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Lithium-ion batteries have long been considered as the most promising energy storage technology for
hybrid, plug-in hybrid and electric vehicle applications. However, their large-scale applications are still
limited by the low electrical conductivity, easy agglomeration and inferior cycling stability of the active
materials. Herein, sandwich-like carbon-anchored ultrathin nanosheets are put forward for the first time
as an excellent platform to achieve ultrafast lithium storage kinetics and superior cycling stability. Taking
the synthetic sandwich-like carbon-anchored ultrathin TiO, nanosheets as an example, a capacity of
101.9 mA h g~tis achieved at a current density as high as 40 C (6.8 A g™), while a capacity of 150.4 mA h g~*
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of organic octylamine for fabricating sandwich-like carbon-anchored ultrathin nanosheets, holding great
promise for the future design and synthesis of high-performance active materials for lithium-ion
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Introduction

Among the currently available energy storage technologies,
lithium-ion batteries have received intense attention in the
scientific and industrial fields, owing to their high electromo-
tive force and large energy density.'™ However, the large-scale
applications of lithium-ion batteries have been severely limited
by several major technological barriers, such as high cost, low
electrical conductivity and poor cycling stability.> To circum-
vent these challenges, use of ultrathin two-dimensional
nanosheets and their composites with carbonaceous materials
have recently emerged as the most promising strategies to
improve their rate capability and cycling performance. On the
one hand, our previous studies have demonstrated that the
ultrathin thickness and the huge surface area could enable the
atom-thick two-dimensional nanosheets to exhibit fast lithium
storage and superior cycling life.® For example, ultrathin Co;0,
nanosheets with a thickness of 1.5 nm achieved a specific
capacity of 812.8 mA h g~ " with a negligible capacity loss per
cycle (0.58%), which was superior to most reported anode
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materials.®” On the other hand, the addition of carbonaceous
materials enabled the resulting composites to yield better per-
formances than each individual component and the total sum
of the individual effects.”"® In this regard, Zhou et al. reported
that the presence of graphene could dramatically improve the
capacity, rate capability and cycling stability of NiO
nanosheet-graphene composites through a synergistic effect
between the two components.” Also, our recent work has illus-
trated that the conducting graphene layers in ultrathin -Ni(OH),/
graphene nanohybrids could act as electron “superhighways”
for fast electron transfer and further improved their high-
rate electrochemical performance.'' Despite these attrac-
tive advantages, the utilization of graphene-based composites
has also encountered some limitations for applications in
lithium-ion batteries. For instance, the fabrication of graphene
usually needed a very long and complex process through ex-
foliation of graphite or required a very high carbonization temp-
erature from carbonaceous materials.'? Also, most of the active
materials were simply decorated on the surface of graphene
rather than being confined between graphene sheets, and thus
could not effectively avoid their severe aggregation and shed-
ding due to the lack of oxygen bridges between graphene and
the active materials.” In this case, compared with the compli-
cated synthetic process for graphene, the carbon-based compo-
sites would be a good choice for significantly improving the
lithium-ion battery performance,”? thanks to the several
advantages of carbon such as easy synthesis, high electronic
conductivity, outstanding flexibility, large surface area and
excellent chemical stability.
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Herein, sandwich-like carbon-anchored ultrathin two-
dimensional nanosheets are put forward as an excellent plat-
form to achieve ultrafast lithium storage kinetics and superior
cycling stability. The ultrathin thickness of two-dimensional
nanosheets could shorten the lithium ion diffusion length,
while the huge surface area allows for a large contact area with
the electrolyte, thus ensuring fast kinetics of lithium intercala-
tion/deintercalation and high specific capacity."*™"” Also, the
ultrathin nanosheets guarantee facile strain relaxation without
the fracture and shedding that usually occur in bulk or
micron-sized materials, thus achieving a more stable cycling
life. Moreover, in this sandwich-like structure, the anchored
carbon can be uniformly and tightly distributed on the surface
of the ultrathin nanosheets through an oxygen bridge, which
not only contributes to significantly enhancing their conduc-
tivity but also helps to hinder their agglomeration and shed-
ding, thus enabling outstanding high-rate performance.'*
Furthermore, the distance between the ultrathin nanosheets
and flexible carbon not only allows easy electrolyte infiltration
and extra storage space for lithium ions but also serves as an
elastic zone to buffer volume changes during the lithium
intercalation/deintercalation, which facilitates good contact
with the electrolyte and hence achieves high cycling
performance.'®"’

Notably, titanium dioxides (TiO,) have been recently
regarded as one of the most promising candidates for anode
materials, thanks to their fascinating advantages including
ease of synthesis, low density/molar mass, high abundance,
non-toxicity, better thermal stability and structural integrity
over many charge/discharge cycles.>® In spite of these advan-
tages, the practical applications of the TiO,-based lithium-ion
batteries are still hindered by the inferior chemical diffusion
of lithium, resulting from the sluggish lithium ion diffusion
and poor electronic conductivity. Inspired by the aforemen-
tioned concepts, sandwich-like carbon-anchored ultrathin
TiO, nanosheets are successfully synthesized by a facile and
scalable strategy, taking advantage of an intermediate precur-
sor of lamellar TiO,-octylamine hybrid nanosheets. As shown
in Scheme 1, one can clearly see that the octylamine plays a
crucial role in the formation of the lamellar inorganic-organic
hybrid intermediate, since only TiO, nanosheets are obtained
under the same conditions except with a decreased concen-
tration of octylamine (Fig. S1}). Note that after annealing the
precursor lamellar TiO,-octylamine hybrid nanosheets at

SRR

. R
Fum,, | o F N hybridization
I N | 180°C COORPROr
HI octylamine
HLTiF
2 11l

lamellar TiO,-octylamine

View Article Online

Paper

450 °C for 2 h under argon, the sandwich-like carbon-
anchored ultrathin TiO, nanosheets are obtained as a result of
an in situ carbonization of organic octylamine layers. As
expected, the as-obtained carbon-anchored ultrathin TiO,
nanosheet-based electrode exhibits a capacity of 101.9 mA h g
at a large current density as high as 40 C (6.8 A g™'), while
it still delivers a capacity of 150.4 mA h g~ even after 1200
cycles at a discharge rate of 5 C. This lithium battery perform-
ance is superior to most previously reported values for TiO,-
based electrodes, thus demonstrating their ultrafast lithium
storage and long-term cycling stability.

The above-obtained intermediate precursor lamellar TiO,-
octylamine hybrid nanosheets and the sandwich-like carbon-
anchored ultrathin TiO, nanosheets were collected for the fol-
lowing characterization. As shown by the transmission electron
microscopy (TEM) image in Fig. 1D, the as-synthesized precur-
sor lamellar TiO,-octylamine hybrid nanosheets possessed a
lateral size of about 100 nm. In addition, as depicted in
Fig. 1A, the series of small-angle X-ray diffraction (XRD) peaks
for the as-synthesized precursor could be assigned to “00L”
(L =1, 2, 3...), providing direct evidence for the presence of an
ordered layered structure with a layer spacing of 2.18 nm.
Taking the layer thickness of anatase TiO, and the length of
octylamine into account, the precursor could be identified as
octylamine intercalated TiO,, which was further supported by
the FT-IR, solid-state "*C and "H NMR spectra in Fig. S2 and
S5.1 Note that the annealing of the lamellar TiO,—octylamine
hybrid nanosheets at 450 °C for 2 h helped to give anatase
TiO, (Fig. 1C), while the corresponding small-angle XRD
pattern in Fig. 1B also revealed their lamellar structure with a
layer spacing of 1.82 nm, suggesting that the annealing
process did not destroy their ordered structure. The TEM
image in Fig. 1E showed that they also showed a sheet-like
morphology with a thickness of 3-5 nm, further confirming
that their structure did not change obviously compared with
the lamellar TiO,-octylamine hybrid nanosheets. As shown by
the inset HRTEM image in Fig. 1E, the interplanar spacing of
0.35 nm corresponded to the d spacing of the (011) plane and
the corresponding dihedral angle of 90° was fairly consistent
with the calculated angle between the (101) and (011) planes
of anatase TiO,, indicating their [111] preferred orientation.
It was noticeable that the heat treatment process at
450 °C resulted in the in situ carbonization of the intercalated
organic components in the lamellar TiO,-octylamine hybrid
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Scheme 1 The formation process of sandwich-like carbon-anchored ultrathin TiO, nanosheets, taking advantage of an intermediate precursor,

lamellar TiO,—octylamine hybrid nanosheets.
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Fig. 1 (A) Small-angle XRD pattern and (D) TEM image for the as-synthesized precursor lamellar TiO,—octylamine hybrid nanosheets. (B, C) Small-
angle and wide-angle XRD patterns, (E) TEM and inset HRTEM images, (F) TEM image and the corresponding elemental mapping for the sandwich-

like carbon-anchored ultrathin TiO, nanosheets.

nanosheets, which indicated the formation of sandwich-like
carbon-anchored ultrathin TiO, nanosheets (Scheme 1),
further verified by the corresponding small-angle XRD patterns
in Fig. 1A and B. This led to the uniform dispersion of the
carbon component on the surface of the ultrathin TiO,
nanosheets, which was further evidenced by the corresponding
elemental mapping analysis in Fig. 1F.

The presence of carbon in the final products was further
confirmed by their Raman spectrum in Fig. S3A.1 Apart from
the anatase TiO, Raman feature,”’ there were another two
Raman peaks at 1339 and 1603 cm™" for the sandwich-like
carbon-anchored ultrathin TiO, nanosheets, which originated
from the disordered and ordered graphitic carbon, thus
further evidencing the existence of the carbon coating layer.
Also, the high ratio between the D and G bands indicated the
formation of a reasonable degree of graphitization
(Fig. S3A1).*® In addition, thermo-gravimetric analysis (TGA)
for the sandwich-like carbon-anchored ultrathin TiO,
nanosheets further revealed that the weight fraction of carbon
in the resulting final products was about 9.8% (Fig. S3B¥);
such a large amount of carbon could dramatically improve
their electronic conductivity and hence achieve ultrafast
lithium storage. Moreover, the open channels with large inter-
spacing for the sandwich-like carbon-anchored ultrathin TiO,
nanosheets were also confirmed by the nitrogen physisorption
measurements. As displayed in Fig. S4,1 the adsorption-deso-
rption curve for the sandwich-like carbon-anchored ultrathin
TiO, nanosheets showed a huge surface area of 221.2 m* g~
with a pore volume of 0.42 cm® ¢™", significantly higher than
the previously reported values for porous TiO, nanostructures
(100-170 m> ¢ ') and other ultrathin nanosheets.>
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Intriguingly, the presence of open channels in this sandwich-
like structure could not only facilitate the infiltration of elec-
trolyte but also act as an elastic zone to buffer volume changes
during the lithium uptake/release, thus promoting the capacity
and cycling life. Furthermore, the solid-state >C and "H NMR
spectra were further employed to support the proposed for-
mation process of the sandwich-like carbon-anchored ultrathin
TiO, nanosheets. As depicted in Fig. S5A,7 the organic carbon
component in the final products could be identified using the
cross polarization/magic angle spinning (CP/MAS) solid state
3C NMR spectrum: there was a distinct *C signal around
120 ppm, which suggested the formation of orthocarbonate
bands.?® In addition, the XPS analysis in Fig. S67 also revealed
the presence of Ti-O-C carbonaceous bonds in the sandwich-
like carbon-anchored ultrathin TiO, nanosheets, indicating
that the anchored carbon was bound to the ultrathin TiO,
nanosheets through a C-O-Ti linkage.?® In general, it is antici-
pated that the removal of octylamine layers will lead to the
complete collapse of the layered titanate structure during the
long annealing processes at 450 °C for 2 h. However, the MAS
solid state 'H NMR spectrum in Fig. S5Bf showed that these
organic components were partially carbonized at 450 °C
in situ, which could be ascribed to the strong bonding force
between the titanate and organic layers. This provided solid
evidence for the formation of nanocarbon in the final pro-
ducts. Accordingly, it could be reasonably concluded that the
final structure was sandwich-like carbon-anchored ultrathin
TiO, nanosheets, in which the carbon was anchored on the
ultrathin TiO, nanosheets through a C-O-Ti linkage.
Benefiting from the unique sandwich-like structure with
huge surface area, ultrathin thickness, and large inter-spacing

This journal is © the Partner Organisations 2014
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Fig. 2 (A) Representative cyclic voltammograms of the sandwich-like carbon-anchored ultrathin TiO, nanosheet-based electrode at a scanning
rate of 0.2 mV s™*. Cycling performance for the carbon-anchored ultrathin TiO, nanosheets and bare TiO, nanosheet-based electrodes (B) at a con-
stant current drain of 5 C and (C) at different charge—discharge rates (1 C = 170 mA g~2). (D) Nyquist plots for (a) the carbon-anchored ultrathin TiO,»
nanosheets and (b) bare TiO, nanosheet-based electrodes obtained by applying a sine wave with amplitude of 10.0 mV over the frequency range

from 100 kHz to 0.01 Hz.

features, as well as the homogeneous dispersion of a carbon
layer in each TiO, layer, the sandwich-like carbon-anchored
ultrathin TiO, nanosheet-based electrode should achieve ultra-
fast lithium storage performance. To evaluate the electroche-
mical performance, a cyclic voltammetry (CV) experiment was
conducted at a scanning rate of 0.2 mV s™'. As shown in
Fig. 2A, there were two well-defined current peaks observed at
1.7 V (cathodic sweep) and 2.2 V (anodic sweep), which were in
good agreement with the previous studies.>” The peak at 1.7 V
corresponded to the biphasic transition from tetragonal
anatase to orthorhombic Li,TiO, when the insertion coeffi-
cient y reached ~0.5.>® Interestingly, it could be observed that
the intensities of both peaks gradually increased during the
subsequent scans, suggesting a possible activating process in
the electrode material.>® More strikingly, there was no appar-
ent irreversible process observed in the first cathodic scan,
indicating a high coulombic efficiency for the lithium extrac-
tion. This observation was quite unusual for anatase TiO,,
suggesting its high lithium battery performance. The capacity
and cycling stability for the carbon-anchored ultrathin TiO,
nanosheet-based electrodes were evaluated at a large current
density of 5 C (1 C = 170 mA g~ ") in comparison with the bare

This journal is © the Partner Organisations 2014

TiO, nanosheet-based electrodes. As shown in Fig. 2B, one can
clearly see that the carbon-anchored ultrathin TiO, nanosheet-
based electrode did not display obvious discharge capacity loss
during the initial cycle, while the bare TiO, nanosheet-based
electrode possessed an initial rapid loss of capacity. This pro-
vided evidence that there was not an obvious irreversible
process in the designed carbon-anchored ultrathin TiO,
nanosheets, fairly consistent with the corresponding CV result
in Fig. 2A. Also, it was striking to note that the carbon-
anchored ultrathin TiO, nanosheet-based electrode achieved a
very high and stable reversible capacity of about 155.1 mA h g™*
in the initial 10 cycles, while it still possessed a capacity of
150.4 mA h g”' and the morphology was preserved quite well
even after 1200 cycles (Fig. 2B and Fig. S71). By contrast, for
the bare TiO, nanosheet-based electrode, the capacity dramati-
cally decreased to ca. 7 mA h g~" after 200 cycles, which was
significantly lower than that of the carbon-anchored ultrathin
TiO, nanosheet-based electrode. As far as we know, the
capacity of the carbon-anchored ultrathin TiO, nanosheet-
based electrode was still higher than those of most previously
reported TiO,-based electrodes (100-150 mA h g%
suggesting its superior lithium battery performance. Moreover,
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since the rate capability was also very important for practical
applications, the effect of rate capacity on the carbon-anchored
ultrathin TiO, nanosheet-based electrode was also examined,
as displayed in Fig. 2C. Compared to the bare TiO, nanosheet-
based electrode, the carbon-anchored ultrathin TiO,
nanosheet-based electrode exhibited remarkably improved
specific capacity and cycling stability at high charging rates.
Fig. 2C revealed that the bare TiO, nanosheet-based electrode
showed a capacity of 220 mA h g~* at a low discharge rate of
1 C, which quickly decreased to ca. 40 mAh g " and 2.5 mAh g™*
with the discharge rate increasing to 2 C and 40 C, indicat-
ing their much poorer lithium kinetics. Contrastingly, at the
relatively lower 1 C and 5 C rates, the carbon-anchored ultra-
thin TiO, nanosheet-based electrode possessed discharge
capacities of 201.1 and 162.8 mA h g™, respectively. Upon
increasing the discharging rate to 20 C and 30 C, it could also
achieve capacities of 123.5 and 110.4 mA h g™, respectively.
Even at the highest rate of 40 C (6.8 A g7, it still delivered a
capacity as high as 101.9 mA h g™, strikingly higher than that
of the bare TiO, nanosheet-based electrode and demonstrating
its ultrafast kinetics for lithium insertion. Notably, a stable
capacity of 200 mA h g~' for the carbon-anchored ultrathin
TiO, nanosheet-based electrode could also be resumed when
the current rate was reduced back to 1 C, while the bare TiO,
nanosheet-based electrode only retained an average capacity of
ca. 50 mA h g™, This suggested the good structural stability of
the carbon-anchored ultrathin TiO, nanosheet-based elec-
trode, which was crucial for practical applications. As far as we
know, the electrochemical performance for the carbon-
anchored ultrathin TiO, nanosheet-based electrode was
superior to that of most previously reported TiO, nanomater-
ial-based electrodes under similar testing conditions,***" indi-
cating its fascinating lithium battery performance.

Of note, the dramatically improved capacity, rate capability
and cycling performance for the sandwich-like carbon-
anchored ultrathin TiO, nanosheet-based electrode could be
ascribed to the synergistic effect between the ultrathin TiO,
nanosheets and the anchored carbon through a C-O-Ti
bridge. As shown in Scheme 2, the ultrathin thickness of the
synthetic TiO, nanosheets helped to shorten the diffusion
length of the lithium ions across the thickness dimension,
thus enabling faster lithium insertion and extraction. This is
due to the fact that the equilibrium time (zeq = L*/2Dy;) for Li
diffusion can be efficiently decreased by reducing the particle
size (L).” Importantly, the oxygen bridges between the ultrathin
TiO, nanosheets and the anchored carbon contributed a
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striking enhancement of their electrical conductivity, which
directly correlated with the excellent electrochemical perform-
ance and could be verified by electrochemical impedance spec-
troscopy (EIS) measurements. As shown in Fig. 2D, the Nyquist
plots showed that the semicircle diameter for the carbon-
anchored ultrathin TiO, nanosheet-based electrode in the
high-medium frequency region was much smaller than that of
the bare TiO, nanosheet-based electrode, suggesting their
lowered contact and charge-transfer resistance.’” The exact
kinetic differences for these two electrodes were inspected by
modeling AC impedance spectra based on the modified
Randles equivalent circuit (inset Fig. 2D).>* The Ohmic resist-
ance (Rq) and charge-transfer resistance (Rcr) for the carbon-
anchored ultrathin TiO, nanosheet-based electrode were 19.84
and 202.1 Q, which were significantly smaller than those of
the bare TiO, nanosheet-based electrode (75.97 and 431.8 Q).
Note that the low-frequency slope angle for the carbon-
anchored ultrathin TiO, nanosheet-based electrode was 65°,
higher than that of the bare TiO, nanosheet-based electrode
(57°), in which the steeper low-frequency tail indicated the
higher lithium ion conductivity in the carbon-anchored ultra-
thin TiO, nanosheets.”** Moreover, it was generally accepted
that the intercalation of lithium ions into the active materials
inevitably caused their volume expansion, pulverization and
shedding, thus gradually leading to their capacity fading. As
for the carbon-anchored ultrathin TiO, nanosheet-based elec-
trode, the flexible carbon could contribute to buffering the
volume expansion of the ultrathin TiO, nanosheets during
lithium intercalation/deintercalation, thus improving their
cycling behavior. In addition, the presence of carbon also
helped to prevent the restacking of the ultrathin TiO,
nanosheets, which improved the utilization of active material
and hence promoted their specific capacity. Furthermore, as
revealed by the BET results in Fig. S4,f the carbon-anchored
ultrathin TiO, nanosheets reasonably possessed open chan-
nels in their sandwich-like structure, which not only offered
easy electrolyte infiltration and extra lithium storage space but
also served as an elastic zone to accommodate volume changes
during lithium uptake-release, thus ensuring good electric
contact and achieving excellent electrochemical performance.’

Conclusion

In summary, sandwich-like carbon-anchored ultrathin nano-
sheets are put forward for the first time as an excellent

~ oxygen
_bridges

Conducting path

Scheme 2 Advantages of using the sandwich-like carbon-anchored ultrathin TiO, nanosheets as the lithium ion battery electrode; the ultrathin
thickness facilitates fast lithium insertion/extraction, while the anchored carbon provides conducting paths through the Ti-O-C bridge.
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platform to achieve ultrafast lithium storage kinetics and
superior cycling stability. As an example, sandwich-like
carbon-anchored ultrathin TiO, nanosheets were first success-
fully synthesized by a facile and scalable strategy, taking advan-
tage of an intermediate precursor, lamellar TiO,-octylamine
hybrid nanosheets. In this sandwich-like structure, oxygen
bridges were formed between the ultrathin TiO, nanosheets
and the anchored carbon, producing a synergistic effect to
greatly improve the lithium storage. The ultrathin thickness
and huge surface area of the TiO, nanosheets helped to
shorten the lithium ion diffusion length and enhance the
surface area contact with the electrolyte, thus achieving faster
kinetics and higher capacity. The carbon, derived in situ from
the carbonization of octylamine, contributed to providing
increased conductivity and better strain accommodation, thus
ensuring superior cycling stability and rate capability. As
expected, the carbon-anchored ultrathin TiO, nanosheet-based
electrode delivered a capacity of 101.9 mA h g at discharge
rates as high as 40 C (6.8 A g~'), while it still possessed a
capacity of 150.4 mA h g™* even after 1200 cycles at a large
current density of 5 C, which was superior to most previously
reported TiO,-based electrodes, thus demonstrating the ultra-
fast lithium storage and long-term cycling stability. Briefly,
this work not only provides a convenient in situ carbonization
of organic octylamine for fabricating sandwich-like carbon-
anchored ultrathin nanosheets but also proves that the
peculiar structures are excellent platforms for optimizing
lithium battery performance, holding great promise for trigger-
ing breakthroughs in the field of energy storage or energy
conversion.
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