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As tin based electrodes are of significant interest in the development of improved lithium-ion batteries
it is important to understand the associated electrochemical reactions. In this work it is shown that
the electrochemical behavior of SnO, coated tin electrodes can be described based on the SnO, and SnO
conversion reactions, the lithium tin alloy formation and the oxidation of tin generating SnF,. The CV,
XPS and SEM data, obtained for electrodeposited tin crystals on gold substrates, demonstrates that the
capacity loss often observed for SnO, is caused by the reformed SnO; layer serving as a passivating layer
protecting the remaining tin. Capacities corresponding up to about 80 % of the initial SnO, capacity could,
Lithium-ion batteries however, be obtained by cycling to 3.5V vs. Li*/Li. It is also shown that the oxidation of the lithium tin
Electrochemistry alloy is hindered by the rate of the diffusion of lithium through a layer of tin with increasing thickness
v and that the irreversible oxidation of tin to SnF, at potentials larger than 2.8 V vs. Li*/Li is due to the fact
XPS that SnF;, is formed below the SnO; layer. This improved electrochemical understanding of the SnO,/Sn
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system should be valuable in the development of tin based electrodes for lithium-ion batteries.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium-ion batteries are on their way of becoming the main
system for rechargeable batteries since they can store more energy
per unit volume and weight than nickel-metal hydride, lead-acid
or nickel-cadmium batteries. In commercial lithium-ion batteries
graphite is currently the most commonly used anode material.
However, graphite has a limited volumetric and gravimetric capac-
ity which is a drawback when higher energy densities are required,
for instance, in cars or power plants. [1-4] Tin could therefore be
an alternative anode material which could increase the capacity of
a full cell by up to 10 %.

There are more than thousand articles describing different
aspects of tin and tin-based compounds as anode materials in
lithium-ion batteries. The reason for this large interest is the high
energy density of tin (theoretical specific capacity: 991 m‘%h) and
its potential to provide high power densities. Tin is also interest-
ing because of the challenging chemistry occurring when lithium
alloys with tin leading to a large volumetric change. Reactions with
the electrolyte at the interface of tin particles has received a lot of
scientific interest in attempts to improve the performance of tin
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and tin-based electrodes. Despite all these efforts there is still a
lack of detailed fundamental studies regarding the electrochemical
reactions taking place during charge and discharge [1-4].

However, it is not only metallic tin which is of importance but
also tin(IV) oxide and tin(Il) oxide. [2-6] Tin(IV) oxide and tin(II)
oxide give theoretical specific capacities of about 1491 mAh/g and
1270 mAh/g, respectively, due to a combination of both the oxide
conversion reaction and the alloying reaction involving the formed
metallic tin. The alloying of tin gives a theoretical specific capacity
0f991 mAh/g (see Reactions 1 and 2 below) which can be compared
to that of 372 mAh/g for the intercalation reaction of graphite. As
has been pointed out by many authors this clearly shows the advan-
tage of using tin oxides as anode materials in lithium-ion batteries
[6,3,7].

2xLiT 4 2xe™ + SnOy — xLi0 + Sn (1)
4.4Li" + 4e~ + Sn = Lig 4Sn (2)

During the alloy formation on the first cycle there is also a forma-
tion of a Solid Electrolyte Interphase (SEI) as the organic solvents
used in the electrolyte are not thermodynamically stable below
about 0.8 Vvs. Li*/Li.[8-11] It has, however, recently been reported
that the SEI could be formed even at potentials between 1.2V and
1.5V vs. Li*/Li [12,13].

Earlier reports have on the other hand proposed that the elec-
trochemical reaction taking place at 1.2V vs. Li*/Li involves an
irreversible conversion of tin oxide to tin and lithium oxide as
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described in Reaction 1. (The standard potentials of SnO, and SnO
1.566V and 1.585 V, respectively.) [14,6,15] As a result of the
conversion reaction, a lithium oxide matrix is thus formed which
encloses the tin particles. At potentials below 0.9V vs. Li*/Li the
alloying reaction described in Reaction 2 (which results in a large
volume change) can subsequently be observed [3-6,14-21].

Chouvin et al. [17,18] have shown that the conversion of SnO to
tin is reversible to some extent when cycling above 0.3V vs. Li*/Li.
With the help of X-ray absorption, '19Sn-Méssbauer spectroscopy
and X-ray diffraction the reformation of SnO upon charge could thus
be demonstrated. The authors explained this based on the assump-
tion that the Sn — O interactions in the Sn/Li,O matrix get weaker
when a lot of lithium is alloyed with tin and that the tin agglom-
erates at lower potentials. The latter was assumed to render the
reoxidation of tin to SnO more difficult [17,18].

Both the SEI formation and the conversion reaction are conse-
quently generally assumed to be irreversible reactions occurring
only on the first cycle. This gives rise to a large capacity loss which
is the main problem associated with the use of tin oxides as anode
materials in lithium-ion batteries. Little information can, however,
be found about the electrochemical behavior of the native tin oxide
layer which always forms on tin in contact with air or water.
Nevertheless, there are many reports on the use of nanosized Sn0O,-
structures, some of which displayed a certain degree of reversibility
for the conversion reaction in lithium-ion batteries. The latter has
generally been attributed to the presence of nanoparticles or the
use of additives such as copper or carbon [6,14,15,17-19,22].

The focus of this study is mainly to study the electrochemi-
cal reactions of tin oxides above 0.9V vs. Li*/Li, i.e., between 0.9V
and 3.0V vs. Li*/Li in detail. It is within this potential range that
there is a controversy regarding which electrochemical reactions
that occur and the explanations for the reversibility of tin oxide
reactions that has been found. Traditionally, there has been a large
focus on the volume changes during the alloying reaction of tin
at lower potentials since this leads to cracking and pulveriza-
tion of the material and thus the loss of electrical contact upon
extended cycling. [4-6,17,18,23-25] There are hence many reports
describing different methods to circumvent the volume expansion
[2-4,26,27], but only relatively few reports deal with the electro-
chemical reactions taking place at higher potentials.

To study the different electrochemical reactions in detail it
is important to avoid the influence of binders and carbon black
(electronic additives) normally used in composite electrodes for
lithium-ion batteries. In the present work electrodeposition was
therefore used for the manufacturing of tin oxide coated tin crystals
on gold substrates.

Electrodeposition is a method which offers several advantages
compared to other conventional synthesis routes. Electrode mate-
rials can be directly deposited on a metallic substrate which later
can serve as a current collector. In addition, the depositions are car-
ried out at low temperatures and the approach is also suitable for
large scale production. [28,29] There are many reports in the litera-
ture about the electrodeposition of tin mainly involving depositions
from tin(Il) solutions containing complexing agents like tartrates or
citrates to avoid whisker formation [30-34].

In the present work, tin films were formed on gold substrates
via electrodeposition from a tin(IV) ion solution containing citrate
as the complexing agent. In this way the use of binders and other
additives that could give rise to additional electrochemical reac-
tions during the cycling in the lithium-ion batteries was avoided.
The reason for using gold as the substrate was that most metals
which commonly are used as substrates, e.g., copper or nickel form
alloys with tin. As these alloys also are able to incorporate lithium
they interfere with the electrochemical reactions due to tin and tin
oxide. Although gold also forms alloys with lithium [35-37], this
reaction only takes place below about 0.2V vs. Li*/Li which means

that these electrochemical reactions readily can be separated from
those involving the lithium-tin alloy.

A native nanometer thick layer of tin oxide was formed subse-
quent to the electrodepostion and some samples were also oxidized
further electrochemically to study the electrochemical behavior of
tin oxide in more detail. The electrochemical behavior of these
tin/tin oxide coatings as anode materials in lithium-ion batteries
was studied in order to gain information about the electrochemical
processes taking place mainly during cycling at high potentials. To
facilitate the interpretation of the results, XPS was also employed
to study the surface composition of the electrodes subjected to
different potentials.

2. Experimental
2.1. Electrodeposition

The solution used for the electrodeposition contained 0.2 M
tin(II) chloride hydrate (Sigma Aldrich, > 98 %) and 0.4 M trisodium
citrate dihydrate (Sigma Aldrich, > 99 %). The pH of the solution was
adjusted to 4 with concentrated hydrochloric acid (VWR, 37 %).

Prior to the depositions tin(Il) was oxidized to tin(IV) by blowing
air through the deposition solution for three hours at 85 °C based
on the work by Chang et al. [38].

20 ml of the oxidized solution were then placed in an electro-
chemical cell containing a gold disc (Goodfellow, 99.95 %; 15 mm
diameter, 0.1 mm thickness) working electrode which thus served
as the substrate during the tin deposition. The gold discs had pre-
viously been cleaned with ethanol (Solveco, 99,5 %) for 10 minutes
in an ultrasonic bath at room temperature. The employed counter
electrode was a platinum wire and the reference electrode was an
Ag|AgCl electrode containing saturated KCI. The electrodeposition
was carried out chronopotentiometrically with a cathodic current
density of 5mA/cm? for 120s and 300s, respectively, in order to
obtain different film thicknesses. The tin films were subsequently
washed with deionized water.

To produce thicker tin oxide layers than the native oxide layers
formed in contact with air some films were oxidized electrochem-
ically immediately after the electrodeposition. The oxidation was
carried out in the form of recording linear scan voltammograms
from OV to +0.8 and +1V vs. Ag/AgCl, respectively, at a scan rate of
10mV/s. The anodization was thus carried out in the same cell and
the same electrolyte as used in the electrodeposition step.

2.2. Characterization of the tin films

X-ray diffraction patterns were recorded with a Siemens D5000
Diffractometer with a T2T fixed x-ray tube using a parallel plate col-
limator (Soller) 0.40 and the software Diffrac plus XRD commander
2.4 from Bruker.

The XPS spectra recorded prior to the electrochemical experi-
ments were obtained with an ESCA Quantum 2000 from Physical
Electronics (PHI) using a monochromatic Al K, X-ray source. An
analyzer pass energy of 23.5eV was employed while the corre-
sponding value was 58.7 eV for the recording of the XPS profiles.
Calibration of the binding energy scale was carried out based on the
hydrocarbon surface contamination C 1s peak at 285.0eV and the
peaks were analyzed using a non-linear Shirley-type background.
The software Casa XPS was used to fit curves to the obtained spectra.

The SEM micrographs were obtained employing a SEM LEO 1550
from Zeiss.

2.3. Electrochemical behavior in lithium-ion batteries

Prior to cell assembly the tin oxide coated tin electrodes were
dried for 12 hours at 120°C in a vacuum furnace (Biichi Glass oven
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Fig. 1. SEM images of the tin crystals on deposited the gold surface for a deposition time of 120s and 300, respectively.

B-585). The electrochemical behavior of the electrodes was then
studied in a two-electrode pouch cell containing a lithium foil as
the counter electrode and a glass fiber as separator employing cyclic
voltammetry. Three drops of 1 M LiPFg dissolved in a mixture of
1:1 ethylene carbonate and diethyl carbonate was used as the elec-
trolyte.

The cyclic voltammograms (CVs) were recorded with a BioLogic
SA VMP2 instrument using the EC-Lab software and a scan rate of
1mV/s. Each CV was recorded with a new sample.

2.4. Characterization of cycling products

XPS was employed to study the results of the electrochemical
reactions above 2.5V vs. Li*/Li. The spectra were recorded for sam-
ples cycled to 2.5 and 3.5V vs. Li*/Li, respectively. The batteries
were dismantled in an argon-filled glove box and the electrodes
were rinsed with DMC (dimethylcarbonate) prior to transfer to the
XPS chamber using a special built transfer system to avoid con-
tact with air. The XPS spectra were measured with a PHI 5500
Multi-Technique system (Perkin Elmer) using a monochromatic Al
Ky X-ray source and a pass energy of 23.5V. The pressure in the
analysis chamber was about 3-10~2 bar. Calibration of the bind-
ing energy scale was carried out based on the hydrocarbon surface
contamination C 1s peak at 285.0 eV and the peaks were analyzed
using a non-linear Shirley-type background. Fingerprint spectra
were recorded at the beginning and at the end to ensure that no
damage to the samples due to the x-ray radiation had occurred
during the measurements. The software Casa XPS was used to fit
curves to the obtained spectra.

SEM micrographs of the cycled electrodes were taken using a
SEM LEO 1550 from Zeiss.

3. Results and Discussion
3.1. Electrodeposition Reactions

As described in the experimental section, the electrodepositions
were carried out using a tin(IV) solution containing citrate. The tin
complex most likely to form in solutions containing tin(IV) ions
(Sn*") and citrate anions (Hcit3~) is [Sn(cit)] which should result in
a liberation of one proton from the citrate. The latter is due to the
fact that upon formation of the tin(IV) complex [Sn(cit)], the citrate
hydroxyl group is deprotonated as well as this complex is more
stable than in which the tin binds solely to the carboxyl groups
[39].

The deposition reaction, which involves a release of citrate
anions cit*~ is described in Reaction 3.

[Sn(cit)] + 4e~ — Sn + cit*~ (3)

The liberated cit*~ anions then react with water to form hydrox-
ide ions and the more stable (Hcit)3~ anion, according to Reaction
4 [40].

cit*™ + Hy0 — (Hcit)>™ + OH™ (4)

A chronopotentiogram for the electrodepostion employing a
constant cathodic current of 5mA/cm? for 300s is shown in the
supporting information. During the electrodeposition the potential
dropped to about —0.88 V during the first 100 s and then increased
to a stable potential of —0.85V. These potentials are clearly much
more negative than the standard potentials for the reduction of
tin(IV) and tin(Il) ions (i.e., 0.13V and —0.14V, respectively) as a
result of the shift in the reduction potential due to the formation of
the citrate complex.

After the electrodeposition the tin surface reacted with oxygen
in air or water to form a native tin oxide layer of several nanometers
as is shown in Reaction 5 [41,42].

Sn+ %oz — SN0y (5)

Thicker tin oxide layers were obtained by an electrochemical
oxidation employing linear sweep voltammetry (carried out in the
deposition electrolyte) based on Reaction 6.

Sn 4+ xH,O — SnOy + 2H + 2e~ (6)
3.2. Characterization of the tin films (composition and thickness)

During the electrodeposition, tin crystals were deposited on the
gold substrate and these tin crystals were subsequently coated with
anative tin oxide layer. As is seen in Fig. 1a deposition time of 120's
gave rise to a relatively low tin surface coverage while a signifi-
cantly higher surface coverage was found after deposition for 300s.
A closer look at the SEM image in Fig. 1b, however, shows that a full
surface coverage was not reached even after 300s which means
that the electrode should be regarded as tin oxide coated tin crys-
tals present on a partially visible gold substrate. Films deposited
for 300 s were used in all the characterizations and electrochemical
experiments described below, unless stated otherwise.

To investigate the chemical composition of the films XRD and
XPS were mainly used. A Raman spectrum and its interpretation
can, however, also be found in the supporting information. The XRD
patterns are presented in Fig. 2, mainly show reflections due to
gold and tin, although reflections due to a tin gold alloy also can be
observed after the deposition for 120s (Fig. 2).

These latter reflections were, however, not visible for the film
deposited for 300 s most likely due to the presence of a thicker tin
layer.

The presence of tin oxide at the surface of the tin crystals could
be proved with Raman spectroscopy (see the supporting informa-
tion) and XPS. As is shown in Fig. 3, a native tin oxide layer could
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Fig.2. XRD patterns for the tin films deposited on the gold surface using a deposition
time of a) 300 s and b) 120s. The reference data were taken from references 43, 44
and 45 [43-45].

hence be detected on the surface of the tin crystals. In the XPS spec-
tra, which include the fitted curves and peaks two signals were thus
present in the Sn 3d% spectrum. The signal at the lower binding
energy (red curve; 484.61eV; 13.57 %) indicates the presence of
elemental tin while the broader peak at the higher binding energy
(blue curve; 486.13 eV; 86.43 %) indicates the presence of tin oxide
[46].

As is seen in Fig. 3, two curves could be fitted to the O 1s spec-
trum. The latter were assigned to SnO, (red curve; 531.06eV; 82.8
%) and SnO (blue curve; 529.79eV; 17.2 %), respectively. It is rea-
sonable to assume that the SnO, was present on top of the SnO layer
and that the native tin oxide layer thus contained both Sn(IV) and
Sn(II) oxide.

Fig. 4 shows XPS depth profiles for the tin coatings obtained with
a deposition time of 300s. From the depth profiles, which were
made by Ar* etching, it is seen that the oxygen intensity dropped to
zero after about 60 s of etching and that the tin intensity simulta-
neously reached its maximum. Although, it is difficult to calculate
the thickness of the tin oxide layer based on the etching results, a
sputter time of 60 s translated into a layer thickness of about 6 nm
according to the software. The latter value should be compared with
the thickness of about 3.5 nm which previously has been reported
for native tin oxide layers. [41,42] It should, however, be pointed out
that the native oxide layer depends on the experimental conditions
and that thicker layers generally are found for samples immersed
in aqueous electrolytes. It is therefore reasonable to assume that
the tin oxide layers were thicker than 3.5 nm particularly as the
electrodepositions were carried out in aqueous solutions. [41,42]
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Fig. 3. XPS spectra with curves fitted to a) the Sn Bd% peak and b) the O 1s peak.

A thickness of about 6 nm as obtained from the etching results
therefore seems as a reasonable value for the native tin oxide film.
This is also in good agreement with the Raman spectrum results
(see the supporting information) which indicate the presence of a
nanometer thick tin oxide layer (see the supporting information).

XPS spectra were also recorded for the samples oxidized using
linear voltammetric scans to +0.8V and +1V vs. Ag/AgCl, respec-
tively (see Fig. 4). For the samples anodized to +0.8 V vs. Ag/AgCl, a
sputter time of 120 s was required to reach an oxygen signal inten-
sity of zero which translated into a tin oxide layer thickness of
12 nm. For the sample anodized to +1 V vs. Ag/AgCl a sputter time of
240 s was analogously required which corresponded to a tin oxide
layer thickness of 24 nm.

Even though, the absolute tin oxide layer thicknesses remain
unknown, the sputter results indicate that the relative sputter times
can be used to estimate the relative thicknesses of the tin oxide lay-
ers.Itis thus reasonable to assume that tin oxide layer on the sample
anodized to +0.8 V vs. Ag/AgCl was about twice as thick as the native
tin oxide layer. Analogously, the tin oxide layer on the sample
anodized to +1V vs. Ag/AgCl should have been approximately four
times the thickness of the native tin oxide.

In Fig. 4 it is also seen that the oxygen intensity did not decrease
in a linear manner with increasing sputter depth, at least, for the
anodized samples. One reason for this could be that SnO, was
present on the surface of the layer while mainly SnO was present
deeper down in the oxide layer in good agreement with the XPS
spectrum in Fig. 3.

Based on the characterization of the tin oxide coated tin crystals
with respect to thickness and composition it hence is clear that the
sizes of the tin crystals were of the order of several micrometers
large (see Fig. 1) while the thickness of the tin oxide layers were
of the order of nanometers. It is likewise clear that the tin based
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Fig. 5. Schematic picture of the electrodeposited tin oxide coated tin crystals on the
gold substrate.

deposit did not fully coat the entire surface of the gold substrate.
This is summarized in Fig. 5, which shows a schematic figure of
what the deposited films looked like based on the characterization
results.

3.3. Electrochemical behavior in lithium-ion batteries

The electrodeposited tin/tin oxide coatings were further char-
acterised as anodes in pouch cell based lithium-ion batteries
containing lithium counter electrodes. To study the different elec-
trochemical processes (i.e., the conversion and alloy formation
reactions described by Reactions 1 and 2) these experiments were
carried out using CV with different potential windows at a scan rate
of 1mV/s, as described in more detail below.

3.3.1. Cyclic voltammetric scans up to 3.0V vs. Li*/Li

Cyclic voltammograms recorded for a tin sample coated with
a native (i.e., about 6nm thick) tin oxide film between 0.05
and 3.0V and 0.9 and 3.0V vs. Li*/Li, respectively, are shown in
Fig. 6. All voltammograms were recorded in the cathodic direction

starting from the open circuit potential (OCP) of the battery, i.e.,
2.4V vs. Li*[Li in the present case. It should, however, be pointed
out that the OCP value was found to be as low as 0.7V vs. Li*/Li
in some cases due to a relatively fast self-discharge caused by
the small amounts of tin oxide present on the electrodes. The
voltammograms in Fig. 6a are dominated by the reduction peaks
at potentials lower than about 0.8V vs. Li*/Li and the oxidation
peaks at potentials between 0.2 and 1.2V vs. Li*/Li. These peaks
are generally assigned to lithium tin alloy formation and the oxi-
dation of this alloy, respectively [6,14]. In Fig. 6a it can, however,
also be seen that there was a rapid increase in the cathodic cur-
rent at potentials below about 0.2V vs. Li*/Li which suggests the
presence of alloying between gold and lithium as has previously
been described in the literature. [35-37] The reason for this inter-
ference is the fact that the gold surface was not completely covered
by the tin deposit as is seenin Fig. 1. This hypothesis is supported by
the corresponding results obtained with a pure gold substrate (see
the supporting information). These findings clearly demonstrate
that the cathodic current at potentials below about 0.2V vs. Li*/Li
mainly was due to the formation of a lithium gold alloy and that
the oxidation of the latter alloy gave rise to the oxidation peaks
between about 0.4 and 0.7V vs. Li*/Li. Although the presence of
these reduction and oxidation peaks due to the lithium gold alloy
complicates the interpretation of the voltammograms these peaks
are still mainly separated from the peaks due to the lithium tin
alloy. This clearly shows the advantage of using a gold substrate
in the electrodeposition of tin materials to be used in fundamental
studies of the electrochemical performance of tin based materials
in lithium-ion batteries.

In Fig. 6a, there is, however, no sign of a SnO, reduction peak on
the first cycle. This may initially appear to be puzzling as the reduc-
tion of Sn0O, as well as that of SnO (both yielding tin nanoparticles in
amatrix of Li; O according to Reaction 1) thermodynamically should
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Fig. 6. Cyclic voltammograms recorded for native tin oxide coated samples cycled
vs. lithium between a) 0.05 and 3V vs. Li*/Li and b) 0.9 and 3V vs. Li*/Li.

take place atabout 1.6 V vs. Li*/Li. Areduction peak at about 1.2 V vs.
Li*/Li was, on the other hand clearly seen on the second cycle most
likely as a result of the oxidation taking place at about 3.0V vs. Li*/Li
on the first anodic scan. Both the reduction peak at about 1.2V vs.
Li*/Li and the oxidation at about 3.0 V vs. Li* /Li, however, practically
disappeared upon further cycling. The absence of a SnO, reduction
peak on the first scan in Fig. 6a is, however, not unexpected since
the amount of tin oxide present within the native tin oxide layer
was very small and since the SnO, reduction on the first scan most
likely was distributed over a relatively large potential range (see
below). It is consequently difficult to study the conversion reaction
in the presence of the alloying reaction for tin based electrodes
covered with only a thin native layer of Sn0O,. The presence of a tin
oxide layer is, nevertheless, in good agreement with the OCP value
of 2.4V vs. Li*/Li found at the start of the experiment.

As has been discussed by many authors [8-11], an SEI layer
should be formed on the electrode at least in the potential region
where the alloy formation reaction takes place. Reduction peaks
observed between 1.2V and 1.5V vs. Li*/Li have, however, some-
times also been ascribed to electrolyte decomposition yielding SEI
formation. [12,13,21,47-50] In Fig. 6a, there is, nevertheless, no
reduction peak which immediately can be ascribed to the formation
of an SEI layer. This suggests that the current associated with this
reaction likewise could have been too small to be seen in the pres-
ence of the lithium tin alloy formation reaction. This hypothesis can

be further supported by estimating the expected SEI current for an
assumed 100 mV wide SEI peak based on a 20 nm thick SEI layer, an
SEl density of 2 g/cm3 and a molecular mass of the SEI forming com-
pounds of 150 g/mol. For a two-electron reduction process and an
electroactive area of about 3.3 cm? (see below), an average cathodic
current due to the SEI formation of about 0.13 mA would then be
expected. Analogously, the expected average reduction current due
to the reduction of a 6 nm thick Sn0O, layer would be of the order
of 0.09 mA assuming a 400 mV wide reduction peak (see below).
These currents are clearly small compared to the currents due to
the alloy formation which explains why the SnO, reduction and the
SEI formation reduction peaks cannot be seen in Fig. 6a. The peaks
seen below about 2.5V vs. Li*/Li in Fig. 6a consequently mainly
correspond to the electrochemical reactions associated with the
formation and oxidation of the lithium tin alloy and the formation
and oxidation of a lithium gold alloy, respectively.

To be able to study the conversion reaction (i.e., Reaction 1)
cyclic voltammograms were further recorded between 0.9V and
3.0Vvs. Li*[Liasis shown in Fig. 6b. By comparing the current scales
in Figs. 6a and b it is immediately evident that the SnO, reduc-
tion current would indeed be difficult to detect in the presence of
the alloy formation reaction. From Fig. 6b, it is also clear that the
reduction of the native tin oxide layer took place in a rather wide
potential window on the first cycle while a more well-defined tin
oxide reduction peak was seen on the subsequent cycles. In analogy
with the behavior seen in Fig. 6a, the magnitude of the oxidation
current at about 2.9V vs. Li*/Li decreased on the subsequent cycles.
This indicates that the formed oxidation product could not be fully
reduced on the subsequent cathodic scan. A small reduction peak at
approximately 2.75V vs. Li*[Li, which probably is directly coupled
to the oxidation peak at 2.9V vs. Li*/Li, can also be seen for the first
two scans in Fig. 6b. On the tenth cycle, a broad reduction peak at
about 1.7 V vs. Li* /Li (which most likely is coupled to the broad oxi-
dation wave seen at potentials larger than about 1.75V vs. Li*/Li)
caninstead be seen. These results suggest that the oxidationat2.9V
involves the formation of an oxidation product which at least ini-
tially can undergo partial reduction at about 2.75V vs. Li*/Li and
that the reduction peaks seen at 1.7 to 1.3 V vs. Li*/Li on the second
and subsequent scans involve Reaction 2. The latter would be in
agreement with the standard potential of about 1.6V vs. Li*/Li pre-
viously mentioned. The fact that the reduction peak charge was 16
mC for the second cycle and 21 mC for the tenth cycle whereas the
corresponding oxidation charges were 16 and 18 mC also demon-
strates the presence of an essentially reversible redox reaction in
this potential window.

3.3.2. Cyclic voltammetric scans up to 2.5V vs. Li*/Li

As is seen in Fig. 7a, the first cycle voltammogram recorded
with a native tin oxide film on the tin crystals between 0.9 and
2.5V vs. Li*[Li exhibited a reduction peak at about 1.6V vs. Li*/Li,
a broad reduction peak at approximately 1.1V vs. Li*/Li and two
broad oxidation peaks at about 1.8 and 2.2V vs. Li*/Li. In this case
it is reasonable to assume that the reduction peaks at 1.1 and 1.6V
vs. Li*[Li were due to the reduction of Sn0O, and a thin layer of SnO
formed on top of the Sn0O, layer during self-discharge. The broad
oxidation peaks may consequently be ascribed to the formation
of SnO and Sn0O, which according to thermodynamics should be
formed at roughly the same potential (i.e., about 1.6V vs. Li*/Li).
One problem here is that the oxides formed would act as passi-
vating layers which most likely explains the drawn-out oxidation
peaks as well as the significantly smaller oxidation charge com-
pared to the reduction charge on the first cycle. In Fig. 7a, the first
and tenth cycle reduction charges in Fig. 7a were 35 and 12 mC,
respectively, while the corresponding oxidation charges were 8 and
10 mC, respectively. The tenth cycle charges were thus only about
half of those obtained when cycling between 0.9 and 3.0V vs. Li*/Li
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Fig. 7. Cyclic voltammograms recorded for native tin oxide coated samples cycled
vs. lithium between a) 0.9 and 2.5V vs. Li*/Li and b) 0.05 and 2.5V vs. Li*/Li.

(see Fig. 6) supporting the hypothesis that the formation of SnO,
on the anodic scan takes place within a relatively wide potential
window. The latter is, however, not unexpected as this effect is
well-known [51-53] for metals forming passive layers.

Fig. 7b depicts voltammograms obtained with native oxide
coated films cycled between 0.05V and 2.5V vs. Li*/Li, i.e, in a
potential window including also the tin and gold alloying reactions.
While these voltammograms generally are very similar to those
seenin Fig. 6a, some small differences exist. In Fig. 7b, a small reduc-
tion peak, which disappears upon further cycling, is, for example,
seen at about 1.7V vs. Li*/Li on the first scan. This small reduc-
tion peak is therefore likely to be due to the reduction of SnO and
Sn0, in reasonable agreement with the data in Fig. 7a. The shapes
of the alloy formation and dealloying peaks on the first cycle also
differ somewhat compared to those seen in Fig. 6a. This probably
reflects differences in the conditions affecting the nucleation of the
lithium tin alloy for the different samples since it is well-known
[28,29,54,55] that the electrodeposition of metals is very sensitive
to changes in the experimental conditions. The reduction peak at
about 1.2V vs. Li*/Li seen on the second cycle in Fig. 6a (which
most likely is due to SnO, reduction) is clearly missing in Fig. 7b
which supports the hypothesis that the latter peak is coupled to
the oxidation seen above 2.8V vs. Li*/Li in Fig. 6a. In Fig. 7b the
presence of a continued oxidation at potentials larger than 1.3V
vs. Li*/Li is likewise clearly seen which could either stem from
the dealloying reaction (i.e., oxidation of the lithium within the
alloy), the oxidation of elemental tin, or a combination of both reac-
tions. A closer look at the voltammograms shows that the current
remained anodic even on the following cathodic scan (at least up to

about 1.7 V vs. Li*/Li) suggesting that the complete oxidation of the
lithium within the alloys is relatively slow (and most likely mass
transport controlled) process. The latter effect explains some of the
problems associated with the detection of the tin oxide reduction
currents in Fig. 6a and 7b.

To investigate the electrochemical performance of samples
coated with thicker (i.e., 12 and 24 nm thick) tin oxide layers,
analogous cyclic voltammetric experiments were carried out with
samples which had undergone electrochemical anodization involv-
ing linear sweep voltammetry to +0.8 and +1.0V vs. Ag/AgCl,
respectively (see experimental section). Although the shapes of the
corresponding cyclic voltammograms (see the supporting informa-
tion) were generally very similar to those depicted in Fig. 7a, the
reduction and oxidation charges were found to increase with grow-
ing oxide layer thickness. This demonstrates that these peaks were
indeed due to redox reactions involving the tin oxide layer. A com-
parison of the reduction and oxidation charges for the different
samples cycled between 0.9 and 2.5 V vs. Li*Li further showed that
these charges were proportional to the oxide layer thickness. In all
cases, a significantly larger first cycle reduction charge (compared
to those obtained on the subsequent cycles) was found indicating
an incomplete formation of SnO, on the subsequent anodic scan. As
already mentioned, the reduction on the first cycle should involve
Sn0, (in addition to some SnO formed via self-discharge) while SnO
and Sn0, can be expected to be formed on the subsequent anodic
scan. A reduction peak corresponding to the small SnO peak seen
at about 1.6 V on the first scan in Fig. 7a (for the native oxide) was,
on the other hand, not seen for the thicker SnO, layers most likely
as such a peak would be difficult to detect in these cases due to the
larger reduction current obtained for these samples (a small reduc-
tion peak at about 1.7 V vs. Li*Li could in fact be seen for the 12 nm
thick film). The samples anodized at +0.8 and +1 V vs. Ag/AgCl exhib-
ited first reduction charges of about 70 and 149 mC, respectively,
while the corresponding reduction charges on the tenth cycle were
26 and 79 mC for the samples anodized at +0.8 and +1.0V, respec-
tively. The oxidation charges, on the other hand, increased from 20
to 24 mC for the sample anodized at +0.8V vs. Ag/AgCl and from
57 to 77 mC for the sample anodized at +1.0V vs. Ag/AgCl, respec-
tively. These findings hence show that the tenth cycle reduction
charges only corresponded to about 37 and 53 % of the first cycle
charges for the samples anodised at +0.8 and +1.0V vs. Ag/AgCl,
respectively. As the corresponding value was about 35 % for the
native oxide layer the present results suggest that the reformation
of Sn0, could become more facile as the thickness of the SnO, layer
increases when cycling between 0.9 and 2.5V vs. Li*/Li.

By assuming that the reduction seen on the first cycle (when
scanning between 0.9 and 2.5V vs. Li*/Li) were indeed due to the
reduction of Sn0O, it becomes possible to calculate the expected
reduction charges for the different SnO, thicknesses. Such a cal-
culation (based on a geometric electrode area of 1.77 cm?, a Sn0O,
density of 6.95 g/cm3, a Sn0, molar mass of 150.71 g/mol and a four-
electron reduction process according to Reaction 1) indicates that
the obtained reduction charges for 6, 12 and 24 nm thick SnO, layers
should be about 19, 38 and 76 mC, respectively. These charges are,
however, somewhat smaller than the experimental values (i.e., 35,
70 and 149 mC). The latter can most likely be explained by the pres-
ence of a surface roughness effect (see the SEM image in Fig. 1b) of
about 1.9 yielding an electroactive area of about 3.3 cm? for all three
samples. As this surface roughness factor is reasonable considering
that the surface coverage of the tin coating was significantly less
than 100 %, this calculation further supports the hypothesis that
the SnO; layer is fully reduced according to Reaction 1 on the first
reduction cycle.

A comparison of the cyclic voltammograms obtained between
0.05 and 2.5V vs. Li*[Li for the three different SnO, thicknesses
(i.e., 6, 12 and 24 nm, see Fig. 7b and supporting information), on
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Fig. 8. Cyclic voltammograms recorded for native tin oxide coated samples cycled
versus lithium between a) 0.9 and 3.5V vs. Li*/Li and b) 0.05 and 3.5V vs. Li*/Li.

the other hand, clearly showed that the reduction and oxidation
charges associated with the lithium tin alloy and lithium gold alloy
formation and the oxidation of the alloys were practically indepen-
dent of the thickness of the SnO, layer. This result is, however, not
unexpected as the SnO, layers on the Sn crystals were fully reduced
to elemental tin at potentials of about 1.0V vs. Li*/Li as discussed
above.

3.3.3. Cyclic voltammetric scans up to 3.5V vs. Li*/Li

To further study the oxidation reaction taking place above about
2.8V vs. Li*[Li cyclic voltammograms were also recorded between
0.9 and 3.5V vs. Li*/Li as well as between 0.05 and 3.5V vs. Li*/Li
as indicated in Fig. 8. In Fig. 8a, it is seen that at least two oxida-
tion peaks were obtained on the first scan at about 3.0 and 3.2V vs.
Li*|Li, respectively, and that the reduction charge on the preceding
cathodic scan was very small compared to the first cycle oxidation
charge. Oxidation peaks above 2.8V vs. Li*/Li, although exhibiting
a different peak size distribution, were also seen after a cathodic
scan to 0.05V vs. Li*/Li as is seen in Fig. 8b. Based on the first cycle
voltammograms in Fig. 8a it is immediately evident that the oxida-
tion must have involved a further oxidation of the surface of the tin
crystals. Due to the lack of an oxygen source in the electrolyte it is
also clear that the oxidation could not have given rise to additional
Sn0,. Although traces of water certainly were present in the elec-
trolyte these are unlikely to have acted as an oxygen source since
the water should have been irrversibly reduced on the preceeding
cathodic scan. This reduction should have resulted in the formation
of 02~ which then should have reacted with the electrolyte to yield
a contribution to the SEI layer. It is also difficult to ascribe the large

oxidation peaks to the formation of additional tin oxide as the ther-
modynamically based potentials for the oxidation of tin to tin(II)
oxide and tin(IV) oxide, respectively both are about 1.6V vs. Li*/Li.
It is, on the other hand, reasonable to assume that the oxidation
could have involved oxidation on tin yielding SnF,, particularly as
fluoride ions are well-known to be present in LiPFg containing elec-
trolytes. These can stem from selfdegradation of the electrolyte, but
also from reactions with trace amounts of water. [56-58] Although
it was not possible to calculate the standard potential for the con-
versionreaction involving SnF,, due to alack of a AGg value for SnF,,
the corresponding values for SnBr; (i.e., 2.2V vs. Li*[Li) and SnCl,
(i.e., 2.5V vs. Li*[Li) could be calculated based on readily available
AG values. [59] The latter values indicate that the standard poten-
tial for the SnF, reaction should be of the order of 3V vs. Li*/Li. The
standard potential for the reaction SnF, + 2e — = SnF, + 2F~ has also
been reported to be 3.15V vs. Li*/Li. [60] According to these data it
is hence reasonable to assume that the oxidation seen at potentials
above about 2.8V vs Li*/Li mainly stems from the oxidation of tin
to SnF,.

As is also evident from Fig. 8, the majority of the generated oxi-
dation product (i.e., mainly SnF,) could, however, not be reduced on
the subsequent scans. The oxidation charge in Fig. 8a was thus 356
mC while the charge of the reduction charges of the preceding and
subsequent reduction scans were 34 and 59 mC, respectively. This
phenomenon is, however, readily explained by the fact that SnF,
which was formed underneath a layer of SnO and SnO, in anal-
ogy with the behavior for the successive formation of other metal
oxides. [61] On the subsequent cathodic scan it will hence be dif-
ficult to reduce the SnF, completely as this requires the transport
of lithium ions through the tin oxide layer on top of the SnF, layer.
This also explains why the formation of SnF, does not interfere very
much with the electrochemical reactions involving the tin oxides
(see Fig. 6b and 8a). The cathodic current between about 3.2 and
2.5V vs. Li*[Li can hence be ascribed to a partial reduction of the
SnF, yielding tin nano-particles in a matrix of LiF as indicated in
Reaction 7 below.

2Li* + 2e~ + SnFy = 2LiF + Sn (7)

Another factor that could contribute to the poor reversibility for
the SnF, reaction is that the generated LiF has been reported to be
very stable [62-64] which means that the reformation of SnF, could
be more difficult than that of SnO, or SnO.

As already explained, the reduction peak at about 1.2V vs. Li*/Li
in Fig. 8b most likely stems from the reduction of SnO, according to
Reaction 1 whereas the reduction peak at about 1.5V vs. Li*/Li on
the second cycle in the same figure can be ascribed to SnO reduction.
The reduction peak seen at about 1.2 V vs. Li*/Li on the second cycle
in Fig. 6a thus suggests that oxidation to SnO, required scans to
potentials above 2.8V vs. Li*/Li.

The corresponding voltammograms recorded between 0.9 and
3.5V vs. Li*[Li for the two electrodes with thicker SnO-, layers also
exhibited large oxidation peaks at potentials above about 3.0V (see
the supporting information). The oxidation charges were, however,
significantly smaller (i.e., 144 and 112 mC) for the 12 and 24nm
Sn0, films when compared to the 356 mC obtained for the native
SnO, film. This is not unexpected since the presence of a thicker
oxide layer should make it more difficult to oxidize the underlying
tin. For the 12 and 24 nm thick SnO, films, there were no signs of
any oxidation peak on the subsequent anodic scans or any reduc-
tion peaks at 3.0 and 2.6 V vs. Li*/Li on the second cathodic scan as
for the native (i.e., 6 nm thick) SnO, film. A well-defined reduction
peak at about 1.4V vs. Li*/Li and a broad oxidation peak between
1.7 and 2.7 Vvs. Li* [Li were, on the other hand, also seen on the sub-
sequent cycles. The first and tenth cycle reduction charges for the
12 nm thick oxide film were 72 and 59 mC while the corresponding
values for the 24 nm thick film were 123 and 81 mC, respectively.
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Fig. 9. XPS spectra with curves fitted to the 3d% tin peak for different tin oxide layer thicknesses after cycling to 2.5V and 3.5V vs. Li*/Li, respectively.

These values are in reasonably good agreement with the expected
first cycle reduction charges of 72 and 144 mC for the anodized
films (since the experimental values correspond to 100 % and 85 %
of the theoretical values for the two anodized films). In addition,
the tenth cycle reduction charges obtained when cycling between
0.9 and 2.5V vs. Li*Li corresponded to 82 % (12 nm thick film) and
65 % (24 nm thick film) of the first cycle reduction charges. As these
values are larger than those of 37 % and 53 % obtained when cycling
between 0.9 and 2.5V vs. Li*/Li, it is clear that a larger fraction of the
initially present Sn0O, was reformed upon cycling to 3.5V than to
2.5V vs. Li*/Li. This is in good agreement with the general behav-
ior associated with the formation of passivating layers on metals
[51-53].

3.4. XPS characterization of electrodes cycled to 2.5V or 3.5V vs.
Li*/Li

To facilitate the interpretation of the electrochemical exper-
iments, XPS spectra were also recorded after having cycled the
electrodes from the OCP (i.e.,about 2.4 Vvs. Li*/Li)down to 0.9 V and
then up to either 2.5V or 3.5V vs. Li*/Li for all tin oxide layer thick-
nesses to study the composition of the electrodes at the respective
potentials. As is seen in Figs. 9, 10 and 11, the surface characteriza-
tion, which thus was carried out on the first oxidation cycle, focused
mainly on tin, oxygen and fluorine. It was, however, also found that
the carbon spectra exhibited the typical peaks commonly associ-
ated with the presence of an SEI layer formation although this will
not be discussed further [65-67].

XPS profiles were recorded and fitted to the Sn 3d2, F 1s and O
1s XPS spectra (after 2.5V or 3.5V vs. Li*/Li) which are shown in
Figs. 9, 10 and 11. At 2.5V vs. Li*/Li, the Sn 3d% spectra exhibited
mainly contributions from elemental tin and SnO (see references
[68] for more information regarding the tin oxide peak assignment)
whereas an additional peak, most likely due to SnF; could be seen
at higher binding energies after cycling to 3.5V vs. Li*/Li. As is seen
in Fig. 9, the relative contributions for the different components
depended on the thickness of the SnO, layer originally present
on the electrode. For the thickest oxide there was a relative small

contribution from elemental tin and a large contribution from tin
oxide (i.e.,Sn0) at 2.5 V vs. Li*/Li as could be expected. At this poten-
tial, a peak most likely due to SnO, could also be seen for the latter
sample but not for the other two samples. These results hence indi-
cate that mainly SnO was present on the electrode surface after
scanning up to 2.5V vs. Li*/Li. The XPS spectra for the electrodes
cycled up to 3.5V vs. Li*/Li were less straightforward to interpret
probably due to a lower conductivity of the surfaces of these sam-
ples. It is therefore not immediately clear if the peak at about 487.2
to 487.5 eV, seen for all three electrodes, should be ascribed to SnF,
or Sn0, and what the peak at about 486.5 eV stemmed from. The
peak at about 484.9 eV seen for the thickest oxide appears to stem
from elemental tin although it is not clear why this would be the
case as the contribution from elemental tin should be the smallest
for this sample.

The F 1s spectra depicted in Fig. 10 indicate that LiF and
some LiPFg were present on the surface of the samples cycled
to 2.5V vs. Li*[Li as well as on the thickest oxide sample cycled
to 3.5V vs. Li*/Li. This is not surprising as these components
generally are found for electrodes exposed to LiPFg containing
electrolytes. [25,56,57,69,65,67] More importantly, a component,
probably stemming from SnF, was seen for the electrodes with
the native and 12 nm thick oxides but not for the sample with the
thickest oxide after cycling to 3.5V vs. Li*/Li. These results hence
demonstrate that while SnF, is unlikely to form at 2.5V vs. Li*/Li,
but it can most likely be formed during a scan to 3.5V vs. Li*/Li.

The O 1s spectrain Fig. 11 clearly show that tin oxide was present
on the surface of all samples and that the overall tin oxide contri-
bution increased when cycling to 3.5 rather than 2.5V vs. Li*/Li.
It is also evident that there was a shift towards higher binding
energies for the tin oxide peak when going from 2.5 to 3.5V vs.
Li*/Li, most likely indicating that SnO and SnO, dominated at 2.5
and 3.5V vs. Li*/Li, respectively. Since the O 1s spectra indicate
that lithium carbonate was present on the surface of the samples
it can also be concluded that SEI formation can take place during
cycling to 0.9V vs. Li*/Li although it should be mentioned that a
reduction of the solvent at the lithium counter electrode cannot be
excluded.
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Fig. 10. XPS spectra with curves fitted to the 1s fluorine peak for different tin oxide layer thicknesses after cycling to 2.5V and 3.5V vs. Li*Li, respectively.

3.5. SEM characterization of electrodes cycled to 2.5V or 3.5V vs.
Li*/Li

As is seen from the SEM images in Fig. 12, which were taken
after having cycled electrodes with the native oxide to 2.5and 3.5V
vs. Li*[Li, respectively, the deposited oxide coated tin crystals were
still clearly seen after cycling to 2.5V vs. Li*/Li. This SEM image
is thus very similar to that (see Fig. 1) taken prior to the cycling.

From the SEM image taken after cycling to 3.5V vs. Li*/Li it is, on
the other hand, immediately evident that cycling to this potential
gave rise to a completely different surface as the crystals seen after
cycling to 2.5V vs. Li*[Li no longer can be seen in the SEM image.
Although some cracks, which might originate from a volume expan-
sion effect, can be seen on the surface there is no sign of any loss
or detachment of material. Based on the SEM images it can thus
be concluded that the surface morphology changed dramatically
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Fig. 11. XPS spectra with curves fitted to the 1s oxygen peak for different tin oxide layer thicknesses after cycling to 2.5V and 3.5V vs. Li*[Li, respectively.
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Fig. 12. SEM images of the native oxide coated samples cycled to 2.5V and 3.5V vs. Li*/Li, respectively.

when the electrode was cycled from 2.5 to 3.5V vs. Li*/Li while the
samples cycled to 2.5V vs. Li*/Li and un-cycled samples exhibited
very similar morphologies. The dramatic change in the morphology
of the sample can therefore be ascribed to the formation of SnF, at
potentials higher than 2.8 V vs. Li*/Li.

3.6. The electrochemical behavior of SnO, coated Sn electrodes

The electrochemistry of the present Sn0O, coated tin crystals
which were electrodeposited on gold substrates to avoid signifi-
cant interactions with the substrate can conveniently be discussed
based on the three different types of electrochemical reactions
presented above, i.e., the lithium tin alloy reaction, the tin oxide
conversion reactions and the tin(Il) fluoride conversion reaction.
These reactions will therefore be discussed separately in the para-
graphs below.

The formation and oxidation of the lithium tin alloy. Based on the
results in Figs. 6a, 7b and 8b, it is clear that the reduction and oxida-
tion peaks at potentials below about 1.2V vs. Li*/Li can be ascribed
to the formation and oxidation of a lithium tin alloy and a lithium
gold alloy and that no reduction peak due to the formation of an
SEI could be seen as the current associated with such a process
would be too small to detect in the presence of the alloy formation
reaction. An SEI is naturally still formed in this potential region
even though it cannot be seen in the voltammograms. The data
also show that lithium gold alloy formation takes place at poten-
tials below about 0.2V vs. Li*/Li in good agreement with previous
findings. [35-37] This effect stems from the fact that the surface
coverage of tin on the gold substrate was significantly smaller than
100 % as is seen in Fig. 1.

Analogously it is clear that the lithium gold alloy is oxidized at
potentials between 0.4 and 0.7 V vs. Li* [Li while the lithium tin alloy
gives rise to the oxidation peak at about 0.7 to 1.0V vs. Li*/Li. As is
clearly seen from Figs. 6a, 7b and 8b the oxidation of the lithium
tin alloy (and analogously also the lithium gold alloy) continued to
contribute to the current at least up to a potential of 2.5V vs. Li*/Li
on the anodic scan. This can be readily explained by the fact that
the oxidation of the alloy starts at the surface of the electrode and
continues inwards which gives rise to a growing layer of elemen-
tal tin on top of the remaining alloy. Since the lithium must diffuse
through this layer of tin to get to the surface this phenomenon gives
rise to an extended and in many cases probably also incomplete
oxidation process. Since the formation of the alloy (which likewise
takes place on the tin surface) results in the formation of an alloy
which gradually spreads inwards there is no corresponding slow
step during the deposition of the alloy or the subsequent deposition
of lithium on top of the alloy. This means that there is a funda-
mental electrochemical difference between the reactions involving
alloy formation and oxidation of the alloy which should be seen for

all metals forming alloys with lithium. This effect will thus gener-
ally give rise to too small oxidation charges when compared to the
reduction charges, i.e., coulombic efficiencies lower than 100 %.

The conversion reactions involving SnO, and SnO. The present
results clearly show that it is possible to fully reduce SnO, films
with thicknesses of up to 24nm within a potential region from
about 1.8V to 1.0V vs. Li*/Li, but that the corresponding forma-
tion of SnO, on the subsequent anodic scan is incomplete even
for scans up to 3.5V vs. Li*/Li. The problem is thus not the reduc-
tion of the Sn0, but the oxidation involving the reformation of the
Sn0,. The experimental results also show that it is unlikely that
the irreversible electrochemical behavior of Sn0O, is coupled to the
volume expansions associated with the conversion reaction.

Based on the voltammetric and XPS results SnO appears to be
the dominating oxide for potentials between about 1.7 to 2.5V vs.
Li*/Li while an increasing fraction of SnO, is formed upon scan-
ning to 3.0V and 3.5V vs. Li*/Li. The problems associated with
the reformation of SnO, is most likely due to the fact that the
formation of the oxides gives rise to a growing passivating layer
which makes additional formation of SnO, more and more dif-
ficult. The latter is not surprising as the formation of SnO, (i.e.,
Sn+4Li;0 = Sn0, +4Li* +4e~) requires that lithium ions can be
transported through the growing oxide layer to maintain elec-
troneutrality. There is, on the other hand, no corresponding slow
step during the reduction of the SnO, since this reaction gives rise to
tin nanoparticles in a matrix of Li, 0. This means that the required
mass transport of lithium ions should be relatively fast. In anal-
ogy with the alloy formation reaction there is hence an asymmetry
with respect to the reduction and oxidation steps of the conversion
reaction.

As mentioned in the introduction, there are several reports
demonstrating a partial reversibility of the conversion reaction for
Sn0, nanoparticles. [38,70,71] In many of the reports the partial
reversibility has been ascribed to the small size of the particles
and the presence of other phases like copper or carbon. Since the
present experiments were carried out with micrometer sized tin
crystals coated with up to 24 nm thick SnO- films in the absence
of any additives it is reasonable to assume that the observed
reversibility was due to the relatively thin SnO, coatings. Since
Chouvinetal.[17,18] observed partial reversibility for SnO it is even
possible that nanosized tin oxide particles or nanometer thick tin
oxide layers may not be absolutely necessary at all. Based on the
discussion above it is, however, evident that a full utilization of a
sufficiently thick SnO, film or sufficiently large SnO, particles is
unlikely on reasonable time scales.

Although Chouvin et al. [17,18] suggested that the alloy for-
mation could interfere with Sn— O interactions and lead to tin
agglomeration when cycling to potential below 0.3V vs. Li*/Li and
therefore disturb the reformation of tin oxide, no evidence for
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such an effect have been found in the present study. It should,
however, be pointed out that it was difficult to study the con-
version reaction in the presence of the alloying reaction as the
currents due to the latter reaction were significantly higher and
therefore masked the currents associated with the conversion
processes. Since the conversion reaction gives rise to tin nanopar-
ticles in a Li, O matrix and the subsequent alloy formation should
convert the tin into a lithium tin alloy which still should be sur-
rounded by Li,O it is not immediately clear why the formation
of the alloy would affect the reversibility of the SnO, conversion
reaction.

The formation of tin(Il) fluoride. As is seen in Figs. 6b and 8 large
oxidation peaks due to the formation of SnF, could be seen when
scanning to potentials higher than about 2.8 V vs. Li*/Li. This oxida-
tion did, however, not affect the reversibility of the SnO, conversion
reaction significantly since the formation of the SnF, should have
taken place below the tin oxides. The latter also explains the prob-
lems associated with the subsequent reduction of the SnF; (i.e., the
conversion reaction involving SnF, ). Although it has been proposed
that SnF, can be formed as a result of a degradation of the PFg
present in the electrolyte [25,56,57,69,65,67] it is not clear if this
reaction involves PF ions or fluoride ions formed as a result of a
previous degradation of the PF;. Since the anions would need to
migrate through the tin oxide layer during the formation of the
SnF, the latter does seem less likely.

Asdiscussed above, the scans to 3.5V vs. Li*/Li also facilitated the
formation of SnO, which means that a layer containing Sn0O,, SnO
as well as SnF, most likely were present on the tin crystals after
scanning to 3.5V vs. Li*/Li. This is partially supported by the XPS
results which unfortunately were difficult to interpret for the 3.5V
vs. Li*[Li case most likely due to the relatively low conductivity of
the surface layers.

The extent of SnF, formation was marked lower for the anodized
films which had thicker SnO, layers in good agreement with the
explanation presented above. The presence of a thick tin oxide layer
can likewise explain why no SnF, was seen in the XPS results for the
thickest film at 3.5V vs. Li*/Li. Even though, there was a dramatic
change in the morphology associated with the SnF, formation (the
expected volume expansion when going from elemental tin to SnF,
is about 210 % calculated from readily available density values [59])
this did not result in any significant loss of capacity for the SnO,
conversion reaction. This further supports the conclusion that the
reversibility problems associated with the SnO (or the SnO) system
do not originate from volume expansion effects.

It should also be mentioned that tin(Il) fluoride (SnF,) [62,63],
tin lead fluoride (PbSnF4) [72] as well as tin fluorophosphate
(Sn3F4P04) [73] have also been studied as anode materials. For both
SnF, and Sn3F4P0,4 a reduction yielding tin and LiF was reported
to be present on the first cycles at a potential of about 1.6V vs.
Li*[Li. [62] This could suggest that the reformation of the SnF, on
the subsequent anodic scan was even more difficult than that for
Sn0,. Connor et al. [63] even concluded that LiF generally is more
chemically inactive than Li,O.

4. Conclusions

The electrochemical reactions involving tin oxide coated tin
electrodes in a lithium-ion battery have been studied in detail
using electrodeposited tin crystals on a gold substrate. Since the
electrodes did not contain any additives it was, with the help of
XPS and SEM investigations, possible to ascribe practically all the
reduction and oxidation peaks in the voltammograms to either tin
oxide conversion reactions, lithium tin alloy formation/oxidation,
or the formation and reduction of tin(Il) fluoride. This improved
electrochemical understanding of the Sn0O,/Sn system is essential in

the development of improved tin based electrodes for lithium-ion
batteries.

It has been shown that SnO, electrodes used in lithium-ion bat-
teries readily can undergo a conversion reaction to yield tin and
Li; O but that the formation of SnO, on the subsequent anodic scan
is limited by the fact that the formed oxide acts as a passive layer.
This means that a complete oxidation to SnO, most likely requires
alarge overpotential and long oxidation times. As has been demon-
strated in the present work, it is, nevertheless, possible to obtain
capacities corresponding up to about 80 % of that of the initial
reduction charge by scanning up to 3.5V vs. Li*/Li. It can, there-
fore, be concluded that the reversibility problems for SnO, do not
stem from volume expansion effects or the agglomeration of tin
particles but rather the transport of lithium ions across a tin oxide
layer of increasing thickness.

It can also be concluded that the formation of the lithium tin
alloy is faster than the corresponding oxidation of the alloy since the
latter process is limited by the diffusion of lithium through a layer
of elemental tin with an increasing thickness. The results further
indicate that lithium gold alloy formation takes place at potentials
lower than about 0.2V vs. Li*/Li and that the oxidation of this alloy
gives rise to an oxidation peak at about 0.3 to 0.4V vs. Li*/Li.

At potentials above about 2.8V vs. Li*/Li SnF, can form under
the already existing tin oxide layer. This reaction gives rise to a
major oxidation peak but practically no corresponding reduction
peak most likely as a result of the problems associated with the
required mass transport of lithium ions through the oxide layer. The
formation of the SnF, layer does, however, not affect the capacity
associated with the Sn0O, reactions nor that coupled to the lithium
tin alloy reactions.

It, consequently, has been demonstrated that the oxidation of
the lithium tin alloy and that yielding SnO, from elemental tin and
Li»O are significantly slower reactions than the formation of the
alloy and the reduction of SnO-. The reduction of the SnF, formed at
potentials higher than about 2.8 V vs. Li*/Li is likewise significantly
slower than the oxidation generating SnF,. These phenomena,
which all can be explained based on the electrochemical condi-
tions connected with the different reactions, are most likely also
observed in many other systems of interest to lithium-ion batteries.
This improved understanding should hence significantly facilitate
the development of new improved electrodes for lithium-ion bat-
teries.
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