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ABSTRACT: This work shows the possibility of using plasma nitriding under ultra-high-vacuum conditions to introduce nitrogen
into a titanium dioxide structure in the form of nanotubes with a diameter of about 110 nm. Nanotubes were produced by the anodic
oxidation of Ti foil in a solution based on glycerine and water with the addition of ammonium fluoride at a voltage of 25 V. Based on
experimental evidence obtained by X-ray photoelectron spectroscopy (XPS, in situ), it has been shown that alternating nitriding and
annealing processes at 450 °C leads to formation of Ti-N-O, Ti-N, and Ti-O-N chemical bonds in the TiO, crystal structure
(anatase). The observed changes were identified as interstitial or substitutional admixtures or variations of these. The
spectrophotometric and spectrophotoelectrochemical tests performed showed that the photoactivity of the photoanodes doped with
nitrogen and annealed at 450 °C in the UV—vis range was significantly greater than that of the photoanodes without nitrogen. The
highest maximum photocurrent density, of about 30.0 #A-cm ™ at a wavelength of A = 350 nm, was obtained for the double-nitrided
and once-annealed sample, where nitrogen was mainly incorporated in the interstitial positions in the TiO, lattice. For the materials
not nitrided as well as annealed only at 450 °C and pristine, the worse photoresponse was received at the levels of ~16 and ~0.2 uA-
cm™?, respectively. The thermo-chemical treatment applied also effectively extended the operational range of the photoanodes
toward visible light, where a wide maximum of light absorption was observed from ~400 to ~700 nm, with a maximum wavelength
of 550 nm and an estimated bandgap energy of 2.5 eV. Our investigations confirmed that photoelectrochemical (PEC) performance
for TiO, NT-based photoanodes was achieved by the optimum annealing condition and concentration of nitrogen, where the
narrowed bandgap was observed by generating a new N 2p energy level above the O 2p valence band. The following research
techniques were used to identify the changes taking place in the materials produced: XPS spectroscopy, UV—vis spectroscopy, PEC
measurements, X-ray diffraction structural measurements, and scanning electron microscopic observations.

KEYWORDS: nanotubes, titanium dioxide, plasma nitriding, in situ XPS analysis, photoanodes, UV—vis analysis,
photoelectrochemical investigations

H INTRODUCTION electron migrates from the valence band to the conduction
band, leaving a hole in the valence band, which results in the
formation of charge carriers (electron—hole pairs). These can
recombine in the crystal lattice (directly or indirectly) or

Doping semiconductor materials with non-metallic ions such
as C, N, or S is a typical way of modifying their electronic
structure,'~" which ultimately leads to a reduction in the

bandgap energy (E,). The width of the energy gap and its

position relative to the Fermi level are of fundamental Received: March 22, 2023
importance to the properties of semiconductors. For several Accepted: May 30, 2023
decades, titanium dioxide has been considered as one of the Published: June 13, 2023

most promising photocatalysts; Fujishima and Honda first
performed photoelectrochemical (PEC) water splitting using
this material in 1972.° As a result of photon absorption, an
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migrate to the surface of the photocatalyst where they
participate in redox reactions with adsorbed organic com-
pounds and adsorbed oxygen.””'" However, it is known that
the practical use of TiO, in such processes is limited due to the
wide bandgap (E, = 3.0-3.2 eV). >3 Moreover, the
generation of electrons in the conduction band and of holes in
the valence band under the influence of visible light is
inefficient. With such a wide bandgap, TiO, can only be
excited by photons of wavelengths shorter than 390 nm
appearing in the ultraviolet (UV) region.'*"* In fact, this range
covers only a few percent of the visible light spectrum.”* A
most common research method that can effectively increase
the absorption range of visible light is doping with nitrogen.”"*
This is due to the fact that nitrogen atoms can be effectively
introduced into the TiO, lattice, creating a new N 2p energy
level above the O 2p valence band (known as the impurity
band), thereby changing the width of the energy gap.
Ultimately, this leads to a shift in optical response toward
the visible range."”'*'® This is possible because the
replacement of oxygen atoms in the TiO, lattice with nitrogen
atoms is effective due to their similar size and relatively low
ionization energy and to the stability of the Ti—N—O bonds
that are formed.">'*'®"” 1t is well known that photocatalytic
processes involving TiO, are heterogeneous and that the
surface area of the catalyst plays an important role. The
structural properties of TiO,, such as its crystallinity, particle
size, grain size, porosity, and surface area, are all affected by the
TiO, synthesis method, doping method, and the type of
dopant.””'*~*" Therefore, nanostructures based on TiO,
nanotubes obtained by the anodic oxidation of titanium have
been widely used in recent years as photocatalysts (photo-
anodes) due to their particular properties.”' Such materials are
characterized by strong light-scattering effects due to their
characteristic morphology, that is, densely packed tubes of a
certain height that can be separated from each other.””°~** In
addition, highly ordered nanotubes that are vertically oriented
to the metallic Ti substrate” provide a high degree of electron
mobility alon; the axis of the tubes—a unidirectional charge
transfer."*>**” Another advantage is that it is relatively easy to
control their crystalline form or degree of crystallinity (anatase,
rutile, and a mixture of anatase and rutile) through
temperature processes.””*>>*7*° These properties have been
used effectively in various types of light-induced reactions, such
as degradation of various types of dyes (methylene orange,”**
methylene blue,”**° rhodamine B,"* and azo dye (RBS)*’),
pesticides (ace%)hateu), phenols,”” and the production of
hydrogen.'”'**"**~*! Despite these advantages, a limitation in
the use of nanotubes in photocatalysis as broadly understood is
the nature of titanium oxide itself, and therefore its physical
and chemical properties, as mentioned above. In addition,
TiO,-based photocatalysts are characterized by a relatively fast
recombination of electron—hole pairs on the surface, which
limits the efficiency of photoconversion processes.’” The
nitrogen atoms introduced into the TiO, structure may reduce
the recombination of charges by stabilizing the electron—hole
pairs generated and at the same time maintain the original
structure of TiO,."”"”*** Taking the above into account, an
attempt was made to effectively introduce nitrogen into the
structure of TiO, nanotubes by plasma nitriding under ultra-
high-vacuum (UHV) conditions in order to reduce the amount
of chemisorbed N, molecules on the surface of the tested
materials. This type of selective nitrogen doping leads to a
significant improvement in TiO, photoconversion processes

over a wide UV—vis range by generating new N 2p states or a
mixture of N 2p and O 2p orbital electron states, i.e., discrete
energy levels at the upper edge of the valence band."**~*® This
is possible when nitrogen is called a substitutional or interstitial
dopant in the TiO, lattice, which has been confirmed by
density functional theory (DFT) calculations or in accordance
with the first rules (ab initio)*>*” related to determining their
electronic structure.”">*>**® The calculations showed that
both types of doping are possible and lead to a narrowing of
the bandga}). Despite the theoretical calculations that have
been made™*” and much experimental data, including X-ray
photoelectron spectroscopy (XPS),"®'"**7>! the nitrogen-
doping mode in the TiO, lattice is still unclear and contains
many complex problems resulting from the method of
introducing nitrogen into the TiO, network (chemical and
physical methods)."”*" Therefore, the aim of this work
included the investigation of PEC properties depending on
the nitrogen-doping procedure and the impact of that
mechanism on the photocurrent response of the resulting
materials. In such cases, the modified surface of TiO, NT-
based photocatalysts plays a key role. Consequently,
controlling the doping process is essential since it can yield
different results in terms of photocatalytic performance. The
proposed optimization of the plasma-nitriding process in UHV
conditions creates such opportunities. Figure 1 shows in a
schematic way the process of producing photoanodes used for
photocatalytic tests.

XPS spectrometer
anodization process
in-situ analysis of
nitrided and
annealed samples

L]

cathode q‘,Pl:l_| Fnode (i foil)

UHV preparation
chamber
nitrogen plasma source
sample carrier with
heating function

vB functionalization process

Figure 1. Scheme showing the methodology of photoanode
production along with the research methods used.

B EXPERIMENTAL SECTION

Sample Preparation. TiO, NT Formation. TiO, nanotubes
(NTs) were fabricated in a one-step anodization process on Ti foil
(0.25 mm-thick and 99.5% + % purity, Alfa Aesar) at 25 V for 3 h in
an optimized electrolyte based on the glycerol and water mixture
(volume ratio 50:50) containing 0.27 M ammonium fluoride (NH,F)
by using a two-electrode electrochemical system (anode—titanium
foil with an area of about 1 cm? cathode—a platinum mesh with an
area of about 1 cm?). After the anodization process, all the samples
were rinsed with DI water (soaking for 24 h) and dried in air.”*

Nitriding Proces. Plasma nitriding is conducted in a UHV
preparation chamber (PREVAC, Rogéw, Poland) at 1.3 X 10™° mbar
pressure of flowing nitrogen and at low temperatures (less than 40
°C). Nitrogen plasma is produced using a PCS-ECR plasma cracker
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source (SPECS Surface Nano Analysis GmbH, Berlin, Germany),
which is a compact electron cyclotron resonance (ECR) ion source.
Microwaves at a frequency of 2.45 GHz and a power of 60 W are
generated. After a 4 h nitriding treatment, some of the samples were
annealed in vacuum conditions (10™® mbar vacuum pressure) at 450
°C for 2 h. The samples were then transferred in situ to an XPS
analysis chamber for surface chemical analysis.”* The samples were
investigated in the following order after the individual stages of
functionalization:

The assigned designations to the TiO, NTs samples were used in
the description of the research results in order to simplify the
nomenclature (Table 1).

Table 1. Markings of the Investigated Samples

samples (photoanodes) nomenclature
TiO, NTs pristine
TiO, NTs + N, N1
TiO, NTs + N, + 450 °C N1/450
TiO, NTs + N, + 450 °C + N, N1/450/N2
TiO, NTs + N, + 450 °C + N, + 450 °C N1/450/N2/450
TiO, NTs + 450 °C (reference sample) 450

Sample Characterization. X-ray Photoelectron Spectroscopy.
The chemical states of individual elements were verified using XPS on
a PHI 5000 VersaProbe (ULVAC-PHI) spectrometer. For this
purpose, monochromatic AlKa (hv = 1486.6 €V, power 25 W, voltage
15 kV) radiation was used as the X-ray excitation source at a lateral
resolution of about 100 X 100 yum. High-resolution XPS spectra for
individual elements were recorded using the following parameters:
pass energy 23.5 eV and energy step size 0.1 eV. Avantage-based data
system software (Version 5.9911, Thermo Fisher Scientific, Waltham,
MA, USA) was used to process the data, where a Smart function of
background subtraction was used to obtain the XPS signal intensity.
All the XPS peaks collected were fitted using an asymmetric
Gaussian/Lorentzian mixed function at a constant G/L ratio of
0.35 (£0.05). The binding energies (BEs) measured were corrected
with reference to the energy of the C 1s peak at 285.0 eV.>*

Scanning Electron Microscopy. An FEI Nova NanoSEM 450 SEM
microscope was used to characterize the morphology of the received
samples. Scanning electron microscopy (SEM) was carried out using
the Through Lens Detector (TLD) of secondary electrons at a
primary beam energy of 5 or 10 kV under high vacuum (pressure 107
mbar). After the inspection region had been chosen, SEM images
were obtained at a long-scan acquisition time of typically 30 s per
frame.”*

X-ray Diffraction. X-ray powder diffraction data were collected on
a PANalytical Empyrean diffractometer fitted with a X'Celerator
detector using Ni-filtered Cu Ka radiation (4, = 1.54056 A and 4, =
1.54439 A). Data were collected on a flat plate 6/6 geometry on a
spinning sample holder. All the data presented were collected in the
20 range 10—90°, at an interval of 0.0167°, with a scan time of 30 s
per interval.

UV—vis Spectroscopy. Optical absorption spectra of the function-
alized TiO, NTs were acquired using a Jasco V-650 spectropho-
tometer equipped with a 16 mm integrating sphere using diffuse
reflectance spectroscopy methodology. The bandgaps were calculated
using the Kubelka—Munk equation.

Photoelectrochemical Measurements. To evaluate the influence
of nitrogen doping on the photoelectrochemical properties of TiO,,
materials were subjected to tests in a Teflon cell with a quartz window
using a photoelectric spectrometer equipped with a 150 W xenon arc
lamp combined with a potentiostat (Instytut Fotonowy). All the
measurements were performed in a 0.1 M KNO; solution, in a three-
electrode system, where a saturated calomel electrode, a platinum
wire, and the TiO,—N, samples were used as the reference, counter,
and working electrodes, respectively. Photoelectrochemical measure-
ments were carried out using a pulsed exposure to illumination with
monochromatic light (in a range of 300—600 nm) with a step of 10

nm. During all the tests, a potential in a range of 0—1 V vs SCE (with
a step of 0.2 V) was applied. The photocurrent values were converted
to incident photon to current efficiency (IPCE) using the following
equation:

J,(%)
IPCE = 1240
A P(A) (1)

where J, (1) is the photocurrent density recorded at a particular
wavelength (1) and P (1) is the power density of the incident light at
a particular wavelength (4).

The stability of photoanodes was evaluated by measuring the
photocurrents during 30 min of illumination with a Xe lamp using the
same experimental setup.

B RESULTS AND DISCUSSION

Figure 2a shows a typical morphology (top view) of titanium
oxide nanotubes immediately after anodic oxidation at 25 V in
a solution of glycerine, water, and ammonium fluoride.

b) pristine

a) pristine

¢) N1 d) N1/450

Figure 2. SEM images of TiO, NTs after anodic oxidation (a—top
view, b—cross-sectional view), after plasma nitriding in UHV
conditions (c), and after annealing at 450 °C (d).

The SEM images reveal that the tubes are densely packed
and form a honeycomb-like structure. The tubes are about 110
nm tall, with a wall thickness of about 20 nm, and their growth
takes place perpendicularly to the Ti substrate, as shown in our
previous work,”? Figure 2a,b. Further functionalization of the
nanotubes in situ as a result of plasma nitriding and heating at
450 °C in the UHV preparation chamber did not significantly
affect their morphology,n’24 Figure 2c¢, d. Nevertheless,
thermal treatment does lead in particular to other significant
changes related to the transformation of TiO, nanotubes from
an amorphous form into a crystalline form—anatase, as shown
in Figure 3. Clearly visible peaks of the Ti substrate are
associated with the direct growth of nanotubes on titanium foil,
see Figure 2b. The sample subjected to heat treatment at 450
°C in UHV conditions shows extra three distinct peaks at
about 26 = 25.0°, 48.0° and 55.0° corresponding to anatase
reflections (101), (200), and (211), respectively.”
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Figure 3. XRD patterns for TiO, NTs in the as-received state and
after heat treatment in UHV conditions at 450 °C/2 h.

Data in the literature show that such a transformation can
occur in this type of material at a temperature above 280 °C,*
and at 450 °C, a fully crystallized anatase phase is
obtained.”>**>* This is one of the important properties of
titanium dioxide, whose polymorphism is used in a practical
way in photocatalytic applications, because fully crystalline
titanium dioxide (anatase, a mixture of anatase and rutile, and
rutile) can only be used in practice.””” Even though rutile is
the most stable crystallographic form of TiO,, in UV—vis light-
induced studies, the anatase structure or a mixture of anatase
and rutile is commonly used.”'* This is because the degree of
recombination of the electron—hole pair system is much lower
in anatase than in rutile,”>”'® and the phase mixture can
improve photocatalytic performance due to increased charge
separation and can inhibit recombination.”>”"* In addition,
anatase has the smallest refractive index (~2.5) of the three
TiO, polymorphs, a higher edge of optical absorption than
rutile, and the largest specific surface area (from 50 to 120 m?/
g).>’ Nevertheless, it is characterized by the largest bandgap—
about 3.2 eV—even though for all titanium dioxide species, the
location of the valence band is the same (anatase, rutile,
brookite),” and the main differences result from the location of
the conduction band. As already mentioned, the minimum
energy needed for anatase to excite an electron and generate a
hole in the valence band (Eg) is about 3.2 eV, which
corresponds to a quantum of radiation with a wavelength of
~390 nm."* TiO,, therefore, can be activated only in the UV
range. ™’ The range of radiation needed to excite the
photocatalyst poses a serious limitation on the large-scale
application of TiO,. The introduction of a nitrogen dopant
into the crystallographic structure of TiO, can change this.”"

Nitrogen was introduced into the lattice of the TiO,
nanotubes by means of a multi-stage controlled process of
plasma nitriding combined with annealing at 450 °C. Figure 4
shows high-resolution XPS spectra for Ti 2p, O 1s, N 1s, and
VB recorded after successive stages of nitrogen doping in situ.
Before the nitriding process, the chemical composition of the
surfaces of the nanotubes in the initial state (pristine) was
determined. Data analysis of the spectra for Ti 2p, O 1s, N 1s,
and VB (Figure 4a—d) showed that the basic chemical
compound of the nanotubes was titanium dioxide, as proved
by the characteristic spectral lines for Ti 2p (Ti 2ps/, 458.8 €V,
Ti 2p,,, 464.5 eV) and O 1s (530.2 eV).* 31 Moreover,
taking into account the ratio of O 1s (530.2 €V)/Ti 2p;),
(458.8 eV), which is 1.92, it seems that an almost fully
stoichiometric TiO, was obtained. This was also confirmed by

the shape of the XPS-VB spectrum with two broad bands that
are O 2p in character, with the position of the edge of the
valence band at around 3.0 eV.”*>* The presence of typical
carbon, oxygen, and nitrogen bonds was also found on the
surface of the tubes (C—C: 284.5 eV; C—H: 285.0 eV; C—0O/
C—N: 286.0 eV; C=0: 287.1 eV; O=C—-OH: 289, 0 eV; C—
N: 399.9 eV; C—NHj;: 401.5 eV), which can be attributed to
contaminations from the sample preparation. This is shown by
the locations of the additional oxygen signals above the BE of
531.0 eV.***73° For the sample in the initial state, a fluorine
peak (F 1s) was also recorded.” Its origin is related to the
presence of ammonium fluorides in the electrolyte used to
form the nanotubes by anodic oxidation of the Ti foil. The
pristine material was further modified as a result of the plasma
nitriding, as shown in Figure 4e—h (N1).

As in the case of the sample in the initial state after nitriding,
the position of the maximum peaks for Ti 2p (Ti 2p;/, 458.8
eV, Ti 2p,, 464.5 eV) and O 1s (530.2 eV) after
deconvolution did not change. This corresponds to the BE
values for TiO,. However, there was an additional N Is
nitrogen peak at around 400 eV. A detailed analysis of this
peak showed three states of nitrogen at the BE: 400.1, 399.0,
and 401.1 eV. These states refer to chemisorbed nitrogen
compounds (C—N) on the surface of the nanotubes,”"******
nitrogen located in the TiO, network in the form of Ti—O—N
bonds,"*'>'7** and nitrogen in the form of adsorbed C—
NH,,'>*>* respectively. The absence of typical Ti—N bonds is
related to the fact that nanotubes have an amorphous structure
immediately after anodic oxidation®® (see Figure 3), so the
formation of Ti—N bonds may be accidental. Such a structure
is characterized by a rather chaotic arrangement of Ti and O
atoms (no long-range order), although it may contain a small
proportion of crystal phase domains. Therefore, it is most
likely that the nitriding process in this case could have led to
the formation of various types of bonds between oxygen,
titanium, and nitrogen, forming compounds of unknown
stoichiometry (e.g,, TiOxNy) and, possibly, NO, admixtures.
The shape of the XPS-VB spectrum did not change
significantly after nitriding, which means there were no
structural or electronic changes in the tested material.
Nevertheless, the advantage of an amorphous structure is
that it is easier to introduce all kinds of nitrogen impurities.”*
This made it possible to introduce nitrogen into TiO, at a level
of about 4.2 at %. To correct this effect, the sample of N1 was
annealed in situ at 450 °C for 2 h under UHV conditions.
Figure 4i—1 shows XPS spectra for the Ti 2p, O 1s, N 1s, and
VB after heat treatment (N1/450). The spectra recorded for
individual elements have certain features that distinguish them
from the spectra after nitriding. For both the Ti 2p and O 1s
peaks, one can clearly see a shift of their main maxima toward
larger BEs of about 0.5 eV compared with the previous
samples, which is related to the change in the structure of the
nanotubes from an amorphous to the crystalline form—
anatase (see Figure 3). This shift may also be associated with a
slight change in the lattice parameter of anatase itself as a result
of nitrogen being introduced directly into the crystallographic
structure of TiO, as a interstitial impurity, as has been
suggested by other researchers.'>””*>*° In our case, no such
effect was observed, as shown in our XRD structural studies for
the nitrided and annealed samples (Figure S1 in the
Supporting Information). However, the doping effect can be
clearly seen in the N 1s nitrogen spectrum, where an evident
change in the shape of the spectrum, and a change in the
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Figure 4. XPS spectra of Ti 2p, O 1s, N 1s, and XPS-VB recorded after various stages of titanium dioxide nanotube functionalization: pristine
material (a—d), first plasma nitriding in UHV conditions—N1 (e—h), annealing at 450 °C in UHV conditions—N1/450 (i—1), second plasma
nitriding in UHV conditions—N1/450/N2 (m—p), annealing at 450 °C in UHV conditions—N1/450/N2/450 (q—t). All of the XPS spectra were

recorded in situ.

about 10% Ti—N bonds. The quantitative data also showed

positions of individual signal maxima after deconvolution, can
that, after annealing, a general decrease in nitrogen

be observed. These individual peaks can be attributed to the

presence of Ti—N bonds (397.0 eV—substitution nitrogen),
Ti—O—N (399.1 eV—interstitial nitrogen), and chemisorbed
nitrogen on the nanotube surface (400.8 eV).'>>!2>3343:46:51
Comparing the XPS spectra of nitrogen N 1s after single
nitriding and annealing, certain changes can be seen, namely,
the content of nitrogen effectively introduced into the anatase
network as a permanent impurity is higher (60%) than in the
case of the amorphous structure (30%), with a contribution of
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concentration was observed, to a level of about 2.2 atomic
%, which is related to the removal of part of the nitrogen
chemisorbed to the surface of the nanotubes during the
annealing process.*® Haryhski et al. obtained similar results for
plasma-nitrided samples, where the nitrogen plasma-induced
crystallization of the anodic TiO, nanotube method was used,
without thermal treatment.”' The change in the structure of
the nanotubes as a result of thermal treatment is also evidenced
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by the change in the shape of the XPS-VB spectrum. The
nature of this spectrum, which is dominated by two broad
peaks of the O 2p-Ti 3d-hybridized states related to the non-
bonding (~S5 eV) and bonding (~8 eV) O 2p orbitals,
respectively, is correlated with the crystallographic structure of
anatase.””°~% In addition, the estimated bandgap, based on
the linear extrapolation of the edge of the lowest emission
energy of the valence band,”** is about 3.4 eV, which is close
to the theoretical value for anatase (E, = 3.2 eV). Further
functionalization was aimed at re-introducing nitrogen into the
structure of TiO, nanotubes by plasma nitriding (N2) but with
a strictly defined crystallinity (N1/450). In Figure 4m—p, the
spectra for Ti 2p, O 1s, N 1s, and VB are shown again.
Interestingly, after the second stage of nitriding (N1/450/N2),
the maxima of the Ti 2p and O 1s peaks changed their position
toward lower BE values. The BEs as determined for Ti 2p were
458.3 eV (Ti 2ps,,) and 464.0 eV (Ti 2p,/,) and for O Is
529.5 eV. The maxima of these peaks indicate the presence of
Ti* and O in the structure of TiO,.'”*”**** Yet, another
change was observed in the nitrogen peak, for which the main
peak was found at 399.3 eV, which can be attributed to
chemisorbed nitrogen on the surface of the nanotubes, in
accordance with our previous observations. Nevertheless, some
literature data also indicate that, for this BE, the presence of
interstitial nitrogen (Ti—O—N) has been identified.>!'®!>#30
In addition, for this sample, a signal at the BE of 400.5 eV may
suggest the presence of adsorbed nitrogen in the form of C—
NH, as for the sample in the initial state (pristine).'>”>* The
unambiguous change in the interstitial nitrogen doping of the
TiO, lattice can be attributed to the peak maximum at an
energy of 397.8 eV. This is probably an intermediate state
between nitride (397.0 eV) and oxynitride (399.0 eV), which
can be defined as Ti-N—O (TiN,O,).”" The appearance of
such bonds causes a decrease in the electron density of
nitrogen in TiN due to the high electronegativity of oxygen,
which may also generate a shift in the maximum of the Ti 2p
and O 1s peaks toward lower BE values.”'>"* This behavior is
related to the mechanism of nitrogen doping of the TiO,
structure, where a N atom bonds with three Ti atoms by
replacing the O atom in the TiO, lattice or N atoms occupy
interstitial sites where a N atom is bonded to one or more O
atoms.” The second stage of nitriding clearly affected the
electronic structure of TiO, as the edge of the valence band
shifted toward a lower BE as determined from the XPS-VB
spectrum to about 2.5 eV. This change may be related to the
fact that interstitial doping leads to the addition of nitrogen in
the TiO, crystal lattice, in contrast to substitutional
doping.**** Therefore, a larger amount of nitrogen can be
effectively introduced into the TiO, structure, which can lead
to a reduced energy gap. The XPS experimental data obtained
after the two-stage plasma nitriding process are very similar to
the observations of other researchers who also used a two-stage
modification of titanium oxide with nitrogen, where the
primary source of N was nitric acid and the secondary source
urea.”’ Boningari et al. observed that the dominant signal of
nitrogen N 1s was a peak at a BE of about 399.2 eV, regardless
of the chosen procedure or the amount of nitrogen introduced
into the TiO, lattice. They attributed this peak to the position
of interstitial nitrogen in the oxide structure (Ti—O-N).*
Analyzing the spectra of N 1s after plasma nitriding, a similar
effect (trend) can be observed. The only difference is in a
slightly different peak position assigned with interstitial
nitrogen, which in our case varied from 397.8 to 399.1 eV.
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This difference is due to the different method used to
introduce nitrogen into the TiO, lattice. The last stage of
functionalization was re-annealing the sample at 450 °C
(Figure 4q—t; N1/450/N2/450). a Secondary thermal treat-
ment at 450 °C causes a change in the position of the peak
maxima for Ti2p and Ols again, this time towards higher
values of the BEs (Ti 2p;,, 459.1 eV, Ti 2p,, 464.8 eV, and O
Is 530.4 €V). Nevertheless, secondary annealing led to the
appearance of an additional signal in the Ti 2p spectrum,
which can be attributed to Ti** (Ti 2ps,, 457.7 €V, Ti 2p; )
463.0 eV).””*" The appearance of this signal was the result of
the double annealing process of the nanotubes at a
temperature of 450 °C in vacuum conditions. These non-
stoichiometric oxides can modify the electronic structure of
TiO, by creating a donor level below the conduction band
(oxygen vacancies), which in turn can affect the rate of
recombination of electron—hole pairs and effectively extend
the range of visible light absorption.”'*°" It is also worth
noting that, after the secondary annealing, the spectrum of
nitrogen, in a bond energy range of 404.5—395.5 eV, was
similar in shape to the Nls spectrum after single annealing.
The only difference was the appearance of an additional signal
at BE = 402.8 eV, which may suggest the presence of nitrogen
admixtures of the NO, type in the TiO, lattice.”'”*” The BE
can be attributed to NO,™ nitrite ions, i.e., the formation of
N-O bonds. In addition to this additional peak, signals were
identified that correspond to the bonds: Ti—N (396.5 eV,
substitution nitrogen), Ti—O—N (398.7 eV, interstitial nitro-
gen), and chemisorbed nitrogen on the nanotube surface
(400.4 eV). The characteristic shape of the XPS-VB spectrum
with a “gap” of about 3.2 eV did not change significantly in
relation to the single-annealed sample. Similar to the first
annealing at 450 °C, the share of nitrogen effectively
introduced into the anatase network as a permanent dopant
(substitute nitrogen, interstitial nitrogen, NO,) was at a level
of 56%, with a contribution of Ti—N bonds of about 12%. The
XPS in situ tests showed that the process of plasma nitriding
together with thermal treatment makes it possible to modify
the electronic structure of TiO, by the appearance of
interstitial impurities or mixed states containing both
interstitial and substitutional impurities. Such results will
have a different impact on the photocurrent response of the
tested systems.

Figure 5 shows the UV—vis spectra for the produced
materials and the Tauc diagrams on the basis of which the
optical bandgap energy (E,) was determined using the

—— pristine
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Figure 5. UV—vis DRS spectra of all investigated samples.
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Figure 6. Photocurrent density as a function of incident light wavelength and applied potential, recorded for pristine nanotubes (a), nitrided—N1
(b), annealed at 450 °C—N1/450 (c), nitrided—N1/450/N2 (d), annealed at 450 °C—N1/450/N2/450 (e), and only annealed at 450 °C as the
reference data—450 (f). The surface functionalization of the TiO, nanotubes was performed under UHV conditions.

Kubelka—Munk method (Figure S2 in the Supporting
Information). The UV—vis data (Figure 5) show that the
absorbance of nitrided nanotubes annealed at 450 °C in the
visible light region was larger than that of the tubes in the

initial state (pristine). The larger light absorbance in the visible
region resulted from the appearance of nitrogen atoms in the
TiO, structure and changes in the electronic structure of the
1529 35 confirmed by the XPS studies. Nevertheless,
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some dependencies on the UV—vis spectra can be noticed.
First, the spectra for pristine nanotubes and those nitrided
once (N1) are similar in character across the entire range of
wavelengths. The only difference is a shift in the broad maxima
of the TiO, absorption peak, from about 425 to about 440 nm.
Second, annealing at 450 °C led to a change in the nature of
the spectra for individual samples (N1/450, N1/450/N2/450)
and to an increase in light absorption above 550 nm. This is
related to the transformation of the structure of the TiO,
nanotubes, from an amorphous form into a crystalline form—
anatase—and probably to the appearance of oxygen vacancies
as a result of the plasma-nitridir}% process and annealing in
vacuum (presence of Ti** ions)."*”°" Third, the shape of the
spectrum for the sample twice nitrided and once annealed
(N1/450/N2) differs from the others. It can be clearly seen
that the absorbance range for this sample has extended from
about 380 to 700 nm, with a maximum at about 550 nm. This
behavior is directly related to the observed structural changes
in TiO,, the process of doping with nitrogen—and particularly
the interstitial position'”'>****—as well as morphological
factors related to light scattering on the surface of nanotubes of
a certain length.”” The observed increase in the absorption of
UV light to the visible range in the case of the nitrided samples
is undoubtedly related to the doping process, where nitrogen
atoms imply the formation of new, mixed N 2p energy levels
near the valence band, and where non-stoichiometric oxides
(Ti**) can modify the electronic structure of TiO,, creating a
donor level below the conduction band corresponding to the
states of oxygen vacancies.'”*”~°' In addition, the oxygen
vacancies are associated with a reduction in the O~ dianion to
the O anion in the anatase structure, resulting in the
appearance of “volumetric centers” in the vicinity of Ti*,
which absorb light in the range from S50 to 800 nm;
subsurface centers from 430 to 550 nm; and surface centers
below 430 nm, as was noticed by Zawadzki®* and summarized
in Schneider’s work.® These effects can be clearly observed in
the recorded UV—vis spectra where, for the double-annealed
and nitrided sample, three peaks can be seen at ~430, 600, and
700 nm and, for the double-nitrided and single-annealed
sample, where the maximum is at 550 nm. The migration of
photogenerated holes to surface and subsurface sites is
therefore possible and affects the photocatalytic activity of
the resulting photoanodes in the visible light range, where the
surface plays a key role.”> These factors can lead to a reduction
in the bandgap energy (E,), although this effect has not been
demonstrated using Kubelka—Munk calculations (see Figure
S2). The estimated optical bandgap energy is slightly larger
than for the XPS-VB approximation and varies from 3.31 to
3.41 eV. Nevertheless, slight differences can be observed in the
double-nitrided and single-annealed sample (N1/450/N2) in
the XPS measurements. The differences in the E, determined
using the two methods result from their depth resolution and
the physical basis of the techniques themselves. In the case of
XPS, we record surface changes, because the inelastic mean
free path of electrons in TiO, is only about 2.2 nm, calculated
on the basis of the TPP-2M formula,®* with an X-ray source
excitation energy of 1486.6 eV. However, in the case of UV—
vis measurements in a wavelength range of 300—800 nm, the
light penetrates the nanotubes much deeper due to the open
porosity of the nanostructures.”>°® Moreover, our previous
work shows that nitrogen introduced into the crystallographic
structure of nanotubes annealed at 450 °C is located mainly in
the near-surface zones of <10 nmy; it is then concentrated deep

into the nanotubes at a constant level of about 0.5 at %.”*
Nevertheless, our data are consistent with the literature data,
where Wang et al. calculated the bandgap from the density of
the electron states (DOS) as 3.42 eV. Other experimental data,
though, have shown a gap of 3.26 eV."> Another reason for
these divergences may be related to the change in the chemical
composition of TiO, after it is doped with nitrogen, which was
observed by Preethi et al.”’ Using UPS spectroscopy, they
found that there was a change in the position of the Fermi level
at different concentrations of nitrogen doped into the TiO,
structure and that this affected both the number of defects
caused by the presence of Ti’* ions and the density of N 2p
states. An increase in nitrogen concentration led to a decrease
in the bandgap energy (E,) as the EF band shifted to CB,
though this occurred only at the optimal nitrogen content in
the TiO, lattice. As the nitrogen concentration continued to
increase, the Fermi level moved away from the edge of the
conduction band, and then the density of defective Ti*" states
reached the maximum saturation level, meaning that it did not
influence the width of the bandgap, which is affected only by
the density of N 2p states near the valence level.*”*' Therefore,
the change in the density of N 2p states strictly depends on the
concentration of nitrogen in the TiO, structure,"*****%” which
can be controlled by the correct application of thermo-
chemical treatments under UHV conditions. All these changes
led to slightly different bandgap energy results when
determined using various measurement methods.
Photocurrent density maps recorded for individual nitrided
and in situ annealed samples in relation to the pristine sample
are shown in Figure 6. Figure 6a clearly shows that the anodic
TiO, nanotubes whose electronic structure was unmodified
showed an almost insignificant photoresponse in the UV—vis
range. The maximum photocurrent density was <0.2 yA-cm™>
for the wavelength A = 360 nm. This effect is related to the
structure of the nanotubes immediately after the anodization
process, which is amorphous. Then, most of the photocurrent
response is probably generated at the bottom of the nanotubes
(height about 1 ym), with only a negligible contribution of the
walls themselves due to the large number of defects they
contain, which act as electron traps, leading to a high
recombination rate of electron—hole pair carriers.”” After
the introduction of nitrogen into the amorphous structure
(N1), no significant changes were observed in the photo-
current maps (Figure 6b), despite the observed shift in the
maximum light absorption peak for TiO,. The maximum
photocurrent density was at a similar level < 0.2 yA-cm™. As
can be seen from the above results, despite the presence of
nitrogen atoms in the amorphous structure of TiO,, TiO, did
not exhibit any photoactivity. Only annealing the sample at
450 °C for 2 h (N1/450) resulted in a significant increase in
the maximum photocurrent density, up to about 16.0 uA-cm™>
for A = 350 nm (UV range), which is associated with a change
in the structure of TiO, from amorphous to crystalline—
anatase—and the appearance of admixtures such as sub-
stitution nitrogen (Ti—N) and interstitial nitrogen (Ti—O—N)
in the TiO, lattice (Figure 6¢)."1 7273352 Another nitriding
process (N1/450/N2), this time by introducing nitrogen into
the crystal structure of TiO,, led to another increase in the
photocurrent maximum at the same wavelength, up to a value
of about 30.0 pA-cm™* (Figure 6d). This phenomenon is
mainly due to the presence of interstitial nitrogen but with a
different bond configuration between Ti, N, and O in the
nanotube structure (Ti—N—O). The appearance of extra
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Figure 7. (a and b) IPCE spectra at U = 1 V vs SCE for all the photo-anodes studied in the UV—vis range.

nitrogen in the TiO, lattice affects its electronic structure,
leading to a change in its light absorption properties. This is
related to the partial transfer of electrons from N to Ti*" and
the resulting increase in the electron density on Ti*" (Ti**)
due to the lower electronegativity of nitrogen compared to that
of oxygen.'""*'7*¥ In addition, the appropriate level of N
doping ensures a favorable separation of photogenerated
electron—hole pairs, which leads to higher photocatalytic
activity. In our case, that level was about 1.9 at %. Note here
that the recombination of photogenerated electrons/holes can
occur too quickly during charge transport when there is too
much doped nitrogen. Our results showed a good correlation
with the XPS and UV—vis absorbance spectroscopy data (see
Figures 4 and S). The second annealing after secondary
nitriding (N1/450/N2/450) contributed to a decrease in the
maximum photocurrent density for 4 = 350 nm to about 20
/JA-cm_2 (Figure 6e). This decrease in current density may be
related to a reorganization of the types of bonds in the TiO,
lattice under the influence of the thermal treatment, where we
again observed characteristic Ti—N (substitution nitrogen)
and Ti—O—N bonds (interstitial nitrogen). Moreover, after the
second annealing, the presence of Ti’* was detected, resulting
in the appearance of oxygen holes on the surface of the
nanotubes. All these factors are desirable to achieve high
photoactivity by changing the electronic structure of TiO,. In
this case, according to the literature data, theoretical DFT
calculations show that this kind of nitrogen doping leads to the
generation of additional states, i.e., localized N 2p levels above
the valence band maximum and Ti** 3d states below the
conduction band.®"** Therefore, it can be assumed that, for
the photoanode N1/450/N2/450, the PEC activity in the
UV—vis range comes from N 2p levels near the valence band,
while oxygen vacancies and associated Ti* species act as
recombination centers for the photoinduced electrons and
holes. They reduce the photocatalytic activity but, on the other
hand, contribute to the absorption of visible light,15’36’45’48‘61 as
can be seen in the UV—vis spectra. The photocurrent
measurements also suggest that doping with nitrogen followed
by thermal treatment at 450 °C (2 h) results in a significant
improvement in optical absorption compared to the unan-
nealed photoanodes (see Figure 6f). Linear sweep voltammetry
(LSV) curves recorded in darkness and under illumination
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which are shown in Figure S3 (Supporting Information) also
confirmed that the thermal treatment of the samples at 450 °C
and UHV nitriding is crucial for their promising photo-
response. The second nitriding (N1/450/N2) not only results
in a noticeable increase in photocurrents observed but also
shifts the onset potential to slightly more negative values.
Moreover, the fragments of chronoamperometric curves shown
in Figure S4 (Supporting Information) confirm the stability of
the photoanodes understood as their resistance to additional
electrochemical oxidation during anodic polarization indicated
by low dark current values. Additional measurements based on
chronoamperometric curves which were recorded under 30
min irradiation with a Xe lamp (at the maximum 4 = 350 nm)
for all studied samples showed a positive effect of nitrogen
doping along with thermal treatment (Figure SS in the
Supporting Information). Although we observe a gradual
decrease in the current density during the first minutes of
irradiation, which may suggest some instability of the produced
photoanodes, it appears that the obtained results are
promising. The explanation of these instabilities requires
further research and perhaps further optimization of the
nitriding process under UHV conditions. Nevertheless, the
course of chronoamperometric curves is typical, where at the
beginning we observe a step increase in photocurrents after
switching on the light and then its slow decrease. Perhaps it is
related to the change in the mechanism of surface
recombination. When the light is turned on, photogenerated
holes in the titanium oxide diffuse to the surface of the
nanotubes, causing appropriately high photocurrents. These
holes can then be trapped by surface states, resulting in their
accumulation as efficient recombination sites for the generated
electrons. As a consequence, this leads to a decrease in the
measured photocurrent values,”® which was also shown by
earlier measurements of photocurrent maps, see Figure 6.
These measurements clearly show that the doping method, and
thus the surface chemical composition, plays a key role. It may
be related to the different participation of chemisorbed
nitrogen on the TiO, NT surface, the amount of which
decreases each time after the heating process at 450 °C, as
confirmed by the XPS investigations. This nitrogen is attached
to the surface of the TiO, nanotubes only through interactions
such as dipole—dipole and van der Waals forces."**
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Table 2. IPCE Values Observed for All Studied Samples at Three Different Wavelengths The maximum values are in bold.

sample IPCE at 350 nm/% IPCE at 400 nm/% IPCE at 450 nm/%
pristine 0.07 0.01 0.001
450 13.18 0.26 0.024
N1 0.07 0.01 0.001
N1/450 17.42 0.41 0.079
N1/450/N2 30.64 0.76 0.105
N1/450/N2/450 22.16 0.68 0.150
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Figure 8. (a—f) (IPCE hv)®* vs hv plots (Tauc plots) together with estimated E, for annealed and nitrided samples.

Subsequently, the IPCE values (photon current efficiency)

at 1 V vs SCE were collected and calculated, as shown in

10360

Figure 7a,b. The spectra confirm that the most significant

phOtOCOIlVel‘SiOIl ‘was

obtained in the UV range regardless of
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the sample type. The highest IPCE values were obtained for
the sample twice nitrided and once annealed in situ (N1/450/
N2). This significant improvement in photoactivity was related
to obtaining a stable crystalline TiO, structure after
annealing—anatase—as well as a change in the electronic
structure of the oxide, where the N 2p states became dominant
near the Fermi level; these are discrete energy levels at the
upper edge of the valence band, leading to a loss in strong
hybridization between Ti 3d and O 2p.* It is known that, for
pure TiO,, the O 2p states dominate at the top of the valence
band and the Ti 3d states dominate at the bottom of the
conduction band, where the energy gap comes from the
splitting of the Ti 3d and O 2p hybridization bands near the
Fermi level (minimal photoactivity).”*****° The available
literature data indicate that even a small amount of N impurity
in the O sites in a TiO, lattice can cause a change in the
structure of the edge of the valence band near the Fermi level.
The N 2p states then dominate over the O 2p states,
weakening the strong hybridization between Ti 3d and O 2p.
This results in, among other things, a reduced bandgap (see
Figure 4p).*”*® Thus, the combination of the N-doping
process and the presence of O vacancies resulting from
annealing under UHV conditions®>®" is responsible for the
increased efficiency of the IPCE, which is a measure of the
ratio of photon (converted to electron transfer rate) to
incident photon velocity as a function of photon wavelength
(see Figure 7a). A detailed inspection of the IPCE spectra
revealed that the combination of two nitriding processes and
annealing at 450 °C (N1/450/N2) enhanced the photo-
conversion of TiO, NTs in the visible range (Figure 7b).
Although there are no well-defined maxima in the wavelength
range from 450 to 800 nm, as there are in the UV—vis spectra,
it can be seen that the IPCE gain gradually increased with the
wavelength of the incident light. It is evident that the shift
toward visible light was greatest for the double-nitrided sample
annealed once (N1/450/N2) or twice (N1/450/N2/450).
This was related to the appearance of nitrogen in the TiO,
lattice as interstitial (Ti—N—O, Ti—O—N) or substitutional
(Ti—N) impurities. Table 2 summarizes the IPCE performance
results for various wavelengths at 350, 400, and 450 nm for all
studied samples.

Again, it is clear that the best PEC performance in the UV
range is achieved for the photoanode nitrided twice and
annealed (N1/450/N2). Second annealing after the second
nitriding results (N1/450/N2/450) in worsening of PEC
activity in the UV range but further increases the IPCE in the
visible range.

Taking these results into account, we can conclude that, by
controlling the parameters of nitriding and by annealing under
UHV conditions, we are able to cause the appearance of
various forms of nitrogen admixtures, which ultimately affect
the photocatalytic properties of the TiO, nanotubes.®”

Figure 8a—f shows graphs of (IPCE hv)%° vs hv (Tauc plots)
for the tested samples, plotted in order to determine the energy
bandgap for these in the photoelectrochemical measurements.
As for the Kubelka—Munk calculations based on the diffuse
reflection method (DRS), the effects expected related to a
change in the bandgap width (E,) were not demonstrated.
Nevertheless, in this case, for the method used, the results were
more consistent with the XPS-VB data. The bandgap energy
changed from 3.09 eV for TiO, NTs in the initial state
(pristine) to 3.22 eV for the N1/450/N2/450 sample. The
bandgap energy determined for the samples annealed at 450

°C corresponds to the values for anatase (3.2 eV®), which,
among other things, determines the photocatalytic properties
of the produced materials in the UV range.

Taking all the above considerations into account, it can be
concluded that many independent factors simultaneously cause
subtle changes in the electronic structure of TiO, nanotubes
after nitriding. In particular, these changes are observable in
the surface and subsurface regions, as shown schematically in
Figure 9.
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Figure 9. Scheme showing the change in the properties of the
electronic structure of nitrogen-doped titanium dioxide in the form of
nanotubes under the influence of heat-chemical treatment under
UHYV conditions based on spectrophotoelectrochemical, UV—vis, and
XPS data.

B CONCLUSIONS

By using plasma nitriding in combination with the high-
temperature treatment of TiO, nanotubes, it was possible to
produce active photoanodes in the UV—vis light range. By
alternately controlling the process of nitriding and annealing at
450 °C, it was possible to successfully incorporate nitrogen
into the interstitial or substitutional positions of atoms in the
crystal structure of the TiO, nanotubes. This method of
functionalizing TiO, nanotubes under UHV conditions did not
lead to significant morphological changes. The most significant
changes occurred in the crystallographic and electronic
structure of the TiO, NTs, in particular for the N1/450/N2
and N1/450/N2/450 photoanodes. For these samples, evident
changes were observed in the light absorption properties in the
UV—vis range, where there was a shift toward visible light. The
maximum photocurrent densities of ~30.0 and ~20.0 yA-cm ™
were also recorded for these, respectively. Our measurements
also showed that the last stage of thermo-chemical treatment in
450 °C led to a reduction in the amount of nitrogen
chemisorbed to the surface of the nanotubes. The doped
anatase structure was the main source of the photoresponse of
the tested materials in the UV light range, and so no significant
changes in the TiO, bandgap were found. The estimated E,
values, regardless of the measurement methods used, were
close to the values for pure anatase 3.2 eV. The only exception
was the double-nitrided and once-annealed sample (N1/450/
N2), where a certain reduction in E, was observed, associated
with the appearance of interstitial nitrogen in the TiO, lattice.
This caused mixed N 2p states to form near the valence band,
with an optimal concentration of nitrogen in the sample. In
addition, the regular morphology of the nanotubes and their
arrangement toward the metallic substrate (Ti) ensured
specific light scattering and absorption, which also affected
the photoresponse generated in the photoanodes obtained.
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