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Abstract. In this contribution we report on electrochemical approaches in TiO, based electrodes synthesis. TiO,
nanotubes (NTs) were synthesized following a facile anodization of titanium sheets. Optimizing the experimental
conditions two electrodes with NTs lengths of ~ 10 pum (Long) and ~ 2 pm (Short), were obtained. At the end of the
anodization the amorphous TiO, (a-Ti0O,) was thermally treated to promote the conversion in the anatase crystal phase (c-
TiO,). Both the Long and Short NTs electrodes were tested for their applications as anodes in lithium-ion batteries
(LIBs). A preliminary comparison was performed to evaluate the role of a-TiO, and c-TiO, phases. Here, Short a-TiO,
NTs exhibited a fast storage rate respect to Short ¢c-TiO,. Comparing the NTs length, Long a-TiO, electrodes exhibited
the highest specific capacity, close to the theoretical value. Furthermore, all the electrodes tested showed an excellent
capacity retention proceeding with Discharge/Charge cycles.

INTRODUCTION

In the last decades TiO, has been object of study and claimed as one of the most promising electrodic materials
in Lithium-ion batteries (LIBs), specifically in reason of its chemical stability, non-toxicity, availability and low
cost [1]. In its crystal phase Anatase, it would be characterized by fast Li" storage rate and high theoretical insertion
capacity [2,3]. At the same time, amorphous TiO,, thanks to its disordered structure, would provide intercalation
pseudocapacitive contributions to the overall capacity, achieving better electrochemical performances especially at
higher charge/discharge rate [4].

TiO, nanotubes (NTs) supported over titanium sheets can be synthesized through potentiostatic anodization of
titanium substrate, offering a low cost and versatile nanofabrication method [5—7]. Specifically, tuning experimental
parameters like cell voltage, pH, electrolyte composition and time of the electrolysis, is possible to determine
characteristics as NTs diameter and length [6,8—12].

The resulting highly ordered and vertically oriented TiO, NTs, in reason of the ordered material architecture, are
excellent electron percolation pathways for vectorial charge transfer across interfaces [13]. These characteristic
confers outstanding charge transport and carrier lifetime properties which makes this material particularly appealing
in advanced energy storage applications as LIBs [14].

The most diffused anodization methods are based on “double step” processes, consisting of two anodizations
separated by the selective removal of the first-formed oxide [15,16]. Some Authors report on ordered NTs achieved
by single-step anodization methods, namely with two operation less than conventional double-steps [17,18]. It is
carried out controlling the cell voltage in the early stage of the process, prior to proceed with the potentiostatic
anodization [7,19].

Here, major obstacle to produce considerably short nanotubes is the formation of a disordered layer (overlaying
NTs) during the early stage of the anodization. This layer is characterized by a large polydispersity of the diameter
distribution [19], which would affect negatively the charge transfer at the electrode/electrolyte interface.
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Based on that, aim of the present study has been the optimization of the anodization to achieve electrodes with
different lengths of the NTs layer, prior to evaluate their effect on the performances of the assembled Lithium-ion
cells.

MATERIALS AND METHODS

TiO; NTs Based Electrodes Synthesis

TiO, NTs based electrodes were produced by a single-step anodization method developed in our previous report
[19]. Briefly, titanium planar electrodes (Alfa Aesar 99.5%, annealed, thickness 0.25mm) have been employed in a
symmetric cell scheme (i.e. same electrodes for anode and cathode), kept at room temperature and magnetically
stirred. The electrolyte was Ethylene Glycol (Alfa Aesar, 99+%) based, containing 0.3 %wt NH4F (Alfa Aesar, 98%
min.) and 1.0 %v/v pure H,O. The anodization process started with a linear increase (0.5 V s™) of the cell voltage up
to 60 V. Afterwards, the anodization voltage was kept constant for 60 minutes. The synthesis included a sonication
post-treatment after the anodization.

Based on this method an optimization has been proposed. It consists of the adjustment of the NH4F/H,O ratio in
the Ethylene Glycol based electrolyte and the tuning of the cell voltage growth rate in the early stage of the process,
as summarized in Table 1 (AM2-AM6).

The conversion of the amorphous titania (a-TiO,) resulting from the anodization in its crystal anatase phase (c-
TiO,) was promoted through a thermal treatment in a muffle furnace (Nabertherm B410, Tmax1100°C, 1.2KW) at
580 °C for 132.5 minutes. Treatment temperature was reached with heating rate of 8 °C min™",

TABLE 1. Experimental conditions of the anodization processes tested.

Method NH,F [Yowt] H,0 [%V/v] Voltage rate [V s Voltage [V] Anodization time [min]
AMI1 0.3 1.0 0.5 60 62
AM?2 0.3 1.0 0.5 60 17
AM3 0.3 10.0 0.5 60 17
AM4 0.3 15.0 0.5 60 17
AMS5 0.3 6.0 0.5 60 9
AMO6 0.3 6.0 0.05 60 27

Electrodes Characterization

The synthesized electrodes have been analyzed through a field emission scanning electron microscopy (FE-SEM
Zeiss Auriga), to characterize morphology and dimensions of the nanostructures. The software ImageJ was used to
analyze FE-SEM images.

The phase composition of the NTs was determined through an X-ray diffractometer (Bruker D§ ADVANCE)
with a Molybdenum anode (Kol = 0.709319A). It has been employed for the characterization of the Ti sheets prior
to be anodized, and Ti/TiO, electrodes before (a-Ti0O,) and after (c-TiO,) the annealing treatment.

Electrochemical Tests

Electrodes listed in Tab.2 were alternatively employed as anodes in Swagelok-type cells for the Li
insertion/extraction properties study. The assembled cells include a Celgard 2400 (12 mm; 1.2 mg cm °) separator
soaked with 10 pL cm > of DOL:DME (1:1 w:w), LiNO; 0.8 M/LiTFSI 1.0 M electrolyte, and a lithium disk (11
mm, 4 mg cm °). The TiO, based electrodes active surface was 1 cm” in each test.

The lithium-ion extraction/insertion properties have been evaluated by galvanostatic charge/discharge tests in the
potential range within 1.0 and 2.5 V, at 100, 300, 500, 800 and 1000 mA g'1 current densities, for all the electrodes
tested.

The specific capacity of the Li half-cells has been estimated considering only the weight of the TiO, NTs layer
supported over the Ti current collector. The specific weight of the TiO, layer (Tab.2) in the different electrodes, was
approximately estimated through the geometrical characteristics derived from the FE-SEM images analysis.
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TABLE 2. Electrodes tested in Swagelok-type cells.

NTs type TiO, phase Specific weight [g cm™
Long Amorphous 0.00210
Long Anatase 0.00190
Short Amorphous 0.00053
Short Anatase 0.00047
RESULTS AND DISCUSSION

Short NTs Synthesis. Optimization of the Anodization Parameters

Long NTs, characterized by ~10 pum length, have been synthesized through the anodization method AMI
(Tab.1). The synthesis included a sonication post-treatment for the removal of an undesired nano-grass layer,
generated proceeding with the anodization time as a consequence of the electrolyte etching effect on the early
formed oxide (i.e. top of the tubes) [19]. Figure 1-A shows the relative FE-SEM images, highlighting the nano-grass
free morphology (Fig.1-A, insert).

According to the same method, reducing the anodization time reduced NTs lengths (i.e. TiO, layer thickness)
would be achieved.

In Fig.1-B are shown FE-SEM images related to NTs synthesized in the same experimental conditions
mentioned above but reducing the anodization time to 17 minutes (Tab.1, AM2).

(A) (B)

FIGURE 1. FE-SEM images. A) Cross sectional view of Long NTs achieved through AM1 (Tab.1) after sonication treatment.
The insert (on top left) is the top view. B) Top view of TiO, NTs achieved based through AM2 (Tab.1). The insert (on top right)
is the correspondent cross sectional view.

As highlighted in the insert of Fig.1-B, a disordered layer (tree-like layer), characterized by a high heterogeneity
in the inner tube diameters, hang over the NTs array. This undesired morphology is due to the potentiodynamic
behavior of the cell voltage in the early stage of the process. It disappears as effect of the electrolyte etching for
longer anodization times, which inevitably increase the overall NTs length.

To overcome this limit an optimization of the anodization parameters has been proposed. It has been performed
investigating both, different NH,F/H,O concentration ratios (Tab.1, AM3-AMS5) and further adjusting the voltage
growth rate in the early stage of the anodization (Tab.1, AM6).

Figure 2 shows the TiO, NTs synthesized increasing the water content to 6.0 %v/v and decreasing the voltage
growth rate to 0.05 V s (Tab.1, AM6). This anodization method allowed to achieve ordered Short NTs,
characterized by a NTs length <2 pm and inner diameters > 50 nm.
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FIGURE 2. FE-SEM images. Top view of the Short NTs achieved following the anodization method AM®6 in Tab.1 (6 %v/v
H,0). The insert (on top right) is the cross-sectional view.

Further increases in water content to > 6 %v/v (Tab.1, AM3-AM4) enhance the disorder of the nanostructure
(Fig.3, A-B), while higher cell voltage growth rate (Tab.1, AMY) did not allow to attain the dissolution of the tree-
like layer (Fig.3-C).

(A) (B) (€)

FIGURE 3. FE-SEM images, cross sectional views. A) 10% v/v H,O (Tab.1, AM3); B) 15% v/v H,O (Tab.1, AM3) and C) 6%
v/v H,O (Tab.1, AMS).

TiO, NTs synthesized with the anodization method AM1 and AM6 will be referred hereafter as Long and Short
respectively.

TiO, Based Electrodes as Anodic Materials for Lithium-ion cells

In Fig.4-A and B are shown the lithium-ion insertion/extraction properties respectively of Short ¢-TiO, and Short
a-TiO, NTs based electrodes. For all the investigated current densities c-TiO, shows well defined plateau at around
1.75 V (discharge cycles) and 2 V (charge cycles). It is related to the phase transition from lithium-poor anatase to
lithium-rich titanate [3,20]. On the contrary, the sloping profile observed for a-TiO, highlights the pseudocapacitive
behavior induced by surface defects and structural disorder, typical of electrodic materials with low crystallinity [4].
These differences are in good agreement with the XRD findings in Fig.5.

Although the capacity is not so high if compared to the theoretical value (335 mAh g"), the charge/discharge
curves highlight good stability (i.e. specific capacitance reversibility) of both anodes tested (Fig.4-A and B).
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FIGURE 4. A, B) Galvanostatic discharge (lithium insertion)/charge (lithium extraction) curves (Vs Li'/Li). C, D) Rate
performances at different cycles. Short c-TiO, NTs (A and C) and Short a-TiO, NTs (B and D).

In Fig.4-C and D are shown the rate performances achieved in the same voltage windows and varying the
number of cycles and the charge/discharge rates. Here, the trend just observed in the voltage/capacity curves
comparing the two electrodes is confirmed. At 1000 mA g™, a-TiO, exhibits higher capacity compared to the ¢-TiO,
based electrode. In the first discharge cycle, a-TiO, showed a capacitance of 236 mAh g decayed at around 150
mAh g in the second cycle. This irreversible capacity could be attributed to the solid electrode/electrolyte interface
formation [21]. Furthermore, it is worth noting that in the last cycles, recorded at 100 mA g, an increase in the
capacity has been observed respect to first cycles (except for the first one) at the same rate, up to 160 mAh g It
hasn't been the same for c-TiO, which showed comparable capacities.
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FIGURE 5. XRD characterization. The bars at the bottom are database reference patterns representative of Ti (black bars) and
Anatase TiO, (blue bars). On the top are reported the experimental patterns collected for Ti (black line), a-TiO, based electrodes
(dark yellow line) and c-TiO, based (blue line).

Based on these evidences, the last set of tests were carried out employing only the Long a-TiO, (Fig.6). As
highlighted above for the Short a-TiO,, the behavior of the voltage/capacity curves (Fig.6-A) achieved employing
Long a-TiO, do not show plateau at any potential. Only at 100 mA g, during the charge cycle a variation in the
slope of the curve has been observed. In comparison to the Short a-TiO, at each current density higher capacity has
been observed.

In Fig.6-B are shown the rate performances varying the number of cycles and the current densities. During the
first discharge cycle a capacitance of ~400 mAh g was recorded, higher than the theoretical value. Also in this
case, the decay in sequent cycles at ~200 mAh g™ is attributable to the solid electrode/electrolyte interface formation
[21]. Remarkably, in the last cycles an increase in the capacity has been observed up to ~300 mAh g, significantly
higher than that observed for the Short a-TiO, in Fig.4-D.
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FIGURE 6. Long a-TiO, NTs. A) Galvanostatic discharge (lithium insertion)/charge (lithium extraction) curves (Vs Li'/Li); and
B) Rate performances at different cycles.
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Further galvanostatic cycling, at 1000 mA g, have been performed during prolonged cycling tests in order to
evaluate the capacity retention of the electrodes. Figure 7 displays the specific capacity values during cycling for all
the previously tested electrodes.

Long c-TiO, (~80 cycles) shows the highest specific capacitance and, remarkably, all the electrodes tested
showed the same capacity proceedings with the number of cycles demonstrating an excellent capacity retention.
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FIGURE 7. Rate performances at different number of cycles for: A) Short ¢c-TiO,; B) Short a-TiO, and C) Long a-TiO,.

CONCLUSIONS

The optimization of the us developed single-step anodization method allowed to achieve electrodes characterized
by different surface to volume ratios. Specifically, have been achieved two different NTs lengths by the adjustment
of the electrolyte composition and the cell voltage growth rate during the potentiodynamic step at the early stage of
the anodization.

The synthesized electrodes have been employed as anodes for LIBs. Here, a-TiO, exhibited the best
performances in comparison to c-TiO,. Furthermore, Long a-TiO, showed reversible capacitance at 100 mA g-'
close to the theoretical value. This last finding would suggest a further optimization study of the us developed NTs
synthesis method which could be useful to fine control the lithium-ion insertion/extraction properties.
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