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ABSTRACT

Tin oxide is one of the most promising anode materials to replace graphite in the next
generation lithium-ion batteries thanks to its high theoretical specific capacity, low cost
and large availability. Unfortunately, its large-scale application is still limited, due to
marked capacity loss and poor cyclability. Recent findings demonstrated improved
reversibility of the electrochemical reactions through the optimization of SnO> particles
size. In this frame, the sol-gel method has proved to be one of the most interesting
synthesis processes to obtain mono and polycrystalline SnO. particles, which guarantee

higher reversibility of the conversion reaction. In this work, SnO. nanoparticles was
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synthesized by sol-gel method, with an average size of 5 - 50 nm, depending on the post
calcination temperature. Subsequently, the optimization of the electrode composition in
terms of mass loading and binder allowed to achieve a specific capacity of 350 mAh g2,
with a coulombic efficiency of 99.9 % after 100 cycles at high current rate of 0.75 A g*.
Finally, the optimized and pre-lithiated SnO> anode was coupled with the high voltage
LiNiosMn1504 (LNMO) cathode in full-cell configuration, and the contribution of the
voltage window and formation step to the final cell capacity was studied to determine the

optimum conditions at which high cycling stability can be obtained.

1. Introduction

Nowadays, it is generally accepted that Li-ion battery technology can play a crucial
role in the energy transition, facilitating decarbonization of the transportation sector and
providing a pivotal contribution in the energy storage from intermittent solar and wind

sources [1].

At the same time, for all these applications a battery system able to guarantee fast and
safe charge is fundamental and strategic for the mass adoption and diffusion of these

technologies [2][3][4].

However, it is generally accepted that the lithium-ion intercalation in graphite-based
electrodes is one of the bottlenecks for the fast charging, limiting the performance of the
battery and strongly affecting the safety of the system [5][6]. In addition, graphite has a
theoretical specific capacity of 372 mAh g, which cannot meet the future generations

battery requirements [7][8].
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In the last decades, different materials have been studied as alternative anodes for Li-
ion battery such as alloys, conversion materials and metal oxides. However, many of these
materials show some issues and drawbacks, such as poor cyclability, reduced operational
potential, poor electronic conductivity, or high production cost, which have inevitably

limited their diffusion and commercialization [8][9].

More recently, the use of hybrid materials such as silicon and graphite blends are
among the most attractive options to increase energy density and achieve the targets set
for next generation batteries. Electrodes with a variable percentage of silicon and graphite
have been developed and are currently used in commercial lithium-ion batteries with the
aim of increasing the specific capacity of the system [10][11]. However, the percentage
of silicon is still low compared to that of graphite, and the limits associated with fast
charging are not addressed yet. Furthermore, silicon is within the materials that are
recognized as critical in the “Report on critical raw materials” by EU in 2020 [12]. For
these reasons, there is a clear need to study and develop alternative anodic materials able
to guarantee higher energy densities and good rate capabilities while being widely

available.

In this frame tin dioxide (SnOz) is one of the most valued materials for Li-ion battery
(LIBs) anodes and has gained particular interest due to its low cost, high availability and
above all, excellent electrochemical properties. It is indeed characterized by a high
theoretical specific capacity (for alloying/de-alloying reaction ~782 mAh g !and for
alloying/de-alloying and conversion reactions, ~1494 mAh g 1) as well as an average
charge and discharge potential of 0.5 V and 0.3 V vs. Li*/Li [13][14][15]. Unfortunately,
the widespread use of SnO as anode has been strongly limited by its intrinsic low
electronic conductivity, by the limited reversibility of the conversion reaction and the

marked volume expansion during the alloying reaction. These drawbacks have been
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partially overcome through material engineering, such as miniaturization of the particles
and creation of hybrid materials, in which a carbonaceous material or carbon-based matrix
limits the volumetric expansion and, at the same time, guarantees good electronic
conductivity [16][17][18]. Therefore, many different nanostructured SnO, and
composites have been reported in literature, such as SnO2 and Sn/SnO; hybrids [19] with
hollow structures, able to provide extra void space alleviating the stresses of Li de-
/intercalation processes [20], thin carbon layer applied to the exterior surface of SnO;
hollow spheres [21] as well as well-designed surface engineering of porous carbon
coatings on CNT@SnO> composites that increased the Li ion diffusion through an open
tunnel-like architecture [22]. The embedding of either Sn [23] or SnO2 nanoparticles into
porous carbon or carbon nano/micro spheres provided materials with high surface area
allowing more surface lithium storage sites [24], while the fabrication of SnO, quantum
dots on N-doped carbons significantly decreased the diffusion distance for ion/electrons

improving the rate capability of the cell [25].

More recent researches intensively explored the complex reaction mechanism of Li
storage in SnO> by in situ/in operando techniques in both liquid [26] and solid electrolytes
[27] and validated that SnO. conversion/alloying reaction is a five step mechanism
involving several different phases such as SnOy, LigSnOs, Li2SnOs, LixSn, Sn and Li-0,
depending on the lithiation potential. At the same time, it has been observed that the
irreversible capacity during the first cycles and the poor cycling stability are ascribable to
the aggregation of Sn particles into inactive clusters during charge/discharge processes.
Such Sn coarsening-induced volume shrinkage is one of the main reasons for capacity
fading thus, the repeated formation of very small Sn particles starting from nanosized and
robust SnO: is still the most feasible way to obtain high capacity and stable cycling

performances [28].
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As a consequence, the SnO> anode performance in LiBs are strictly related to the
variety of morphologies in which the material can be prepared, i.e. 1D [29], 2D [30], 3D
[31], along with its particle size [32] and their distribution in confining matrices that limit
their coalescence and improve their conductivity [33]. Unfortunately, such matrices
usually lead to increase the content of the inert mass, which lowers the volumetric and
gravimetric energy density of the final battery. It is almost certain that the breakthrough
for SnO> as anode will require the design of nanocomposite electrode [34] materials, but

currently most of the production processes appear complicated for scale-up.

Taking into account all these considerations, SnO2 nanoparticles have been prepared
by cost-effective and highly scalable sol-gel approach, followed by calcination at
different temperatures. Sol-gel method has been chosen for its ability to provide fine
dispersion of tin precursors limiting coarsening of nanoparticles [35], and resulting in
narrow dispersion of SnO. NPs with an average size between 5-10 nm, (which can
increase to 20 nm by post treatment). Besides, nanosizing of SnO, particles allows to
maintain a high fraction of Sn/Li2O interfaces, which strongly improves the reversible

dis-/charge reactions [36].

Then, through the chemical-physical and morphological study of the particles obtained
by sol-gel approach, the optimal post-treatment process has been identified in order to

obtain finely dispersed SnO> nanoparticles with high surface area.

In a second step, the material with the best morphological properties has been studied
from an electrochemical point of view as suitable anode material for LIBs. Particular
attention is given to the engineering of the electrode by studying different slurry
compositions, different mass loading and different binder/solvent couples. In fact, the

impressive electrochemical performances of highly nanostructured SnO: electrodes are
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often achieved at very low mass loadings (i.e 1.0 mg cm or less), where the mass of the
inert components (current collectors and separators) highly exceeds the one of the active

material [37][38][39][40].

Finally, the electrochemical performances of the optimized SnO; electrode have been
evaluated in a full cell configuration, coupling the tin oxide-based anode with a cobalt-
free LiNiosMn1504 (LNMO) cathode. LNMO is chosen because it is considered a good
candidate for the next generation cobalt-free positive AMs, but its commercial application
is still hindered by some drawbacks such as the dissolution of transition metals (i.e. Mn)
and the electrolyte decomposition occurring at high operating potential [41], in particular

if coupled with the graphite anode.

Hence the evaluation of the electrochemical performance of SnO2 in a full cell
configuration with high voltage cathode materials, is promising but has not fully been

characterized yet.

2 Material and methods

2.1 Preparation of SnO2 through sol-gel synthesis

SnO2 nanoparticles were synthesized by a sol-gel method. Typically, 9 gr of
SnCls2H20 (Sigma-Aldrich) were dissolved in 100 ml deionized water under stirring,
NH4OH (25%) was added up to pH 8 dropwise. The resulting solution was stirred for 2
hours and left in a closed flask for 24 hours before calcination. The calcination
temperatures were 400, 700, 900 and 1000 °C for 2 hours (samples respectively named
Sn02-400, Sn02-700, Sn02-900 and Sn0O2-1000). Commercial SnO. nanoparticles
purchased from Sigma-Aldrich were used as comparison (Sigma Aldrich, SnO;

nanopowder, < 100 nm avg. part. size).
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2.2 Characterization of SnO2 nanoparticles

The synthesized nanoparticles were characterized on a carbon holey grid by TEM
(JEOL, JEM-2010, Japan) for their morphology, and their size distribution was measured
on the TEM images by ImageJ software on 50 particles per sample. The surface area was
characterized by nitrogen adsorption and desorption isotherms at 150 °C (Autosorb-1,
Quantachrome Instruments, US). The X-Ray diffraction was performed by an XRD
D500/501 apparatus (Siemens, Berlin, Germany), equipped with Cu Ka radiation source
from 10-80 26 angle with 0.04 step. The crystallites size was determined according to
Scherrer equation that relates the width of a powder diffraction peak to the average

dimensions of crystallites in a polycrystalline powder:

D = K\/B (20)hkI cose,

where B is the crystallite size contribution to the peak width (full width at half
maximum) in radians, K (shape factor) is a constant near unit and D is the average
thickness of the crystal, in a direction normal to the diffracting plane hkl. The Raman
analysis was carried out by an in Via Renishaw instrument with a laser of 514.5 nm at 5

mW.

SnO; particles morphology was also assessed by FESEM on a Zeiss SUPRA TM 40
with Gemini column and Schottky field emission tip (tungsten at 1800 K). Acquisitions
were made at acceleration voltage of 3 kV and working distance (WD) between 2.1 and

8.5 mm, with magnification up to 150 KX.

2.3 SnO2 anode preparation and half-cell assembling
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All the electrodes were prepared by solvent tape casting method. Different slurries
composed of SnO», conductive carbon additive (TIMCAL C-NERGYTM Super C65,
Imerys Carb.) and a polymeric binder (poly(vinylidenedifluoride) PVdF-HSV900
dispersion at 10 wt.% in N-methyl-2-pyrrolidinone solution), in different weight ratio: (i)
40:50:10, (ii) 50:40:10, (iii) 60:30:10 and (iv) 70:20:10 were prepared in order to evaluate
the effect of the mass-loading, and electrode composition. All the different mixtures were
mechanically deposited on a copper current collector by Doctor Blade technique. The
blade was adjusted for a 200 pm deposition using an automatic film applicator (Sheen
1133N) with a speed of 50 mm s*. Successively to the slurry deposition, the coated
copper foil was dried at 60 °C for 1.5 hours in air. After solvent evaporation, disks of
0.785 and 1.766 cm? were punched out, vacuum dried at 120 °C (in a Biichi Glass Oven
B-585) for 4 h, then transferred into an Argon filled dry glove-box (MBraun Labstar, H.O
and Oz content < 1 ppm) for the half-cell and full-cell assembly. The final active material
loading of the anode electrodes was respectively 1.1, 1.6, 2.5 and 3.5 mg cm™2 for (i), (ii),

(iii) and (iv) respectively.

To evaluate the effect of the binder, slurries of SnO2-400 (SnO2 nanoparticles obtained
from the 400 °C calcination), C65 and CMC in water, with weight ratio 70:20:10 (mass

loading of 3.6 mg cm™2) were prepared by the same procedure.

The as prepared electrodes were tested in 2032 coin cells (for galvanostatic cycling
test), using lithium disks (@ 16 mm, thickness 0.6 mm, Tobmachine) as counter and
reference electrodes, while a glass-wool (glass fiber separator, thickness 0.65 mm, EL-
Cell) was used as separator. The electrolyte adopted was a solution of 1.0 M LiPFe
dissolved in a mixture 1:1 v/v of Ethylene Carbonate (EC) and Diethyl Carbonate (DEC)

(battery grade, Solvionic).
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The cycling performances were investigated by means of galvanostatic discharge-
charge cycling (GC) using an Arbin BT-2000 battery tester at room temperature. GCs are

carried out in the potential range of 0.01 - 2.0 VV vs. Li/Li" at different C-rates (1495 mAh

gt is the theoretical capacity of SnO;). Here, the potential is referred versus Li/Li*, and

the specific charge is presented per mass of SnO, material.

To better evaluate the overall resistance inside the cells Potentiostatic Electrochemical
Impedance Spectroscopy (PEIS) measurements were carried out by a versatile
multichannel potentiostat (VMP-3 Biologic). Impedance measurements were performed

using an amplitude of 10 mV in the frequency range of 500 kHz to 50 mHz.

Two-probe plane electronic conductivity measurement was used to evaluate the out-of-
plane conductivity of the electrodes. Circular electrode discs with a diameter of 18 mm
were inserted into EL cells ECC-Ref according to the following configuration: bottom
cell — electrodes — current collector — pistons — spring — top cell. Galvanostatic
Electrochemical Impedance Spectroscopy (GEIS) measurements were carried out by the
multichannel potentiostat (VMP-3 Biologic). Impedance measurements were performed
repeatedly on three different electrodes for each samples using an amplitude of 0.5 mA
in the frequency range of 100 kHz to 100 mHz. During the GEIS measurements the
working and counter electrodes were separated for the respective references in order to

avoid the contribution of cable resistance.

2.4 LNMO cathode preparation and SnO2/LNMO full cell assembly and

characterization
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The cathode slurry was prepared mixing 90 wt% of active material LNMO
(LiNiosMn1504, NANOMYTE-SP10, NEI corp.), 5 wt% of conducting Carbon Black
(TIMCAL C-NERGYTM Super C65, ImerysCarb.) and 5 wt% of binder PVdF (HSV900,
10 wt.% in NMP solution) in N-methyl pyrrolidone. The as prepared slurry was casted
on aluminium foil by a solvent tape casting method, using a doctor blade (adjusted for
300 um deposition) and an automatic film applicator (Sheen 1133N) with a speed of 50
mm s, After evaporating the solvent at 60 °C for 1.5 hours, electrode disks with an area
of 1.766 cm? were punched out and vacuum dried at 120 °C (Biichi Glass Oven B-585)
for 4 h, then transferred into an Argon filled dry glove-box (MBraum Labstar, H.0 and
O content < 1 ppm). The final mass loading of the LNMO dried electrodes was in the

range of 6 mg cm™,

Before the full-cell assembly, the anode was charged and discharged ten times at C/10
with a final step of pre-lithiaion (at C/20) to 0.01 V in half-cell, in order to address the
initial irreversible capacity loss and form a certain lithium reservoir. Subsequently, the
anode electrode was coupled with LNMO electrode and tested either in T-cells (for three-
electrodes test) or in coin cells 2032 (for two-electrodes test). The three-electrodes cell
configuration was used to control and deconvolute the voltage profiles of the anode and
cathode during charge and discharge process, using lithium metal as reference electrode.
All electrochemical studies were performed at room temperature. The full cell
electrochemical behaviour was investigated in two operational potential windows, from

35 - 49Vand 25 - 4.9V vs. Li/Li*. While the charge/discharge rate was based on

the LNMO theoretical specific capacity of 147 mAh g~

3 Results and Discussion
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3.1 SnO:z structural and morphological characterization

The first step of this study is aimed to screen the morphological and chemical-physical
characteristics of the synthesized materials. In particular, the effect of the calcination

treatment on the tin dioxide particles is evaluated.

Figure la-d shows the TEM and Figure S1 the FESEM images of the sol-gel
synthesized SnO> nanoparticles calcined at the different temperatures of 400°C, 700°C,
900°C, 1000°C respectively, and that of commercial SnO: is shown in Figure S2b as
comparison. Both TEM and FESEM images indicate that SnO, is composed of
nanoparticles that are in the order of five to fifty nanometres in size, depending on the
calcination temperature. As can be seen in Figure 1a, Figure Sla-b and in Figure S2a,
sample Sn02-400 shows a homogeneous, uniform distribution of SnO2 nanoparticles
agglomerates. Moreover, SnO2-400 nanoparticles appear ultra-fine, with a mean particle
size of about 5.8 nm, which is very similar to the size of particles determined by XRD
analysis using the Scherrer’s equation, as shown in Table S1. For samples calcined above
400°C, the mean particle size of the nanoparticles, obtained by TEM analysis, increases
with the calcination temperature (Table S1). This effect has been reported by Aziz et al.
[42] who observed the same trend between the average particle size of SnO; and the
calcination temperature. The structural coarsening of SnO; driven by temperature is
attributed to the growth of nanometer-scale SnO crystallites [35]. In fact, the
microstructure at 700 °C and 1000 °C is similar but SnO2-1000 has larger grain size and
larger size distribution (Figure 1b,c and Figure S1g-h). Moreover, for samples SnO»-

700, Sn02-900 and SnO»-1000 a discrepancy is also observed between the mean particle
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size obtained from TEM micrographs and the values calculated by the Scherrer’s

equation, indicating polycrystalline SnO2 (Table S1).

To evaluate the phase purity and the crystallite size of the synthesized SnO2, XRD

analysis is carried out and reported in Figure 2a with the XRD pattern of the commercial
sample as comparison. The XRD analyses show the characteristic peaks of SnO:
corresponding to the tetragonal rutile structure with a P4>/mnm space group (reference
code 98-015-7448) and these results confirm a single phase. Among all the samples,
Sn02-400 exhibits broader peaks consistent to the smaller particle size and less degree of
crystallinity. The XRD peaks of SnO2 become sharp and narrow with the increase of the
calcination temperature, this means that the phase does not change with temperature but
the crystallinity degree increases as well as the nanoparticle size [43], as observed by
TEM analysis. Figure 2b shows the Raman spectra of the synthesized SnO:

nanoparticles. From Raman analysis the peaks at 633, 475 and 774 cm™?, correspond to
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the Ay, Eg and Byg vibrational modes, respectively. These are the typical modes of the
tetragonal rutile structure of SnO2 consistent to a pure phase sample [44]. In particular,
Azxg and Bog are attributed to the symmetric stretching modes of the Sn-O bond, while Egq
is attributed to the vibration of oxygen in the oxygen plane. Additionally, two modes at
697 cm™* and 543 cm ! are exhibited in the Raman spectrum of SnO2-1000 in Figure 2b,
that are usually referred to local lattice disorder. In Figure 2b, the intensities of the Aqg,
Eg and Bzg vibrational modes of SnO.-400 are lower than those of the other SnO2 samples
and this can be related to the lower crystallinity degree and higher surface disorder of
Sn0.-400. Finally, the blue shift of the Aig mode further confirms the increase in particle
size with the calcination temperature [44]. It is evident that the material calcined at the
lower temperature 400 °C exhibits the highest surface area (88.6 m? g 1), and the lowest
crystallite size and particle size (5 nm), possibly due to monocrystalline nanoparticles;
while further calcination increases particle and crystalline size and decreases surface
areas, to values of 55 nm, 24 nm and 13 m? gr ! respectively. The commercial material
exhibits values in the range of 43 nm particle size, 36 nm crystallite size and 8 m? gr*

surface area.
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In relation to previous studies [45] it is expected that nanosized SnO2 shows advantages
in cycling behaviour with characteristics related to strong resistance to fragmentation, less
volumetric changes during conversion/alloying reactions and enhanced diffusion of Li-
ions in the bulk phase. Thus, the attention has been focused on the sol-gel monocrystalline
Sn0,-400 material with the smallest particle size (5 nm) and larger BET surface area

which is expected to show enhanced electrochemical performance.

3.2 Electrochemical characterization

3.2.2 Characterization of SnO2-400 half cell tests: the effect of the mass loading.

As mentioned before, in addition to morphology, the electrochemical performance of
SnO: is highly sensible to the electrode composition [46]. In this section, SnO,-400
sample is selected and the effect of electrode engineering, such as the mass loading, is
analysed. For this reason, four electrodes are prepared with different weight ratio of active
and inactive components (named: SnO2-400-40%, SnO.-400-50%, SnO2-400-60%,
Sn02-400-70%), corresponding to active material loadings of 1.15, 1.61, 2.55 and 3.65
mg cm2, respectively. Galvanostatic cycling is performed in half cells to assess the
electrochemical performances of the different electrodes. After three cycles at C/10, the
cells are galvanostatically lithiated at 1C for 100 cycles and then at C/10 for the last three
cycles, within the potential range of 0.01 - 2.0 V. Delithiation is performed at 1C. Figure
3a-d show the specific capacity vs cycle number for SnO2-400 cells with different SnO>

mass loadings. As can be seen at the 2" cycle at C/10, all cells experience similar

lithiation capacity, which ranges between 984 and 1154 mAh g depending on the SnO;
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mass loading, reaching 66 - 77% of the total theoretical capacity of the material. Figure

3a shows that SnO,-400-40% cell delivers stable capacity of 550 mAh g* at 1C and

retains 660 mAh gt at C/10 after 100 cycles. Similarly, the electrode containing 50% of

SnO- shows a capacity retention higher than 50% at 1C and a specific capacity close to

650 mAh gt at C/10 after 100 cycles. On the contrary, the electrodes with higher mass

loadings experience lower capacity retention at 1C, which is 33% for SnO2-400-60% and

23% for Sn02-400-70%, calculated from the 4" to the 103™ cycle. From these results,

there is a clear evidence of the benefit of carbon black addition to SnO2-400 in the

electrode preparation, which improves the electrochemical performances at higher C-

rates (1C).
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In Figure S4a-g the specific capacity vs voltage plots at the 1%, 2" and 105™ cycle at

C/10 of Sn0O2-400 are reported, along with the corresponding differential capacity vs

voltage curves. The differential capacity plots are smooth and display fewer sharp peaks.
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This trend is typical of small grain and less crystalline SnO2 material [47]. The overall
voltage profile at the 1% cycle at C/10 (Figure S4a) leads to high irreversible capacity
(2500 mAh g!) during initial lithiation, consistent with more severe electrolyte
decomposition and higher solid electrolyte interface (SEI) formation, due to the high
specific surface area of SnO2-400 [48]. The differential capacity profiles (Figure S4d, e)
show additional peaks at 0.03V (in reduction) and at 0.07 V (in oxidation). These peaks
disappear in the dQ/dV plots when the weight percentage of C in the electrode is
decreased, and can be related to the intercalation of Li ions into carbon black. This
accounts for a small fraction of the total capacity delivered by SnO2-400 (SnO, 40% and
Sn0O; 50%) along with the larger irreversible capacity observed at the 1% cycle.
Differential capacity profiles at the 105" cycle (green line in Figure S4d-f) show the role
of carbon black in limiting aggregation of Sn during cycling. In fact, the peaks related to
the conversion and alloying reactions of SnO are clearly visible in the dQ/dV curves of
the electrodes with higher C content (SnO2 40% and SnO2 50%). At the 105" cycle, large
and smooth peaks appear in the dQ/dV curves of SnO. 70%, this shape is associated with
the aggregation of Sn into larger regions during cycling [45]. These results highlight that
at least 40% of C in the electrode composition is necessary, both to increase the

conductivity and prevent coalescence of tin particles.

In order to understand the role of carbon black in the electrode formulation, two-probe
plane measurements have been carried out to study the conductivity of electrodes, in
particular the out-of-plane conductivity, which controls the charge transport from the
current collector to the active sites [49]. The experimental set-up is reported in Figure
S4. Basically, Galvanostatic Electrochemical Impedance Spectroscopy (GEIS) is used to
measure the resistance (R) that is the sum of the resistance of the composite material

(SnO2/Carbon black/binder) and the contact resistance. This resistance can be used to



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

calculate the resistivity (p) of the system and the conductivity (o), according to equation

(1) and (2) reported in the SI.

As can be seen in Table S2, similar values of conductivity are obtained for the
electrodes containing 40 and 50 wt.% of SnO., respectively. The electronic conductivity
increases for the electrode with 60 wt.% of SnO> and decreases again by increasing SnO>
content to 70 wt.%. These values highlight that the electronic conductivity is not simply
related to content of carbon black in the electrode but is the result the complex distribution
of the materials inside the electrode along with the formation of conductive networks with
different porosity and tortuosity. In fact, the higher electronic conductivity does not
directly correspond to the higher capacity values, since also the ionic conductivity plays

a fundamental role both at high and low C-rates [50].

To better evaluate the overall cell resistance, Potentiostatic Electrochemical Impedance
Spectroscopy (PEIS) analysis was performed during the forming cycles for all the
electrodes more precisely, at the end of the first and the third cycle at C/10. As reported
in Figure S5a,b, the Nyquist plots show two semicircles: one at high frequencies referring
to SEI layer resistance (Rsei) and the second at mid-frequencies related to charge transfer
resistance (Rct). The initial resistance at the highest frequencies is due to the electrolyte
resistance and/or contact resistance (ReL), while the straight line at low frequencies
represents the lithium-ion diffusion in the bulk material [51]. All Nyquist plots are fitted
according to the equivalent circuit reported in Figure S5c¢ and the fitted values are listed
in Table S3. From the Nyquist plot, the cells show very low resistance, which is lower
than 20 Q. From fitting the Nyquist profiles, it is possible to identify and discriminate the
various contributions of the resistance. The initial resistance (Rev) is between 4 and 6 Q

and lower for the electrodes with higher amounts of carbon black. This could be related
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to the higher permeation of the electrolyte in the porosity of the electrode and to the lower
contact resistance. However, at the third cycle, Re. remains roughly constant for SnO»-
400-50, Sn0,-400-60 and Sn0O»-400-70, while it increases for SnO2-400-40. This is
probably due to a greater reactivity of the carbon black with the electrolyte. The greater
tendency to form SEI layer at the electrolyte/electrode interface with higher amount of
carbon black is confirmed by the Rsg) observed after the first cycle, which turns out to be
higher for SnO2-400-40 than for the others. The charge transfer resistance (Rct) decreases
as the amount of SnO> increases. This should be due to the better distribution of the
components within the electrode, which facilitates the charge transfer from one particle
to another. However, all Rct values are very similar and in the range of 5.5 to 8.9 Q. After
three cycles, both the Rsej and the Rct decrease, confirming that more stable SEI layer is
achieved. To sum up, the internal resistance of the different electrodes is similar.
However, after several cycles, the cell capacity is strongly influenced by the initial
distribution of both SnO2 and carbon particles inside the electrode, since such distribution

allows the carbon particles to better buffer the volume changes of SnO..

3.2.2 Characterization of Sn0»-400 half cell tests: the effect of binder.

Equally to the mass loading optimization, the use of less expensive binders and eco-
sustainable processes turns out to be one of the most important challenges of future
electrode manufacturing process [52]. In this frame, commercial sodium carboxymethyl
cellulose (Na-CMC), containing carboxylic groups acting as dispersing agents during
slurry preparation [46], should feature many advantages over PVdF binder, especially

with ultra-fine SnO2 nanoparticles [53]. To verify such hypothesis, the composition
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70:20:10 (Sn0.-400:C45:CMC), corresponding to the highest mass loading obtained in

the previous part, has been selected.

This formulation was selected because it is the most extreme condition, in terms of
amount of SnOy, reported in this study. In fact, As can be seen in the previous paragraph,
the higher amount of SnO: in the electrode corresponds to the lower specific capacity and
capacity retention. At the same time, high SnO2 mass loadings allow to better appreciate

the role of the binder and its influence on the electrochemical properties of the electrode.

The galvanostatic charge/discharge performance with CMC are shown in Figure 4a
against those of Sn02-400 electrode with similar mass loading (3.65 mg cm2) and PVDF
binder. With water-based binder SnO>-400 has twice the capacity, with the same number
of cycles, and affords better capacity retention compared to PVDF. These results highlight
that CMC offers better connectivity between SnO.-400 and carbon black particles,
allowing higher SnO> utilization than PVDF, at comparable mass loading. Figure 4b-c
shows the voltage profile and dQ/dV plots of SnO, anodes with the different binders at
the 1% cycle. The shape of the dQ/dV plot at the 1% cycle is different for the two binders,
suggesting different interfacial reactions. Two peaks at 2.35 and 1.4 V (highlighted with
black arrows in Figure 4c) can be seen with SnO,-PVDF electrode, which are mostly
ascribable to the reduction of the electrolyte [54]. These peaks are not present in the
dQ/dV of SnO,-CMC, which exhibits only a small peak at 1.2 V. A similar behaviour
was observed on Si anodes by Lucht and co-workers [55], who reported the formation of
a thick SEI layer after 5 charge/discharge cycles with PVDF binder. They claimed that
the SEI isolated the Si NPs and was responsible for a rapid capacity decay. On the
contrary, a thinner SEI was observed around Si NPs when using CMC, which resulted in
better cyclability. This might explain the higher specific capacity (349 mAh g for

SnO2/CMC vs 149 mAh g* for SnO2/PVDF at 50" cycle, 1C) and the better capacity
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retention (36.24% for SnO2/CMC vs 31.2% for SnO2/PVDF after 100 cycles at 1C)

observed for SnO2-400 with CMC binder.
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To sum up, the CMC binder, which is rich of acidic functionalities, can better interact
with tin oxide nanoparticles, by hydrogen and/or covalent bonding, allowing an
enhancement of electrode performances even at the highest SnO, mass loadings that can

be achieved with the coin cell design.

3.2.3 Characterization of the SnO,-400/LNMO Li-ion full cell.

In order to study the behaviour of SnO>-400 as alternative anode to graphite in a full

Li-ion cell, the SnO; anode is tested against a commercial LNMO cathode.

Starting from the observations of the previous paragraphs, an anode composition of 50
%wt of SnO»-400 is selected, as good compromise in terms of mass loading and
electrochemical performances. At the same time, CMC is chosen as aqueous binder for
its higher electrochemical stability, eco-sustainability and reduced cost. While for the

cathode composition, the selected ratio is 90:5:5 (LNMO:C65:PVdF).

For the electrochemical characterization, two different cell designs are used: three-

electrodes T-cell and 2-electrodes coin-cell configuration. In fact, T-cell configuration
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enables the use of a Li reference electrode for monitoring the potential of individual

electrodes, while the coin cell design enables longer cycling tests at C/10.

Prior to cell assembly, both SnO, and LNMO are individually cycled vs. Li anode in
the half coin cell configuration, mainly to limit the large irreversibility of SnO, anode and
build up a certain Li reservoir. Specifically, the procedure for SnO. involves 10 cycles at
C/10 followed by one lithiation at C/20 until the cut-off potential of 0.01 V is reached.
The N:P ratio, was calculated on the basis of the practical capacities of both electrodes,
obtained at C/10 in half-cell configuration, and it has been set to a value of ~1.1/1.2. In
the full-cell the dis-/charge rate is based on the LNMO cathode at C/10, which
corresponds to a specific current of 14.5 mA g LNMO. Two operational potential

windows of 2.5 - 4.9 V and 3.5 - 4.9 V are selected for cycling the full cell, in order to

better understand and exploit the electrochemical behaviour of the electrodes. As
depicted in Figure S6a,c the full cell with SnO2/LNMO cycled in the potential range of

2.5 - 4.9 V shows an initial discharge capacity of 100 mAh g1 based on the sum of the

masses of the negative and positive active materials, which corresponds to 118 mAh g1
based on the LNMO active mass only. The initial Coulombic efficiency is around 89% at
the 1% cycle and then settles to 97% until the 50" cycle is reached. Considering and
average voltage of 4.2 V, the specific energy (based on the anode and cathode active
material) is higher than 400 Wh kg™ for more than 15 cycles. As can be seen in Figure
S6a, after the first cycles the cell experiences a slight but steady capacity fading. This
observation can be clarified by considering the voltage characteristics of both electrodes
in Figure S6c¢, which depicts the trend of the potential vs time of the full cell, the anode

and the cathode, respectively. In fact, cycling the full cell in the potential range 2.5 - 4.9

V, the anode reaches the upper cut-off voltage of 1.06 V while the lower cut-off voltage
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is 0.2 V, which means that, in this regime of potential, both the conversion and the
alloying reactions of SnO- are not fully exploited. At the same time, for LNMO the lower
cut-off voltage is 4.7 V, which implies that only the two-nickel redox couple are involved
in the reaction while the manganese couple remains unutilized. This results in 55%
capacity retention from the 1% to the 50" cycle. On the other hand, when decreasing the

potentials in the range 3.5 - 4.9 V, the SnO2/LNMO full cell shows a very stable specific

capacity for the first 12 cycles (Figure 5a). Also in this case, the initial Coulombic
efficiency is rather low, around 87%, which indicates a certain fraction of side reactions
due to SEI formation, but then it stabilizes at 97% until the 50" cycle. Concerning the
specific capacity, at the 2" cycle, it is 105 mAh g* based on the total mass of active
material, corresponding to 127 mAh g* considering only LNMO mass, which means that

the full capacity of the cathode is used.

As depicted in Figure 5c¢, within this cell cut-off potentials (between 3.5 and 4.9 V) the
LNMO cathode experiences stable dis-/charge cycles, and both the manganese (at 4.1 V
vs Li/Li*) and the nickel (at 4.7 \VV vs Li/Li") redox couples are clearly visible, in particular
in the early cycles. In addition, at the 1%cycle, SnO, operates within the range of potential

of 0.96 - 0.01 V vs Li/Li*, which means that the anode does not reach its upper cut-off

voltage and the conversion reaction does not take place at full capacity. However, a slight
increase of the upper cut-off voltage of the anode is observed in the following cycles
(Figure 5c¢), which becomes more and more important as the number of cycles increases
until the upper cut-off voltage of 2.0 V is reached (Figure 5d). The mentioned shift of
the anode potential is accompanied with the capacity loss of the full cell during the first
20 cycles (Figure 5a), and the fading of the redox plateau of the manganese couple of the
LNMO cathode, which disappears at around the 7" cycle (Figure 5d). This phenomenon

has been explained as a loss of electrochemically available lithium [56], which is
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consumed in continuous SEI formation. It is important to note that, apart from the
electrolyte, lithium mainly comes from the LNMO material, which continuously
experiences Li* losses in the full cell during cycling, compared to its behaviour in the

half-cell (i.e. vs lithium) [57][58].
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To better highlight the single electrode behaviour in 2-electrodes full cell, the
differential capacity vs voltage plots (dQ/dV) of the LNMO cathode, vs Li reference
electrode at the 1%t and 15" cycle, are shown in Figure S7. At the 1% cycle, the peaks of
Ni """ oxidation at the potential of 4.70 V and the Ni "'V oxidation at 4.74 V are clearly
seen, meaning that the lithium amount is enough for the complete lithiation of the LNMO
material. After 15 cycles, there is a shift of the oxidation peaks of nickel towards lower
potentials, which is accompanied by the decreasing of Ni '"""" peak and by the increasing
of the Ni "V peak. As cycling proceeds, the fraction of fully lithiated phase, which

corresponds to the Ni """V couple, also decreases because the electrochemically available
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lithium in the cell is bound at the electrode [56], this explains the observed capacity fading

from the 15" to the 50" cycle in the full cell, observed in Figure 5a.

In order to verify that the loss of electrochemically available lithium is mainly
responsible for the degradation of the capacity in the full cell, both the cathode and the
anode were retrieved from the full cell and two half-cells were assembled with Li as
counter electrode. Figure 6a shows the capacity voltage curves of the LNMO cathode
after cycling in the full cell compared to those of pristine LNMO (Figure 6b). Except for
the 1% cycle, in which the capacity of the cathode is still affected by the incomplete
lithiation of LNMO experienced in the full cell (which corresponds to a charge capacity
of 51 mAh g), then the capacity settles down to the value of 120 mAh g%, which is
comparable to the one obtained with the pristine LNMO cathode (128 mAh g™2). This
behaviour is maintained in the following cycles (Figure 6c) indicating no substantial
modifications in the LNMO material after cycling in the full cell. A similar behaviour is
observed for SnO2-400 (Figure 6d), except for a capacity loss of 23% with respect to the
pristine material (Figure 6e). The trend of capacity of the recovered SnO; anode in the
half cell is fully consistent with its capacity retention with cycling, which is depicted in

Figure 3.
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In general, the obtained performances are in line with similar systems based on
conversion/alloying anodes and LNMO cathodes [59],[60]. The cycling stability of the
cell is comparable to full cells based on TiO. coated-SnO2 anodes and LFP cathodes [61],
and only slightly lower than that of chemically pre-lithiated nanocomposite SnO,/C
electrodes [62] and TM co-doped SnO> with N/P ratio of 2 [60]. Nevertheless, a direct
comparison is not simple, because most of the works use different cathode materials in
combination with the SnO2 anode, which imply that different potential ranges, SnO2 mass
loadings and electrolytes are used. In this work, the capacity of the full cell, in the
potential range of 3.5 — 4.9 V, is greater than 350 mAh g* at the 50" cycle, which is
consistent with the values reported in literature, where SnO; is combined with other
cathode materials (NMC, LFP, etc) [63-70]. In addition, it is worth noting that, in the
present work, except for the SnO: particles size optimization, no further strategies have

been adopted (i.e. electrolyte optimization, carbon coating, chemical pre-lithiation or
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other complex approaches [71]), which would have been useful to improve the cycling

stability.

4 Conclusions

A scalable sol-gel method was proved to be suitable to synthesise phase-pure and
crystalline SnO> and finely dispersed nanoparticles with and average size of about 5 nm,
which can be controlled by optimizing the calcination temperature at 400 °C. The
additional optimization of the electrode composition further improved the cycling
stability and SnO-400 exhibited a reversible specific capacity higher than 350 mAh g,
with a coulombic efficiency close to 99.9 % after 100 cycles, adopting a higher current
regime of 0.75 A g. The optimized SnO; electrode was then pre-lithiated and coupled
with a LNMO-based cathode showing high energy density of about 400 Wh kg,
corresponding to a reversible specific capacity higher than 350 mAh g* (based on the
SnO2 mass) which makes the combination of these two electrodes an interesting option
for the next generation Li-ion batteries. Overall, this study has revealed that the
investigation of the electrode formulation, beneficial to increase both the electrochemical
characteristics (electronic conductivity, reversibility of processes, coulombic efficiency,
etc.), and the mechanical properties (particle distribution, adhesion between components,
cycling stability) along with the identification of the best conditions for electrochemical
testing, have a dramatic impact on the performance of full cells, and it is expected to

provide some guidelines for the development of future tin oxide-based advanced anodes.
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Figures Captions

Figure 1: TEM micrographs of SnO2-400 a), SnO2-700 b), Sn0,-900 c) and SnO>-1000

d).

Figure 2: a) XRD analysis of SnO2-400, SnO-700, SnO2-900, SnO>-1000, commercial
SnO- and the reference pattern of SnO> (code: 98-015-7448); b) Raman analysis of SnO»-

400, SnO2-700, Sn0O2-900, SNO2-1000.

Figure 3: Specific capacity vs cycle number plot of SnO2-400 cells. Lithiation testing
protocol: first three cycles at C/10 followed by cycling at 1C and last three cycles at C/10.
De-lithiation at 1C. Electrodes are prepared with different weight ratio of the components

Sn0,-400: carbon black: PVdF: (a) 40:50:10, (b) 50:40:10, (c) 60:30:10 and (d) 70:20:10.

Figure 4: Specific capacity vs cycle number plot of a) SnO2-400 with different binders
(aqueous slurry with CMC and NMP slurry with PVVdF). Galvanostatic cycling comprises
formation at C/10 followed by 100 cycles at 1C (lithiation process). De-lithiation is
carried out at 1C. SnOz: carbon black: binder ratio is 70:20:10; b) voltage profiles and c)

dQ/dV plots of the 1%t and 2™ cycles.

Figure 5: Specific capacity vs cycle number plot of a) SnO2/LNMO full cell in the
potential range of 2.5 - 4.9V vs. Li*/Li and b) correspondent voltage vs capacity plots.
Voltage vs time plots of the full cell, cathode and anode measured towards Li reference

electrode.

Figure 6: Voltage vs capacity plots of a) recovered LNMO in the half cell, b) pristine
LNMO in the half cell, c) specific capacity vs cycle number of recovered LNMO in the
half cell. VVoltage vs capacity plots of d) recovered SnO in the half cell, €) pristine SnO>

in the half cell, f) specific capacity vs cycle number of recovered SnO; in the half cell.



