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Abstract

Anatase titanium dioxide is a common photocatalyst with limited application
scope due to its wide band gap energy. Valence and conduction band doping
have long been used to narrow TiO, band gap energy. The effectiveness of the
process is highly dependent on the procedure adopted, and its underlying
mechanism remains largely unknown. Importantly, optical changes caused by
bulk doping are not always represented at the surface where the catalysis
occurs. Therefore, methodologies sensitive to bulk and surface modifications
are key for a holistic understanding of the doping mechanism and its effect on
photocatalysis quantum yield. Herein, it is proposed the use of X-ray absorp-
tion spectroscopy (XAS) with different probing depths to elucidate the chemi-
cal composition of bulk and surface. Soft XAS was employed to determine the
chemical state of typical dopants (N and Cu) in TiO, thin films. The XAS mea-
surements at N K-edge and Cu L, ;-edge were performed in surface and bulk-
sensitive detection modes, providing direct insight into the surface-bulk effects
caused by the dopants. In the case of copper doping in the TiO, conduction
band, the data show the formation of Cu®" in the bulk states. In contrast, the
surface states are dominated by Cu* components resulting from surface termi-
nation geometries. Moreover, X-ray absorption spectra confirmed that the sub-
stitutional mechanism is the dominant process in Cu doping. The nitrogen
doping was found to be interstitial, causing minor changes to the band struc-
ture but affecting the photoluminescence. The proposed methodology closes
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1 | INTRODUCTION

Titanium dioxide (TiO,, also known as titanium
(IV) oxide or titania) is the naturally occurring oxide of
titanium that exists throughout the cosmos. Titania is by
far the most important titanium compound. It has many
applications, from paints (pigments called titanium
white, Pigment White 6 (PW6), or CI 77891) to sunscreen
lotions and food colouring.! However, applications of
titania expand beyond its direct use and have been cen-
tral to the development of photocatalysts® (including self-
cleaning glass technologies®) and photovoltaics*® due to
suitable electronic and structural properties, low toxicity
and affordability. In detail, the conduction band mini-
mum of TiO, locates around —4.1 eV with a band gap of
3.2 eV for anatase, 3.1 eV for brookite, and 3.0 eV for
rutile, respectively.® Moreover, titania has a low refractive
index of 2.4-2.5 and a bulk electron mobility in a range
of 0.1-4 cm 'V 's71°

Direct utilisation of sunlight to drive photochemical
transformations on TiO, is limited by its large intrinsic
band gap (Eg = 3.0-3.2 eV), which results in restricted
utilisation of solar-light spectrum to the UV region that
accounts for only 4% of the incoming light. To overcome
the above-mentioned limitations, numerous approaches
have been tested to extend TiO, spectral response to the
visible region and improve its overall photonic effi-
ciency.” From a material science perspective, elemental
doping has prevailed as the dominant strategy to modify
TiO, electronic properties.® Still, it is also worth mention-
ing alternative strategies, such as heterostructures with
low-bandgap semiconductors’ and photosensitisation.'”

Semiconductor doping intentionally introduces impu-
rities, known as dopants, into a semiconductor material
to modify its electrical properties. Dopants can donate or
accept electrons in the semiconductor crystal lattice, cre-
ating excess or deficit charge carriers, respectively. This
process alters the material's electrical conductivity and
optical absorption. Substitutional doping and interstitial
doping are two types of semiconductor doping methods.
In substitutional doping, impurities replace some of the
host atoms in the semiconductor crystal lattice."* In con-
trast, interstitial doping involves adding impurities

the gap in knowledge between materials design and photocatalytic perfor-
mance by establishing atoms' disposition in bulk that affects electronic proper-
ties and on the surface that impacts the catalytic cycle.

doping mechanism, electronic structure, time-resolved photoluminescence, titanium dioxide,
X-ray absorption spectroscopy

between the host atoms without replacing them."? Substi-
tutional doping is more common and precise, while inter-
stitial doping is less common but can create higher
concentrations of dopants in the semiconductor.

Bulk elemental doping of TiO, is a promising strategy
for improving its visible light absorption properties via
two distinct characteristics, namely band narrowing
induced by energy shift in the valence and/or conduction
band edge and formation of localised states (trap states)
within the band gap.'? The decision on which element to
use is governed by which band one wants to affect,
depending on the reaction one wants to do.'* Note that
the band gap defines the photochemical redox window,
that is, only redox transformations that fall within the
band gap can be photocatalysed without external bias.
Commonly, one uses low Z-number elements, such as
N,’* C,'® S, and B," to shift the valence band edge
upwards and transition metals elements, such as Cu, Cr,
Co, Ni, Mn, Zr,” to induce shifts in conduction or
valence band edge as well as the creation of in-gap states.
Nitrogen doping, for example, introduces an energy level
in the TiO, bandgap that enables it to absorb visible light
and enhance its photocatalytic activity.”” Carbon doping
can increase the TiO2 conductivity and enhance its
charge transfer properties.”’ Sulphur doping can modify
the TiO, surface to improve its stability and prevent
photo corrosion.

Experimentally, the changes in optical absorption
induced by ion doping are detected by optical
spectroscopy,>>* while the location of the dopant can be
determined by XAS.*>?® In photocatalysis, bulk ion dop-
ing affects optical absorption and surface atom arrange-
ment. The latter needs to be studied more, but its impact
on the overall catalytic process often supersedes the gains
in optical absorption since the surface chemistry deter-
mines the large part of the catalytic cycle. Therefore, it is
critical to establish what doping does to the bulk and the
surface.

X-ray spectroscopy probes surface and bulk states and
can be performed under realistic synthesis/preparation
conditions, offering a window into the reaction mecha-
nism. For example, we combined valence-to-core X-ray
emission spectroscopy (XES) and pre-edge XAS
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measurements with theoretical calculations to determine
changes in the electronic structure of nitrogen-doped tita-
nium dioxide nanoparticles grown on reduced graphene
oxide.”” It was demonstrated that N-doping affects the
occupied electronic side, leading to band gap narrowing
and an increase in visible light range absorption. Further-
more, XAS data revealed a decrease in the population of
unoccupied d-localised orbitals of titanium. Finally, it
should be noted that the interplay between surface and
bulk states is essential for many hybrid systems based on
titanium dioxide and metallic nanoparticles such as Ag,
Au or Cu.”*®* The solid photochemical response in the
visible-light region and subsequent charge injection from
the metallic NPs into the semiconductor is observed for
these systems. The charge transfer efficiency and associ-
ated lifetimes strongly depend on the hybrid elements'
structural and electronic surface/bulk state configura-
tions. Penetrating properties of X-rays and element speci-
ficity provided with X-ray spectroscopies may be
considered an ideal tool to investigate complex multi-
element systems.

Herein, detailed XAS measurements at Cu L, ;-edge
and N K-edge were performed using surface and bulk-
sensitive detection modes, providing direct insight into
the surface-bulk effects caused by these two common
dopants. The study revealed previously unseen reaction
intermediates and insights into the mechanism and mate-
rials' electronic structures. The proposed methodology
closes the gap in knowledge between materials design
and photocatalytic performance by establishing atoms'
disposition in bulk (affects electronic properties) and on
the surface (affects catalytic cycle).

2 | EXPERIMENTAL SECTION

The single-layer TiO,-based thin films doped with nitro-
gen or copper were prepared at the Department of Chem-
ical Engineering, Khalifa University of Science and
Technology, according to the procedure reported previ-
ously by.*® Briefly, radiofrequency magnetron sputtering
(AJA ATC Orion Series) was used to deposit samples on
soda-lime glass substrates (25 x 75 mm, Sigma-Aldrich)
and Si (100) wafers (University Wafer). For N-TiO, and
Cu-TiO, thin films, TiO,:N (with atomic ratio TiO,:
N = 98.5:1.5) and TiO,:Cu (with atomic ratio of TiO,:
Cu = 98.5:1.5) homemade targets from well-defined pow-
der samples were used, respectively. Before the deposi-
tion, the substrates were cleaned in the ultrasonic bath.
Targets were pre-sputtered to remove any surface con-
tamination. Subsequently, sputtering was performed at
room temperature and in an argon atmosphere with a
constant pressure of 10 mTorr and a flow rate of 30 sccm.

The resultant thickness of single-layer TiO,-based films
was approximately 530 nm. After deposition, samples
were annealed in the air with the following steps: heating
up to 475°C with a ramp rate of 10°C/min, maintained
for 5 min at 475°C, then heating up to 500°C with a ramp
rate of 2.5°C/min and maintained for 4 h at 500°C.

Transient energy-resolved photoluminescence
(TERPL) measurements of doped TiO, were carried out
using a streak camera system. The 320 nm excitation
pulse was generated through an optical parametric
amplifier (Harmony, Fluence Sp. z o.0., Poland) pumped
by a high-power femtosecond fibre laser with a wave-
length of 1030 nm (Jasper 10, Fluence Sp. z 0.0., Poland).
The laser pulse duration of 300 fs and a repetition rate of
200 kHz were used for the measurements. The excitation
laser beam propagated through mirrors and finally was
focused on the samples at an angle of 45°. The samples
were settled perpendicularly to the optical axis of the col-
lection. After photoexcitation, the photoluminescence
emission was collimated and then focused by two lenses
with a 50 mm focal length. The PL emission was sent to
the 100 pm width input slit of a spectrograph (Chromex,
50 lines/mm grating, and blazed at 600 nm). Then, the
spectrally selected PL propagates to the 20 pm slit of the
streak camera (C5680 + M5675, Hamamatsu, Japan)
with a minimum temporal instrument response function
(IRF) ~4 ps. Meanwhile, a delay unit synchronised the
streak camera with the fibre laser (C6878, Hamamatsu,
Japan). Finally, the signal was received by a digital cam-
era (C4742-95, Hamamatsu, Japan). The background sig-
nal and camera sensitivity were corrected after
measuring in the data processing. The laser excitation
density was 7.69 x 10" photons cm 2 pulse .

The X-ray absorption spectra (XAS) were recorded in
two detection modes, namely total electron (TEY) and
total fluorescence (TFY) yield. It is well known that TEY
is mainly sensitive to the outermost layers, while TFY in
standard geometry gives information about the bulk of
the film. The surface-sensitive TEY detection mode pro-
vides information within a depth of several nanometres
(up to 10 nm), which is related to electron inelastic mean
free path (IMFP) in solids.** On the other hand, in the
standard TFY mode, photons can be detected from sev-
eral hundreds of nanometres underneath the sample sur-
face. In particular, for pure TiO, with a thickness of
100 nm, the calculated transmission of X-rays with ener-
gies above titanium L-edge and up to copper L-edge is in
the range of 50-80%.

The TFY XAS spectra were collected at the U49
Physikalisch-Technische Bundesanstalt (PTB) beamline
of the synchrotron radiation facility BESSY II (Berlin,
Germany). All experiments were performed in an ultra-
high vacuum system with a silicon drift detector, located
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at 90° to the incoming beam. The X-ray beam spot size
on the sample was around 0.14 mm?® The TiO,-based
thin films were studied in two different geometries. For
bulk sensitivity, samples were measured at 45° to the
incident X-ray beam. In contrast, surface-sensitive data
were collected in the grazing incidence geometry, that is,
at an incidence angle of 0.5° for Cu-TiO, and 2° for N-
TiO,. The Cu L,3;-edge XAS spectrum was acquired in
the energy range from 915 to 1000 eV with an energy res-
olution of 300 meV. The N K-edge XAS spectrum was
collected in the energy range from 390 eV to 430 eV with
an energy resolution of 300 meV.

The TEY XAS spectra were acquired at XAS beamline
of SOLARIS National Synchrotron Radiation Centre
(Krakow, Poland). The X-ray beam from the bending
magnet (1.31 T) was monochromatised by a plane-grating
monochromator and focused to a 2 x 2 mm spot size on
the sample. In the surface-sensitive TEY detection mode,
providing information within a depth of several nm, the
sample drain current was measured by a precise Keithley
picoammeter. The copper L,s-edge X-ray absorption
spectrum for Cu-TiO, sample was acquired in the energy
range from 927 to 960 eV with an energy resolution of
100 meV.

Potential radiation damage is always an issue when
exploring X-ray spectroscopy methods specifically in the
soft X-ray regime.’* Those effects depend not only on
photon flux but also on sample composition and are
mainly observed in molecular systems. For solid state
investigations, beam-induced changes are also visible,
but only when the sample is exposed to very high beam
intensity. In the present experiment, the onset of X-ray
beam damage was assessed by monitoring changes in
absorption edges using quick scans around the absorp-
tion peak on the same spot, which shows that the mea-
suring area was stable for at least 30 min. Thus, the
measuring area was refreshed after 10 min to avoid X-ray
radiation damage.

3 | RESULTS AND DISCUSSION

The films used in this study have been extensively char-
acterised elsewhere.’® Briefly, the band gap of the TiO,
anatase films was found to be 3.22 and 3.35 eV for Cu-
TiO, and N-TiO,, respectively.’® For reference, pristine
TiO, (anatase) had a band gap of 3.37 eV. The doping
with Cu or N did not change the crystal structure of
TiO,, which was found to be anatase via lattice fringes
analysts of high-resolution transmission electron micros-
copy (HR-TEM) and X-ray diffraction.® The band gap
narrowing observed for the Cu-doped sample suggests
the inclusion of copper in the anatase structure and

mixing of the 3d copper states that shifts the edge of the
valence band upwards.”® On the other hand, the nearly
unchanged band gap in the N-doped sample indicates
that N 2p states did not hybridise with O 2p states, which
is symptomatic of nitrogen in interstitial states rather
than substitutional.'>** According to scanning electron
microscopy with elemental dispersive spectroscopy analy-
sis reported previously, the doping elements were well
distributed throughout the films.*

Bulk doping of semiconductors affects the photolumi-
nescence spectrum,’**> both in intensity and lifetime,
which can be assessed by TREPL. TERPL maps after exci-
tation at 320 nm (band gap excitation, i.e., excitation of
0>” — Ti*" transition) are shown in Figure 1. It is worth
mentioning that elemental doping significantly reduced
the PL quantum yield of TiO,, as reported previously.*
This observation suggests the dopants’ direct involvement
in reducing emitters' concentration and their lifetime,
either by suppression or screening. The doped samples
display three emission peaks, a small peak between
400 and 440 nm related to the charge recombination of
electrons in the surface state defects (shallow traps) with
valence holes, a peak between 450 and 500 nm associated
with charge recombination of electrons in different
intrinsic defects (deep traps)®® in the TiO, lattice such as
oxygen vacancies, titanium vacancies, and interstitial
defects, and finally green emission between 520 and
570 nm associated with trap electrons and trap holes
charge recombination.® Note that the green emission
was not observed on freshly prepared samples,*® suggest-
ing that this emission is related to sample ageing.

As in the previous study,’® Cu-doping nearly sup-
pressed the PL signals and dramatically reduced the PL
lifetimes (as shown in Figure 2). The results indicate that
Cu affects the hole and electron trapping sites since these
sites are critical for the main emission lines. To support
this hypothesis, X-ray absorption near-edge structure
spectroscopy was performed. The X-ray absorption near-
edge structure spectroscopy is very sensitive to the local
electronic structure of the atom. It thus provides informa-
tion on the local bonding and oxidation state of the speci-
men. In particular, the XAS spectroscopy in the soft X-
ray regime is an ideal tool to investigate the effect of dop-
ants in the electronic structure and elucidate the struc-
ture around elements.

Figure 3 presents incident-angle dependent Cu L, ;-
edge XAS spectra of Cu-TiO, thin films acquired in both
TEY and TFY mode, respectively. The L, and L; edge
spectra probe transitions from 2p,,, and 2p;,, orbital
levels, respectively, to 3d empty states. For comparison,
the collected spectra were plotted with the XAS spectra
for reference samples (Cu foil, Cu,O and CuO) measured
in TFY mode from the literature data.’” As it can be seen,
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FIGURE 1 TERPL measurements of the doped samples excited at 320 nm, that is, excitation from O*~ — Ti*". The figure shows the
colour maps, integrated and normalised PL data and peak deconvolution. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Kinetic traces were extracted from TERPL at the two main PL peaks. The data reveal the short-lived nature of the signal,
which is nearly gone after 120 ps for the Cu-TiO, sample and is less than 10% for the N-TiO, sample. [Colour figure can be viewed at
wileyonlinelibrary.com]

the CuO spectrum exhibits sharp 2p — 3d resonance Cu-doped TiO, thin film data were recorded in TFY
absorption located at 931 eV for the initial 2p;/, states =~ mode at normal and grazing incidence angles and in a
and 951 eV for the initial 2p,,, level, respectively. In the surface-sensitive TEY mode. In the case of the normal
case of Cu,0, the positions of the L; and L, absorption incidence TFY measurement, the Cu-TiO, spectrum dis-
edges are shifted towards higher energies and located at ~ plays a virtually identical spectral profile as the CuO ref-

933 and 953 eV, respectively. In addition, the peak inten- erence spectrum. This confirms the presence of copper
sity is much lower than CuO due to the higher electron (+2) oxidation state in the bulk of the studied material,
occupancy of 3d orbitals. Metallic copper exhibits a Cu-  which is consistent with previous studies.*® The grazing

Ledge at similar energy to copper (+1), with additional incidence TFY and surface-sensitive TEY spectra detected
small spectral features in the post-edge region. It should  an additional feature to the Cu®* at 934 eV, characteristic
be noted that the substantial differences in the energy  of the copper (+1) oxidation state. The Cu’ states are
and shape of the XAS Cu, Cu,0 and CuO spectra allow  surface-related and most likely result from Cu-O-Ti sur-
the unambiguous use as reliable fingerprints of the cop-  face termination geometries giving a Cu,0O configuration.
per oxidation state. Therefore, the reference spectra were Moreover, the collected results imply that copper atoms
used to fit the experimental data collected for Cu-TiO, are substituting titanium atoms in the TiO, structure by
films for quantitative analysis. the substitutional mechanism of Cu doping. This allowed
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FIGURE 3 The Cu L, ;-edge X-ray absorption spectra of Cu-
TiO, thin films were acquired in TEY and TFY modes. [Colour
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 N K-edge XAS spectra of the N-TiO, thin films
measured at 2° and 45° incidence angle (bottom part of the
spectra). The collected XAS spectra are compared to the spectra
simulated for substitutional and interstitial N configurations in the
TiO, structure*® and to the experimental spectrum of TiN reference
sample.** [Colour figure can be viewed at wileyonlinelibrary.com]

us to estimate the relative content of each copper compo-
nent at the surface, which was nearly 50:50 of
Cu': cut.

Using the density functional theory calculations, Wu
et al. showed that when a Cu atom substitutes at

preferably five-coordinated Ti atoms, this results in an
oxygen vacancy generation near the location of Cu.* The
projected density of states of Cu in Cu-TiO, revealed an
electronic spin, implying the presence of Cu*" that can
be easily reduced in the vacuum conditions to Cu*,*
supporting the presented observations. Copper ions with
mixed valences (Cu’ and Cu?") are known to modulate
oxygen vacancies concentration that induces different
electronic defect states in TiO, due to chemical
compensation,*>*! which affects material photocatalytic
properties.

Turning now, the attention to the N-doping. The N K-
edge measured in TFY XAS at 2° and 45° incidence
angles are plotted in Figure 4. As previously, applying the
grazing incidence geometry allowed us to probe more
surface states. Figure 4 also compares our experimental
data with a reference TiN spectrum (green curve), taken
from Ref. [42]. In addition, the spectra were coupled with
full potential ab initio spectral simulations for different
nitrogen configurations in the TiO, structure.*?

As shown, a single N configuration in TiO, structure,
derived from the direct substitution of oxygen atoms by
nitrogen (N()), plotted as the purple curve, corresponds
well with the given experimental TiN data. Notably, both
low-energy features at 398 and 401 eV are well repro-
duced in the simulated spectrum. These features can be
assigned to transitions from N 1s to unoccupied N 2p
states hybridised with Ti 3d orbitals, which are split into
lower triply degenerate t,, and upper doubly degenerate
eg states, respectively.** Similarly, the replacement of a
single O-atom in an octahedral position by N, leads to a
splitting of the bands but with a narrower energy
difference.

It is clear that our TFY XAS spectra at both incidence
angles are dominated by a narrow single peak at around
401 eV, suggesting that N is not in a substitutional posi-
tion. Therefore, other structural possibilities of N-doping
were considered.

The spectrum of the N, dimer located at the intersti-
tial site (N,) is dominated by a single broad peak
centred at around 401 eV. As previously mentioned, the
N edge in the TiN structure reveals two peaks (398 and
401 eV) with the strongest absorption edge at lower
energy (consistent with a higher abundance of N*~ spe-
cies'?), which are not observed in the studied N-TiO,
sample. This further confirms that the doping mecha-
nism of nitrogen into TiO, is mainly driven by N, incor-
poration into the interstitial positions in the TiO,
structure. Therefore, we assigned the measured peak to a
single N-atom in an interstitial position (N¢;)), equally dis-
tributed throughout the material. The narrow peak sug-
gests that the interstitial sites are similar and well-
distributed throughout the material.
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Elemental doping of TiO, remains a promising strategy
to improve its optical absorption and electronic proper-
ties by narrowing its band gap and improving electrical
charge transport properties. Herein, a combined TERPL
and X-ray absorption study with different probing depth
sensitivities were used to diagnose the doping effect and
establish the location of dopants within the material bulk
and surface. Cu doping is substitutional both in bulk and
on the surface. However, in bulk, copper is present as
Cu?", while on the surface, mixed valence states of Cu™
and Cu®" were detected with nearly the same concentra-
tion. N doping was found to be interstitial, a similar site
and well distributed throughout the material. The pro-
posed methodology closes the gap in knowledge between
materials design and photocatalytic performance by
establishing atoms' disposition in bulk that affects elec-
tronic properties and on the surface that impacts the cat-
alytic cycle.
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