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Abstract
Semiconductor photocatalysis is a process that benefits from sunlight to start chemical reactions. In

order to take advantage photocatalytic properties of semiconductors and to achieve better
performance structural adjustment is needed. In this study, varying amounts of nitrogen were used to
modify TiO; nanostructures using the sol-gel method. The crystalline structure of the synthesized TiO,

Keywords ) ) ] ) )
TiO,; Sol-gel; Doping nanostructures was studied using the X-ray diffraction (XRD) technique. X-ray photoelectron
Non-metal: spectroscopy (XPS) was conducted to analyse the elemental composition of nanomaterials. XPS analyze

. - confirms that nitrogen is introduced into the lattice of TiO,. The photocatalytic degradation of
Photocatalytic activity

methylene blue (MB) under UV irradiation was employed to assess the photocatalytic performance of
the samples. To evaluate degradation, the absorption of MB over time was measured using a UV-Vis
spectrophotometer. As a result, the doping process has been found to improve the photocatalytic
performance of TiO,, and 0.2% N doped TiO, nanostructures demonstrated superior photocatalytic

activity for photocatalytic degradation of MB.

Ametal Katkilama ile Titanyum Dioksit Nanomalzemelerin Fotokatalitik
Bozunmasinin iyilestirilmesi

Oz

Yariiletken fotokataliz, kimyasal reaksiyonlari baslatmak igin glines isigindan yararlanan bir stregtir. Yari
iletkenlerin fotokatalitik 6zelliklerinden faydalanmak ve daha iyi performans elde etmek igin yapisal

diizenlemeye gereksinim duyulmaktadir. Bu ¢alismada, sol-jel yontemi kullanilarak TiO, nanoyapilarini
Anahtar kelimeler degistirmek icin degisen miktarlarda nitrojen kullanilmistir. Sentezlenen TiO, nanoyapilarin kristal
yapilari X-isini kirinimi (XRD) yontemiyle incelenmistir. Nanomalzemelerin elemental bilesimini analiz
TiO; Sol-jel; Katkilama;  etmek icin X-1sini fotoelektron spektroskopisi (XPS) yapilmistir. XPS analizi, nitrojenin TiO, kafesindeki
Ametal; Fotokatalitik  varligini dogrulamaktadir. Metilen mavisinin (MB) UV isimasi altinda fotokatalitik bozunmasi,
aktivite numunelerin fotokatalitik performansini degerlendirmek igin kullanilmistir. Bozulmayi degerlendirmek
icin, MB'nin 664 nm'de zaman iginde absorpsiyonu bir UV-Vis spektrofotometre kullanilarak
Olgllmustir. Sonug olarak, katkilama isleminin TiO,'nin fotokatalitik performansini iyilestirdigi ve %0,2
N katkili TiO2 nanoyapilarin MB'nin fotokatalitik bozunmasinda Ustln fotokatalitik aktivite gosterdigi

bulunmustur.
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1. Introduction

Recently, there has been great attention to
developing photocatalysts, which are utilized in
several applications and research fields, particularly
in environmentally friendly and energy applications.
Semiconductor photocatalyst benefits from sunlight
for energy production and pollutant decomposition
(Di Valentin et al. 2007, Suwannaruang et al. 2018).
Semiconductor-based photocatalysts have been
their

arrangement to absorb exerted solar spectrum for

widely investigated due to electronic
photocatalytic reaction. Among semiconductors,
titanium dioxide (TiO2) has high photocatalytic
activity and is commonly used because of its unique
properties like chemical stability, inexpensiveness,
oxidative power, and availability (Bashiri et al. 2017,
Jaiswal et al. 2015). TiO; absorbs only UV light due
broad band gap, which

effectiveness in  photocatalytic

to its restricts its
applications.
Therefore, TiO, can utilize only 5% of the sunlight
spectrum (Macwan et al. 2011, Cheng et al. 2012).
Additionally, the recombination of photogenerated
carriers is another reason that diminishes TiO,'s
photocatalytic activity. Recently, studies in the
literature have attempted to enhance TiO;'s
photocatalytic activity by adjusting the band gap (Xu
et al. 2019, Mironyuk et al. 2020, Al-Shehri et al.
2020). To improve the efficiency of TiO, under
visible light, methods such as element doping, the
development of semiconductor composite
structures, and the introduction of template agents
for the production or modification of TiO, structures
could be employed. Among these approaches,
doping TiO; by metal and non-metal ions promotes
its photocatalytic performance (Lu et al. 2022). The
addition of these metal and non-metal ions has an
effect on the electronic structure of TiO, and
broadens its absorbance capability to the visible
light spectrum (Sanchez-Martinez et al. 2018,
Marschall and Wang 2014, Xu et al. 2019). Many
research and theoretical calculations indicate that
non-metals such as carbon Irie et al. (2003),
nitrogen Diwald et al. (2004), sulphur Ohno et al.
(2004), boron Finazzi et al. (2008), and iodine Tojo
et al. (2008) could be doped into TiO; to enhance its

photocatalytic activity significantly (Asahi et al.

2001, Umebayashi et al. 2003). Nitrogen is the most
effective and widely investigated element among
non-metals because of its high electronegativity,
high ionization energy, and similar radius to oxygen
(Suwannaruang et al. 2018).

TiO; nanoparticles can be synthesized with various
techniques like solvothermal method Yin et al
(2005), electrochemical method Lei et al. (2001),
chemical vapour deposition Pradhan et al. (2003),
hydrothermal method Andersson et al. (2002),
(2005),
sonochemical method Yu et al. (2002), and sol-gel

microwave process Corradi et al
process Nithya et al. (2018). When compared to
methods, the

well-established and widely used method for

other sol-gel process is a
synthesizing nanoparticles. Sol-gel process contains
hydrolysis and condensation process and the
formation of gel which will form the crystalline
structure of nanoparticles. Because sol-gel is a
solution-based process, it has advantages with
regard to homogeneity, suitability, flexibility, purity,
and stoichiometry control (Keshmiri et al. 2004,
Venkatachalam et al. 2007). According to the
literature, many parameters such as analyte type,
phase crystallinity, dopant content, and oxygen
vacancies need to be considered in determining the
best visible photocatalytic activity (Soares et al.
2011, OKata et al. 2005, lhara et al. 2003). In this
regard, studies on the amount of nitrogen doping
are reviewed in the literature; however, a study on
the photocatalytic impact of a wide range of N
doping concentrations was not reported.

This study aims to use non-metal N doping to modify
sol-gel derived TiO, and to investigate the influence
of the photocatalytic
performance. Structural assessment of prepared
materials has been carried out by XRD, XPS and FTIR
analysis. The degradation of Methylene Blue (MB)

doping process on

under visible light irradiation was done to determine
the photocatalytic activity of the TiO, nanoparticles.

2. Materials and Methods

Undoped and N-doped TiO, nanoparticles were
synthesized by using titanium (IV) isopropoxide
(TTIP) (Aldrich, 97%) and urea (Sigma-Aldrich,
>99.5%) as titanium and

n itrogen sources,
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respectively. Citric acid (Merck, ACS) has been used
as a stabilizing agent. The sol-gel process was
utilized to produce undoped and N-doped TiO;
nanoparticles with variable nitrogen levels. TTIP was
used to form a precursor solution, and different
amounts of urea solutions were prepared in distilled
water (H2O:Ti molar ratio = 1: 0.18 %). Under stirring
conditions, different amounts of urea solutions
(N: Ti molar ratios of 0.1-1.6 %) were added to the
precursor solution as a nitrogen source. Afterward,
citric acid was added as a catalyst. The final solution
was accomplished by mixing all the reactants for 2
hours (Heidolph MR Hei-Standard). Subsequently,
nanoparticles were obtained by drying at 100°C
followed by calcination at 550°C in air. Synthesized
nanoparticles were named as TNO, TN1, TN2, TN3,
TN4, and TN5, according to N to Ti molar percent
ratio of 0, 0.1, 0.2, 0.4, 0.8, and 1.6, respectively.
Investigation of crystal structures of undoped and
doped TiO; nanoparticles was performed by using a
Rigaku with Cu-K, radiation in 20 ranging from 3° to
90° with 4°/min scanning rate D/Max-2100/PC X-ray
diffractometer. XPS (Thermo Scientific; Al-Ka 1350
eV) measurements were carried out to estimate the
composition and chemical states of nanoparticles.
XPS analysis of the samples was performed using an
Al-Ka irradiation source with a beam size of 400 um
in diameter with a scanning number of 15. Particle
size measurement of the nanostructures were
conducted with Malvern Zeta Sizer Nano ZS90. The
photocatalytic performance of the synthesized
nanoparticles was studied via methylene blue
degradation under UV light irradiation by UV lamp
(UltraVitalux E27300 W, Osram). Produced samples
were exposed to UV light for 1 hour at 15-minute
intervals during the photocatalytic performance
evaluation. After UV exposure with time intervals
specified,  absorption  measurements  were
performed using a spectrophotometer (UV mini-
1240, Shimadzu) at a wavelength of 664 nm.

3. Results and Discussion

Figure 1 depicts XRD patterns of TiO, nanoparticles
with different amounts of nitrogen content. The
diffraction peaks at 25.2°, 37.8°, 48.0°, 53.9°, 55.1°,
62.7°, 68.8°, 70.3°, 74.0°, and 76.1° correspond to
anatase phase (JCPDS: 21-1273) planes (101), (004),

(200), (105), (211), (204), (116), (220), (107), and
(301), respectively (Sanchez-Martinez et al. 2018).
According to the XRD patterns of synthesized
nanoparticles, all of the samples show good
crystallised structure related to the anatase phase.
The diffraction at 26 =25.2° (101) is described as the
characteristic peak of anatase crystal phase
structure (Zhang et al. 2000). It is clear that
incorporating nitrogen into the TiO, lattice inhibits
crystalline growth in the calcination process, and
this affects XRD peaks as a broadening at
characteristic peak of anatase (101). It was
determined that N doping had no detrimental
impact on TiO; crystal phase structures.

Intensity (a.u)

20

Figure 1. XRD patterns of TiO2 specimens prepared with
varying N-dopant contents

The average crystal size of the nanoparticles was
estimated using the Full Width Half Maximum
(FWHM) value at the peak (101) in the XRD patterns
(Huang et al. 2006). Table 1illustrates the crystalline
size and particle sizes of nanoparticles. The
crystalline size of undoped TiO; was 23.50 nm,
whereas a significant reduction in crystalline size
was observed with 0.4% nitrogen doping to TiO..
Also, the broadening of peaks is in line with
N-doped TiO;

crystalline size reduction in

nanoparticles.

Table 1. Crystalline size and particle size of TiO2
nanoparticles

Sample Name Crystalline size (nm) Particle Size (nm)

TNO 23.50 68.70
TN1 13.95 90.7
TN2 15.75 52.67
TN3 14.93 37
TN4 18.5 65
TN5 16.3 64
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A similar study conducted by Zhang and Liu (2008)
shows that with increasing lanthanide content,
decreased.  This
phenomenon is explained by the segregation of

average crystalline  size
lanthanide ions in the grain boundary and restricting
grain growth. Within this scope, it might be
explained as a decrement in the crystalline size of
TiO, connected to the nitrogen ions concentration
in the grain boundary, which inhibit grain growth
(Senthilnathan and Philip 2010). Figure 2 shows the
average particle size distribution of doped TiO;
nanoparticles. It is obviously seen that TN3 shows
the lowest particle size with 37 nm and it is a
threshold for particle size in terms of nitrogen
content. According to the results, it was determined
that all samples were successfully produced at the
nanoscale and the particle sizes of the samples
increased with increasing nitrogen content.

I TN2

Size = 52,67 nm

Number(percent)
&

-I
10 100
Particle size(nm)

(a)

Particle size (nm)

THO TN1 TNZ TN3 Tha TNS
Samples

(b)

Figure 2. (a) Particle size distribution histogram of TN2,

(b) measurements for undoped and doped TiO2
nanoparticles.
XPS is a widespread method for assessing the
elemental composition and electronic states of
materials. To demonstrate N doping into the TiO;
structure, XPS measurements of TN5 nanoparticles
(Figure 3(a-e)). The

were conducted survey

spectrum obviously demonstrates Ti, O, N, and C
3(a). The
corresponding peaks associated with the Ti 2p O 1s

peaks, as illustrated in Figure
and N 1s states revealed proof of the existence of Ti,
O, and N elements, as shown in Figure 3(b-d). The
peaks at 459.15 and 464.89 eV correlate to the
binding energies of the Ti 2p3/2 and Ti 2p1/2 for the
doped nanoparticles, respectively. This indicates the
presence of titanium in the form of Ti4+ in the
structure (Figure 3(c)). It is possible to deduce that
using carbon bands during XPS analysis prompted
the Cls peak at 284.6 eV to appear in the spectra
(Jaiswal et al. 2012, Zhao 2008). Figures 3(c) and 3(d)
display the XPS spectra of N 1s and O 1s for the
doped TiO, samples, respectively. The location of
the major peak at 531.5, which relates to the surface
-OH bonds, is assigned to the O 1s core level (Figure
3(d)). N 1s peak at approximately 400 eV with low
indicates that N
introduced into titanium dioxide. These findings are

binding energy successfully
in agreement with previously reported studies using
nitrogen as a dopant (Chen and Burda 2004, Li et al.
2015). Senthilnathan and Philip (2010)
reported that with nitrogen doping binding energy

have

of Ti 2p states decreased. Different electrical
interactions between Ti and N ions account for this
decrease. These interactions result in an electron
transition from N to Ti, resulting in an increase in
electron density on Ti. The mechanism for the
increase in electron density can be linked to
nitrogen's weaker electronegativity compared to
oxygen (Cong et al. 2007, Senthilnathan and Philip
2010). Figure 3(e) shows Ti 2p states of undoped
(465 and 459.37 eV) and N-doped TiO, (464.88 and
459.18 eV) nanoparticles. Within reported studies,
when comparing undoped and N-doped TiO;
nanoparticles a decrease in the binding energy of
doped TiO; nanostructure was observed. This
change toward lower binding energy can be
explained by nitrogen successfully incorporated into
the TiO, lattice (Chen and Burda 2004, Jaiswal et al.
2012).

The photocatalytic degradation of samples has been
determined by measuring the photodegradation of
methylene blue under UV light irradiation for up to
60 min at 15-min intervals.
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Degradation rate was determined using the formula
(Equation 1),

(C" - )x 100 1)

0

where Co and C are the initial concentration of MB
and the after
respectively. The result was used to estimate the

concentration irradiation,
percentage of residual MB in the solution (Dariani et
al. 2016). Figure 4 shows absorbance values the
synhesized TiO, nanoparticles under methylene
blue degradation with irradiation time. The

photocatalytic efficiency of undoped and doped
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TiO, nanoparticles as a function of MB degradation
is given in Figure 5.

According to these results, it is obvious that nitrogen
doping has increased the photocatalytic activity of
TiO, nanoparticles significantly. Substitutional N is
widely referred to as responsible for band gap
narrowing and enhancing visible photoactivity
(Dawson et al. 2014). The findings showed that the
absorbance peak of the 0.2% N-doped TiO, (TN2)
demonstrated the fastest decrease within 60 min
under UV light illuminations as seen in Figure 6.
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T T T T T T
480 475 470 465 460 455 450 445
Binding Energy (eV)

(b)

3x10" -

2x10" |

Count/ s

1x10" o

T T T T T
550 545 540 535 530 525 520

Binding Energy (eV)

(d)

20000

10000

Counts /s

Tip,,

Ti2p,,

T T
480 473 470

T T T
460 4585 450 445

Binding Energy (eV)

(e)

Figure 3. (a) Global XPS spectra of TN5,(b) Ti 2p spectra of TN5, (c) N 1s intensity peak of TN5,
(d) O 1s spectra of TN5, and (e) Ti 2ps/2and Ti 2px spectra of TNO and TN5.
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This result demonstrates that the nonmetal addition
is the optimum doping solution in terms of

photocatalytic performance. The rate of MB
photodegradation increased as the amount of
doping nitrogen increased, and the rate of

degradation maximized at 0.2%. However, as the
amount of dopants was increased further, the
photodegradation rate was reduced. As stated in
the literature, the recombination center of
photogenerated carriers in TiO, will rise with
excessive N doping, which is detrimental to the
separation of photogenerated charge and
diminishes the catalyst's photocatalytic activity.

(Huang et al. 2021, Pawar et al. 2020).

0.0+

024

04

Absorbance

064

0.8+

0c 15 80 45 " 60
Time{min)

Figure 4. MB degradation with an irradiation time of

synthesized undoped and doped TiO2
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Figure 5. The photocatalytic efficiency of undoped and
doped TiO2 nanostructures as function MB
degradation.

4. Conclusions

Nitrogen-doped TiO, nanoparticles were
successfully synthesized with different nitrogen
content by using the sol-gel route. The XRD pattern

of all produced materials shows a pure anatase

phase and the anatase (101) diffraction peak has
been widened for nitrogen-doped nanoparticles.
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Figure 6. Absorbance spectrum of TN2 sample

This indicates that nitrogen was introduced into the
TiO; lattice successfully. By comparing the crystal
sizes of the samples, it was concluded that the
crystal size of the samples decreased with the N
doping process. The XPS examination of the
nitrogen-incorporated nanoparticles provides a line
at around to 400 eV, implying that N is displaced by
O in the Ti-O-N. The
photocatalytic efficiency of samples was evaluated

crystal structure as
with methylene blue degradation and with
increasing nitrogen content. The TN2 sample with a
molar ratio of 0.2% nitrogen displayed the greatest
efficiency in terms of photocatalytic performance,
and after this threshold value, the photocatalytic
efficiency tended to decline in samples with
increasing N content. It is possible to commercialize
N-doped TiO, products for solving environmental
problems such as candidate material for wastewater
treatment applications and environment problems
with improved photocatalytic properties
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