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A new and simple strategy was developed to well disperse TiO, nanocrystals into the porous

www.rsc.org/ carbon (i.e., PC), and a series of hierarchical PC-TiO, composite with different architectural
structures were synthesized. Varying the amount of TiO,, the lithium storage capacity of PC-
TiO, (from 30 wt% TiO, to 64 wt%) could be controlled from 546 mAh g to 446 mAh g
under the current density of 50 mA g™'. And also, a very stable cycling performances and rate
capabilities could also be obtained at the rate of 50 mA g to 1600 mA g'. Further increasing
the content of TiO, to 93%, another new composite of TiO,-C was also prepared and it
demonstrated a high capacity of 352 mAh g™ at 50 mA g™, which was much higher than most
reported TiO, materials. Based on above results, new full cells versus cathode of
LiNiy sMn, 504, such as PC-TiO,/LiNiysMn, 50,4, was successfully assembled and investigated.
This full cell not only delivered a high energy density of 413 Wh kg™ but also showed good
rate capability and an energy retention of 90.5% over 100 cycles.

Introduction indeed they exhibited excellent performance in lithium ion
battery application. However, considering the viewpoint of
future industrial application, it would be significant to develop
one method to synthesize them in a large scalable production.
And also, pursuing a hierarchical structure near the size of
micro-meter was preferred for the easy process,'> meanwhile
maintaining nanostructure of TiO, should also be carefully
controlled. Unfortunately, the nanostructured TiO, still always
gave rise to a low electronic transferability due to the physical
interconnection between the binder (e. g., polyvinylidene
fluoride, PVDF) and conductive carbon (e.g., Super P or
acetylene black) in the electrode.'® ** Therefore, disperse the
TiO, nanocrystals into the matrix of porous carbon in advance
could largely improve the conductivity/connectivity of TiO,
due to the close contact of carbon and TiO,, and also it could
ingress the electrolyte into the structure via the pores to promise
the high rate capability. Particularly, the carbon with a capacity
arranging from 372 to 1200 mAh g™’ or more could also largely
increase the capacity of composite,”® because the pure TiO,
(Rutile, Anatase, Brookite) often delivered a limited capacity
between 168~316 mAh g via up/take of 0.5~1.0 Li">*" 8

Designing one kind of material with advanced structure is of
great interest because they can endow materials with superior
properties in their applications. For example, the materials with
specific structures, such as particles (e.g., core-shell structured
Pt@mSiO,,' C@Ni,? hollow TiO,?), tubes (e.g., Fe,03/CNTs,*
Lag 75Sr9,sMnO; nanotube’®), and hierarchical materials (e.g.,
porous Cu-Sn0,,° Zn0-Zr0,,” Sn0,-C,% porous carbon-CoO,,’
Co,Mn;_0,'%), usually showed an improved performance than
bulk one in catalysis, sensor, environmental and energy area.
As well reported in many previous literatures,''>* the anode of
TiO, was a beneficial alternative of the graphite in the lithium
ion battery for the electric vehicle/hybrid electric vehicle,
because it could prevent the formation of lithium dendrites and
be superior owing to its excellent rate and non-flammable
properties. Prompting by the high performance resulted from
the unique compositions and/or structures as demonstrated,
herein we introduced an intriguing kind of hierarchical
materials mainly consisting of porous carbon matrix, in which
ultra-small TiO, nanocrystals (< 5 nm) was highly dispersed,

dit d a tunable lithi t bility in lithium-i . . .
anc1 posse§ SGA a tunable thium storage abilty in ithurm-ion Moreover, the stable physicochemical properties of carbon
battery application.

1d al h th li bility th h protecting TiO

To date, numerous nano-structured TiO, materials with cowid a’so ertance the cycling a. 1ty through protec ?ng 12
.15 hanocrystals from any aggregation or collapse. Besides, the

typical high discharge/charge voltage of TiO, around 1.7 V (vs.
Li/Li) could also be reduced to a lower value after introducing

fantastic morphologies, such as solid/hollow particles,

wires,'®'® tubes,'®?' and arrays,””?* have been prepared and
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the carbon, and then a higher energy density in a full battery
could be achieved.

It is interesting to apply TiO, particles as small as several
nano meters in Li-ion batteries, because it can: (i) maintain the
intriguing properties of nanomaterials and also decrease the
pathway of lithium ions during insertion/extraction to promise a
high rate performance; (ii) largely reduce the strain tension of
materials to keep the cycling performance; (iii) increase the
ratio of surface to volume and then get a large contact area
between TiO, and the electrolyte, then making a high utilization
of active materials with an improved capacity. Although the
researches about preparing the composite of TiO, and carbon,
such as porous TiO,/C,*3? TiO,/C composite nanorods,*
CNTs@TiO0,,* TiO,@C,*”> and TiO,/C
composite tubes,’® have been reported before, a try of

sandwich-like

dispersing TiO, nanocrystals into the porous carbon uniformly
was rarely to be achieved, let along processed in a large
scalable and simple approach.

Even the TiO, and TiO,-based materials have been always
prepared and utilized as anode in the lithium-ion battery, most
of their properties were only tested in the half-cell versus the
electrode of lithium metal. Actually, it is quite necessary to
investigate them in a full cell, because it could evaluate the
performance more accurately as that in practical application. To
date, only few literature concerning using the pure TiO,
materials as anode versus the cathode of LiFePO,; and
LiNiysMn, s04 for a full battery.' However, as mentioned
before, the low capacity of TiO, near 168 mAh g need to be
further enhanced while the voltage around 1.7 V deserve to be
reduced for getting a higher energy density (Wh kg, which
was calculated by the integral of discharge curve in the curve of
voltage-capacity).

Stimulating by these reasons, we successfully dispersed the
ultra-small TiO, nanocrystals (1-5 nm) into the porous carbon
via the way of in-situ thermal decomposition of tetrabutyl
titanate (TBT) in the resin, which could be readily expanded to
prepare other kind of PC-metal (oxide) composite just varying
the kind of precursor. Benefiting the convenient of this method,
the amount of TiO, was finely controlled and its effect to the
final lithium storage ability was discussed in detail. Moreover,
new full batteries versus high voltage cathode of LiNiysMn; 50,
were configurated and the electrochemical properties with
using different kind of anodes (e.g., PC-TiO,, 30wt%; TiO,-
C,93wt%) were systematically investigated. Promisingly, for
example, the battery of PC-Ti0,/LiNigsMn; 50, could deliver a
high energy density of 413 Wh kg™ and also show good rate
capability with an energy retention of 90.5% after 100 cycles.

Experimental

Materials synthesis

In a typical synthesis, 5 mL phenolic resin's ethanol solution
(0.25 g mL™") and 3 g F127 were dissolved into 50 mL ethanol
solution firstly, and then adding 2.5 mL tetrabutyl titanate (TBT)
into solution give rise to a yellow sol-gel. Further dry the
yellow intermediate at 70 °C for 24 h and then calcine at 600 °C

2| J. Name., 2012, 00, 1-3

under the N, atmosphere for 4 hours. In this experiment, the
resin was a carbon precursor and triblock copolymer F127
acted as a porous structural template for the pores formation.*’
During the thermal treatment and calcination, the highly
dispersed TBT will form highly dispersed TiO, nanocrystals,
which would be coated by the layer of porous carbon due to the
carbonization of resin and F127. Finally, the product of PC-
TiO, was obtained. Increase the precursor of TBT to 5 and 10
mL, the amount of TiO, in the porous carbon was readily tuned.
Besides, the TiO, with traces of carbon, abbreviated as TiO,-C,
was prepared under the calcination of yellow intermediates in
air atmosphere, in which 10 mL TBT was used. Without adding
the TBT, pure porous carbon was prepared under the same
procedure. The TiO, nanoparticles were obtained based on the
procedure as reported recently. '’

Electrode preparation

The active materials of TiO,-C and PC-TiO,, conductive
carbon of Super P, and the binder of PVDF with the mass ratio
of 8:1:1 were mixed in the solution of N-methyl pyrrolidinone
(NMP) to form a uniform slurry, which was then casted on the
copper foil. After drying in a vacuum oven at 120 °C for 12 h,
the foil was punched into circular sheets with a diameter of 14
mm (D14). The mass density of PC-TiO, was about 1.5 mg cm”
2. The cathode electrode consisting of LiNiysMn, sO4 was also
prepared in the same way. The mass density of LiNiysMn; 50,
was about 4.5 and 6.0 mg cm™. The electrochemical test was
carried out with 2032-type coin cell, in which using lithium
metal as the counter electrode. The cell was assembled in a
glove box filled with pure argon, in which the content of
moisture and oxygen were below 0.1 ppm. Microporous
polypropylene film (Celgard2400) was used as the separator,
and the electrolyte was 1.0 mol L™! LiPF dissolved in a mixture
of ethyl methyl carbonate (EMC) and ethylene carbonate (EC)
in the weight ratio of 1:1. The configuration of full battery was
based on the procedures as reported recently.*®

Characterization

The crystal information was characterized by the X-ray powder
diffraction (XRD) using a X‘Pert-ProMPD (Holand) D/max-yA
X-ray diffractometer with Cu Ka radiation (A = 0.154178 nm).
Scanning electron microscopy (SEM) and EDX were taken on a
200F with
acceleration voltage of 30 kV. The distribution of TiO,

FEI-quanta scanning electron microscope
nanocrystals in the carbon matrix was characterized by the
transmission electron micrograph (TEM) with using the FEI-
Tecnai F20 (200 kV) transmission electron microscope (FEI).
Nitrogen adsorption-desorption isotherms were obtained using
the instrument of ASAP2050 (Micromeritics Industrument
Corp.) surface area & porosity Analyzer at 77 K. The specific
surface area was calculated by the Brunauer-Emmett-Teller
(BET) method. Thermogravimetric  analysis (TGA,
NETZSCH,TG-209-F3) was carried out under a flow of air
with a temperature ramp of 5 °C min™. All the electrochemical
measurements were tested and recorded automatically by the

instrument of TOCAST 3100 at the temperature of 30 °C. Cyclic
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voltammetry (CV) within the voltages of 0.01-3.0 V and
impedance analysis in the frequency ranging from 100 kHz and
10 mHz. were both performed using the VMP-3 instrument.

Results and Discussion

Materials characterization

With varying the precursor of TBT from 2.5, 5 to 10 mL, the
mass percent of TiO, in the PC-TiO, composites increased

from 30 wt%, 52 wt% to 64wt%, as confirmed by the TGA (Fig.

1). Alternatively, another composite of TiO,-C containing
93wt% TiO,
intermediate in air. The traces of carbon was always hard to

were obtained after calcination of yellow

burn completely at a relative low temperature (~ 600 °C) within
a short time of several hours, and this phenomena was similar
as reported as before.’* ** According to the XRD patterns, the

100,
X 80
» 64 Wt%
S 60
| 52 wt%
b
<, 40— PC-TiO,(30 wt%)
'® | —— PC-TiOz(52 wt%)
= 20| — PC-TiO,(64 wt%)
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200 400 600 800
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Fig. 1 TGA analysis of PC-TiO, and TiO,-C with different loading of TiO,
nanocrystals.
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Fig. 3 SEM images of (a) PC-TiO, (30%)(b) PC-TiO; (52%), (c) PC-TiO, (64%) and (d)
TiO,-C (93%) with different loading of TiO, nanocrystals.
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Fig. 2 XRD patterns of PC-TiO, with different mass percent of TiO, nanocrystals,
and XRD and Rietveld refinement of TiO,-C (93wt%). Inset image is a typical
crystal graphical structure of TiO, with space group of 141/AMDS visually alone
the (100) and (010) direction.

This journal is © The Royal Society of Chemistry 2012

crystalline structure of TiO, in the PC-TiO, and TiO,-C
composite were all ascribed to the anatase TiO, (JCPDS Card
No. 89-4319). The diffraction peaks of TiO, in the PC-TiO,
composite became stronger and sharper gradually as increasing
the amount of TiO,. It is reasonable because the increased
amount of TiO, and reduced barrier of carbon could facilitate
the growth of oxide crystals during the calcination. Logically,
the TiO,-C with traces of carbon showed the highest degree of
crystallization. Through the Rietveld refinement of TiO,-C, the
crystalline structure of TiO, has the unit parameters of
a=b=3.784(1) A, c= 9.498(1) A (Fig. 2). Such kind crystalline
structure has two channels which could be available for the
insertion/de-insertion of lithium ions alone (100) and (010)
directions (Inset of Fig. 2). Moreover, the connected octahedral
TiO4 with edge-sharing was quite stable. Both two points well
ensure their widespread applications in lithium ion batteries.

All the products of PC-TiO, have a hierarchal structure, in
which the primary nanoparticles aggregated densely through
the carbon layer, which could be clearly observed in the sample
of PC-TiO, (30wt%) (Fig. 3a). With increasing the amount of
TiO,, the particle size of PC-TiO, become smaller due to the
limitation of connected carbon (Fig. 3a-c). While for the sample
of TiO,-C (93wt%), it consist of connected TiO,-C
nanoparticles around the size of 100 nm, forming the micro-
sized hierarchical structure like a coral (Fig. 3d).

With further characterized by the TEM, we could observe
that numerous ultra-uniform TiO, nanocrystals were embedded
in the skeleton structure of porous carbon with a high
distribution. For the material of PC-TiO, (30wt%), the size
distribution of TiO, was about 1-5 nm, and the average value
was about 3 nm, as confirmed by the black crystalline dots in
Fig. 4a-b. The amorphous shadow and bright blank area under
TEM correspond to the connected carbon matrix and porosity,
respectively. As demonstrated in HRTEM (Fig. 3c¢), the TiO,
nanocrystals have the characteristic of polycrystalline, as
confirmed by the interlaced crystalline boundaries and FFT

J. Name., 2012, 00, 1-3 | 3
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pattern (insert in Fig. 3¢). For the single TiO, nanocrystal, most
areas showed the lattice fringes with a spacing of 0.35 nm that
corresponding to the (101) planes of TiO, (Fig. 4c,), which
were well accordance with the XRD patterns. With increasing
the amount of TiO,, the size of nanocrystals increased to 6 nm
for the sample of PC-TiO, (64wt%) (Fig. 4d). While for the
TiO,-C (93 wt%), a serious aggregation of TiO, nanoparticles
could be well observed (Fig. 4e), and it seems that they were
surrounded by little part of carbon (Fig. 4f), as judged from the
amorphous layer on the surface of the particles.

The rich porosity in the structure of PC-TiO, composite was
also characterized by the N, adsorption-desorption isotherms
(Fig. 5). The samples of PC-TiO, exhibited a typical type-IV
isotherm,*' demonstrating the porous characteristic of the

Fig. 4 (a) SEM, (b) TEM, (c) HRTEM images of PC-TiO, (30 wt%). Inset of (b) and (c)
is the size distribution and FFT pattern of TiO, nanocrystals respectively. (d)
Typical HRTEM image of PC-TiO, (64 wt%). (e) TEM and (f)HRTEM image of TiO,-C
(93wt%) composite.
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“g 250 —@—PC-TiO: (52wt%) < —@- PC-TiO: (52wt%)
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Fig. 5 (a) Comparative analysis of N, adsorption-desorption isotherms and (b)
pore size distributions of PC-TiO, and TiO,-C.
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Table 1 Physical characteristic of PC-TiO, and TiO,-C
composite.

Kind of sample Surface area Pore volume Pore size
/m*g! /ccg! /nm
PC-TiO»(30wt%) 409 0.86 3.9
PC-TiOy(52wt%) 303 0.67 3.7
PC-TiOy(64wt%) 169 0.35 3.7
TiO,-C(93wt%) 29 0.08 7.7

composite, which were the same as observed under TEM (Fig
4b). But this feature was not obvious for the TiO,-C composite
due to the aggregation. The BET specific surface of the PC-
TiO, (30wt%, 52wt%, 64wt%) were about 409, 303, and 169
m? g! respectively, which were larger than that of TiO,-C (29
m? g). The Barrett-Joyner-Halenda (BJH) plots revealed that
the pore size distribution of PC-TiO, were mainly focused on
3.7-3.9 nm, which were smaller than that of TiO,-C (7.7 nm)
(Fig. 5b, Table 1). Increasing the mass percent of TiO, from
30wt%, 52wt%, 64wt% to 93wt%, the pore volume was
decreased from 0.86, 0.67, 0.35 to 0.08 (Table 1),
demonstrating the importance of carbon to preserve the porous
structure. In brief, the results showed that a series of TiO,-
based materials, such as PC-TiO, and TiO,-C, could be
synthesized successfully via this simple sol-gel method. And
also, the high surface area, rich pore volume and meso-porous
characteristic of composite are available for the wide
applications of photo-catalysis, solar cell and lithium-ion
battery. Note that the conductivity of the porous carbon could
achieve 4.95 S cm’™, which were tested by the Advanced
Instrument Technology (CMT-SR1000N).

Electrochemical performance versus lithium metal

The electrochemical performance of PC-TiO, and TiO,-C in the
LIBs were evaluated in the half-cell firstly, and comparative
CV were presented in Fig. 6. For the TiO,-C (93wt%), the
sharp oxidation peak around 1.70 V in the anodic scan, and the
reduction peak near 2.10 V in the cathodic scan, were well
associated with the Ti*’/Ti®" redox couple during lithium
insertion/extraction. But these characteristic become weaker
and then disappeared in the PC-TiO, composite with decreasing
the TiO, to 30wt%. For example, the typical cathodic peak,
corresponding to the discharge process, moved towards a
higher value of 1.77 and 1.79 V. It demonstrate that the
insertion of lithium ions into TiO, nanocrystals become easier
than agglomerated TiO, particles in TiO,-C. Inversely, the
anodic peak, matching with the charge process, moved to a
lower value of 2.07 and 2.01 V, confirming the easier
extraction of lithium ions. Clearly, both results confirmed the
easier insertion/extraction of lithium ions in TiO, nanocrystals.
Moreover, the voltage difference between the anodic and
cathodic peaks were also decreased from 0.4, 0.3 to 0.23 V for
the samples of TiO,-C (93wt%) and PC-TiO, (64wt%, 52wt%).
It indicated that the PC-TiO, composite has a lower
electrochemical polarization and a better reversibility during
the discharge/charge process.

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 Comparative cyclic voltammograms (CV) of PC-TiO, and TiO,-C composite.
Conditions, 0.1 mVs™, 0.01-3 V.

3.0 a
// S/
i 25
=
-1 20
g
s 15 43— PC-TiO: (30 wt%)
S b—— PC-TiO:z (52 wt%)
o 1.0 ¢ —— PC-TiO: (64 wt%)
. d—Ti0:-C (93 Wt%)
©° 05
>
o-o T T T T T T
0 100 200 300 400 500 600
Capacity (mAh g™

Fig. 7 Voltage profiles of PC-TiO, and TiO,-C composite at the current density of
50mAg™.

The charge/discharge voltage profiles were provided in Fig.
7, and they matched well with the CV analysis. For the sample
of TiO,-C (93wt%), a long plateau region of typical TiO,
around 1.7 V existed and only a short tail below 1.7 V to 0.01
V (i. e., which correspond to the lithium storage in the porosity
of material). While for the samples of PC-TiO,, the voltage
plateau region almost disappeared and moved toward a lower
value below 1.7 V (Fig. 7). And also, the long plateau below
0.8 V emerged and it could be ascribed to the lithium insertion
in carbon matrix and/or porosity of PC-TiO,. As a result, a high
capacity of 546, 517, 446 mAh g could be delivered by the
samples of PC-TiO, (30 wt%, 52wt% and 64wt%) respectively.
Noteworthy, the TiO,-C composite with traces of carbon also
demonstrated a high capacity of 352 mAh g”!, which was much
higher than those previously reported TiO, materials (e.g., 180-
200 mAh g™)."'?* This interesting result need to be further
investigated, and one part of the reason should be ascribed to
the aggregated nanocrystals, traces of carbon, and/or porosity.

The rate capability of PC-TiO, and TiO,-C composite were
shown in Fig. 8a. Compared with TiO,-C electrode, the PC-
TiO, always exhibited a higher capacity at each rate due to the
contribution of porous carbon and TiO, nanocrystals. The
sample of PC-TiO, (30wt%) showed the highest capacities at
the current density of 50 mA g'l. In detail, it showed 544, 489,

This journal is © The Royal Society of Chemistry 2012
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394, 318, 277, 234 mAh g'1 at the current density of 50, 100,
200, 400, 800, 1600 mA g'. Finally, it could recover back to
540 mAh g' at 50 mA g after the end of rate test. With
increasing the TiO, nanocrystals to 52wt% and 64wt%, the
capacity changed to 515, 479, 421, 366, 316, 261 mAh g'l, and
447, 414, 369, 318, 303, 285 mAh g'1 under the same variation
of current density. At the high rate test, the contribution of
porous carbon was always limited, and then the rate capability
properties of PC-TiO, (50wt%, 64 wt%) behavior little better
than that of PC-TiO, (30wt%). While for the samples of TiO,-C,
it could deliver capacities of 352, 314, 285,263, 232, 190 mAh
g’ under the same trend of current density, and also it could
recover back to the initial capacities under the 200 and 50 mA
g!, as those of PC-TiO,. Note that the performance of TiO,-C
behaviors better than most TiO, materials reported before,*% **
45 particularly at the high rate.

More promisingly, the PC-TiO, and TiO,-C composite both
showed a very stable cycling ability. For example, an average
capacity of 533, 501, 438, 348 mAh g could be obtained for
the samples of PC-TiO, (30wt%, 52wt%, 64wt%) and TiO,-C
(93wt%) at 50 mA g' over 80 cycles. Particularly, their
capacity retention were as high as 98%, 95%, 101% and 100%
(vs. the 3™ cycle) respectively. Increasing the current density to
1600 mA g', the high capacities of 235, 260, 285 and 197
mAh g were also obtained in above samples, accompanying
the capacities retention of 98%, 104%, 99% and 99%,
successively. As mentioned before, the capacity contribution of
carbon was limited at high rate, therefore the sample of PC-
TiO, (30wt%) demonstrated a lowered capacity than those of
PC-TiO,; (52wt%) and PC-TiO, (64wt%) (Fig. 8b).

—@— PC-TiO, (30wt%)
—@— PC-TiO, (52wt%)
—@— PC-TiO, (64wt%)
L 9 TO.C(eW%) 50 mA g

400 mA g 200 A\ grons

Capacity (mAh g™

Cycle Numbers

—F PC-TIO, (30wt%)

—
"o —O— PC-TiO, (52wi%)
< ~/\— PC-TIO, (B4wt%)
< —— TiO-C (93wi%)
£ i

£

4 -1

2 4004 =) 1600 mA g

.8 300+ i A e
8 2004

S 1004

0 T T T

0 20 40 60 8 100 120 140 160
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Fig. 8 (a) Rate capability of PC-TiO, and C-TiO; at different current densities (50-
1600 mA g'l). (b) Cycling performances of PC-TiO, and TiO,-C at different current
densities of 50 and 1600 mA g'l.
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Fig. 9 (a) Nyquist impedance plots and (b) Comparative Rct of lithium-ion coin-
shape cell of PC-TiO, and TiO,-C.

The high performance of PC-TiO,, particularly the higher
capacity compare to that of C-TiO,, undoubtedly should be
ascribed to the porous carbon. It could provide a capacity
contribution, a protection and an enhancement of the
conductivity for the dispersed TiO, nanocrystals, as further
confirmed by the impedance analysis (Fig. 9a). The charge-
transfer resistance (R, of TiO,-C was 348 Q, as determined by
the numerical value of width of semicircle on the Z’ axis. It was
much higher than 180 Q of PC-TiO, (64wt%), 115 Q of PC-
TiO; (52wt%), 102 Q of PC-TiO, (30wt%), fully demonstrating
the higher electronic conductivity of PC-TiO,. Moreover, a
sharper tail of Nyquist plots in the low frequency of Fig. 9b
also represented a higher diffusion of lithium ions in the
electrode of PC-TiO, than that of TiO,-C.*® In brief, the higher
electronic conductivity and lithium ion diffusion rate mainly
resulted from the carbon matrix and high dispersion of TiO,
nanocrystals, which are then responsible for the high
performance of PC-TiO,

To make clear the advantage of PC-TiO, composite, the
porous carbon and normal TiO, nanoparticles were further
prepared respectively. Ball-milling the Super P or PC with TiO,
nanoparticles in the mass ratio of 64%, giving rise to the
composite of SP-TiO, (64 wt%, physically mixed) and PC-TiO,
(64 wt%, physically mixed). We elevated these materials in the
lithium ion batteries under the same conditions, and the
comparative data were shown in the Fig. S1. Clearly, the
capacity and the stability of PC-TiO, (64 wt%) were better than
that of PC-TiO, (64 wt%, physically mixed), and the former
two are better than SP-TiO, (64 wt%, physically mixed). It
confirmed that the improvement of properties should be
ascribed to the good dispersion of TiO, nanocrystals in the
porous carbon and the well contact of TiO, and porous carbon.
Individually, the pure PC has a capacity of 532 mAh g with a
poor cycling, while the TiO, nanoparticles has a low capacity of
183 mAh g with a relative good stability (102%). While the
composite of PC-TiO, (30wt%) has a higher capacity of 570
mAh g™, which is much better than that of pure PC and TiO,
nanoparticles, well demonstrating the advantages of PC-TiO,
composite.

Electrochemical performance versus LiNiysMn; 504

The electrochemical performance of PC-TiO, (30wt%) and
TiO,-C (93wt%) composite were also investigated in the full
battery versus the LiNigsMn; s04. For the sample of PC-TiO,
(30wt%), the coulombic efficiency (i.e, CE =

6 | J. Name., 2012, 00, 1-3

discharge/charge capacity) in the first cycle was 68% (i.e., 97
mAh g'/143 mAh g), and it increased fast close to 98%
following cycles (Fig. 10a, b). The reason of low CE in the first
cycle should be ascribed to the defects of porous carbon which
will consume lithium ions irreversibly, as well as the
decomposition of electrolyte and forming the solid-electrolyte
interface at the high charge voltage.*”™* In the initial 100 cycles,
the cell demonstrated a good cycling performance with a
capacity retention of 97.9% (vs. the 2™ cycle), accompanying a
work voltage around 3.75 V and an average discharge capacity
of 105 mAh ggmose . The energy density, calculated by the
integral of discharge curves (C-V, Fig. 10a), could achieve as
high as 413 and 374 Wh kg™ respectively in the 2" and 100"
cycle. The energy density retention was about 90.5% due to the
little decay of capacity and voltage. Evaluated by the anode, the
delivered capacity of PC-TiO, was about 430 mAh g0,
which was much higher that of commercial graphite in half cell
(about 200 mAh g™") under the similar current density.”® With
varying the current density from 100, 200, 400, 800 to 1600
mA g, the cell could still work well with capacities of 105,
102, 95, 85 and 67 mAh genoqe | (Fig. 10c, d). Finally, the cell
could recover back to 105 mAh g at the current density of 100
mA g, demonstrating the good rate capability and stability of
the electrode materials.

Furthermore, the full cell of TiO,-C (93wt%)/LiNiysMn; 504
was also investigated. Compared to the battery of PC-
TiO,/LiNiy sMn; 504, an obvious work voltage platform around
2.75 V appeared. It should be ascribed to the voltage platform
of TiO,-C around 1.70 V due to the high amount of TiO,, as
shown in Fig. 11a and Fig. 7. The CE of the cell in the first
cycle was 62%, and it increased fast close to an average value
of 96% in the following cycles. For this cell, an average
capacity of 80 mAh gcmhode'l could be delivered with a retention
of 91.2% (vs. the 3™ cycle) over 100 cycles (Fig. 11b). The
energy densities of the cell in the 1% and 100" cycle were about
264 and 209 Wh kg™' respectively with a retention of 79%. Due
to the high voltage platform and lower capacity of TiO,-C
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0 40 60 80 100 120 140

m
g
g
)

5. —~ 7
5 1 b 2
45 £ 480 120 €
” —1st cycle £ E
B 27-100" cycle| § 360 97.9%}%0 3
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Fig. 10 (a) Charge-discharge curves, (b)cycling ability in the initial 100 cycles at
100 mA g'l, (c) rate charge-discharge curves and (d) capabilities of full cell of PC-
TiO,(30wt%)/LiNigsMn; 5O, under different current densities from 100-1600 mA
-1

g
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anode, the energy density was rationally lower than that of PC-
TiO,. The delivered capacity of TiO,-C was about 240 mAh
ganode'l which was similar as that of graphite, but it was still
higher than most previous TiO,-based materials in half-cell and
also the safety of the cell was largely improved. In the rate test,
the cell demonstrated capacities around 84, 82, 75, 60, 25 mAh
¢! under the current densities of 100, 200, 400, 800, 1600 mA
g’'. And also, it could recover back to 83 mAh g at the rate of
100 mA g'. The rate performance was not as good as that of
PC-TiO, based cell, further demonstrating that embedding TiO,
nanocrystals into the porous carbon was good for obtaining
high capacity.

Capacity (vs. cathode, mAh g') 360 120
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" 240 80 o
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20 40 60 80 100 120 <~ g °©
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Fig. 11 (a) Charge-discharge curves, (b)cycling ability in the initial 100 cycles at
100 mA g'l, (c) rate charge-discharge curves and (d) capabilities of full cell of
TiO,-C (93wt%)/LiNigsMn; 504 under different current densities from 100-1600
mA g'l.

Conclusions

A new and simple strategy was developed to synthesis different
kinds of TiO,&C composite, and it could be readily extend to
prepare other kind of PC-metal (oxide) just varying the
precursor. Based on this strategy, a series of hierarchical PC-
TiO, composite consisting of TiO, nanocrystals and porous
carbon, as well as the composite of TiO,-C were prepared
readily. The high dispersion of TiO, nanocrystals in the porous
carbon was well controlled but which was hard to be achieved
before. Varying the loading of TiO,, the lithium storage ability
of composite could be finely controlled from 546 to 446 mAh
g’ at the rate of 50 mA g"'. Moreover, a very stable cycling
performances and rate capabilities could also be obtained from
50 mA g to 1600 mA g'. Even for the composite of TiO,-C
(93wt%), its capacity of 352 mAh g at 50 mA g was much
higher than most reported TiO, materials. To promote the
commercialization of TiO,-based anode, new full batteries
versus LiNiysMn, 504, such as PC-TiO,/LiNiysMn; sO, and
TiO,-C/LiNig sMn; 50y, successfully assembled and
investigated for the first time. Promisingly, the battery of PC-
TiO,/LiNiysMn; 504 could deliver a high energy density of 413
Wh kg and also show good rate capability with an energy

were

retention of 90.5% over 100 cycles. This is an original initial

This journal is © The Royal Society of Chemistry 2012
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try to applying different kinds of TiO,-based composites in full
batteries, and it could be significant to facilitate its applications
in lithium and current sodium ion battery.
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