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Abstract: TiOp nanobelt bundles decorated with TiO, aggregates were prepared using an easy and
scalable hydrothermal method at various temperatures (170, 190, 210, and 230 °C). It was demon-
strated that the synthesis temperature is a key parameter to tune the number of aggregates on the
nanobelt surface. Prepared TiO, aggregates and nanobelt bundles were used to design anode materi-
als in which the aggregates regulated the pore size and connectivity of the interconnected nanobelt
bundle structure. A galvanostatic technique was employed for the electrochemical characterization
of TiO; samples. Using TiO, as a model material due to its small volume change during the cycling
of lithium-ion batteries (LIBs), the relationship between the morphology of the anode materials
and the capacity retention of the LIBs on cycling is discussed. It was clearly found that the size
and connectivity of the pores and the specific surface area had a striking impact on the Li insertion
behavior, lithium storage capability, and cycling performance of the batteries. The initial irreversible
capacity was shown to increase as the specific surface area increased. As the pore size increased, the
ability of the mesoporous anatase to release strain was stronger, resulting in better cycling stability.
The TiO, powder prepared at a temperature of 230 °C displayed the highest discharge and charge
capacities (203.3 mAh/g and 140.8 mAh/g) and good cycling stability.

Keywords: mesoporous TiO;; pores architecture; specific surface area; lithium-ion batteries

1. Introduction

Global warming, which threats our ecosystem’s equilibrium, is becoming a great
concern. Furthermore, it is well-accepted that fossil energy contributes strongly to global
warming and that renewable energy sources could be serious candidates to replace fossil
energy. The issue of how to store renewable energy and use it when needed has driven the
industrial and scientific communities to develop energy storage devices. Batteries [1,2] and
supercapacitors [3,4] have attracted a lot of attention due to their portability, low cost, and
energy storage effectiveness. Furthermore, another motivation for battery development is
the emergence of electric vehicles [5,6] as potential candidates to replace fuel engine ones,
which consume fossil energy and are a major source of pollution.

Lithium-ion batteries (LIBs) are currently one of the most popular energy storage
systems for portable electronic devices [5,7-11]. This is mainly due to their high energy
density, high life cycle, and safety. Lithium-ion batteries are composed of positive and
negative electrodes separated by an electrolyte and are usually made of polypropylene—
polyethylene and dissociated salts of Li in alkyl organic carbonates. The two electrodes
are isolated by a separator, which allows Li diffusion during the charging and discharging
processes. For the cathode, which is the positive electrode, the commonly used materials
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are based on transition metals oxides or phosphates, such as LiMnO, [12], LiCoO; [13],
LiNiO; [14], LiFePOy [15], LIMnPOy [16], etc. For the negative electrode (anode), graphite
is the commonly used active material because of its abundance, low cost, and excellent
cyclability at high charge rates (C-rates). However, its main drawbacks are low power
density; the poor stability of its layered structure, which collapses and exfoliates on cycling;
low capacity; secondary reactions with the electrolyte to form a solid electrolyte interface
(SEI); and safety concerns [17-21].

However, there is an urgent need for the development of alternative anode materials
with high capacities and high lithium-ion diffusion rates that could improve the energy and
power densities of LIBs. Titanium dioxide (TiO;) has been successfully demonstrated to
be a promising material for energy storage applications [10,22-24] due to its excellent elec-
trochemical performance and other properties, such as non-hazardous handling, low cost,
low toxicity, good cycling life, appropriate insertion potential (~2.0 V), and low volume ex-
pansion (3—4%) during lithium insertion [25-27]. TiO, exists in different phases: rutile [28],
anatase [29], and brookite [30]. The anatase phase is the most studied host material for
electroactive Li insertion [31-33]. However, due to their low ionic diffusion and electronic
conductivity, large TiO, anatase particles demonstrate unsatisfactory performance, which
hinders their practical application. To improve the performance of TiO, anatase particles,
different approaches have been adopted, including tuning their crystallinity, size, morphol-
ogy, and specific surface area [34-37]. TiO, nanomaterials with large specific surface areas
allow for the enhancement of lithium storage capability and cyclability rate due to a short
diffusion pathway [31-34]. Furthermore, Li-ion diffusion is also controlled by the pore
length because of particle size and morphology [38]. It has been reported that the pore
length has a strong influence on the capacity and the cyclability rate of mesoporous CozO4
as a cathode material for LIBs, which increase when the nanoparticle size decreases [38].
It is well accepted that with mesoporous material, the high specific surface area favors
Li ion diffusion, which leads to a high specific capacity and cyclability rate. At the same
time, controlling the architecture of materials for rechargeable batteries is one of the main
challenges in the design and synthesis of anode materials. The correlation between the
architecture of anode materials and the performance of rechargeable batteries plays an
important role in guiding the controlled preparation of the materials. Various works have
reported the existence of a relationship between the morphology of the materials and the
performance of LIBs, which is not evident from the breaking down of these materials
during battery cycling and the evolution of their morphology.

In this study, TiO, nanobelt bundles decorated with TiO; aggregates were successfully
prepared by a hydrothermal procedure. The synthesis temperature was pointed out to be a
crucial parameter to tune the TiO, powder design. Using TiO, as a model material due to
its small volume change during LIB cycling, the relationship between the morphology of
anode materials and the capacity retention of LIBs on cycling is discussed, emphasizing the
role of the specific surface area and pore properties in terms of size and connectivity.

2. Materials and Methods
2.1. Synthesis of TiO, Nanoparticles

All the chemical reagents were purchased from Sigma Aldrich Chemical Reagent
Co. Ltd. and were used without further purification unless otherwise stated. The water
used in all the experiments was purified by a Milli Q System (Millipore, electric resis-
tivity 18.2 MQ-cm). The TiO, powders were prepared according to Scheme 1 using a
hydrothermal synthesis method.

To prepare the precursor solution, 0.64 g of TiOSO4 and 16 mL of deionized water
were mixed, followed by the addition of 1.266 g of HyO, under stirring at 25 °C. After
24 h of aging at room temperature, the solution became orange, and the precipitate was
collected by centrifugation, washed with water six times and then with ethanol twice, and
finally dried overnight in an oven at 50 °C. The obtained powder was subjected to thermal
annealing at a temperature of 500 °C for 1 h. A suspension was prepared by dispersing
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TiOSOs solution

0.2 g of the prepared TiO, powder in 16 mL of cold water under an ultrasonic bath for
15 min. Then the solution was placed in a PTFE-lined autoclave (volume: 25 mL) and
heated at a rate of 2.5 °C/min. Four temperatures were selected for the syntheses: 170, 190,
210, and 230 °C, which were maintained for 16 h. Then, the synthesized TiO, powders
were recovered by centrifugation, washed with water six times and with ethanol twice, and
dried overnight in the oven. Finally, the dried powders were annealed in air at 500 °C for
1 h with a heating rate of 5 °C/min.
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Scheme 1. Schematic illustration of the different steps for TiO, powder synthesis.

2.2. Characterization of TiO, Films

The morphologies of the prepared powders were investigated with a high-resolution
Ultra 55 Zeiss FEG scanning electron microscope (FEG-SEM) operating at an acceleration
voltage of 10 kV. The crystalline structure of the TiO, powders was confirmed by an
X-ray diffractometer (Siemens D5000 XRD unit) in a 20 range from 20° to 80° by 0.07° s !
increasing steps, operating at a 40 kV accelerating voltage and a 40 mA current and using a
Cu Ko radiation source with A = 1.5406 A.

Nitrogen adsorption-desorption isotherms were obtained at the liquid nitrogen temper-
ature with a Belsorp Max apparatus. Before analysis, the samples were degassed at 200 °C
for 3 h. The specific surface area was evaluated using the Brunauer-Emmett-Teller (BET)
method in the P/P° range of 0.05-0.25. The pores size distribution was determined from
the adsorption branch of the isotherm using the Grand Canonical Monte Carlo (GCMC)
method. The total pore volume was determined from the amount of N, adsorbed up to
P/P° =0.98.

2.3. Electrochemical Measurements

Electrodes were fabricated by intimately mixing the active material (80 wt%) with meso-
porous carbon (~7 wt%), graphite (~7 wt%), and binder PTFE (~7 wt%) as a binder. The
resulting mixture was then compressed onto a stainless steel foil and allowed to dry overnight
at 80 °C. Swagelok-type electrochemical cells were assembled in a glove box under a dry
argon atmosphere using lithium metal as a counter electrode and a Celgard 2400 membrane
with glass fiber as a separator. Cells were kept in a glove box for 12 h before electrochemical
measurements. The electrolyte was prepared by dissolving 1 M LiPFg in a 1:1:1 volume ratio
of ethylene carbonate (EC), diethyl carbonate (DEC), and dimethyl carbonate (DMC). All cells
were tested at room temperature in the range of 1-3.0 V vs. Li* /Li using a program-controlled
battery test system (EC-Lab, France) at a current rate of 0.12 C.

3. Result and Discussion
3.1. Phase and Microstructure Characterization
The crystallinity of the powders obtained at various temperatures was investigated by

XRD, and the obtained patterns are depicted in Figure 1. The powders were crystalline, and
all the reflections were assigned to the TiO, anatase phase (JCPDS No. 89-4921), with no
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other detected phases. The average TiO, crystallite sizes were calculated with the Scherrer
formula, (D = 0.9 A/Bcos6), using the full width at half the maximum of the peak intensity
corresponding to the (101) crystallographic plane [39]. The crystallite sizes of TiO, powders
are given in Table 1. It is clear that the size of the crystalline domain decreases as the
synthesis temperature increases.
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Figure 1. XRD pattern of TiO; nanostructures prepared at the different temperatures indicated. The
peaks highlighted with stars correspond to those of the substrate.

Table 1. Crystallite size of TiO, powders prepared at various temperatures.

Temperature (°C) Crystallite Size (nm)

170 17.9
190 17.7
210 15.7
230 14

The morphology of the TiO, powders was investigated using FEG-SEM (Figure 2). It
is worth noting that the bundles consisted of the assembly of nanobelts. For all samples,
both nanobelt bundles and aggregates resulting from the spontaneous aggregation of
TiO; nanoparticles and nanobelts were observed. In the regions indicated in the insert of
Figure 2b, it is possible to observe the presence of a curved nanobelt with a thickness of
~200 nm, which was less than its width of about 600 nm. On the other hand, in the insert of
Figure 2a,c and the other regions of Figure 2a—c, it is possible to observe a stack of several
nanobelts with steps of about 200 nm corresponding to their thickness. It can be noticed
that the widths of the nanobelts varied from 400 nm to 2 pm, and their lengths varied from
4 pum to 15 um. It was also shown that the aggregates ranged in size from 100 to 600 nm
(Figure 2) and were made of nanoparticles. In previous studies, it has been shown that
these aggregates are porous assemblies of nanoparticles [40,41]. Furthermore, both the
number of nanoparticles and their aggregation increased with the synthesis temperature.
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Figure 2. FEG-SEM images of prepared TiO, powders at various synthesis temperatures: (a) 170 °C;
(b) 190 °C; (c) 210 °C; and (d) 230 °C, inserts are the corresponding high magnification.

The adsorption—desorption isotherms are shown in Figure 3a, and the pore size distri-
bution (obtained from the isotherm adsorption branches using the GCMC model) is shown
in Figure 3b. Nitrogen adsorption/desorption isotherms of all the prepared TiO, powders
showed a hysteresis loop, indicating that they exhibited high mesoporosity [42] associated
with relatively large pores ranging from 4.0 to 4.5 nm. The pronounced hysteresis is be-
lieved to be connected to capillary condensation at large pore channels, which can be also
associated with the modulation of the channel structure [43]. The obtained results for the
TiO, powders in terms of specific surface area, average pore diameter, and pore volume are
summarized in Table 2. The specific surface area and, above all, the pore volume constantly
increased with the increase in the synthesis temperature, which was consistent with the
transition from powders, in which nanobelt bundles were dominant to powders where
the bundles were covered by a high number of nanoparticles and aggregates (Figure 2).
Therefore, the increasing synthesis temperature promoted nanoparticle formation and
aggregation at the surface of the nanobelt bundles. In addition, the porosity of the nanobelt
bundles changed as a function of the temperature, and the phenomenon of nanoparticle
formation and aggregation could also enlarge the pore size among the nanobelt bundles. It
is worth mentioning that the prepared TiO, structures enable a rapid filling of mesopores
by the electrolyte during the electrochemical charging/discharging cycles, which enhances
the rate capability of the anode materials [33].
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Figure 3. (a) N, adsorption—-desorption isotherms and (b) GCMC pore size distribution curves for
the TiO, powders prepared at various synthesis temperatures.

Table 2. BET-specific surface area, mean pore diameter, and pore volume of the TiO, powders.

Powder BET-Specific Surface Area (m?/g) Pore I?i‘;f:z%eer (am) Pore Volume (cm3/g)
TiO,-170 °C 65 4.0 0.07
TiO,-190 °C 75 4.0 0.11
TiO,-210 °C 77 4.5 0.12
TiO,-230 °C 103 45 0.26

3.2. Electrochemical Performance

The powders prepared at various temperatures were tested as anode materials for
LIBs. The insertion of Li* into anatase powders is well accepted to be accompanied by a
phase transition from tetragonal TiO; (space group 141/amd) to orthorhombic Lip 5TiO,
(space group Imma), according to the reaction:

TiO, + xLi* + xe~ — LixTiO, 1)

where x is the amount of inserted Li* in the anatase, which depends both on the crystallog-
raphy and the microstructure of the materials [44]. Although anatase possesses a theoretical
specific capacity of 335 mAh/g, only half of this capacity is usually observed. This is
mainly due to the strong Li-Li repulsions in the Li TiO, lattice at insertion ratios greater
than 0.5 [45,46]. The main redox reaction underlying the TiO, electrochemical activity is
that corresponding to the interconversion of Ti** /Ti** during discharging/charging cycles.

In Figure 4, the first, second, and fifth charging/discharging cycles relevant to the
TiO, powders synthesized at 170, 190, 210, and 230 °C are displayed. Electrochemical
cycling was performed at voltages ranging from 1.0 to 3.0 V and at a constant current
rate of 0.12 C. The curves show similar patterns with clear plateaus near ~1.75 V for both
discharging and charging cycles and display values that are similar to others reported
for the same systems [47,48]. It is worth noting that the capacity increased with the
synthesis temperature, and the highest discharging and charging capacities (203.3 mAh/g
and 140.8 mAh/g, respectively) were obtained for the powder synthesized at the highest
temperature, 230 °C. The observed irreversible capacity during the first cycle was mainly
attributed to three phenomena: the formation of a solid solution [49,50], the irreversible
lithium insertion in the crystal lattice defects or on the electrode surface sites [51], and
the reduction of the electrolyte on the electrode surface, leading to the formation of a
passivating layer named the solid electrolyte interphase layer (SEI) [52]. The highest
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capacity observed for the electrode fabricated with TiO, powder synthesized at 230 °C was
explained by the higher specific surface area and larger pore size, which offered a high
contact area between the active material and the electrolyte.
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Figure 4. Charging/discharging curves of TiO, powders prepared at the various synthesis temper-
atures:(a) 170 °C; (b) 190 °C; (c) 210 °C; and (d) 230 °C cycled between 1.0 and 3.0 V at a constant
current rate of 0.12 C.

The cycling performances (up to 10 cycles) of four LIBs using TiO, powders syn-
thesized at different temperatures as anode material are presented in Figure 5. As can
be seen, two behaviors can be distinguished. A rapid decrease in capacity after the first
few cycles (~ 4 or 5) is evident, followed by a much slower trend. The rapid degradation
of capacity during the first cycles is partly due to the formation of the SEI passivating
layer because of the decomposition of the electrolyte, along with the irreversible reaction
between the Li ions and the TiO, materials of the anode, which consumes a large amount
of Li*. Another reason is that the TiO, powder underwent a change in volume during the
insertion/de-insertion cycles of the Li ions, causing a non-uniform distribution of internal
stress, which induced the breaking down of the initial particles into small particles, with
a probable loss of electrical contact with the rest of the active anode material. The TiO,
powder synthesized at 230 °C showed the best cycling performance with a very slow
decrease in capacity after the fifth cycle. The surface of the nanobelt bundles of this TiO,
powder was characterized by high coverage of TiO, aggregates, which were responsible
not only for the increased specific surface area but also for the larger pore size and, more
importantly, pore volume. Furthermore, as the TiO, synthesis temperature increased, the
initial capacity also increased, and this was consistent with the higher specific surface. The
trend does not explain the behavior of the capacity after the fifth cycle for the powders
prepared at 170, 190, and 210 °C, which displayed a decrease in capacity, even if slight, with
the number of cycles. Furthermore, the data obtained for TiO, powders clearly showed
that as the pore size increased, the specific surface area also increased. These results
disagree with the classical model of spherical nanoparticles, in which the surface area
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corresponds to the geometric surface of the particles, and thus increases as the particle size
decreases, while the interstitial pores, created by the packing of the spherical nanoparticles,
decrease. To explain this anomaly, it is crucial to assume that nanobelt bundles play a
role in fixing pore size and volume and that aggregates on their surface increase the pore
size among the nanobelt bundles and change their connectivity. Furthermore, it is well
accepted that the internal structure of mesoporous materials accommodates the volume
expansion during the lithium insertion and releases the deformation stress [53]. From the
results for the TiO, powder synthesized at 230 °C, it should be noted that the pore volume
was significantly higher than the one displayed by the other three TiO, powders, and that
means a more flexible pores connectivity with a better capability of releasing deformation
stress. This TiO, powder with micro- and meso-porous structures better accommodated
the volume change during the discharging/charging cycles, which explains the observed
roughly constant capacity after the fourth cycle (Figure 5), resulting in a much better cycling
performance than the other three samples. With the latter TiO, powders, the increase in
the synthesis temperature induced the increase of nanoparticles and their aggregation
covering the surface of the nanobelt bundles, thus leading to a higher specific surface and a
reduction in the pore length; these properties favored the increase in the initial capacity
(first cycle). Unfortunately, the new connectivity and pore structure were less flexible and
were not able to accommodate the deformation stress due to the change in volume of the
anode during the discharge/charge cycles, resulting in the formation of electrically isolated
grains. This effect would greatly reduce the capacity of the batteries if submitted to the
discharge/charge cycles. This effect was enhanced by temperature, as can be observed for
temperatures of 170 °C, 190 °C, and 210 °C, suggesting that the porous structures favored
at intermediate synthesis temperatures have a reduced ability to accommodate volume
change during discharge/charge cycles.
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Figure 5. Cycling performance at a constant current rate (0.12 C) of TiO, powders prepared at the
reported temperatures and employed as anode materials for LIBs.

To check whether other parameters influence the observed behavior, the powders
were characterized by XRD and FEG-SEM after the 10th cycle. It can be observed from
the FEG-SEM characterization (Figure 6) that only aggregates could be observed, whereas
nanobelt bundles seemed to be completely absent. This supports the breakup of the
nanobelt bundles during the cycling processes and their transformation into aggregates.
The change in morphology of the TiO, powders synthesized at 170, 190, 210 °C, and 230 °C
was due to the volume variation upon Li* intercalation and de-intercalation, which induces
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stress within the materials. Another important observation is the size of the aggregates,
which was different for the powders synthesized at various temperatures and controls
the interconnectivity of the pores together with the size of the TiO; nanoparticles. This
could explain the slow decrease in the specific capacity of lithium-ion batteries after the
fifth cycle. The significant size change of the samples during the charge—discharge cycles
was also confirmed by the XRD experiments, as shown in Table 3. The notable decrease in
the TiO; crystallite size compared to their initial size is evident after the 10th cycle, which
supports the crystalline breakdown occurring during the cycling processes. Considering
the results of XRD and the capacity as a function of the number of cycles, it can be concluded
that the aggregates formed by small particles better buffer the volume variation during
the battery cycling, which may explain the better capacity of the powder prepared at
230 °C. After the fifth cycle, the capacity of the battery was roughly constant, and it was
controlled by the properties of the nanoparticle aggregates resulting from the nanobelt
bundles’ disintegration during the first cycles. A previous study reported that the specific
surface area and the pore size strongly influenced the Li-ion batteries” performance [41].

| Mg = 000K X WO = £rmm EHT = 00NV Ggnel A = ilews
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Figure 6. FEG-SEM pictures after the 10th cycle at constant current rate (0.12 C) of the TiO, powders
prepared at the indicated temperatures and used as anode materials for LIBs, the (a) insert is the
corresponding high magnification.

Table 3. Crystallite size of TiO, powders prepared at the different synthesis temperatures.

TiO;-24 h Crystallite Size (nm) 170 °C 190 °C 210°C 230 °C
After synthesis 17.9 17.7 15.7 14
After 10th cycle 14.7 11.6 115 9.6

4. Conclusions

TiO, nanobelt bundles decorated with TiO, aggregates were successfully prepared
using an easy and scalable hydrothermal method at various temperatures of 170, 190,
210, and 230 °C. It was proven that temperature is a crucial parameter to control the
properties of TiO2 powders in terms of the specific surface area, pore size, and pore
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volume. In particular, when the synthesis temperature increased, the morphology of TiO,
powders changed from nanobelt bundles with low to high coverage of nanoparticles and
aggregates on their surface. The electrochemical measurements showed that the TiO,
powder synthesized at a temperature of 230 °C exhibited the highest discharging and
charging capacities (203.3 mAh/g and 140.8 mAh/g considering the first cycle) and the
best cycling performance. This was explained by the higher specific surface area of the TiO,
powder and its mesoporous structure, in terms of crystallite size and pore connectivity,
which better accommodated the volume expansion and in turn enabled the release of the
deformation stress associated with the charging—discharging cycles.

Indeed, TiO; electrode materials with large active surface areas allowed high electro-
chemical reaction rates per volume unit and high diffusion kinetics by reducing diffusion
pathways for electronic and ionic transport, which could increase the battery capacity
and cycling speed. Furthermore, as the crystallite size decreased and the pore volume
increased, the ability of the mesoporous TiO; powder to release the strain was stronger,
which promoted good cycling stability. These results could be extended to other anode
materials and cathode materials in Li-ion batteries.

Other questions remain unanswered in this work: which pore connectivity best mit-
igates the variation in electrode volume during the lithium insertion and de-insertion
processes? In addition, from which crystallite size is their breakdown no longer possible?
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