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ABSTRACT: Anatase TiO, nanosheets (ATNs) are successfully prepared
by a biomimetic layer-by-layer titania mineralization approach, and the
electrochemical performance of the ATNs as negative electrode for lithium-
ion batteries is investigated by the galvanostatic chronopotentiometry and
cyclic voltammetry. A high initial discharge capacity (311 mA h g™') and
initial Coulombic efficiency (81.7%) were obtained for ATNs, and capacities
of 252, 202, 186, 158, 136, and 119 mA h g_1 were obtained at 0.2, 1, S, 10,
20, and 30 C, respectively. Particularly, the ATNs can still maintains a
capacity of 108 mA h g~" after 4000 cycles at 30 C (only a capacity loss of
10%), which indicated a superior rate capabilities and cyclability. The CVs
analysis revealed that the ANTSs have both diffusive lithium storage in the
bulk and pseudocapacitive lithium storage at the surface (also called
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interfacial lithium storage), and the pseudocapacitive lithium storage

dominates the total capacity when the scan rates are above 1 mV s™'. The fast and stable lithium storage of ATNs might be
attributed to the high pseudocapacitive lithium storage contribution in the material, and it was suggested the pseudocapacitive
lithium storage could occurred at grain—grain interfaces as well as nanosheet surfaces.
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B INTRODUCTION

The rapidly growing demand for electric vehicles and mobile
electronics urgently requires the development of lithium ion
batteries (LIBs) with both high power density and high energy
density, one of major challenges is to develop novel electrode
materials with fast charge/discharge rate, high capacity and long
cycle life." Anatase TiO, is regarded as an ideal electrode
material for fast lithium storage due to the advantages in terms
of low cost, environmentally benign, structural stability, and
facile approach,k8 moreover, its high working voltage (more
than 1.7 V vs Li*/Li) alleviate the formation of solid electrolyte
interfaces layers and avoid electroplating of lithium during high
rate operation.” However, the poor rate capability of TiO,
electrodes, which results from their low electrical conductivity
and lithium diffusion coefficient, seriously hinder its practical
application in high power LIBs.>® To overcome the electronic
and ionic transport limitations and improve the rate perform-
ance of TiO,-based electrodes, different strategies, such as
fabricating various TiO, nanostructures,'®™3 coating/mixing
with more conductive materials'*~>° have been developed.
Particularly, the reduction of the TiO, particle size is of great
importance to improve the rate performance because of the
short path lengths for lithium diffusion and electronic transport;
also, the smaller TiO, particle size often lead to the increase of
surface areas, which result in higher electrolyte/electrode
contact area, thus resulting in faster charge/discharge rates.
On the other hand, decreasing the crystallite size to
nanoscale dimension leads to a significant increase of
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pseudocapacitve effect, which is the lithium storage occurrin

at the surface, also called interfacial lithium storage.m_3

Because of its fast faradaic reactions at the surface and long-
term cycling stability, the development of pseudocapacitance is
of great interest for high power density applications.>"** This
charge storage mechanism is different from lithium-ion
insertion reactions that occur in LIBs and lead to high energy
density; therefore, the nanosized material offer an unique
opportunity to tailor power density and energy density, closing
the gap between LIBs and supercapacitors. In the past decades,
various nanostructured anatase TiO, have been fabricated and
exhibited the improved electrochemical performance in
LIBs;*°™!3 however, the capacitve effect arising from nano-
structured anatase TiO, have received much less attention, very
few papers addressed the pseudocapacitive contribution for
anatase TiO,,>* ¢ and the difficulty to separate the capacitive
behavior from the diffusion-controlled insertion behavior might
be a major cause. By fitting the voltammetric currents at various
sweep rates to appropriate power law relationships, Lindstorm
et al. investigated the capacitive contribution associated with
lithium-ion insertion in mesoporous TiO, film;>> Wang et al.
investigated the nanoparticle dimension effect on capacitive
contribution in a three-electrode cell and revealed the
contribution became increasingly important when the particles
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size is reduced below 10 nm;** Zhu et al. investigated the
pseudocapacitive effect for oriented anatase TiO, nanotube
arrays using voltammetric analysis, and the relative contribution
of pseudocapacitive storage was found to strongly depend on
the scan rate.’® Through galvanostatic chronopotentiometry,
Shin et al. suggested a reversible pseudocapacitive stora%e
mechanism for nanoporous anatase TiO, at high rates. g
Nevertheless, many important issues such as morphology,
polymorph, doping, surface areas, and hierarchical structure
effect on pseudocapacitive lithium-ion storage have not been
tully investigated, and the lithium-ion storage mechanism at the
surface is not fully understood.

Herein, we report a fast and stable lithium ion storage for
anatase TiO, nanosheets (ATNs) electrode, which is
synthesized through a modified biomimetic layer-by-layer
(LBL) titania mineralziation approach®” * The method is
based on an aqueous, branched polyethyleneimine (b-PEI)-
mediated layer-by-layer titania deposition to fabricate polymer/
titania composite coatings on graphene oxide, so that, upon
organic pyrolysis in air at 500 °C, ATNs are formed. Such a
biomimetic approach to ATNs holds many favorable merits
including: (1) except for organic pyrolysis, the whole procedure
is carried out at room-temperature and neutral pH environment
aqueous system, and no corrosive titanium precursors or
chemicals are needed, indicating the synthetic pathway is
“green”; (2) the resulting ATNs possess both nanosized effects
and the stability of the assemblies, which will diminish some
disadvantages for simple nanosized materials such as undesir-
able side reactions resulting from a large of surface area and
poor electronic conduction network due to aggregation of
nanoparticles. Galvanostatic chronopotentiometry of ATNs
show a high initial Coulombic efficiency and excellent high-rate
lithium storage capabilities, particularly, the ATNs maintain a
capacity of 108 mA h g™" after 4000 cycles at a high rate (30 C,
about S A/g). Cyclic voltammograms revealed that the ATNs
electrodes have both pseudocapacitive storage associated with
surface and bulk diffusion storage, and the pseudocapacitive
storage dominates the total capacity when the scan rates are
above 1 mV s™'; we suggest the fast and stable lithium storage
performance for ATNs might be attributed from the high
pseudocapacitive storage contribution at high rates, which
occurred at nanocrystal interfaces as well as nanosheet surfaces.

B EXPERIMENTAL SECTION

Synthesis of Anatase TiO, Nanosheets. A biomimetic layer by
layer titania deposition approach to prepare anatase TiO, nanosheets
is schematically illustrated in Scheme 1. At the beginning, graphene
oxide solution (Graphene-supermarket) was used as the 2D template,
and branched polyethyleneimine (b-PEL Sigma-Aldrich) was used as
the catalytic polymer; through an electrostatic interaction, the b-PEI
was adsorbed on graphene oxide (GO) by mixing the graphene oxide
solution (0.5 mg/mL, 25 mL) and buffered b-PEI solution (Tris-HC,
pH 7.0, 25 mL, 6 wt %) and stirring at room temperature for 2 h. Then
the GO/b-PEI composite was centrifuged and rinsed twice with
deionized water to remove the residual b-PEL. Next, the GO/b-PEI
was dispersed in 20 mL of deionized water homogeneously, followed
by dropwise adding 4.5 mL of titanium bis(ammonium lactato)-
dihydroxide (Ti-BALDH) aqueous solution (22 g/L, pH 6.8, Alfa
Aesar) to obtain the Ti—O layer upon the surface of GO/b-PEL After
being centrifuged and washed with deionized water twice, a GO/b-
PEI/Ti—O composite was obtained. By repeating the above steps for 5
cycles, b-PEI/Ti—O-coated graphene oxides nanosheets were
obtained. After organic pyrolysis in air at 500 °C for 3 h, anatase
TiO, nanosheets were obtained.
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Scheme 1. Illustration of the Biomimetic Layer-by-Layer
Deposition Titania Assisted the Synthesis of Anatase TiO,
Nanosheets

GO/ b-PEI

Ti-BALDH
solution

Anata§e TiO, Nanosheets GO/ b-PEI/ TiO, composite

Material Characterization. The X-ray diffraction (XRD) of
powder samples was examined on a Bruker D8 ADVANCE X-ray
filtered Cu Ka radiation. The zeta-potentials of GO/b-PEI and GO/b-
PEI/Ti—O composite were measured in water using a Zetasizer NS
instrument (Malvern Instruments, Malvern). Note three zeta potential
measurements were obtained from each of three different samples for
each data point in Figure 1 (i.e., 9 measurements for a given stage of
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Figure 1. Zeta-potential measurement of graphene oxide after the
deposition of each layer. The first measurement (layer 0) is the surface
potential of graphene oxide.

exposure). Scanning electron microscope (SEM) images were
obtained from a Hitachi S-4300 instrument in high vacuum mode.
Transmission electron microscopy (TEM and high-resolution TEM)
images were taken with a Tecnai F20 microscope equipped with EDX
energy dispersive spectrometers (EDS) at an accelerating voltage of
200 kV. The nitrogen adsorption and desorption isotherms at 77 K
were obtained with an Autosorb system (Quanta Chrome, USA).
Electrochemical Measurement. To prepare the working electro-
des, we pasted an N-methyl pyrrolidinone (NMP) slurry, containing
75 wt % of the anatase TiO, nanosheets, 10 wt % polyvinylidene
fluoride (Aldrich), and 15 wt % of carbon black, onto the pure Cu foil.
The active material loading was 1.5—1.7 mg/ cm? The electrodes were
dried under a vacuum at 100 °C overnight. Glass fiber (GF/D
Whatman) was used as a separator. The counter electrode was pure
lithium foil (Aldrich) and the electrolyte was 1 M LiPF4 which was a
50:50 v/v mixture of ethylene carbonate and diethyl carbonate. Cell
assembly was conducted in a recirculating argon glovebox in which the
moisture and oxygen content were all under 1 ppm. A Neware battery
tester (Shenzhen, China) was used to conduct the Galvanostatic
chronopotentiometries. Cyclic voltammetry (CV) studies were
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obtained over the potential range from 3.0 to 1.0 V at a scanning rate
of 0.1, 0.2, 0.5, 1.0, and 2.0 mV s™' on a potentiostat (VMP3).

Bl RESULTS AND DISCUSSION

A modified biomimetic way through layer-by-layer titania
deposition was used to convert graphene oxides into ATN.
The method is based on a previously reported, aqueous,
protamine-mediated layer-by-layer titania deposition to prepare
protein/titania composite coatings.””** Prior work involved
the deposition process on diatom frustules,®” alumina
templates,®® sillica spheres,® and CaCO, spheres;** In the
experiment, an inexpensive, artificial cationic polyelectrolyte (b-
PEI) was chosen to replace protamine for b-PEI demonstrating
the ability of biomineralization of TiO, as well as protamine.
The graphene oxides were exposed in an alternating fashion to
buffered aqueous solutions of b-PEI and the titania precursor
(Ti-BALDH) for the layer-by-layer fabrication of a b-PEI/Ti—
O coating (Scheme 1).

The polycationic b-PEI molecules bind to negatively charged
graphene oxides and induce the formation of a Ti—O-bearing
coating from the Ti-BALDH precursor. And the ability of b-PEI
to bind to the graphene oxides or titania surfaces, enabled the
layer-by-layer fabrication of a b-PEI/Ti—O-bearing composite
coating on the graphene oxides. Application of this LbL
deposition process was tracked via zeta potential measurements
taken at every step during the first five cycles of Ti—O
deposition; an oscillation for zeta potentials measurement was
observed after each alternative deposition of the b-PEI and
TiO, (Figure 1), which was consistent with the presence of
positively charged b-PEI molecules or of negatively charged
TiO,, respectively. Then, the b-PEI/Ti—O-coated graphene
oxides were heated at S °C min™" to 500 °C in air and held at
500 °C for 3 h for removing water, organic pyrolysis and TiO,
crystallization. Thermogravimetric (TG) analysis of the b-PEI/
Ti—O-coated graphene oxides (see Figure S1 in the Supporting
Information) showed an initial reduction (11.7%) in weight
before 150 °C, which was attributed to the loss of adsorbed
water; and a second larger weight reduction (36.5%) was
observed from about 150 to 650 °C, which was attributed to
the decomposition of graphene oxides and b-PEIL Figure 2
demonstrated the SEM image of a b-PEI/Ti—O-coated
graphene oxides via exposure to S deposition cycles after
organic pyrolysis, a large number of nanosheets with a thickness
of about 30 nm were observed. Figure 3 showed the XRD
pattern of the nanosheets before and after organic pyrolysis; the
as prepared nanosheets (b-PEI/Ti—O-coated graphene oxides)

Figure 2. Scanning electron microscopy image of anatase TiO,
nanosheets, bar: 200 nm.
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Figure 3. X-ray diffraction (XRD) pattern of the nanosheets (A)
before and (B) after organic pyrolysis.

displayed amorphous structure, whereas the diffraction peaks
matched well with the standard pattern of anatase (JCPDS card
no. 21—1272) for nanosheets after organic pyrolysis, and the
calculated average crystallite sizes (using the Scherrer formula)
in the (101) direction is 5.4 + 0.2 nm.

Figure 4a revealed the TEM images of samples after organic
pyrolysis, the sheet-like structures were also observed; the

(200)

Figure 4. (a) Transmission electron microscopy image of anatase
TiO, nanosheets; bar, 50 nm; inset, selected-area electron diffraction
of anatase TiO, nanosheets. (b) High-resolution transmission electron
microscopy image of anatase TiO, nanosheets; bar, S nm; the lattice
spacings of 0.35 nm was attributed to the (101) reflections from the
anatase TiO,.

energy-dispersive X-ray spectroscopy analysis indicated the
existence of Cu (from the Cu grid), Ti and O species, and the
atomic ratio of O/Ti was about 2:1 (see Figure S2 in the
Supporting Information), selected-area electron diffraction
(SAED) showed a typical multiple rings pattern (inset in
Figure 4a), and lattice planes of the anatase (101), (004),
(200), and (211) were clearly indexed in SAED patterns,
suggesting the obtained nanosheet is an anatase TiO,
polycrystalline. High resolution TEM image (Figure 4b)
further showed the obtained TiO, nanosheet was composed
of numerous nanocystals (5—10 nm) connected compactly.

The nitrogen adsorption/desorption isotherms measurement
conducted at 77 K (see Figure S3 in the Supporting
Information) suggested the obtained ANTSs was nonporous,
and the BET surface area was 32 m* g™\,

As a comparsion, the characterizations of XRD, TEM,
HRTEM and BET for the commercial anatase TiO, nano-
particles (Comm.-TiO,, Alfa aesar) were shown in Figures S4—
S6 in the Supporting Information. The calculated average grain
size of anatase phase (101) plane (using Scherrer formula) is
about 12 nm (see Figure S4 in the Supporting Information).
Figure S5 in the Supporting Informationshows a TEM image of
the Comm.-TiO,. It can be shown that the Comm.-TiO,
comprised large particles aggregated by numerous nano-
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crystallites. High-resolution TEM image was shown in Figure
SSb in the Supporting Information, a lattice spacing of 0.35 nm
was observed, corresponding to the (101) plane of the anatase
TiO,. Besides, a high surface area of 178 m* ¢! was obtained in
Comm.-TiO, (see Figure S6 in the Supporting Information).
The lithium-storage performance of ATNs was evaluated, for
comparsion, the performance of commercial 12 nm sized
anatase TiO, nanoparticles (Comm.-TiO,, Alfa aesar) with high
surface area (178 m’ g™') was also tested under the same
conditions. In general, the lithium insertion/extraction reaction
in anatase TiO, nanosheet according to the following equations

(1)

The «x is the amount of inserted Li* in TiO, and it depends
upon the properties of the materials used; for anatase, the
maximum x is 0.5 for fully reversible reaction, accompanied
with the phase transformation from the tetragonal TiO, to
orthorhombic Li, s TiO,, corresponding to a capacity of 168 mA
h g_l; when x > 0.5, the reaction known becoming very slow.*!

Figure Sa shows the initial galvanostatic discharge/charge
curves for ATNs and Comm.-TiO, conducted at a rate of 0.2 C
in the potential window of 1.0-3.0 V (1 C = 168 mA g''), a
high initial discharge capacity of 311.2 mA h g™ and a charge
capacity of 254.6 mA h g' were obtained for ATNS,
corresponding to only 18.3% initial capacity loss. While the
Comm.-TiO, demonstrates an initial discharge capacity of 274.6
mA h ¢! and a charge capacity of 2053 mA h g7,
corresponding to 24.8% initial capacity loss. Irreversible
capacity loss during the first cycle is common for nanosized
TiO, and has been attributed to surface reactions with the
electrolyte on reduction,””* the improvement in initial
Coulombic efficiency for ATNs is important for LIBs practical
applications, and might be attributed to the relative low surface
areas (32 m* g™'). According to literature,*"**7 the discharge
curve of anatase TiO, nanosheets can be divided into three
voltage regions; in the first region, the potential decreased
rapidly to about 1.7 V (vs Li*/Li), which is attributed to a
homogeneous lithium insertion to the bulk (forming solid
solution domain, Li,TiO, with x up to 0.15); in the second
region, the potential of the anatase TiO, nanosheets electrode
reaches a plateau at 1.7 V, where Li-rich phase (Li,TiO,, 0.15 <
x < 0.5) are expected to coexist anatase TiO, phase, this plateau
signifies the biphasic region, which is typical for Li insertion
into anatase TiO, electrode. Compared with the observed flat
plateau for Comm.-TiO,, the ATNs demonstrated a small
decrease of potential with the increase of capacity. In the third
region, the potential decreased linearly from 1.75 to 1.0 V with
the increasing capacity, signifying the further Li storage
occurred at nanoparticle surface/interfaces; it was suggested
such Li storage is irreversible at low rates, and the reversible
storage of lithium can possibly occur during this voltage region
at high rates.>> Note the ATN's possess a longer the third region
than Comm.-TiO,, indicating more lithium storage in this
region.

Figure Sb displays the rate performance of ATNs and
Comm.-TiO, at charge/discharge rate between 0.2 and 30 C;
the ATNs show excellent rate performance with 186 mA h g™
at 5 C, 158 mAhg'at 10 C, 136 mA h g* at 20 C and 119
mA h ¢! at 30 C, whereas Comm.-TiO, only maintain 126 mA
hg'at5C 108 mAhg'at10C 87 mAhg'at20C, and 73
mA h g™ at 30 C. To test the cycle performance for ATNs at
high rates, we discharged/charged the cell at 30 C for 4000
cycles after aging at S C for 50 cycles. Figure Sc demonstrates

TiO, + xLi" + xe” = Li,TiO,
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Figure S. (a) Initial galvanostatic discharge/charge profiles for ATNs
and comm.-TiO, electrodes; (b) the rate performance of ATNs and
comm.-TiO, electrodes at different current rates; (c) cycling

performance of ATNs electrode at high current rate of 30 C; (d)
the impedance spectrum for ATNs and comm.- TiO, electrodes.

the capacity of ATNs starts at 119 mA h g™" and still keeps at
108 mA h g after 4000 cycles, which indicated a superior
long-term, high-rate lithium storage capabilities. Figure Sd.
represented that the impedance spectra results, the anatase
TiO, nanosheets electrode showed a much lower Ohmic
resistance (Rg) (3.9 Q vs 8.5 Q) and charge-transfer resistance
(Ry) (36.2 Q vs 68.6 Q) than commercial TiO, nanoparticles,
which would faciliate the lithium ion transport for anatase TiO,
nanosheet during lithium insertion/extraction process, and lead
to the improved electrode performance.
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Figure 6. (a) Cyclic voltammograms of ATNs and comm.-TiO, electrodes at a scan rate of 0.1 mV s™'; (b) cyclic voltammograms of ATNs
electrodes at various scan rates. (c) cyclic voltammograms of comm.-TiO, electrodes at various scan rates. (d) calculated surface pseudocapacitive and
bulk insertion discharge currents; insert: the peak discharge current of the ATNs measured at various scan rates. (e) Calculated surface
pseudocapacitive and bulk insertion discharge currents; insert: the peak discharge current of the comm.-TiO, measured at various scan rates.

Figure 6a shows typical cyclic voltammetry (CV) curves of
the ATNs and Comm.-TiO, electrode measured at a scan rate
of 0.1 mVs™.. The CV curve of ATNs show a couple of
cathodic/anodic peaks at 1.65 and 2.06 V respectively,
corresponding to Li" insertion/extraction potentials for the
anatase TiO,; note the potentials of the cathodic peak is a little
lower than that of Comm.-TiO, (1.68 V), which agreed well
with the galvanostatic chronopotentiometry. Besides the major
peak, a shoulder peak was observed at 1.3—1.4 V for both
ATNs and Comm.-TiO,, which might be attributed to the
further lithium storage occurring at nanoparticle surfaces/
interfaces, note the shoulder peak of ATNs is obviously bigger
than that of Comm.-TiO,. The intensities of cathodic and
anodic currents increased with the increase in scan rates in the
whole potential window for both samples (Figure 6b, c);
particularly, the intensities of shoulder peak current of ATNs
increased much more than that of Comm.-TiO,. The Figure 6d
inset displays the relationship between the peak discharge
current (I,) and the scan rate (v) for ATNs; a power-law
dependence yields Ipo<v0'9, and the exponent value of 0.9 could
be attributed to a mixed process which involved the insertion of
lithium in the bulk of TiO, (Ipcxvo's) and the pseudocapacitive
storage of lithium at the TiO, surface (I,ocv). It was reported
that a mixed lithium storage process™ can be expressed in the
followed equation

6289

I,=Cpv+ C2v1/2 (2)
where I, represents the peak discharge current, v represents the
scan rate, and C,v and Cy'? correspond to the current
contributions from the pesudocapacitive effect (I.) and lithium
insertion process (I;); by determining C; and C,, we can
separate the contributions of the two processes.

To facilitate the analysis, rewrite eq2 into the following
format,

IP/VI/Z =Ccp'?+ ¢, 3)
In eq 3, C, and C, correspond to the slope and the y-axis
intercept point of the peak current straight line, respectively.
The fit of the data to eq 3 (see Figure S7 in the Supporting
Information) yields C; = 0.719 + 0.033 and C, = 0.024 +
0.002. Thus, the I. and I4 at different rates can be determined,
which can be used to evaluate the relative contribution of
surface and bulk storages of lithium for the ANTs and Comm.-
TiO,. Figure 6d shows the calculated surface pesudocapacitive
current (I.) and lithium diffusion-controlled current (I;) with
the scan rate for ANTs. At a low scan rate (0.1 mV s™'), the I,
is much smaller than I4 indicating that the lithium insertion
bulk process is the predominant contribution to the whole
storage. Both I and I, increased with the increase of the scan
rates, however, the ratio of I./I; also increased, and the I. is

dx.doi.org/10.1021/am4013215 | ACS Appl. Mater. Interfaces 2013, 5, 6285—-6291
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bigger than I; when the scan rate >1 mV s™', suggesting the
pesudocapacitive storage dominated the total storage at high
scan rates. Figure S8 in the Supporting Information
demonstrates the dependence of the Ip/vl/ *> on the square
root of scan rate (v'/?) for Comm.-TiO,, and the fit of the data
to eq 3 yields C; = 0216 + 0.012 and C, = 0.027 + 0.003;
Figure 6e shows the calculated I and I for Comm.-TiO, with
the scan rate, which showed a similar trend with ANTS;
however, the I, is still bigger than I, at high scan rates, although
the ratio of I./I; increased with the increase in scan rate. The
result suggested the ATNs possessed a higher peseduocapacitve
storage than Comm.-TiO, at high scan rates, which might lead
to its improved rate performance. Obviously, the pseudocapa-
citive storage is dependent on the surface areas of the electrode,
and thus, the obtained result is interesting for the obtained
ANTS possessing a much lower surface area (32 m* g™') than
that of Comm.-TiO, (178 m* g™'). The explanation might be
that the unique structure of ATNs possess numerous nanograin
boundarys, which might provide enough active sites for
pesudocapacitive lithium storage;*"*® also, considering the
accumulation of electrons at the grain—grain interface, the
nanograins in ATNs might form a electronic transport path;>'
thus, the pseudocapacitive lithium storage could occurred at
nanocrystal interfaces as well as nanosheet surfaces. As a
consequence, high pseduocapacitive lithium storage was
obtained for ATNs at high rates despite its relative low specific
surface areas.

B CONCLUSION

Through a biomimetic layer-by-layer titania deposition, the
polymer/titania coating on graphene oxide was obtained, so
that, upon organic pyrolysis in air at 500 °C, anatase TiO,
nanosheets (ATNs) were obtained. We have investigated the
electrochemical properties of ATNs as negative electrode
material for LIBs by galvanostatic chronopotentiometry and
CVs; the ATNs delivered a high initial Coulombic efficiency, an
improved rate capability and a high stable cyclability;
particularly, it maintains a capacity of 108 mA h g™' after
4000 cycles at 30 C. The CVs analysis revealed that the ANTs
have both diffusive lithium storage in bulk material and
pseudocapacitive lithium storage at the surface, and the relative
contributions of surface pseudocapacitive dominates the total
storage capacity when the scan rates are above 1 mV s". The
fast and stable lithium storage of ATNs might be attributed to
the high pseudocapacitive lithium storage contribution in the
material, and it was suggested the pseudocapacitive lithium
storage could occur at grain—grain interfaces as well as
nanosheet surfaces. The obtained results help in understanding
the pseudocapacitive lithium storage for anatase TiO, and
might provide a novel approach to improve the capacity and
the rate capability of the electrode materials.
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