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SPECIAL TOPIC — Ion beam technology

Experimental and computational study of visible light-induced
photocatalytic ability of nitrogen ions-implanted TiO, nanotubes®
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Nitrogen-doped TiO; nanotubes (TNTs) were prepared by ion implantation and anodic oxidation. The prepared
samples were applied in photocatalytic (PC) oxidation of methyl blue, rhodamine B, and bisphenol A under light irradiation.
To explore the influence of doped ions on the band and electronic structure of TiO,, computer simulations were performed
using the VASP code implementing spin-polarized density functional theory (DFT). Both substitutional and interstitial
nitrogen atoms were considered. The experimental and computational results propose that the electronic structure of TiO,
was modified because of the emergence of impurity states in the band gap by introducing nitrogen into the lattice, leading
to the absorption of visible light. The synergy effects of tubular structures and doped nitrogen ions were responsible for
highly efficient and stable PC activities induced by visible and ultraviolet (UV) light.
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1. Introduction

Access to clean drinking water was recognized as a hu-
man right according to UN regulations in 2010.1" However,
due to human activities, the water pollution arising from or-
ganic compounds is growing steadily around the world.?! To
solve this environmental challenge, the technology of photo-
catalytic (PC) remediation of wastewater has been attached a
great deal of attention because which is an effective method
to deal with those recalcitrant organic pollutants.>! TiO,
is the most useable photocatalyst for solving contamination
problems on account of its excellent properties, such as low
cost, nontoxicity, long durability, and chemical stability.!*7]
The PC process of TiO, materials begins with the genera-
tion of photogenerated hole and electron (h*—e™) pairs on
the surface under ultraviolet (UV) light irradiation. Then the
h™ interacts with adsorbed organic compounds and H,O to
produce hydroxyl radicals (-OH)) which can oxidize organic
molecules dissolved in the water. Meanwhile, e~ photoex-
cited to conduction band (CB) reacts with absorbed oxygen
molecules. As a result, superoxide radical anions (-O;) are
produced from the reduction process, which also can oxidize
the organic molecules in water.¥] Among various nanostruc-
tures of TiO, materials, well-ordered TiO, nanotube arrays
(TNTs) prepared by the method of anodization have been at-
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tracted extensive interest due to their tubular architectures pro-
viding larger surface area and lower photogenerated h™—e™
pairs recombination rate than those of other nanostructured
TiO, materials.®~13!

TiO; only shows obvious PC activities excited by UV en-
ergy owing to its wide band gap (BG, 3.2 eV for anatase).
In comparison with visible light (45%), UV light is merely

141 Therefore,

a small fraction (5%) of the solar spectrum.
numerous approaches have been applied to modify optical
response of TiO; from UV to visible light by reducing the
threshold energy barrier, such as doping with some anions (C,
S, F, B, P, and N) to reduce the BG energy of TiO,.[15-181 §q
far, nitrogen-doped TiO; materials have been utilized in many
PC applications."*~2!1 It is convinced that the incorporation of
nitrogen ions into the TiO, crystal lattice can take place easily
due to comparable size compared to oxygen atoms. 2?11 As a
result, the doped TiO, with reduction of BG shows enhance-
ment of PC activities under visible light irradiation.3-2%)

The properties of nitrogen-doped TiO;, such as particu-
late morphology, BG, PC activities, doping sites, and amounts,
extremely depend on the synthetic method.®%?! It has been
proposed in many studies that the lattice nitrogen atoms are
beneficial to the visible light absorption, while several re-

searchers attributed BG narrowing to NO, and NH, adsorbed
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on the surface.[29-22

I Thus, the controversy about the dopant
nature and electronic structure of nitrogen-doped TiO; still
remains. As a typical engineering process, ion implanta-
tion is usually employed to modify the chemical and physi-

123-27] Com-

cal properties of semiconductor including TiO;.
pared to other doping methods, the merits of ion implantation
are that not any element other than the interested one is in-
volved, and a more reliable and much cleaner approach for
introducing selected impurities into desired materials is of-
fered. Nitrogen ions were introduced into TiO; films by the
ion implantation in our previous work,?®! and the direct bom-
bardment of TNTs by this method with high energy (60 keV)
was also reported.>>) The purpose of this work is to enhance
the wastewater remediation abilities of TNTs observably un-
der visible and UV light illumination, and clarify the mech-
anism of visible and UV light response of nitrogen-doped
TNTs. Therefore, we propose a novel method in which ni-
trogen ions are doped into Ti foils by ion implantation, and
then the wastewater remediation abilities of nitrogen-doped
TNTs are evaluated by PC method. MB, RhB, and bisphe-
nol A (BPA) are chosen as dyes and chemical respectively. To
analyze the mechanism of improved PC activities of nitrogen-
doped TNTs by electronic and band structure, calculations
about nitrogen-doped anatase are also carried out using den-

sity functional theory (DFT).

2. Experimental
2.1. Preparation of nitrogen ions implanted TNTs

Nitrogen ions are introduced into Ti foils with 60-keV
ion energy and 10-mA/cm? current density using an implanter
equipped with a Kaufman ion source. The chamber pressure
prior to implantation is kept at a value as low as 10~ Pa,
and then retaining the pressure at 10”2 Pa during ion implan-
tation with a nitrogen flow rate of 6 sccm. The implanted
doses are chosen as 1 x 10!7 ions/cm?, 5 x 107 ions/cm?, and
1 x 108 jons/cm?. TNTs and nitrogen ions-doped TNTs are
produced by the method of anodization using unimplanted and
implanted Ti foils as anode respectively. During the anodiza-
tion, a two-electrode system with platinum mesh as cathode
and Ti foil and implanted Ti foils as anode are used at room
temperature. The anodization is carried out in an electrolyte
composed of ethylene glycol with 1-wt% water and 3-wt%
NH4F. The samples are anodized for 120 min with 50-V con-
stant voltage using a DC power supply. Lastly, the anodized
samples are dried in air (80 °C for 2 h) after being rinsed
with deionized water, and then are calcined at 450 °C for 4 h
with heating rate of 5 °C-min~! in the ambient atmosphere.
Those samples are marked as N-1-TNTs, N-5-TNTs, and N-
10-TNTs corresponding to the implanted TNTs with doses of
1 x 107 jons/cm?2, 5 x 107 ions/cm?, and 1 x 10'® jons/cm?
respectively.

2.2. Computational method

The DFT[?! calculations are carried out using the pro-
jector augmented wave (PAW) pseudopotentials-based Vienna
ab initio simulation package code (VASP),1*%! in which the
exchange—correlation potential is the local density approxi-
mation (LDA). The values of onsite Coulomb interaction U
within LDA for Ti 3d and O 2p states are 4.37 eV and 7.51 eV

31321 As for N 2p states, the U value is selected

respectively.|
as zero. Monkhorst—Pack k-point meshes of 4 x 4 x 4 are cho-
sen for electronic property calculations. The electronic states
are expanded using plane wave basis set with a cutoff energy
at 450 eV. The energy at 5 x 107® eV is set as the conver-
gence threshold for self-consistent field energy, and the atomic
relaxations are performed until the residual forces are below
0.01 eV/A. The (101) plane is chosen in the calculation be-
cause which is the dominant peak of TNTs according the re-
sults of experiment.!”~13! The two modeled anatase (101) ni-
trogen doping structures are shown in Fig. 1. In this paper,
substitutional and interstitial nitrogen atoms are considered,
denoted as S—N and I-N respectively. S—-N doping is mod-
eled as that an O atom is replaced by an N atom, which cor-
responds to the doping concentration of 2.08% in coincidence
with the concentration used in the experiments. I-N doping
is simulated by adding one nitrogen atom into the supercell.
UV-Vis optical absorption calculations are performed follow-
ing the methodology described in Ref. [33].

Fig. 1. The optimized I-N-doped anatase TiO; (a), S—-N-doped anatase TiO,
(b). The blue, red, and brown spheres represent Ti, O, and N atoms, respec-
tively.

2.3. Characterization and PC degradation measurements

The morphologies of prepared samples are determined
by field emission scanning electron microscope (FESEM, Hi-
tachi SU8010) equipped with energy dispersion spectrometer
(EDS). For the PC degradation experiments, MB, RhB, and
BPA are selected. The initial concentrations are 80 mg/L for
dyes and 50 mg/L for BPA respectively. For dissolution of
BPA in water, the mixture is dealed with ultrasonic waves for
3 h. Before PC degradation, the TNTSs and nitrogen-implanted
TNTs (1 cm %2 cm) are dipped in the solutions for 30 min to
establish the equilibrium between adsorption and desorption.
During PC degradation, all the samples are immersed in 3-ml
solutions, and irradiated by visible and UV light. At given in-
tervals, the photocatalysts are taken out and the solutions are
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analyzed using a UV-Vis spectrophotometer (Shimadzu UV-
3600). After analysis, the photocatalysts are put into the reac-
tor again for PC degradation.

The wavelengths used in absorbance measurements are
664 nm, 553 nm, and 277 nm for MB, RhB, and BPA, re-
spectively. The removal efficiency of compound is examined
according to the ratio of C; and Cy, where C; and Cy are the ab-
sorbance of compound aqueous solution at time # and O at the
analytical wavelength, respectively. The selected 365-nm UV
light illumination is performed using a 500-W high-pressure
mercury lamp. A 300-W tungsten—halogen lamp is chosen as
the visible light source equipped with a cut-off filter with edge
at 420 nm to remove UV light. The UV light intensity on the
surface of samples is measured to be 213 uW/cm? by UV irra-
diance meter (UV-A, BNU), while the flux of the visible light
is found to be 10710 Ix measured by illumination photometer
(ST-85, BNU).

3. Results and discussion
3.1. Characterization of nitrogen ions-implanted TNTs

Figure 2 shows the SEM and EDS images. The con-
current production of defects is a significant drawback of ion
implantation, which mostly hinders the activation of the im-
planted ions.**] Usually, the damage can be recovered by sub-
sequent annealing process after ion implantation, which means
two annealing procedures need to be done before and after im-
plantations for implanted TNTs. We choose prepared TNTs as
the target of the ion implantation at the start. But, when the
prepared TNTs are implanted using nitrogen ions with high
energy (60 keV), highly ordered tubular structures of TNTs are
severely destroyed (Fig. 2(a)). So, the method of anodization
of nitrogen-implanted Ti foils is chosen, in which the direct
bombardment of TNTs can be avoided, and only one anneal-
ing procedure after ion implantation is made for crystalliza-
tion. It should be noted that the average inner tube diameter
of the samples is in a range of 150 nm—170 nm (Figs. 2(b) and
2(c)), therefore, the change of tube diameter is not found with
the same anodization conditions in the presence of different
doses of implanted nitrogen ions. The wall thickness of N-10-
TNTs on the surface is in a range of 15 nm-20 nm. However,
lots of broken tubes due to over corrosion during anodization
were found on the surface of TNTs. It is apparent that the sur-
face of nitrogen ions-doped TNTs shows more ordered struc-
tures compared to TNTs, approving a better corrosion resis-
tance of nitrogen ions-doped TNTs. Therefore, with increas-
ing the dose of implanted ions, well organized and more com-
pact tubular structures can be obtained. A possible reason is
that a dense nitrogen-doped nanolayer will be presented on
the top of Ti foils after implantation. Thus, the corrosion re-
sistance of the implanted samples is increased for anodization,

which leads to the corrosion rate of nitrogen-doped Ti foils
being lower than pure Ti foils. As a result, implanted sam-
ples show more order tubular structure on the surface. The
existence of nitrogen is measured by EDS. Figure 2(d) is the
evidence of the well-dispersed nitrogen element on the top of
N-10-TNTs. The results of EDS imply that a uniform distri-
bution of nitrogen on the surface of TNTs has been attained
using ion implantation method.

Fig. 2. Top views of SEM images of direct implanted TNTs under ion energy
of 60 keV (a), TNTs (b), N-10-TNTs (c), EDS elemental mapping images of
N-10-TNTs (d).

3.2. Theoretical computation

The band structure and density of states (DOS) of pure
TiO, are calculated, which are shown in Fig. S2. From the
results, it can be seen that pure TiO; is an indirect-gap semi-
conductor because the M and G points are corresponding to
VB maximum and CB minimum respectively. The minimum
BG width between VB maximum and CB minimum is about
3.21 V, which is in accordance with the experimental result of
3.2 eV. It is obviously that the VB of pure TiO; is dominated
by the O 2p states and the CB is mainly contributed by the Ti
3d states. The doped nitrogen atom not only affects the crystal
structure of TiO,, but also influences its electronic structure
and properties. For the cases of both I-N- and S-N-doped
TiO,, the doped nitrogen atoms introduce four new states of N
2p orbitals in the BG. However, the new states locate at differ-
ent positions. For the case of S—N, the new states are closer to
VB maximum more, and connect with VB maximum in some
regions. While the new states appear in the BG only to form
impurity energy level for the case of [-N. So, S-N can reduce
the BG width of TiO,. As shown in Figs. 3(a) and 3(b), the
calculated band gaps are 3.21 eV and 3.1 eV for I-N- and S—
N-doped TiO,, respectively. The BG of TiO, after replacing
oxygen with nitrogen atom is narrowed compared to pure TiO,
(3.2 eV), which is responsible for the redshift in the absorption
edge. Regarding the I-N-doped TiO,, it can be observed that

048501-3



Chin. Phys. B Vol. 29, No. 4 (2020) 048501

the Fermi level (Ef) apparently locates in the middle of BG,
while the Er of S—-N-doped sample has no obvious moving.
From the band stature of nitrogen-doped TiO,, the excitation
energies corresponding to transitions from impurity states and
the VB maximum to CB minimum can be calculated. Appar-
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Fig. 3. The band structure of I-N-doped TiO; (a), S—-N-doped TiO; (b). The density of states (DOS) of I-N-doped TiO; (c), S-N doped TiO,

(d). The dashed lines represent the Fermi level Ep.

To analyze the electronic structure of doped TiO; further,
the DOS and projected DOS are shown in Figs. 3(c) and 3(d).
For the cases of [-N- and S—N-doped TiO,, it can be found
that these new formed states are composed of the N 2p states
mainly, and only a small part originates from O 2p states and
Ti 3d states. This shows that both I-N and S-N have strong
influence on their neighbor atoms to modify their DOS distri-
butions. At the same time, the new states are formed in the
BG of TiO, through N 2p orbital hybridization with O 2p and
Ti 3d orbitals. For the cases of I-N-doped TiO», the energy of
the highest occupied spin-up states distributes from —1.2 eV
to —0.6 eV above the VB edge (Fig. 3(c)). This indicates that
the I-N may act as the trap of photogenerated h™ under UV
light irradiation, which will reduce the mobility and oxidizing
power of h* due to the higher energy of the trapping states
in comparison with VB. However, visible light is absorbed by
nitrogen-doped TiO; because of the formation of the impurity
states in the BG. From the comparison of the projected DOS
of S—N-doped TiO», the formation can be found for the N 2p
impurity states near the VB maximum. The projection to the
N 2p impurity states provides evidence for localized charac-
ters of these states. So, the doped nitrogen atoms induce about
0.1-eV reduction of the BG width between the occupied VB

maximum and the unoccupied CB minimum, which is not the
reason of a real shift of the VB edge but due to the generation
of localized states in the BG.*>! The formation of an empty
spin-down state in the middle of the BG is also found from
Figs. 3(b) and 3(d).
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Fig. 4. The optical absorption of TiO, and I-N-doped TiO, and S—N-doped
TiO,.

To better understand the change of photocatalytic activity
of nitrogen-doped TNTs, the UV-Vis absorption spectra of the
S—N and I-N models are calculated and shown in Fig. 4. Our
calculations show that the optical absorption edge for the pure
TiO; is about 3.2 eV. Compared with the pure TiO,, both S—N
and I-N models have slight increase for absorption of visible
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light, showing a red-shift in the optical absorption edge. The
band gaps of S-N and I-N models are reduced by 0.15 eV
and 0.1 eV, respectively, which reduces the required energy
for electronic transitions. The improved visible light response
of S-N and I-N models is advantageous to the solar energy
conversion efficiency.

3.3. degradation of MB, RhB, and BPA

The PC activities of TNTs and nitrogen-doped TNT's have
been evaluated under both visible and UV light irradiations.
Figures 5(a)-5(c) show the degradation results under visible
light illumination. It was obviously that TNTs exhibit low
activity. The degradation rate of MB is merely 13% after

80-min decomposition. However, after implantation, the ac-
tivity was greatly enhanced. It has been found that the dose
of implanted nitrogen ions significantly affects the PC activ-
ities of TNTs. When the dose of implanted ions is increased
from 1 x 10'7 to 1 x 108, the activities of the nitrogen ions-
doped TNTs are improved gradually. The N-10-TNTs show
the best activity for the degradation of MB under visible light
illumination, and 34% of MB is degraded after 80 min. Fur-
thermore, it is found that the PC degradations of MB over
TNTs and nitrogen-doped TNTSs can be described by a pseudo-
first order kinetics (shown in Fig. S3) with the formula below:
In(Cy/C;) = kt, where k is the kinetic constant, which is listed
in Table 1.

Table 1. The PC rate for the degradation of MB, RhB, and BPA on different samples.

Pseudo-first rate constant/10~> min~

1

Visible light UV light
TNTs N-1-TNTs N-5-TNTs  N-10-TNTs TNTs N-1-TNTs N-5-TNTs N-10-TNTs
MB  1.79(+£0.05)  2.84(£0.14)  3.41(£0.19)  5.52(+0.18) 3.32(+£0.06)  7.11(+£0.13)  10.06(£0.34)  16.61(+0.45)
RhB  1.14(£0.04)  1.61(£0.05)  1.89(£0.07)  1.75(:0.08) 2.29(+£0.02)  3.36(£0.04)  3.85(:£0.09) 5.35(£0.02)
BPA  0.91(£0.02) 121(£0.05) 1.40(£0.06)  1.62(:0.09) 1.76(£0.10)  2.62(£0.16)  3.13(0.19) 3.77(£0.12)
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Fig. 5. Comparison of PC degradation activity for TNTs and nitrogen ions-implanted TNTs under light irradiation: (a)—(c) visible; (d)—(f) UV.
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The k of MB degradation with TNTs under visible light
irradiation is only about 0.00179 min—!. However, for the ni-
trogen ions-doped TNTs, all the k values are enhanced. For
example, the k for N-10-TNTs is up to 0.00582 min~!, which
is about 3.3 times higher than that of TNTs. In addition, RhB
and BPA are degraded by TNTs and nitrogen-doped TNTs
to evaluate the activities of the samples further. As shown
in Figs. 5(b) and 5(c), the nitrogen ions-doped TNTs exhibit
higher PC performance than TNTs for the degradation of RhB
and BPA under visible light irradiation. After 80 min, only
8.5% RhB and 7.1% BPA are degraded by TNTs. In the same
time, the N-10-TNTs exhibits the highest PC activity, about
12.4% RhB and 11.1% BPA are degraded. The results show
that the N-10-TNTs reveal a superior PC activity than that of
TNTs during the RhB and BPA degradation processes. The k
of N-10-TNTs is about 1.5 and 1.8 times higher than that for
TNTs. The degradation results of the three organic pollutants
reveal that N-10-TNTs is an efficient broad spectrum photo-
catalyst excited by visible light. The outstanding performance
ensures nitrogen ions-implanted TNTs to be valuable photo-
catalyst removing pollutants of the environment. According to
Ref. [22,36-43] and our theoretical computation, both I-N and
S—N in the lattice of TO, will produce energy levels within the
BG. Meanwhile, oxygen vacancies and Ti** are formed during
ion implantation which also creates energy levels in the band
gap, because the nitrogen doping induces a substantial reduc-
tion of the formation energy of Ti** and oxygen vacancies in
TiO,.4 When nitrogen ions-doped TNTs are irradiated by
visible light, photogenerated electrons jump from N 2p energy
level to CB or from VB to the energy level associated with
Ti3* states and oxygen vacancies, leaving positive holes in N
2p energy level and VB. So, suitable doped nitrogen ions are
beneficial to the absorption of visible light, and the separation
and fast transfer of carriers, resulted in extended carriers’ life-
time associating with the improvement of PC activities.

Figures 5(d)-5(f) show the degradation results under UV
light irradiation. Nearly 72% of MB was degraded with 80-
min irradiation in the presence of N-10-TNTs, indicating its
excellent PC activity. The TNTs only degraded 22.8% of
MB under the same conditions. The k for N-10-TNTs is up
to 0.01661 min~—!, which is about 5 times higher than that
for TNTs. The RhB and BPA degradations using TNTs and
nitrogen-doped TNTs are also investigated under the identical
conditions. The results indicate that nitrogen-doped TNTs are
a much better photocatalyst than TNTs under UV light irra-
diation. As can be seen from Figs. 5(e) and 5(f), the degra-
dation ratios for RhB and BPA are significantly increased to
34.8% and 25.2% over N-10-TNTs under UV light irradiation
for 80 min. The k for N-10-TNTs is about 2.3 and 2.1 times
higher than that for TNTs. Irradiated by UV light, TNTs and
nitrogen-doped TNTs exhibit a higher efficiency of decompo-

sition dyes and chemical character than by visible light. This
trend is also ascribed to N 2p energy level in the BG above the
VB band due to S-N and I-N in the TiO, lattice. Irradiated
by UV light, electrons are excited from both VB and N 2p en-
ergy levels, but electron transitions only occurr from the N 2p
energy levels irradiated by visible light. So, more holes are
produced under UV light irradiation, which is corresponding
to higher photocatalytic efficiency. However, it should be no-
ticed that the sum of PC efficiency of TNTs under UV light
irradiation and N-10-TNTs under visible light irradiation is
lower than the PC efficiency of N-10-TNTs under UV light
irradiation. It is reasonable that the electrons of N 2p energy
level do not exited completely under visible light irradiation.
Furthermore, it is probable that most of electrons are excited
to the CB of the samples due to higher photo energies under
UV light irradiations, resulting in more active carriers. The
number of excited electrons increases with increasing dose of
implantation. As a result, the photocatalytic efficiency of im-
planted samples under UV light irradiations are far above vis-
ible light irradiations.

3.4. Possible PC degradation mechanism

According to the experimental and theoretical results
mentioned above, the reasonable mechanism of PC of dyes
and chemicals under visible and UV light irradiation is pre-
sented in Fig. 6. Because of formations of S—N (N 2p localized
states) and I-N (N-O band) levels, the electronic and band
structures of TiO, are modified by introducing localized states
at the top of the valence band (VB) on account of the dop-
ing of interstitial and substitutional nitrogen ions in the crystal
lattice of TiO», and the BG of TiO, in prepared nanotubes is
narrowed. Moreover, these nitrogen levels are excellent traps
for the Ti*T electrons deriving from oxygens vacancies, which
facilitate the creation of Ti** and oxygens vacancies to pro-
duce -O?~. Therefore, when nitrogen-doped TNTS are irradi-
ated with visible light, the excited electrons will jump from
the VB and N 2p energy levels to the CB and impurity en-
ergy levels (associated with the presence of oxygens vacan-
cies and Ti’T), leaving holes in VB and N 2p energy levels.
Meanwhile, oxygen can be reduced to produce -O; by pho-
togenerated electrons, and -OH radicals can be generated by
holes. These strong oxidizing radicals and holes could decom-
pose dyes and chemicals into macromolecules, CO;, and H,O
on the surface of TNTs and nitrogen-doped TNTs in both PC
degradations. While irradiating with UV light, electrons will
be excited from both the VB and the N 2p energy levels, and
then more holes are produced corresponding to higher photo-
catalytic efficiencies than those under the visible light illumi-

nation.
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MB RhB BPA

CO;

micromolecul

HO,

implanted N ions””

Fig. 6. Schematic illustration of production and transfer of carriers during
PC degradation for nitrogen-doped TNTs under light irradiation.

4. Conclusions

The PC performance of nitrogen-doped TNTs synthe-
sized by ion implantation is improved significantly under both
visible and UV light irradiations. The experimental and com-
putational results indicate that impurity energy levels from S—
N and I-N dopants are critical for PC performance. The results
of PC degradation show that the electrons of CB minimum
originate from different excited ways when the implanted sam-
ples are irradiated under visible and UV light. The TNTs pre-
pared using ion implantation and anodization show significant
visible and UV light-induced PC activity, which could open
exciting new opportunities in doping modification of TNTs,
especially suitable for doping various non-metal and metal
ions into TNTs to improve PC performance.
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