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photocatalytic activities under visible light  
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Here we report a facile one-step low-temperature solution-based 

method to treat native TiO2 with NaH. The NaH treatment 

effectively induces the Ti(III) species and oxygen vacancies into the 

TiO2 host lattice, and enables the absorption edge of TiO2 to be 

conveniently adjusted from the UV region to the red end of the 

visible spectrum. 

Titanium oxide (TiO2), as a type of widely studied 

photocatalyst, offers attractive technological advantages, but 

presents outstanding limitations at the same time. The former 

includes high stability, low toxicity and wide commercial 

availability—advantages that are crucial for large-scale 

applications in energy and environment areas (e.g., electrode 

material, hydrogen production and water decontamination).
1
 

Native forms of TiO2, however, have a wide electronic bandgap 

(e.g., 3.0 and 3.2 eV for rutile and anatase); as a result, only UV 

or higher-energy photons can be effectively absorbed by 

native TiO2, while the visible light and longer-wavelength 

photons cannot. As UV light only covers a small fraction (3-5%) 

of the solar spectrum (the visible/infrared region is dominant), 

TiO2 in the native forms is generally not efficient in harnessing 

solar energy for photocatalytic applications. 

Intensive efforts are therefore being made to modify the 

absorption behaviours of TiO2, in order to achieve higher 

responsiveness to the abundant visible light in the solar 

spectrum. Several strategies have been reported. One 

common strategy is to mix in additives or reductants with the 

titanium compound precursors in the preparative process so 

that the resultant TiO2 is doped with Ti3
+
 or other impurity 

centers.
2
 This can be accomplished using various approaches, 

e.g., the sol-gel
2b, 2f, 3

 or hydrothermal methods.
4
 Another 

modification approach that is being intensively investigated is 

to directly modify native TiO2. This is usually done by heating 

native TiO2 in a particular atmosphere (e.g., H2, NH3 or N2).
5
 By 

means of thermal treatments, TiO2 products doped with 

various impurity atoms (e.g., N),
5e

 self-doped with Ti
3+

 

centers
5a

 have been successfully made. Among these, H2-

thermal treatment
5a-d, 6

 has lately attracted much attention as 

a particularly effective method to generate TiO2 with broader 

light absorption and outstanding photocatalytic properties in 

solar or visible light. Mechanisms accounting for absorption 

edge extension have been suggested to involve the emergence 

of the Ti
3+

 ions or oxygen vacancies in the H2-treated TiO2 

samples.
5a, 5c, 5d, 6a

 In addition, a recent breakthrough reported 

by Chen et al.
5b, 5c

 pointed to a novel modification mechanism: 

through the introduction of surface disorders.
5b, 5c, 6a, 7

 In spite 

of these encouraging progress achieved, the reported 

hydrogenation procedures generally involve high safety risk 

due to the application of high-temperature (e.g., 500 °C) or 

high-pressure (e.g., 20 bar) H2. 

Here we report a facile solution-based method (the 

experimental details are shown in ESI) to modify native TiO2 

via treatment with a NaH solution under the mild condition of 

low temperature (e.g., 150 °C) and atmospheric pressure, thus 

lowering the safety hazard associated with the reported 
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hydrogenation methods that entail high-temperature/pressure 

H2. Using this solution protocol, doped TiO2 solid samples 

featuring adjustable absorption edges (from UV to the red 

light
8
) and largely enhanced photo-activities in visible light, can 

be conveniently prepared. In particular, brown-colored (Fig. 1, 

Fig. S1) TiO2 solids can be fabricated, adding another hue to 

the color selection
2e, 5b, 5c, 6a, 9

 of modified TiO2 products. 

Distinct color change from white to brown was readily 

observed in the above treatment of TiO2 by NaH (i.e., Sample 

D; see Fig. 1). The TEM study (Fig. 2a-c) revealed that the 

particle sizes of native (P-25) and treated (sample D, shown in 

Table S1) TiO2 particles were in the range of 20 ~ 50 nm, 

whereas the elemental analysis of both samples by EDS (Fig. 

2c) suggested a chemical formula consistent with TiO2 (i.e., the 

degree of doping was not detectable by EDS). 

The commercial native TiO2 nanoparticles (P-25) possess 

mixed crystal phases of anatase and rutile with a weight ratio 

of approximately 4/1. The XRD patterns (Fig. 2d) of P-25 and 

NaH-treated TiO2 (Samples A-D) indicated that the crystallinity 

of the TiO2 solid was maintained before and after the 

treatment, with no impurity peaks observed. However, the 

diffraction peaks of Samples A-D shifted to the larger 

diffraction angles comparing to P-25 (the shift was particularly 

more apparent for the higher-order peaks), indicating a 

smaller lattice spacing in the NaH-treated samples. 

Furthermore, lower peak intensities were observed on the 

treated TiO2 (particularly Sample D), suggesting an increased 

level of defects resulted from the treatment. This observation 

is in good agreement with the TiO2 samples doped using other 

methods.
5b

 

To investigate the chemical environment and states of Ti 

and O in the treated TiO2, XPS measurements were performed. 

The XPS spectra of native TiO2 (P-25) (Fig. 3a) and treated 

(Sample D) TiO2 (Fig. 3b) indicated that Ti, O elements and a 

trace amount of C and Na were present in the samples. The 

high-resolution Ti2p spectra (Fig. 3c) indicated an apparent 

shift towards the lower energy end for the peaks of NaH-

treated TiO2 (457.2 eV), relative to native TiO2 (458.6 eV). This 

observation is thus in line with the presence of Ti
3+

 in the NaH-

treated TiO2 samples, for the major Ti2p peak for Ti
3+

 is 

normally found at lower energy (around 457.7 eV) than that of 

Ti
4+

 (459.5 eV).
5a

 Moreover, the XPS study also suggested the 

formation of oxygen vacancies resulted from the NaH 

treatment. The O1s spectra (Fig. 3d) distinctly showed a new 

peak emerging at 531.2 eV, which can be ascribed to the 

existence of oxygen-vacancy sites nearby Ti
3+

.
2e, 7

 One weak 

peak located at 1072.7 eV corresponding to the Na1s core 

levels was observed in the high-resolution Na1s spectrum 

(inset of Fig. 3b), indicating the presence of Na
+
 in the treated 

TiO2 samples.  

The UV-Vis diffuse reflectance spectra (Fig. 4a) showed 

that, comparing to native TiO2, the absorption edges of NaH-

treated TiO2 shifted to longer wavelengths in the visible 

region. The spectrum of native TiO2 showed a single steep 

absorption edge around 400 nm corresponding to its bandgap. 

Clearly, NaH-treated TiO2 exhibited different optical responses 

(Fig. 4a, Fig. S2). In particular, Sample D displayed considerable 

absorption in the visible region between 400 and 700 nm, 

consistent with its brown-colored appearance. 

 

 
Fig. 1 Photographs of commercial (P-25) and NaH-treated (Sample D) TiO2. 

 

 
Fig. 2 TEM images of commercial (a) and NaH-treated TiO2 
nanoparticles (b) (c) and the inset shows the EDS spectrum of NaH-
treated TiO2. (d) XRD patterns of commercial TiO2 (P-25) and Samples 
A-D whose fabrication conditions were shown in Table S1. 

 
The Kubelka-Munk function, F(R), as a function 

wavelength was derived from the measured diffuse 

reflectance spectra, based on the Kubelka-Munk equation:
10

 

���� �
�1 � ���

2�
 

where R is the ratio of the sample reflectance to the reference 

reflectance. A Tauc plot ([F(R)·hν]
1/2

 vs. hν, where hν is the 

photon energy) was then obtained (Fig. 4b). The absorption 

edge was determined from the extrapolation of the linear fit 

for the Tauc plot onto the energy axis. Note that the Tauc plot 

is commonly used for determining the absorption edge of TiO2 

in literature.
11

 It was estimated that absorption edge is 3.04 eV 

for native TiO2 and 2.69, 2.32, 2.11 and 1.82 eV for Samples A-

D, respectively (Table S1). Previous studies show that, as the 

concentration of the Ti
3+

 ions/oxygen vacancies increase, the 

band tailing becomes more evident and lowered absorption 

edge is resulted.
5a, 6a

 The gradual lowering of the absorption 

edge from Samples A to D indicates the gradual increasing 

concentration of the Ti
3+

 ions/oxygen vacancies in these 

samples. The finding that P-25 (native TiO2) showed a lower 

absorption edge than the bulk anatase (Eg = 3.2 eV) is in good 

agreement with previous studies, and can be ascribed to the 

fact that that P-25 is mix-phased nanoparticles containing ~ 

25% rutile phase and 75% anatase phase.
2f

 

A possible reaction mechanism leading to the formation 

of the Ti
3+

 ions and the oxygen vacancies by the NaH treatment 

are shown in eqs. 1-3. First, the H
-
 ions supplied by NaH bond 
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with Ti
4+

 to form a titanium hydride species [TiH]
3+

; the [TiH]
3+

 

species then disintegrate to give the Ti
3+

 centers and H∙ 

radicals that readily combine to form H2 gas. The charge 

balance is likely maintained by intercalation of Na
+
 ions into 

the host lattice of TiO2, generating confined defects featuring 

local stoichiometry of NaTiO2. 

Ti4+ + H- →[Ti-H]3+ (1) 

[Ti-H]3+→ Ti3+ + •H (2) 

2 •H → H2↑ (3) 

A comparison between Samples A and D (0.9 eV 

difference in absorption edge) indicates that the UV irradiation 

applied during the NaH treatment can result in a markedly 

lower absorption edge in the treated TiO2 product. Previous 

studies has shown that trace amount of the Ti(III) species can 

be produced transiently in irradiated TiO2.
12

 The significant 

impact of UV irradiation observed here could be attributed to 

the UV-photon generated electrons and holes in TiO2. The 

photogenerated electron-hole pairs may facilitate the doping 

process (see eqs. 4-6), e.g., the positive holes generated in the 

valence band of TiO2 is highly oxidizing, and therefore more 

readily accepts electrons from the H
-
 ions compared with the 

TiO2 system without excitation by UV light. Furthermore, 

because the electron-hole pairs can be UV-excited not only at 

the surface layer but also inside the TiO2 lattice, Ti
3+

 can be 

produced (eq. 5) deeper inside the TiO2 lattice. Comparing to 

those on the surface, the Ti
3+

 ions inside the TiO2 are likely 

much less susceptible to oxidation by oxygen,
9
 leading to a 

higher stability of the treated TiO2 when placed in the ambient 

environment. 

TiO2 + hν →TiO2 + e-CB + h+VB (4) 

Ti4+ + e-CB →Ti3+ (5) 

h+VB + H- →•H (6) 

Comparison between Samples B and D shows that a 

higher reaction temperature (e.g., by 30 °C) can lead to a 

substantial reduction of the absorption edge (e.g., by ~0.5 eV). 

In general, the reductive doping of the very stable TiO2 solid is 

a slow process. The great effects of higher temperature and 

UV treatment in lowering the absorption edge of the doped 

TiO2 product help to highlight the underlying reasons for the 

success of the current strategy for self-doping TiO2.  

To examine the presence and distribution of Ti(III) in the 

samples, the ESR measurements were carried out. No signal 

due to the paramagnetic Ti(III) species were observed in the 

NaH-treated samples (Fig. S3). This can be possibly due to the 

formation of a di-Ti(III) species, in which the two Ti(III) centers 

anti-ferromagnetically couple with each other forming a 

diamagnetic binuclear compound that is EPR silent. For Sample 

A, a weak signal occurring around 1600 Gauss was observed, 

which can be attributed to some residual Fe(III) impurities 

introduced to the system during the sample handling (e.g., 

from the steel spatula). 

Compared with native TiO2, the NaH-treated TiO2 samples 

all displayed higher ability to photo-degrade phenol, with the 

degradation rates gradually increasing from Sample A to 

Sample D (Fig. 4). It is noted that no significant adsorption of 

the organic molecules onto the samples was observed in  

 
Fig. 3 XPS spectra of commercial TiO2 (P-25) (a) and Sample D (b) with the 

high-resolution Na1s spectrum of Sample D shown in the inset in (b). The 

high-solution Ti2p and O1s XPS spectra of commercial TiO2 (P-25) and 

Sample D are shown in (c) and (d), respectively. 
 

  
Fig. 4 Reflectlance spectra (a) and Tauc plots (b) of commercial TiO2 (P-25) 

and Samples A-D. Photodegradation rate of phenol under UV (c) and visible 

(d) illumination, measured with commercial TiO2 (P-25) and Samples A-D. 
 

 

darkness (Fig. S4). To explain the higher photo-degradation 

rate observed on NaH-treated TiO2, a discussion on the photo-

degradation mechanism is helpful. TiO2 is an n-type 

semiconductor. For native TiO2, when illuminated with UV 

photons with energy higher than its bandgap, the photo-

excited electrons in the conduction band (CB) can be 

transferred to the O2 molecules absorbed on the surface of 

TiO2 and form oxygen radicals, •O2
-
, that can degrade the 

absorbed organic molecules. For treated TiO2, previous studies 

indicate that the Ti
3+

 ions/oxygen vacancies induce donor 

levels in the bandgap (a higher concentration of the Ti
3+

 

ions/oxygen vacancies leads to more donor levels in the band 

gap).Error! Bookmark not defined.
,Error! Bookmark not defined.

 These 

donor levels may help trap the photogenerated electrons 

which generate •O2
-
, lessening the recombination of the 

photogenerated electrons and holes. Therefore, under UV 

irradiation, the existence of the donor states bestows upon 

NaH-treated TiO2 enhanced photocatalytic activity, with the 

wider tail band leading to the greater enhancement.  
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Notably, the enhancement effect on photodegradation 

under UV irradiation is not as dramatic as under visible 

illumination (Fig. 4c-d). This is because the photon energies of 

visible light are insufficient to excite native TiO2 but high 

enough to excite NaH-treated TiO2. It was found that TiO2 with 

a lower absorption edge displayed higher photodegrading 

efficiency, possibly because they utilized a larger portion of the 

visible spectrum and possessed more donor levels to trap 

more photo-excited electrons which in turn generate more 

•O2
-
. A closer look at Fig. 4d reveals that, under visible 

irradiation, the degradation rate for native TiO2 is very low but 

slightly higher than when no catalyst was used. It is well known 

that native TiO2 cannot be excited by visible light because of its 

wide bandgap. This observed slight photodegradation ability of 

native TiO2 under the visible light irradiation is possibly caused 

by the photo-sensitizing capability of the dye molecules which 

can be excited by the visible light and inject electrons to the 

conduction band of TiO2.
1e

 

The NaH-treated TiO2 samples did not change color after 

stored in dark in air at room temperature for 6 months. The 

photocatalytic properties and the performance stability (Fig. 

S5) of the NaH-treated TiO2 can be potentially further 

improved by increasing the temperature, time, and UV light 

intensity used for the NaH treatment. In the second 

photodegradation test, NaH-treated TiO2 showed reduced 

activity, although still better than P-25. This activity reduction 

observed is possibly due to the decreased concentrations of 

Ti
3+

 and the oxygen vacancies in the samples. Oxygen 

vacancies and Ti
3+

 are not very stable and can be susceptible to 

oxidation by the dissolved oxygen molecules in solution.
13

  

In summary, brown-color TiO2 with the absorption edge in 

red light has been conveniently fabricated using a facile one-

step treatment in a NaH solution. The dramatic absorption 

edge lowering is attributed to the Ti
3+

 ions/oxygen vacancies 

created by the NaH treatment. The fabricated brown TiO2 

showed significantly higher photocatalytic activity than 

untreated commercial TiO2. The outstanding photocatalytic 

performance and the great fabrication convenience enabled by 

the novel method presented in this study open a new route to 

practical applications of TiO2 under visible light. Besides 

photodegradation of organic molecules presented here, the 

NaH-treated TiO2 is potentially promising for solar water 

splitting applications as well. Furthermore, the method 

reported here can be potentially applied for modifying other 

metal oxide semiconductor systems, based on the fact that 

metal oxide semiconductors generally share similar 

modification mechanisms. 
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Science Foundation of China (Project 51202206), and the Hong 
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