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1. Reaction mechanism of synthesizing designed TiO2 

To tailor the defect distribution in the defective TiO2 for our design, it’s necessary to clarify the reaction mechanism 

and control the forming process of the defective TiO2. Here, we have precisely investigated the effects of surfactant HF 

on the properties of the prepared defective TiO2, so as to understand the reaction mechanism in the hydrolysis process. 

To identify different prepared samples, hereafter we marked the sample as ‘RF-X’ (F means the surfactant is HF, and X 

is the raw material mole ratio of F:Ti). 

Figure S1a shows the XRD patterns of our prepared samples RF-0, RF-2, RF-4 and RF-6. For RF-0, a broad peak at 2θ = 

25.3° corresponding to the (1 0 1) plane diffraction of anatase TiO2 (JCPDS No. 21-1272) is observed. The broadening 

of the diffraction peak is caused by weak crystallization of the sample. With the increasing relative mole ratio of F:Ti 

from 0 to 6, the peak intensities of anatase increase, indicating an enhancement of crystallization because fluoride can 

enhance the crystallinity of anatase. It was reported that the presence of fluoride ions at low pH can accelerate the 

crystallization and growth of TiO2 because of the rapid in situ dissolution–recrystallization, which reduces the 

concentration of defects in the TiO2 lattice (Eqs. (1) and (2))
1
 and enhances the formation of the well-crystallized TiO2 

crystals.  

           4H
+
 +TiO2 +6F

−
→ TiF6

2−
 +2H2O (Dissolution)                            (1) 

TiF6
2−

 +2H2O → 4H
+
 +TiO2 +6F

−
 (Recrystallization)                  (2) 

However, with the relative mole ratio of F:Ti increasing from 4 to 6, an obvious peak appears at 2θ = 23.4°, 

corresponding to the (1 0 0) plane diffraction of TiOF2 (JCPDS No. 01-0490). This result reveals TiOF2 can be formed 

under the high concentrated HF solution which may strongly affect the hydrolysis process. What’s more, the SEM 

images of the samples (Figure S2) show that RF-0 is the sphere-like shape varying from 300 nm to 3 µm, while RF-2, RF-

4 and RF-6 are nanosheet-like about 25 nm, well corresponding to the XRD spectra (Figure S1a).  

The high resolution XPS F1s spectra of RF-0, RF-2, RF-4 and RF-6 (Figure S1b) show that there exist both physically 

adsorbed F (the peak at 684.4 eV) and lattice substituted F (the peak at 689.0 eV) in the RF-2, RF-4 and RF-6. The 

intensity of the lattice substituted F increases as the mole ratio of F:Ti increases from 0 to 4, but decreases from 4 to 6, 

indicating that the appearance of TiOF2 hinders the lattice substitution by F in the reaction process. Figure S1c shows 

the EPR patterns of our prepared samples with different relative ratios of F:Ti. For RF-0, there only exists Ti����		
�	 . When 

the relative ratio of F to Ti increases to 2, there exist both Ti����		
�	

	and 	Ti��
�����
�	 . When the relative ratio of F to Ti 

increases from 2 to 4, the relative concentration of Ti����	
�	  keeps stable while the concentration of 		Ti��
�����

�	  increases. 

However, when the relative ratio of F to Ti increases from 4 to 6, the concentration of 	Ti��
�����
�	

	decreases. Thus, the 

variation trend of the 	Ti��
�����
�	  is consistent with that of lattice substituted F as the relative ratio of F to Ti increases 

from 0 to 6. Since the 	Ti��
�����
�	  are closely related to the lattice substituted F, it’s proposed that 	Ti��
�����

�	  comes 

from the substitutional doping of F into the TiO2 lattice, because each fluorine atom that substitutes for an oxygen atom 
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can contribute an electron to the conduction band, which leads to the unpaired electron,
2
 producing EPR signatures for 

Ti��
�����	
�	 .  

To clarify the role of HF in the forming of Ti
3+

, we have investigated the effects of low HF concentration on the 

synthesis of TiO2, as shown in Figure S1d and Figure S1e. Compared with P25, when there is no HF addition, there 

exists Ti����		
�	  and no F element in RF-0, indicating that the forming of Ti����		

�	  can be attributed to the solvothermal 

condition. When the relative ratio of Ti to F increases from 0 to 0.75, there only exists Ti����		
�	 progressively increasing 

and no 	Ti��
�����
�	  signal while there only exists physically adsorbed F increasing and no lattice substituted F, 

indicating that at low HF concentration, F will not replace the O forming 	Ti��
�����
�	  in the lattice. 

To identify the effects of F
-
, we used other hydracid (HCl and HBr respectively) as the surfactant to replace HF, which 

were marked as RCl-4 (the relative mole ratio of Cl:Ti is 4) and RBr-4 (the relative mole ratio of Br:Ti is 4). The EPR 

spectra of RF-4, RCl-4 and RBr-4 (Figure S1f) show that there is only Ti����	
�	  and no Ti��
�����	

�	  observed in RCl-4, RBr-4 

while there are both Ti����	
�	  and Ti��
�����	

�	  
in RF-4. This result shows that it’s F

-
 rather than Cl

-
 or Br

-
 that can cause the 

lattice doping in TiO2, forming the Ti��
�����	
�	  at the relative high surfactant concentration. It’s proposed that compared 

with the Ti-Br bond and the Ti-Cl bond, the size of F is similar to O and Ti-F bond is much stronger than the Ti-O 

bond, which makes F easier to replace the O in the lattice forming the Ti��
�����	
�	 .  

The reaction process can be described as the following chemical reaction equations. During the reaction process,  

   Ti(OC4H9)
4
+4HF ⇌ 4TiF4+4C4H9OH                                             (3) 

       TiF4 + 2H2O⇌TiO2 + 4HF	                                                               (4) 

  3Ti�	 + O�� + F�⇌Ti�	 − F� + Ti�	 − V� − Ti�	 + 0.5O�	          (5) 

From the equation (5), we can see that F
-
 will react with TiO2 and Ti�	 is forming with the oxygen vacancy (V�) 

existing. 

According to the La Mer model,
3 

 the formation process of our TiO2 nanocrystals can be divided into three stages: 

decomposition, nucleation and growth, which can be clearly shown in Figure S3. In our reaction process, all the three 

hydrolysis stages are affected by the HF. At the decomposition regime, TBOT decomposes and small clusters 

composed of a few atoms starting from monomers form in the solution, which can be affected by both the H
+
 and F

-
. 

The F
-
 can replace the OH

-
 to be absorbed on the surface of TiO2（≡ Ti − OH + F� →≡ Ti − F + OH�）, and H

+
 can 

slow down the decomposing rate. As the concentration of the reactive monomers increases to reach the supersaturation 

level, the reaction system enters the nucleation stage. During this period, due to the relatively high concentration of 

monomers, F
-
 won’t replace the O of TiO2. When supersaturation is relieved by the formation of nuclei, the system 

enters the first growth stage, in which no additional nuclei will form but only existing clusters grow larger. As the 

reaction proceeds and the relative ratio of F
-
 to TBOT becomes higher and higher, F

-
 will react with TiO2 more and 

more rapidly, triggering the replacement of O and forming the defected shell structure. After the rapid reaction process, 
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the system enters the second growth stage, and the growth of TiO2 will be slower and slower until the reaction comes 

to the balance period, and the Ti����
�	  forms on the shell surface of TiO2.  

In conclusion, HF plays an important role in all the three hydrolysis stages and shows different effects as the relative 

ratio of HF to the monomers changes dynamically, and Ti��
������� 
�	  and Ti����

�	  are forming associated with the relative 

high ratio of HF to the monomers. Hence, it’s a fluorine-assisted dynamic hydrolysis mechanism in the forming 

process of defective TiO2. The proposed reaction mechanism can clearly explain the formation process of prepared 

defective TiO2 reasonably and the refined structure of prepared defective TiO2 gives the detailed information about the 

relationship between Ti
3+

 and the core/shell structure, which can help us control the synthesis of defective TiO2 with 

the specific concentration of Ti��
�����	
�	  and Ti����	

�	  precisely. 
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Figure S1. The role of HF in the synthesis of defective TiO2. (a,b,c) XRD, XPS F1s and EPR spectra of prepared samples RF-0, RF-2, 

RF-4 and RF-6. The inset in (a): the most intense XRD peak of TiOF2 in RF-6. (d,e) XPS F1s and EPR spectra of prepared samples 

RF-0, RF-0.5, RF-0.75 and P25. (f) EPR spectra of prepared samples RF-0, RF-4, RCl-4 and RBr-4. 
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Figure S2. The morphology of defective samples RF-0, RF-2, RF-4 and RF-6. (a) SEM image of RF-0. Scale bar: 20 µm. (b~d) SEM images 

of RF-2, RF-4 and RF-6. Scale bar: 100 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. The suggested dynamic hydrolysis mechanism to explain the forming process of defective TiO2. 
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2. Detailed characterization of designed TiO2 and reference samples 

 
 

Figure S4. X-ray diffraction spectrum of defective TiO2(RF-4). Inset: (left) Transmission electron microscopy image of defective 

TiO2 (RF-4). The scale bar is 20 nm. (right) Scanning electron microscopy image of prepared defective TiO2 (scale bar 200 nm). 

As shown in Figure S4, the XRD spectrum of defective TiO2(RF-4) indicates that the prepared TiO2 is highly crystallized with the anatase 

phase (JCPDS No.21-1272).  

 

Figure S5. Nitrogen adsorption-desorption isotherms of defective TiO2 (RF-4). Inset: BJH pore-size distributions of prepared 

defective TiO2. 

As shown in Figure S5, the pore diameter of defective TiO2 (RF-4) mostly falls on 10~15 nm. The BET surface area of 

defective TiO2 (RF-4) is 49.0 m
2
/g similar to that of the commercial Degussa P25 TiO2 (a mixture of anatase and rutile 

TiO2) which is 53.2 m
2
/g. 
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Figure S6. XPS detection of F in defectiveTiO2 (RF-4). (a) The XPS survey spectra of defective TiO2 (RF-4) and P25. (b) The high 

resolution XPS F 1s spectra of defective TiO2 (RF-4) and P25.  

As shwon in Figure S6a, the XPS survey spectrum shows that there exists F element in defective TiO2 (RF-4)and the 

high resolution XPS spectra of F 1s (Figure S6b) shows there are two peaks. The peak at 684.4 eV is assigned to the F
 

anions that are physically adsorbed on the surface of defectiveTiO2 (≡Ti-F) while the peak at 689.0 eV denotes the 

presence of F anions in the crystal lattice.
4-6

  

 
Figure S7. XPS Ti 2p of P25 and defective TiO2. 

For crystalline P25, there are only two only peaks at about 458 nm and 464 nm representing Ti
4+

, while 

there are another two peaks at 457.5 nm and 463.7 nm for prepared TiO2, which indicates that there is 

Ti
3+

 in the synthesized TiO2
7-8

. This result corresponds to our EELS and EPR characterization. 
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Figure S8. EPR spectra of prepared TiO2 with only !"#$%�#$&'
(	  and TiO2 with only !"#$&'

(	  

The presence of Ti
3+

 in the prepared samples was investigated by electron paramagnetic resonance (EPR), as shown in 

Figure S7. The EPR spectra show that only Ti����	
�	  is existing in HF treated commercial anatase TiO2 because there is 

only one signal observed at g=2.003. In addition, only Ti��
�����	
�	  is existing in air-annealed defective TiO2 due to the 

observed anisotropic powder pattern g-values of gx=gy=1.978 and gz=1.946.  

 
 

Figure S9. Diffusive reflectance UV−Vis spectra of prepared defective TiO2 and P25. 
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Figure S10. The HRTEM images of TiO2 with only Ti3+
surf and only Ti3+

sub-surf. Scale bar: 5 nm. 

We have added the HRTEM images of TiO2 with only Ti
3+

surf and only Ti
3+

sub-surf defects in the revised 

version, which presented as Figure S10. It shows that there is no obvious disordered layer in TiO2 with 

only Ti
3+

surf while there is ~3 nm disordered layer in TiO2 with only Ti
3+

sub-surf. This may be attributed to 

the synthesis method of TiO2 with only Ti
3+

sub-surf. The TiO2 with only Ti
3+

sub-surf is synthesized by 

annealing the RF-4 under air, so the surface Ti
3+

 can be oxidized while the Ti
3+

sub-surf still remains under 

certain reaction condition. 

 

 

Figure S11. EIS for RF-4, crystalline P25, TiO2 with only !"#$%�#$&'
(	  and TiO2 with only !"#$&'

(	  
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The working electrodes were fabricated by coating a slurry containing 80 wt% of active materials (P25 and our 

synthesized samples), 10 wt% of acetylene black (Super-P), and 10 wt% of polyvinylidene fluoride (PVDF) dissolved 

in N-methyl-2-pyrrolidinone onto a copper foil and dried at 100 °C in vacuum for 12 h before pressing. Standard 

CR2032-type coin cells were assembled in an Ar-filled glovebox (KIYON, Korea) by using the as-prepared anode, Li 

metal foil (0.4 mm thick) as the counter electrode, and a separator (Solupor 7P03A). Electrochemical impedance 

spectra (EIS) were measured using the same electrochemical workstation by applying an AC voltage of 10 mV 

amplitude over the frequency range from 100 kHz to 0.1 Hz.  

 

 

 

 

 

 

 

 

 

Figure S12. The XRD spectra of RF-1, RF-1.25, RF-1.5, RF-1.75 and RF-2. The insets are the SEM imgaes of prepared TiO2 (scale bar: 

60nm). 

As is shown in Figure S9, the XRD spectra and SEM images (the insets in Figure S11) indicate that the samples RF-1, 

RF-1.25, RF-1.5, RF-1.75 and RF-2 have nearly the same morphology and polymorph. 
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electrolyte inter-face film (Rf) and the charge transfer resistance (Rct). For the samples RF-1, RF-1.25, RF-1.5, RF-1.75, RF-2, 

as the RTT decreases from 1.6 (RF-2) to 0.34 (RF-1.25), the Rct decreases progressively and the 0.18 (RF-1) shows the 

worse performance than 0.34 (RF-1.25). These results are consistent with our suggested synergetic charge-carriers 

transmission mechanism. The proper defection distribution can promote the carriers kinetics and the optimal RTT is 

0.34. 

Table S1. PL lifetimes and fractional intensities of four kinds of TiO2. 

 

 

 

 

 

Table S2. Comparison of the photocatalytic hydrogen generation from water splitting of the prepared designed TiO2 RF-1.25 with 

previously reported anatase TiO2. 

Photocatalyst 
Incident 

light 

Photocatalysis 

parameters 

H2 generation 

rate (mmol/g/g) 
Reference 

Hydrogenated anatase 

TiO2 
AM1.5 

0.6 wt.% Pt loading 

in 1:1 methanol/H2O 
~10  

Science. 2011. 

331. 746-750
9
 

Hydrogenated ordered 

mesoporous anatase TiO2 
AM.15 

1 wt.% Pt loading in 

1:4 methanol/H2O 
1.362  

J. Am. Chem. Soc. 

2014, 136, 

9280−9283
10

 

Anatase TiO2 by Al 

reduction 
AM1.5 

0.5 wt.% Pt loading 

in 1:4 

methanol/H2O 

7.4  

Energy Environ. 

Sci., 2014, 7, 967–

972
11

 

Hydrogenated anatase 

TiO2 
AM1.5 

0.5 wt.% Pt loading 

in 1:4 methanol/H2O 
8.2  

Adv. Funct. 

Mater., 2013, 23, 

5444
12

 

Hydrogenated anatase 

TiO2  

AM 1.5 
1.0 wt. % Pt loading 

in 1:4 CH3OH/H2O 

2.15 Chem. Commun. 

2012, 48, 5733-

5735
13

 

 
P25 0.57 

Sample τ1/ ns f1 τ2/ ns f2 τave/ ns 

TiO2 with both surface and sub-

surface Ti
3+

 
0.523 0.671 5.282 0.329 2.09 

TiO2 with surface Ti
3+

 0.505 0.515 5.788 0.485 3.07 

TiO2 with sub-surface Ti
3+

 0.502 0.494 5.412 0.506 2.99 

P25 0.563 0.491 5.869 0.509 3.26 
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S doped H-TiO2 AM 1.5 
0.5 wt. % Pt loading 

in 1:3 CH3OH/H2O 
0.258 

J. Am. Chem. Soc. 

2013, 135, 17831-

17838
14

 

 

Defective  anatase TiO2 

(RF-1.25) 

AM 1.5 
1 wt. % Pt loading 

in 1:4 CH3OH/H2O 

13.21 

Our work 

P25 0.54 
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