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Abstract

Electrochemical and physicochemical characteristics of three tin-based materials with various oxygen amount used as
negative electrode in lithium-ion battery have been evaluated and compared. Nanosizing structuration impact in case of SnO»
is also discussed. Depending on the oxygen amount in those materials used as electrode, energy and power density of lithium-
ion battery can be modulated up to 2000 Wh/kg and 8000 W/kg for a maximum sustainable 3C rate. Fading depends mainly on
the oxygen amount and, to a lesser extent, on nanostructuration. SnO appears as the best candidate in this material family
concerning irreversible capacities and coulombic efficiency. Post-mortem characterizations after 100 cycles by XRD, SEM and
EDX highlight a lower aggregation of tin particles for oxygen-based materials upon cycles and formation of a- crystallographic
tin phase which can be supposed as beneficial for coulombic efficiency.
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1. INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) have
overwhelmed the consumer electronics market and thus have
become the promising power sources for electric transports as
electric vehicles (EVs) and hybrid vehicles (HEVs) [1], [2].
The electric powered idea has also begun to take-off flight
applications. If commercial airplane are far to have an electric
propulsion, they already integrate battery as backup batteries
or for starting the auxiliary power unit (APU) for examples
[3]. In another part, many projects of aerial taxi are developed.
At this small scale, the electric propulsion make sense [4]. In
this way, in 2019, Uber Company in partnership with Bell
introduced during the CES (Consumer Electronic Show) in
Las Vegas its first taxi/drone. Bell entrusted the French
company Safran the task to motorize the aircraft. This
prototype called “Nexus” is a vertical takeoff and landing
vehicle (VTOL). Safran offers hybrid propulsion (a
turbogenerator and a battery provide energy). For the Uber
VTOL applications, the battery cell specific energy required
is 400 Wh/kg. The electric VTOLs will likely use large battery
packs nominally a 140 kWh pack for a 4 person aircraft [S].
However, the battery specifications are relative to the
manufacturers [6]. For example, the requirement for the E-
Hang 184 (which is also describe as an UAV capable of
carrying passengers) is a battery pack of energy density of
14.4 kWhie 21.6 Wh at cell scale, a battery life of 1000 cycles
at 1C and a 3C maximum charge rate [7].

In addition to electric transport applications, the market for
lithium-ion continues to grow rapidly due to their use ranging
from stationary storage of renewable energy to powering all
electronic devices such as phones and laptops [8], [9]. In
consequence the development of new promising materials
with high energy density is required [10], [11].

Today, negative electrodes for lithium ion battery have a
limited specific capacity (Cgraphit=372 mAh/g), leading to a
maximum energy density of 14.4 kWh.

Tin-based materials family is one of them because of its high
capacity (993 mAh/g). Tin is also a very abundant and non-
toxic material with low lithiation/delithiation potential versus
Li*/Li and high electronic conductivity [12]. However, the
lithium ion electrochemical process of tin differs from the
well-known insertion one and is a major limitation to its
industrial application. Indeed, Sn electrode undergoes severe
volume expansion (up to 300% for Li»nSns [13]) and
contraction during cycling. This leads to particle
fragmentation. This phenomena is called ‘“‘electrochemical
grinding” and leads to delamination and electronic contact
loss [14]. In addition, the coexistence of massive Li-Sn alloy
phases within the same particle creates a phase boundary
between adjacent phases that have different crystal structures
and Li:Sn ratios - and thus different volumes. As a result, the
different regions within a particle, break away and become
inactive [15], [16].

To solve these problems, SnOx has been considered as a
promising candidate to improve the tin material performances
[17]. Its fabrication and design have been widely reported. For
the SnO», material, two electrochemical reactions take place
[13], [18]: First, the partially irreversible conversion of tin
oxide into tin particles enclosed into a Li>O matrix occurs (1).
Then, tin particles are able to form different alloys with
lithium up to the theoretical limit of Lis4Sn following the

equation (2). This last reversible mechanism will drive the
electrochemical activity.

SnO; + 4Li* + 4e” — Sn + 2Li,O e))
Sn + xLit + xe" <> LixSn (0<x <4.4) 2)

LiO formation appears as very slowly reversible in
special conditions [19]. Hu et al. showed that the Li,O
formation can be highly reversible with controlled
nanostructure of SnO; using in situ SERS (surface-enhanced
Raman spectroscopy) study [20]. However, in most of the case
the electrochemical performances come from the alloying
process. The conversion mechanism for tin oxide material has
been issued as beneficial to the stability of the electrode but a
high irreversible capacity is lost during the first cycle. The
oxide matrix acts as a buffer to protect the particles and limits
their aggregation [21]. Retoux et al. showed using high
resolution microscopy coupled with electronic diffraction that
the decomposition of SnO into 10 to 50 nm tin grains
surrounded by a 5 to 10 nm amorphous matrix made of Sn and
O. They also proved that the size of tin particles increased
upon cycling due to aggregation [22]. SnO (II) has been much
less reported [13]. However, one advantage using SnO rather
than SnO; is that the loss of Li ions is reduced [23], the
conversion step becoming:

SnO + 2Li* + 2e” — Sn + Li;O 3)

So, tin-based materials including oxides, sulfides,
intermetallic, alloys and some other compounds have attracted
many attention and been intensively studied in the past
decades [12]. However, only few articles compare their
performances in the same electrochemical conditions, and an
important lack of data on tin (I) oxide [12], [24], [25] exists.

In this publication, we have done a systematic study of
different tin-based materials used as electrode in lithium-ion
battery and tested in the same electrochemical conditions.
Thanks to the different means of characterization (X-ray
diffraction XRD, Scanning electron spectroscopy SEM
coupled with EDX), we aim at comparing and then explaining,
the different performance, in half cell, of tin-based materials
during the first cycles. Post-mortem characterizations have
been done in order to investigate the failure mode upon 100
cycles of these materials. A major attention is paid to the
influence of oxygen content and of nanostructuration.

2. MATERIALS AND METHODS

Sn (Tin nanopowder from Sigma Aldrich), SnO (Tin (II)
oxide powder from Sigma Aldrich), micro-SnO> (Tin (IV)
Oxide from Sigma Aldrich) and nano-SnO; (Tin (IV) oxide
nanopowder from Sigma Aldrich) have been characterized by
scanning electron microscopy (SEM) ZEISS SUPRA
operating at 3 kV. X-ray diffraction (XRD) patterns were
collected using a System X’pert pro diffractometer with a Cu
Ka radiation source between 20 and 90°. The diffractogram
patterns have been refined using Rietveld method in FullProf
program.

The electrochemical properties of tin-based materials were
studied at room temperature in CR2032 coin cells with lithium
metal as negative and reference electrode. The working
electrode preparation consisted of 70% of active material,
20% of conductive agent (Y50 from Imerys Graphite &
Carbon) and 10% of binder (PVDF HSV9000. The electrode



was dried at 105°C for 2 hours. A Whatman glass fiber was
saturated with 1M LiPFs EC:PC:DMC (1:1:3) mixture
electrolyte, and insulated from the electrode with two celgard
separators. The coin cell was assembled in an argon-filled
glove box. Galvanostatic measurements were carried out
between 0.05 and 3V (vs Li/Li*) at 40 mA/g for long cycling
(C/25 considering the theoretical capacity of tin) or at current
densities up to 2560 mA/g for 1 cycle on a Biologic battery
testing system. The electrochemical results were calculated
based on the active mass, related exclusively to the tin-based
material one and have been reproduced almost 3 times.

For post-mortem analysis, the cells have been opened at
the end of oxidation process after 100 cycles at 40 mA/g in
galvanostatic regime, washed with PC solvent and dried softly
in glove box. Then, the electrodes have been characterized by
XRD and SEM coupled with EDX.

3. RESULTS AND DISCUSSION

3.1. Material characterizations

XRD patterns of some different commercially available tin-
based materials are presented in Fig. 1. The patterns have
been refined using Le Bail refinement. Sn can be indexed to
tetragonal B-Sn structure with a I4i/amd space group (am =
5.8317 A, chn=23.1813 A). Some SnO impurities are observed
with a space group P4/nmm (an = 5.832 A, cn = 3.181 A)
[26], [27]. Indeed, tin can be partially oxidized under air [28].
SnO powder pattern can be indexed to the SnO structure,
whereas nano and micro-SnO> to rutile SnO, structure
P42/mnm (an =4.738 A, ¢y = 3.187 A). All the materials have
a good crystallinity and a good phase purity except for Sn.
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Fig. 1. (A) XRD patterns and Le Bail refinement of Sn, SnO, nano-SnO,
and micro-SnO,. (B) Structure of the different tin-based materials.

Fig. 2 shows SEM images of the different materials. The Sn
powder is composed of spherical particles with an important
diameter distribution between 50 and 500 nm. SnO powder is
black which corresponds to its stable phase. Observed by
SEM, SnO is composed mostly of micrometric particles. At
highest magnifications, a tabular crystal structure can be
observed with a face size of about 5 um. SnO is metastable
in ambient conditions but can be oxidized in air following the
equation (4). The oxide can also undergo the reaction
described in equation (5) even in the absence of oxygen [29],
[30].

2Sn0(s) + Ozg) — 2SO0y 4)
ZSHO(S) — SHOQ(S) + Sn(1) )]

Observations of smaller particles (=100 nm) at the surface of
the SnO crystal could be the products of the reaction
described in equation (4) and (5). However, no any other
phases than SnO are observed on the XRD pattern, suggesting
a minor oxidation of the material. So, the smaller particles
probably come from the synthesis process. Due to their
smaller size and more reactive surface, there are the ones
which are susceptible to be more oxidized in surface, if any.
Micro SnO; powder is composed of round particles with a
diameter between 50 and 200 nm. Nano SnO, power is very
similar to the micro one but the particle diameter is in
between 10 and 50 nm. An important particles size
distribution is observed for all the commercial tin-based
materials. Micro SnO; particles are on average 5 times bigger
than nano SnO; particles which allow us to study the
influence of particle size upon cycling.
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Fig. 2. SEM images of Sn, SnO, micro-SnO, and nano-SnO, at x10000
magnification.

3.2. Electrochemical properties

Galvanostatic ~ electrochemical ~ measurements  were
performed at 40 mA/g between 0.05 and 3V (vs Li/Li*). Fig.
3 shows the first discharge and charge curves of Sn-based
materials. The letters from (Fig. 3a) to (Fig. 3f) represent the
different steps of the electrochemical mechanism of Li* with
tin-based materials.



From (Fig. 3a) to (Fig. 3b), the conversion step occurs, then
from (Fig. 3b) to (Fig. 3f) the alloying mechanism appears.
The first cycle shows a great difference between the tin-based
materials although a same alloying mechanism. Table 1
presents the number of moles of lithium exchanged during the
first and the fifth discharges. To be able to compare the
different tin-based materials, the conversion and the alloying
processes have been separated for the calculation.

From (Fig. 3a) to (Fig. 3b), the first plateau (<1 V) observed in
reduction can be attributed to the redox process of Sn (IV) or
Sn (II) into Sn metal, the small plateau observed for Sn can be
attributed to the reduction of surface oxide layer. Here we can
clearly observe the amount of oxygen in tin-based materials
with correlated Li;O amount. The plateau length is
proportional to the quantity of Li>O formed during the
conversion. Table 1 gives the number of Li* exchanged during
the first discharge. The numbers of lithium exchanged are
close to the expected one for all the tin-based materials. 1.9
Li* is obtained instead of a theoretical 2 for SnO, and
respectively 3.46 and 3.03 for nano and micro-SnOs,
respectively, instead of 4. The number of lithium exchanged
for Sn is 0.35 instead of 0 which could be due to the
conversion of the small amount of SnO leading to a final
composition for this material of (SnO).1755n.

suggests that a common mechanism exists. This part of the
curve can be attributed to the Li-Sn alloying mechanism (2)
[21]. The phase diagram of Li-Sn shows seven
thermodynamically distinct phases ranging from lowest to
highest lithium concentrations: Li>Sns, LiSn, Li;Sn3, LisSno,
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Fig. 3. First galvanostatic discharge/charge curves of Sn-based
materials at 40 mA/g current density in the voltage range of 0.05-
3V (vs Li/Li*)

Li;3Sns, Liz;Sny and Li»nSns [31]. According to the type of
alloys formed, the specific capacity of the electrode could

Table 1. Moles of lithium ion exchanged during the first and the fifth discharges for Sn, SnO, nano-SnO, and micro-SnO,
Theoretical Calculated Li*exchanged during the discharge :
Phases E(V) i exchaneed for o Sn SnO Nano-SnO, Micro-SnO,
exchanged lor phase st th st th st th st th
formation
cycle cycle cycle cycle cycle cycle cycle cycle
SnO Sn + SEI
Conversion | ~o x>0 OCV-09 | 2(SnO)or4(Sn0) | 035 0 1.90 0 3.46 0 3.03 0
(Fig. 3a)-( Fig. 3b)
Li-poor + SEI
. (Fig. 3b)-( Fig. 3¢) 0.9-0.36 2.33 2.06 0.42 1.94 1.26 2.80 1.9 2.52 1.7
Li-rich
(Fig. 3¢)( Fig. 3f) 0.35-0.05 2.07 1.43 0.73 1.69 1.54 2.28 1.68 1.63 1.74
. 44,64 0r84
Total nLi*exchanged | ot h
3-0.05 a lcvm) a4 (Sl Cyde) 3.84 1.15 5.53 2.8 8.54 3.58 7.18 3.44

The voltage where the Solid Electrolyte Interphase (SEI) is
formed for tin-based material electrodes, is still discussed.
Lucas et al. observed, with in situ Atomic Force Microscopy,
AFM, on a tin electrode, the initial steps of the SEI formation
from 2.5 V to 0.7 V (vs Li*/Li) [13]. They also showed the
instability of SEI layer on a Sn film. This phenomenon is
enhanced by the large volume change upon cycling and
gradual increase of the Specific Surface Area (SSA) [13]. Also
with AFM, Beaulieu et al. found that the SEI can occur only
before the formation of the first Li-Sn phase (Li»Sns) (=0.8V)
which apparently has no catalytic surfaces that decompose
electrolyte [18]. Ehinon et al. using both XPS and !''“Sn
Madssbauer spectroscopy showed that the SEI consumed up to
4 moles of lithium at the very first stage of the discharge in
case of NizSny electrode [19]. The SEI formation in case of tin
oxides cannot be dissociated from the conversion mechanism.
Considering the works cited above, this study admits that the
SEI occurs from the Open Circuit Voltage (OCV) to 0.7 V.

After the plateau from (Fig. 3b) to (Fig. 3f), under 0.9V, the
general shape is similar for the different materials which

theoretically reach up to 994 mAh/g for Li»nSns [21].
However, the important volume change observed for the tin-
based materials will increase with the highest lithium
concentration in alloys. The volume change is not as severe
when the Li-Sn phases are structurally related, for example in
the case of the first two Li-Sn phases, Li>Sns (Fig. 3b)-(Fig.
3c) and LiSn (Fig. 3c)-(Fig. 3d) [8]. LiSn alloy is formed
before 0.42V and a small plateau is observed testifying the
formation of a stable phase [13]. This plateau can also be
observed for SnO electrode but not for nano and micro SnO..
The Li>O insulating matrix slows down the conduction of
electrons leading to a lesser separation of Li-Sn phase
transitions. A larger plateau (Fig. 3d)-(Fig. 3e) is observed at
0.36 V corresponding to Li;Sn3 (Fig. 3d) phase formation. The
alloys Li>Sns, LiSn and Li;Sns are identified as lithium-poor
phases. The lithium-rich phases (Fig. 3e)-(Fig. 3f), namely,
LisSny, Lii3Sns, LizSny, and LixsSns, in the voltage range of
0.35 V to 0.05 V are structurally related and cannot be
differentiated. Both Li-rich and Li-poor designation have been
chosen according to Courtney et al. study [8]. Micro and nano-
SnO, react with more than 8.4 theoretical lithium ion
exchanged for the conversion and alloying mechanisms. The
additional lithium ion amount can come either from the




reduction of the electrolyte to form the SEI or a new Li-rich
phase at the lowest voltage due to nanostructuration. This last
hypothesis should be studied in a further article.

The coulombic efficiencies of SnO and Sn are respectively
73% and 68% during the first cycle, whereas, the ones for
nano and micro-SnO» are respectively 51% and 61% for the
first cycle. The poor coulombic efficiency between the first
discharge and charge is due to the irreversible conversion
mechanism and also to SEI formation on Sn particles. The
capacity loss during the first cycle is proportional to oxygen
content in the respective materials which means that
controlling the oxygen amount of the tin-base materials has a
major impact on the first cycle which will induce the behavior
of the material thereafter.

Polarization is less important in the case of SnO by
comparison of SnO, materials because of the formation of less
amount of Li,O. Indeed, the electrically insulating nature of
Li;O which surrounds the Sn metallic clusters limit the Li*
diffusion and the conductivity of the electrode [32]. Focusing
on the SnO,, the influence of the particles size can be
observed. The first specific discharge of the nano-SnO; is
more important than the micro-SnO; one. The plateau
observed at 1V is longer for the nano-SnO» than in the case of
micro-SnQO,, the conversion is more efficient. Moreover, the
alloying + SEI part of the curve is also much longer for nano-
SnO,. However, the coulombic efficiency is smaller for nano-
SnO; than for micro-SnO,. Nanoparticles have a more
important SSA which leads to the formation of a more
important SEI and a smaller first cycle coulombic efficiency.
Full conversion appears as not interesting for enhanced
performances and limited Li;O amount is required as in the
case of SnO used as starting electrode material. The
galvanostatic curves of the fifth cycle are shown in Fig SII.
The plateau lately observed around 1V has disappeared,
testifying a high conversion of SnO; into LiO and Sn.
However, the slopes at the early stages of the discharge are
different which seem to show that the formation of the Li-poor
alloys happens differently. Tin electrode has lost an important
part of its discharge and charge capacity and the curve is very
polarized. Micro-SnO; and nano-SnO, materials have a
capacity of 777 mAh/g and 809 mAh/g, respectively, values
quite close to the theoretical value of 994 mAh/g for tin
alloying. In Table 1, the numbers of Li* exchanged after 5
cycles show that for Sn and SnO materials an important part
of the lithium is not exchanged anymore. Aggregation in
inactive particles seems to occur depending on the material
composition. The capacity of the first reduction drives the
performances of the next twenty cycles as shown in Fig. 4
except for SnO. Whatever the tin-based electrode, a bad
coulombic efficiency and a small specific capacity are
obtained after 100 cycles. Some clear improvement must be
made if one wants to impose Sn-based materials in battery.
The volume change leads to the loss of electronic contact
between particles and current collector.

1800 T =

| )-./J-In/ DFTB:‘:"ED? +H &P%%q@ﬂc\@ LA Wﬁw‘
A ~,:..‘Hf:_‘_ TP a 2

qb@)ﬂ!-m—cﬁ' L L 90

1600

1400 d‘:‘

1200 ——sn 80
————— SnO

100048 e Nano-SnO,
----- Micro-SnO, 70

80041 %

Discharge capacity (mAh/g)
—o— Coulombic efficiency (%)

600 4 I 60

Discharge capacity (mAl/g)
(%) Kouamorge s1quiono)

400 4§

200

0

0 20 40 60 80 100

Cycle number

Fig. 4. Specific discharge capacity and coulombic efficiency as a
function of cycle number at 40 mA/g current rate in the voltage
range of 0.05-3V (vs Li/Li*)

During cycling, the influence of Li>O amount appears as
critical. Specific capacity of SnO reaches and then exceeds
specific capacity of SnO». After 20 cycles, specific capacities
of Sn, SnO, nano-SnO, and micro SnO; are respectively 82
mAb/g, 287 mAh/g, 264 mAh/g and 215 mAh/g. The smaller
quantity of Li»O matrix in SnO allows the material to have a
better cyclability, better coulombic efficiency and smaller
polarization, indicating that Li>O is needed but the amount
should be limited. This can be done by controlling the
oxidation state of the tin. An atomic O/Sn ratio close to 1
seems to be the best compromise. After 100 cycles, specific
capacities of Sn, SnO, nano-SnO, and micro SnO, are
respectively 74 mAh/g, 90 mAh/g, 60 mAh/g and 40 mAh/g.
All tin-based materials have lost the major part of their
specific capacity. Performances of nano-SnO; are about 50%
more than micro-SnO; after 100 cycles, which seems to show
some nanosizing benefit.

Galvanostatic tests at increasing current densities have been
done in order to determine their power ability. Not to be
limited by fading upon cycles, only one cycle at each
increased C-rate has been conducted. A standard 3V voltage
cell was used for power and energy density calculation. Such
experiments allow the construction of a Ragone plot shown in
Fig. 5, the results are summarized in Table 2. Raising current
densities do not give charges enough time to migrate through
pores which result in sluggish kinetics of electrochemical
activities, so decreasing energy density must be obtained.
Surprisingly, tin electrode doesn’t withstand well the
increasing C-rates since the lowest C-rates. Yet at C/10, tin
electrode energy density is only of 200 Wh/kg. The energy
density decrease is quite linear. However, the Sn electrode
supports up to 3C current density and can recover 52% of its
energy density when another cycle is made at C/25 after the

Table 2. Summay of the electrochemical properties of the different materials at different current densities.
Celpmmie: Current density Energy (Wh/kg)
(mA/g) Sn SnO Nano-SnO, Micro-SnO,

1 40 615 1224 2001 1536

2 80 342 1086 1707 1248

3 160 207 1020 1284 921

4 320 126 927 945 495

5 640 72 759 564 21

6 1280 33 486 132 9

7 2560 15 135 21 3




last cycle at 3C. At small current densities from C/25 to C/5,
tin oxide materials have the same energy density of about
1000 Wh/kg. At current densities higher than C/5, SnO
electrode can support the different currents densities better

SnO; and micro SnO; are respectively 486 Wh/kg, 132 Wh/kg
and 9 Wh/kg. It must be noticed that all the materials sustain
3C current density showing good ability to power applications
and satisfying the VTOL specifications. Nanostructuration
appears one more time as beneficial. The efficiency between
the first cycle at 40 mA/g (C/25) and the last one after the
current rate test is respectively for Sn, SnO, nano-SnO, and
micro SnO; of 52%, 73%, 62% and 57%. SnO appears one
more time as the most interesting electrode materials with
rather good recovering properties.
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Fig. 5. Ragone plot of tin-based materials

The possible outcome of the tin-based materials is confirmed
and especially under their oxide forms providing the
stabilization of performances upon cycling.

3.3 Post mortem

The conversion mechanism and the quantity of LiO
formed, linked to the oxygen amount in tin-based materials,
seem to be the keys of these improved performances. After
100 cycles, the galvanostatic tests were stopped at the end of
the oxidation process and the coin cells have been opened in
order to evaluate the future failure mode. The electrodes have
been washed using PC solvent and dried in argon atmosphere
glovebox. To avoid air contamination, XRD measurements
were performed in a special hermetic cell, so no contact with
air or humidity happened before analysis. SEM analyses were
performed under vacuum. The current collector is made of
iron alloy and the corresponding peaks are indicated by a star
on XRD patterns.
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Fig. 6. XRD pattern of Sn electrode after 100 cycles.

Winter et al. demonstrated the degradation of tin
electrodes upon cycling [10]. They observed with post-
mortem microscopy characterizations the formation of cracks
and electrode delamination. These cracks allowed the
penetration of electrolyte between the current collector and the
electrode material where it decomposed into insulating
products. Because of the loss of electronic contact, lithium
cannot be extracted anymore. In consequence, the amount of
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Fig. 7. (A) XRD patterns of SnO, nano-SnO, and micro-SnO, electrode before and after cycling. (B) Phases formation during conversion process for tin-

oxide materials.




tin accessible for lithium storage decreases which explains the
decreasing of the specific capacity upon cycling [21]. In case
of tin oxide materials, in situ Transmission Electron
Microscopy (TEM) managed by Huang et al. showed the
important volume change upon lithiation on a single SnO;
nanowire [33]. Furthermore, Courtney et al. showed that tin
atoms aggregate into large coherent regions but these effects
can be retarded in case of tin oxides [13] and nanostructured
particles [20]. However, Retoux et al. using in situ AFM
showed that the growth of tin clusters will lead to the loss of
percolation paths and electronic contact in SnO; electrode
during cycling [22].

These studies show the importance of in-situ and ex-situ
characterizations in order to better understand the failure
mode of Sn-based materials.

XRD patterns of the Sn electrode before cycling, as shown
in Fig.1, can be fully indexed to B-Sn structure [26]. After
cycling, the pattern presented in Fig.6 still correspond to the
B-Sn structure, but another phase appears and can be indexed
as LiSn monoclinic phase with P12/m1 space group (an=5.17
A, bn=3.18 A, cin =7.74 A) [13]. The LiSn phase formation
has already been observed by Hu et al. in case of SnO»
electrode [20]. As the electrode has been stopped at the end of
the oxidation process, the presence of lithiated crystallized
phase testifies the irreversibility of some alloying during
cycling. This phenomenon testifies from the electrochemical
grinding of the particles. The resulting loss of contact isolate
the particles. The electrons cannot have accesses to the
material anymore and the lithium cannot be extracted. XRD
patterns of the SnO electrode before and after cycling, are also
shown in Fig. 7. Before cycling SnO structure is observed.
After cycling, the SnO structure is not visible anymore and
new phases are observed. Conversion step has totally
transformed the oxide form as it will be the case for all the
oxide forms studied. The new phases form at the end of
oxidation can be indexed as [3-Sn, bug also as cubic a-Sn with
a space group of Fd-3m (an = 6.491 A) [34]. XRD patterns of
the nano-SnO; and micro-SnO; electrode before and after
cycling are shown in Fig. 7. After cycling, nano-SnO; shows
two phases similarly to SnO, whereas only B-Sn is registered
for micro-SnO; in agreement with the literature [13]. The -
Sn formation isn’t well known and has been much less
reported. However, Oehl et al. showed for Sn/SnOx
nanoparticles that Sn nanoparticles can be transformed from
the metallic B-structure to the semiconducting a-structure after
lithium insertion and extraction. They discovered that the
phase transition is size-related and is favored with decreasing
particle size. They found that the critical size for this
transformation is 17 nm [35]. In this study, the o-Sn is
observed for nano-SnO; but not for micro-SnO; in agreement
with the work of Oehl et al. The o-Sn structure is
semiconducting, so the transformation will lead to an increase
of the internal electric resistance of the electrode, which is
unfavorable for electrochemistry. However, the nanosizing of
particles has been proved as a good benefit for tin-based
material cycling performances as shown in the first part of this
study. More, Kaghazchi et al. showed that the more opened
structure of a-Sn is kinetically more favorable for Li* insertion
[34]. Legrain et al. confirmed this hypothesis with DFT
calculations. [36]. The formation of the alpha phase seems
therefore beneficial to electrochemical performance.

Up to now, a-Sn phase formation has not been reported for
SnO material. The particles are mainly micrometric before

cycling but both 3-Sn and o-Sn are observed after cycling. We
can already make two hypotheses. First, the partial surface
oxidation of the unstable SnO particles allows the formation
of nano-SnO; which can then be converted into a-Sn phase.
Small particles of about 100 nm, probably oxidized on their
surface, have been observed by SEM (Fig. 8) and can
corroborate this hypothesis. Second, a very important particle
division happen for SnO during the conversion step until
nano-sizing which then can allow the formation of a-Sn phase.
In both cases, SnO and nano-SnO, o-Sn phase formation
seems to improve our performances compared to micro-SnO»
or Sn electrode materials. This resultis in line with the studies
cited above.

Electrode before cycling Electrode after cycling
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Fig. 8. SEM images of Sn, SnO, nano-SnO, and micro-SnO; electrodes
before and after cycling

SEM images are shown in Fig. 8. Before cycling, spherical
particles with an important distribution in size (50 nm to 500
nm) can be observed. Bridges between the particles are
characteristic of PVDF binder. With SEM analysis,
morphologies of Sn and carbon black are too close to identify
their own contribution. To differentiate them, EDX images
have been done. However, the magnification is smaller in this
case because the surface of the beam interaction is bigger.
EDX observations are shown in Fig. 9. For Sn electrode, red
tin atoms are not homogeneously distributed in the blue
carbon matrix. Oxygen atoms distribution is clearly linked
with Sn one. After cycling, the raw morphology is lost. SEM
images showed that the material seems to be aggregated in
flake-like particles. Courtney et al. reported the aggregation of
tin has a major drawback for tin electrode. Once large tin
aggregates formed, the volume change upon cycling will be
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Fig. 9. EDXimages of Sn, SnO, nano-SnO, and micro-SnO; electrodes
before and after cycling

excessively increased which may induce cracking and
capacity loss [13].

For SnO electrode before cycling, important particles
corresponding to SnO can be observed (Fig. 8). All around
these particles, really small ones identified as carbon black
(<100nm) are connected with bridges (PVDF). EDX images
are consistent with SEM images. The SnO particles can be
easily distinguished from the carbon matrix. After cycling, the
SEM pictures can testify the modifications already observed
on XRD pattern. SnO particles have been crushed to form
smaller particles. With EDX, the electrode after cycling shows
a mixture of elements. The tin particles are included in a more
amorphous matrix composed mainly of oxygen. Important red
spots indicate the presence of tin aggregates. The important
electrode amorphization undergone by SnO electrode could
explain the a-Sn observation in the XRD pattern after cycling.
In addition, it can explain the good cyclability of SnO
electrode, small particles being known as interesting for
electrochemistry [36]. SEM pictures of the nano-SnO,
electrode before cycling show, as for SnO, spherical particles
with a size <100 nm bound by wires identified as PVDF
binder. EDX confirms this forecast. After cycling an
important amorphization of the electrode is observed with
SEM. Particles seem to have been aggregated and to be
included into a matrix. The aggregates are bigger with a size
higher than 100 nm. Images completed by EDX analysis have
also been done and witness the elements mixing. SEM and
EDX images of micro-SnO; before cycling showed that the
electrode formulation is not homogeneous. After cycling,
important aggregates are observed in SEM (>500nm). EDX

show more red parts so more tin aggregates. SEM images are
in agreement with XRD pattern, micro-SnO; even after the
conversion its important particles size.

4. CONCLUSION

Electrochemical measurements have been made in the same
conditions for different commercial tin-based materials. The
results point out the very interesting performances in terms of
energy and power density especially for the oxide forms of tin.

SnO appears as the best candidate concerning irreversible
capacities and coulombic efficiency whereas SnO» has the
best gravimetric capacity. A maximum of 2000 Wh/kg is
obtained in terms of energy for nanostructured SnO; and if
about 14 kWh is needed for VTOL, a battery weight of 7kg is
imposed which is quiet reasonable. Low polarization is
maintained in SnO whereas the high amount of insulating
Li>O, formed by the reduction of SnO,, leads in increased
polarization effect and decreased battery voltage.

Li,O occurring seems essential to preserve Sn particles from
aggregating and contributes to enhanced energy capability.
However, the amount of oxygen atoms in oxide form must be
controlled and an atomic O/Sn ratio close to 1 seems to be the
most interesting case. Some complementary studies are
needed to better evaluate this optimal ratio and to characterize
LiO crystallinity, coverage, homogeneity by in situ HR-
TEM coupled with electron diffraction.

Post-mortem characterizations demonstrate that
complementary to O/Sn ratio, nanostructuration and o-Sn
formation upon cycling are keys parameters for better
performances.

Micro-SnO> and Sn appear as more sensitive to particles
aggregations than nano-SnO, and SnO. Those latter two
phases are able to be partially converted into a-Sn. To our
knowledge, this phase has only been reported in case of nano-
SnO; conversion. It is the first case that it has been reported
starting from SnO.

Finally, if we go back to VTOLs applications requirements,
the 3C maximal current density can be addressed for all the
tin-based materials but the maintaining of an interesting
capacity upon 1000 cycles is not sustainable for any tin-based
oxide. Maybe, the current densities used were too high and
those tests should be made at lower current densities. A better
way of enhancement is to work on buffering by carbon matrix
and to get compatible all the interphases by functionalization
treatment such as fluorination in order to avoid aggregation
upon cycling.

For vehicles applications, the study of tin-based materials over
a wide temperature range should be performed. The effect of
temperature for anode materials seems to focus on the
reactivity of the interface. Temperature rise accelerates side
reactions, reducing coulombic efficiency and cycle life. On
the contrary, the SEI become less permeable to Li* at low
temperatures, slowing down cell kinetics [38]. In case of Sn-
based materials, Winter et al. reported excellent performances
at high temperatures [14]. Jansen et al. observed the influence
of lowered temperature on Sn-based intermetallic compared
to graphite-based anode. All materials performances declined



drastically with decreasing temperature [39]. In addition, the
cell polarization will be higher at low temperatures, increasing
the energy inefficiency during cycling which is already
problematic for tin-based materials. Recent reports on silicon
materials suggests that silicon with high surface area and
conductive coatings minimize some of these issues by
reducing the lithium and electron diffusion path (despite the
increase of SEI formation) [40], [41]. In consequence,
nanostructuration and limitation of oxygen content can help
tin-based materials to have a greater tolerance to low
temperature.
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