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Abstract: The incorporation of transition metals (TMs) such as Co, Fe, and Mn into SnO2 substantially
improves the reversibility of the conversion and the alloying reaction when used as a negative
electrode active material in lithium-ion batteries. Moreover, it was shown that the specific benefits
of different TM dopants can be combined when introducing more than one dopant into the SnO2
lattice. Herein, a careful characterization of Co and Mn co-doped SnO2 via transmission electron
microscopy coupled with energy-dispersive X-ray spectroscopy and X-ray diffraction including
Rietveld refinement is reported. Based on this in-depth investigation of the crystal structure and the
distribution of the two TM dopants within the lattice, an ex situ X-ray photoelectron spectroscopy
and ex situ X-ray absorption spectroscopy were performed to better understand the de-/lithiation
mechanism and the synergistic impact of the Co and Mn co-doping. The results specifically suggest
that the antithetical redox behaviour of the two dopants might play a decisive role for the enhanced
reversibility of the de-/lithiation reaction.
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1. Introduction
The development of high-performance electrochemical energy storage systems providing high energy and high power density is one of the cornerstones towards the transition
to renewable energy sources. At present, lithium-ion batteries (LIBs) are the technology
of choice in this regard, especially for portable electronic devices and (hybrid) electric
vehicles [1,2]. The state-of-the-art active material for the negative electrode is graphite,
owing to its high theoretical specific capacity of 372 mAh g−1 and its very low de-/lithiation
potential, yielding high energy densities at the full-cell level. However, further improvement of graphite as an active material appears limited and the rather slow kinetics of the
lithium intercalation reaction hinder the fast charging of the resulting LIBs [3,4]. Thus,
several alternative anode materials have been studied in recent years, which can be roughly
classified by the underlying lithium storage mechanism, including insertion, alloying,
conversion, and more recently a combined conversion and alloying process [5].
Alloying anode materials such as Si and Sn provide very high specific capacities up to
993 mAh g−1 (Sn) or even 3578 mAh g−1 (Si). Nonetheless, these very high capacities are
accompanied by extensive volume variation upon cycling, reaching up to about 300% [6].
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Pure conversion-type materials such as transition metal oxides also provide specific capacities up to about 1000 mAh g−1 , but they suffer from a rather high de-/lithiation potential, a
pronounced voltage hysteresis for the lithiation and delithiation process and commonly
limited cycling stability [7–9]. Lately, the combination of these two material classes in one,
also referred to as conversion-alloying materials (CAMs), gained increasing interest [5].
Such CAMs as, for instance, TM-doped ZnO, GeO2 , or SnO2 , provide superior specific
capacity, energy density, and energy efficiency compared with pure conversion-type materials [10–13], while the volume variation is significantly suppressed compared with pure
alloying compounds [14]. The key towards such superior performance is the introduction
of the TM, as this limits the aggregation of the alloying domains and provides an electronically conductive network throughout the initial particle [15–17]. The latter is important to
enable the reversible formation of Li2 O, which presumably aids the buffering of the volume
variation. The choice of the TM dopant, however, is important as well, since this has an
effect on the rate capability, reactivity with the electrolyte, cycling stability, and energy
density in full cells [10,13,16]. In the case of TM-doped SnO2 , for instance, the introduction
of Mn is favoured when it comes to energy density, while Co, for instance, enables a better
cycling stability and rate capability [10]. In order to benefit from both, the authors have
very recently developed co-doped SnO2 that was prepared by a readily scalable continuous
hydrothermal synthesis method [18]. Following a carbon coating, the best performing codoped SnO2 , i.e., Sn0.9 Co0.05 Mn0.05 O2 (SCMO), showed very good performance in half-cells
and SCMOkLiNi0.5 Mn1.5 O4 full cells with a non-optimized specific energy of 312 Wh kg−1
(based on the mass of the two active materials) and an energy efficiency of 86%.
Herein, we report an in-depth investigation of the underlying mechanism and the
synergistic impact of the two dopants by ex situ X-ray photoelectron spectroscopy (XPS)
and ex situ X-ray absorption spectroscopy (XAS), following a careful characterization of
the material via transmission electron microscopy (TEM) coupled with energy-dispersive
X-ray spectroscopy (EDX) and X-ray diffraction (XRD), including Rietveld refinement. In
particular, the results show that the antithetical redox behaviour of Co and Mn plays a
decisive role for enhanced performance.
2. Result and Discussion
2.1. General Properties of (Carbon-Coated) Sn0.9 Co0.05 Mn0.05 O2
Sn0.9 Co0.05 Mn0.05 O2 (SCMO) and carbon-coated Sn0.9 Co0.05 Mn0.05 O2 (SCMO@C), with
a carbon content of 16 wt% as revealed by thermogravimetric analysis (TGA), were first
characterized by TEM (Figure 1). Both materials are composed of rod-shaped, singlecrystalline nanoparticles with a length and diameter in the range of 25–30 and 5–8 nm,
respectively. Two interlayer distances were identified (0.262 and 0.334 nm), corresponding
to the (101) and (110) planes in the rutile SnO2 structure, respectively. Regarding SCMO@C,
an amorphous carbon layer of around 3–5 nm was observed on the nanoparticles, as
highlighted by the orange arrows and lines in Figure 1c,d, forming a percolating network
among the single particles.
The homogeneous distribution of carbon was corroborated by the additionally performed EDX mapping (Figure 2). However, an EDX analysis also revealed that a cavity
in the centre of the nanoparticle agglomerate showed a higher carbon concentration, indicating that the initial cavity was “filled” with carbon. More importantly, EDX mapping
showed that the two dopants Co and Mn were homogeneously dispersed in the sample
along with Sn. The EDX analysis also provided an estimation of the TM contents: For Co,
the calculated value of about 0.051 (referring to the substitution of Sn in Sn1-x-y Cox Mny O2 ,
i.e., x for Co; note that we do not consider the oxygen vacancies in this formula as the result
of the aliovalent TM doping) is in good agreement with the expected concentration with
regard to the initial metal ratio of the precursors (also considering the experimental error of
this method), while it is a little lower for Mn with about 0.032 (i.e., y in Sn1-x-y Cox Mny O2 ).
This might indicate that the incorporation of Co into the SnO2 structure is slightly favoured
compared with Mn.

Inorganics 2022, 10, 46

3 of 15
Inorganics 2022, 10, x FOR PEER REVIEW

3 of 17

Figure electron
1. Transmission
electron micrographs
of (a,b) SCMO
and (c,d)
SCMO@Catatdifferent
different magnifiFigure 1. Transmission
micrographs
of (a,b) SCMO
and (c,d)
SCMO@C
magnifications. The yellow lines in (b) highlight the lattice fringes of (110) and (101) planes; orange
yellow
lines
in
(b)
highlight
the
lattice
fringes
of
(110)
and
(101)
planes;
orange
lines
and
Inorganicscations.
2022, 10, x The
FOR PEER
REVIEW
4 of
17
lines and arrows in (c,d) indicate an amorphous carbon layer on the nanoparticle surface.

arrows in (c,d) indicate an amorphous carbon layer on the nanoparticle surface.
The homogeneous distribution of carbon was corroborated by the additionally
performed EDX mapping (Figure 2). However, an EDX analysis also revealed that a cavity
in the centre of the nanoparticle agglomerate showed a higher carbon concentration,
indicating that the initial cavity was “filled” with carbon. More importantly, EDX
mapping showed that the two dopants Co and Mn were homogeneously dispersed in the
sample along with Sn. The EDX analysis also provided an estimation of the TM contents:
For Co, the calculated value of about 0.051 (referring to the substitution of Sn in Sn1-xyCoxMnyO2, i.e., x for Co; note that we do not consider the oxygen vacancies in this formula
as the result of the aliovalent TM doping) is in good agreement with the expected
concentration with regard to the initial metal ratio of the precursors (also considering the
experimental error of this method), while it is a little lower for Mn with about 0.032 (i.e.,
y in Sn1-x-yCoxMnyO2). This might indicate that the incorporation of Co into the SnO2
structure is slightly favoured compared with Mn.

Figure 2. EDX analysis of SCMO@C with the corresponding high-angle annular dark-field
Figure 2. EDX analysis
of SCMO@C with the corresponding high-angle annular dark-field (HAADF)
(HAADF) image shown in the top left and the elemental mapping for Sn in pink, Co in yellow, C in
image shown in thered
top
left
andfilled
thewith
elemental
in pink,
yellow,
red (the
(the
cavity
carbon ismapping
highlightedfor
by aSn
white
circle), Co
O inin
blue,
and MnCinin
green.
cavity filled with carbon is highlighted by a white circle), O in blue, and Mn in green.

Thereafter, XRD data were collected and Rietveld refinements undertaken. The two
fitted XRD patterns for SCMO and SCMO@C are displayed in Figure 3. The starting structural model for the refinement is presented in Table S1 and an overview of the results is
provided in Table S2. For the refinement, both TMs were assumed to dope the SnO2 structure and replace the Sn atoms in the 2a Wyckoff site. Nonetheless, this assumption cannot
be confirmed by the Rietveld analysis due to the small concentration of the two dopants,
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Thereafter, XRD data were collected and Rietveld refinements undertaken. The two fitted XRD patterns for SCMO and SCMO@C are displayed in Figure 3. The starting structural
model for the refinement is presented in Table S1 and an overview of the results is provided
in Table S2. For the refinement, both TMs were assumed to dope the SnO2 structure and
replace the Sn atoms in the 2a Wyckoff site. Nonetheless, this assumption cannot be confirmed by the Rietveld analysis due to the small concentration of the two dopants, requiring
additional insights from the X-ray Absorption Spectroscopy (XAS) investigation, which
will be discussed later. Generally, both XRD patterns are characterized by rather broad
reflections, indicating the nanocrystalline nature of the two materials. According to the
fitting, the domain (i.e., crystallite) size was in the range from 6 (equatorial) to 11 (axial) nm
(see Table S2), which is in fairly good agreement with the TEM data (Figure 1), confirming
the observation of single-crystalline, elongated nanoparticles. Besides, the good overlap
Inorganics 2022, 10, x FOR PEER REVIEW
of 17
of the structural parameters, atomic positions, and atomic occupancies renders the5 two
materials essentially equivalent.
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Each panel contains the experimental pattern, the Rietveld refinement, the residual curve, and the
Each panel contains the experimental pattern, the Rietveld refinement, the residual curve, and the
expected reflections for the SnO2 phase (PDF 01-070-6995).
expected reflections for the SnO2 phase (PDF 01-070-6995).
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lithiated and fully delithiated state, and on one electrode subjected to 10 cycles (in the
fully delithiated state) for Sn, and on electrodes in the pristine state for Mn and Co. The
Mn2p and Co2p spectra of the pristine electrode are presented in Figure 4.
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The X-ray absorption near edge structure (XANES) spectra recorded at the different
states of charge for the Sn L3 -edge as well as the Co and Mn K-edge are presented in
Figure 7. The spectra at the Sn L3 -edge were collected in transmission mode and are
divided into two panels, i.e., Figure 7a,b, for the sake of clarity. Figure 7a displays the
evolution of the Sn L3 -edge spectra during the first discharge, i.e., lithiation, while in
Figure 7b the spectra recorded upon the first charge and after 10 cycles are presented (in
both cases also the spectrum of the pristine electrode is provided for a direct comparison).
Upon discharge, Sn was reduced to the metallic state at 0.6 V and formed an alloy with
lithium at lower potentials, i.e., at 0.2 V and 0.01 V, with an increasing lithium content at
lower potentials, which was in good agreement with the ex situ XPS data. A more in-depth
analysis and discussion of the data is provided in the next section, along with the ab initio
calculations. During the charge, tin was reversibly re-oxidized. A comparison of the Sn
L3 -edge spectra recorded at 0.2 V upon discharge and charge revealed essentially the same
spectral features (Figure S1). Further delithiation to 3.0 V (Figure 7b) yielded tetravalent
tin as in the pristine state. The broadening of the spectral features was assigned to the
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electrochemical conversion and alloying reaction, which had a substantial impact on the
crystal structure [10], while also a partially incomplete reoxidation, as indicated by the ex
situ XPS analysis, might contribute to this broadening. Accordingly, the (further
broadened)
Inorganics 2022, 10, x FOR PEER REVIEW
8 of 17
spectrum obtained for the electrodes subjected to 10 full dis-/charge cycles and recovered
at 3.0 V showed the reoxidation to tetravalent tin, at least to a large extent.
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Complementary information concerning the electrochemical reaction was revealed
10 cycles.

by the Mn and Co K−edge ex situ XANES spectra (Figure 7c,d, recorded in fluorescence
mode due to the low TM concentrations). In Figure 7c, the evolution of the Mn K−edge
from the pristine state to the fully discharged state (0.01 V) and back to the fully charged
state (3.0 V) and the fully charged state after 10 cycles is depicted. The same plot is shown
for the Co K−edge in Figure 7d. In the pristine state, both TMs were located in 2a Wyckoff
sites, replacing Sn in the rutile SnO2 structure. The spectra of the fully discharged electrodes (0.01 V) confirmed the presence of metallic Mn and Co, suggesting the complete
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In Figure 8d, the experimental Sn L3 -edge spectra recorded for the ex situ samples
discharged to 0.6 V, 0.2 V and 0.01 V are compared with the calculated spectra. The Sn
L3 -edge spectrum calculated for metallic Sn was in good agreement with the experimental
spectrum of the electrode discharged to 0.6 V, indicating that the conversion reaction was
essentially complete at this potential and that Sn was fully reduced to the metallic state. At
lower potentials, the subsequent alloying reaction occurred, as confirmed by the ex situ
spectra obtained for the electrodes discharged to 0.2 V and 0.01 V. The small difference
between the two spectra is sufficient to assign a distinct LiSn alloy to each state of a charge:
simulated data for Li17 Sn4 was a good match to the Sn L3 -edge observed experimentally at
0.2 V, while Li22 Sn5 matched well with the experimental spectrum of the sample discharged
to 0.01 V. Indeed, taking a closer look revealed that the calculated spectra can also describe
the slightly dissimilar absorptions around 3930, 3942, and 3960 eV, further corroborating
the suggestion of different Li/Sn ratios of 4.25 and 4.4 at 0.2 V and 0.01 V, respectively. This
finding is of particular interest, as there was some discussion in the past about whether
Li22 Sn5 [26–28] or Li17 Sn4 [29] is the maximum lithium concentration alloy that can be
obtained electrochemically. The results suggest that both phases can be obtained, one after
the other, upon discharge to sufficiently low potentials.
To gain additional insights into the reaction mechanism of Mn and Co co-doped
SnO2 and unveil the impact of the two dopants, the experimental XANES spectra were
compared with ab initio simulated XANES spectra (Figure 9). The spectral features of the
ex situ samples discharged to 0.01 V were in reasonable agreement with the XANES spectra
calculated for metallic Mn (Figure 9a) and metallic Co (Figure 9b). The broadening of
the spectral features in the experimental spectrum presumably originated from the highly
disordered nature of the electrochemically formed metallic Mn and Co, when lithiating
SCMO, which was different from the standard references used to calculate the XANES
spectra. This also explained the slightly different modulation of the signal after the main
edge, plausibly resulting from the deformation of the coordination shells (see also Figure S2
and the corresponding discussion).
The interpretation of the experimental Mn K-edge (Figure 9c) and Co K-edge (Figure 9d)
spectra recorded for the ex situ samples charged to 3.0 V (after the first discharge and
after 10 cycles) is more complex. These spectra were presumably showing a mixture of
different oxide species that were not easily discernible. Therefore, XANES spectra of
several reference oxides were calculated and compared with the experimental ones. At
the Mn K-edge (Figure 9c), the 3.0 V ex situ data resembled the theoretical spectrum
calculated for MnO with regard to the edge position and spectral shape, suggesting that
the re-oxidation was not fully reversible. In contrast, the ex situ samples recovered after
10 cycles appeared to be a closer match to the Mn2 O3 reference data. This observation
suggests that the oxidation state of Mn increased upon cycling from approximately (+2)
to (+3). A similar observation was reported earlier for manganese silicate, indicating that
Mn might be generally prone to such behaviour upon continuous cycling when setting the
upper cut-off potential to 3.0 V [30]. The comparison with the calculated MnO2 XANES
spectrum and the rather different spectral features also suggests that Mn did not reach a
formal oxidation state of (+4) upon cycling under the given conditions.
The evolution of the experimental Co K-edge spectra showed the opposite trend. In
this case, the ex situ sample recovered after 10 cycles, featured a lower energy edge position
than the ex situ sample and recovered after the first charge to 3.0 V, implying that the
oxidation state of Co decreased upon cycling; in other words, the reoxidation became less
reversible. Based on the edge position, the Co-based oxide after the 1st charge may have a
partially trivalent character (the experimental spectrum resembled Co3 O4 ), similar to the
pristine state, while the oxidation state after 10 cycles was closer to (+2).
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Moreover, tin oxide was reversibly re-formed to a great extent upon charge, even after
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10 cycles. Additionally, the conversion of the doping elements to the corresponding metals
upon discharge and their reoxidation during charge was confirmed. The comparison of
the experimental and simulated XANES spectra, furthermore, allowed initial insights to be
gained into the manganese and cobalt oxide species formed. While the average oxidation
state for manganese in the fully de-lithiated state increased approximately from (+2) to (+3)
upon cycling, cobalt experienced the reversed trend, with a decreasing oxidation state from
a mix of (+2/+3) after the first cycle to mainly (+2) after 10 cycles. These results enabled an
enhanced understanding of the reaction mechanism of this TM-doped SnO2 and related
conversion-alloying materials in general, and Mn and Co co-doped SnO2 in particular.
Therefore, this work will support the development of new and sustainable lithium-ion
anode materials with greater reversibility and stability.
4. Materials and Methods
4.1. Synthesis of (Carbon-Coated) Sn0.9 Co0.05 Mn0.05 O2
The synthesis of Sn0.9 Co0.05 Mn0.05 O2 (SCMO) was reported in detail in a previous
publication [18]. In brief, aqueous solutions of cobalt(II) nitrate hexahydrate (99%, Merck,
Darmstadt, Germany), manganese(II) nitrate tetrahydrate (98%, Merck, Darmstadt, Germany), and potassium stannate (K2 SnO3 ) trihydrate (99%, Merck, Darmstadt, Germany)
were prepared. These solutions were fed into a continuous hydrothermal flow synthesis
reactor [31] in stoichiometric amounts, whereupon the reaction with superheated deionized water at 450 ◦ C under highly turbulent mixing conditions, produced an aqueous
nanoparticle product stream that was cooled and recovered continuously from the process at atmospheric pressure and 40 ◦ C. The resulting slurry was cleaned via dialysis in
deionized water, followed by freeze-drying to yield the targeted SCMO nanoparticles. For
the subsequent carbon coating, the SCMO powder was dispersed in an aqueous glucose
(Thermofisher, Waltham, MA, USA) solution with an active material/glucose ratio of 1:1.5.
The mixture was heated to 180 ◦ C overnight in a stainless steel autoclave (Berghof, Eningen,
Germany) under continuous stirring. Afterwards, the solid product was washed several
times with deionized water via centrifugation and dried at 80 ◦ C overnight. Eventually, the
product was manually ground to obtain a fine powder and calcined in a tubular furnace
(Nabertherm, Lilienthal, Germany) at 500 ◦ C for 4 h under argon (heating rate: 3 K min−1 ).
4.2. Physicochemical Characterization
TEM and EDX measurements were carried out using a Thermofisher Talos 200X TEM
(Thermofisher, Waltham, MA, USA) equipped with a SuperX EDX detector operating
at 200 kV. TGA was performed using a TA Instruments Q5000 under O2 atmosphere
in the temperature range from room temperature to 600 ◦ C (heating rate: 3 K min−1 ).
The powder XRD characterization was performed using a Bruker D8 Advance (Bruker,
Billerica, MA, USA) equipped with a Cu Kα radiation source (λ = 0.15406 nm) in a BraggBrentano geometry. The XRD patterns were recorded in the range from 20◦ to 120◦ in
2θ, with a step size of 0.03◦ and a 10 s/point acquisition time. Rietveld refinement was
conducted using the GSAS-II software [32]. The starting structural model is reported in
Table S1. The instrumental parameters were obtained from a LaB6 standard; accordingly,
the instrumental broadening parameters, i.e., U, V, W, X, and Y, were kept fixed to 4.397
× 10−4 deg2 , −5.720 × 10−4 deg2 , 2.577 × 10−4 deg2 , 1.855 × 10−2 deg, and 2 × 10−5 deg,
respectively. The peak shape was refined with a uniaxial isotropic particle size broadening
model ((101) reflection as unique axis) and by optimizing the respective parameters, i.e.,
the equatorial and axial size. The scale factor, background, sample displacement, unit cell
parameters, peak shape, and atomic parameters were refined in the given order.
4.3. Ex Situ X-ray Photoelectron Spectroscopy
The (cycled) electrodes used for the ex situ XPS experiments were prepared by mixing
the SCMO active material (75 wt%), conductive carbon (20 wt%, Super C65, Imerys, Paris,
France), and the binder (5 wt%, sodium carboxymethyl cellulose, CMC, Dow Wolff Cellu-
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losics, Bomlitz, Germany) for 2 h in zirconia jars using a planetary ball mill (Pulverisette 4,
Fritsch, Idar-Oberstein, Germany). Firstly, the CMC was dissolved in deionized water.
When the CMC was completely dissolved, the conductive carbon and SCMO were added.
The resulting slurry was cast on dendritic copper current collector (battery grade, Schlenk,
Roth, Germany) with a wet film thickness of 150 µm. Once the slurry was completely dry,
disks with a diameter of 12 mm were cut and dried overnight at 120 ◦ C under vacuum. The
electrodes were then transferred into an argon-filled glove box for the cell assembly using
Swagelok® -type T-cells. Polyethylene fleeces (Freudenberg, Weinheim, Germany) were
used as separators and drenched with 1M LiPF6 in a 1:1 mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) as electrolyte (UBE). After cycling the cells were disassembled in the glove box and the electrodes were recovered and washed with 150 µL of DMC
(UBE, Minato, Japan) to remove the remaining electrolyte. Subsequently, the electrodes
were dried and transferred to the XPS chamber in an air-tight sample transfer-box to avoid
surface contamination and contact with the ambient atmosphere. The XPS measurements
were acquired on a PHI 5800 MultiTechnique ESCA System (Physical Electronics, Feldkirchen, Germany), using monochromatized Al Kα radiation (300 W, 15 kV), a detection
angle of 45◦ , and pass energies at the analyser of 93.9 and 29.35 eV for the survey and
detail spectra, respectively. For the binding energy calibration, the main C1s peak of the
conductive carbon additive (and adventitious carbon) was set to 284.8 eV. The spectra in the
Sn3d region were analysed by a peak fit using the CasaXPS software, applying Shirley-type
backgrounds and a Gaussian-Lorentzian mixed peak shape. Both the intensity ratio (3:2)
and the spin-orbit splitting (8.4 eV) of the Sn3d peak doublets were set to the expected
values [21].
4.4. Ex Situ X-ray Absorption Spectroscopy—Sample Preparation
For the ex situ XAS study, electrodes were prepared analogously to the ex situ XPS
samples by mixing the SCMO active material (75 wt%), conductive carbon (20 wt%, Super
C65, Imerys, Paris, France), and the binder (5 wt%, sodium carboxymethyl cellulose, CMC,
Dow Wolff Cellulosics, Bomlitz, Germany) for 2 h in zirconia jars using a planetary ball
mill (Pulverisette 4, Fritsch, Idar-Oberstein, Germany). Firstly, the CMC was dissolved in
deionized water. Once the CMC was completely dissolved, the conductive carbon and
SCMO were added. In this case, however, the resulting slurry was cast on carbon paper
(TM Carbon Paper (TP-030), Toray, Chūō, Giappone) using a laboratory-scale doctor blade.
Two sets of electrodes were prepared: for one, the wet-film thickness was set to 150 µm, and
for the other one, the wet-film thickness was set to 300 µm. Subsequently, the electrodes
were dried overnight at room temperature. Next, disc-shaped electrodes with a diameter of
12 mm were punched and dried overnight under vacuum at 120 ◦ C. The final mass loading
of the electrodes was ca. 2 and 5 mg cm−2 for the first and second set, respectively. The
different active material mass loading was needed to obtain sufficient absorption at all
three metal edges, i.e., the Co and Mn K-edges as well as the Sn L3 -edge. All electrodes
were cycled in three-electrode Swagelok-type cells (assembled in an argon-filled glove
box, MBraun, Garching, Germany) with lithium metal foil (battery grade, Honjo, Osaka,
Japan) serving as counter and reference electrodes. A GF/D Whatman glass fibre sheet
was used as the separator and soaked with the electrolyte, i.e., 1M LiPF6 in a 1:1 mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC) supplied by UBE (Minato, Japan).
The cells were cycled to varying cut-off potentials (see also Figure 4) and disassembled
in an argon-filled glove box with a H2 O and O2 level of less than 0.01 ppm. The cycled
electrodes were rinsed with DMC, dried under argon atmosphere in the glove box, and
sealed in polyethylene (PE) foils to avoid any contact with the ambient atmosphere. For
the standard compounds serving as references for the data analysis, the corresponding
materials were mixed with cellulose (cellulose powder, Thermofisher, Waltham, USA) and
pressed into pellets.
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4.5. Ex Situ X-ray Absorption Spectroscopy—Data Collection
The XAS experiments were conducted at the XAFS beamline at the Elettra synchrotron
in Trieste, Italy. The beamline was designed to cover a wide energy range from 2.4 to
27.0 keV, allowing the analysis of both TMs and Sn. The beamline setup comprises three
ionization chambers filled with argon/helium/nitrogen in an optimized ratio for achieving
maximum absorption in each chamber. The storage ring operated at 2.0 GeV in top-up
mode with a typical current of 309 mA. The samples were analysed in transmission and
fluorescence mode at the K-edge for Co and Mn and in transmission mode at the L3 -edge
for Sn. For all measurements, an internal reference (e.g., the corresponding metal foil) were
measured as well in order to calibrate the energy upon consecutive scans. No drifts of the
energy scale were observed during the experiment. The energy selection of the synchrotron
beam was made by using a fixed exit monochromator, equipped with a pair of Si(111)
crystals. The spectra at the Co and Mn K-edges were collected with a constant k-step of
0.03 Å−1 with a 5 s/point acquisition time. Data were collected in the range from 7414
to 8500 eV for the Co K-edge, from 6244 to 7100 eV for the Mn K-edge, and from 3634 to
4150 eV for the Sn L3 -edge. The step and acquisition time were the same as for the TMs.
All data were calibrated and pre-analysed using the Athena software within the Demeter
package [33].
4.6. Ab Initio XANES Simulation
The ab initio simulation of the XANES spectra was performed using the FDMNES
code [34]. The Sn L3 -edge, Mn K-edge, and the Co K-edge were calculated in the photoelectron energy range −5 < E < 60 eV with respect to the Fermi energy level. The L3 -edge
threshold was calculated with the finite difference method (FDM), while the multiple
scattering theory (MST) was used for the K-edge thresholds. The Hedin-Lundqvist complex
potential [35] was used to calculate the excited states. The absorption cross-section was calculated within the dipolar approximation. Clusters of 5 Å built around each non-equivalent
absorbing atom were considered. The space group symmetry was taken into account and
the convolution parameters were kept constant for all spectra.
4.7. Extended X-ray Absorption Fine Structure Analysis
The EXAFS analysis was performed with the GNXAS package [36,37] based on the
MST theory. Only the spectra attributable to the metallic species were analysed because of
the rather low signal-to-noise ratio. The experimental EXAFS spectra were fitted with four
relevant contributions by including three two-body (γ(2) ) term signals and one three-body
(γ(3) ) term signal, following a fitting procedure reported earlier [38].
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.339
0/inorganics10040046/s1, Figure S1: Comparison of the Sn L3-edge X-ray absorption spectra of the
SCMO@C-based electrodes discharged (in red) and charged (in black) to 0.2 V; Figure S2: EXAFS
analysis of the Mn and Co K-edge data obtained for the fully lithiated state of the SCMO@C-based
electrode (0.01 V); Figure S3: EXAFS signal at the Mn (left) and Co (right) K-edge for the pristine
SCMO@C-based electrode and the ex situ samples charged to 3.0 V in the first cycle and after
10 cycles, Table S1: Starting structural model for SnO2 that was used for the Rietveld refinement
of the XRD data recorded for SCMO and SCMO@C: Graphical representation of the structure and
main structural information (Occ = occupancy); Table S2: Results of the Rietveld refinement and
the applied constraints. The values given in brackets indicate the error; Table S3: Comparison of
the experimental Mn and Co K-edge absorbance edge step with values that were calculated for a
composition of Sn0.9 Co0.05 Mn0.05 O2 and Sn0.95 Co0.025 Mn0.025 O2 , following the results of the Rietveld
refinement of the XRD data, the EDX data, and the initial precursor ratio. The experimental values
were recorded in transmission mode.
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