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Controllable growth of anatase TiO2 crystals with exposed high reactive crystal facets has aroused great attention in the fields 
of science and technology due to their unique structure-dependent properties. Recently, much effort has been paid to synthesize 
anatase TiO2 crystals with exposed high reactive {001} facets. Herein, we review the recent progress in synthesizing {001} 
facets dominated anatase TiO2 crystals with different morphologies by various synthetic methods. Furthermore, our review is 
mainly focused on the formation/etching mechanisms of {001} facets dominated anatase TiO2 crystals based on our and other 
studies. The extensive application potentials of the anatase TiO2 crystals with exposed {001} facets have been summarized in 
this review such as photocatalysis, photoelectrocatalysis, solar energy conversion, lithium ion battery, and hydrogen generation. 
Based on the current studies, we give some perspectives on the research topic.  We believe that this comprehensive review on 
anatase TiO2 crystals with high reactive {001} facets can further promote the relative research in this field. 
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1  Introduction 

Controllable growth of metallic and semi-conducting nano-
crystals with high reactive facets has attracted great interest 
in the past decade due to their superior properties in cataly-
sis, photocatalysis, gas sensors, photovoltaics, and lithium 
ion battery [1–25]. Over the past two decades, titanium di-
oxide (TiO2) has been the dominant semiconductor photo-
catalyst owing to its superior photocatalytic activity, low 
cost, abundant supply, non-toxic nature and high photocor-
rosion resistance [26–30]. Anatase TiO2 has exhibited ex-
cellent properties in photocatalysis and solar energy conver-
sion due to its more negative conduction band edge poten-
tial versus rutile TiO2 [30, 31]. However, the performance 

of anatase TiO2 nanocrystals depends on not only their mi-
crostructure, size and composition, but also crystal facets 
[2–6, 19, 20]. For this, anatase TiO2 nanocrystals with high 
reactive facets such as {001} facets are still highly desired 
and pursued in scientific and technological fields. But the 
growth of {001} facets dominated anatase TiO2 crystals is 
thermodynamically unfavourable owing to their higher av-
erage surface energy (0.90 J/m2) versus that of other anatase 
crystal facets such as {100} (0.53 J/m2) and {101} (0.44 
J/m2) [2, 32]. Therefore, development of a method able to 
synthesize anatase TiO2 nanocrystals with high reactive 
facets (e.g., {001} facets) has become a huge challenge in 
scientific and technological fields. Recently, a breakthrough 
reported by Lu et al. has solved this issue [6]. Their study 
demonstrated that surface fluorination can dramatically de-
crease the {001} faceted surface energy to a level lower 
than that of the {101} faceted surface, and thus resulting in 
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anatase TiO2 single crystals with 47% exposed {001} facets 
[6]. Following this breakthrough, much effort has been paid 
to synthesize anatase TiO2 crystals with high reactive {001} 
facets using this surface fluorination concept, such as mi-
crometer-sized anatase TiO2 single crystals with exposed 
{001} facets [8, 33–37], anatase TiO2 nanocrystals with 
exposed {001} facets [16, 18, 21, 38–45], and anatase TiO2 
microspheres with exposed {001} facets [7, 12, 46–49]. In 
this respect, several recent reviews have reported the fabri-
cation of {001} facets dominated anatase TiO2 from the 
point of view of synthetic strategies and crystal facet engi-
neering control [50–52].  

To date, most studies on {001} facets dominated anatase 
TiO2 crystals mainly focus on the fabrication of anatase 
TiO2 crystals with high percentage of exposed {001} facets 
[8, 12, 18, 33, 42, 43]. Mechanistically, all related reports to 
date have exclusively concluded that surface fluorination of 
anatase TiO2 is responsible for lowering the {001} faceted 
surface energy and preserving the {001} faceted surfaces [6, 
8, 12, 18, 33, 34, 42, 43]. However, this surface fluorination 
concept of anatase TiO2 is a general conclusion. What is the 
key species (e.g., F and HF) for preserving the {001} facets 
of anatase TiO2 in the process of surface fluorination and 
crystal growth, which is highly concerned and critically 
important for understanding and controlling the growth of 
{001} facets dominated anatase TiO2 crystals. In additional, 
our recent study has found that a selective etching on the 
{001} facets of anatase TiO2 can occur under high HF con-
centration conditions, suggesting the reported mechanistic 
role of surface fluorination might be lopsided [53]. In these 
respects, there has been no comprehensive review insight-
fully illustrating and understanding the surface fluorina-
tion/etching mechanisms of {001} facets dominated anatase 
TiO2. 

Considering several recent papers have reviewed the fab-
rication of {001} facets dominated anatase TiO2 crystals 
using different synthetic strategies [50–52, 54, 55], in this 
review, we will simply introduce the synthesis of {001} 
facets dominated anatase TiO2 with different morphologies 
such as micrometer-sized single crystals, nanocrystals and 
microspheres. Most attention will concentrate on the mech-
anisms of surface fluorination and etching of {001} facets 
dominated anatase TiO2 through theoretical and experi-
mental studies made by our and other groups, and the per-
formances of the {001} facets dominated anatase TiO2 in 
many applications. We believe that this comprehensive re-
view can add insightful knowledge for designing and con-
trolling the growth of {001} facets dominated anatase TiO2 
for more extensive applications.  

2  Morphology of {001} facets dominated ana-
tase TiO2 crystals  

To date, {001} facets dominated anatase TiO2 crystals have 

been extensively fabricated by using different synthetic ap-
proaches including hydrothermal, solvothermal, nonhydro-
lytic solvothermal alcoholysis and gas-phase oxidation 
methods [6, 8, 36, 56]. Reviewing current studies on {001} 
facets dominated anatase TiO2, the synthesized anatase 
crystals mainly focus on three morphologies including mi-
crometer-sized single crystals with exposed {001} facets, 
microspheres with exposed {001} facets and nanocrystals 
with exposed {001} facets.  

2.1  Micrometer-sized anatase TiO2 single crystals 

For micrometer-sized TiO2 single crystals, improving the 
percentage of {001} facets is highly desired due to the high 
reactivity of {001} faceted surface [8, 33]. Microme-
ter-sized TiO2 single crystals with 47% exposed {001} fac-
ets were firstly reported by Lu et al. in 2008 (Figure 1(a)) 
[6]. Subsequently, the percentage of exposed {001} facets 
was improved to 64% by using a water-2-propanol sol-
vothermal synthetic approach (Figure 1(b)) [8]. By creating 
a fluorine rich reaction environment, Yu et al. fabricated 
successfully micrometer-sized TiO2 single crystals with 
remarkable 80% exposed {001} facets (Figure 1(c)) [33]. 
Through adding H2O2 into hydrothermal reaction solution, 
micrometer-sized anatase TiO2 single crystals with exposed 
{001} and {110} facets were successfully synthesized by 
Liu and co-workers, as shown in Figure 1(d) [34]. The {110} 
faceted surfaces have higher average surface energy (1.09 
J/m2) than that (0.90 J/m2) of {001} faceted surfaces [2]. 
which may contribute the improved photocatalytic perfor-
mance of the anatase TiO2 single crystals [34]. These mi- 

 

 

Figure 1  (a) SEM image of micrometer-sized TiO2 single crystals with 
47% exposed {001} facets by Lu et al. [6]. (b) SEM image of microme-
ter-sized TiO2 single crystals with 64% exposed {001} facets by Lu et al. 
[8]. (c) SEM image of micrometer-sized TiO2 single crystals with 80% 
exposed {001} facets by Yu et al. [33]. (d) SEM image of microme-
ter-sized TiO2 single crystals with exposed {001} and {110} facets by Liu 
et al. [34]. 
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crometer-sized TiO2 single crystals with high percentage of 
exposed high reactive crystal facets exhibited excellent 
photocatalytic activity [6, 8, 33, 34].  

2.2  Anatase TiO2 microspheres with exposed {001} 
facets  

Recently, anatase TiO2 microspheres with exposed {001} 
facets have been reported by many research groups [7, 12, 
46–49]. Lou and co-workers reported that anatase TiO2 mi-
crospheres assembled from anatase nanosheets with nearly 
100% exposed {001} facets can be synthesized by a facile 
solvothermal method [12]. Their approach mainly relies on 
spontaneous assembly of the anatase nanosheets into 
three-dimensional hierarchical microspheres with high sta-
bility, as shown in Figure 2(a) [12]. Their study further 
demonstrated that the anatase TiO2 microspheres assembled 
from anatase nanosheets with nearly 100% exposed {001} 
facets exhibited superior performance in lithium ion battery 
[12]. Yu et al. reported flower-like anatase TiO2 micro-
spheres with exposed {001} facets using metal titanium foil 
as precursor by a simple hydrothermal method (Figure 2(b)) 
[48]. In this respect, we have developed a facile hydrother-
mal method to fabricate anatase TiO2 microspheres with 
exposed {001} facets on metal titanium foil substrates [7, 
47, 57]. The fabricated anatase TiO2 microspheres with ex-
posed mirror-like plane {001} facets as light harvesting 
enhancement material can significantly improve overall 
light conversion efficiency in dye-sensitized solar cells 
(DSSCs) [7]. More importantly, we found that the exposed 
crystal facets of anatase TiO2 microspheres  can happen to 
transform from {001} crystal facets to {101} crystal facets 
with hydrothermal reaction time, as shown in Figure 2(c,d)  

 

 

Figure 2  (a) SEM image of anatase TiO2 microspheres assembled from 
anatase nanosheets with nearly 100% exposed {001} facets by Lou et al. 
[12]. (b) SEM image of anatase TiO2 microspheres with nearly 30% ex-
posed {001} facets by Yu et al. [48]. (c) and (d) SEM images of anatase 
TiO2 microspheres with exposed {001} and {101} facets, respectively [47]. 

[47]. The photoelectrocatalytic evaluation demonstrated that 
the photocatalytic activity of anatase TiO2 microspheres 
with exposed {001} facets was almost 1.5 times higher than 
that of the anatase TiO2 microspheres with exposed {101} 
facets [47].  

2.3  Anatase TiO2 nanocrystals with exposed {001} fac-
ets  

Although high percentage of {001} reactive facets can be 
reached for micrometer-sized TiO2 single crystals, the sizes 
of the anatase TiO2 single crystals are approximately micron 
level, which are undoubtedly too big for a number of appli-
cations that require high specific surface areas such as pho-
tocatalysis [59]. Therefore, it is highly desired to synthesize 
nanometer-sized anatase TiO2 crystals with exposed {001} 
reactive facets [11, 16–18, 21, 38, 39, 41–45, 56, 58–60]. 
Wu et al. reported a facile nonaqueous synthetic route to 
fabricate anatase TiO2 nanosheets with exposed {001} fac-
ets, as shown in Figure 3(a) [11]. Through adding appropri-
ate amount of water to the reaction solution, high-quality 
rhombic-shaped anatase TiO2 nanocrystals with a large 
percentage of exposed {010} facets were also obtained in 
their study (Figure 3(b)). The synthesized anatase TiO2 
nanosheets (or nanocrystals) with exposed {001} (or {010} 
facets) reactive facets shows excellent photocatalytic activ-
ity [11]. Yang and co-workers synthesized well-defined 
anatase TiO2 nanosheets with 98.7% exposed {001} facets 
in 1-butanol solvent containing 0.2 mL of 48% HF (Figure 
3(c)) [58]. They found that the formation of reaction inter-
mediate of TiOF2 is critically important for the subsequent 
growth of anatase TiO2 nanosheets [58]. This finding per-
fects the mechanism explanation on the anatase TiO2 
nanosheets with exposed {001} facets. In the same research 
group, ultra-thin anatase TiO2 nanosheets dominated with 
{001} reactive facets have been synthesized by a simple 
hydrothermal method [43]. The thickness of the anatase 
TiO2 nanosheets is below 1.6 nm along [001] crystallo-
graphic direction, meaning that the nanosheets have merely 
two layers of anatase crystal units [43, 50]. The ultra-thin 
anatase TiO2 nanosheets with exposed {001} facets exhibit 
high efficiency for splitting water into hydrogen under 
UV-vis light irradiation [43]. Combining electrospinning 
and hydrothermal process, Xia et al. synthesized success-
fully anatase TiO2 nanocrystals with truncated tetragonal 
bipyramidal shapes and 9.6% exposed {001} facets (Figure 
3(d)) [59]. They indicated that the use of electrospinning is 
critically important to successfully fabricate the anatase 
TiO2 nanocrystals because this electrospinning approach 
allows for the generation of very small particles of amor-
phous TiO2 to facilitate hydrothermal crystallization, an 
Ostwald ripening process [59]. These anatase TiO2 nano-
crystals with high reactive crystal facets could have high 
specific areas, and thus significantly improving their per-
formance in photocatalysis, solar energy conversion and  
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Figure 3  (a) TEM image of anatase TiO2 nanosheets with exposed {001} 
facets obtained by Wu et al. using the nonaqueous synthetic route [11]. (b) 
TEM image of anatase TiO2 nanocrystals with a large percentage of ex-
posed {010} facets obtained by Wu et al. [11]. (c) SEM image of anatase 
TiO2 nanosheets with 98.7% exposed {001} facets fabricated in 1-butanol 
solvent containing 0.2 mL of 48% HF by Yang et al. [58]. (d) TEM image 
of anatase TiO2 nanocrystals with 9.6% exposed {001} facets by Xia et al. 
[59]. 

lithium ion battery [11, 16–18, 21, 38, 39, 41–45, 56, 
58–60]. 

Overall, the {001} facets dominated anatase TiO2 crys-
tals with various dimensions and morphologies have differ-
ent physicochemical properties, and thus exhibiting differ-
ent efficacies as functional materials in applications such as 
photocatalysis and solar energy conversion. For large size 
(micron level) anatase TiO2 crystals with exposed {001} 
facets, the large crystal sizes may result in low specific sur-
face areas, which is disadvantageous for the applications 
that require high specific surface areas such as photocataly-
sis. However, the high percentage of {001} facets with high 
reactivity makes these single crystals able to be designed as 
miniature devices for more extensive applications in the 
future, which is highly expected.  

3  Formation/etching mechanisms 

As a photocatalyst, it has been extensively accepted that 
anatase TiO2 is more active than rutile TiO2 because the 
more negative conduction band edge potential of anatase 
TiO2 than that of rutile TiO2 is more favored to reduce O2 to 
O2

•, and thus decreasing the recombination of photoelec-
tron and hole [27, 29, 31, 61, 62]. The superior photocata-
lytic properties of anatase TiO2 can be attributed to many 
factors such as microstructure, size, composition, and crys-

tal facet [6, 27, 29, 31, 50–52, 61–63]. Among these factors, 
high reactive crystal facets of anatase TiO2 are still pursued 
in the fields of science and technology. However, high av-
erage surface energy of these crystal facets make them hard 
to be formed during crystal growth [2, 4]. This issue has 
been recently solved by Lu et al. through theoretical predic-
tion and experimental confirmation [6]. Some possible 
crystal facets of anatase TiO2 have been theoretically pre-
dicted and summarized in a recent review by Yang et al. 
[50]. Some crystal facets have been experimentally con-
firmed, while the other are expected to be realized in the 
future [50]. Although surface fluorination concept to date 
has been widely adopted to synthesize anatase TiO2 crystals 
with exposed {001} facets, a question is still raised: what is 
the key species (e.g., F or HF) responsible for stabilizing 
and preserving the {001} crystal facets? Our recent finding 
makes the surface fluorination mechanism further clear [57]. 
In addition, another key issue is if the {001} crystal facets 
can be still preserved under any reaction conditions con-
taining fluorine, e.g., high HF concentration solution. Our 
recent study has demonstrated that a selective etching on the 
{001} facets of anatase TiO2 can occur under high HF con-
centration conditions, meaning the reported mechanistic 
role of surface fluorination might be lopsided [53]. Our re-
cent findings have important guiding significance in con-
trollable synthesis of anatase TiO2 crystals with exposed 
{001} facets. 

3.1  Surface fluorination 

Surface chemistry of inorganic single crystals plays im-
portant role in influencing the surface stability and reactivi-
ty of single crystals, which is critically significant for the 
synthesis of single crystals with high reactivity [2, 3, 64–69]. 
For anatase TiO2, large high reactive crystal facets (i.g., 
{001} facets) are difficult to be formed due to high surface 
energy (γ) presented by both H− and O−terminated anatase 
surfaces [6]. The high bonding energies (D0) of H−H (436.0 
kJ/mol) and O−O (498.4 kJ/mol) [6, 70]. Therefore, Lu et al. 
demonstrated that using a low-D0 element with strong 
bonding to Ti can provide an effective means for stabilizing 
the surfaces [6]. By comparing various adsorbate atoms 
such as H, B, C, N, O, F, Si, Cl, Br, and I based on 
first-principle calculations, they found that F is such a ele-
ment, as D0

F-F = 158.8 kJ/mol and D0
F-Ti = 569.0 kJ/mol, 

which can stabilize and preserve the anatase {001} crystal 
facets, as shown in Figure 4 [6, 70].  

Their calculation results indicated that it is possible to 
obtain anatase TiO2 single crystals with high percentage of 
exposed {001} facets if their surfaces are surrounded by F 
atoms [6].  To confirm these theoretical predictions, they 
synthesized experimentally anatase TiO2 single crystals 
with 47% exposed {001} reactive facets (Figure 1(a)) [6]. 
Subsequently, anatase TiO2 single crystals with 64% ex-
posed {001} facets were obtained in the same research  
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Figure 4  Slab models and calculated surface energies of anatase TiO2 
(001) and (101) surfaces. The optimized rations of B/A and percentage of 
{001} facets (S001/S), where S and S001 are respectively the total surface 
area and that contributed by the {001} facets, are also shown. a, b, Unre-
laxed, clean (001) and (101) surfaces. Ti and O atoms are represented by 
grey and red spheres, with sixfold Ti, fivefold Ti, threefold O and twofold 
O labelled as 6c-Ti, 5c-Ti, 3c-O and 2c-O, respectively. c, d, Unrelaxed 
(001) and (101) surfaces surrounded by adsorbate X atoms. e, Calculated 
energies of the (001) and (101) surfaces surrounded by X atoms. f, Plots of 
the optimized value of B/A and percentage of {001} facets for anatase 
single crystals with various adsorbate atoms X. In e and f, clean-surface 
results (denoted by blue spheres and circles) are used for reference. As 
indicated in the inset diagram, two independent parameters A and B denote 
lengths of the side of the bipyramid and the side of the square {001} ‘trun-
cation’ facets, respectively. The ratio of highly reactive {001} facets to 
total surface area may therefore be described by the value of S001/S or B/A 
(where 0 ≤ B/A ≤ 1) by Lu et al. [6]. 

group (Figure 1(b)) [8]. The high percentage of exposed 
{001} facets of anatase TiO2 is attributed to the added 
2-propanol strengthening the stabilization effect associated 
with fluorine adsorption over (001) surface, and thus stimu-
lating its preferred growth [8]. To date, all reported experi-
mental data and theoretical calculation results have demon-
strated that a fluorine rich crystal surface is essential for 
stabilization and preservation of {001} facets during crystal 
growth [6, 8, 18, 33]. Moreover, this fluorine rich crystal 
surface environment can only be obtained under acidic con-
ditions [6, 8, 18, 33]. This means that pH of a reaction me-
dium may play an important role in determining the surface 
fluorination, and thus the size of exposed {001} facets of 
anatase TiO2 [57]. Although surface fluorination concept 
has been used as a guide to synthesize various anatase TiO2 
crystals with high reactive {001} facets [50–52], the mech-
anistic aspects, especially the preferential adsorption species 

(e.g., HF molecule or F in HF reaction solution) on {001} 
faceted surfaces, and the relationship between adsorption 
amount and surface area of exposed {001} facets remain 
elusive. Our recent study has indicated that the pH of reac-
tion medium containing fluorine has significant influence 
on the size of exposed {001} facets of anatase TiO2 [57]. 
This effect has been explained very well by theoretical cal-
culations and experimental results [57]. More importantly, 
our study makes the surface fluorination mechanism of an-
atase TiO2 for preserving {001} crystal facets more clear. 

3.2  Mechanistic role of hydrofluoric acid (HF) 

Using HF reaction medium, we found that controlling solu-
tion pH can not only control the morphology, crystal phase 
and composition of resultant hydrothermal products, but 
also control the size of exposed {001} facets of anatase 
TiO2 crystals below pH 5.8, as shown in Figure 5(a). In a 
real HF reaction medium with different pHs, the possible 
adsorption species could include HF, F-, H+ and Na+ (Na+ 
originated from NaOH for solution pH adjustment). Due to 
the strong H−F bonding energy (D0 = 5.91 eV) [71], HF is a 
weak acid (pKa = 3.17), which means that the HF molecule 
and Na+F- will be the dominant species at low and high pHs, 
respectively (Figure 5(b)) [57]. Using first principle density  
 

 

Figure 5  (a) SEM images of the hydrothermal products synthesized in 
HF reaction solution with different pH. Anatase TiO2 microspheres with 
exposed {001} facets (pH 1.2 and 3.9); dispersed anatase TiO2 single crys-
tals with exposed {001} facets (pH 5.8); anatase TiO2 nanoparticles with 
exposed {101} facets (pH 6.6); titanate nanorods and nanosheets (pH 7.2 
and 9.0). (b) Effect of pH on 0.5% (v/v) HF solution speciation [57]. 
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functional theory (DFT), the adsorption of HF or Na+F on 
the anatase TiO2 (001) surface is calculated in the acidic or 
nearly neutral medium, respectively [57]. The adsorption 
strength is reflected by their adsorption energy (∆E) based 
on the following equation:  

 ∆E = Etot  Esurf   Ead (1) 

where Etot and Esurf are the optimized total energies of 
systems with and without adsorbent, respectively, Ead 
represents the energy of the optimized isolated HF or the 
energy per Na+F of the bulk crystal. 

Figure 6 shows top view of HF/Na+F- on an anatase TiO2 
(001) surface with the (8 × 4) surface cell based on DFT 
calculations. The results demonstrate that under acidic con-
ditions, the dissociative adsorption of HF molecules on 
{001} faceted crystal surfaces is energetically permitted as 
demonstrated by the strong adsorption energy of 1.75 eV 
(Figure 6(A)). However, the interaction of Na+F with {001} 
faceted crystal surfaces is thermodynamically prohibited as 
shown by the calculated adsorption energy of +0.47 eV 
(Figure 6(B)) [57]. The higher bonding energy of O−H 
(4.43 eV) versus O−Na (2.65 eV) significantly contrib-
utes the dissociative adsorption of molecular form of HF on 
anatase TiO2 (001) surfaces [57, 71]. To calculate the sur-
face energies, the (1 × 1) surface cell with or without ad-
sorbates on the both side of the slabs is employed. The sur-
face energy (γ) is calculated by the following equation 
[72–75]: 

 2tot TiO ad

2

E NE xE

A


 
  (2) 

where, Etot is the total energy of the slab with or without 
adsorbates, N is the total number of unit TiO2 contained in 
the slab model, ETiO2 is the average energy per unit of TiO2, 
x is the number of adsorbates in each cell, Ead is the total 
energy of the isolated molecules of adsorbates, and A is the 
area of the (1 × 1) surface cell. When F (fluorine) atoms 
adsorb on the surface, Ead is half of the total energy for F2 
[6]. In our study, the Ead is the total energy for a HF (or F2) 
molecule when HF molecules (F2) adsorbs on the surface. 
The total energies for the isolated HF (or F2) molecules are 
calculated in a big cubic box with the lattice constant as 15 
Å.  

Based on our calculation strategy, the surface energy of 
clean (001) surface of anatase TiO2 is 0.92 J/m2, which is 
close to the reported result by Lazzeri et al. (0.90 J/m2) [76]. 
The surface energy of (001) surface of anatase TiO2 is de-
creased to 0.50 J/m2 after adsorbing HF molecules, which 
means that the adsorption of HF can facilitate the growth of 
the (001) surfaces, and effectively stabilize the grown (001) 
surfaces of anatase TiO2. In our study, for comparison pur-
pose, the surface energy of (001) surface of anatase TiO2 is 
also calculated after adsorption of F2 molecules using the 
same calculation strategy. The calculated value is 0.48 

 

Figure 6  Top view of HF/Na+F- on an anatase TiO2 (001) surface with (8 
× 4) surface cells. (A) The adsorption of HF; (B) the adsorption of Na+F 
[57]. 

J/m2, which is slightly higher than the result reported by 
Yang et al. due to different calculation method [6]. The 
structural property studies of adsorbed surfaces also demon-
strate that the interaction of HF molecules with (001) sur-
face of anatase TiO2 is remarkably stronger than that of 
Na+F with (001) surface, meaning that the preferential ad-
sorption of HF on (001) surface of anatase TiO2 [57]. 

Our theoretical and experimental studies confirmed that 
the {001} faceted anatase TiO2 surface fluorination can oc-
cur only through dissociative adsorption of molecular form 
of HF under acidic conditions, and thus stabilizing and pre-
serving {001} facets of anatase TiO2 crystals.  

3.3  Selective etching 

Under surface fluorination concept, anatase TiO2 crystals 
with exposed {001} facets have been widely reported since 
the pioneering work reported by Lu et al. [6]. The high re-
active {001} facets of anatase TiO2 have shown outstanding 
performance in photocatalytic, photoelectrocatalytic, solar 
energy conversion, hydrogen production, and lithium ion 
battery [7, 8, 12, 19, 39, 46, 47]. To date, all related reports 
have exclusively concluded that the surface fluorination of 
anatase TiO2 can lower the {001} faceted surface energy, 
and thus preserving the grown {001} faceted surfaces. Very 
recently, we found experimentally that a selective etching 
on the {001} facets can occur under high HF concentration 
coditions [53]. This suggests that the reported mechanistic 
role of surface fluorination might be lopside. From the point 
of view of the control of crystal facet growth, this selective 
etching phenomenon can result in the crystal facet trans-
formation from {001} to {101} (Figure 2(c,d)) [47]. Addi-
tionally, this self-etching ability can be also used to prepare 
nanoporous F-doped TiO2 microspheres with visible light 
photocatalytic activity and anatase TiO2 hollow micro-
spherical photocatalyst for concurrent membrane water pu-
rifications [77, 78]. The results shown in Figure 7(a,b) 
demonstrate that anatase TiO2 crystals with exposed and 
smooth {001} facets can be obtained from a reaction me- 
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Figure 7  (a) SEM and (b) TEM images, and the corresponding SAED 
pattern and the HRTEM image of as-synthesized anatase TiO2 single crys-
tals fabricated from 4.5 mM TiF4 aqueous solutions (pH 1.52); (c) to (e) 
SEM images of anatase TiO2 single crystals fabricated in pH 1.52 aqueous 
solutions containing 5.2, 8.3, and 10.6 mM of TiF4, respectively [53].   

dium containing 4.5 mM TiF4 [53]. When the concentration 
of TiF4 is beyond 5.2 mM, an eroded {001} faceted surface 
is observed, as shown in Figure 7(c,d) [53]. Almost entire 
{001} faceted surface is eroded with 10.6 mM TiF4 (Figure 
7(e)) [53]. Baed on these phenomena, one important con-
cern is that why high concentration of HF can selectively 
destroy {001} facets?  

To explain the etching mechanism of anatase TiO2 {001} 
facets, we performed theoretical calculations based on DFT 
using Quantum Espresso software [79]. Based on our theo-
retical calculations, the dissociative adsorption of HF onto 
clean (101) and (001) surfaces (Figure 8(a)) is significantly 
initial step (Figure 8b) [53, 57]. Under the full coverage (θ 
= 100%) status, the DFT calculations indicate that the reac-
tion energies of 2.49 eV and 2.56 eV for (101) and (001) 
surfaces, respectively, which means that the adsorption 
processes at both (101) and (001) surfaces are thermody-
namically favorable [53]. Moreover, the surface exposed 
−OH group can be replaced by F with exothermic reaction 
energies of 0.73 eV and 1.20 eV for (101) and (001) sur-
faces, respectively, and thus resulting in a completely 
fluorinated surface under full coverage conditions (Figure 
8(c)) [53]. Our calculations also demonstrate that the com-
pletely fluorinated crystal surfaces are covered by −TiOF2. 
−TiOF2 can be further dissolved from the crystal surfaces 
when the completely fluorinated crystal surfaces are ex-
posed to a high concentrated HF, leading to a etched crystal 
surface (Figure 8d) [53]. In our study, the calculated disso-
lution reaction energies for (101) and (001) surfaces are 
0.41 eV and +0.04 eV, respectively, which means that the 

 

Figure 8  DFT calculated reaction energies and structures for different 
stages of HF interaction with single crystal anatase TiO2 (101) (left) and 
(001) (right) surfaces. (a) Clean surfaces; (b) full HF-covered surfaces; (c) 
complete fluorinated surfaces; (d) etched surfaces. All structures are opti-
mized structures [53]. 

 

Figure 9  The illustration of possible reactions of a partially HF-covered 
(001) surface (θ = 50%) under low HF concentrations. (a) Replacement of 
lattice O by F; (b) further adsorption of HF to the full coverage (θ = 100%). 
All structures are optimized structures [53]. 

crystal surface etching is energetically permitted solely for 
the (001) surface [53]. The differences in the surface atomic 
structure arrangements for anatase TiO2 (001) and (101) 
surfaces further explain the intrinsic reasons for the selec-
tive erosion phenomenon on {001} faceted surfaces under 
high HF concentration based on our theoretical calculation 
results [53]. 

Our theoretical calculations further explain why no sur-
face etching takes place on anatase TiO2 (001) surfaces un-
der low concentrated HF solution (e.g.,  4.5 mM), as 
shwon in Figure 9 [53]. With low concentrated HF, the (001) 
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cystal surfaces can be only partially covered by the ad-
sorbed HF. The calculated results demonstrate that under 
partially HF coverage (θ = 50%), a further HF adsorption 
process to reach full coverage is 0.22 eV more energetically 
favored than that of the −OH group replacement process, 
which means that the −OH group replacement process can 
occur only after the full surface coverage status is achieved. 
Therefore, the etching phenomena on (001) facets cannot 
occur under low HF concentration. We believe that our 
studies provide a useful theoretical and practical guidance 
for controlled anatase TiO2 crystal facets growth for more 
extensive applications. 

4  Performance  

Titanium dioxide (TiO2) has been the dominant semicon- 
ductor material over the past two decades due to its poten-
tial applications in environmental remediation, solar energy 
conversion, biomedicine, and analytical determination of 
organic pollutants for water quality monitoring [26, 62, 
80–87]. Controlled growth of anatase TiO2 crystal facets 
with high reactivity is still pursued in the fields of science 
and technology owing to their superior intrinsic shape-  
independent properties in large numbers of applications. 
Since the pioneering work reported by Lu et al. [6], the 
synthesized anatase TiO2 crystals with high reactive {001} 
facets have been applied in many fields such as photocatal-
ysis [8, 88, 89], photoelectrocatalysis [47], solar energy 
conversion [7], hydrogen production [39], and lithium ion 
battery [12]. Recently, a α-Fe2O3/TiO2 core/shell structured 

photocatalyst with magnetic function has been developed by 
Lou et al. [90]. The hollow composited material as photo-
catalyst possesses enhanced photocatalytic activity [90].  
More strikingly, the photocatalyst can be readily recovered 
from the treated solution by applying a magnetic field due 
to its magnetic functionality [90]. Utilization of hydrofluor-
ic acid (HF) strong etching peroperty, anatase mesoporous 
F-TiO2 hollow microspheres have been used to construct 
filtration membrane, showing the multifunctions of  con-
current photocatalytic degradation and membrane filtration 
for water purifications [78].  

4.1  Photocatalytic activity 

To date, most studies on anatase TiO2 crystals with exposed 
{001} facets are exclusively formation of anatase TiO2 
crystals in solution suspension or precipitation forms [8, 11, 
17, 18, 33, 34, 36–38, 41, 44, 46, 48, 60, 90–94]. After re-
moval of fluorine by thermal treatment, clean anatase TiO2 
single crystals with 64% exposed {001} facets as photo-
catalysts exhibit superior photoreactivity (more than 5 times) 
compared to P25 TiO2 as a benchmarking material for the 
degradation of terephthalic acid, as shown in Figure 10(a) 
[8]. Han et al. evaluated the photocatalytic performance of 

anatase TiO2 nanosheets with 89% exposed {001} facets 
using methyl orange (MO) as a probe substrate [18]. The 
experimental results indicated that the anatase nanosheets 
with exposed {001} facets possess higher photocatalytic 
activity than that of commercially available P25 TiO2 (Fig-
ure 10(b)) [18]. Yu and co-workers have demonstrated that 
micrometer-sized anatase TiO2 single crystals with 80% 
exposed {001} facets display much higher photocatalytic 
activities than that of the {001} unexposed TiO2 single 
crystals (Figure 10(c)) [33]. They suggested that the high 
photocatalytic activities are mainly attributed to the strong 
ability of the reactive {001} facets to dissociatively adsorb 
water to form hydrogen peroxide and peroxide radicals [22, 
33, 95, 96]. The anatase TiO2 single crystals with exposed 
{001} and {110} high reactive facets obtained by a modi-
fied hydrothermal technique were evaluated by photocata-
lytic decolorization of MB dye under UV light irradiation 
[34]. In their study, the highest-surface-energy {110} facets 
were observed for the first time in the process of the growth 
of high reactive anatase TiO2 {001} facets [34]. The results 
demonstrated that these anatase TiO2 single crystals with 
high reactive {001} and {110} facets exhibit significantly 
enhanced photocatalytic efficiency for the decolorization of 
MB dye under UV light irradiation, as shown in Figure 10(d) 
[34].  

Although anatase TiO2 crystals with exposed {001} fac-
ets show high photocatalytic activities, these anatase crys-  

 

 

Figure 10  (a) Normalized fluorescence intensity per unit surface area 
with different photocatalysts: clean single crystal nanosheets with exposed 
{001} facets (SCNSs), TiO2 SCNSs capped by F atoms (F-SCNSs), and 
Degussa P25 TiO2; the photocatalytic reaction was performed in 3 mM 
terephthalic acid by Yang et al. [8]. (b) Cycling degradation curve for TiO2 
nanosheets (89% {001} facets) synthesized under the optimum reaction 
conditions, using 1 mmol/L MO as a probe by Han et al. [18]. (c) The 
effectiveness of samples with or without exposed reactive {001} facets on 
the degradation of 4-chlorophenol under UV irradiation reported by Yu et 
al. [33]. (d) The variation of MB concentration by photochemical reaction 
with the anatase TiO2 single crystals and the irregular TiO2 product by Liu 
et al. [34]. 
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tals can be only used as photocatalysts for UV light utiliza-
tion due to the large band gap (3.2 eV) of anatase TiO2 [2]. 
Therefore, development of anatase TiO2 crystals with ex-
posed {001} facets and visible light activity has been highly 
desired for visible light utilization. To obtain visible light 
response, TiO2 doped with metal and nonmetal elements has 
been extensively investigated in the past two decades [63, 
97]. Very recently, Liu and co-workers have investigated 
nonmetal elements (i.g., N, S, B and I) doped anatase TiO2 
crystals with exposed {001} facets by simple hydrothermal 
methods [40, 41, 63, 98, 99]. These nonmetal elements 
doped anatase TiO2 crystals with exposed {001} facets ex-
hibit superior photocatalytic activities under visible light 
irradiation [40, 41, 63, 98, 99]. In their synthetic strategies, 
the undissolvable precursors such as TiN, TiS2, and TiB2 
played key role in formation of visible light active anatase 
TiO2 crystals with {001} facets [40, 41, 63, 98, 99]. 

Recently, anatase TiO2 crystals with exposed {001} fac-
ets have been directly grown on metal titanium foil sub-
strates using simple hydrothermal methods by our and other 
groups [47, 57, 100]. The anatase TiO2 crystals grown on 
titanium foil substrates can offset the insufficiency of sus-
pension or precipitation forms of anatase TiO2 crystals with 
exposed {001} facets for more extensive applications such 
as photoelectrocatalysis and solar cells [30, 101–103]. 
Through controlling pH of HF reaction solution, we have 
developed different nanostructured photoelectrodes includ-
ing anatase TiO2 microspheres with exposed {001} facets 
and dispersed anatase TiO2 nanocrystals with exposed {001} 
facets [47, 57]. The anatase TiO2 microspheres with ex-
posed {001} facets as photoelectrodes exhibited 1.5 times 
higher photocatalytic activity toward water oxidation than 
that of photoelectrodes composed of anatase TiO2 micro-
spheres with exposed {101} facets, as shown in Figure 11 
[47]. This improved photoelectrocatalytic activity of anatase 
TiO2 microsphere photoelectrode can be attributed to the 
higher oxidation ability of {001} facets compared to {101} 
facets [20]. Similarly, Wang et al. developed a facile hy-
drothermal route to directly grow TiO2 films with oriented 
anatase {001} facets on titanium foil substrate [100]. After 
coating with CdS nanoparticles, the TiO2 film with oriented 
{001} facets exhibited much improved photoelectrochemi-
cal water splitting performance [100]. The anatase TiO2 
crystals with exposed {001} facets directly grown on solide 
substrates extend undoubtedly their potential applications 
such as  photoelectrocatalysis, solar energy conversion and 
lithium ion battery. 

4.2  Dye-sensitized solar cells (DSSCs) 

Since the pioneering work reported by O’Regan and Grätzel 
in 1991, anatase TiO2 is still the preferred structure used in 
dye-sensitized solar cells (DSSCs) due to its larger bandgap 
(3.2 vs. 3.0 eV for rutile TiO2) and higher conduction band 
edge energy, Ec [30, 81]. The higher conduction band edge 

 
Figure 11  (a) Voltammograms of anatase TiO2 photoelectrode fabricated 
from microspheres with exposed {001} facets at different UV light intensi-
ties. (b) Voltammograms of anatase TiO2 photoelectrode fabricated from 
TiO2 microspheres with {101} facets at different UV light intensities. (c) 
The relationships of saturation photocurrents for two anatase TiO2 photoe-
lectrodes and UV light intensities. The saturation photocurrents for two 
anatase TiO2 photoelectrodes measured at +0.40 V and derived from Figure 
11(a,b) [47]. 

energy of anatase TiO2 can contribute higher Fermi level 
and open-circuit voltage (Voc) in DSSCs for the same con-
duction band electron concentration [30]. To date, the re-
ported anatase TiO2 crystals with exposed {001} facets have 
exhibited superior photocatalytic activities [8, 18, 33, 50, 
51]. These anatase TiO2 crystals with high reactive facets 
are also highy attractive in DSSCs application [7, 21, 104].  

In this respect, we have used anatase TiO2 microspheres 
with exposed mirror-like plane {001} facets as light har-
vesting enhancement material in photoelectrode film con-
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struction for DSSCs (Figure 12(a)) [7]. The resultant photo-
electrodes with {001} facets dominated anatase TiO2 mi-
crosphere light scattering top layer exhibited significantly 
improved light harvesting capability and overall light con-
version efficiency (η = 7.91%), as shown in Figure 12(b) to 
(d) [7]. Our study demonstrated that the improved DSSCs 
efficiency is mainly due to the enhanced light scattering 
effect provided by the anatase TiO2 microspheres with 
unique mirror-like plane {001} facets [7]. Besides the ac-
tion of large size anatase TiO2 microspheres, the improved 
DSSCs efficiency may be attributed to the unique mir-
ror-like plane {001} facets with added ability to directly 
reflect the input light back to the bulk TiO2 film, the effec-
tiveness of the 400–600 nm square-shaped surface crystals 
for visible light scattering, and the enhanced effect by the 
layered configuration [7, 105–109]. Base on our study, the 
unique mirror-like plane {001} facets of anatase TiO2 mi-
crospheres play important role in improving the light har-
vesting efficiency and DSSCs performance of the TiO2 mi-
crosphere photoelectrodes. Similarly, anatase TiO2 
nanosheets-based hierarchical spheres with over 90% ex-
posed {001} facets were used as photoanode material, 
showing a solar energy conversion efficiency of 7.51% 
[104]. Yu and co-workers reported recently that TiO2 pho-
toelectrodes made from anatase TiO2 nanosheets with ex-
posed {001} facets show importantly improved photoelec-
tric conversion efficiency (η = 4.56%) in DSSCs in com-
parison with TiO2 nanoparticle (η = 4.24%) and P25 photo-
electrodes (η = 3.64%) [21]. Their study indicated that the  

 

 

Figure 12  (a) High magnification SEM image of the as-synthesized 
anatase TiO2 microspheres with exposed mirror-like plane {001} facets. (b) 
Diffuse reflectance spectra of the anatase TiO2 microsphere and P25 films 
with similar thickness. (c) Incident photon to current conversion efficiency 
(IPCE) curves of the TiO2 photoelectrode composing of TiO2 microspheres 
with exposed mirror-like plane {001} facets and TiO2 nanoparticles and the 
P25 photoelectrode. (d) Photocurrents as a function of photovoltage for 
DSSCs assembled with TiO2 microsphere and P25 photoelectrodes [7]. 

enhanced DSSCs performance is due to good crystallization, 
high pore volume, large particle size and improved light 
scattering effect of anatase TiO2 nanosheets with exposed 
{001} facets in photoelectrode films [21]. 

4.3  Lithium ion battery 

Development of high performance lithium ion battery has 
become a highly attractive research topic owing to its po-
tential applications in electronic products and electrical ve-
hicles [110–112]. As an electrode material, TiO2 has been 
widely investigated in lithium ion battery because it is a low 
cost, abundant, structurally stable, and environmentally be-
nign material [112–116]. Recently, hierarchical spheres 
made from large ultrathin anatase TiO2 nanosheets with 
nearly 100% exposed {001} facets have been investigated 
in lithium ion battery by Lou and co-workers [12]. Their 
studies demonstrated that the high surface density of ex-
posed {001} facets of anatase TiO2 spheres results in fast 
lithium insertion/deinsertion processes in batteries, and thus 
high battery efficiency [12]. In their studies, the data of cy-
clic voltammograms showed that no apparent irreversible 
process was observed in the first cathodic scan, indicating a 
high Coulombic efficiency for lithium extraction, which is 
very unusual for anatase TiO2 (Figure 13(a)) [12]. The 
charge-discharge profiles (Figure 13(b)) and reversibility 
measurements (Figure 13(c)) of the electrodes further 
demonstrated that the anatase TiO2 hierarchical spheres 
made from large ultrathin nanosheets with nearly 100% 
exposed {001} facets possess excellent capacity retention 
and superior rate behavior in lithium ion batteries [12]. Lou 
and co-workers also investigated carbon and gra-
phene-supported anatase TiO2 nanosheets with exposed 
{001} facets for fast lithium storage [15, 16]. The results 
indicated that carbon-supported anatase TiO2 nanosheets 
with exposed {001} facets show high reversible capacities 
with superior cyclic capacity retention at a high current rate 
[16]. The anatase TiO2 nanosheets with exposed {001} fac-
ets significantly contribute the improved lithium storage 
performance due to the nanosheet structure allowing effi-
cienct lithium ion diffusion, as well as the effective 
nanocarbon support granting better structural stability [16]. 
The graphene-supported anatase TiO2 nanosheets with ex-
posed {001} facets also exhibited superior lithium storage 
performance [15]. This enhanced performance is mainly 
attributed to two factors: one is that the anatase TiO2 
nanosheets with exposed high reactive {001} facets can 
serve as ideal hosts for fast and efficient lithium storage; the 
other is that the graphene support can serve as a highly 
conductive substrate for high-rate electron transport [15]. In 
fact, the primary role of carbon and graphene in anatase 
TiO2 nanosheet electrodes is to realize fast lithium ion dif-
fusion, superior electron transport, and decreased resistance 
at the interface of electrode/electrolyte at high charge-  
discharge rates [117, 118]. 
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Figure 13  (a) Representative CVs at a scan rate of 0.2 mV/s for the first, 
second, and fifth cycles. (b) Charge-discharge profiles at a current rate of 
5C (850 mA/g) for the first, second, and fifth cycles. (c) Cycling perfor-
mance at different C rates. All of the measurements were conducted using 
a voltage window of 1.0–3.0 V reported by Lou et al. [12]. 

4.4  Hydrogen production 

Since Fujishima and Honda’s pioneering work in 1972, 
TiO2 as an important functional material, has attracted great 
attention on water splitting for hydrogen production[26, 
119–124]. Anatase TiO2 crystals with exposed {001} facets 
are highly desired for hydrogen production by water split-
ting owing to their unique structure and high reactivity of 
{001} crystal facets [19, 39, 43, 50, 51]. Ultra-thin anatase 
TiO2 nanosheets with various nanosheet thickness and per-
centage of {001} facets were used as photocatalysts loaded 
with 1 wt% of Pt for hydrogen evolution by water splitting 
[43]. The results demonstrated that corresponding to TiO2 
nanosheets with a thickness of 5.0, 2.7 and 1.6 nm, the hy-
drogen evolution rates are 4335, 7381 and 6958 µmol h1 

g1, respectively [43]. The {001} faceted percentages of 
anatase TiO2 nanosheets with a thickness of 5.0, 2.7 and 1.6 
nm are 69%, 82% and 77%, respectively [43]. Their studies 
indicated that the highest rate of hydrogen production (7381 
µmol h1 g1) for anatase TiO2 nanosheets with a thickness 
of 2.7 nm can be ascribed to their well-faceted morphology 
and high percentage (82%) of (001) reactive surface (Figure 
14(a)) [43]. Yu et al. also investigated the rates of photo-
catalytic hydrogen production using Pt loaded anatase TiO2 
nanosheets with exposed {001} facets [39]. They found that 
the photocatalytic hydrogen production activity using the 
anatase TiO2 nanosheets with exposed {001} facets can be 
significantly improved by loading Pt achieving the highest 
activity at Pt loading amount of 2% [39]. Their studies fur-
ther indicated that all fluorinated TiO2 nanosheets exhibit 
much higher photocatalytic hydrogen production activity 
than anatase TiO2 nanosheets and pure TiO2 nanoparticles 
without fluorination (Figure 14(b)) [39]. 

 
 

 

Figure 14  (a) Hydrogen evolution properties of the obtained TiO2 
nanosheets under UV-vis light irradiation. The percentages of {001} facets 
of anatase TiO2 nanosheets are 69% (a), 82% (b) and 77% (c), respectively. 
The percentage of {001} facets of each sample is also illustrated on the top 
bars by Yang et al. [43]. (b) Comparison of the photocatalytic production 
of hydrogen from ethanol aqueous solutions for NS4 (nanosheets with F 
and RPt = 2), NS7 (nanosheets without F and RPt = 2), and NP (nanoparti-
cles without F and RPt = 2). Inset shows the schematic diagram for genera-
tion and transfer of photogenerated e–h+ pairs in F-TiO2 under UV irradia-
tion by Yu et al. [39]. 
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4.5  Further discussion 

Although many reports have demonstrated the superior 
photocatalytic activity of anatase TiO2 crystals with ex-
posed {001} facets, there are no direct evidences to  make 
clear the reactivity of anatase TiO2 {001} facets till recent 
studies reported by Pan et al. and Tachikawa et al. [19, 20]. 
Pan et al. compared the true photoreactivity order of {001}, 
{010}, and {101} facets of anatase TiO2 crystals by com-
paring hydrogen evolution rate from water containing 10 
vol% methanol using these anatase crystals with different 
exposed crystal facets [19]. The results indicated that for 
clean {001}, {101} and {010} facets, the photoreactivity 
order is of {001} < {101} < {010} for hydrogen evolution 
[19]. Furthermore, They performed theoretical calculations, 
UV-vis absorption spectra and X-ray photoelectron va-
lence-band (VB) spectra measurements to prove and explain 
their conclusion. The results demonstrated that although VB 
maxima for three crystal facets dominated anatase TiO2 
crystals are at 1.93 eV (Figure 15(c)), the conduction-band 
(CB) minimum (Figure 15(d)) of {101} and {010} facets 
dominated anatase TiO2 is obviously raised in contrast to 
{001} facets dominated anatase TiO2 due to their slightly 
different band gaps (Figure 15(b,d)) [19]. Comparison with 
the {101} and {010} facets dominated anatase TiO2, the 
more positive conduction-band edge potential of {001} fac-
ets dominated anatase TiO2 is very disadvantageous  for 
hydrogen generation [31], and thus leading to low hydrogen 
evolution rate [19]. In fact, based on Pan et al. work, a defi-
nite conclusion can be drawn: namely, the reduction capa-
bility of {101} and {010} facets dominated anatase TiO2 
crystals is higher than that of {001} facets dominated ana-
tase TiO2 crystals. This conclusion was further supported by 
a recent study reported by Tachikawa and co-workers [20]. 

In their studies, a single-molecule imaging and kinetic 
analysis of the fluorescence from the photocatalytic prod-
ucts on anatase TiO2 crystal particles were used to compare 
the photoreactivity of the {101} and {001} crystal facets 
[20]. Their studies demonstrated that the reaction sites for 
the effective reduction of the probe molecules are preferen-
tially located on the {101} crystal facets rather than the 
{001} crystal facets [20]. Figure 15(e) and (f) show fluo-
rescence and transmission images of the same anatase TiO2 
crystal, respectively [20]. It can be clearly seen that the 
number of red dots (fluorescence bursts, Figure 15(f)) on 
(101) surface is nearly three times higher than the number 
of blue dots (fluorescence bursts, Figure 15(f)) on (001) 
surface, indicating that unique and important role of the 
(101) surface as the reductive site in photocatalysis [20]. 
Furthermore, they also investigated the oxidation reactivity 
of the {001} and {101} facets of individual TiO2 crystal 
under UV irradiation using an oxidation-responsive fluoro-
genic probe [20]. The results demonstrated that the {001} 
facets of anatase TiO2 crystals show a similar or slightly 
higher adsorption affinity and reactivity toward the amino- 

 

Figure 15  Surface atomic structure and electronic structure. (a) Sche-
matic of the atomic structure of {001}, {101}, and {010} faces. (b) UV/Vis 
absorption spectra of T001, T101, and T010. (c) Valence-band XP spectra 
of T001, T101, and T010. d) Determined valence-band and conduc-
tion-band edges of T001, T101, and T010 by Pan et al. [19]. (e) Fluores-
cence and (f) transmission images of the same TiO2 crystal immobilized on 
a cover glass in Ar-saturated methanol solution containing DN-BODIPY 
(2.0 µM) under a 488 nm laser and UV irradiation. The scale bars are 4 µm. 
The inset in Figure 15(e) shows the expanded image, as indicated by the 
arrow. The cross-mark shows the location of the reactive site. The blue and 
red dots in Figure 15(f) indicate the location of fluorescence bursts on the 
{001} and {101} facets of the crystal, respectively, observed during 3 min 
irradiation by Tachikawa et al. [20]. 

phenyl moiety of the probe than that of the {101} facets of 
anatase TiO2 crystals [20]. These observations solve a fun-
damental question still arising on the photoreactivity of the 
{001} facets dominated anatase TiO2 crystals, which pro-
vides a significant guide for synthesis of anatase TiO2 crys-
tals with desired crystal facets for more objective applica-
tions. 

Based on the results reported by Pan et al. [19], {001} 
facets dominated anatase TiO2 crystals possess more posi-
tive conduction band edge potential than that of {101} and 
{010} facets dominated anatase TiO2 crystals, which is un-
favored to reduce O2 to O2

• during photocatalysis, and thus 
enhancing the recombination of photoelectron and hole [31]. 
As a powder form of photocatalyst, {001} facets dominated 
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anatase TiO2 crystals with more positive conduction band 
edge potential (versus {101} and {010} facets dominated 
anatase TiO2 crystals) could be very disadvantageous for 
photocatalytic oxidation of water and organics owing to 
high recombination of photoelectron and hole [31]. Because 
the oxidation capability of {001} facets dominated anatase 
TiO2 crystals is importantly comparable with that of {101} 
and {010} facets dominated crystals [19, 20], therefore, this 
issue can be solved by a simple photoelectrochemical ap-
proach to decrease the recombination of photoelectron and 
hole [47, 57, 86, 87, 125–127]. Using this method, photo-
generated electrons can be effectively transfer to external 
circuit by applying a potential bias, and thus significantly 
decreasing the recombination of photoelectron and hole and 
effectively improving the photocatalytic oxidation efficien-
cy of photocatalyst [47, 57, 86, 87, 125–127]. However, the 
photocatalyst films immobilized on conducting substrates 
are necessary for use of this photoelectrochemical approach 
[47, 57, 86, 87, 125–127]. Therefore, fabrication of  {001} 
facets dominated anatase TiO2 crystals on conducting sub-
strates is highly attractive for decreasing the recombination 
of photoelectron and hole and improving the photocatalytic 
oxidation efficiency by using this photoelectrocatalytic 
technique. 

5  Summary and outlook  

Controllable growth of anatase TiO2 crystals with high re-
active facets are highly desired in the fields of science and 
technology due to their unique structures and properties. 
Although the studies on anatase TiO2 crystals with high 
reactive facets (e.g., {001} facets) have achieved fast de-
velopment in recent few years, most studies are mainly fo-
cused on the development and improvement of the synthe-
sized methods. Therefore, many challenges are still existent 
in the following several aspects: (1) Although theoretical 
calculations have demonstrated the critically important role 
of surface fluorination in growth of anatase TiO2 crystals 
with exposed {001} facets, development of an environmen-
tal friendly synthetic system (without fluorine) is highly 
desired owing to the high toxicity and corrosive of fluo-
rine-containing compounds. This requires theoretical and 
experimental workers pay more efforts to achieve it. (2) For 
anatase TiO2, theoretical calculations have indicated that 
{101}, {001}, {010}, {100}, {103}, {105} and {107} crys-
tal facets are possible during crystal growth [50]. However, 
most synthesized anatase TiO2 crystals are dominated by 
{101} facets due to its low average surface energy. There-
fore, combination with the theoretical calculations, devel-
opment of the synthesized approaches to fabricate anatase 
TiO2 crystals with other high reactive facets such as {103}, 
{105} and {107} facets is highly attractive for more exten-
sive applications. Very recently, Yang et al. reported ana-
tase TiO2 crystals with exposed high-index {105} facets 

fabricated by a modified high-temperature gas-phase oxida-
tion route using titanium tetrachloride (TiCl4) as precursor 
[128]. Such encouraging result suggests that synthesis of 
anatase TiO2 with other exposed high reactive facets is 
achievable experimentally. (3) Based on the studies on ana-
tase TiO2 crystals with high reactive facets, synthesis of 
other metals or metal oxides with desirable crystal facets 
has considerably important significance for more extensive 
applications.  
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