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Abstract: Amorphous TiO; doped with N was characterized by its photocatalytic activity under
visible light irradiation. The amorphous N-doped TiO, was prepared by the sol-gel method through
heat treatment at a low temperature. The photocatalyst showing activity in visible light despite heat
treatment at low temperature can be applied to plastics and has excellent utility. The N-doped TiO,
appeared amorphous when heat-treated at 130 °C. It was converted into an anatase-type N-doped
TiO, when this was calcined at 500 °C. The photocatalyst showed photocatalytic activities in the
photocatalytic decomposition of formaldehyde and methylene blue under visible light irradiation.
The photocatalyst exhibited a higher rate of hydrogen production than that of TiO, in photocatalytic
decomposition of water under liquid-phase plasma irradiation. The bandgap of the amorphous N-
doped TiO, measured by investigation of optical properties was 2.4 eV. The lower bandgap induced
the photocatalytic activities under visible light irradiation.

Keywords: amorphous TiO,; nitrogen doping; photocatalytic activity; hydrogen production; visi-
ble light

1. Introduction

Pure TiO; has a high bandgap energy and can exhibit photocatalytic activity only
in the UV region. The anatase TiO, requires a bandgap energy of about 3.2 eV. There
have been many attempts to expand the photocatalytic activity of TiO, to the visible-light
region [1-4]. Nitrogen doping among the various surface modification methods of TiO,
has the advantages of ease of manufacture and eco-friendliness [5-7]. Nitrogen doping on
TiO, can be prepared by a relatively simple method, and it has the advantage that N is
doped on the most effective dopant due to its similar size to oxygen and metastable defect
complex, as well as small ionization energy [8].

N-doped TiO, (N/TiO,) exhibits excellent photocatalytic activity as electrons in the
valance band (VB) are excited to the conduction band (CB) even in the visible-light re-
gion [9,10]. Oxygen constituting the TiO; lattice is replaced by nitrogen, and it is known
that it is located in a nitrogen oxide state between the TiO, lattice [11-14]. Anatase type
TiO, has a bandgap energy of 3.2 eV, whereas N-doped or metal ion doped TiO; has a
bandgap of 2.5 eV and 2.6 eV, respectively [15]. In other words, metal doping and nitrogen
doping lower the bandgap so that electrons located in VB can transfer to CB even in the
visible-light region [16,17]. The greatest advantage of impurity doping is the movement of
hot electrons to CB even in visible light.

The N/TiO; photocatalyst obtained through a calcination at a high temperature
of 400 °C or higher exhibits an anatase form. On the other hand, if the visible light-
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response TiO; is manufactured by heat treatment at a low temperature of 150 °C or less, the
manufacturing process can be simplified. In addition, when prepared with a photocatalytic
coating solution according to the sol-gel method, a photocatalytic thin film is formed
on the surface of the plastic and subjected to low temperature heat treatment to obtain
photocatalytic activity.

For many years, research on modifying the structure of TiO; to expand the light
absorption region of the TiO, photocatalyst to the visible ray region has been attracting
attention. Many strategies have been attempted to extend the light absorption of TiO, to the
visible light region, such as a method of coupling semiconductor materials having a narrow
bandgap with TiO, and a method of doping various elements on TiO, [18-20]. These
methods also increase the photocatalytic reaction efficiency by reducing the recombination
of electrons and holes during the photoreaction of the TiO, photocatalyst [21,22]. Blocking
the recombination of light-induced electron-hole pairs is part of an effort to maximize the
utilization of solar energy and improve photocatalytic performance [23,24].

In general, the structure of TiO; crystallites is the most basic and essential property for
predicting photocatalytic activity. Until now, most studies have focused on anatase-type
TiO; crystallites. However, it has been found that amorphous TiO, contains more disorders
and defects than those found in crystalline TiO, particles [25,26]. Therefore, amorphous
TiO; is expected to be a promising candidate as a visible light-sensitive photocatalyst show-
ing activity in visible light [27,28]. However, some studies have reported that amorphous
TiO, exhibits photocatalytic activity only in weak ultraviolet light because most of the
defects and materials on the surface can act as electron-hole traps [29,30]. Accordingly, a
method of treating amorphous TiO; into a special microstructure by adding hydrogen to
improve the photoactivity in visible light was also studied [31]. The study showed that
modified TiO, has an irregular structure, which increases the edge of the VB and decreases
the band gap, thereby improving the photocatalytic efficiency. It has also been reported
that the photolysis of dyes can be greatly increased when metal ions and metal oxides are
combined with amorphous TiO, [32,33].

In this study, TiO, doped with nitrogen was prepared as a visible light-sensitive
photocatalyst. In the manufacturing process, amorphous N/TiO, was prepared by heat
treatment at a low temperature of 130 °C. The physicochemical and optical properties of
amorphous N/TiO, were investigated. The photocatalytic decomposition activity of HCHO
and methylene blue (MB) was also evaluated under visible light irradiation. The hydrogen
production property of N/TiO, was evaluated from water photocatalytic decomposition
by liquid phase plasma (LPP) irradiation.

2. Results and Discussion
2.1. Physicochemical Properties of N/TiO;

Figure 1a shows the X-ray diffraction (XRD) pattern of N/TiO; heat-treated at 130 °C.
The N/TiO; appeared as amorphous in the XRD pattern. When N /TiO, was calcined at
500 °C, the amorphous phase was changed to anatase phase as shown in Figure 1b. The
presence of N in the TiO; structure will promote a peak broadening in XRD diffractograms
compared to pure TiO,, which indicates a lower crystallite size of nanoparticles [34]. On
the other hand, Barkul et al. [35] verified an increase in the crystallite size after N doping
such that the increasing of the dopant load to at least 7% mol promoted higher crystallite
sizes. This increase of the crystalline size was attributed to the higher intensity of the most
significant peak (101). Therefore, no consensus can be found relative to the effect of the
presence of nitrogen on the crystallite size. The crystallite size (D) is normally determined
through the Scherrer equation:

kA

- Beosb

where k is a shape factor that has a typical value between 0.89-0.94 [36], A is the X-ray
wavelength, B is the full width at half maximum peak (in radians), and 0 is the diffraction
angle at which (101) and (110) intensity peaks appear [36]. This could be one explanation
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for these differences in the crystallite sizes, since the k value can be attributed, and this
equation only allows an estimated value for this parameter.
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Figure 1. XRD patterns of N/TiO; calcined at 130 °C (a) and 500 °C (b).

Scanning electron microscope (SEM) images with energy dispersive X-ray spec-
troscopy (EDS) and transmission electron microscope (TEM) images of amorphous N/TiO,
and anatase N/TiO; are shown in Figure 2. The amorphous N/TiO, particles showed an
irregular spherical shape. It was difficult to accurately determine the size of the N/TiO,
crystal because the crystals were agglomerated. The particle size obtained from the TEM
image and the XRD peak is about 40 nm. The particles were clustered. The amount and
size of the crystals of anatase N/ TiO, were similar. The particle size of both N/TiO, was

slightly larger than that of P25 TiO5.

)
ull Scale 408 cts Cursor: 0.000

2 3 4 H 3 7 8
Full Scale 408 cts Cursor. 0.000 kev|

(B)

Figure 2. SEM-EDS and TEM images of (A) amorphous N/TiO, and (B) anatase N/TiO,: (a) SEM,
(b) EDS, (c) TEM.

The thermal properties of the N/TiO, were investigated by thermo gravimetric anal-
ysis (TGA) and differential thermal analysis (DTA) at a temperature ranging from 25 °C
to 1000 °C. The TGA/DTA pattern of the N/TiO, powder is shown in Figure 3. As the
temperature increased, the most significant weight loss occurred before 500 °C, but the
TGA curve was almost flat after 500 °C. The weight loss is due to the evaporation of water
and residual organic solvents such as isopropanol below 160 °C. The weight loss is due
to carbonization or combustion of organic components in the sol precursor at 200 °C to
500 °C. There was a slight weight loss after 500 °C.
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Figure 3. TGA/DTA results of amorphous N/TiO;.

Figure 4 shows N isotherms of the P25 TiO,, amorphous N/TiO,, and anatase N/ TiO;.
The N; isotherm curve of P25 TiO, shows the curve for typical nonporous material. On the
other hand, the Nj-isotherm curves of both N/TiO, showed hysteresis type curves. The
Brunauer-Emmett-Teller (BET) surface areas of both N/TiO, were smaller than that of P25.
In previous results, it was shown that the particle size of N/TiO, was slightly increased as
nitrogen was doped. It seems that it is because the surface of TiO, is doped by replacing O
with N, so that the particle size is increased slightly and the adsorption amount of nitrogen
is also decreased.
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Figure 4. N, isotherms of (a) P25, (b) amorphous N/TiO,, and (c) anatase N/ TiO5.

Figure 5 shows the FI-IR spectra of P25, amorphous TiO,, and anatase TiO,. The
concentrated and broad band in the low wavenumber range between 500-800 cm™' com-
mon to all three samples is attributed to the strong stretching oscillations of Ti-O and
Ti-O-Ti bonds [37]. Two peaks located at 3400 cm~! and 1620 cm~! were assigned to
stretching vibrations of hydroxyl groups on the surface and OH bending of dissociated or
molecularly adsorbed water molecules, respectively [38,39]. Compared with the band of
P25, the intensity of both absorption bands was stronger in N/TiO.

Figure 6 shows the results of X-ray photoelectron spectroscopy (XPS) to investigate
the surface state of the amorphous N/TiO; and anatase N/TiO, particles. In XPS results
of both N/TiO,; particles, Tip3, Tipl peaks, O1, and N1 peaks appeared. Ti2p1/2 and
Ti2p3 peaks appeared at 463 eV and 457 eV binding energies, respectively. XPS results
showed that N1s peaks were observed in the N/TiO, particle. The N1s peak was obtained
at about 399 eV. The N1s peak at 399 eV was attributed to anionic N- in the form of N-Ti-O
bond [40]. This suggests that nitrogen is doped on the surface of TiO,. N/TiO, doping
with N atoms is an effective way to change the electronic structure of metal oxides. Both
replacement and interstitial N-doping can significantly reduce the oxygen-void formation
energy. In addition, doping with N atoms can lead to new single ionized oxygen vacancies.
Comparing substitutional and interstitial N-doping can effectively narrow the bandgap.
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When the N1s peak appeared near 398 nm in the XPS result, it was confirmed that N was
introduced into TiO; to replace O [24]. This is most effective because the N2p electronic
state is located just above the VB energy level of TiO;. This is described as substitutional
type. The amorphous N/TiO; is also considered to be substitutional type, which is made by

replacing O with N. N-doping can use visible light because N/TiO, absorbs 400 nm-650 nm
visible light.

(a)

1383

3441 <
1638

Transmittance (%)

~
—
0

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™1)

Figure 5. FT-IR spectra of (a) P25, (b) amorphous N/TiO;, and (c) anatase N/ TiO5.
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Figure 6. XPS spectra of (A) amorphous N/TiO, and (B) anatase N/TiO; (a) full scan, (b) N1s scan.
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Figure 7 shows the photoluminescence (PL) spectra of amorphous N/TiO, and anatase
N/TiO,. The wavelength of the peak emission in this spectrum is converted into a bandgap
by applying the equation E = hc/A. The bandgap of both N/TiO, photocatalysts measured
by this method were the same, about 2.4 eV. Anatase pure TiO, has a bandgap energy
of 3.2 eV. As a result of N doping on TiO,, the bandgap was significantly reduced. The
bandgap energy of titania doped with metal ions or nitrogen ions is significantly reduced.
That is, metal doping or nitrogen doping narrows the band gap so that electrons located in
VB can move to CB even by irradiation with visible light. Nitrogen doping is known to
play a role in increasing VB energy. The migration of hot electrons to CB even in visible
light is a result of impurity doping [41].
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Figure 7. PL spectra of (a) amorphous N/TiO, and (b) anatase N/TiO5.

2.2. Photocatalytic Activity of the Amorphous N/TiO, under Visible Light Irradiation

Figure 8a shows the results of HCHO decomposition by the amorphous N/TiO, and
visible LED lamp light. The decrease in the HCHO concentration due to the photocatalytic
reaction is a value excluding the HCHO concentration that decreases due to adsorption
on the inner surface of the test box without the lamp turned on. The concentration of
HCHO concentration decreased as the photocatalytic decomposition reaction occurred
by visible light by illuminating the LED lamp. The concentration of HCHO decreased in
a curved shape over time. After 120 min, HCHO decreased by about 60% of the initial
concentration. When the initial concentration was high, the decomposition rate increased
slightly. Figure 7b shows the results of the decomposition reaction of MB in the N/TiO,
photocatalyst. The tendency to decrease the concentration of MB was also high when the
initial concentration was high. After 2 h of reaction time, the decomposition rate of MB
was about 30%. Figure 8c represents the emitting spectrum of the LED lamp.
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Figure 8. Visible light photocatalytic degradation of (a) HCHO and (b) MB with various Cj over
N/TiO, photocatalyst. (¢) Emitting spectrum of the LED visible light lamps.

Figure 9a illustrates the optical emission spectrum (OES) measured during plasma
emission from water. The optical spectra obtained by LPP discharge in water showed
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strong optical emission peaks such as HP at 486 nm, H* at 656 nm, and O'! at 777 nm.
The strongest emission peak appeared at 309 nm, which is indicated by the generation
of a molecular band of OH radicals [42]. Another strong optical emission peak was also
observed at 486 nm and 656 nm in the visible region. This means that LPP causes strong
optical emission in the UV region and visible light region at the same time. Therefore, it
suggests that the use of LPP can induce a photocatalytic reaction in the ultraviolet region
and the visible-light region.
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Figure 9. (a) OES of pure water and (b) rate of hydrogen evolution by LPP irradiation.

Figure 9b shows rates of H, evolution in the photocatalytic water decomposition
under LPP irradiation. Hydrogen and a little oxygen were generated as gaseous products
from the reaction. In the photochemical reaction of pure water using LPP, hydrogen gas
was generated without injecting a photocatalyst. This shows the strong emissions by LPP
irradiation, and it is presumed that ammonia and water are decomposed by the generated
active species to generate hydrogen. As confirmed by the OES result, various active species
were produced in large quantities by LPP irradiation. In particular, the OH radical acts as
the main active species for hydrogen generation.

In this photochemical reaction, the hydrogen production rate was increased when
P25 TiO, was injected. In the amorphous N/TiO,, the hydrogen production rate was
further improved. The reason that the hydrogen production rate is high in the P25 is
because the photocatalyst reacts to the light in the ultraviolet region emitted from the LPP.
On the other hand, the hydrogen production rate was further improved in N/TiO,. This
seems to be because N/TiO; reacts to strong visible light generated in the 486 nm and
656 nm regions as well as the ultraviolet light emitted from LPP. This is because, compared
to TiO,, which has a bandgap of 3.2 eV, N/TiO; has a significantly narrower bandgap of
2.4 eV, which increases the photochemical reaction activity for visible light. It has been
reported in the literature that amorphous TiO; prepared by the Stéber method exhibits
higher photocatalytic activity than P25, which can clearly be attributed to the increased
light absorption from 400 nm to 450 nm and the strong surface photovoltage spectroscopy
response [43]. N/TiO, particles are amorphous and exhibit visible light sensitivity by N
doping. Therefore, the photoreactive activity in visible light is higher than that of P25
crystal, which is sensitive only to UV light.

3. Materials and Methods
3.1. Preparation of Amorphous N/TiO;

The N/TiO; was prepared by the following method: Ti{OCH(CHj3)2}4 (99%, Ducksan,
Ansan, Korea) and 2-propanol (99%, Ducksan, Ansan, Korea) were added to distilled water
to prepare a TiO, solution. The TiH{OCH(CH3),}4 content was adjusted to 10% based on
the mass of TiO;. The solution was mixed at 20 °C for 4 h. This solution was poured into
distilled water and hydrolyzed. (NH4)>,COs3 (30%, Samchun, Pyungtek, Korea) of 0.05 M
was injected into the sol and stirred at the same temperature for 5 h to dope it with nitrogen.
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This sol was heat-treated at 130 °C for 24 h in a muffle furnace (HYSC, MF-03, Seoul, Korea)
to obtain N/TiO, powder. In the sol-gel reaction process, the synthesis was performed
in a nitrogen atmosphere. The heat treatment of the sol precursor for the preparation of
amorphous N/TiO, powder was carried out in an air atmosphere.

3.2. Characterization of the N/TiO, Photocatalyst

The crystallinity and structure of N/TiO, were measured by a high-resolution X-ray
diffractometer (Riggaku, Maxii Ultimas III, The Woodlands, TX, USA). The morphology
and microstructure of the N/TiO, were investigated by a scanning electron microscope
(Hitachii, S-5000/EX-350, Tokyo, Japan). The chemical composition of the photocatalyst
was analyzed by EDS using an energy dispersive X-ray spectrometer (NORANS Z-MAXII
350, Tokyo, Japan). Transmission electron microscopy (JEOL, JEM-2100F, Tokyo, Japan) was
measured using a LaBg filament. The bonding state of the N/TiO, constituent elements
was analyzed by X-ray photoelectron spectroscopy. The XPS was measured using an
X-ray photoelectron spectrometer (VG, MultiLabs2000, London, UK). Photoluminescence
was measured using a PL spectrophotometer (Spectrographs 5000i, Actons Research Co.,
Acton, MA, USA). A HeCd laser was applied for excitation at 266 nm. TGA and DTA
measurements were carried out using a TGA /DSC (Shimadzu, TGA-50/DSC-60, Tokyo,
Japan) instrument in nitrogen atmosphere with a heating rate of 10 °C/min. The N
isotherms of the photocatalysts were measured using a volume adsorption device (Mirae
SI, Nanoporosity XQ, Gwangju, Korea) at liquid nitrogen temperature. The photocatalyst
sample was pretreated at 100 °C for two hours and exposed to nitrogen gas. The surface
area was calculated by applying the BET equation [44].

3.3. Evaluation of Visible Light Photocatalytic Properties of the Amorphous N/TiO,

Photocatalytic decomposition of the N/TiO, photocatalyst to HCHO and MB was
performed under visible light irradiation. As a light source, an LED light source (12 W)
combined with 585 nm and 613 nm LED lamps was used. The emission spectrum of the
LED lamp appeared in the range of 580 nm to 640 nm. Photocatalytic decomposition of
HCHO was carried out by installing an LED lamp inside a reaction box (V = 52.5 L). HCHO
solution (40%, Deoksan, Ansan, Korea) was vaporized in a vaporizer. The vaporized
HCHO was injected into the reaction box. A fan installed inside the reaction box was
used to circulate the internal gas. After fixing the N/TiO, powder to the specimen, it was
used for the reaction. The concentration of HCHO in the reaction was measured using gas
chromatography (GC; Youngin, M6000D, Seoul, Korea). MB solution (100 mL) and N/TiO,
(0.5 g) powder were injected into the reactor, and the LED lamp was irradiated while stir-
ring. Changes in MB concentration were measured using a UV-visible spectrophotometer
(Shimadzu UV-2450, Tokyo, Japan).

Hydrogen production was investigated from the photocatalytic reaction under LPP
irradiation. The reactant was distilled water. A photocatalytic reaction was performed
by directly irradiating the reactants with LPP in the photocatalytic reactor [45]. The
temperature inside the LPP reactor was controlled at 20 °C by a water circulator. The
generated gaseous product was measured for hydrogen generation with a mass flow meter
(MFC Korea, TSM-D2200, Seoul, Korea) for measuring Hy gas. The composition of the
generated gas was analyzed by the GC equipped with a Molecular sieve 5A packing column.
The LPP was radiated by a discharge system as a pulse discharge between the electrode
needle and the needle [46]. The material of the electrodes was tungsten, and the distance
between the electrodes was 0.2 mm. The pulse width range of the plasma generated by
the discharge system was 3-5 ps and the frequency range of the plasma was 25-30 kHz.
The optical emission spectroscopy the LPP was measured while emitting directly from the
reaction using a fiber optical spectrometer (Avantes, AvaSpec-3500, Louisville, KY, USA).
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4. Conclusions

N/TiO, was prepared by a sol-gel method. The powder obtained by heat-treating it at
130 °C was amorphous N/TiO,. When this is calcined at 500 °C, it is converted to anatase
N/TiO;. The band gap of amorphous N/TiO; and anatase N/TiO, was measured to be the
same as 2.4 eV. This is significantly smaller than the band gap of pure TiOp. Amorphous
N/TiO, showed photocatalytic activity in the decomposition reaction of HCHO and MB
by visible light irradiation. N/TiO; showed a higher hydrogen production rate than pure
TiO; in the photocatalytic decomposition of water by liquid plasma irradiation.
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