, conserved. Usually, such reorganisations proceed via phase
transformations or vacancy formation. In line with our observa-
tions, LTON could also generate O, under OER conditions by the
proposed lattice oxygen evolution reaction (LOER) mechanism,
as reported for oxide perovskite catalysts>*->6. This would result
in a surface layer that becomes more metallic, which may be
connected with either a large density of metallic surface states or
downward band bending.

The downward band bending would be contrary to our
expectations, due to the fact that LTON is an n-type SC material
where upward band bending would typically be assumed®7-8,
However, this contradiction has been experimentally observed for
ZnO, which exhibits downward band bending at the ZnO/air
interface after generation of vacancies by preferential O
sputtering by ion bombardment in vacaum®®. This would mean
for the photoanode LTON, instead of the typically assumed
formation of a depletion layer and upward band bending, LTON
forms an electron-accumulation layer. This would also suggest
that LTON would be better suited as a photocatalyst for the HER,
the other half of the overall water-splitting reaction. Coming with
this conjecture is a plethora of further questions: what occurs to
the electronic structure of LTON when employed as a photo-
cathode instead of a photoanode? what is the electronic structure
at the semiconductor-co-catalyst interface? how does it evolve?
what are the mechanisms during the PECR? The answers should
take into account, not only the enhanced performance previously
reported for oxynitrides®0%6! but also, the new findings in
this work.

Conclusion

In this work, we have determined the electronic structure of the
oxynitride LTON photocatalyst resolved in k- and elemental
character of the electronic states, and monitored its evolution
through the PECR. Whereas no such information regarding
oxynitrides existed to date, crucial to achieve it in the present
study have been the k-resolution, enhanced probing depth and
elemental/chemical-state specificity of synchrotron-radiation
based resonant SX-ARPES. By combing the SX-ARPES results
with the DFT calculations, we have established that the bottom of
the VB consists of La and Ti states hybridised with the O 2p
states, whereas the top of the VB consists of both La- and Ti - N
2p states.

Not only have we determined the electronic structure of the
LTON photocatalyst, but also monitored its evolution caused by
the OER. After the PECR, we observe (a) partial loss of Ti- and
La-N 2p states, (b) distortion in the local environment of Ti, likely
due to O/N vacancy generation, (c) the creation of additional
La - O 2p states in the VB, and (d) the suggested formation of an
electron accumulation layer in the surface region, suggesting
either a large density of metallic surface states or downward band
bending towards the surface. Along with the distortion and
defects associated with Ti 3d states, the latter would lead to the
trapping of electrons and charge recombination. Therefore,
resonant SX-ARPES has been able to confirm this effect as one of
the major limitations for the oxynitride LTON’s functionality.

Passivation layers and co-catalysts have shown to increase the
long-term performance of oxynitrides®! by reducing charge

recombination as one of the benefits. However, the presence of
the accumulation layer and its evolution across the PECR sug-
gested by our results implies involvement of more complex
mechanisms. The extension of our work to these buried inter-
faces, taking into advantage the probing depth and chemical
specificity of resonant SX-ARPES, will allow us to rationalise/
correlate the evolution of their electronic structure with respect to
the increase in catalytic performance usually observed with the
powder photocatalysts®®62. The spectroscopic abilities of reso-
nant SX-ARPES highlighted by our work extend from the oxy-
nitrides to a wide range of other thin-film and interface systems
used in various functional materials.

Methods

Thin film deposition. The thin films used in this work were grown using a
modified pulsed laser deposition (PLD) method known as Reactive Crossed-beam
Laser Ablation (PRCLA)®3. A laser fluence of ca. 2.5 J cm~2 was used at a repetition
rate of 10 Hz. Commercially available MgO(001) substrates (10.0 x 0.5 x 0.5 mm)
were used as a template to grow the TiN buffer layer and LTON thin film with a
substrate-to-target distance fixed at 50 mm. Pt black paste was used for thermal
contact between the substrate and heating stage. The substrate temperature was set
to 750 °C, monitored via the emissivity using a pyrometer during the deposition.
For TiN, a base pressure of 10 — 6 mbar was used. For the deposition of the LTON
films, the oxide target La,Ti,O, was ablated in the presence of a N, background
with a pressure of 10-4 mbar and NH; pulsed gas jets synchronized to the laser.

Angle-resolved photoemission spectroscopy. The ARPES measurements were
performed at the SX-ARPES endstation® of the Advanced Resonant Spectro-
scopies (ADRESS) beamline® situated at the Swiss Light Source, Paul Scherrer
Institute, Switzerland. Resonant photoexcitations were performed at the Ti L,, L
and La My, Ms edges (E, = 460, 453, 853 and 836 eV, respectively). The photon
flux was ca. 1013 photons/s and focused into a spot size of 30 x 75 um? on the
sample surface at an x-ray grazing incidence angle of 20°. The energy resolution
was set to 140 meV and the sample temperature was kept at 20 K in order to
maximise the coherent spectral component?’. The angle-integrated spectra were
integrated within + 8°. The XAS data were measured in total electron yield (TEY).
We also performed time dependence measurements upon X-ray irradiation, to
observe if the electronic structure of LTON is modified due to exposure to the
X-ray beam. Only insignificant changes have been observed (Supplementary
Fig. 5), which were comparable with the noise of the measurements and could be
explained by X-ray stimulated desorption of surface contaminations. It is also
possible that these changes were a consequence of the oxidation of hydrocarbons
chemisorbed on the surface during the ex-situ transfer of the samples.

Density functional theory. Geometry optimisations and energy calculations were
performed using DFT and Perdew-Burke-Ernzerhof (PBE)®® functional imple-
mented in the QuantumWise software package (now part of Synopsis)®’. A
pseudopotential method was applied using numerical atomic orbitals for repre-
sentation of the valence electrons. The electron correlation was taken into account
using the DFT-1/2 computational approach which allows for accurate estimation of
band gaps in complex oxide materials®®. Workfunctions were calculated for slabs
with BO, termination®® using ghost atom approach and multigrid Poisson solver
with Neumann boundary condition (bottom surface) and Dirichlet boundary
condition (top surface). The method allows to estimate the workfunctions of polar
slabs which are not accessible without complicated surface reconstruction using
planewave wavefunctions. Eight BO, layers were considered in each slab. Real
space grid and k-point mesh have been converged to 10~#eV energies.

Photoelectrochemical characterisation. The PEC measurements were performed
using a three-electrode configuration. A KClI saturated Ag/AgCl electrode was used
as the reference. The oxynitride thin film and platinum wire were utilised as the
working and counter electrode, respectively. An aqueous solution of 0.5 molar
NaOH was used as an electrolyte with a pH of 13. The samples were illuminated
with a 150 W Xe arc lamp (Newport 66477) with an AM 1.5 G filter with an output
intensity of 100 mW cm~2. To measure the dark and light current a chopper was
used to intermittently block the irradiation of the sample. The potentiodynamic
and potentiostatic measurements were performed at a scan rate of 10 mV s~ 1.

Composition analysis. Rutherford Backscattering (RBS) and Elastic Recoil
Detection Analysis (ERDA) were employed to determine the chemical composi-
tions of the LTON thin films. RBS provides the metal ratios and oxygen content,
whereas ERDA provides the nitrogen-to-oxygen ratio. The RBS measurements
were conducted using a 2 MeV He beam and a silicon PIN diode detector. ERDA
utilised a 13 MeV 127] beam in combination with a time-of-flight spectrometer and,
a gas ionisation detector. RBS data was analysed using RUMP7.
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Crystalline properties. XRD measurements were performed using a Seifert X-ray
Diffractometer with characteristic Cu K, radiation, A = 0.154 nm. 6-26 scans were
performed to determine the out-of-plane orientations of the films found in Sup-
plementary Fig. 1.

Data availability
The data portrayed in this work is available from the corresponding author upon
reasonable request.
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