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Unraveling the Electrochemical Mechanism in Tin Oxide/
MXene Nanocomposites as Highly Reversible Negative
Electrodes for Lithium-lon Batteries

Antonio Gentile, Stefanie Arnold, Chiara Ferrara, Stefano Marchionna, Yushu Tang,
Julia Maibach, Christian Kiibel, Volker Presser,* and Riccardo Ruffo*

1. Introduction

Lithium-ion batteries are constantly developing as the demands for power

and energy storage increase. One promising approach to designing high-per-
formance lithium-ion batteries is using conversion/alloying materials, such
as SnO,. This class of materials does, in fact, present excellent performance
and ease of preparation; however, it suffers from mechanical instabilities
during cycling that impair its use. One way to overcome these problems is to
prepare composites with bi-dimensional materials that stabilize them. Thus,
over the past 10 years, two-dimensional materials with excellent transport
properties (graphene, MXenes) have been developed that can be used syner-
gistically with conversion materials to exploit both advantages. In this work, a
50/50 (by mass) SnO,/Ti;C,T, hanocomposite is prepared and optimized as a
negative electrode for lithium-ion batteries. The nanocomposite delivers over
500 mAh g for 700 cycles at 0.1 A g™' and demonstrates excellent rate capa-
bility, with 340 mAh g" at 8 A g7'. These results are due to the synergistic
behavior of the two components of the nanocomposite, as demonstrated by
ex situ chemical, structural, and morphological analyses. This knowledge
allows, for the first time, to formulate a reaction mechanism with lithium-ions
that provides partial reversibility of the conversion reaction with the forma-

tion of SnO.

Rechargeable lithium-ion batteries (LIBs)
are experiencing unprecedented success
primarily due to the growing market pen-
etration of electric vehicles (EVs). LIBs are
the only technology capable of powering
EVs today and will likely remain so for the
next decades.! However, to ensure better
acceptance of the technology and to bridge
the performance gap that remains with
internal combustion engines, EV batteries
must be even more efficient, safer, and less
expensive than the current state-of-the-
art. Cutting-edge LIB cells, called genera-
tion 3a, have gravimetric and volumetric
energy densities of 250/300 mAh g! and
700 Wh L7, respectively, with charging
times of about 20 min and lifetimes of
1000 cycles (80% capacity retention).
However, these performances seem dif-
ficult to overcome while maintaining the
rocking chair operation principle that
characterizes LIBs, based on the reversible
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ion intercalation mechanisms at both electrodes. While it guar-
antees long lifetimes, it limits the specific energy, especially of
the graphite-based negative electrode in almost all LIBs.

Moreover, already in generation 3a, a small quantity of con-
version/alloying materials (5-7% of Si/SiO,) have been intro-
duced in the negative electrode to increase the specific capacity
without compromising the mechanical integrity. To obtain
superior performance for the next LIB generations, it is nec-
essary to increase this quantity while simultaneously finding
a way to contain the volume expansions inevitably associated
with these compounds. Among different conversion/alloying
materials, using SnO, or SnO, has several advantages, such
as the easy preparation routes and the large availability of raw
materials. For example, the use of SnO, as an anode in LIBs
dates back to 1997 when Jeff Dahn’s group demonstrated the
conversion/alloying reaction mechanism related to the inser-
tion of lithium in glassy or crystalline SnO,:P!

xLi" +Sn0,, +xe” — x/2Li,0+Sn 1)
yLi*+Sn+ye” & Li,Sn (2)

The mechanism can be described as an irreversible reduc-
tion of the oxide to metallic Sn with the formation of Li,O
(Equation (1)) followed by the reversible alloying/de-alloying
reaction (Equation (2)). The amount of irreversible and revers-
ible capacities depends on the oxygen content in the SnO, and
on the stoichiometry of the lithiated alloy, which in the case of
tin, can be up to Liy,Sn. The approach was promising, and Fuji
Film researchers were close to commercializing SnO,-based
electrodes able to provide 50% more capacity than carbon com-
pounds.P! Later, the Schleich Group published seminal works
on thin film crystalline SnO, electrodes, confirming the con-
version/alloying mechanism, and revealing the morphological
evolution of the system during cycling.*®! It soon became clear
that the limiting factor in the commercial application of these
electrodes was the decrease of capacity during cycling due to
the mechanical instability of the alloys and the volume expan-
sion during the charge and discharge cycle, with loss of electric
contact during cycling and electrode pulverization, a process
defined as decrepitation.”! Two main routes have been explored
to overcome this issue, namely nanostructuring of electrodes
to allow expansion and contraction of the active material,l]
and preparation of nanoscale composites, which in addition to
buffering the volumetric changes, allow optimal electron distri-
bution in the electrode bulk. In the former case, SnO, nano-
structured fibers," porous structures,>"3! nanoparticles, 1!
hollow nanostructures,'®7] nanowires,®2% and nanotubes?!
have been prepared and characterized. Among the many com-
posites investigated, however, the most interesting results
were obtained with composites based on nanostructured car-
bons, 228 graphene,?> metallic structures,®! and biopoly-
mers.?”] These works showed that nanostructured composites
withstand a higher number of cycles, with performances often
exceeding the theoretical limits calculated by combining the
specific capacities of both SnO, (according to Equations (1)
and (2)) and the secondary phase (carbon, graphene, etc.). In
combination with experimental evidence previously obtained
by utilizing Méssbauer spectroscopy,®®! this led to a revi-
sion of the electrochemical mechanism, attributing partial
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reversibility to the conversion reaction (Equation (1)), which has
been attributed to the oxidation reaction of freshly formed Sn
by de-lithiation with Li,O at the atomic scale. This is usually
detected in differential capacity curves as belly-shaped peaks at
potentials higher than 1 V.

Among the various two-dimensional conductive structures
that can be used to improve the mechanical properties of
conversion systems, MXenes have attracted interest in recent
years. MXenes are a novel class of 2D layered transition metal
carbides, nitrides, and/or carbonitrides with their combined
properties such as good electronic conductivity, hydrophilicity,
and flexibility.3**! In particular, the Ti;C,T, MXene phases
have been recently used to produce composites with SnO,
through different methods, such as self-assembly*! atomic
layer deposition,®! in situ quantum dots**! or nanoparticle
formation.[*#] These works are characterized by performances
that depend on the relative composition of the two phases,
and which are concluded in a specific capacity range between
3601 and 700 mAh g™l The discrepancies are also related
to the different cycling conditions and the different electrode
charges. Despite these differences, in the charge and discharge
profiles, there are common characteristics linked to the reac-
tion potentials, which allow, through the differential capacity
curves, to highlight the 3 main reactions, that is, the conver-
sion of the oxide, the alloying of the tin and the intercalation
in the MXene. Other common characteristics are the low Cou-
lombic efficiencies in the first cycle, generally between 60%4¢!
and 75%.1° At the same time, little information is available
regarding the charge efficiency in the subsequent cycles, which
does not exceed 98.5%.14#1 Despite these promising results,
the progress in using this material combination for high-
performance batteries has been stalled. This is because of the
limited understanding of the intricate interaction between the
oxide nanoparticles and the MXene and of the reaction mecha-
nism when used as an anode in LIB.

In the present study, we show the possibility of preparing
Ti;C,T,/SnO, nanocomposite with excellent energy storage
properties thanks to the intimate contact between the two
components. With the idea of preparing nanocomposite with
excellent reversibility properties, we limited the amount of tin
oxide to 50% of the total mass, even if this choice may limit
the specific capacity of the system. Moreover, we investigated
the reversibility of the conversion reaction, highlighting, for the
first time, the presence of amorphous SnO in the de-lithiated
electrodes and proposing a coherent mechanism to explain the
electrochemical data.

2. Results and Discussion

2.1. Materials Preparation

MXenes are suitable materials for preparing nanocomposites,
and several strategies have been reported.*®U In the present
work, we prepared the desired nanocomposite following the
procedure reported in Figure 1a. This synthesis was chosen
both because it is capable of producing SnO, single-crys-
talline nanoparticles with dimensions on the order of a few
nanometers,’? and because it can be carried out easily in the
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Figure 1. a) Scheme of the synthesis of the nanocomposite and b) X-ray diffractogram for the MXene (red), SnO, (yellow), and the nanocomposite
(purple). Stars mark the TiC reflections; the circle marks the F-doped TiO, reflection.

presence of dispersed MXenes. The goal is to produce the nan-
oparticles directly on the surface of Ti;C,T, layers by promoting
their exfoliation during HCl evolution and thus maximizing the
interaction between the nanoparticles and the MXene layers. A
higher amount of oxide would have led to unacceptable values
of Coulombic efficiency, while a decrease in it would have made
the specific capacity of the nanocomposite of little application
interest. Aiming to characterize the nanocomposite, the two
components, Ti;C,T, and SnO,, have been carefully investi-
gated to set the starting point for the subsequent analysis.

2.2. Materials Characterization

MXene was obtained by using HF-etching in high concentra-
tions to obtain the well-known open-lamellae morphology.©>*>4
The obtained MXene structure is confirmed by the X-ray diffrac-
tion (Figure 1b). The collected data for the MXene are similar to
those previously reported and discussed by our group and gen-
erally compliant with diffraction data of MXenes obtained with
solution etching.’>>-8 The main features are the position of
the (002) reflection at 9.1° 26 related to the interlayer distance
among the Ti;C,T, layers and the blurring of the bands in the
30-50° 20 region associated with the high level of disorder due
to the presence of stacking faults and the distribution of the
interlayer distances. Characteristic reflections of TiO,,F, and
TiC, as typical impurities for such type of synthesis, are also
observed in the diffraction patterns.’>>*¢1 Scanning electron
micrographs in Figure 2a show that the MXene presents the
characteristic layered structure and microstructure, as already
reported when high concentrations of HF and/or fast etching
kinetic are exploited.[*>% This peculiar morphology was chosen
because it was considered favorable for the intercalation of Sn
ions during the immersion process in the tin chloride solu-
tions and thus for the nucleation of the oxide on the surface
of the lamellae. TEM investigations, reported in Figure 2b,
and Figures S1 and S2 (Supporting Information), show the
layered arrangement of the structure with extended disordered
regions with variable interlayer distances, as also evidenced
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by XRD. The EDX maps (Figure S1, Supporting Information)
indicate the presence of Ti, C, F, and O compatible with the
nominal MXene composition with mixed —F and -O termina-
tions. Small traces of Al are also revealed but strongly localized
and ascribable to AlF; and Al,O; surface impurities, residues
of the synthesis (Table S1, Supporting Information). O and F
terminations are homogenously distributed, indicating the
absence of clustering. From the selected area electron diffrac-
tion (SAED; Figure S2, Supporting Information) it is also pos-
sible to detect the presence of surface TiO, and/or TiO, F,,
nanoparticles, as already evidenced indirectly in our previous
study.”® SAED also confirms the presence of a high level of 2D
disorder. From the analysis of the radial distribution function
(RDF) patterns,®2%3 revealing the shortrange structure, it is
possible to detect the typical Ti—C (2.14 A) and Ti-Ti (3.06 A)
distances expected for the parental MAX phase (comparison
with the simulated data in Figure S2, Supporting Information)
confirming that the etching procedure unalters the Ti;C, skel-
eton. Moreover, the obtained bond distances agree with those
derived from the X-ray absorption spectroscopy (XAS) analysis
performed on the same sample by our group.”® The additional
peaks observed at 1.33 and 1.67 A in the experimental RDF
profile are ascribed to the O/F terminations interacting with
trapped interlayer water molecules. This attribution is con-
firmed Dby the absence of such distances in the RDF profile of
the MAX phase. The Ti—Ti bond distance is similar to the Ti-C
distance, as already evidenced by XAS investigation, density
functional theory (DFT), and pair distribution function (PDF)
analysis.’®®46] The surface chemistry has been characterized
through XPS analysis (Figure 3). Both —F and —O terminations
are observed, confirming the energy-dispersive X-ray (EDX)
results. Titanium is observed in several oxidation states associ-
ated with different coordination with C, O, and F.’>¢166] The
presence of surface TiO, is detected, again in agreement with
previous observations.[0¢%’]

To compare the results of the nanocomposite with the
pristine material, it is also relevant to determine the struc-
ture, stoichiometry, and morphology of the tin oxide powders
obtained via hydrolysis of the tin chloride. The diffraction
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Figure 2. Scanning and transmission electron micrographs of a,b) MXene; ¢,d) SnO,; e,f) SnO,-MX nanocomposite.

pattern collected for the tin oxide powders (Figure 1b) is com-
patible with the cassiterite structure (PDF 01-071-0652), and
the broadening of all reflections indicates that the powders are
nanostructured; indeed, the size of the coherently scattering
domains estimated from the two most intense XRD reflections
is 8 £ 2 nm. This is also confirmed by the transmission elec-
tron microscopy (TEM) images (Figure 2d), revealing coherent
crystalline domains of several nanometers, which tend to aggre-
gate in secondary structures. Scanning electron micrographs
(Figure 2c) reveal spherical agglomerates with a particle size of
several hundred nanometers. The structural and morpholog-
ical features can be further observed in TEM using diffraction
(SAED) and energy dispersive X-ray spectroscopy (EDX), as rep-
resented in Figure S3 (Supporting Information), obtained on a
single spherical agglomerate with a diameter of 350-400 nm.
The diffraction pattern of such agglomerates reveals their
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crystalline nature, with diffraction cones formed by many spots
due to the random orientation of coherent crystalline domains.
The surface chemistry has been investigated using XPS anal-
ysis, as reported in Figure 3. The analysis performed on the tin
oxide powders suggests that the systems can be described as
cassiterite SnO, and not as SnO, confirming XRD and TEM
results.

The 50:50 nanocomposite, which represents the best com-
promise between higher specific capacity and reversibility
of the electrochemical process, has been characterized by
exploiting the same combination of techniques; results are
reported in Figures 1-3. The X-ray diffractograms of the SnO,-
MX nanocomposite can be rationalized as the sum of the two
components and indicates the successful synthesis of the
nanocomposite (Figure 1b). Indeed, the main reflections of
both the MXene and SnO, are still visible, indicating that the

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. X-ray photoelectron spectra of the MXene, SnO,, and the SnO,-MX nanocomposite.
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two structures are still present in the nanocomposite. At the
same time, a significant shift at lower angles is observed for
the 001 class of reflection of the MXene. In particular, the (002)
reflection is downshifted to 6.9° 26, indicating a widening of
the interlayer distance moving from 9.6 to 12.6 A. This can be
related to the intercalation of Sn ions within the layers and/
or the trapping of water molecules during the synthesis. The
reflections of TiC and TiO, impurities are still visible; the
amount of doped TiO, seems to be slightly increased for the
pure MXene. This can be attributed to the open lamellar struc-
ture, which exposes a larger surface of the MXene layers, which
are more susceptible to oxidation. Finally, it can be observed
that the reflections attributed to the SnO, in the nanocom-
posite are broader than in the pure compound suggesting the
formation of smaller particles of tin oxides when nucleating
on the MXene surface. Similar evidence comes from electron
microscopy. The nanocomposite clearly shows the presence
of the two structures, as highlighted in Figure 2e,f. The open
accordion-like structure of the MXene is present and unaltered
by the preparation of the nanocomposite. SnO, particles with
different degrees of aggregation can be observed on the MXene
blocks (large clusters) and within the lamellae (small clusters).
It is thus evident that the synthesis does not compromise
the structure of the MXene and the SnO, powder. The SAED
patterns confirm that the bond distances related to the Ti;C,
skeleton and the SnO, systems are the same as for the pris-
tine materials. The EDX maps confirm the two components’
homogeneous distribution and fine dispersion (Figure S4,
Supporting Information). The XPS data obtained for the nano-
composite reveal that no strong surface modification has been
introduced (Figure 3). The spectral region of oxygen in the
nanocomposite appears as the superimposition of the contri-
butions from the O-terminations of the MXene and the oxygen
anions in SnO,. At the same time, other elemental spectra are
unaffected after the assembling procedure.

These results thus confirm the successful preparation of the
50:50 SnO,-MX nanocomposite; the two components are pre-
sent and unaltered. The fine dispersion of the two components
is obtained at the nanometric level with the SnO, particles
anchored on the MXene layers’ surfaces.

2.3. Electrochemical Performance

For the sake of clarity, before discussing the electrochemical
characteristics of the nanocomposite, the behaviors of pristine
materials will be discussed (Figure S5, Supporting Informa-
tion). Charge and discharge profiles and the resulting differ-
ential capacity curves were obtained in 3-electrode cells in all
3 cases, while long cycling of the nanocomposite was per-
formed in two-electrode coin cells.

In pure SnO,, the charge/discharge profiles (Figure S5a,
Supporting Information) agree with the literature and are
related to the conversion/alloying processes widely dis-
cussed in the introduction. The first cycle cathodic capacity
is 1595 mAh g, slightly higher than the theoretical value
obtained considering the conversion reaction and the fully
alloying to Liy,Sn (1493 mAh g, 8.4 electrons per SnO,
unit formula). The difference could be ascribed to the SEI
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formation (starting below 1.3 V), also considering that
the alloying reaction could be incomplete. The first cycle
oxidation delivers 955 mAh g, which corresponds to 5.4
electrons per unit formula, a value larger than the full de-
lithiation of Li,4Sn to Sn (782 mAh g!). Moreover, a not neg-
ligible part of such capacity (250 mAh g!) is obtained at a
potential >1.2 V, implying the partial reversibility of the con-
version reaction and/or the reoxidation of the freshly formed
SEL. The cycling properties of the SnO,-based electrodes are
very poor, with a capacity retention of 18% after 20 cycles
(Figure S5c, Supporting Information). The specific capacity
trend evidences the decrepitation of the electrode during
oxidation, the cathodic capacity at a given cycle is practically
equal to the anodic capacity at the previous cycle. The differ-
ential capacity curves help to better analyze electrochemical
behavior (Figure S5b, Supporting Information). No reduction
processes are detected up to 1.6 V during the first lithiation,
while below this threshold, according to recent in situ char-
acterizations,[®®! SnO, reacts to SnO and Li,SnO;. At around
1.0 V the main peak of the conversion reaction is observed,
leading to the formation of metallic Sn and Li,O. The further
reduction peaks are attributed to the alloying between Sn and
Li, with the following formation of intermediated phases such
as LiSn, Li, (Sn, Li3 5Sn, and Li,4,Sn (cut off at 0.01 V). During
the reoxidation, the peaks at 0.45 and 0.62 V are the footprint
of the de-alloying reaction. In comparison, a further oxidative
process (belly-shaped peak at 1.27 V) is detected, probably due
to the partial conversion of Sn to SnO,.

In pristine MXene, the charge/discharge profile (Figure S5d,
Supporting Information) shows the already observed features
first reported by Naguib et al. in 2012.1% Monotonic variation
of the potential with the charge indicates a pseudocapacitive
behavior during lithium-ion intercalation and de-intercalation.
The specific cathodic and anodic capacities for the first cycle
are 405 and 205 mAh g7, respectively, with a charge effi-
ciency of 51%. The rate capability shows a good performance
where the material can maintain a capacity from 120 mAh g!
at 500 mA g ! with excellent capacity retention of 99% after
70 cycles (Figure S5f, Supporting Information). The pseudoca-
pacitive behavior is also seen in the differential capacity curves
(Figure SS5e, Supporting Information), which show a flat shape
with little pronounced peaks after the first cycle which, instead,
is characterized by the peaks of the SEI formation, the MXene
stabilization, and the Li* intercalation.

The electrochemical characteristics of the nanocompos-
ites are reported in Figure 4. During these characterizations,
the lower cut-off voltage was increased to 0.1 V because of the
slight irreversibility of MXene reduction below this threshold,
thus maximizing the electrode lifetime. The potential pro-
files (Figure 4a) reflect the behaviors of both active materials,
showing the two main SnO, conversion/alloying processes (the
latter is not complete due to the higher cut-off voltage) with a
monotonic variation of the potential due to pseudocapacitive
intercalation in MXene. The specific capacities for the first cycle
are 1230 £ 70 mAh g and 695 + 50 mAh g, for the cathodic
and the anodic scan, respectively, with a Coulombic efficiency
of 56.5 £ 3.5% (data obtained with 4 different cells). The
capacity profiles, the black curves in Figure 4b (first cycle) show
in the cathodic process three main peaks related to the SEI
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Figure 4. a) Charge—discharge profiles, b) differential capacity, c) rate capability test, and d) long-term stability test for SnO,-MX nanocomposite as

lithium-ion battery electrode.

formation, the conversion process, and the alloying of Sn with
lithium. The first two processes happen at similar potentials
and may be superimposed. During the successive oxidation,
after the main process at 0.48 V (peak), which can be identified
as the de-alloying reaction, a large amount of charge (around
300 mAh g) is obtained at a potential higher than 1.0 V. This
may be ascribed to the removing of lithium-ions from the
MXene sheets; however, the presence of the peak at 1.22 V is not
fully in agreement with the typical pseudocapacitive behavior
of Ti;C,T,, whose profile should be less pronounced.””! Since
the conversion reaction (Equation (1)) should occur during the
initial cycles, analyzing the differential capacity in the 5% cycle
reveals essential information about the mechanism. Here (red
curve in Figure 4b), during the reduction of the nanocomposite,
a clear contribution to the capacity is present at a potential
>0.75 V, with two peaks at 1.21 and 0.95 V. In this zone, the
MZXene is electroactive due to the Li* intercalation in between
the lamellae; however, the presence of the well-defined peak
is an indication of a simultaneous phase transformation. The
successive reoxidation shows a pseudocapacitive zone after the
stable de-alloying reaction. In conclusion, the analysis of the
differential capacity curves of the 5™ cycle suggests the partial
reversibility of the conversion reaction.

The three-electrode set-up was used to evaluate the kinetic
performances of the nanocomposite/electrolyte interface (rate
capability test) because the overvoltage at the Li*/Li counter
electrode can affect specific capacity values at the highest cur-
rents increasing the real cut-off voltages of the working elec-
trode. In the rate capability test (Figure 4c), the nanocomposite
shows excellent properties, being able to sustain 450 mAh g™

Adv. Mater. Interfaces 2023, 2202484 2202484 (7 of 13)

at2 A g, 400 mAh glat4 A g, and 340 mAh glat8 A gL
These values correspond to C-rate values of around 5, 10, and
20 C for commercial LIB negative electrodes with 400 mAh g
This remarkable performance is probably the result of the syn-
ergistic interaction between the two materials. The long-term
stability test (Figure 4d), performed in a coin cell in the low cur-
rent regime (100 mA g™!), which is normally a critical condi-
tion because secondary/degradation reactions have more time
to occur, reveals that the material needs 50 cycles to stabilize
the electrochemical performances. This effect has already been
observed in the literature due to the initial decrease in Sn grain
size formed by the conversion reaction with the loss of active
material.”2l Moreover, it has been proven that this results in a
decrease of specific capacity until the Sn particles fall below a
critical value that establishes greater reversibility in the con-
version reaction, promoting the oxidation of more Sn to SnO
by consuming Li,O (see discussion in the next section). The
tradeoff between Sn’s fragmentation and the conversion reac-
tion’s reversibility is also the key to understanding the slow
performance fluctuation observed from cycle 50 to cycle 700.
In this cycle range, where the performance can be considered
stable, an anodic capacity of 525 + 25 mAh g™ with a charge
efficiency of 98.8 + 0.3% is observed. This represents a prom-
ising result considering the low current used during cycling
and the use of commercial, non-optimized electrolyte. The sta-
bility test at 100 mA g! lasted about 7700 h (over 320 days).
Despite the long period and 700 cycles, the electrode showed no
change in specific capacity from the stable values obtained after
50 cycles (100% capacity retention). In contrast, the first cycle
capacity retention is 72%.
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2.4. Ex Situ Analysis of Cycled Electrodes

A detailed characterization of selected cycled electrodes has
been performed to identify the electrochemical behavior’s
origin and explain the electrochemical reaction’s mechanism.
Detailed chemical (XPS, EDX), structural (SAED), and mor-
phological (STEM) characterizations have been performed on
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cycled electrodes. XPS analysis has been carried out on elec-
trodes collected from cells at the open-circuit voltage (OCV)
and reduced to 1.0, 0.5, and 0.1 V. A further electrode was
obtained after reoxidation to 3.0 V. Results are reported in
Figure 5, and Figures S6 and S7 (Supporting Information). As
demonstrated by our data, both nanocomposite components
are electrochemically active. Indeed, both Ti and Sn regions

4 . N N
Ti2p Sn3d
C-Ti-(0O/0/0) Pristine Sno, Pristine
C-Ti-(O/O/F) Sn
C-Ti-(O/F/F)
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Figure 5. Ex situ Ti and Sn XPS spectra for electrodes cycled at different potentials.
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(Figure 5) changed significantly upon cycling, but the two spe-
cies behaved differently. The Ti region is characterized by dif-
ferent signals attributed to the different oxidation states and
local coordination in the MXene phase, as already discussed in
the first section. The evolution of this complex signal with lithi-
ation is essentially a shift of all the components, attributed to
the pseudocapacitive behavior of the MXene, already evidenced
by a previous study.>> Due to SEI formation, the Ti 2p inten-
sity drops significantly for low potentials but recovers in the
de-lithiated state, indicating a dynamic SEI or surface layer
that could contribute to the pseudocapacitive effect. The reoxi-
dized electrode presents a Ti spectrum similar to the pristine
compound, highlighting the reversible behavior of the MXene
components. Contrary, the Sn region presents sharp changes
with the appearance of new peaks for the electrode cycled to
1.0 V. From the OCV to this potential, a small lithiation of the
SnO, is expected, with the tin oxide behaving like an insertion
system for a very small fraction of Li.®®! Below this potential,
the reduction promotes the conversion reaction to Sn and Li,0O,
attested by the appearance of the peak ascribed to metallic Sn
(Figure 5).

Moreover, the contribution of Li,O in the O 1s spectral
region (Figure S6, Supporting Information) starts to appear at
low energy (528.5 eV). These contributions (Sn and LiO,) grow
in intensity for the electrode reduced to 0.5 V and reach the
highest intensities for the electrode reduced to 0.1 V. In this
state, the component associated with Sn(IV) is not visible,
suggesting the complete conversion of the tin oxide. Metallic
Sn formed during the reduction can further lithiate at 0.1 V,
forming various alloys. Based on the XPS results, it is impos-
sible to distinguish among these different species as no suit-
able bulk-specific point of reference for the binding energy is
present in the system. Although XPS is not the best tool to
investigate alloying reactions, the Li 1s spectral region analysis
provides information about the lithiation process, as further
supported by STEM. A lithium peak (Figure S6, Supporting
Information) appears at 1.0 V as the effect of the insertion reac-
tion, and it shows the features of the characteristic Li* in oxides
or fluorides. However, as the alloying reaction proceeds (spec-
trum obtained at 0.1 V), a not negligible contribution is present
at lower binding energy, as observed from the clear shoulder at
54.5 eV. This low energy contribution is usually associated with
the higher electronic density of lithium bonded with less elec-
tronegative atoms, such as metallic Sn.

The analysis of the XPS for the electrode cycled to 3.0 V
helps to understand the oxidation mechanism. The electrode’s
primary component in the Sn 3d spectrum cycled to 3.0 V
shifts back to higher binding energies. However, compared to
the electrode cycled to 1.0 V, a shift in binding energy toward
lower binding energies remains, indicating that the conver-
sion reaction is only partly reversible and the reoxidation does
not produce SnO, but SnO,. Additionally, a small shoulder
at lower binding energies shows either incomplete revers-
ibility of the conversion process or incomplete de-alloying.
The signal related to Li,O in the O 1s region is not observed at
3.0 V anymore, indicating that the tin reoxidation mechanism
occurs at the expense of the lithium oxide formed during the
conversion reaction. Finally, incomplete oxidation to SnO, and
or de-alloying is also supported by the remaining Li intensity

Adv. Mater. Interfaces 2023, 2202484 2202484 (9 of 13)

INTERFACES

— D
www.advmatinterfaces.de

at 3.0 V (Figure S6, Supporting Information), which, however,
could also be incorporated in the SEI as LiF or other electrolyte
decomposition products. This is further supported by the Fls
and P2p regions (Figure S7, Supporting Information), where
the decomposition of the LiPF; electrolyte salt can be observed.
Traces of Na (not reported) are also observed due to the CMC
binder used to prepare the electrodes. Given the absence of
spectral variations in the Na 1s signal, we can exclude the Na
as electrochemically active in the explored conditions.

To further characterize the conversion reaction and its revers-
ibility, electrodes in the fully reduced state (0.1 V) and reoxi-
dized to 3.0 V have been analyzed through (S)TEM, EDX, and
SAED; the vacuum transfer holder was used to avoid contact
with air; results on representative portions of such electrodes
are reported in Figure 6 and Figure S8 (Supporting Informa-
tion). The fully reduced sample is unstable under the high-
energy electron beam of HR-TEM, which induces the growth
of metallic lithium. The STEM images collected for the 0.1 V
cycled sample reveal that the electrode is mechanically stable
after the alloying reaction. The elemental maps (EDX) of Sn
and Ti show the intimate contact between the two materials,
with the two elements homogeneously distributed in the cor-
responding phases. SAED results show that the external part
of the MXene lamellae is covered with LiF nanometric particles
formed as SEI. At the same time, the Sn-rich phase is compat-
ible with the crystalline Li;3Sns alloy, a direct demonstration
of the alloying reaction. At the cut-off voltage of 0.1 V, the total
composition should be Li;Sn with the equilibrium between the
Li;3Sns and the Li;Sn, alloys.”?! This is in agreement with the
phase observed by SAED, also considering that the two crystal-
line phases (Lij3Sns and Li;Sn,) have very similar d-spacing. The
analysis of the reoxidized electrode again highlights that the
reaction does not involve a mechanical degradation of the nano-
composite, with the Ti and Sn EDX maps showing good homo-
geneity at the nanoscale level. The SAED analysis confirms
the XPS results, indicating the conversion back to SnO. The
analysis of the total diffraction data reveals that the conversion
does not entirely restore the initial configuration as, together
with SnO,, it is possible to detect SnO in an amorphous state.
On the contrary, the MXene component is stable and structur-
ally unaltered by the reduction and oxidation reactions.

The electrochemical performance of our material is in
line with SnO,/MXene composites obtained with similar
approaches (nanoparticles or other nanostructures on MXene
sheets), as evident from Table 1. All the materials reported have
low first-cycle charge efficiencies, require several cycles to reach
stable performance, and show excellent lifetimes in half cells
versus Li. However, as evident in the table, there is generally
little attention to either the ratio of oxide to MXene or the Cou-
lombic efficiency in subsequent cycles, which does not allow
for a proper evaluation of the durability of full cells equipped
with lithiated positive electrodes. In our case, these aspects
have been carefully evaluated, and the 50/50 composition by
mass was chosen as a compromise between increasing specific
capacity and the reversibility of the electrochemical processes.
The irreversible capacity value at the first cycle is an intrinsic
characteristic of conversion materials related to oxide reduction.
It often depends on the contact between the electrode surface
and electrolyte, thus on the separator used and the type of cell.
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Figure 6. Ex situ STEM, EDS, SAED analysis for 0.1 and 3.0 V cycled electrodes.

In our case, we observed a marked increase from the custom-
made cell to the coin cell. Methods to remedy this characteristic
include chemical, and electrochemical pre-cycling, reductions
by direct contact with lithium metal, or using sacrificial agents

in the electrolyte.

3. Conclusions

Exploiting the possibility of preparing SnO, nanoparticles
in the presence of Ti;C,T, MXene, we successfully prepared
a 50/50 mass% nanocomposite electrode able to provide an

Table 1. Comparison among the performances of different SnO,/MXene composites. NR: not reported.

Sno,? SnO, mass%  Anodic specific capacity Coulombic Stable anodic specific Coulombic Number of ~ Charge Ref.
morphology Ist cycle [mAh g7']  efficiency 1st cycle capacity [mAh g7| efficiency cycles retention®

TLs NR 1041 1% 900 NR 50 100% [42]
NWs 70% 1700 NR 700 NR 500 100% [43]
QDs NR 960 73% 697 98.5% 700 100% [44]
QDs NR 637 61% 506 NR 160 98% [45]
NPs NR 961 60% 900 NR 1000 100% [46]
NPs NR 350 35% 350 98% 300 100% [47]
NPs 50% 695 56% 525 98.8% 700 100% This work

ATL = thin layer; NWs = nanowires, QDs = quantum dots, NPs = nanoparticles; ®Calculated after stabilization of the electrode.
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anodic capacity of 525 mAh g™! for hundreds of cycles at low
current over 10 months in lithium-ion battery half cell con-
figuration. The electrode also shows promising kinetic proper-
ties, sustaining at 8 A g7 currents with a specific capacity of
340 mAh g,

Due to the scarcity of chemical, morphological and structural
data on such systems, we have used XPS and STEM to under-
stand the electrode reactions better and elucidate the electro-
chemical mechanism. The results demonstrated that during the
first cycle, the SnO, is converted to Sn first (Equation (1) in the
Introduction) and Li,O, while the formed Sn is then lithiated to
the Lij3Sns phase at a lower potential. Considering the amount
of charge involved in the conversion reaction (711 mAh g), in
the alloying to Li;Sn (533 mAh g™), and in MXene intercala-
tion and stabilization (around 400 mAh g™!), the total amount
of charge at the first reduction of the 50-50% nanocomposite
should be around 825 mAh g.. The excess of measured charge
(417 mAh g™) could be due to the SEI formation or to the higher
extension of the alloying reaction since, at the cut-off potential
at 0.1V, a higher amount of Li; sSn may also be formed.

During the de-lithiation, the alloying reaction is mechanically
stabilized thanks to the presence of the MXene sheets and the
intimate interaction between the nanoparticles and the layered
structure. Moreover, the conversion reaction becomes partially
reversible, with the formation of amorphous SnO consuming
part of the Li,O following Equation (3):

Sn+Li,0 2 SnO+2e +2Li* (3)

Considering the amount of charge involved in Equation (3),
the alloying to Lij3Sns, and the MXene contribution
(100 mAh g), the stable capacity of the nanocomposite should
be around 545 mAh gl This value, again, is less than the
measured specific capacity of the first 25 cycles and may be
influenced by the extension of the alloy lithiation. However, it
agrees with the observed stable charge capacity during cycling
(525 mAh g™).

Considering the overall performance, our nanocomposite
material showed a high specific capacity, excellent capacity
retention, and excellent rate capability. The charge storage prop-
erties are achieved due to the presence of tin oxide, while the
reversibility and kinetics of the electrochemical reactions are
due to the synergistic interaction between tin oxide and MXene,
the latter being able to both act as a buffer for the conversion
reaction and to enhance the charge transport proprieties in the
electrode.

4. Experimental Section

MXene Preparation: MXene was prepared from the corresponding
MAX phase of Ti;AlC, by chemical etching. The MAX precursor was
obtained by spark plasma synthesis using a procedure already described
in the previous work, where a complete structural and morphological
characterization of the precursor can also be found. The etching was
done following the synthetic method used in previous work.>>73 The
etching was performed using the following route: 500 mg of Ti;AlC,
(size <50 um) was kept under stirring in a Teflon beaker containing
an aqueous solution of hydrofluoric acid (HF) 30 mass% for 5 h at
room temperature. The powder was recovered and washed by a series

Adv. Mater. Interfaces 2023, 2202484 2202484 (11 0of 13)

INTERFACES

www.advmatinterfaces.de

of centrifugation steps until the pH of the washing liquid was =6. The
resulting product was dried for 12 h under a vacuum at 80 °C.

Nanocomposite Preparation: The SnO,-MX nanocomposite synthesis
was carried out by modifying a synthesis protocol of SnO, nanopowders
proposed in the literature.’? The synthetic scheme is shown in Figure 1.
In a typical synthesis, 400 mg of SnCl,-5H,0 (Sigma-Aldrich, 98% purity)
was dissolved in 40 mL of deionized water. 170 mg of MXenes (Ti;C,T,)
were soaked overnight in this solution to promote the pre-intercalation
of Sn ions into the 2D structure. The obtained solution was sonicated
for 1 h, then 4 g of urea (Sigma-Aldrich, >99% purity), 8 mL of fuming
HCl, and water were added under stirring (total volume was 160 mL).
The solution was transferred into a Teflon-lined stainless-steel autoclave
of 200 mL. The autoclave was sealed and maintained at 140 °C for 24 h.
Finally, it was cooled down to room temperature in ambient conditions.
The resulting white product was retrieved by centrifugation and washed
several times with MilliQ water and absolute ethanol to reach a pH of 7.
The powders were dried in a vacuum at 50 °C for 4 h.

To further investigate the system, tin oxide has been prepared as a
pure compound following the same procedure reported without adding
the MXene.

X-Ray Diffraction: X-ray diffraction measurements of the MXene
nanocomposites were performed with a D2 PHASER diffractometer
(Bruker AXS) with a copper X-ray source (Cu-K,, A = 1.5406 A, 30 kv,
10 mA). The samples were measured in the range of 5 to 60 26 deg and
with 0.02 s per step.

Electron Microscopy: The morphology of the samples was characterized
using Zeiss Gemini scanning electron microscope (SEM) equipped
with a field emission source (FE-SEM). The electrons were accelerated
using an electric potential of 1-5 kV for image acquisition. The samples
were fixed on a steel sample holder using conductive carbon adhesive
tapes. Scanning electron micrographs were analyzed using the Imagej
software.

The microstructure and elementary distribution of the samples
were characterized by a probe-corrected Themis 300 transmission
electron microscope (TEM; Thermo Fisher Scientific) equipped with a
high-angle annular dark-field (HAADF) detector and a Super-X energy
dispersive X-ray spectroscopy (EDX) detector. Selected area electron
diffraction (SAED) was used to characterize the crystal structure of the
samples. The measurements were carried out at an accelerating voltage
of 300 kV. The pristine powder sample was dispersed on a TEM grid
coated with holey carbon film. Samples of the cycled electrodes were
scratched off using tweezers and dispersed on a TEM grid. The samples
were transferred from a glove box into the TEM using a Gatan vacuum
transfer holder (model number 648).

X-Ray Photoelectron Spectroscopy (XPS): XPS measurements were
carried out using a K-Alpha spectrometer (Thermo Fisher Scientific),
equipped with a micro-focused, monochromated Al Ko X-ray source
(1486.7 eV) with 400- um spot size. The data was recorded using a pass
energy of 50 eV in the concentric hemispherical analyzer. To prevent
sample charging during the analysis, the powder samples required K-o
charge compensation system using a combination of both electrons
and low-energy argon ions. Powder samples (MXene, SnO,, SnO,-MX
nanocomposite) were measured as is and deposited directly on
conductive copper tape. The electrodes were removed from the batteries
at the desired state of charge and rinsed with DMC inside a glovebox
to remove access electrolyte salts. To avoid reactions of the dried
electrodes with air and moisture, the samples were transferred under
Ar atmosphere to the spectrometer. Data acquisition and processing,
using the Thermo Avantage software, as described in reference.lfl The
binding energy was referenced to C-Ti component at 282 eV for the
powder samples containing MXene and to the hydrocarbon peak at
285 eV for all other samples, while the overall binding energy scale was
controlled using well-known photoelectron peaks of metallic Ag, Au, and
Cu. Data fitting followed the proposed model for MXenes described in
referencel®l using a smart background as implemented in the Thermo
Avantage software.

Electrode Preparation: For the electrode preparation, a soft mixing
method was used to preserve the morphology of the nanocomposites.
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The 50/50_SnO,-MX electrodes were manufactured by mixing the
active material, conductive carbon, and carboxymethyl cellulose (CMC)
in the ratio of 7:2:1. Firstly, the active material and carbon were mixed
in a mortar. Afterward, the dry powder mix was dry-mixed at 1000 rpm
for 5 min in a SpeedMixer DAC 150 SP from Hauschild. Milli Q water
was added dropwise to the mixture until the slurry achieved suitable
viscosity. This paste was again mixed at 1000 rpm for 5 min following
2500 rpm for 5 min. Finally, the CMC binder solution was added, and
the viscous electrode paste kept mixing at 800 rpm for 10 min. The slurry
was stirred for 12 h with a magnetic stirrer to obtain a homogeneous
slurry. The slurry was spread with a doctor blade onto copper current
collector foil (thickness of 9 um, MTI) with an automatic coater (MTI
Mini Cast Coater MSK-AFA-HC100), in a wet thickness of 200 pm. The
electrode coatings were initially dried at room temperature overnight
and in a vacuum at 110°C for 12 h to remove the remaining solvent. The
electrode was dry-pressed with a rolling machine (HROT1 rolling machine,
MTI), and finally, discs of 12 mm diameter were punched, resulting in a
mass loading of the active material of =1.5 mg cm=2.

Electrochemical ~ Characterization: ~ Custom-built polyether ether
ketone (PEEK) cells with spring-loaded titanium pistons were used for
electrochemical tests.7! After drying all cell parts at 120 °C for 14 h, the
cells were assembled inside an Ar-filled glovebox (MBraun Labmaster
130; Oy and H,O < 0.1 ppm). The cells were arranged in a three-
electrode configuration for electrochemical measurements, with the
nanocomposites used as the working electrode and lithium metal as the
counter and reference electrode. The electrolyte used was commercial
LP30 (1 M LiPFg in ethylene carbonate and dimethyl carbonate (EC/DMC
50:50 by volume, Sigma-Aldrich)). All electrode potentials are reported
versus the Li*/Li standard couple.

All electrochemical measurements were carried out in a climate
chamber (Binder) with a constant temperature of +25 + 1 °C. Rate
performance measurements were conducted at different currents, in
the potential window 0.1-3.0 V, to get more information about the half-
cell rate capability and stability at higher currents. The applied specific
currents were 0.1, 0.2, 0.5, 1.0, 2.0, 4.0, 8.0 A g7, and (again) 0.1A g™

The long-term stability tests were performed at 0.1 A g'. Two-
electrode coin cells (2032-type) were used for these tests because they
provide better sealing than PEEK cells, considering that the long-term
tests lasted about one year due to the relatively low current, which
provides more realistic results. All values obtained for cell capacity refer
to the respective total active mass of the nanocomposite.

The cells were tested in a climatic chamber from BINDER with a
constant temperature kept at 25 + 1 °C, and the instruments used for
the electrochemical analyses were a multichannel Bio-Logic VMP3 and
an Arbin Battery Cycler.
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Supporting Information is available from the Wiley Online Library or
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