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A B S T R A C T

Manuscript focuses on the role of N-doping on photocatalytic behaviour of N-La/TiO⁠2 materials in decomposi-
tion of methanol-water solution. N-La/TiO⁠2 materials were prepared with approximately the same amounts of
La (0.14–0.16wt%) and different amounts of N (0.33–0.97at. % of surface nitrogen). Addition of small amount
of surface nitrogen significantly increased the amount of hydrogen produced for N-La/TiO⁠2 photocatalysts in
contrast to TiO⁠2 and La/TiO⁠2. The chemical composition (XRF, AAS, XPS), structural (XRD, Raman, XPS, TEM),
textural (N⁠2-adsorption) and optical properties (DRS) were studied. N-La/TiO⁠2 materials showed approximately
the same specific surface area and crystallite size, with values ranging for La/TiO⁠2 and N/TiO⁠2 photocatalysts.
For studied N-La/TiO⁠2 photocatalysts, the photocatalytic activity increased with the increasing amount of sur-
face nitrogen (interstitial positions, XPS), and subsequently with increasing amount of oxygen vacancies (Raman
spectroscopy) and decreasing amount of surface oxygen species (surface lattice O species and hydroxyl groups,
XPS).

1. Introduction

Photocatalytic hydrogen production is an attractive topic [1]. Great
attention is focusing on the formation of hydrogen by photocatalytic
water splitting processes [2]. Higher amounts of hydrogen were then
published after the addition of alcohol, i.e. in a water-alcohol solution
(mainly methanol); e.g. by using of Cu/TiO⁠2 [3], Cu-In⁠2O⁠3-TiO⁠2 [4], Pt/
Cr(Fe)-La⁠2Ti⁠2O⁠7 [5], Pt/TiO⁠2 [6], Ag/TiO⁠2 [7], Bi⁠2S⁠3/TiO⁠2 [8], LaOF [9]
and Au/TiO⁠2 [10,11] photocatalysts. Methanol has lower splitting en-
ergy than water and it is added to the reaction as a sacrificial agent [10].
The mechanism of the photocatalytic decomposition of methanol-water
solution has been studied by many authors in detail [1,10,12]. The re-
action can go through the direct oxidation of methanol using holes and
the indirect oxidation of methanol using hydroxyl radical.

TiO⁠2 is one of the most studied photocatalysts [4,13–15]. The crys-
tallite structure of anatase can contain different types of defects, with
the most important ones being those creating unpaired electrons or

oxygen vacancies [16]. Both types of defects act as the charge traps
and affect the rate of the recombination of hole-electron pairs [17].
The oxygen vacancies can be described as unsaturated local structure
in the vicinity of Ti⁠3+ or other metal ions that substitute Ti⁠4+ ions of
anatase lattice [18]. The positive influence of oxygen vacancies on the
photocatalytic behaviour of TiO⁠2 is generously accepted [16]. EPR spec-
troscopy is able to analyse oxygen vacancies due to the detection of
the inner paramagnetic centres (Ti⁠3+) [19]. Raman spectroscopy uses
a shift in the maximum of the most intensive band characteristic to
the anatase, but unfortunately the position of this band is affected not
only by the amount of defects, but also by the crystallite size of TiO⁠2
[20]. One of the main disadvantages of TiO⁠2 is its low efficiency due
to a rapid recombination of electrons and holes. However, this rate
may be reduced by addition of metals promoting the separation of
electrons and holes and reducing the rate of recombination [21]. Lan-
thanum can improve the properties of semiconductor materials due to
its [Xe] 5d⁠16s⁠2 [22] configuration. Lanthanum ions are unable to enter
into titanium dioxide lattice due to its large ionic radius (1.170Å) com
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pared to titanium ions (0.745Å) [23,24]. Lanthanum can be located on
surface lattices resulting in a higher density of surface oxygen vacancies
[25,26] and be dispersed in the form of La⁠2O⁠3 on the surface of TiO⁠2
resulting in a lower density of oxygen vacancies. Titanium ions can also
replace the lanthanum ions in its oxide form resulting in a charge im-
balance. This imbalance can be offset by the adsorption of hydroxide
ions on the surface that can react with holes forming hydroxyl radicals
that oxidize surface adsorbed substances and suppress recombination of
electrons and holes. However, this mechanism describes the situation
only at low concentration of metals, because at its high concentrations
the density of the space charge is reduced, thus facilitating the recom-
bination [27]. The doping of TiO⁠2 with lanthanum may also reduce the
particle size, increase the specific surface area and increase the thermal
stability of the materials [28,29].

Nitrogen represents one of the very attractive and highly studied
non-metal dopant (e.g. [30,31]). Addition of nitrogen into TiO⁠2 leads
to the nitrogen in substitutional and interstitial positions [32–34]. Sub-
stitutional position of nitrogen means the direct replacement of oxygen
in the lattice. Interstitial position of nitrogen means the formation of
Ti-O-N, where nitrogen is incorporated into interstitial sites within the
crystal lattice. Zhang et al. [35] also reported that nitrogen can exist
as a surface species. Addition of N into TiO⁠2 narrows band gap energy
[34,36–38] and improves the photocatalytic activity of N-based mate-
rials under visible light. Nitrogen loading into TiO⁠2 photocatalyst also
increases the amount oxygen vacancies [32,34].

N-La/TiO⁠2 photocatalysts have been studied in degradation of
methyl orange [37,39], naphthalene [40] and Rhodamine B [31,41,42],
and in propylene oxidation [43]. Improving the activity of the N-La/
TiO⁠2 photocatalysts has been explained:

• by the narrowing of the band gap (La⁠2Ti⁠2O⁠7 nanosheets) [37],
• by synergistic effect including inhibition of recombination of photo-

generated electrons and holes, shift of band gap energy to lower val-
ues, an increase in amount of surface hydroxyls and an increase in the
specific surface area and volume of pores [40],

• due to the unique 3D hierarchical porous nanostructures with the
high specific surface area [39],

• due to high specific surface area and a shift of band gap energy to
lower values [43],

• by hindering the recombination of electron-hole pairs (La-effect) and
narrowing of the band gap energy (N-effect) [31,41,42,44].

The synergetic effect mentioned above have also been reported for
other materials, e.g. AuN-TiO⁠2 [45], AgN-TiO⁠2 [46].

This manuscript focuses on the combined TiO⁠2 doping by low con-
centration of lanthanum (chosen based on our previous work [12]) and
nitrogen that can lead to the synergistic effect of the above-mentioned
properties. The TMEDA (N,N,N′,N′-tetramethylethane-1,2-diamine) has
been used as a nitrogen precursor. TMEDA is a fine nitrating agent using
a chelate effect to form stronger bonds to Ti and is suitable for materi-
als with low nitrogen concentrations [38]. The materials were prepared
with approximately the same amount of La and changing amount of ni-
trogen in order to stress the role of N doping on the properties and pho-
tocatalytic behaviour of N-LaTiO⁠2 photocatalysts.

2. Experimental

2.1. Preparation of materials

TiO⁠2, N-La/TiO⁠2, N/TiO⁠2 and La-TiO⁠2 were prepared by the sol-gel
method in a reverse micellar medium. TiO⁠2 and La-TiO⁠2 materials were
discussed in more detail in Ref. [12]. The materials were denoted as
Xat. % N/TiO⁠2 and Xat. % N-La/TiO⁠2, where X is the surface con-
centration of nitrogen determined by XPS technique. In the first step,

0.0187g of La(NO⁠3)⁠3·6H⁠2O (99.9%, Sigma-Aldrich) was dissolved in
1.04ml absolute ethanol (water content<0.2%, Penta Ltd.). Mean-
while, 26.4ml cyclohexane (≥99.9%, Sigma-Aldrich) was mixed with
11.7ml Triton 114 (laboratory grade, Sigma-Aldrich) and 0.79ml deion-
ized water. Both solutions were mixed for 15min and then stirred
together for 15min. In particular, 13ml of titanium (IV) isopropox-
ide (99.999%, Sigma-Aldrich) was mixed with appropriate amount of
TMEDA (99%, Sigma-Aldrich) and poured into the previous solution.
The amount of TMEDA was 13.17ml (0.46at. % N/TiO⁠2), 1.89ml
(0.97at. % N-La/TiO⁠2), 9.40ml (0.36at. % N-La/TiO⁠2) and 13.17ml
(0.33at. % N-La/TiO⁠2). The surface concentration of nitrogen is oppo-
sitely to the amount of TMEDA that is explained below. The final solu-
tion was stirred for 10min and then poured into Petri dishes to a height
of about 1–2mm for 24h. After gelation, the material was calcined in a
muffle furnace at 450 °C with step 5 °C/min for 4h.

2.2. Characterization of materials

X-ray fluorescence (XRF) was measured on a wave-dispersion X-ray
fluorescence spectrometer (Spektroskop MAKC-GV, Spectron NPO Ltd.,
Russia) with a top vacuum. Atomic absorption spectroscopy was mea-
sured on an Elementar vario EL III instrument (Elementar, Germany).

X-ray diffraction (XRD) was measured in the reflection mode with
Bragg-Brentano geometry using Rigaku SmartLab diffractometer
(Rigaku, Japan) equipped with a D/teX Ultra detector [47]. Crystal-
lite size, lattice parameters and phase composition were determined
by the PDXL 2 software (Rigaku, Japan) with the ICDD-PDF-2 spec-
tra library. Raman spectra were measured on a Nicolet DXR SmartRa-
man spectrometer (Thermo Fisher Scientific, USA) [47]. Specific sur-
face area was measure on an automated 3Flex volumetric instrument
(Micromeritics Instruments, USA) [47]. The value of specific surface
area (S⁠BET) was calculated by using the BET theory. Diffuse reflectance
spectra were measured in quartz cuvettes using a GBS CINTRA 303
spectrometer (GBC Scientific Equipment, Australia) equipped with an
integrating sphere [47]. Kubelka–Munk function was calculated based
on the equation F(R⁠∞)=(1−R⁠∞)⁠2/(2·R⁠∞), where R⁠∞ is the diffuse re-
flectance from a semi-infinite layer. Indirect band gap energy was deter-
mined from the dependence of (α·h·ν)⁠1/2 against photon energy, where
it is possible to assume that absorption coefficient (α) is approximately
equal to the Kubelka–Munk function.

X-ray photoelectron spectra (XPS) were recorded by Prevac photo-
electron spectrometer with X-ray radiation source Al Kα (E=1486.6eV)
at a constant pass energy of 100eV for survey and high resolution
modes. Binding energies of Ti 2p, O 1s, La 3d, La 4d, C 1s and N 1s pho-
toelectron peaks were referenced to the C 1s core level (E⁠b =285.0eV)
[47].

The morphology of particles was investigated on a transmission elec-
tron microscope (TEM) JEOL 2010 HC (JEOL Ltd., Japan). The average
size of the nanoparticles was obtained by measuring of 100 nanoparti-
cles.

2.3. Photocatalytic test

The photocatalytic decomposition of methanol was carried out in
homemade stainless-steel batch photoreactor with 8W mercury lamp
(λ=365nm). The photocatalytic procedure was described in detail re-
cently [47].

3. Results and discussions

3.1. Structural and optical properties of La/, N/ and N-La/TiO⁠2

Table 1 gives the concentration of La in the studied materials de-
termined by XRF. La/TiO⁠2 contained the real amount of La 0.18wt%
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Table 1
Chemical (XRF), textural and optical properties of studied photocatalysts.

Sample
Content of La
(%) S⁠BET (m⁠2/g)

Indirect band gap
(eV)

TiO⁠2 – 73 2.97
La/TiO⁠2 0.18 73 2.96
0.33at. % N-La/TiO ⁠2 0.16 63 2.99
0.36at. % N-La/TiO ⁠2 0.16 67 2.98
0.97at. % N-La/TiO ⁠2 0.14 62 2.98
0.46at. % N/TiO ⁠2 – 39 2.93

that is close to the theoretical amount of La 0.20wt%. N-La/TiO⁠2 photo-
catalysts were prepared to give the same La/Ti molar ratio as in the case
of La/TiO⁠2. This way was chosen, as it is hard to predict the amount of
nitrogen loading and the residual amount of TMEDA precursor during
the preparation of N-La/TiO⁠2 photocatalysts. Therefore, the real amount
of La in N-La/TiO⁠2 photocatalysts was slightly lower, i.e. in the range of
0.16 and 0.14wt% La. The nitrogen and carbon content was determined
by atomic absorption spectroscopy, none of the studied materials exhib-
ited the presence of nitrogen and carbon above the detection limit of the
instrument, i.e. above 0.1wt% N or C.

Fig. 1 shows the X-ray patterns of TiO⁠2, La/, N/ and N-La/TiO⁠2 pho-
tocatalysts. All materials exhibited diffraction lines at 2θ≈29.4°, 43.1°,
44.4°, 45.2°, 56.3°, 63.6°, 64.8°, 74.2°, 82.0° and 83.9° reflecting (101),
(103), (004), (112), (200), (105), (211), (204), (116) and (220)
planes of the anatase phase (ICDD PDF, 00-021-1272). In addition, dif-
fraction pattern of N/TiO⁠2 exhibited diffraction line at 2θ≈31.9° corre-
sponding to the reflection plane (110) of the rutile phase (ICDD PDF,
01-071-0650). No further diffraction lines were observed in the diffrac-
tion patterns. Thus, while TiO⁠2, La/TiO⁠2 and N-La/TiO⁠2 materials con-
tained pure anatase phase, N/TiO⁠2 contained the mixture of anatase
and rutile phases. Lanthanum is known as the stabilizer of the anatase
phase before its transformation into rutile, at a low concentration of La
[22,48]. Thus, though rutile phase was observed in N/TiO⁠2, the pres-
ence of La stabilized the formation of pure anatase phase in N-La/TiO⁠2
materials.

Table 2 gives the crystallite sizes and the lattice parameters of
TiO⁠2. While La/TiO⁠2 exhibited only slightly higher crystallite size than
pure TiO⁠2, the crystallite size of N/TiO⁠2 was significantly higher than
pure TiO⁠2. The crystallite sizes of N-La/TiO⁠2 were in the range of

Fig. 1. Diffraction patterns of (a) TiO⁠2, (b) La/TiO⁠2, (c) 0.33at. % N-La/TiO⁠2, (d) 0.36at.
% N-La/TiO⁠2, (e) 0.97at. % N-La/TiO⁠2, (f) N/TiO⁠2.

Table 2
Crystallite size and lattice parameters of photocatalysts from XRD measurement, the aver-
age size of nanoparticles based on TEM.

Sample
D(Å)
TEM

D(Å)
XRD Lattice parameters

a (Å) c (Å) V⁠cell (Å⁠3)

TiO⁠2 111 96 3.7874 9.5112 136.43
La/TiO⁠2 121 104 3.7909 9.5179 136.78
0.33at. % N-La/TiO ⁠2 – 139 3.7897 9.5137 136.64
0.36at. % N-La/TiO ⁠2 – 127 3.7893 9.5097 136.54
0.97at. % N-La/TiO ⁠2 135 141 3.7899 9.5151 136.67
0.46at. % N/TiO ⁠2 146 181 3.7844 9.5082 136.72

127–141Å, i.e. between the values for La/TiO⁠2 and N/TiO⁠2. The lattice
parameters of the individual photocatalysts were almost not changed.
It corresponds to the fact that lanthanum was not incorporated into the
TiO⁠2 lattice that could be expected from the different atomic radius of
lanthanum (1.170Å) and titanium ions (0.745) [23,24].

Fig. 2 shows the TEM images. All materials represented good unifor-
mity of particles, similar in size and shape. Table 2 gives the average
size of the nanoparticles of TiO⁠2, La/TiO⁠2, N/TiO⁠2 and 0.96at. % N-La/
TiO⁠2. All values are close to that determined by XRD. It also should be
mentioned that EDS mapping reflected the presence of Ti, O and C, but
the presence of N and La was below the detection limit.

Table 1 gives the specific surface area of studied materials. The high-
est specific surface area of 73m⁠2/g exhibited TiO⁠2 and La/TiO⁠2. On
the other hand, N/TiO⁠2 exhibited the smallest specific surface area of
39m⁠2/g. N-La/TiO⁠2 materials possessed approximately the same spe-
cific surface area in the range of 62–67m⁠2/g, i.e. between the values for
La/TiO⁠2 and N/TiO⁠2 photocatalysts. So, the materials with the smallest
specific surface area exhibited the highest particle size and vice versa.
While the addition of low amount of La itself had a negligible effect on
the values of specific surface area and the crystallite size of La/TiO⁠2 as
compared with TiO⁠2, N/TiO⁠2 possessed significantly higher crystallite
size and lower specific surface area in contrast to TiO⁠2. All studied N-La/
TiO⁠2 materials exhibited approximately the same values of both crystal-
lite size and specific surface area that were between those for La/TiO⁠2
and N/TiO⁠2. It could be assumed, their value is much more affected by
presence of nitrogen (nitrogen doping increases the crystallite size and
decreases the specific surface area of N-La/TiO⁠2 materials).

Table 1 gives the values of the indirect band gap energies of TiO⁠2,
La/TiO⁠2 and N-La/TiO⁠2 determined from the dependencies of (α·h·ν)⁠1/2

on energy (Fig. 3). The band gap energy of N/TiO⁠2 was slightly lower
(2.93eV) than for TiO⁠2. This change could be explained by contri-
bution of both N-doping and the presence of low amount of rutile
phase (rutile and anatase have the band gap energy 3.00 and 3.21eV
[49]). The band gap energies of TiO⁠2, La/TiO⁠2 and N-La/TiO⁠2 mate-
rials (all containing pure anatase phase) took the values in the range
of 2.96–2.99eV, i.e. the negligible changes of band gap energies were
observed after loading of low amount of N and La. Previously, we re-
ported approximately the same band gap energy values for La-TiO⁠2 pho-
tocatalysts with 0.2–1.5wt% [12], but the absence of a red-shift of ab-
sorbance after N-loading is in contrast to other works. In general, ad-
dition of N into TiO⁠2 has been reported to band gap energy narrow-
ing [34,36–38,44,50]. In detail, Valentin et al. [34] reported that states
of substitutional nitrogen positions are just above the valence band
and the states of interstitial nitrogen positions are higher in the gap.
In more detail, 0.77eV decrease of band gap energy was reported for
La⁠2Ti⁠2O⁠7 nanosheets after doping of 3.3at. % of N [37]. However, at
lower N-loading (0.07, 0.09 and 0.30wt% of N in N-TiO⁠2), Sakthivel
et al. [36] measured narrowing of band gap energy of 40–80meV. The
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Fig. 2. TEM images of (A) TiO⁠2, (B) La/TiO⁠2, (C) 0.97at. % N-La/TiO⁠2 and (D) N/TiO⁠2.

absence of a decrease in band gap energy could be explained by a low
nitrogen concentration in our photocatalysts.

Fig. 4a shows the Raman spectra of studied photocatalysts. All spec-
tra showed the bands with a maxima at 144, 195, 396, 515 and
639cm⁠−1, which are characteristic for the presence of anatase [51]. In
contrast to XRD, the presence of rutile was not detected by Raman spec-
tra in N/TiO⁠2, which can be explained by low content of rutile phase
(3wt% detected by XRD). Fig. 4b shows the detail of the most inten-
sive band with a maximum at 144cm⁠−1 corresponding to E⁠g phonon
mode of anatase. Both the crystallite size (its higher values are leading
to red shift to lower wavenumbers) and the amount of oxygen defects
(its higher amounts are leading to blue shift to higher wavenumbers)
affect the shift of this band [20,22,52]. Both, La/TiO⁠2 and TiO⁠2 possess
approximately the same position of band and only low difference in the
crystallite size, so it is probable that both materials also possess approx-
imately the same amount of oxygen defects. Simultaneously, there was
the blue shift observed for N-La/TiO⁠2 and N/TiO⁠2 materials in contrast
to TiO⁠2 and La/TiO⁠2. Whereas a higher crystallinity values for N-La/
TiO⁠2 and N/TiO⁠2 than for La/TiO⁠2 and TiO⁠2 (Table 2) would lead to a
red shift, the observed blue shift must be therefore associated with the
more pronounced effect of the increased amount of oxygen vacancies
presented in N-La/TiO⁠2 and N/TiO⁠2 materials than in La/TiO⁠2 and TiO⁠2
materials.

XPS analysis identified four different elements (Ti, O, C and N; C
and N were observed only in N/ and N-La/TiO⁠2) presented on the sur-
face of studied photocatalysts. The peak characteristic for the presence
of surface La element was not observed, but this is in line with our
previous work, where surface La was detected via XPS in La/TiO⁠2 con-
taining more than 0.80wt% of La [12]. Two peaks with a binding en

ergy of 458.4eV and 464.1eV could be attributed to the binding energy
values of Ti 2p⁠3/2 and 2p⁠1/2, respectively, both reflecting the presence of
Ti⁠4+ in TiO⁠2 lattice. Two different types of oxygen were determined, lat-
tice O⁠2− ions (binding energy of 529.7eV) and surface hydroxyl groups
(binding energy of 530.8eV). In addition, one peak corresponding to N
1s with a binding energy of 399.7eV was observed in N-La/TiO⁠2 and
N/TiO⁠2. This peak could be attributed to the nitrogen in interstitial po-
sition [21,33]. On the other hand, absence of peak with a binding en-
ergy at 396.9eV means that nitrogen in substitutional position was not
formed in any materials [33]. The dominant presence of nitrogen in in-
terstitial position is in agreement with the work of Powell et al. [38]
that reported that the N-TiO⁠2 materials prepared by using of TMEDA
precursor show nitrogen in interstitial position rather than in substitu-
tional position. The amount of C element was 7.1–7.3at. % in all N-La/
TiO⁠2 photocatalysts and 10.8at. % in N/TiO⁠2. It is the residual amount
of C after TMEDA precursor.

Table 3 gives the surface concentration of Ti, O and N elements. The
values are recalculated without the presence of surface C element. The
surface concentration of N element increases from 0.33 to 0.97at. %. It
correlates with the fact that it was below detection limit of AAS that is
0.1wt% N. It is interesting, that the surface amount of nitrogen is the
highest in the materials prepared with the lowest theoretical amount of
nitrogen and vice versa. It could be probably explained based on work
of Powell et al. [38] that reported the tendency of TMEDA in sol-gel
to chelate into a jelly-like polymer. Thus, nitrogen in interstitial posi-
tion was preferentially formed at lower concentration of TMEDA. The
increasing amount of surface N in N-La/TiO⁠2 photocatalysts was asso-
ciated with the decreasing amount of total surface oxygen species from
70.47 to 69.26at. %.
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Fig. 3. (A) DR UV/Vis spectra of (a) TiO⁠2, (b) La/TiO⁠2, (c) 0.33at. % N-La/TiO⁠2, (d)
0.36at. % N-La/TiO⁠2, (e) 0.97at. % N-La/TiO⁠2, (f) N/TiO⁠2 recalculated to (B) the depen-
dencies of (α·h·ν)⁠1/2 on energy.

3.2. Photocatalytic activity of La/, N/ and N-La/TiO⁠2

Fig. 5 shows the amount of hydrogen as a function of time. The pho-
tocatalytic behaviour tests of all photocatalysts were re-measured two
times with the same result. There was observed slight delay in the rise
of hydrogen at the beginning of reaction. Negligible amount of hydro-
gen was formed during photolysis (see our previous work [12]). Fig. 6
compares the amount of hydrogen produced on the individual photocat-
alysts after 4h of irradiation. It is evident that pure TiO⁠2 exhibited the
lowest amount of hydrogen. Addition of La to TiO⁠2 led to an increase in
the amount of hydrogen production. We previously studied La/TiO⁠2 ma-
terials containing La between 0.18 and 1.74wt% of La (based on XRF)
with the highest amount of hydrogen produced for 0.18wt% of La [12].
All N-La/TiO⁠2 materials produced a significantly higher amount of hy-
drogen than TiO⁠2 and La/TiO⁠2. 0.46at. % N/TiO⁠2 exhibited approxi-
mately the same photocatalytic behaviour as 0.33at. % N-La/TiO⁠2, so
the difference in the role of nitrogen content was compensated by the
presence of lanthanum. 0.96at. % N-La/TiO⁠2 produced highest amount
of hydrogen.

It is hard to compare the observed photocatalytic results with a lit-
erature, as it is usually measured under different reaction conditions
(methanol to water ratio, volume of reaction mixture, amount of cat

Fig. 4. (A) Raman spectra of (a) TiO⁠2, (b) La/TiO⁠2, (c) 0.33at. % N-La/TiO⁠2, (d) 0.36at.
% N-La/TiO⁠2, (e) 0.97at. % N-La/TiO⁠2, (f) N/TiO⁠2 (B) with the detail of the band at
144cm⁠−1.

Table 3
Surface concentration of Ti, O and N elements based on XPS.

Sample
Ti⁠4+ in
TiO⁠2

Lattice
O⁠2−, at. %

Hydroxyls
OH⁠−, at. %

Suma O,
at. %

N, at.
%

TiO⁠2 29.53 57.66 12.81 70.47 –
La/TiO⁠2 29.96 61.96 8.08 70.04 –
0.33at. % N-

La/TiO⁠2

29.74 61.41 8.52 69.92 0.33

0.36at. % N-
La/TiO⁠2

30.27 59.05 10.32 69.37 0.36

0.97at. % N-
La/TiO⁠2

29.76 60.88 8.39 69.26 0.97

0.46at. % N/
TiO⁠2

29.93 57.05 12.57 69.62 0.46

alyst, radiation and time) and sometimes information needed for ac-
curate comparison are missing. High hydrogen yield seems to be pub-
lished, e.g., for Au- [2,10], Pt- [2,5,6,53] and Cu [3,4,54] based TiO⁠2
photocatalysts. The close reaction conditions are given, e.g., for Pt/
TiO⁠2-xNx (150ml of 1:4 methanol to water solution, 0.65g of catalyst
and 400W halogen lamp), with reporting hydrogen yield 200μmol·g⁠−1

after 6h and ca 39μmol·g⁠−1 after 4h (deduced from the graph) [6].
From that point of view, the observed hydrogen yield of 33μmol·g⁠−1
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Fig. 5. Dependence of hydrogen yield on time in photocatalytic decomposition of
methanol-water solution on N/, La/, N-La/TiO⁠2 photocatalysts.

Fig. 6. Comparison of hydrogen yield in photocatalytic decomposition of methanol-water
solution N/, La/, N-La/TiO⁠2 photocatalysts after 4h.

after 4h (100ml of 1:1 methanol to water solution, 1g of catalyst and
8W lamp) observed for N-La/TiO⁠2 (Fig. 5) seems to be interesting.

3.3. The role of nitrogen on the photocatalytic behaviour of N-La/TiO⁠2

It was shown above that N co-doping in N-La/TiO⁠2 photocatalysts
represents the way, how to increase the amount of hydrogen produced
for La/TiO⁠2 (caption 3.2) which could no longer be improved by loading
of La itself [12].

In general, the photocatalytic behaviour could be affected by several
factors, such as presence of oxygen vacancies, rate of the recombina-
tion of electron-hole pairs, band gap energy, specific surface area and
the crystallite size. Extraordinary photocatalytic behaviour of N-La/TiO⁠2
photocatalysts in many different reactions have been mainly explained
by synergistic effect of La and N, i.e. on the basis of the narrowing of the
band gap energy, the inhibition of the recombination of electrons and
holes and the increase of specific surface area (see Section 1).

In our case, N-La/TiO⁠2 photocatalysts with a low concentration of
surface N (0.33–0.91 surface at. %) and La (0.14–0.16wt% of La) ex-
hibited lower specific surface area and higher crystallite size than TiO⁠2
and La/TiO⁠2. Moreover, N-La/TiO⁠2 exhibited only negligible decrease
in band gap energies in contrast to TiO⁠2 and La/TiO⁠2. Increased visible

light absorption is one of the reasons for improved photocatalytic be-
haviour of N-TiO⁠2 based photocatalyst (e.g. [55]). Despite all these facts,
the higher formation of hydrogen was observed in the presence of N-La/
TiO⁠2 than in the presence of La/TiO⁠2 and TiO⁠2 photocatalysts.

The absence of a decrease of band gap energy could also be related
to the fact that neither the shift of the peak of O1s (not shown in the
figure), which reflects the replacement of O⁠2− ions with N⁠3− ions nor
the formation of Ti⁠3+ ions (XPS results) were observed. Both of these
facts are involved in the creation of oxygen vacancies and narrowing
the band gap energy [44]. It probably could be explained by low surface
concentration of interstitial nitrogen position (XPS) that is however suf-
ficient for improved photocatalytic behaviour of La-N-TiO⁠2 (Fig. 6).

Formation of nitrogen in interstitial position (XPS) is in agreement
with Powell et al. [38] who presented the synthesis of N-La/TiO⁠2 ma-
terials with use of TMEDA precursor. After that, Dunnill et al. [32] re-
ported that even small concentration of interstitial nitrogen promotes
the formation of oxygen vacancies. In our case, we assumed, based on
Raman spectra, that N-La/TiO⁠2 photocatalysts possessed higher amount
of oxygen vacancies in contrast to TiO⁠2 and La/TiO⁠2. This is in agree-
ment with the conclusion of other authors dealing with N-La/TiO⁠2 pho-
tocatalysts [25]. Although, a number of factors influence the photocat-
alytic behaviour of N-La materials, it can be subsequently assumed that
the presence of nitrogen in interstitial position in N-La/TiO⁠2 plays a sig-
nificant role in the production of hydrogen over N-La/TiO⁠2. Unfortu-
nately, the amount of oxygen vacancies is hard to quantify. For exam-
ple, Valentin et al. [56] reviewed the analysis of oxygen vacancies in N/
TiO⁠2 materials by using the EPR with separation of charged diamagnetic
and paramagnetic N-centres. Barbieriková et al. [19] recently correlated
the presence of paramagnetic reactive oxygen species with the photo-
catalytic decomposition of 4-chlorophenol on N/TiO⁠2.

Fig. 7 shows the dependence of hydrogen amount on the total
amount of surface oxygen species in TiO⁠2, La/TiO⁠2, N/TiO⁠2 and N-La/
TiO⁠2 photocatalysts. The increasing yield of hydrogen correlated well
with the decreasing surface oxygen content in all materials including
TiO⁠2 and La/TiO⁠2. Lower amount of surface oxygen in N-La/TiO⁠2 than
in TiO⁠2 and La/TiO⁠2 could be explained by doping of low amount of ni-
trogen in interstitial positions.

4. Conclusion

N-La/TiO⁠2 materials were prepared with approximately the same
amount of La (0.14–0.16wt%), but changing amount of N

Fig. 7. Dependence of hydrogen yield on the surface oxygen concentration in N/, La/,
N-La/TiO⁠2 photocatalysts.
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(0.33–0.97at. % of surface nitrogen). The hydrogen yield increased in
order of TiO⁠2 <La/TiO⁠2 <N/TiO⁠2 (0.46at. %)<N-La/TiO⁠2 (0.33at. %,
0.36at. % and 0.97at. % of N). It is evident that the N co-doping led
to the improvement of the photocatalytic behaviour of N-La/TiO⁠2 pho-
tocatalysts in contrast to TiO⁠2 and La/TiO⁠2. The highest amount of hy-
drogen was observed for 0.97at. % N-La/TiO⁠2 which was 4 times higher
in comparison with pure TiO⁠2. This result demonstrates that co-doping
with non-metal and metal ions is more powerful to increase the pho-
toactivity of TiO⁠2 than doping by single type of ion.

Analysis of chemical composition and structural, textural, surface
and optical properties led to the description of several differences in
TiO⁠2, N/TiO⁠2, La/TiO⁠2 and N-La/TiO⁠2 photocatalysts. N/TiO⁠2 possessed
higher crystallite size and lower specific surface area in contrast to TiO⁠2.

All studied N-La/TiO⁠2 materials exhibited approximately the same
values of both crystallite size and specific surface area that values were
between those for La/TiO⁠2 and N/TiO⁠2. Negligible changes in band gap
energies were observed for N-La/TiO⁠2 photocatalysts with low concen-
tration of N and La in contrast to TiO⁠2 and La/TiO⁠2. The amount of oxy-
gen vacancies (Raman spectroscopy) and the amount of surface oxygen
(XPS) were the most evident differences between N-La/TiO⁠2 photocata-
lysts on the one hand and TiO⁠2 and La/TiO⁠2 photocatalysts on the other.
The photocatalytic activity increased with the increasing amount of sur-
face nitrogen and subsequently with increasing amount of oxygen va-
cancies and decreasing amount of surface oxygen species. Nitrogen and
lanthanum co-produce doping could create synergistic effect.
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