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ABSTRACT: Amorphous titania (am.-TiO2) has gained wide
interest in the �eld of photocatalysis, thanks to exceptional
disorder-mediated optical and electrical properties compared to
crystalline TiO2. Here, we study the e�ects of intrinsic Ti3+ and
nitrogen defects in am.-TiO2 thin �lms via the atomic layer
deposition (ALD) chemistry of tetrakis(dimethylamido)titanium-
(IV) (TDMAT) and H2O precursors at growth temperatures of
100�200 °C. X-ray photoelectron spectroscopy (XPS) and
computational analysis allow us to identify structural disorder-
induced penta- and heptacoordinated Ti4+ ions (Ti5/7c

4+), which
are related to the formation of Ti3+ defects in am.-TiO2. The Ti3+-
rich ALD-grown am.-TiO2 has stoichiometric composition, which
is explained by the formation of interstitial peroxo species with
oxygen vacancies. The occupation of Ti3+ 3d in-gap states increases with the ALD growth temperature, inducing both visible-light
absorption and electrical conductivity via the polaron hopping mechanism. At 200 °C, the in-gap states become fully occupied
extending the lifetime of photoexcited charge carriers from the picosecond to the nanosecond time domain. Nitrogen traces from the
TDMAT precursor had no e�ect on optical properties and only little on charge transfer properties. These results provide insights
into the charge transfer properties of ALD-grown am.-TiO2 that are essential to the performance of protective photoelectrode
coatings in photoelectrochemical solar fuel reactors.

� INTRODUCTION
Since the discovery of photoelectrochemical (PEC) water
splitting introduced �rst by Fujishima and Honda in 1972
using n-type rutile titanium dioxide (TiO2), photocatalysts
based on crystalline TiO2 have been widely studied materials.1
Doping crystalline TiO2 with substitutional nitrogen is an
e�cient means to extend the light absorption from UV to
visible range and enable visible-light active TiO2.

2 Recently,
immense interest in amorphous TiO2 (am.-TiO2) has emerged
for its exceptional charge transfer properties in photocatalytic
applications. Based on computational studies, the am.-TiO2
structure consists of mainly Ti�O6 octahedra and also under-
(e.g., Ti5c) and overcoordinated (e.g., Ti7c) titanium ions,
whereas in crystalline TiO2 only six-coordinated (Ti6c) ions are
present.3,4 For example, in computational models of am.-TiO2,
pentacoordinated Ti ions (Ti5c) are reported to be rather
abundant (>20%).3,5 However, experimental methods for the
analysis of the amorphous structure considering coordination
numbers of Ti ions are rarely reported. The disordered
structure of am.-TiO2 can induce exceptional optical and
electrical properties that have been demonstrated to improve
photocatalytic activity and protect photoelectrodes in photo-

electrochemical cells.6�8 Particularly, amorphous “black”
titania is regarded as a signi�cant potential material for
photocatalytic applications.7,9,10

Atomic layer deposition (ALD) is known for providing thin
�lms with excellent controllability, uniformity, and conformal-
ity, and provides a potential method to modify the TiO2 defect
composition in a controlled manner via surface chemical
reactions.11�14 Particularly, the ALD growth temperature is an
essential factor a�ecting surface reaction pathways during the
growth process.15,16 For example, an alkylamido organo-
metallic ALD precursor, tetrakis(dimethylamido)titanium
(TDMAT), has been shown to leave nitrogen residues into
as-grown TiO2 thin �lms, especially at lower growth temper-
atures.13,17,18 Use of a higher growth temperature (200 °C) has
been found to decrease the amount of nitrogen but
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simultaneously result in the formation of Ti3+ species.12,13,19

These Ti3+ defects can increase electrical conductivity and
induce visible-light absorption in am.-TiO2.

12 The mechanism
is di�erent from the visible absorption induced by substitu-
tional nitrogen doping of crystalline TiO2 but similar to the
hydrogenated “black” TiO2 that can be also categorized as
reduced TiO2 with a disordered structure.7,12,19�22 The
commonly accepted view is that an oxygen vacancy within
TiO2 is surrounded by three pentacoordinated Ti5c ions and
initially two of them are Ti3+ ions.20,23 These Ti3+ defects carry
unpaired excess electrons that can couple with phonons from
vibrations of surrounding ions and form quasiparticles called
electron polarons.7,24 These polarons can hop from Ti3+ ion to
an adjacent Ti4+ ion converting it to a Ti3+ ion, which is known
as polaron hopping24,25 Based on molecular dynamics
simulations, Deskins et al. proposed that electron transport
in amorphous TiO2 depends on the distances between
adjacent Ti4+ ions, whereas hole transport is related to the
distances between Ti3+ ions.4 Consequently, these computa-
tional results imply that the polaron hopping mechanism is
responsible for the conductivity of TiO2 and strongly related to
the concentration of Ti3+ defects.4,7,20,25 This charge transport
mechanism and its relation to the Ti3+ defects is also supported
by experimental studies.21,26 Furthermore, Ti3+ defects form
energy states within the band gap enabling light absorption in
the visible range.7,12,27,28

Regarding charge carrier dynamics and kinetics, careful
investigation of in-gap states, especially electron and hole traps,
in am.-TiO2 is needed.28 According to the current under-
standing, the disordered structure, undercoordinated ions, and
elongated metal�oxygen bonds in amorphous metal oxides
may induce electron and hole traps in the band gap.5,29

Additionally, Ti3+ defects have been reported to generate in-
gap trap states with intrinsic self-trapped electrons.20,28,30

However, the nature and relationship of these trap states and
the structure of am.-TiO2 are still under debate. Experimen-
tally, in-gap trap states have been studied by various methods,
such as photoelectron spectroscopy (PES) and transient
absorption spectroscopy (TAS).28,31�33 Based on the reported
PES valence band (VB) spectra, electron trap states of TiO2
are commonly located around 0.2�1.2 eV below the Fermi
level.21,24,26,28,31 Transient absorption spectroscopy, instead,
provides a method to study the dynamics of charge carriers,
and thus determine, e.g., carrier lifetime that is a critical factor
to determine the photocatalytic activity of a material.32�35

This work utilizes X-ray photoelectron spectroscopy (XPS)
analysis and density functional theory (DFT) calculations to
identify structural disorder-induced penta- and heptacoordi-
nated Ti ions (Ti5/7c

4+), and examines how titanium and
nitrogen defects of amorphous TiO2 can be controlled by the
ALD growth temperature while using TDMAT and H2O as
precursors. The lower deposition temperature causes trapping
and adsorption of nitrogen-containing reaction byproducts,
whereas the higher growth temperature leads to enhanced
byproduct desorption as well as increased concentration of
Ti3+ and penta-/heptacoordinated Ti5/7c

4+ species. The
structural disorder of am.-TiO2 involving under- and over-
coordinated Ti ions is found to provide trap states for charge
carriers, which recombine in the picosecond time domain. Ti3+

defects with intrinsic self-trapped electrons in the band gap
states allow visible-light absorption, extend charge carrier
lifetime to the nanosecond (ns) time domain, and induce
electrical conductivity. The structural disorder alone induces

only broadening of core-level peaks, whereas the formation of
Ti3+ defects mediates a chemical shift also in the 2p binding
energy of neighboring Ti4+ ions. Controlling the optical and
electrical properties of amorphous TiO2 by modifying the
defects is a promising approach to tailor optimized am.-TiO2
thin �lms for many �elds of applications including photo-
catalysis and protective photoelectrode coatings in photo-
electrochemical solar fuel reactors.

� EXPERIMENTAL SECTION
Substrates. The P-doped (resistivity: 1�10 � cm) n-

Si(100) wafers from SIEGERT WAFER GmbH (Germany)
cleaved into 10 mm × 10 mm × 0.525 mm pieces were used as
substrates in photoelectron spectroscopy (PES), grazing
incidence X-ray di�raction (GIXRD), and ellipsometry experi-
ments. For UV�vis spectroscopy, transient absorption spec-
troscopy (TAS), and electrical conductivity measurements,
UV-grade fused silica (quartz) (10 mm × 10 mm × 1 mm)
from Pra �zisions Glas & Optik GmbH (Germany) was used as a
substrate.

Atomic Layer Deposition. The ALD of TiO2 was carried
out using a Picosun Sunale ALD R-200 Advanced reactor and
tetrakis(dimethylamido)titanium(IV) (Ti(N(CH3)2)4,
TDMAT, electronic grade 99.999+%, Sigma-Aldrich) and
Milli-Q type 1 ultrapure water as precursors. To reach the
proper TDMAT precursor vapor pressure, the bubbler was
heated to 76 °C, and to prevent condensation of the precursor
gas the delivery line was heated to 85 °C. The water bubbler
was maintained at 18 °C using a Peltier element for stability
control. Argon (99.9999%, Oy AGA Ab, Finland) was used as
a carrier gas. During the deposition, the continuous Ar �ow in
the TDMAT and H2O lines was 100 sccm. The ALD cycle
consisted of the 1.6 s TDMAT pulse followed by the 0.1 s H2O
pulse. Between each pulse, the excess precursor was pumped
during the 6.0 s purge period. TiO2 �lms were deposited at the
growth temperatures of 100, 150, 175, and 200 °C. The
thicknesses of TiO2 �lms were veri�ed by ellipsometer
(Rudolph Auto EL III Ellipsometer, Rudolph Research
Analytical) using the helium�neon laser (� = 632.8 nm) as a
light source. The required number of ALD cycles for 30 nm
thick TiO2 at growth temperatures of 100, 150, 175, and 200
°C were 480, 636, 733, and 870, respectively. Based on the
GIXRD measurements shown in Figure S1, the as-deposited 30
nm thick thin �lms grown at temperatures between 100 and
200 °C were amorphous.

Anatase TiO2(30 nm) Reference. The anatase TiO2(30
nm) samples were prepared from ALD TiO2 (30 nm, 100 °C)
grown on Si(100) substrates by a heat treatment in air at 500
°C for 45 min.

Photoelectron Spectroscopy (XPS, Ultraviolet Photo-
electron Spectroscopy (UPS)). Photoelectron spectroscopy
(PES) measurements consisting of X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoelectron spectrosco-
py (UPS) were conducted using a NanoESCA spectromicro-
scope (Omicron Nanotechnology GmbH) in ultra-high
vacuum (UHV) with a base pressure below 1 × 10�10 mbar.
For core-level XPS, focused monochromatized Al K� (h� =
1486.5 eV) was used as excitation radiation, whereas in UPS
measurements focused non-monochromatized He I� radiation
(h� = 21.22 eV) from HIS 13 VUV Source (Focus GmbH)
was utilized to study the valence band structure. The angle-
resolved XPS (ARXPS) measurements were carried out using
non-monochromatized DAR400 X-ray source (Al K�) and
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Argus hemispherical electron spectrometer (Omicron Nano-
technology GmbH). The core-level XP spectra were analyzed
by least-squares �tting of Gaussian�Lorentzian lineshapes and
using a Shirley-type background. UPS valence band spectra
were analyzed by �tting a Tougaard-type background. The Ti
2p spectra were �tted using the anatase TiO2 Ti 2p3/2 reference
peak shape for the six-coordinated Ti4+ peak (Ti6c

4+), and the
amorphous disordered structure was represented by the
pentacoordinated Ti4+ (Ti5c

4+) and Ti3+ peaks. The binding
energy (BE) scale of the spectra was calibrated by �xing the
O2� peak of TiO2 to 530.20 eV. CasaXPS version 2.3.22
PR1.036 was used as analysis software, and the Sco�eld
photoionization cross-sections were used as relative sensitivity
factors.37

Computational Analysis of Core-Level Shifts. Model-
ing the amorphous phase of titania (am.-TiO2) is challenging
due to its lack of long-range order and a de�ned crystal
structure. Previous computational studies have employed
molecular dynamics to generate structural models for am.-
TiO2 using the melt-and-quench method.5,38 As the structural
models for am.-TiO2 necessarily have large unit cells
containing >200 atoms, sampling the core-level shifts (CLSs)
of all atoms for many structures becomes unfeasible. Moreover,
it is not clear how representative the melt-and-quench
structures are for the experimental am.-TiO2 structures.
Because of structural ambiguity, we performed calculations
for both the crystalline anatase phase and a model of am.-TiO2.

Spin-polarized calculations were performed using the Vienna
Ab initio Simulation Package (VASP; version 5.4.4).39�42 The
GGA + U approach was employed using the Perdew�Burke�
Ernzerhof (PBE) functional43,44 with a Hubbard correction45

of U = 4.2 eV applied to the 3d orbitals of Ti atoms. This value
for the correction has been used previously in calculations
involving amorphous TiO2

38 and anatase;46 see the Supporting
Information for more details concerning the choice and impact
of the U value. The valence�core interactions were treated
with the projector augmented-wave (PAW) method,47,48 and
the valence con�gurations were 2s22p4 (O) and 3s23p64s23d2

(Ti). A plane-wave basis set with a cuto� energy of 500 eV was
used for geometry optimizations and core-level shift calcu-
lations. The pristine anatase bulk was optimized using a 12 ×
12 × 4 �-centered k-point mesh until residual forces were less
than 0.01 eV/Å. The optimized lattice parameters are a = 3.86
and c = 9.74 Å, which are in fair agreement with experimental
values (a = 3.78 Å, c = 9.51 Å).49,50 The band gap was found to
be 2.64 eV, which is close to the previously reported value of
2.87 eV using the PBE functional with a Hubbard-U value of
4.0 eV.51 A 144 atom 4 × 3 × 1 supercell of the optimized bulk
was used for subsequent calculations to reduce the interaction
of the oxygen vacancy with its periodic image. Model
structures for am-TiO2 (15 in total) were obtained from the
work of Mora-Fonz et al.5 The unit cells and atomic positions
of the model structures5 were re-optimized using the present
computational setups. The lowest energy structure (see Figure
S2a) was used in the core-level shift calculations. Due to the
large size of the amorphous TiO2 unit cell and the large
supercell for anatase, the sampling of the Brillouin zone was
restricted to the �-point.

The oxygen vacancy formation energy Ef
vac was calculated as

= + +E E E E1
2f

vac
tot
vac

O tot2 (1)

where Etot is the total energy of the pristine structure, Etot
vac is the

total energy of the same structure containing a single oxygen
vacancy, and EO2

is the energy of an oxygen molecule in the gas
phase. Bader charge analyses were performed using the code
developed by the Henkelman group.52�55

CLSs were calculated with respect to a reference atom in the
�nal state picture, i.e., complete screening of the core hole by
valence electrons was assumed. The core-level shifts were
computed systematically for all atoms in the supercells. The
structures with a core hole in Ti 2p or O 1s were obtained
using a PAW potential with an electron�hole in the 2p and 1s
shell of Ti and O, respectively. As the studied systems have
band gaps, the charge neutrality in the presence of a core hole
was maintained by employing a homogeneous jellium
background. To facilitate the comparison with experiments, a
Gaussian �t was applied to the CLS peaks, with a standard
deviation of 0.43. The parameters are chosen such that they
reproduce a qualitatively similar width at half-maximum as the
peaks in the experimental spectra. All CLS values were shifted
so that the maximum of the largest �tted Gaussian peak was
centered at zero.

Grazing Incidence X-ray Di�raction (GIXRD). The
phase structure of the ALD TiO2 samples was de�ned via
grazing incidence X-ray di�raction (GIXRD, PANalytical
X’Pert3 MRD di�ractometer) with Cu K� radiation (� =
1.5406 Å, h� = 8.05 keV) and 45 kV and 40 mA cathode
voltage and current, respectively. The samples were scanned in
2� between 20 and 52° using grazing-incidence angle � = 0.3°.
The background was removed from each of the scans to allow
easier comparison of the measured GIXRD patterns.

Electrical Conductivity Measurement. Electrical con-
ductivity was determined by measuring the sheet resistance of
the am.-TiO2 thin �lm grown on quartz substrates using the
four-probe method. In the measurement, four nickel-plated
tungsten probe tips (Picoprobe ST-20-5-NP, GGB Industries
Inc.) were positioned on the sample surface (size 10 mm × 10
mm) in line with equal 2 mm spacing, and a linear scan
voltammetry measurement was performed at 100 mV/s with
an Autolab PGSTAT101 potentiostat (Metrohm AG). The
sheet resistance, Rs, for the given con�guration was calculated
by

�= • �R V
I

0.7744
ln(2)s (2)

where �V is the voltage di�erence over the two inner probe
tips, I is the current through the outer two probe tips, and the
constant 0.7744 is the geometric correction factor.56

Conductivity was then calculated as follows

�
= =

•R t
conductivity 1 1

s (3)

where � is the �lm resistivity and t is the am.-TiO2 �lm
thickness.

Steady-State UV�Vis Spectroscopy. The optical proper-
ties were measured on 30 nm thick am.-TiO2 �lms deposited
on quartz substrates. Measurements were conducted by
measuring both the transmission, T, and re�ectance, R, of
the am.-TiO2 �lm with an integrating sphere module of a
spectrophotometer (PerkinElmer 1050). A re�ection-corrected
formula was used for calculating the absorption A = �log[T/(1
� R)].57
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Sub-Nanoscale Porosity Modeling. The sub-nanoscale
porosity of ALD am.-TiO2 thin �lms was determined based on
the refractive index results measured by ellipsometer (Rudolph
Auto EL III Ellipsometer, Rudolph Research Analytical) using
the helium�neon laser (� = 632.8 nm) as a light source and
the Lorentz�Lorenz e�ective medium approximation
(EMA).58 The sub-nanoscale porosity was calculated using
the EMA equation

�
+

= �
�
+

+
�
+

n
n

p
n
n

p
n
n

1
2

(1 )
1
2

1
2

2

2
anatase

2

anatase
2

air
2

air
2 (4)

where p is the sub-nanoscale porosity and n, nanatase, and nair are
the refractive indices of am.-TiO2, anatase TiO2 reference (n =
2.396), and air (n = 1.000), respectively.

Transient Absorption Spectroscopy (TAS). Transient
absorption spectra of all the samples were measured using a
femtosecond pump�probe setup. The samples were excited
with a wavelength of 320 nm in a transmittance mode in both
UV�vis and near-infrared (NIR) regions. The fundamental
laser pulses were generated using the Ti:sapphire laser, Libra F
(Coherent Inc., 800 nm) with a repetition rate of 1 kHz. The
fundamental beam was split into two, and the main part of the
beam was directed onto the optical ampli�er (Topas C, Light
Conversion Ltd.) to produce the desired wavelength of 320
nm in our study. The rest of the fundamental beam was
delivered to a white continuum generator (sapphire crystal) for
sample probing. The probe light was further split into
reference and signal beams, which were focused on the
samples. The lifetime decay of the samples was measured up to
5 ns for all the samples.

� RESULTS AND DISCUSSION
To investigate the e�ect of the ALD growth temperature on
the chemical and electronic structures of am.-TiO2, the 30 nm
thick ALD am.-TiO2 grown at 100, 150, 175, and 200 °C was
measured by XPS and UPS. Figure 1 shows Ti 2p and O 1s XP
spectra of the 30 nm thick ALD am.-TiO2 deposited at
di�erent growth temperatures. Annealing the sample grown at
100 °C in air at 500 °C resulted in anatase TiO2 (Figure S1),
which served as a reference for the six-coordinated Ti4+

(Ti6c
4+).3,4 Anatase TiO2 showed a narrow Ti 2p3/2 peak at

459.0 ± 0.1 eV that was �tted with a constrained peak width
and position to the spectra recorded for ALD am.-TiO2
samples. All of the Ti 2p spectra of ALD am.-TiO2 thin �lms
in Figure 1a show clear evidence of Ti3+ defects as a shoulder
at 457.3 ± 0.1 eV.12,19 The middle component is assigned to
structural disorder-induced Ti4+ ions (Ti5/6/7c

4+), which are
related to the nearest or next-nearest neighbors of oxygen
vacancies or interstitial peroxo species that are responsible for
the formation of Ti3+ defects in am.-TiO2. The peak separation
in the binding energy (BE) between Ti6c

4+ and Ti5/6/7c
4+ peaks

was 0.39 eV. Figure 1b shows that the O 1s peak consists
mainly of the O�Ti component (O2�) at 530.2 eV and a
minor peak at 532.0 ± 0.2 eV, regardless of the ALD growth
temperature. The component at higher BE is assigned to either
�OH/O�C or interstitial peroxo (O2

2�) species. Additionally,
Figure S4 highlights the di�erences between Ti 2p spectra and
the similarity of O 1s spectra shown in Figure 1. Interestingly,
despite the distinct presence of oxygen vacancies-induced Ti3+

ions, the O/Ti atomic ratios of all am.-TiO2 thin �lms are close
to 2 (Figure S5), implying the displacement of oxygen ions
within the �lms instead of removal of them upon vacancy

formation. The result can be rationalized by the presence of
local oxygen-rich centers such as interstitial peroxo species.

As a comparison with the proposed experimental XPS Ti 2p
peak �tting (Figure 1), Figure S6 presents the more traditional
peak �tting of the Ti4+ component and analysis of the full
width at half-maximum (FWHM). The FWHM is clearly larger
for am.-TiO2 compared to crystalline anatase; moreover, the
peak width increases as the ALD growth temperature is
increased (details on the �tting parameters are presented in
Table S2). The �tting results suggest that it is not su�cient to
�t the Ti4+ 2p of am.-TiO2 with only one component. Using a
second component results in an adequate �t. A slight shift in
the binding energy of Ti6c

4+ and Ti5/6/7c
4+ peak positions can

originate from di�erences in the amount of more rare over-
and undercoordinated Ti ions (Ti8c

4+, Ti7c
4+, Ti4c

4+) and wide
distributions of bond lengths and angles, which are also partly
attributed to local e�ects of polarons.3�5,24

To the best of our knowledge, there are no previously
reported e�orts to identify Ti4+ ions (Ti5/6/7c

4+), which are
related to the nearest or next-nearest neighbors of oxygen
vacancies, experimentally by photoelectron spectroscopy as
proposed in this work. Therefore, we performed density
functional theory calculations of CLSs mediated by an oxygen
vacancy or interstitial peroxo species in anatase TiO2 and an
am.-TiO2 structure. Figure 2 presents the results from the
computational analysis of oxygen defect-induced CLSs in
anatase TiO2. In the case of pristine anatase, there were no
CLSs in either Ti 2p or O 1s since all of the Ti/O sites have
identical environments.

In the second case, the oxygen vacancy was formed by
removing one of the lattice oxygens from the 144-atom bulk
anatase supercell and re-relaxing the atomic positions of the
resulting structure (see Figure 2c). Upon vacancy creation, the
two excess electrons can either localize fully on nearby
pentacoordinated Ti5c cations or partially, with one electron on
a Ti5c ion and the other one delocalized over the entire

Figure 1. (a) Ti 2p and (b) O 1s XP spectra of the 30 nm thick ALD
am.-TiO2 grown at 100, 150, 175, and 200 °C. Anatase TiO2 (30 nm)
is used as a reference sample for the six-coordinated Ti6c

4+ peak.
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structure.20,23 For the oxygen vacancy containing anatase, three
groupings of peaks in the Ti 2p spectrum can be identi�ed.
Most Ti atoms in the bulk have CLS values within 0.11 eV of
each other (blue peak labeled as Ti6c

4+). These atoms are not
directly connected to the created vacancy and are six-
coordinated and have the same Bader charges as in the
pristine bulk. The next group of shifts with lower binding
energy are within 0.32 eV of each other, i.e., more spread out
than the Ti6c

4+ peak. The maximum of the �tted Gaussian peak
(violet peak labeled as Ti5/6c

4+) is shifted by �0.29 eV from the
Ti6c

4+ peak. There are six shifts in total, three at �0.12 eV, two
at �0.22 eV, and one at �0.43 eV. The most negatively shifted
value in the group comes from the pentacoordinated Ti5c next
to the oxygen vacancy, which accepts the least excess charge
from the vacancy. The �ve others are Ti6c atoms that are the
next-nearest neighbors to the vacancy. The most negative shifts
in the Ti 2p spectrum come from the two pentacoordinated
Ti5c

3+ cations, where the excess electrons from the vacancy are
localized. The peak (orange peak labeled as Ti5c

3+) maximum
is shifted by �1.39 eV compared to the Ti6c

4+ peak. The O 1s
CLS of the oxygen vacancy containing anatase has two groups
of values. Most oxygen atoms in the bulk have values within a
range of 0.28 eV. Five oxygen anions give more positive values
with the peak maximum (note: the �tted peak is not shown in
Figure 2b) shifted by 0.36 eV compared to the main peak.
These are oxygen anions that are the next-nearest neighbors to
the vacancy and are in the same atomic layer as the vacancy.

In the third case, since the experimental XPS data show that
amorphous titania retains a constant oxygen/titania ratio for
increasing the ALD growth temperature (Figure S5), the
possibility of having interstitial peroxo species in the anatase
bulk was also investigated (see Figure 2d). The structure was
generated by displacing one oxygen from its lattice position
and placing it close to another oxygen. This creates an
interstitial O2 species (O2

2�) connected to three heptacoordi-
nated Ti7c cations. The displaced oxygen leaves behind an

oxygen vacancy with three pentacoordinated Ti5c cations. The
anatase structure with interstitial peroxo species has very
similar Ti 2p shifts compared to anatase with an oxygen
vacancy. The most negative Ti5c

3+ shift di�ers only by 0.04 eV,
meaning that the oxygen vacancy created by the displacement
of the lattice oxygen gives the same CLS signature as one
created by the removal of oxygen. The main di�erence
between the two spectra is the Ti5/6/7c

4+ peak. The maximum
of the �tted peak is shifted slightly more to the negative CLS
for the peroxo structure (�0.37 eV). This is due to the fact
that the three Ti7c

4+ cations that are coordinated to the peroxo
species also have negative shifts compared to the ideal Ti6c

4+

further away from the defect sites. The O 1s spectrum of the
peroxo anatase shows that the shifts of the oxygen anions are
slightly more spread out than in the case of anatase with
oxygen vacancy. In addition, the peroxo species gives a positive
shift with a �tted peak maximum at +1.87 eV.

These computational results provide strong support for the
proposed experimental XPS peak �tting (Figure 1), and
especially, for identifying oxygen displacement-induced Ti4+

ions (Ti5/6/7c
4+) from the spectra. In addition to the more

negative shift of the Ti5/6/7c
4+ peak (�0.37 eV) due to the

interstitial peroxo species, oxygen vacancy formation via
displacement of oxygen ions corresponds well with the
experimentally determined rather stoichiometric and constant
O/Ti ratio of 2. Albeit there are no remarkable di�erences
between measured XPS O 1s spectra (Figure 1b), the slightly
more distinct peak around 532 eV may imply more peroxo
species in Ti3+-rich am.-TiO2 grown at 200 °C.

Besides anatase TiO2, oxygen vacancy-induced core-level
shifts in am.-TiO2 were also computed. The calculated Ti 2p
and O 1s core-level shifts for pristine and oxygen vacancy
containing am.-TiO2 (Figure S7) and the details of the analysis
are presented in the Supporting Information. The Ti 2p shifts
of pristine am.-TiO2 are spread out but no obvious peak
assignment correlating to the �ve-, six-, or seven-coordinated

Figure 2. (a) Ti 2p and (b) O 1s core-level shifts of anatase TiO2. The top row corresponds to pristine TiO2, the middle row corresponds to TiO2
with one oxygen vacancy, and the bottom row corresponds to an interstitial peroxo species containing TiO2. The vertical lines indicate the CLS of
individual atoms. (c) Pristine anatase bulk shows the oxygen atom that is removed to create the oxygen vacancy (red sphere) and the titanium
atoms (gray spheres) coordinated to it. (d) Structure of the anatase bulk with interstitial peroxo species (red spheres) showing the Ti atoms
(Ti7c

4+) directly coordinated to the peroxo species and the three Ti atoms (Ti5c
4+/3+) that surround the oxygen vacancy. Ti3+ ions are indicated by a

darker shade of gray.
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