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Hierarchical 3D TiO2@Fe2O3 nanoframework arrays  

as high-performance anode materials 
Lin Gao, Hao Hu, Guojian Li, Qiancheng Zhu and Ying Yu* 

Hierarchical 3D TiO2@Fe2O3 nanoframework arrays grown on 1 
Ti substrate are synthesized via a facile hydrothermal reaction. 2 
As the synergetic effect of this hybrid material, the TiO2@Fe2O3 3 
electrode shows superior rate capability and cycling 4 
performance to bare TiO2 and Fe2O3 electrodes. 5 

TiO2 with various morphologies such as nanotubes,1 nanowires,2,3 6 
nanosheets,4 mesoporous microspheres5 and so on have been 7 
extensively studied as the candidate for the next-generation anode 8 
materials. Amongst them, nanosheet TiO2 with the two-dimensional 9 
morphology similar to graphene6 shows efficient rate and cycling 10 
performance for rechargeable lithium-ion batteries (LIBs).7-9 11 
However, it is well known that the TiO2 possesses relatively low 12 
theoretical capacity of 335 mAh g-1 even with the maximum 13 
accommodation of one Li+ per TiO2 unit (Li1.0TiO2),

10 which 14 
seriously hinders its potential large-scale applications for 15 
commercialization. To circumvent above issues, a number of 16 
metallic oxides (MO) with high specific capacity (700-1000 mAh g-17 
1) were therefore used to synthesize hybrid TiO2-MO 18 
nanocomposites. By this way, the advantages of the high capability 19 
for MO and the electrochemical stability of TiO2 will be 20 
incorporated together. For example, it has been reported by Zeng ’s 21 
group that highly uniform TiO2/SnO2/carbon hybrid nanofibers 22 
showed enhanced lithium storage performance.11 On the other hand, 23 
Fe2O3 nanorods were also grafted within TiO2 nanotubes and have 24 
impressed cycling performance by Lou’s group.12 Most recently, 25 
Co3O4, Fe2O3, Fe3O4 and CuO grown on TiO2 fibres with 26 
hierarchical heterostructures have also been fabricated by Wang’s 27 
group and displayed improved electrochemical performance.13 28 
Among above mentioned materials, α-Fe2O3 with higher theoretical 29 
capacity (1007 mAh g-1) than commercial graphite-based (372 mAh 30 
g-1) anode materials,14,15 low cost and environmental friendliness, 31 
inevitably has received considerable interests.16-17 Nevertheless, to 32 
the best of our knowledge, there has been no report about Fe2O3 33 
nanorods anchored on two dimensional (2D) TiO2 nanosheets so far, 34 
in which TiO2 nanosheets have been considered as the state-of-the-35 
art materials for LIBs.7-9 36 

Herein, for the first time, we developed a facile hydrothermal 37 
method instead of conventional template and electrodeposition 38 
strategies to successfully fabricate hierarchical three-dimensional 39 

(3D) TiO2@Fe2O3 core-shell nanoframework arrays. To overcome 40 
the problems of the large volume expansion and grain aggregation 41 
for Fe2O3,

18 mesoporous TiO2 nanosheets directly grown on Ti 42 
substrate were followed by the uniform deposition of Fe2O3 43 
nanorods, in which the nanorod structure of Fe2O3 not only provides 44 
direct and open channels for Li ions, but also it can accommodate 45 
the volume expansion in virtue of the space between and within the 46 
mesoporous nanorod structure.16 Besides, the 3D TiO2@Fe2O3 47 
nanoframework arrays possessing synergetic effect as the electrode 48 
without any conductive agent and binder demonstrate potential 49 
applications. 19,20 The synergetic effect mentioned above can be 50 
summarized as follows. Firstly, the aggregation and volume 51 
expansion of Fe2O3 can be effectively avoided with the mesoporous 52 
TiO2 nanosheets as the scaffold in the process of lithium/delithium 53 
reaction.21 Simultaneously, the free space between nanorod and 54 
mesoporous structures can provide open channels and more contact 55 
area for the transportation of lithium ions and electrons, allowing 56 
superior lithium storage performance. Secondly, the deposition of 57 
Fe2O3 nanorods on TiO2 nanosheets not only showed enhanced 58 
capacity, but also well integrated the electrochemical advantages of 59 
these two functional materials in the form of hierarchical structure.  60 

Scheme. 1 shows the evolution process of hierarchical 61 
TiO2@Fe2O3 nanoframework arrays. In the first step, TiO2 62 
nanosheet arrays were prepared via the routine hydrothermal 63 
reaction reported previously.22 Subsequently, 3D TiO2@FeOOH 64 
nanoframework arrays were synthesized with the hydrolysis of FeCl3 65 
and the final hierarchical TiO2@Fe2O3 arrays were in-situ formed 66 
after the calcination at 500℃  for 1h. The detailed experimental 67 
process for the preparation is shown in supporting information 68 
(ESI†).  69 

Surprisingly, it is found that the morphology of TiO2 arrays can be 70 
controlled by varying the amount of NaCl (Fig. S1, ESI†) in the 71 
process of hydrothermal reaction. Scanning electron microscopy 72 
(SEM) measurement was introduced to observe the morphology of 73 
TiO2 arrays in different conditions. It can be seen that the TiO2 74 
nanosheets were formed when the concentration of NaCl was 0 and 75 
1 M, and the morphology of the above two samples almost had no 76 
difference according to the SEM images shown in Figs. S1a† and 77 
S1b†. However, both TiO2 nanowires and nanosheets were prepared 78 
in the meantime (seen in Fig. S1c†) when the concentration of NaCl 79 
increased to 2 M. There was only TiO2 nanowire clearly observed in 80 
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Fig. S1d† if the concentration of NaCl was 3 M. Therefore, the 1 
content of NaCl had great effect on the morphology of TiO2 arrays, 2 
which controlled the nucleation and growth processes.23 3 
 4 

 5 
Scheme. 1. Schematic illustration for the fabrication of 3D 6 
TiO2@Fe2O3 nanoframework arrays. 7 

It is fortunately found that the morphology of TiO2@Fe2O3 arrays 8 
were also varied with different amounts of FeCl3·6H2O and Na2SO4 9 
as shown in Fig. S2†. When the addition of FeCl3·6H2O was 9.3 mM 10 
and 18.6 mM, α-Fe2O3 nanorods with the length of around 100 nm 11 
and 200 nm were uniformly deposited on TiO2 nanosheets 12 
respectively, which can be clearly seen in Figs. S2a~S2d†. If the 13 
amount of FeCl3·6H2O increased to 25 mM, however, there was no 14 
nanosheet observed in Fig. S2e†, which may be due to the excess of 15 
FeCl3·6H2O. All of the TiO2 nanosheets were covered by Fe2O3 16 
nanorods and were agglomerated to bunches after calcinaiton (Fig. 17 
S2f†). Transmission electron microscopy (TEM) analysis was also 18 
introduced to further investigate the morphology of bare TiO2 19 
nanosheet arrays and 3D TiO2@Fe2O3 arrays. Fig. 1a showed the 20 
SEM image of TiO2 nanosheets with size of around 1 µm and 21 
thickness of 50 nm. However, TiO2@Fe2O3 nanoframework showed 22 
worm-like morphology with size of ~500 nm after uniformly 23 
deposited Fe2O3 nanorods (Fig. 1b). The inset is the close 24 
observation of the single TiO2@Fe2O3 framework, in which Fe2O3 25 
nanorods with length of ~200 nm were delicately anchored on the 26 
TiO2 nanosheet backbone, leading to the obvious swelling of 27 
TiO2@Fe2O3 nanoframeworks compared to bare TiO2 nanosheet 28 
arrays. The calculated mass ratio of TiO2 (57.1%) and Fe2O3 (42.9%) 29 
was obtained by weighing the active materials of TiO2 and 30 
TiO2@Fe2O3 respectively through subtracting the mass of substrates. 31 
The balance (Sartorius, BT 125D) was used to weight the mass. 32 
From the enlarged TEM image of the single TiO2 nanosheet in Fig. 33 
1c, we can conclude that the TiO2 nanosheets were composed of 34 
nanoparticles of diameter around 20 nm and possessed mesoporous 35 
nanostructure. The pore size distribution of TiO2 nanosheets is 36 
shown in Fig. S3a† and the inset is the TEM image of the individual 37 
TiO2 nanosheet. The remarkable lattice fringes with 0.35 nm 38 
interplanar spacing of anatase TiO2 were observed via a high-39 
resolution TEM (HRTEM) image (Fig. 1d), which corresponded to 40 
the typical (101) plane. Mesoporous Fe2O3 nanorods with size of 41 
around 200 nm were observed distinctly in the enlarged TEM image 42 
of TiO2@Fe2O3 (Fig. 1e) and the inset was the full view of the single 43 
3D TiO2@Fe2O3 composite. These images agreed well with the 44 
SEM results. N2 adsorption-desorption curve was introduced to 45 
further clarify the nanostructure of TiO2@Fe2O3 (Fig. S3b†). Type 46 
IV curve with H2 hysteresis loop and the pore size distribution 47 
concentrated at 2~11 nm revealed the mesoporous nanostructure of 48 
the material. Typical lattice fringes of α-Fe2O3 with interplanar 49 

distance 0.27 nm were shown in the HRTEM image (Fig. 1f), further 50 
demonstrating that Fe2O3 nanorods were indeed tightly deposited on 51 
TiO2 nanosheets.  52 

The mechanistic comparison of lithium ion diffusion between bare 53 
TiO2 nanosheet arrays and the TiO2@Fe2O3 nanframework arrays is 54 
depicted in Fig. 2a. It can be clearly seen that there were more direct 55 
channels for lithium ion diffusion because of the existence of Fe2O3 56 
nanorods compared with bare 2D TiO2, which thereafter provided 57 
more contact area between electrolyte and active materials for 58 
potential high-performance LIBs.24 It further illustrates the  presence 59 
of synergetic effect in the TiO2@Fe2O3 arrays. The nyquist plots 60 
(The inset is the magnified nyquist plots and the equivalent circuit 61 
model) of TiO2@Fe2O3, TiO2 and Fe2O3 electrodes are presented in 62 
Fig S4a†. Simultaneously, the lithium ion diffusion coefficients of 63 
TiO2@Fe2O3 (DLi=8.5×10-11 cm2 s-1), TiO2 (DLi=2.6×10-11 cm2 s-1), 64 
Fe2O3 (DLi=1.9×10-11 cm2 s-1) were calculated according to the 65 
relation between low frequency and real resistance in Fig S4b†. The 66 

 67 

Fig. 1. SEM images of (a) TiO2 nanosheet arrays and (b) 68 
TiO2@Fe2O3 arrays (The inset is the magnified image of single 69 
worm-like structure); (c) TEM images (The inset is the magnified 70 
image of the edge) and (d) HRTEM images of TiO2 nanosheet arrays; 71 
(e) TEM images of TiO2@Fe2O3 arrays (The inset is the magnified 72 
image of the edge) and (f) HRTEM image of the anchored α-Fe2O3 73 
nanorods 74 

data indicated the improved lithium ion diffusion after the anchor of 75 
Fe2O3 nanorods and verified the mechanism illustrated in Fig. 2a.25 76 

X-ray diffraction (XRD) patterns of the prepared Fe2O3 nanorods, 77 
TiO2 nanosheets, TiO2@FeOOH (the intermediate of TiO2@Fe2O3) 78 
and TiO2@Fe2O3 nanoframeworks are displayed in Fig. 2b. There 79 
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was only typical diffraction peaks of α-Fe2O3 (hemetite, JCPDS card 1 
no. 330664) for Fe2O3 nanorods, while there were diffraction peaks 2 
ascribed to TiO2-B for TiO2 nanosheets, TiO2@FeOOH and 3 
TiO2@Fe2O3 nanoframeworks, which was in accordance with 4 
previous report.22 Typical reflection peaks of FeOOH (JCPDS card 5 
No.22-0353) for TiO2@FeOOH combined with the peaks of α-Fe2O3 6 
for TiO2@Fe2O3 were also detected besides the peaks of anatase 7 
TiO2 (JCPDS card No.21-1272) and TiO2-B, revealing the existence 8 
of well crystallized Fe2O3 nanorods and TiO2 nanosheets for the final 9 
TiO2@Fe2O3. All of the diffraction peaks of TiO2 nanosheet were 10 
well classified to typical anatase TiO2 without any purity. The 11 
comparison of XRD patterns for TiO2@Fe2O3 prepared with 12 
different amounts of FeCl3·6H2O and Na2SO4 is shown in Fig. S5†. 13 
It is obviously seen that with the increased amount of FeCl3·6H2O, 14 
the intensity of the reflection peaks for α-Fe2O3 became stronger, 15 
demonstrating the increased content of Fe2O3 in the sample of 16 
TiO2@Fe2O3. 17 

 18 

 19 

Fig. 2. (a) Schematic comparison of Li ion diffusion between TiO2 20 
nanosheet arrays and TiO2@Fe2O3 arrays. (b) XRD patterns of TiO2 21 
nanosheet arrays, pure Fe2O3 nanorods, TiO2@FeOOH and final 22 
TiO2@Fe2O3 arrays. 23 

In order to thoroughly elucidate the improved electrochemical 24 
performance for the TiO2@Fe2O3 electrode, Fe2O3 nanorod (SEM 25 
image shown in Fig. S6†) and TiO2 nanosheet arrays were also 26 
prepared to assemble circular electrodes. The optical images of the 27 
prepared samples and bare Ti substrate (Chinese coin for scale bar) 28 
are presented in Fig. S7†. Cyclic voltametry (CV) curves of the 29 
TiO2@Fe2O3 electrode in the initial three charge-discharge cycles 30 
are displayed in Fig. 3 with the scanning rate of 0.5 mV s-1 in the 31 
window voltage of 0.05~3 V. Typical two cathodic peaks at 1.5 and 32 
0.6 V were shown in the first cycle, corresponding to the process of 33 
reduction for Fe2O3 from Fe3+ to Fe2+and Fe0 combined with the 34 
formation of SEI film. 16,28-29 There were two oxidation peaks at 1.7 35 
and 2.4 V corresponding to the extraction of Li ions from Fe2O3 and 36 
TiO2 for TiO2@Fe2O3 electrode. In the second cycle, there was a 37 
slight increase of oxidation peaks at 0.65, 0.8, and 1.7 V with the 38 
lower intensity, indicating the existence of irreversible reaction 39 
ascribed to formation of SEI film. 28,29 The oxidation and reduction 40 
peaks almost had no change in the subsequent cycle, demonstrating 41 
the good reversibility of the TiO2@Fe2O3 electrode. 42 

The galvanostatic charge-discharge curves of TiO2@Fe2O3 43 
electrode in the 1st, 65th and 103rd cycles with the voltage window 44 
of 0.05 V~3 V at 200 mA g-1 are shown in Fig. 3b. The plateau 45 
voltages in the first cycle were in good agreement with the oxidation 46 
and reduction peaks in the above mentioned CVs. The charge-47 
discharge curves of TiO2@Fe2O3, bare TiO2 and bare Fe2O3 48 
electrodes at different current densities are presented in Fig. S8† to 49 
illustrate the different electrochemical reactions in terms of the 50 
lithium/delithium process. The cycling performance of bare TiO2 51 
and Fe2O3 electrodes were also introduced to further illustrate the 52 
superior cycling performance of the TiO2@Fe2O3 electrode in Fig. 53 

3c. TiO2 nanosheet electrode showed stable cyclability with almost 54 
no capacity loss after 100 cycles but with only one-forth initial 55 
capacity. For Fe2O3 electrode, its specific capacity degraded severely 56 
through 100 cycles at 200 mA g-1 since only 112.9 mAh g-1 57 
remained. In contrast, the TiO2@Fe2O3 electrode had the most 58 
excellent cyclability actually with the increasing specific capacity 59 
starting from the 67th cycle and still possessed capacity of 430.2 60 
mAh g-1 after 103 cycles. This phenomenon is not uncommon for 61 
Fe2O3 and other metal oxide materials. 26-31 It is generally attributed 62 
to the formation of polymeric/gel-like film around the active 63 
materials caused by the decomposition of the electrolyte at low 64 
potential, which enabled the mechanical cohesion and delivered 65 
excess capacity through a so called “pseudo-capacity-type” behavior. 66 
On the other hand, the synergetic effect of the hybrid materials was 67 
also the main reason for the increased capacity as for bare Fe2O3 68 
nanorod arrays, there was no capacity increase observed. The 69 
corresponding coulombic efficiency of TiO2@Fe2O3 electrode was 70 
almost 100% in the over process. The rate performance of above 71 
mentioned three electrodes are presented in Fig. 3d, in which the 72 
TiO2@Fe2O3 electrode showed much higher capacity than bare TiO2 73 
and Fe2O3 electrodes. Nevertheless, the specific capacity for 74 
TiO2@Fe2O3 electrode decayed severely in case of different current 75 
densities, which might be attributed to the partially irreversible 76 
formation of Fe nanoparticles in the initial electrochemical reaction:        77 
Fe2O3+6Li++6e-       2Fe+3Li2O.                                                      (1)  78 

The TiO2@Fe2O3 electrode still showed the most competitive rate 79 
capability with capacity of 168.3 mAh g-1 at 1600 mA g-1, much 80 
higher than the capacity of bare TiO2 and Fe2O3 electrodes. The 81 
coulombic efficiency of the above three electrodes at the condition 82 
of cycling and rate performance test is presented in Fig. S9†. The 83 
TiO2@Fe2O3 electrode possessed a little bit better coulombic 84 
efficiency than that of TiO2 and Fe2O3 electrodes although all of the 85 
electrodes had good efficiency, which is significantly important to 86 
the applications of the materials. 87 

 88 

Fig. 3. Electrode performance: (a) CV curves of TiO2@Fe2O3 89 
electrode; (b) the 1st, 65th and 103rd galvanostatic charge-discharge 90 
profiles of TiO2@Fe2O3 electrode; (c) cycling performance and 91 
coulombic efficiency of TiO2@Fe2O3, TiO2 and Fe2O3 electrodes at 92 
200 mA g-1; (d) rate performance and coulombic efficiency of 93 
TiO2@Fe2O3, TiO2 and Fe2O3 electrodes at different current 94 
densities. 95 

In summary, we have successfully synthesized hierarchical 96 
TiO2@Fe2O3 nanoframework arrays. As a result of the buffering 97 
effect of mesoporous TiO2 nanosheets and the abundant free space 98 
between Fe2O3 nanorods and mesoprous structures, the hybrid 99 
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TiO2@Fe2O3 electrode shows superior cycling performance and rate 1 
capability to bare TiO2 and Fe2O3 electrodes. The synergetic effect of 2 
the hybrid materials also has great effect on the electrochemical 3 
properties. Substantially, the introduction of Fe2O3 nanorodes plays 4 
a significant role in advancing the specific capacity of the 5 
TiO2@Fe2O3 electrode and the mesoporous TiO2 nanosheets as the 6 
scaffold has the advantage for keeping the excellent cyclability. It is 7 
expected that the special fabrication strategies mentioned in this 8 
article will be widely utilized to construct other hybrid 9 
nanostructures for improving the electrochemical performance of 10 
low-capacity materials such as Li4Ti5O12 and graphite. 11 
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