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X-ray emission spectroscopy (XES) and X-ray absorption spectroscopy (XAS)

provide a unique opportunity to probe both the highest occupied and the lowest

unoccupied states in matter with bulk sensitivity. In this work, a combination

of valence-to-core XES and pre-edge XAS techniques are used to determine

changes induced in the electronic structure of titanium dioxide doped with

nitrogen atoms. Based on the experimental data it is shown that N-doping leads

to incorporation of the p-states on the occupied electronic site. For the

conduction band, a decrease in population of the lowest unoccupied d-localized

orbitals with respect to the d-delocalized orbitals is observed. As confirmed by

theoretical calculations, the N p-states in TiO2 structure are characterized by

higher binding energy than the O p-states which gives a smaller value of the

band-gap energy for the doped material.

1. Introduction

Titanium dioxide, thanks to its unique properties and high

number of applications, is the most often studied and used

titanium compound in the world. It can make a significant

contribution in creating the future-proof solutions for

renewable energy sources, environmental protection, chemical

industry and medicine. Many technological applications of

TiO2 come from photoinduced processes, like photovoltaics,

used for producing electric energy from sunlight; photo-

catalysis, used for pollutants degradation, purification of

water, and production of hydrogen; as well as photoinduced

superhydrophilicity, used in the formation of anti-fog and self-

cleaning surfaces (Carp et al., 2004). Moreover, TiO2 has a

high refractive index, which can find application in the

production of anti-reflective coatings (Richards, 2004), and

a high dielectric constant, which depends on phase and

morphology of the material (Wypych et al., 2014) and is

utilized in the low-temperature cofired ceramics (LTCC)

technology (Pang et al., 2010). Additionally, TiO2 is of parti-

cular interest due to the fact that it is chemically and biolo-

gically inert, non-toxic, bio- and hemo-compatible with the

human body and does not require high production costs (Carp

et al., 2004; Schvezov et al., 2010; Ma et al., 2014).

Titanium dioxide is widely recognized as a promising

photocatalyst for photo-induced oxidation and reduction

reactions. These unique properties of TiO2 were shown for the

first time by Fujishima & Honda in 1972 (Fujishima & Honda,

1972). Unfortunately, pure TiO2 has a wide band gap Eg
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(3.2 eV for the anatase phase and 3.0 eV for the rutile phase)

and the photocatalytic reactions are limited to ultraviolet light.

Therefore, one of the most important challenges in the

photocatalysis field is to modify the electronic structure of the

titanium dioxide, especially to reduce the band gap, in order to

increase the absorption of visible light (Burda et al., 2003),

which constitutes about 45% of the solar energy reaching the

Earth’s surface. Among various approaches for improving the

photocatalytic activity, doping with an appropriately chosen

element was successfully employed for TiO2 modification. The

best results were achieved in the case of doping with anions of

light elements, such as N, C or S, which can cause lower

oxidation potential of the doped TiO2 (Charanpahari et al.,

2013; Chen & Burda, 2008; Sá et al., 2018).

The improved visible-light absorption and photocatalytic

activity of N-doped TiO2 were reported by Asahi et al. (2001).

The authors calculated the density of states (DOS) using the

full-potential linearized augmented plane wave (FLAPW)

formalism in the framework of the local density approxima-

tion for the substitutional doping with C, N, F, P and S to

replace oxygen atoms in the TiO2 anatase phase. Additionally,

they also compared the calculated DOS for pure anatase and

anatase doped with nitrogen at different sites: substitutional,

interstitial and simultaneous substitutional and interstitial. It

was shown that the substitutional N-doping of TiO2 is the most

effective due to the contribution of nitrogen p-states in

narrowing the band gap by mixing with O 2p states. In this

context, it is noteworthy to mention that the authors took into

account three very important assumptions regarding the

effectiveness of photocatalysts. Firstly, the size of the band gap

of the photocatalyst has to allow activation by visible light.

Secondly, the TiO2 conductivity band has to be above the

H+/H2 reaction potential of the standard electrode and the

valence band below the O2/H2O reaction potential. Thirdly,

the transport time of charge carriers to the surface of the

photocatalyst has to be shorter than their lifetime. In addition

to theoretical calculation, the authors evaluated optical

properties and photocatalytic activity of N-doped TiO2. In

particular, the photodecomposition of methylene blue and

gaseous acetaldehyde, as well as the photoinduced hydro-

philicity of the foil’s surface under visible light (wavelength <

500 nm), was investigated. These studies were combined with

measurements of the N 1s core-level spectra by means of

X-ray photoelectron spectroscopy (XPS). The obtained results

showed an increase of the photocatalytic activity along with an

increase of the N component peak at 396 eV, the position of

which is consistent with the value attributed to the atomic �-N

state in TiO2–xNx. Moreover, the optimal nitrogen content was

found, above which a significant decrease in the photocatalytic

activity is observed. This phenomenon might be explained by

changes in the crystal structure of the sample caused by the

high nitrogen doping.

In the following years, several similar experimental and

theoretical works were conducted (Sakthivel et al., 2004;

Sathish et al., 2005; Sato et al., 2005; Di Valentin et al., 2005;

Wang et al., 2015). The main differences between them are

in the sample preparation method, the type of the sample

(powder samples, thin films, nanotubes), characterization

methods (mainly XRD, XPS, TEM, HRTEM, optical absorp-

tion spectroscopy, photocatalytic activity measurements) or

calculation formalism (DFT, FLAPW, FEFF). Invariably,

these studies confirmed that doping of TiO2 with nitrogen

atoms increases the absorption of visible light. Nevertheless,

more profound research showed that, with increasing N

dopant content, the photocatalytic quantum yield decreases

(Irie et al., 2003; Wang et al., 2009) despite the higher visible-

light absorption. This effect was explained by the formation of

additional Ti3+ sites and associated with them oxygen vacan-

cies, which act as recombination places for the photoinduced

electron–hole pairs. Their presence leads to a decrease in

overall photocatalytic activity.

In order to gain insight into the electronic structure

of nitrogen-doped TiO2 nanoparticles, Chen et al. (2010)

employed X-ray absorption and X-ray emission spectroscopy

(XAS and XES). They showed that the measured O 1s XAS

and XES spectra are almost identical for pure and N-doped

TiO2. On the other hand, slight differences in the intensity of

peaks were observed in Ti 2p spectra. This is explained by

differences between O 2p and N 2p orbitals coupling with Ti

3d orbitals in the conduction band. Therefore, the authors

acknowledged that only Ti states were modified during

nitrogen doping. It was also suggested that the nitrogen atoms

replace oxygen in the TiO2 lattice and the substitution does

not cause any significant change in the crystal field. In addi-

tion, N 1s XAS spectra confirmed the formation of N—Ti

bonds in the studied nanoparticles and the contribution of

nitrogen in the electronic structure of N-doped TiO2. Simul-

taneously, the possibility of nitrogen interstitial doping was

excluded.

Parks Cheney et al. (2014) investigated the cause of band

gap reduction (�1 eV) in Cr/N co-doped rutile TiO2 by means

of soft X-ray spectroscopy. They showed that the reduction of

the band gap originates for two main reasons: (i) formation

of Cr 3d 3 levels in the lower half of the band gap and

(ii) contribution of localized Cr 3d states and delocalized N 2p

states in the conduction band minimum. The experimental

data in combination with theoretical calculations of the

density of electron states for Cr-doped anatase TiO2 were

presented by Wojtaszek et al. (2016). The authors used reso-

nant X-ray emission spectroscopy (RXES) to probe the

electronic states. It was shown that the chromium doping

induces an additional electronic band on the low-energy side

of the conduction band. More importantly, the data obtained

by the RXES method allowed the impact of doping on loca-

lized and delocalized d-orbitals to be distinguished.

In the present work, we apply a combined valence-to-core

XES, XAS and theoretical simulations to study changes in

electronic states around the Fermi energy for a recently

developed (Ozer et al., 2017) N-doped TiO2 nanoparticle

grown on reduced graphene oxide. Use of hard X-ray spec-

troscopy allowed probing the material in non-vacuum condi-

tions (ambient environment) and with bulk sensitivity

(>1 mm). We demonstrate that N 2p states are responsible for

the reduction of the band gap in N-doped TiO2 grown on
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reduced graphene oxide and thus leading to an increase in

visible range absorption. Simultaneously, the XAS reveals the

decrease in the population of unoccupied d-localized orbitals

with respect to unoccupied delocalized d-states. This work

confirms high sensitivity of the employed experimental

methods for high-detail determination of electronic states

around the Fermi energy with bulk sensitivity and out-of-

vacuum conditions.

2. Experimental section

The nitrogen-doped TiO2 nanoparticles were grown on

reduced graphene oxide sheets via the sol-gel route, according

to the procedure reported previously (Ozer et al., 2017).

Briefly, titanium (IV) butoxide (TBOT), 2-propanol and

hydrochloric acid (4 M) were mixed in a volumetric ratio of

1 :5.461 :1.283, respectively. Reduced graphene oxide [fixed at

1% (w/w) with respect to TiO2] and ammonium nitrate, used

as the N-doping agent [0.8% (w/w)], were dispersed/dissolved

in the water prior to mixing with TBOT, HCl and 2-propanol

solution. The resulting mixture was kept under stirring at 70�C

for 20 h. Afterwards, the product was dried by means of the

rotary evaporator at 70�C. Finally, the sample was thermally

treated under nitrogen flow at 450�C for 4 h.

The experimental data were obtained at

the SuperXAS beamline at the Swiss

Light Source synchrotron in Villigen,

Switzerland. The beamline is dedicated to

XAS and XES measurements, which are

characterized by high sensitivity and time

resolution (Szlachetko et al., 2013, 2014a).

The experiment was conducted with X-ray

energies around the K-absorption edge

of Ti (4966 eV) using a double-crystal

Si(111) monochromator. The X-ray spot

size on the sample was 100 mm � 100 mm

with a photon flux of 1011 photons s�1.

A von Hamos-type wavelength-disper-

sive X-ray spectrometer was chosen for

valence-to-core XES spectra measure-

ments. The spectrometer was equipped

with a segmented silicon diffraction

crystal with a relatively small radius of

curvature (25 cm). In particular, a Si(400)

diffraction crystal was employed, which

provides a Bragg angle of about 66�. This

experimental setup allows a high-energy

resolution detection of about 300 meV to

be obtained and relatively high detection

efficiency without using scanning elements

(Szlachetko et al., 2012). A Pilatus 2D

detector with a pixel size of 175 mm �

175 mm detected the X-rays diffracted

on the Si(400) crystal. These properties

enable high sensitivity and short acquisi-

tion times (of the order of a few or tens of

seconds), making this setup an ideal

solution for experiments where the composition and proper-

ties of the sample or other measurement conditions may

change during the experiment. The non-resonant valence-to-

core XES spectra were recorded at an incident beam energy of

100 eV above the K-ionization threshold (i.e. 5066 eV). The

energy calibration of the spectrometer setup was performed

with elastically scattered photons with energy tuned around

the valence-to-core transition. Finally, the XES measurements

were complemented with XAS. X-ray absorption spectra

around the Ti K-edge were measured in the fluorescence

mode using a four-element SDD detector. The experimental

geometry was identical for all studied samples.

The obtained experimental data were also compared with

theoretical calculations of the DOS performed with the

FEFF9.0 program. For calculations, we used TiO2 rutile

structure and assumed substitutional replacement of O atoms

by N atoms. It is important to note that the obtained N-doped

TiO2 was a mixture of brookite and rutile crystal phase;

however, negligible changes in the calculated DOS between

these two phases were observed. In particular, the calculations

were performed for a 1 nm particle with the N atom placed at

a first coordination shell in a crystal structure of rutile

[Fig. 1(a)]. We simulated that doping at the second shell has no

influence on the electronic structure of the scattering central
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Figure 1
Experimental concept (a) and measured emission and absorption X-ray spectra for pure TiO2

with marked spectral structures (b) as well as the sense and current information on doping the
rutile phase with nitrogen atoms (c).



Ti atom. In calculations, we used the Hedin–Lundqvist energy-

dependent exchange-correlation potential method for fine

structure and atomic background.

3. Results and discussion

The scheme depicting the concept of the experiment is

presented in Fig. 1(a). The experiment aims at measuring two

spectroscopy signals: X-ray emission and X-ray absorption.

The X-ray emission signal is measured at a fixed X-ray energy

above the ionization threshold. On the other hand, the X-ray

absorption is obtained by recording the total fluorescence

signal while scanning the incidence X-ray energy across the

ionization threshold. The measured XES and XAS spectra for

the pure TiO2 sample are plotted in Fig. 1(b) in blue and red,

respectively.

As marked in Fig. 1(b), the electronic transitions corre-

sponding to emission lines in the XES spectrum are the ‘core-

to-core’ and ‘valence-to-core’ transition types denoted by four

types of K� emission lines. The main lines, namely K� 0 and

K�1,3, represent the core-to-core transitions from the 3p state

to the 1s state. Their energy separation is caused by the

exchange interaction of the electronic 3p states with the

occupied 3d states of titanium. Simultaneously, the K� 00 and

K�2,5 lines correspond to the transition of electrons from the

valence shells of elements to the 1s state. The spectral shape

and peaks positions provide information about the density of

the occupied electron states in the scattering element. Fig. 1(b)

also shows the absorption spectrum for the Ti K-edge. For the

purpose of the present study, we focus on pre-edge features

located in the energy range 4965–4975 eV. In the pre-edge

structure of TiO2, we can distinguish four pre-peaks resulting

from s–d type quadrupole transitions, which in the titanium

dioxide compound are characterized by a high occurrence

probability due to the hybridization of the d and p states. The

peaks are located at energies of 4966.4 eV, 4968.86 eV,

4971.88 eV and 4978.12 eV. According to the literature

(Caliebe et al., 1998; Glatzel et al., 2009; Pramod et al., 2014;

Szlachetko & Sá, 2014), the first pre-edge peak corresponds to

the transition from the 1s state to the localized 3d states of

titanium. The second and third peaks are attributed to tran-

sitions from the 1s state to the delocalized 3d states of tita-

nium, which are additionally partially hybridized with the p

states of oxygen atoms surrounding the titanium. The fourth

peak, which is energetically localized on the absorption edge,

is a result of the transitions from the 1s to 4p states of titanium.

These structures are very important due to their participation

in the creation of the minimum conduction band as well as

their impact on the band gap. Therefore, they provide infor-

mation about the density of unoccupied states in the studied

element.

In this work, the measured valence-to-core X-ray emission

and pre-edge X-ray absorption spectra are plotted in Fig. 2(a)

in order to compare the electronic structure of the conduction

and valence band of N-doped TiO2-grown on reduced

graphene oxide at the level of 1% and the reference, pure

TiO2 in the brookite-rutile phase. In the previous study, it was

noticed that the effect of reduced graphene oxide on the band

gap is negligible; thus, we focus on the band gap tuning effect

of nitrogen doping (Ozer et al., 2017).

The combination of XES and XAS measurements enables

the electronic band structure of occupied and unoccupied

states, respectively, to be mapped. By tuning the X-ray energy

close to the 1s ionization threshold of Ti, the core-electron is

excited above the Fermi level to an unoccupied state. Subse-

quently, this intermediate excited state decays radiatively with

simultaneous emission of an X-ray photon. The decay transi-

tion may involve either another core-electron or a valence

electron from a higher occupied orbital. By measuring the

intensity of the incidence and emitted X-rays the conduction

and valence states are probed in a single scattering process.

Furthermore, due to the involvement of the s-type core-state
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Figure 2
Measured XES and XAS spectra for un-doped (orange line) and N-doped (blue points) samples with spectral changes (blue line) induced by nitrogen
doping and error estimates of the measured data points (a). Schematic representation of the X-ray scattering process used for mapping the electronic
band structure (b).



the mapped density of states is p-projected, i.e. determined by

means of dipole selection rules. Fig. 2(b) illustrates the process

described above. It is important to note that the application of

X-ray absorption and X-ray emission spectroscopies provides

a bulk sensitivity, which implies that the core-hole states are

used to map valence and conduction bands. For this reason,

the core-hole lifetime and hence state-width is imposed on the

measured spectral features. In the presented Ti K-edge

experiment, the 1s initial core-hole broadening, that is used to

map valence and conduction bands, is equal to 0.9 eV

(Campbell & Papp, 2001). This broadening is additionally

combined with an experimental resolution of 1.1 eV. As a

consequence, the measured spectra exhibit tails extending

towards the low- and high-energy side, leading to

an overlapping effect of neighbouring electronic states (e.g.

valence versus conduction).

For data interpretation, the measured XES and XAS

spectra for un-doped (orange line) and N-doped (blue points)

samples are plotted in Fig. 2(a). Comparison of the spectra

reveals a shift of the XES signal and an intensity decrease in

the pre-edge feature of the XAS curves. The energy scale of

the spectra was re-calibrated to around the Fermi energy

by subtracting a value of 4963.8 eV that corresponds to an

inflection point of the high-energy side of the valence states.

Moreover, the spectra were background-subtracted using a

linear function as a background model. The same procedure

was employed for doped and un-doped samples to ensure that

no signal effects are introduced with background subtraction

analysis. Finally, the spectra were normalized in the 0 to 1

range for comparison purposes. In order to qualitatively

analyse the obtained results, a linear combination fit proce-

dure was employed on the N-doped spectra. In the procedure

we used un-doped TiO2 spectra as reference and a parameter-

free Gaussian function in order to account for new spectral

features for the N-doped sample. Indeed, the analysis showed

that two Gaussian functions have to be employed for the

fitting procedure in both XES and XAS signals. The result of

the fitting procedure is compared with measured data, shown

as the blue solid line in Fig. 2(a). The analysis reveals that the

signal changes on the valence electronic side correspond to a

new electronic band introduced at the high-energy side of the

valence states. This band is represented by a Gauss profile

fitted to the signal with a nominal centre position at �0.2 eV

and width of 1.3 eV (full width at half-maximum). This feature

is accompanied by a weak and broad structure, positioned at

�2.5 eV and with 9.0 eV width. Determined Gaussian profiles

with error estimates of the measured data points are presented

in the bottom panel of Fig. 2(a). The same procedure was

also applied to analyse electronic structure changes of the

conduction band with the XAS spectrum, employing a refer-

ence spectrum of un-doped Ti sample and parameter-free

Gaussian functions. Unlike the XES spectrum, the XAS signal

shows an intensity drop at the lowest electronic states posi-

tions that are interpreted as the d-localized TiO2 band (Szla-

chetko & Sá, 2014; Szlachetko et al., 2014b). The data reveal

that N-doping decreases the population of the d-localized

orbital. Moreover, the fitting procedure identifies two

distinctive energies at which the spectral changes are

observed, namely at 2.1 eV and 4.0 eV with respect to the

Fermi energy. The comparison between determined profiles

and difference of experimental data shows a proper approx-

imation of the signal difference within the statistical error of

the measured data points. Finally, the fitting procedure

allowed for quantitative analysis indicating that the amount of

un-affected Ti sites for doped samples equals 98.6% (for XES)

and 99.0% (for XAS), i.e. in good agreement with the

expected 1% N doping level.

In addition to experimental data, theoretical calculations

were conducted in order to assign experimental features and

deconvolute contributions of different atomic orbitals. The

calculations of the DOS were performed using the FEFF9.0

program. The calculated data for the s, p and d states of

titanium and the s and p states of oxygen as well as nitrogen

are shown in Fig. 3.

Based on theoretical calculations and the shape of the

experimental spectra, it can be concluded that the TiO2

valence band is composed of the 3d titanium states and the 2p

oxygen states. The observation suggests that these are hybrid

states, because they partially overlap in the energy scale.

Furthermore, the 3d states of titanium and the 2p states of

oxygen form a single structure as observed in the experimental

spectrum. At a lower relative emission energy of �18.1 eV, a

second structure is observed, which is related to a transition

from the 2s oxygen state to the 1s state of titanium. This

transition is possible due to partial hybridization of the 2s

oxygen states with the d-states of titanium. In the case of the

conduction band, we can conclude that it is mainly composed

of the unoccupied 3d Ti orbitals. Moreover, the oxygen
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Figure 3
The density of electronic states for pure and substitutional N-doped TiO2.



contribution in the formation of the band is insignificant. The

conductivity states have a heterogeneous structure, consisting

of three structures composed of the Ti d-band in the relative

energy range 1.5–9.8 eV. Incorporation of an N atom into the

TiO2 structure gives two new electronic bands below the Fermi

level. Firstly, the 2s N orbital is observed at a higher energy

of about 5 eV than the 2s orbital of oxygen. Considering that

these orbitals are too deep in energy, they do not contribute to

the valence states and thus do not play any crucial role in

the photocatalytic properties of the material. Secondly, the

nitrogen doping results in the appearance of 2p orbitals of N at

higher energy (of about 2 eV) with respect to the 2p orbital of

oxygen. Calculations agree with the experimental results and

confirm the shift of the valence band and narrowing of the

material band gap energy. On the conduction-band site, the

influence of N doping is negligible and new features are not

observed.

It is noteworthy that the calculated DOS are in general

accordance with results shown by Asahi et al. (2001). Asahi et

al.’s DOS calculations proved that substitutional nitrogen-

doping of TiO2 is most effective in narrowing the band gap due

to the mixing of nitrogen p-states with O 2p states. This is also

in line with results presented by Zhao & Liu (2008). They

calculated the DOS by using density functional theory to

compare the anatase TiO2 structure with substitutional

nitrogen, interstitial nitrogen or oxygen vacancy induced by N

doping. On the other hand, Chen & Dawson (2015) performed

their research assuming different nitrogen substitution sites

in TiO2. As a result, the calculated DOS relates to nitrogen

substitution at a Ti site and formation of nitrite or nitrate

molecules. We cannot confirm this effect (i.e. substitutional

replacement of Ti and N atoms) in our experimental data.

Indeed, the obtained spectral difference confirms the theore-

tical predictions of Asahi et al. as well as those of Zhao et al.

that consider substitutional or interstitial replacement of O

atoms by nitrogen or interstitial N doping at an O vacancy.

In conclusion, the obtained results confirm that the doped

material fulfils the second condition given by Asahi et al.

(2001) for the electrical potential of the band located above

the H+/H2 reaction potential of the standard electrode.

As previously stated, the condition is necessary for the

occurrence of redox reactions on the surface of the photo-

catalyst.

4. Conclusions

In summary, a combination of valence-to-core XES and pre-

edge XAS measurements at synchrotron light sources with

theoretical calculations (DOS simulations) enabled determi-

nation of the electronic structure of N-doped TiO2 nano-

particles grown on reduced graphene oxide. It was found that

N-doping markedly affects the occupied electronic side,

leading to band gap narrowing. From an electronic point of

view, the smaller band gap of a doped semiconductor might

not only improve visible light uptake but also the photo-

catalytic performance.
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Sá, J., Garlisi, C., Palmisano, G., Czapla-Masztafiak, J., Kayser, Y. &

Szlachetko, J. (2018). Mater. Chem. Phys. 208, 281–288.
Sakthivel, S., Janczarek, M. & Kisch, H. (2004). J. Phys. Chem. B, 108,

19384–19387.
Sathish, M., Viswanathan, B., Viswanath, R. P. & Gopinath, C. S.

(2005). Chem. Mater. 17, 6349–6353.
Sato, S., Nakamura, R. & Abe, S. (2005). Appl. Catal. Gen. 284, 131–

137.
Schvezov, C. E., Alterach, M. A., Vera, M. L., Rosenberger, M. R. &

Ares, A. E. (2010). JOM, 62, 84–87.
Szlachetko, J., Ferri, D., Marchionni, V., Kambolis, A., Safonova, O. V.,
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