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3D protonated titanate nanoflowers synthesized by an organic-free
and cost-effective facile method exhibit a high reversible capacity,
excellent cycling performance, and a remarkable rate capability
when they worked as anode electrode materials for lithium-ion
batteries.

Lithium-ion batteries (LIBs) have been widely accepted as one of the
most promising energy storage devices, which cover a diversity of
applications with the requirements of high energy density, high rate
capability, and excellent cycle performance.! Much effort has been
focused on designing and synthesizing nanostructured electrode
materials with high surface area and short diffusion paths for lithium
ions and electrons.'*? Recently, hierarchical porous nanostructures
have attracted increasing attention due to their higher surface area
accessible to the electrolyte, short path length for lithium ions and
electrons, and sufficient space to accommodate the volume change.’
For instance, it has been shown that electrodes made of super-
structured materials such as V05,3 SnO,* SnO,,* TiO,-Ru0,,*
Co0304* and Si-C¥ displayed remarkable electrochemical properties,
such as high capacity and good reversibility. Up to now, various
methodologies, such as chemical vapor deposition (CVD),¥ atomic
layer deposition (ALD),* hydrothermal process,” and self-assem-
bly,***¢ have been developed to fabricate the particular hierarchical
nanostructures. However, these approaches are largely time/energy
consuming, as well as environmentally malign, seriously hindering the
large-scale practical application. Herein, we reported an organic-free
and cost-effective facile method to synthesize protonated titanate
nanomaterials with the novel hierarchical structures, which exhibited
remarkable electrochemical performance as anode electrode mate-
rials for LIBs.

There are four reasons for us to choose protonated titanate as
anode electrode materials: (1) it possesses a layered crystal structure
with large interlayer spacing (ca. 0.8 nm), which could accommodate
the intercalated lithium ions while maintaining the crystal structure;®
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(2) it has the intrinsic safety characteristics compared to the
commercial graphite anode suffering from the electroplating of lith-
ium;®7 (3) nanostructured protonated titanate materials have
exhibited remarkable electrochemical performance (e.g., large
initial discharge capacity of 282 mA h g~ at the current density of
240 mA g~ for protonated titanate nanotubes (PTNTSs));® and (4) it is
composed of three abundant elements (hydrogen, titanium and
oxygen) in the world, hence it is cost-effective and viable for industry.

First, we synthesized the sodium titanate nanoflowers (NaTNFs)
by means of an electrochemical spark discharge spallation (ESDS)
process within 20 min.® The detailed procedure is described in the
Experimental section (ESIY). The X-ray diffraction (XRD) pattern of
NaTNFs ((iii) of Fig. 1a) is indexed to body-centered orthorhombic
titanate (JCPDS no. 47-0124), which is made up of two-dimensional
(2D) sheets composed of edge sharing TiOg octahedra.” The broad
peaks at 260 = 9.2°, 24.6°, 28.5°, 34.9°, 38.8°, 48.3°, and 62.0°
correspond basically to the (200), (110), (310), (301), (501), (020), and
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Fig. 1 (a) XRD patterns of the (i) titanium foil, (ii) PTNFs, and (iii)
NaTNFs prepared by the ESDS method; (b) FE-SEM image of PTNFs;
(c) TEM image of PTNFs; and (d) high resolution TEM image of PTNFs.
The inset in (c) is a selected area electron diffraction pattern of PTNFs.
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(002) planes of the orthorhombic titanate phase.' Thus, the
structure of NaTNFs should be assigned to layered Na,H, ,Ti,Os,
which has similar host layers to those in the lepidocrocite-type tita-
nate, but with different cations."

Then, we obtained the protonated titanate nanoflowers (PTNFs)
by immersing the as-prepared NaTNF samples into 0.1 M HCI
solution for one day in order to have the complete ion exchange of
sodium ions by protons. Energy dispersive X-ray spectroscopy (EDS)
measurement (Fig. S1T) provides direct evidence of the complete
conversion from NaTNFs to PTNFs, since there is no sodium
element signal in the PTNF samples. Furthermore, it is noteworthy
that the XRD pattern of the PTNF samples ((ii) of Fig. 1a) has
a relatively low intensity compared to that of the as-prepared NaTNF
samples, although the morphology does not change when NaTNFs
were converted to PTNFs. This is due to the poor crystallinity of the
protonated titanate after the ion exchange,” which suggests the
presence of a slight structural transformation from a sodium
hydrogen titanate to a hydrogen titanate (H,Ti,05s).>*"* Furthermore,
the rings in selected area electron diffraction (SAED) (inset in Fig. 1c)
suggest that PTNFs are polycrystalline. Two separated diffraction
rings corresponding to the (110) and (020) planes of PTNFs are
observed (inset in Fig. 1c), and the rest of the SAED rings are very
obscure. These results are consistent with the XRD results of PTNFs.
From transmission electron microscopy (TEM) and scanning elec-
tron microscopy (SEM) images (Fig. 1b and c), we can clearly
observe that the three-dimensional (3D) PTNFs consist of individu-
ally aligned 2D titanate nanosheets, which are bundled perpendicu-
larly to the central core to form a hierarchical morphology. The size
of flower structures ranges from 0.4 um to 1.5 pm, and the interlayer
distance of PTNFs is about 0.72 nm, as shown in the high resolution
TEM image (Fig. 1d). The interlayer distance is consistent with the
literature report on the protonated titanate materials.> Additionally,
the 3D hierarchical PTNFs are highly porous (Fig. 1c), and the
Brunauer-Emmett-Teller (BET) surface area is 406.41 m? g~!, which
is much higher than the reported data of titanate nanomaterials.®

From the above description, we can see that the method and
process to synthesize such 3D hierarchical PTNFs are environment-
benign and economic. Furthermore, it is noted that the hierarchical
porous structures composed of nanometre-sized sheets and micro-
scale flowers, layered nanostructures, and high specific surface area in
PTNF samples would be the favourable configuration to help
enhance the electrolyte diffusion and lithium ions intercalation.
Therefore, PTNFs could be suitable for the application as anode
electrode materials for LIBs.

In a proof-of-concept experiment, coin cells (2032) with a metallic
lithium counter electrode were used to evaluate the electrochemical
performance of the as-prepared PTNF samples. The capacity and
cycle performance were evaluated by galvanostatic charge/discharge
measurements at a current density of 50 mA g~' with a potential
window from 1.00 to 3.00 V (versus Li/Li*) (Fig. 2a). The smoothly
sloping feature (without any potential plateau) of the curve indicates
that intermediate phases are not formed during lithium intercalation/
extraction processes.¥!? Typically, the high initial discharge capacity
of 419 mA h g~ is achieved, and the reversible charge capacity is 302
mA h g ! for the first process. An irreversible capacity loss of 28%
may be due to the trapping of lithium ions inside the titanate
framework and the solid electrolyte interface (SEI) layers forming in
the interface of the electrode and the electrolyte. The lithium-ion
storage tends to be stable after four cycles for the Coulombic
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Fig. 2 Electrochemical performance of the titanate materials: (a) the
first four discharge/charge cycles of a PTNF electrode at a current density
of 50 mA g'; (b) cyclic voltammograms of a PTNF electrode in 1 M
LiPF¢ + ethylene carbonate/diethyl carbonate (1/1, v/v) at a scan rate of
0.2 mV s7'; (c) galvanostatic cycling performance of a PTNF electrode at
different discharge rates; and (d) the cycle performances of all samples at
a current density of 50 mA g

efficiency reaches 95%. Cyclic voltammograms (CV) experiments
were further conducted to evaluate the electrochemical performance
of the PTNF electrode at a scan rate of 0.2 mV s~! over the voltage
range of 1.00-3.00 V (Fig. 2b). In the CV curves, we only observed
one pair of broad redox peaks, which is well in agreement with the
sloping property in the discharge/charge profiles in Fig. 2a. The peak
at 1.33 V corresponds to the process of insertion of lithium ions.®* It
is also noted that the peaks become wider with the cycling, which may
be due to the reason that it is more difficult for lithium ions inserting
into the PTNF electrode because of the trapping of lithium ions
inside the PTNF framework. After four cycles, there is no clear
change in the CV curves, suggesting the equilibrium of the inserting
and releasing lithium ions.

In addition, the PTNF electrodes exhibit very good rate capability
operating at various current densities between 10 mA g' and
2000 mA g '. Cycle performances of PTNF electrodes at different
current densities of 10 mA g', 200 mA g!, 1000 mA g' and
2000 mA g' are shown in Fig. 2¢c. It can be clearly observed that
PTNFs show excellent capacity retention and give out a quite high
capacity of 484 mA h g' at the current density of 10 mA g~!, and the
capacity decreases to 200 mA h g~! when the current density increases
to 1000 mA g~'. Furthermore, a reversible capacity of 184 mA hg'is
obtained at an even higher current density of 2000 mA g', nicely
confirming the short diffusion path length in our ultrathin titanate
nanosheets. Moreover, the discharge performance remains stable in
the following corresponding back stages and the specific capacities
are resumed when the rates are reduced back to lower current density.
The above electrochemical results of PTNF samples indicate that the
as-prepared PTNFs have an intensive potential as a candidate of
anode materials with high reversible capacity, good cycle perfor-
mance, and high rate discharge/charge capability. It mostly may be
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Fig. 3 (a) Nitrogen (N,) sorption isotherms and (b) pore-size distribu-
tions of PTNFs (), NaTNFs (V), PTNTs (@), PTNWs (A), and
PTBMs ().

due to the unique hierarchical architecture composed of countless
nanometre-sized sheets and each sheet can serve as the host of lithium
ions. Specifically, the as-prepared PTNFs with larger surface area
(406.41 m? g~') facilitate the electrolyte access to the electrode and
allow the lithium ions to insert into the electrode quickly.

For comparison, we also prepared PTBMs via the pyrosynthesis
method,* protonated titanate nanowires (PTNWs) and PTNTs by
the hydrothermal approach.’® Detailed experimental conditions with
the XRD data and morphology (Fig. S2t) of these materials are
described in the ESIt. Fig. 2d illustrates the cycle performance of all
titanate samples at a current density of 50 mA g~'. It is evident that
electrodes made of PTNTs, PTNWs, NaTNFs, and PTNFs all
exhibit good cycling performance during lithium ions insertion and
extraction processes. This is mainly attributed to the accommodation
of the volume change during the lithium ions storage process
benefiting from the intrinsic layered structure of titanate. It is also
noted that the cyclic performance of PTBMs is deteriorated
compared to others. Moreover, after 100 cycles, the PTNF electrode

Table 1 BET surface area, pore volume and pore size of different
samples

BET surface Pore

Samples area/m” g~! volume/cm® g~! Average pore size/nm
PTNFs 406.41 0.75 5.9
PTNTs 284.63 0.60 7.9
NaTNFs 277.52 0.52 7.5
PTNWs 27.70 0.092 13.5
PTBMs 2.07 0.0072 46.1

exhibits the highest reversible capacity at ~200 mA h g~! compared
with other titanate nanomaterials (the reversible capacities of PTNTs,
PTNWSs, NaTNFs and PTBMs are 142, 93, 114 and 22 mA h g/,
respectively). Such high performance of PTNFs may be mainly owing
to the synergetic effect of their components: the large amount of pore
channels (0.75 cm® g') and 2D nanosheets to provide a negligible
diffusion time for the electrolyte, higher specific surface areas to allow
more lithium ions to get access to the layered host matrix, while the
micro-scale flower-like spheres guarantee the good stability. In
addition, the morphology of the PTNFs after 100 cycles is retained,
which is confirmed by the FESEM image shown in the ESI
(Fig. S37).

The measurements on the specific surface area, pore volume, and
average pore size of these samples further confirmed the above
arguments. The typical nitrogen sorption isotherms and Barrett—
Joyner-Halenda (BJH) pore size distribution curves of the above-
mentioned samples are shown in Fig. 3, and the data are summarized
in Table 1. Compared with PTNTs, NaTNFs, PTNWs, and PTBMs,
PTNFs have relatively larger surface area (406.41 m? g='), which is
benefiting from the large pore volume (0.75 cm® g~') and narrow pore
size distribution (maximum value of 4.4 nm). In addition, the result of
specific surface area is closely tallying with the tendency of their
electrochemical performance. The larger surface area could offer
more contact surface for the electrolyte/electrode and would be
convenient for the lithium ions to insert into the electrode sufficiently,
so the electrochemical performance would be better.

In conclusion, 3D porous hierarchical PTNFs have been success-
fully synthesized by the combination of a fast and facile ESDS
method with a simple ion exchange. These hierarchical PTNFs
exhibit a high reversible capacity, excellent cycling performance, and
remarkable rate capacity, when they worked as the anode materials
for LIBs. These extraordinary electrochemical properties are mainly
attributed to the synergistic effect of the porous structure and the
particular hierarchical structure composed of the nanometre-sized
sheets and micro-scale flowers. While the porous structure and the
ultra-thin nanosheets provide higher specific surface area and shorter
diffusion lengths for the lithium ions and electrons, the micro-scale
flowers maintain the interior structure and guarantee good stability.
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