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Since TiO2 was found to be an efficient photocatalyst,1 intense
research has concentrated on anatase TiO2 photocatalysis. However,
this material is only active upon UV excitation because of its large
energy band gap of 3.2 eV. Recently, doping TiO2 with nonmetal
atoms has received a lot of attention.2-6 For example, Asahi et al.2
and Khan et al.3 reported that doping TiO2 with nitrogen or carbon
can lower its band gap and shift its optical response to the visible
region. Here we report on doped TiO2 with both a nonmetal element,
boron, and a metal oxide, Ni2O3, by a simple method of modified
sol-gel synthesis.7 Our findings suggest that incorporation of B
into TiO2 can extend the spectral response to the visible region
and that the photocatalytic activity is greatly enhanced as it is further
loaded with Ni2O3. The goals both of extending the TiO2 spectral
response to the visible region and of improving its catalytic activity
are realized by modification with two dopants, the nonmetal and
metal oxide.
Because the dyes can be easily degraded in aqueous pure TiO2
dispersion under visible irradiation as we reported before,8 here
we chose trichlorophenol (TCP), 2,4-dichlorophenol (2,4-DCP), and
sodium benzoate which have no absorption in the visible region as
the target pollutants. A halogen lamp was used as the light source,
and it was equipped with a cutoff filter to completely remove any
radiation below 420 nm and to ensure illumination by visible light
only. Though all the samples exhibit high photocatalytic activity
under UV irradiation, the data displayed in Figure 1A clearly
indicate that under otherwise identical conditions a boron- and
nickel-doped titania photocatalyst exhibits much greater activity
than pure TiO2 or TiO2 doped with only boron or only nickel oxide
in the visible region, although a solely boron-doped catalyst also
exhibits some activity. In the degradation process in the boronand nickel-doped titania system, about 80% of the total chloride
content is converted into Cl- ions after illumination for 4 h (Figure
1B). A reduction of about 80% CODCr value and 70% of total
organic carbon (TOC) were also achieved, indicating that TCP had
been not only degraded but also mineralized efficiently under visible
light irradiation. Furthermore, the efficient degradation of 2,4-DCP
and sodium benzoate on the boron- and nickel-doped titania catalyst
under visible light irradiation was also observed similar to that of
TCP.
Figure 2 gives the UV-vis diffuse reflectance absorption spectra
of the pure TiO2 and doped TiO2 samples. Compared to pure TiO2,
the absorption of boron-doped sample extends significantly into
the visible region. It is clear that the incorporation of boron results
in a substantial red-shift of the absorption of TiO2 material.
Compared to that of boron-doped titania, the absorption of the
sample doped with both nickel and boron exhibits somewhat of a
red-shift. The plot of transformed Kubelka-Munk function versus
the energy of light (Figure 2) affords band gap energies of 3.18,
2.93, and 2.85 eV for pure TiO2, boron-doped TiO2, and boron†
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Figure 1. (A) Temporal course of the photodegradation of TCP (1.0 ×
10-4 M; 50 mL) in aqueous dispersions containing 50 mg of catalysts under
visible light irradiation: (a) pure TiO2, (b) nickel-doped TiO2, (c) borondoped TiO2, and (d) boron- and nickel-doped TiO2. (B) Formation of Clduring the degradation process in the boron- and nickel-doped TiO2 system.

Figure 2. Diffuse reflectance absorption spectra of (a) pure TiO2, (b) borondoped TiO2, and (c) boron- and nickel-doped TiO2. Data are plotted as
transformed Kubelka-Munk function versus the energy of light. Insert
showing changes of ESR signal of the DMPO-•OH adducts in the
suspensions of (a) P25 and (b) boron- and nickel-doped TiO2 before and
after irradiation.

and nickel-doped TiO2, respectively. Accordingly, this absorption
feature suggests that the photocatalyst can possibly be activated
by visible light.
We employed the ESR spin-trap technique (with DMPO) to
probe the nature of the reactive oxygen species generated on the
surface of catalysts under visible irradiation.9 A Nd:YAG laser (λ
) 532 nm) was employed to irradiate suspensions containing
catalysts. Very weak DMPO-•OH signals were detected in the
irradiated suspension of titania doped only with boron. However,
as depicted in the insert of Figure 2, four characteristic peaks of
DMPO-•OH were obviously observed in the suspension of titania
doped with both boron and nickel, and their intensity increased
with irradiation time. No such signals were detected in the dark.
This means that irradiation is essential to the generation of •OH
on the surface of the catalyst. In contrast, no •OH signals were
detected in either pure TiO2 or only nickel-doped TiO2 systems
under the otherwise identical conditions. Though visible lightinduced polymerization of TCP can occur on P25 TiO2,10 this
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process could not result in dechlorination and mineralization since
P25 cannot be excited by visible light. Similarly, the DMPO-O2•species were detected successfully in the boron- and nickel-doped
titania suspension under visible light irradiation. The evidence that
•OH and O •- are produced on the surface of visible illuminated
2
boron- and nickel-doped titania provides a solid indication that the
catalyst can be efficiently excited by visible light to create electronhole pairs and that the charge separation is maintained long enough
to react with adsorbed oxygen/H2O and to produce a series of active
oxygen radicals which finally induce the decomposition of organic
compounds as illustrated in previous work.11
X-ray diffraction analysis showed that a structure composed only
of anatase formed after calcination and that there was no observable
structural difference between pure TiO2 and boron-only-modified
TiO2. Full profile structure refinement of XRD data using the
Rietveld program MULTI-PATTERN showed that the lattice
parameters of the pure TiO2 structure were a ) b ) 3.7833(2) and
c ) 9.4996(3), and those of the boron-modified titania structure
were a ) b ) 3.7842(1) and c ) 9.4549(7). It is clear that the
lattice parameters remain almost unchanged along the a- and b-axes
while the c-axis parameter decreases as boron is doped. The
existence of Ni has no impact on the crystal structure of titania
doped with boron, indicating that Ni is not weaved into the crystal
structure of the sample and is separated from the phase. However,
because of the trace amount of Ni, no such separate phase was
detected.
Determination of the oxidation state of the doped nickel was
carried out by measuring Ni 2p3/2 binding energy (BE) with X-ray
photoelectron spectroscopy (XPS). The BE 855.5 eV was assigned
to Ni2O3. No evidence of other oxidation states of nickel was found.
There was no difference between the peaks of the sample before
and after the catalytic reaction, indicating that the oxidation state
of nickel remained stable in the reaction process. The XPS analysis
also showed the presence of boron (BE 191.6 eV). To determine
the oxidation state of the boron dopant, pure samples of boric acid,
B2O3, and TiB2 were selected as standards for the XPS measurements. The results indicated that the binding energy for B1s is 194.1
eV in B2O3 (B-O bonds) and 188.2 eV in TiB2 (Ti-B bonds).
The XPS results display that the boron atom was incorporated into
TiO2 rather than existing in a separate phase of B2O3 or H3BO3
(BE 193.8 eV) and the chemical environment surrounding boron
is neither B-Ti-B nor B-O. Some mixed state such as B-Ti-O
(with a BE between those of B2O3 and TiB2) may be the case. The
boron- and nickel-doped catalyst was denoted as Ni2O3/TiO2-xBx.
We have carried out DFT calculations for three systems: O
substituted by B, Ti substituted by B, and interstitial B doping.
The results show that the system of O substituted by B has the
lowest energy, indicating that it is the most stable state. The
theoretical densities of states (DOSs) for the O substitution case
reveal that the p orbital of B is mixed with O 2p orbitals which is
responsible for the band gap narrowing. However, to get more
detailed solid information on the structure of the catalyst, further
work is needed. A series of photocatalysts containing different
concentrations of boron and nickel were prepared, and their
photocatalytic activities were measured. The results showed that
the catalyst containing ∼1.32 atomic % for boron and ∼0.68 atomic
% for nickel, determined by the XPS peaks at 855.5 and 191.6 eV,
respectively, was found to be the most efficient for the degradation
of TCP among these samples examined. The XPS spectra of Ti2p3/2
in TiO2 can be fitted as one peak at 458.5 eV, indicating that Ti
ions are in an octahedral environment. Note that the same result
was obtained in Ni2O3/TiO2-xBx, which ruled out the presence of
Ti3+. The XPS spectra of the O 1s region were also taken. The O

1s region of the pure TiO2 is composed of two peaks at 529.8 and
531.5 eV, corresponding to the Ti-O bond in TiO2 and hydroxyl
groups on the surface. However, the broad O 1s region of Ni2O3/
TiO2-xBx can be fitted by three peaks, which are Ti-O in TiO2,
Ni-O, and the surface hydroxyl groups.
The photocatalytic activity did not decrease after four successive
cycles of degradation tests under visible irradiation, indicating that
the incorporation of boron and nickel did not affect the stability of
the catalyst.
From the above results, it seems clear that incorporation of boron
atoms in TiO2 can extend the spectral response to the visible region,
although its photocatalytic activity is limited. As reported by Zou
et al.,12 oxide nickel was shown to facilitate the excited electron
transfer and hence suppress efficiently the recombination of photoproduced electron-hole. When Ni2O3 is loaded on the surface of
TiO2-xBx, the photocatalytic activity is improved efficiently since
the loaded Ni2O3 species acts as electron traps and thus facilitates
the charge separation. This was suggested by the previous study
on nickel oxide,12 and can also be inferred from the ESR results
reported in this study. In summary, this study is the first to demonstrate that the improvement of TiO2 in both spectral response and
photocatalytic efficiency can be achieved through a combined approach, doping with the nonmetal boron and the metal oxide Ni2O3.
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