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© Springer Science+Business be amorphous, anatase, and rutile. In contrast, the nanosized rod-like mor-

Media, LLC, part of Springer ~ phology which to a certain extent is predefined by the titanium glycerolate

Nature 2018 precursor does not depend on the annealing temperature. The carbon content of
the TiO,/C composites amounts to 16-29 wt% and shows up, e.g., in the
characteristic Raman D and G bands. Anatase-structured TiO,/C, which is
obtained at 600 °C, exhibits the best electrochemical performance among the
studied materials. Without the addition of carbon black, it reaches an initial
specific discharge capacity of 378 mA h g~' at 100 mA g~ ' and exhibits excel-
lent rate capability with a capacity of 186 mA h g~ ' at 1000 mA g~ '.

led to extensive research efforts regarding the
Introduction development of electrode materials featuring high
capacity, long lifespan, chemical stability, low cost,
Improving the performance of lithium-ion batteries and environmental benignity [1, 2]. In this regard,
has become one of the key topics in materials science. nanosized titanium dioxide (TiO,) in the form of its
The demands for high-performance batteries have polymorphs anatase [3-5] and rutile [6, 7],
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respectively, or a mixture of these phases [8] has
become a promising candidate for application in
lithium-ion batteries [9]. In order to enhance the
cycling performance and high rate capability of TiO,
anode materials, various nanocomposites incorpo-
rating conductive carbon allotropes have been
formed. For instance, CNTs/TiO, coaxial nanocables
synthesized by controlled hydrolysis of tetrabutyl
titanate in the presence of carbon nanotubes (CNTs)
demonstrate outstanding specific capacities which
are three times higher than that of pristine TiO,
without CNTs [10]. Owing to the superior electric
conductivity and large specific surface area, graphene
is also regarded as an ideal component in TiO,
nanocomposites [11-13]. Besides the addition of
CNTs or graphene, other methods and forms of car-
bon can be used for the preparation of TiO,/C
nanocomposites with enhanced electrochemical per-
formance. Utilizing the formation of amorphous
carbon in situ by carbonization of oleic acid [14],
glucose [15], sorbitol [16] or polyvinylpyrrolidone
[17, 18] absorbed on the surface of TiO, nanorods,
various TiO,/C composites were produced. Fur-
thermore, TiO,/C nanocomposites were fabricated
by combining carbonization of glucose and hydroly-
sis of a titanium glycolate precursor by means of
hydrothermal treatment [19, 20]. Also, Li et al. [21]
synthesized TiO,/C chrysanthemum-like nanocom-
posites via carbonization of organic groups of tita-
nium glycolate rods in vacuum at 400 °C.

Most of the existing synthetic methods for the
preparation of TiO,/C nanocomposites are based on
the treatment of liquid precursors under hydrother-
mal conditions [15, 17-19, 22]. A novel approach
employs solid-state reactions based on metal alkox-
ides as a new type of precursor [23]. During this
synthesis process, solid metal alkoxides conveniently
convert into functional inorganic nanomaterials and
nanocomposites, respectively. Thereby, the mor-
phology, chemical composition, and crystal structure
of the final product can be controlled by the choice of
suitable alkoxide precursors. In this regard, titanium
glycerolate is a member of the titanium alkoxides
family which indeed can be used as precursor for
preparing TiO, nanomaterials [24, 25].

Hence, a new synthetic strategy concerning the
formation of TiO,/C nanocomposites can be suc-
cessfully realized by heat treatment of titanium
glycerolate (TiGly) under inert atmosphere. The
organic component of TiGly will partially transform
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into carbon resulting in the formation of a TiO,/C
composite. Therefore, this precursor-controlled syn-
thetic route is very effective and elegant, contributing
to the development of advanced TiO,/C composite
materials. Here, we report the application of this
method yielding TiO,/C rod-like nanocomposites,
some of which show outstanding electrochemical
performance, in particular rate capability, as anode
material in Li-ion batteries.

Experimental
Materials preparation

Titanium(IV) butoxide (pure grade) and freshly dis-
tilled glycerol (analytical grade) were used as starting
materials for the synthesis of the titanium glycerolate
precursor. In a typical procedure, 15 mL of titanium
n-butoxide (Ti(OC,Hy),) was added to 150 mL of
glycerol in a 250-mL round-bottom flask attached to a
condenser. The resultant solution was then heated to
190 °C under N, atmosphere for 24 h. After cooling
to room temperature, the resulting white precipitate,
titanium glycerolate, was collected using centrifuga-
tion, washed with ethanol and dried at 100 °C for
24 h.

TiO,/C nanocomposites were prepared by
annealing the as-obtained titanium glycerolate in a
tube furnace at different temperatures ranging from
250 to 850 °C for 2 h under N, flow at an initial
heating rate of 5 °C/min. A slow heating rate of
5 °C/min was chosen in order to ensure the forma-
tion of the composite without destroying the
nanofibrillar structure of titanium glycolerate. The
carbonized products are labeled as TiO,/C-X, where
X is the annealing temperature.

Materials characterization

X-ray diffraction (XRD) patterns were obtained from
a Shimadzu XRD-7000S using Cu K, radiation with a
step size of A20 = 0.02°. The morphology of the
powders was investigated on a ZEISS Leo 1530
scanning electron microscope (SEM) and a JEOL JEM
2100 transmission electron microscope (TEM). The
Raman spectra of the samples were recorded on a
U1000 “Renishaw” spectrometer using a 532 nm laser
at the output power of 40 mW. Thermogravimetric
analysis (TG/DTA) was performed on a Mettler
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Toledo TGA/DSC1 analyzer with a heating rate of
5 °C/min under N, flow and in air. Nitrogen sorp-
tion isotherms were determined on a Micromeritics
Gemini VII 2390 Surface Area Analyzer. Prior to N,
physisorption data collection, the samples were
degassed at 140 °C under vacuum for 2 h. The
specific surface area, pore size distribution and pore
volumes were obtained by means of the Brunauer—
Emmett-Teller (BET) method and the Barrett-Joyner—
Halenda (BJH) model from the adsorption branches
of the isotherms.

Electrochemical measurements

For electrochemical characterization, pristine TiO,/
C-X powder was stirred overnight with 6 wt%
polyvinylidene difluoride binder (Solvay Plastics) in
N-methyl-2-pyrrolidone (Sigma-Aldrich). The result-
ing slurry was spread on copper meshes, dried at
~ 80 °C under vacuum, mechanically pressed and
dried again. Swagelok-type two-electrode cells were
assembled in an Ar-atmosphere glove box [5].
Therein, the working electrode and a lithium metal
foil counter electrode were separated by two layers of
glass fiber separator (Whatman GF/D). The elec-
trolyte was 1 mol/l LiPF, in a mixture of ethylene
carbonate and dimethyl carbonate (Merck Electrolyte
LP30). Electrochemical measurements by means of
cyclic voltammetry and galvanostatic cycling with
potential limitation were taken on a VMP3 Poten-
tiostat System (BioLogic) in the potential range of
0.01-3.0 V versus Li/Li" at a constant temperature of
25 °C. The accuracy of the quantitative results, e.g.,
specific capacities, is determined by the error of the
mass of active material per electrode, which usually
amounts to 5%. This order of relative error is also
found as variance comparing independent measure-
ments with the same parameters.

Results and discussion

The titanium glycolerate (TiGly) precursor which is
used for the synthesis of the TiO,/C nanocomposite
product shows a nanoscale morphology, too, as seen
by SEM and TEM images in Fig. 1a, b, respectively.
The microscopy images imply that as-prepared TiGly
powder is composed of nanorods which are
20-30 nm in diameter and 300-400 nm in length. The
surface area is accordingly large and amounts to
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47.6 + 1.7 m*/g. Its XRD pattern (Fig. 1c) confirms a
phase pure material and the diffraction peaks can be
indexed in space group P2/c with the same lattice
parameters as reported in Ref. [24]. Investigation of
the thermal behavior of TiGly in Ny-flow gives
insight into the precursor transformation during
decomposition. The thermal decomposition in inert
atmosphere (see Fig. 1d) actually involves three steps
which is consistent with published results [24]. A first
weight loss of ~ 38.4 wt% occurs step-like and is
attributed to the decomposition of TiGly. This pro-
cess is accompanied by an exothermic feature around
355 °C, indicating the formation of a TiO, phase. The
weight loss in the temperature range of 357-570 °C
(~ 4.5 wt%) corresponds to the evaporation of the
remaining organic fragments of TiGly. The final
weight loss of ~ 7.1 wt% between 570 and 1000 °C,
accompanied by a weak exothermic peak at 960 °C,
can be attributed to a carbothermic reaction between
TiO, and carbon.

The products TiO,/C-X produced by the decom-
position of TiGly show XRD diffraction patterns
which strongly depend on the actual annealing tem-
perature (X). The corresponding XRD patterns are
shown in Fig.2a in comparison with the Bragg
positions of an anatase (ICSD #92363 [26]) and a rutile
(ICSD #31330 [27]) reference material. The data imply
that TiO,/C nanocomposites obtained by heat treat-
ment below 480 °C exhibit amorphous phases only.
An anatase TiO, phase starts to appear after anneal-
ing of TiGly at 500 °C. However, the diffraction peaks
are broad which can be attributed to nanosized TiO,
crystallites. In general, TiO,/C compounds with
anatase structure have been obtained in the range of
500-600 °C. The thermolysis of TiGly at temperatures
above 600 °C leads to the formation of rutile TiO,,
coexisting with the still occurring anatase phase,
which is the case in, e.g., TiO,/C-600(A + R). How-
ever, with annealing in separate heating procedures
starting from 400 °C in steps of 50 °C, the sample
TiO,/C-600(A) without any detectable rutile phase
fraction could also be synthesized, at finally 600 °C.

The nitrogen adsorption—desorption isotherms of
the samples annealed at 360, 600 and 850 °C (see
Fig. 2b) show type IV behavior with H3 hysteresis
loops according to the IUPAC classification [28]. The
BET specific surface area and the associated pore
volumes of the TiO,/C-X samples are summarized in
Table 1. In contrast to the high-temperature products,
the pyrolysis of TiGly below 480 °C yields rather
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Figure 1 Characterization of
titanium glycerolate by means
of a SEM, b TEM, ¢ XRD,
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Figure 2 a XRD, b BET, and ¢ Raman data of TiO,/C-X. The vertical ticks in a show the expected Bragg positions for the anatase (ICSD

#92363) and rutile (ICSD #31330) structures.

small surface areas. Increasing the annealing tem-
perature to 600 °C and above affects the textural
properties of the TiO,/C-X samples significantly as,
e.g., the specific surface area of the micropores Spicro
increases significantly. This behavior may be
explained by the formation of micropores as a result
of the anatase crystallization [29]. Further increasing
the annealing temperature up to 850 °C leads to a
drastic increase in surface area which we attribute to
the formation of defects in the composite structure

during the carbothermal reduction of TiO, (cf.
Fig. 1d) accompanied by a decrease in the carbon
content [29].

The amount of carbon in the TiO,/C-X nanocom-
posites as well as its nature is evident from Raman
and TG/DTA data. All Raman spectra (Fig. 2c)
demonstrate two peaks centered around 1350 and
1600 cm™!, which can be assigned to the fundamental
D and G bands of carbon, related to structurally
disordered graphitic domains and graphitic carbon,
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Table 1 Textural properties (i.e., specific surface area Sggr,
micropore volume and respective specific surface area of the
micropores Spicro) Of TiO,/C-X composites

Samples SBET (mz/g) Smicro (mz/g) Pore volume (cm3/g)
TiGly 476 £ 1.7 - 0.12
TiO,/C-360 334 £0.2 45 0.12
TiO,/C-480 302 +£0.2 3.2 0.17
TiO,/C-600  78.5 £ 1.2 50.2 0.12
TiO,/C-850 305.6 £ 1.0 57.2 0.31

respectively. Hence, the results of Raman spec-
troscopy combined with XRD confirm that the TiO,/
C-X samples are composites of TiO, and carbon. In
addition to the D and G bands of carbon, Raman
spectra of the composite prepared at 600 °C demon-
strate active modes at 152, 198, 398, 514, and
631 cm™'. These observed vibrational modes agree
well with the characteristic peaks of anatase-struc-
tured TiO, [30]. While these results agree to the
observation of the crystalline anatase structure in the
XRD data (see Fig. 2a), the Raman spectrum of TiO,/
C-360 shows intense peaks at nearly the same
wavenumbers, too. This implies that anatase domains
are already formed at an annealing temperature of
360 °C which, however, do not evolve into long-
range crystalline order. In the spectrum of TiO,/C-
850, several peaks located at 151, 255, 421, 608 cm !
are assigned to the vibrational modes of TiO, in the
rutile modification [31]. The vibrational modes of this
composite with coexisting anatase and rutile struc-
tures are shifted toward lower frequencies in com-
parison with the published data [30, 31], which may
be explained by longer Ti-O bond lengths.

The carbon content in the various TiO,/C-X com-
posites is estimated by thermogravimetric analysis in
air. The TGA data show two weight loss steps in the
temperature range between 25 and 850 °C. While the
initial weight losses below 220 °C are due to the
evaporation of adsorbed water, weight changes at
higher temperatures are attributed to the combustion
of carbon. The latter amount to 29, 26, 26, and 16 wt%
for TiO,/C-360, TiO,/C-480, TiO,/C-600(A), and
TiO,/C-850, respectively. Evidently, only the TiO,/
C-850 sample exhibits a reduced carbon content
(16 wt%), governed by the carbothermal reduction
with TiO, which leads to the formation of lower
titanium oxides or/and titanium oxycarbide [29, 32].

Typical SEM images of the different TiO,/C-
X samples are displayed in Fig. 3a-d. All
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nanocomposites show similar rod-like morphology
which does not clearly depend on the temperature of
the heat treatment under nitrogen. All SEM images
show lots of aggregated rods which are assembled
into chrysanthemume-like structures. The individual
rods are 3.5-6.5 pm long and 100-250 nm broad, i.e.,
in both dimensions larger than the rods present in the
TiGly precursor. The increase in dimensions may
originate from the loss of ligands (OH groups and
organic rest) in TiGly as well as its accompanying
phase transformation during the thermal annealing.
This process can lead to a looser packaging of the
rods, making them thicker and longer. A HRTEM
image of the TiO,/C-600(A) composite (Fig. 3e)
shows both crystalline and amorphous regions. In
detail, 4 spacings of 0.238 nm and 0.352 nm, found in
crystalline areas, correspond to the (004) and (101)
planes in the anatase phase. In this regard, all
diffraction rings of a SAED pattern (Fig. 3f) could be
indexed ((101), (004), (200), (211), and (204) planes) to
polycrystalline anatase TiO, as well. Amorphous
layers embedded between the identified crystalline
TiO, nanoparticles with a thickness of roughly
3.5 nm may be ascribed to carbon patches (Fig. 3e),
further indicating the coexistence of TiO, crystallites
and carbon in the nanocomposites.

The electrochemical performance of two samples,
TiO,/C-600(A) and TiO,/C-600(A + R), both
annealed at 600 °C but only TiO,/C-600(A + R)
containing a significant fraction of rutile phase (cf.
Figure 2a), was evaluated by means of cyclic
voltammetry and galvanostatic cycling in the poten-
tial range of 0.01-3.0 V versus Li/Li*. The extended
potential range was selected in order to make use of
the lithium storage capability of the incorporated
carbon in the TiO,/C-600 nanocomposites. Due to the
presence of embedded carbon in the nanocomposites
under study, no additional carbon black was neces-
sary to prepare mechanically stable and electro-
chemically active electrodes.

Cyclic voltammograms (CV) of the 1st, 2nd and
10th cycles, measured at a scan rate of 0.1 mV s~ ! are
compared in Fig. 4. Both samples exhibit a red/ox
peak pair around 1.7/2.05 V which is characteristic
for the intercalation/deintercalation of Li*-ions into
anatase TiO, [33-35]. During the initial cathodic scan,
the TiO,/C-600(A + R) compound (Fig. 4b) addi-
tionally shows two irreversible reduction peaks at
1.05 V and 1.38 V, associated with lithiation effects
on rutile TiO, [36, 37]. At the same voltages, small
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Figure 3 SEM images of TiO,/C-X composites produced at various temperatures: a 360 °C, b 480 °C, ¢ 600 °C, d 850 °C, and
e HRTEM image with f the corresponding selected area electron diffraction of TiO,/C-600.
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Figure 4 Cyclic voltammograms of TiO,/C-600 at 0.1 mV s~

The material (A) mainly consists of anatase while (A + R) in
addition shows rutile in the XRD patterns.

reductive features occur in case of the TiO,/C-
600(A) compound, which may point to a small rutile
phase fraction which is not detectable by means of
XRD. The formation of a solid electrolyte interphase
(SED), facilitated by the presence of carbon in the
TiO,/C-600 composites, is indicated by an irre-
versible reductive feature around 0.6 V in the initial
half cycles [38]. The lithiation of this carbon compo-
nent is demonstrated by a distinct reduction peak at
0.01 V in all cycles [39]. Further non-peak-like red /ox
activity, roughly 0.5-1.5 V/0.8-1.8 V, which appears
more pronounced in the case of TiO,/C-600(A), can
be ascribed to surface-related storage processes
[40, 41], supported by the big interfacial area of the
TiO,/C nanocomposites [42, 43]. Both investigated
samples suffer considerable irreversibility, illustrated
by strongly decreasing peak intensities during the ten
displayed CV cycles.

Galvanostatic cycling with potential limitation
(GCPL) provides further information on the cycling
stability. The data have been obtained at a specific
dis-/charge current of 100 mA g~'. The resultant
dis-/charge capacities over the course of 100 cycles
(a) and corresponding voltage profiles (b) are dis-
played in Fig. 5. The latter coincide with the obser-
vations of the CVs: exemplarily, plateau-like regions
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around 1.7 V during charge, i.e., lithiation, and 2.0 V
during discharge indicate lithium intercalation and
deintercalation, respectively, of anatase TiO,. Flat-
tening charge profiles nearing 0.01 V correspond to
the lithiation of carbon in the TiO,/C-600 composites.
The observed initial charge and discharge capacities
of 698/378 and 745/396 mA hg™' for TiO,/C-
600(A) and TiO,/C-600(A + R), respectively, show
strong irreversible contributions, which can be partly
attributed to the SEI formation. Pronounced capacity
losses with coulombic efficiencies below 95% persist
for several cycles in case of both samples. However,
the TiO,/C-600(A) electrode stabilizes way better
than the TiO,/C-600(A + R) one, exhibiting higher
discharge capacities from cycle 21 (273 mA h g~') on
with a subsequent capacity retention of 82% until
cycle 100 (225 mA h g "). The superior cycling sta-
bility of TiO,/C-600(A) in comparison with TiO,/C-
600(A + R) can be ascribed to the irreversibility of
the lithiation processes of rutile TiO,, as described,

(a) 800 — . :
o 4100

700
400

300

200

Q(mAhg"
(%) Aousioy3

dis- / charge at 100 mA g™
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Figure 5 a Specific capacities of TiO,/C-600(A) and TiO,/C-

600(A + R) at 100 mA g~!, and b corresponding voltage
profiles.
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e.g., in [37]. Besides an immediate capacity loss, this
also yields electrochemically inactive patches in the
nanocomposite material, compromising the long-
term stability and conductivity of the TiO,/C
network.

The results are confirmed by the rate capability
data with consecutive GCPLs at 100, 250, 500, 1000,
and again 100 mA g~' for 10 cycles each (Fig. 6).
Overall, the TiO,/C-600(A) compound features the
better stability with a capacity retention of 95%
between cycle 10 (294 mAhg") and 42
(279 mA h g™, both at 100 mA g~ ', as well as the
better rate capability with discharge capacities as
high as 226mAhg™' at 500mAg ' and
186 mA h g at 1000 mA g '. The fact that the
specific capacities of the TiO,/C-600(A + R) sample
drop more significantly upon increasing the current,
for instance 22% as compared to 16% for TiO,/C-
600(A) from 500 to 1000 mA g~ ', supports the sce-
nario of compromised synergetic properties, i.e.,
enhanced conductivity, of the TiO,/C composites,
introduced by inactive, initially rutile patches. The
specific capacities, in particular the rate capability, of
the TiO,/C-600(A) nanocomposite competes well
with other publications both on TiO, nanomaterials
[5, 44] and various TiO,/C composites [11, 42, 45-47],
as summarized in Table S1. This shows that the facile
synthesis approach, annealing TiGly under protective
atmosphere, yields hybrid TiO,/C nanocomposites
which can be utilized as anode materials in Li-ion
batteries. Therefor, a specific benefit of the incorpo-
rated carbon is the enhanced conductivity of carbon
composites compared to pure TiO, electrode materi-
als, as quantified by several TiO,/C composite
studies [11, 42, 45-47].
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Figure 6 Rate capability of TiO,/C-600(A)/(A + R) at 100, 250,
500, and 1000 mA g~ .
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Conclusions

A series of TiO,/C nanocomposites was synthesized
via the annealing of titanium glycerolate in inert
atmosphere. The annealing temperature enables
controlling the crystal structure, i.e., the presence of
amorphous, anatase, and/or rutile TiO,. It also
strongly affects the surface area and the porosity of
the material. The coexistence of TiO, and C is verified
by means of Raman spectroscopy, TEM, and ther-
mogravimetric analysis, which shows carbon con-
tents of 16-29 wt%. Electrochemical characterization
of TiO,/C-600 electrodes which were prepared
without additional carbon black by means of cyclic
voltammetry shows characteristic red/ox activity for
the constituents carbon, and anatase and rutile TiO,.
Galvanostatic charge/discharge at currents up to
1000 mA g~ ' shows that anatase TiO,/C-600(A) ex-
hibits excellent rate capability and better cycling
stability compared to rutile containing TiO,/C-
600(A + R).
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