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 TiO2 nanotubes by ALD is a good candidate to construct core-branch 

nanostructures for energy storage application; 

 Unique nanoflake structure of SnO2 by hydrothermal method. 

 TiO2 nanotube core @SnO2 nanoflake branch structure is better than 

commercial powder SnO2 as LIB anode; 
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Abstract  

While SnO2 is regarded as a good material for Li ion storage because of its high 

theoretical capacity, its microstructured powder form cannot be directly used as 

battery electrode because of a drastic pulverization problem and thus poor cyclic 

performance. Nanostructuring offers opportunities to circumvent this drawback. We 

report the construction of SnO2 nanoflake branches onto robust TiO2 nanotube stems. 

This core-branch nanostructured electrode demonstrate evidently improved Li ion 

storage properties compared to powders, with more stable cycling processes and 

higher rate capability. In this design, the TiO2 nanotube stems are realized by atomic 

layer deposition and offer a low-mass scaffold for the SnO2 nanoflakes and also a 

charge conductive path. 
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1. Introduction 

 In response to the fast advance of modern society and economic growth, energy has 

become a primary concern worldwide in not only developed countries but also 

less-developed regions. There has been a great demand in developing and refining 

more efficient energy storage devices.[1-4] Among the various explored power 

sources, lithium-ion batteries (LIBs) have become the most important and widely 

consumed secondary batteries due to their advantages of high voltage, high energy 

density, and good environment compatibility.[5-9] The pursuit of high-performance 

LIB never stops and there is an increasing desire to push the power and energy 

densities to drive emerging modern portable electronics and electric vehicles. 

In the past decades, great efforts have been devoted to searching for alternative 

anode materials to construct high-performance LIB. Among the available materials, 

SnO2 has attracted particular interest[1, 3, 10-28] due to its high theoretical capacity 

(782 mAhg-1), which is about twice of commercial graphite (372 mAhg-1).[8] 

Unfortunately, SnO2 suffers from a severe capacity fade caused by a large volume 

expansion (300% volume expansion upon Li+ alloying) which results in pulverization 

and deterioration of active materials during cycling process.[29] Furthermore, the low 

conductivity of SnO2 aggravates the deterioration especially at high current densities. 

To overcome these drawbacks and achieve high-performance SnO2 electrodes, it is 

highly desirable to modify or ameliorate its kinetics issue. To meet the requirement of 

high capacity and structural stability, one promising route is to scrupulously design 

nanoarchitecture of the electrode materials and smart hybridization with functional 

synergy.[27, 30, 31]  

TiO2 is another popular anode material for LIB because of its excellent cycling 

stability (Li+ storage by insertion) and low cost.[32-35] Though its theoretical 

capacity (178 mAhg-1) is relatively low, it has been demonstrated that its excellent 

structural and cycling stability and its semiconducting nature make it a suitable 

backbone or protective layer for other metal oxides through smart hybridization.  

Over past years, a few types of TiO2 and SnO2 composite electrodes have been 

prepared and enhanced electrochemical properties have been reported. Lee and his 
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coworkers[36] fabricated the TiO2/SnO2 core-branch structure by radio frequency 

sputtering and the combination material shows controllable thickness of the active 

material as well as homogeneous morphology. However, they used the silica as the 

substrate which is not applicable as a flexible electrode. Wu[37] reported the SnO2 @ 

TiO2 nanotube structure prepared by electrochemical and solvothermal methods. 

While a rather stable capacity up to 50 cycles was demonstrated, the energy density 

was not so high which might be due to the structure design that only a limited amount 

of SnO2 can be encapsulated into the TiO2 tubes. Liu[38] applied a simple 

size-controllable bicomponent TiO2/SnO2 electrospinning process and achieved the 

TiO2/SnO2 nanofibers. However, these two materials are tightly combined in one side 

while they have different volume expansion during lithiation delithiation processes 

and this will be a serious structure unstable problem when the sample is applied as 

electrode for lithium-ion battery. Also, other work aiming at protecting SnO2 from 

collapse by enwrapping SnO2 inside TiO2 has been reported [19, 21, 22]. However, in 

this design, the outer TiO2 may block or retard the direct access of lithium ions to 

SnO2 which is supposed to be the main capacity contributor. In order to achieve big 

contact area for SnO2 with the electrolyte, the SnO2 should be released outside of the 

core-shell structure to assure a direct contact with the Li ions. In addition, the TiO2 as 

a low capacity material should be ideally controlled to have a low mass ratio 

compared to SnO2. 

Therefore, we report a hierarchically porous TiO2 nanotube @ SnO2 nanoflake 

core-branch nanoarrays as the LIB electrode, which are synthesized with the 

assistance of atomic layer deposition (ALD) and sacrificial Co2(OH)2CO3 nanorod 

template. The hydrothermally grown SnO2 has a unique nanoflake structure and are 

intimately connected with the vertical-standing ALD TiO2 nanotubes, resembling a 

forest on the nanoscale. The spaces between SnO2 nanoflakes can buffer the volume 

expansion and also assures full access by Li ions. Compared to the commercial SnO2 

powder electrodes, the as-prepared core-branch electrodes show evidently higher 

weight specific capacity and improved rate capability.  
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2. Experimental 

2.1 Material synthesis 

The TiO2 nanotube @ SnO2 nanoflake arrays were prepared by the combination of hydrothermal 

synthesis and ALD process. Firstly, self-supported Co2(OH)2CO3 nanorod arrays were prepared by 

a facile hydrothermal synthesis method. The solution was prepared by dissolving 2 mmol of 

Co(NO3)2, 5 mmol NH4F and 10 mmol of CO(NH2)2 in 50 mL of distilled water. The resulting 

solution was transferred into Teflon-lined stainless steel autoclave liners. The Ni foam substrates 

(20 cm2 in size) were washed by alcohol and distilled water by sonication before immersed into 

the reaction solution. The back sides of the substrates were uniformly coated with a 

polytetrafluoroethylene tape to prevent condensation of unwanted particles from the solution. The 

liner was sealed in a stainless steel autoclave and maintained at 105 ºC for 5 h, and then cooled 

down to room temperature. The samples were then washed with distilled water and dried in the 

furnace at 90℃. For the second step, the samples were coated with a layer of 20 nm TiO2 using 

ALD (Beneq TFS200). The deposited temperature was 120℃. After the TiO2 shell coating, the 

samples were then immersed in 1M HCl for 20 min to remove the initial Co2(OH)2CO3 template. 

Thus obtained TiO2 nanotubes were further annealed at 200℃ for 2 h to increase the crystallinity 

of TiO2 nanotubes and improve their connection to the substrate. For the second hydrothermal 

growth of SnO2 nanoflakes, the samples were put in the 80 ml Teflon-lined stainless steel 

autoclave containing 50 ml solution of 0.5 mM SnCl4·5H2O and 10 mM NaOH. The 

hydrothermal growth was carried out in an oven at 200℃ for 3 h. After the growth, the samples 

were washed thoroughly with distilled water and dried. Finally the samples were annealed in the 

oven under 200℃ for 2h.  

For the control sample, commercial SnO2 powders (Sigma Aldrich) were mixed with PVDF 

with a mass ratio of 4:1. After grinding for 40 min, the mixed powder was transferred into a 50 ml 

beaker and 5 ml N-methyl pyrrolidinone (NMP) was then added in, followed by sonication for 30 

min. Finally the slurry was pasted on the surface of a washed Ni foam and dried in the furnace at 

80℃ for 24 h. 

2.2 Characterization and electrochemical measurement 

The samples were characterized by X-ray diffraction (XRD, RIGAKU D/Max-

radiation), field emission scanning electron microscopy (FESEM, FEI SIRION), and 

high-resolution transmission electron microscopy (HRTEM, JEOL JEM-2010F). The cyclic 

voltammetry (CV) measurements and electrochemical impedance spectroscopy (EIS) were 

performed on a CHI760e electrochemical workstation (Chenhua, Shanghai). The charge/discharge 

tests were conducted on a LAND battery program-control test system. 

 

3. Results and Discussions  

 

Figure 1 shows the formation process of the core-branch nanowire structure. TiO2 
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nanotube is prepared by ALD on hydrothermal-synthesized Co2(OH)2CO3 nanorods 

template, followed by removal of the nanorod template in a mild acid solution. Then, 

another hydrothermal process is introduced to grow SnO2 nanoflakes on the TiO2 

nanotubes to form the core-branch nanoarrays. The sacrificial Co2(OH)2CO3 nanorods 

have a diameter of ~50 nm and length of ~1 µm as can be observed in figure 2a. After 

ALD of a 20 nm thick TiO2 layer, the diameter of the nanorods enlarges to ~90 nm 

and the surface of the core materials became smooth compared to the raw 

Co2(OH)2CO3 nanorods (figure 2b). As a result of the homogeneity of ALD, the 

quasi-vertical alignment of the Co(OH)2CO3 nanorod backbone is well preserved after 

the acid bath and the smooth tube structure is verified by TEM (Inset of figure 2b). 

Figure 2c shows that, after the second hydrothermal growth, the TiO2 nanotubes all 

branch out and are wrapped by SnO2 nanoflakes to form a hetero-structured 

nanoforest. For a comparison, the commercial SnO2 powder is composed of irregular 

particles of a wide range of sizes up to 500 nm (figure 2d).  

Figure 3 shows the TEM characterization of the core-branch nanowire. The 

integrated core-branch structure and the nanoflakes are clearly seen in figure 3a and b. 

A high-resolution TEM image in figure 3c recorded from the selected area reveals the 

lattice fringes of 0.33 and 0.26 nm, corresponding to the (110) and (101) planes of 

tetragonal SnO2, respectively. Furthermore, the core-branch hetero-structure is also 

distinguished by the EDS mappings of Ti, Sn and O (figure 3d-g).  

The advantages of this nanotube/nanoflake core-branch configuration for LIB 

electrode are as follows. 1) The TiO2 nanotubes provide a chemically and structurally 

stable backbone to sustain the whole core-shell nanostructure contributing improved 

cycling ability. 2) The ultrathin nanoflake structure not only renders much higher 

surface areas than solid powder particles, but also may accommodate the volume 

expansion of SnO2 during lithiation and delithiation processes. 3) The SnO2 

nanoflakes are directly bonded to with TiO2 and the whole core-branch array is also in 

directly contact with the conductive substrates. This self-supported nano array 

configuration eliminates the need of polymers binders and reduce dead mass.[31] 

Ideally, the above characteristics work together and result in improved lithium storage 
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properties. 

The electrochemical properties of the obtained TiO2 nanotube @ SnO2 nanoflake 

core-branch nanowire arrays are evaluated in a comparison to commercial powder 

electrode. Generally, the electrochemical reaction of SnO2 as anode can be described 

in the following equations[8] 

                     SnO2 + 4Li+ + 4e- → Sn + 2Li2O                 (1) 

                     Sn + χLi+ + χe- ↔ LiχSn   (0≤ χ ≤ 4.4).          (2) 

For the backbone TiO2 nanotube, the reversible Li insertion/desertion process is 

usually written as follow[39]: 

                      χLi+ +TiO2+ χe- ↔ LiχTiO2  (0≤ χ ≤ 1)                (3) 

Figure 4a shows the cyclic voltammetry (CV) curves of both the core-branch 

nanowires and commercial SnO2 powder electrode in the 2nd cycle at a scanning rate 

of 0.5 mV s-1. For the commercial SnO2 powder, a cathodic peak in the discharge 

process was observed around 1.6 V that can be ascribed to the irreversible reduction 

of SnO2 to metal Sn described in equation (1).[37] The ~0.8 V cathodic peak 

corresponds to the phase evolution of LiχSn finally to Li4.4Sn as described in equation 

(2). Its corresponding reverse reaction, viz., extraction of Sn from the LiχSn, during 

the anodic scan can be found at ~1.7 V. As for the as-synthesized core-branch material 

anode, the processes of SnO2  Sn irreversible phase change, and the lithiation and 

delithiation of Sn occur at 1.0, 0.4, and 1.2 V, respectively.[37] The large peaks shifts 

with respect to the powder SnO2 could be related to the difference in size and 

structure so that the electrochemical activity is different. In addition, for the 

core-branch anode, the redox peaks of ~1.8 and ~2.25 V are also obtained and the 

processes are described in equation (3) when Li+ reacts with TiO2. 

It is noticed from our analysis that the weight ratio of the backbone TiO2 in the 

composite is about 20% (owning to its tubular structure). So not only it serves as a 

structural scaffold to maintain the core-branch structure, it can also contribute some 

capacity. Nonetheless, the majority of the capacity originates from the nanoflake SnO2 

branches because of its high theoretic specific capacity. Figure 4(b) presents the 

charge-discharge capacities against cycle numbers at a current density of 1.6 A g-1. 
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Clearly one can see the much higher charge and discharge capacities of the 

core-branch electrode than those of the commercial powder electrode. The 

synthesized core-branch material electrode retains a high capacity of around 580 

mAhg-1 (at the current density of 1.6 A g-1) compared to nearly zero of the commercial 

SnO2 powder electrode. This could be correlated to the advantage of the nanoflake 

structure of SnO2 and the core-branch architecture; both factors provide higher 

reaction areas for the Li alloying and dealloying so that (ideally) all the SnO2 

nanoflakes can be accessed by Li+ and contribute to the discharge currents. In the first 

charge/discharge cycle, the coulombic efficiency is only about 69.5% due to the 

formation of partially irreversible SEI film during the first cycle. But afterwards it 

increases to nearly 100% as manifested by the overlapping of charge and discharge 

capacity curves. Coming to the rate capability, while the curves in Figure 4c are 

non-ideal for both types of SnO2 electrodes, the core-branch material exhibits a 

specific capacity of 498 mAh g1 at a high discharge current-density of 3.2 A g-1. 

When the current density is switched back to same value of 0.2 Ag-1 after 50 cycles, 

the loss of discharge capacity of the core-branch electrode is about 200 mAh g-1. For 

the commercial powder, the capacity drops to near zero when the current density 

increases above 0.8 A g-1. Worse still, the capacity can only return to less than 20% 

when the small current density of 0.2 A g-1 is applied again. 

The Nyquist plots of the core-branch electrode and commercial powder electrode 

before and after cycling are shown in Figure 4c. One can see that the resistances after 

cycling increase for both the core-branch and powder electrodes. However, the former 

has resistances consistently lower than that of the powder electrode. Figure 5 shows 

the typical SEM images of both the core-branch nanowire and the commercial powder 

in their initial form and after 50 cycles. It is found that the core-branch structure is 

still observable after 50 cycles with only little reunites at their tips. In contrast, the 

commercial powder particles swell severely after the cycles and aggregate into much 

larger particle in the order of 5 m (figure 5d). This implies that the core-branch 

architecture and the uniform nanoflake structure of SnO2 are indeed advantageous in 

enhancing the capacity and stability.  
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For comparison, recent research about SnO2 enwrapped by TiO2 is listed in table 

1. The capacity from our work is higher than those with a similar current density. This 

could be a result of the higher mass ratio of SnO2 in our electrode compared to those 

with a solid TiO2 or thick-walled TiO2 tubes. In addition, due to the flake 

nanostructure of the SnO2 and its direct contact with electrolyte ions, our electrode is 

beneficial to achieving high specific capacities especially at high current densities up 

to 3.2 Ag-1. 

 

Table 1. List of recent work on TiO2-SnO2 composite as the lithium-ion battery electrode. 

 

Material Discharge 

current density 

Capacity after 

30 cycles 

Publication 

year [Ref] 

SnO2 nanocrystals on 

self-organized TiO2 nanotubes 

(array) 

20 mA cm-2 35 µAh cm-2 2010 [40] 

SnO2@TiO2 double shelled 

nano-spheres (powder) 

1720 mA g-1 128 mAh g-1 2010 [41] 

TiO2 nanocones@SnO2 

nanoparticles (powder) 

1720 mA g-1 350 mAh g-1 2012 [23] 

SnO2/TiO2 nanocomposite 

(powder) 

156 mA g-1 581 mAh g-1 2012 [24] 

SnO2@TiO2 nanotube hybrids 

(array) 

0.1 mA cm-2 160 µAh cm-2 2012 [37] 

ALD amorphous thin layer SnO2 

anode directly on stainless steel 

substrate 

5 µA cm-2 641 mAh g-1 2013 [11] 

SnO2@TiO2 hollow microtubes 

(array) 

200 mA g-1 805 mAh g-1 2013 [19] 

SnO2@TiO2 double-shell 

nanotubes (array) 

1500 mA g-1 232 mAh g-1 2013 [21] 

SnO2@TiO2 core-shell composites 

(powder) 

1000 mA g-1 659 mAh g-1 2013 [22] 

SnO2 nanoflakes on TiO2 

nanotubes (array) 

1600 mA g-1 530 mAh g-1 this work 
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4. Conclusions 

Assisted by ALD and hydrothermal synthesis method, we demonstrated the synthesis 

of TiO2 nanotube@SnO2 nanoflake core-branch-structured anode and the 

improvement of SnO2 in Li ion storage. The electrodes show drastically higher 

specific discharge capacity and better cycling ability than the commercial SnO2 

powder. The enhanced electrochemical property could be ascribed to the unique 

core-branch architecture and the thin flake SnO2, which provide good structural 

stability and direct ion/electron transfer. Our result also demonstrates the usefulness of 

ALD TiO2 for constructing high-performance metal oxide hybrid electrodes for 

electrochemical energy storage (both Li ion battery and supercapacitors). 
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Fig. 1 Schematics of the fabrication process of TiO2 nanotube @ SnO2 nanoflake 

core-branch nanostructures. 

 

 

 

Fig. 2 SEM Characterizations of core-branch nanowires and commercial SnO2 

powder: (a) Co(OH)2CO3 nanorods; (b) Co(OH)2CO3 nanorods covered with a 20 nm 

thick TiO2 layer (inset is the TiO2 nanotubes after the acid bath); (c) TiO2 core @SnO2 

nanobranches; (d) Commercial SnO2 powder used for comparison. 
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Fig. 3 TEM Characterization of the TiO2 nanotube @ SnO2 nanoflake core-branch 

nanostructures: (a) TEM image of the integrated tube-flake core-branch structure. (b) 

Magnified image of the SnO2 nanoflakes. (c) High resolution image of the SnO2 

nanoflake from the circled area in (b). (d - g) TEM elemental mapping images of the 

core-branch structure. 
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Fig. 4 Comparison of the electrochemical properties between the TiO2@SnO2 

core-branch nanostructure and commercial SnO2 powder acting as the anode for LIBs: 

(a) Cyclic voltammetry at a scan rate of 0.5 mV s-1 between 1 mV2.5 V; (b) Cycling 

performance of the charge/discharge processes at a current density of 1.6 A g-1 with a 

voltage window of 0.012.5 V; (c) Rate performance against the cycle number at 

various current densities (unit: mA g-1); (d) Nyquist plots of the TiO2@SnO2 

core-branch and commercial SnO2 powder electrodes before and after 50 cycles. Test 

conditions: voltage range = 0.0052.5 V versus Li/Li+. 
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(a) (b)

(c) (d)

 

Fig. 5 Morphologies of the electrode material after 50 cycles. SEM images of 

structures comparisons of core-branch nanowires and commercial powder before and 

after cycles. TiO2@SnO2 core-branch electrode (a) before cycling and (b) after 50 

cycles. Commercial SnO2 powder electrode (c) before cycling and (d) after 50 cycles. 

 


