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Uniform cubic anatase TiO2 fully enclosed by high energy facets was prepared using green 

method for enhancing the photocatalytic activity. 
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In order to improve the photocatalytic activity of TiO2, 

synthesis of well-faceted single crystal of anatase TiO2 with a 

high percentage of reactive facets exposed has attracted much 

attention due to the fascinating surface atomic configuration. 

In this study, large anatase single crystal cubes with {001} 

and {010} facets exposed were prepared for the first time via 

a facile microwave-assisted method. The preparation involved 

an aqueous solution of titanium tetrachloride, ionic liquid (1-

methyl-imidazolium tetrafluoroborate), and sodium dodecyl 

benzene sulfonate (SDBS) as titanium precursor, facet-

directing agent, and surfactant, respectively. It is 

demonstrated that these single-crystalline TiO2 crystals with 

cubic morphology showed the better photocatalytic 

performance than those decahedral anatase TiO2 due to high 

density of unsaturated surface Ti5c atoms on cubic TiO2.  

Introduction 

Photocatalysis is regarded as one of the most promising 

technologies, which has played an important role in many 

application ranging from environmental purification to energy 

conversion.[1-7] Recently, titanium dioxide (TiO2) is the most widely 

studied semiconductor in photocatalysis and energy conversion 

because it is readily available, chemically stable, inexpensive, and 

environmentally benign.[8-11] The physical and chemical properties as 

well as the photocatalytic reactivity of TiO2 nanoparticles are very 

sensitive to their morphology and surface atomic configuration.[12] 

Intensive experimental and theoretical studies have been conducted 

on the reactivity of different facets of TiO2 with unique 

morphology.[13-16] On the one hand, the surface physical/chemical 

properties such as adsorption, catalytic activity and selectivity is 

definitely affected by surface atomic arrangement and the degree of 

exposure of reactive crystal facets.[17] On the other hand, the 

particular morphology contributes to the fast electron transfer 

because of a surface hetero-junction can be formed between two 

different facets, thereby reducing photoelectron-hole recombination 

rate.[18-21] For example, Yu’s group reported that the ratio of the 

exposed {001} and {101} facets significantly affects the 

photocatalytic activity of anatase toward reduction of CO2.
[22] 

Therefore, there is considerable interest in the controlled preparation 

of a specific crystal shaped TiO2 with the largest exposure of high 

photoactive facets. 

It is conventionally considered that a facet with a high percentage 

of unsaturated atom possesses a superior reactivity than that of with 

a low percentage of unsaturated Ti atom.[23,24] Basically, there are 

three fundamental low-index facets of anatase TiO2 crystal: {101}, 

{001}, and {010}. In contrast to {101} facets with 50 % unsaturated 

Ti5c atoms, {001} and {010} facets have 100 % unsaturated Ti5c 

atoms. Furthermore, the surface energy of {001}, {010}, and {101} 

are known to be 0.90 J m-12, 0.53 J m-12, and 0.44 J m-12, 

respectively.[25,26] Therefore, some researchers have suggested that 

{001} and {010} facets showed more reactive performance than 

{101} facets owing to having more unsaturated Ti5c atoms and 

higher surface energy.[19,27] Fabrication of a high percentage of 

{010} facets and {001} facets anataste TiO2 is therefore of great 

significance in optimizing the photocatalytic activity of anatase. 

However, single crystals anatase TiO2 are thermodynamically 

inclined to fabricate truncated octahedron enclosed by {101} facets 

to minimize the total surface energy, resulting in the quickly 

diminishing the facets with high surface energy during the crystal 

growth process.[28] Recently, Yang’s group[29] reported that surface 

Ti-F bonds can change the surface unsaturated Ti5c atoms to Ti6c and 

reduce the surface energy. The findings of this work open up new 

opportunities for maximizing the surface exposed {001} and {010} 

facets percentage through the modification of the surface atomic 

configuration. Up to now, a series of the synthetic routes have been 

developed to fabricate TiO2 crystals with high energy facets exposed 

in the presence of extremely corrosive and toxic hydrofluoric acid.[30-

33] However, those fabrication methods always result in low yield 
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single crystal TiO2 with significant aggregation because the low pH 

value prevented titanium precursor from hydrolysis. In order to 

synthesize of highly dispersed single crystal TiO2 with two different 

reactive facets exposed and with high yields, looking for a mild 

facet-directing agent and suitable surfactant is a prerequisite. This is 

still a big challenge for engineering of single crystal TiO2 

exclusively enclosed by {001} and {010} facets. 

Inspired by the possibility of enhanced photocatalytic 

activity in shape controlled single crystal TiO2 with a high 

percentage of reactive facets exposed and our previous reported 

works,[17,30] in this study, we have developed a synthetic 

strategy to the synthesis of highly dispersed single crystal TiO2 

cubes with predominant {001} and {010} facets. The single-

crystal cubes were simply achieved by the microwave-assisted 

hydrothermal treatment of the aqueous solution of tetrachloride 

(TiCl4) with ionic liquid as a facet-directing agent and sodium 

dodecyl benzene sulphonate (SDBS) as a surfactant. The 

fabrication process is quite simple and efficient because of free 

from toxic hydrofluoric acid. To the best of our knowledge, it is 

the first report of large anatase single-crystal cubes with 

predominant {001} and {010} facets via a microwave-assisted 

hydrothermal process. To demonstrate the applicability of such 

single crystal cubes, photocatalytic activity was investigated by 

liquid phase photocatalytic degradation of Rhodamine B (RhB) 

and gas phase photocatalytic oxidation of nitric oxide (NO). 

The obtained TiO2 cubes were found to exhibit remarkable 

photocatalytic performance owing to the single-crystal nature 

and the high exposure of reactive crystal facets as well as fast 

electron transfer between two different facets. 

Experimental details 

Synthesis of {010} dominated Anatase TiO2 (C010-F): In a 

typical synthesis, titanium tetrachloride (ACROS) aqueous 

solution (denoted as solution A) was prepared by dissolving 5.0 

mL titanium tetrachloride in 15 mL of D. I. water which under 

the assisted of liquid nitrogen. Then 2 mL of ionic liquid 1-

methyl-imidazolium tetrafluoroborate, synthesized according to 

literature,[34] was added to the titanium tetrachloride aqueous 

solution containing 48 mL H2O, 0.2 g SBDS, and 2 mL of 

solution A. The mixture was sealed in a Teflon-lined-walled 

digestion vessel. After treated at a controllable temperature of 

150 oC for 90 min using a microwave digestion system (Ethos 

TC, Milestone), the vessel was then cooled down to room 

temperature. The samples are washed with deionized water and 

absolute ethanol, and dried in a vacuum at 80 oC for 4 h. 

Sample C010 was obtained by the thermal treatment of C010-F 

at 600 oC for 2 h in air. 

Synthesis of {001} exposed anatase TiO2 (D001-F): {001} 

exposed anatase TiO2 were prepared by a method previously 

published by our group.[30] Briefly, 0.04 mol/L titanium 

tetrafluoride (ACROS) aqueous solution was prepared by 

dissolving 1.24 g of titanium tetrafluoride in 250.0 mL of D.I. 

water which contains 0.2 mL of hydrochloric acid  (37%, 

(MERCK)). Then 0.5 mL of ionic liquid 1-methyl-imidazolium 

tetrafluoroborate was added to 30.0 mL of 0.04 mol/L titanium 

tetrafluoride aqueous solution while stirring. The mixture was 

sealed in a Teflon-lined-walled digestion vessel. After 

treatment at a controllable temperature of 210 oC for 90 min 

using a microwave digestion system (Ethos TC, Milestone), the 

vessel was then cooled down to room temperature. The samples 

are washed with deionized water and absolute ethanol, and 

dried in a vacuum at 80 oC for 4 h. Sample D001 was obtained 

by the thermal treatment of D001-F at 600 oC for 2 h in air. 

Materials Characterization 

The crystallographic information of the samples were determined 

by X-ray diffraction (XRD, D/MAX-2000 with Cu Kα1 irradiation), 

The morphology of the products were investigated by scanning 

electron microscopy (SEM, JEOL JSM-6380LV) and transmission 

electronic micrograph (TEM, JEM-2010, operated at 200 kV), The 

surface electronic states were analyzed by X-ray photoelectrons 

pectroscopy (XPS, Perkin-Elmer PHI 5000).  

Activity test. 

The liquid phase photocatalytic degradation of Rhodamine B 

(RhB) was used as a probe to evaluate the catalytic performance of 

the TiO2 samples which was photocatalytically carried out at 30 

°C in a self-designed 100 mL reactor containing 0.15 g catalyst and 

50 mL RhB aqueous solution (10 ppm/L). Four 8 W lamps with 

characteristic wavelengths of 365 nm were used as the UV light 

source which were placed at 5 cm around the solution. The 

suspensions were stirred for 30 min in the dark in order to establish 

adsorption/desorption equilibrium between dye and the photocatalyst 

before illumination. At regular intervals, the catalyst was separated 

from the solution and the RhB concentration left in the solution was 

analyzed by a UV spectrophotometer (UV 7504/PC) at its 

characteristic wavelength (λ = 553 nm). The photocatalytic activities 

of the TiO2 samples also been evaluated by the photocatalytic 

hydroxylation of terephthalic acid, which is always regarded as an 

indirection of hydroxyl radicals. Simply, 0.050 g catalyst added to 

100 mL reactor containing 50 mL of 5 mM terephtaalic acid (TA) 

and 10 mM NaOH solution. The procedure and conditons were as 

same as the photocatalytic degradation of RhB. The hydroxyl radical 

formation at different irradiation times has been detected by 

measuring the fluorescence intensity at 426 nm of 2-

hydroxyterephthalic acid (TAOH), which produced by the reaction 

of TA with hydroxyl radicals in basic solution under UV light 

irradiation. 

The photocatalytic oxidation of NO gas was carried out in air at 

ambient temperature in a continuous flow rector. The volume of the 

rectangular reactor, which was made of stainless steel and covered 

with saint-Glass was 4.5 L (10*30*15 cm (h*l*w)). Eight UV-A 

fluorescent lamps (TL 8W) were used as the ultraviolet light source. 

The weight of the photocatalysts used for each experiment was kept 

at 0.2 g. The initial concentration of NO was diluted to about 500 

ppb with an air stream supplied by a zero air generator. After the 

adsorption-desorption equilibrium among water vapour gases and 
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photocatalyst was achieved, the lamp was turned on. The 

concentration of NO was continuously measured by using a 

chemiluminescence NO analyzer (Thermo Environmental 

Instruments Inc. Model 42c). The NO removal rate (%) was 

calculated based on the following equation: NO removal rate (%) = 

([NO] in-[NO] out)/[NO]in*100% 

Results and discussion 

 
Fig. 1 (a) XRD pattern of the as-prepared TiO2 single-crystal cubes, 

(b) UV-visible absorption spectrum, the inset is plots of (ahν)1/2 

versus photo energy (a represents the absorption coefficient). 

X-ray diffraction (XRD) was used to characterize the phase 

structure and crystalline size of the sample. Figure 1a shows the 

XRD pattern of the as-prepared sample synthesized at 150 °C under 

microwave irradiation for 90 min. The diffraction pattern in Figure 

1a shows that all peaks in the pattern can be assigned to the 

diffraction of (101), (103), (004), (112), (200), (105), (211), (213), 

(204), (116), (220), (107), (215), and (301) planes, clearly indicating 

that the sample is a pure anatase phase (tetragonal, I41/amd, 

JCPDS21-1272).[35] The narrow peak of the (101) with intense 

reflection suggests a high crystallinity of the sample. The UV-visible 

absorption spectra (Figure 1b) demonstrate that the absorption edge 

of D001 has a slight red-shift with respect to the C010 samples. The 

differences in absorption edge wavelength for the TiO2 samples 

clearly indicate an increase in the band gap of cubic TiO2. The band 

gap energies were calculated from (ahν)1/2 versus photon energy 

plots (Figure 1b inset) to be 3.05 and 3.10 eV for D001 and C010, 

respectively. 

Figure.2a shows the field-emission scanning electron microscopy 

(FE-SEM) images of the TiO2 single-crystal cubes. The synthesized 

anatase single crystals have a size of around 400 nm as calculated 

from 50 cubes randomly selected from the FESEM images. The 

angle between top surfaces and lateral surface is nearly 90o, 

suggesting that the cube exhibits very little {101} facet. As we 

know, both {001} facets and {010} facets have 100 % Ti5c (five-

coordinate) atoms as showed in Figure 2e and Figure 2f. According 

to the crystal symmetry, the formation of cubic anatase TiO2 with 

two top {001} facets and four lateral facets would be favored while 

the facets were stabilized by certain capping agents. Figure 2c, d 

show the bright field transmission electron microscopy (TEM) 

images of two different cubic anatase single crystal together with the 

corresponding selected area electron diffraction pattern (SAED). On 

the basis of SAED analysis, these cubes were consistently found to 

be single-crystalline. The sharp diffraction spots (Figure. 2c inset) 

can be ascribed to the [001] zone axis of the tetragonal anatase TiO2 

crystal. Furthermore, Figure. 2d inset shows the SAED pattern 

recorded along the [010] axis of the sample displaying the {002} and 

{101} facets with interfacial angle of 68.27o. On the basis of the 

above analysis, these cubes grew along the [001] direction with four 

{010} lateral facets and two {001} top facets. 

 
Fig. 2 low (a) and high (b) resolution FESEM images of the cubic 

anatase. (c, d) TEM images of two representative cubes, the insets 

are the corresponding SAED patterns. (e, f) schematic of atomic 

structure of {001} and {010} facets; grey Ti4+, red O2-. 

It was demonstrated that the formation of Ti-F bonds changed the 

surface Ti5c atoms to Ti6c, which can significantly lower the energy 

of the {001} facets.[29] First-principles calculations also indicate that 

fluorine ions can greatly reduce the surface energy of {001} facets, 

making them more stable than the {101} facets and {010} facets. 

The anion of the ionic liquid used in this work is [BF4]
- with four 
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fluorine atoms in one molecule. The bulky [BF4]
- groups protect and 

stabilize the {001} facets[30]. The chemical state of fluorine as Ti-F 

species is evidenced by the F1s XPS (Figure. S1), which shows a 

binding energy of 684.3 eV assignable to covalently-bound F 

species.[19] It is notable that a large number of anatase cubic 

aggregates with exposing a low percentage of {010} facet appeared 

in the absence of SDBS as displayed in Figure S2a. This result 

confirms that the SDBS surfactant is able to stabilize the {010} 

facets of anatase single crystal under the assistance of ionic liquid. 

To understand the exact role of SDBS in stabilizing the {010} facet 

of anatase, a series of experiments were carried out. Figure S2b and 

Figure S2c show the anatase TiO2 obtained by using sodium dodecyl 

sulfonate (SDS) or hexadecyl trimethyl ammonium bromide (CTAB) 

as the surfactant under the identical conditions, respectively. 

Irregular TiO2 crystals aggregates with exposing a large percentage 

of top {001} facets and a low percentage of lateral {010} facets were 

observed. On the basis of the above observation, the SDBS could be 

preferentially absorbed on the {010} facets to stabilize the {010} 

facets. It is worth mentioning that SDBS as an anionic surfactant is a 

member of the linear alkylbenzenesulfonates. This dodecyl chain is 

coordinated with the 4-position of the benzenesulfonate group. 

Generally, when SDBS are adsorbed on the surface of solid 

materials, there may exist the electrostatic interaction between 

cationic group and sulfonate anion as well as π−π stacking between 

aromatic rings.[36,37] Given that the typical distance between the 

adjacent unsaturated Ti atoms are about 0.304 nm and 0.378 nm as 

shown in Figure S3. This distance is consistent with that of 

mutual π−π stacking between aromatic rings.[37] Moreover, the 

anatase {010} plane is relatively flat. Considering those factors, we 

hypothesize that SDBS can be allowed to perpendicularly anchor 

onto {010} plane to form relatively tight coverage layer through 

electrostatic interaction between Ti5c atoms and sulfonate anion 

accompanied with π−π stacking between aromatic rings as illustrated 

in Figure S4. This proposed mechanism is reasonable to explain the 

experimental phenomenon that the crystals aggregates with exposing 

a large percentage of top {001} facets and a low percentage of 

lateral {010} facets appeared by using SDS surfactant without 

aromatic ring and cationic surfactant CTAB. Therefore, both the 

ionic liquid and SDBS are very vital for the preferred growth of the 

{001} facets and {010} facets. 

In general, the photocatalytic activity of catalyst is definitely 

affected by surface atomic structure and the percentage of exposed 

reactive crystal facets. These anatase TiO2 single crystals cubes are 

expected to have higher reactivity due to the large percentage of 

{001} facets and {010} facets compared with crystals having normal 

majority {101} facets.[12] The sample D001-F with {101} and {001} 

facets dominated anatase acts as the standard to compare with C010-

F. Figure S5 shows the results of XRD pattern and morphology of 

the as prepared D001-F. It can be observed that the well-faceted 

truncated octahedral has two square surfaces and the other eight 

isosceles assignable to {001} and {101} facet.[30] Figure 3 shows the 

fluorescence signal intensity of TAOH at λ= 426 nm of the samples, 

which was produced by the reaction of TA with hydroxyl radicals 

formed over TiO2 under UV light irradiation in basic solution. The 

linear relationships between fluorescence intensity and irradiation 

time are found for all samples, as shown in the inset of Figure 3, 

both C010-F and D001-F exhibit low fluorescence intensity because 

of the surface fluorine changing the surface Ti5c to Ti6c which 

hinders the catalytic performance. The fluorinated surfaces can be 

cleaned by heat treatment at 600 oC for 2 h.[15] No fluorine species 

was detected by X-ray photoelectron spectrum (Figure S1). After 

removing the surface fluorine, the fluorescence signal intensity 

increase dramatically, indicating a significantly enhanced 

photocatalytic activity after removing the surface fluorine as 

expected. The concentration of ⋅OH generated from clean cubic 

anatase is much higher than that of decahedral anatase, 

demonstrating substantially improved photoreactivity of cubic 

anatase composed from active {001} and {010} facets. Moreover, 

the linear relationship between fluorescence intensity and irradiation 

time (Figure 3 inset) confirms the stability of those anatase cubes. 

This result is consistent with the recently reported higher 

photoreactivity of anatase TiO2 mostly composed from {010} and 

{001} facets compared with the {001} and {101} facets dominated 

single crystal TiO2 anatase.[19,27] 

 
Fig. 3 Fluorescence signal intensity of anatase TiO2 in terephthalic 

acid solution containing 10 mM NaOH at different UV light 

irradiation time. Inset is the time dependences of fluorescence 

intensity at λ= 426 nm over different samples. 

 
Fig. 4 The degradation yield of RhB under UV light at 90 min. 
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To further investigate the photoreactivity of the single crystal 

cubic anatase TiO2. The anatase TiO2 single crystals cubes were 

examined in photodegradation of RhB dye under UV light 

irradiation. As shown in the Figure 4, after removing the surface 

fluorine from D001-F and C010-F, the activity of photocatalytic 

oxidation of RhB greatly improved. Sample C010 showed the 

highest activity than others. The possible reason for the significantly 

enhanced activity on cubic anatase might be attributed to the 

following reason: (1) both {010} facets and {001} facets on cubic 

TiO2 have the 100 % unsaturated surface Ti5c atoms compared with 

{101} facets with 50 %. Therefore cubic anatase has higher density 

of unsaturated surface Ti5c atoms than that of decahedral anatase, 

leading to efficient ⋅OH generation as evidenced by fluorescence 

test; (2) theory calculation as shown in figure S6 suggests that {010} 

facets have a large band gap than that of {001} facets. This result 

agrees well with the earlier study on TiO2 surface band structure[19] 

together with the results of UV-visible spectra as shown in Figure 

1b. Consequently, the photo-electrons generated from {010} facets 

incline to migrate to {001} facets and promote the separation of 

electrons and holes across the interface of the two surfaces. The 

more strongly reducing electron in the conduction band can be 

efficiently consumed by oxygen from air and thus results in the 

formation of superoxide radical. The superoxide radical can further 

react with RhB. Moreover, the efficient consumption of excited 

electrons can simultaneously promote the generation of holes in 

photocatalytic oxidation reactions; (3) the photo-exited electron on 

{010} facets can be transferred to {001} facets due to the higher 

position of conduction band compared with that of {001} facets, 

inhibiting the charge recombination.[12,19] In order to further 

demonstrate that the reasons for suppression of charge 

recombination of cubic TiO2, the photoluminescence spectroscopy 

spectra of the sample C010 and D001were investigated and shown in 

figure S7. The peak around 560 nm can be assigned to the light 

absorption coefficient. The low peak intensity observed for the C010 

clearly indicates the efficient charge separation.[38]  

 
Fig. 5 Reaction profiles of photocatalytic NO oxidation of sample. 

The rapid increase of NO released from continuous consumption 

of fossil fuels are becoming more and more urgent due to its 

hazardous effects on environment.[39,40] Many approaches have been 

devoted to gas-phase photocatalytic NO oxidation by using 

semiconductor photocatalysts owing to the advantages of green and 

easy operation under mild conditions.[30,41] The synthesized cubic 

anatase were further employed for photocatalytic NO oxidation. Our 

preliminary tests demonstrated that no significant decrease in NO 

content was observed in the absence of either light irradiation or 

photocatalyst, suggesting that the NO oxidation was mainly driven 

by photocatalysis. As shown in figure 5, both C010-F and D001-F 

samples exhibited poor activity for photocatalytic NO oxidation 

because the surface fluorine hinders the catalytic performance.  After 

the removal of fluorine species by thermal treatment, C010 sample 

exhibited much higher NO removal rate than that of D001 sample 

under UV irradiation. On the one hand, C010 samples are more 

reactive for ⋅OH formation than D001 samples because of the 

density of unsaturated surface Ti5c atoms which greatly affect the 

absorbability of dissociative water. Similar in the aqueous reaction, 

the reactive species of ⋅OH and the ⋅O2
-, which are produce by 

oxidation of H2O with photo-induced hole and reduction of O2 with 

photo-excited electron, respectively, are formed more easily on 

{001} and {010} facets than that of {101} facets evidenced by 

Figure 3.[41] One the other hand, the morphology of cubic anatase 

contributed to the fast electron transfer because the photo-electron 

generated from {010} facet incline to migrate to {001} facet due to 

the higher conduction band position, thereby reducing photoelectron-

hole recombination rate. It is noteworthy that the removal efficiency 

of D001 sample rapidly decreased after 20 min of reaction while the 

removal efficiency of sample C010 showed no appreciable lost in 

activity. In addition, the stability of the C010 was also investigated 

by recycling the photo-oxidation of NO under the same conditions as 

displayed in Figure S8. The results reveal that the cubic anatase TiO2 

shows excellent durability and can be used repeatedly 3 times 

without significant loss in activity, further suggesting the high 

stability of cubic anatase TiO2. 

It is well-known that the thermal stability is still a bottleneck for 

the practical applications of anatase TiO2. Generally, the irreversible 

transformation from anatase to thermodynamically stable rutile 

usually occurs at a temperature of 500 °C.[35]  Many approaches have 

been developed to increase the crystalline phase stability of TiO2 

crystals.[42] The crystalline phase stability of as-prepared cubic 

anatase TiO2 was investigated by the thermal treatment of sample at 

different temperatures for 1 h in air. Figure S9 shown the XRD 

patterns of the calcined cubes. It should be noticed that the cubic 

anatase showed extremely high crystalline phase stability, remaining 

the pure anatase phase even after being calcined at 800 °C in air. 

Such a greatly enhanced thermal stability could be attributed to the 

single-crystal nature. These stable anatase TiO2 single crystals are 

useful in high temperature catalysis or photoelectronic applications, 

such as thermal catalysis, sensors, and electronic devices. 

Conclusions 

In conclusion, uniform, well-defined, single crystal cubic anatase 

TiO2 with predominately exposed higher-energy {010} facets and 

{001} facets, remarkable crystalline phase-stability, excellent 

enhanced photocatalytic activity were synthesized via a simple 

microwave-assisted process. It has been demonstrated that both ionic 
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liquid and SDBS played vital roles in stabilizing {001} and {010} 

facets through Ti-F bonds and promoting the growth of {010} facets 

through electrostatic interaction between Ti5c atoms and sulfonate 

anion accompanied with π−π stacking between aromatic rings. The 

synthesized cubic TiO2 showed remarkably enhanced photocatalytic 

activity owing the surface exposed active {001} and {010} facets, as 

well as unsaturated surface Ti5c atoms. The synthesis methodology 

explored in this study is energy-saving and cost-effective, which can 

be developed into a general way to fabricate other metal oxide 

crystals on a large scale. 
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