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ABSTRACT

The role of defects in the charge transfer and transport properties of electrode

materials for lithium-ion batteries has recently garnered increased interest. It is

widely recognized that ion irradiation promotes the formation of defects within

a crystalline solid. Among all ion species used for irradiation, protons are

expected to create primarily simple Frenkel pair point defects without signifi-

cantly changing the stoichiometry of the damaged region of the target material.

This work investigates the effect of proton irradiation at varying temperatures

on the electrochemical properties of anatase TiO2 nanotube (TiO2-NT) electrode

for lithium-ion battery applications. Anatase TiO2-NTs are irradiated at both

room temperature (25 �C) and 250 �C and compared with non-irradiated control

specimens. Characterization by Raman spectroscopy and XRD suggests that the

irradiation at both temperatures does not alter the long-range order of the

nanotubes. However, high-resolution TEM reveals that defect clusters are

formed upon irradiation and increase in size with increasing temperature. Both

irradiated samples exhibit increased capacity and enhanced rate capability

compared with the non-irradiated control, which can be explained by increased

storage sites as well as improved Li? diffusivity due to the presence of irradi-

ation-induced defects. This study presents a unique perspective on pathways to

engineer functional nanostructured electrode materials by tailoring irradiation

conditions.
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Introduction

Rechargeable lithium-ion batteries (LIBs) were revo-

lutionary in the development of portable electronics

and are considered the most promising energy stor-

age devices for a range of next-generation technolo-

gies [1]. Titanium dioxide (TiO2) anodes have gained

attention over the years due to their inherent safety,

stability, and cost [2–4]. In addition, TiO2 has a the-

oretical capacity of 335 mAh g-1 (or 1.0 Li per TiO2),

which is comparable to commercial graphite elec-

trodes (372 mAh g-1) [4]. Among all polymorphs of

TiO2, anatase has been widely studied as an anode

for LIBs. Anatase has a tetragonal body-centered

structure with the space group I41/amd and is made of

edge-sharing TiO6 octahedra [5]. The structure can be

visualized as stacking 1D zigzag chains of edge-

sharing octahedra, resulting in zigzag channels

within the framework allowing for facile diffusion of

lithium ions [2].

Original attempts to use anatase as an anode

focused on microcrystalline structures; however,

these exhibit only moderate specific capacity, with a

maximum uptake of 0.5 Li per TiO2 due to limited

room-temperature conductivity [6]. This limitation

spurred the development of nanoscale TiO2 elec-

trodes, leading to significant improvement in repor-

ted electrochemical behavior [1, 7–16]. Using

nanoscale electrodes allows for increased contact area

between the electrode and electrolyte and reduced

Li? transport distances, which facilitate high-power

applications [7, 10, 14–18]. The reaction of Li? with

TiO2 can be expressed as:

xLiþ þ TiO2 þ xe� $ LixTiO2 ð1Þ

Interstitials and vacancies present in the structure

play an important role in the atomic rearrangement

and allow for improved storage capacity [19, 20].

Recent works have suggested that the introduction of

intentional structural defects may enhance the elec-

trochemical charge storage properties of transition

metal oxide electrodes [19, 21–24]. One such method

is to use ion irradiation to generate defects within the

target material [19].

Ion irradiation is known to generate a wide variety

of defects in ceramics—including point defect gen-

eration, formation of defect clusters, amorphization

by accumulation of point defects and defect clusters,

or direct impact amorphization—as has been

reviewed in several reports [25–27]. The nature and

extent of the irradiation-induced defects are depen-

dent upon numerous parameters, including

anion/cation species and their displacement and

migration energies [28–30], irradiating beam current

(i.e., beam heating) [31], structural rigidity and con-

straints [29], bond hybridization [32], irradiation-in-

duced bond evolution (e.g., bond breaking/

reforming, dangling bonds, kinks) at amorphous–

crystalline interfaces [33–35], and the energy loss

mechanism of the irradiating particles.

The energy loss mechanism is believed to be

among the most critical parameters influencing the

irradiated microstructure evolution. In general, for

low irradiating particle energies, energy loss tends to

occur through nuclear stopping, which can be

described by the binary collision approximation

(BCA). Nuclear stopping produces defects through

the damage cascade process, and in ionic solids, these

cascades manifest as disordered or amorphous

regions in the microstructure. Electronic stopping is

the dominant energy loss mechanism for irradiating

particles with high energies. Electronic stopping is

commonly understood through the inelastic thermal

spike model [36–38], in which dense electronic exci-

tations transfer energy to the material and generate

localized heating, resulting in visible ion ‘‘tracks’’

which are highly disordered to amorphous regions

surrounding the ion path. An alternative theory of

ionization-induced diffusion [39] has also been pro-

posed, in which defect growth is enhanced by accel-

erated diffusion when ionization (i.e., electronic)

energy losses are dominant. At intermediate ion

energies (several hundred keV to several MeV), there

is evidence for synergistic nuclear and electronic

energy losses in ceramic materials, producing a

higher local defect density (i.e., greater local disor-

dering) than would result from sequential evolution

of damage cascade and thermal spike processes

[40–46].

In recent years, several studies have brought

attention to the effect of irradiation on TiO2. Density

functional theory simulations on this topic have

suggested that rutile has greater resistance to amor-

phization than anatase TiO2 polymorphs due to

atomic packing densities [47–49]. This supposition

was supported by Uberuagua [50], Qin [51], and

Lumpkin [48], who further elucidated the mecha-

nisms of defect accumulation and amorphization

resistance. Li et al. [52] studied the effect of
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irradiation temperature and found that higher tem-

peratures allow for point defect mobility, leading to

enhanced damage recovery, whereas room-tempera-

ture irradiation produces point defects that remain in

the crystalline lattice. Hartmann et al. [53] later sug-

gested that using lighter irradiation species, such as

He?, is more likely to amorphize target substrates

than heavy noble gases such as Xe2? and Ne?. Sch-

muki et al. [54] recently studied the effect of proton

irradiation on anatase TiO2 films for photocatalytic

evolution and showed that proton implantation

induced specific defects which created cocatalytic

centers and enhanced photocatalytic activity. Finally,

in our previous study, it was shown that when irra-

diated with 200 keV protons at 250 �C, amorphous

TiO2 nanotubes (TiO2-NTs) undergo a phase trans-

formation to a disordered rutile phase leading to an

increase in capacity and rate capabilities [19].

Herein, we report the study on the effect of proton

irradiation on anatase TiO2-NT electrodes. Implan-

tations were carried out using 195 keV protons to an

average dose of 0.25 displacements per atom (dpa) at

temperatures of 25 �C and 250 �C. Structural charac-
terization by Raman spectroscopy and X-ray diffrac-

tion (XRD) suggests that no major change in the long-

range order of the crystalline sample occurs under

irradiation. Furthermore, crystallinity is confirmed by

selected area electron diffraction (SAED) and high-

resolution transmission electron microscopy

(HRTEM). However, darkly contrasting defects are

visible by HRTEM and appear to have a disordered

structure in both the RT and HT irradiated speci-

mens. These defects increase in size with irradiation

temperature. Electrochemical impedance spec-

troscopy (EIS) was conducted, and it was found that

both irradiated samples exhibit reduced charge

transfer resistance and increased lithium diffusivity.

Both the samples irradiated at 250 �C and 25 �C
demonstrate improved capacity at low rate and

superior rate capability compared to the non-irradi-

ated anatase TiO2-NT. These findings underscore the

role of the irradiation-induced defects in promoting

electrochemical performance.

Materials and methods

Materials

TiO2-NTs were synthesized by electrochemical

anodization, the method for which has been pub-

lished previously [24, 55, 56]. To summarize, pure

titanium foil (0.127 mm, 99.8%, Alfa Aesar) was

electropolished [57], followed by a three-step soni-

cation in acetone, isopropyl alcohol, and deionized

(DI) water. The back of the Ti foil was protected by

packaging tape to ensure uniform current distribu-

tion. The anodization was carried out in a two-elec-

trode cell with Pt mesh as the counter electrode. The

anodization was conducted for 10 min under a con-

stant voltage of 15 V in an electrolyte of 0.36 M

ammonium fluoride (Aldrich) in 95 vol% formamide

(Fisher) and 5 vol% DI water. The anodized samples

were then ultrasonically cleaned in DI water for 30 s.

Anodization creates TiO2-NTs inherently connected

to the Ti substrate, which acts as both the current

collector and a rigid backing for handling and char-

acterization. This method of material synthesis elim-

inates the need for conductive carbon additives and

polymer binders typically used in electrodes for LIBs.

Anatase TiO2 was made by annealing the as-pre-

pared TiO2 NTs in a mixture of ultra-pure 20% O2/

balance Ar gas at 450 �C for 4 h.

Irradiation

The TiO2-NT films were irradiated with 195 keV

protons in a 200 kV Danfysik ion implanter at Los

Alamos National Laboratory. The accelerator beam

line was maintained at 4 9 10-7 torr throughout the

experiment. Specimens were mounted onto a copper

irradiation stage which contains embedded heating

elements and thermocouples for varying and mea-

suring sample temperature during the ion irradia-

tion/implantation. The ion fluence was accurately

measured by a standard four-corner Faraday cup

assembly. During irradiation, the focused proton

beam was raster-scanned across samples, yielding a

dose rate of 9.6 9 10-6 dpa s-1.

The irradiation damage profile was calculated

using the Stopping and Range of Ions in Matter

(SRIM-2013) program using the ‘‘Quick K-P Calcula-

tion’’ mode. Because the software cannot depict sin-

gle-walled nanotube structures, a layer of TiO2

(density of 4.23 g cm-3) having a thickness
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equivalent to the length of the nanotubes was mod-

eled as a conservative approach. Displacement

energy for titanium and oxygen was set to 25 and

28 eV, respectively. The 195 keV proton beam pro-

duces a relatively uniform damage profile through

1.1 lm region (Fig. 1). The damage production rate at

the flat region was * 1.7 9 10-3 vacancies per ion-Å

at the TiO2 matrix. Nanotube anodization parameters

were tailored such that the irradiation damage would

be uniform throughout the nanotube length by

ensuring that the tube length would be less than the

calculated depth of the damage peak. This leads to an

average of 0.25 dpa along the length of the TiO2-NT

when the ion fluence of 2.18 9 1017 ions cm-2 was

used in the experiment. However, Schmuki et al. [54]

suggested that the actual damage depth in a TiO2-NT

film may be greater due to the porosity, potentially

resulting in a lower average dpa.

Electrochemical testing

Li half-cells were assembled in coin-type cells (Hoh-

sen 2032) with Li metal foil as the negative electrode,

a 2325-type polymer separator, and 1.2 M LiPF6 in

ethylene carbonate/ethyl methyl carbonate (3:7

weight ratio) electrolyte (Tomiyama). Half-cells were

cycled galvanostatically at varying currents between

2.5 and 0.9 V versus Li/Li? using an automated

Maccor battery tester at ambient temperatures. Elec-

tropolishing the Ti metal before anodization allows

for formation of uniform, well-adhered nanotubes.

The downside of the high adhesion is the increased

chance of error when stripping the active oxide from

the Ti metal substrate to calculate gravimetric

capacity. To get around this difficulty, areal capacity

was instead used by obtaining accurate measure-

ments of the electrode via microscopy.

Three-electrode cells for electrochemical impe-

dance spectroscopy (EIS) were made using ECC-Ref

cells (EL-Cell) with lithium metal as both counter and

reference electrodes. Mott–Schottky measurements

were carried out in three-electrode cells using a Bio-

Logic Science Instruments potentiostat/galvanostat.

EIS was conducted at a frequency range from

100 kHz to 5 MHz at open circuit voltage by apply-

ing a sinusoidal voltage with an amplitude of 5 mV.

Electron microscopy

Scanning electron microscopy (SEM) images were

recorded with a FEI Teneo field emission microscope

operating at 5 kV. SEM imaging was conducted while

the NTs remained affixed to the Ti substrate. Trans-

mission electron microscopy (TEM) images, includ-

ing HRTEM and SAED, were recorded with a FEI

(now Thermo Fisher Scientific) Tecnai TF30-FEG

S-Twin Scanning TEM (STEM) operating at 300 kV at

the Microscopy and Characterization Suite (MaCS) in

the Center for Advanced Energy Studies (CAES) as

well as a JEOL 2100F with the accelerating voltage of

200 kV at the Center for Nanoscale Materials in

Argonne National Laboratory. TEM specimens were

prepared by scraping irradiated NTs from their Ti

substrate, then suspending the NTs on a carbon TEM

grid.

Raman spectroscopy and X-ray diffraction

Raman spectra were measured using UV excitation,

325 nm lines of a He–Cd laser. The UV Raman

spectra were measured in backscattering geometry

using a Jobin–Yvon T64000 triple spectrometer

equipped with a liquid nitrogen-cooled multichannel

CCD. The 325 nm line of He–Cd laser was used for

excitation; maximum laser power density was

0.5 W mm-2 at the sample surface. Spectra were

recorded at 10 K using an evacuated closed-cycle

helium cryostat.

X-ray diffraction (XRD) was obtained by Rigaku

Miniflex diffractometer with Cu Ka irradiation

at k = 1.5406 Å.

Figure 1 Damage depth profile of H? ions on anatase TiO2 by

SRIM calculation.
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Electrical conductivity measurements

Two-point conductivity measurements were used to

determine the out-of-plane conductivity of the nan-

otubes. Gold wires are connected to the sample sur-

face and the back of the Ti foil using * 2-mm-

diameter drop of silver paint (Figure S2, Supporting

Information). The gold wires on the top of the sample

were used to apply a current of 10 lA while the wires

on the back of the sample measure voltage. A Keith-

ley 237 High Voltage Source Measure Kit was used to

apply the current to each sample, and a Keithley 2000

Multimeter was used to record the resulting voltage.

The applied bias was then reversed to ensure the

validity of the measured value.

Results and discussion

Figure 2a shows the SEM top view after anodization

and annealing, where the individual tubes are

approximately 1 lm in length with a 60 nm (± 5 nm)

outer diameter and approximately 10 nm (± 5 nm)

wall thickness. As reported previously, the structure

of the TiO2-NT is maintained after irradiation

(Fig. 2b) [19].

Structural and microstructural
characterization

Microstructural characteristics of the TiO2-NT sam-

ples before and after irradiation were analyzed by

Raman spectroscopy, XRD, and TEM. Raman spectra

measured with 325 nm laser sample the top 5–10 nm

of the specimen surface [58]. Anatase TiO2 has six

characteristic Raman active vibrational modes which

are located at 144, 196, 639 cm-1 and are designated

as Eg(1), Eg(2) and Eg(3), respectively, two B1g modes at

397 and 519 cm-1, designated as B1g(1), and B1g(2),

respectively, and an A1g mode at 513 cm-1 [59–63].

The Raman spectra of both the high-temperature

(HT, 250 �C) and room-temperature (RT) irradiated

samples compared to the unirradiated control sample

are shown in Fig. 3. The spectra were analyzed with

Lorentzian fitting. The resulting analysis is shown in

Table S1 (Supporting Information). No statistically

relevant alteration in the peak positions or full width

at half maximum (FWHM) was observed in the HT

and unirradiated control samples. (The difference

is\ 1 cm-1, i.e., within experimental error.) While

the shift in peak positions is minimal, it is worth

noting that there is a slight blueshift in the Eg(3) mode

of the RT sample, which indicates defect formation as

it has been found that Eg(3) mode is the most sensitive

to the presence of defects in anatase TiO2 nanocrys-

tals [64]. The Scherrer equation [65] was used to

analyze the crystallite size from the XRD results

(Fig. 4), which indicate that proton irradiation had no

significant effect on the size of the crystallites

(Table S2, Supporting Information).

The microstructure was also analyzed by TEM,

specifically using HRTEM (Fig. 5). Through conven-

tional bright-field TEM, one can observe that the

overall NT structure is maintained throughout irra-

diation (Fig. 5a-c), corroborating SEM results. Crys-

tallinity of the TiO2-NTs is validated by HRTEM

(Fig. 5d–f). Large grains (i.e.,[ 25 nm diameter)

having ordered, anatase structures are observed in

the unirradiated specimen, which is consistent with

Figure 2 a As-prepared

amorphous TiO2 nanotubes,

b TiO2 nanotubes after

annealing and irradiating with

protons at 25 �C.
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previous result [19]. The irradiated specimens also

display ordered regions, although the diameter of

these regions (* 5–10 nm) is markedly reduced

compared to the unirradiated specimen. Although

the observation of ordered regions in all specimens

supports the aforementioned XRD observations,

there is also TEM evidence of irradiation-induced

nanostructuring and/or disordering. Namely, the

fast Fourier transforms (FFT) of the HRTEM images

show a tendency toward asymmetry with irradiation

(Fig. 6a–c), which suggests some loss of crystallinity.

At the same time, selected area electron diffraction

(SAED) patterns of the irradiated and unirradiated

control specimens (Fig. 6d–f) all have a polycrys-

talline anatase structure, which is consistent with the

XRD results. However, the irradiated SAED patterns

have a denser distribution of smaller diffraction spots

on each ring, corroborating the irradiation-induced

grain size reduction observed by HRTEM. Thus,

irradiation is believed to introduce some disordering

and/or nanostructuring, but overall crystallinity is

maintained. Irradiation-induced disordering is con-

sistent with the irradiation-induced amorphization of

numerous ceramics including apatite silicates [66],

CePO4 nanoparticles [67], MgAl2O4 [68], GaAs

[34, 35, 69], Si, Ge, GaP, and InP [34, 35], and LaPO4,

ScPO4, and zircon (ZrSiO4) [29] with electron irradi-

ation, and Al2O3 and H2Ti3O7 with O or N ion irra-

diation [70, 71]. Notably, these studies in the archival

literature span a wide range of irradiation energy loss

Figure 3 Raman spectra of non-irradiated anatase nanotubes

(black); H?-irradiated anatase nanotube at 25 �C (red) and H?-

irradiated anatase nanotube at 250 �C (blue).

Figure 4 XRD spectra a of TiO2 nanotube samples before and after proton irradiation and b expanded region in a.
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Figure 5 Bright-field TEM of a unirradiated anatase nanotube,

b H?-irradiated anatase nanotube at 25 �C, c H?-irradiated anatase

nanotube at 250 �C; and HRTEM of d unirradiated anatase

nanotube, e H?-irradiated anatase nanotube at 25 �C, f H?-

irradiated anatase nanotube at 250 �C.

Figure 6 FFT images corresponding to Fig. 5d–f, from

a unirradiated anatase nanotube, b H?-irradiated anatase

nanotube at 25 �C, c H?-irradiated anatase nanotube at 250 �C,

and TEM selected area electron diffraction patterns from

d unirradiated anatase nanotube, e H?-irradiated anatase

nanotube at 25 �C, f H?-irradiated anatase nanotube at 250 �C.
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mechanisms, including both electronic stopping-

dominated and nuclear stopping-dominated.

The possible nucleation of irradiation-induced

features is also worth noting, specifically the darkly

contrasting defects (indicated by arrows in Fig. 5e–f)

that appear to have a disordered structure in both the

25 �C and 250 �C irradiated specimens. The average

size of these defects increases with irradiation tem-

perature. Features similar in appearance have also

been reported in rutile TiO2 irradiated with 1 MeV

Kr2? and low-energy Ar? [72, 73]. In those reports,

the diffraction maxima are attributed to lattice dis-

tortions associated with off-stoichiometry at inter-

faces between the TiO2 and irradiation-induced

amorphous regions. More generally in a variety of

ceramics, irradiation has been found to nucleate

defect clusters (e.g., dislocation loops) or nanoparti-

cles, both of which have similar TEM diffraction

contrast as the defects observed herein [19, 74–78].

Electronic energy losses are dominant for the pro-

ton energies used in this study [79, 80]. The observed

irradiated microstructure containing nanoscopic

regions of disorder is consistent with the theory of

inelastic thermal spikes [36–38], which form highly

localized regions of disordering. At the same time,

the diffraction contrast features—which we postulate

could be associated with off-stoichiometry or irradi-

ation defects—may agglomerate due to the proposed

theory of ionization-induced diffusion [39]. Hence,

we believe there are several plausible mechanistic

explanations for the observed microstructures and

defects, but the precise nature of these defects cannot

conclusively be determined.

Electrochemical characterization

After microstructural characterization, the electrodes

were evaluated in Li half-cells. The non-irradiated

anatase control sample has an initial charge capacity

of 4.37 9 10-2 mAh cm-2, which leveled off to

3.57 9 10-2 mAh cm-2 at a C/12 rate (nC: charge/

discharge in 1/n hour) after 20 cycles (Fig. 7), which

is consistent with literature values of similar material

[18]. This capacity is significantly lower than what

was observed for the irradiated nanotube electrodes.

The RT TiO2 electrode has an initial charge capacity

of 6.92 9 10-2 mAh cm-2, which stabilized at

5.39 9 10-2 mAh cm-2 after ten cycles, whereas the

HT electrode exhibited a charge capacity of

8.35 9 10-2 mAh cm-2, which leveled off at

6.69 9 10-2 mAh cm-2 by the tenth cycle. This cor-

relates with a 33% and 46% increase in capacity for

the RT and HT irradiations, respectively. Addition-

ally, the initial Coulombic efficiency (ICE) of the non-

irradiated control, the RT sample, and the HT sample

is 58%, 57%, and 58%, respectively. There is no sig-

nificant effect of the proton irradiation on the samples

regarding the ICE compared to the non-irradiated

control. The CEs for the electrodes stabilized at the

tenth cycle and reached 91% for the non-irradiated

control, 94% for the RT sample, and 92% for the HT

sample. The proton-irradiated electrodes have

slightly higher CEs compared to the control, though

these values are within the expected deviation. Fur-

ther, all samples exhibit good cycling stability at

extended cycles (Figure S2, Supporting Information),

suggesting that the proton irradiation does not affect

TiO2-NT electrodes adversely in terms of stability.

Figure 8 compares the charge/discharge profiles of

the irradiated and control anatase samples cycled

between 0.9 and 2.5 V (vs. Li/Li?) at C/12. Li? ions

insert in the anatase TiO2 NT electrodes via a two-

phase mechanism, which occurs at the characteristic

plateau of approximately 1.7 V vs Li/Li?, indicating

the coexistence of a Li-poor phase Li0.05TiO2, which

maintains the original anatase structure (space group:

I41/amd) and a Li-rich phase Li0.5TiO2 (space group:

Imma) [3]. After irradiation, both the HT and RT

samples display this two-phase region. On the other

hand, the overall capacity contribution from the

sloping regions (calculated by taking the capacity

from the sloping regions over the total cell capacity)

is 78%, 66%, and 58% for the HT, RT, and non-irra-

diated control samples, respectively. This trend in

capacity contribution suggests that the overall

increase in capacity with irradiation is attributed to

larger sloping regions, which are associated with

increased defect sites where ions insert into a host

structure with a distribution of energies [81]. For

comparison, the proton-irradiated amorphous sam-

ples from our previous work [19] undergo irre-

versible phase transformation to a mixture of

disordered anatase and rutile phase at room tem-

perature and to a primarily disordered rutile phase at

250 �C, both displaying sloping characteristics in the

voltage profiles in contrast to the anatase TiO2-NT

samples under proton irradiation. The distinct dif-

ference in microstructure evolution and correspond-

ing electrochemical properties of amorphous and

anatase TiO2-NT under proton irradiation suggest

13228 J Mater Sci (2019) 54:13221–13235



that defect evolution and disordering play a signifi-

cant role in the charge storage mechanisms in such

metal oxide electrodes.

Electrochemical impedance spectroscopy (EIS) is

used to better understand the charge storage and

transport mechanism behind the variance in electro-

chemical performance. A modulating potential of

small amplitude is applied to the working electrode

in a three-electrode cell; the resulting current allows

for exploration of charge storage behavior [82].

Nyquist plots for the irradiated and control samples

are shown in Fig. 9. These plots contain convoluted

semicircles at the high/medium frequency range,

followed by a straight line at lower frequencies. The

equivalent circuit used to model this system is shown

in the inset of Fig. 9. In this equivalent circuit, R1 is

the bulk resistance of the cell (electrolyte, separator,

electrode), C2 and R2 belong to the capacitance and

resistance of the surface process at the TiO2 electrode

surface, C3 and R4 correspond to the main semicircle,

which represents capacitance and resistance for the

Figure 7 Areal capacity

versus cycle number at low

rate (C/12) of non-irradiated

anatase nanotube (black),

25 �C H?-irradiated nanotube,

and 250 �C H?-irradiated

nanotube electrodes.

Figure 8 Charge/discharge voltage profiles comparing the fifth

cycle of the non-irradiated (black), 25 �C H?-irradiated nanotube

(red), and 250 �C H?-irradiated nanotube (blue) electrodes.

Figure 9 Nyquist plots of non-irradiated, 25 �C H?-irradiated

nanotube, and 250 �C H?-irradiated nanotube electrodes.
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charge transfer process at the electrode, and W is the

Warburg impedance from the diffusion of Li? ions

within the electrode [83–85]. The Nyquist plots show

that the charge transfer resistance of HT sample is

lower than that of the RT sample, while both irradi-

ated samples have a lower charge transfer resistance

than the non-irradiated anatase control, suggesting

enhanced charge transfer kinetics in the irradiated

samples. Once the data have been fit to an equivalent

circuit, Li diffusivity values can be calculated from

the Warburg impedance by the equation [86, 87]:

DLi ¼
R2T2

2C2
Lir

2n4F4A2
ð2Þ

where R is the gas constant, T is the absolute tem-

perature, CLi is the Li concentration in the electrolyte,

n is the transferred charge, F is Faraday’s constant,

and A is the geometric surface area. The electrodes

exhibit diffusivities of 2.3 9 10-13 cm2 s-1,

1.0 9 10-12 cm2 s-1, and 1.3 9 10-11 cm2 s-1 for the

non-irradiated control, RT, and HT samples, respec-

tively. Note that the Li? diffusivity of the irradiated

samples is 1–2 orders of magnitude higher than that

from the non-irradiated control. Furthermore, out-of-

plane electrical conductivity measurements were

carried out using a two-point measurement [48]. Both

RT and HT irradiated TiO2-NT specimens exhibit an

increase in electrical conductivity compared with the

control, with the RT TiO2-NT specimen being the

highest (Table S3, Supporting Information). The

conductivity of the non-irradiated sample is compa-

rable with previously reported two-point measure-

ments on anatase TiO2-NT [88, 89]. These results

suggest that proton irradiation promotes both elec-

trical and ionic conductivity, which could be

explained by the irradiated microstructures observed

by HRTEM. We have noted that irradiation enhances

disorder and potentially creates defected regions

having off-stoichiometric boundaries. It is well

known that disorder, interfaces, and off-stoichiome-

try can enhance both electrical and ionic conductiv-

ity, as recently reviewed in Ref. [90]. Because of the ex

situ nature of our characterization and electrochem-

ical charge cycling, we are not currently able to

determine how these defects interact with Li or

evolve during Li insertion.

The rate capability study was carried out to assess

how irradiation affects the kinetics of the TiO2-NT

electrodes (Fig. 10). The rate capability of HT TiO2-

NT electrode is the best among the three electrodes,

and the non-irradiated TiO2-NT electrode performs

the worst. This is especially apparent at the high

rates. At a very high rate of 20C, both irradiated

electrodes have higher capacity than the non-irradi-

ated TiO2-NT control electrode, and at 100C rate, the

capacity of both RT and non-irradiated TiO2-NT

electrodes drops off drastically while the HT irradi-

ated electrode maintains about 20% of the low-rate

capacity. While the increase in electrical conductivity

plays an important role in the increase in rate capa-

bility, the high-temperature irradiated specimen

outperforms the room-temperature irradiated sam-

ple, likely because of the high lithium diffusivity and

high capacitive behavior [19] (large sloping regions).

It is well known that the evolution of an irradiated

microstructure is strongly influenced by the irradia-

tion temperature [91]. Specifically, diffusion is suffi-

ciently limited at irradiation temperatures ~ 25 �C,
so the point defects produced by proton irradiation

are relatively immobile and remain in the material as

either single-point defects or nm scale defect clusters

[91]. This is typically observed as local disordering or

amorphization in ceramics [38, 92]. It has been shown

in numerous ceramic materials—namely SiC, sap-

phire, alumina, aluminum nitride, silicon nitride,

beryllium oxide, and a carbon fiber composite—that

as the irradiation temperature increases ⁄ 60 �C, a
higher irradiation dose is necessary to induce disor-

dering or amorphization [93]. Given the wide range

of ceramics that follow this trend, a similar behavior

Figure 10 Rate capabilities of non-irradiated (black), 25 �C H?-

irradiated nanotube (red), and 250 �C H?-irradiated nanotube

electrodes (blue). Solid circle: discharge capacity, open circle:

charge capacity.
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is likely to occur in TiO2. This means that the point

defects are sufficiently mobile and can form sub-

nanoscale to few-nm-diameter defect clusters, such as

those observed in the 250 �C irradiated specimens

herein (Fig. 5c, f). If such clusters are comprised of

vacancies, they provide sufficient volume for Li

intercalation as well as internal surface area. If these

clusters formed from interstitials, they provide suf-

ficient strain to the surrounding material matrix that

provides free volume for Li intercalation. Hence, it is

not unreasonable that the higher temperature irradi-

ation will have enhanced electrochemical perfor-

mance as compared to the 25 �C irradiation,

especially given the TEM and HRTEM results

obtained here.

Conclusions

Proton irradiation was carried out on TiO2-NT at 25 �C
and 250 �C to an average flat region damage of* 0.25

dpa. Post-irradiation electrochemical testing and

microstructural characterization were conducted to

evaluate and explain the relative electrochemical per-

formance of the irradiated specimens as compared to an

unirradiated control. The NT structures remain crys-

talline through irradiation, although TEM reveals the

irradiation-induced formation of disordered defect

regions in theNTs; these defects are larger in the 250 �C
specimen than in the 25 �C specimen. Diffusion of

irradiation-induced point defects occurs more readily

at 250 �C than at 25 �C, which can explain the resultant

agglomeration of larger defect regions in the higher

temperature irradiation. These defects subsequently

enable enhanced lithium intercalation into thematerial,

explaining the improvement in electrochemical per-

formance observed in the irradiated specimens.

While the unirradiatednanotubes exhibit a reversible

capacity of 3.57 9 10-2 mAh cm-2 at C/12, the TiO2

electrode irradiated at 25 �C has reversible capacity of

5.39 9 10-2 mAh cm-2 and the electrode irradiated at

250 �C has a reversible capacity of 6.69 9 10-2 mAh

cm-2. This corresponds to a 33% and 46% increase in

capacity for the 25 �C and 250 �C irradiations. It was

found by comparing the charge/discharge profiles that

an increase in the sloping region, resulting from an

increase in defects, contributes to the increase in

capacity of the irradiated samples. Tobetter understand

the electrochemical behavior, EIS measurements were

conducted to calculate lithium diffusivity, which

increased in both irradiated samples. Specifically,

unirradiated nanotube electrode shows a Li? diffusiv-

ity of 2.3 9 10-13 cm2 s-1 compared to 1.0 9 10-12 cm2

s-1 for the 25 �C irradiated sample and 1.3 9 10-11 cm2

s-1 for the 250 �C irradiated sample. Furthermore,

electrical conductivity measurements show that for

both RT and HT irradiated nanotube samples, the

electrical conductivity increased, with the room-tem-

perature irradiation being the highest. These improve-

ments are reflected in the rate capabilitymeasurements,

in which both irradiated samples outperform the unir-

radiated control. Interestingly, the high-temperature

irradiated sample has the best performance even when

cycled at 100 �C, which shows that while electrical

conductivity plays an important role, it must be bal-

anced by improvements in ionic conductivity. This

study presents a unique perspective on pathways to

engineer functional electrode materials by tailoring

irradiation conditions.
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