Investigation of the degradation of SnO, electrodes for use in Li-ion cells
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HIGHLIGHTS

» Combination of cyclic voltammetry and long term battery cycling on the same half cell.
» For the first time, areas under the curves were evaluated and set into relation.

» Amount of Li ions involved in the process, due to reduction and oxidation.

» Evolution of the SEI during cycling, were carried out with ex situ XPS measurements.

ARTICLE INFO ABSTRACT

SnO, nanoparticle layers were synthesized as electrodes, assembled in lithium half cells and tested by
combining cyclic voltammetry and long term cycling behavior, supplemented by XPS and SEM in
vestigations. The cycling behavior of SnO, shows characteristic features: large difference between dis
charging and charging capacity for the first cycles, pronounced negative slope, corresponding to huge
degradation of specific capacity and a shallower slope after achieving coulombic efficiency around 100%.
The areas under the charge and discharge curves of the voltammograms are assumed to be a measure for
the amount of oxidation and reduction, respectively. The integrated reduction and oxidation areas are

K ds: . . .
sﬁ}g:or s not equal after the first cycle (58:42). The whole reaction of the cycle can be described as partially
Li-ion reversible. Consequently, residuals remain, not contributing to capacity in the next cycle. However, after

achieving coulombic efficiency around 100%, the area ratio becomes 50:50. The goal of XPS investigation
Cyclic voltammogram is to show the evolution of the phases while crossing specific potentials. It was shown that the SEI is
Coulombic efficiency appearing for the first time by crossing the potential of 1 V. This SEI is dominated by lithium carbonate
SEI but also consists of a complex mixture of different lithium compounds and other decomposition products
of the electrolyte.

Degradation

1. Introduction of less than 10% during the cycling. Therefore, the capacity in

cycling experiments is nearly constant at 372 mA h g~ . In contrast

Nowadays, energy storage has gained an important role in the
everyday life. It is a common place to use portable instruments
(mobile phones, notebooks, etc.) which are dependent on reliable
energy storage equipment. Additionally, the automotive industry
searches increasingly for environmentally friendly driving tech
nology, in which electric motors and their batteries are expected to
be promising alternatives. In this context, Li ion batteries are
proven to be useful [1].

Graphite anodes are currently state of the art in Li ion cells.
Graphite is an intercalation material which has only little expansion
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conversion materials like SnO, form alloys with lithium during
charging. In this material up to 4.4 Li ions can be stored (Liz;Sns)
[2,3] which results in a theoretical capacity of 782 mA h g~L. The
challenge is to keep this capacity constant, because SnO, suffers
under a huge volume change of around 300% which occurs during
cycling [4—7]. Therefore cracks arise all too often, accompanied by
a loss of active material.

The cycling behavior of SnO, shows characteristic features
nearly independent of the particle synthesis or particle morphol
ogy. This is obvious by comparing the literature data dealing with
several types of SnO, electrodes made from SnO, nanoparticles,
and having a complete different synthesis history [8—12]. Even
electrodes containing SnO; nanospheres [13], SnO; nanowires
[14], or SnO, nanotubes [15] show a very similar cycling behavior
corresponding to the cycling behavior found previously in our



material [16]. Fig. 1 shows exemplarily such a cycling curve,
exhibiting the following three relevant features.

The first observation is a large difference between discharging
and charging capacity for the first cycles, representing an
irreversible capacity loss.

Second, in this region a pronounced negative slope, corre
sponding to huge degradation of specific capacity, is observed.
However, achieving a coulombic efficiency (CE) of about 100%
the slope becomes shallower.

We believe that there are different mechanisms of degradation
overlapped in the beginning of cycling, but, after achieving a CE of
around 100% some of the mechanisms are not active anymore. This
behavior seems to be independent of material synthesis and par
ticle morphology and could be stated as a general rule of degra
dation. A detailed explanation of these phenomena, to our best
knowledge, was not proposed, yet. Therefore, systematic studies,
including a dedicated switching between cyclic voltammetry and
long term cycling at relevant points using one cell, a detailed
evaluation of the cyclic voltammograms, as well as ex situ X ray
photoelectron spectroscopy (XPS) studies of the solid electrolyte
interface (SEI) formation at different stages of the cyclic voltam
metry and scanning electron microscopy (SEM) after cycling are
presented in this paper.

2. Experimental
2.1. Material synthesis and cell assembly

The Karlsruhe microwave plasma process was used for the
synthesis of SnO, nanoparticle layer based electrodes without
conventional slurry formation. This process is a gas phase reaction
method for the synthesis of nanoparticles [17]. Water free tetra n
butyltin, Sn(C4Hg)4 (ABCR, Karlsruhe, Germany), is used as precur
sor for the SnO, nanoparticles with a feeding rate of 5 ml h~1. A
mixture of 80 vol% Ar + 20 vol% O, with a gas flow rate of 51 min~!
was used as reaction gas. The power of the microwave was set to
600 W. These synthesis parameters have been selected, so that
a SnO; nanoparticle layer thickness of around 2 pm was yielded in
all cases. Furthermore, these special conditions enabled the syn
thesis of SnO, nanoparticles, in situ coated with hydrocarbons,
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Fig. 1. Typical charge and discharge capacities of a SnO, nanoparticle layer electrode.
For the first cycles an irreversible capacity loss can be observed. In parallel, a steep
slope (1) can be observed until CE reaches 100% and a shallow slope (2) describes the
cycling behavior after CE reaches 100%.

CiHy, stemming from the organometallic precursor and adsorbed
on the nanoparticles surface, necessary for electrical conductivity.

The resulting nanoparticles from the process were deposited
in situ as porous films on 300 °C preheated Ni substrates according
to the method described in previous studies [16,18,19]. These films
were dried in a vacuum oven (Vakucenter VC20, Salvis Lab, Rotk
reuz, Germany) for 2 h at 140 °C.

Altogether six anodes were prepared similarly. One of these an
odes was used as reference material without assembling, or cycling.
This sample is referred to as pristine. With the other five anodes
Swagelok type half cells were assembled in an argon filled Unilab
glove box (MBraun, Garching, Germany). The electrodes, consisting
only of the in situ deposited SnO; nanoparticle films, were assembled
without any additional carbon black or binder. A glass fiber (What
man) was used as a separator. Lithium foil (Alfa Aeser, Ward Hill,
USA) was used as the counter and reference electrodes. The elec
trolyte consisted of a solution of 1 M LiPFg in ethylene carbonate (EC)
and dimethyl carbonate (DMC) (50:50) obtained from Merck (LP 30,
Merck, Darmstadt, Germany). One of those cells was used for the
electrochemical characterization (Section 2.2) and the four remain
ing cells for the investigation of the SEI formation (Section 2.3). All
cells were left for 24 h after assembling to ensure that the electrode is
completely wetted with electrolyte.

2.2. Electrochemical characterization

Electrochemical characterization was done using one repre
sentative Swagelok half cell by combining two standard methods.
The half cell was switched between cyclic voltammetry and long
term battery cycling, to gain information about oxidation and
reduction reactions as well as information about specific capacity
with cycling. Therefore, the first three cycles were investigated by
cyclic voltammetry, followed by measurements in the battery
cycler. After reaching a CE of around 100% in cycling, again three
cycles of cyclic voltammetry were performed, followed by mea
surements in the battery cycler until the 30th cycle. This combi
nation of methods allows characterizing electrochemical processes
in one cell. Additionally, a reference measurement of a Swagelok
half cell using the bare current collector (Ni, without any particle
film) was performed by cyclic voltammetry.

Cyclic voltammetry was carried out using an IVIUMSTAT (Ivium
Technologies, Eindhoven, Netherlands) with a measured current
resolution and accuracy of +0.2%. The voltage range was set in the
range from 0.1 to 2.5 V (vs. Li*/Li) by a voltage rate of 0.1 mV s~ . The
starting point was at a potential of about 2.5 V of the discharging
process. The turn over point at 0.1 V has been chosen to avoid
a possible lithium plating occurring at 0 V, which is described
especially by using Li metal as counter electrode [20]. Battery
cycling was done using a lithium cell cycler (LICCY, developed at
Karlsruhe Institute of Technology, Institute for Data Processing and
Electronics) in the voltage range of 0.1—2.8 V (vs. Li/Li) at a con
stant current density of 40 mA g~ 1.

In the cyclic voltammogram the areas under the charge and
discharge curves, respectively, are assumed to be a measure for the
amount of oxidation and reduction. For the first time, areas under
the curves were evaluated and set into relation, to obtain infor
mation about the ratio of reduction and oxidation and the amount
of Li ions involved in the process.

2.3. Investigation of SEI formation

To characterize the evolution of the SEI during the discharge/
charge process, ex situ X ray photoelectron spectroscopy (XPS)
measurements were carried out at relevant cycling steps. Fig. 2
shows exemplarily a typical cycling profile of the first cycle,



measured by cyclic voltammetry (a) and the typical voltage profile
measured by long term cycling measurements (b) of a SnO,
nanoparticle layer electrode. The relevant reactions (I-IV) are
based on current literature data [14,21,22] and the corresponding
voltage steps show where electrodes were investigated (1—4):

Peak I (around 0.9 V, discharge): reduction of SnO; to Sn°
combined with the formation of Li;O following the reaction
SnO; + xLit + xe~ — Sn + Li;0 and additional reduction of the
electrolyte combined with SEI formation.

Peak II (around 0.2 V, discharge): alloying of LiySn following the
reaction

Sn + Lit + x~ — Li,Sn.

Peak Il (around 0.5 V, charge): reaction corresponding to Peak
II, dealloying of Li,Sn.
Peak IV (around 1.2 V, charge): reaction corresponding to Peak I.

The samples 1—4 are representing four anodes assembled under
identical conditions. They were (partly) treated by cyclic voltam
metry, and the measurement was stopped at dedicated stages of
discharge/charge during the first galvanostatic cycle (points 1—4 in
Fig. 2) starting with discharge at 2.5 V. The first half cell was cycled
till 1.9 V, the point just before the reduction of Sn0O; is expected to
start (peak I). The second half cell was cycled till 0.65 V, the point
after the SEI formation is expected to start (peak I), but before alloy
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Fig. 2. Typical cyclic voltammogram (a) and voltage profile (b), showing the relevant
reactions (I VI) during cycling and the potential, where ex-situ XPS samples were
taken (samples 1 4).

formation of LiySn begins (peak II). The third half cell was cycled till
0.1 V in the discharging process, just before dealloying of Li,Sn
begins (peak III) and the fourth half cell was cycled till 2.8 V in the
following charging process including the oxidation of Sn to Sn¥*
(Peak 1V). The (partly) cycled half cells were disassembled in the
glove box and the electrodes were washed in a dimethyl carbonate
solution. The transport of the disassembled electrodes to the XPS
equipment was made in a vacuum tight transfer box, so the sam
ples did not enter the atmosphere.

The XPS measurements were performed using a K Alpha XPS
spectrometer (ThermoFisher Scientific, East Grinstead, UK). Data
acquisition and processing using the Thermo Avantage software is
described elsewhere [23]. All samples were analyzed using
a microfocused, monochromated Al K, X ray source (30—400 pm
spot size). The K Alpha charge compensation system was
employed during analysis, using electrons of 8 eV energy and low
energy argon ions to prevent any localized charge build up. The
spectra were fitted with one or more Voigt profiles (binding energy
uncertainty: +/ 0.2 eV). The analyzer transmission function, Sco
field sensitivity factors [24], and effective attenuation lengths
(EALs) for photoelectrons were applied for quantification. EALs
were calculated using the standard TPP 2M formalism [25]. All
spectra were referenced to the C 1s peak of hydrocarbon at 285.0 eV
binding energy controlled by means of the well known photo
electron peaks of metallic Cu, Ag, and Au, respectively.

2.4. Morphology of the nanoparticle layer based electrodes

Selected electrodes were characterized by ex situ scanning
electron microscopy (SEM) on a Zeiss Supra55 (Zeiss, Oberkochen,
Germany), to obtain information on changes in morphology,
occurring during cycling. The electrodes were disassembled in the
glove box, and washed in a dimethyl carbonate solution.

3. Results
3.1. General remarks

In our previous work [16,19] X ray diffraction (XRD) and
selected area small angle electron diffraction (SAED) clearly shows
tetragonal cassiterite structure of the SnO; nanoparticles. It was
also shown, that the nanoparticles form mechanical stable porous
layers of columnar structure with thicknesses up to 5 um, proven by
SEM images. Accompanying transmission electron microscopy
(TEM) investigations of the SnO, nanoparticles made from
Sn(C4Hg)4 using a microwave power of 600 W reveal spherical and
crystalline particles with a particle size below 5 nm and a coeval
narrow particle size distribution. Furthermore, we know, that this
material contains approximately 0.5 wt% of residual water [16], and
around 6 wt% of organic hydrocarbons, CyH,. These statements are
also valid for the material investigated in this study.

3.2. Electrochemical characterization

Cyclic voltammetry of the first three cycles as the first part of the
combined characterization is presented in Fig. 3. In agreement with
the literature data [21,26] the voltammetry shows the first reduc
tion peak around 0.9 V attributed to Sn and Li;O formation,
described by reaction

. RED .
SnO, + xLit + xe™ = Sn + Li,O

(1)

Here the reduction of SnO, to Sn® occurs. If an electrode contains
an oxide that is less stable than lithium oxide, there will be
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Fig. 3. (a) First three complete cycles measured by cyclic voltammetry at a voltage rate
0f 0.1 Vs !and the corresponding ratios of the integrated reduction areas (RED) to the
oxidation areas (OX). The measured current resolution and accuracy is about +0.2%, so
that the error bar is smaller than the line symbols used. Therefore, the uncertainty of
the integrated areas is almost negligible. (b) Decreasing of reduction areas within the
first three cycles in relation to the 1st cycle. Symbols are representing only a few of the
measured data points to distinguish between the cycles.

a thermodynamic driving force for a displacement reaction in
which Li,O will be formed at the expense of the prior oxide. Hence,
a certain amount of Li* is consumed in this first forming step.
Additionally, the reduction of the electrolyte is also expected at
a voltage of around 0.9 V. This reduction can be assigned to the SEI
formation and to additional reduction of another organic and
inorganic additives from the electrolyte, forming Li—R (lithium and
organic residual) [27]. The second cycle shows also the same peak
indicating repeating LiO, SEI and Li—R formation. One reason
might be the cracking of the particle layer; during lithiation and
delithiation [4,7,28,29] some parts of this film may break off,
as shown in Fig. 4. Whenever fresh surface of active material gets
into contact with the electrolyte, new SEI formation takes place
[14,30—32] as long as required additives in the electrolyte are not
completely consumed. In parallel, reaction (1) will take place.

The most intensive reduction peaks are observed at a voltage
around 0.2 V. Here, Sn forms alloys with Lit as described by the
following reaction:

RED
Sn+xLi" +xe~ === LixSn (2)
ox

Fig. 4. Ex-situ SEM image of a SnO,-nanoparticle electrode after the first cycle. The
building of new, fresh surface area, due to the large volumetric changes accompanied
by film break off, is evident from this image.

During charging the corresponding oxidation peaks around
0.5 V (dealloying of Li,Sn), around 1.2 V (oxidation of Sn° to SnOy,
[21,22,33—37], SEl is assumed to be irreversible) and around 2.2 V
(oxidation due to possible reactions of Li and Ni, which was verified
by executing a reference measurement) are observed. It is generally
accepted, especially in theoretical based literature [2], that reaction
(1) is irreversible. Hence, the LiO formation is expected to con
sume Li™ ions only in the first reduction process and is ascribed to
be responsible for the first charge and discharge mismatch. How
ever, the peak at 1.2 V during charging is interpreted as a partial
reversibility of reaction (1) and is frequently described in exper
imental based literature [21,22,33—37]. Considering to this partial
reversibility (including Li»0), the SEI, which acts irreversible, seems
to be more responsible for the mismatch in the first cycles.

It should be pointed out, that during the first three cycles the
intensities of the integrated oxidation peaks are always smaller
than those of the integrated reduction peaks (Fig. 3a). Charging and
discharging processes are not in equilibrium. This phenomenon is
called partially reversible. Consequently, the integrated reduction
and oxidation areas are not in equilibrium (Table 1), too. Also, both
areas are decreasing from cycle #1 to cycle #3 resulting in
a decrease of the corresponding number of Li* ions. Comparing the
integrated areas of the reduction peaks, a decrease of 15% for the
second and of 28% for the third cycle compared to the first one can
be observed (Fig. 3b). In relation to the decrease of the integrated
reduction areas the integrated oxidation areas decrease less pro
nounced (7% in the second and 15% in the third, related to the
first cycle). As a consequence, the ratio of the integrated reduction
areas to the integrated oxidation areas decreases from cycle #1 to
cycle #3, too. The results are summarized in Table 1.

When starting the measurements in the long term battery
cycler, differences between discharge and charge capacities are still
pronounced. The specific capacity is diminishing from cycle to
cycle, and the difference between discharge and charge capacities is

Table 1
Relative integrated areas of reduction and oxidation for each cycle and the corre-
sponding number of Li-ions involved in this process.

Cycle # Reduction Oxidation Li*-ions in Li*-ions in
area (%) area (%) reduction area oxidation area

1 58 42 11.7 55

2 57 43 6.1 5.4

3 56 44 5.9 52

13 15 50 50 1.1 1.1



also decreasing. The CE of around 100% is reached in the 12th cycle.
This is shown in Fig. 5.

The subsequent cyclovoltammograms (Fig. 6) show that the
current is lower by several orders of magnitude, compared to the
first three cycles (Fig. 4). Reduction peaks around 1.2 V,and 0.2 V as
well as oxidation peaks around 0.5V, 1.6 V, and 2.2 V are present. It
is assumed that the SEI formation no longer takes place, as no
reduction peak is observed immediately by crossing 1 V. Here, the
reduction in the electrolyte used to form new SEI probably is
complete, as the common additives in the electrolyte are expected
to be consumed.

The ratio of the integrated reduction to oxidation areas is now in
equilibrium. Nevertheless, both areas are still decreasing with
increasing cycle number, as it is shown exemplarily in Fig. 6b for the
discharging process in relation to the 13th cycle.

The final measurements in the battery cycler show that the
degradation is becoming significantly lower from cycle to cycle, but,
does not disappear completely. The difference between discharge
and charge capacities is minimal, as the CE of around 100% is
reached (Fig. 5).

3.3. Investigation of SEI formation

To get deeper insights in the formation of a solid electrolyte
interface (SEI) during the electrochemical cycling, ex situ analysis
by means of XPS was performed in combination with cycling
measurements. XPS was chosen as the most widely used surface
analysis technique covering a sampling depth of 5—8 nm to provide
both chemical state information and quantitative concentration of
the detected elements in a non destructive manner. In particular
several SnO; electrodes were analyzed at four specific potentials
(Fig. 2) and a pristine SnO; electrode as well as Li,COs3, LiF and LiPFg
were used as reference samples for binding energy assignments.
Based on the literature data we expect the reduction of SnO; to Sn
at voltages less than 1.2 V and relevant SEI formation at voltages
below 0.9 V. The XPS results are summarized in Fig. 7, showing the
Li 1s (Fig. 7a), C 1s (Fig. 7b) and the Sn 3d (Fig. 7c¢) spectra. To
illustrate the significant changes in the build up process of a SEI
layer we show a direct comparison of the spectra from sample 1
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and sample 3. The lithium spectra undoubtedly represent the build

up of a (lithium rich) SEI layer. The binding energy of the main peak
at 55.5 eV fits well to our pure lithium carbonate reference sample
(55.4 eV) and the literature data [38]. This carbonate species is also
confirmed with a significant peak at a binding energy of 290.2 eV in
the carbon spectrum of sample 3 but arises already in sample 2.
Another feature of the carbon spectrum is the pronounced peak at
286.5 eV characteristic for carbon species with C—O bonds which
could be assigned to various species like alkoxides or poly

carbonates [39,40]. Additionally LiF should be partially included in
the SEI layer confirmed with a peak of fluorine at 685.5 eV [40]. This
finding can’t be clearly supported by evaluating the Li 1s peak.
Based on the rather broad and asymmetric Li 1s peak shape we
estimated that additionally to Li»COs3, the SEI chemistry consists of
a complex mixture of various different lithium rich species origi

nated from the decomposition cascade of the electrolyte. The lack
of information about the Li,O species in the Li 1s spectrum might be
due the limited information depth of XPS yielding almost infor

mation about the SEI layer on top. In the case of tin sample 1 shows
the Sn 3ds); peak at a binding energy of 487.4 eV identically to the
pristine electrode sample which can be assigned to SnO; [41]. For
sample 3 we can identify a clear visible shift of the main peak to

ward a lower binding energy of about 486.5 eV which indicates the
reduction of Sn". However, there is no evidence for the expected
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Sn® species which should appear at a binding energy of about
485.0 eV according to argon sputter etched tin foil reference
sample and literature data [39,40]. This might be due to unavoid
able oxygen contamination connected to the executed sample
handling and the current XPS setup combined with the high
reactivity of tin. Additionally, one should recognize the notably
reduced intensity of the Sn 3d peak for sample 3 compared to
sample 1, affecting the experimental uncertainty. Nevertheless, this
point remains to some extend as an open question. Fig. 7d displays
the XPS derived relative atomic ratio of tin and lithium at the
investigated potential steps. By increasing cycling (from sample 2 to
4) the atomic percentage of tin is decreasing and that of lithium is
increasing. Although there is an estimated error in XPS quantifi
cation up to 10% (considering basic assumptions like a flat and
homogenous layer system) and an even higher error in our case
(spherical particle on the nanoscale with an inhomogeneous SEI
layer on top), a clear trend of the atomic ratios between the char
acteristic elements tin and lithium can be drawn. This clear trend
is a direct proof of the growing SEI layer and therefore the growing
of the penetration depth of Li* and can’t be questioned by any
uncertainty in quantification. Because the information depth of XPS
is around 5—8 nm and a weak Sn 3d peak is still detectable, the
thickness of the SEI layer is in the same magnitude.

4. Discussion

The combination of cyclic voltammetry and long term battery
cycling allows a deeper insight into the processes occurring during
discharging and charging of an electrode. The results are com
plemented with XPS and SEM measurements executed on half cells
at significant potential points within cycling.

4.1. Electrochemical characterization

Based on the electrochemical investigation, three significant
phenomena are observed

large difference between discharging and charging capacity for
the first cycles, representing an irreversible capacity loss,
pronounced negative slope, corresponding to huge degrada
tion of specific capacity and

shallower slope after achieving a coulombic efficiency of about
100%

The observed phenomena are believed to be the result of
different processes occurring during discharging and charging.
They are explained as follows:



4.1.1. Irreversible capacity loss

Fig. 8 schematically illustrates the cycling behavior during the
first discharge and charge processes. As it can be seen, in the dis
charge process (reduction), there are three reactions which involve
Li* ions: first is, the formation of Sn and Li,0, the second is the SEI
formation, and third is the formation of LiySn (x  4.4).In the charge
process (oxidation) only two reactions are involving Li* ions: the
dealloying of LiySn and the reaction (1). The SEI formation during
discharging as a result of the reduction of the electrolyte is assumed
to be irreversible and is not participating in the oxidation process.

Furthermore, the alloying—dealloying reaction of Li,Sn seems to
be partially reversible as the number of Lit ions involved in the
charging process is decreased compared to the preceding dis
charging (Fig. 4, redox couple at 0.2 V and 0.5 V, and Table 1).

This unbalanced behavior of discharge and charge (Table 1, ratio
of reduction to oxidation not in equilibrium) is repeating for the
following cycles resulting in irreversible capacity loss.

4.1.2. Huge degradation for the first cycles

This behavior is attributed to split off (loss of contact) of parts of
the active material, due to the large volume changes during dis
charging and charging, as shown in Fig. 3. This is a continuous
process from cycle to cycle, with the largest losses recorded after
the first cycle. With diminishing the amount of active material, less
Li* ions can be stored or pass through the current collector.
Therefore, a continuous decrease in capacity can be observed. This
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decrease in capacity also means a degradation of capacity of the
electrode. This mechanism is present during the whole cycling, and
frequently described in the literature [15,30,42].

Additionally, the already mentioned partially reversible process
of the alloying and dealloying of Li,Sn contributes to the degrada
tion, too. As can be seen, compared to the charging process there
are more Li* ions involved during the discharging process. As
a consequence, residual LiySn alloy remains after charging and in
the following discharge process these residuals do not contribute to
the capacity. The amount of Sn (Sn0O;) acting as active material for
the next discharging process is decreasing. The less the amount of
this active material, the less the capacity for the following dis
charging cycles. As already described above, the results given in
Table 1 are a measure of this behavior. For the first discharge area
a value of 58% is found, for the first charge area one of 42%. The
value found for the charging area represents the basic area available
for the following discharge process. As a consequence, the follow
ing discharge area is less than the previous and the obtainable
capacity decreases.

The XPS measurements showed an increasing SEI thickness
with increasing cycling, hence, on a long time scale, the SEI might
penetrate into pores of the electrode and in addition may also
penetrate into pores of the separator. This may result in a decrease
of accessible surface areas due to this continuous growing of the SEI
[43]. Additionally, the increasing SEI thickness leads to a rising
impedance [43,44], and with this both aspects contribute to the
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x=4.4

Li,Sn — Sn + xLi* + xe”
partially reversible x<4.4

-Li*

-Li*
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No oxidation of SEl

Fig. 8. Schematic illustration of the cycling behavior for the first discharge and first charge processes. For details, see text. It has to be noted that this figure is only schematic and the

size, representing amounts of products does not correspond to the real ratio.



capacity available for following cycles. All the described phenom
ena are inducing a loss of capacity.

4.1.3. Decreasing degradation after achieving CE of around 100%

When the CE of about 100% is achieved, a balance between
discharging and charging processes exists. The ratios of the corre
sponding integrated areas are 50:50, and the numbers of Li* ions
involved in the discharging and charging processes are the same. As
a result, the so far partially reversible reactions seem to achieve
a more reversible behavior. Consequently, the trapping of Li™ ions
in residuals is no longer responsible for the degradation of capacity.
Lasting degradation is mainly caused by the loss of active material
due to the volume changes and the associated loss of contact to the
collector.

An additional degradation caused by residual water in the
samples, and therefore potential formation of HF in the cell was not
discussed in this paper, but cannot be excluded for the whole
cycling. The turn over point of 0.1 V should minimize the possibility
of lithium plating and in the CV data there is no evidence for this.
However, Li plating is a frequently seen issue and should not be
completely neglected.

4.2. Investigation of SEI formation

XPS measurements support the already existing results of the
SEI investigation by cyclic voltammetry. Both methods exhibit
a good agreement that the SEI appears for the first time by crossing
the 1V potential. Furthermore, with the XPS analysis the dominant
species of the SEI could be assigned to Li»COs, supported by the
measurement of pure Li;CO3 as reference sample. This finding is
also consistent to former literature reports [38,45,46] where mix
tures of EC and DMC were used as the electrolyte. In order to ensure
the correct detection of the dominant species, all measurements
were performed twice and additionally on different places of the
electrode. The quantification data are comparable in both cases
across the sample. Following the description in the Experimental
section, all spectra were fitted using Voigt profiles. The resulting
peak binding energies provide the chemical information and
atomic concentrations were calculated from the peak intensities
corrected for Scofield sensitivity factors, effective attenuation
lengths and the analyzer transmission function. Additionally, due to
the limited information depth of the XPS the thickness of the SEI
could be determined to 5—8 nm justified by a still detectable weak
Sn 3d peak of the electrode material.

5. Conclusions

Sn0O, nanoparticle layers were synthesized as electrodes,
assembled in lithium half cells and tested by a combination of cy
clic voltammetry and long term cycling behavior, supplemented by
XPS investigations and SEM analysis.

Irreversible capacity loss is a consequence of irreversible loss of
Li* ions. The partially reversibility between reduction and oxida
tion process (area ratio of 58:42 for the first cycle) shows that more
Li* ions are introduced by discharging as released by charging. The
difference of these Li™ ions means an irreversible loss of capacity.

The alloying and dealloying process of Li,Sn as the main elec
trode reaction is found to be partially reversible in the first cycles
trapping to some extent Li* ions in residuals. As a consequence, the
capacity for the next cycle is reduced. The reaction of SnO; to Sn
and in parallel the formation of Li;O seems to be partially rever
sible, too.

When the CE of about 100% is achieved, a balance between
discharging and charging processes exists. The ratios of the corre
sponding integrated oxidation and reduction areas are 50:50, and

the associated numbers of Li* ions involved in the discharge and
charge processes are the same. Thus, the initially partially rever
sible reaction seems to become reversible. Lasting degradation is
mainly caused by the loss of active material due to the volume
changes and the associated loss of contact to the collector, which is
active during the whole cycling.

Ex situ XPS measurements were carried out at relevant steps of
the cycling process to investigate the formation of the SEI. The SEI
chemistry is dominated by the lithium carbonate (Li,COs3) but also
consists of a complex mixture of different lithium compounds and
other decomposition products of the electrolyte. This SEI film in
creases within the first cycles. With this, the penetration resistance
for Li* ions is always getting higher and some Li* ions could be
retained. Additionally, the increasing SEI thickness may result also
in a decrease of accessible surface areas. The results show that the
degradation is a result of different processes occurring during
charging and discharging.
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