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Stable and Reversible Lithium Storage Properties of LiTiO,
Nanotubes for Electrochemical Recovery from Aqueous

Solutions

Luisa Baudino,®" Pietro Zaccagnini,*®

! Nadia Garino,™" Mara Serrapede,

[a, b]

Marco Laurenti,’® Alessandro Pedico,” C. Fabrizio Pirri,™"* and Andrea Lamberti*? !

In the present work, an easy and scalable method to prepare
lithium titanium oxide nanotubes with stable and reversible
lithium storage properties is reported. This material could be an
excellent candidate for lithium recovery from aqueous solutions
or have a direct application as Li-ion batteries electrodes in a
circular economy perspective. Vertically oriented anatase nano-
tubes are grown by anodic oxidation in an ethylene glycol-
based electrolyte. Then, the nanotubes are hydrothermally
converted into a mixed lithium titanate. Morphological and

Introduction

Nowadays, lithium is ever-present in the energy industry.
Because of its capillary use in batteries for small electronics,
electric vehicles and smart grids, one in three batteries
commercially available is a lithium ion battery (LIB)."™
Furthermore, batteries have become the first commercial use of
lithium with their market share increasing from 30% to around
60% in the past years.®®@ The global market size of LIBs was
recently estimated to grow up to USD 116.6 billion by 2030
from an already considerable USD 41.1 billion in 2021.7
Although applications are ever increasing, the same cannot be
said of the availability of the element itself. Lithium can be
found in ores and in water resources such as brines and
seawater, which represent almost two thirds of its abundance
on earth.®*®¥ Ores have been widely exploited for decades and
are now degrading, and while evaporitic technologies are up-
to-date and efficient they are also time and water-consuming.”
This led to an increasing interest in finding other ways to
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crystallographic characterizations confirm the successful shape-
preserving conversion after which the nanotubes are subjected
to electrochemical cycling. XRD and XPS analyses confirm a
significant lithium uptake after cycling, and its recovery is
investigated by means of an acidic treatment. While allowing
for an almost complete recovery of the lithium integrated in
their structure, the nanotubes also showed excellent morpho-
logical and structural stability proving to be excellent candi-
dates for lithium recovery purposes.

harvest lithium from water resources like brines and in recycling
spent batteries. In the frame of recovering lithium from
solutions two different processes have been generally studied:
physico-chemical adsorption and electrochemical techniques.
The present study is focused on the recovery of lithium through
the latter by means of pre-lithiated TiO, nanotubes grown by
anodic oxidation on a titanium substrate.

The versatility of ordered 1D nanostructures has been
widely investigated in the last decades. The first reports of TiO,
nanotubes (NT) grown by anodic oxidation date to the early
2000s and since then the interest on this kind of self-organized
structures has only grown."' Applications of this kind of
structure range from catalytic applications to photovoltaics to
secondary batteries by exploiting its many interesting
features.'> In particular, TiO, NTs grown by anodic oxidation
on a conductive titanium foil have been extensively studied as
electrodes for lithium ion batteries.”*>* In this case, the metal
substrate work as current collector and the highly ordered
structure of the NTs ensures a one-dimensional electronic and
ionic conductivity.*® Pre-lithiation is a well-known strategy in
the battery world to improve the electrochemical energy
storage as is the use of spinels.*’~*" Similarly, lithiated titanium
oxide structures have recently been investigated to recover
lithium from aqueous solutions as an alternative to lithium
manganese oxide adsorbents due to their better stability in
acidic solutions."*#¢!

To the best of the authors’ knowledge, this is the first
systematic study on the stable and reversible lithium storage
properties from ordered hydrothermally lithiated nanotubes
obtained by anodic oxidation. Titania NTs were extensively
studied as primarily anode materials for lithium ion batteries
and thus galvanostatically tested, but only few works are
available on the use of titania NTs as lithium adsorbents.
Furthermore, these only focused on batch adsorption using the
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NTs as ion sieves.”*® While Moazeni et al. used disordered NTs
grown by hydrothermal processes, Taghvaei et al. calcinated
the hydrothermally lithiated NTs grown by anodic oxidation.
While the authors proved the adsorption properties through
analyzing the composition of the solution pre and post
adsorption, an accurate investigation of the properties of the
adsorbent is still missing.

In the following, we propose a detailed study on the
optimization of the lithiation conditions of TiO, anatase NT.
Furthermore, we demonstrate that this kind of structure
presents stable lithium storage properties while working in a
reversible electrochemical setup and that its storing ability does
not compromise the coulombic efficiency of the cell. Interest-
ingly, we also demonstrate that lithium could be recovered
after an acidic treatment that didn't compromise the structural
stability nor the electrochemical behavior of the material. The
use of acid leaching is a very popular strategy to recover lithium
from spent batteries via hydrometallurgical processes. In this
case the acid concentrations are usually quite high, up to 6 M,
and the morphology of the specimens, which are previously
crushed, is not conserved.”**? On the other hand, when
working with ion sieves in batch adsorption experiments, the
adsorbents can be deposited in diluted acid baths to release
the previously stored lithium.***** This elution treatment is
generally considered to be the limiting step for the use of this
kind of structures for lithium adsorption from aqueous
resources. This is motivated by the fact that mixed oxides can
undergo crystallographic changes and lose their structural
integrity when exposed to acidic environments, thus making
their prolonged application problematic. In this work we
combine the two approaches by exposing the lithiated nano-
tubes to a solution of diluted HCI to leach the lithium stored
during the electrochemical characterizations while maintaining
its morphology and properties for further use. The peculiarity of
the material herein proposed lies in its structural stability that
allows its use for successive processes.

Results and Discussion

Optimization of synthesis parameters: effect of phase,
temperature and LiOH concentration

As grown anatase nanotubes were characterized by FESEM and
XRD to obtain information on the pristine samples and were
afterwards used as reference samples. Different parameters
were taken into consideration in order to optimize the hydro-
thermal conversion conditions, following a similar pattern of
the one already employed by the group while investigating the
structure of BaTiO;.”*”' The influence of temperature, LiOH
concentration and the phase of the pristine nanotubes were
therefore investigated. XRD patterns of all the samples analyzed
are shown in Figure 1. The insurgence of a mixed lithium/
titanium oxide phase (LiTiO,, indexed with circles) can be easily
spotted by the appearance of the peak at 43.3° and the
consequent reduction or disappearance of the strong peak at
25° typical of anatase phase (indexed with stars). The lithiation
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of the anatase phase presents a very good repeatability as all
the peaks of the LiTiO, phase have been indexed with a cubic
phase with an average Li:Ti ratio of 1:2. It is worth mentioning
that at low temperatures (120°C and 150°C in Figure 1(a) and
(b)) the conversion appears to be incomplete at low concen-
trations, with peaks of both the mixed oxide and the anatase
phase present. Peaks indexed as lithium carbonate (triangles)
can also be recognized in most of the high concentration
samples at these temperatures as reaction by-products. Instead,
at 200°C (Figure 1(c)) the conversion appears to be complete at
all concentrations tested. A focus on the influence of the
temperature and of the phase of the starting nanotubes can be
seen in Figure 1(d). When comparing the four samples treated
in LIOH 0.25 M, it can be seen that the only patterns reporting a
successful conversion are the ones of amorphous and anatase
nanotubes treated at 200°C. Under these conditions similar
peaks of the same mixed oxide are obtained, although in the
case of the amorphous sample the peak at 43° is broader and
more asymmetrical hinting at a less ordered phase. FESEM
images can easily confirm whether the conversion into the
titanate morphology was successful or not. Pristine anatase
nanotubes grown by anodic oxidation at 60V for 15 minutes
and annealed at 450°C for 30 minutes present a length
between 6 and 7 um (see Figure 2(a)) and a diameter of about
80-100 nm. The tubular morphology of the NTs was left
unmodified when the conversion was unsuccessful, (see Fig-
ure S1 of the Supporting information) as the NTs remained in
the anatase form. However, the morphology changed in the
case of successful conversion, as was the case of the treatment
for 2 hours at 200°C in LiOH 0.25 M (see Figure 2(b)). In this
instance, the smooth surface was replaced by a very rough and
particle-like structure protruding from the tubes.

By combining the results obtained on the morphology and
crystallography of the samples analyzed the best hydrothermal
conversion conditions were deemed to be the treatment in
LiOH 0.25 M at 200°C for 2 hours on anatase nanotubes. The
use of amorphous nanotubes was discarded since amorphous
nanotubes are more unstable and tend to crystallize in anatase
form when in contact with water solutions and provided the
same mixed oxide after hydrothermal conversion.®®

Electrochemical characterizations

The suitability of the specimens as working electrodes in
electrolytes containing lithium was investigated with electro-
chemical characterizations focused on the Li-insertion potential
window. The cyclic voltammograms of the three different
electrodes tested in LiPFg 1M in EC:DMC 1:1 at 0.2 mVs ™' are
reported in Figure 3. The TiO, anatase electrodes are repre-
sented with red squares, the LiTiO, with blue circles and the
lithiated phase subjected to acidic treatment (deLi-TiO,) with
black squares. Whereas the position of the lithiation peak
appears to be quite similar (V.4 between 1.66 V and 1.70 V), its
shape changes considerably between the three cases. The
anatase presents a very sharp peak because of the highly
ordered structure, the lithiated and the partially de-lithiated
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Figure 1. XRD diffractograms of the samples of TiO, nanotubes after the hydrothermal conversion. (a), (b), (c) Influence of temperature and concentration.
Samples obtained after spending 2 hours in LiOH 0.25 M, 0.5 M, 0.75 M, 1 M at (a) 120°C, (b) 150°C, (c) 200 °C. (d) Effect of the temperature and phase:
anatase NTs treated at 120°C, 150°C, 200°C and amorphous NTs converted in LiOH 0.25 M at 200 °C. Stars (%) represent peaks of TiO, anatase, circles (@) the

mixed oxide LiTiO,, diamonds (#) the titanium foil and triangles (A) Li,CO;.

phases have a broader one which is ascribable to a less
ordinated phase, as was evidenced by the micrography, similar
to what happens in amorphous electrodes. The de-lithiation
peak position V,, appears to vary with the phase considered,
moving from 1.71V to 2.14V. The LiTiO, appears to be the
most reversible electrode of the three considered, as the
distance between the two peaks is the smaller and about 0.5-
0.6 V. Furthermore, it presents the maximum coulombic
efficiency at such small scan rates. It is also possible to see that
the anatase sample presents a second couple of peaks at about
1.41V/1.74V which has been known to be ascribable to the
second phase transition from Li-poor Li,TiO, to the titanate
phase as reported in previous studies.?***® The de-lithiated
phase also presents a second peak in the lithiation portion of
the voltammogram at around 2.17 V. Additional information
such as specific capacity data are reported in Table 1.

The kinetic behavior of the electrodes was further inves-
tigated by performing cyclic voltammograms at increasing scan
rates (up to 200 mVs™"). By plotting the absolute value of the
current density peaks versus the scan rates (see Figure S2 in the

ChemElectroChem 2022, €202101652 (3 of 9)

Table 1. Electrochemical properties of the initial TiO, electrodes, the
lithiated and de-lithiated samples at 0.2 mVs™".

TiO2 anatase LiTiOx delLi-TiOx
N 0.66 0.78 0.70
nmax 0.95 0.96 0.90
Vred [V] 1.70 1.65 1.67
Qch [mAh/cm2] 0.175 0.120 0.190
Vox [V] 2.14 1.71 1.84
Qdis [mAh/cm2] 0.115 0.124 0.134
EFB [V] 2.67 2.24 2.20
ncm™] 5.56*10" 3.78*10" 4.69%10"°

Supporting information), it was possible to observe a linear
dependence with the square root of the scan rate. This proved
that the process was mainly diffusion-controlled in all the
considered cases, contrary to other works that reported a
predominance of pseudo capacitive behavior of anodically
grown anatase nanotubes or hydrogen titanate and TiO,(B)
unidimensional nanostructures.”'*¥ Furthermore, the coulom-
bic efficiency m of both the lithiated and de-lithiated samples
reached values higher than 0.97 in every cycle at scan rates

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 2. Morphological characterization of (a) pristine anatase nanotubes with insets of the top and bottom view, (b) nanotubes successfully converted into
lithium titanate with an inset of the tubular morphology.
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Figure 3. (a) Cyclic voltammograms and coulombic efficiencies of anatase (red squares), LiTiOx (blue circles) and deLi-TiOx (black triangles) at 0.2 mVs™" in

LiPF6 1 M in EC:DMC 1:1.

higher than 05mVs™', demonstrating the ability of this
morphology to accommodate the structural changes due to
further lithium intercalation/de-intercalation.
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Mott
sets of el

Schottky measurements were performed on the three
ectrodes to determine the carrier density N, (referred

to the geometrical area) and the flat band E; of the materials

under study, following (eq. 1):
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with Cg the differential capacitance of the space charge region,
&, the vacuum permittivity, £ the applied potential, k, T and e
have their conventional meaning. As a first approximation, the
dielectric permittivity was considered to be 50 for TiO, anatase
and the converted nanotubes.”™ A more accurate value for the
LiTiO, is yet to be determined. Flat band potentials were
respectively obtained from the intercept and slope of the linear
fitting of the curves. The curves corresponding to 10 Hz can be
found in Figure S3 of the Supporting information and the
extrapolated properties are reported in Table 1. It is interesting
to observe that the partially de-lithiated samples present
similarities with both other electrodes. They show a similar flat
band potential to the lithiated samples whereas the carrier
density is closer to the one of anatase samples and about an
order of magnitude higher than the one of the lithiated
samples. The range of carriers obtained for all samples falls well
into the one reported in literature.”®®

(a) * Raw data .
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XPS analyses were performed to further investigate the surface
chemical properties of lithiated and de-lithiated NTs. Both
samples were analyzed before and after the electrochemical
characterization. The wide-energy XPS scans are reported in
Figure S4 of the Supporting information and confirm the
presence of lithium in all the analyzed samples. Further details
were obtained by considering the HR spectral region for Li 1s
(Figure 4). Each spectrum has been deconvoluted into separate
components and the corresponding semi-quantitative results
are summarized in Table S1 of the Supporting information. For
the estimation of the amount of lithium effectively stored in the
NT structure, only the component due to lithium/titanium
phase has been considered. After the hydrothermal conversion,
around 9 at.% of lithium could be stored in the NT structure.
The Li 1s peak of the corresponding sample (Figure 4(a)) can be
fitted with a single component positioned at 54.6+0.1 eV and
ascribed to the presence of a Li,TiO; phase.”” The lithium
storage capacity of the TiO, nanotubes was further improved
after the electrochemical characterization; the amount of
lithium inserted in the TiO, NT structure was almost doubled as
it further increased up to around 17 at.%. The corresponding HR
Li 1s spectrum (Figure 4(b)) has been deconvolved into three

(b) * Raw data
—Fit
I LiTiO,/Li,TiO,
5
S b Li,CO,
2
‘@
[ =
L
2t
L LiF
.
T T
64 62 60 58 56 54 52 50
Binding energy [eV]
(d) = Rawdata
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s |
Py
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Binding energy [eV]

Figure 4. HR XPS acquisition of Li 1s region for (a) LiTiO, NTs after the hydrothermal conversion, (b) LiTiO, NTs after the electrochemical characterizations, (c)
partially de-lithiated NTs and (d) partially de-lithiated NTs after the electrochemical characterizations.
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separate components, positioned at 54.1+£0.1 eV, 55.4+0.1 eV,
and 56.7+0.1eV, and due to LiTiO,/Li,TiO; phase, lithium
carbonates (Li,CO;) and LiF (coming from the electrolyte used
during the electrochemical characterization),*® respectively. The
co-existence of two separate lithium titanate species, i.e. LiTiO,
and Li,TiO,, is ascribed to the two different lithiation processes
followed to insert lithium in the NT structure: the hydrothermal
approach, leading to Li,TiO;, and the electrochemical one,
leading to LiTiO,. The above-mentioned distinction is visible by
also considering the HR Ti 2p spectral region, shown in
Figure S5 of the Supporting information. After hydrothermal
conversion, the Ti 2p peak shows the presence of Ti** while
both Ti** and Ti** valence states are observed after the
electrochemical characterization, with the latter due to reduc-
tion of titania upon electrochemical lithium insertion.® After
de-lithiation in HCI, the amount of lithium previously stored in
the NT structure decreased to around 4 at.%. In this case,
deconvolution of the HR Li 1s peak (Figure4(c)) in two
components has been obtained, which are positioned at 54.7 +
0.1eV and 55.6£0.1 eV, and due to LiTiO,/Li,TiO; phase and
lithium carbonates (Li,COs), respectively. A superior lithium
storage could be found after cycling; the amount of Li re-stored
in the TiO, NT structure (around 16 at.%) was around four times
higher than the starting one (4 at.%). Similarly to the lithiated
sample after the electrochemical characterization (Figure 4(b)),
the HR Li 1s spectrum has been deconvolved into three
separate components due to LiTiO,/Li,TiO; phase, lithium
carbonates (Li,CO;) and LiF (Figure 4(d)).

Even though de-lithiation has only been partially achieved,
it is particularly interesting to notice that the structural integrity
of the nanotubes was not compromised when extracting some
of the lithium hydrothermally bonded. Zhang et al. reported
that in the case of the de-lithiation of Li,TiO;, the structure
could be compromised when working at high concentrations
and high temperatures.®™™ Bavykin etal. had also previously

(a)

@
deLi-TiO, |
before

LiTiO,

before A

Intensity [a.u.]

deLi-TiO, |

LiTiO,
after

10 20 30

20[°]

commented on how titanate nanotubes could partially trans-
form in rutile if exposed to acid environments for long periods
of time, and Nakahira et al. also reported that acidic treatments
led to structural disorders in the case of sodium titanates.”®”"
Contrary to these previous works, the application here reported
does not require temperatures higher than room temperature
and was performed on shorter times. Moreover, it is worth
noticing that in our case the nanotubes underwent no crystallo-
graphic changes during the de-lithiation (no rutile peaks are
present in the XRD diffractograms reported in Figure 5(a)) and
the material was able to fully recover to higher lithium contents
when cycled, thus exhibiting an excellent reversible behavior.
The morphology of all the samples of nanotubes was also
conserved throughout the whole process, as evidenced by the
micrography reported in Figure 5(b). Systematic studies to
further clarify the de-lithiation mechanisms of our material are
still ongoing.

A systematic comparison between the diffractograms of the
partially de-lithiated and lithiated phases can be seen in
Figure 5(a). The peaks in the two cases are very similar, but in
the de-lithiated case the intensity is lower and the peaks are
slightly asymmetric and shifted to 0.5° higher. These small
changes in the XRD signature of the de-lithiated phase are in
agreement with what previously reported in the literature.®’?
Furthermore, the XRD diffractograms confirmed a change in the
lithiated phase of the nanotubes after the cycling, as was seen
with XPS analyses. This change is underlined by the disappear-
ance of the peak at 18°, the shift from 43° to 44.5° of its most
intense one and the split of the one at 63° into two smaller
peaks. The new phase indexed in Figure 5(a) with reversed
triangles, resulted to be richer in lithium and was indexed with
a cubic mixed oxide in which the average Li:Ti ratio was shifted
from 1:2 to 2:1. These results, although not providing a
stoichiometric compound, are in good agreement with the data
obtained by XPS in which two different kinds of titanates were

Figure 5. (a) XRD patterns of the lithiated and de-lithiated samples before and after the galvanostatic cycling. Circles (@) index the Li-poor mixed phase of
LiTiO,, diamonds (#) the Titanium foil, reversed triangles (W) the Li-rich phase of LiTiO,; (b) FESEM micrography of the LiTiO, nanotubes after galvanostatic

cycling.

ChemElectroChem 2022, €202101652 (6 of 9)

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH

European Chemical
Societies Publishing



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemElectroChem doi.org/10.1002/celc.202101652

present in our samples as a result of the two different lithiation
mechanisms.

Conclusion

This work provided a detailed study on the hydrothermal
conversion of anodized titania nanotubes into a mixed LiTiO,.
After optimizing the hydrothermal conversion conditions, the
suitability of the NTs as electrodes for lithium adsorption was
demonstrated in an organic electrolyte under electrochemical
conditions. This was an important first test of the material
before envisaging its application to aqueous solutions. Morpho-
logical characterizations confirmed that the structure of the
nanotubes was conserved after the electrochemical tests.
Compositional analyses reported an impressive amount of
lithium stored into the structure of the nanotubes, increasing
from 9at% to 17 at.%. The reversibility of lithium storage
properties of the electrode was deeply investigated by static
de-lithiation, which highlighted that neither the structural
stability of the nanotubes not their electrochemical perform-
ances were compromised when almost all of the lithium was
extracted from them. Furthermore, the de-lithiated structure
reached the same quantity of lithium stored after the electro-
chemical characterizations as the pre-lithiated sample, proving
the reversible behavior of our material as lithium adsorbent. Its
excellent performance under acidic conditions proves its
potential to recover lithium from unconventional resources, as
this is known to be the most critical step of the harvesting
process during which adsorbents may become unstable.
Otherwise, these nanotubes could be directly used as electro-
des in Li-ion batteries systems as they have proved to be
excellent candidates for this kind of application.

Experimental Section

Synthesis: Anodic oxidation

Titanium dioxide nanotubes (NTs) were grown on Titanium foil
(0.1 mm, >99.9%, MTI Corporation) by anodic oxidation following a
procedure previously reported.”*”¥ Samples were pre-treated by
sonication in deionized water (DIW) for 10 min and etching in HF
1 wt.% (40%, Carlo Erba) followed by abundant rinsing in DIW. The
two-step anodic oxidation was performed in a thermostatic bath at
25°C under continuous stirring, in an EG-based electrolyte. The
electrolyte contained 2.5 wt.% of DIW, 0.5wt.% of ammonium
fluoride (>98%, Sigma Aldrich) in EG (>99.5%, Honeywell).
Substrates of Ti foil were used as both working and counter
electrodes. During the first step 60V were applied for 5 minutes
with a constant power generator (GW Instek SPD- 3606), at the end
of which the NTs layer was removed by ultrasonicating the samples
in hydrogen peroxide (Sigma Aldrich) to obtain the tube template
on the substrate. A constant potential of 60 V was then applied for
15 minutes to grow a new layer of amorphous nanotubes after
which the samples were thoroughly rinsed in deionized water. The
samples were then annealed at 450°C for 30 minutes to crystallize
them in anatase phase.

ChemElectroChem 2022, €202101652 (7 of 9)

Hydrothermal conversion

The hydrothermal conversion of the anatase NTs was performed in
Teflon-lined stainless-steel acid-digestion vessels (Parr general
purpose acid digestion vessel 23 mL, Parr Instrument Company,
Moline, IL). To investigate the influence of the alkaline solution,
samples were treated in lithium hydroxide solutions (LIOH mono-
hydrate, >99%, Alfa Aesar) with concentrations between 0.25 M
and 1 M. The samples were immersed in the reactor, filled to 50%
of its capacity, and heated for 2 hours in a muffle furnace (Muffle
Furnace L9/11, Nabertherm GmbH). To determine the effect of the
temperature, the treatment was performed at 120°C, 150°C and
200°C. Once cooled and removed from the reactors, the lithiated
samples were rinsed in DIW and dried under nitrogen flow before
the characterizations.

Characterizations

Morphological characteristics of the samples were obtained
through Field Emission Scanning Electron Microscopy (FESEM Supra
40, Zeiss, Oberkochen, Germany) equipped with a Si(Li)detector
(Oxford Instruments, Abington, UK) for energy-dispersive X-ray
spectroscopy. The samples crystallography was investigated with a
Panalytical X'Pert MRD Pro X-ray diffractometer with a Cu Ko, source
before and after the cycling, and the diffractograms obtained were
analyzed with the HighScore Plus software. The surface composi-
tion was analyzed by X-Ray Photoelectron Spectroscopy (XPS) both
before and after the electrochemical characterizations on all the
different kind of electrodes. XPS measurements (analyzed area
500 pmx 500 um) have been performed with a PHI 5000 VersaP-
robe system (from Physical Electronic), equipped with Al Ko
radiation (1486.6 eV) as X-ray source. Wide-energy and high-
resolution (HR) XPS spectra were collected and processed using
CasaXPS software (version 2.3.18). HR spectra deconvolution into
individual mixed Gaussian-Lorentzian peaks was obtained after
Shirley background subtraction and binding energy (BE) calibration
according to C 1s position for adventitious carbon (284.8 eV). Semi-
quantitative analyses were obtained from the analysis of HR XPS
acquisitions.

Electrochemical characterizations were performed in three-elec-
trode PAT-Cells (EL-CELL GmbH) connected to a VMP3 Potentiostat
by BioLogic with EC-Lab V11.34 Software. The measurement setup
comprises a lithium ring reference with double-layered FS-5P
separator (200 um, EL-CELL GmbH) and a highly capacitive carbon-
based counter electrode. Counter electrodes consisted of 85 wt.%
activated carbon (Kuraray Active Carbon), 10 wt.% carbon black
(Timical Super C45) and 5 wt.% PTFE (60 wt.% dispersion in H,0O,
Sigma Aldrich). Working and counter electrodes diameters was
18 mm thus 2.54 cm? geometric area. All measurements were done
in organic lithium hexafluorophosphate based electrolyte (LiPFs 1 M
in EC:DMC 1:1 Solvionic E00350) after drying the samples overnight
at 120°C. Cyclic voltammetries were performed between 3.5V vs
Li/Li* and 0.5V vs Li/Li* with scan rates in linear and square root
spacing in three decades (0.2 mVs™' to 200 mVs™'), starting from
open circuit potential. The current was measured over the second
half of each step and averaged ten voltage steps. Four cycles were
performed for scan rates under 2 mVs™', then six cycles for scan
rates between 2mVs™' and 10mVs™' and finally 11 cycles for
higher scan rates. Electrochemical impedance spectroscopy meas-
urements were carried out in the 1072-10° Hz frequency range with
an AC signal of 5mV. Mott Schottky impedance measurements
were performed in the same potential window as the cyclic
voltammetries with a potential step of 0.1 V. During potentiostatic
measurements the instrument resolution was kept constant at
100 pV. Bandwidth was selected according to spectroscopic meas-
urements to let the system being stable.

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH



ChemElectroChem

Research Article

doi.org/10.1002/celc.202101652

Chemistry

Europe

Some of the lithiated samples were subjected to an acidic bath of
HCl 0.1 M (Hydrocloric acid 37%, Sigma Aldrich) for 48 hours at
room temperature to investigate a possible de-lithiation of the
mixed oxide and assess the recyclability of the adsorbent. This was
performed in an Aqu EC Cell (EL-Cell GmbH) with 30 ul of acid
solution and Silver 20 separator (DreamWeaver). The lithiated
electrodes were in a symmetric configuration. Following this de-
lithiation process the electrodes (called deLi-TiOx) underwent the
electrochemical characterizations already described.
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