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In this paper, we report a rational sandwich composite structure consisting of polyaniline (PANI),
amorphous TiO, (a-TiO,), and a GO network as an anode material for lithium-ion batteries (LIBs). After
the synthesis of the a-TiO,—GO composite assisted by laser ablation in liquid, PANI nanorods are
vertically grown on the both sides of a-TiO,-GO nanosheets to obtain a stable sandwich structure. The
morphology and components of the composites are confirmed by scanning electron microscopy,
transmission electron microscopy, and Raman spectroscopy. As a typical anode material in LIBs, the
fabricated sandwich composites display a high rate capability and long cycle life. A first discharge
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Introduction

The development of an appropriate anode material and/or
structure for lithium-ion batteries (LIBs) with high capacity,
stability, and environmentally-friendly performances is always a
great challenge. Among the various available candidate metal
oxide anode materials, nanostructured TiO, has been mostly
investigated as a result of its excellent safety, small volume
variation (less than 4%), high rate capability, and long cycle
life.> However, during discharge/charge cycles, nanoscale TiO,
tends to agglomerate and decompose, leading to decreases in
electroactive sites and fading of specific capacities." Conse-
quently, the rate of Li" ion insertion and extraction is slowed
down and limited in TiO,.* Several strategies, including design
of a yolk-shell structure and minimization of diffusion
distances using TiO, nanostructured materials, among others,
have been used to address these problems.**

Besides, appropriate conductive substrates or channels for
electrons movement and transport is also critical for improving
LIBs performance. Graphene or reduced graphene oxide (rGO),
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amorphous TiO,, GO, and PANI nanorods and its potential benefits for LIB application.

as a two dimensional conductive network, is considered to be an
ideal substrate for application in LIBs due to its superior elec-
tronic conductivity, chemical stability, and high surface
area.*® Furthermore, the structural flexibility, ample edges,
and surface active sites of graphene also provide conduction
channels for electron transport and allow other nanoscale
materials to settle well onto the graphene network to form a
composite structure. As shown in the reported work, such
composites with good conductive property exhibit advanced
performance in electrochemical application.”™ Motivated by
these points, we present herein a rational design to immobilize
TiO, nanocrystals onto GO assisted via a laser ablation in liquid
(LAL) technique. It is well known that kinds of energetic species,
including atoms, molecules, electrons, ions, and clusters, are
generated during laser-matter interaction confined in a liquid
environment."” After subsequent quenching and reaction with
other chemical or physical processes, these energetic species
can be grown into desirable nanomaterials and structures in a
tuneable manner.”*™ In recent decades, LAL has been served as
an effective route for synthesizing nanomaterials with high
activity and reactivity."»** Interestingly, because of no using of
additional surfactant and ion sources, LAL is also recognized as
a simple and green way to obtain nanomaterials with clean
surfaces, small sizes, and abundant defects.”® LAL-generated
nanomaterials with high activity have been proven to show
good performance in electric and photocatalytic applications,
even at small quantities."***

In our previous work, graphene was demonstrated to be a
potential substrate for capturing the energetic species produced

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Design of the PANI/amorphous TiO,—-GO/PANI sandwich
structure.

by LAL in colloidal solutions.? Strong interactions between
active species and GO, which is rich in surface groups, allow the
formation of well-dispersed nanoparticles throughout the GO
network in a simple solution way. As shown in Scheme 1, GO
was first employed in active colloid to catch LAL-generated TiO,
nanoparticles. Specifically, in our design, the LAL-generated
TiO, was characterized to be amorphous, which has been
reported to show advanced performance in LIBs applica-
tion.***** Further, polyaniline (PANI), a typical conducting
polymer,**3° was used as a promising shell material in our
design and grown on the both sides of amorphous-TiO,-GO
(a-Ti0,-GO) nanocomposite to obtain a stable sandwich struc-
ture. Use of this sandwich nanostructure as an anode material
in LIBs resulted in a first discharge capacity of 1335 mAh g~ " at
50 mA g~ and a reversible capacity of 435 mAh g 'at0.1Ag ™"
after 250 cycles. The sandwich structure even exhibited a stable
capacity of 141 mA h g~ " at a high cycling rate of 10 A g~ . This
effort highlights the design of a sandwich structure by using
amorphous TiO,, GO, and PANI nanorods and promises its
potential benefits for LIBs application.

Experimental section
Chemical reagents and materials

Graphite powder (AR) was purchased from Tianjin Guangfu
Fine Chemical Research Institute. Hydrochloric acid (HCI) and
aniline were purchased from Sinopharm Chemical Reagent Co.,
Ltd. Ammonium persulfate (APS) was obtained from Tianjin
Bodi Chemical Co., Ltd. All reagents used in this experiment
were of analytical grade and applied without further
purification.

Formation of PANI/amorphous TiO,-GO/PANI sandwich
composite

GO was synthesized from a modified Hummers method.*"*
Typically, for the fabrication of sandwich PANI/amorphous
TiO,-GO/PANI nanocomposite (PANI/a-TiO,~GO/PANI), 600 pL
of HCl was firstly added into 40 mL of GO aqueous solution with
an ice bath, and the mixture was stirred until GO and HCI fully
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dispersed. Afterward, a TiO, plate (purity, 99.99%) was fixed in a
vessel filled with the mixture solution described above; the
metal oxide plate was then ablated for 30 min in a rotating state
by a fundamental (1064 nm) Nd:YAG laser with 10 Hz pulse
repetition rate, 6 ns pulse duration, and 100 m]J pulse energy
density. A dark brown colloidal solution was obtained after
ablation. Then the aniline monomer was added into the above
colloidal solution, and stirred for 30 min in an ice bath to
produce a uniform mixture. The oxidant powder, (NH,),S,0s
(APS), was added into the above solution under rapid agitation
(molar ratio of aniline/APS, 1.5). After 24 h, the result green
product (Fig. S1, in ESI{) was collected by centrifugation and
dried at 50 °C for 24 h in a vacuum chamber. For comparison,
PANI/GO/PANI was also synthesized without TiO, colloid in the
same way.

Structure and morphology characterization

The typical morphology and structure of the composite were
investigated by scanning electron microscopy (SEM, Sirion 200
FEG) and transmission electron microscopy (TEM, JEOL-2010
with 200 kV accelerating voltage). Specimens for TEM were
prepared as follows: a small amount of powder was dispersed in
ethanol to form a uniform suspension that was then dropped
onto a carbon-coated Cu grid. The functional group information
of the as-prepared composite was determined by Raman spec-
troscopy using an SPEX-1403 laser Raman spectrometer with a
514.5 nm Ar' laser excitation. X-ray diffraction (XRD) analysis of
the collected powder products was performed by using a Philips
X'Pert system with Cu-Ka radiation (A = 1.5419 A).

Electrochemical measurement

The PANI/a-TiO,-GO/PANI composite powder was mixed with
Super P and sodium carboxymethyl cellulose at a weight ratio of
80:10:10 to produce electrode slurry. The electrochemical
performance of as-fabricated working electrode was investi-
gated by a two-electrode CR2032-type coin cells (Fig. S1 in ESIt),
in which metallic lithium foil was used as the counter electrode,
and porous polypropylene films was used as separator; the
electrolyte was 1 M LiPF6/EC and DEC (1 : 1 by volume ratio;
ethylene carbonate (EC) and diethyl carbonate (DEC) was
purchased from Zhuhai Smoothway Electronic Materials Co.,
Ltd.). Discharge/charge testing was conducted at various rates
within the voltage window from 0.01 V to 3.0 V (vs. Li*/Li) on an
LANHE battery testing system (Wuhan, China). Electrical
impedance spectroscopy (EIS) experiments were carried out on
a Zahner electrochemical workstation (Zennium, Germany) in
the frequency range from 100 kHz to 10 mHz with an AC signal
amplitude of 5 mV. Cyclic voltammetry (CV) experiments were
performed on the same workstation in the voltages ranging
from 0.01 Vto 3 V.

Results and discussion

Aqueous GO solution was produced from natural flaked
graphite via modified Hummers method,*-** in which GO exists
as a single- or few-layer structure (Fig. S21). In the absence of
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GO, the products exhibit a morphology of long wires with a
diameter of about 50 nm as shown in Fig. S3a.f GO with a
considerable number of oxygen-containing groups can provide
a large amount of growth sites for PANIL,** and PANI nanorods
can be grown on GO with a sandwich structure of 100 nm
thickness (Fig. S3b¥). In our case, the a-TiO,-GO composite was
prepared by ablating a TiO, plate in aqueous GO solution with
HCI. Fresh LAL-generated colloidal nanoparticles have been
mostly proven to exhibit high activity and an abundance of
defects.”” These defects and active sites on a-TiO,-GO nano-
sheet prefer to minimize the interfacial energy barrier between
the solid surface and bulk solution, and are impactful for the
subsequent growth of PANI nanorods.** When aniline is intro-
duced, these defects and active nucleation sites are utilized on
the surfaces of a-TiO,-GO at the beginning of the polymeriza-
tion process by heterogeneous nucleation.* Fig. S3ct shows the
curly layer morphology of obtained PANI/a-TiO,-GO/PANI
composite; here, PANI nanorods are vertically aligned on both
sides of the a-TiO,-GO layer. The thickness of result sandwich
structure reaches 115 nm, as shown in the bottom right corner
of Scheme 1.

In addition, XRD analysis of TiO,-GO did not show obvious
diffraction peaks of crystalline TiO,, which is corresponded
with the disorder internal structure of TiO, shown in the inset
TEM image in Fig. 1a. And these investigations revealed the
amorphous-like nature of TiO, nanoparticles. Fig. 1b shows a
typical TEM image of the a-TiO,-GO composite layer.
LAL-generated TiO, particles with sizes of around 50 nm were
dispersed onto the GO nanosheets in situ. The fresh a-TiO,~-GO
solution was used as a substrate for growing PANI nanorods.
PANI can act as a “true” metal because of its oxidation and
protonation state among conjugated polymers.*®**3¢ In the
present work, HCIl existing in the GO precursor solution
prominently acted as a doping agent for PANI protonation. The
left image in Fig. 1c shows the mapping elemental images of C,
Cl, Ti, and O; elemental Cl was homodispersed in the
as-prepared PANI/a-TiO,-GO/PANI composite, and this finding
suggests the superior conductivity of PANI.>*?**3¢ After covering
with PANI nanorods, the final TiO, nanoparticles are still

Intensity (a.u.)

Fig. 1 (a) The XRD phase characterization of a-TiO,-GO, (b) TEM
images of a-TiO,-GO, (c) TEM images of PANI/a-TiO,—-GO/PANI.
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exhibited to be amorphous in SAED and TEM images on the
right-hand side of Fig. 1c.

Raman measurements were carried out to verify the
existence of PANI in PANI/a-TiO,-GO/PANI sandwich structure,
as shown in Fig. 2. The red, black, and green lines correspond to
the TiO, colloid, a-TiO,-GO, and PANI/a-TiO,—GO/PANI in the
sandwich structure, respectively. Compared with the TiO,
colloid and a-TiO,-GO, the Raman spectrum of the sandwich
structure displayed two additional shoulder peaks located at
1175.8 and 1465.3 cm™ ' except for the typical Raman features of
GO with the presence of D and G bands. As reported in previous
works,>*7?% the two additional peaks correspond to C-H
vibrations in the quinoid/phenyl groups and the semiquinone
radical cation structure in molecular PANI, respectively. The
peak at 813 cm ' was assigned to C-N-C wag out-of-plane
vibrations of the benzenoid ring in the EM salt state.*” SEM,
TEM, and Raman measurements clearly demonstrated the
successful synthesis of the PANI/a-TiO,-GO/PANI sandwich
composite structure.

Well-ordered nanostructure can reduce the ionic diffusion
path, facilitate ionic motion to the inner part of result products,
and improve the utilization of electrode materials.>® To probe
the potential battery application of the as-prepared sandwich
structure, the samples were assembled as electrodes for LIBs
with performances shown in Fig. 3 and S4.F At 50 mA g ', the
first discharge capacity of PANI/a-TiO,~GO/PANI was achieved
to be about 1335 mA h g~! and shown a plateau at ~1.5 V
(Fig. S41). Moreover, the first discharge/charge capacity of
PANI/a-TiO,~GO/PANI exhibited to be 591/300 mA h g™ ' at
100 mA g~ (Fig. 3a); a plateau at ~1.5 V was also observed in the
first discharge curve, which can be confirmed by CV measure-
ments in Fig. 3b. The relatively low columbic efficiency in the
first cycle is usually attributed to the existence of irreversible Li
trapped sites and traces of adsorbed water.** Compared with the
discharge/charge capacity of 335/291 mA h g~ " in the second
curve, the sandwich structure exhibited a much higher
stabilized discharge/charge capacity of 444/436 mA h g ' at
100 mA g ' even after 250 cycles (Fig. 3a and c). This rising
tendency could be observed clearly in the first 50 cycles in
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Fig. 2 Raman spectra of the TiO, colloid (red line), a-TiO,—GO
(black line), and PANI/a-TiO,—GO/PANI with a sandwich structure
(green line).
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Fig. 3 Electrochemical properties of the sandwich PANI/a-TiO,-GO/
PANI  nanocomposite: (a) discharge/charge capacity; (b) CV
measurements; (c) cycle stability; (d) EIS measurements.

Fig. 3c. To determine the possible influencing factors for the
rising of discharge/charge capacity, EIS was performed in
Fig. 3d; this technique is commonly used to reflect the electron
and ion transmission way of assembled electrodes. Before
discharge/charge measurements, an EIS pattern typical of a
Li-ion cell was exhibited (black line in Fig. 3d) by the
PANI/a-TiO,-GO/PANI structure, which is consisted of two
partially overlapped semicircles and a straight sloping line at the
low frequency end.*® As previously reported, section 1 at high
frequencies corresponds to the resistance of the solid-state
interface layer (SEI films) formed on the surface of the elec-
trodes. Section 2 at medium frequencies is related to the faradic
charge-transfer resistance and its relative double-layer capaci-
tance, which reflects the kinetics of the cell reaction and corre-
lates with the apparent diffusivity of Li" ion in the electrodes.*
After discharge/charge for 250 cycles (red line in Fig. 3d), the EIS
shows only one semicircle and a straight sloping line. This result
reveals not only the successful formation of an SEI film in the
initial cycles but also a much smaller faradic charge-transfer
resistance for our sandwich structure. Therefore, after several
cycles, the diffusivity of Li" ions increased and gradually stabi-
lized. It was considered that the forming of SEI film could not be
provided with enough Li" ion at the initial cycles because of the
different diffusivity of Li" ions in PANI and TiO,. Namely, the
discharge/charge capacity tended to relatively stabilized after
50 cycles in Fig. 3c. Contrasting sharply with the previous
samples, the PANI/GO/PANI nanocomposite showed a lower
discharge/charge capacity of 373/88 mA h g™ " at the first cycle in
Fig. 3c. Introduction of PANI favoured the stability of the elec-
trode structure stable as seen in Fig. 3c.”* Moreover, as seen in
the discharge and CV curve obtained at 250 cycles (Fig. 3a and b),
a plateau at ~1.56 V occurs, which corresponds to a state with
richer Li" ions than that at ~1.5 V.540-42

Fig. 4a shows the variation in discharge/charge capacity of
the resultant PANI/a-TiO,~GO/PANI with the number of cycles
at different current densities. The high-rate capability and cycle
stability of the sandwich structure was revealed. The discharge

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a) The stability of the sandwich PANI/a-TiO,—GO/PANI
nanocomposite by changing current densities, (b) the illustration for
the transmission of Li* ion and e~ in the sandwich structure.

capacity exhibited a rising trend in the first 40 cycles as
described above. At lower current densities of 0.1, 0.2, and
0.5 A g, the discharge capacity was within 503 mA h g~
Interestingly, when the current density was increased to
10 A g7, the sandwich structure still showed a discharge
capacity of 141 mA h g~ after 140 cycles. More importantly,
after 160 cycles at varied current densities, the discharge
capacity, at 547 mA h g~ * (current density, 0.1 A g~ "), was almost
identical to that at the first 40 cycles. Therefore, the sandwich
structure can endure great changes in current density to retain
good stability upon cycling.

The as-prepared sandwich structure exhibits a long-cycle life
and high-rate capability as an anode material for LIBs applica-
tion. As shown in Fig. 4b, it can be attributed to following
reasons: (1) the sandwich structure of the products. Firstly, the
rod-like PANI array on the both side of a-TiO,-GO composite
not only provides the fast electron conducting pathways to
improve the poor electrical conductivity of a-TiO,, but also
increases the electrode/electrolyte contact area and provides
extra active sites for the storage of Li" ion, which is able to
enhance the specific capacity and high-rate capabilities.
Secondly, the PANI shows features of chemical stability, good
cyclability (more than 500 cycles), tunable properties, high
coulombic efficiency, simple synthesis and low cost in electrode
material application,® and hence which is beneficial for
improving the cycling performance. (2) The addition of GO. GO,
as a substrate to capture the active a-TiO, nanoparticle in fresh
LAL-colloid, can prevent the aggregation of these active a-TiO,
nanoparticles, which is critically important for the cycling
stability. Moreover, GO can provide an elastic butter space to
accommodate the volume change of the a-TiO, during the
charge/discharge cycling. In addition, as seen in Fig. 2, the ratio
of I(D peak) to I(G peak) of PANI/a-TiO,-~GO/PANI is smaller
than that of a-TiO,-GO, indicating that GO in PANI/a-TiO,-GO/
PANI is reduced to some extent, leading to higher electrical
conductivity. (3) The TiO, nanoparticles obtained in this
structure is demonstrated to be amorphous. And the disordered
internal structure provides more channels for Li* ion and e~
transmission (Fig. 4b). Different from other available candidate
metal oxide anode materials, TiO, with improved electronic
conductivity has been proposed as a promising anode due to its
stable structure, good safety, environmental-friendly and fast
discharge/charge kinetics.”* Besides, the presence of TiO,
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nanoparticles can prevent the restacking of GO into thick plates
during repetitive cycling, and ensures the stability of the result
structure from another point of view.

Conclusions

In summary, we successfully designed a sandwich composite
(PANI/a-TiO,-GO/PANI) with a high-rate capability and long
cycle life as an anode material for LIBs application. The
first discharge/charge capacity of PANI/a-TiO,-GO/PANI at
100 mA g~ ' was detected to be 591/300 mA h g~*. Undergoing
250 cycles later, the sandwich composite still exhibited a stable
discharge/charge capacity of 444/436 mA h g~ '. Moreover, the
discharge capacity of the composites even displayed to be
547 mA h g ' at 100 mA g~ " after 160 cycles at varied current
densities (0.1, 0.2, 0.5, 1, 2, 5, and 10 A g’l). Such a design was
realized without using any surfactant or high-temperature
treatment. This work provides an alternative basis for further
explorations of highly efficient sandwich structures with other
metal oxides for energy storage.
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