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Self-doping TiO2 has recently attracted considerable attention for its high photocatalytic activity under
visible-light irradiation. However, the literature reported synthetic methods until now were very
time-consuming. In this study, we establish a quick and facile method for obtaining self-doping TiO2 with
the use of directly treated commercial P25 at a desired temperature for only 5 min through spark plasma
sintering technology. With the using of this method, the modified P25 samples exhibit significantly high
photoelectric and photocatalytic performance. Furthermore, the sample prepared at 6006C exhibits the
optimum catalytic activity. The photodegradation and H2 evolution rates of this samples are significantly
higher than those of unmodified P25 sample under visible-light irradiation. The physical origin of the
visible-light absorption for the modified P25 samples is investigated in detail according to their structural,
optical, and electronic properties. This work will provide a quick and facile method for the large-scale
synthesis of visible-light driven photocatalyst for practical applications.

S
emiconductor photocatalytic materials show great potential in solving the problems associated with energy
shortage and environmental pollution because of their unique advantages, such as the oxidative decom-
position of organic pollutants, splitting of water into hydrogen gas, CO2 conversion, heavy-metal ion

reduction, as well as deodorant, antisepsis, and sterilization properties, etc1–4. Up to now, considerable effort
has been exerted to develop efficient sunlight-activated photocatalysts such as BiFeO3, g-C3N4, graphene oxide,
Ag-BiPO4, Cu2 (OH) PO4, and Bi2WO6

5–10. Among these photocatalysts, TiO2 has emerged among the most
fascinating materials and has thus gained in capturing the attention of physical chemists, physicists, and material
scientists for its inertness to chemical environments, long-term photostability and non-toxicity. However, the
large band gap (3.0 eV for rutile and 3.2eV for anatase) and low quantum efficiency of TiO2 have limited its
practical application.

Several approaches have been used to modify the TiO2 semiconductor by enlarging its spectral response range
and improving its quantum efficiency. These approaches include transition metal11 or nonmetal12,13 doping, noble
metal loading14, semiconductor compounding15–17, and organic dye sensitizing18. Chen et al. recently reported that
disorder-engineered TiO2 nanocrystals (black TiO2) prepared by hydrogenating TiO2 nanocrystals at 20 bars H2

atmosphere for approximately 5 days exhibited substantial solar-driven photocatalytic activities, including the
photo-oxidation of organic molecules in water and the production of hydrogen with the use of a sacrificial
reagent19. Since then, studies on black TiO2 or self-doping TiO2 have attracted widely attention20–27. However,
most synthetic methods reported in these references are time-consuming or need to use hydrogen as reactant.
Thus, developing a more economical method to obtain TiO2 photocatalyst with higher catalytic activity is
desirable.

In this study, we reported a facile method for obtaining self-doping TiO2 with the use of directly treated
commercial P25 at a desired temperature X (X5 300, 400, 500, 600, 700, or 800)uC for only 5 min through spark
plasma sintering (SPS). For sake of simplicity, the samples were called as SPS-TX, according to the desired
temperature X.

SPS technology reportedly has several obvious advantages, so, we believe this approach can overcome the
limitations of previous methods. The first feature is that the vacuum and reducing atmosphere of SPS sintering
furnace can achieve a satisfactory reduction effect through long-time hydrogen treatment within a short period
while avoiding the dangers of hydrogen explosion. We attempted to treat commercial P25 at 600uC for 5, 30, and
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60 min with the use of SPS technology. The sample treated for 5 min
can obtain similar photocatalytic activity as that treated for 30 min
or longer (omitted here). The second feature is that high frequency
direct current plasma glow discharge can activate the samples, thus
producing amounts of hydroxyl radicals and atomic oxygen or oxy-
gen-free radicals28,29. This effect is beneficial to photocatalytic
activity. With the above consideration, we prepared a series of
SPS-modified P25 samples.

Results
We investigated the phase structure, color, and morphology of dif-
ferent samples using X-ray diffraction (XRD), a digital camera, and
transmission electron microscopy (TEM), respectively (Figure 1).
The XRD patterns (Figure 1a), show that the P25 and SPS-T300,
SPS-T400, and SPS-T500 samples show a mixture of rutile and ana-
tase phase structures. However, the anatase contents are gradually
decreased with increasing heat-treatment temperature. Meanwhile,
the SPS-T600 sample only exhibited an XRD pattern corresponding
to rutile TiO2 (PDF No. 21-1276), and no anatase peak was observed.
The XRD patterns of SPS-T700 and SPS-T800 were similar to those
of SPS-T600. The crystallite size can also be determined from the
broadening of the corresponding X-ray spectral peaks using the
Scherrer formula: d 5 kl/b cos h, where d is the crystallite size, l
is the wavelength of the X-ray radiation (CuKa 5 0.1542 nm), k is
usually taken as 0.89, and b is the line width at half-maximum height.
The calculation results are shown in Table 1.

Figure 1b shows that the as-prepared samples exhibit a series of
color changes from white to gray and then to light black when the SPS

temperature changes from 300uC to 800uC. The controlled morphol-
ogies of P25 and SPS-T600 are shown in Figures 1c and 1d. P25 is
nearly spherical with diameter of approximately 20 nm. After treat-
ment with SPS technology at 600uC for 5 min (for SPS-T600 sam-
ple), the shape of P25 became irregularly spherical with diameter
reaching 70 nm–90 nm. The results are consistent with those of
XRD analysis.

Discussion
Different heat-treatment temperatures enable the fine adjustments of
optical properties, as indicated by the ultraviolet-visible absorption
spectra (Figure 2a). The absorption edge moves toward longer wave-
lengths, which indicates a decreasing band gap from the SPS process
(Figure 2b). The optical band gap of the modified P25 is 3.05 eV,
whereas that of SPS-T600 is estimated to be ,2.58 eV. This band gap
is sufficient for absorption in the visible-light range. The optical band
gaps of the other samples are shown in Table 1.

The photocurrent (I)-time (t) response was used to detect the
transient photocurrent responses and to provide evidence for the
electron-hole transfer mechanism. The typical I-t response curves
for different samples with several on-off cycles under visible light
irradiation are shown in Figure 3a. The heat-treatment temperature
significantly influenced the photocurrent (Figure 3a). The photo-
current of SPS-modified samples initially increased and then
decreased with increasing heat-treatment temperature from 300uC
to 800uC. The optimum heat-treatment temperature for the SPS
process was 600uC. The photocurrent of the SPS-T600 sample was
approximately 10 times higher than that of the P25 samples. The

Figure 1 | (a) XRD patterns of P25 and modified P25 powders after heat treatment at 300uC to 800uC for 5 min in an SPS furnace. (b) Digital photos of

P25 and modified P25 powders. (c) TEM image of P25. (d) TEM image of SPS-T600.
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obvious enhancement of SPS-T600 in the photocurrent indicated
more efficient separation of photogenerated electrons or holes and
less recombination of the charge carrier at the interface.

Electron paramagnetic resonance (EPR) spectroscopy, a highly
sensitive method that detects unpaired spins, was employed to exam-
ine the Ti31 and oxygen vacancies. As shown in Figure 3b, the
untreated P25 contains almost completely contained Ti41 (3d0)
and showed weak unpaired electrons signals. For SPS treated sam-
ples, a strong EPR signal was observed at g 5 1.958, which was
characteristic of paramagnetic Ti31 centers. Ti41 may have trapped
the electrons that the SPS process produced, thus further reducing
Ti41 to the Ti31 state (Ti41 1 e RTi31). In addition, an oxygen loss
from the surface of TiO2 usually accompanies this process. Such loss
results in numerous oxygen vacancies (O22 - e R O2) in modified
P2530,31. Furthermore, EPR signal intensity initially increases with
increasing treatment temperature up to 600uC. Thereafter, the signal
intensity sharply declines with a further increase in heat-treatment
temperature up to 700uC and 800uC. The strongest EPR signal is
obtained at SPS-T600, which indicates that the SPS-T600 sample
generated the largest amount of Ti31 and oxygen vacancies. In addi-
tion, the amount of Ti31 and oxygen vacancies may introduce
mid-gap states, which can form a continuum extending to and over-
lapping with the valence band (VB) or conduction band (CB) of TiO2

as the capture of photoelectrons22,32,33 correspondingly leads to a
narrow band gap (Figure 4d) and visible-light photocatalytic activity.
Another potential advantage of these Ti31 and oxygen vacancies is
that they provide trapping sites for photogenerated carriers and thus
prevent these carriers from rapid recombination, thereby promoting
electron transfer and photocatalytic reaction.

The photoluminescence (PL) technique detected the concentra-
tion of ?OH radicals on the sample surface with the use of terephtha-
lic acid as a probe molecule, which readily reacted with ?OH radicals
to produce a highly fluorescent product. The PL intensity of 2-hydro-

xyterephtalic acid is proportional to the amount of ?OH produced on
the surface of TiO2

34.
Figure 3c shows the change in the PL spectra with irradiation time

for SPS-T600 samples in terephthalic acid solution. A gradual
increase in PL intensity at approximately 425 nm is observed with
increasing irradiation time. However, no PL increase is observed in
the absence of visible light on SPS-T600 samples. This result suggests
that the fluorescence stems from the chemical reactions between
terephthalic acid and ?OH formed at the SPS-T600/water interface
through photocatalytic reactions.

Figure 3d shows the change in PL spectra with irradiation time for
P25 and modified P25 samples. At a fixed time of 60 min, the forma-
tion rate of OH radicals on the modified P25 samples initially
increased gradually and then decreased with increasing heat-treat-
ment temperature. The SPS-T600 sample still shows the strongest PL
signal. The result can be attributed the large amounts of unpaired
electrons and holes on the surface of the SPS-T600 samples, as shown
in the results of the I-T and ESR spectra. The surface, which adsorbed
O2 and H2O to form more ?OH radicals, easily accepts electrons and
holes.

The photocatalytic activity of different samples was evaluated by
measuring the time-dependent degradation of methylene blue (MB)
under UV-light irradiation (Figure S1, ESI) and visible-light irra-
diation (Figure 4a). From Figure 4a,we can see that the unmodified
P25 sample shows poor photocatalytic activity in the visible-light
range. The degradation rate constant k is ,0.0076/min, which is
attributed to the large band gap energy of TiO2. For the SPS modified
samples, the photodegradation activity at the same time period
increases with increasing rutile ratio, which in turn increase with
increasing heat-treatment temperature (from 300uC to 600uC).
The photodegradation rate constant k reaches the maximum
, 0.1007/min when P25 completely transfers into the rutile phase
(at 600uC). This value is approximately 13.25 times higher than that

Table 1 | The particle size and band-gaps of different samples

Sample P25 SPS-T300 SPS-T400 SPS-T500 SPS-T600 SPS-T700 SPS-T800

Particle Size 20.6 nm 23.4 nm 32.5 nm 61.3 nm 75.5 nm 90.4 nm 97.1 nm
Bandgap 3.05 eV 2.97 eV 2.95 eV 2.69 eV 2.58 eV 2.78 eV 2.88 eV

Figure 2 | (a) Ultraviolet–visible diffuse reflectance spectra of P25 and modified P25 powders after heat treatment at 300uC to 800uC for 5 min in an SPS

furnace. (b) (ahv)1/2 as a function of photon energy, where a is the absorption coefficient, and the intercepts of extrapolated straight line give the

corresponding direct band gaps of P25 and modified P25 powders.
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of unmodified P25 under visible-light irradiation. Thereafter, the
photodegradation rate constant decreases with further increases in
heat-treatment temperature. This result may be attributed to the
further increase in the particle sizes and stability of structures with
increasing heat-treatment temperature to 700uC and 800uC. This
condition consequently results in the reduction of the active sites
per unit area as well as lower photocatalytic activity.

Photocatalytic water splitting H2 production from aqueous meth-
anol solution over the as-prepared SPS-T600 and P25 samples was
used to evaluate photocatalytic activity. A typical time course of H2

production is shown in Figure 4b (l. 420 nm, a 300 W xenon lamp
with a 420 nm cut-off filter). The H2 production rate constant k of
SPS-T600 is ,61.2mmol/0.1 g/h, which is approximately 9.45 times
higher than that of unmodified P25 under visible light irradiation.

To evaluate the photochemical stability of the SPS-T600 catalyst,
cyclic stability tests on MB solution degradation and H2 evolution
were examined, as shown in Figures 4 b and 4c. Both show that the
photocatalytic activities are maintained without a noticeable
decrease after recycling five times, which demonstrates the excellent
stability of the SPS-T600 sample. This result is significant from the
perspective of practical applications because the enhanced photoca-
talytic activity and prevention of catalyst deactivation will result in
more cost-effective operations.

Normal rutile nanoparticles generally show weak photocatalytic
activity. However, the rutile TiO2 nanoparticles obtained from SPS

technology show broad, red-shifted absorption bands in the visible-
light region and exhibit high visible-light-induced photocatalytic
activity. What reason is this cause? In general, the performance of
the photocatalyst depends on a series of parameters, such as surface
area, adsorption capacity, optical absorption, carrier recombination
rate, oxygen vacancy and Ti31 formation35–38. The adsorption capa-
city of the sample depends to a large extent on its surface area or
particle size. The smaller particle size in most cases corresponds to a
larger surface area and stronger adsorption capacity. In our case,
the particle sizes of SPS-T600 are bigger than those of P25. Thus,
the influence of specific surface area of the product is negligible. The
analysis means that the adsorption capacities of modified P25 sam-
ples are not the main factor to induce higher photocatalytic activity.

Secondly, taking into account the optical properties. With increas-
ing heat-treatment temperature, although modified P25 samples’
absorption in the visible region increased, the corresponding absorp-
tion in the UV range haven’t obvious change. Therefore, the SPS
effect on the optical properties of P25 is limited to visible light range.
This result refers that the optical properties are also not the main
factor to induce higher photocatalytic activity of modified P25
samples.

Now that both of the above were not the main influence factors of
the photocatalytic activity, the main cause may be attributed to the
following two factors: First, the SPS-treated process results in the
production of Ti31 and O2, which introduces continuous states

Figure 3 | (a) Photocurrent generation on the catalyst electrodes coated with P25 and modified P25 samples; [Na2SO4] 5 0.5 M; l . 420 nm,

continuously N2 purged. (b) ESR spectra of P25 and modified P25 powders after heat treatment at300uC to 800uC for 5 min in an SPS furnace. (c)

Fluorescence spectral changes in 5 3 1024M NaOH solution of terephthalic acid for SPS-T600. (d) Change in PL spectra with irradiation time for P25 and

modified P25 samples at a fixed time.
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between the VB and CB of TiO2 with the capture of photoelectrons,
which in turn results in a narrow band gap and high visible-light
photocatalytic activity. Second, compared with that of the unmodi-
fied P25 sample, the surface of the modified P25 samples exhibited
more separated electrons, holes, and ?OH radicals. These electrons,
holes, and ?OH radicals will participate in the photocatalytic reac-
tion. Thus, SPS-treated samples show higher photocatalytic activity
than unmodified P25 sample. The highest photocatalytic activity
found in SPS-T600 is an optimization of all the factors discussed
above.

The SPS-T600 sample exhibited optimum visible-light-induced
photocatalytic activity and high recycling stability upon light irra-
diation. The degradation rate constant of the SPS-T600 sample was
significantly higher than that of P25. This study provides a simple
and economic method for the large-scale synthesis of a highly active
photocatalyst for practical applications.

Methods
Sample preparation. P25 was purchased from the Degussa Company. In a typical
SPS heat-treatment process, 1.0 g of P25 powders was loaded into a cylindrical carbon
die with an inner diameter of 15 mm. The die was then sintered in vacuum in an SPS
apparatus (SPS-3.20 MKII, Sumitomo Coal Mining Co. Ltd., Tokyo, Japan). The
temperature was raised to the desired temperature (300uC, 400uC, 500uC, 600uC,
700uC, or 800uC) over a period of 4 min. The sample was then heated at the desired
temperature for 5 min under 60 MPa. Thereafter, the sample was naturally cooled to

room temperature in a furnace. During the sintering process, the sample temperature
was measured using an infrared camera through a hole in the middle of the cylindrical
carbon die. The modified P25 sample after heat treatment at 300uC to 800uC for
5 min is denoted as SPS-TX (X5 300–800).

Physical Characterization. The crystal structures were determined using powder X-
ray diffraction (XRD), on a D8 advance X-ray powder diffractometer (Germany) with
CuKa radiation (l 5 0.1542 nm). Particle sizes and surface morphology were
observed with a JEOL JEM-2010 TEM, (Japan) at an accelerating voltage of 200 kV.
The UV-vis diffuse reflectance spectra of the samples were obtained using an UV-vis
spectrophotometer (Cary 5000 UV-vis-NIR, Australia) with an Integrated Sphere
Attachment. The absorption spectra were then obtained from the reflectance spectra
through Kubelka-Munk transformation.

Photoelectrochemistry characterization. The photocurrents were measured using
an electrochemical analyzer (CHI660A, CH Instruments Co.) in a standard three-
electrode system with as-prepared samples as the working electrode, a saturated
calomel electrode as reference, and a platinum wire parallel to the working
electrode as a counter electrode. A Xe lamp (350W) positioned 10 cm away from
the working electrode was used as the light source. An ultraviolet cutoff filter was
applied to cut off UV light (l , 420 nm). Photocurrent as a function of time was
measured in aqueous NaSO4 (0.5 M) solution under visible-light irradiation.
Electrochemical impedance spectroscopy (EIS) measurements were conducted in
the above configuration of cell under irradiation (l . 420 nm) and in a frequency
range between 1 MHz and 0.1 Hz with applied biases that are equal to 20.5 V.
All measurements were conducted at room temperature under an N2 atmosphere
to obtain highly reproducible data. The magnetic resonance measurements were
performed with a Bruker 300 ESP ESR spectrometer operating at the X-band
9.5 GHz.

Figure 4 | (a) Visible light-driven photocatalytic degradation of methylene blue (MB) using P25 or modified P25 powders. (b) Recyclability of the

SPS-T600 for the degradation of MB under visible light irradiation. (c) Stable hydrogen evolution from water using P25 and SPS-T600 under visible light

irradiation (l. 420 nm) (A typical time courses of H2 production from water containing 10 vol.% methanol as an electron donor). (d) Proposed energy

band diagram scheme of SPS-T600.
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Analysis of hydroxyl radicals (?OH). The PL technique detected the formation of
?OH radical on the sample surface using terephthalic acid as a probe molecule, which
readily reacted with ?OH radicals to produce highly fluorescent products. This
method relies on the PL signal at 425 nm of 2-hydroxyterephthalic acid. The PL
intensity of 2-hydroxyterephthalic acid is proportional to the concentration of ?OH
produced on the surface of TiO2. The experimental procedures were as follows: at
ambient temperature, 0.1 g of powder sample was dispersed in 20 ml of the 5 3

1024 M terephthalic acid aqueous solution with a concentration of 2 3 1023 M
NaOH in a dish having a diameter of approximately 9.0 cm. A 125 W high-pressure
Hg lamp (10 cm above the dishes) was used as a light source. The integrated visible-
light intensity measured with a visible-light radiometer (Model: FZ-A, made in
Photoelectric Instrument Factory of Beijing Normal University) was 2.9 6 0.1 mW/
cm2 with a wavelength range of 400 nm–1000 nm. The PL spectra of the generated 2-
hydroxyterephthalic acid were recorded using a Hitachi F-4600 fluorescence
spectrophotometer. After irradiation every 10 min, the reaction solution was filtrated
to measure the increase in the PL intensity at 425 nm.

Organic dye decomposition. A self-made cylindrical glass vessel with a water-
cooling jacket was used as a photochemical reactor. The photocatalytic activities of
the as-prepared samples were evaluated through the degradation of a model MB
pollutant dye solution. The optical system for the photocatalytic reactions was
composed of a 350 W xenon arc lamp and a cutoff filter (l . 420 nm) at room
temperature. In which, a 100 mL of MB solution with an initial concentration of
10 mg/L in the presence of solid catalyst (50 mg) was stirred in the dark for 30 min to
achieve good dispersion and adsorption equilibrium. Then, the mixed solution was
illuminated by the xenon arc lamp 10 cm away. With 30 min intervals of
illumination, MB was analyzed at 660 nm as a function of time on a UV-vis
spectrophotometer (Model: Shimadzu 2450/2550 PC). The SPS-600 samples were
repeatedly used for five times under the same experiment conditions to test the
photocatalytic stability.

Photocatalytic H2 generation. A photocatalyst (100 mg) loaded with Pt (0.5 wt.%)
was placed into an aqueous methanol solution (50 mL, 40%) in a closed-gas
circulation system. An AM 1.5 solar power system was used as the light irradiation
source. Methanol was used as a sacrificial reagent. The P25 and SPS-600 samples were
repeatedly used for five times under the same experiment conditions to test the
photocatalytic stability.
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