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A hybrid mesoporous TiO2/Zn2Ti3O8 film with the pore size of around 40 

nm is successfully synthesized by the polymeric micelles assembly 

approach. The chemically distinct units of polymeric micelles of  

poly(styrene-2-vinylpyridine-ethylene oxide) triblock copolymer 

simultaneously contribute to the formation of mesoporous TiO2/Zn2Ti3O8 

films with enhanced photocatalytic activity during H2 evolution reaction. 

Semiconducting photocatalysis has been extensively investigated as 

one of the most promising technologies to ameliorate the situation 

of worsening environmental pollution and energy shortages. Since 

the photocatalytic reaction occurs on the surfaces of 

semiconductors, it is important to study the surface reaction to  

improve their surface conditions.
1-6

 In recent years, synthesis of 

mesoporous (or nanoporous) materials has attracted great 

attention due to the large surface area of these materials, which 

provides more reactive sites during photocatalytic reactions.
7-11

 

Among the photocatalytic semiconducting materials, TiO2 and ZnO 

have been widely studied due to their high photocatlytic activity, 

non-toxicity, low-cost, and easy preparation. However, the 

photocorrosion of ZnO restricts its uses in many applications. 

Homogeneous mixing of TiO2 with ZnO overcomes the corrosion 

behavior of ZnO to some extent.
12-17

 Dulin and Rase firstly 

established the basic phase diagram of ZnO-TiO2 with cubic 

Zn2Ti3O8, pure rhombohedral ZnTiO3 and face-centered cubic 

Zn2TiO4.
18

 Zn2Ti3O8 is thermally stable with the cubic spinel-type 

structure, in which all of the Zn ions own the tetrahedral 

coordination, while all the Ti ions occupy octahedral coordinated 

sites.
9 

The formation of Zn2Ti3O8 prevents the rutile formation from 

anatase at elevated temperatures.
19 

Modifying TiO2 using 

heteroelements is one of the most important aspects to explore the 

catalytic activities of this catalyst. To the best of our knowledge, 

there are very few reports on the fabrication of mesoporous 

crystalline Zn2Ti3O8.
20-22 

Porous Zn2Ti3O8 performs well in the 

photocatalytic water splitting with RuO2, as co-catalyst.
23 

The 

orderly arranged large-size mesoporous and crystalline materials 

with a Zn2Ti3O8 phase have never been reported which are 

expected to be a novel catalyst. 

 

 
Fig. 1 Illustration of synthesis of mesoporous TiO2/Zn2Ti3O8 films by 

polymeric micelle assembly.  

 

Here, we use the polymeric micelle of poly(styrene-2-

vinylpyridine-ethylene oxide) (PS-PVP-PEO) to synthesize 

mesoporous TiO2/Zn2Ti3O8 films. The polymeric micelles of triblock 

copolymer have already been proved as an ideal template for 

preparing several mesostructure materials.
24-26

 The chemically 

distinct units of polymeric micelles simultaneously contribute to 

forming the mesoporous TiO2/Zn2Ti3O8 films. The PS is a porogen, 
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and the PVP is a reaction site, while the PEO contributes the 

stabilization of micelles in the precursor solution. With increasing 

the phase fraction of Zn2Ti3O8, the heterojunction between TiO2 and 

Zn2Ti3O8 increased, which highly enhanced the photocatalytic 

activity. However, on continuous increasing the portion of Zn2Ti3O8, 

it seizes Ti atom from TiO2, causing the decrease of heterojunction 

numbers and which leads to the decreasing of the catalytic 

efficiency. The effects of heterojunction and photocatalytic activity 

are discussed in detail. 

In this experimental, the PS-PVP-PEO triblock copolymer (20 

mg) was dissolved in THF (4 ml) under ultrasonic stirring to obtain a 

transparent solution at room temperature. HCl (80 μL, 35%) 

solution was slowly added into the solution to induce micellization 

and the mixed solution was magnetically stirred for 2 hours. TTIP 

(80 μL) and Zn(NO3)2 were separately dissolved in ethanol and 

sequentially added into the polymer solution with various mass 

ratios. The mass of Zn(NO3)2 was 0, 5, 10, 15 and 20 mg, which were 

denoted as ZTO0, ZTO5, ZTO10, ZTO15, and ZTO20, respectively. 

After 2 h stirring, the solution (200 μL) was used for spin coating 

on the clean silicon substrate or quartz substrate (2×2 cm), and 

the speed of spin coating was fixed at 3000 rpm for 30 s. The 

obtained films were dried for 12 hours at room temperature and 

calcined at 550 
o
C for 3 h with a ramping rate of 1 

o
C∙min

-1
. Pure 

mesoporous TiO2 and Zn2Ti3O8 films were also prepared for 

comparison.  

To investigate the micellization of block copolymer, dynamic 

light scattering (DLS) measurement was performed. Before adding 

HCl solution, DLS did not detect any micelles or their aggregations. 

Block copolymer could be molecularly dissolved as unimers in THF, 

which is a good solvent for each block of polymer. The micellization 

was initiated by adding HCl solution, since it is a poor solvent for 

the PS block. The hydrodynamic diameter (Dh) of highly 

monodisperse micelles was around 110 nm. The pure polymeric 

micelles are positively charged with +30 mV zeta-potential. The 

optimal volume of HCl solution was fixed at 80 μL, which is enough 

to insolubilize the PS core and fully protonate the PVP block. The 

adequately protonated PVP block is the reaction site for inorganic 

precursors. After adding the inorganic species [TTIP and Zn(NO3)2], 

the Dh of the micelles decreased, since the interaction between the 

inorganic species and the PVP block initiated with charge 

neutralization, which further caused the alleviation of the 

electrostatic attraction between the adjacent PVP blocks. The zeta-

potential measurement reveals that after adding TTIP the surface 

charge became almost zero (-1 mV). The micelles exhibit smaller 

diameter (85 ± 5 nm) than pure micelles (110 nm), indicating the 

shrunken conformation of the PVP blocks. Further addition of Zn
2+

 

ions the hydrodynamic size remained unchanged. But the zeta-

potential showed a positive value of + 24 mV indicating that the 

Zn
2+

 ions were strongly attached within the micelles composites. 

During evaporation of the solvent, the micelles assembled orderly 

as shown in Fig. 1. 

To obtain the mesoporous films with opened pores, the 

polymer template was removed by thermal treatment, which also 

induced the crystallization of the inorganic framework. The PS-PVP-

PEO block copolymer exhibits superior thermal stability compared 

with other block copolymers. The crystallization of the anatase TiO2 

phase is known to be initiated at around 300 
o
C

19
 and the pure 

phase Zn2Ti3O8 crystalized at around 500 
o
C.

22
 Preserving the 

mesoporosity above their crystallization temperature is always 

important. The polymer used here decomposed completely at 

around 550 
o
C (Fig. S1). The remnant of in-situ formed carbon 

matrix can retard over crystal growth during calcination at high 

temperature, resulting in full retention of the mesostructure. The 

morphology of the mesoporous films with different compositions 

calcined at 550 
o
C were observed by SEM (Fig. S2). All the films 

contain large and uniform circular pores around 40 nm. The 

mesopores were surrounded by robust wall with a thickness of 

around 10 nm. With the increase of Zn(NO3)2 species, the uniform 

circular pores were gradually distorted and the mesoporous surface 

became rough (Fig. S2a-S2e). This is attributed to the formation of 

Zn2Ti3O8 on the TiO2 surface, which is discussed later. To investigate 

the internal structure of the mesoporous films, the TEM 

observation was carried out. Mesoporous structures surrounded by 

robust wall were formed over the entire area (Fig. 2). Elemental 

mapping data shows each element is uniformly distributed through 

the entire surface (Fig. S3). More details on the crystal structure 

were characterized by high-resolution TEM. Clear lattice fringes 

were observed on the walls (Fig. 2b). The distance of lattice fringes 

in the yellow circle was 0.350 nm corresponding to the (101) plane 

spacing of the anatase TiO2 phase, while those in the red circle was 

0.295 nm corresponding to the (220) plane spacing of the Zn2Ti3O8 

phase.  

 

 
Fig. 2 TEM (a) and HRTEM images (b) of mesoporous film of ZTO15. 

 

The crystallinity and phase purity were checked by wide angle  

XRD. The XRD patterns of the mesoporous films were indexed as 

the anatase TiO2 (JCPDS no. 73-1764) and Zn2Ti3O8 (JCPDS no. 87-

1781), as shown in Fig. S4. The diffraction peaks at 25.34
o
, 37.96

o
, 

and 48.10
o 

correspond to (101), (004), and (200) planes of the 

anatase TiO2 phase, while the other peaks at 29.96
 o

 and 35.38
o
 

correspond to (220) and (311) of the Zn2Ti3O8 phase, respectively. 

The phase content of the samples was calculated from the 

integrated intensities. The weight fraction of Zn2Ti3O8 (WZTO) can be 

calculated from the following equation. 

WZTO = AZTO/(0.884AA+AZTO) 

where AZTO represents the integrated intensity of Zn2Ti3O8 (311) 

peak, and AA is the integrated intensity of the anatase (101) peak.
10, 

11, 27
 The phase compositions of the samples are summarized in 

Table S1. It is difficult to synthesize pure mesoporous Zn2Ti3O8. 

According to ZnO-TiO2 phase diagram, the Zn2Ti3O8 and TiO2 phases 

coexist stably below 800 
o
C.

 28, 29
 During calcination, the crystalline 

Zn2Ti3O8 grows in-situ on the surface of anatase TiO2.
8
 However, 

mixed Zn2Ti3O8/TiO2 phase shows higher photocatalytic reactivity 

than pure Zn2Ti3O8 due to the favourable carrier separation 

benefited the heterojunction structure. 

The photocatalytic water splitting of H2 evolution in presence 

of methanol was carried out to evaluate the photocatalytic activity 

of the mesoporous TiO2/Zn2Ti3O8 hybrid films (Fig. 3a). Each of the 

sample coating in the quartz substrate (2.0×2.0 cm) contains the 

same mass (0.1 mg) of catalyst. The photocatalytic activity is a 

surface reaction between the photocatalyst and the reactants, thus 

the heterojunction number has high impact on the photocatalytic 
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activity. The H2 evolution rate was increased with increasing the 

amount of Zn amount. In this current work, ZTO15 achieved the 

optimal heterojunction condition and consequently exhibited the 

best H2 evolution activity (Table S1). The heterojunction 

architecture contributes to the transfer of electrons that enhances 

the photocatalytic activity. The highest H2 evolution activity of 

ZTO15 is attributed to higher TiO2/Zn2Ti3O8 heterojunction number. 

As shown in Fig. 3b, the photocatalytic process of TiO2/Zn2Ti3O8 

heterojunction indicates that the photoelectron migrates from 

conduction band (CB) of TiO2 to CB of Zn2Ti3O8 and the photon hole 

transfers from valence band (VB) of Zn2Ti3O8 to VB of TiO2, 

therefore the recombination of carriers are greatly suppressed that 

improves the photocatalytic activity. The Zn2Ti3O8 generated in-situ 

on the surface of TiO2 forms TiO2/Zn2Ti3O8 heterojunction. With 

increasing the ratio of Zn2Ti3O8 phase, the heterojunction between 

TiO2 and Zn2Ti3O8 gradually increased (ZTO0 to ZTO15). However, 

excess formation of Zn2Ti3O8 probably seized the Ti from TiO2, 

which decreased the amount of TiO2 and reduced the 

heterojunction number. As a result of decreasing in heterojunction 

number in ZTO20, ultimately the evolution rate was also decreased. 

The role of mesoporosity on the photocatalytic reactivity was also 

studied (Fig. S5). ZTO15 exhibited better performance than the 

TiO2/Zn2Ti3O8 composite without mesospores. The mesoporosity 

decreases the distance of electron migration, which effectively 

reduce the recombination possibility of electrons and holes and 

further enhance the photocatalytic activity. 

 

 
 

Fig. 3. (a) Comparison of photocatalytic activities for H2 evolution of 

TiO2/Zn2Ti3O8 mesoporous thin films under UV-enhanced Xe lamp in 

presence of methanol. (b) Schematic illustration of the carriers 

migration of TiO2/Zn2Ti3O8 heterojunction. 

 

To conclude, mesoporous TiO2/Zn2Ti3O8 hybrid films were 

successfully synthesized through the polymeric micelle assembly. 

Triblock copolymer (PS-PVP-PEO) with three chemically different 

blocks served as a smart template. By calcination at 550 
o
C, the 

polymeric template was completely removed to open the 

mesopores and the pore walls were well crystallized. Mesoporous 

architecture can provide more photocatalytic activity sites and 

shorten carrier transport distance. The increasing of the Zn2Ti3O8 

phase gradually increased the heterojunction between TiO2 and 

Zn2Ti3O8. However, the excess Zn2Ti3O8 seized the Ti atom and 

weakened the heterojunction effects and thus hindered the 

photocatalytic activity.  
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