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A novel strategy to obtain nanoporous titania materials 

through polyoxotitanium (POT) cages has been developed. 

Mesoporous and hierarchical nanoporous TiO2/carbon 

composites have been fabricated from a new POT cage 10 

precursor [Ti2O(OAc)2(HOAc)2Cl4] and the electrochemical 

behaviors of these composites were studied. 

TiO2 (titania, titanium dioxide) is an abundant, 
technologically-important and environmentally-benign 
semiconductor which has been widely used in photocatalysis, 15 

sensors, electrochromic devices and energy storage.1 Due to 
theirlong-term chemical and structural stability during reversible 
Li-intercalation/deintercalation, titania based materials are 
promising candidates for application in supercapacitors.2 In order 
to fabricate novel titania materials, several strategies have been 20 

reported, nevertheless there are still great challenges in preparing 
nanostructured titania with large surface area and controllable 
pore size.1a,3 Polyoxotitanium (POT) cages are polynuclear 
titanium complexes,4 which not only can be regarded as models 
for studying bulk titania, but also are useful as organically-25 

soluble single-source precursors for construction of titania 
materials.5 We recently reported that sonication and hydrolysis of 
different POT cages in aqueous ethanol can give titania materials 
with different properties.1b In the current study, a new strategy to 
obtain nanoporous titania materials through POT is described. 30 

Two nanoporous TiO2/C composites have been obtained via 
calcination of a new POT cage precursor. The electrochemical 
behaviors of these composites have also been studied. 

The liquid phase reaction of TiCl4 with glacial acetic acid in 
toluene at room temperature yielded large colourless crystals of 35 

the new POT cage [Ti2O(OAc)2(HOAc)2Cl4] (1) (ESI). A Single-
crystal XRD study revealed that cage 1 has a dinuclear structure 
in which two Ti centers are associated by two bridging acetate 
ligands and a µ-O atom. The six-coordinated geometry of each of 
the symmetry-related Ti centers is completed by two terminal 40 

chloride ligands and by bonding to the O-atom of an acetate 
ligand (Fig. 1). 

Calcination of crystals of cage 1 at 500 °C in air gives an 
off-white TiO2/C composite A, while calcination of 1 at 500 °C 
under a purified nitrogen flow gives black TiO2/C composite B. 45 

Elemental analysis shows that A contains ca. 0.16 wt% elemental 
carbon while B contains ca. 16.69 wt% carbon (ESI). Powder 

XRD analysis shows that A and B are composed of a mixture of 
amorphous and crystalline material, with the major crystalline 
phase in both being anatase (ESI). 50 

 
Fig. 1 Solid-state structures of cage 1. H-atoms (which could not be 
located from X-ray data) have been omitted for clarity. Selected bond 
lengths (Å) and angles (o): Ti(1)-O(1) 2.005(2), Ti(1)-O(2) 1.784(1), 
Ti(1)- O(3) 2.057(3), Ti(1)-O(4) 2.086(2), Ti(1)-Cl(1) 2.243(3), Ti(1)-55 

Cl(2)2.275(4), Cl(1)-Ti(1)-Cl(2) 97.71(5) , Ti(1)-O(2)-Ti (1)137.0(2) 

 
The morphological features of A and B were characterized 

by scanning electron microscopy (SEM), transmission 
electronmicroscopy (TEM), high-resolution TEM (HRTEM) and 60 

by their selected area electron diffraction (SAED) patterns. The 
SEM analysis (Fig. 2) reveals that the average grain size of B is 
significantly smaller than that of A, this difference maybe due to 
the larger amount of carbon in B that undermines the 
accumulation and crystallization of TiO2 particles. As shown in 65 

Fig. 3, the TEM images of A and B are similar, both samples 
contain massive disordered nanoscale pores. However, the dark 
areas in the TEM image of B (Fig. 3b) are much more significant 
than in A (Fig. 3a), consistent also with the greater wt% of carbon 
in B. As shown in Fig. 4, the HRTEM image shows that the TiO2 70 

in both A and B are crystalline. The lattice fringe spacing was 
measured to be 0.352 nm, which is consistent with the {101} 
plane of anatase (JCPDF # 21-1272). The SAED  pattern of A 
(Fig. 4a) contains clearly resolved diffraction spots related to 
anatase and diffraction rings arising from the amorphous 75 

component in the sample. The far less well resolved diffraction 
pattern found for B (Fig. 4b) suggests a greater proportion of 
amorphous components in this sample. 
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(a)                                                           (b) 

Fig. 2 SEM images of (a) A and (b) B. 
 

 5 
(a) (b)  

Fig. 3 TEM images of (a) A and (b) B. 
 

 
(a)                                                               (b)                                           10 

Fig. 4 HRTEM images of (a) A and (b) B. The inserts show the SAED 

patterns. 
 

As shown in the Fig. 5a, The type IV6 nitrogen sorption 
isotherms of A exhibit a sharp capillary condensation step at 15 

relative pressures of 0.4~0.8, corresponding to a narrow pore-size 
distribution. The Brunauer-Emmett-Teller (BET) surface area of 
A is around 70 m2g-1, its pore-size distribution, which is 
calculated from the desorption branch of the isotherm using the 
Barrett-Joyner-Halenda (BJH) method, exhibits single pores with 20 

the most probable pore size of 3.5 nm. In comparison, the 
isotherms of B (Fig. 5b) suggests the existence of hierarchical 
pore structure with different pore sizes from micro- to mesopores. 
The BET surface area of B is about 110 m2g-1 with the average 
pore size width of 6.4 nm. The pore sizes found in B span the 25 

range ca. 9.2 to 2.2 nm. The hierarchical structure of B is 
expected to enhance its electrochemical properties as it is 
desirable for advanced electrode materials for supercapacitors to 
have a range of pore sizes; mesoporous channels provide low-
resistance pathways for ion transport, while micropores 30 

strengthen the electric double-layer capacitance.6b,7 

 
                         (a)                                                (b) 
Fig. 5 Nitrogen adsorption and desorption isotherms and the pore size 
distributions (insert) of A (a) and B (b). 35 

 
The difference in the morphologies of A and B must result 

from the calcination processes involved in their formation. As 
shown in Scheme 1, calcination in an oxygen-rich environment in 
the case of A results in rapid oxidation of the organic residues 40 

present in the precursor 1, leading to rapid aggregation of the 
TiO2 nanoparticles formed and a lower wt% carbon. In the case 
of B, however, the greater carbon content and the more 
complicated morphology is explained by the slower 
decomposition of the organic residues in 1 and the agglomeration 45 

of carbon regions in the sample. Clearly, the nanostructure and 
pore size distributions of derived composites are adjustable 
through alternating the calcination conditions involved.  

 
Scheme 1 Hypothesis of the mechanisms from 1 to A and B. 50 

 
Fig. 6 Photographs of water droplet on the surface of (a) A and (b) B. 

 
The surface wettability of A and B have been investigated 

by measurement of the water contact angles. Fig.6. shows the 55 

shape of a water droplet on the surface of A and B. The contact 
angle of B for water is about 115.2o, obviously lower than that of 
A (126.8o), which shows the surface wettability of B is better 
than A. 

To evaluate the electrochemical properties of A and B, 60 

electrochemical measurements were conducted in a three-
electrode electrochemical cell with a platinum counter electrode 
and an Ag/AgCl reference electrode. Fig. 7 shows the cyclic 
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voltammogram (CV) curves collected for A and B electrodes 
(ESI). As shown in Fig. 7a, a pair of redox peaks attributed to the 
reversible insertion/removal of Li ions was observed in both 
curves in propylene carbonate electrolyte. Electrode A exhibits 
cathodic electrochromism9 (ESI) but the peak cathodic current 5 

and peak anodic current of B are higher than that of A. As shown 
in Fig. 7b and Fig. 7c, A and B display different electrochemical 
behaviors in anaqueous electrolyte. The CV curves of A exhibit 
redox peaks at sweep rates from 10 to 1000 mVs−1; while the CV 
curves of B exhibit a quasi-rectangular shape at sweep rates from 10 

10 to 200 mVs−1, with the absence of any redox peaks, indicating 
ideal capacitance behavior, but this rectangle behavior changes at 
sweep rates of 500mVs−1 and 1000 mVs−1, suggesting resistance-
like electrochemical behavior. As expected, electrode B exhibited 
substantially larger current density than electrode A because of its 15 

improved surface wettability and hierarchical structure. As the 
capacitance of a material is in proportion to the areas of its CV 
curves, the capacitance of B is larger than that of A. From the CV 
studies we have confirmed that electrode B has a stable voltage 
window between –1.0 and 0 V (vs Ag/AgCl) in LiClO4 aqueous 20 

electrolyte. Thus B is a potential electrode material for 
application in supercapacitors. However, the specific capacitance 
of B decays significantly with the increasing sweep rates (Fig. 
7d), which indicated that further tuning of the morphology is 
required in order future development of this material in energy 25 

storage devices. 

 
(a)                                                      (b) 

 
(c)                                                         (d) 30 

Fig. 7 (a) CV curves collected for A and B in 1 mol L-1 LiClO4 propylene 
carbonate electrolyte; (b) CV curves of  A  at different scan rate in 1 mol 
L-1 LiClO4 aqueous electrolyte; (c) CV curves of  B at different scan rate 
in 1 mol L-1 LiClO4 aqueous electrolyte; (d) Specific capacitance of A and 
B calculated from CV. 35 

 
In summary, we have demonstrated a novel strategy to 

obtain nanoporous titania materials using the decomposition of 
POT cages, as exemplified using the new cage precursor 
[Ti2O(OAc)2(HOAc)2Cl4] (1). The mesoporous TiO2/carbon 40 

composite A and hierarchical nanoporous TiO2/carbon composite 
B obtained using 1 show that the morphology and composition of 
these TiO2/carbon composites can be drastically altered by the 

precise conditions of calcination (in the presence or absence of 
oxygen). Investigation of the electrochemical behaviors of A and 45 

B showed that the latter exhibits higher specific capacitance and 
will be an attractive supercapacitor material. 
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A novel strategy to obtain nanoporous titania materials through polyoxotitanium 
(POT) has been developed. Mesoporous TiO2/carbon composite A and hierarchical 
nanoporous TiO2/carbon composite B obtained using the new POT precursor 
[Ti2O(OAc)2(HOAc)2Cl4], which show that the morphology and composition of 
these TiO2/carbon composites can be drastically altered by the precise conditions of 
calcination. Investigation of the electrochemical behaviors of A and B showed that 
the latter exhibits higher specific capacitance and will be an attractive 
supercapacitor material. 
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