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ABSTRACT: A one-step hydrothermal method, followed by
calcination at 300 °C in an argon atmosphere, has been

developed to synthesize TiO,-B nanoparticles/double-walled
nanotubes (NP/DWNT) and TiO,-B nanoparticles/multiple-
walled nanotubes (NP/MWNT). To the best of our knowl-
edge, this is the first synthesis of TiO,-B NP/NT hierarchical

structures. Both NP/DWNT and NP/MWNT show high

performance as anode materials for lithium-ion batteries,
superior to their counterparts of DWNT and MWNT,
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respectively. Among all the four materials studied herein, NP/DWNT demonstrates the highest discharge—charge capacity,
rate capability, and cycling stability. The enhancement due to the NP loading results from the increased surface areas, the
improved kinetics, and the decreased transport distance for both electrons and Li ions. The charge capacity at high rates lies in
the intercalation pseudocapacitance originating from fast Li-ion transport through the infinite channels in TiO,-B. The
superiority of DWNT materials versus MWNT materials is ascribed to the thinner walls, which provide a shorter distance for Li-

ion transport through the radial direction.
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1. INTRODUCTION

Lithium-ion batteries (LIBs), currently the most advanced
rechargeable batteries, are ubiquitous in portable electronic
devices. The interest in developing new generations of LIBs to
power large-scale devices, such as electric vehicles and hybrid
electric vehicles, has been increasing in the past two decades."”
Such applications require electrode materials with high energy
density, long cycle life, and high rate capability.’~> Titanium
dioxide (TiO,) as an anode material has attracted significant
attention due to its cost-effectiveness, nontoxicity, high rate
capability, dependable safety, and high chemical stability.*""!
Among all polymorphs, TiO,-B is the most promising and has
been intensively studied by many researchers,”'*~'* since the
first synthesis by Marchand et al. in 1980 by calcining the K*/
H* ion exchanged K, Ti,00.'%'¢ TiO,-B is composed of
corrugated sheets of edge- and corner-sharing TiO, octahedra
that are linked together by bridging oxygen atoms to form a
three-dimensional network.'*™2° This structure possesses more
open voids and parallel channels than in rutile, anatase, or
brookite, rendering TiO,-B an excellent host material for Li-
intercalation.'®*" Three types of sites for Li-ion intercalation
have been identified in the literature, denoted as Al sites, A2
sites, and C sites, respectively.20 In one unit cell, the four Al
sites are the space coordinated in 5-fold symmetry with oxygen
atoms and sit in the two (003) planes; the four A2 sites are the
space also coordinated in S-fold symmetry with oxygen atoms
but sit in the two (001) planes; and the two C sites are the
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space coordinated in planar 4-fold symmetry with oxygen
atoms.”® The full occupation of all 10 sites by Li ions renders a
composition of Lij,sTiO,.>****® As a result, TiO,-B presents
faster charge/discharge rates, higher charge capacity, and
superior cyclability compared with the other three poly-
morphs,'"****> without significant distortion of the struc-
ture.'>1¢

Besides the aforementioned crystal structure, other factors
(including sizes, shapes, crystallinity, and architectural arrange-
ment) are also important for the electrode performance.**”
TiO, nanoparticles (NPs), which are easy to synthesize, enable
fast reaction kinetics of Li-ion storage due to their high specific
surface areas and abundant grain boundaries.”**~*> When the
particle sizes are decreased below 10 nm in diameter, the
achievable charge capacity can be significantly enhanced,
extendin§ the threshold (335 mAh/g) of the Li,TiO, solid
solution.”*** The extra charge capacity in this dimensional
regime originates from the significant contribution from the
pseudocapacitance due to the Faradaic reactions on particle
surfaces. Moreover, the pseudocapacitive process at the liquid/
solid interface is much faster than the Li-ion intercalation
process inside the bulk solid; thus, TiO,-B NPs are very
desirable for high charge/discharge rates.>
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Figure 1. TEM images of four types of TiO,-B based materials, for which, during the hydrothermal process, the experimental conditions are 140 °C
and 40 mL of NaOH solution for MWNT (A), 140 °C and 80 mL of NaOH solution for NP/MWNT (B), 150 °C and 40 mL of NaOH solution for
DWNT (C), and 150 °C and 80 mL of NaOH solution for NP/DWNT (D).

On the other hand, one-dimensional (1D) nanostructures,
including nanowires, nanorods, nanotubes, and their arrays,
enable faster electron transport and Li-ion insertion/extraction
as well as improved ability than NPs to accommodate the
volume expansion, due to their specific geometric character-
istics."**>737 However, such nanostructures have smaller
surface areas and fewer porous microstructures compared
with NPs, especially when they have large radial dimensions
and small aspect ratios or form dense arrays.>® Hierarchical
structures made by loading NPs onto 1D nanostructures,
particularly nanotubes (NTs), can take advantages of both
moieties and have been demonstrated to be an effective way to
enhance materials’ electrochemical performance in many
systems.>” %

TiO,-B NTs were first synthesized by Armstrong et al. in
2005 using a hydrothermal technique.*® The first step is to load
anatase (a-TiO,) powder and concentrated NaOH solution in
an autoclave vessel and keep the vessel at 150 °C for 72 h. The
second step is to wash the solid product with an HCI solution
and further calcine at 400 °C for 5 h. In the past decade, many
research groups have modified this protocol in order to explore
various applications of TiO,-B NTs and understand the
formation mechanism.*’ ™" Studies show that TiO,-B NTs
are likely to be produced via a series of morphological transition
from 3D particles, throuéh 2D nanosheets, and then to 1D NTs
via sheet scrolling.**”>" The critical conditions are the
hydrothermal temperature, the amount and concentration of
NaOH, reaction time, and calcination temperature.‘w’Sl_53 In
most cases, the obtained TiO,-B NTs are multiwalled; recently,
some of the authors of this article (Qu, Ding, and Yuan)
succeeded in synthesizing double-walled NTs by mainly
controlling the amount and concentration of NaOH.'?
Nevertheless, the synthesis of TiO,-B NP/NT hierarchical
structures has not been reported.

Herein, we present a simple one-step hydrothermal method
for synthesizing two novel materials of TiO,-B nanoparticles-
deposited/double-walled nanotubes (NP/DWNT) and nano-
particles-deposited/multiwalled nanotubes (NP/MWNT) hier-

archical structures, where the TiO,-B NPs are about 3 nm in
diameter and the TiO,-B NTs are ~10 nm X 100—200 nm
(diameter X length). These NP/NT hierarchical structures
exhibit significantly enhanced electrode performance, including
charge capacity, rate capability, and cyclability, compared with
their counterparts of DWNTs and MWNTSs. The enhancement
mechanism is discussed.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Sodium hydroxide (NaOH, pellets, anhydrous,
98%) and hydrochloric acid (HCl, 36%) were purchased from Aladdin.
Anatase TiO, (a-TiO,, 25 nm, 99.8%), lithium ribbon (Li, 99%),
acetylene black (C, 35—45 nm in grain sizes), polyvinylidene fluoride
(PVDF, >99.5%), and N,N-dimethylformamide (DMF, anhydrous,
99.8%) were purchased from Sigma-Aldrich. The electrolyte of 1 M
lithium hexafluorophosphate (LiPF4) in ethyl carbonate/diethyl
carbonate (EC/DEC, weight ratio of 1:1) was purchased from
BASEF. All chemicals were used as received.

2.2. Materials Synthesis and Characterization. TiO,-B multi-
walled nanotubes (MWNT): First, a-TiO, powder (3 g) was added to
an aqueous solution of NaOH (10 M, 40 mL) in a beaker. After
sonicating the beaker in an ultrasonic bath for 0.5 h, the resulting
suspension was transferred to a Teflon-lined autoclave and heated at
140 °C for 48 h. The product was collected and rinsed with distilled
water, 0.1 M HCI, and then distilled water again until the pH value of
the elute reached ~7. After being dried at 60 °C in a conventional
oven for 2 days, the as-prepared sample was calcined in a muffle oven
at 300 °C for 2 h under an argon atmosphere.

TiO,-B nanoparticles/multiple-walled nanotubes (NP/MWNT)
were synthesized in a similar manner, by only changing the amount
of NaOH solution to 80 mL. TiO,-B double-walled nanotubes
(DWNT) were synthesized in a similar manner, by only changing the
hydrothermal temperature to 150 °C. TiO,-B nanoparticles/double-
walled nanotubes (NP/DWNT) were synthesized in a similar manner,
by changing both the amount of NaOH solution to 80 mL and the
hydrothermal temperature to 150 °C.

Powder X-ray diffraction (XRD) was performed on a Rigaku D/
max-2500 diffractometer operated in transmission mode with Cu Ko
radiation. Transmission electron microscopy (TEM) was performed
on either an FEI Tecnai 20 microscope or a Philips CM200
microscope. Brunauer—Emmett—Teller (BET) measurements to
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Figure 2. (A) XRD data of four types of TiO,-B based materials: MWNT (green), NP/MWNT (red), DWNT (blue), and NP/DWNT (pink). The
black stick patterns present the TiO,-B standard (JCPDS 46-1237); the asterisked peaks refer to anatase. (B) Raman spectra of four types of TiO,-B
based materials: MWNT (green), NP/MWNT (red), DWNT (blue), and NP/DWNT (pink). In addition, the spectrum of the precursor anatase

(black) is also shown for comparison.

measure the specific surface areas of the obtained samples were carried
out using a NOVA 2000e (Quantachrome) instrument, using nitrogen
as the working gas. Raman spectroscopy was conducted on a laser
confocal micro-Raman spectrometer (Horiba Jobin Yvon, LabRAM
HR800), for which the laser wavelength was 532 nm, the laser power
was 50 mW, the exposure time was 1 s, the number of scans was 50,
and the spectral range was 100—900 cm™".

2.2. Electrochemical Analyses of Electrode Performance.
Electrodes were prepared in an argon-filled glovebox (H,O < 0.5 ppm
and O, < 1 ppm) by mixing 75% of active material, 18% of acetylene
black, and 7% of polyvinylidene fluoride (PVDF), and pressing the
mixture into pellets.'”***® All electrochemical analyses were
conducted by using two-electrode Swagelok cells, in which a piece
of lithium metal was used as the counter and reference electrode. The
electrolyte was LiPF4 (1 M) in a mixture of ethylene carbonate (EC)
and diethyl carbonate (DEC) at a weight ratio of 1:1. The assembled
cells were then taken out of the glovebox and sealed immediately with
wax to prevent electrolyte leakage and/or air penetration during the
subsequent electrochemical analyses. To study the charge capacity,
cyclability, and rate capability, the standard galvanostatic technique
was employed to discharge and charge the electrode at various current
densities of 50—2000 mA/g, using a battery analyzer (MTI-BST8-MA,
10 mA). The cutoff potentials for charge and discharge were set at 3.0
and 1.0 V vs Ep;, respectively. The cyclic voltammetry (CV)
experiments were conducted on a potentiostat (Gamry Reference 600)
at various scan rates of 0.1—1.0 mV/s. The electrochemical impedance
spectroscopy (EIS) experiments were performed on a potentiostat
(Zahner CIMPS-2) by using an alternating perturbation voltage of S
mV in the frequency range of 0.01 Hz to 200 kHz.

3. RESULTS AND DISCUSSION

As shown by TEM images in Figure 1, a one-step hydrothermal
method has been developed to synthesize hierarchical
structures consisting of NPs-deposited NTs. The key
experimental conditions are the reaction temperature and the
amount of NaOH, that is, 140 °C/40 mL of NaOH solution for
MWNT (Figure 1A), 140 °C/80 mL of NaOH solution for
NP/MWNT (Figure 1B), 150 °C/40 mL of NaOH solution for
DWNT (Figure 1C), and 150 °C/80 mL of NaOH solution for
NP/DWNT (Figure 1D). In Figure 1A, the nanotubes are
typically four layers, with the length of several hundred
nanometers, outer diameters of approximately 10—15 nm, and
an inner diameter of approximately 6—10 nm. When the NaOH
amount is doubled (Figure 1B), instead of the original 1D
structures,*”**™>7 3D hierarchical structures of NPs (~3 nm)
deposited NTs are formed. When increasing the hydrothermal
temperature to 150 °C, DWNTs are obtained (Figure 1C),
with outer diameters of roughly 8—10 nm and inner diameters
of roughly 5 nm. The inset in Figure 1C highlights an individual
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DWNT. When both the hydrothermal temperature and the
NaOH amount are changed, 3D hierarchical structures of NP/
DWNT are produced (Figure 1D), where NPs are ~3 nm in
diameter. As shown by the top inset in Figure 1D, the
continuous lattice fringes at the NP/NT interfaces indicate that
the NP moieties are fused with NTs. Referring to the literature
reports, which have only produced MWNTs,***%7 the success
of hierarchical structures herein is ascribed to the higher
concentration of NaOH and longer reaction times. A widely
accepted formation mechanism of TiO,-B nanotubes is to scroll
titanate (for example, Na,Ti;O,) nanosheets,*® > which
are in situ produced through the reaction between TiO, powder
and NaOH. After the product is washed with HCI to perform
the Na"/H' ion exchange, H,Ti;0,nH,0O nanotubes are
produced, during which the preformed Na,Ti;0, nanotubes
act as templates. Next, calcination at elevated temperatures
converts H,Ti;O,-nH,0 to TiO,-B nanotubes.*> Thus, the
critical step is the formation of Na,Ti;O, nanotubes, for which
the reaction temperature and the concentration of base are
believed to control the reaction equilibrium, including the
Na,Ti;0;, monomer concentration, the dimensions of the
Na,Ti;0; nanosheets, and the number of Na,Ti;0, stacking
layers. If the hydrothermal temperature is above 150 °C,
nanorods instead of NTs will be produced.'”*>*"*" In addition,
single-walled N'Ts remain a challenge to synthesize.'

Figure 2A shows the XRD data of the synthesized TiO,-B
MWNT (green), NP/MWNT (red), DWNT (blue), and NP/
DWNT (pink). Except for DWNT, which contains a small
amount of a-TiO,, the crystalline phases in the other three
samples seem to be phase-pure TiO,-B."* The broadened
diffraction peaks are typical features of nanomaterials.>***%!
However, it is well-known that XRD cannot detect very small
crystals or amorphous compounds, which can be probed by
Raman instead.®” Thus, we performed Raman spectroscopy on
these materials, as shown in Figure 2B. The precursor anatase
shows all characteristic peaks as reported in the literature.’*
However, the spectra of the four materials are complicated,
although the essential contribution can be confidently assigned
to TiO,-B. The computational results show that TiO,-B has 18
Raman-active modes appearing at all positions of anatase’s 8
Raman-active modes except for the one at 520 cm™.%® The
experimental results show that the Raman peak positions and
relative intensities are dependent on the morphologies of the
TiO,-B nanostructures.”>#$4%5 For instance, microflowers
and nanosheets present the strongest peak at ~256 cm™’
do not have the peak at ~150 cm™', whereas NPs present the

and
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Figure 3. Potential—capacity plots for both discharge (lithiation) and charge (delithiation) processes during the first three cycles between 3.0 and 1.0
V at a current density of S0 mA/g for TiO,-B electrodes made of MWNT (A), NP/MWNT (B), DWNT (C), and NP/DWNT (D).

strongest peak at 150 cm™1**®*% Herein, MWNT and NP/
MWNT have nearly identical profiles and neither of them show
the peak at 150 cm™, which may be ascribed to the nature of
MWNT, as microflowers and nanosheets.””** A very weak
band at 545 cm™ in the case of MWNT could be assigned to
the anatase impurity, corroborating the XRD result. In contrast,
both DWNT and NP/DWNT show the strongest peak at 152
cm™'; however, the assignment is difficult because anatase also
has the strongest peak at the same position.> All other low
intensity peaks can be assigned to TiO,-B, except for the peak
at 511 cm™! in DWNT, which should be indexed to anatase.®”
In summary, the Raman results qualitatively support the XRD
results and further suggest the possible existence of a small
amount of anatase impurity in the MWNT sample. The further
confirmation of the anatase impurities could be performed by
analyzing the electrochemical results, as demonstrated in the
literature and will be discussed below. It is noteworthy that
Raman spectra of nanomaterials are often strongly dependent
on the materials’ morphologies, crystalline sizes, and wave-
length of the excitation laser, for which carbon nanotubes and
graphene nanosheets are good examples.*"® While the
reasons for the a-TiO, impurity phase are unclear and will be
studied in the future, we speculate that the hydrothermal
temperature and the basicity of the reaction system play crucial
roles.

The next structural characterization is the BET measure-
ments, which reveal that the specific surface areas for MWNT,
NP/MWNT, DWNT, and NP/DWNT are 155, 183, 212, and
246 m?/g, respectively. These values indicate that the surface
area of 3D hierarchical structures is 16% higher than that of 1D
NTs and the surface area of DWNT samples is 35% higher than
that of MWNTs.

After the basic characterization discussed above, the
electrode performance of the four materials is then assessed
using a series of electrochemical techniques. Figure 3 shows the
potential—capacity profiles for both discharge (lithiation) and
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charge (delithiation) processes during the first three cycles
between 3.0 and 1.0 V at a current density of S0 mA/g. The
sloping feature without voltage plateaus during the lithiation/
delithiation cycles for all four samples suggests that the
insertion/extraction of Li ions in the electrode occurs
homogeneously without a phase transition between Li TiO,
and TiO,, behaving as in a solid solution that allows for a
continuous change of x without causing any significant
distortion of the structure.”**% Such a phenomenon has also
been observed during the lithiation/delithiation processes of
Nb205,70 an anode material that, like TiO,-B, presents a high
rate capability due to the fast Li-ion transport in the infinite
channels. The nature of this phenomenon is the pseudocapa-
citive discharging/charging process inside the bulk of the
material, thus typically called intercalation pseudocapacitance.”
While the electrode polarization that could, in principle, also
induce a sloping profile cannot be ruled out, it is unlikely to
play a significant role herein, as the electrode fabrication has
used enough conductive additive (18% of acetylene black).”
Moreover, a continuous lithiation/delithiation process free of
phase-transition has been directly observed by Shahbazian-
Yassar et al. in the case of studying amorphous TiO, nanowires
with TEM.”' The initial discharge capacities of these four
samples are 375 mAh/g for MWNT, 384 mAh/g for the NP/
MWNT, 398 mAh/g for DWNT, and 415 mAh/g for NP/
DWNT, respectively. In the subsequent charge process, all of
them exhibit some degree of irreversibility; that is, not all the
inserted Li ions can be extracted. The irreversible capacities in
the first cycle are 175 mAh/g for MWNT, 156 mAh/g for NP/
MWNT, 153 mAh/g for DWNT, and 136 mAh/g for NP/
DWNT, respectively. Evidentlyy, DWNT materials present
smaller irreversibility than MWNT materials; so do the 3D
hierarchical NP/NT materials versus the 1D NT materials. The
large capacity loss in the first cycle, a common phenomenon in
most lithium intercalation hosts, is due to the irreversible
reaction between TiO,-B and the electrolyte to form the
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lithium-containing solid electrolyte interphase (SEI).>”%7>~73 Next, the results of cyclability and rate capability are shown
In addition, some Li ions may also be trapped at grain in Figure SA. All battery cells are first cycled at 50 mA/g for 20

boundaries or interstitial sites and then loose reversibility. 678 cycles, then at 250, 500, 750, 1000, 1500, and 2000 mA/g for
These results imply that, as expected, the superiority of NP/ 10 cycles each, and finally at 50 mA/g for 20 cycles. The
DWNT to others lies in the increased electrode/electrolyte capacities at various rates are summarized in Table S1
contact area, the decreased reaction dimension for electrons (Supporting Information). Similar to many other electrode
and Li ions, and the enhanced capability for accommodating materials, the capacities of the four materials herein decrease

. 7,14,30,3,34,54,79 NP . . 64
volume fluctuation. with increasing current densities.”” Nevertheless, after 20

As discussed above (Figure 2), XRD and Raman detect the cycles, the capacity degradation is less than 0.1% per cycle.
existence of anatase impurities in MWNT and DWNT. In the At the rate of 2000 mA/g, the capacity of NP/DWNT is still as
literature, the plot of differential capacity dQ/dV vs V has been high as 163 mAh/g. After changing the rate back to 50 mA/g,
demonstrated to be an effective approach to manifest trace the capacities for all samples almost fully recovered, with 133
amounts of anatase in TiO,-B electrodes and reveal if the mAh/g for MWNT, 162 mAh/g for NP/MWNT, 192 mAh/g
anatase phase contributes significantly to the charge for DWNT, and 214 mAh/g for NP/DWNT. This excellent
capacity.”®* The principle is that a phase transition due to recoverabilitgy indicates the remarkable robustness of TiO,-B
even a small amount of charge transfer will be embodied as a NTs.'*2**%0 Eigure 5B compares the performance of our NP/
pair of sharp peaks (anodic and cathodic) in the dQ/dV vs V DWNT with the literature results of TiO,-B nanostructures in
plot.”®* As shown in Figure 4, a pair of peaks at 1.96 V different morphologies.”'¥******7> While our NP/DWNT
(red open circle) is not the best, it ranks as the second among
all NT-based materials and is inferior to only three systems, of
which the hierarchical microflowers (denoted by green stars) is
the best.*

To gain a deeper understanding of the performance-

> enhancement mechanism of NP/DWNT, we further compare
3_1000 the rate capability data with the BET data (Figure 6). As
S
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these facts, all four materials show comparable profiles, which
are characteristic with a pair of broad peaks centered at [1.56,
1.66] V and [1.40, 1.45] V, respectively. The broad features
further corroborate the previous conclusion that the lithiation/
delithiation process is essentially free of phase transition.'>%>*

Figure 6. Comparison of capacity (Q) ratios with the corresponding
surface area (S) ratios of the four TiO,-B materials: (H)
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Figure S. (A) Rate capability of the four types of TiO,-B electrodes at various charge/discharge rates of S0 mA/g for the first 20 cycles, then at 250,
500, 750, 1000, 1500, and 2000 mA/g for 10 cycles each, and finally at S0 mA/g for 20 cycles: MWNT (green), NP/MWNT (red), DWNT (blue),
and NP/DWNT (pink). (B) Comparison of the rate capability between our NP/DWNT and the literature results of TiO,-B nanostructures in
different morphologies,g’13’60’64’69’72 where NP denotes nanoparticles, DWNT denotes double-walled nanotubes, NT denotes nanotubes, and NS
denotes nanosheets.
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mentioned above, the BET measurements reveal that specific
surface areas (S) for MWNT, NP/MWNT, DWNT and NP/
DWNT are 155, 183, 212, and 246 m?/ g, respectively. The
corresponding ratios of Syp,pwnT:Spwnt and Snp/mwNT: SMWNT
are both ~1.16, indicating a larger specific surface area of NP vs
NT. In contrast, both ratios of Syp/pwnT:Snp/MwnT and
SownT:Smwnt are 1.35, indicating a larger specific surface area
of DWNT vs MWNT. In the first lithiation process at a small
charge/discharge rate of 50 mA/g, all four ratios of

QNP/DWNT:QDWNT (.); QNP/MWNT:QMWNT (D);
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Qup/pwnt: Que/vwnt (@), and Qownr:Quwnr (O) are about
1. This result implies that all of these materials start with the

same capability of hosting Li ions, which is essentially governed
by the intrinsic properties of TiO,-B,”® regardless of the
material morphologies (NP vs NT and DWNT vs MWNT)
and the specific surface areas. With increasing the rate in the
subsequent cycles, all four values increase dramatically.
However, only Qup/pwnr:Qpwnr reaches its corresponding
Sxp/pwnt:Spwnr (1.16, the solid blue line in Figure 6) at the
rate of 1000 mA/g and keeps steady afterward; the other three
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Figure 9. Cyclic voltammograms of four TiO,-B materials at five various scan rates: MWNT (A), NP/MWNT (B), DWNT (C), and NP/DWNT

D).

ratios of Qup/mwnt:Quwnt  Que/pwnt: Que/mwnt and
Qpwnr:Qumwwnr are always above their corresponding

SNp/MWNT SMWNT (1.16), SNP/DWNT:SNP/MWNT (1.35), and
Sownt:Smwnr (1.35), respectively. Moreover, after changing
the rate back to 50 mA/g, only Qup/pwnr:Qownr returns to its
initial value (1.03). These phenomena imply that the rate
capability may be strongly correlated with the surface area.
On the other hand, it has also been reported that the Li-ion
residing sites in TiO,-B nanostructures are strongly dependent
on their crystallographic orientations and morophologies.****>*
Bartlett et al. reported that Li ions have the fastest travel speed
along the [110] direction. The DFT+U (where DFT refers to
density functional theory and U denotes internal potential)
calculations by Stevenson et al. concluded that, for TiO,-B
nanoparticles, A2 sites near equatorial TiOg octahedra are filled
first and Al sites near axial TiOg octahedra are filled
afterward.** In contrast, for TiO,-B nanosheets, C sites are
incrementally filled first, followed by A2 and Al sites. Van der
Ven et al. employed first-principles DFT calculations to study
the thermodynamics of lithium-ion TiO,-B and found that the
preferred sites occupied by Li are Al for x < 0.5, A2 and C for
x = 0.75, and all sites (with increasing A1 occupation) at higher
concentrations.”® These studies demonstrate that the rate
capability of TiO,-B nanostructures would be strongly
correlated with the Li-transport kinetics, on which electro-
chemical impedance spectroscopy (EIS) can shed light.*!
Figure 7 shows the EIS spectra of these electrodes taken at 1.0
V after the first lithiation. Indeed, these EIS spectra are quite
different from each other. Each spectrum can be divided into
three regions, of which the first one (a semicircle) results from
the SEI formation resistance (Rgp), the second one (also a
semicircle) corresponds to the charge transfer resistance (R)
of Faradaic reactions, and the third one (a linear line) stems
from the Warburg impedance (Zyy) due to the Li-ion diffusion
inside TiO,-B.*> However, the amplitudes of these components
are very different among these four materials. Whereas MWNT
(A) and DWNT (C) show large Rgg; (>100 ohm), NP/MWNT

22205

(B) and NP/DWNT (D) present much smaller Rgy (<40
ohm). The disappearance of the second semicircle in (A)
indicates that the Li-ion transport in MWNT is extremely
sluggish.*> In contrast, the other three systems show much
faster Li-ion diffusion kinetics, among which NP/DWNT is
superior to NP/MWNT and DWNT in R,. These results
indicate that the different reaction kinetics in these four
materials could also affect their rate capability dramatically.

Next, cyclic voltammetry is employed to study the electrode
reactions of all four materials. Figure 8 shows their cyclic
voltammograms (CVs) at a slow scan rate of 0.1 mV/s in the
potential window of [0.8, 2.8] V vs E; ;. All samples display a
pair of redox peaks, resulting from the pseudocapacitive
Faradaic reactions of lithium storage in TiO,-B,”*"** at 1.28
V/[1.50, 1.69] V for MWNT, 1.37 V/[1.54, 1.68] V for NP/
MWNT, 1.43 V/[1.52, 1.73] V for DWNT, and 1.29 V/[1.52,
1.73] V for NP/DWNT. The anodic peak in each case actually
consists of two shoulder peaks, which are consistent with the
literature report and ascribed to the Li extraction processes
associated with different sites.”** In the case of DWNT,
another pair of small peaks at 1.72/1.98 V is assigned to the
contribution from the a-TiO, impurity (as discussed
above).'**! In addition, consistent with the capacity data in
Figure 3, there is a significant current-intensity loss in the
second cycle compared with the first cycle for every sample; the
difference between the third cycle and the second cycle is fairly
small.

Furthermore, the extensive study of CVs at five different scan
rates is showed in Figure 9. All four samples show similar
behaviors: the intensities of both cathodic (discharge) and
anodic (charge) currents increase with the scan rate over the
entire potential window. The slight peak potential shifts
(AE,oqc = [0.04—0.06] V and AE_ 404 = [0—0.03] V) in all
cases indicate that there is not serious electrode Opolarization or
phase transition, similar to Nb,Os as reported.”® Furthermore,
to gain a deeper understanding of the nature of both anodic and
cathodic currents, the peak current density (j,) is plotted
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against the scan rate (v) in the format of log (j,)—log (v), by
assuming that j, follows a power-law relationship with v (eq

1)70

. z

j, x v (1)
where the power z indicates the nature of the current: a value of
0.5 would indicate that the current is controlled by semi-infinite

linear diffusion; a value of 1 would indicate that the current is
surface-controlled.” In all cases (Figure 10), the z value for the
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Figure 10. Plots of log (current density)—log (scan rate), that is, log
(jp, mA/cm?)—log (v, mV/s), based on the cyclic voltammograms in
Figure 9, for MWNT (A), NP/MWNT (B), DWNT (C), and NP/
DWNT (D). The values of z, and z_ are from the fitting slopes of solid
squares and open squares, respectively.

anodic peak (z, the slope of the fitting line for the solid
squares) is about 1, indicating the nature of the pseudocapa-
citive current during the delithiation process.**”%¢ Additionally,
the z, value (the slope of the fitting line for the open squares)
for DWNT (z. = 0.91) is also close to 1, implying the fast Li-
ion transport even during the lithiation process in this material.
In contrast, the other three materials show z_ values around 0.7,
which means that the lithiation process is governed by both
diffusion in the bulk and the reaction on the surface.”

4. CONCLUSION

In conclusion, we have reported a novel 3D hierarchical
structure of TiO,-B NP/DWNT, which presents enhanced
electrode performance as the anode material in LIBs, compared
with three other structures of MWNT, NP/MWNT, and
DWNT. All four types of materials are synthesized through a
one-step hydrothermal process from anatase powders and
NaOH, followed by calcination at 300 °C for 2 h under argon.
The key factors for obtaining NP/DWNT are the high alkaline
concentration, the appropriate reaction duration (48 h), and
the optimal reaction temperature (150 °C). On the basis of a
series of studies, we can draw the following conclusions: (1) At
high rates, the Li-ion transport kinetics and the surface area
both play important roles in charge capacity; in other words,
the high rate capability lies in the pseudocapacitive nature of
the lithiation/delithiation processes both in the bulk and on the
surface. (2) NP and DWNT present comparable performance
in specific charge capacity and cycling stability, but different
reaction kinetics. (3) The inner space of DWNT and MWNT,
as their outer space, may also be readily accessible for Li ions.
(4) The superiority of DWNT to MWNT lies in the fewer

layers of tubes, rendering a shorter transport distance for Li
ions through the radial direction, the predominate (or even
probably the only) lithiation direction. Thus, the performance
enhancement can be assigned to not only NPs (only ~3 nm in
diameter), which increase surface areas and decrease diffusion
lengths of electrons and Li ions, but also the thinner walls of
DWNTs, which allows for efficient lithium transport through
the radial direction inside and outside of NTs. The capacity of
NP/DWNT can reach as high as 163 mAh/g even at the rate of
2000 mA/g; this performance is among the best regarding all
TiO,-B nanostructures. In addition, the synthetic strategy of
producing hierarchical NP/DWNT structures in one step,
which is demonstrated in this work, may also be applicable to
other battery materials.
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