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Abstract

Anatase TiO> represents an attractive electrode material for application in sodium-ion batteries
due to its relatively low cost, high environmental compatibility, high intrinsic safety, conferred
by the relatively high operating voltage, and satisfactory theoretical capacity. Nonetheless, a
comprehensive understanding of the Na uptake and release mechanism is still missing, which is
crucial for a further insight-driven optimization of the electrode material. This work presents for
the first time an extensive operando X-ray absorption near-edge structure spectroscopy
(XANES) study at the Ti1 K-edge of a TiO2 anatase nanoparticle-based electrode, aiming at
unraveling the structural evolution and consequent Ti oxidation state and coordination changes
upon sodiation and following de-sodiation. By using two approaches, i.e. an analytical fit and
principal component analysis (PCA) with a linear combination analysis (LCA) to the evaluation
of the operando data, this study reveals the amount of irreversible and reversible Na” inserted
upon cycling. In addition, a change of the Ti coordination during the first cycle is monitored,
observing a decrease of the original 6-coordinated symmetry. Simultaneously, the irreversible
loss of the nanoparticle structural ordering due to the effect of initial Na insertion in the anatase
lattice is detected. These results support some of the (ex situ) findings reported previously and
give a more comprehensive picture of the highly discussed sodiation mechanism of TiO»-based

anodes under more realistic operating conditions.



1. Introduction

Sodium-ion batteries (SIBs) represent a promising, not necessarily competing, alternative
electrochemical energy storage technology to lithium-ion batteries (LIBs). The interest towards
SIBs is mainly driven by the abundance, homogeneous distribution, and low cost of the foreseen
employed raw materials with respect to LIBs, leading to lower economic and geopolitical
impact.'?

Several materials have been proposed as promising negative electrode (anode) materials for
application in SIBs.>* Among them, carbon and titanium based compounds, such as hard
carbon® and titanium oxides® have attracted large attention due to their nontoxicity, low cost, and
environmentally friendliness. Theoretically, up to one equivalent of lithium is inserted per mol of
TiO> corresponding to a theoretical specific capacity of about 330 mAh-g!.” However, in the
case of sodium only around 0.5 equivalent of Na per mol of TiO> are inserted, resulting in a
reversible capacity of 150 mAh-g'.® TiO, has several allotropes characterized by different
crystalline structures, such as the anatase tetragonal phase (space group 141/amd), the rutile
tetragonal phase (space group P42/mnm), and the brookite orthorhombic phase (space group
Pbca), each of them characterized by different electrochemical properties according to their
morphology and structure.”!?

Among these structures, the most promising results in terms of specific capacity and cycle life
have been obtained by employing anatase Ti02.5*!1"2° Additionally, the nanostructuring of the
Ti0; material has proven to be beneficial for the battery performance in terms of conductivity
and specific capacity.'*!° For instance, it was shown that reducing the size of the anatase TiO,

nanoparticles leads to higher amounts of reversible inserted and extracted sodium ions per



formula unit TiO,.!® In another study, it was shown that the size and morphology of these
nanoparticles remains unchanged upon sodiation,?! while the detailed structural and electronic
changes of the anatase TiO, upon Na uptake and the consequent structural rearrangements are
still not well understood, especially in relation to the first irreversible capacity loss, nearly 40 %,
observed during the initial sodiation process.>!?

Contradicting results about the processes underlying the sodiation mechanism have been
proposed, especially in relation to the retention of the anatase structure. Reported X-ray
diffraction (XRD) and Raman measurements describe an amorphization of the anatase TiO»-

based electrode material upon sodiation,®!!-22725

with a loss of the long range order of the anatase
structure, not observed in other studies.?*?%2?” Furthermore, different (local) crystal symmetries
have been proposed for the sodiated titanium oxide phase: a retention of the local anatase
structure,?’ the formation of an orthorhombic NaTi,O4 phase,?® or a change towards a
rhombohedral R3m phase,?? all of which contain titanium in a 6-coordinated environment.
However, more recent work suggests a change of the coordination of titanium upon sodiation
towards a lower 5-coordinated structure.?® Although most of the previous studies suggest that the
Ti**/Ti** redox reaction is the active redox couple upon sodium insertion,>***%? the amounts of
inserted sodium per formula unit of TiO; differ and are rarely reported, especially for the
irreversible inserted sodium.

As an example, electrochemical insertion of sodium in commercial TiO2 nanoparticles was
reported to involve the initial formation of an intermediate sodium titanate, its subsequent
disproportionation into a new sodium titanate phase with a lower sodium content (about 0.25 Na*

per formula unit TiO>), and the final formation of metallic titanium and sodium superoxides.®

This report was later corrected based on ex-situ XANES investigation, excluding the formation



of metallic Ti.* Nonetheless, among these processes, only the (de-)insertion of sodium ions from
the sodium titanate phase appears to be reversible.

The above-mentioned results clearly indicate that the detailed sodiation mechanism of TiO; is
still unclear and heavily debated. As a matter of the fact, despite several investigations having
been carried out, a clear correlation between the (de-)sodiation process and the changes in the
electronic and local structures of TiO; is still missing. Furthermore, operando investigations of

the system are scarce, '

creating an additional uncertainty to the so far proposed mechanisms.

X-ray absorption near-edge structure spectroscopy (XANES) is a suitable and powerful tool to
study the electronic and molecular orbital changes of anatase TiO2 upon cycling. XANES is
element-specific and it probes the local unoccupied partial density of electronic states of
materials. In this context in particular, XANES at the Ti K-edge is able to probe the Ti atoms and
the nearest neighbors in the oxide environment. In addition to its high sensitivity to the
coordination state of Ti and the crystalline structure of TiO,,>»?*3* X ANES is a suitable tool for
the detection of the Ti valence state changes upon cycling.?%-30-3

Ex-situ XANES analysis can offer useful insights in the reaction mechanism of battery
materials, however, postmortem analysis on electrodes recovered from disassembled
electrochemical cell and eventual rinsing steps required to remove electrolyte residuals, can
affect and modify the chemical, structural and morphological properties of the investigated
samples. For this reason, operando X-ray spectroscopy is gaining considerable attention in the
characterization of battery anodes,*®*” though its implementation for the investigation of relevant
SIB materials is still technically challenging due to a short X-ray attenuation length, and/or

missing theoretical background to interpret the spectroscopic results. Despite the challenging

application of operando X-ray spectroscopy on SIB materials, in the specific case of TiO»,



several studies already exist in literature and constitute an invaluable database of information on
the structural properties of a variety of polymorphs of TiO2. An elegant and comprehensive study
of the coordination chemistry and disorder in oxide compounds and the medium range
environment around Ti in oxide glasses has been reported by Farges et al. evaluating the
coordination state of Ti according to the pre-edge peak maximum intensity and position of Ti K-
edge XANES spectra.>** It was shown that the largest pre-edge peak intensity is found for 4-
coordinated Ti (*'Ti) while the lowest intensity is typically observed for 6-coordinated Ti (I*'Ti),
with 5-coordinated Ti (°'Ti) resulting in an intermediate intensity. The pre-edge position changes
from lower photon energies for ITi towards higher excitation energies for [*'Ti, again with I Ti
in between.** Besides the effect of coordination, the pre-edge peak position and intensity can also
be affected by the oxidation state, as a shift of around 2 eV was reported for a change in valency
from Ti** to Ti"*.?” Additionally the pre-edge peak maximum intensity of tetragonal 5-
coordinated transition metal species was observed to decrease with the amount of occupied 3d
states®® and a similar effect was shown comparing Fe K-edge XANES spectra of 4- and 5-
coordinated Fe*? and Fe™ species.*’

In this paper, we examine the effects of (de-)sodiation on the chemical, electronic, and
structural properties of a model anode electrode, consisting of stoichiometric TiO> nanoparticles.
Changes are investigated by analyzing the Ti K-edge XANES spectral features during cell
operation (i.e., during (dis-)charging cycles) by means of an analytical fit and a PCA/LCA
approach. These investigations represent our current state of evaluation, giving new information
about the sodiation mechanism in TiO»-based anodes. Additional investigations using a
multivariate curve resolution (MCR) and density functional theory (DFT) approach are in

progress and will be presented in a follow up paper. In order to simulate a battery environment



upon operation, an ultra-high vacuum (UHV)-compatible coin cell configuration was employed
to study in operando for the first time the behavior of an anatase-TiO; electrode upon cycling.
The results herein reported evidence the structural changes of the anatase TiO2 anode upon
sodium insertion, both in terms of oxidation and coordination state of Ti, unveiling the amount of

reversible and irreversible sodium uptake per formula unit of TiO».

2. Experimental Section

2.1. Electrode Preparation, Cell Assembling and Electrochemical Characterization

Electrodes were prepared by doctor blade casting a slurry prepared by dispersing 80 wt%
active material, i.e. anatase TiO> nanoparticles (synthesized as described elsewhere!'® with a 15
nm average diameter), 10 wt% PVdF binder (Solef 5130) and 10 wt% conductive agent
(SuperC65, IMERYS, Switzerland) in N-methyl-2-pyrrolidone (NMP) on a 6 pm Al foil (Sigma-
Aldrich) as current collector. After drying at 60 °C overnight in an oven (Binder), 12 mm
diameter electrodes were punched and dried again overnight at 120 °C under vacuum.

The electrochemical tests for the operando XANES measurements were performed using an
in-house modified standard CR2032 coin cell (see Section 4.4). The electrochemical cell was
assembled inside an argon-filled glove box with H>O and O, contents < 1 ppm, by using Na
metal (99.8 %, ACROS ORGANICS) as counter electrode and a glass fiber (GF/D, Whatman) as
the separator soaked with 1 M solution of NaClO4 (98 % Sigma-Aldrich) in a mixture of
ethylene carbonate (EC, UBE) and propylene carbonate (PC, Sigma-Aldrich) (1:1 v/v).

The cell was galvanostatically charged and discharged within the 0.02 - 2.00 V voltage range
using a SP-200 Potentiostat (BioLogic). A constant current of 0.027 mA-cm™ was applied during

the first two cycles, and a potentiostatic step of one hour was added at the end of every charge



and discharge process. For the following cycles, increasing current values were applied, i.e.
0.106 mA-cm? for the 3™ cycle and 0.707 mA-cm™ for the 4™ and 5™ cycle) with shorter
potentiostatic steps at the end of charge and discharge (15, 5, and 25 min for the 3™, 4% and 51

cycle, respectively). During the fourth cycle, XANES measurements were not recorded.

2.2. Reference Compounds Characterization

The 270 nm thick amorphous TiO> reference sample was obtained by Radio Frequency (RF)
sputtering a TiO; target (99.9 %, LESKER) at 100 W and 274 V in Ar atmosphere on a Si
substrate. The structural properties of the thin film were investigated by XRD analysis under Ar
atmosphere by using an air-tight sample holder. The diffraction pattern (see Figure S18) was
collected in the SCALA laboratory which is part of the EMIL infrastructure on a Bruker D8
diffractometer using Cu K, radiation (Acy-ka = 1.54187 A) in grazing-incidence geometry over a
20 range of 20-100°. A step size of 0.02° and a 3° incident angle was used, along with a 2.5°
primary Soller slit to define the beam.

11 nm and 40 nm carbon coated anatase TiO> reference samples were synthesized using
anchoring block copolymers with hydroxamate as coordinating species, followed by a thermal
annealing step.'® The carbon coated Ti4O7 mesoporous powder was synthesized using porous
poly(styrene-b-2-vinylpyridine) as templating agent as described elsewhere.*

The other reference samples (Ti metal foil, TiO, Ti2O3, and 15 nm TiO, powder) were

purchased from Sigma Aldrich.

2.3. Operando X-Ray Spectroscopy:



The XANES measurements were performed in fluorescence mode in UHV (base pressure <
1x10"® mbar) to increase the collected photons’ attenuation length at the HiKE endstation*!
located at the BESSY I KMC-1 beamline*? (beam focus size 0.1 x 0.1 mm?)* at HZB, using a
Si (311) crystal monochromator (energy resolution of 0.5 eV at 5000 eV) and a Bruker XFlash
4010 fluorescence SDD at 10°.** The measurements have been performed in vacuum, since the
measurement setup is shared with photoelectron spectroscopic methods that require higher
vacuum. In fact, we have used these capabilities to study the chemical composition of the SEI on
TiO- electrodes and will publish these results soon. The photon energy scale was calibrated
according to the endstation standard procedure, measuring the Au 4f7,, core level of a clean gold
foil by hard X-ray photoelectron spectroscopy at excitation energies of 4920 and 5060 eV (i.e. at
the start and end energy of the XANES scan) before and after the operando experiment and
putting its binding energy at 84.00 eV. No drifts or shifts of the photon energy were observed
during the experiment.

All spectra were measured with the same experimental resolution, allowing direct comparison
among the pre-edge peak intensities. Since the investigated electrode contains randomly oriented
anatase Ti0; nanoparticles, the sensitivity of XANES towards orientation can be neglected. The
Ti K-edge spectra were normalized by the current measured at the ionization chamber situated
after the last beamline aperture right before the analysis chamber and a linear function was
subtracted from the result to remove the absorption threshold region. In order to get comparable
results, the spectra were normalized by the intensity averaged between 5055 and 5060 eV. The
data points around the narrow intensity dips observed at 4976 eV and 4991 eV arising from the
crystal monochromator glitches were removed before the data evaluation.* Each spectrum was

collected during 20 min and in total 108 spectra were measured. During the first sodiation



(discharge) process 36 spectra were recorded, further details are presented in the supplementary

information S.I. Section 7, in Table S1.

2.4. Coin Cell Adaptation

Figure 1 (a) shows a schematic of the electrochemical cell set-up employed for the operando
XANES measurements. A CR2032 coin cell was adapted to enable the spectroscopic
investigation while being UHV-compatible. For this purpose, the coin cell lid was equipped with
a 3 mm hole covered with a piece of 30 um thin Kapton® foil (attenuation length of around 275
pm at 5000 eV)* using a two component epoxy glue (UHU sofortfest).

The hole size is a crucial parameter, since it has to be large enough to allow photons in and out
during the measurements, but at the same time be small enough to guarantee a good electrical
contact between the current collector and the coin cell lid around the hole covered by isolating
Kapton® foil. The photon transmission (in and out) through the Kapton foil window and
aluminum foil current collector is around 37 %, assuming incoming photons with an energy of
5000 eV and outgoing photons with an energy of 4500 eV.

The adapted coin cell was then mounted on an in house-modified sample holder with 13
electrical contacts (SHOMEC13) from FERROVAC GMBH. The pins ensure electrical contact
with the sample stage once the holder is completely inserted. The system was connected over an
electrical feedthrough with a Potentiostat SP-200 (Biologic) enabling electrochemical tests in

UHYV conditions.
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Figure 1. (a) Scheme of the coin cell setup used for the operando XANES measurements. The

hole in the coin cell lid enables photons moving in and out. The UHV-window consists of a piece

of 30 um thin Kapton® foil whilst the current collector is a 6 um thin Al foil. (b) Comparison of

the voltage profile obtained with the adapted coin cell (green curve) and a standard three

electrode T-type Swagelok® cell.

Figure 1 (b) shows the comparison between the voltage profiles obtained by cycling the TiO»

based electrode in the adapted operando X ANES coin cell and a standard three electrode T-type

cell. Despite the slightly different applied current and the difference in the time required for the

first sodiation process (most likely related to the different open circuit voltage (OCV) of the two
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cells), the voltage signature is overall quite comparable, suggesting a good agreement of the

electrochemical features related to the structural changes between the two cell configurations.

2.5. Data Evaluation

The Ti K-edge of anatase TiO, exhibit a characteristic 4-feature pre-edge structure.**->!
Usually, a qualitative approach to analytically process the Ti K-edge spectral features consists in
modelling the pre-edge region with a combination of four peak-functions (Gaussian, Lorentzian
and Voigt), which generally allows comparing values of different experiments reliably.**-! In
this study, the pre-edge regions of the collected operando spectra were fitted using an arc-
tangent function and four Gaussian functions (sorted by increasing absorption energy, Eexc) as

described by equation (1) reported below.

2
_(Eexc-Ey)

Eexc—E _(Bexc-Ep)”
I(Eexc) = IO + At aT'Ctan (%t) -|— Zi3=1 Al <e ZWi2 ) + B (e ZWBZ ) (1)

t

The analytical fitting procedure gives comparable values with respect to literature for the pre-
edge positions (£, E2, E3 and Ep, as shown in Figure S3), full width at half maximum (FWHM),
and intensities (4, 42, A3 and B see Figure S3), as well as the absorption edge position (E;). The
FWHM of the A1, Az and A3 peaks is kept equal for each spectrum (w; = w2 = wj3) but can differ
from the B peak (ws). The arc-tangent function used to simulate the absorption edge jump?*®->2
involves the offset (/y) and consists of an amplitude 4, and a parameter describing the width w.
The same fitting procedure was also used for the spectra of the reference materials, though the
number of Gaussian functions was adjusted for each material to minimize the least square

function, especially for oxides with a lower valence number. The results of the analytical fit were

used to obtain the maximum intensity and position of the pre-edge region.
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Another approach used to analyze XANES spectra is the principal component analysis
(PCA),>* which allows the imposition of different chemical species to the measured spectrum
and the identification of likely present species thus involving the comparison of the obtained
spectra with those observed for reference materials. PCA is a powerful tool when analyzing a
large data set, allowing decomposing the raw data into singular relevant information and
revealing possible contributions from different chemical species in the observed spectra. Indeed,
each measured spectra can be simulated by using a linear combination analysis (LCA) of
selected reference materials. This approach is physically more meaningful and considers the
whole spectra rather than only the pre-edge region as in the previous method. On the other hand,
it is a time-consuming process relying on the identification and spectra measurement of reliable
and chemically stable reference materials. In this work, this second approach is used, assuming
the sample is composed of oxide components to quantitatively>*>> analyze the XANES data. The
PCA and target transformation study was performed using the SixPACK software in which the
spectra (corrected as described in Section 2.3) were input independently.>® While implementing
the PCA analysis, the operando spectra were fitted by using a linear combination of the spectra
of four reference materials. The fit was optimized by a least-squares minimization, with a trust
region reflective method. The operando spectra, sorted chronologically, were fitted
consecutively, using the previous linear combination parameters as the new initial parametric set.
The goodness of the fit was calculated by normalization of the least square sum of each spectra
to the poorest obtained fit (0 %) and the best possible fit (100 %) defined by a zero least square
sum. A value for the oxidation state of Ti was extracted from each spectrum by weighing the
nominal oxidation state of the four reference materials with their spectroscopic contribution to

the fit obtained with the linear combination.
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Based on the oxidation state derived from the spectra, the total amount of sodium per formula
unit of TiO; inserted during the first sodiation step was calculated by subtracting the oxidation
state of the measured pristine spectrum from the oxidation state of the measured sodiated
spectrum at the end of the 1% discharging step. The number of Na ions irreversibly trapped in the
TiO:-based anode per formula unit of TiO2 was derived by the difference of the valence state of
the original pristine spectrum and that of the anode in a fully charged state. The difference
between the total and irreversible inserted sodium is the number of reversibly inserted sodium
ions per formula unit of TiO,. For the following cycles the amount of sodium per formula unit of
TiO> inserted reversibly is calculated from the difference between the Ti oxidation state at the
beginning and the end of each cycle, while the irreversible amount of sodium is derived from the
comparison of the last spectrum of the charging step with the last spectrum of the previous
charging step. The uncertainty in the linear combination fit of each spectrum was used as a
measure of the uncertainty in the determination of the oxidation state and in the amount of
inserted sodium. The values for the oxidation state of the fully sodiated and fully desodiated state
were averaged over up to three spectra, if possible. Hence, the uncertainties are much larger for
the later cycles due to the reduced number of measured spectra compared to the first two cycles,
which were (dis-)charged at lower currents.

In the last Section of this work, our data are compared with literature.>*3*3° The energy
alignment between the measurements presented in this paper and those of Farges et al.>* is based

on the position of the Ti metal pre-edge peaks.

3. Results and discussion
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Figure 2 displays the evolution of the Ti K-edge spectra collected upon cycling of the anatase
TiO; electrode using the in-house designed coin cell described in the Experimental section. The
contour plot shows the measured operando spectra alongside the corresponding voltage profile.
Selected spectra measured at relevant (dis-)charging states are highlighted in the contour plot and
reported in the bottom panel of Figure 2.

The XANES Ti K-edge spectrum originates from transitions from the Ti 1s core-hole state into
the empty states above the Fermi level corresponding to (hybridized) O 2p, Ti 4s, Ti 4p and Ti
3d derived orbitals. For our discussion, we divide the XANES spectra into three main regions,
namely the pre-edge region (until around 4975 eV), the post-edge region (starting at around 4985
eV; described further in the S.I. Section 1 and Figure S1) and the absorption edge in between
these regions. The Ti K spectra for the pristine and cycled TiO; electrodes are shown in the
bottom panel of Figure 2 and four characteristic pre-edge features referred to as A1, A2, Az, and
B are presented. In Figure S2 (see S.I. Section 2), the Ti K pre-edge features of three anatase

Ti0; reference samples are reported for comparison.
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Figure 2. Operando XANES measurements of a TiO2-based anode for SIBs. The color contour

plot in the top left panel shows the changes in the XANES Ti K-edge over time. The top right
panel depicts the potential profile as a function of time. The bottom panel shows characteristic

spectra at relevant (dis-)charging states indicated by horizontal dashed lines in the contour plot.
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A1, A, and A peaks are assigned to transitions from Ti 1s to Ti 3d-4p hybridized states,** %57
with the A2 component generally not observed in the rutile structure.’® Feature B can be assigned
to transitions from Ti 1s to Ti 3d (eg)-4p hybridized states***” but has also been attributed to Ti
1s to Ti 4p-4s transitions and/or O 2p hybridized states having mainly a Ti 4p character. 34857
The 1s to 3d transition is dipole forbidden if no p-d mixing occurs, thus the pre-edge intensity
can be considered as a direct measure of the p-d-mixing (quadrupole effects excluded) arising
from the deviation of the 6-coordinated centrosymmetric octahedral structure around the Ti
atom,?3313438 The Ti atoms in anatase TiO have a 6-coordinated local D24 symmetry, which is
a slightly distorted octahedral symmetry with two oxygen atoms on one axis having a larger
distance from the central Ti atom compared to the other four oxygen atoms on the same plane.

The anatase features begin to smear out soon upon sodiation. At 0.02 V, i.e. at the end of the
first sodiation process, the characteristic four-peak feature of the anatase structure in the pre-edge
region disappears, as shown in Figure 2. Specifically, the intensity of the Az and B peaks
decreases, while the A> peak intensity increases. During the following desodiation, the intensity
of the pre-edge peak A» increases further, irreversibly deviating from the spectral shape of the
pristine electrode. The intensity changes in the pre-edge occur cyclically upon (de-)sodiation. In
addition, a change in the position of the absorption edge is also observed, with a shift towards
lower excitation energies during sodiation and towards higher energies upon desodiation (see
also contour plot in Figure 2).

Although some features tend to regain the shape and position observed in the pristine spectra
upon desodiation, the original anatase spectrum is never completely recovered, as reported

previously by Greco et al. on ex-situ carbon coated TiO> samples in different cycling stages.?’
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This is the case especially in the pre-edge region, suggesting that irreversible structural
changes of the electrode material arise during the first sodiation, while the subsequent structural
rearrangements are reversibly occurring upon following cycles.

A large set of information related to the valence and coordination state of Ti in the electrode
can be derived from the correlations between intensity of the pre-edge peaks and the main-edge
position. Therefore, the set of operando spectra was fitted according to the first approach
described in the Experimental section, i.e., using a combination of four Gaussian functions and

one arc-tangent function,*6:48:49-31.52

revealing the variation of the oxidation state of Ti upon
cycling as described in detail in the S.1I. Section 3, which provides additional information about
the application and interpretation of the different parameters of the analytical fit. For instance,

two examples of the pre-edge fit are shown in Figure S3 and the absorption edge position plotted

against the nominal oxidation number of measured reference materials is displayed in Figure S4.
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Figure 3. Evolution of the intensity of the 4 peaks fitted at pre-edge region during (dis-)charging

of the coin cell. In gray the voltage profile of the first 5 cycles.

The results obtained using this analytical fitting approach are displayed in Figure 3, reporting
the calculated intensities of the four pre-edge peaks alongside with the measured voltage profile
over time (gray-line). Upon desodiation a decrease of the Ti coordination state is observed as

23,29,32,34,38

indicated by the increase of the pre-edge peak Ao, suggesting that the original pristine

structure is not recovered as a consequence of an irreversible atomic structural change of the
anatase TiO. This result is in good agreement with other previously reported studies ®!12225
Other influences at the pre-edge peak intensity and position (shown in Figure S5) are discussed
in the S.I. Section 3, though they can be largely neglected in comparison with the large effects
arising from coordination and oxidation state variation, which influence the absorption edge and
pre-edge region of the spectra,?-34383

In order to separate the two effects, i.e., oxidation and coordination variations, and obtain
further details on their variations, a second data evaluation method was conducted, a linear
combination analysis LCA, by using reference spectra of selected Ti-based oxide materials
chosen by the results of the principal component analysis (PCA)> and target transformation
methods detailed in the Experimental section.

The results of the PCA and target transformation suggest that four different species are present
in the operando data (see Figure S6). Indeed, by using a 4-component target transformation,
results indicate no presence of metallic Ti, TiO, and Ti2O3 (shown in Figure S7-S9), while the
spectra of the Ti407 reference, anatase TiO2 powder, amorphous TiO; thin film, and carbon

coated anatase TiO> powders could be reproduced (see Figure S10-S14) and, therefore, are the

most probable compounds appearing in the operando experiment. It has to be stated, that the
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good reproducibility of these species is not a prove for their formation, nevertheless the
formation of species with similar properties, i.e., degree of crystallization, Ti coordination,
stoichiometry and Ti oxidation state is likely, since these effects influence the XANES spectra
the most. On the other hand, the target transformation allows to exclude the formation of species
and in this case no evidence of Ti metal (or TiO) formation during the sodiation process was
found, suggesting that the sodium uptake on the TiO> structure is based solely on the insertion of
the Na" ion within the oxide structure, in contrast to other reaction mechanisms proposed
elsewhere.®?>6%1 Moreover, the presence of Ti4O7 in the target transformation analysis hints at
the appearance of oxygen loss during the (dis-)charging, which will be discussed in more detail
regarding the LCA results.

Based on the PCA results, which are described in detail in the S.I. Section 4, and the good
reproducibility of the target transformation, Ti4O7, amorphous TiO2, and anatase 15 nm TiO>
powder were the reference spectra chosen for the LCA approach (the fits are displayed in Figure
S10-S12). Despite its lower target transformation reproducibility shown in Figure S9, the T12O3
spectrum was also used for the LCA due to the lack of a better Ti** reference. The results of the
LCA applied to the complete operando XANES data set are shown in Figure 4, exhibiting the
contribution of each reference component to the linear combination fit of the operando spectra

upon cycling. Two examples for the LCA fit are presented in Figure S15 in the S.I. in Section 5.
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Figure 4. (Top panel) Evolution of the reference materials contributions (in percentage) to the
operando spectroscopy data. The voltage profile upon time of the electrochemical cell is shown
in gray. The uncertainty of the fit is around 10 %. (Bottom panel) Goodness of the fit in
percentage of its maximum (blue curve) and the oxidation state of Ti derived from the LCA
(black solid curve) and from the analytical fit (black dashed curve) upon cycling. The goodness
of the fit is normalized so that 100 % correspond to the best possible fit achievable and 0 % to

the worst fit obtained. More details towards the goodness of the fit can be found in Figure S16.

Upon sodiation, the contribution to the overall fit of the 15 nm TiO> anatase reference
decreases from around 100 % in the pristine material to values below 20 % at the end of the
sodiation process (0.02 V). Simultaneously, the Ti»O3 contribution (Ti*®) increases, indicating

that TiO, (Ti**) is reduced due to Na" uptake. The contribution of the TisO7 phase (Ti**) rapidly
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increases at the beginning of the sodiation and stabilizes at values between 40 % and 50 %
thereafter. The increased Ti>O3 (Ti*") contribution corresponds directly with a decrease in the
goodness of the fit, presented in the bottom panel of Figure 4. This is associated with the absence
of'a good (stable) reference compound for Ti in the 3+ oxidation state, as discussed extensively
in the S.I. Section 5. A detailed view at the goodness of the fit is offered by the contour plot
reported in Figure S16 showing the squared residual divided by the intensity for all the LCA fits.

During the following desodiation, the contribution of anatase TiO», Ti2O3, and Ti4O7 decreases,
while the amorphous TiO> component strongly increases, indicating for a nearly completely (80
%) amorphous structure of the active material and the complete disappearance of the anatase
crystal structure in the desodiated state (spectra at 2.0 V). The remaining 20 % of the signal
arises from a marginal mixture of species with a lower oxidation number, i.e. Ti2O3 and Ti4O7.

The original TiO; anatase phase has thus evolved towards an almost fully amorphous structure
with absence of long-range ordering. The residual consists of the species with a valence lower
than +4, i.e., T12O3 and Ti4O7, which are most likely associated to the irreversibly trapped sodium
ions in the structure, responsible for the first irreversible capacity observed in the voltage profile.
It is worth mentioning that since the Ti K-edge spectra of the desodiated electrode only needs a
small contribution of Ti12O3, thus the goodness of the fit reaches its best values in comparison to
the low fit quality observed in the fully sodiated states. The trend observed during the first
sodiation and desodiation processes is also confirmed during the following cycles.

Based on the interpretation of the reported LCA results, the proposed Ti*”**

redox activity
well matches the voltage profile features observed at ~0.8 V in discharge and ~1.0 V in charge,

characterized by a slight change of the curvature of the voltage profile (see Figure 4 top panel,

gray curve) as already observed in similar electrode materials.!® Indeed, Figure 4 shows that the
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contributions arising from TiO»-based references and Ti2O3 exchange their values in proximity
of the curvature change in the voltage profile. This effect is observed during the first desodiation
process but also in the subsequent cycles.

Although the contribution of the amorphous TiO: reference to Ti K-edge spectra of the
sodiated TiO; anode (0.02 V) is mainly insignificant, amorphization of the active material during
the first sodiation, i.e. loss of crystallinity, as previously reported,®?* cannot be excluded. Indeed,
a temporary increase of the amorphous contribution is observed after approximately 1 h of
cycling (see voltage profile at about 0.3 V) until about 3 h of cycling, after which the
contribution decreases considerably and becomes negligible. This temporary increase of the
amorphous contribution during the first sodiation process can be associated to the initial stage of
the reported loss of long range ordering of the electrode and the formation of an unknown
sodiated Ti** state reproduced by the Ti»Os reference with the LCA procedure. Given the
absence of a reference compound and its spectrum, the fit struggles to provide detailed
information about the degree of crystallinity and coordination state of the highly sodiated
electrode. In fact, the contribution of the anatase TiO; structure to the fit at highly sodiated states
(almost 20 %) may be overestimated, as a recovery of long-range crystal ordering appears rather
improbable especially for the sodiated state. Furthermore, it can be derived from the LCA results
that 5-7 % of oxygen is removed from the electrode during the first 3 h of sodiation, which can
be associated to the aforementioned amorphization and structural rearrangement undergone by
the anode structure. These findings can be related to gas chromatography measurements of an
anatase Ti0; nanoparticle-based anode, where a large evolution of oxygen is observed during the
first discharge of the battery.® In addition, LCA results (see Figure S17) of the pre-edge region,

which is highly sensitive to the coordination and geometry of Ti, show an even higher
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contribution of the amorphous reference sample during the first 7 h of discharge, down to 0.14
V, which further suggest an amorphization process during the first sodiation. Thus,

amorphization of the electrode during the first sodiation, as observed in other studies,®!!>> i

s
likely but cannot be proven by our measurement results.

As described in the Experimental section, the fit results were used to calculate the oxidation
state of Ti for each spectrum, which is presented in the bottom panel of Figure 4 and compared
with the values calculated with the analytical fitting approach. While the oxidation state of the
desodiated electrode is in good agreement for both methods, there is a larger discrepancy for the
sodiated state, albeit within the uncertainty range. The analytical fitting method shows that the
sodiation of the electrode material causes a reduction of the oxidation state of Ti from +4.2 + 0.4
to +3.0 + 0.3. Upon desodiation, the oxidation state increases again to about +3.8 + 0.3, thus not
recovering its original pristine value.

The LCA has been used to calculate the oxidation of Ti and the amount of sodium inserted by
formula unit of TiO2, as reported in Table 1. Therefore, an oxidation number of 4.00 + 0.08 was
used for the pristine Ti oxidation state as derived by the LCA fit. It is worth noting that despite
there being an increased uncertainty on the percentage contribution of each reference species in
the sodiated state, the accuracy on the calculation of the oxidation state can be justified by the
improved goodness of the fit in the absorption edge region, which is the most sensitive part of
the spectra in terms of valence state. Indeed, even in the fully sodiated state, where the use of the
Ti,0; reference limits its applicability, the position of the absorption edge is accurately
reproduced (see Figure S16), indicating that the oxidation states can be calculated with a

relatively small associated measurement uncertainty.
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Table 1. Amount of inserted sodium per cycle’

Current density (mA/cm?)
Coulombic efficiency in %

Areal discharge capacity (mAh/cm?)
Areal charge capacity (mAh/cm?)
Oxidation number sod.

Oxidation number desod.

Na+ per formula unit

Irreversible Na*

Reversible Na*

Reversible Na* / total Na* in %

1 cycle
0.027

60.0

0.32

0.19
+3.39+0.13
+3.82+0.06
0.61+0.13
0.18+0.05
0.43+0.14
70.5

2M cycle
0.027

82.4

0.22

0.18
+3.38+0.12
+3.76 £ 0.07
0.44+0.12
0.06 £0.07
0.38+0.14
86.4

31 cycle
0.106

88.8

0.18

0.16

+3.42 £0.22
+3.72+£0.13
0.34+0.22
0.04+£0.13
0.30+0.26
88.2

5% cycle
0.707

100

0.16

0.16
+3.47+0.20
+3.77+0.15

*
*

0.30 £0.25

*

During the first cycle, around 0.43 Na" ions are inserted reversibly per formula unit of TiO

into the electrode material, and 0.18 Na* ions are trapped irreversibly in the first sodiation

process. The reversible amount of inserted Na* ions slowly decreases until the third cycle, as

well as the irreversibly inserted Na” ions. All the values are reported with an associated error

(uncertainty range) and the observed changes are always within the uncertainty range.

The amount of Na" inserted reversibly changes only slightly in the first and second cycle,

while for the third cycle, the lower value (0.30 £ 0.26) might be associated to the 4 times higher

current density applied (0.106 mA ¢cm™ vs. 0.027 mA cm™) or to the increased number of cycles.

! Table 1. LCA derived oxidation state of Ti in the fully sodiated or desodiated state during the 1%, 2™, 3%
and 5™ cycles. Associated calculated values of irreversible and reversible inserted sodium atoms per
formula unit of TiO, are reported together with the areal charge and discharge capacity and the
Coulombic efficiency calculated for each cycle by dividing the charge derived during discharge by the
charge applied during the charging process of each cycle. *Cannot be calculated without the value of the

4™ cycle.
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Regarding the irreversibly inserted Na* ions, the first cycle presents the highest value of
trapped sodium (0.18 + 0.05). This is likely related to the large structural transformations of the
nanoparticles during the initial discharging process and can be partially attributed to the sodium
trapped in the newly formed amorphous structure. Additionally, some sodium contributes to the
formation of the SEI Indeed, a neat decrease of the trapped Na" to (0.06 = 0.07) for the second
cycle and (0.04 £ 0.13) for the third cycle is observed, associated to an improved reversibility of
the overall (de-)sodiation process upon cycling as demonstrated by the increasing Coulombic
efficiency values, typically observed for improved SEI passivating properties upon cycling. In
fact, the ratio of reversible to total inserted Na™ is in a good agreement with the Coulombic
efficiency, which suggests that the majority of the irreversible inserted sodium ions is trapped
during the large structural rearrangements occurring in the first (and to some extend also in the
following) cycle(s) . This might hint at an incomplete sodiation of the anode during the first
cycle maybe caused by the operando coin cell setup. Until the third cycle, the Coulombic
efficiency and the ratio of the inserted sodium ions are converging, which suggests that the
amount of sodium lost in side reactions like the SEI layer formation is constantly decreasing with
an increasing number of charging cycles.

Overall, the Na" ions cycled reversibly and irreversibly during the first cycle are in good
agreement, within the uncertainty range, with the values calculated by Wu et al.,® reporting on
0.28 Na" ions per formula unit irreversibly trapped and around 0.41 Na* ions reversibly inserted.
Furthermore, the Coulombic efficiency shows good conformity with the ratio between total and
reversible inserted sodium.

It is worth noting that by means of the linear combination fit of the selected reference materials

(LCA), the oxidation state and, thereby, the amount of reversible and irreversible Na" ions
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inserted per formula unit of TiO> is determined with higher precision compared to the values
obtained by using the analytical fit. Indeed, while for the LCA the complete energy range of the
spectroscopic data set is used, for the analytical fit approach only the pre-edge region is
considered, as discussed in the S.I. Section 5. Additionally, the oxidation numbers obtained by
the LCA are less affected by changes of the coordination state or the crystallinity of the electrode
and thus better disentangle the different influences on the spectrum.

A change of the coordination state as suggested by the analytical fit during the electrode’s
desodiation cannot be confirmed nor excluded by the LCA due to the unknown coordination
state of the amorphous TiO; reference sample.

Previously reported molecular dynamic and reverse Monte Carlo simulations indicate that
amorphous TiO2 nanoparticles present a distorted octahedral configuration with six oxygen
neighbors in the bulk,%>® and 5-coordinated Ti atoms dominating the surface structure
characterized by oxygen vacancies. It is proposed that the relative influence of the surface
oxygen vacancies on the overall coordination state should be limited as long as the particles size
exceeds a few nanometers.5>-%4

A clear identification of the coordination states of Ti in the amorphous reference sample and in
the fully sodiated electrode state, despite the complementary results obtained by the LCA and
analytical fit approaches, still remains an open question.

Nonetheless, further analysis of the pre-edge fit exploiting the pre-edge position and intensity
could shine some light on the question. The pre-edge region is very sensitive to valence and Ti
coordination; indeed, several studies have demonstrated a direct relationship between these

properties and the spectral features observed in this region.?>**3%3° Therefore, in the following
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we compare the results obtained from the analytical pre-edge fit with previously reported

29,38,39 1 34

studies, especially focusing on the results of Farges et a

Figure 5 shows the relation between the pre-edge peak maxima intensities and positions of the
operando Ti K-edge XANES spectra obtained in this work in comparison with the values
obtained for the measured reference compounds (in magenta) and literature values obtained by
Farges et al. (black triangles).>* The pre-edge maxima of the reference spectra are shown as
magenta open circles, and the operando data are shown as solid squares, color-coded according
to the potential of the cell. The different Ti** reference materials with 4-, 5- and 6-coordinated

structures measured by Farges et al.>*

are grouped in three separate (gray) blocks, while values
calculated for mixed Ti** species with different coordination states lie outside of the gray areas.
The coordination of Ti is indicated within the squared brackets. While a comprehensive
description of the interpretation of Figure 5 can be found in the S.I. Section 6, here the main
outcomes are discussed.

From the position and peak intensity of the investigated reference spectra, it can be derived
that all reference samples are in a 6-coordinated state, except for the expectedly 6-
coordinated®® amorphous TiO> reference, which shows a non-negligible amount of 5-
coordinated titanium. This result matches with the findings reported in this work, since the
analytical fit revealed a 5-coordinated phase, and the LCA suggested a mainly amorphous phase
for the desodiated state, and in previous work.?® For the operando spectra reported in this work,
Figure 5 clearly shows a shift of the position of the pre-edge maximum (related to the reduction
of the Ti atoms on the electrode) towards lower energy values and a slight increase of the

intensity during the first sodiation. Upon desodiation, the intensity increases significantly, and

the maximum position shifts back to higher energies. As discussed in the S.I. Section 6, this
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trend indicates that a non-negligible amount of the 6-coordinated Ti transforms into a 5-
coordinated structure along the desodiation process in agreement with previously reported results

1.2 This observation is further supported by the LCA results, where the large

by Greco et a
contribution of amorphous TiO> at the fully desodiated states can be attributed to the reduced

coordination of this reference.
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Figure 5. Relation between pre-edge peak maxima intensities and positions of the operando Ti
K-edge XANES data, in comparison with the values obtained from the measured reference
compounds (in magenta) and literature values obtained by Farges et al.>* (in black). The color
code of the operando data set indicates the average voltage of the cell in which the spectrum was
recorded from 0 V (red) to 2 V (blue). The pristine and fully (de-)sodiated spectra are indicated
with stars. The average uncertainty for the pre-edge peak maximum position is 0.1 eV. The inset

in the upper right corner is a magnified view on the operando data. The gray blocks include
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different Ti** reference materials with 4-, 5- and 6-coordinated structures measured by Farges et

al. The coordination of Ti is indicated within the squared brackets.

The exact coordination of the sodiated state remains unclear, due to the spectral convolution
arising from the changes in oxidation and coordination state. However, it can be inferred by
comparing the operando data with the simulated 4 and 6 coordinated Ti** species in Figure 53
that a 4-coordinated titanium can be excluded to an amount below 10 %, in agreement with

Greco et al.??

A precise quantification of the coordination state requires density functional theory
(DFT) calculations, which are planned for a future work.

In the results reported in this work, it is observed that upon further sodiation of the electrode a
change of the pre-edge structure compared to the spectrum of the first fully desodiated state
occurs. Whether this change is solely related to the change in the Ti valence state or also includes
a potential recovery of the 6-coordinated original structure cannot be unequivocally derived from
the spectroscopic data, since the relation between pre-edge peak intensity and the coordination
state for Ti"* species has never been reported on literature. However, the formation of 5-
coordinated Ti** sites at oxygen vacancies and/or Ti interstitials in anatase TiO: is extensively
discussed in literature based on DFT calculations, and its existence cannot be excluded.>%

Assuming that the distortion (lowering) of the 6-coordinated structure occurs already during
the first sodiation, as suggested by the pre-edge peak changes and the oxygen loss observed
during the first 3h, a plausible hypothesis is that the structural distortion might be associated to
the amorphization and oxygen removal in the TiO; electrode, as reported in other studies.®!!-?3
The loss of the long-range order of the anatase structure and the increase of the grain boundary

contributions enhance the role of interfaces between nanodomains, where more defect states and

dangling bonds could be present, resulting in an increased amount of 5-coordinated Ti and
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oxygen vacancies. The alternative, i.e. an initial lowering of the coordination state observed
during the first desodiation is difficult to explain, since it is unlikely that the release of sodium,
which is an energetically favored process compared to the sodiation, induces a coordination
change in the Ti-centered structure.

Further insights into the nature of the species largely contributing to the fully sodiated state of
the electrode can be obtained by comparing the spectroscopic data of sodium titanates
compounds labeled in Figure 5. The high oxidation state (Ti*") of Na,Ti409, NasTiO4 (indicated
in Figure 5), and other titanates, such as Na;Ti307, NaxTiO3, NagTisO12 and NaisTi1002s,

reported in literature®’-6®

excludes them as matching candidates for the observed unknown
sodiated phase. Sodium titanates with a lower oxidation number, such as NaTi,04 or NaTigO13,
are very rarely reported and only in a crystalline phase.®>”° Due to the lack of related XANES
data reported, it cannot be totally excluded that the mentioned sodium titanate compounds
present a similar stoichiometry to the unknown sodiated phase, but their crystallinity makes them
unsuitable as reference samples for the sodiated titanate phase.

In summary, the Ti K-edge XANES operando data set was analyzed using two different
approaches. The results of both evaluation methods have been compared and discussed with
respect to the literature. The results on the oxidation state of Ti obtained by the LCA are more
accurate than the analytical fit and in better agreement with the previously reported values for
inserted Na* ions in an anatase TiO> structure.® The comparison of the operando Ti K-edge

spectroscopy data with XANES literature?®®-3+38-3

supports the results derived from the different
evaluation approaches, suggesting that the 6-coordinated TiOs structure is indisputably changed

(partially) into a 5-coordinated state during the first desodiation. Whether the coordination of the

Ti atoms remains unchanged upon the first sodiation is still unclear, though might have been
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triggered by the drastic reconfiguration of the electrode structure. An experimental
demonstration of the coordination state of Ti in the sodiated state would require the identification
of reference samples consisting of sodiated Ti complexes with lower coordination and oxidation
numbers than the one presented by the pristine anatase TiO5. In this regard, the comparison with

1 32,34

the data reported by Farges et a revealed that the unknown sodiated Ti species consists most

likely of a mix of 5- and/or 6-coordinated Ti species, excluding a possible 4-coordination.

4. Conclusions

In this work, for the first time an operando X-ray absorption near-edge structure spectroscopy
experiment at the Ti K-edge has been performed on a TiO; anatase nanoparticles-based anode for
SIBs. An in-house modified coin cell equipped with a UHV compatible window was used to
collect the spectra at the Ti K-edge during the (de-)sodiation process of the electrode. The
collected spectroscopic data give insights into the coordination and valence state of Ti and on the
crystallinity of the anatase structure upon cycling. A detailed analysis of the operando XANES
spectra suggests that around 0.43 Na* ions per formula unit of TiO; are inserted reversibly and
0.18 Na" ions are irreversibly trapped during the first cycle, in good agreement with previous
works, explaining the low Coulombic efficiency of anatase Ti0O-based anodes during the first
cycle. Furthermore, formation of appreciable amounts (within the detection limit of XANES) of
metallic titanium (Ti%) or Ti*? during the sodiation process could not be observed. The analysis
of the electrode in the desodiated state shows a distortion of the 6-coordinated symmetry towards
a 5-coordinated TiOs-structure (around 50 %) and an amorphization of the electrode structure
most likely associated to the irreversible loss of oxygen during the first sodiation process, which

further suggests that the amorphization and the decrease of the Ti coordination state already take

32



place during the first sodiation. A better understanding of the impact of the ligand strength on
Ti*" ions and its effect on the XANES spectrum is needed to reveal in more detail the suggested
distortion of the 6-coordinated Ti structure during the first sodiation process, though a change
into a 4-coordinated structure can be excluded. Therefore, MCR and DFT analysis are planned to
reveal the structural changes during the first sodiation in more detail and will be presented in a
future paper.

In addition, it is found that the original anatase structure of the TiO2 nanoparticles is not
recovered upon desodiation, as suggested by the disappearance of the spectral features in the pre-
edge region of the Ti K-edge XANES spectrum of the pristine anatase TiO>. The subsequent
cycling of the TiO»-based electrode leads to the same spectroscopic changes observed after the
first sodiation, revealing a stable (and reversible) Na" insertion after the irreversible structural
rearrangements of the TiO2 nanoparticles observed during the first cycle.

The analysis of the Ti K-edge of an operando XANES experiments of an anatase TiO»-based
electrode provided in this work, contributes with a coherent and comprehensive picture to the

highly debated mechanism governing the sodiation mechanism of TiO2 anodes.

Supporting Information
The following files are available free of charge.

Supporting Information including a post edge feature discussion, fit examples, target
transformation results, fit residuals and XRD measurements are given in
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