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a b s t r a c t

Recently, aluminum titanate (Al2TiO5)-based nanostructures have been proved to serve as an efficient
photocatalytic material with satisfactory photodegradation capacity. In this study, the citrate sol–gel
method was used to synthesize these nanostructures and inspect the significant impacts of nitrogen-
doping-originated crystalline defects on their photocatalytic performance in some details for the first
time. The results indicated that the penetration of nitrogen atoms into AT crystal lattice, depending on
the nitriding time and temperature, can induce a great deal of the residual stress and result in propagat-
ing the existing cracks and breaking down the particles. The XPS and FTIR results confirmed the formation
of some new bonds in the crystal structure (including O-Ti-N and Ti-N), the substitutional and interstitial
replacement of nitrogen atoms with oxygen atoms, oxygen vacancies, and the attachment of nitrogen
species at superficial oxygen sites. These events may vary the bandgap values from 2.88 eV for pristine
AT to 2.73 eV for the nitrided one, thereby manipulating the charge carrier recombination rate and acti-
vation of superficial catalytic reactions in the particles. Numerically, the band structure variations can
efficiently increase the photodegradation efficiency of methylene blue (MB) and apparent rate constant
(k) by 1.4 times (from 38.9 to 55.9%) and 1.8 times (from 0.0038 to 0.0068 min�1), respectively.
Finally, the results show that the synthesized photocatalyst can successfully compete with TiO2-based
photocatalysts in terms of photocatalytic performance.
� 2020 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Recently, many research works have concentrated on the
removal of organic pollutants from the natural environment, espe-
cially water resources. The photocatalysis based on the semicon-
ductor technology is deemed as a promising strategy to address
this challenge. A variety of semiconductors have been successfully
designed and broadly exploited for this purpose. Among them,
metal oxides such as TiO2 [1,2], ZnO [3,4], and WO3 [5,6] have
attracted more attention than their counterparts due to high ther-
mal and chemical stability, favorable degradation capacity and
environment-friendly features [7,8].

When a semiconductor photocatalyst is exposed to the incident
radiation, the electron in the valence band can be excited to the
conduction band by capturing a photon whose energy is the equiv-
alence of or higher than that of the band gap, leaving behind holes
in the valence band. Subsequently, these generated electron-hole
pairs take part in some specified redox reactions and release some
active species such as hydroxyl radicals (.OH), H+, and superoxide
radicals (.O2). These species are responsible for the decomposition
of organic pollutants into non-toxic products [9–12].

Along with extensive studies on the conventional photocat-
alytic materials, a new generation of semiconductors has been
recently developed for the photocatalytic applications [13]. While
estimating the optical band gap of Al2TiO5 (AT) as approximately
2.89 eV, Bakhshandeh et al. [14] proposed the AT-rich ceramic
nanocomposite as an appropriate photocatalyst as efficient as ana-
tase or superior. It was the first time that the AT nanostructure was
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exposed to the UV irradiation and its photoactivity was explored in
the presence of organic dyes. Accordingly, the maximum pho-
todegradation rate of the dye can be achieved whenever the AT rel-
ative content reaches a summit. The novelty of this case study
necessitates more profound studies, aimed at improving the photo-
catalytic activity of the AT-based nanocomposite.

The defect engineering and doping with metals (such as Fe, Ni,
and Co) and non-metallic elements (such as C, F, N, S, or I) are
broadly suggested approaches to enhance the photocatalytic
response of the semiconductors [15–17]. The metal doping in some
metallic oxides such as TiO2 has not been further developed,
because the existence of metallic atoms in the crystalline lattice
increases the recombination rate of photo-induced electron-hole
pairs [18]. In contrast, doping with non-metals is much favored
due to their effectiveness in narrowing the band gap of TiO2

[19,20]. However, the toxicity of F anions, elevated temperatures
needed for C-doping, and the natural poisoning of the TiO2 catalyst
as a result of the S doping have limited their applications. Among
the non-metal elements, N-doping is the most favorable route
[21,22]. Using the computational method, Asahi et al. [23,24]
proved that N-doping of TiO2 through the substitutional oxygen
sites generates additional N 2p energy states, a little above the
valence band maximum, which finally narrows the forbidden zone.
The nitrogen incorporation into the TiO2 lattice also decreases the
formation energy of oxygen vacancies, thereby increasing the
chance of oxygen vacancies formation [25]. By manipulating the
relative concentration of the oxygen vacancies in the superficial
and bulk regions, the separation efficiency of photo-induced
electron-hole pairs can improve and result in enhanced photoac-
tivity [26–28].

Up to now, a variety of techniques have been designed and
developed to introduce nitrogen atoms into crystalline lattices
[17,29]. For example, the annealing in a nitrogen-rich atmosphere
is a cost-effective option. Some of the literature have introduced
the annealing in a gaseous NH3-containing atmosphere as a suc-
cessful technique to modify the electronic and photocatalytic char-
acteristics of metal oxides such as TiO2 and ZrO2 [30–32]. As a
typical case study, Fàbrega et al. [33] drew a comparison between
the annealing of TiO2 in the H2-N2 atmosphere and that of this
material at the NH3-rich one. It was concluded that using an
H2-N2 atmosphere increases the total density of interfacial oxygen
vacancies and keeps the N-doping level at a low amount, leading to
higher photocatalytic activity of TiO2, but the annealing in a
gaseous ammonia atmosphere gives rise to the formation of unfa-
vorable TiN phase and diminishes the photocatalytic efficiency.
Similarly, there are other research works reporting the formation
of the TiN phase in the presence of NH3 [32,34]. Sarkar et al. [35]
investigated the effect of various annealing atmospheres (i.e. N2,
H2, and NH3) on the photocatalytic activity of TiO2 and indicated
that the results associated to a given test condition could not be
generalized to another one with different variables. The strong
dependency of photocatalytic performance on the type of precur-
sor used for N-doped material is a compelling reason for this fact
[36].

To the best of our knowledge, no research work has concen-
trated on the nitrogen doping of AT-based nanostructures and its
effect on the phase composition and photocatalytic performance.
In the present work, an AT-based nanocomposite was synthesized
and annealed under the N2 flow for the first time to cast light on
the potential impact of nitriding on its photocatalytic behavior.
The microstructure and characterization studies of N-doped
ceramics were performed to improve the photocatalytic degrada-
tion of methylene blue (MB) under the UV irradiation and evaluate
any variations in their photocatalytic response. The results
indicated that the simultaneous presence of oxygen vacancies
and nitrogen species in the crystalline structure of AT-based

nanostructures provides complex conditions for systematically
correlating the photocatalytic performance with annealing
parameters.

2. Experimental procedure

2.1. Synthesis of AT-based nanostructures

The citrate sol–gel method under a continuous flow of argon gas
was used to synthesize AT-based nanostructures. The used chemi-
cal sources included anhydrous aluminum chloride (AlCl3), tita-
nium tetraisopropoxide (TTIP or C16H36O4Ti), absolute ethanol
(C2H5OH) and anhydrous citric acid (C6H8O7). The Merck company
provided all raw materials. Full details of the synthesis process
have been presented in [14,37–39].

2.2. Nitriding of the synthesized powder

To penetrate nitrogen atoms into AT nanostructures, the sam-
ples were exposed to a continuous flow of nitrogen gas through a
U-shaped tube inside a furnace. The procedure was a crucible heat-
ing method with highly pure N2 gas (purity: 99.9%). In all experi-
ments, the heating rate and gas flow rate were 10 sccm and
10 �C/min, respectively. Nine samples were prepared by nitriding
at 300, 400, and 500 �C for 30, 60, and 180 min. Table 1 gives a con-
cise list of the processing conditions for the test samples and their
related abbreviations.

2.3. Phase characterization

The morphology and phase structure of the as-synthesized AT
powder were examined by X-ray diffraction (XRD, Philips Model
PW3710, Netherland) analysis, field-emission scanning electron
microscopy (FE-SEM, Philips Model XL30, Netherlands) equipped
with energy-dispersive spectroscopy (EDS), and high-resolution
transmission electron microscopy (HR-TEM, Jeol Jem-2100).
Similar characterization was carried out for nitrided samples to
determine what variations in morphology, phase analysis, and
penetrated nitrogen content occur during the nitriding treatment.
The nitrogen content of each sample was measured three times
by EDS from three different points, and average values were
reported in this work. The average grain size distribution of all
powdery samples was determined by using the ImageJ software
based on the FESEM micrographs, and was plotted versus the
nitriding temperature and time. Also, x-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB 250, USA) was employed
to determine which bonds are formed in the nitrided
nanostructures.

Table 1
A summary of practical conditions for test samples and pertinent abbreviations.

Abbreviations Processing conditions Nitriding
time

Nitriding
temperature

U900 Non-nitrides
(as-synthesized)

– –

N300-30 Nitrided 30 min 300 �C
N300-60 Nitrided 60 min 300 �C
N300-180 Nitrided 180 min 300 �C
N400-30 Nitrided 30 min 400 �C
N400-60 Nitrided 60 min 400 �C
N400-180 Nitrided 180 min 400 �C
N500-30 Nitrided 30 min 500 �C
N500-60 Nitrided 60 min 500 �C
N500-180 Nitrided 180 min 500 �C
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2.4. Optical characterization

To evaluate the photocatalytic activity of the samples, the
photodegradation test was measured by methylene blue (MB)
under the UV irradiation. All the experiments were carried out
in a handmade reactor consisting of two 8 W Hitachi UVA lamps,
with a maximum peak at 369 nm. At room temperature, 0.05 g
of the as-synthesized sample was added to 100 ml of
10–5 M MB aqueous solution. The distance of the prepared
suspension surface from the light source was fixed at 13 cm
before the irradiation. The suspension was placed in darkness
and stirred for 1 h to achieve the adsorption/desorption equilib-
rium between the MB and photocatalyst. Aliquots of the samples
were taken at certain time intervals (i.e. 20, 40, 60, 90, and
120 min) and subsequently centrifuged and filtered to remove
the remaining catalyst particles. Then, the concentration of the
remaining MB was measured by a UV–vis spectrophotometer
(6705 JENWAY).

To study the optical characteristics of the samples and calculate
their band gap energy values, Uv–vis diffuse reflectance (DRS) of
the samples was measured by an avantes spectrophotometer
(DRS, Avaspec-2048-TEC) using BaSO4 as a reference. To further
investigate the fate of photo-generated electron-hole pairs during
the photocatalysis, the photoluminescence (PL) spectrum of the
samples was also measured by an avantes spectrophotometer
(Avaspec-2048-TEC) under the excitation light of 355 nm. Fig. 1
shows the practical steps of the present research.

2.5. Photoelectrochemical characterization

To scientifically elucidate why the nitriding can tailor the pho-
tocatalytic performance of hybrid AT nanostructures, the photo-
electrochemical tests were conducted. In the Mott-Schottky (MS)
test, the flat band potential values and doping density of the sam-
ples were determined by plotting C-2 against the applied voltage V,
where C is the observed capacitance. In this study, the powdery
samples were examined on fluorine-doped tin oxide at the fre-
quency of 100 Hz. Also, Electrochemical Impedance Spectroscopy
(EIS) investigations were carried out at room temperature using a
conventional two-electrode system (i.e. Pt as a working electrode

and Ag/AgCl as the counter electrode) by applying an AC voltage
in the frequency range of 1 Hz– 100 KHz. The photocurrent
response of the samples was also measured to plot the variation
of photo-induced current against the applied potential difference.

3. Results and discussion

3.1. Phase characterization

3.1.1. Characterization of as-prepared samples
In general, the formation mechanism and synthesis conditions

can significantly influence the morphology and geometrical spec-
ifications of nanostructures. Fig. 2 shows SEM and TEM images of
the as-synthesized AT-based nanostructure, as well as a nanoscale
elemental map of constituent atoms, i.e. Al, Ti, and O. As seen, the
particles bear the blocky-shaped morphology with worm-like
microstructure whose units correspond to some nanometric
thermodynamically stable phases. As seen from the obtained
elemental map, these phases are uniformly dispersed into the
as-prepared nanostructure, forming micro-sized coarse particles.
The XRD analysis confirms the presence of AT as the dominant
phase as well as Al2O3 and TiO2 as impurities (Fig. 3) whose aver-
age size is relatively 50 nm, with a weak bond to neighboring
units. The fragmentation of the coarse AT particles into nanomet-
ric ones during the ultrasonication in an aqueous medium is the
compelling evidence of weak bonding between the constituent
units.

3.1.2. Characterization of nitrided samples
3.1.2.1. SEM and XRD analyses. To evaluate whether the nitrogen
penetration can affect the morphology, chemical stability, and
mean particle size of the powdery samples, all the specimens were
examined by EDS analysis and SEM. Fig. 4a shows the variation
trend of nitrogen content as a function of nitriding time and tem-
perature. These data have been obtained by the EDS analysis and
averaged out over five different measurements for each powdery
sample. As seen, the extension of nitriding time at a constant tem-
perature first increases and then decreases the penetration of
nitrogen atoms into the AT-based nanostructure. Although it
seems that this trend has a kinetic origin and needs further

Fig. 1. A schematic illustration of the synthesis, nitriding, and photocatalytic test of AT-based heterostructures.
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investigations in future research works, the particles fragmenta-
tion during the nitriding can play a role in it. Fig. 4b shows the

overall variation of the AT particle size with nitriding conditions
for all annealed samples. As seen, the extension of nitriding time
at a constant temperature results in the particles fracturing into
smaller ones. This fact is shown in Fig. 5(a-b). Seemingly, the prop-
agation of ubiquitous microcracks during the annealing and subse-
quent particle fracturing can arise from two main origins: (i) AT is
thermally anisotropic and can yield detrimental cracks during the
cooling step from the annealing temperature; and (ii) The diffusion
of nitrogen atoms into AT crystal lattice can induce a great deal of
residual stress and result in propagating the existing cracks if the
stress level exceeds the energy required for the formation of new
surfaces in AT particles. This fact has been confirmed by XRD
results. Fig. 3 shows the XRD analysis of the sample N500-180,
where there is no significant difference between the XRD result
of the as-received AT and that of the nitrided sample N500-180.
It indicates that the nitriding is not able to considerably change
the phase content and type. The XRD curves can be used to evalu-
ate the residual strain induced during the nitriding of the AT crys-
tal structure. AT bears an orthorhombic unit cell so that its lattice
parameters abide by the following equation:

1

d2
hkl

¼ h2

a2
þ k2

b2 þ
l2

c2
ð1Þ

Fig. 2. (a) FESEM image and (b,c) TEM images of as-synthesized AT ceramic, and (d,e) elemental map of Ti, O, and Al in the U900 sample.

Fig. 3. XRD patterns of samples U900 and N500-180, indicating the presence of AT,
TiO2, and Al2O3 phases; The intensity difference between these two patterns have
been depicted, showing which peaks have been heightened after nitriding.
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Fig. 4. (a) The variation of doped nitrogen content as a function of nitriding time and temperature, (b) The variation of AT-based particle size as a function of nitriding time
and temperature. The nitriding process fractures the particles into smaller ones.

Fig. 5. (a) The propagating ubiquitous sub-micron cracks throughout the nitrided AT-based particles after different nitriding treatments, (b) The fractured particles after the
propagation of micro-sized cracks, and (c) Macroscopic images of the samples U900, N500-60, and N500-180, showing black particles with high doped-nitrogen content, as
well as FE-SEM images of black particles distributed inside the high doped-nitrogen powders e.g. N500-60.
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where a, b, and c are the lattice constants, h, k, and l are the
miller indices, and dhkl is the distance between (hkl) planes. For a
certain plane (hkl), dhkl can be calculated from the XRD pattern
by Eq. (2):

dhkl ¼ nk
2 sin hhkl

ð2Þ

where k and hhkl are the wavelength of the used x-ray and diffrac-
tion angle, respectively. The calculated values for the samples
U900 and N500-180 are given in Table 2. As can be seen, the nitrid-
ing leads to the meaningful dimensional variations in a, b, and
directions. While the AT unit cell undergoes an insignificant expan-
sion in a (about 0.9%) and b (about 1.01%) directions, it is consider-
ably compressed in c direction (around 1.34%). This strain can be
attributed to the incorporation of nitrogen atoms into the AT lattice
structure.

From the macroscopic point of view, the sample U900 bears a
white appearance, but at the nitrided samples, the higher the
doped nitrogen content, the larger the population of gray particles
appears (see Fig. 5c). A careful look at the nitrided samples con-
firms the presence of some black particles being uniformly dis-
tributed inside the powdery samples of lower photodegradation
efficiency (see Fig. 5c). As seen, the appearance of the black parti-
cles is entirely different from that of white/gray particles and their
nitrogen content transcends white/gray particles. The EDS analysis
proves that the nitrogen-rich particles have more than 10 wt% of
nitrogen, i.e. several times higher than white or gray powdery sam-
ples. It can be concluded that the different contents of diffused
nitrogen atoms in the particles may lead to a broad spectrum of
colors from white to gray one.

3.1.2.2. TEM analysis. More investigations are required to charac-
terize the black particles by TEM observations. Fig. 6 shows HRTEM
images of the black particles present in the sample N500-60 bene-
fiting from 3.5 wt% of nitrogen. As seen, there is a limited popula-
tion of black nanoparticles appearing as dark regions. These
regions include a sporadic distribution of dark points as a represen-
tative of nitrogen-rich atomic sites or point defects. More impor-
tantly, these points are often accumulated at the superficial
regions of black particles (see red arrows in Fig. 6c), as well as uni-
formly dispersed in particles interiors (see yellow arrows in
Fig. 6c). It implicitly shows that a vast majority of nitrogen atoms
are absorbed on the surface and less content is penetrated into the
interior regions. The interplanar distance estimated by the TEM
observations at higher magnifications is about 0.33 nm for the
as-received AT particles. This value is equal to the standard ‘‘d”
value of (022) plane in Al2TiO5 [40].

3.1.2.3. XPS analysis. XPS analysis was carried out to examine
whether the nitrogen atoms are successfully doped into the lattice
structures of TiO2. Al2O3, and Al2TiO5 phases and to survey the
chemical status of involved elements. As given in Fig. 7, the XPS
spectrum confirms the existence of Al, O, N, Ti, and C elements in
all nitrided samples. The binding energies were calibrated by tak-
ing the carbon C1s peak (284.6 eV) as the reference [41]. Fig. 7a

shows the high-resolution XPS spectra of the O1s peak for the sam-
ples U900, N300-30, and N500-30, ranging between 528.1 and
534 eV. The O1s peak in all three samples can be deconvoluted to
two distinct peaks. These peaks are centered at 530.2 eV and
531.3 eV for U900. While the first peak can be attributed to the
crystal lattice oxygen [42,43], the second one can be related to
the presence of O-H groups on the surface of the particles
[41,44–46]. On the other hand, the O1s peaks have been partially
shifted to lower binding energies in N300-3 and to higher ones
in N500-30. It confirms the formation of oxygen vacancies in
N300-30, which is consistent with improved photodegradation
results [47–50].

Fig. 7b shows the high-resolution XPS spectra of the Al2p peak
for the samples U900, N300-30, and N500-30, ranging between
72 and 76 eV. This broad peak can be fitted with two Gaussian
components. The first component for U900 is centered at 73.7 eV
and can be attributed to the presence of Al-metal (i.e. Al-Ti) bonds
in the Al2TiO5 phase [51]. Besides, the second component falls into
74.3 eV and may be assigned to the presence of Al3+ ions in the
form of aluminum oxide (Al2O3) and/or aluminum hydroxides
(i.e. AlO(OH) and Al(OH)3) [51–54]. Typically, it is difficult to dis-
cern which chemical form (i.e. oxide or hydroxide) is preferred
by the Al3+ ions based on the Al 2p peak alone. One approach to dis-
tinguish the formed species is to determine the range in which the
O1s peak emerges. If the O1s peak falls into high binding energies
(almost 532.8 eV), the possible phase is aluminum hydroxide,
but if it is centered at 531.3 eV, the Al3+ ions tend to form alu-
minum oxide. Since the O1s peak in the present work is centered
at 531.3 eV, the existence of Al2O3 phase is confirmed [51]. As a sig-
nificant clue, the intensity of the first peak is higher than that of the
second one, which confirms the abundance of the Al2TiO5 phase
rather than Al2O3.

Fig. 7c indicates the high-resolution XPS spectra of two distinct
Ti2p peaks for the samples U900, N300-30, and N500-30, ranging
between 456 and 467 eV. The first peak at 458.7 eV and the second
peak at 464.4 eV with a splitting of 5.7 eV correspond to the bind-
ing energies of Ti 2p 1/2 and Ti 2p 3/2, respectively. The existence of
these peaks indicates that Ti exists in the form of Ti4+ ions in TiO2

and Al2TiO5 [49,55–57].
Fig. 7d shows the high-resolution XPS spectra of the N1s peak

for the samples U900, N300-30, and N500-30, ranging between
398 and 403 eV. As seen, after the deconvolution, several peaks
emerged. For the sample N300-30, the peaks were centered at
399.2, 400.4, 401.2, and 402 eV, respectively. As the literature have
reported, the first peak at 399.2 eV may be attributed to the exis-
tence of tertiary pyrrolic nitrogen (N-C3) [58,59]. The second peak
at 400.4 eV can be assigned to the formation of O-Ti-N linkages by
interstitial nitrogen atoms [42,57,60]. The third peak at 401.2 eV
corresponds to the quaternary nitrogen attached to three carbon
atoms in the aromatic cycles [61] and the absorption of NHþ

4

cations to Ti-O- sites (i.e. Ti-O-N bonds) [62]. Finally, the fourth
peak centered at 402 eV may be attributed to the presence of
molecularly adsorbed nitrogen species such as N-O, N-N, and
N-H [46]. These four peaks indicate that the nitrogen atoms are
successfully penetrated into interstitial sites of the crystal lattices

Table 2
Quantitative analysis of XRD patterns for the samples U900 and N500-180.

Sample 2 h (Degree) Diffraction plane d spacing (�A) Lattice constant (�A)

U900 19.121 (020) 4.6382 a = 3.6646, b = 9.2764, c = 9.6971
U900 26.578 (022) 3.3516
U900 27.721 (111) 3.2155
N500-30 18.942 (020) 4.6852 a = 3.6978, b = 9.3704, c = 9.5672
N500-30 26.612 (022) 3.3472
N500-30 27.534 (111) 3.2368
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in N300-30. Conversely, for the sample N500-30, the peaks are cen-
tered at 398.8, 400.4, and 401.6 eV, respectively. The first peak at
398.8 eV can be assigned to the existence of sp2 hybridized nitro-
gen atom in the triazine rings (C-N = C) [63] and the generation of
O-Ti-N bonds owing to the substitution of O atoms by nitrogen
ones [43]. The second peak at 400.4 eV may be attributed to the
formation of O-Ti-N linkages by interstitial nitrogen atoms
[42,57,60] and the existence of tertiary pyrrolic nitrogen (N-C3)
[58,59]. Finally, the third peak at 401.6 eV may be ascribed to
the attachment of nitrogen species at superficial oxygen sites such
as NOx [58]. These three peaks prove that the nitrogen atoms are
successfully penetrated into both interstitial and substitutional
sites of the crystal lattices in N300-30.

3.1.2.4. FTIR analysis. The FTIR spectroscopy of the AT-based nanos-
tructure before and after the nitriding was carried out to provide
more details about their structure and existing chemical linkages.
Fig. 8 indicates the FTIR spectra of the samples, where the broad
adsorption peaks at around 3400 cm�1 and 1630 cm�1 emerge.
These peaks can be attributed to the surface hydroxyl groups or
chemisorbed water molecules [64–66]. There is also another peak
near around 1023 cm�1 which can be assigned to the OH bending
mode [40]. There are also two adsorption bands between 700 and
900 cm�1 which are the characteristic modes of the AT crystal
structure. While the peak around 730–740 cm�1 may be ascribed
to the Al-O stretching vibration in octahedral AlO6 units [67,68],
the peak centered at 870 cm�1 appears due to the Ti-O bending

modes in TiO6 units [5–6]. The emergence of some adsorption
bands near around 1460 cm�1 and 1250 cm�1 at the FTIR spectra
of the annealed samples indicates that the nitrogen atoms are
embedded in AT and TiO2 lattice structures. Also, the nitriding pro-
cess results in the formation of NO-like species such as N2O

�2
2 and

NO�1 (centered at 1380–1390 cm�1 and 1105–1110.1 cm�1,
respectively). This finding confirms the XPS results [64,66].

3.2. Optical characterization

3.2.1. Photocatalytic activity measurement
The photodegradation of MB under the UVa irradiation was

measured to elucidate how the thermal annealing of the AT-
based nanostructure in the nitrogen atmosphere can influence
their photocatalytic performance. The characteristic peak at
664 nm was used to determine the remaining MB concentration
at solution. In the absence of the photocatalyst, no significant
change was observed in MB concentration after a 2-hour illumina-
tion. As exemplary cases, Fig. 9(a-b) shows the absorbance spectra
of MB for the samples N400-30 and U900. As shown, the peak
intensity of MB decreases gradually in the presence of the AT pho-
tocatalyst, as the photodegradation proceeds.

Fig. 9c indicates the photocatalytic degradation of all nitrided
samples versus time. As clearly seen, for the sample N400-30, the
photodegradation of MB dye reaches 56% after 120 min under
UVa, i.e. about 1.4 times higher than that measured for the sample
U900. This value was the maximum degradation between all the

Fig. 6. HRTEM images of black particles in the sample N500-60 in different magnifications. The yellow and red arrows indicate the atomic sites in which nitrogen is
accumulated during the nitriding treatment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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samples. In contrast, only 28% of MB dye was degraded in the pres-
ence of the sample N300-60, which is the highest diminution in the
photoactivity among the samples. Table 3 presents a brief list of
the photocatalytic efficiency of all samples. After the sample
N400-30, the specimens N300-30 and N400-180 show highest
photocatalytic performance with respect to the sample U900 after
the exposure to the UV irradiation for 120 min.

For all nitrided samples, a similar trend was observed for
the variation of photocatalytic activity against the nitriding
time at all annealing temperatures: the photocatalytic activity
first decreases by extending the annealing time from 30 min
to 1 h, reaches a minimum, and then increases from 1 h to

3 h. It is while the nitrogen content of the samples increases
from 30 min to 1 h, reaches a maximum, and then decreases
from 1 to 3 h. At all three temperatures, minimum MB degra-
dation is associated with the samples annealed for 1 h and
filled with the highest nitrogen content. This fact indicates that
the content of doped nitrogen is the major factor affecting the
photocatalytic performance of the samples at a constant
temperature.

Since the initial amount of MB is exceedingly low, it was
assumed that the heterogeneous dye photodegradation reaction
follows a pseudo first-order equation according to the Langmuir–
Hinshelwood kinetic model as follows [69–71]:

Fig. 7. High-resolution XPS spectra of (a) O 1s, (b) Al 2p, (c) Ti 2p, (d) C1s, and (e) N 1s for the samples U900, N300-30, and N500-30.
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LnðC=C0Þ ¼ kt ð3Þ
where C0 is the initial MB concentration, C is the remaining MB
concentration at an arbitrary reaction time t, and k is the appar-
ent rate constant which quantifies the rate of photodegradation
process. The higher the k value, the faster the photodegradation
process is. To determine the value k, Ln(C/C0) needs to be
plotted versus time, and the gradient of the fitted trendline is
calculated. Fig. 9d and Table 3 present the kinetic plots of all
nitrided samples and calculated reaction constants (k) for differ-
ent samples. As obviously seen, the sample N400-30 bears the
maximum k value (i.e. 0.0068 min�1), which is about 1.8 times
higher than that of U900 (i.e. 0.0038 min�1). In contrast, the
sample N300-60 has the minimum value k (i.e. 0.0030 min�1)
which is 21% smaller than that of U900. Fig. 9e indicates the
variation of k values versus the annealing time at different
temperatures. As seen, the constant k first decreases by
extending the annealing time from 30 min to 1 h, reaches a
minimum, and then increases from 1 to 3 h. This trend is in
good agreement with ones observed for the dye degradation
efficiency.

Fig. 9. (a) Absorbance spectra of MB in the presence of the sample N400-30 and (b) U900; (c) Photocatalytic degradation of MB-containing solution by using different
AT-based nanostructures annealed at 300, 400 and 500 �C; (d) Kinetic plots of different samples nitrided at 300, 400, and 500 �C; (e) The variation of apparent rate constant
(k) as a function of annealing time at different nitriding temperatures.

Fig. 8. FTIR spectra of the samples U900, N300-30 and N500-30.
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3.2.2. Recyclability test
The stability of the doped photocatalyst is a critical factor for a

long time. To evaluate this property, the recycling experiment was
carried out for 5 runs by the powder separation and subsequent
photocatalytic test for consecutive cycles. The obtained results
are given in Fig. 10. As can be seen, the photocatalytic degradation
efficiency of the sample N400-30 decreased from 55.9% to 47.71%
after 5 runs. Therefore, only 14.6% decline in the photocatalytic
performance was observed, which indicates that the photocatalyst
still exhibits a desirable stability and durability after 6 runs.

3.2.3. Pl analysis
Albeit the band gap narrowing (or widening) may increase (or

decrease) the material capability to absorb the incident photon
and generate electron-hole pairs [72], it does not guarantee a sig-
nificant increment (or decrement) in the photocatalytic activity
[73]. To benefit from the better photocatalytic activity, the photo-
generated electron-hole pairs need to be efficiently separated, suc-
cessfully transferred through the material, and ultimately gotten
involved in the photocatalytic reactions at the surface of target
semiconductor [74]. The recombination decreases the population
of accessible charge carriers [75]. To study the recombination
probability of the photo-generated electron-hole pairs in the sam-
ples, the photoluminescence (PL) emission spectroscopy is a robust
tool. Fig. 11a shows the Pl spectrum of the samples with excitation
at 355 nm at room temperature. As seen, the PL signal intensities of

the specimens are to some extent consistent with the trend of
photocatalytic activity of the samples (i.e. N400-60 > N500-30 > U
900 > N300-30). The weaker the recorded signal, the lower the
recombination of photo-induced charges. Therefore, for the sam-
ples N500-30 and N300-30, the incorporation of the nitrogen
atoms into the AT lattice is accompanied by declining the recombi-
nation centers of the electron-hole pairs. However, for the case of
N400-60, the additional treatment facilitates the recombination
process. It is worth mentioning that the lower recombination of
photo-induced charges may arise from the lower density of
photo-induced electron-hole pairs ab initio. This fact may be
attributed to the weak capability of the matter in generating the
electron-hole pairs under the irradiation [73,75,76]. It seems that
further studies should be performed to unveil the reason behind
the variation of Pl intensities for the nitrided samples.

3.2.4. DRS analysis
As a standard technique, UV–vis DRS is usually used to study

the light adsorption properties of solid materials. The experimental
data obtained from the DRS measurements can be beneficial to
evaluate the optical band gap of the target samples [77]. Fig. 11b
indicates the DRS spectra of U900 and nitrided specimens. Using
the DRS data, tauc plots can be obtained by plotting the term
(ahm)n as a function of incident photon energy)hm(according to
Eq. (4):

ahmð Þn ¼ Aðhm� EgÞ ð4Þ
where a, m, h, Eg, and A are the adsorption coefficient, light fre-
quency, Planck’s constant, band gap energy, and a constant, respec-
tively. The parameter ‘‘n” is a factor corresponding to the electronic
transitions so that if n = 0.5, the semiconductor bears an indirect
transition, but n = 2 is for a direct transition. The band gap of the
material can be estimated by the extrapolation of the linear region
observed in the tauc plot [78,79]. Fig. 11c indicates the tauc plots of
the samples. The calculated band gap values were 2.73, 2.78, 2.88
and 2.9 eV for N300-30, N500-30, U900, and N400-1, respectively.
It means that the N2 treatment may lead to the bandgap narrowing
of the samples N300-30 and N500-30. However, the band gap
value of the sample N400-60 is found to be slightly higher than
that of U900. This fact may be ascribed to the Burstein-Moss effect.
At the higher contents of the dopant material, the excess charge
carriers occupy the lower states of the conduction band, thereby
pushing the Fermi energy level of the semiconductor into the
energy zone of the conduction band. According to the Pauli Exclu-
sion Principle, the occupied energy states are forbidden from the
optical or thermal transitions to these states. It means that only
the states with the energy levels beyond the Fermi energy are
available for the electron transitions from the valance band to
these states. Therefore, to make these transitions happen, it is
needed to provide photons with the energy content higher than
the intrinsic band gap of the semiconductor. Consequently, the cal-
culated band gap energy from DRS is slightly shifted to higher
energy values [80,81].

Accordingly, one can determine the band edge positions of the
valence band (VB) and conduction band (CB) of the samples by
the Mulliken electronegativity theory [82,83] as follows:

EVB ¼ x� EC þ 0:5Eg

ECB ¼ EVB � Eg
ð5Þ

where � is the absolute electronegativity of the material and can
be determined by the geometric average of the atoms. Ec is also
the energy of free electrons vs. the normal hydrogen electrode
(i.e. 4.5 eV). Table 4 shows the estimated Eg, EVB, and ECB values
for the samples.

Table 3
The kinetic evaluation of nitrided samples including the degradation efficiency,
relative photocatalytic alterations after nitriding, and related reaction constants.

Sample Degradation efficiency
after 120 min

Relative photocatalytic
variations (%)

K value
(min�1)

U900 38.9 – 0.0038
N300-30 46.5 +19.5 0.0051
N300-1 28.6 �26.4 0.0030
N300- 3 31.6 �18.7 0.0032
N400-30 55.9 +43.7 0.0068
N400-1 33.9 �12.8 0.0030
N400-3 43.9 +12.8 0.0048
N500-30 36.1 �7.2 0.0035
N500-1 34.7 �10.8 0.0033
N500-3 37.7 �3.1 0.0039

Fig. 10. Photocatalytic degradation of MB-containing solution by the sample
N400-30 after five subsequent cycles.
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3.3. Photoelectrochemical characterization

3.3.1. EIS analysis
To further study the correlation between the annealing in N2

atmosphere and photoresponse of the AT-based nanostructure,
the transferability of charge carriers must be determined [84,85].
For this purpose, the electrochemical impedance spectroscopy
(EIS) measurements were performed, and corresponding EIS
Nyquist plots of the samples were plotted in Fig. 12a. This plot
indicates the imaginary impedance component (Z00) against the real
impedance component (Z0). The obtained semi-circle curve is
related to the faradic process originating from the presence of
electron-transfer limiting steps. Typically, in higher frequencies,
the smaller diameter of the semi-circle Nyquist curve can be attrib-
uted to better charge transportability [86,87]. Fig. 12a shows that
the semi-circle curve of the nitrided samples is smaller than that
of the sample U900. This fact points out that the annealing process
diminishes the catalyst/electrolyte interface charge resistance and
improves the charge transfer rate which finally results in efficient
electron-hole separation.

3.3.2. Photocurrent measurements
To further shed light on the charge transport characteristics of

non-doped and n-doped AT-based heterostructures, the photocur-
rent generation of the samples U900, N300-30, and N500-30 were
performed under the UVa irradiation. The results are given in
Fig. 11(b-c). Quantitatively, the potential collected with reference
electrode to the Ag/AgCl electrode must be converted to the rever-
sible hydrogen electrode according to Eq. (6):

ERHE ¼ EAg=AgCl þ 0:059pHþ E0
Ag=AgCl ð6Þ

where EAg/AgCl is the working potential and E0Ag/AgCl is 0.1976 V at
25 �C. The results are given in Fig. 12(b-c). As seen in Fig. 12b, a grad-
ual increment in the applied potential can continuously increase the
total density of photogenerated charge carriers in all three samples.
This effect indicates that all the samples behave similar to an n-type

semiconductor [88,89]. On the other hand, the photocurrent density
of the sample N300-30 is higher than that of N500-30 and U900 at
all potentials, suggesting the lowest recombination and highest pho-
togeneration capacity [90,91]. As an interesting fact, the n-doping in
N300-30 can successfully shift the minimum potential at which the
photocatalyst begins to produce the photocurrent (i.e. threshold
potential) to lower potential levels with respect to U900 and
N500-3. It means that the photocurrent of a certain intensity can
be generated under lower potential levels, implicitly proving the
acceleration of photogenerated charge carriers through the nitrogen
penetration into the AT-based heterostructure. The calculated pho-
tocurrent density for the specimens U900, N500-3, and N300-30
are 1.9, 3.04, and 5.6 mA/cm2, respectively.

At 1.2 V, the photocurrent intensity of the sample N300-30
increases by a factor of 1.6 and 2.4 with respect to U900 and
N500-30, respectively. These factors increase up to 1.7 and 2.7 at
the potential level of 1.6 V. In contrast, the difference between
the photocurrents below 0.8 V is ignorable for three samples. The
most determining factor in the photocurrent intensity at relatively
low potential levels is the electron-hole recombination. The identi-
cal photocurrent intensities at low applied potentials confirm that
the recombination is wholly independent of the nitrogen doping
nature. It is while at high applied potentials, the predominant fac-
tor is the activation of superficial catalytic reactions in the particles
rather than the recombination degree. Therefore, the higher pho-
tocurrent intensity of the sample N300-30 at high potentials can
be attributed to its more active surface catalytic reactions and
lower charge carrier recombination, compared to U900 and
N500-30 [91].

Fig. 12c shows the current density-potential curves of the sam-
ples U900, N300-30, and N500-30 under the chopped UVa illumi-
nation. The photocurrent is the difference between the current
intensity when the UVa irradiation is on and off [89]. As seen, both
non-doped and n-doped samples are capable of generating the
photocurrent, but the sample N300-30 is more successful than
U900 and N500-30 because the photocurrent intensity of N300-
30 is about twice as high as U500-30. Also, all the specimens indi-
cate the significant dark current, providing evidence for this fact
that both non-doped and n-doped samples exhibit the electrocat-
alytic behavior in addition to the photocatalytic one [92]. As the
main conclusion, the charge separation and transport in the sample
N300-30 are more efficient than U900 and N500-30, because the
higher the photocurrent density, the faster the charge carrier trans-
port and more suppressed the recombination [92]. The results are
consistent with the photodegradation and Pl tests, where the sam-
ple N300-30 exhibits higher dye degradation than the samples
U900 and N500-30 and the recombination rate is lower than
others.

Fig. 11. (a) Pl spectra of the samples U900, N400-60, N300-30, and N500-30; (b) DRS spectra of the samples U900, N400-60, N300-30, and N500-30, and (c) their
corresponding tauc plots.

Table 4
The calculated Eg, EVB, and ECB values for the samples U900, N300-30, N500-30, and
N400-60.

Sample Eg EVB ECB

N300-30 2.73 eV 2.397 eV �0.333 eV
N500-30 2.78 eV 2.422 eV �0.358 eV
U900 2.88 eV 2.472 eV �0.408 eV
N400-60 2.9 eV 2.482 eV �0.418 eV
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4. Conclusions

A hybrid aluminium titanate (Al2TiO5)-based heterostructure
was synthesized by the citrate sol–gel method and exposed to a
continuous flow of the nitrogen gas to tailor its band structure
and electronic response through the n-doping and generation of
surface oxygen vacancies. A variety of characterization techniques
were used to determine the energy level of valence/conduction
bands, band gap width, electron-hole separation and recombina-
tion rate, and intrinsic resistance of the semiconductor against
the electron-hole transport. The most important results are given
as follows:

� The synthesized semiconductor is composed of three main con-
stituents, i.e. Al2TiO5 as the dominant phase, and Al2O3 and TiO2

as the minor ones. These phases bear an average size of 50 nm
with a weak bond to neighboring units.

� A limited population of ubiquitous microcracks was propagated
during the nitriding due to the thermal anisotropy of the AT
ceramic during the cooling step and evolution of residual stres-
ses as a consequence of diffusing nitrogen atoms into the AT
crystal structure.

� The nitriding can change the electronic structure of these
phases relative to each other, controlling their photocatalytic
performance. It was indicated that the nitrogen doping could

not improve the photocatalytic performance of the semiconduc-
tor in all nitriding time and temperature conditions. Any varia-
tion in the photogeneration behavior of the samples was
attributed to the formation of some new bonds in the crystal
structure (including O-Ti-N and Ti-N), the substitutional or
interstitial replacement of nitrogen atoms with oxygen atoms,
molecular chemisorption of nitrogen, and the attachment of
nitrogen species at superficial oxygen sites.

� The formation of new bonds varies the bandgap values from
2.88 eV for pristine AT to 2.73 eV for the nitrided one, thereby
manipulating the charge carrier recombination rate and activa-
tion of superficial catalytic reactions in the particles.

� Numerically, it was shown that the band structure variations
can efficiently increase the photodegradation efficiency of
methylene blue and apparent rate constant (k) by 1.4 times
(from 38.9 to 55.9%) and 1.8 times (from 0.0038 to
0.0068 min�1).
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