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Figure S1. EPR spectra at 100 K of rutile TiO2 nanoparticles after laser 
irradiation for different time intervals; (b) Ti 2p X-ray photoelectron 
spectroscopy of rutile TiO2 and a-TiO2:Ti3+ nanoparticles, cps: count per second. 

There is a very strong EPR signal for the a-TiO2:Ti3+ nanoparticles, while no 

signal is observed for crystalline TiO2 nanoparticles. The intensity of the EPR signal 

increases with increasing laser irradiation time, indicating the increment of the Ti3+ 

concentration. The g-factor can be assigned to originate from the surface and 

subsurface paramagnetic Ti3+ centers, as has been previously investigated in Ti3+-

doped TiO2 grown by UV light irradiation.1,2

For the rutile TiO2, the binding energy peaks at 458.9 and 464.7 eV are assigned 

to the 2p3/2 and 2p1/2 core levels of Ti4+. The fitting of the Ti 2p1/2 peak reveals the 

presence of two peak energies at 463.1 and 464.7 eV. The Ti 2p3/2 peak can also be 

resolved into two Gaussian peaks with peak energy at 457.4 and 458.9 eV. The 2p3/2 

binding energy of 457.4 and 458.9 eV can be attributed to the Ti3+ and Ti4+, 

respectively. The 2p1/2 core level of 463.1 and 464.7 eV are related to the Ti3+ and 

Ti4+, respectively. The fitted results were shown in Table S2. These peaks are well 

consistent with the recently reported binding energy value of TiO2 nanostructures 

containing Ti3+. 3-5
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Figure S2. (a) Absorption spectra of photocatalytically degraded methylene blue 
(6×10-5 M) as a function of irradiation time in the presence of a-TiO2:Ti3+ 
nanoparticles under Xe lamp (400 nm long pass filter) irradiation (b) 
Photodegradation kinetics of methylene blue using rutile nanoparticles (average 
size: ~ 35 nm) and a-TiO2:Ti3+ nanoparticles . 

In order to further understand the visible light response of a-TiO2:Ti3+, the 

photocatalysis property of a-TiO2:Ti3+ was also investigated, as shown in Figure S2. 

The photodegradation of the methylene blue (MB) by rutile and a-TiO2:Ti3+ 

nanoparticles were carried out under the irradiation of Xe lamp using 400 nm long 

pass filter for different time interval. As compared with rutile TiO2, the a-TiO2:Ti3+ 

nanoparticles exhibit unambiguous visible light photocatalysis property, as shown in 

Supplementary Fig. S2.
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Figure S3. PL spectra of TiO2: Ti3+ under different excitation wavelength

Figure S4. Defect emission spectra of pristine TiO2 under different excitation 
wavelength (300 nm and 320 nm)
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Figure S5. UPS results of rutile and a-TiO2:Ti3+ (a) original data, inset, 
normalized UPS spectra of a-TiO2:Ti3+, the error is less than the energy 
resolution of UPS facility (~ 0.1 eV, ESCALAB 250, Thermo-VG Scientific), (b) 
Corrected UPS binding energy based on the XPS-VBS results. 

In Figure S5, the a-TiO2:Ti3+-1 and a-TiO2:Ti3+-2 are the same sample, which is 

recorded for the first time and second times in UPS experiment. The divergence 

between a-TiO2:Ti3+-1 and a-TiO2:Ti3+-2 can be attributed to the influence of UV 

light-generated electrons, which may increase the Fermi level. The surface charging 

effect in UPS measurement can not be effectively inner-corrected. In XPS VBS 

measurement, the surface charging can be internally corrected by C 1s binding energy. 

As compared with the rutile, the long tail at low binding energy side (0~1.8 eV) in a-

TiO2:Ti3+ indicates the existence of intermediate band electronic states within the 

band gap.
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Figure S6. SEM images of TiO2 NTs arrays before after grafted by TiO2:Ti3+ 
nanoparticles. (a) TiO2 NTs, TiO2 NTs soaking in TiO2:Ti3+ solutions for 2 hours 
under irradiation of 365 nm UV lamp (b) and in darkness (c).

The area coverage of a-TiO2:Ti3+ is estimated from the FESEM image. The total 

amounts Na-TiO2:Ti3+ nanoparticles of a-TiO2:Ti3+ nanoparticles can be counted. The 

average diameter of nanoparticles is 30 nm, the sectional area of one nanoparticle is 

3.14x30x30= 2826 nm2, and the total area of nanoparticles is 2826 Na-TiO2:Ti3+ 

nanoparticles nm2. In the same SEM image with width W and length L, the area of packed 

nanotubes can be calculated W·L nm2. Thus the area coverage of a-TiO2:Ti3+ 

nanoparticles on TiO2 nanotubes can be determined by the formula: 2826·Na-TiO2:Ti3+ 

nanoparticles/ W·L.
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Figure S7. Absorption spectra of TiO2 nanotubes (TiO2 NTs) and a-TiO2:Ti3+-
grafted TiO2 NTs. The AM1.5G solar spectrum is drawn as the background.

Figure S8. Typical IPCE curves of TiO2 NTs DSSCs with and without decorating 
the TiO2: Ti3+ nanoparticles. The soaking time is 30 min. 
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Figure S9. (a) Typical absorption spectrum of a-TiO2:Ti3+ colloidal solution, red 
line: absorbance of a-TiO2:Ti3+ colloidal solution after 8 W 365 nm UV lamp 
irradiation.; (b) Tauc plot (αh)2~h for the a-TiO2:Ti3+ colloidal solution. 

The band gap calculated based on the absorption spectra of colloidal solution is 

3.06 eV, which is well consistent with the value determined by the reflectivity 

spectrum (3.04 eV).

S8



 Table S1. Fitted PL decay parameters for rutile TiO2 and a-TiO2: Ti3+ 

samples
PL decay profiles were fitted by two exponential function equation: 

. 1 and 2 denote the decay time for the )/exp(*)/exp(*)( 22110  tAtAttI 

faster and the slower components, and A1 and A2 are the PL amplitudes.

Sample t0 (ns) 1

(ns)
2

(ns)
A1 A2 R-Square

Rutile TiO2 (at 410 nm) 25 0.49 33 11205 146 0.993

TiO2: Ti3+(at 410 nm) 13 0.49 26 9715 68 0.998

TiO2: Ti3+(at 770 nm) 80 0.49 710 7700 1660 0.995

Table S2. XPS peaks fitted results of a-TiO2: Ti3+ sample

Peaks Energy (eV) FWHM (eV) Area

2p3/2(Ti4+) 458.9 1.176 31229

2p3/2(Ti3+) 457.4 1.627 4734

2p1/2(Ti4+) 464.7  1.588 10895

2p1/2(Ti3+) 463.2 2.351 2024
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Proposed Formation Mechanism of Amorphous TiO2 Grown by 

Pulsed Laser Ablation in Water

In the fabrication process, only rutile TiO2 and H2O were used as the precursor. 

The intermediate band state is related to the hydrogen impurity. According to the 

theoretical calculation [PRL 111, 065505 (2013)], the hydrogen acts as important role 

in forming the disordered TiO2. And the lattice disorder in TiO2 is attributed to 

originate from the hydrogenation that helps to break up Ti-O bonds of rutile 

nanocrystals by forming Ti-H and O-H bonds. The H2 possibly comes from the water 

photolysis by rutile TiO2 (band gap: ~ 410 nm) under the irradiation of 355 nm UV 

laser. And the H2 react with rutile TiO2 to form disorder lattice under high 

temperature and high pressure at the local sites caused by the high power pulsed laser.
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