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Unveiling the Power of Titanium Dioxide for Energy Storage
and Electrochemical Technologies

Luisa Baudino,® P! Pietro Zaccagnini,! P! Stefano Bianco,?! Micaela Castellino,? P!
Andrea Lamberti,*® b1 C. Fabrizio Pirri,[® ®) and Mara Serrapede!® P!

Titanium dioxide nanotubes (TiO, NTs) have been widely inves-
tigated in the past 20 years due to a variety of possible applica-
tions of this material. Indeed, their high surface area and tunable
morphology can easily implement key features of TiO,, such as
its biocompatibility and photo- and electrocatalytic properties.
This combination makes TiO, NTs perfect candidates for multi-
functional applications ranging from biomedical application to
sensing and energy devices. Herein, we present TiO, NTs grown

1. Introduction

Titanium is the ninth most abundant element on Earth. Its oxide,
titania, possesses unique properties such as heat and corro-
sion resistance, and it is lightweight with exceptional mechanical
properties. Its increasing demand in several industries, and the
limited availability, have led the community to consider it a
critical raw material.!! However, the development of extrac-
tion technologies and recycling methodologies will ensure a
sustainable and continuous supply in the future.

Among all its applications, titanium dioxide, that is, tita-
nia, spans the energy sector, especially in alkali metal batteries,
but has also been used in supercapacitors, fuel cells, and dye-
sensitized solar cells.”™ In particular, this material presents
remarkable performances in Li-ion battery (LIB) systems as an
anode material since the low volume change upon the reversible
Li-ion insertion and extraction does not cause any structural
instability.>>! However, titanium dioxide is also widely used in
different applications such as sunscreen, paints, and photocataly-
sis due to its excellent optical and photocatalytic properties.['0-°!
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by anodic oxidation on top of a titanium foil in an ethylene
glycol-based electrolyte with NH4F. The as-grown amorphous
nanotubes were then subjected to annealing in a reducing
atmosphere at different temperatures while maintaining their
amorphicity. The morphological, physicochemical, and electronic
properties were then thoroughly evaluated to assess their use in
different fields, from energy storage devices to photo-catalytical
applications.

Among the several different nanostructures of titania avail-
able, self-organized titania nanotubes (TiO, NTs) are generally
considered the most versatile.°3% |n fact, when prepared
by anodic oxidation on top of a metallic foil, the NTs can
be either used with the in-built current collector or detached
from it. Similarly, while the anodic oxidation synthesis pro-
vides amorphous nanotubes, depending on the temperature of
the successive annealing the NTs can be converted in one of
their crystalline phases, most notably anatase or rutile. Instead,
depending on the atmosphere of the annealing temperature,
oxygen vacancies (OVs) or doping atoms can be introduced into
their structure to boost their electronic properties.'*-3! Further-
more, as is well-known in the field of energy storage devices,
creating vacancies in oxide phases and making them amor-
phous shifts the storage mechanism far from diffusion-controlled
mechanisms and towards surface-controlled ones leading to a
prevalent capacitive-like behavior.*

The term “black titania” usually denotes TiO, that has been
engineered to have unique properties, that is, modified to
adsorb a broader spectrum of light, including visible and infrared
wavelengths. This modification is often achieved through dop-
ing or surface treatments, which alter the electronic structure
of the material. The enhanced light absorption of black titania
makes it potentially useful for applications such as solar energy
conversion and photothermal therapy.

In electrochemical applications, black titania may be used
as an electrode material in devices such as lithium-ion batter-
ies, supercapacitors, and photoelectrochemical cells. The elec-
trochemical properties of black titania nanoparticles can vary
depending on factors such as their size, morphology, surface
chemistry, and any doping or modifications that have been
made to the material. The electrochemical stability of black
titania refers to its ability to withstand the electrochemical
reactions occurring at its surface without undergoing degrada-
tion. Enhanced stability is crucial for long-term device perfor-
mances. The rate at which the charge is transferred between

© 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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the electrode surface and the electrolyte solution is critical for
the performance of electrochemical devices. Surface modifica-
tions or doping of black titania nanoparticles can influence
charge transfer kinetics.***! Moreover, these nanoparticles may
exhibit electrocatalytic activity, catalyzing specific electrochem-
ical reactions, such as oxygen reduction or evolution reactions
in fuel cells, or water-splitting reactions in photoelectrochemical
cells 144->31

Black TiO, nanotubes produced via anodic oxidation and
then annealed under a reducing atmosphere are a fascinating
area of research with potential applications in various fields due
to their unique properties. The nanotubular structure provides
a large surface area, which is advantageous for applications
such as catalysis, sensing, and energy storage,*>***! and when
working with amorphous NTs it is possible to use lower anneal-
ing temperatures, thus reducing the impact of the process.[*!
Black TiO, nanotubes exhibit enhanced light absorption and
a reduced bandgap compared to their conventional counter-
parts. This improved light absorption extends into the visible
and near-infrared regions of the spectrum, making them poten-
tially useful for photocatalysis and photovoltaic applications, but
also environmental remediation, water purification, and solar
fuel production.>-6°]

In the following study, amorphous TiO, nanotubes were pre-
pared by anodic oxidation and successfully annealed under a
reducing atmosphere to convert them into amorphous black
TiO, nanotubes. Morphological, physicochemical, and electro-
chemical characterizations were then performed to assess their
properties and to determine the best synthesis conditions for
electrochemical applications.

2. Results and Discussion

Amorphous TiO, nanotubes were grown on titanium foil via
a two-step anodic oxidation process in ethylene glycol (EG)
electrolyte, and successively annealed in a reducing atmo-
sphere at different temperatures.[®%?! Morphological character-
izations were performed on the as-grown nanotubes and on the
annealed samples to verify whether the thermal treatment influ-
enced their morphology. As can be seen in the four panels of
Figure 1, the nanotubes presented smooth walls and a length of
approximately 5 um after anodic oxidation (Figure 1a) and under-
went no significant morphological changes when annealed at
150 °C (Figure 1b), 200 °C (Figure 1c) and 250 °C (Figure 1d).
X-Ray Diffraction (XRD) and Raman measurements were per-
formed to confirm whether the samples had maintained their
amorphous nature after the annealing step under reducing
atmosphere. The thermal reduction treatment was performed
at temperatures lower than 300 °C to avoid the formation of
any crystallites.3! As can be seen in Figure 2a all three samples
annealed at 150 °C, 200 °C, and 250 °C presented no crystallo-
graphic peaks attributable to either anatase or rutile phase, indi-
cated in the diffractograms as TiO, A and TiO, R, respectively. All
the peaks that were recorded in the diffractogram were ascribed
to the titanium foil substrate underneath the nanotube arrays.
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Table 1. Breakdown of the different chemical states of the titanium and
oxide components of the XPS HR spectra.

Sample Tit* T+ Ti° or, OH-,
Lattice Oxide  Defective Oxides
As-grown 88.14% 7.76% 4.10% 64.74% 35.26%
150 °C 86.38% 830% 532% 7533% 24.67%
200 °C 90.55% 6.55% 2.90% 75.14% 24.86%
250 °C 90.14% 5.63% 4.14% 83.62% 16.38%

The amorphous nature of the samples was further confirmed
by Raman spectroscopy. As can be seen in Figure 2b, all the sam-
ples annealed show no active Raman bands under 1000 cm~'. No
signs of the anatase active modes of the B4 band at ~400 cm™,
Aig + By at ~520 cm ™' or Eq band at ~640 cm™! are visible.'64]
Very broad bands appear at ~420 cm~' and ~600 cm~" in some
of the annealed samples. While these could at first seem com-
patible to the E; and A,y bands in rutile[%>%®! there are no
indications from the XRD diffractograms that there is any crys-
talline rutile in it, which at low temperatures requires severe
conditions that are not met in the current study, including acidic
media, long reducing treatments, and high pressures.*’! How-
ever, other studies have reported the presence of very broad
bands at around ~420 cm~' and ~600 cm~' in amorphous
samples and suggested that their presence could be motivated
by the presence of increased oxygen deficiency at the surface,
zone-edge disorders after hydrogenation, and even short range
ordered rutile phase.[46:49:55,64,68-70]

Finally, to better understand the chemical states of the
annealed nanotubes, X-ray photoelectron spectroscopy (XPS)
analyses were performed on all samples. At first, a survey scan
of all the samples confirmed the presence of only titanium and
oxygen and of carbonaceous and fluoride impurities due to the
anodic oxidation growth process of the nanotubes. However, it
is worth mentioning that the fluoride contamination decreases
after the thermal annealing (see Table S1in the Supporting Infor-
mation). High Resolution (HR) spectra of the main elements were
then acquired to analyze their binding state. The HR Spectra of
the Ti 2p and O 1s regions of the as-grown and 250 °C samples
are reported in Figure 3. The complete survey scans, Ti 2p and
O 1s HR spectra of all the samples, and details of peaks posi-
tions, are reported in the Supporting Information, respectively,
as Figures S1-S3 and Table S2.

As can be seen from the two peaks centered at 458.8 eV
(Ti2pss2) and 464.5 eV (Ti2p;5), the titanium presents itself mainly
in the Ti*" state bonded to oxygen atoms, drawn in blue in
Figure 3a,b. Ti** states (indexed in green in Figure 3a,b), which
should arise after the reducing annealing, are minoritarian with
respect to the Ti** states. However, their superficial contribution
seems to decrease after the thermal annealing in reducing atmo-
sphere (except for the sample annealed at 150 °C, see Table 1).
This could be partially due to their high reactivity at ambient
atmosphere which could easily re-oxidize them into the Ti‘*
state, a fact that could be enhanced by the disordered sur-
face of the amorphous samples, or by the fact that increasing
the temperature of the reducing treatment the Ti** states can
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Figure 1. Micrographs of the TiO, nanotubes (a) as-grown and annealed at (b) 150 °C, (c) 200 °C, and (d) 250 °C.
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Figure 2. (a) Diffractograms of the samples annealed at 150 °C (black), 200 °C (red), and 250 °C (blue). The main peaks of the titanium substrate (Ti) have
been indexed as the peaks of the crystalline phases anatase (TiO, A, in green) and rutile (TiO, R, in green) which are absent in all the annealed samples.
(b) Raman spectra of the analyzed samples. A reference sample of anatase is displayed in green, whereas the samples annealed at 150 °C, 200 °C, and

250 °C are displayed in black, red, and blue, respectively.

diffuse deeper in the sample and thus result less visible through
XPS measurements in analogy with rutile samples.*®!

The literature reports discord information on the presence
and visibility of Ti** states in black titania samples. While some
studies report their presence as fundamental in determining the
samples properties,¥7'721 others did not notice any change in
the chemical environment of titanium atoms after the reducing
annealing treatment,[36:6473-751

The O 1s HR spectra are shown to be asymmetrical and could
be deconvoluted into two components (see Figure 3c,d). The first
peak, at about 530 eV, represents the TiO, bonds of the lattice
oxide while the second between 531 eV and 532 eV represents
the Ti—(OH) bonds, a common feature in amorphous samples
grown by anodic oxidation?7®! and superficial defects caused by
a partial reduction of titanium atoms.[¥425%57] Similarly to what
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happens with Ti3* states, contrasting information can be found
in the literature about whether the amount of hydroxyl groups
found in the black titania samples should increase or decrease
after the hydrogenation treatment.[*#48! The samples here ana-
lyzed showed that the amount of superficial defective oxides
decreased after the thermal annealing in reducing atmosphere
with respect to the samples as grown (see Table 1). This could
mean that after the reducing thermal annealing our samples are
less disordered while conserving their amorphous nature, or that
the amount of surface hydroxyl groups deriving from the anodic
oxidation synthesis was reduced and only the ones from the
reducing treatment are still present.

Diffuse reflectance UV-VIS measurements were performed to
determine the band gap of the treated samples, since reduc-
tion treatments and hydrogenation are known to lower the band
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Figure 3. High Resolution spectra of the Ti 2p peaks of (a) as-grown nanotubes and (b) nanotubes annealed at 250 °C. Ti** states are depicted in blue, Tidt+
states in green and Ti® in pink. High Resolution spectra of O 1s peaks of (c) as-grown nanotubes and (d) nanotubes annealed at 250 °C. The lattice oxide

component is shown in purple while the defective oxide component in orange.
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Figure 4. (a) Tauc plots of the samples annealed at different temperatures. As-grown amorphous NTs are displayed in green, whereas the samples
annealed at 150 °C, 200 °C, and 250 °C are displayed in black, red, and blue, respectively. (b) Comparison of the Mott-Schottky curves of the four samples
at 10 kHz. (c) Mott-Schottky curves at different frequencies of the as-grown nanotubes sample. The donor density was estimated from the slope the curves
acquired at 10 kHz, while the flat band potential from the intersection of the curves acquired at different frequencies. Black squares indicate the data
acquired at 10 kHz, red circles the ones at 5 kHz, blue triangles the ones at 1 kHz.

gap of titania.'¥””! According to different studies, from both
an experimental and modeling point of view, amorphous TiO,
should have a band gap higher than 3 eV independently from
it being direct or indirect.!l2046978-81 Although studies generally
agree with white titania showing a preference for indirect band
gap, black titania has been shown to present a direct band gap,
regardless of it being amorphous or crystalline, and this was the
case of our samples.[*3464781 Tayc plots were drawn for all sam-
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ples (see Figure 4a) following the Kubelka—Munk Equation (1) for
direct configuration:

(K x h)"" = A (Eq — hv) U]
where K is the Kubelka-Munk function given by Equation (2):

(1-R.)’
2R,

K= (2)
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Table 2. Electronic and electrochemical properties of the as-grown and black TiO, NTs. The values of indirect and direct band gap were obtained from
the linear interpolation of the Tauc plots, the maximum of the valence band with respect to the Fermi level from XPS measurements. The carrier density
Np and flat band potential were computed from Mott-Schottky measurements, while the capacitive-controlled contribution to charge storage at 1 mV s
(called %C-control) and areal capacitances Cs were computed from cyclic voltammetry measurements.

Sample Direct Band VB max (W.r.t. Fermi Np (cm™3) Flat Band %C-Control Cs (at 02 mV s,
Gap (eV) Level, eV) Potential (eV) (at1TmVs™) mF cm™?)

As-grown 3.05 270 4.68%10" 250 63 236.80

150 °C 3.20 2.58 7.46%10" 2.50 71 267.40

200 °C 2.65 2.69 1.08*10%° 234 74 388.30

250 °C 220 2.65 5.87*¥10%° 240 80 398.37

where R is the reflectance data from the diffuse reflectance
spectroscopy measurements, A is a constant, hv the energy of
the photon, E; the band gap of the sample,Np and n is equal to
2 in the case of indirect gap and % in the case of direct band gap.

Coherently with what previously reported for black titania
samples and as can be seen in Figure 4a, our amorphous sam-
ples present a direct band gap of around 3 V while the annealed
samples present lower values. For the sake of completeness
an indirect band gap configuration was also considered, and
the Tauc plots which were non-conclusive are reported in the
Supporting Information as Figure S4. The values obtained for
the different samples are reported in Table 2 together with the
valence bands maxima with respect to the Fermi level evaluated
from the XPS spectra. The values herein found are significantly
lower than those reported in literature for black amorphous
samples.””! It can be seen that the band gap is indeed smaller
when reducing the nanotubes, except for the sample annealed
at 150 °C which shows a slightly higher value, similarly to what
was observed in the Ti?* states obtained from XPS analyses.

The density of donors N and flat band potentials were com-
puted from Mott-Schottky measurements, that is, electrochem-
ical impedance spectroscopy (EIS) measurements performed in
the same lithium-based organic electrolyte and potential win-
dow of the electrochemical measurements. As can be seen in
Figure 4b,c, the positive slope confirms that the black amor-
phous titania nanotubes are n-type electrodes. By assuming a
value of dielectric constant ¢ equal to 15, averaging the values
found in literature for amorphous TiO, samples,!®28! the donor
density Np was computed according to Equation (3):

dc?) 2 ‘)
dv  gA2eNp (w)
where A is the surface, g is the elemental charge, and "(g—;z’ is

the above-mentioned slope. The flat band potentials were esti-
mated from the intercept of each set of curves at three different
frequencies, 10 kHz, 5 kHz, and 1 kHz, and are listed with the esti-
mated donor densities in Table 2. The details of this procedure
for the as-grown nanotubes are reported in Figure 4c, while the
complete set for all samples is reported in the Supporting Infor-
mation as Figure S5. As can be seen from the values reported in
Table 2, the impedance spectroscopy measurements confirmed
the lowering of the flat band potential, and that the annealing at
higher temperatures resulted in an increase of the donor density
of more than one order of magnitude.
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Electrochemical characterizations were performed in lithium-
based organic electrolyte to evaluate the kinetic effects induced
by the different annealing processes. As it is possible to observe
from Figure 5a, the cyclic voltammograms (CV) expressed in
terms of differential capacitance and recorded on the four sam-
ples manifest no substantial differences in terms of shape, as
they all show broad redox peaks, a further signature of their
amorphous structure. It is possible to see that the as-grown nan-
otubes present an anodic shoulder at around 1V, which is absent
in the annealed samples. This shoulder can be attributed to irre-
versible reactions due to traces of water trapped in the tubes,
which are no longer present in the annealed samples.[®*861 |t
is worth mentioning that, while everything is electrochemically
reversible, both the position and the separation between the
reduction and oxidation peaks increase as the annealing temper-
ature increases, with a more notable effect during the oxidation
process.

A kinetic analysis based on Dunn’s method®! allowed to
determine the predominant mechanism of charge storage, and
thus to quantify the amount of charge stored through fast
capacitive mechanism, according to Equation (4):

where v is the scan rate, and k; and k; are the kinetic constants
responsible for the surface capacitive controlled and diffusion-
controlled components, respectively. A graphical representation
of the capacitively controlled current contribution /., for the
electrode treated at 250 °C is shown in Figure 5b, where it is
depicted with a dashed light blue line versus the total current
Iior indicated with a solid dark blue line. The capacitive-controlled
percentages of each electrode are reported together with their
areal capacities Cs at 0.2 mV s~ in Table 2.

According to the coulombic efficiency and areal capacitances
Cs evaluations, shown in Figure 5c,d, the untreated sample has
lower charge delivered with respect to that accumulated at
lower scan rates. Furthermore, the as grown sample showed
the lowest coulombic efficiency trend for scan rates lower than
10 mV s7' and lower areal capacitances for scan rates lower
than 1 mV s7. The latter has also been observed for the sam-
ple treated at 150 °C, suggesting the presence of catalytic points
that get more efficient towards reduction by slowing the rate of
the potential sweep, and that for both samples the maximum
density of storage is reached around 1 mV s~'. By performing
thermal treatments above 150 °C these sites seem to decrease or
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Figure 6. (a) Capacitance retention (in black) and coulombic efficiency nc (in red) and (b) Ragone plot of the half cell with the NTs annealed at 250 °C.

disappear allowing a better storage efficiency and higher stor-
age capability at slow scan rates, as shown by the calculations
performed and the values reported in Table 2.

Based on the results of the capacitive-controlled contribu-
tion of charge storage, the cyclability measurements of the
electrode treated at 250 °C were performed in half-cell con-
figuration by means of CV tests carried out at scan rates of
{10, 20, 50, 100} mV s~'. The results are reported in black in
Figure 6a. The areal capacitance is retained above 45% up to
100 mV s~". Interestingly, the evaluated coulombic efficiencies
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nc are fairly high, highlighting the remarkable energy storage
properties of these NTs. All values are constantly above 95%
as depicted in red in Figure 6a. Finally, the Ragone plot was
evaluated to provide information about areal power and energy
densities, as can be seen in Figure 6b. As can be seen in Table 3,
a comparison was performed in terms of areal capacity, energy
and power density between our data and the devices reported
in literature closer to ours. The amorphous black titania sam-
ples present higher areal capacities than most of the white
amorphous samples.

© 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Table 3. Comparison of areal capacity Qs, energy density, and power density values.

NT Sample TiO, Phase Areal Capacity Qs Energy Density Power Density Refs.

[uUAh cm~2] [UWh cm™2 pm™] [UWh cm™2 pm™]

Black TiO, Amorphous 444 @ 0.1 mV s 22 200 This work
TiO, Amorphous 1500 N.A. N.A. [88]

TiO, Anatase 1200 N.A. N.A. [88]

Ti-Nb alloy Anatase 20 @ 1.0C 80 @ 1.0C 10 @ 1.0C [89]

TiO, Amorphous 37 N.A. N.A. [90]

TiO, Anatase 29 N.A. N.A. [90]

3. Conclusions

Nanostructured TiO, electrodes were fabricated using anodic
oxidation in an ethylene glycol-based solution, resulting in the
formation of smooth self-ordered nanotubes, as this method
offers a precise control over the nanostructure and morphology
of the electrodes. Thermal treatments at different temperatures
in a hydrogen atmosphere were then employed to improve the
performance of the TiO, nanotube electrodes. This reducing
annealing aimed at enhancing the NTs defectivity and thus their
specific capacitance.

The annealing under reducing atmosphere successfully main-
tained the amorphous nature of the TiO, nanotubes, as con-
firmed by XRD and Raman spectroscopy, which is crucial for
maintaining the unique properties of black amorphous TiO,,
including its high surface area and reactivity. Moreover, the ther-
mal treatment also resulted in an increase in donor density
and a lowering of the conduction band of the TiO, nanotubes,
which led to improved electrical conductivity of the electrodes,
as evidenced by an increased charge accumulation.

Electrochemical characterizations revealed a significant
increase of approximately 20% of the charge accumulated in
a fast manner, referred to as capacitive-controlled charge. This
indicates improved charge storage capabilities, particularly in
response to fast scan rates.

In summary, the combination of assisted anodization to
produce nanostructured TiO, electrodes and subsequent ther-
mal treatment in hydrogen successfully enhanced the electrode
performances. The thermal treatment maintained amorphicity,
increased donor density, lowered the conduction band, and sig-
nificantly improved charge accumulation, particularly under fast
charging conditions, thereby demonstrating the effectiveness of
the approach for achieving faster and more enduring TiO,-based
electrodes with enhanced electrochemical properties.

4. Experimental Section

4.1. Synthesis

Nanotubes arrays were grown by anodic oxidation on commercial
titanium foil substrates (> 99.9%, MTI Corporation) in a two-step
process described elsewhere.[®"%2] The substrates were precut into
interconnected discs of 18 mm of diameter and suitably masked in
order to grow the nanotubes only on the front side of the metallic
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foil. They were then sonicated in deionized water (DIW) for 10 min
and etched in HF 1 wt.% (40%, Carlo Erba) and subsequently rinsed
in DIW. The anodization process was undertaken at 25 °C in a ther-
mostatic bath under continuous stirring and by using Ti foil as both
counter and working electrodes. The EG-based electrolyte was pre-
pared with 0.5 wt.% of ammonium fluoride (>98%, Sigma Aldrich)
and 2.5 wt.% of DIW in EG (>99.5%, Honeywell). A first anodization
step of 5 min at 60 V was performed with a constant power genera-
tor (GW Instek SPD- 3606) to obtain the tube template. The first layer
of nanotubes was then dissolved by ultrasonicating the samples in
hydrogen peroxide (Sigma Aldrich). The second anodization step
consisting of 15 min at 60 V was then conducted to obtain a com-
pact layer of ordered amorphous nanotubes. After being thoroughly
rinsed in DIW, the samples were annealed in a reducing atmosphere
(5% H, and 95% Ar) at multiple temperatures from 100 °C up to
250 °C for 3.5 h to maintain their amorphous nature.

4.2, Material Characterizations

Morphological characterizations were performed with a field-
emission scanning electron microscope (FESEM, Supra 40, ZEISS,
Oberkochen, Germany). The samples crystallography was investi-
gated with a Panalytical X'Pert MRD Pro X-ray diffractometer with a
Cu-Ka source (. = 1541874 A) in Brag-Brentano configuration with
a step size of 0.026 degrees and a scan speed of 200s/step. The
diffractograms obtained were then analyzed with the HighScore
Plus Software. The Raman spectra were recorded on a Renishaw
InVia micro-Raman with an excitation laser of 514 nm of wave-
length. The acquisitions were performed at 5% of the nominal
power and 20x microscope objective. The chemical composition
was investigated through X-ray photoelectron spectroscopy (XPS)
by using a PHI 5000 VersaProbe system (Physical Electronics, Inc.
(PHI), Chanhassen, MN, USA). Monochromatic Al-Ka (1486.6 eV)
was used as X-ray source, and C 1s peak (284.8 eV) was used as
reference for the calibration. 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 and asymmetric peaks was obtained
after Shirley background subtraction and binding energy (BE)
calibration. UV-VIS measurements were performed in diffusive
reflectance mode on a Lambda 35 (PerkinElmer, Waltham, MA, USA).
The band gap was estimated through the Kubelka-Munk equation
with both a direct and indirect gap.

Electrochemical characterizations were performed in three-
electrode PAT-Cells (EL-CELL GmbH) connected to a Metrohm
potentiostat/galvanostat (PGSTAT302N from Metrohm, Utrecht, The
Netherlands) with Nova 2.1 software for the acquisitions. All mea-
surements were done in a metallic lithium semicell with an organic
lithium hexafluorophosphate based electrolyte (LiPFs 1 M in EC:DMC

© 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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1:1, Solvionic E00350). Cyclic voltammetries were performed over a
2.5 V potential window (0.5-3 V versus Li/Li*) with scan rates start-
ing from 02 mV s~' to 50 mV s, from open circuit potential to
cathodic voltages. The first three voltammetries at 0.2 mV s~ were
carried out to ensure the formation of a stable SEI. Five cycles
were performed for each scan rate, the second one is displayed as
the most representative one. Mott Schottky impedance measure-
ments were performed in the 1-3 V versus Li/Li* potential window
with a potential step of 0.1 V at 1 kHz, 5 kHz, and 10 kHz. The flat
band potential was obtained as the intersection of the intercepts
of the linear curve of each sample at different frequencies, while
the donor density was computed from the measurements at 10 kHz.
The cycling stability of the device was tested through galvanostatic
charge and discharge in coin cells on Arbin BT2000 instrument.
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