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Rutile TiO, Submicroboxes with Superior Lithium Storage Properties

Xin-Yao Yu, Hao Bin Wu, Le Yu, Fei-Xiang Ma, and Xiong Wen (David) Lou*

Abstract: Hollow structures of rutile TiO,, and especially with
non-spherical shape, have rarely been reported. Herein, high-
quality rutile TiO, submicroboxes have been synthesized by
a facile templating method using Fe,O; submicrocubes as
removable templates. Compared to other rutile TiO, nano-
materials, the as-prepared rutile TiO, submicroboxes manifest
superior lithium storage properties in terms of high specific
capacity, long-term cycling stability, and excellent rate capa-
bility.

Hollow nanostructured metal oxides exhibit interesting
electrochemical performance as electrode materials for
lithium-ion batteries (LIBs) owing to the greatly enhanced
diffusion kinetics and structural stability.'*! Up to now,
various approaches have been developed to controllably
synthesize different hollow nanostructured metal oxides."*!
Among these strategies, the hard-templating method has
been demonstrated to be one of the most effective and
conceptually straightforward strategies to achieve uniform,
size-controllable, and well-defined hollow structured metal
oxides.*™! These hard templates including silica, polymer
latex, carbon nanospheres, and other colloidal particles are
advantageous for narrow size distribution, ready availability
in relatively large amounts, and simplicity of syntheses.**! For
example, using silica spheres as the template, we have
synthesized coaxial carbon-coated SnO, hollow nanospheres
that exhibit superior lithium storage capabilities."”! Wang and
co-workers reported the accurate synthesis of multi-shelled
Co;0, hollow microspheres as high-performance anode
materials in LIBs by using carbonaceous microspheres as
templates.”! Although great advances have been achieved, the
products obtained from template-engaged methods are
mostly spherical in shape. Controllable synthesis of non-
spherical hollow nanostructured metal oxides still suffer from
many difficulties ranging from the paucity of available non-
spherical templates to the challenge to form uniform coating
around high-curvature surfaces."* Therefore, the design and
synthesis of high-quality non-spherical hollow structured
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metal oxides, such as rutile TiO,, still remain as a significant
challenge until now.

Titanium oxide (TiO,) materials are promising candidates
as alternative electrode materials to carbonaceous anodes
owing to their advantages in terms of low-cost, safety, and
environmentally benign nature.*'! They can operate in
conventional carbonate electrolytes with excellent stability
and thus avoid the formation of solid electrode interphase
(SEI) layers, owing to their high working voltage above 1 V
vs. Li*/Li'*1%7 The reversible lithium insertion has been
demonstrated for many different TiO, polymorphs, including
anatase, rutile, TiO,(B), and brookite.'>>152! Among them,
the rutile phase is most thermodynamically stable. Unfortu-
nately, for a long time, rutile TiO, has been considered as
a poor Li‘-insertion material owing to the limited Li*
intercalation for bulk rutile.”” At an elevated temperature
of 120°C, successful Li* insertion/extraction into microsized
rutile particles using a lithium polymer cell has been
demonstrated.”! Recently, several reports have shown that
nanosized rutile TiO, is more electroactive for lithium
insertion at room temperature.[>?>23% However, the lithium
storage performance especially the long-term cycling stability
of rutile TiO, is still unsatisfactory and needs to be further
improved. On the other hand, nanoparticles tend to aggregate
during the charge—discharge process, which largely hinders
their practical applications. Compared with common nano-
particles, hollow nanostructures composed of nanosized
primary building blocks could not only solve the problem of
irregular aggregation, but also effectively shorten the trans-
port path for both electrons and Li* ions in TiO, matrix and
provide a large electrode/electrolyte contact area, which are
expected to further improve the rate capability and cycling
performance. However, so far, the preparation of hollow
structured rutile TiO,, especially with a non-spherical shape,
remains unreported.

Herein, we report the successful synthesis of porous rutile
TiO, submicroboxes for the first time by a facile templating
method. When evaluated as anode materials for LIBs, these
rutile TiO, submicroboxes manifest high specific capacity,
long-life cycling stability, and excellent rate performance. The
synthesis strategy of rutile TiO, submicroboxes is depicted in
Figure 1. First, uniform Fe,O; submicrocubes employed as the
removable templates are coated with a conformal layer of
TiO, by a newly developed solvothermal method to obtain
Fe,0,@TiO, core@shell submicrocubes (step I). Next, the
Fe,0;@TiO, core@shell submicrocubes are annealed in air to
increase the crystallinity of the TiO, layer (step II). Finally,
the Fe,O; cores can be completely etched out to produce
porous TiO, submicroboxes with entirely hollow interiors
(step III).

Uniform Fe,O; submicrocubes synthesized through
a facile and scalable co-precipitation method®'! are employed
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Figure 1. Illustration of the formation of porous rutile TiO, submicro-
boxes using Fe,O; submicrocubes as templates. |: Fe,O; submicrocube
templates are uniformly coated with TiO, layer by an solvothermal
method; II: the Fe,O;@TiO, submicrocubes are annealed in air to
improve the crystallinity of TiO, layer; 111 the Fe,O; submicrocube
templates are selectively removed by oxalic acid etching to obtain
porous rutile TiO, submicroboxes.

as the template. Field-emission scanning electron microscopy
(FESEM) images show that these Fe,O; submicrocubes are
highly uniform with an average size of around 500 nm
(Figure 2a; Supporting Information, Figure Sla). X-ray
powder diffraction (XRD) analysis confirms the successful

TiO, layer

Figure 2. FESEM (a—c) and TEM (d) images of Fe,O; submicrocu-
bes (a) and Fe,O;@TiO, core@shell submicrocubes (b—d).

synthesis of a-Fe,O; (Supporting Information, Figure S1b).
Uniform TiO, shells are obtained in a diethylene glycol/acetic
acid mixed solvent under solvothermal condition. The
crystallographic structure of the as-prepared Fe,0,@TiO,
core@shell submicrocubes is confirmed by XRD (Supporting
Information, Figure S2). All of the peaks observed can be
unequivocally assigned to rhombohedral hematite (JCPDS
card no. 33-0664) and tetragonal rutile TiO, (JCPDS card no.
89-4202). Figure 2 b—d show typical FESEM and transmission
electron microscopy (TEM) images of the as-synthesized
Fe,0;@TiO, core@shell structures. The increased roughness
of these submicrocubes compared with the original Fe,O;
crystals (Figure 2b) indicates the formation of TiO, shells on
the core particles. Figure 2¢c shows the FESEM image of
a single Fe,0;@TiO, core@shell submicrocube displaying the
cubic shape with a particulate surface. The core@shell
structure is further confirmed by the low-magnification
TEM image (Figure 2d), from which it is apparent that
a thin TiO, layer has been coated on the whole surface of
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Fe,0; core and the size of these Fe,0;@TiO, core@shell
submicrocubes slightly increases to about 540 nm. The TiO,
shells are quite uniform and thin (thickness of around 20 nm).
After annealing treatment, the core-shell structure is well
maintained without obvious alternation in morphology (Sup-
porting Information, Figure S3).

The Fe,O; template can be easily dissolved by oxalic acid,
whereas TiO, is relatively stable in the solution, to obtain
TiO, submicroboxes. As shown by XRD analysis (Supporting
Information, Figure S2), a pure rutile phase is obtained
without visible Fe,O; residue. Compared with the TiO, layer
in the Fe,0;@TiO, core@shell particles before annealing
treatment, the crystallinity of TiO, submicroboxes is greatly
improved. As shown in the low-magnification FESEM image
in Figure 3 a, the cubic structure is perfectly retained with an

Figure 3. a),b) FESEM and c)—f) TEM images of porous rutile TiO,
submicroboxes.

average size of about 540 nm. A close examination of a single
TiO, submicrobox reveals a rough surface composed of TiO,
nanoparticles (Figure 3b). The hollow interior and geomet-
rical structure of the as-obtained TiO, submicroboxes are
further elucidated by TEM (Figure 3c—e). In agreement with
the above FESEM findings, the inner cavities can be clearly
observed by the sharp contrast between the TiO, shell and
hollow interior (Figure 3¢,d). The shells of these submicro-
boxes are uniform and highly porous, with a thickness
confirmed to be about 20 nm (Figure 3 d). From the magnified
TEM image of one corner of a single submicrobox (Fig-
ure 3¢), it can be observed that the shell is constructed by
nanoparticles with size of about 10-20 nm. Moreover, TEM
images demonstrate the porous structure of these shells with
pore size of several nanometers (Figure 3d,e). The lattice
fringes in a typical high-resolution TEM image (Figure 3 f)
are separated by 0.25 nm, in good agreement with the (101)
lattice spacing of rutile TiO,. In virtue of the hollow structure
and porous thin shell, the as-prepared rutile TiO, submicro-
boxes possess relatively high Brunauer-Emmett-Teller
(BET) surface area of 57 m*g~' (N, adsorption-desorption
isotherms are shown in the Supporting Information, Fig-
ure S4). The tap density of these rutile TiO, submicroboxes
(0.44 gcm™) is much higher than that of P25 TiO, nano-
particles (0.17 gcm ™).
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To demonstrate the advantages of these TiO, submicro-
boxes, we investigated their electrochemical lithium storage
properties as an anode material for LIBs. The cyclic
voltammetry (CV) results (Supporting Information, Fig-
ure S5) are consistent with previously reported data.**¥
The first cycle shows two cathodic peaks at about 1.4 and
1.0V vs. Li/Li*, which can be attributed to the lithium
insertion into the rutile structure.”*3? The peak current
decreases significantly in the subsequent cycles, indicating the
irreversible formation of LiTiO, phase from the rutile
phase.>3 The CV curves of the second and fifth cycles
almost overlap, demonstrating the good reversibility of the
electrochemical reactions in the electrode after the first cycle.

Figure 4a shows representative discharge—charge voltage
profiles of rutile TiO, submicroboxes at a current rate of 1 C
within a cut-off window of 1.0-3.0 V. Consistent with the CV
results, the first discharge curve shows two major poorly
defined plateau regions at about 1.4 and 1.1 V vs. Li/Li",
which agrees well with other nanosized rutile electrodes that
have been reported.?>?*¥ The initial discharge process leads
to a very high initial capacity of about 424 mAhg™', which
greatly exceeds the theoretical capacity of rutile TiO,
(335 mAhg™! for Li* + e~ + TiO,=LiTiO,).’*?" This is prob-
ably related to the hollow structure, which provides more
surface active sites for lithium storage and other irreversible
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Figure 4. a) Charge—discharge voltage profiles of rutile TiO, submicro-
boxes for the 1st, 2nd, 50th, and 100th cycles at a current density of

1 C. (b) Cycling performance of rutile TiO, submicroboxes and TiO,
microparticles at a current density of 5 C, and the corresponding
Coulombic efficiency of rutile TiO, submicroboxes. c) Rate perfor-
mance of rutile TiO, submicroboxes and TiO, microparticles at various
current rates from 1t0 30C. 1 C=170 mAg™".

Angew. Chem. 2015, 127, 4073 -4076

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

o

side reactions on nanosized rutile (for example, the above-
mentioned irreversible reaction with residual water).”>%! A
lower capacity of 238 mAhg™' is obtained in the following
charge process, leading to an irreversible capacity loss of
44 % . The large irreversible capacity loss during the first cycle
could be mainly related to the irreversible change of rutile
structure between 1.4 and 1.0 V vs. Li/Li* for a deep lithium
insertion.*?+2>33 The large volume strain induced during the
lithium insertion causes the trapping of Li* ions inside the
structure.™ After the first cycle, the specific capacity of the
TiO, submicroboxes electrode is stabilized. All the subse-
quent cycles show a slope profile of voltage-capacity relation-
ship during both the charge and discharge processes (Fig-
ure 4a), which can be attributed to the formation of a nano-
composite of crystalline grains and amorphous regions.'”] A
discharge capacity of 225 mAhg ! is delivered in the second
cycle, followed by a charge capacity of 213 mAhg ', giving
rise to a high Coloumbic efficiency (CE) of about 95%. The
discharge capacity remains at about 188 mAhg™' after
200 cycles at a current rate of 1 C (Supporting Information,
Figure S6). This performance is superior to most other
nanostructured rutile TiO,-based anode materials.[!%:2>2¢:33-36]
For comparison, irregular microparticles composed of rutile
TiO, nanoparticles are also prepared by a similar method
without the addition of Fe,O; templates (Supporting Infor-
mation, Figure S7), which exhibit inferior electrochemical
activity (Supporting Information, Figure S6). Electrochemi-
cal impedance spectroscopy measurements demonstrate that
TiO, submicroboxes show smaller diameter of high frequency
semicircle than TiO, microparticles, indicating smaller solid-
state interface resistance (Supporting Information, Fig-
ure S8).

Moreover, the rutile TiO, submicroboxes can be cycled
with high stability at higher current rates of 5 and 10 C
(Figure 4b; Supporting Information, Figure S9). Remarkably,
a reversible capacity of 141 mAhg™" at a current rate of 5 C
after 500 cycles can still be retained with CE of almost 100 %
throughout the cycling. The excellent rate capability of the
TiO, submicroboxes electrode is also investigated by charging
and discharging at varying current rates ranging from 1 to
30 C (Figure 4c). Obviously, TiO, submicroboxes possess
better cyclic stability and higher capacity than TiO, micro-
particles at each current rate. The average specific capacities
for rutile TiO, submicroboxes are 210, 184, 146, 115, 85, and
68 mAhg ! at current rates of 1, 2, 5, 10, 20, and 30 C,
respectively. Remarkably, after cycling at 30 C, a stable
capacity of about 210 mAhg™" can still be delivered once
the current rate is reduced back to 1 C, indicating the good
structural stability of TiO, submicroboxes. TiO, submicro-
boxes with an average size of about 750 nm are also
synthesized using larger sized Fe,O; cores (700 nm) as
templates (Supporting Information, Figure S10a,b). Similarly,
the larger sized TiO, submicroboxes show comparable
specific capacity and cycling performance (Supporting Infor-
mation, Figure S10¢).

The above results clearly evidence that hollow structured
submicroboxes can greatly improve the electrochemical
performance of rutile TiO, compared to the solid counterpart,
which probably benefits from their unique structural charac-
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teristics. Specifically, the high surface area of the hollow
structure provides more active sites and electrolyte—electrode
contact area for Li" insertion and surface lithium storage
compared with solid counterparts. The small size of primary
nanoparticles and the presence of permeable porous thin
shells enable the much easier diffusion of Li" ions by
shortening the transport length effectively. Meanwhile, the
void space in the interior can accommodate large lattice
distortion of the rutile TiO, upon Li" ions insertion/extrac-
tion, which will help maintain the structural integrity. With
the enhanced structural stability and kinetics, lithium storage
properties of the present TiO, submicroboxes are thus
significantly improved.

In summary, we have developed a facile templating
method for synthesizing porous rutile TiO, submicroboxes
using Fe,O; submicrocubes as removable templates. Uniform
TiO, thin shells are first coated on Fe,O; submicrocubes to
form Fe,0;@TiO, core@shell structures. After subsequent
removal of Fe,O; cores with acid washing, high-quality rutile
TiO, submicroboxes are obtained for the first time. Owing to
the high surface area, porous thin shells, and small primary
nanoparticles, these TiO, submicroboxes possess significantly
improved lithium storage properties with remarkably stable
capacity retention for over 500 cycles and enhanced rate
capability at high rates up to 30 C.

Keywords: hydrothermal synthesis - lithium storage -
nanostructures - rutile TiO, - submicroboxes
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