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Abstract

This work presents a simple, fast (20 minutes treatment), inexpensive and highly 

efficient method to synthesize nitrogen doped titanium dioxide (N-TiO2) as an 

enhanced visible light photocatalyst.

In this study, N-TiO2 coatings were fabricated by atmospheric pressure dielectric 

barrier discharge (DBD) at room temperature. The composition and the chemical bonds 

of the TiO2 and N-TiO2 coatings were characterized by X-ray photoelectron 

spectroscopy (XPS) and time of flight secondary ion mass spectroscopy (ToF-SIMS). 

The results indicate that the nitrogen element has doped the TiO2 lattice, which was 

further confirmed by Raman spectroscopy and Grazing Incidence X-ray Diffraction 

(GIXRD). The doping mechanism was investigated using OES to study the plasma 

properties under different conditions. It suggests that the NH radicals play a key role in 

doping TiO2. The concentration of nitrogen in the N-TiO2 coatings can be controlled 

by changing the concentration of NH3 in the plasma or the applied power to adjust the 

concentration of NH radicals in the plasma. The bandgap of N-TiO2 was reduced after 

NH3/Ar plasma treatment from 3.25 to 3.18 eV. Consequently, the N-TiO2 coating 

showed an enhanced photocatalytic activity under white light-emitting-diode (LED) 

irradiation. The photocatalytic degradation rate for N-TiO2 coating was about 1.4 times 

higher than that of the undoped TiO2 coating. 

Keywords: N-doped TiO2; atmospheric pressure; room temperature; dielectric 

barrier discharge; NH3/Ar discharge; photocatalytic property
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Introduction

Titanium dioxide (TiO2) is one of the most promising sustainable photocatalysts for 

pollutants removal 1-3. However, the wide band gap (~ 3.2 eV) of TiO2 limits its 

excitation region in the ultraviolet (UV) range (wavelength λ < 388 nm), which only 

constitutes about 5% of the solar spectrum energy 2. With the purpose of utilization for 

the application of TiO2 in a wider solar spectrum, enhancing the energy absorption to 

the visible light range is an interesting approach to improve its properties. 

In recent years, visible-light-active TiO2 materials that doped with nonmetal impurities 

is regarded as one of the most promising techniques to reduce the band gap of TiO2 3-5. 

Among several dopants, based on the electronic band structures calculation 5-7, nitrogen 

(N) has been identified as a preferred candidate. The formation of a substitution N 2p 

band above the O 2p valence band narrows the band gap of TiO2 and the optical 

absorption of doped TiO2 shifts to the visible light region 5,8-10. Besides, compared with 

other nonmetals elemental doping, N-doped TiO2 materials show higher enhanced 

photocatalytic activity and stronger optical absorption in the visible light irradiation 9.

Several methods are used for the preparation of N-doped TiO2 9-13, including physical 

methods and chemical methods. N-TiO2 thin films were successfully synthesized by 

high power impulse magnetron sputtering plasma at a pressure of 0.93 Pa, and for a 

treatment time of 120 min. The authors showed that the energy gap of the TiO2 film 

was reduced from 3.45 to 3.40 eV after doping 11. Yang and coworkers 9 prepared N 

doped TiO2 by the solvothermal method, which showed enhanced absorption in the 

visible light region, and exhibited a high photocatalytic activity for the degradation of 
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4

model dyes. It had been shown that N doping, with Ti3+ ions and oxygen vacancies, 

made contributions to the visible light absorption of N doped TiO2. B. Kosowska and 

coworkers 13 investigated N-doped TiO2 catalysts by calcination of hydrated amorphous 

TiO2 particles in gaseous NH3 atmosphere at 100-800 °C for 4 h. The modified TiO2 

exhibited visible light photocatalytic activity with a reduced band gap of 2.64 eV. Even 

though the above-mentioned modification methods show that nitrogen has doped TiO2 

successfully, the recognized drawbacks of these methods are that they are time and 

energy consuming.

Plasma related techniques are environment-friendly and energy-saving methods, that 

involve high-energy species such as electrons, atoms, and radicals for surface 

modification and chemistries to impart a variety of physiochemical properties to various 

materials 14,15. The dielectric barrier discharge (DBD) plasma, one of the non-thermal 

plasmas characterized by a high electron temperature (104 - 105 °C) but a low bulk gas 

temperature (as low as room temperature), can be operated at atmospheric pressure, 

which is a promising technique for catalyst modification. While high temperature and 

solvent-based treatments are required based on the methods listed above, plasma-

assisted doping is conducted at a relatively low temperature without changing the 

morphology or the structure of TiO2. Some recent studies have shown a positive effect 

of plasma treatment on surface modifications 14-17. Since NH3 plasma consists of 

various nitriding species and excited hydrogen 16,18, NH3 plasma irradiation on the 

surface of TiO2 powders induced an improvement of the photocatalytic properties under 

visible light 14. Plasma nitridation of tool steel under atmospheric pressure was 
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5

performed by Ar/N2/H2 DBD, resulting in the formation of a uniform nitride layer and 

a twofold surface hardness compared with the original one 15. Multiwall carbon 

nanotubes (MWCNTs) were modified using a microwave-excited NH3/Ar plasma 19. 

Nitrogen-containing groups were introduced on the surfaces of the MWCNTs and the 

hydrophilicity of the modified MWCNTs was improved. 

In the present study, we propose a simple method to synthesize N-doped TiO2 materials 

at room temperature involving DBD under atmospheric pressure. This study aims to: 

(i) introduce nitrogen into the TiO2 lattice by a NH3/Ar mixture plasma treatment and 

investigate the evolution of the compositions and the structures; (ii) study the doping 

mechanisms of TiO2 by a NH3/Ar plasma by Optical Emission Spectroscopy (OES) and 

(iii) estimate the photocatalytic performance through the degradation of methylene blue 

(MB) underexposure of white light-emitting-diode (LED) lamps.

Experimental part

Preparation of TiO2 and N-TiO2 films

The plasma reactor (shown in Figure 1) is a homemade atmospheric pressure DBD 

reactor. The DBD reactor chamber is made of glass with a diameter of 210 mm and a 

wall thickness of 6 mm. Two copper electrodes of 75 mm in diameter are inside the 

chamber and the plasma is generated in between. Each electrode is covered with a 3 

mm thick alumina barrier and the electrodes gap is 3 mm. An AFS G10S-V AC power 

supply, operating at 2.7 kHz is connected to the high voltage electrode. A half piece of 

the silicon wafer ((001), 5.08 cm diameter) is used as the substrate, which is cleaned by 

isopropanol and methanol successively before each deposition. Prior to deposition, the 
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6

chamber is pumped down to a pressure of 4.5 Torr and then backfilled with Ar to 

atmospheric pressure to avoid air contamination. TTIP (titanium isopropoxide, 97%, 

Sigma-Aldrich), heated at 343 K, is used as a precursor for titanium and is introduced 

directly into the chamber as a vapor carried by an Ar flux. The pipeline between the 

bubbler and the chamber is heated at 373 K to prevent any condensation of the precursor 

on it. Moreover, the temperature of the substrate is set at 423 K (measured by an infrared 

thermometer before and after the deposition). During the deposition processes, the gas 

flow rate is 2 slm for the carrier gas (Ar) and 0.5 slm for O2. The applied power is 30 

W and the deposition time is 10 min. According to our earlier studies, the as-deposited 

TiO2 films are amorphous 20. Therefore, a heat treatment (annealing in air) at 723 K for 

2 hours is used to get the crystalline TiO2 films. This preparation method has been 

described in 20.
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(c)

Fig. 1 Schematic of (a) the experimental setup for the deposition of TiO2 films; (b) the 

detailed designs of the DBD reactor systems; (c) the experimental setup for doping.

The annealed TiO2 films are used to prepare N-doped TiO2 films using the same system 

that is used for deposition. The annealed TiO2 films are put onto the middle of the 

bottom electrode, which is used without any heating, and exposed to an Ar/NH3 DBD-

plasma. Prior to any treatment, the chamber is pumped down to remove air and then 

backfilled with Ar. Afterward, 2 slm of Ar and NH3 are injected in the chamber. Then, 

the DBD-plasma is lighted up at room temperature. After 20 min treatment, the 

resulting coating (denoted as N-TiO2) is obtained. To study the doping mechanism, 

different concentrations of NH3 (the flow rate ratio of NH3 to Ar varied from 0.5 – 5%) 

and different applied power (30 – 100 W) was used. 

Characterization

XPS analysis is performed on PHI 5600ci spectrometer with an Mg X-ray source (Kα 

= 1253.6 eV) under vacuum about 10−9 Torr at 200 W operated at 14 kV. Both survey 

scans (187.85 eV pass energy, with 0.25 eV/step, 3 sweeps) and high-resolution scans 

(23.5 eV pass energy, with 0.05 eV/step, 5 sweeps) are recorded. The spectra are 

calibrated according to the C1s peak at 284.6 eV as a reference. The Casa XPS software 
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8

is used for data interpretation using a Shirley background. The sensitivity coefficients 

are from the manufacturer’s handbook: SC = 0.205, SO = 0.63, SN = 0.38, and STi = 1.1. 

For XPS analysis, some samples are subjected to Ar+ sputtering to remove the surface 

contamination. Ar sputtering is performed using a 4 keV beam rastered over 2*2 mm2. 

For the depth profile acquired in this study, time of flight secondary ion mass spectra 

(ToF-SIMS) was recorded using an IonToF instrument (GmbH, Münster, Germany). 1 

keV Cs+ with 100 nA current is used to create an area of 500 × 500 μm2, and the middle 

200 × 200 μm2 is analyzed using pulsed 0.6 pA Bi3+ primary ion beam at 30 kV 

accelerating voltage. The positive secondary ion mass spectra are calibrated using C+, 

TiO+, TiN+, and TiON+. All data analyses are carried out using the software supplied 

by the instrument manufacturer, SurfaceLab. 

The use of Grazing Incidence X-ray Diffraction (GIXRD, Rigaku Ultima IV 

diffractometer) to determine the crystallinity of the film. The GIXRD spectra are 

recorded at a constant incidence angle of 0.5o with Cu Kα (λ = 1.5418 Å) irradiation. 

Raman microscopy (LabRAM HR Evolution, HORIBA Scientific), is also used to 

identify the crystallinity of the films. It is equipped with a multichannel air-cooled CCD 

detector (spectral resolution <1 cm-1, lateral resolution 0.5 μm, axial resolution 2 μm), 

a solid-state laser corresponding to green light (532 nm) and works at 1.25 mW 

excitation with 10% filter. 

The surface morphology and the film thickness of the deposited films are examined 

using a Scanning Electron Microscope (SEM, Hitachi SU 70) operating at 20 kV. 

Optical Emission Spectroscopy (OES) diagnostics allow to determine and evaluate 
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some specific excited species in the plasma phase. It is performed with an Andor 

Shamrock-500i spectrometer (0.500 meter focal length, triple grating imaging) 

including an Andor DU420A-OE CCD camera.

Photocatalytic activity tests

Methylene blue (MB) is utilized as a model dye to evaluate the photocatalytic activity 

of the films. The degradation of MB is carried out by self-made equipment. White light-

emitting-diode (LED) lamps (10 W, Philip) are used as the visible light source 21. The 

distance between the LED lamps and the fluid level is kept as 150 mm. 30 mL 5 mg 

L- 1 of aqueous MB are added into a glass petri dish with a diameter of 60 mm. The as-

prepared N-doped TiO2 film (half of the Si wafer, about 10 cm2) is sunk to the bottom 

of the petri dish. Before the photoreaction procedures, the system is stirred by magnetic 

force in the dark for 30 min to ensure the adsorption equilibrium. During the 

photodegradation process, about 2 mL of the solution is taken at 30 min intervals to a 

cuvette, and the absorption spectra of the obtained solutions are obtained by UV-vis 

spectroscopy (UV-3100 PC, VWR).

Page 9 of 30

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10

Results and discussion

Ti-N
Ti-ON

Fig. 2 (a) After sputtered XPS survey spectra and high-resolution spectra of (b) Ti 2p 

(before sputtering) and (c) N 1s (after sputtering) for TiO2 and N-TiO2 coatings 

treated under 1% NH3 and 100 W.

The chemical composition of TiO2 and N-TiO2 coatings are investigated using XPS 

survey spectra and high-resolution Ti 2p and N 1s spectra (Fig. 2). After removing the 

surface contamination by sputtering, for both samples, the survey spectra (Fig. 2(a)) 

show the presence of O, Ti, and a small amount of C. However, there is a small peak 

of N 1s in the N-TiO2 coating, with a 2.64% concentration.

Since sputtering modifies the shape of Ti 2p peaks by reducing Ti4+ into Ti3+ on the 

surface, the high-resolution spectra of Ti 2p shown were acquired before sputtering. In 

Fig. 2(b), the XPS spectrum of the Ti 2P core level obtained from the TiO2 coating 
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11

exhibited a Ti 2p3/2 peak at 458.6 eV and Ti 2p1/2 at 464.3 eV. After treatment in the 

Ar/NH3 discharge, the binding energy of Ti 2p3/2 and Ti 2p1/2 of the N-TiO2 shifts to 

458.4 eV and 464.1 eV, respectively. This small shift could be attributed to the 

electronic interactions of Ti with nitrogen. It is known that the electronegativity of 

nitrogen is lower than that of oxygen 1,2,8,14. On the other hand, it has been reported that 

the incorporation of N atoms into the TiO2 lattice can also lead to the shift of the Ti 2p 

peaks to lower binding energies 8. However, due to the small value of the observed shift 

(0.2 eV-0.3 eV), which is in the range of the error of the spectrometer, it cannot be 

accepted as absolute proof for N-doping, as sole.

One of the most interesting results is shown in the N 1s XPS spectra depicted in Fig. 

2(c). It shows a complex signal of nitrogen at 400.5 eV and 397.2 eV only in N-TiO2, 

which is consistent with the presence of a small N peak in the survey spectra. According 

to some other recent studies in the same type of conditions 11,12,22,23, the binding energy 

at 400.5 eV could be assigned to a Ti-O-N structure, characteristic of interstitial N 

atoms. A variety of peaks with N1s binding energies comprised between 395.8 and 

397.8 eV were already found in other works 11,23-25, which are widely regarded as 

substitutional nitrogen. The variations in the binding energy within this range can be 

explained by a variation in the oxygen to nitrogen ratio 25,26. These findings suggest that 

by the simple atmospheric DBD treatment, N may be introduced in TiO2 lattices both 

as the interstitial and substitutional dopant. Similar results on N 1s chemical states of N 

doped TiO2 have also been achieved by using an NHx
+ ion implantation method in a 

UHV (ultra-high vacuum) chamber at room temperature or at 527 °C 23.
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12

Fig. 3 SIMS depth profiling of N-TiO2 coating treated under 1% NH3 and 100 W.

To further prove that nitrogen is present into the TiO2 lattice, and not just covering the 

surface, TOF-SIMS depth profiles of the films are performed and presented in Fig. 3. 

The intensity of different positive ion species is plotted against the Cs+ sputter fluence 

for the N-TiO2 film. A signal attributed to Ti-ON+ and TiN+ is observed in the depth 

profiles, which decreases with higher sputter fluence. These results confirm: (i) nitrogen 

incorporation into these films in Ti-O-N and Ti-N states and (ii) most of the N is on the 

surface, especially in the state of Ti-N, while a low amount of Ti-N is distributed 

through the coating. 

However, uncertainty remains on the interstitial or substitutional nature of the doping. 

The high-resolution N 1s scan (Fig. 2c) shows that most of the nitrogen is interstitial 

(Ti-ON species) rather than substitutional (N-Ti) from SIMS results (Fig. 3), which is 

also confusing for us. To our understanding, XPS is more for surface characterization, 

even after a short time sputtering (in our case 48 s), while SIMS is a depth profiling 

technique.
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Fig. 4 XRD patterns of TiO2 and N-TiO2 coatings treated under 1% NH3 and 100 W.

Further structural analysis of TiO2 and N-TiO2 coatings is carried out using XRD, as 

presented in Fig. 4(a). With and without N dopant, both films are crystallized in the 

anatase phase (JCPDS 21-1272) and present a small amount of rutile. It is widely agreed 

that the biphase structure is preferred to the single phase for charge separation, leading 

to a higher photocatalytic efficiency 27. The results suggest that the phase of the TiO2 

coatings does not change with the addition of nitrogen. The inserted figure in Fig. 4b 

shows the (200) peak position of TiO2 and N-TiO2 coatings. A marginal shift of the 

(200) peak to a smaller degree (higher d value) can be noted due to the nitrogen 

incorporation into the TiO2 crystal lattice. According to 26,28, a higher d value implies 

compressive residual stress, which may emanate from the differences in the bonding 

characteristics between nitrogen and oxygen. It might be caused by the N doping when 

the oxygen is replaced by the nitrogen, resulting in the modification of the electronic 

states. As a comparison, atmospheric pressure Ar/N2/H2 DBD was used to nitride the 

surface of tool steel by Miyamoto and coworkers 15. Through the hardness measurement, 
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14

they presented the formation of a uniform nitride layer on the steel made the surface 

hardness increased more than twofold. It was demonstrated that the shift of the XRD 

pattern was due to the nitrogen atoms solute into the surface of the tool steel. 

Fig. 5 Raman spectra of TiO2 and N-TiO2 coating treated under 1% NH3 and 100 W.

The phase compositions of TiO2 and N-TiO2 coatings are further examined by Raman 

spectra analysis (Fig. 5a). 

Based on the previously reported literature 27, six fundamental transitions are expected 

in the Raman spectrum of the anatase phase of TiO2, i.e. 144 cm-1 (Eg), 197 cm-1 (Eg), 

399 cm-1 (B1g), 513 cm-1 (A1g), 519 cm-1 (B1g) and 639 cm-1 (Eg). Four Raman bands at 

143 cm-1 (B1g), 447 cm-1 (Eg), 612 cm-1 (A1g), and 826 cm-1
 (B2g) are attributed to the 

rutile phase. Both the TiO2 and the N-TiO2 coatings present the Raman spectra of the 

anatase phase, with no peaks referring to the rutile phase. However, a small peak is 

assigned to rutile in the XRD pattern. The absence of the rutile peak in the Raman 

spectra can be due to the low sensibility of the Raman equipment. Fig. 5(b) shows the 

enlarged localized profiles of Eg (144 cm-1) peak of the two coatings. The Eg (144 cm-
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 1) peak slightly shift towards higher wavenumbers from TiO2 to N-TiO2. Based on the 

previous literature, the shift effect is indicative of lattice disorder defects. It can be 

caused by oxygen vacancies 29,30, the electronic interaction between titania and nitrogen 

doping 27,31, or the change of the particle size 32,33.

SEM is also therefore employed to characterize the microstructure of the films and to 

provide more evidence about the shift in Raman spectra. The cross-sectional images of 

the TiO2 film and N-TiO2 film are shown in Fig. 6. Here, it is noteworthy that for TiO2 

and N-TiO2 films, the mean particle size is 114 ± 2 nm and 116 ± 3 nm, respectively. 

The average mass loading of the films is about 0.36 mg/cm2. This result also excludes 

the hypothesis that the particle size is responsible for the shift in the Raman spectra. 

Fig. 6 Cross-sectional SEM images of (a) TiO2 and (b) N-TiO2 coatings treated under 

1% NH3 and 100 W.

To evaluate the modification mechanism with the NH3/Ar mixture plasma, OES is used 

to diagnose reactive species and uncover the plasma chemical processes in DBD. Two 

main wavelength ranges are presented in Fig. 7: 300 - 400 nm (Fig. 7a) to study the NH 

emission spectra and 650 - 900 nm (Fig. 7b) to observe the Ar I emission lines. The 

peak at 336.0 nm is identified as the NH (c1Π(v = 0)) → X3Σ(v  = 1) radical, while the 
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peak at 337.1 nm is identified as the NH (A3Π(v = 1)) → X3Σ(v  = 1) as well as the 

second positive system (SPS C3Πu→ B3Πg) of N2 16,34. Compared with the spectra of 

the pure argon plasma, NH radicals at 336.0 nm obviously appear in the spectra of the 

Ar/NH3 plasma (shown in Fig. 7a). The peak of N2 at 337.1 nm appears in both spectra, 

and originates from air contamination. In NH3/Ar plasma Fig. 7b, the intensity of Ar I 

at 763.51 nm and 811.53 nm indexed to 2p6→1s5, 2p9→1s5 (Paschen notation of the 

terms) transitions, respectively, which contributed to the Ar metastable states, relatively 

decrease compared with pure Ar plasma. In addition, other fraction productions like 

N2
+ radicals which shows a peak at 387.6 nm, possibly also partially contribute to the 

introduction of nitrogen group in the coating.

Fig. 7 Optical emission spectra of plasma with 1% and without NH3 under 100 W in 

(a) 300-400 nm and in (b) 650-900 nm range.

The analysis assumes that the NH radicals are generated by electron driven collisional 

excitation, ionization reactions and Penning ionization with subsequent quenching 

effect. Chemical reactions between argon metastable atoms and ammonia molecules, 

including the collisional excitation and ionization reactions, Penning reactions and 

quenching as detailed below 16,34,35. 
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Collisional excitation and ionization reactions:

                         (1)𝑒 ― + NH3 →NH ∗
3 + 𝑒 ―

                     (2)𝑒 ― + NH3 →NH +2H + 𝑒 ―

                     (3)𝑒 ― + NH ∗
3  →NH + 2H + 𝑒 ―

                        (4)𝑒 ― + NH3→NH +
3 +2𝑒 ―

                        (5)𝑒 ― + NH ∗
3 →NH +

3 + 2𝑒 ―

Penning reactions:

Ar (3P2, 3P0)             (6) +  NH3 → NH +
3 +Ar +  𝑒 ―

                              (7) → NH2 +Ar + H

                 (8) → NH + Ar + H + H

Three-body and Binary reactions:

                      (9)NH2 +H + Ar→Ar + NH3

                  (10)NH2 + NH2 +Ar→Ar + N2H4

                  (11)NH + H + H + Ar →Ar + NH3

                         (12)H + H + Ar→Ar + H2

                          (13)NH + NH→2H +  N2

                             (14)NH + H→N + H2

                           (15)NH2 +N→2H + N2

On top of the three-body and binary reactions listed above, direct quenching of NH by 

NH3 is also presented, as already reported by B. Gelernt and S.V. Filseth. 36 

The introduction of N into TiO2 coatings may be related to the concentration of NH 

radicals in the plasma. For further analysis, the effect of the concentration of NH3 and 
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the applied power are investigated and presented in Fig. 8. It is shown in Fig. 8(a) that 

an increase of NH3 concentration at a fixed power (100 W) leads to a decrease of the 

NH content. A similar trend was reported by A. Fateev and co-workers 16 and Z. Chang 

and coworkers 34. A. Fateev and coworkers explained this effect by the electronegativity 

of NH3. Electron capture by ammonia molecules lead to the formation of H- and NH2
- 

negative ions 16 that reduced the formation of NH. Z. Chang and coworkers 34 

interpreted this phenomenon with the Penning effect and the quenching effect of NH3. 

The Penning effect between the Ar metastable and the NH3 molecule dominates the 

discharge property. However, the quenching effect of the surplus NH3 mainly 

influences the discharge when the concentration of NH3 is high 34. An increase in 

applied power leads to a more efficient ammonia decomposition 16, which causes the 

increase of the NH signal as shown in Fig. 8b. One can notice that the concentration of 

N in the TiO2 coatings (based on the XPS results after sputtering) decreases as the 

relative intensity of NH decreases (based on the OES results). This suggests that the 

NH radical concentration in the plasma contributes to the doping of the TiO2 coatings. 

It was reported that the NH radical may have a higher probability to form a covalent 

bond or to induce defects on MWCNTs 19. B.S. Truscott and coworkers 37 also reported 

that NH radicals played a crucial role in the deposition of nitrogen-doped diamond by 

microwave plasma-activated CVD. Recently, Ciolan and coworkers 38 investigated 

Ar/NH3 gas mixture plasmas processing onto the RF magnetron-sputtered defective 

ZnO thin films. They claimed that the concentration of NH in the plasma was maximum 

at a small amount of NH3 gas, which is determined from the product of NH3 
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concentrations and electron density. The similar results were obtained by Oever and 

coworkers. 39

  

Fig. 8 Intensity of the OES NH radical line (336.0 nm) and concentration of N1s in 

the TiO2 films as a function of (a) different concentrations of NH3, while the flow rate 

of Ar is 2 slm and the applied power is 100 W; (b) different applied power, while the 

concentration of NH3 is 1%, and the flow rate of Ar is 2 slm.

To determine the effect of nitrogen doped TiO2 on the UV-vis light response, we further 

studied the optical property of the coatings with UV-vis spectroscopy. The UV-vis DRS 

spectra of the TiO2 coatings are shown in Fig. 9. The comparison of the spectrum of the 

TiO2 coating and the spectrum of the N-TiO2 coating reveals a red shift of the 

absorption edge toward the visible region for N-TiO2 coating (Fig. 9a), as it was 

reported by previous works 1,2,14,40,41. This is attributed to the presence of nitrogen atoms 

in the TiO2 lattices, leading to the appearance of N2p inter-band energy levels in the 

TiO2 band gap just above the upper edge of the valence band. 
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Fig. 9 UV-vis diffuse reflectance spectra (DRS) of undoped (purple curve) and N-

doped (blue curve) TiO2 coating treated under 1% NH3 and 100 W (a) and the 

corresponding (αhv)1/2 versus hv plots used to determine the optical band gaps (b).

The band gaps of the TiO2 and N-TiO2 is estimated by using Tauc plots 2,42, as shown 

in Fig. 9(b). To do this, (αhν)1/2 vs hν is plotted according to the equation:

,(𝛼h𝜈)1/2 = k (h𝜈 ― 𝐸g)

where α is the absorption coefficient and hν is the photon energy, k is a constant, Eg is 

band gap. The absorption coefficient is estimated from the equation: 

,𝛼 =  
1
𝑑 ∙ ln [

1 ― 𝑅2

𝑇(𝜆) ]

where d is the thickness, R is the reflectance, T(λ) is the transmittance of the film. The 

linear portion of the Tauc plot intersects the X-axis at (αhν)1/2 = 0. The values of Eg 

have been estimated from this intercept 43,44. As calculated, the band gap of the N-TiO2 

coating is 3.18 eV and that of the undoped TiO2 coatings is 3.25 eV. This supports the 

proof that the NH3/Ar plasma treatment reduces the band gap of TiO2.

The photocatalytic performance of TiO2 and N-TiO2 coatings have been carried out by 

degrading MB under white LED light irradiation. Fig. 10a illustrates the degradation of 
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MB as a function of irradiation time in the presence of TiO2 and N-TiO2 films and the 

control experiment. It shows that in the absence of the catalysts, MB is subjected to 

photolysis resulting in the decrease of the absorbance after 180 min irradiation. The 

MB degradation with the TiO2 coating reaches 34% after 180 min irradiation. 

Compared with the TiO2 coating, the catalytic efficiency of N-TiO2 is evidently 

enhanced with 43% degradation in the same conditions. The linear relationship of 

ln(C/C0) versus time (Fig. 10b) suggests that the photocatalytic degradation of MB 

solution follows pseudo-first-order kinetics. The photocatalytic degradation rate 

constant for N-TiO2 coating is 0.187 h-1, about 1.4 times higher than that of the undoped 

TiO2 coating (0.137 h-1). This result further confirms a successful plasma treatment on 

the enhancement of the N-TiO2 coatings photocatalytic activity.

Fig. 10 Relative concentration curves of MB aqueous solutions (initial concentration: 

5 mM/L) upon different experimental conditions under the white LED irradiation (a) 

and the first-order kinetics (b).

Conclusion

This study reports the simple, fast and efficient nitrogen doping of TiO2 coating using 

a room temperature NH3/Ar DBD operating at atmospheric pressure. XPS and SIMS 
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results indicate a nitrogen doping of the TiO2 lattice. Uncertainty remains on the 

interstitial or substitutional nature of the doping, as XPS suggests TiON and SIMS TiN. 

Binding energy shifts in XPS (for Ti 2p), wavenumber shifts in Raman, and diffraction 

angle in XRD, all suggest nitrogen incorporation in the TiO2 matrix. All these shifts are 

in the error range of the respective technique and they can therefore not be taken as 

solid and robust evidence for doping. However, XPS data show that nitrogen is 

effectively incorporated into the TiO2 matrix, up to a few percents. This is confirmed 

by SIMS depth profiling and a change in photocatalytic activity. Both techniques also 

reveal the presence (in variable amounts) of TiON and TiN components, reinforcing 

the evidence for doping. The doping mechanism is investigated by OES to study the 

plasma properties under different conditions. It suggests that the NH radicals play a key 

role in the TiO2 doping. The concentration of nitrogen in the N-TiO2 coatings can be 

adapted by changing the concentration of NH3 in the plasma or the applied power. The 

bandgap of N-TiO2 is significantly reduced after the NH3/Ar plasma treatment from 

3.25 to 3.18 eV. The N-TiO2 coating shows highly enhanced photocatalytic activity 

under white LED irradiation. Indeed, the photocatalytic degradation rate constant for 

N-TiO2 coating is improved more than 1.4 times compared with the undoped TiO2 

coating.
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