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Abstract P-block elements (C, N and F) doped

porous TiO2 coatings were developed on commercially

pure titanium by micro-arc oxidation (MAO) for visible

light photocatalytic activity. Porous structured photocat-

alytic system has been developed with the use of different

electrolytes. The geometry of porous coatings was ana-

lyzed by optical profilometer and their results confirmed

that the surface roughness, width and depth of pores vary

with respect to the doped elements. The anatase and rutile

phase percentage in the pure and doped TiO2 coatings was

estimated by their XRD patterns. EDS analysis confirms

the presence of C, N and F (2.2, 3.1 and 3.8 at.%) doped

elements in the TiO2 coatings. The band gap energies of C,

N and F doped TiO2 coatings were significantly reduced

into 3.03, 3.04 and 3.02 eV, respectively than pure TiO2

(3.15 eV) coating. The photoluminescence study indicates

the formation of additional electronic states by the influ-

ence of C, N and F doped elements in TiO2. This resulted

in the reduced rate of recombination of photogenerated

electron–hole pairs. The photocatalytic activity of MAO

produced pure and doped TiO2 coatings have been inves-

tigated with methylene blue dye as a target pollutant. The

results confirmed that the doped TiO2 showed higher rate

of dye degradation than pure TiO2. In particular F doped

TiO2 revealed higher photocatalytic activity among all

other doped TiO2.

Keywords Micro-arc oxidation � Porous coatings �
P-block elements doped TiO2 � Photocatalytic activity �
Electron–hole pair’s recombination � Dye degradation

1 Introduction

Micro-arc oxidation is an advanced electrochemical

oxidation method to produce porous ceramic coatings over

transition metals (Ti, Al, Mg, Zr etc.,) and their alloys by

rapid micro-arc discharges [1–4]. The micro-arc discharge

takes place when an applied voltage exceeds the dielectric

break down voltage of ceramic/oxide coatings [5]. MAO

processed transition metals exhibits distinct properties like

high productivity, high hardness, good wear resistance,

excellent bonding strength with substrate and relatively

low cost [6–9]. In addition, MAO provides substrate based

oxides coatings with porous structure which may not be

derived from any other conventional techniques. Hence,

MAO covers wide range of applications in structural,

functional and biomedical areas [6, 10]. Also, MAO is a

suitable method for developing photocatalytic coatings as it

can be produced a porous structured ceramic coating with

favorable phase composition [11, 12]. A porous structured

coating can increase the surface reactive areas which lead

to higher photocatalytic activity. When light falls on the

porous structured coatings, it undergoes multiple back and

forth reflections consecutively which results part of the

light energy absorbed during each contact (Fig. 1) [13].

The total absorptions will increase the photocatalytic
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activities by separation of more charge carriers. Thus,

MAO based TiO2 coatings have the tendency to increase

the efficiency of absorption as well surface reactive area

compared to the conventional TiO2 particles and coatings.

Titanium dioxide is one of the most widely studied

metal oxides for photocatalytic application due to its

unique electronic and optical properties, high physical and

chemical stability, low cost and nontoxicity [14, 15].

However, some drawbacks of TiO2 such as wide band gap

energy (3.2 eV) and high rate of electron–hole recombi-

nation restricts its range of practical applications only un-

der UV irradiation (k\ 388 nm) [16, 17]. Therefore, many

research works focused on TiO2 to extend its optical ab-

sorption edge from UV to the visible-light region and to

decrease the electron–hole recombination rate. The

prominent way to encounter these limitations is to alter the

band gap energy of TiO2 via doping of some metals and

non-metals [18–24].

Various methods have been followed to reduce the band

gap energy of TiO2 and thereby to improve the photocat-

alytic efficiency. Zhang et al. [19] prepared Ag cluster-

doped TiO2 nanoparticles by combined techniques of laser

ablation in liquid and hydrothermal process. The band gap

energy of Ag cluster-doped TiO2 nanoparticles is found to

be decreased to 3.06 eV. Ag/TiO2 showed improved pho-

tocatalytic efficiency toward pentachlorophenol (PCP)

degradation. Long et al. [20] prepared C60-incorporated

TiO2 nano rods by hydrothermal process. They concluded

that the enhanced photocatalytic activities under visible

light maybe ascribed to an effective separation of the

photoexcited electrons due to the addition of C60. Asahi

et al. [25] first reported that nitrogen doped into substitu-

tional site of TiO2 has proven to be indispensable for band

gap narrowing and photocatalytic activity. Bayati et al. [26]

developed (WO3)X - (TiO2)1-X nano-structured porous

catalysts by micro arc oxidation and achieved band gap

energy 2.87 eV. This coating showed better photo degra-

dation on methylene blue (MB) dye under visible light.

From the existing literature, it could be noticed that the

practical photocatalytic applications of the suspended TiO2

system (in the form of colloidal and particulate) has the

limitation to reuse. It is due to the difficulty in separating

the TiO2 particulates from water or pollutants and also the

particles aggregation especially at higher concentration

[27, 28]. To overcome these technical problems, various

methods have been used to develop the immobilized TiO2

photocatalytic coatings which can be reusable. However

the photocatalytic efficiency of the immobilized coating

system is much lower than the mobilized systems due to

the reduction of overall surface reactive area.

Therefore, the present study made an attempt to develop

porous structured coatings on commercially pure titanium

(Cp-Ti) by MAO process. The coatings consist of C, N and

F doping with TiO2 to improve the surface reactive area

and to reduce the band gap energy for visible light pho-

tocatalytic activities. Different electrolyte additives such as

sodium carbonate (Na2CO3), sodium nitrate (NaNO2) and

potassium hexa fluoro titanate (K2TiF6) have been used to

attain C, N and F doped TiO2 coatings, respectively. The

influence of chemical composition, surface morphology,

surface amplitude parameters, phase composition, band

gap energy variations, recombination rate of photogener-

ated electron–hole pairs and photocatalytic behaviour in

MB dye of the coatings were investigated.

2 Materials and experimental methods

2.1 Materials

The Cp-Ti test plates with dimensions of 20 mm 9

15 mm 9 1.5 mm were cut from the plate and their surface

were abraded up to 1000 grit emery paper. Then the spe-

cimens were ultrasonically cleaned in alcohol, acetone and

distilled water solutions successively for about 5 min. Prior

to MAO treatment the specimens were immersed in a di-

luted mixture of nitric and hydrofluoric acid for 30 s to

remove the natural titanium oxide layer and surface

contaminants.

2.2 Preparation of P-block element (C, N and F) doped

TiO2 coatings

Figure 2 shows the schematic diagram of the micro arc

oxidation setup. The Cp-Ti plate was used as working

electrode and the electrolyte container made of stainless

steel used as the counter electrode. A DC power supply unit

with a maximum peak voltage and current of 900 V and

Fig. 1 Multiple absorption by back–forth reflections of light waves in

the porous structured MAO coatings
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15 A respectively, was employed for MAO process. Aqu-

eous electrolyte solutions consisting of sodium carbonate

(Na2CO3), sodium nitrite (NaNO2) and potassium hexa

fluoro titanate (K2TiF6) with tri-sodium orthophosphate

(TSOP, Na3PO4�12H2O) used as base electrolytes to de-

velop C-TiO2, N-TiO2 and F-TiO2 coatings on Cp-Ti re-

spectively. The above said chemicals were purchased from

Merck India Pvt. Ltd. All the experiments were carried out

for 8 min at a constant current of 1 A. During the MAO

process the electrolyte solution was stirred continuously to

attain uniform distribution of electrolyte concentration and

the electrolyte bath was maintained close to room tem-

perature to control or avoid thermal activated growth pro-

cess. The break down and final voltages were carefully

noted and tabulated for all the coatings (Table 1). After

MAO treatment, the samples were rinsed with distilled

water and dried with hot air blower.

An aqueous tri-sodium orthophosphate (TSOP, Na3

PO4�12H2O) solution was employed to develop pure TiO2

coating on Cp-Ti under the same experimental conditions

without dopant electrolyte for comparison with doped

TiO2.

2.3 Characterization of the MAO coatings

The phase composition of the prepared coatings was ana-

lyzed by Rigaku X-ray diffractometer (Ultima III, Rigaku,

Japan) using Cu Ka radiation at 40 kV and 30 mA over 2h
range of 20�–80� with scan speed of 1�/min and step size of

0.05�. The surface morphology, thickness and elemental

composition of the coatings were studied using a Hitachi-

S3000N scanning electron microscope (SEM) attached

with energy dispersive spectroscopy (EDS) facility.

2.3.1 Surface profilometry

Surface amplitude parameters such as surface roughness,

pores size and depth of the MAO samples were examined

using optical Talysurf CLI 1000 surface profilometer. High

resolution non-contact confocal point gauge was used for

line profiling of MAO coatings. The resolution range of

point gauge was 3000 lm with 0.25 nm. The focused beam

through a lens with chromatic aberration was scanned on

the surface of MAO coatings. Due to the aberration, the

focus point was varied at different Z-position for different

wavelengths. The reflected light from the porous coatings

was allowed to fall on spectrometer through a pin hole. The

spectrometer profile provides an intensity curve depending

on wavelength. The focused wavelength was correspond-

ing to the maximum intensity [29]. The surface profiles

were analysed using Talymap Platinum software version

4.1.

2.3.2 Diffused reflectance UV–Vis spectrometer

UV–Vis diffuse reflectance spectrometer (carry 500) was

used to measure the band gap energy of the MAO coatings

in the wavelength range from 300 to 500 nm. From the

reflectance spectra, the absorption was calculated based on

the Kirchhoff’s law A(k) ? R(k) ? T(k) = 1 (where A(k),

R(k) and T(k) are absorptance, reflectance and transmit-

tance respectively) [5]. All the MAO coatings were com-

pletely opaque and hence their transmittance was assumed

as zero. Thus, we have modified the Kirchhoff’s law as

A(k) = 1 - R(k). Finally, the band gap energy (Eg) was

calculated by standard method i.e. Eg = hc/km (where c is

velocity of light in vacuum, h is Planck’s constant and km is

cut-off wavelength obtained from absorption spectra).

Photoluminescence experiments were conducted at room

temperature by fluorescence spectrophotometer (FLUOR-

OLOG—FL3-11) with Xenon lamp with an excitation

wavelength of 300 nm.

2.3.3 Photocatalytic studies

Photocatalytic activity of pure and doped TiO2 was

evaluated by measuring the degradation rate of aqueous

MB dye solution. A UV–Vis spectrophotometer was used

to measure the rate of absorption based on the change in

concentration of MB solution for every 30 min interval.

The experiments were conducted in the 10 ml of MB so-

lution with the concentration of 20 mg/L by immersing

Fig. 2 Schematic setup of micro arc oxidation (MAO)

Table 1 MAO processing parameters for TiO2, C-TiO2, N-TiO2 and

F-TiO2

Coating Electrolyte composition Vb Vf

TiO2 5 g TSOP 350 460

C-TiO2 5 g TSOP ? 3 g Na2CO3 272 426

N-TiO2 5 g TSOP ? 3 g NaNO3 278 429

F-TiO2 5 g TSOP ? 3 g K2TiF6 280 431

J Porous Mater (2015) 22:545–557 547
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MAO produced photocatalyst. A Mercury lamp (250 W)

was used as an irradiation light source which covers the

wavelength ranging from 200 to 700 nm. However, the

experiment was conducted along with UV cut off filter

L-39 (Kenko co.) to limit the wavelength range below than

390 nm.

Prior to the experiment, the photocatalyst suspended

solutions were kept in the dark condition for 60 min to

attain adsorption–desorption equilibrium condition and

then irradiated with mercury lamp.

In general, the adsorbed dye amount per unit mass of

adsorbent (qt) at any time are calculated based on the fol-

lowing equation [30]

qt ¼
C0 � Ct

m
� V

where C0 and Ct are the initial and variable time dye

concentration (g/L) respectively, V is the solution volume

(L) and m is the adsorbent mass (g). However, measuring

the amount of photocatalyst mass (adsorbent mass) is dif-

ficult for MAO processed coatings. Hence, MAO produced

photocatalyst were kept in dark atmosphere for 60 min

(considered as reference point) [31] to attain adsorption–

desorption equilibrium condition.

The absorptivity measurements were carried out at a

fixed wavelength of 664 nm as MB solutions absorption

was attained at this wavelength. The photocatalytic effi-

ciency was calculated by g = 1 - (C/Co)0 9 100 % [32],

where Co and C are the initial and final (after irradiation)

concentration of the MB solutions respectively.

3 Results and discussion

3.1 Surface morphology of MAO coating

Figure 3a–d shows the digital photograph of the MAO

processed pure TiO2, C-TiO2, N-TiO2, and F-TiO2 coat-

ings, respectively on Cp-Ti. The visual inspection of the

coatings reveals that the uniform coatings with crack free

surfaces. The F-TiO2 coating fabricated by the addition of

K2TiF6 additive appears to be darker than the other coat-

ings. Figure 4a–d shows the SEM surface morphology of

pure TiO2, C-TiO2, N-TiO2, and F-TiO2 MAO coatings,

respectively. The pure TiO2 (Fig. 4a) coating shows dif-

ferent size and shape of the pores. The non-uniformly

distributed pores varied in size from place to place and also

they are not perfectly circular. The C-TiO2 and N-TiO2

(Fig. 4b, c) coatings exhibited not exactly like pores rather

it consisted different configurations of narrow slits and

oxide accumulations over the slits where dielectric break

down occurs during MAO. Such surface morphology ap-

pearance depicted uniformly throughout the coatings. The

F-TiO2 coating (Fig. 4d) showed a canal like network

structure with thicker crater walls. The significant surface

morphological change from pure to doped TiO2 is due to

the discharge characteristics and conductivity nature of the

electrolyte solution. Also, the formation of porous struc-

tures during MAO is due to dielectric breakdown occurring

under applied potential exceeding the critical break down

potential. However, any configuration of porous structure

can enhance the surface reactive area which leads to im-

proved photocatalytic activities.

Figure 5a–d shows the cross sectional view of pure

TiO2, C-TiO2, N-TiO2, and F-TiO2 coatings on Cp-Ti. The

coatings exhibited average thickness ranging from 18 to

26 lm. The variations of coating thickness can be at-

tributed by MAO process parameters such as electrolyte

conductivity, breakdown voltage and final voltage. All the

MAO processed coatings showed good adherence with

substrate. It is due to the formation of molten oxide layer

and its subsequent solidification on the Cp-Ti during the

MAO process.

3.2 Formation of porous structured coating by MAO

Figure 6 shows the schematic representation of series of

action takes place during MAO process on Cp-Ti. Initially,

the titanium surface gets oxidized in the appropriate elec-

trolyte to form TiO2 layer called as anodization. When an

applied voltage exceeds the anodizing voltage [critical

voltage (Vc)] micro-arcs are appeared on the TiO2 coatings

which is mentioned as dielectric breakdown. The effect of

dielectric breakdown causes higher thermal energy which

creates localized melting on TiO2 coatings. Such thermal

energy may sufficient to produce low and high temperature

anatase and rutile phase of TiO2 respectively [6]. The

melted TiO2 materials are ejected out and forms summits

and valley over the anodized surface. The ejected melts are

deposited on the outer surface of TiO2 and consequently

sintered to form dense and adherent ceramic layer on the

surface. Finally the valley mostly consist titanium atoms
Fig. 3 Surface overview of TiO2, C-TiO2, N-TiO2 and F-TiO2

coatings
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than TiO2 molecules gets oxidized by anodizing process

again to form new TiO2 layer. The MAO process continues

until to form thick TiO2 coating with high porosity. The

pores depth and width of summits and valley depends on

the amount of melt flow, nature of surface defects available

on the surface of titanium, the electrolyte environment and

micro-arc initiation time on that particular spot. Therefore,

these parameters will vary to doping elements and surface

condition of titanium surface.

3.3 Surface roughness analysis

Figures 7a–d and 8a–d show optical profile meter mesh

images and line profiles for pure TiO2, C-TiO2, N-TiO2 and

F-TiO2. The corresponding surface amplitude parameters

are given in Table 2. Surface roughness increases in the

order of F-TiO2 \ C-TiO2 \ N-TiO2 \ pure TiO2. The

results clearly show that higher the break down (Vb) and

final voltage (Vf) of the coatings lower the surface

roughness and vice versa (Fig. 9). The different electrolyte

environment determines the different breakdown and final

voltage of the MAO coatings. If the break down voltage is

low, micro arcs (dielectric break downs) are initiated at the

earlier stage which eventually results in higher porosity in

the stipulated duration and vice versa. Even though pore

depth of F-TiO2 is higher than the other coatings, the

roughness of F-TiO2 is low. It is due to the low pores

density as this was absorbed from the surface morphology

analysis (SEM images) of the coatings.

The line profiles show higher crest and deeper troughs

for C-TiO2 and N-TiO2 and lower crest and light troughs

for F-TiO2 and TiO2, respectively. This indicates high

amount of melt may come out during MAO process for

C-TiO2 and N-TiO2. Whereas small amount of melt may

comes out for F-TiO2 and pure TiO2. Figure 10 elaborates

the variation of pores mean depth and width of pure and

doped TiO2 of MAO samples. The photocatalytic activity

of MAO processed samples depends of all this surface

amplitude parameters.

Fig. 4 SEM images of TiO2, C-TiO2, N-TiO2 and F-TiO2 surface morphology
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Fig. 5 Cross sectional view of TiO2, C-TiO2, N-TiO2 and F-TiO2 coatings

Fig. 6 MAO step by step

process to produce porous

coatings
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3.4 Phase and elemental analyses

Figure 11 shows the XRD patterns of MAO processed pure

TiO2 and C, N and F doped TiO2 coatings on Cp-Ti sub-

strate. Two prominent crystalline phases of TiO2 (anatase

and rutile) are existing in all the MAO coatings. In addi-

tion, the substrate (titanium) diffraction peaks also emerged

along with the two oxide phases due to insufficient

oxidation of titanium in the pores and small thickness of

coatings [33]. The pure TiO2 coating exhibited pre-

dominantly anatase phase with small percentage of rutile

phase. Anatase and rutile phase percentage in the coatings

is calculated by the following equations [6]

Anatase weight percent (XAÞ ¼ IA= IA þ 1:26 IRð Þ
Rutile weight percent (XRÞ ¼ IR= IR þ 0:8 IAð Þ

where XR is rutile weight percent, IA and IR are the inte-

grated diffraction peak intensities of anatase (101) and rutile

(110) phases respectively. Using the above equation for the

estimation of phases, it is found that the amount of anatase

to rutile phase ratio decreased in the order of TiO2 [
C-TiO2 [ F-TiO2 [ N-TiO2 coatings with reference to the

relative intensity of characteristic peaks (Table 3). In gen-

eral, the MAO process would initiate the oxide layer on Cp-

Ti in the form of amorphous and metastable crystalline

anatase phase of TiO2. At the later stages of MAO process,

the micro-arc generates higher local temperature which may

promote the transformation of amorphous and metastable

anatase phase into high temperature rutile phase [11]. Based

on the electrolyte chemistry the discharge characteristics

differ and determines the amount of anatase to rutile phase

transformation.

Absence of C, N and F phases from the XRD pattern,

the EDS analysis was carried out to confirm the doped

elements in the coatings. Figure 12a–d shows the EDS

spectra and mapping of elements on the surface of pure

TiO2 and C, N and F doped TiO2 coatings respectively.

In addition to Ti and O elements, phosphorous also

present in the coatings due to the use of Na3PO4 elec-

trolyte during MAO process. Spectrum quantification has

been also carried out from EDS results for MAO pro-

cessed coatings and presented in the Table 4. The ele-

mental mapping and EDS analyses confirmed the

presence of 2.2 at.% C, 3.1 at.% N and 3.8 at.% F

Fig. 7 Optical profilometer mesh images of TiO2, C-TiO2, N-TiO2 and F-TiO2 coatings
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Fig. 8 Optical profilometer line profile of TiO2, C-TiO2, N-TiO2 and F-TiO2 coatings
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elements in the coatings. In addition the elemental

mapping exhibited uniform distribution of doped ele-

ments in the coatings.

3.5 UV–Vis diffuse reflectance spectroscopy (DRS)

analysis

Figure 13 shows the UV–Vis diffuse reflectance spectra of

pure and doped TiO2 coatings. From the spectra, the ab-

sorption edges of pure TiO2 and C, N and F doped TiO2

were obtained at 393, 409, 407 and 410 nm respectively

and their corresponding band gap energies were calculated

as 3.15, 3.03, 3.04 and 3.02 eV. Also, the UV–Vis ab-

sorption spectra show the enhanced absorption for pure

Table 2 Surface amplitude parameters for TiO2, C-TiO2, N-TiO2 and F-TiO2

Coatings Ra Rq Rp Rv Rt Rsk Rku Rz

Pure TiO2 1.63 3.27 27 11.8 104 16 320 38.8

C-TiO2 3.91 6.45 40.8 25.3 81.1 0.909 15.3 66.2

N-TiO2 2.74 4.28 21.2 20.6 80.5 21.6 37.1 41.8

F-TiO2 1.99 1.95 9.6 6.86 75.6 11.1 331 16.5

Ra, Arithmetic mean deviation of the roughness profile; Rq, Root-mean-square deviation of the roughness profile; Rp, Maximum peak deviation of

the roughness profile; Rv, Maximum valley depth of the roughness profile; Rt, Total height of the roughness profile; Rsk, Skewness of the

roughness profile; Rku, Kurtosis of the roughness profile; Rz, Maximum height of the roughness profile

Fig. 9 Voltage versus roughness of TiO2, C-TiO2, N-TiO2 and

F-TiO2 coatings

Fig. 10 Pore depth and width comparison of TiO2, C-TiO2, N-TiO2

and F-TiO2 coatings

Fig. 11 XRD patterns of TiO2, C-TiO2, N-TiO2 and F-TiO2 coatings

Table 3 Anatase and rutile phase percentage in TiO2, C-TiO2,

N-TiO2 and F-TiO2

Coating Anatase (%) Rutile (%)

TiO2 66.86 33.14

C doped TiO2 67.38 32.62

N doped TiO2 82.93 17.07

F doped TiO2 76.73 23.27
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TiO2 than doped TiO2 even the cut off wave length of pure

TiO2 is lower than that of doped TiO2 samples. The en-

hanced absorption of pure TiO2 may attributed by higher

pores concentration and its phase structure [31]. As evi-

denced by Figs. 9 and 10, the pore width and surface

roughness of pure TiO2 sample is higher than the doped

TiO2. The large pores width of pure TiO2 may have mul-

tiple back and forth reflections which may enhanced the

absorption compared to doped TiO2.

Further, the calculated band gap energy of MAO pro-

cessed pure TiO2 (3.15 eV) exhibited lower than that of the

normal TiO2 (3.2 eV) which may be due to the presence of

phosphorous in TiO2 coatings as observed from the EDS

spectra. However, the band gap energy of C, N, F doped

TiO2 coatings are considerably narrowed as compared to

pure TiO2 coating. The band structure of TiO2 consists of a

valence band and conduction band made primarily by O

2p and Ti 3d orbital’s, respectively. The valance band

Fig. 12 a–d EDS spectrum and dot mapping of pure TiO2, C-TiO2, N-TiO2 and F-TiO2 coatings

Table 4 Elemental

compositions of TiO2, C-TiO2,

N-TiO2 and F-TiO2

Coating Ti (at.%) O (at.%) P (at.%) C (at.%) N (at.%) F (at.%)

Pure TiO2 43.4 52.7 3.9 – – –

C-TiO2 44.7 51.1 1.9 2.2 – –

N-TiO2 37.6 57.3 2.0 – 3.1 –

F-TiO2 34.8 54.4 4.2 – – 3.8
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orbital of nitrogen (2P) and carbon (2P) mixes with the

valance orbital (2P) of TiO2 and lifts up the valance band

of TiO2 which results in the band gap energy reduction of

TiO2 (Fig. 14) [34]. In the aspect of F doping, the lit-

eratures claim that the 2p states of F appear below the

valence band of TiO2 and hence it cannot contribute much

for band gap energy reduction of TiO2 [35]. However, in

contradictory with above results, we obtained reduced band

gap energy of 3.02 eV when TiO2 doped with F. In general,

the band gap energy of rutile phase is lower than that of

anatase phase TiO2 and doping of phosphorous into TiO2

may resulted in the band gap energy reduction. Therefore

the influence of higher quantity of rutile phase and phos-

phorous element (4.2 at.%) in F doped TiO2 coatings might

play important role in the band gap energy reduction.

Hence narrow downing the band-gap energy of TiO2 can

facilitate easy excitation of electrons from the valance band

to the conduction band which will enhance the photocat-

alytic activities in the visible region [36].

3.6 PL analysis of pure and doped TiO2

Figure 15 shows the PL spectra of the pure and C, N and F

doped TiO2 coatings for an excitation wavelength of

300 nm. The spectra of pure and doped TiO2 were almost

similar except peak intensity variation. Two major emis-

sive peaks were obtained in the scanning wavelength range

of 370–500 nm. The first peak at 397 nm emerged by free

exciton and second peak at 456 nm due to bound exciton.

Generally, the free exciton emission occurred by the re-

combination of an excited electron in the conduction band

with a hole in the valence band. The bound exciton emis-

sion is due to defect state electron–hole recombination

which emits lower energy (red shift) than the free exciton

[37]. The intensity of the PL spectra decreases in the order

of TiO2 [ C-TiO2 [ N-TiO2 [ F-TiO2 which indicates

the change of electron–hole recombination rate with re-

spect to dopant. It is well known that the lower PL intensity

indicating lower the recombination rate of photogenerated

electron–hole pairs, which favours for the enhanced pho-

tocatalytic activity. Therefore, the PL result proved that the

doped TiO2 offers lower recombination rate than the pure

TiO2. In particular, the luminescence intensity of F doped

was lower than that of other doped TiO2 samples which

leads to enhanced photocatalytic activity.

3.7 Photocatalytic activity of pure and doped TiO2

coatings

To investigate the photocatalytic activity of pure and doped

TiO2 coatings, MB dye was used as a model pollutant

under the mercury vapor lamp irradiation. Figure 16 shows

the photocatalytic efficiency of pure and doped TiO2

coatings with respect to irradiation time. It was found

that the efficiency of photodegradation increases with

Fig. 13 UV–Vis diffuse reflectance spectra of TiO2, C-TiO2, N-TiO2

and F-TiO2 coatings

Fig. 14 Schematic illustration of band gap energy reduction of TiO2

with dopants

Fig. 15 PL spectra of pure and doped TiO2
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increasing of irradiation time. However, the percentage of

MB dye degradation varied based on the dopant of TiO2.

For instance, 50 % of MB dye degradation takes place at

2.4, 2.78, 3.29 and 4 h for F-TiO2, N-TiO2, C-TiO2 and

TiO2 coatings respectively. The photocatalytic efficiency

of the coatings varies in the order of F-TiO2 [ N-TiO2 [
C-TiO2 [ TiO2 as it was expected from the results of PL

and UV–Vis spectroscopy analyses. Though the rate of

absorption of pure TiO2 was higher than that of doped TiO2

(Fig. 13), the rate of MB dye degradation shown better

result for F-TiO2 coating. It may be attributed due to the

reduced band gap energy as well appropriate percentage of

anatase and rutile phase structure [31]. Hence, it was

confirmed from the obtained results, the photocatalytic

efficiency was increased when the rate of photogenerated

electron–hole pair’s recombination was decreased.

4 Conclusions

1. A new type of immobilized, porous and visible light

active P-block elements (C, N and F) doped TiO2

coatings were developed by micro arc oxidation

technique.

2. MAO produced porous coatings increased the surface

reactive area which enhanced the photocatalytic

activity. Surface roughness increases in the order of

F-TiO2 \ C-TiO2 \ N-TiO2 \ pure TiO2.

3. The obtained band gap energies were 3.03, 3.04 and

3.02 for C, N and F doped TiO2 coatings respectively,

whereas for pure TiO2 coating was exhibited 3.15 eV.

The reduced band gap energy and appropriate per-

centage of anatase and rutile phase structure of doped

TiO2 samples resulted in higher photocatalytic activity

under visible light.

4. The photogenerated electron–hole pair’s recombina-

tion rate was effectively inhibited by doping of C, N

and F into TiO2 which attributes enhanced photocat-

alytic efficiency.

5. Doped TiO2 showed enhanced photocatalytic activity

with MB dye compared to pure TiO2. Particularly,

F-TiO2 revealed maximum photocatalytic activity

among all other doped TiO2.
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