
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/crystengcomm

CrystEngComm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


CrystEngComm RSC  

COMMUNICATION 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 1  

Ti
3+

:TiO2/TiF3 hybrid with enhanced visible-light 

photocatalytic reactivity 

Xiaodong Meng,
a
 Baibiao Huang,

*a
 Xiangchao Ma,

b
 Zeyan Wang,*

a
 Zhaoke 

Zheng,
a
 Junpeng Wang,

a
 Xiaoyan Qin,

a
 Xiaoyang Zhang

a
 and Ying Dai

b

Ti3+:TiO2/TiF3 hybrid was synthesized via a one-step facile 

solvothermal method. Due to the existence of TiF3, TiO2 

contained high concentration of Ti3+ species and Ti3+ was 

stabilized. Ti3+:TiO2/TiF3 hybrid exhibited excellent visible-

light photocatalytic reactivity. The electron structure of 

TiF3 was studied, and the photocatalytic mechanism was 

also proposed. 

Photocatalysis is a promising solar energy conversion technique and 

an effective way to decompose organic contaminants, which has 

been tremendously investigated in the past decades since Fujishima 

and Honda reported the photoelectrochemical water-splitting on a 

TiO2 electrode.1 Although great progresses have been made, the low 

efficiency still fails to meet the requirement for practical 

applications. The poor visible light absorption and the rapid 

recombination of photogenerated charge carriers are regarded as two 

main problems that affect the photocatalytic efficiencies.2 Therefore, 

both of the above problems should be addressed for high efficient 

photocatalyst. 

TiO2 is one of the most investigated photocatalysts due to its 

unique chemical and physical properties such as high stability and 

photocatalytic activity.3-4 However, it can only work under 

ultraviolet irradiation because of its wide band gap. Various methods 

have been  used to further extend its light absorption spectrum such 

as metal or/and non-metal doping.5-6 However, those methods would 

inevitably introduce some impurity ions, which could probably act as 

recombination centers and then lower the photocatalytic efficiency.7 

Furthermore, the doping concentrations are usually low, which leads 

to weak visible light absorptions.  

Recently, Zuo et al. reported that Ti3+ doping can effectively 

enhance the visible light absorption of TiO2 and then enhance the 

photocatalytic efficiency.8 However, Ti3+ species is not stable since 

it can be easily oxidized. Therefore, developing a facile strategy to 

synthesize TiO2 with stabilized Ti3+ is still a great challenge. In the 

past years, several methods were proposed to increase the 

concentration of Ti3+ and improve its stabilization. Mao et al. 

reported a black hydrogenated titanium dioxide nanocrystal with 

strong visible-light photcatalytic reactivity.9 However, the 

hydrogenation procedure demands high temperature and long 

reaction time, which is impractical for application usage. Ju et al. 

proposed that F- can stabilize Ti3+ species in TiO2 and then enhance 

its visible photocatalytic reactivity10, which offered a new strategy to 

synthesize Ti3+ doped TiO2 by a readily process. 

On the other hand, besides the investigations on extending the 

light absorption range of TiO2 by Ti3+ doping, it is also important to 

improve the charge separation efficiency. Previous researches have 

demonstrated that constructing hybrid is an effective way to promote 

the separation and many kinds of TiO2 hybrids such as Ag2O/TiO2, 

Bi2WO6/TiO2 have been certified to possess improved photocatalytic 

reactivity.11-12 Based on previous research, hybrid could effectively 

deter the recombination of excited electron-holes and then can be 

used to improve the photocatalytic performance of Ti3+ doped TiO2.  

Herein, we report a novel Ti3+:TiO2/TiF3 hybrid synthesized via a 

one-step solvothermal procedure. By controlling the amount of metal 

Zn added, Ti3+:TiO2/TiF3 samples (different molar ratio of Zn and Ti 

added, RZT=Zn:Ti) with different TiF3/TiO2 ratios can be readily 

obtained. Owing to the existence of TiF3 and the hybrid structure, 

Ti3+:TiO2/TiF3 samples exhibit enhanced photocatalytic activity 

under visible light irradiation (λ≥420nm), which could be attributed 

to the synergistic effects of the high concentration of Ti3+ in TiO2 

and the improved charge separation. 

 
Fig. 1 (A) XRD patterns and (B) UV-Vis diffuse reflectance 

spectra of Ti3+:TiO2/TiF3 samples obtained with different ratios 

(RZT) of Zn and Ti (inset: photograph of the sample with 

RZT=4:8). 

The structures of the as-prepared samples were firstly 

characterized by X-ray diffraction (XRD). As shown in Fig. 1A, the 

samples without the addition of Zn and that with RZT=2:8 were pure 

phase of anatase TiO2 (JCPDS No.21-1272). As the amount of Zn 

increased in the starting materials, diffraction peaks corresponding to 
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TiF3 (JCPDS No. 75-149) appeared which gradually became 

stronger with the increase of Zn. Besides the diffraction peaks of 

anatase TiO2 and TiF3, metallic Zn peaks were also detected for the 

sample with RZT=3:4, which could be due to the excessive Zn during 

the reaction.  

Although Zn was added into this reaction system, no zinc peaks 

were observed in the XRD patterns for the samples with RZT≤5:8. X-

ray photoelectron spectroscopy (XPS) was employed to further 

investigate whether Zn existed in the as-prepared samples. As shown 

in the Zn 2p XPS spectra (Fig. S2 in ESI†), no peaks can be detected 

for the samples with RZT ratios from 2:8 to 5:8, which indicates that 

no Zn element existed in our samples and Zn only acted as a 

reducing agent during the reaction. This result differs from that we 

reported previously, where Zn was found to act as a stabilizer of Ti3+ 

in the form of ZnO. This difference could be attributed to the 

introduction of TiF4, which could release F- during the reaction and 

produce a more acidic environment. As a result, ZnO could be 

dissolved and no longer acted as the Ti3+ stabilizer. Instead, as 

reported before, F- ions will help stabilize Ti3+ and then increase the 

concentration of Ti3+ in TiO2.
10 

The color of the above samples changed a lot by varying the RZT 

values. As shown in the diffuse reflectance spectra (DRS) in Fig. 1B, 

the samples of pure anatase TiO2 only have light absorption in the 

UV region with an absorption edge at ca. 400 nm. The samples 

containing both anatase TiO2 and TiF3 exhibited additional 

absorption in visible light region with an upward tail, which was 

totally different from that of TiF3. Although TiF3 also had a strong 

absorption in visible region, its absorption intensity gradually 

decreased with the increase of wavelength. It has been proven that 

Ti3+ species in TiO2 can cause photo-excitation in the IR region.13 

The measured optical absorption spectra and the calculated data14 

both showed an increasing absorption tail as λ>400 nm. Therefore, 

the visible light absorption of TiO2/TiF3 samples was induced not 

only by TiF3 but also by the Ti3+ species in TiO2. 

 
Fig. 2 SEM images of Ti3+:TiO2/TiF3 with (A) RZT=2:8 and (B) 

RZT=4:8. (C, D) the HR-TEM images of Ti3+:TiO2/TiF3 with 

RZT=4:8 (inset: SAED pattern of TiF3). (E) Schematic diagram 

illustrating the lattice matching between TiO2 and TiF3 in 

Ti3+:TiO2/TiF3 hybrid. 

The morphologies of the as-prepared samples were characterized 

by scanning electron microscopy (SEM). As shown in the SEM 

image in Fig. 2A, the sample with RZT=2:8 consisted of small 

nanoparticles with sizes of 10 to 20 nm. While Ti3+:TiO2/TiF3 

sample with RZT=4:8 (Fig. 2B) consisted of particles with different 

sizes, where the smaller particles should be anatase TiO2 and the 

bigger ones should be TiF3 compared with that from Fig. 2A. This 

assumption was later confirmed by HR-TEM images as shown in 

Fig. 2C and 2D. The particles with different sizes were attached 

tightly with each other and the inset SAED pattern of the bigger 

particles confirmed the rhombohedral crystal structure of TiF3. For a 

closer observation, the lattice spacing of 0.352 nm and 0.193 nm 

were observed in Fig. 2D, which can be attributed to the (101) 

atomic planes of TiO2 and (020) atomic planes of TiF3, respectively. 

And the angle between the two planes was 23°. As illustrated in Fig. 

2E, the (101) atomic planes of TiO2 were closely connected to the 

(010) atomic planes of TiF3 through an angle of approximately 23°, 

which means TiO2 and TiF3 particles were joint by lattice 

matching.15 The intimate contact between TiF3 and TiO2 would 

facilitate the charge transfer between them and then enhance the 

photocatalytic efficiency. 

 
Fig. 3 (A) Photodegradation of MO over Ti3+:TiO2/TiF3 hybrids 

obtained with different RZT under visible-light irradiation 

(λ≥420 nm). (B) Photodegradation of MO of Ti3+:TiO2/TiF3 

sample obtained with RZT=4:8 before, after annealing, after 

alkali washing under visible-light irradiation (λ≥420 nm). 

The photocatalytic properties for the samples were evaluated by 

the photodegradation of methyl orange (MO) under visible light 

irradiation (Fig. 3A). The samples of pure anatase TiO2 exhibited 

little photocatalytic performance due to the absence of visible light 

absorption. As for Ti3+:TiO2/TiF3 samples, they all exhibited 

excellent photocatalytic performance under visible light irradiation 

due to their strong visible light absorption, among which the sample 

with RZT=4:8 showed the highest photocatalytic reactivity and could 

completely degrade methyl orange molecules within one hour. 

Although sample with RZT=5:8 contained higher amount of TiF3, it 

can only degrade 70% of MO within one hour due to the relatively 

weaker capacity of absorbing MO molecules compared to sample 

with RZT=4:8, which is beneficial to the photocatalytic reactions .16 

In order to further understand the roles of Ti3+ and TiF3 during the 

photocatalytic procedure, two comparison tests were carried out. 

Ti3+:TiO2/TiF3 samples with RZT=4:8 were annealed to remove the 

Ti3+ species in TiO2 (Fig. S4 in ESI†) and washed in alkaline 

solution to remove TiF3 (Fig. S5 in ESI†). Both processed samples 

showed decreased photocatalytic activity (Fig. 3B). As TiF3 was 

removed from the Ti3+:TiO2/TiF3 hybrid, only Ti3+:TiO2 remained. 

However, the poor photocatalytic performance could be attributed to 

the relatively high Ti3+ concentrations in Ti3+:TiO2, which could 

became recombination centres for photogenerated charge carriers 

and lower the photocatalytic activity. On the other hand, TiO2/TiF3 

hybrid after removing Ti3+ by annealing also exhibited poor visible 

light activities, even if TiF3 could absorb visible light. This indicates 

TiF3 could be photo inactive due to its special electronic structures. 

And both Ti3+ and TiF3 are critical important for the visible light 

photocatalytic performance of Ti3+:TiO2/TiF3 hybrid. Ti3+ in TiO2 

mainly contributes to the visible light absorption to generate 

electron-hole pairs, and TiF3 could only facilitate the charge 

separation, which synergistically improves the visible light 

photocatalytic activity of the hybrid. 
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Fig. 4 (A) Plot of (αhv)2 vs photon energy (hv) for TiF3, (B) 

DOS plot calculated for TiF3, (C) Schematic diagram 

illustrating the photocatalytic process of Ti3+:TiO2/TiF3 hybrid. 

(D) Photoluminescent spectra (PL) of pure anatase TiO2, Ti3+ 

doped TiO2, Ti3+:TiO2/TiF3 hybrid with the excitation of 320nm. 

The band gap of TiF3 is determined from the plot of (αhν)2 vs 

photon energy (hν) due to its direct transition based on our band 

structure calculations (Fig. 4A).17 The plot demonstrates two band 

gap energies of 2.76 eV and 3.3 eV, which means that two band gaps 

exist in TiF3. In order to better understand the unusual absorbance of 

TiF3, DFT calculations are employed as shown in Fig. 4B. The result 

demonstrates that the spin-up density of states (DOS) and spin-down 

DOS are asymmetric. To be specific, the spin-down states are 

consistent with common semiconductor with an energy gap of about 

6.0 eV between the valence band maximum and conduction band 

minimum. However, for the spin-up states, some gap states 

(occupied spin-up states) appear in the band gap and the Fermi level 

is located just above those states. That is to say electrons in the 

occupied spin-up states can actually be excited into the conduction 

band (CB). For the electrons in the valence band, they can be excited 

either to occupied spin-up states or CB by photons with energies of 

2.2 eV or 5.8 eV, respectively. In general, the calculated band gaps 

are underestimated. Therefore, it is reasonable to believe that the 

transition of 3.3 eV (Fig. 4A) is from the valence band to occupied 

spin-up states and the transition of 2.76eV is from occupied spin-up 

states to CB. Since the Ti 3d states, which form the occupied spin-up 

states, is very localized, the inactiveness of the photocatalytic 

activity of TiF3, as observed experimentally, is probably attributed to 

the weak mobility of photogenerated holes in the initially occupied 

spin-up states. 

According to the aforementioned experimental and theoretical 

results, a plausible photocatalytic mechanism was proposed as 

illustrated in Fig. 4C. The position of VB, occupied spin-up states 

and CB of TiF3 are determined by Anderson's rule18 (calculation 

details in ESI†). Under visible light irradiation, electrons in localized 

Ti3+ states in TiO2 are firstly excited into the conduction band 

according to the light absorption in visible and near-infrared of Ti3+ 

species. Since there are holes in localized Ti3+ states upon their 

excitation, photogenerated electron-hole pairs can also be formed 

due to the excitation from the VB of TiO2 to the localized Ti3+ states 

with band gap of about 2.5 eV.19 Then the corresponding holes 

would form hydroxyl radical (•OH), which is an important oxidative 

species during the degradation of organic contaminant.20 On the 

other hand, since the CB of TiO2 is more negative than the CB of 

TiF3, the electrons would migrate to the CB of TiF3. In this way, the 

photogenerated electrons and holes were effectively separated. 

Furthermore, the close interfaces between TiO2 and TiF3 through 

lattice matching could also facilitate the charge transfer between 

TiO2 and TiF3. Thus, the photocatalytic efficiency is improved. 

In a typical photocatalytic reaction, the efficiency is greatly 

influenced by the rapid recombination of photogenerated electrons-

holes. Since the photoluminescence (PL) emission spectrum is the 

direct result of the recombination of the charged carriers, it is an 

effective approach to investigate the recombination rate of carriers in 

our samples. Fig. 4D presents a comparison of the PL spectra of 

different samples with the excitation of 320 nm. Two main emission 

peaks of TiO2 appear at about 396 nm (3.13 eV) and 465 nm (2.67 

eV). The former one is caused by the emission of band gap transition 

with the energy of light which is approximately equivalent to the 

band gap energy of anatase and the latter one is attributed to the 

charge transition from Ti3+ to oxygen anions in a TiO6
8- complex.21 

Pure anatase TiO2 exhibited the highest PL intensity which indicates 

that it has the greatest carrier recombination rate in the three samples. 

Ti3+ doped TiO2 showed relatively low PL intensity due to the Ti3+ 

species. The PL intensity of Ti3+:TiO2/TiF3 sample revealed a 

significant decrease compared with pure anatase TiO2 and Ti3+ 

doped TiO2, which means that Ti3+:TiO2/TiF3 hybrid has indeed 

lowered the recombination rate of electrons and holes, as proposed 

theoretically. 

Conclusions 

In summary, we demonstrated a simple solvothermal method to 

synthesize Ti3+:TiO2/TiF3 hybrid. The Ti3+:TiO2/TiF3 samples 

showed significant absorption in visible-light region and exhibited 

enhanced photocatalytic reactivity under visible-light irradiation. 

With the increase of metal Zn added, the photcatalytic reactivity 

increased and then declined. The Ti3+:TiO2/TiF3 sample with 

RZT=4:8 showed the best degradation properties. The enhanced 

photocatalytic performance was attributed to the high concentration 

of Ti3+ species in TiO2 and the effective charge transfer between the 

TiF3 and TiO2. Our work provides a new strategy to further enhance 

the photocatalytic reactivity of Ti3+ doped TiO2 by constructing 

hybrid. 
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Ti
3+
:TiO2/TiF3 hybrid contains high concentration of Ti

3+
 species and exhibits 

enhanced absorption in visible region. 
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