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The effects of proton irradiation on nanostructured metal oxides have been investigated. Recent studies

suggest that the presence of structural defects (e.g. vacancies and interstitials) in metal oxides may

enhance the material's electrochemical charge storage capacity. A new approach to introduce defects in

electrode materials is to use ion irradiation as it can produce a supersaturation of point defects in the

target material. In this work we report the effect of low-energy proton irradiation on amorphous TiO2

nanotube electrodes at both room temperature and high temperature (250 �C). Upon room temperature

irradiation the nanotubes demonstrate an irradiation-induced phase transformation to a mixture of

amorphous, anatase, and rutile domains while showing a 35% reduction in capacity compared to anatase

TiO2. On the other hand, the high temperature proton irradiation induced a disordered rutile phase

within the nanotubes as characterized by Raman spectroscopy and transmission electron microscopy,

which displays an improved capacity by 20% at �240 mA h g�1 as well as improved rate capability

compared to an unirradiated anatase sample. Voltammetric sweep data were used to determine the

contributions from diffusion-limited intercalation and capacitive processes and it was found that the

electrodes after irradiation had more contributions from diffusion in lithium charge storage. Our work

suggests that tailoring the defect generation through ion irradiation within metal oxide electrodes could

present a new avenue for designing advanced electrode materials.
Introduction

Titanium-based oxide materials have attracted intense atten-
tion as promising anode materials for Li-ion batteries due to
their excellent cycling stability, low cost, abundance and envi-
ronmentally benign nature.1–4 Ti-based oxide materials are one
of the few metal oxide materials that intercalate Li ions at
relatively low voltages as anodes (�1.5–1.8 V vs. Li/Li+) for
a decent output voltage between cathodes and have been found
as a safe alternative to the graphite anode. In addition, TiO2 has
a comparable theoretical specic capacity of 335 mA h g�1 or 1.0
Li per TiO2, compared to graphite (theoretical capacity: 372
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mA h g�1). The cycling stability of TiO2 is superior compared to
other conversion-type metal oxide anodes such as iron oxide.
Among various TiO2 polymorphs investigated for their electro-
chemical properties, researchers have found that rutile (space
group P42/mnm), anatase (I41/amd), brookite (Pbca) and TiO2-B
(C2/m) show lithium electrochemical reactivity. The rst
attempts at using TiO2 as a durable and safe electrode material
focused on microcrystalline TiO2 materials such as rutile,
anatase and TiO2-B.5 These electrodes showed moderate
specic capacities (the maximum Li uptake of 0.5 Li/Ti for
anatase and TiO2-B, and no activity for rutile)5 due to the limited
room temperature reactivity and conductivity on the micro-
scale. Such limitations in room temperature reactivity of bulk
TiO2 have spurred rapid development in nanostructured TiO2

materials, leading to signicant improvements in electro-
chemical properties.2,6–13 Nanosizing of TiO2 has signicantly
improved the electrochemical reactivity toward Li at room
temperature due to enhanced kinetics.2,6–16 Upon lithium
insertion, the donated charge is distributed between the Ti and
O ions, leading to structural deformation. The existence of
interstitial sites or vacancies within the structure may play an
important role in atomic rearrangement to achieve the most
thermodynamically stable phase with improved charge storage
J. Mater. Chem. A, 2017, 5, 11815–11824 | 11815
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Fig. 1 (a) SEM top view of a TiO2-NT film before irradiation and (b)
after irradiation (inset: TEM image of the tube after irradiation).
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capacity. Recent studies have investigated enhanced electro-
chemical charge storage in electrodes that contain intentional
structural defects (e.g. vacancies and interstitials).17–19 Our
recent studies, along with studies by others, have suggested that
nanoscale transitionmetal oxides, which have structural defects
with local disorder, can offer enhanced capacity and structural
stability under stress.17,20–25 Further, researchers have demon-
strated that synthetic methods such as doping17,26 and ion
irradiation17,26–35 can introduce defects that could enhance the
charge storage of metal oxides. A new approach to introduce
defects in electrode materials is to utilize irradiation to produce
a supersaturation of defects in the target material.36

It is widely recognized that ion irradiation, i.e. the
bombardment of a target with keV to MeV ions, introduces
defects and regions of lattice disorder in solids.36 Furthermore,
electron and light ion irradiation (e.g. proton) have been shown
by molecular dynamics to predominantly produce point defects
in rutile and anatase TiO2.37,38 Through these theoretical
studies, it was found that grain boundaries in both polymorphs
behave as sinks for all types of point defects.37 From this, it may
be inferred that nanostructured materials could have a high
radiation resistance owing to their large volume fraction of
grain boundaries. Nevertheless, the defect properties and the
defect dynamics are largely unknown in irradiated nano-
structured TiO2 materials. The nature of structural changes
upon irradiation also depends on the incoming ion species.
Hartmann et al.39 observed amorphization of single crystal
rutile TiO2 at room temperature when irradiated with He+ ions,
but found that temperatures under 200 K were necessary to
amorphize the same materials under heavy noble gas ions. It
was suggested that He+ ions create a number of small cascades
which allow point defects to accumulate in the target material.

In the present work, we investigated the effect of proton
irradiation both at room temperature and at an elevated
temperature on amorphous TiO2 nanotube (TiO2-NT) elec-
trodes. TiO2 has been widely studied as an anode material for
Li-ion batteries. However, to the best of authors' knowledge no
work has been carried out to study the electrochemical charge
storage properties of ion-irradiated nanostructured TiO2. In
addition, no work has been carried out to investigate the ion
irradiation effect on nanoscale amorphous ceramics. Recently
Schmuki et al. explored proton irradiation induced defects of
anatase TiO2-NT lms for photocatalytic H2 evolution.40 It was
shown that proton implantation into anatase TiO2-NTs induced
specic defects and created intrinsic co-catalytic centers for
improved photocatalytic activity. Hence, proton irradiation
could be an effective tool for defect-driven materials with
enhanced functionality.

In this work, we conducted proton implantation at an energy
of 200 keV with an average dose of 0.17 displacements per atom
(dpa) on amorphous TiO2-NT electrodes both at room temper-
ature and at 250 �C. Structural characterization by Raman
spectroscopy and transmission electron microscopy (TEM)
suggests that proton irradiation induces phase transformation
in the amorphous TiO2-NT electrode. For the sample irradiated
at room temperature (RT), irradiation-induced phase trans-
formation to a mixture of disordered anatase and rutile phases
11816 | J. Mater. Chem. A, 2017, 5, 11815–11824
was observed. On the other hand, for the sample irradiated at
250 �C (HT), we observed a phase transformation to a primarily
disordered rutile phase. It is interesting to note that no work
has carried out for the synthesis of rutile TiO2-NTs prepared by
anodization. In general, anatase TiO2-NTs can be prepared by
thermally annealing the as-prepared amorphous TiO2-NTs at
temperatures around 450 �C.41 However, the same thermal
treatment is not viable to synthesize rutile TiO2-NTs as the tubes
tend to collapse at the phase transition temperature for rutile
(>600 �C). Therefore, the proton implantation approach might
open a new synthetic pathway for creating anodized rutile TiO2-
NTs. We have also conducted electrochemical characterization
of the irradiated TiO2-NT electrodes, where we observe the
charge storage behavior of the TiO2-NT electrode change. Gal-
vanostatic intermittent titration technique (GITT) measure-
ments were conducted and it was found that the sample
irradiated at 250 �C exhibits enhanced diffusion compared to
the RT sample. The sample irradiated at 250 �C also demon-
strates improved capacity at a low rate and superior rate capa-
bility compared to both the RT irradiated sample and the
anatase TiO2-NTs. Our results suggest that by tailoring the
irradiation conditions it is possible to create nanostructured
metal oxide electrodes with enhanced functionality.
Results & discussion

Densely packed, vertically oriented TiO2-NTs were synthesized
by an electrochemical anodization method described previ-
ously.24 TiO2-NTs are inherently connected to the Ti substrate –

the current collector – eliminating the need for conductive
carbon additives and polymer binders which are typically used
in electrodes for lithium-ion batteries. The SEM top-view image
in Fig. 1a shows the TiO2-NT aer the anodization. The as-
prepared TiO2-NT lm is �1 mm in length (ESI Fig. S1†) and
has an outer diameter of�60 nm with a�10 nm wall thickness.
The stability of the TiO2-NTmorphology aer proton irradiation
was investigated by SEM. Fig. 1b shows the top-view SEM image
of the TiO2-NT lm aer proton irradiation at room tempera-
ture, exhibiting the structural integrity of the nanotubes aer
irradiation. The inset of Fig. 1b shows a representative TEM
image of the tube morphology aer irradiation, showing no
degradation.
This journal is © The Royal Society of Chemistry 2017



Fig. 3 Raman spectra of unirradiated anatase TiO2 nanotubes (blue),
unirradiated amorphous nanotubes (green), HT-TiO2 proton irradiated
nanotubes (red), and RT-TiO2 proton irradiated nanotubes (black).
Inset shows the zoomed-in view.
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TiO2-NT lms were ion implanted with protons (p+) at an
energy of 200 keV with a uence of 2.18 � 1017 ions per cm2 to
achieve the average accumulated proton dose of 0.17 dpa. For
these experiments, implantations were carried out either at
room temperature or at 250 �C. Fig. 2 shows the damage depth
distribution for compact TiO2 according to Monte Carlo simu-
lations using SRIM 2013.42 In these calculations, the implanta-
tion leads to an implant zone reaching approximately 1.3 mm
below the sample surface with a maximum of p+ implanted at
a depth of 1.25 mm. The simulation is performed based on
compact or bulk materials, and it has been suggested by
Schmuki et al. that the actual damage depth in TiO2-NT lms
may be greater due to the porosity of the lm.40 The nanotube
length was chosen such that there is minimum variation in
irradiation along the full length of the tube, i.e., the tube length
is less than the depth of the damage peak.

The as-prepared, irradiated and anatase TiO2-NT samples
were evaluated using Raman spectroscopy for their phase
composition as well as the degree of order–disorder in a short
range (Fig. 3). Raman spectroscopy is a powerful tool used to
investigate the structure and order–disorder of TiO2 and its
polymorphs.43–49 Anatase TiO2 has a tetragonal structure (space
group I41/amd) and is comprised of two TiO2 units per primitive
cell, leading to six Raman active modes in the vibrational
spectrum: three Eg modes centered around 144, 196, and 639
cm�1 (designated as Eg(1), Eg(2) and Eg(3) here, respectively), two
B1g modes centered around 397 and 519 cm�1 (designated as
B1g(1), and B1g(2) here, respectively), and an A1g mode at 513
cm�1. Due to the overlapping of B1g(2) and A1g modes the
symmetry assignment of the two modes has been difficult. On
the other hand, rutile TiO2 (space group P42/mnm) has only four
Raman active modes: B1g (143 cm�1), Eg (447 cm�1), A1g (612
cm�1), and B2g (826 cm

�1). The rutile spectra also exhibit several
broad combination bands exhibited around 250 cm�1, 360
cm�1, 550 cm�1, and 680 cm�1.50,51 Note that the Eg(1) mode of
anatase and B1g mode of rutile appear around the same
frequency. Consequently in a two-phase sample, the 144 cm�1

peak can have the contribution from both modes.
Fig. 2 Depth distribution calculation of implanted ions (H ions) and
the resulting damage profile (Ti-, O-recoil) for anatase TiO2.

This journal is © The Royal Society of Chemistry 2017
Fig. 3 shows the Raman spectra of unirradiated anatase, the
as-prepared amorphous and the irradiated TiO2-NT samples.
The broad Raman spectrum of the as-prepared TiO2-NT is
indicative of its amorphous nature, which contains a variety of
phonon scattering centers. In the unirradiated anatase control
sample, ve well-dened peaks are observed at around 143.3,
196.5, 395, 514.5, and 637.2 cm�1, corresponding to the vibra-
tion modes of the anatase phase. The presence of well-dened,
high intensity peaks in the pristine anatase TiO2-NT suggests
a high order of crystallinity with little disorder.

In Raman spectroscopy, the phonon connement model
links the q vector selection rule for the excitation of Raman
active phonons with the degree of ordering and crystallite
size.48,49,51 In a perfect crystal with a long-range order, there
would be phonon conservation so that only the optic zones near
the Brillouin zone (BZ) center are observable, allowing for sharp
and well dened peaks. However, when a material lacks a long
range order, or in this case is nanocrystalline, the selection rule
is relaxed resulting in peak broadening and possible shis as
a result of the increased range of q vectors.50–53 In rst-order
Raman scattering, the modication of the Raman line shape
for a given phonon mode as a function of crystallite size is
determined by the behavior of the dispersion slope away from
the BZ center (scattering vector q z 0). A negative slope would
cause a red-shied Raman peak, while a positive slope would
result in a blue-shied Raman peak, in addition to asymmetric
peak broadening when the crystallite size is reduced.48

Upon proton irradiation, both the HT and RT samples show
an increase in crystallinity from the original amorphous state.
The peaks present aer irradiation are broad compared to
a purely crystalline structure, indicating a disordered lattice.45

In anatase TiO2 nanocrystals, it has been found that B1g(1) (396
cm�1) and Eg(3) (639 cm�1) modes are the most sensitive to the
presence of defects compared to the most intense Eg(1) (144
cm�1) mode.45 In the sample irradiated at room temperature
(TiO2-NTs (RT)), the Eg(1) and the Eg(3) peaks of the anatase
structure are observable but weak due to the lack of a long range
order. Two broad peaks are present at 435.4 and 607.5 cm�1.
J. Mater. Chem. A, 2017, 5, 11815–11824 | 11817
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The peak at 435.4 cm�1 can have contribution from both the
B1g(1) mode in anatase and Eg mode in the new rutile phase. The
peak at 607.5 cm�1 is assigned to the A1g mode of the new rutile
phase. We have also observed the phase transformation in the
TEM study, which will be discussed later. It is well known that
irradiation can create point defects (vacancies and interstitials)
in materials. This result suggests an irradiation-assisted phase
transformation from amorphous to anatase and rutile, which is
consistent with observations of thermal spike-induced nano-
phase transformations in localized regions within ion tracks in
ceramic materials.54–57 Because these irradiation-assisted phase
transformations are by nature highly localized and nanoscopic,
in contrast to a bulk annealing-induced phase transformation,
a combination of disordered and ordered phases can be found.

For the irradiated sample at 250 �C (TiO2-NTs (HT)), there is
a distinct peak at 148.9 cm�1, which can be ascribed to either
Fig. 4 Lowmagnification TEM (a, d, and g) of unirradiated anatase TiO2 na
respectively, showing the retained structural morphology after irradiation
irradiated nanotubes, and HT irradiated nanotubes (b, e, and h, respectiv

11818 | J. Mater. Chem. A, 2017, 5, 11815–11824
the anatase or rutile phase. The full width at half maximum
(FWHM) of the peak is 20 cm�1 and is broader than the FWHM
of the Eg(1) peak of the pure anatase TiO2 sample. The strongest
rutile vibrational mode A1g

50 is present at 607 cm�1 and is more
dened in the TiO2-NT (HT) sample compared to that in the
TiO2-NT (RT) sample. In fact, the overall spectrum begins to
more closely resemble the rutile structure including several
rutile combinational bands which are centered at approxi-
mately 250, 350, 540, and 680 cm�1.50 Much like the room
temperature irradiation case, these results can also be
explained by thermal spikes from ion irradiation. However, the
higher irradiation temperature, in combination with the
thermal spikes, can more effectively provide sufficient thermal
energy to induce the rutile phase transformation. It should be
noted that no result on rutile TiO2 nanotubes formed by
anodization has been reported and the proton irradiation at
notubes, RT proton irradiated nanotubes, and HT irradiated nanotubes,
. HRTEM images of the unirradiated anatase TiO2 nanotubes, RT proton
ely), and their corresponding SAED patterns (c, f, and i, respectively).

This journal is © The Royal Society of Chemistry 2017



Fig. 5 Electronic energy loss spectra (EELS) of the unirradiated
anatase TiO2, RT proton irradiated TiO2 and HT proton irradiated TiO2

nanotube samples.
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higher temperature could open a new avenue for rutile nano-
tube synthesis.

In both cases aer irradiation the peaks are broad and have
low intensities suggesting the presence of disordered anatase
and rutile phases.45,49

We also evaluated the electrical conductivities of the pristine
anatase and irradiated TiO2-NT samples using a two-point
conductivity measurement.58 There is no signicant difference
between the unirradiated amorphous and irradiated TiO2-NT
samples and their conductivities are signicantly lower
(�2 orders of magnitude) than that of the unirradiated anatase
sample. The results indicate that although irradiation can
increase the carrier density40, the carrier mobility is not neces-
sarily increased; therefore an increase in electrical conductivity
is not observed in irradiated samples.

TEM was used to study the phase evolution of proton irra-
diated TiO2-NT samples. Low magnication (4a, d and g), high
resolution TEM (HRTEM) (4b, e and h) and SAED pattern (4c, f
and i) images of the unirradiated anatase and proton implanted
nanotubes are shown in Fig. 4. The low magnication images
show that even aer irradiation, the overall tube structure is
well maintained and there is no evidence of failure in their
structural integrity. Since TiO2 NT samples were acquired by
scraping them from the substrate for TEM observation, their
full length is not observed under this technique. Fig. 4b shows
that the anatase sample is composed of randomly oriented
nanocrystals, which have an anatase structure according to
SAED patterns shown in Fig. 4c. Aer irradiation at RT, the
HRTEM image shows that there is no long-range order in the RT
sample and it still appears predominantly amorphous (Fig. 4e).
The SAED pattern of the TiO2-NT (RT) sample (Fig. 4f) shows
faint rings originating from both anatase and rutile structures,
implying that the amorphous structure of TiO2 has transformed
to a partially crystalline structure with short-range-ordered
anatase and rutile phases aer irradiation at RT. On the other
hand, proton implantation at high temperature leads to the
phase transformation to rutile as presented by the SAED pattern
(Fig. 4i). The HRTEM image shows that the NT sample has
a crystalline phase with a number of defects. In other words,
phase transformation to rutile is accompanied with evolution
of defects within NT samples during irradiation at high
temperature.

Structural and chemical properties of TiO2-NTs before and
aer proton implantation are further characterized by electron
energy loss spectroscopy (EELS) (Fig. 5). The Ti L2,3 edge of
crystalline TiO2 is composed of well-separated L3 and L2 edges,
which originated from the 2p core-hole spin–orbit coupling.
Each L3 and L2 edge is also divided into two edges by strong
crystal-eld splitting.59 Clear crystal-eld splitting in the L3 and
L2 edges of anatase and HT irradiated samples demonstrates
that these samples have a similar chemical state of Ti4+ while
the different feature of the oxygen K-edge is originated from the
different crystal structure.60 The strong prepeak splitting in the
oxygen K-edge spectra of the HT and anatase samples is due to
the Ti 3d–O 2p hybridization split by the local octahedral crystal
eld.59,60 The three-peak feature near 540 eV in the HT sample
resembles the oxygen 2p–Ti 4s and 4p hybridization of the rutile
This journal is © The Royal Society of Chemistry 2017
phase.60 Aer proton implantation at RT, crystal-eld splitting
in the Ti L2,3 edge is indistinct, which reects the presence of an
amorphous phase.61

Fig. 6 compares the charge/discharge proles of the irradi-
ated and control TiO2 samples cycled between 0.9 and 2.5 V (vs.
Li/Li+) at a low current rate. Lithium insertion in electrode
materials can proceed via a two-phase structural transition or
single-phase solid solution charge storage behavior. The voltage
prole (Fig. 6) accounts for the structural behavior during
lithium insertion/extraction. Anatase TiO2 exhibits a two-phase
region which occurs at the characteristic plateau of approxi-
mately 1.7 V vs. Li/Li+, indicating the coexistence of a Li-poor
phase Li0.05TiO2, which maintains the original anatase struc-
ture (space group: I41/amd) and a Li-rich phase Li0.5TiO2 (space
group: Imma).62

Aer irradiation, both the HT and RT samples display
sloping curves, indicating single-phase solid solution behavior.
The RT sample consists of a mixture of anatase, rutile, and
amorphous regions, which could impede the diffusion of Li
ions. This may explain why it has the lowest capacity (�130
mA h g�1) among the three. The HT sample displays the highest
capacity (�240 mA h g�1) of the three, suggesting enhanced
lithium charge storage of the disordered rutile nanotubes aer
irradiation at 250 �C (Fig. 7). The capacities of all three samples
are quite reversible aer 20 cycles at low current rates. It was
noted that the coulombic efficiency of both irradiated samples
in the initial cycle is much lower (�40–42%) than that of the
unirradiated anatase sample (�78%). The low coulombic effi-
ciency could be ascribed to the defects induced by proton irra-
diation, which are highly reactive with the electrolyte and could
lead to more side reactions.
J. Mater. Chem. A, 2017, 5, 11815–11824 | 11819



Fig. 7 Low rate galvanostatic cycling of unirradiated anatase nano-
tubes (blue), RT proton irradiated nanotubes (black), and HT proton
irradiated nanotubes (red) between 0.9 and 2.5 V vs. Li/Li+. Solid
symbols: discharge capacities. Hollow symbols: charge capacities.
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The rate capability study (Fig. 8) conrms the superior
diffusion of Li ions in the HT sample compared to those in both
the RT sample and the unirradiated anatase samples. This is
especially apparent at the highest rate, where the HT irradiated
sample exhibits a reversible capacity of 130 mA h g�1 when
cycled at 2 A g�1, whereas the anatase sample has a capacity of
approximately 85 mA h g�1 when cycled at 1 A g�1. The RT
sample also exhibits lower performance of only 20 mA h g�1 but
at a higher current density of 4 A g�1. From the GITT analysis
(ESI Fig. S2†), the HT irradiated TiO2 exhibits a range of Li+

diffusivity of �1 � 10�13 to �2 � 10�14 cm2 s�1 during Li
insertion from 2–1 V, whereas the RT irradiated TiO2 exhibits an
inferior Li+ diffusivity of �3 � 10�14 to 4 � 10�15 cm2 s�1 in the
same range. This result corroborates well with results from the
rate capability study. In addition, the Li+ diffusivity of the
disordered rutile HT sample is between that of the Li diffusion
along the c-axis (10�6 cm2 s�1) and that of the ab-plane (10�15

cm2 s�1),2,63 suggesting that the unique disordered rutile
structure of the HT sample may unblock Li+ diffusion pathways
which were previously restricted by the rigid crystalline
structure.

The lithium storage mechanism was investigated by sweep
cyclic voltammetry (Fig. 9 and ESI S3†). A pair of redox peaks
(Fig. 9b) at �1.7 V in cathodic scan and 2.15 V in anodic scan
was observed in the unirradiated anatase TiO2-NT sample,
which is consistent with previous studies.64 However, the peaks
become broader and indistinct in the voltammograms of both
irradiated samples. Furthermore, the capacitive and diffusion
contributions to electrochemical charge storage in TiO2 of each
sample were analyzed with varying scan rates according to the
following equation:65

i ¼ avb (1)

where the measured current i obeys a power law relationship
with scan rate v. Both a and b are adjustable parameters. The
b value can be determined by plotting log(i) versus log(v). A
b value of 0.5 indicates that the process is limited by diffusion
according to the following equation:66

i ¼ nFAC*D1=2n1=2
�
anF

RT

�1=2

p1=2cðbtÞ (2)
Fig. 6 Charge/discharge curves of the unirradiated anatase nanotube an
irradiated TiO2 nanotubes (c).

11820 | J. Mater. Chem. A, 2017, 5, 11815–11824
where n is the number of electrons involved in the electrode
reaction, F is the Faraday constant, A is the surface area of the
electrode material, C* is the surface concentration, D is the
diffusion coefficient, R is the gas constant, a is the transfer
coefficient, T is the temperature, and c(bt) is the normalized
current for a totally irreversible system in cyclic voltammetry. A
current response following eqn (2) is indicative of a diffusion-
controlled faradaic intercalation process.64,67 On the other
hand, b ¼ 1 suggests that the charge storage is dominated by
a capacitive process where the current is correlated with the
capacitance according to the following equation:65

ic ¼ nCdA (3)

where Cd is the capacitance. For unirradiated anatase TiO2-NT
electrodes, at a peak potential of 1.7 V the b-value is 0.55, which
indicates that the process is primarily a diffusion-limited
intercalation reaction and is consistent with the previous
work.64 At potentials higher or lower than the peak potential, the
ode (a), the HT proton irradiated TiO2 nanotubes (b), and the RT proton

This journal is © The Royal Society of Chemistry 2017



Fig. 8 Galvanostatic rate study of unirradiated anatase nanotubes
(blue), RT proton irradiated nanotubes (black), and HT proton irradi-
ated nanotubes (red) between 0.9 and 2.5 V vs. Li/Li+. Solid symbols:
discharge capacities. Hollow symbols: charge capacities.

Fig. 9 (a) b-values and voltammetric response (0.5 mV s�1) for (b) unirra
proton irradiated TiO2-NTs. The capacitive currents (shaded region) are

This journal is © The Royal Society of Chemistry 2017
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b-values are in the range of 0.7–0.9, indicating that the capaci-
tive process becomes dominant. For the irradiated HT TiO2-NT
electrode, the b-values are fairly constant at around 0.7, which
suggests that the lithium charge storage is controlled by both
diffusion and capacitive processes. The b-values of irradiated
RT TiO2-NT electrodes are lower than those of the HT sample
and are centered at 0.6, which indicate that the charge storage
in RT electrodes is dominated by diffusion-limited intercala-
tion. The mixed amorphous and crystalline domains in this
material may hinder the lithium diffusion, which explains the
inferior rate capability of the electrode.

The capacitive contribution in the electrode can be esti-
mated through the following analysis:64

i(V) ¼ k1v + k2v
1/2 (4)

where the current response i(V) is a combination of capacitor-
like and diffusion controlled behaviors.64 k1v and k2v

1/2 corre-
spond to the capacitive and diffusion-controlled contribution,64

respectively. By determining k1 and k2 through linear tting of
i(V)/v1/2 versus v1/2 as a function of potential, it is possible to
calculate the contributions from diffusion-controlled interca-
lation and capacitor-like processes. The capacitive contribution
diated anatase TiO2-NTs, (c) HT proton irradiated TiO2-NTs and (d) RT
determined from the data in ESI Fig. S3.†

J. Mater. Chem. A, 2017, 5, 11815–11824 | 11821
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for unirradiated anatase, HT proton irradiated, and RT proton
irradiated nanotubes was 33.36%, 27.11% and 17.80%,
respectively. The results suggest that aer irradiation there is
more contribution from diffusion-limited intercalation to the
lithium charge storage and there is a wide site energy distri-
bution caused by the defects induced through proton irradia-
tion, which correspond to the sloping characteristics of the
voltage proles of irradiated samples.

Conclusions

In summary, phase transformations were observed in amor-
phous TiO2-NTs upon proton irradiation at both room
temperature and high temperature. Aer 200 keV proton irra-
diation, TiO2 nanotubes maintain their structural integrity and
do not appear to undergo morphological degradation. The
results from Raman spectroscopy and TEM indicate that for the
sample under room temperature proton implantation, short-
range-ordered crystallites were observed and the nal struc-
ture is a mixture of anatase, amorphous and rutile domains.
Under high temperature proton implantation, the nanotubes
undergo a phase transformation from amorphous to a primarily
disordered rutile phase. Both irradiated samples exhibit lithium
charge storage behavior following a single-phase solid solution
mechanism. The RT irradiated sample has a reduced capacity
possibly due to the combination of anatase, rutile and amor-
phous phases present resulting in a reduced ion mobility. On
the other hand, in the HT irradiated sample the capacity is
improved, due to the disordered rutile structure. GITT results
suggest that Li+ diffusivity in the HT irradiated sample is higher
than that of the RT irradiated sample, which is further
conrmed by the enhanced rate capability of the HT irradiated
sample. Analysis on the capacitive and diffusion contribution in
lithium charge storage of irradiated TiO2-NTs suggests that
there is more contribution from diffusion-limited intercalation
aer irradiation. Our study presents a new pathway for
designing new functional electrode materials with enhanced
electrochemical charge storage properties through tailoring the
ion irradiation conditions.

Experimental
Materials

TiO2 nanotubes were synthesized by electrochemical anodiza-
tion described previously.24,68 To summarize, pure titanium foil
(0.0127 mm, 99.8%, Alfa Aesar) was cleaned by a three step
sonication in acetone, isopropyl alcohol and D.I. water before
anodization. The back of the Ti foil was protected by tape to
ensure uniform current distribution. Anodization was carried
out in a two-electrode cell with a Pt mesh as the counter elec-
trode. Anodization was carried out for 10 minutes under
a constant voltage of 15 V in an electrolyte of 0.36 M ammonium
uoride (Aldrich) in 95 vol% formamide (Fisher) and 5 vol% DI
water. The anodized samples were then ultrasonically cleaned
with DI water for 30 seconds. Anatase TiO2 was prepared by
annealing the as-prepared TiO2 NTs in a mixture of ultra-pure
20% O2/balance Ar gas at 450 �C for 4 hours.
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Irradiation

The TiO2-NT lms were irradiated with 200 keV protons in
a 200 kV Varian ion implanter at Los Alamos National Labo-
ratory. The accelerator beam line was maintained at 1.8 � 10�7

torr throughout the experiment. Specimens were mounted
onto a copper irradiation stage, which was electrically isolated
from the accelerator beam line, to allow for accurate charge
collection. Thermocouples were mounted onto the copper
stage and used to control the temperatures throughout the
implantation. During irradiation, the focused proton beam
was raster-scanned across samples, with the resulting beam
current density of 9.3 � 1012 ions per cm2, yielding a dose rate
of 3.2 � 10�6 dpa s�1.

The damage depth prole and displacement damage were
calculated using the Stopping and Range of Ions in Matter
(SRIM-2013) program using the “Detailed Calculation” mode
and the displacements were obtained from the resulting
vacancy.txt le. One downside of this soware is its inability to
model precise nano-structures, so for these calculations
a compact layer of TiO2 (density of 3.89 g cm�3) was used. The
displacement energy for titanium and oxygen was set to 25 and
28 eV, respectively. The 200 keV proton ux produces a rela-
tively uniform damage prole through �1 mm (Fig. 2), which
ensured that the entire length of the nanotubes would receive
a consistent irradiation dose. Using the “Detailed Calculation”
mode the number of displacements per ion-angstrom was 3.6
� 10�3 vacancies per angstrom per ion at the peak implanta-
tion depth, which was converted to a uence of 2.18 � 1017

ions per cm2 to reach the average accumulated proton dose of
0.17 dpa.
Electrochemical testing

Li half-cells were assembled in coin-type cells (Hohsen 2032)
with Li metal foil (FMC Lithium) as the negative electrode,
a 2325 type polymer separator, and 1.2 M LiPF6 in ethylene
carbonate/ethyl methyl carbonate (3 : 7 weight ratio) electro-
lyte (Tomiyama). Half-cells were cycled galvanostatically at
varying currents between 2.5 and 0.9 V vs. Li/Li+ using an
automated Maccor battery tester at ambient temperature.
Three-electrode cells were prepared using ECC-Ref cells (EL-
Cell) with Lithium metal as both the counter and reference
electrode. GITT and cyclic voltammetry (CV) measurements
were carried out in three-electrode cells using a Bio-Logic
Science Instruments potentiostat/galvanostat (VMP-300).
GITT measurements consisted of a series of current pulses
of 8 mA for 30 min and a 2 h rest period until the voltage
reached a cut-off value of 1 V. CV measurements for all
samples were performed with the potential window of 0.9–
2.5 V at the scan rates of 0.5, 1, 2, 5, and 10 mV s�1. All cell
assembly and disassembly operations were performed in an
Ar-lled glovebox with oxygen levels below 0.5 ppm. The mass
of the TiO2 nanotube lms was determined by peeling off the
nanotube lm from the Ti substrate using adhesive tape and
measuring the weight difference. The remaining substrate
was examined by SEM to ensure that no residual TiO2 nano-
tubes were le on the substrate.
This journal is © The Royal Society of Chemistry 2017
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Electron microscopy

Scanning electron microscopy (SEM) images were recorded with
a FEI Teneo eld emission microscope operating at 5 kV.
Transmission electron microscopy (TEM) images, including
HRTEM, SAED, and EELS spectra, were recorded with a JEOL
JEM-2100F operating at 200 kV and a Gatan GIF Tridiem at
Brookhaven National Laboratory.

Raman spectroscopy

Raman spectroscopy was conducted using a Horiba Scientic
LabRAM HR Evolution spectrometer using a 442 nm He:Cd
laser with signal accumulations of three 30 s scans. Aer
instrument calibration, the samples were scanned at room
temperature under ambient conditions. The incident laser
power was 100mW, and samples were viewed at amagnication
of 100�. Scattered light was collected with a thermoelectrically
cooled Si CCD detector. Data were acquired using LabSpec 6
Spectroscopy Suite soware and analyzed using OriginPro
soware.

Electrical conductivity measurements

Gold pads (2 mm in diameter) were thermally evaporated on top
of the masked TiO2-nanotubes-on-Ti substrates at a grazing
angle of 30 degrees to limit the gold-nanowire contact only at
the apex of the nanotubes without touching the metal Ti at the
bottom, thus to avoid any short circuits. The conductance of
different substrates was studied from the current–voltage (I–V)
curves measured by connecting the gold pads and Ti substrates
using a Gamry reference 600 potentiostat.

Notes

H. Xiong designed all experiments. J. Wharry designed the
proton irradiation experiments. K. Smith and A. Savva prepared
the electrodes. K. Smith and C. Deng conducted the electro-
chemical measurements. K. Smith and A. Savva conducted the
Raman measurements. S. Hwang and D. Su conducted the TEM
measurements and analysis. Y. Wang and K. Smith conducted
the proton irradiation experiments. H. Xiong, K. Smith, A.
Savva, and D. Cheng analyzed the data. All authors discussed
the results and contributed to the manuscript preparation. H.
Xiong, K. Smith, C. Deng and J. Wharry wrote the manuscript.
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