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Abstract: The incorporation of transition metals (TMs) such as Co, Fe, and Mn into SnO, 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 SnO,
lattice. Herein, a careful characterization of Co and Mn co-doped SnO, 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.

Keywords: SnOj; transition metal doping; reaction mechanism; anode; lithium battery

1. Introduction

The development of high-performance electrochemical energy storage systems provid-
ing 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~! and its very low de-/lithiation
potential, yielding high energy densities at the full-cell level. However, further improve-
ment 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~ ! (Sn) or even 3578 mAh g~! (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 capaci-
ties up to about 1000 mAh g~!, 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 (CAMSs), gained increasing interest [5].
Such CAMs as, for instance, TM-doped ZnO, GeO,, or SnO,, provide superior specific
capacity, energy density, and energy efficiency compared with pure conversion-type mate-
rials [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 electroni-
cally conductive network throughout the initial particle [15-17]. The latter is important to
enable the reversible formation of Li,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 SnO,, 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 SnO; that was prepared by a readily scalable continuous
hydrothermal synthesis method [18]. Following a carbon coating, the best performing co-
doped SnOy, i.e., Sng 9Cop g5Mng 0502 (SCMO), showed very good performance in half-cells
and SCMOJ|LiNip 5Mn; 504 full cells with a non-optimized specific energy of 312 Wh kg’l
(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) Sng9Cog 95Mnp 0502

Sng.9Cog gsMng 950, (SCMO) and carbon-coated Sng 9Cog g5Mng 50, (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, single-
crystalline 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 SnO, 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 per-
formed 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, in-
dicating 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 Snj_x.yCoxMny Oy,
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 Snj 4y CoxMnyO,).
This might indicate that the incorporation of Co into the SnO; structure is slightly favoured
compared with Mn.
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Figure 1. Transmission electron micrographs of (a,b) SCMO and (c¢,d) SCMO®@C at different magnifi-
cations. The yellow lines in (b) highlight the lattice fringes of (110) and (101) planes; orange lines and
arrows in (c,d) indicate an amorphous carbon layer on the nanoparticle surface.

HAADF

Figure 2. EDX analysis of SCMO@C with the corresponding high-angle annular dark-field (HAADF)
image shown in the top left and the elemental mapping for Sn in pink, Co in yellow, C in red (the
cavity filled with carbon is highlighted by a white circle), O in blue, and Mn in green.
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Thereafter, XRD data were collected and Rietveld refinements undertaken. The two fit-
ted 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 SnO; structure and
replace the Sn atoms in the 2a Wyckoff site. Nonetheless, this assumption cannot be con-
firmed 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
of the structural parameters, atomic positions, and atomic occupancies renders the two
materials essentially equivalent.
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Figure 3. XRD patterns and the corresponding Rietveld refinement for (a) SCMO and (b) SCMO@C.
Each panel contains the experimental pattern, the Rietveld refinement, the residual curve, and the
expected reflections for the SnO; phase (PDF 01-070-6995).

A very minor difference was found for the unit cell volume, which slightly expanded
for the carbon-coated material by 0.1%. Given the great overlap of the other values, this
might be related to a minor reduction in the TM dopants as a result of the carbon coating
procedure, as observed previously for TM-doped ZnO [19], and the corresponding increase
in the ionic radius. Nevertheless, this increase was essentially negligible, thus, it was not
expected to have a great impact on the de-/lithiation mechanism. Another outcome of
the Rietveld refinement concerned the stoichiometry of the two materials. Following the
independent refinement of SCMO and SCMO@C by constraining the sum of the metals” (Sn,
Mn, Co) occupancies (Occ) to unity and forcing the Occ(Mn) value to be the same as Occ(Co)
to avoid undesirable fluctuations in the fit, the best fit was obtained for the composition
[MnColy055n9950;. This finding was generally in line with the EDX data, indicating
that the eventual composition contained less TMs than expected from the precursor ratio.
Nonetheless, it must be kept in mind that the EDX analysis revealed a relatively lower Mn
concentration compared with Co. Hence, the actual composition was presumably in the
range from 0.025 to 0.05 for Co and in the range from 0.025 to 0.032 for Mn. This was further
corroborated by the XAS data (see below), specifically the K-edge absorbance step recorded
for Mn and Co. The comparison of the experimentally determined and the calculated
values (Table S3) showed that the experimental values were in-between the two theoretical
compositions of Sng 95C0g 025Mng 250, and Sng 9Copg5sMng 050;, though somewhat closer
to the lower TM content.

2.2. Ex Situ XPS

In the next step, an ex situ XPS analysis, was conducted to gain insights into the
reaction mechanism. XPS measurements were carried out on electrodes in the pristine, fully
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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.

Mn Co

(a)

2Ps (b)
2p;p,

2pp
2py

—
672

T
666

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
660 654 648 642 636 630 816 810 804 798 792 786 780 774 768 762
Binding energy (eV) Binding energy (eV)

Figure 4. XPS detail spectra in the (a) Mn2p and (b) Co2p region.

Prior to the discussion of the results it appears noteworthy that the peaks of transition
metals with unpaired electrons (such as Mn?* to Mn** as well as Co?* and Co®") show a
complicated multiplet splitting due to coupling effects during the photo-ionization [20].
We therefore refrained from a peak fit for these two elements. In both cases, a main peak
doublet was observed: in the Mn2p region (Figure 4a) the peaks were detected at ~642 eV
(Mn2p3,,) and 654 eV (Mn2p; /»), in the Co2p region (Figure 4b) they were found at ~782 eV
(Co2ps3,7) and 797 eV (Co2pq /7). No major satellite peaks were observed in both cases. The
observed peak positions are typical for Mn in an oxidation state of +3 or +4 and for Co in
an oxidation state of +2 or +3, respectively [21]. In the case of Mn, a differentiation between
these states is not possible based on the binding energy (BE) alone. For Co, however,
the absence of major satellite peaks points to the predominant presence of Co%*, since
prominent satellites are usually observed only for Co?*, but not for Co®* [20]. An analysis
of the Mn and Co data obtained for the cycled electrodes was not feasible, unfortunately,
since the peak intensities in the Mn2p and Co2p region were below the detection limit for
all cycled samples, presumably owing to the low concentration of the two elements.

In contrast, the Sn3d peaks were detected for all samples (Figure 5). Essentially, the
XPS results are in good agreement with the previous analysis. For the pristine electrode
(Figure 5a), the position of the Sn3d peak doublet at 487.4 (Sn 3d5,,) and 495.8 eV (Sn
3dj3,,) indicates the presence of Sn** [21-23]. For the fully lithiated sample at 0.01 V
(Figure 5b), a significant reduction in the peak intensity indicates the formation of a surface
layer on the active material particles, assigned to the formation of the solid electrolyte
interphase (SEI). Additionally, a significant shift of the Sn3d5,, peak position to 482.1 eV
was observed, i.e., a BE even lower than that of metallic Sn® (~485 eV) [21]. This low BE can
be explained by the formation of a LiSn alloy, in which negative charge is transferred from
the Li to the Sn atoms [24,25]. Two peak doublets were detected for the delithiated sample
at 3.0 V (Figure 5c). The one of lower intensity at lower binding energy (Sn3ds,, peak at
484.8 eV) can be assigned to metallic Sn, while the other one (Sn3ds,, peak at 487.0 eV),
with a substantially higher intensity, is related to an oxidized Sn species, presumably Sn**.
The sample after 10 cycles shows in principle a similar picture with two peak doublets
(Figure 5d); however, the one assigned to the oxidized Sn species shifted by 1 eV to a lower
BE (Sn3ds,, peak at 486.0 eV), which might indicate the presence of Sn?" in this sample.
In both cases, the contribution from metallic tin is rather small, having less than 20% of
the total intensity. Nonetheless, the finding that not all Sn was fully reoxidized is in good
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agreement with a very recent study on transition metal-doped zinc oxide, for which the
same behaviour was observed [16].
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Figure 5. XPS detail spectra in the Sn3d region recorded for (a) a pristine electrode, (b) at the fully
lithiated state (0.01 V), as well as (c,d) at the fully delithiated state (3.0V) (c) after one cycle and
(d) after 10 cycles.

2.3. Ex Situ XAS—Experimental Data

Due to the lithiation-induced loss of the long-range crystalline ordering [10], the
greater sampling depth compared with XPS (several nm for XPS versus several um for
XAS), and the low concentration of the two dopants, synchrotron XAS (with its high
sensitivity and brilliance) is the method of choice to follow the evolution of the electronic
and local structure of CAMs. Thus, XAS can provide valuable insights into the reaction
mechanism and the role of the TM dopants. In Figure 6, the typical first-cycle dis-/charge
profile of SCMO@C in half-cell configuration is shown, including the different cut-off
potentials for the ex situ XAS investigation.

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 Lz-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)
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.

SCMO@C
@ pristine 10 cycles

3.0- 30VH @
g 2.5
— 50 lithiation delithiation
EI . R ——
—

¢ 1.5
2
W 1.0
0.6V
B2 0.2V
0.0 -

Figure 6. Dis-/charge profile of SCMO@C-based electrodes in half-cell configuration with an indica-
tion of the different cut-off potentials for the ex situ XAS investigation.
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Figure 7. (a,b) Ex situ XANES spectra recorded at the Sn L3-edge during (a) discharge (0.6 V, 0.2V,
and 0.01 V) and (b) charge (1.0 V, 3.0 V, and after 10 cycles at 3.0 V). Both panels include also the
spectrum recorded for the pristine electrode for direct comparison. (c¢,d) Ex situ XANES spectra
recorded at the (c) Mn K-edge and (d) Co K-edge, including the spectra of the pristine electrode
as well as the electrodes discharged to 0.01 V and re-charged to 3.0 V after one complete cycle and
10 cycles.
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Complementary information concerning the electrochemical reaction was revealed
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 SnO, structure. The spectra of the fully
discharged electrodes (0.01 V) confirmed the presence of metallic Mn and Co, suggesting
the complete reduction in both TM dopants. This finding was confirmed by analysing the
extended X-ray absorption fine structure (EXAFS) data (Figure S2). Upon charging, both
TMs were reoxidized at 3.0 V, which was still the case on charging after 10 cycles. The
local environment, however, changed after cycling, as apparent from the differing spectral
features compared with the pristine state, indicating that the two TMs appeared to form
other oxides with distinct structural environments. A more detailed analysis of the local
coordination, though, is difficult due to the very low signal-to-noise ratio of the EXAFS
data (Figure S3). Nevertheless, the ab initio XANES simulation of some Mn- and Co-based
oxides provides further insights into the possible compounds formed upon cycling, as
discussed in the following.

2.4. Ex Situ XAS—Comparison of Experiment and Simulation

Figure 8 compares simulated spectra (by the finite difference method near edges
structure (FDMNES)) with the experimentally obtained ones. The pristine spectra recorded
at the Sn L3-edge, Mn K-edge, and Co K-edge are displayed in Figure 8a—c, respectively.
The Sn L3-edge spectrum was simulated by simply considering pure SnO, regarding the
low dopant concentration. For the Mn and Co K-edge spectra, a small fraction of Sn in
5nO, was replaced with Mn or Co to mimic the doping. The thus obtained simulated
spectra were in good agreement with the corresponding experimental data, which also
confirmed that doping of the two TMs into the SnO, structure was successful.
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Figure 8. Comparison of the experimental and simulated XANES spectra: (a) Sn L3-edge of the
pristine sample; (b) Mn K-edge of the pristine sample; (c) Co K-edge of the pristine sample; (d) Sn
Lz-edge of the ex situ samples discharged to 0.6 V, 0.2V, and 0.01 V.
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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
Ls-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 Li;zSny was a good match to the Sn Ls-edge observed experimentally at
0.2 V, while LiySns 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
LipySns [26-28] or LijzSny [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
5SnO; 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 52
and the corresponding discussion).

The interpretation of the experimental Mn K-edge (Figure 9¢) 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 Mn,Oj3 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 MnO, 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 Co30y), similar to the
pristine state, while the oxidation state after 10 cycles was closer to (+2).
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Figure 9. (a,b) Comparison of the experimental and calculated XANES spectra at (a) the Mn K-edge
and (b) Co K-edge at 0.01 V. In both cases the experimental XANES spectra are compared with
theoretical XANES spectra calculated for metallic Mn or Co. (¢,d) Comparison of the experimental
XANES spectra recorded for the ex situ samples charged to 3.0 V and after 10 cycles at the (c) Mn
K-edge and the (d) Co K-edge with theoretical XANES spectra calculated for various manganese and
cobalt oxide references, i.e., MnO, Mn,03, and MnO, as well as CoO and Co30y, respectively.

This intriguing finding of opposite trends concerning the reoxidation upon cycling
may provide an explanation for the synergistic effect of the two dopants, resulting in
the superior cycling stability reported earlier [18], since the loss in capacity owing to the
decreasing reoxidation of cobalt may have been balanced by the increasing reoxidation
of manganese.

3. Conclusions

The careful characterisation of SnO, nanoparticles (co-doped with Mn and Co) was
accomplished using several complementary methods, including TEM coupled with EDX,
Rietveld-refined XRD, XAS, and XPS. The results showed that both TM dopants were
homogeneously distributed within the material and replaced Sn in 2a Wyckoff sites. The
dopant concentration, however, was slightly lower than expected from the initial precursor
ratio in the hydrothermal flow process. A subsequent ex situ XPS and ex situ XAS study
coupled with ab initio XANES simulations allows the investigation of the role of the two
dopants for the de-/lithiation mechanism. In fact, the low amount of the two dopants
rendered XAS as a highly suitable analytical method due to its high atomic sensitivity.
The ex situ spectra for electrodes dis-/charged to selected cut-off potentials revealed a
comprehensive understanding of the de-/lithiation mechanism; at 0.6 V, the conversion
reaction appeared complete, while the alloying reaction of Li and Sn occurred at lower
potentials. Two different LiSn alloys were identified; Lij;Sny at 0.2 V and Liz;Sns at 0.01 V.
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 SnO, and related
conversion-alloying materials in general, and Mn and Co co-doped SnO; 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) Sty 9Cog.0sMn 9502

The synthesis of Sng¢Cog ¢sMng 9502 (SCMO) was reported in detail in a previous
publication [18]. In brief, aqueous solutions of cobalt(Il) nitrate hexahydrate (99%, Merck,
Darmstadt, Germany), manganese(Il) nitrate tetrahydrate (98%, Merck, Darmstadt, Ger-
many), and potassium stannate (K,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 deion-
ized water at 450 °C under highly turbulent mixing conditions, produced an aqueous
nanoparticle product stream that was cooled and recovered continuously from the pro-
cess 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 O, 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 K radiation source (A = 0.15406 nm) in a Bragg-
Brentano geometry. The XRD patterns were recorded in the range from 20° to 120° in
26, 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 LaBg standard; accordingly,
the instrumental broadening parameters, i.e., U, V, W, X, and Y, were kept fixed to 4.397
x 107* deg?, —5.720 x 10~* deg?, 2.577 x 10~* deg?, 1.855 x 1072 deg, and 2 x 1075 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 um. 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 LiPFg in a 1:1 mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) as electrolyte (UBE). After cycling the cells were disassem-
bled in the glove box and the electrodes were recovered and washed with 150 pL 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, Feld-
kirchen, Germany), using monochromatized Al K« 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
5n3d 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, Chiio, Giappone) using a laboratory-scale doctor blade.
Two sets of electrodes were prepared: for one, the wet-film thickness was set to 150 um, and
for the other one, the wet-film thickness was set to 300 pm. 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 LiPFg 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 H,O and O, 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 A~ 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 photo-
electron 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 cal-
culated within the dipolar approximation. Clusters of 5 A 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 (%)) term signals and one three-body
(v®)) 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 Sny9CopgsMng 950, and Sng 95C0g g25Mng 250;, 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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