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Abstract: The nitrogen-doped porous TiO, layer on Ti6Al4V substrate was fabricated by plasma-based ion implantation of He, O
and N. In order to increase the photodegradation efficiency of TiO, layer, two methods were used in the process by forming
mesopores to increase the specific surface area and by nitrogen doping to increase visible light absorption. Importantly, TiO,
formation, porosity architectures and nitrogen doping can be performed by implantation of He, O and N in one step. After
implantation, annealing at 650  leads to a mixing phase of anatase with a little rutile in the implanted layer. By removing the near
surface compact layer using argon ion sputtering, the meso-porous structure was exposed on surfaces. Nitrogen doping enlarges the
photo-response region of visible light. Moreover, the nitrogen dose of 8><10'° jon/cm?® induces a stronger visible light absorption.
The photodegradation of rhodamine B solution with visible light sources indicates that the mesopores on surfaces and nitrogen

doping contribute to an apparent increase of photocatalysis efficiency.
Key words: Ti6Al4V alloy; TiO, layer; nitrogen doping; ion implantation; structure; photocatalytic activity

1 Introduction

TiO, is a widely used material for the degradation of
organic pollutants due to its low cost, nontoxicity and
high photocatalytic activity[1]. However, for TiO, film
catalysts, a drawback encountered is associated with the
rather large band-gap of 3.0-3.2 eV and thus only a
small fraction of the solar spectrum is absorbed[2—3].
Therefore, considerable efforts have been made to extend
the photoresponse of TiO,-based systems further into the
visible-light region[4—6]. Doping is an effective method
to enhance the visible light absorption. Moreover, the
recent reports revealed that nitrogen is an idea candidate
among the doping species such as the transition metals
and nonmetals[7—8]. To incorporate nitrogen in TiO,,
many strategies are used, such as ion implantation[9],
magnetron  sputtering[10] and sol-gel [11]. Ion
implantation is the most straightforward approach. To
overcome another drawback of the lower surface area of
TiO, film, the porosity architectures were proposed

[12—13]. Several studies reported the nitrogen doping by
ion implantation[2, 9]. However, there was lack of
information on the application of the pores by
implantation to photocatalytic field.

In this work, the nitrogen-doped meso-porous TiO,
layer was fabricated on Ti6Al4V substrate by
plasma-based ion implantation. To increase the
photodegradation efficiency of TiO,, two methods were
used in the process by forming mesopores to increase the
specific surface area and by nitrogen doping to increase
visible light absorption. Helium implantation was used to
construct the porous structure. TiO, was formed by
oxygen implantation. Doping was performed by nitrogen
implantation.

2 Experimental

Commercial Ti6Al4V alloy was used as the
substrate material. Before implantation, the samples with
dimensions of 10 mm><10 mm>5 mm were
mechanically ground and polished to a mirror-finish. The
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implantation was carried out in a home-made DLZ-01
installation at a base pressure of 310" Pa and a
working pressure of 0.1 Pa. The plasma was generated
by radio frequency. The implanting temperature was
measured by an infrared thermometer and kept at
approximately 350 for helium implantation, and the
temperature of oxygen and nitrogen implantation was
lower than 180 . In order to achieve a thick porous
layer closer to the surface, helium at —10, =30 and —50
kV  was implanted into the titanium substrate
subsequently and the corresponding doses were 6><10"7,
310" and 3> 10'" He/cm?, respectively. Based on our
previous work[14], the voltage of —30 kV and dose of
410" O/cm® were applied for oxygen implantation.
The nitrogen doping with doses of 410", 8><10"° and
12><10" N/em® was performed by implantation at —30
kV.

X-ray photoelectron spectroscopy (XPS) was
performed on a PHI 5700 ESCA spectrometer with an
Al K, (1 486.6 eV) source operated at 13 kV and 300 W.
The cavity structure was characterized by a JEM—2010
transmission electron microscopy (TEM). Phase
structure was investigated by glancing X-ray diffraction
(GXRD) with a fixed incident angle of 6=1°. The surface
topography was observed with a scanning electron
microscopy (SEM) using a field emission microscope
(S—4800 model, from Hitachi, Japan). The UV-Vis
absorption spectra were obtained by UV-Vis
spectrophotometry (TU—1901) with an integrating sphere
attachment for their diffuse reflectance in the range of
200—800 nm. Photocatalytic activities were evaluated by
measuring the removal rate of rhodamine B in aqueous
solutions. And the photodegradation rate was determined
by measuring the intensity change of the absorption
spectra of rhodamine B solution before and after visible
light illumination from Xe light instead of sun rays.

3 Results and discussion

Fig.1 shows TEM images of the implanted layer on
Ti6Al4V substrate. Helium bubbles with several
nanometers are formed by implantation (Fig.1(a)). After
implantation of helium, subsequent oxygen implantation
leads to an apparent increase in the size of previous
helium. Bubble growth is related to the following reasons.
First, collision cascades by oxygen implantation induce
Ostwald mechanism, i.e. collision decomposes the small
bubble and makes this fresh helium move to big bubble,
thus the big bubbles are enlarged. Second, the hot peak
by oxygen implantation offers a driving force and
contributes to moving and gathering of helium. It is also
found that the bubble size almost does not change by
nitrogen implantation. The reason for this is that the

process time is too short for nitrogen implantation
compared with that for helium and oxygen implantation.
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Fig.1 TEM images of implanted layer on Ti6Al4V substrate
implanted with helium(a) and helium and oxygen(b)

It is well known that anatase possesses excellent
catalytic activity, especially for the mixing phases of
anatase with a little rutile. However, oxygen implantation
does not lead to anatase in the implanted layer, thus
subsequent annealing treatment is necessary to obtain the
expected phase structure. Fig.2 shows GXRD patterns of
helium and oxygen implanted titanium samples annealed
in air at different temperatures. While the annealing
temperature ascends to 650 , the expected mixing
structure of anatase with a little rutile forms in the
implanted layer.
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Fig.2 GXRD patterns of helium and oxygen implanted titanium
samples annealed in air at different temperatures: (a) 630 ;
(b) 650
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Our previous work revealed that helium bubbles
distributed under the surface[15]. In order to employ the
pores for photodegradation, the bubbles should be
exposed on surfaces. Here, argon ion sputtering was used
to remove the near surface compact layer of the
implanted sample and the pores form on the surface in
Fig.3. The pores size was enlarged into several hundred
nanometers due to the increase in bubble size by
annealing and argon ion sputtering.

Fig.3 SEM image of mesoporous surface of sample implanted
at 10, 30, =50 kV, 6>10"7, 310", 3><10"7 He/em®, —30
kV, 4>10" O/em’, =30 kV, 4><10"* N/em?, annealed at 570
and sputtered by argon ion

For the doped samples, the nitrogen chemical states
were characterized and shown in Fig.4. The broad N 1s
peaks consist of three different peaks at 396.8, 398.7 and
400.4 eV by deconvolution. The observed peak at 396.8
eV is attributed to atomic S-N and proves the presence of
Ti—N bonds formed when N replaces O in TiO, crystal
lattice[2]. The peak at 398.7 eV is due to the nitrogen in
N-Ti-O environment[16] and the peak at 400.4 eV is
assigned to »N from molecularly adsorbed nitrogen
containing compounds onto the surface of samples[17].
For the nitrogen doping dose of 810" ion/cm®, -N
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Fig.4 N1s spectra of doped nitrogen of mesoporous TiO, layer

amount is higher than that for the nitrogen dose of
4><10" and 12><10" jon/cm’.

Fig.5 shows UV-Vis absorption spectra of the
samples with and without doped nitrogen. Nitrogen
doping induces an apparent increase in the visible-light
absorption in the region of 400—600 nm. Furthermore,
for the nitrogen dose of 8><10" ijon/cm’, the
photo-response of visible-light is stronger than that of the
sample implanted with nitrogen doses of 4><10" and
1210 jon/cm®. This result also proves that the
nitrogen doping dose should not be very high to improve
the visible-light absorption.
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Fig.5 UV-Vis adsorption spectra of mesoporous TiO, layer with
different nitrogen doses

The explanations for the increase in visible-light
absorption by nitrogen doping are claimed to be in the
band gap narrowing. At the beginning, the band gap
narrowing is attributed to the hybridization of N 2p states
with the O 2p-derived valence band. However, recent
density functional theory (DFT) calculations indicate no
band gap narrowing due to N doping rather than N 2p
states forms localized states within the band gap just
above the maximum valence band. Based on the XPS
results, it can also be inferred that the increase in
visible-light absorption is attributed to the band gap
narrowing by the formation of the localized N 2p states
caused by atomic SN within the band gap. Moreover,
the nitrogen doping dose of 8><10" ion/cm’ leads to
more AN, thus the visible-light absorption is stronger
than that of other doses.

For different samples, the rate of
rhodamine B as a function of irradiation time is shown in
Fig.6. Nitrogen doping increases the removal rate, and
the nitrogen dose of 8><10" ion/cm’ leads to a much
higher removal rate because of the strong visible
absorption. The mesoporous architecture further
increases the removal rate and the increase factor reaches
2 after decomposition for 1 h.

removal
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Fig.6 Effect of nitrogen doping dose on visible light-induced
photodegradation rate of rhodamine B on Ti6Al4V samples

4 Conclusions

1) Plasma-based ion implantation of He, O and N
into the Ti6AI4V substrate produces a nitrogen-doped
mesoporous TiO, layer. After implantation, annealing at
650 forms a mixing structure of anatase and a little
rutile.

2) Argon ion sputtering is employed to expose the
pores on surfaces. Doped nitrogen presents as S-N,
N-Ti-O and N in the TiO, layer. Nitrogen doping
enlarges the photo-response region of visible light and
the nitrogen dose of 810" ion/cm” induces a stronger
visible light absorption.

3) The mesopores and nitrogen doping evidently
increase the removal rate of rhodamine B with visible
light source.

References

[1] HORIKAWA T, KATOH M, TOMIDA T. Preparation and
characterization of nitrogen-doped mesoporous titania with high
specific surface area [J]. Microporous and Mesoporous Materials,
2008, 110: 397-404.

[2] GHICOV A, MACAK J M, TSUCHIYA H, KUNZE J, HAEUBLEIN
V, FREY L, SCHMUKI P. Ion implantation and annealing for an
efficient N-doping of TiO, nanotubes [J]. Nano Letters, 2006, 6:
1080-1082.

[3] DIWALD O, THOMPSON T L, ZUBKOV T, GORALSKI E G,
WALCK S D, YATES J T. Photochemical activity of nitrogen-doped
rutile TiO (110) in visible light [J]. Journal of Physical Chemistry B,

(4]

[3]

(6]

(7]

(8]

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

LI Jin-long, et al/Trans. Nonferrous Met. Soc. China 19(2009) s665—s668

2004, 108: 6004—6008.

YAMASHITA H, NAKAO H, MISAKA J, NAKAO H, TAKEUCHI
M, ANPO M. Application of ion beam for preparation of TiO, thin
film photocatalysts operatable under visible light irradiation:
Ion-assisted deposition and metal ion-implantation [J]. Nuclear
Instrument and Methods in Physics Research B, 2003, 206: 889—892.
KHAN S U M, SHAHRY M A, LNGLERJR W B. Efficient
photochemical water splitting by a chemically modified n-TiO, [J].
Science, 2002, 297: 2243-2245.

YUJC,YUJG HO W K. Effects of F-doping on the photocatalytic
activity and microstructures of nanocrystalline TiO, powders [J].
Chemistry of Materials, 2002, 14: 3808—3816.

YANG T S, YANG M C, SHIU C B. Effect of N; ion flux on the
photocatalysis of nitrogen-doped films by
electron-beam evaporation [J]. Applied Surface Science, 2006, 252:
3729-3736.

JANGJ S, KIM H G JI SM, BAE S W, JUNG J H, SHON B H.
Formation of crystalline TiO,-N, and its photocatalytic activity [J].
Journal of Solid State Chemistry, 2006, 179: 1067—-1075.

BATZILL M, MORALES E H, DIEBOLD U. Influence of nitrogen
doping on the defect formation and surface properties of TiO, rutile
and anatase [J]. Physical Review Letters, 2006, 96: 026103—07.
LINDGREN T, MWABORA M, AVENDANO E, JONSSON 1],
HOEL A, GRANQUIST G. Photoelectrochemical and optical
properties of nitrogen doped titanium dioxide films prepared by
reactive DC magnetron sputtering [J]. Journal of Physical Chemistry
B, 2003, 107: 5709-5716.

YAMADA K, NAKAMURA H, MATSUSHIMA S, YAMANE H,
HAISHI T, OHIRA K, KUMADA K. Preparation of N-doped TiO,
particles by plasma surface modification [J]. Comptes Rendus
Chimie, 2006, 9: 788—793.

MURAKAMI A, YAMAGUCHI T, HIRANO S I, KIKUTA K.
Synthesis of porous titania thin films using carbonatation reaction
and its hydrophilic property [J]. Thin Solid Film, 2008, 516:
3888-3892.

ZHAO Y, ZHANG X T, ZHAI J, HE J L, JIANG L, LIU Z Y,
NISHIMOTO S, MURAKAMI T, FUJISHIMA A, ZHU D B.
Enhanced photocatalytic ~activity of hierarchically micro-/
nano-porous TiO, films [J]. Applied Catalysis B: Environmental,
2008, 83:24-29.

LI Jin-long, MA Xin-xin, SUN Ming-ren. Structure in
oxygen-implanted layer on Ti prepared by plasma based ion
implantation [J]. Journal of Central South University of Technology,
2007, 14(S2): 31-36.

MA Xin-xin, LI Jin-long, SUN Ming-ren.
micro-mechanical properties of helium-implanted layer on Ti by
plasma-based ion implantation [J]. Applied Surface Science, 2008,
254: 6837-6841.

SATHISH M, VISWANATHAN B, VISWANATH R P
Characterization and photocatalytic activity of N-doped TiO,
prepared by thermal decomposition of Ti-melamine complex [J].
Applied catalysis B: Environmental, 2007, 74: 307-312.

GUO Y, ZHANG X W, WENG W H, HAN G R. Structure and
properties of nitrogen-doped titanium dioxide thin films grown by
atmospheric pressure chemical vapor deposition [J]. Thin Solid Films,
2007, 515: 7117-7121.

titanium  oxide

Structure  and

(Edited by CHEN Wei-ping)



