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Ni 8 wt%-doped titanium dioxide (TiO,) was synthesized by
mechanical alloying. The photocatalytic activity of Ni 8 wt%-
doped TiO, powder was evaluated by measuring the visible light
absorption ability by ultraviolet visible diffuse reflectance spec-
troscopy (UV/Vis-DRS) and photoluminescence (PL) spectros-
copy. Ni 8 wt%-doped TiO, powders had only a rutile phase and
spherical particles with an average grain size of less than 10 nm.
The UV/Vis-DRS analysis showed that the UV absorption for
the Ni 8 wt%-doped TiO, powder moved to a longer wavelength
and the photoreactivity was rapidly enhanced. And PL results
revealed that the new absorption was believed to be induced by
localization of the trapping level near the valance band or con-
duction band. Moreover, Ni 8 wt%-doped TiO, had a high re-
action activity for decomposition of 4-chlorophenol in aqueous
solution under UV and visible light. To obtain the electronic
structure of Ni-doped TiO,, we have performed ab initio pseu-
dopotential plane wave methods based on the density functional
theory. The band gap of Ni-doped TiO, narrowed more than
pure TiO,. These results agree with the experimentally observed
phenomenon.

I. Introduction

1TANTUM DIOXIDE (TiO,) has been receiving considerable at-

tention because of its chemical stability, low cost, and non-
toxicity. However, TiO, is only excited by UV light so that the
efficiency of solar light is very low.'™ Therefore, current re-
search has sought to improve the photocatalystic properties of
TiO, by doping with metals or oxides.* ® However, the photo-
activity of the cation-doped TiO, decreased even in the UV re-
gion. This is because the doped materials show an increase in the
carrier-recombination centers and are unstable at high temper-
ature.” Moreover, the absorption spectra of anion-doped TiO,
in the visible li%ht region are comparatively in small range of
about 400 nm.* In our previous paper,” nanocrystalline Fe-
doped rutile TiO, synthesized by mechanical alloying (MA) and
homogeneous precipitation process at low temperatures
(HPPLT) exhibited an absorption threshold in the range 427—
496 nm. However, the visible light absorption decreased when
the Fe content exceeded 4.57 wt%. In this study, nanocrystalline
TiO, powders doped with Ni 8 wt% were synthesized by MA
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and HPPLT methods. The photocatalytic activities of the pow-
ders were characterized by measuring reaction ability under vis-
ible light, and the detailed microstructural characteristics and
electronic structures of the Ni 8 wt%-doped TiO, catalyst sys-
tem were investigated.

II. Experimental Procedure

Nanocrystalline Ni 8 wt%-doped TiO, powders were prepared
by MA and HPPLT. To obtain a better doping effect, HPPLT
rutile powder was selected as the starting powder for MA, in-
stead of a stable TiO, phase. And to obtain the meta-stable
powder, a TiO(OH), precipitate slurry was first prepared from
TiOCl, using the HPPLT process and then the solution was fil-
tered using distilled water. The detailed HPPLT process has
been reported elsewhere.” The filtered precipitates were dried at
60°C for 12 h to obtain the dried TiO, powder. The dried pow-
der was mechanically alloyed for 14 h by a planetary ball mill
(Fritsch, Kastl-Utzenhofen, Germany, P-5) with Ni powders
(Kojundo Chem. Co., Ltd., 99.9%). The Ni contents varied
from 4 to 10 wt%. The ball-milling speed was 150 rpm, and the
ball to powder weight ratio was 15:1. The structural evaluation
of the alloying process and nanocrystallization process including
grain size determination were performed by high-resolution
XRD (HRXRD, Cug,, Bruker, Rheinstetten, Germany, DAS8
Discover) and by high-resolution transmission electron micros-
copy (HRTEM, 400 KV, JEM 4010, Tokyo, Japan). The char-
acteristics of visible light reaction were investigated by ultra
violet visible diffuse reflectance spectroscopy (UV/Vis-DRS)
(DRS Perkin—Elmer, Wellesley, MA) and photoluminescence
(PL) (PC-1 Photon counting Spectroflourmeter, ISS, Cham-
paign, IL). The specific surface area was measured by the
BET method. The electronic structures of 8 wt%-doped TiO,
were determined by pseudopotential plane wave calculations
based on the density functional theory within the generalized
gradient approximation (GGA) scheme,'® as implemented in the
Viennna ab initio simulation package.!""'?> Wave functions were
expanded in terms of the plane wave basis set with a cutoff en-
ergy of 340 eV. The k-space integration was replaced by a sum-
mation over (4 x4 x 6) Monkhorst-Pack k points containing
the I' point. All atoms in the supercell were relaxed until the
remaining forces became smaller than 0.01 eV/A. The oxidation
state of substituted Ni ion was verified with X-ray photoelectron
spectroscopy (XPS, JEOL).

III.

Figure 1 shows the normal XRD patterns of the HPPLT pow-
der, commercial P-25 powder (Degussa Co.), the Ni 8 wt%-
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Fig.1. XRD patterns of TiO, powders: (a) homogeneous precipitation
process at low temperatures powder, (b) P-25, (c) Ni 8 wt%-doped TiO,,
(d) Ni 10 wt%-doped TiO,.

doped powder, and Ni 10 wt%-doped powder. It can be seen
that the Ni 8 wt%-doped powder and the HPPLT powders have
only a rutile phase, whereas the P-25 powder is a mixture of the
rutile and the anatase phase. And, in case of Ni 8 wt%-doped
powder, Ni element was not detected. It is thought that the Ni
element was dissolved in the rutile TiO, matrix. However, when
Ni content higher than 8 wt% was added, the Ni element ap-
peared at around 44.5° and 51.5° of the diffraction angle (26).
The Ni 8 wt%-doped powder and HPPLT powder peaks broad-
ened, but the P-25 peak was sharp. The HPPLT powder exhib-
ited a peak-broadening characteristic of nanocrystalline
materials. In the case of Ni 8 wt%-doped powder, the peak
broadening indicates a refinement of the average crystallite size
and an increase in the internal strain by mechanical deformation
during ball milling. Applying the Debye—Scherrer formula'® and
the full-width at half-maximum to the (110) reflection, typical
values of crystallite sizes have been calculated to be in the range
of 5-15 nm for the Ni 8 wt%-doped powder and 30-40 nm for
the commercial P-25 and 35-50 nm for the HPPLT rutile TiO,
powder. They agree with the sizes determined from TEMs.
Moreover, a diffraction peak for elemental Ni was detected
when the content of Ni exceeded 8 wt%.

HRTEM analyses were carried out to observe the morph-
ologies of the alloyed powders and to locate the position of Ni
within the mechanically alloyed powders. Figure 2 shows the
HRTEM micrographs of the Ni 8 wt%-doped powders and the
HPPLT rutile powder. Figure 2(a) shows that the 8§ wt% Ni-
doped powder consisted of spherical particles with an average
grain size of less than 10 nm. The HPPLT rutile powders had a
chestnut bur shape with a size of 200-300 nm (Fig. 2(c)), in
which the primary acicular particles were coagulated. The elec-
tron diffraction pattern of the Ni-doped powder is shown in
Fig. 2(b). Ring patterns for (110), (101), and (200) planes of the
rutile phase were observed with the lattice, which had slightly
increased on Ni doping. However, Ni element patterns were not
detected. This suggests that doping occurred by the complete
dissolution of Ni in the rutile TiO, matrix. SEM analyses with
energy-dispersive spectrometry were performed to follow the
atomic distribution with milling time, and the results are shown
in Fig. 3 and Table I. It is confirmed that Ni was uniformly
distributed in the powder, and the Ni composition agrees with
the nominal value.

BET analyses show that the Ni-doped powder has a larger
surface area (234 m?/g) than the P-25 powder and HPPLT pow-
der (about 50 and 150 m?/g). Consequently, it can be expected
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Fig.2. High-resolution transmission electron microscopy micrographs
of a mechanically alloyed TiO, powder and P-25 (a) Ni 8 wt%-doped
TiO,, (b) electron diffraction pattern of mechanical alloyed TiO,, (c)
homogeneous precipitation process at low temperatures (HPPLT) rutile
TiO,, (d) electron diffraction pattern of HPPLT rutile TiO,.

that the photocatalytic activity of the Ni 8 wt%-doped TiO,
powder will be higher than that of the P-25 powder from the
viewpoint of the grain size.

Figure 4 shows the results of diffuse reflectance spectra of the
HPPLT, the Ni 8 wt%-doped powder, and the P-25 powder.
From Fig. 4, it can be seen that Ni 8 wt%-doped powder showed
the greatest wavelength shift and longest wavelength as com-

Ti MAP Ni MAP

(b} 4h ball milled Ti MAP Ni MAP

Fig.3. SEM micrographs and energy dispersive spectroscopy images
showing cross-sections of Ni 8 wt%-doped TiO; (a) for 4 h milling and
(b) for 14 h milling.
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Tablel. Quantitative Analysis Result for Ni 8 wt%-Doped (@)

TiO, — Nyi doped TiO,
. . == Ni d orbital
Spectrum (0] Ti Ni Total
1 14.51 77.90 7.59 100.00 g
2 18.41 73.97 7.62 100.00 8
Max. 18.41 77.90 7.52 g
Min. 14.51 73.97 7.69 4
a
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Fig.4. UV/Vis-DRS data: (a) homogeneous precipitation process at
low temperatures powder, (b) Ni 8 wt%-doped TiO,, (c) P-25.
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Fig.5. Photoluminescence data: (a) homogeneous precipitation process
at low temperatures powder, (b) Ni 8 wt%-doped TiO,.

pared with other powders. Moreover, it is interesting to notice
that the Ni 8 wt%-doped powder showed photoabsorption in the
visible light region (wavelength = 480-500 nm), but the photo-
absorption intensity was weak. This suggests that the Ni 8 wt%-
doped TiO, has the ability to respond to the wavelength of the
visible light region.'* The most probable mechanism of the Ni 8
wt%-doped powder’s red shift may be due to the localized trap-
ping level within the rutile TiO, band gap by Ni doping during
ball milling.

To locate the position of the additional energy level within the
band gap of rutile TiO,, PL spectra of the powders are shown in
Fig. 5. The HPPLT powder showed an emission peak at around
408 nm (3.03 eV), while Ni 8 wt%-doped powders showed an

Fig.6. Density of states of Ni 8 wt%-doped TiO, (a) homogeneous
precipitation process at low temperatures powder, and (b) Ni 8 wt%-
doped TiO.,.

emission peak at around 457 nm (2.71 eV). Addition of Ni led to
a shift of the luminescence spectrum toward a longer wavelength
region. A broad PL spectrum was observed in the visible region
with a wide spectral width for the Ni 8 wt%-doped TiO,, but the
intensity was decreased by doping. The decrease of luminescence
intensity, upon doping, may be due to the localization of the Ni
trapping level in the rutile TiO, band gap.

To confirm the experimental result, the electronic structure
was calculated by the ab initio band theory using the supercell
approach. We adopted the eight unit cells of rutile TiO,, where a
Ti is replaced with Ni. A 48-atom supercell, therefore, was used
to describe 6.25% Ni-doped TiO,. In the pure rutile TiO,, the
band gap is located at a I' point with a value of 2.5 eV. The
simulated band gap is generally small to compare with the ex-
perimentally obtained band gap, because of the well-known in-

Visible
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1 1
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Fig.7. Photocatalytic decomposition of 4-chrolophenol using various
TiO, powders: (a) homogeneous precipitation process at low tempera-
tures powder, (b) Ni-doped TiO,, and (c) P-25.
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Fig.8. X-ray photoemission spectroscopy spectra of Ni, O, and Ti on
the surface of Ni 8 wt%-doped TiO, powder.

adequacy of the local density approximation'’ and the GGA.'®
As shown in Fig. 6, new absorption bands appeared within the
band gap as an impurity energy level. The impurity states were
related to 3d states of Ni transition metal. As they were partially
occupied, the excited d-state electron could emit the photon that
had a wavelength longer than UV. These results agree with UV/
Vis-DRS and PL spectra.

The photocatalytic reaction abilities of the Ni 8 wt%-doped
TiO, powder under UV and visible light irradiation were eval-
uated by measuring the decomposition of 4-chlorophenol, and
the results are shown in Fig. 7. Under UV and visible light ir-
radiation, the reaction activity of Ni 8 wt%-doped TiO, was
about two times higher than that of P-25 and HPPLT powders.
It is very important that we have synthesized a new TiO, powder
that shows a photocatalytic reaction under a visible light range.

To investigate the Ni states in the Ni 8§ wt%-doped TiO,
powder, Ni 2ps,, levels were measured by XPS, as shown in
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Fig. 8. The XPS result revealed that the oxidation state of Ni
substituted into the TiO, lattice was Ni.

IV. Conclusion

Nanocrystalline Ni 8 wt%-doped TiO, powders could be syn-
thesized by MA and HPPLT. HRTEM and energy dispersive
spectroscopy investigation verified that the added Ni atoms were
dissolved in the rutile TiO, lattice with an average grain size of
less than 10 nm. The UV/Vis-DRS absorption showed that the
nano-sized Ni 8 wt%-doped powder had a higher wavelength
range (480-500 nm) than the commercial P-25 powder and the
HPPLT powder (380-400 nm). The PL spectrum of Ni 8 wt%-
doped TiO, showed a shift in the emission peak toward the
longer wavelength region, confirming a decrease in the band gap
(2.72 eV). The electronic structure analysis using ab initio band
calculations revealed band gap narrowing because of the for-
mation of the impurity energy levels. And Ni 8 wt%-doped TiO,
had a high reaction activity for decomposition of 4-chlorophe-
nol in an aqueous solution under UV and visible light.
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