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Abstract: The fundamental understanding of the relationship
between the nanostructure of an electrode and its electro-
chemical performance is crucial for achieving high-perfor-
mance lithium-ion batteries (LIBs). In this work, the relation-
ship between the nanotubular aspect ratio and electrochemical
performance of LIBs is elucidated for the first time. The
stirring hydrothermal method was used to control the aspect
ratio of viscous titanate nanotubes, which were used to
fabricate additive-free TiOj-based electrode materials. We
found that the battery performance at high charging/discharg-
ing rates is dramatically boosted when the aspect ratio is
increased, due to the optimization of electronic/ionic transport
properties within the electrode materials. The proof-of-concept
LIBs comprising nanotubes with an aspect ratio of 265 can
retain more than 86 % of their initial capacity over 6000 cycles
at a high rate of 30 C. Such devices with supercapacitor-like rate
performance and battery-like capacity herald a new paradigm
for energy storage systems.

The provision of efficient electron and ion transport is
a critical issue in developing electrode materials to achieve
ultrafast rechargeable LIBs.!! A prevalent strategy is to
design nanostructured electrode materials with high conduc-
tivity and short path length,”) since the diffusion time is
proportional to the square of diffusion length and inversely
proportional to diffusivity.?!l Although different nanostruc-
tures have been developed to increase the cycle life and
electrochemical performance of LIBs at high rates,”! several
features still limit the fundamental understanding of the
relationship between LIB performance and nanostructured
active materials,* owing to the use of polymeric binders®™ and
conductive materials®®” in conventional battery construc-
tion. One such limitation is that the inhomogeneous blend of
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the additives and electroactive materials influences the
diffusion paths of lithium ions and electrons in the electrode.®!
As a result, it is difficult to model and characterize the actual
electrochemical reaction. Another limitation is that the
additives, which normally account for the weight and
volume increase of the electrode,”® do not contribute to the
actual battery storage performance but greatly alter the
overall LIB performance. Therefore, a simple model of an
additive-free electrode is required to precisely elucidate the
correlation between the actual electrochemical performance
and structural properties of the active materials.

In a conventional battery system, a polymer binder with
the desired viscosity is required to mechanically secure the
active materials and additives. However, if the active materi-
als themselves are viscous enough to adhere well on the
current collector, the binder is not needed in the battery
system. Inspired by the hydrogel-like properties of one-
dimensional (1D) fibrous structures,”) we hypothesize that
viscous 1D nanostructures may serve as electroactive materi-
als to build battery cells without a binder. In addition, 1D
nanostructures are advantageous in avoiding the use of
conductive additives among multilevel nanostructures
(Scheme S1), due to their direct and rapid ionic/electronic
transport pathways and pronounced intrinsic/extrinsic con-
ductivity.?*1”l These reasons have strongly motivated us to
develop elongated 1D nanostructures with high viscosity for
application in additive-free electrode systems.

Herein, we use the stirring hydrothermal method (Fig-
ure 1a) to prepare gel-like 1D TiO,-based nanotubes (NTs)
with different aspect ratios, a structural property that is
strongly dependent on the viscosity of the precursor solution.
We used such gel-like NTs as additive-free electrodes to
fabricate LIBs (Scheme Slc) and discovered that the elec-
tronic/ionic transport properties of electrodes and LIBs
performance can be modulated by the aspect ratio of the
NTs. Impressively, LIBs with a remarkable high-rate and
long-life performance were achieved with NTs having a large
aspect ratio.

First we synthesized N'Ts with different aspect ratios. We
selected TiO,-based materials due to their excellent charac-
teristics, such as safety, stability, and low volume expansion.!'!]
Based on the zero-shear viscosity theory (see the Supporting
Information), it is known that solution viscosity (7,) of
a suspension is the sum of solvent viscosity (7,) and
a contribution from the suspended material [Eq. (1)].1"
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Figure 1. Fabrication and characterization of titanate NTs with different aspect ratios. a) Fabrication scheme. b) Digital photos of titanate solutions
obtained by the stirring hydrothermal method at 500 (left) and O rpm (right) after sedimentation. c) FESEM images of titanate NTs obtained at
500 rpm. d) TEM image of (c), the arrow indicates a nanotubular structure. e) XRD patterns of the products synthesized at different stirring
speeds. f—j) FESEM images of the titanate NTs obtained by hydrothermal reaction at 130°C for 24 h in at stirring rates of 0, 300, 400, 500, and

1000 rpm, respectively.
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Here v is the number of NTs per unit volume and ¢, is the
rational friction coefficient. In the traditional hydrothermal
reaction for the preparation of titanate NTs,* a low-viscosity
solution is formed due to the settling of short titanate NTs and
the weak interactions among them. To achieve a high-
viscosity solution of NTs for the preparation of additive-free
electrode LIBs, it is essential to increase the concentration of
suspended NTs (v) and strengthen their interactions (¢,). In
this regard, the controlled concentration of the TiO, pre-
cursor in solution and the formation of a cross-linking
network of extended nanotubular structures are desired. We
recently proved that longer NTs could be prepared by
a mechanical force-driven stirring process.* Therefore, it is
hypothesized that the NT aspect ratio can be controlled by
tuning the solution viscosity through the “polymerization” of
the starting material, which is strongly dependent on the
stirring rate (Figure la and the Experimental Section in
Supporting Information).

As expected, titanate NTs with gel-like properties and
a high aspect ratio could be prepared by controlling the
stirring rates (Figure 1a and Scheme S2). As shown in
Figure 1b, a gel-like titanate mixture is obtained at 500 rpm
while a laminating solution is formed at 0 rpm. For simplifi-
cation, the NTs obtained will be denoted as “NT-n”, in which
n refers to the stirring rate. Figure 1c reveals that the
synthesized NT-500 is continuous and tens of micrometers
in length. In addition, the multiwalled nanotubular structure
with hollow interior seen in the NT-500 sample (Figure 1d)
can also be observed for the other NTs prepared at different
stirring rates (Figure S1), and the resultant NTs are confirmed
to be crystalline titanate phase!'” (Figure 1e). It is noted that
the diameter and length of the NTs (Figure 1 f—j, Figure S1)
can be fine-tuned by adjusting the stirring rate; the aspect
ratios of the resultant NTs, defined as the length divided by
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the diameter, are summarized in Table S1. The increase in
tube dimensions (Figure 2 a) and the aspect ratio of the NTs is
due to the gradually improved mass transport upon mechan-
ical stirring inside the autoclave. The aspect ratio of NTs
(Table S1) and the viscosity of the resultant solution (Fig-
ure 2b) are increased at stirring rates up to 500 rpm, after
which a decrease is observed at 1000 rpm (detailed analysis in
the Supporting Information). However, a linear correlation
between the viscosity of the resultant solution and the square
of the aspect ratio () of the nanotube structure is observed
(Figure 2c¢), and it agrees well with zero-shear viscosity theory

[Eq. (2)].1%
Ny < ad’ (2)

This relation is derived from Equation (1) and a is a correction
factor. Equation (2) provides insight to control the growth of
the NTs with different aspect ratios by tuning the solution
viscosity.

Next, we prepared the additive-free battery cells from
these titanate NTs by the detailed process shown in the
Supporting Information. Despite the phase transformation
(Figure S2) induced by vacuum annealing, the hollow nano-
tube morphology is well maintained, and the diameter and
length of NTs do not exhibit any obvious changes (Figure S3).
Thus, the aspect ratio of the NTs after annealing is main-
tained. Although the surface areas (S) of the various NTs
show large differences before annealing, the differences are
minimized and the average surface area is 132+28 m’*g!
(Figure 2d) after annealing (see note in the Supporting
Information). Through the geometrical calculation of the
nanotube characteristics (see note in Supporting Informa-
tion), the thickness (#) of the nanotube can be derived from
Equation (3).

S =2/ph 3)
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Figure 2. Correlation of the stirring rate on the geometric parameters,
solution viscosity, surface area, and aspect ratio of NTs. The effects of
stirring rate on a) the length and diameter of NTs and b) the viscosity
of the resultant NT solution before thermal treatment. c) The relation-
ship between the NT aspect ratio and the corresponding solution
viscosity. d, e) The relationship between the aspect ratio and surface
area and average tube thickness before (black) and after (red)
annealing; the red dotted lines represent the mean surface area and
tube thickness after annealing, and the error bars show the standard
deviation. The inset in (e) is a schematic illustration of the nanotube
cross-section (h: tube thickness, r: inner tube diameter).

Here p refers to the density of titania. From Equation (3), it is
evident that the surface area is dependent on the NT wall
thickness and not on the NT length. Therefore, the decrease
in the surface area and pore volume (Figures S4 and S5) of the
annealed TiO, NTs is due to the increase of NT thickness.
After thermal treatment, the average thickness of various
TiO, NTs falls within a narrow range of 3.7+ 0.8 nm (Fig-
ure 2¢). The minor differences both in the surface areas and
the thicknesses of NTs are very profitable for clarifying the
correlation of the aspect ratio with the LIB performance.

As an example of the application in additive-free LIBs, we
tested the electrochemical performance of the TiO, NT-500
electrode (Figure S6). The high discharge and charge capaci-
ties of about 273 and 225mAhg!, respectively, were
exhibited for the first cycle. The capacity loss can be
rationalized by the formation of solid-electrolyte interface
layers."® In the subsequent cycles, a high Coulombic effi-
ciency above 96.9 % is obtained. The rate performance of the
NT-500 electrode decreases slowly with discharge capacity
from 222 to 116 mAhg™!, while the current rate increases
from C/5 to 30 C respectively. More importantly, the electrode
shows stable cycling performance at high rates over extended
time (Figure S7), indicating that the obtained TiO, NT
electrode is suitable for application in additive-free LIBs.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Based on the same configuration, we systematically studied
the correlation between the aspect ratio of the NTs and the
electrodes’ electrochemical performance (Figure 3). It reveals
that the discharge capacity increases with increasing stirring
rate, indicating that the NTs with a higher aspect ratio display
better electrochemical performance (Figure 3a,b). At a low
rate of C/5, these samples show very similar discharge
capacities since the diffusion time is long enough for Li" ion
insertion. With an increase in the discharging rate, the
difference in discharge capacities between the electrodes
prepared from high- and low-aspect-ratio NTs becomes more
obvious. For example, at a high rate of 30 C, capacities of 1.4
and 116 mAhg™' were delivered by NT-0 and NT-500,
respectively. For electrodes prepared from high-aspect-ratio
TiO, NTs, the rate capacity drops slightly with increasing
discharge rate, which indicates that they can tolerate ultrafast
extraction/insertion of Li* ions at high rates (Figure 3b).

Now, the fundamental question is: what is the key factor
controlling the electrochemical performance of 1D NTs and
how does it affect the battery performance? We first
identified surface area as a potential key factor since the
general perception is that electrode materials with higher
surface areas normally possesses better electrochemical
performance.!"”) However, this characteristic does not explain
all of our observations. Another possibility is that the TiO,
phase (Figure S2) obtained from the thermal treatment of
titanate may influence the battery performance since the
TiO,(B) phase has a higher theoretical capacity!!'“®! than
anatase TiO,. However, NT-1000 was observed to have lower
capacity (108 mAhg™") than NT-500 (116 mAhg™') at 30C
(Figure 3a), despite some TiO,(B) phase in the electrode.
More importantly, the capacity is observed to increase
gradually with the increase of the aspect ratio from NT-0
(14mAhg™) to NT300 (84mAhg!) and NT-400
(92 mAhg™") of pure anatase phase, as well as from NT-400
to NT-500. Therefore, it is believed that the gradual enhance-
ment of the battery performance is mainly due to the larger
aspect ratio rather than phase difference or surface area of the
nanotubes.

This discovery begs the question: how does the NT aspect
ratio influence electron/ion transport, and in turn affect LIB
performance. It should be noted that the calculated average
thickness of TiO, NTs is less than 10nm (Figure 2e).
According to Equation (4), the characteristic diffusion time
() is far less than 1 s along the axial direction and more than
10*s along the radial direction with 1 um length.”%

2
fast 4)
a

Here [ represents diffusion length and a is ion diffusivity (a is
around 1072 cm?s!™ for TiO,). Thus, the Li* ion diffusion
pathway traverses along the radial direction of the nanotube
(Figure 3¢), and the thin tubes facilitate rapid ion/electron
transport at high rates. Previous work!"! showed that Li*
diffusion in anatase is not very anisotropic; thus Li* ions
can diffuse along different planes in anatase despite their
difference in diffusion energy barriers.”” For our samples, the
thermally stable {101} plane of anatase TiO, is observed

Angew. Chem. Int. Ed. 2014, 53, 13488 -13492
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Figure 3. Electrochemical performance of the TiO, NT electrodes with different aspect ratios. a) Statistical study of the rate performance
conducted at each current density based on the discharge capacity of final cycle with ten cells as one batch. b) Correlation between the aspect

ratio and the capacity of different NTs at various discharging rates (1C=1

68 mAg ). c) Scheme of the electron and Li* transport pathways.

d) Nyquist plots of the NT electrodes; Z' and Z" represent the real and virtual parts of the complex-value impedance, respectively. e) Correlation
between the aspect ratio and internal resistance and charge-transfer resistance of the as-prepared electrodes. f) Long-term cycling performance of
NT-500 electrodes at a high rate of 30 C, showing the reversible capacity value of 114 mAhg™' after 6000 cycles with a Coulombic efficiency

around 1009%.

(Figure S3) after annealing. According to the model (Fig-
ure S8) of the Li* ion transport pathway, Li* ions can easily
diffuse into the {101} plane along the (111) direction as the
TiOg4 octahedral is arranged in this direction, leaving an empty
zigzag channel in three-dimensional networks.”!! The model
in Figure S8 also indicates the other possible Li* ion diffusion
pathways in other directions through the void channel. Thus,
Li* ions can rapidly diffuse within the thin tube thickness of
the TiO, NTs in various directions, resulting in the highly
reversible capacity at high rate of 30C. However, a huge
difference in capacity is observed between nanostructures
having different aspect ratios, with the capacity drop being
particularly serious for the low-aspect-ratio samples at high
discharging rates (Figure 3b). This leads us to hypothesize
that the electron/ion transport in electrode and electrolyte
should be a limiting factor accountable for this difference.
To prove this, the ionic and electronic resistance of NT
electrodes was tested (Figure3d,e). We found that each
Nyquist plot consists of a high- to medium-frequency semi-
circle and a linear Warburg region for all the electrodes. The
high-frequency region is characteristic of internal resistance,
which consists of the resistance of the electrode/electrolyte
interface, the separator, and the electrical contacts. The
internal resistance decreases with the increase in aspect ratio,
which indicates that high-aspect-ratio NTs possess a minor
interface resistance, which facilitates the efficient electronic
transport along the axial direction (Figure 3¢). The medium-
frequency region is associated with the charge-transfer
resistance related to Li" ion interfacial transfer, coupled
with a double-layer capacitance at the interface. It can be

clearly seen that the charge-transfer resistance also decreases
with aspect ratio, indicating the decreased ionic resistance and
enhanced kinetics for high-aspect-ratio NTs. This is a result of
their penetrable structure which is favorable for the flow and
exchange of electrolytes (Figure 1g—j). Overall, the short Li*
ion diffusion length and low internal/charge-transfer resist-
ance have enabled us to prepare a long-life LIB with
supercapacitor-like rate performance and battery-like
capacity from large-aspect-ratio NTs.

Finally, as a proof-of-concept, LIBs comprising additive-
free TiO, NTs with a large aspect ratio of 265 exhibit excellent
stability over 6000 cycles at an ultrahigh rate of 30 C while
retaining 86% of their initial capacity (133 mAhg, Fig-
ure 3f), and the nanotubular morphology is well retained
after cycling over extended times (Figure S9). It is worth
noting that the our material exhibits the best performance for
additive-free TiO,-based LIBs® so far (Table S2), and its is
comparable to that of the highest reported value for pure
TiO, electrodes!"**! and its composite electrodes with
additives.[®>

In summary, the correlation between the NT aspect ratio
and the battery performance has been revealed for the first
time in an additive-free electrode system. We have discovered
that the NT aspect ratio determines the electron/ion transport
properties of electrode materials, and the high-rate perfor-
mance of LIBs is significantly enhanced at higher NT aspect
ratios. Impressively, the outstanding LIBs based on high-
aspect-ratio TiO, NTs demonstrate ultrahigh rates and long
lifetimes over 6000 charge/discharge cycles, attributed to high
electronic/ionic conductivity and short lithium diffusion
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length. This fundamental understanding should be extremely
useful in the development of efficient energy devices by
exploiting the properties of unique nanostructures.
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