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Abstract A simple and highly efficient method is developed for
in situ one-step preparation of carbon co-encapsulated anatase
and rutile TiO, nanocrystals (TiO,@C) with core-shell structure
for lithium-ion battery anode. The synthesis is depending on the
solid-phase reaction of titanocene dichloride with ammonium
persulfate in an autoclave at 200 °C for 30 min. The other three
titanocene complexes including bis(cyclopentadienyl)dicarbonyl
titanium, cyclopentadienyltitanium trichloride, and
cyclopentadienyl(cycloheptatrienyl)titanium are used instead to
comprehensively investigate the formation mechanism and to
improve the microstructure of the product. The huge heat gener-
ated during the explosive reaction cleaves the cyclopentadiene
ligands into small carbon fragments, which form carbon shell
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after oxidative dehydrogenation coating on the TiO,
nanocrystals, resulting in the formation of core-shell structure.
The TiO, nanocrystals prepared by titanocene dichloride have
an equiaxed morphology with a small diameter of 10-55 nm and
the median size is 30.3 nm. Hundreds of TiO, nanocrystals are
encapsulated together by the worm-like carbon shell, which is
amorphous and about 20-30 nm in thickness. The content of
TiO, nanocrystals in the nanocomposite is about 31.1 wt.%.
This TiO,@C anode shows stable cyclability and retains a good
reversible capacity of 400 mAh g ' after 100 cycles at a current
density of about 100 mA g, owing to the enhanced conductiv-
ity and protection of carbon shell.

Keywords Solid-phase synthesis - Core-shell structure - TiO,
nanocrystals - Lithium-ion battery

Introduction

Nowadays, lithium-ion batteries (LIBs) have been generally
accepted as power sources for consumer electronics and
electric/hybrid electric-vehicles because of their merits in
terms of high energy density, long cycle life, tiny memory
effect, low toxicity, and cost [1-3]. The battery performance
is depending on the intrinsic characteristics of electrode mate-
rial, and commercial carbonaceous anodes show an increased
resistance at high rate, which is inappropriate for advanced
high-power LIBs in future [4]. Therefore, a lot of efforts have
been made for developing various candidates with different
nanostructures and physicochemical properties to improve the
battery performance. Titanium dioxide (TiO,) is a widely used
material in industrial applications because of its abundance,
relatively low price, nontoxicity, and excellent stability [5].
Most TiO, polymorphs (including rutile, anatase, and brook-
ite) and their hybrids are regarded as attractive options for
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lithium storage owing to their superior inherent safety and
chemical compatibility with the electrolyte [6]. Compared
with carbon anodes, TiO, exhibits a comparable theoretical
capacity of 335 mAh g ' according to the accommodation
of one Li per TiO, [7]. It also has a higher voltage in the range
of 1.5-1.8 V relative to lithium depending on different poly-
morphs, thus preventing the formation of lithium dendrites
and side reactions between the electrode and electrolyte [8].
Furthermore, its volume expansion is only about 3.7% within
the crystalline lattice upon lithium insertion/extraction, ren-
dering the incredible stability under long and high-rate cycling
[9]. However, both of the lithium-ion diffusivity and electron-
ic conductivity of TiO, are relatively low, which can adversely
affect the rate capability of LIBs [10]. To address the negative
issues, TiO, in various nanocrystalline forms are widely used
to reduce the diffusion path length for lithium-ions and in-
crease high contact area between electrolyte and electrode,
thereby improving both storage capacity and rate capability
[11-13]. Another common strategy involves incorporation of
TiO, with carbonaceous materials, which can enhance the
electronic conductivity and suppress the aggregation of TiO,
nanocrystals, thus increasing the anode stability during cy-
cling [14-16]. Consequently, TiO,@carbon nanocomposite
is considered as a promising high-performance anode material
in LIBs, and several synthesis methods have been developed.

Conventionally, TiO, nanomaterials, such as nanoparticles,
nanorods, and nanotube arrays, can be obtained by flame
spray pyrolysis, sol-gel method, electrochemical anodization,
and hydrothermal process [17-20]. Otherwise, carbon nano-
structures are mainly fabricated by self-recombination of car-
bon clusters through physical evaporation of graphite, chem-
ical pyrolysis of organic precursors, and hydrothermal carbon-
ization of carbohydrate sources in different temperature ranges
[21-23]. Therefore, TiO, and carbon are generally prepared
individually and then hybridized because of their different
formation mechanisms and incompatible starting materials.
For example, Oh et al. first synthesized TiO, spheres using
TiCly as the precursor by hydrothermal method at 120 °C for
24 h, which were then mixed with sucrose in a solution.
Carbon coating was further obtained by annealing of the ho-
mogeneous mixture at 400 °C in Ar atmosphere [24]. Wang
et al. prepared TiO, hollow nanospheres using monodisperse
silica spheres as templates, and then, a resorcinol-
formaldehyde layer was coated on these spheres, which sub-
sequently turned to carbon shell under Ar atmosphere at
700 °C [25]. It is also a common strategy to grow TiO,
nanomaterials on the high-performance carbon nanotubes
and graphenes by hydrothermal method [26-28]. However,
it is evident that multi-step, long reaction time and high tem-
perature are usually required for preparation of TiO,@carbon
nanocomposites. Additionally, it is difficult to ensure control-
lable and homogeneous distribution of the nanosized TiO, and
carbon in scalable synthesis, which may lead to the unsatisfied
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rate capability and cycling performance of the LIBs.
Consequently, it is still an ongoing issue to explore simple,
efficient, high yield, and environmentally friendly preparation
techniques on the basis of new formation mechanism for over-
coming the shortcomings of current methods.

In the present work, a novel solid-phase reaction between
titanium metallocene and ammonium persulfate ((NH4),S,0sg,
abbreviated as APS) has been developed for in situ one-step
preparation of carbon-encapsulated TiO, nanocrystals
(TiO,@C) with core-shell structure at 200 °C. TiO,@C with
homogeneous morphology exhibits high specific capacity and
rate capability, as well as excellent cycling stability.

Experimental
Materials and preparation

All the chemicals were received as analytical reagent grade
and used without further purification. Four titanium
metallocenes, including bis(cyclopentadienyl)titanium
dichloride ((CsHs),TiCl,, abbreviated as Cp,TiCl,),
bis(cyclopentadienyl)dicarbonyl titanium (Cp,Ti(CO),),
cyclopentadienyltitanium trichloride (CpTiCly), and
cyclopentadienyl(cycloheptatrienyl)titanium (CpTi(C,;H7)),
were used to react with APS in an autoclave at 200 °C with
an identical process, respectively. Taking sample #1 for exam-
ple, 4 mmol of Cp,Ti,Cl, and 8§ mmol of APS were weighed
and manually milled by an agate mortar. Then, the homoge-
neously mixed reactants were sealed in an autoclave with a
50-ml PTFE liner and held at 200 °C in an electric heat oven
for 30 min. After the reaction, the as-prepared powder was
thoroughly rinsed with deionized water and ethanol in se-
quence to remove the soluble by-products, and TiO,@C was
eventually obtained after being dried in a vacuum oven at
100 °C. Other samples were also prepared by different precur-
sors which can affect the morphology and microstructure of
the products (Table 1).

Characterization

Phase structures of the samples were characterized by X-ray
diffraction (XRD) using a PANalytical X’Pert PRO diffrac-
tometer with Cu K, radiation. Raman spectrum of the samples
was recorded by a Bruker Senterra micro Raman spectrometer
with an excitation wavelength of 633 nm at 2 mW. The surface
morphology, microstructure, and composition of the samples
were analyzed by field-emission scanning electron microsco-
py (SEM, JEOL JSM 7500F) and transmission electron mi-
croscopy (TEM, JEOL JEM 2010) equipped with an X-ray
energy-dispersive spectroscopy system (EDS, EDAX). The
reaction behaviors of the reactants and the final product of
sample #1 in ambient atmosphere were determined by
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Table 1 Synthesis parameters of

carbon and TiO, nanocomposites No.  Reactants Vol. of Temp. Time  Major
autoclave °O) (min) products
Titanium mmol Ammonium  mmol (ml)
metallocenes persulfate
#1 (CsHs),TiCl, 4 (NH4),S,08 8 50 200 30 TiO,@C
#2 (CsH;5),Ti(CO), 4 8 Carbon, Sg
and TiO,
#3 (CsH5)TiCly 4 8 Carbon and
TiO,
#4 (CsH5)Ti(C;H,) 4 8 TiO,@C

differential scanning calorimetry and thermogravimetric anal-
ysis (DSC-TG, Netzsch STA 449F3) using open pans, respec-
tively. The DSC of the reactants in a sealed aluminum pan was
also carried out on a Netzsch DSC 204F1 to simulate the
reactions of sample #1 in autoclave. The Brunauer-Emmett-
Teller (BET) surface area and Barrett-Joyner-Halenda (BJH)
pore size distribution of sample #1 were calculated from the
adsorption branch of the nitrogen isotherms at 77 K on a
Micromeritics ASAP 2020 porosimeter.

Electrochemical measurements

For the fabrication of working electrodes, TiO,@C (sample
#1), acetylene black and polyvinyldifluoride (PVDF) in a
weight ratio of 80:10:10 were evenly mixed in N-methyl-2-
pyrrolidone (NMP) solvent. The as-prepared slurry was coat-
ed on a thin copper foil (¢ = 14 mm) and then thoroughly
dried in vacuum at 120 °C. The electrochemical tests were
conducted by the assembly of coin-type cell in an Ar-filled
glove box with lithium foil as the counter electrode separated
by a Celgard 2400 microporous polypropylene film. The
1.0 M LiPF¢ solution in a mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) (1:1 in volume) was
used as the electrolyte. The galvanostatic charge/discharge
curves of cells were measured on a battery testing system
(Neware, BST-5V3mA) between 0.05 and 3 V versus Li/Li*
at different current densities. The cyclic voltammogram (CV)
was performed on a CHI 630A electrochemical workstation in
the voltage range of 1.0-3.0 Vand at a scan rate of 0.1 mV's .

Results and discussion

For sample #1, after the preparation, the black fluffy powder
and soft agglomerates were found in the top and bottom of the
autoclave, respectively. These powders could be differentially
collected and the corresponding XRD results are shown in
Fig. la. It indicates that the black fluffy powder is mainly
composed of anatase and rutile TiO, (indicated by A-TiO,
and R-TiO,, respectively). The strong peaks located at
26 = 23° and 33° correspond to the strongest characteristic

peaks of NH4Cl, which can be regarded as a main by-product.
Another by-product with good crystallinity can be found in
the as-prepared bottom sample, and most strong diffraction
peaks can be indexed to (NH4);H(SO,),, ascribing to the de-
composition of APS. After removal of (NH4);H(SO,4), and
NH,4CI through washing process, the sharp peaks located at
26 = 26° and 28°can be unambiguously assigned to the stron-
gest characteristic peaks of A-TiO, (101) and R-TiO, (110),
respectively. It should be noted that the phase component of
the washed top and bottom power is the same according to the

a

“~ B R-TiO, (JCPDS no. 89-4920)
® A-TiO, (JCPDS no. 89-4921)
A NH,CI (JCPDS no. 07-0007)

D-band  G:band

Counts (a.u.)

800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Fig. 1 a XRD patterns of the sample #1 in the different position of the

autoclave: (/) as-prepared top powder; (/) as-prepared bottom powder;

(IIl) washed bottom powder. b Raman spectrum of the washed bottom
powder
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diffraction peaks. Additionally, the peak of A-TiO, (101) is
much stronger than R-TiO, (110), suggesting that anatase
phase is preferentially and abundantly formed during the ox-
idation of Cp,TiCl,. On the other hand, although carbon dif-
fraction peaks are absent in XRD pattern, it can be clearly
proved by the two typical D- and G-band Raman shifts located
at 1350 and 1580 cm ™', respectively, as shown in Fig. 1b. The
relatively high intensity D-band peak confirms that amor-
phous carbon with lattice distortion is obtained because the
low synthesis temperature is not beneficial to the formation of
graphitizable carbon.

The low magnification SEM image of the TiO,@C in sam-
ple #1 in Fig. 2a shows that the sample has a uniform mor-
phology and consists of equiaxed nanoparticles. It is distinct
that the nanoparticles have a typical diameter about 100 nm
and aggregate together. At high magnification, these nanopar-
ticles obviously show core-shell structure composed of white
cores inside and an exterior semitransparent thin layer, corre-
sponding to TiO, nanocrystals and carbon shell (Fig. 2b).
Moreover, the carbon layer encapsulates lots of TiO,
nanocrystals as a whole, rather than separately and individu-
ally encapsulates each nanocrystal. The morphology of the
bottom powder is almost the same as the top powder and
core-shell structure is clearly revealed (Fig. 2c, d), demonstrat-
ing that the solid-phase synthesis is very simple and effective
to yield highly homogeneous product.

The TEM images can provide further details on the mor-
phology and microstructure of TiO,@C in sample #1. In
Fig. 3a, it can be seen that the white inner cores under the
carbon layer in SEM image are actually the agglomerated
small nanocrystals. The worm-like carbon shell about 20—
30 nm in thickness is interconnected and encapsulates

Fig. 2 SEM images of the
sample #1 in the different position
of'the autoclave. a, b Top powder.
¢, d Bottom powder

@ Springer

hundreds of nanocrystals inside, exhibiting a uniform core-
shell structure. Figure 3b, ¢ shows that high-resolution TEM
images of carbon encapsulated some typical equiaxed
nanocrystals. The carbon shell is further proved to be amor-
phous according to its disordered lattice fringes. On the other
hand, the two-dimensional lattice fringes in the two
nanocrystals can be well indexed to anatase TiO, (101) and
rutile TiO, (110) and (200) planes, respectively. The nano-
crystal size is accurately measured in several TEM images,
and the nanocrystals have a small size of 10-55 nm according
to the histogram (Fig. 3d), where the median size is 30.3 nm.
From tens of SEM and TEM images, it is found that all the
TiO, nanocrystals are perfectly and homogeneously encapsu-
lated by carbon. Despite that the solid-phase based synthesis is
very simple, the morphology and quality of TiO,@C can be
effectively guaranteed.

The DSC-TG analysis conducted in air atmosphere is used
to evaluate the composition of TiO,@C in sample #1. The
weight loss between 400 and 600 °C in the TG curve is ac-
companied by a strong exothermic peak in the DSC curve,
implying that the exterior carbon shell is burned off during
this stage (Fig. 4a). After 600 °C, the oxidation of TiO,@C is
completed, and the TG curve shows a steady plateau with a
residue of 31.1% of the initial mass, corresponding to the
content of TiO, nanocrystals in the TiO,@C. The relatively
low content of TiO, implies that the carbon shell is thick
compared to the fine nanocrystals, which is in accordance
with the TEM images. However, the theoretical content of
TiO, in the nanocomposite should be 40% on condition that
the Cp ligand and Ti atom in Cp,TiCl, completely transform
to carbon and TiO,, respectively. Thus, it is assumed that a
small amount of soluble titanium-containing by-product is
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Fig. 3 a—c TEM images of the TiO,@C in sample #1. d Size distribution of TiO, nanocrystals

simultaneously formed during the synthesis and subsequently
eliminated in the washing process. The nitrogen isotherms,
BJH pore size distribution, and BET surface of the TiO,@C
are indicated in Fig. 4b. The broad hysteresis loop in the rel-
ative pressure range of 0.4—1.0 is associated with the existence
of mesopores, and the upward curvature at the relative pres-
sure higher than 0.8 corresponds to the cylindrical mesopores
[29]. However, the total pore volume of the TiO,@C should
be small according to the low adsorbing capacity under the
pressure of 0.4. The BJH pore size distribution reveals that the
pores less than 10 nm are dominant in the sample. Otherwise,
the low BET surface area of TiO,@C (80.2 m> gﬁl) illustrates
that carbon shell and TiO, cores are in close contact with each
other, which is consistent with the TEM images.

Figure 5a shows the DSC-TG curves of the pure APS and
the mixture of Cp,TiCl, and APS in sample #1 in open alu-
mina pans, respectively. It is obvious that the pure APS will
exothermically decompose at about 190 °C to create oxygen
[30]. When Cp,TiCl, is added, the reaction temperature is
distinctly reduced to 174 °C (onset point), and the mixture
suffers a much stronger exothermic reaction than pure APS
according to the intensive peak in the DSC curve. Meanwhile,
the sample weight instantaneously loses 25.3% of the initial
mass based on the TG curve, which should be caused by the
release of generated gases. After that, the sample weight slow-
ly decreases with the increment of temperature. These phe-
nomena imply that an explosive reaction takes place between

the two solid reactants and a large amount of heat and gases
are generated. With the purpose of simulating the reaction
behavior in autoclave, the DSC analyses of the reactants in
sealed aluminum pans are further carried out, as shown in
Fig. 5b. A small new exothermic peak is revealed around
150 °C for pure APS, and it is probably due to the existence
of a tiny moist air sealed in the pan, which can promote the
decomposition of APS. The second peak around 190 °C is
similar to that in the open pan and slightly shifts to the low
temperature region. It can be explained that the decomposition
products sealed in the reactor can further accelerate the reac-
tion. When Cp,TiCl, is introduced, the initial peak at 150 °C
is attributed to the decomposition of APS under the residual
moist air and the subsequent oxidation of Cp,TiCl,. Notably,
the dominant peak at 180 °C becomes much broader and
stronger, corresponding to the spontaneous ignition of
Cp,TiCl, and liberation of H,O and SO, (tested after the syn-
thesis). It has been proved that the ammonium and oxidizing
ions tend to reduce the stability of metallocene complexes and
destroy the ferrocene-like sandwich structure at about 200 °C
[31-33]. Compared to the reaction in the open pan, lots of heat
and gases generated in the process are encapsulated in the
sealed pan, quickly rising the temperature and pressure in
the reactor. Therefore, the temperature in the autoclave will
be much higher than 200 °C, and the cyclopentadiene ligands
in Cp,TiCl, are cleaved into small carbon fragments, which
eventually turn to carbon shell after oxidative
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Fig.4 a DSC-TG curve and b N, isotherms, BET surface area, and BJH
pore size distribution of the TiO,@C in sample #1

dehydrogenation. In addition, the Ti and Cl atoms in Cp,TiCl,
will transform to TiO, and NH,4C], respectively. On the con-
trary, APS is reduced to SO, and (NH4);H(SO,),. During the
explosive reaction, carbon fragments filled with the autoclave
inhibit the grain growth of TiO,, resulting in the formation of
small TiO, nanocrystals. And the 7t interaction between Ti and
carbon fragments should be responsible for the creation of
core-shell structure [34-36].

Although the TiO,@C can be efficiently synthesized in
sample #1, multiphase TiO, coexist and their total mass is
low due to the thick carbon coating. Therefore, the synthesis
parameters should be optimized in order to prepare carbon-
encapsulated high-content pure phase TiO, nanocrystals.
According to the thermal analysis above, a very rapid explo-
sive reaction between Cp,TiCl, and APS can liberate an ap-
preciable amount of energy in a short time, thereby producing
copious amounts of radicals and atoms which in turn react
with each other to form TiO,@C. Consequently, explosive
reaction with high energy release is crucial for the formation
of core-shell structure, which should be further depending on
the molecular structure and property of the starting precursor.
It has been confirmed by the following samples using different
precursors.
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It has been demonstrated that NH4CI can react with ferro-
cene to fabricate amorphous carbon in oxidation environment
at 200 °C [33], implying that the presence of NH4Cl may
reduce the purity of core-shell structure. Therefore, in sample
#2, Cp,Ti(CO), is used as the precursor in which carbonyl
groups substitute for the chlorine atoms in order to avoid the
formation of NH4Cl. Figure 6a I shows the XRD pattern of the
top powder and only a broad peak can be found, correspond-
ing to the amorphous carbon without nanocrystals inside. The
as-prepared bottom powder is abundant of (NH,4);H(SO4),
and (NH4),SO, (Fig. 6a II), which is similar to sample #1.
After washing, the diffraction peaks of A-TiO, and Sg
(JCPDS no. 74-1465) are revealed and the additional genera-
tion of Sg may be attributed to the deep reduction of
(NH4),S,05¢ (Fig. 6a III). The high D-band peak in the
Raman spectrum of Fig. 6b further illustrates that amorphous
carbon is obtained.

The SEM images of the top powder show that the homo-
geneous interconnected nanoparticles are the major product
(Fig. 6¢, d). However, no bright cores can be found inside,
suggesting that only amorphous carbon is fabricated without
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Fig. 6 a XRD patterns of the
sample #2 in the different position

of the autoclave: (/) as-prepared * (N H4)3H(SO4)2 D-band G-band
top powder; (IT) as-prepared > A (NH 4)280 ’ -
bottom powder; (/) washed ) AT »

bottom powder. b Raman
spectrum of the washed bottom
powder. SEM images of the top
(¢, d) and bottom powder (e, f) at
different magnification. TEM
images of the top (g) and bottom
powder (h—j)

)
o

Counts (a.u.)
Counts (a.u.)

800 10b0 12b0 14b0 16b0 18})0 2000
. -1
Raman shift (cm™)

TiO, inner cores, which is in accordance with the XRD pat-  only worm-like carbon is formed in the top powder.
tern. The uniformity of the bottom powder is greatly decreased =~ Otherwise, a small amount of carbon-encapsulated TiO, and
due to the existence of lots of irregularly shaped particles, as  Sg nanocrystals can be found in the bottom powder, as shown
shown in Fig. 6e, f. TEM image in Fig. 6g demonstrates that  in Fig. 6h—j.
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It is deduced that the carbonyl groups can suppress the
explosive reaction between Cp,Ti(CO), and (NH4),S,0g
and the released power is reduced. Therefore, only a small
amount of Cp ligands are torn into carbon fragments, and then
pushed up by the produced gas stream to form worm-like
carbon nanoparticles. On the other hand, the (NH4);H(SOy4),
and (NH,4),SO,4 decomposed from (NH,4),S,0g are deposited
at the bottom. These ammonium sulfates are similar to NH4Cl
and also reactive to Cp,Ti(CO),, mainly forming irregularly
shaped amorphous carbon particles. Though (NH4);H(SO4,),
is also present in sample #1, the rapid explosive reaction is
dominant rather than other side reactions, thus leading to the
formation of homogeneous core-shell structure.

As discussed above, the carbon content of TiO,@C is low
in sample #1, which is depending on the atomic ratio of carbon
to Ti in the precursor. Therefore, in sample #3, CpTiCl; is used
to increase the content of TiO, by the reduction of carbon
atom in the precursor. After the reaction, all the powder is
found at the bottom of the autoclave. Figure 7a I shows the
XRD pattern of the as-prepared product, which is primarily
composed of NH4Cl like to sample #1. After washing, only A-
TiO, is remained, demonstrating that CpTiCl; is appropriate

Fig. 7 a XRD patterns of the

Y]

for preparation of pure phase TiO, (Fig. 7a II). The Raman
spectrum in Fig. 7b proves that carbon is also amorphous
owing to the low synthesis temperature. However, large
amount of irregularly shaped particles are formed instead of
core-shell structure, as shown in SEM images (Fig. 7c, d).
TEM observations further display that amorphous carbon
and A-TiO, nanocrystals are aggregated together (Fig. 7e, f).
Considering that the power of explosive reaction is deter-
mined by the amount of Cp ligand and (NH4),S,Os, the de-
cline of Cp ligand number in the precursor will greatly weaken
the explosive reaction, resulting in the formation of inhomo-
geneous product without core-shell structure. Otherwise, com-
pared with the first two samples, the small quantity of heat
released during the explosive reaction may be beneficial for
the synthesis of pure phase TiO,.

CpTi(C,H>) is chosen in sample #4, and the influence of C1
atom or carbonyl group on the synthesis can be eliminated.
Besides A-TiO, and R-TiO,, Sg appears in the top powder due
to the deep reduction of (NH,4),S,0Osg, as shown in the XRD
pattern (Fig. 8a I). (NH,4)3H(SOy), is similarly found in the as-
prepared bottom powder, and A-TiO, and R-TiO, are eventu-
ally obtained after washing process (Fig. 8a II and III). The

b

sample #3 in the bottom of the
autoclave: (/) as-prepared
powder; (/) washed powder. b
Raman spectrum of the washed
powder. ¢, d SEM and e, f TEM
images of the bottom powder at
different magnification

Counts (a.u.)

®ATIO,
ANH,CI

D band G band

Counts (a.u.)

20

2 Theta (deg.)

800 1000 1200 1400 1600 1800 2000
. -
Raman shift (cm™)

40 60
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Fig. 8 a XRD patterns of the
sample #4 in the different position
of the autoclave: (/) as-prepared
top powder; (/) as-prepared
bottom powder; (/1) washed
bottom powder. b Raman
spectrum of the washed bottom
powder. SEM images of the top
(¢, d) and bottom powder (e, f) at
different magnification. Large
domain TEM image of the core-
shell structure (g) and the two-
dimensional lattice images of
nanocrystals (h—j) in the top
powder

Dband G band

Counts (a.u.)

800 1000 1200 1400 1600 1800 2000

Raman shift (cm'1)

carbon is amorphous as well according to the Raman spectrum  good uniformity of core-shell structure, which is identical with
(Fig. 8b). The top powder has a homogeneous morphology  sample #1 (Fig. 8e, f). The core-shell structure, amorphous
composed of interconnected nanoparticles with obvious inner ~ carbon shell, as well as different types of nanocrystals can
cores (Fig. 8c, d). The washed bottom powder also shows a  be distinctly revealed in the TEM images (Fig. 8g—j).
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Consequently, CpTi(C;H;) is suitable for preparation of ho-
mogeneous core-shell structure, but the carbon content of the
product should be higher than other samples because of the
more carbon atoms in the precursor.

Based on the discussion above, the explosive reaction is
important for the synthesis of homogeneous TiO,@C with
core-shell structure. The released heat during the reaction
should not only be high enough to cleave the Cp ligands,
but also not too much for pure phase A-TiO,. Additionally,
the precursor without Cl atom or carbonyl groups bound with
Ti atom is an ideal selection to avoid side reactions.
Nevertheless, commercial titanocene complexes are compar-
atively few, and further, more detailed investigation should be
carried out on these specific aspects.

The TiO,@C in sample #1 is taken as anode for Li-ion
battery because of its homogeneous core-shell structure.
Figure 9a displays the first three CV cycle profiles for
TiO,@C anode at a scan rate of 0.1 mV s ' in the voltage
range of 1.0-3.0 V. A major pair of cathodic/anodic peaks for
Li intercalation/deintercalation is observed at 1.7 and 2.0 V,
respectively, in accordance with the pair of peaks in the mix-
ture of A—/R-TiO, [37]. Another pair of broad peaks (at 1.45
and 1.75 V) associated with differing site occupations might
be attributed to the formation of the discrete phase or
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imperfection of the TiO, lattice, which facilitate the transport
of Li through surface defects and in bulk materials [16].

The content of TiO, is low and carbon shell is the dominant
phase in sample #1. Therefore, the electrochemical perfor-
mance of TiO,@C anode was measured between 0.01 and
3 V. The charge/discharge profiles in Fig. 9b demonstrate that
the TiO,@C anode possesses an initial discharge and charge
capacity 0£993 and 653 mAh g, respectively, corresponding
to an irreversible capacity loss of 34% due to the formation of
solid electrolyte interphase (SEI) film on the carbon shell. For
pure TiO, anode, the capacity is usually measured in the volt-
age of 1.0-3.0 V, in which range in the capacity of amorphous
carbon can be negligible [38]. Hence, the capacity of TiO,
nanocrystals in the nanocomposite is roughly estimated to be
183 mAh g ' in the second cycle. The voltage profile of
TiO,@C in the second discharge process shows three distinct
regions at 1-3 V. Region 1 ranging from open circuit voltage
(OCV) to 1.75 V shows a rapid voltage drop, which is known
as a homogeneous Li" insertion into the bulk by a solid-
solution insertion mechanism. A well-known two-phase pla-
teau in region 2 is observed at 1.5-1.75 V, where Li-rich
phases and Li-poor phases coexist. After the two-phase pla-
teau, the region 3 below 1.5 V exhibits a sloped curve. This
process can be attributed to the reversible surface/interfacial
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Fig.9 Electrochemical performances of TiO,@C in sample #1. a Cyclic voltammograms at a scan rate of 0.1 mV S™'. b The charge/discharge curves at
a current density of 0.1 mA cm 2. ¢ Cycling stability and Coulombic efficiency. d Rate performance
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lithium storage on the TiO, and carbon, which is consistent
with the CV shown in Fig. 9a.

The cycling stability and Coulombic efficiency of TiO,@C
anodes at various current densities are exhibited in Fig. 9c.
The TiO,@C anode shows good capacity retention during the
100 successive cycles at 0.1 mA cm ™2 (113 mA g ') and still
maintains a high reversible capacity of 400 mAh g~ with
respect to commercial graphite anode. When the current den-
sity is elevated, a high reversible capacity of 394, 345, 288,
188, and 109 mAh g ' after 100 cycles can be obtained at 0.2,
0.5, 1.0, 3.0, and 5.0 mA c¢m 2 (about 5 A gfl), respectively.
The TiO,@C retains a good capacity because of the entire
carbon encapsulation and the stable core-shell structure. The
Coulombic efficiencies rapidly increase to about 98% in the
fifth cycle and are well maintained around 100% in the fol-
lowing cycles, illustrating that the small TiO, nanocrystals
enable the facile transport of lithium-ions and electrons in
the nanocomposite. The rate capability of TiO,@C is investi-
gated by stepwise increasing the current density for every
10 cycles from 0.1 to 5.0 mA cm > and then returning back
(Fig. 9d). The TiO,@C anode shows outstanding high rate
performance with a small decline in capacity as the current
density increases. Remarkably, when the current density de-
creases from 5.0 to 0.1 mA cm 2, the capacity of TiO,@C
anode returns from 75 to 289 mAh g ' at once and further
increases to a stable stage of 431 mAh g ', implying that the
anode is highly stable and reversible.

The discharge capacities of several TiO,@C anodes in the
voltage of 1-3 V are also simply summarized in Table S1
(Supplementary Material). The capacity is not only depending
on the morphology and microstructure of the nanocomposite,
but also the amount of carbon incorporation. Compared to the
TiO,-rich anode, the relatively low capacity of TiO,@C is
mostly ascribed to the small content of TiO, in the nanocom-
posite. Moreover, the excessively thick carbon coating on
TiO, nanocrystals will act as a barrier for Li* diffusion, which
decreases the rate performance. Consequently, controllable
incorporation of a small amount of thin carbon shell into fine
TiO, nanocrystals should be further investigated for high-
performance TiO,@C anode.

Conclusion

A novel and efficient low-temperature solid-phase reaction
has been successfully developed for in situ one-step prepara-
tion of TiO,@C with core-shell structure. The rapid genera-
tion of a large amount of heat in the autoclave cleaves the
cyclopentadiene ligands into small carbon fragments, which
form carbon shell after oxidative dehydrogenation coating on
the TiO, nanocrystals, resulting in the formation of core-shell
structure. In sample #1, the median size of the small equiaxed
TiO, nanocrystals is 30.3 nm and the thickness of amorphous

carbon shell is 2030 nm. The TiO,@C anode shows good
capacity and stable cyclability at fast charge/discharge rate
owing to the good conductivity and protection of carbon shell.
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