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Model Studies on the Solid Electrolyte Interphase
Formation on Graphite Electrodes in Ethylene Carbonate
and Dimethyl Carbonate: Highly Oriented Pyrolytic
Graphite
Isabella Weber,[a, b, c] Johannes Schnaidt,[a, c] Bin Wang,[b] Thomas Diemant,[b] and
R. Jürgen Behm*[a, b]

Aiming at a deeper understanding of the solid electrolyte
interphase (SEI) formation on carbon anodes in lithium-ion
batteries, we performed a combined electrochemical and
spectroscopic model study using structurally well-defined
graphite model electrodes (highly oriented pyrolytic graphite,
HOPG) and simplified model electrolytes (ethylene carbonate
(EC)+1 M LiPF6 or dimethyl carbonate (DMC)+1 M LiPF6). In
cyclic voltammetry measurements, we find initial activation of
the reductive electrolyte decomposition at faster scan rates (1

or 10 mVs� 1), whereas this is not the case at a slower scan rate
(0.1 mVs� 1). This activation effect, which is more pronounced
for DMC, is explained by an increase in the HOPG surface area,
presumably by electrode exfoliation; it is not observed on
surface-defect-rich samples. XPS analysis shows that, regardless
of the solvent and the scan rate, the SEI is mainly composed of
LiF and only small amounts of solvent and other salt
decomposition products.

1. Introduction

Lithium-ion batteries (LIBs) have long become the dominant
system for electrochemical energy storage, ubiquitously em-
ployed for portable electronic devices and increasingly also for
automotive applications.[1,2] Of utmost importance for the
performance of LIBs is the interphase layer formed at the
interface between the anode and the organic electrolyte during
the first charge / discharge cycles, the so-called solid electrolyte
interphase (SEI). It affects the self-discharge characteristics, cycle
life, rate capability and safety by passivating the electrode
surface, protecting it from corrosion and hindering further
electrolyte decomposition, while still allowing Li+ diffusion and
(de-)intercalation.[3–5] Typically, different graphite composite
materials are used as anodes, mostly in combination with a
conductive carbon and a binder.[6,7] The organic electrolytes
consist of solvent blends mixed with Li+ salts, the most
common one being LP30, a 1 :1 (v/v) blend of ethylene

carbonate (EC) and dimethyl carbonate (DMC) with 1 M
LiPF6.

[6,8–10] Although there is a vast number of studies and
information available (for reviews see refs. [1–5] and [11–14]), a
clear identification of the different processes contributing to
the formation of the passivation layer has not been possible so
far. This is mainly due to the complexity of the system, which
arises from the variety of often poorly defined features or
parameters such as the nature and morphology of the electrode
material, the exact solvent composition, the electrolyte salt,
additives, or the cycling rate. On the other hand, a fundamental
understanding of the reactions responsible for the formation of
the SEI and its composition is vital in order to systematically
increase battery lifetime and capacity.

This is topic of the present model study, where we present
results of combined electrochemical and ex situ spectroscopy
measurements on the SEI formation in single-solvent electro-
lytes (EC and DMC, respectively, mixed with LiPF6) on a highly
oriented pyrolytic graphite (HOPG) model electrode. The
electrochemical measurements were performed in a three-
electrode half-cell configuration. The surface and sub-surface
composition of the SEI resulting for different cycling rates was
characterized by X-ray photoelectron spectroscopy (XPS). Fur-
thermore, depth information was obtained by recording spectra
before and after partial sputter removal of the topmost part of
the SEI. Based on the binding energies (BEs) and the intensity
ratios of the different elements, we can derive detailed
information on the nature of the species contributing to the SEI
and on the SEI formation process.

While there is a large number of model studies on the general
topic of SEI formation,[15–23] the number of such studies on the
interaction of the individual LP30 components EC and DMC with
structurally well-defined model electrodes is much smaller. Jeong
et al. studied the interplay between HOPG and LiClO4-containing
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EC (DMC) electrolyte by electrochemical measurements and in situ
atomic force microscopy (AFM), focusing on the effect of the co-
solvent on the SEI formation.[24] Employing also in situ AFM, Cresce
et al. followed the development of an SEI film in EC+LiN(SO2CF3)2
on a HOPG electrode.[25] Closely related is an in situ scanning
tunneling microscopy (STM) study on the SEI formation on HOPG
in LP30 and in DMC conducted by Wang et al., which focused on
morphological aspects.[21]

Changing to the chemical composition of the SEI formed on
graphite electrodes, previous studies revealed that it consists of
decomposition products of salt and solvent, where the amount of
these products and their vertical distribution is affected by a
variety of different parameters,[26–37] such as the concentration of
defect sites.[18,19] Going to well-defined anode materials, it was
shown that the main decomposition product of carbonate-based
electrolytes for defect-rich HOPG cuts about perpendicular to the
basal plane (cross-sectional or edge plane) is LiF, where the F
results from the decomposition of the LiPF6 anion. The basal plane,
in contrast, was found to favor the formation of solvent
decomposition products, such as carbonates or polymers. Specifi-
cally mentioned were (CH2OCO2Li)2 and polyethylene oxide (PEO)
as EC decomposition products.[18,19] These assignments have to be
regarded with caution, however, since the above spectroscopic
studies were conducted in solvent mixtures rather than in single-
solvent electrolytes, which renders a clear identification of the
underlying decomposition mechanism difficult.

Highly relevant for the present study of the SEI formation
process are also results obtained in recent surface science-type
model studies in our group, which were performed under
ultrahigh vacuum (UHV) conditions and at low temperatures
(80–300 K) using well-defined model surfaces and single-solvent
compounds.[38] Studying the interaction between basal HOPG
and EC, we obtained detailed insight into the chemical
interaction and the decomposition processes taking place in
the absence and presence of co-adsorbed lithium.[38]

In the first part of this work, we describe results of the
electrochemical characterization of the model system via cyclic
voltammetry (sections 2.1 to 2.3). This is followed by the XPS
analysis of the SEI layers formed on the HOPG surface, including
depth profiles created by successive Ar+ sputtering (section
2.4). After an overview on the elemental composition of the
SEIs, we discuss possible components of the passivation layers
based on the binding energies and the intensity ratios of the
respective signals and their depth distribution. These results
will be used to derive a more detailed picture of the different
processes occurring during SEI formation at the HOPG jelectro-
lyte interface during the first cycles, which can serve as a
simplified model for graphite jelectrolyte interfaces in general.

2. Results and Discussion

2.1. Reductive EC and DMC Decomposition at 0.1 mV s� 1

Figure 1a displays a cyclic voltammogram (CV) recorded on the
basal HOPG plane at 0.1 mVs� 1 in the potential window of 1.5–
0.02 V vs. Li/Li+ in EC; in b) we show the same potential range

of a CV recorded on a HOPG electrode in DMC-based electrolyte
during cycling in a wider potential window (3.0–0.02 V).

In the HOPG jEC+LiPF6 system, a first cathodic peak
appears at 0.6 V. This agrees with a previous report, where
reductive EC decomposition on basal HOPG was found to begin
at ~0.7 V (CV at 0.5 mVs� 1, 2.9–0.0 V, EC+1 M LiClO4).

[9]

Qualitatively similar CVs were obtained also when EC was mixed
with diethyl carbonate (DEC) (CV at 20 mVs� 1, 3.0–0.0 V, EC:DEC
(1 :1 v/v)+1 M LiClO4

[16]) and DMC (CV at 5 mVs� 1, 3.0–0.0 V, EC:
DMC (1 :1 w/w)+1 M LiClO4

[27]) as solvent, although the peak
potentials differ somewhat.

After the main peak, the reductive processes continue with
decreasing rate down to the lower potential limit. In this region,
the current signal is slightly noisy, probably due to the
evolution of ethylene gas or hydrogen, with the former being a
product of EC decomposition and the latter a side-product
caused by H2O impurities in the electrolyte,[39–41] in our case
approximately 20–50 ppm for the solvents.

For graphite materials used in realistic batteries, one usually
observes a strong increase of the reduction current below 0.2 V
in the cathodic scan, often together with distinct peaks which
reflect staged lithium intercalation (0.2–0.02 V), and correspond-
ing oxidation currents for de-intercalation up to 0.4 V in the
anodic scan.[42] Basal HOPG surfaces, in contrast, are supposed
to be incapable of rapid Li intercalation.[43,44] This agrees with
the above current traces recorded on HOPG jEC+LiPF6, where
no notable peaks are observed at the potentials expected for
Li+ (de-)intercalation. In contrast, Jeong et al. reported peaks in
the CV close to 0.0 V in the cathodic scan and between 0.5 and
1.0 V in the anodic scan on basal HOPG and assigned them to a
combination of irreversible solvent decomposition as well as Li+

(de-)intercalation.[24] Interestingly, their CV for HOPG jEC+LiClO4

is similar to current traces we obtained on ‘scratched’ HOPG
(see below, Figure 3).

Figure 1. Cyclic voltammograms recorded on HOPG (basal plane) in a) EC
+1 M LiPF6 and b) DMC+1 M LiPF6 at 0.1 mVs� 1.
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On the other hand, surface science-type experiments of our
group indicated that Li+ intercalation occurs even on well-
defined HOPG after deposition of small amounts of Li0 under
UHV conditions.[38] Taken together, it appears that Li+ intercala-
tion into basal HOPG is possible with measurable rates only on
defective surfaces.

In the first anodic scan, the reduction current forms a
plateau between 0.2 and 0.5 V, indicating ongoing reductive
processes (electrolyte decomposition). At the same time, we
cannot exclude minor contributions from oxidative processes.

The second cycle of the CV in Figure 1a shows the same
characteristics as the first one, albeit with a slightly shifted
onset (from 0.9 to 1.1 V) and peak potential (0.6 instead of
0.5 V) and a somewhat lower current density. According to the
literature, formation of the SEI on HOPG electrodes and
subsequent surface passivation in EC-containing electrolytes is
largely completed in the first cycle, regardless of the exact
electrolyte composition (e.g., HOPG jEC+LiClO4,

[24] HOPG jEC:
DMC+LiPF6,

[22] and HOPG jEC:DEC+LiClO4
[16]). Therefore, fur-

ther reduction currents are usually not observed in the second
and following cycles. Alliata et al., though, observed incomplete
surface passivation in a single cycle on basal HOPG, while on
cross-sectional HOPG this was completed after one cycle.[27] In
consequence, the different behavior in the present measure-
ments may be an effect of the low defect density of the HOPG
model electrode surface. It could also be related, however, to
the much higher amount of electrolyte in our beaker cell
compared to battery cells, which might cause dissolution and
migration effects that delay complete surface passivation. These
aspects will be discussed further with Figure 3 (section 2.3).

The CVs for HOPG in DMC-based electrolyte (Figure 1b)
were recorded in a broader potential window (3.0 - 0.02 V),
since in some of our measurements a peak around 0.08 V
appeared in the cathodic scan, along with a broad signal at
1.9 V (see Figure S2, SI). The latter peak has previously been
attributed to reductive processes caused by O2 or H2O
contaminations in the electrolyte.[22,26,45] This is reasonable,
considering the rather high water content in our solvents. The
next reductive Faradaic process with a pre-peak at 0.4 V is
found at 0.3 V. Considering also the previous report by Jeong
et al.,[24] we assign these peaks to the reductive decomposition
of the DMC-based electrolyte. Jeong and coworkers reported
the onset of DMC reduction at ~0.7 V (HOPG jDMC+LiClO4,
5 mVs� 1, 3.0–0.0 V), which led to a sharp reduction peak at 0.3–
0.2 V.[24] This agrees well with our observations. After the
reductive decomposition, the cathodic current density de-
creases until the lower potential limit and then remains
constant on the subsequent anodic scan, forming a plateau
much like the one observed for HOPG in EC-based electrolyte.

In the second cycle, the cathodic scan again shows a broad
maximum at 1.9 V. After that peak, reductive currents appear
again at about 0.5 V, which agrees with the trend in the first
cycle. In this case, however, the pre-peak has vanished. Overall,
the current density is only half of that recorded in the first cycle.
Thus, in contrast to the EC-based electrolyte, we find a
significant surface passivation for the HOPG jDMC system in the
first two cycles.

2.2. Influence of Scan Rate and Cycling Time

To obtain more information on the kinetics of the processes
contributing to the potentiodynamic SEI formation, we per-
formed additional CV measurements with different scan rates (1
and 10 mVs� 1) in addition to the slow-scan measurements
described above (0.1 mVs� 1).

In Figure 2 we present selected cathodic scans (1st–3rd in all
cases, plus 5th and 10th/50th in some cases) of the potentiody-
namic cycles measured in EC- and DMC-based electrolyte,
respectively, which illustrate the difference in trends with
varying scan rate (the complete first cycles are presented and
briefly discussed in Figure S2, SI).

In general, the scans support the previous conclusion (see
section 2.1) that electrolyte decomposition (EC: 0.6–0.4 V, DMC:
0.4–0.3 V) continues past the first cycle and that therefore
surface passivation / SEI formation is not completed at that
point. At 0.1 mVs� 1, as discussed above with Figure 1, we
mainly find a steady decrease of the cathodic current density
for both electrolytes. At 1 and 10 mVs� 1, however, the behavior
is more complex. For HOPG jEC+LiPF6, we find a change in the
peak current density and a shift in the peak position in the
region of 0.7 to 0.2 V. Both effects appear to be linked, i. e., a
decrease in current density is combined with a potential up-
shift. For the fastest scan rate of 10 mVs� 1 we find a steady
decay of the reduction peak and a shift to higher potentials.
Furthermore, a pre-peak at higher potentials, which is visible
only as weak shoulder in cycles one and two, becomes more
dominant with increasing cycle number. From these observa-
tions we conclude that the apparent peak shift is mainly due to
a pronounced increase of the relative intensity of the high
potential peak / relative decrease of the low potential peak,
while the actual shifts in the potentials of the individual peaks
are rather small. This indicates that two different processes are
responsible for the two peaks, whose contributions change
with increasing cycle number. Obviously, the process reflected
by the lower potential peak is more strongly affected by the
ongoing SEI formation than the higher-potential process.

Most complex, however, is the behavior observed at
1 mVs� 1. Under these conditions, the reduction peak first
increases in intensity from cycle one to cycle two and
subsequently decays. This demonstrates an initial activation
effect, which, to the best of our knowledge, has not been
reported before. At the same time, also the peak potential shifts
to slightly lower values. Afterwards, the current density
decreases, following the trend observed at 10 mVs� 1. The same
is also true for the shift to more positive potentials and for the
appearance and relative growth of the second peak at higher
potential.

For HOPG jDMC+LiPF6, the trends for the current densities
and the evolution of the higher-potential peak at 1 and
10 mVs� 1 are rather similar to the ones observed in EC-based
electrolyte (for the behavior at 0.1 mVs� 1 see section 2.1), while
the peak shifts are less pronounced. Also, the activation
behavior at 1 mVs� 1 is observed again, and it is even more
pronounced than in EC-based electrolyte. In the present case,
the activation continues up to the fifth cycle before the current
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density decreases again. After 30 cycles (not shown), we also
find the double-peak feature which, in EC-based electrolyte,
appeared already after ten cycles at the same scan rate.

Furthermore, in DMC-based electrolyte, we find an activa-
tion effect also at 10 mVs-1. In contrast to the slower scan rate,
though, it does not start right from the beginning but only after
the first four cycles. Here it should be noted that, in some
similar-type measurements, we also found activation right from
the beginning. Most likely, these discrepancies result from
differences in the quality of the HOPG model electrode surface,
indicating that the activation effect depends sensitively on the
defect density of the HOPG electrodes. This will be discussed in
more detail in the next section.

2.3. Influence of the Surface Preparation

As a last point, we explored the influence of surface defects on
the SEI formation. Scanning electron microscopy (SEM) images

of the optically smooth and the roughened HOPG surface are
presented in the Supporting Information, Figure S1. These show
that the scratches in the HOPG surface exhibit a vastly increased
number of cross-sectional sites. Figure 3 displays CVs recorded
on deliberately damaged HOPG in EC- and DMC-based electro-
lyte and, for comparison, the corresponding ones recorded on
optically smooth HOPG (see also Figures 1 and S3). For both
electrolytes, the CVs recorded on the two different surfaces
differ significantly, with much higher currents on the defective
surfaces. For the defective HOPG jEC+LiPF6 system (Figure 3a)
we find a pronounced reduction peak with a maximum at 0.7 V,
at potentials considerably higher than the reduction peak on
the smooth HOPG surface. The main decomposition process
occurs in the potential range where, on smooth HOPG, the pre-
peak is located, but with markedly higher currents. Below 0.5 V,
the current increases continuously towards the lower potential
limit. This is most likely due to Li+ intercalation via the surface
defects. In agreement with that, the anodic scan of the first
cycle exhibits a small peak for Li+ de-intercalation at 0.4 V. The

Figure 2. Cathodic scans between 1.5 and 0.02 V of HOPG in a–c) EC- and d–f) DMC-based electrolyte at 0.1, 1 and 10 mVs� 1. From the scans indicated in the
legend, we only show those which demonstrate best the activation effect for the respective series.
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second cycle exhibits no significant current signal except in the
Li+ (de-)insertion region. Hence, the first cycle is sufficient for
complete passivation towards further (reductive) electrolyte
decomposition.

Comparing the characteristics of our CVs recorded on
smooth and damaged HOPG with the one reported by Jeong
et al.[24] (HOPG jEC+LiClO4), we find their CV to agree closer
with that measured on the damaged substrate with respect to
the decomposition potential, the Li+ (de-)intercalation, and the
overall passivation behavior. Most likely, that sample had a
considerable density of surface defects. This agrees also with
the absence of an activation effect in the measurements by
Jeong and coworkers.[24]

A similar experiment performed in DMC-based electrolyte
(Figure 3b) also shows a significant shift of the onset potential
for electrolyte reduction to higher potentials and a broader and
much more intense reduction peak compared to smooth HOPG
(~1.1 V vs. ~0.6 V). In addition, it exhibits a side maximum at
the lower potential side (0.2 V). At potentials below 0.1 V the
current density increases steadily, which again is assigned to Li+

intercalation. The corresponding, very broad Li+ de-intercala-
tion peak in the anodic scan is in the range 0.5–1.4 V. Note that
the Li+ de-intercalation charge is much higher than in EC-based
electrolyte. In the second cycle, the general shape of the curves
is maintained. The currents, however, are considerably lower
than in the first scan, both those for electrolyte reduction and
those for Li (de-)intercalation. Hence, also in this electrolyte
there is no activation observed for the defective electrode
surface, different from the optically smooth sample cycled
under similar conditions (1 mVs� 1). The effect seems to be a

unique aspect of the smooth, basal HOPG model electrode. We
tentatively explain this by an increase in the electrochemically
active surface area and/or the formation of surface sites with
higher activity, caused, e.g., by surface exfoliation.[46] Such
processes have been reported upon cycling of graphite electro-
des in propylene carbonate electrolyte and were explained by
solvent co-intercalation into defect sites[47] connected with the
build-up of a passivation layer (SEI formation). Assuming
different kinetics for these two counteracting processes, with
activation being faster but with passivation prevailing as the
dominant process in the long run, we can explain the complex
behavior observed experimentally for the different scan rates as
follows: at 0.1 mVs� 1, the scan rate is sufficiently slow that there
is enough time for passivation before the second cycle is
recorded, and passivation is the dominant effect. At 1 mVs� 1, in
contrast, this is no more the case and the current densities in
the second cycle exceed those in the first cycle in both
electrolytes. Hence, activation is dominant at the beginning.
Only after a number of cycles (~ two for EC electrolyte
reduction, ~ ten for DMC electrolyte reduction) the thickness of
the SEI is sufficient to negate the activating process and the
current densities decrease again. The discrepancy in the time
needed until passivation takes over is in line with the earlier
onset for EC decomposition observed in the cathodic scan. Both
effects point to a more facile decomposition and passivation
process in EC than in DMC. Furthermore, it is likely that the
processes leading to activation and passivation start at different
potentials. Assuming that the passivating electrolyte decom-
position is related to the peaks around 0.5 to 0.3 V and that the
activation due to an increased surface via exfoliation sets in at

Figure 3. Cathodic (above) and anodic (below) scans of an optically smooth and a defective basal HOPG plane in a) EC+LiPF6 and b) DMC+LiPF6 at 1 mVs� 1.
Straight lines present the first cycle, dashed lines the second.
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lower potentials (during the rather flat region below the peak),
the different behavior at 0.1 and 1 mVs� 1 can be rationalized: at
0.1 mVs� 1, there is enough time for the electrolyte decom-
position to form a passivation layer which hinders the
exfoliation process before the potentials needed for the latter
are reached. In contrast, at higher scan rate, the passivation is
not yet complete when the lower potentials trigger the
activation process.

At a scan rate of 10 mVs� 1, finally, the behavior of both
HOPG in EC- and DMC-based electrolyte is even more complex.
The CVs show decreasing current densities for a certain amount
of cycles, until the activating effect sets in and current densities
increase again. In the picture discussed above this would mean
that the time spent at low potentials is too short for significant
activation, which involves also structural modifications, while
electrolyte decomposition and passivation is still possible to
some extent. A more detailed discussion is, however, not
possible from the present data. This is particularly true as the
number of cycles necessary until activation sets in was found to
differ greatly, indicating distinct effects of the defect density of
the HOPG surface. Likewise, no activation effects were found on
deliberately damaged HOPG electrodes at 1 mVs� 1. Finally,
focusing on the role of the different electrolytes in the
passivation process on the damaged surfaces, it occurs faster in
EC-based than in DMC-based electrolyte. In the former, only a
single cycle is required for complete passivation, while SEI
formation in single-solvent DMC electrolyte it is not yet
completed after five cycles.

2.4. Chemical Composition of the SEI: Ex Situ XPS
Characterization

The chemical (surface) composition of the SEI was characterized
by XPS. Spectra were recorded on selected HOPG samples, 1)
on the as-prepared SEI surface (t=0) and 2) after subsequent
sputtering of the topmost layers (total sputter times two, six, 12
and 30 minutes, sputter rate ~1 nmmin� 1 as specified by the
manufacturer).

The spectra will be shown in Figure 5 and 6 for the non-
sputtered electrodes (t=0) and for samples sputtered for six
minutes (t=6) after cycling at a scan rate of 0.1 mVs� 1.
Corresponding spectra recorded after longer sputtering times
and upon cycling at 10 mVs� 1 are included in the Supporting
Information (Figures S4–S11).

2.4.1. Depth-Dependent Elemental Composition of the SEI
Surface in EC- and DMC-Based Electrolyte at 0.1 and 10 mVs-1

Before discussing the spectra in detail, we will begin with the
resulting elemental composition (Li, P, C, O and F) of the
passivation layer, which can be derived from the peak
intensities using the respective atomic sensitivity factors (ASFs,
see Table S2, SI) without any ambiguities imposed by peak
fitting / peak deconvolution procedures.

The depth-dependent compositions of the SEIs formed in
EC- and DMC-based electrolytes obtained after different
sputtering times are illustrated schematically in Figure 4.

The elements with the highest concentrations in the surface
and bulk regions of the SEI layer are Li and F (~40–50 at.%). The
ratio of both elements is about 1 :1. During sputtering, their
atomic percentages remain more or less constant over the total
sputtering time (30 min) for HOPG electrodes cycled at
0.1 mVs� 1 regardless of the electrolyte. For samples cycled at
10 mVs� 1, the F concentration decreases slightly during the last
18 min of sputtering. Apparently, the majority of Li- and F-
containing species is more or less homogeneously distributed
throughout the SEI, except for the region close to the electrode,
where they are less abundant.

With concentrations of 5–16 at.% and 5–8 at.% at the
surface, C and O, respectively, are the third-most abundant
elements in the as-prepared SEI. For both elements, the
concentration changes significantly upon sputtering, decreasing
drastically after two minutes. We assume that the higher surface
concentrations on the as-prepared SEI at t=0 are due to
residual solvent traces remaining on the sample after the
cleaning procedure. During continued sputtering, the elemental
concentrations of oxygen and carbon remain more or less
constant. During the last 18 minutes of sputtering, however, the
concentration of C increases for the samples cycled at
10 mVs� 1, whereas the amount of O remains about constant.
The different trends of these two species in the later stages of
the sputter procedure (12 to 30 min) on the samples cycled at
the fast scan rate indicate that there is no increase in the
amount of species which contain both C and O, but that this is
carbon-specific. This is tentatively attributed to growing con-
tributions from the HOPG substrate, as the graphite bulk is
probed by XPS after the SEI has largely been removed (see also
below). This allows for an estimate of the SEI thickness, using
the sputter rate of about ~1 nmmin� 1. Therefore, we estimate
that the SEI formed on the samples cycled in DMC-based
electrolyte at 10 mVs� 1 is around 30 nm thick. For the sample
cycled at 10 mVs� 1 in EC, the increase in C 1s intensity is even
more pronounced, indicating a comparable thickness of the SEI
layer. For the samples cycled at 0.1 mVs� 1 we do not find such
kind of C 1s intensity increase after t=12, regardless of the
electrolyte. Accordingly, we assume the SEIs formed under
these conditions to be thicker. These findings and possible
problems arising from the simplified data evaluation will be
discussed in more detail in section 2.4.2, when examining also
the peak forms and BEs.

P-containing species, finally, represent the smallest contri-
bution to the SEI. Even on the as-prepared surface (t=0), the
phosphorus concentration does not exceed 3 at.%. It further
decreases upon sputtering, reaching values below 1 at.% after
two minutes of sputtering irrespective of electrolyte and cycling
speed.

As a last remark we would like to emphasize that all
samples, regardless of electrolyte and scan rate employed
during cycling, show a dominant contribution of compounds
resulting from decomposition of the salt species, such as LiF.
This will be discussed further in the next section.
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2.4.2. SEI Compound Identification

In Figures 5 and 6, we show XP detail spectra measured in
different spectral regions on the as-prepared (t=0) SEI on a
HOPG surface cycled in EC- (DMC-)based electrolyte at
0.1 mVs� 1 and on the SEI after six minutes of Ar+ sputtering
(t=6). Similar spectra recorded on the samples after cycling at
10 mVs� 1 as well as the ones recorded after two, 12 and 30
minutes of sputtering for both slow and fast scan rate can be
found in the SI in Figures S4 to S11. We will start with the
discussion of the spectra recorded after cycling and subsequent
sample transfer (t=0). Because of the relatively small differ-
ences, the respective spectra of the EC-cycled and DMC-cycled
samples will be discussed together.

The contributions from different compounds were deter-
mined via a comprehensive peak fitting procedure, which is
based on the following assumptions: 1) The binding energies
(BEs) and the full width at half maximum (FWHM) of the
elemental peaks of a given compound are fixed for all spectra,
i. e., after cycling at different scan rates, in different electrolytes
and after sputtering for different times. 2) Except for the cases
indicated, their intensities are determined by the stoichiometry
of the compound and by the respective ASFs. Table 1 lists the
BE values used for peak fitting, a listing of reference values may
be found in Table S3, SI, together with further details on the
fits.

For the Li 1s spectra of the non-sputtered samples, we
obtain three peaks. A major contribution at 55.8 eV is assigned

to LiF,[48] which is supported also by a similar amount of F
species (see below). Two minor signals at 55.5 and 57.3 eV we
relate to Li alkoxides[32] and LiPF6 decomposition products
(LixPFy / LixPFyOz).

[49;50] In the P 2p binding energy region the
spin-orbit-coupled doublet corresponding to the LiPF6 decom-
position products is located at 135.0 eV.[50] In the C 1s spectral
region, the largest contribution is found at 284.9 eV, which we
assign to C� H and C� C species in the electrolyte and its
decomposition products, as well as to adventitious carbon.[48]

Two smaller peaks at higher binding energies, which have a
higher relative intensity for the DMC-cycled samples than for
the EC-cycled samples, are attributed to Li alkoxides (288.0 eV)
and ether/polymer species (286.4 eV). The latter peak may also
include polymer-type species like polyethylene oxide for EC-

Figure 4. Elemental composition of the SEI formed on HOPG in EC- (above) and DMC-based (below) electrolyte, respectively, at scan rates of 10 mVs� 1 (left)
and 0.1 mVs� 1 (right).

Table 1. Binding energies of the solvent/electrolyte salt decomposition
products found within the SEI on basal HOPG cycled in EC- and DMC-based
electrolyte.

C 1s
[eV]

O 1s
[eV]

Li 1s
[eV]

F 1s
[eV]

P 2p
[eV]

C� O� C
(polymer/ether)

286.4 533.3

C� O� Li
(alkoxide)

288.0 532.1 55.5

LiF 55.8 685.0
LixPFy 57.3 686.6 135.0
LixPFyOz 57.3 688.3 135.0
Li2O 528.0 55.5
Li� C 282.4
C� H/C� C 284.9
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cycled samples,[29–31] while the peak at 288.0 eV includes Li
alkoxides for DMC-cycled samples.[51] The related signals in the
O 1s spectrum, whose intensities are adjusted such that they
reflect the stoichiometry, are located at 533.3 eV (ether/
polymer[29–31]) and 532.1 eV (alkoxide[51]). The residual peak area
(530-532 eV) is tentatively attributed to LixPFyOz moieties. The

LiF signal in the F 1s spectrum at 685.0 eV, finally, fully agrees in
its intensity with the stoichiometric 1 :1 ratio of LiF when
comparing it with the Li 1s signal at 55.8 eV. It is accompanied
by two low-intensity signals at 686.6 and 688.3 eV, which are
attributed to LixPFy and LixPFyOz.

[49,50]

Figure 5. XPS detail spectra of the Li 1s, P 2p and C 1s regions of the SEI formed on HOPG in a) EC- and b) DMC-based electrolyte cycled at 0.1 mVs� 1,
measured on the as-prepared sample (t=0, top panel) and after six minutes of sputtering (t=6, bottom panel). Red lines indicate the sum of the individual
peak intensities.
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Next, we move on to the changes in specific species
induced during stepwise sputter removal of the SEI layer, which
most simply reflect the varying composition of the SEI at
increasing depths, but possibly also changes induced by the
sputter process itself. The variations in the concentration of

characteristic species with increasing sputter times are illus-
trated by the spectra recorded after six minutes of sputtering
(Figures 5 and 6), the changes are summarized in Figure 7. They
show the development of the atomic concentrations (at.%) of
selected SEI compounds, which are calculated from the sum of
the individual elemental contributions, e.g., the Li 1s LiF and
the F 1s LiF component, both for the different electrolytes and
for different scan rates (0.1 and 10 mVs� 1). For the LiF
concentration, we find an initial increase of LiF between t=0
and t=2 for all samples. It is followed by an approximately
constant, high concentration for the samples cycled at the slow
scan rate, while for the samples cycled at the fast scan rate, the
concentration decreases again for the last 18 minutes of
sputtering. The latter observation is in agreement with the
appearance of the HOPG substrate after 30 min of sputtering
for the samples cycled at 10 mVs� 1, supporting our previous
claim of a SEI thickness of about 30 nm in this case. In average,
the LiF concentration was 75–85 at.%, both for the samples
cycled in EC- and in DMC-based electrolyte, and it is more or
less homogeneously distributed in the SEI. After six minutes of
sputtering, the F 1s peak at 688.3 eV has disappeared and the
signal at 686.6 eV has decreased significantly (see Figure 6).
Most likely, this means that the related LixPFyOz and LixPFy
species are present only at the initial surface of the SEI. Sputter-
induced decomposition could explain this only if the resulting
products were gaseous, since the intensity of the P 2p peak
disappears almost completely rather than shifting in BE.

The high amount of LiF in the SEI is in contrast to findings
of Peled et al., who determined organic components as
dominant component in the SEI on the basal HOPG surface in a
mixed EC/DEC-based electrolyte, while the SEI on the cross-
sectional surface was found to mostly consist of LiF.[18] Because
of the very different experimental conditions in our three-
electrode half-cell measurements and in their two-electrode
setup, a more detailed discussion of possible reasons for these
discrepancies is not possible.

As illustrated in Figure S6 (SI), sputtering induces the
disappearance of the C� O� Li signal in the C 1s BE region after
two minutes, as well as a pronounced loss of the ether/polymer
and hydrocarbon species. Apparently, these organic species are
mainly formed close to the SEI jelectrolyte interface and are
only present in low concentrations in deeper regions of the SEI,
i. e., closer to the electrode. Focusing on the intensity of the
C� H-/C� C-related C 1s signal, this remains constant at a lower
value after its initial decrease (between t=0 and t=2), both for
the EC-cycled and the DMC-cycled HOPG electrode (scan rate
0.1 mVs� 1). However, it increases again slightly after 12 minutes
of sputtering (t=12) for the samples cycled at 10 mVs� 1, as,
supposedly, the substrate is reached. Furthermore, a new C 1s
signal emerges at 282.4 eV after two minutes of sputtering (t=
2, Figure S6/7and S9/10, SI), both for the EC-cycled and the
DMC-cycled electrodes, which has previously been attributed to
lithiated graphite.[33;52] Considering that at this point the
passivating SEI layer on top of the graphite is still sufficiently
thick that the HOPG substrate is not yet accessible by the XPS
measurement; we attribute this signal to Li� C species (Li
carbides) that are created during sputtering. Similar signals had

Figure 6. XPS detail spectra of the O 1s and F 1s regions of the SEI formed
on HOPG in a) EC- and b) DMC-based electrolyte cycled at 0.1 mVs� 1,
measured on the as-prepared sample (t=0, top panel) and after six minutes
of sputtering (t=6, bottom panel). Red lines indicate the sum of the
individual peak intensities.
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been observed also in other measurements on related materials
in our group. This assignment is supported also by the fact that
the CV measurements were stopped at a potential of 1.5 V,
where Li+ intercalation should be absent. In the last sputtering
phase, the intensity of the Li� C species (C 1s at 282.4 eV)
increases abruptly on the electrode cycled in DMC-based
electrolyte at 10 mVs� 1, while the EC-cycled electrode shows a
more steady increase in signal intensity. For the DMC-cycled
sample, after 30 min sputtering, the C 1s intensity of the Li� C
species is about four times as high as that of C� H species/
adventitious carbon. This increase in intensity goes along with
the above-mentioned decay in LiF concentration. We interpret
the sudden increase of the Li� C signal in the final sputter
sequence as an indication of the close proximity of the HOPG
substrate. This is based on the assumption that on this sample,
Li� C species are preferentially formed close to the HOPG jSEI
interface, either by sputter-induced reaction of Li species with
HOPG fragments, or during cycling, e.g., in the initial activation
phase (at 1 and 10 mVs� 1). In this case, sputtering for 30 min
would be sufficient to remove most of the SEI, and we can
estimate the thickness of the SEI layer to about 30 nm. This
would be in line with the conclusion derived from the
elemental composition, where we tentatively concluded from
the increase in total C 1s intensity that XPS starts to detect the
HOPG substrate after 30 minutes of sputtering the SEI formed
at fast scan rate.

Nevertheless, we cannot rule out that the sudden increase
in Li� C-related C 1s intensity arises from other effects, which

would invalidate our thickness estimate of the SEI layer. In any
case, the state-specific C 1s data in Figure 7 also illustrate the
potential problems that can arise when using the total
intensities of the XPS signals (see Figure 4) rather than
deconvoluting them to use state-specific intensities.

For the EC-cycled sample, the activity for sputter-induced
formation of Li� C species in the SEI itself seems to be
significantly higher, resulting in a steady increase of these
species with increasing sputter time from the beginning on. In
this case, an estimate of the SEI layer thickness is even harder.

Comparing the different scan rates, the amount of Li� C
species detected by XPS increases much more for the samples
cycled at 10 mVs� 1 than for the samples cycled at slow scan
rate (see Figure 7), which is in line with a thicker SEI layer
obtained after slow cycling. Increasing carbon contents after
longer sputter times were reported also by Peled et al.[18] They
explained this by an increasing concentration of C� C species
stemming from the graphite substrate and concluded that most
of the SEI is removed at the time when an unambiguous
increase of the C� C signal is observed. This allows an estimation
of the SEI thickness.

Moving on to the oxygen-containing compounds, we first of
all find a new species appearing after two minutes which is
indicated by an O 1s signal at 528.1 eV (see Figure 6). We assign
this peak to Li2O,

[32] with its counterpart in the Li 1s region at
55.5 eV. This compound has been reported before as part of the
SEI formed on graphite compound electrodes in EC:DEC-based
electrolytes in the presence of water traces and as a side

Figure 7. Depth profile of the concentration of selected components of the SEI formed in EC- (above) and DMC-based (below) electrolyte at different scan
rates. The concentration is given in at.%. For the calculation, the H-containing components were excluded.
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product of Li2CO3 decomposition upon Ar+ sputtering.[32] For
the present experiments, we cannot distinguish between these
possibilities. Although we do not find any (semi-)carbonate-
related peaks in the C 1s spectrum on the SEI surface at t=0,
they may have been part of the deeper regions of the SEI prior
to sputtering, and were decomposed upon sputtering. On the
other hand, the presence of trace impurities of water cannot be
ruled out, either.

The evolution of the Li2O concentration during sputtering is
displayed in Figure 7. Except for the initial phase, its intensity is
more or less constant throughout the depth profile. The overall
intensity in the O 1s detail spectra, in contrast, decreases
significantly during sputtering, and the alkoxide signal mostly
disappears after two minutes of sputtering (see Figure 7 and S8
and S11). At the same time, the concentration of the LixPFyOz

species in the SEI increases considerably for the sample cycled
in DMC-based electrolyte. It then decreases again, reaching 1–
2 at.% after six minutes, and then remains constant. For the EC-
cycled samples, the concentration decreases to about half
during the first two minutes of sputtering, and then remains
about constant. The initial maximum obtained on the DMC-
cycled sample points to a higher amount of mixed salt- and
solvent-based decomposition products formed close to the SEI
surface. On the EC-cycled sample the maximum concentration
of these species appears even directly at the SEI surface. The
concentrations of the purely C- and O-containing compounds
stay about constant throughout the SEI.

Based on the sputter profiles in Figure 7, the passivation
layers formed at slow scan rates seem to be thicker than those
formed at fast scan rates. In neither of the systems studied,
though, surface passivation was completed in the number of
cycles measured (0.1 mVs� 1: three cycles in a wide potential
window for DMC, five cycles in a narrower potential window for
EC). We assume that this may be caused by two different
effects. First, the sensitive competition between counteracting
activation and passivation processes, which has been discussed
before, will affect also the thicknesses of the SEIs generated
upon cycling with different scan rates (see section 2.3). Second,
it may foremost be affected by the time spent at reductive
potentials below 1.5 V, which was about 30 times longer for the
model electrodes cycled at 0.1 mVs� 1 compared to those cycled
at 10 mVs� 1 (10 mVs� 1: five for EC-, ten cycles for DMC-cycled
samples).

Furthermore, we found the SEI to mainly consist of fluoride-
containing decomposition products (LiF: ~60-90% of the
elemental composition, using the average stoichiometry of the
compounds given above) and small amounts of Li-containing,
and possibly also Li-free, organic compounds. Furthermore,
cycling in DMC-based electrolyte led to the formation of a
higher concentration of Li salt decomposition products, such as
LixPFyOz and LixPFy, than cycling in EC-based electrolyte. This
differs significantly from the findings of Peled et al., who
reported a high concentration of solvent-based (organic)
decomposition products.[18;19] As mentioned earlier in this
section, we first of all explain these differences by the
significant discrepancies in the experimental procedures and
set-up in both experiments. In addition to the divergent cycling

procedures and cell configurations, organic compounds formed
during solvent decomposition are more likely to be dissolved
into the bulk electrolyte in our experiments due to the larger
electrolyte volume (0.3 or 0.7 ml) compared to the electrolyte-
soaked separators in typical battery cells.

3. Conclusions

Aiming at a better understanding of the SEI formation in
carbonate-based electrolytes on carbon electrodes in LIBs, we
have investigated this process in three-electrode half-cell model
experiments by cyclic voltammetry and detailed chemical
surface analysis via ex situ X-ray photoelectron spectroscopy,
using a well-defined HOPG electrode and EC+LiPF6 as well as
DMC+LiPF6 model electrolytes. In addition, the influence of the
scan rate was explored. Based on the results presented above
and comparison with previous findings, we arrive at the
following conclusions:
1) On smooth, structurally well-defined HOPG model electro-

des, passivation is slow and not completed after three (EC)
or five (DMC) cycles, regardless of electrolyte and scan rate.
On defective surfaces, in contrast, passivation is completed
after one cycle. The low passivation efficiency on the smooth
electrodes is explained by their low defect density, indicat-
ing that defects which are not instantaneously poisoned by
the decomposition products act as (more) active sites for
reductive electrolyte decomposition in these electrolytes.
This finally leads to the formation of a stable passivation
layer, inhibiting further electrolyte decomposition.

2) The electrolyte sensitively affects the passivation process,
since even large defect concentrations do not lead to
complete surface passivation within five cycles in DMC-
based electrolyte, pointing to a less efficient passivation
process compared to EC-based electrolyte. Obviously, the
products formed from DMC decomposition are less effective
in forming a completely passivating SEI.

3) Depending on the scan rate we find an initial activation on
the smooth HOPG surface, which we tentatively explain by
an increase in surface area. We suggest that this is caused
by exfoliation of the electrode due to solvent co-intercala-
tion. This HOPG-specific activation effect is considerably
stronger when cycling in DMC-based electrolyte than in EC-
based electrolyte. The kinetics of this activation process
differ from that of the counteracting, potential-dependent
passivation process, which results in a scan rate-dependent
activation/passivation behavior with the initial activation
being most pronounced at 1 mVs� 1.

4) These processes are furthermore affected by the concen-
tration of defect sites on the substrate surface. We did not
find any activation effects on highly defective electrode
surfaces, indicating that on these surfaces passivation is so
efficient that the competing activation processes are
essentially inhibited.

5) Different from previous reports, we find the passivation layer
to mainly consist of salt decomposition products on smooth
basal HOPG, in particularly LiF, which is almost homoge-
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neously distributed in the SEI. After cycling in EC-based
electrolyte, the SEI contains relatively more organophos-
phates, which are formed from both solvent and salt
decomposition, while after cycling in DMC-based electrolyte
it contains more decomposition products which either result
from solvent or salt decomposition, such as C� O� C and / or
LixPFy species. The latter seem to be less efficient in
passivating the electrode completely.

6) Depth-profile XP spectra and, specifically, the C 1s detail
spectra, indicate that the passivation layer formed by five
(ten) cycles at 10 mVs� 1 in EC-based (DMC-based) electrolyte
(thickness about 30 nm) is significantly thinner than that
formed at 0.1 mVs� 1, which is concluded from the rapid
increase of the C 1s intensity typical for Li� C species after
30 min sputtering. At the same time, the depth profiles
appear rather similar for the EC- and DMC-cycled substrates,
respectively, with organophosphates and other organic
species (C 1s) as well as LixPFy species being more present at
the SEI jelectrolyte interface and LiF distributed almost
equally throughout the SEI.
Overall, the distinct effects of electrode surface quality

(defect density) and of the experimental conditions / parame-
ters (scan rate) on the SEI formation process and the properties
and composition of the resulting SEI illustrate the important
role of model studies performed under well-defined conditions
and with well-defined model systems for the conceptual
understanding of these processes. This is a basis for a system-
atic improvement of the SEI.

Experimental Section
1 M solutions of LiPF6 (battery grade/99.99+%, Sigma Aldrich) in
ethylene carbonate (EC, 99%/water <50 ppm, Sigma Aldrich) and
dimethyl carbonate (DMC, 99.9%/water <20 ppm, Sigma Aldrich)
were prepared by mixing adequate amounts of salt into the
respective solvents and stirring for 45 min. As EC (melting point
36 °C) is solid at room temperature, it was warmed to 65 °C before
adding the Li+ salt; the resulting solution remains liquid for at least
48 hours. An open Kel-F beaker-type half-cell with an electrolyte
volume of 0.3 ml was employed for measurements in EC-based
electrolyte, a closed cell with a volume of 0.7 ml for measurements
in DMC-based electrolyte. Both were assembled in a three-electrode
set-up inside an Ar-filled glove box (H2O/O2 <0.5 ppm). A Li foil (�
99.99%, Alfa Aesar) was used as reference and counter electrode;
all potentials mentioned in the following are referenced versus Li/
Li+. The working electrode consisted of a block of highly oriented
pyrolytic graphite (HOPG ZYA, 1x10x10 mm, MaTeck), which was
placed under an opening in the bottom of the cell body. The
surface was prepared by stripping successive (multi)layers of
graphene off the surface with adhesive tape; yielding an optically
smooth, basal HOPG plane. In order to prepare deliberately
damaged electrodes, the surface was subsequently scratched with
a scalpel. An O-ring (FKM 75 for EC, PTFE for DMC, inner diameter
5 mm, cross section 1 mm) placed between working electrode and
cell body prevented electrolyte leakage.

Both the optically smooth and the roughened HOPG surfaces were
characterized by scanning electron microscopy (Zeiss Leo 1550,
field emission cathode).

Cyclic voltammograms were recorded at scan rates of 0.1, 1 and
10 mVs� 1 in a potential window of either 1.5–0.02 V (EC-based
electrolyte) or 3.0–0.02 V (DMC-based electrolyte) using a Princeton
potentiostat (PAR 263A). After immersing the sample at the open
circuit potential (OCP), the potential was stepped to the upper
potential limit and the cycle was then started with the negative-
going potential scan. The cycling was stopped at the upper
potential limit (1.5 V for EC-cycled, 3.0 V for DMC-cycled samples).
The currents were normalized by the geometric surface area of the
electrode (SAgeo=0.196 cm2).

The resulting SEI layers were characterized by X-ray photoelectron
spectroscopy (XPS) using selected electrodes that were cycled at
either fast or slow scan rates. The samples were cleaned of excess
salt and electrolyte by exchanging the electrolyte in the cell four
times for DMC,[53] followed by a 45–60 min period in DMC. After
repeating this process five times, the cell was disassembled, and
the electrode transferred to the spectrometer in an Ar-filled transfer
vessel without exposure to air. XPS measurements were conducted
using monochromatic Al Kα (1486.6 eV) radiation in a PHI 5800
Multi-Technique ESCA System (Physical Electronics) at a detection
angle of 45 °. For survey spectra (detail spectra), the pass energy at
the analyzer was set to 93.9 eV (29.35 eV). In order to obtain a
depth profile of the interphase formed, the top-most layers of the
SEI were successively removed by Ar+ sputtering (Isp~1 μA; Usp=

5 kV). Spectra were recorded after 2, 4, 6 and 18 min of sputtering,
equivalent to total sputtering times of 2, 6, 12 and 30 minutes. For
the parameters used, the sputter rate is specified as approximately
1 nmmin� 1 by the manufacturer. The samples were neutralized
(Ineutr=3 μA) during the XPS measurements in order to compensate
for charging effects at the surface. Evaluation of the XP spectra was
conducted by first calibrating the binding energy (BE) scale, using
the F 1s peak of LiF at 685.0 eV as reference.[48] The commonly used
peak for BE calibration, the C 1s main peak at 284.8 eV assigned to
C� C/C� H species, was not suitable in our case since carbide species
appeared in the C 1s spectra of the sputtered sample, hindering an
unequivocal peak fit (see above). For the peak fit, a non-linear
Shirley-type background was subtracted and the peaks fitted using
a weighed least-square fitting of model curves (70% Gaussian, 30%
Lorentzian). Further details about the fit procedure are given in the
supporting information. Quantification of atomic concentrations
was performed on the basis of the atomic sensitivity factors (ASF)
given in Reference [48] (see Table S2, Supporting Information).
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