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Novel hierarchical spinous hollow titania hexagonal prisms are prepared through a facile fluorine-free 

self-template route by using Ti2O3(H2O)2(C2O4)·H2O (TC) hexagonal prisms as precursor. The hollowing 

transformation can be elucidated by the template-free Kirkendall effect, and diverse nanostructures can 

also be synthesized during the conversion process, such as the spinous core-shell and yolk-shell 10 

nanocomposites. The hierarchical hollow microparticles are composed of ultrathin nanobelts with 50~100 

nm in length and about 10 nm in thickness, and possess a higher surface area of up to 163 m2 g-1 

compared with solid microparticles (49  m2  g-1). This type of morphology is of great interest for lithium-

ion batteries because of its shorter length for Li+ transport and better electrode–electrolyte contact.

Introduction 15 

Recently, hollow structure materials1,2 are receiving more and 
more attention for their excellent properties in the fields ranging 
from catalysis3,4 to energy storage5 and biomedical engineering.6-

8A variety of synthesis approaches9 have been developed to 
generate hollow structures, such as the conventional hard10 and 20 

soft templating methods.11,12 Rattle-type V2O5 hollow 
microspheres have been successfully fabricated by using carbon 
colloid spheres as hard template.13 Wang’s group has reported the 
preparation multishelled Cu2O hollow spheres by using the 
CTAB micelles and vesicles as template.14 Moreover, a novel 25 

self-template route15 based on Kirkendall effect,16,17 Ostwald 
ripening,18,19 “surface-protected etching”20 or galvanic 
replacement21 has emerged, which is more controllable and 
become popular. 
 Among various inorganic materials, titania22,23 has triggered 30 

great enthusiasm for its promising applications in “energy”24-29 
and “environmental” areas.30-32 Titania is an attractive anode 
material for lithium-ion batteries for its naturally available, 
inexpensive, and environmental benignity. Compared with the 
conventional graphite, a relative high intercalate Li+ potentials 35 

(1.7V versus Li/Li+) can avoid the occurrence of lithium 
dendrites on the electrode under high-rate charge/discharge and 
address the safety issue.33-35 

Significant efforts have been dedicated to the synthesis of 
diverse hollow titania materials with different sizes, shapes and 40 

polymorphs due to the advantages of hollow 
micro/nanostructures.30,35-40 By target etching of amorphous 
hydrous solid spheres, Wang et al. have successfully synthesized 
a large scale urchin-like mesoporous TiO2 hollow spheres 
composed of 1D single crystal anatase nanothorns with exposed 45 

{101}facets.41 Caruso et al .have developed a facile fluorine-free  
process to prepare anatase nanostructures with complicate 

morphologies.42 Monodisperse TiO2 hierarchical hollow 
microspheres assembled by nanospindles have been reported by 
Xu et al., the size of which could be tuned by adjusting the 50 

ammonia content in the precursor solution.43 There are only a few 
reports on the fabrication of hierarchical hollow titania 
architectures, moreover all of above materials possess spherical 
morphology. Thus it is still a great challenge to prepare 
nonspherical hierarchical hollow particles to date. 55 

 Herein we have successfully fabricated hierarchical spinous 
hollow TiO2 hexagonal prisms via a self-template route in the 
solvothermal process and investigated their performance of 
lithium-ion storage. Ti2O3(H2O)2(C2O4)·H2O (TC) hexagonal 
prisms are prepared as the designed precursor. Through a facile 60 

solvothermal process, the precursor will undergo two different 
transitions into core/shell nanostructure first and then yolk/shell, 
which will be converted to hierarchical hollow titania structure 
eventually. The as-synthesized hierarchical hollow TiO2 sample 
not only maintains the original morphology, but also possesses a 65 

high surface area up to 163 m2  g-1 after calcination. The calcined 
hierarchical hollow material exhibits well electrochemisty 
properties when used as an anode for lithium ion batteries. 

Experimental Section 

Chemicals: TiOSO4·xH2SO4·xH2O was purchased from Aladdin. 70 

Li2C2O4 was obtained from Energy Chemical. Butyl alcohol and 
ammonia (28wt% aqueous solution) were purchased from Beijing 
chemical works without further purification. Ultrapure water 
(resistivity>18.2MΩ cm) 

Preparation of Ti2O3(H2O)2(C2O4)·H2O (TC). 75 

Titanium oxalate-based compound, Ti2O3(H2O)2(C2O4)·H2O, TC,  
was chosen as precursor, which was synthesized by using the  
method described in the reported work.44 1.35g of 
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TiOSO4·xH2SO4·xH2O and 0.675g of Li2C2O4were dissolved in 
30 ml of warm water. The clear solution obtained was transferred 
to a 120 ml plastic bottle, which was treated at 85 oC for 3 h 
under static condition. The white power was collected by 
centrifugation (5000rpm) and then washed with water until no 5 

SO4
2-residue. 

Synthesis of hierarchical spinous hollow titania hexagonal 

prisms (SHTHPs) 

In a typical synthesis, 0.036g of TC was dispersed in 6 ml of 
butyl alcohol, and 0.1 ml of ammonia was then added into the 10 

suspension. The resulting mixture was transferred into a 23 ml 
Teflon-lined autoclave and heated at 160 oC for 20 h. The white 
product was collected by centrifugation, washed several times 
with deionized water, and dried in an oven at 65 oCovernight. The 
dried powder was named as SHTHPs, and then it was calcined at 15 

450 oC in air for 2 h with a heating ramp of 5 oC min-1 to obtain 
better crystalized titania and remove organic remains in the 
sample. Solid titania was obtained from the TC under the same 
calcination conditions. 

Material characterizations 20 

The X-ray diffraction (XRD) data of powder were collected on a 
Rigaku D/Max 2550 X-ray diffractometer using CuKa radiation 
(λ = 1.5418 Å) operated at 200 mA and 50 kV. The images of the 
products were recorded on scanning electron microscopy (SEM)  
5 kV transmission electron microscopy (TEM) using an FEI 25 

Tecnai G2 F20s-twin D573 transmission electron 
microscopeoperating at 200 kV. N2 adsorption–desorption 
isotherms were determined at 77 K via MicromeriticsTristar 2420 
analyzer. The infrared (IR) spectra were obtained via Bruker IFS 
66V/S FTIR spectrometer using KBr pellets. The 30 

thermogracimetric analysis (TGA) was performed with a heating 
ramp of 10 oC min-1 in a flow of air. XPS (X-ray photoelectron 
spectroscopy) data was obtained on a Thermo ESCALAB 250 
operated at 15 kW (mono chromatic Al-Ka radiation, 1486.6 eV). 

Electrode preparation and electrochemical characterization 35 

The electrochemical measurements of the solid titania and hollow 
materials were carried out using CR2032 coin type cells with 
lithium metal as the counter and reference electrodes at room 
temperature. 1 M LiPF6 in a 50:50 w/w mixture of diethyl 

carbonate and ethylene carbonate was selected as electrolyte. In 40 

order to fabricate the working electrode the samples, carbon black 
as conductive material, and polyvinylidene fluoride as binder in 
amass ratio of 8:1:1were mixed together homogeneously. Then 
the slurry was spread on a copper foil current collector and dried 
at 120 oC for 20 h. The cells were constructed in an argon-filled 45 

glove box with the concentrations of moisture and oxygen at 
below 1 ppm. The capacity of the electrode was measured using 
Neware Cell tester in the voltage range of 1-3 V. 

Results and discussion 

Synthesis and characterization of the hierarchical spinous 50 

hollow structures 

The XRD pattern of the TC, Ti2O3(H2O)2(C2O4)·H2O, in Fig. 
S1†was consistent with the previous reported results.44,45 Fig. 1a 
and b showed the SEM and TEM images of the TC which was 
consisted of uniform monodisperse particles having hexagonal 55 

prism morphology with a side length ranging from 0.7 to 1.6 µm 
and a thickness of about 0.5 µm. A close observation to the 
microstructure revealed that the particles possessed extremely 
smooth surfaces. The hierarchical spinous hollow titania 
hexagonal prisms (SHTHPs) were prepared by treating the TC in 60 

a butyl alcohol and ammonia solution at 160 oC for 20 h. The 
hollow interiors were demonstrated by some broken 
microparticles and could be further verified by TEM analysis 
(Fig. 1c and d). As shown in Fig. 1d (inset), the spinous surfaces 
of the hollow microparticles were composed of ultrathin 65 

nanobelts with 50~100 nm in length and about 10 nm in 
thickness. According to the XRD patterns in Fig. S1†, the 
diffraction peaks of the precursor disappeared after solvothermal 
treatment 20 h and some new broad peaks showed up, indicating 
the complete conversion of the TC to titania. We have randomly 70 

selected 150 entities to analysis the monodispersion of TC and 
SHTHPs respectively, and the histograms representing the side 
length population of the particles were shown in Fig. S2†.Upon 
calcination in air at 450 oC for 2 h, the morphologies of the TC 
and the SHTHPs were preserved (Fig. 1e-h). Time-dependent 75 

experiments were carried out to investigate the system change 
over time. The composition evolution from TC solution to 
SHTHPs was identified by IR spectrum and XRD data. As shown 

  
Fig. 1 SEM and TEM images of the solid and hollow microparticles: (a and b) TC, (c and d) SHTHPs, (e and f) solid titania, (g and h) calcined SHTHPs 80 
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Fig.2 IR spectrums (a) and XRD patterns(b) of the products obtained after 5 

solvothermal treatment. 

in the IR spectra (Fig. 2a), The ν (c-o) at 1697 cm-1 and δ (o-c-o) 
vibrations at 941 and 808 cm-1 indicated the existence of organic 
bands related to the oxalate anions. During the solvothermal 
process, the intensity of these absorption bands became weaker 10 

and disappeared after 20 h. The XRD patterns demonstrated the 
corresponding changes of these samples (Fig. 2b).The appearance 
of the obvious broad diffraction peak around 2θ = 25.6° could 
indicate the formation of titania, which was associated with the 
nanobelts on the surfaces of microparticles. Progressively, this 15 

peak was more intensive along with the increase of reaction time. 
At length all the diffraction peaks of the TC disappeared, and the 
result revealed that the final product was just consisted of a 
poorly crystallized TiO2. As shown in Fig. 3a, the calcined 
materials both exhibited X-ray peaks of anatase TiO2 (ICCD card 20 

No.21-1272), and the SHTHPs showed better crystallization after 
calcination. The broad diffraction peaks of the hierarchical 
hollow material indicated that the size of the primary TiO2 
crystals in calcined SHTHPs was smaller than those in the solid 
titania (calcined TC) according to Scherrer equation,46 and the 25 

TEM images in Fig. 1f and h (inset) could also confirmed this 
result. The primary particles in solid titania aggregated together 
and the borders between them were not clear. Fig. 3b presented 
the nitrogen adsorption–desorption isotherms of these materials 
after calcination. The result revealed that the BET surface area of 30 

the calcined SHTHPs was 163 m2 g-1,higher than that of solid 
titania (49 m2 g-1).It could also be observed that the hierarchical  

 
Fig.3 XRD pattern (a) and N2adsorption-desorption isotherms (b) of the 
solid titania and calcined SHTHPs. 35 

hollow material exhibited a characteristic inkbottle-type IV 
isotherm with an obvious hysteresis loop, derived from the 
mesopores among nanobelts and the large void space in the
 hollow interiors. Thermograimetry (TG) was performed to 
investigate the thermal behaviour of SHTHPs during calcination. 40 

As displayed in Fig. S3†, there was small weight loss over 450 oC, 
indicating that almost all the organic remains have been removed 
after calcination. XPS analysis was carried out to investigate the 
surface composition of calcined SHTHPs (Fig. S4†). No signal 
around 400 eV was detected, indicating that there was no N-45 

doping in the hierarchical hollow material.47 
 Moreover, products synthesized at varied intervals were 
examined by SEM and TEM observation. As shown in Fig. 4b 
and Fig. S5†, after solvothermal treatmentat 160 oC for 3 h core-
shell nanostructured hexagonal prisms appeared, covered with 50 

ultrathin nanobelts. By prolonging the solvothermal time to 6h, a 
yolk-shell structure was obtained (Fig. 4c and Fig. S5†). The 
TEM images showed the detailed features of the microparticles 
which had about 300 nm thick shells consisting of numerous 
nanobelts. Further increasing the solvothermal treatment time to 55 

20 h, well defined spinous hollow hexagonal prisms formed with 
an inner cavity of about 1 µm in length. 

Formation mechanism and the effects of reaction parameters 

Based on the above experimental results and analysis, a 
conceivable synthetic route was raised, which was schemed in 60 

Fig. 4e. The successful fabrication of the spinous hierarchical

 
Fig.4 SEM and TEM images of the TChexagonal prisms (a) and products obtained with different solvothermal durations: (b) 3h for TC@titania core-shell 
structure, (c) 6h for TC@titania yolk-shell structure, (d) 20h for hollow titania structure. (e) Formation process of hierarchical spinous hollow titania 
hexagonal prisms. 65 
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Fig.5 SEM images of the products prepared by replacing ammonia with 
water under otherwise identical conditions for 3h (a and d), 6 h (b and e) 
and 20h (c and f). 5 

(1)    OCH + O3H + 2TiO
Butanol

 OH +)O(CO)(HOTi 422222422232  →

 

hollow titania material mainly included three steps: (Ι)In the butyl 
alcohol and ammonia solution, the conversion of the TC was 
conducted on the surface of the microparticles at the initial stage. 
The exterior part of the microparticles was converted into titania 10 

and exhibited a core-shell structure. (П) The interior part 
gradually participated in the reaction and the Kirkendall 
effect,16,17,48 occurred, giving rise to the yolk-shell nanostructure 
with increased reaction time. (Ш) After reacting 20h, all the 
microparticles were converted into spinous hollow hexagonal 15 

prisms completely eventually. 
 In the presence of a small amount of water, the hydrolysis of 
the TC was first conducted in (Ι), and subsequently Ti-O-Ti 
network would form through the condensation of the hydrolysis 
product (eq1).In order to investigate the formation process 20 

further, especially the special spinous surface morphology 
structure, a control experiment was designed, which was 
performed only by replacing ammonia with pure water. Ammonia 
was found to serve as the shape controller and reaction 
accelerator in the present synthesis system. As revealed by SEM 25 

analysis (Fig. 5), when ammonia was absent, the products 
retained the parent morphology after reaction 3 h and 6 h, but 
their surface become rough. The hollow structure could also be 
obtained after 20h, however, different from that in the presence of 
ammonia. Ammonia in our synthesis system played the important 30 

role in the growth of spinous surface feature for its strong affinity 
to the surface titanium ion of the crystalline TiO2 particles.49 
According to the XRD result shown in Fig. S6†, the TC was 
almost converted to titania after 10h in the presence of ammonia. 
However, without ammonia there was still some TC residue. The 35 

above analysis indicated that ammonia was essential in the 
solvothermal process. 

Electrochemical Characterization 

In order to evaluate the lithium storage properties of solid titania 
and calcined SHTHPs, the electrochemical tests were conducted 40 

with the standard TiO2/Li half-cell configuration. The 
electrochemical performance of the solid and hollow materials 
was shown in Fig. 6. The variation in discharge capacities of 
them at different rate have been studied (Fig. 6a). The value 
decreased when increasing the current density, which was  45 

 
Fig. 6 (a) Rate capability of solid titania (●), calcined  SHTHPs (■) and 
the hollow material (▲) prepared by replacing ammonia with water. 1 C 
= 168 mA g-1. (b) Cycling performance and Coulombic efficiency of 
calcined SHTHPs under a current rate of 1 C. 50 

attributed to the low conductive of TiO2. Owing to its special 
hierarchical structure, the spinous hollow titania material 
exhibited higher storage capacity than that of the solid titania 
material and hollow material prepared by replacing ammonia 
with water.50-52 First of all, the nanobelts on the surface could 55 

shorten the diffusion length of Li+, benefit for Li+ insertion. 
Moreover, the hierarchical hollow structure with higher specific 
surface area could ensure the efficient contact between the 
electrode and electrolyte. Finally, the hollow micro-sized 
particles could help inhibit the aggregation of the primary 60 

nanoparticles. Fig.S7† showed the discharge-charge voltage 
curves of calcined SHTHPs. Two clear potential plateaus around 
1.75 and 1.95 V were observed, corresponding to lithium-ion 
intercalation and deintercalation. As presented in Fig. 6b, the 
hollow material demonstrated well cycling performance. In the 65 

first cycles under a 1 C rate, the sample showed a discharge 
capacity of 225 mA h g-1. A specific discharge capacity of 125 
mA h g-1can be retained after 40 cycles, approximately 56% of its 
initial discharge. During all the cycles, the Coulombic efficiency 
was maintained around 100% but for the first cycle of 80%,which 70 

might be related to the insulating character of titania and the side 
reactions, such as water molecules absorbed on the spinous 
surface of the calcined SHTHPs.53 
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Conclusions 

In summary, hierarchical spinous hollow titania hexagonal prisms 
composed of ultrathin nanobelts have been successfully 
fabricated via a self-template route. Through a simple 
solvothermal treatment we could obtain a series of nanostructures 5 

with complicated morphologies, including core-shell, yolk-shell 
nanostructures. Ammonia could assist in the synthesis of the 
spinous microparticle surface consisting of numerous nanobelts 
and accelerate the conversion of the TC to titania. The final 
hollow material shows a high discharge capacity of 225 mA h g-1 10 

in the first cycle at a current density of 168 mA g-1. It is 
noteworthy that such a fluorine-free synthesis method with the 
involvement of the Kirkendall process is environmental-friendly, 
reproducible and effective for the design of advanced lithium-ion 
battery electrode materials. Moreover, this new special hollow 15 

structure is expected to have potential applications in 
photocatalyst, solar cell and gas sensing in the near future. 
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