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H I G H L I G H T S  

� Three fabrication strategies for TiO2 NT electrodes have been investigated. 
� Current collector geometry, crystal structure of TiO2 and NT geometry were studied. 
� 3D Ti foams enable higher mass loading, shorter NTs and enhanced NT adhesion. 
� Amorphous TiO2 electrodes show superior rate performance than anatase. 
� Achieved high capacity (507 uAh cm� 2 at 50 μA cm� 2), rate and stable 2000 cycles.  
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A B S T R A C T   

Fabrication strategies for TiO2 nanotube (NT) electrodes were optimised with an aim to improve the under
standing of the material attributes required for enhanced areal capacity without compromising rate capability 
and cycling stability in these alternative high-rate anodes for Li ion batteries. The investigation considered the 
effects of: i) the geometry of the current collecting scaffolds (planar or foam); ii) crystallographic structure of 
TiO2 (amorphous or crystalline); and iii) NT geometry arising from use of different anodisation conditions. By 
optimising the three strategies concurrently, we were able to demonstrate amorphous TiO2 NT electrodes on a Ti 
foam current collector with not only a high areal capacity of 507 μAh cm� 2 (recorded at 50 μA cm� 2) but also 
improved rate capability (retained a capacity of 347 μAh cm� 2 at 5 mA cm� 2) and long-term cycling stability 
(capacity retention of 83% after 2000 cycles). This achievement of high areal capacity, rate capacity and cycling 
stability, which is superior to that reported previously, is attributed to the combined higher surface area of the 
foams, faster Li ion diffusion in the amorphous TiO2 compared to crystalline TiO2 and improved electronic 
conductivity and structural stability of the NTs enabled by limiting NT lengths.   

1. Introduction 

High rate capability and long cycle life are becoming increasingly 
important for lithium ion batteries (LIBs) to meet the future re
quirements for electric vehicles and renewable energy integration [1–3]. 
Commercially available LIBs typically use graphite as the anode mate
rial, however the low lithiation potential of graphite (~0.1 V vs. Li/Liþ) 
has posed several challenges for this anode material to be used in 
high-rate LIBs. First, a thick layer of solid electrolyte interface (SEI) is 
formed at the graphite surface due to decomposition of electrolyte 

species at low potentials [4–6]. Although this layer still permits the 
transport of Li ions upon battery cycling, it electronically passivates the 
graphite surface partially restricting ionic transport and limiting 
charging and discharging rates of the LIB. Second, at high rates, the 
continued growth of this SEI during battery cycling results in increased 
impedance, electrolyte depletion and reduced battery cycle life [7–9]. 
Finally and perhaps most importantly from a safety perspective, Li 
dendrites can form at the graphite anode surface when it is lithiated at 
high rates and cause short circuits leading to thermal runaway and fires 
[10,11]. 
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Various TiO2 polymorphs have frequently been proposed as alter
native anode materials for high-rate LIBs due to their small volume 
change (<4%) upon Li ion insertion/extraction [12] and higher lith
iation potentials (~1.5–1.7 vs. Li/Liþ) [13,14]. The latter attribute di
minishes the risk of Li plating and dendrite formation, especially when a 
battery is cycled at high rates [14,15]. Additionally, although also 
affected by other factors [4], electrolyte decomposition is typically 
lessened at higher lithiation cut-off potentials and this reduces SEI for
mation [16] hence lowering the battery impedance on charging and 
discharging. However, bulk TiO2 suffers from low electronic and ionic 
conductivity [17,18] which inherently limits its rate performance. One 
approach to overcome these limitations is to nanostructure TiO2 to 
provide shorter diffusion paths for both electrons and ions and to in
crease the electrode/electrolyte interface area for greater reactivity. 
Numerous TiO2 nanostructures have been successfully synthesised, 
including nanoparticles [19–24], nanotubes [25–34], nanowires [35, 
36] and mesoporous structures [37,38], with considerable improve
ments in storage capacities and rate capabilities being achieved. Of 
particular interest have been the self-organised and electrochemically 
grown TiO2 nanotubes (NTs) due to their fabrication simplicity, large 
electrode/electrolyte interface area, nanoscale diffusion pathways via 
tube walls and self-supported structure, which eliminates the need for 
binders and conductive additives [29,39–41]. 

Various aspects of TiO2 NT electrodes have been investigated and 
their effect on Li ion storage properties of the electrodes has been re
ported. In most studies, the TiO2 NT electrodes have been prepared by 
electrochemically anodising planar Ti foils, with the foils being utilised 
as current collecting scaffolds. However, Bi et al. [42] and Choi et al. 
[43] explored the use of three-dimensional (3D) porous Ti foams as 
higher surface area current collectors for NT electrodes. Although 
improved areal capacities and rates were achieved compared to TiO2 NT 
electrodes prepared using foils, the reported capacities at high rates (83 
μAh cm� 2 at 0.5 mA cm� 2 [42] and 335 μAh cm� 2 at 2.9 mA cm� 2 [43], 
respectively) and cyclability (<100 cycles) were still limited. Several 
studies have investigated the influence of anodisation parameters on the 
geometries of NTs formed on planar foils and their effects on the Li ion 
storage properties of these electrodes [29,32,41,44]; however, the in
fluence of these parameters on NT electrodes prepared using porous 
foams is not well understood as the porous foam geometry can affect 
both NT formation and electrolyte access due to the presence of tortuous 
paths in the foam. Furthermore, to increase the complexity of any op
timisations of NT formation and cycling, the crystallographic structure 
of the TiO2 in the NTs can also significantly affect the electrochemical 
properties of the electrodes [39,45–47]. 

Consequently, despite numerous developments in TiO2 NT elec
trodes for high-rate LIBs, achievement of high areal capacity and rate 
performance whilst retaining excellent long-term cycling stability has 
remained challenging. In this paper, we systematically investigated 
three electrode fabrication strategies with an aim to improve the un
derstanding of the material attributes required for enhanced areal ca
pacity, rate capability and cycle life in TiO2 NT electrodes. The first 
section reports on the use of planar foils and 3D porous foams as current 
collecting scaffolds for TiO2 NT electrodes and compares the geometric 
and electrochemical properties of NTs grown on the foil and foam, 
respectively. Then, a comparison between amorphous (a-TiO2) and 
anatase (c-TiO2) NTs electrodes is reported to elucidate the impact of the 
crystallographic structure of TiO2 NTs on the Li ion storage properties of 
these electrodes. The third section reports on the influence of anodisa
tion voltage, anodisation duration and NH4F concentration on the 
morphology of TiO2 NTs grown on Ti foams and how this impacts the 
capacity and rate capability of the electrodes. Finally, the electro
chemical performance of the NTs electrodes fabricated from this study 
was compared to that of previously reported comparative electrodes. 
This study demonstrates that TiO2 NT electrodes fabricated using a facile 
and scalable one-step anodisation process can achieve excellent areal 
capacities, rate capability and long-term cyclability over 2000 cycles 

through a careful and concurrent optimisation strategy. 

2. Experimental 

2.1. Electrode preparation 

TiO2 NT electrodes were prepared electrochemically using a one-step 
anodisation process. Before anodisation, the commercially pure Ti foils 
and foams (>99.9% Ti, obtained from TOB New Energy) were cleaned 
by ultrasonication in acetone, isopropyl alcohol and deionised water for 
10 min each. The foams were then immersed in the anodisation elec
trolyte in a vacuum environment for 40 min to ensure that the electro
lyte accessed the inner surface of the foams. Anodisation was performed 
in a two-electrode configuration with the Ti foam as the anode and a 
platinised Ti plate as the cathode. TiO2 NTs were grown by applying a 
constant voltage to the Ti substrates after a voltage ramp from 0 V to the 
designated voltage. The voltage was supplied by an IviumStat.XRe 
potentiostat (Ivium Technologies). After anodisation, the Ti foams and 
foils were first rinsed in deionised H2O, then soaked sequentially in 20, 
40, 80 vol% ethanol and deionised H2O mixtures, and pure ethanol for 5 
min each. Finally, the rinsed TiO2 NTs electrodes were dried in air. 

In Section 3.1, the Ti foams and foils were anodised in a glycerol 
electrolyte comprising 0.45 M NH4F (Sigma-Aldrich) and 2.5 vol% 
deionised H2O with an anodisation voltage of 35 V for 50 min. In Section 
3.2, a-TiO2 NT electrodes were prepared by anodising Ti foams in a 
glycerol electrolyte comprising 0.45 M NH4F and 2.5 vol% deionised 
H2O with an anodisation voltage of 35 V for 50 min. To prepare c-TiO2 
electrodes, the as-anodised TiO2 NTs were annealed at 400 �C for 1 h in 
air. In Section 3.3, the TiO2 NT electrodes were prepared by anodising Ti 
foams using the anodisation parameters as shown in Table 1. 

2.2. Material characterisation 

Scanning electron microscope (SEM) and transmission electron mi
croscope (TEM) images were acquired by an FEI Nova NanoSEM 450 FE- 
SEM microscope and a Phillips CM200 TEM microscope, respectively. 
Selected area electron diffraction (SAED) patterns were obtained to 
verify the crystallinity of the TiO2 NTs using an FEI Tecnai G2 20 TEM 
microscope with an aperture diameter of ~200 nm. The composition of 
the NTs was investigated using X-ray photoelectron spectroscopy (XPS) 
using a Thermo Scientific UK ESCALAB250Xi system under an ultra-high 
vacuum. The X-ray source was monochromated Al Kα (energy of 
1486.68 eV) with the binding energy scale being calibrated using a 
carbon reference (C 1s ¼ 284.8 eV). Ex-situ thin-film X-ray diffraction 

Table 1 
Summary of anodisation parameters used in the experiments reported in Section 
3.3.  

Investigation 
Parameter 

NH4F 
Concentration (mol 
l� 1) 

Anodisation 
Voltage (V) 

Anodisation 
Duration (min) 

NH4F 
Concentration 

0.075 50.0 50.0 
0.150 50.0 50.0 
0.300 50.0 50.0 
0.375 50.0 50.0 
0.450 50.0 50.0 

Voltage 0.450 12.5 50.0 
0.450 20.0 50.0 
0.450 27.5 50.0 
0.450 35.0 50.0 
0.450 40.0 50.0 

Duration 0.450 35.0 8.33 
0.450 35.0 16.7 
0.450 35.0 50.0 
0.450 35.0 100 
0.450 35.0 200 
0.450 35.0 300  
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(XRD) was conducted in a PANalytical Empyrean diffractometer with Cu 
Kα emission (λ ¼ 1.5418 Å). Raman spectroscopy was recorded using a 
Renishaw inVia spectrometer with a laser wavelength of 532 nm. 

2.3. Electrochemical characterisation 

TiO2 NT electrodes were cut into 1 cm2 square and coupled with Li 
foils (0.25 mm thick and 99% purity) and assembled into R2025-type 
coin cells for electrochemical characterisation. Prior to cell assembly, 
prepared TiO2 NT electrodes were dried in a vacuum oven at 60� for 24 h 
to remove any residual solvent. The TiO2 NT film on the rear surface of 
the foam/foil was scratched off to ensure a good electrical contact to the 
metal of the coin cell. A volume of 80 μL of 1 M LiPF6 in a 1:1 v/v 
mixture of ethylene carbonate (EC) and ethyl methyl carbonate (EMC) 
(Sigma Aldrich) was used as the electrolyte and battery-grade micro
porous membranes (Celgard® 2325, 25 μm thick) as separators. All coin 
cells were assembled in an Ar-filled glovebox (MBRAUN MB-LABStar 
1250/780) with H2O and O2 content maintained < 0.5 ppm. Galvano
static charge and discharge (GCD) measurements were performed using 
either a Neware BTS4000 battery testing system or an Ivium-n-Stat with 
sModule 2 A/20 V potentiostat (Ivium Technologies). Battery charging 
and discharging were measured for a potential range of 1.0–3.0 V with 
respect to the Li/Liþ potential and these data were used to estimate the 
electrode areal capacities at various current densities. Cyclic voltam
metry (CV) measurements were performed using Ivium-n-Stat with 
sModule 2 A/20 V potentiostat (Ivium Technologies) for a potential 
range of 1.0–3.0 V with respect to the Li/Liþ potential. For the scan-rate- 
dependent CV analysis, the b-values were determined from the anodic 
peak current Ip in CV curves at various voltage scan rates v according to 
Refs. [20,48,49]: 

Ip ¼ avb (2.1) 

For the rate performance comparison of the TiO2 NT electrodes in 
Section 3.3, the rate parameter, R, was used rather than the current 
density (in mA cm� 2) or C-rate as R represents the time required to 
charge and discharge an electrode or battery and therefore is a more 
useful rate metric for practical battery use cases. Also calculations of R 
make no assumptions of the theoretical capacity of the electroactive 
material. The rate parameter R is defined by Refs. [50,51]: 

R¼
I=A

ðQ=AÞexp
(2.2)  

where I/A is the charge and discharge areal current and (Q/A)exp is the 
experimentally measured areal capacity of the electrodes at the corre
sponding current. 

3. Results and discussion 

3.1. Foam vs. foil current collectors 

The 3D Ti foams provided a percolating metallic network for electron 
transport and microscale pores for ion diffusion pathways to the elec
troactive material surface (see Fig. 1a). An X-ray computed tomography 
analysis of the foam revealed that the foams used in this study were 
~600 μm thick and had an open surface area (i.e., the surface area 
accessible to electrolyte) of ~14.6 mm2 per mm3 and a porosity of 
~25% (further details of the foams are reported in Ref. [46]). This 
represented an eight-fold increase in the effective surface area of the 
foam over the polished foil for the same electrode projection area. The 
initial foam surface showed more surface roughness compared to the 
polished surface of the foil (see Fig. S1a), which may be beneficial for 
enhanced surface adhesion of the formed NTs to the metal of the scaf
folds. After anodisation, self-supported TiO2 NTs were successfully 
grown on the outer and inner surfaces of the foam (see Fig. 1b and c). 

Fig. 1f shows that the I-t transients recorded for the foam and the foil 
during anodisation under the same conditions (i.e., 35 V for 50 min with 
0.45 M NH4F) were distinctly different. Although a similar three-stage I-t 
profile (I, II and III as shown in Fig. 1f) was recorded for both the Ti foil 
and foam, the anodic I for the foam was substantially higher than for the 
foil, which could be attributed to the greater surface area provided by 
the foam leading to more surface reaction. Additionally, the I-t transients 
showed that both stage I and II (corresponding to the process of compact 
oxide formation and etching, respectively) completed sooner for the 
foam than the foil, which may suggest that a thinner compact oxide layer 
was initially formed on the foam surface and consequently the process to 
etch the layer (i.e., stage II) completed sooner. 

Fig. 1d and e shows SEM images of as-grown TiO2 NTs formed on the 
surface of the foil and the foam, respectively. Nanotubes grown on the 
foam and the foil had very different morphologies. Nanotubes grown on 
the outer surface of the foam had an average diameter and tube wall 
thickness of 45 � 2.6 nm and 7.4 � 1.0 nm in comparison to 60 � 5.6 nm 
and 21 � 5.9 nm for the foil. The smaller diameter and thinner tube wall 
of the NTs formed on the foam suggested that the effective anodisation 
voltage (i.e., the potential difference across the electrolyte/anode 

Fig. 1. (a) SEM image of a section of the foam after 
anodisation. (b, c) SEM images showing the forma
tion of self-supported TiO2 NTs on the (b) inner and 
(c) outer foam surfaces. (d, e) Top-view SEM images 
showing the different morphologies of NTs grown on 
a (d) foil and (e) foam after anodising with the same 
condition. (f) I-t transients for the foam and the foil 
recorded during anodisation using the same anod
isation voltage of 35 V, respectively. (g) Areal ca
pacities of TiO2 NT electrodes prepared using a foam 
and a foil, values estimated from GCD measurements 
at current densities ranging from 0.05 to 5 mA cm� 2.   
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interface) was lower for the foam than the foil even though the overall 
applied anodisation voltages were the same for both cases. The lower 
voltage may result from larger IR losses across the electrolyte when 
anodising the foam caused by the higher anodic current as observed in 
Fig. 1f. The average tube length was 2.4 � 0.07 μm for the foam (on 
outer surfaces), higher than 1.6 � 0.09 μm for the foil; however shorter 
NTs with length < 1 μm were observed on inner foam surfaces (Fig. S1). 
This variability in tube length on the outer and inner foam surfaces is 
likely due to the limited access of electrolyte to the deeper pores of the 
foam during anodisation and the inhomogeneous electric field distri
bution on the different parts of the foam. Additionally, top-view SEM 
images show that, for the foil, the porous initiation oxide layer still 
present on top of organised NTs after 50 min of anodisation (Fig. 1d), 
whereas for the foam this layer has been completely removed and open 
tube tops were clearly exposed on the surface (Fig. 1e). The faster 
removal of the porous initiation oxide layer for the foam was consistent 
with the observation in Fig. 1f that the transition from stage II to III of 
the NT formation process occurred earlier for the foam than the foil. 

The variability in morphology of NTs grown on the outer and inner 
foam surfaces makes it difficult to accurately estimate the volume and 
mass of TiO2 NTs grown on Ti foams. Therefore, in this study, capacity 
values are reported in terms of per electrode projection area (i.e., Ah 
cm� 2) rather than per mass of the electroactive material (Ah g� 1). Mass 
estimates calculated using geometries of the NTs observed on the outer 
foam surface are provided in Table S3 in Supporting Information to 
allow for rough comparisons with other reports. The TiO2 NT electrodes 
prepared using the foam and the foil were each coupled with a Li foil 
electrode and assembled into coin cells to assess their electrochemical 
performance. Fig. 1g compares the areal capacities of the foam and foil 
electrodes estimated from GCD measurements at a range of charging and 
discharging currents. The TiO2 NT foam electrode demonstrated supe
rior areal capacities, achieving ~320 μAh cm� 2 at 0.05 mA cm� 2 and 
~181 μAh cm� 2 at 5 mA cm� 2, in contrast to ~82 μAh cm� 2 at 0.05 mA 
cm� 2 and ~53 μAh cm� 2 at 5 mA cm� 2 obtained by the foil electrode. 
The improved areal capacities for the foam electrode at both low and 
high rates were most likely due to the higher per-electrode-area mass 

Fig. 2. (a, b) TEM images of (a) an as-anodised TiO2 NT and (b) after annealing in air at 400 �C for 1 h, respectively. Magnified images of a local region and the SAED 
patterns are shown as insets in the TEM images. (c) XRD patterns of a Ti foam, as-anodised TiO2 NTs and annealed TiO2 NTs. (d) First-cycle lithiation and de-lithiation 
curves of the a-TiO2 and c-TiO2 NT electrodes. (e) Rate performance of the a-TiO2 and c-TiO2 NTs electrodes with capacity values being calculated from the GCD 
measurements at various current densities. 
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loading of TiO2 on the foam than the foil scaffolds, which resulted from 
the larger effective surface area of the foam providing more reaction 
sites for NT growth during anodisation. However, the TiO2 NT foam 
electrode showed a capacity retention of 57% at 5 mA cm� 2 (normalised 
to the capacity at 0.05 mA cm� 2), slightly lower than 64% attained by 
the foil electrode. The lower capacity retention at high rates for the foam 
electrode may have been due to the restricted Li ion transport along the 
tortuous pathways presented in the foam, especially in the deeper pores/ 
channels, and the influences from the different NT morphologies ob
tained by the foam and the foil electrodes. The influence of NT 
morphology on the areal capacity and rate capability of the foam elec
trodes are discussed further in Section 3.3. 

3.2. Amorphous vs. crystalline NTs 

Both a-TiO2 and c-TiO2 NTs electrodes were prepared from Ti foam 
scaffolds using the same anodisation conditions (i.e., 35 V, 50 min and 
0.45 M NH4F). Fig. 2a shows the TEM image of an as-grown NT. Lattice 
fringes are not evident in the TEM image (see Fig. 2a inset, bottom) and 
the SAED pattern is featureless (see Fig. 2a inset, top) indicating that the 
as-grown TiO2 NTs were amorphous (at least long-range order was ab
sent). After annealing at a temperature of 400 �C for 1 h, the initial NT 
morphology was retained (Fig. S2); however, the TiO2 NTs were crys
tallised to the anatase phase (I41/amd) as evident by the lattice fringes in 
the TEM image and the diffraction rings in the SAED (see Fig. 2b). The 
crystallinity of the as-grown and annealed NTs was further confirmed by 
XRD shown in Fig. 2c as the anatase peaks only appeared in the 
diffraction patterns of the annealed TiO2 NTs. Raman spectroscopy of 
the as-grown and annealed NTs are reported in Supporting Information 
Fig. S2. 

The chemical composition of the a-TiO2 and c-TiO2 NTs electrodes 
was investigated using XPS. The Ti 2p core level spectra for both elec
trodes exhibits two peaks at binding energies of 464.4 eV and 458.8 eV, 
respectively (see Fig. S2d), confirming that the formed oxide before and 
after annealing were stoichiometric TiO2 (at least for the surface). The O 
1s core level spectra (Fig. S2e) reveal the presence of surface adsorbed 
O-containing species on both electrodes, including chemisorbed 
bridging hydroxyls (–OH) and physically adsorbed molecular water 
(H2O) as evident by the peaks at ~531.6 and ~532.7 eV, respectively 
[52,53]. These surface hydroxyls and H2O can react with the organic 
solvent and Li ions in the electrolyte leading to irreversible capacity 
losses during the initial cycles and/or capacity diminishing with battery 
cycling. Additionally, the F 1s core level spectra for the a-TiO2 and 
c-TiO2 NTs electrodes (Fig. S2f) exhibits a peak at ~684.5 eV, which 
corresponds to F� physically adsorbed on TiO2 surface or surface Ti–F 
species [54]. The a-TiO2 NTs contained ~5.9 at% F estimated from the 
F1s spectrum, however this was reduced to less than ~1 at% after 
annealing at a temperature of 400 �C for 1 h. The reduced F concen
tration in TiO2 NTs after annealing has been reported by several studies 
[55,56] and the decrease has been found to be proportional to the 
annealing temperature [56]. The presence of F in the TiO2 NTs, in 
particular the F-rich layer at the bottom of the NTs, can weaken the 
adhesion of NTs to the Ti metal substrate and therefore may affect the 
cycle life of the electrode [57,58]. The XPS results revealed that the 
concentration of both O- and F-containing surface species were higher in 
a-TiO2 than c-TiO2 NTs. The effects of these surface contaminants on the 
Coulombic efficiency and cyclability of the a-TiO2 and c-TiO2 NTs 
electrodes are discussed in the next section. 

The prepared a-TiO2 and c-TiO2 NTs foam electrodes were coupled 
with Li foil electrodes and assembled into coin cells for electrochemical 
characterisation. Fig. 2d shows the first lithiation and de-lithiation 
curves of the a-TiO2 and c-TiO2 NTs electrodes, measured at a current 
density of 0.05 mA cm� 2. The c-TiO2 NTs electrode (blue curves) 
showed two well-defined plateaus at potentials of ~1.75 and ~1.9 V in 
its lithiation and delithiation, respectively, which correspond to phase 
transitions between Li-poor LixTiO2 (0.01 < x � 0.21) with the 

tetragonal anatase structure (I41/amd) to the orthorhombic Li-titanate 
(Li~0.55TiO2) phase (Imma) [59]. These plateau potentials are in good 
agreement with previously reported values for c-TiO2 electrodes [39,47, 
60,61]. In addition to the dominant plateaus, an additional lithiation 
plateau was evident at ~1.46 V for c-TiO2. This potential plateau has 
been observed for TiO2 crystallites with a size <7 nm and has been 
attributed to a second phase transition to a fully-lithiated LiTiO2 
(I41/amd) at this potential [59,62]. 

In contrast, these voltage plateaus were absent in the lithiation/ 
delithiation curves for the a-TiO2 electrode (orange curves) and instead, 
the voltage of the electrode changed almost linearly with the capacity 
suggesting a capacitor-like Li ion storage mechanism [63–65]. Xiong 
et al. reported a characteristic plateau at ~0.9 V vs. Li/Liþ in the first 
lithiation curve for the a-TiO2 NT electrode and the authors attributed 
this plateau to an irreversible structural transformation from amorphous 
TiO2 to a face-centred-cubic crystalline structure upon uptake of Li ions 
[45]. However, this voltage plateau was not observed in our first lith
iation curve for the a-TiO2 NT electrode (and also a number of other 
studies [21,40,45]), possibly due to a cycling potential range of 1–3 V vs. 
Li/Liþ being used in this study. A lithiation potential of <1 V may be 
required for the structural change observed by Xiong et al. [45]. 

Cyclic voltammetry measurements were performed for the a-TiO2 
and c-TiO2 NT electrodes with scan rates ranging from 0.05 to 100 mV 
s� 1 and the results were reported in Supporting Information Fig. S3. For 
the c-TiO2 electrode, its CV curves evidently show two pairs of sharp 
peaks (main peaks at 1.73 and 2.0 V and small peaks at 1.46 and 1.7 V) 
indicating the potentials at which phase transitions occurred in c-TiO2 
during Li ion insertion and extraction. These peak potentials agree well 
with the plateau positions evident in the GCD curves of the c-TiO2 
electrode. However, such narrow peaks were absent in the CV curves of 
the a-TiO2 electrode and instead, two broad humps over a wide range of 
potential were observed. The absence of sharp CV peaks in a-TiO2 may 
have been due to the non-uniform distribution of free spaces in the 
highly disordered and defective structures of the amorphous material 
leading to a broad potential range for Li ion insertion and extraction [39, 
66]. To understand the charge storage mechanism for these two oxides, 
scan-rate dependent CV analysis to extract the b-values was performed 
[20,48,49,67]. Fig. S3c in Supporting Information plots the logarithm of 
the anodic peak current, Ip, as a function of the logarithm of the voltage 
scan rate, v, from which the b-values were estimated from the slopes of 
the fitted lines to these plots according to Eq. (2.1). A b-value of 0.50 was 
obtained for the c-TiO2 suggesting its Li ion insertion/extraction process 
was diffusion controlled. In contrast, a b-value of 0.96 was estimated for 
the a-TiO2 implying that Li ion storage in the amorphous matrix was 
predominantly a capacitive process. It worth clarifying that the term 
‘capacitive’ in this study refers to any non-diffusion limited processes, 
which include electrochemical double layer storage [68,69], surface 
pseudocapacitive storage [70] and bulk-insertion pseudocapacitive 
storage [71,72]. Considering the NT morphology and therefore the 
electrode surface area were similar between the a-TiO2 and c-TiO2 
electrodes, differences in the charge storage mechanism identified by 
the b-value analysis are unlikely to be explained solely by surface stor
age processes. In fact, recent studies have identified insertion pseudo
capactive storage behaviour for Li ion storage in a-TiO2 [64,73] and this 
has been attributed to the fast Li ion diffusion properties in the amor
phous oxide matrix [73]. 

Fig. 2e compares the rate performance of the a-TiO2 and c-TiO2 NTs 
electrodes with capacity values being calculated from the GCD mea
surements at current densities ranging from 0.5 to 5 mA cm� 2. The a- 
TiO2 electrode demonstrated superior rate performance to the c-TiO2 
electrode, with capacities of ~320 μAh cm� 2 at 0.05 mA cm� 2 and ~181 
μAh cm� 2 at 5 mA cm� 2 being attained, in contrast to ~242 μAh cm� 2 at 
0.05 mA cm� 2 and ~65 μAh cm� 2 at 5 mA cm� 2 for the c-TiO2 electrode. 
The improved rate performance in a-TiO2 electrodes has been attributed 
to: (i) highly reversible surface film reactions [47]; and (ii) enhanced Li 
ion diffusion and interfacial charge transfer rates in amorphous over 
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anatase forms [73]. Jiang et al. showed that the chemical diffusion co
efficient of Li ions in a-TiO2 can be two orders of magnitude larger than 
those in c-TiO2 [73]. The faster Li ion diffusion in a-TiO2 may benefit 
from the absence of long-range ordering and the loosely packed and 
disordered structure of a-TiO2, which provide more free space and open 
spatial channels than available in c-TiO2 (anatase). This can enable 
facile diffusion pathways for Li ion transport [64]. This study also 
revealed that not only is Li ion diffusion faster in the a-TiO2, but the 
interfacial charge transfer may also occur more rapidly in the amor
phous material further contributing to its superior rate performance. 
The improved interfacial charge transfer kinetics at amorphous surfaces 
has also been observed for LiFePO4 by Kang and Ceder, who reported 
enhanced charging/discharging rates for LiFePO4 electrodes by coating 
crystalline LiFePO4 particles with an amorphous film [74]. The surface 
of anatase TiO2 is also anisotropic and Li ion insertion and diffusion is 
more facile along the [001] direction [61]. One possibility is that the 
amorphous surface of a-TiO2 NTs minimises the anisotropy of the sur
face properties and facilitates delivery of Li ions into the matrix of the 
metal oxide, whilst for c-TiO2 ions need to diffuse laterally across the 
crystalline surface before their position coincides with a crystal channel 
into which they can ‘enter’. 

The a-TiO2 electrode had an irreversible capacity loss of 28% during 
the first charge/discharge cycle in comparison to 14% for the c-TiO2 
electrode. This higher irreversible capacity loss may have been due to 
the higher concentration of OH and H2O species on the surfaces of the a- 
TiO2 NT (as evident from the XPS measurements and reported above), 
which contributed to more irreversible surface reactions with the elec
trolyte during the initial cycles. However, the Coulombic efficiency 
increased from 72% to 86% for the a-TiO2 and c-TiO2 electrode, 
respectively, to ~99% after the first 10 cycles suggesting that these 
irreversible side reactions at the NT surface only occurred during the 
initial cycles and did not affect the long-term cyclability of these elec
trodes. The long-term cyclability of the a-TiO2 NT electrodes is further 
investigated in Section 3.4. 

3.3. Influence of anodisation parameters and NT geometry 

The morphology of TiO2 NTs grown on Ti foams and the capacity and 
rate capability of formed electrodes were sensitive to the anodisation 
conditions, in particular: i) anodisation voltage; ii) anodisation duration; 
and iii) NH4F concentration. Fig. 3a–c graphs the geometries of NTs 
formed on Ti foam surfaces as a function of each of the above three 
anodisation parameters. In all cases, the geometric parameters of the 
NTs were measured from SEM images of the NT foam electrodes (see 
Supporting Information Fig. S4-6). Fig. 3a shows that anodisation 
voltage had a significant effect on the inner diameter and length of NTs 
however a small impact on the wall thickness. The inner diameter and 
tube length of the NTs increased significantly from 23 nm to 42 nm and 
0.6 μm–3.2 μm, respectively, as the anodisation voltage increased from 
12.5 V to 40 V. This observation is consistent with previous reports on 
NTs formed on foils [75–78]. The NT growth process is essentially a 
competition between electrochemical oxidation and dissolution [79]. At 
higher anodisation voltages, the electric field driving force, which fa
cilitates ion migration through the oxide, is enhanced and this may have 
led to faster electrochemical reactions leading to the pores growing 
faster both laterally (larger NT diameter) and vertically (longer tubes). 

Fig. 3b shows that the anodisation duration affected most signifi
cantly the length of NTs but had a negligible impact on the wall thick
ness. The NTs grew rapidly in length during the initial stage of 
anodisation, however growth then slowed and after 100 min of anod
isation and no further increases in NT length were evident. This limiting 
tube length (3.4 μm after anodising the foam with a voltage of 35 V for 5 
h) indicated the onset of an equilibrium between the NT growth and 
chemical dissolution of the formed oxide. A slight increase in NT inner 
diameter with the anodisation duration was evident, which may be due 
to the accumulation of reaction products during anodisation leading to 

increased electrolyte conductivity and consequently a higher effective 
voltage across the foam and electrolyte interface [80,81]. For anodisa
tion durations exceeding 100 min, grass-like surface structures were 
observed (see Fig. S5) which resulted from the collapsing and aggrega
tion of NT tops as the tube walls became too thin to support their weight 
or withstand the capillary forces during drying. The formation of 
aggregated NT tips seemed to occur earlier for foam compared to foil 
substrates (typically observed when tube length is more than several 
tens of micrometres for foils [82]). The earlier aggregation of NT tips 
may occur due to the curvature of the foam surface. 

Fig. 3c shows that increasing the NH4F concentration in the 

Fig. 3. Geometric properties of as-grown TiO2 NTs formed on Ti foams as a 
function of (a) anodisation voltage, (b) anodisation duration and (c) NH4F 
concentration. 
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electrolyte from 0.075 M to 0.375 M led to an increase in the NT inner 
diameter (31–54 nm) and length (1.2–3.6 μm) however a reduction in 
the wall thickness (20 nm–6.8 nm). The presence of F ions in the elec
trolyte is essential for the formation of NTs and its concentration can 
significantly affect the rate of chemical dissolution of the formed TiO2 
[79,81,83]. Increases in the NH4F concentration effectively accelerated 
etching of the formed NT walls thereby leading to decreases in the wall 
thickness but increases in the inner diameter of NTs. The increase in tube 
length with a higher NH4F concentration is likely due to the higher F 
content enabling: i) a thinner barrier oxide and therefore a stronger 
electrochemical driving force that facilitates ion migration through the 
oxide for faster pore growth; ii) additional lengthening of NTs by the 
plastic flow mechanism due to the enhanced electric field and ion 
movement [84,85]; and iii) improved electrolyte conductivity leading to 
a higher potential difference across the anode and electrolyte interface 
[86]. Additionally, the F ion concentration also affected the surface 

morphology of the formed NTs. For NH4F concentrations at 0.075 M and 
0.15 M, a porous oxide remained on the surface due to the slower oxide 
dissolution by F ions (see Fig. S6). This porous surface layer was partially 
and completely removed at an NH4F concentration of 0.3 M and 0.375 
M, respectively. However, further increasing the NH4F concentration to 
0.45 M led to excessively fast etching of the formed NTs and no NTs were 
observed on the foam surface. 

To determine the effect of NT geometry on the areal capacity and rate 
capability of the electrodes, a-TiO2 NT foam electrodes prepared using 
different anodisation parameters were assembled into coin cells for GCD 
tests. Fig. 4(a-c) show areal capacities of each of the a-TiO2 NT foam 
electrodes as a function of the current density and capacities were 
estimated from GCD measurements at current densities from 0.05 to 5 
mA cm� 2. Fig. 4d-f graph the normalised capacity (normalised to the 
corresponding capacity measured at the lowest rate) of each of the TiO2 
NT foam electrodes as a function of the charge/discharge rate, R, which 

Fig. 4. (a–c) Areal capacity of TiO2 NT foam elec
trodes prepared with different (a) anodisation 
voltage, (b) anodisation duration and (c) NH4F con
centration. (d–f) Normalised capacity as a function of 
the rate parameter R for TiO2 NT electrodes prepared 
with differnet (d) anodisation voltage, (e) anodisation 
duration and (f) NH4F concentration; the capacities 
were normalised to the areal capacity of the same 
electrode measured at the lowest current density of 
0.05 mA cm� 2. (g, h) Main effect tests for (g) the 
electrode areal capacities measured at 0.1 mA cm� 2 

and (h) the normalised capacity measured at R ¼ 20 
h� 1.   
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is introduced and defined in Section 2.3. Higher electrode areal capac
ities were achieved by increasing the anodisation voltage (see Fig. 4a) 
and increasing anodisation duration (see Fig. 4b). Conversely, 
increasing the anodisation voltage deteriorated the rate performance of 
the NT foam electrodes (see Fig. 4d). A similar trend is observed for the 
anodisation duration (i.e., the electrode rate capability degraded as the 
anodisation duration increased from 8.3 to 100 min), however increases 
in the anodisation duration beyond 100 min only slightly affected the 
rate performance (see Fig. 4e). The electrode where anodisation was 
performed for 200 min seemed to deviate from this trend possibly due to 
variations in the foam geometries which also affect the rate performance 
of the NT electrodes. Fig. 4c shows that the electrode areal capacity 
increased gradually as the NH4F concentration was increased from 
0.075 M to 0.375 M. However, the rate performance of the NT electrodes 
appears to degrade as the NH4F concentration was increased from 0.075 
M to 0.375 M (Fig. 4f). 

Understanding the dependence of the electrode areal capacity and 
rate capability on the geometric properties of NTs is not straightforward 
as varying anodisation conditions lead to changes in more than one 
geometric parameter of the formed NTs. To determine which of the three 
geometric parameters of NTs has the dominant effect on capacity and 
rate performance (i.e., inner diameter, wall thickness and tube length), a 
statistical ‘main effect’ test was performed. The ‘main effect’ test plots 
the response (i.e., areal capacity and rate capability) as a function of a 
single factor at two significantly divergent settings (the ‘-1’ and ‘þ1’ 
settings indicate the lower and upper bound values, respectively) whilst 
keeping the other factors relatively unchanged. Fig. 4g shows the ‘main 
effect’ plot for the areal capacity of TiO2 NT foam electrodes measured 
at a current density of 0.1 mA cm� 2. The electrode areal capacity was 
dominantly affected by the tube length but had negligible dependence 
on the inner diameter or wall thickness of the NTs, suggesting that the 
tube length was the ‘primary’ factor in affecting the areal capacity of the 
TiO2 NT foam electrodes. This suggests that the trends noted from 
Fig. 4a–c that electrode areal capacity increased with an increasing 
NH4F concentration, anodisation voltage or duration were most likely 
due to the longer tube length attained at higher values of these 
parameters. 

Fig. 4h shows the ‘main effect’ plot for the normalised capacity of 
TiO2 NT foam electrodes measured at a rate of R ¼ 20 h� 1. Tube length 
was evidently the ‘primary’ factor and had a negative effect on the rate 
performance of the electrodes. The wall thickness seemed to have a 
smaller and negative effect on the rate performance whereas the inner 
diameter had almost negligible influence. The main effect rate analysis 
suggested that, since the NT wall thickness was almost constant for the 
different anodisation voltages, the degraded rate capability of electrodes 
fabricated with increasing anodisation voltage in Fig. 4d was most likely 
due to the increase in tube length from 0.6 μm at 12.5 V to 3.2 μm at 40 
V. The increase in tube length can lead to a higher electrical resistance in 
the NTs and possibly a higher TiO2/Ti contact resistance due to the 
poorer interfacial adhesion of NTs to the Ti substrate as commonly 
observed for longer NTs [29]. Both of these factors would have increased 
electrode impedance at high rates. Similarly, the poorer rate capability 
of the electrodes with a longer anodisation duration as evident in Fig. 4e 
may have arisen from the two-fold increase in tube length as the 
anodisation duration increased from 8.3 to 100 min. Further extending 
the anodisation duration from 100 min to 300 min only slightly 
increased the tube length (see Fig. 3b) thereby resulting in similar rate 
performance in the electrodes. For the investigation on the NH4F con
centration, the observed degradation in the electrode rate performance 
as the NH4F increased from 0.075 M to 0.15 M may also be attributed to 
the increase in tube length at a higher NH4F concentration. Interestingly, 
an enhanced rate performance was evident when further increasing the 
NH4F concentration to 0.3 M. This improvement may have benefited 
from reductions in the NT wall thickness at higher NH4F concentrations 
(see Fig. 3c). Thinner NT walls have been reported to reduce the distance 
for Li ion diffusion in TiO2 NTs and therefore may be beneficial for 

electrode rate performance [44]. This conclusion is consistent with the 
‘main effect’ test in Fig. 4h. The changes in electrode rate capability with 
NH4F concentration may have been influenced by the trade-off between 
the tube length and wall thickness which had opposite correlations with 
the NH4F concentration. Additionally, the unexpected improvement in 
the electrode rate performance at an NH4F concentration of 0.3 M 
compared to 0.15 M may also be partly due to the complete removal of 
the porous surface layer (see Supporting Information Fig. S6), which can 
impede Li ion access to the underneath NTs. 

The analysis in this section suggests that the areal capacity and rate 
capability of a-TiO2 NT foam electrodes are predominantly affected by 
the tube length, with the wall thickness possibly having a weaker and 
negative influence on the rate performance of the electrodes. Although 
longer NTs are beneficial to improve the electrode areal capacity, they 
typically lead to poorer rate performance presumably due to the greater 
IR losses in the electrode introduced by the additional resistance in the 
longer NTs and the increased contact resistance of NTs to the Ti 
scaffolds. 

3.4. Comparisons to previous studies 

Fig. 5a shows the areal capacity as a function of the charge current 
density for the a-TiO2 NT foam electrodes prepared in this study in 
comparison to previously reported values obtained for anodised TiO2 NT 
electrodes fabricated using foils or foams. Evidently, the areal capacity 
and rate performance of TiO2 NT electrodes depend significantly on: i) 
the NT tube length; ii) the crystallographic structure of TiO2 (amorphous 
or crystalline); and iii) the geometry of metal scaffolds (foam or foil). 
Although there are discrepancies in the reported capacities by different 
studies possibly due to variations in their anodisation or coin cell as
sembly processes, in general, longer tubes yield greater areal capacity by 
increasing the mass loading of the electroactive TiO2 per electrode area, 
however, they also lead to reduced capacity retention at high rates. TiO2 
NT electrodes fabricated using porous Ti foams (open symbols in 
Fig. 5a), including the electrodes reported in this study, generally 
exhibit greater capacity retention at high rates than electrodes prepared 
using planar foils (closed symbols). The large surface area of the foam 
scaffolds enables a high per-area mass loading of the electroactive TiO2 
for high areal capacities whilst retaining a short NT length for improved 
rate performance. By adopting the strategies of using porous Ti foams, a- 
TiO2, and optimised anodisation conditions as determined from Section 
3.3 (0.45 M NH4F, 35 V and 300 min), the a-TiO2 NT foam electrodes 
fabricated in this study achieved not only a high areal capacity of 507 
μAh cm� 2 at 50 μA cm� 2 with a tube length of only ~3.4 μm but also 
excellent capacity retention at high rates (347 μAh cm� 2 at 5 mA cm� 2). 
Such rate performance represents a significant improvement over pre
viously reported values for TiO2 NTs electrodes fabricated using foils or 
foams with tube length <32 μm. Our enhanced rate performance 
benefited from the use of high surface area foam current collectors, the 
amorphous host structure which enables faster Li ion storage kinetics 
[73] and short NTs which allow for increased electronic conductivity. 
Although substantially higher areal capacities above 2 mAh cm� 2 can be 
achieved by the growth of ultra-long NTs on a foil with a tube length 
>45 μm [28,29], these electrodes suffered from poor capacity retention 
at high rates and, more importantly, significant capacity degradation 
over cycling as shown in Fig. 5b (capacity retention < 45% within the 
first 50th cycles). 

Additionally, the cycling stability of the NT electrodes was also 
compromised with very long tube lengths possibly due to a poorer sur
face adhesion between the long NTs and the Ti current collectors [29]. 
Fig. 5b shows that the a-TiO2 NT foam electrodes prepared in this study 
demonstrated excellent cycling stability, attaining 83% of its peak ca
pacity after 2000 cycles when measured at a current density of 0.5 mA 
cm� 2. The use of a-TiO2 rather than c-TiO2, despite the higher concen
tration of surface contaminants in the amorphous oxide (as evident in 
the XPS results in Section 3.2), did not seem to affect the long-term 
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cyclability of the electrode. The superior cycling stability achieved by 
the electrode prepared in this study compared to previously reported 
TiO2 NT electrodes may be attributed to the initial rough surface of the 
foam scaffold and the short tube length of the NTs, both of which 
facilitated a stronger surface adhesion of the NTs to the metal of the 
current collector thereby enabling the excellent structural stability of 
the electrode upon prolonged cycling. 

4. Conclusions 

In this study, we demonstrated that excellent areal capacity, rate 
capability and long-term cyclability can be achieved using TiO2 NT 
electrodes using a concurrent optimisation strategy involving the: i) 
geometry of the metal scaffolds, ii) crystallographic structure of TiO2; 
and iii) geometry of formed NTs. The use of porous Ti foams as current 
collecting scaffolds to support TiO2 NTs for Li ion storage has demon
strated several key advantages over Ti foils. These advantages include: i) 
a porous metal network facilitating electrolyte access to a larger surface 
area for faster NT growth; ii) a large surface area enabling a high loading 
mass of TiO2 without unfavourable increases in tube length; and iii) an 
initial rough surface facilitating stronger adhesion of the NTs to the 
metal surface for a lower contact resistance and improved cycling sta
bility. Furthermore, it was shown that a-TiO2 NT electrodes exhibit su
perior rate performance compared to their c-TiO2 counterparts. This can 
be attributed to the distinct charge storage mechanism and faster ki
netics resulting from the loose atomic packing and disordered surface of 
the amorphous oxide. Although more ‘contaminants’ (e.g., OH, H2O and 
F) remain on the surface of the a-TiO2 electrodes after anodisation and 
reduce their initial Coulombic efficiencies, these surface species do not 
degrade the long-term cyclability of these electrodes. 

It was shown that the NT wall thickness is mostly determined by the 
NH4F concentration whereas anodisation voltage, duration and NH4F 
concentration all affect the inner diameter and length of the NTs. Main 
effect analyses suggested that the areal capacity and rate capability of 

the a-TiO2 NT electrodes is predominately dependent on the tube length 
with inner diameter having little effect. The rate performance of the a- 
TiO2 NT electrodes is also negatively affected by the wall thickness of 
the NTs, however this effect is relatively small compared to that of tube 
length. Although longer tube lengths are preferable for higher areal 
capacity, they typically lead to poorer rate capability and cyclability of 
the electrode. This presents a compromise for the achievement of both 
high capacity and high capacity retention at high cycling rates. 

By adopting the strategies of using high surface area Ti foams, an 
amorphous host structure and optimised NT geometries, we show that a- 
TiO2 NT foam electrodes can achieve a high areal capacity of 507 μAh 
cm� 2 at 50 μA cm� 2 but also excellent rate capability (retained a ca
pacity of 347 μAh cm� 2 at 5 mA cm� 2) and long-term cycling stability 
with capacity retention of 83% after 2000 cycles. This study demon
strates the potential advantages of using a-TiO2 foam electrodes as the 
anodes for high-rate LIBs through promising preliminary results using 
coin cells. Practical LIB applications would also require the consider
ation of the electrode size, mass loading of the electroactive material and 
usage of Li in batteries. Further investigation is needed to explore some 
of these aspects and understand the practical potential of these a-TiO2 
foam anodes. 
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