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a b s t r a c t
A surface layer formation on positive Li1 + x Mn2 O4 − ı thin ﬁlm model electrodes as a result of electrochemical cycling procedures has been detected and characterized by scanning electron microscopy and X-ray
photoemission spectroscopy. These thin ﬁlm spinel electrodes, prepared by pulsed laser deposition, were
cycled in 1 M LiClO4 in propylene carbonate between 3.5 and 4.4 V vs. Li/Li+ at 40 ◦ C and stopped at deﬁned
potentials and cycle numbers. The observed surface layers show, depending on the cycling conditions, a
spotty and/or layered appearance and the fraction of this layer covering the cycled electrode depends on
the charge potential and the number of electrochemical cycles.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Research on lithium-ion batteries and relevant electrode materials is of considerable interest due to the batteries unique
combination of a high energy density and low weight. This makes
them attractive for portable applications like mobile phones or laptops. The spinel Li1 + x Mn2 O4 – ı is a prospective cathode material
because it is potentially cheap to prepare, non-toxic, and has a
more positive electrode potential as compared to LiCoO2 currently
used in commercial Li-ion batteries. Signiﬁcant irreversible charge
consumption during charging, however, is one of the limitations
for this material. The capacity loss is caused by structural changes,
aging processes [1,2], electrochemical reactions and surface layer
formation [3].
Peled [4] ﬁrst reported a layer formation on alkali metals in
non-aqueous electrolytes and termed this layer solid electrolyte
interphase (SEI), because it is a layer formed between a metal and
an electrolyte and its properties are comparable to a solid electrolyte. Since, the SEI formation on negative electrodes (usually
Li metal or carbon materials) was studied with respect to composition, thickness, and morphology [5,6]. The SEI on the negative
electrode is formed as a result of a reductive decomposition of the
electrolyte during the ﬁrst charging cycle [7] and, thus, its composition depends on the electrolyte components used. When lithium or

∗ Corresponding author. Tel.: +41 56 3104076; fax: +41 56 3102688.
E-mail address: thomas.lippert@psi.ch (Th. Lippert).
0013-4686/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2011.07.046

graphite is cycled in esters, ethers, or alkylcarbonates, the layer consists of compounds such as ROLi, RCOOLi, ROCO2 Li (R = alkyl, H), and
salts such as LiF and Lix MFy (M = As, O, B) [8–10]. In addition to the
SEI formation a gas evolution, such as C2 H6 and its decomposition
products H2 and CH4 , are also observed side reactions [8].
The formation of layers with similar properties to an SEI on
positive electrodes was ﬁrst reported by Thomas et al. [11] and
Aurbach et al. [12]. To distinguish this type of layer from SEI layers on negative electrode materials, the term SEI-like layer will be
used. Various mechanisms have been suggested for this layer formation. The so-called “drift-mechanism” was proposed by Aurbach
[8], where, e.g., ROCO2 Li species should be formed by reductive
electrolyte decomposition on the negative electrode and deposited
on the positive electrode after saturation of the electrolyte. Later,
Aurbach et al. showed that the layer is formed to some extent by
spontaneous decomposition of the electrolyte on the positive electrode itself. Furthermore, a nucleophilic formation mechanism was
also suggested [8,13].
Compared to the thickness of the SEI on negative electrodes
(several tens of nm thick [14]) the layer thickness of a SEI-like
layer is typically of the order of a few nm (2–5 nm) [7,15] which
is often at the detection limits of characterization techniques, in
particular for an in situ characterization. To study the SEI-like layer
formation on positive electrode materials, e.g., Li2 MnO4 , LiNiCoO2 ,
or LiCoO2 , characterization techniques like 7 Li NMR [16], XPS [3,17],
FTIR [7,13,18,19], in situ ellipsometry [20], Raman microscopy [20],
XAFS [21], SEM [13], EIS [22] und TOF–SIMS [21] have been used
mainly on powder samples or composite electrodes. For a compo-
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sition analysis of the SEI-like layer on cycled powder samples, XPS
[3,17] provided useful information. However, the characteristic C
1s spectra did not show pronounced changes after cycling.
Li2 CO3 [19,23] is often detected as one component present in the
SEI-like layer. However, it is not clear if it is a residue of a precursor
of the synthesis or if it is formed by reaction with atmospheric CO2
[3]. Furthermore, it is unclear if the carbonate dissolves during the
layer formation [13], or if it participates in the layer formation [8].
Other components detected in the SEI-like layer include polymerized products of the organic solvents, inorganic compounds (Li2 CO3
[19,23], LiF [3,23], Lix PFy [3,23,24], and Lix PFy Oz [3,23,24]), and/or
polymerization products of the organic solvents [18,25] such as
polyethers [3] and polycarbonates/alkylcarbonates [3,19,23,24,26].
Depending on the ﬂuor-containing salt (LiPF6 or LiBF4 ), a different
amount of carbon containing species was noticed [3]. Signiﬁcant
changes to the interface were not observed when the amount of
active material or the active material itself was changed [18].
Eriksson et al. [3] suggested the following mechanism for the
SEI-like layer formation on the Lix Mn2 O4 electrode based on dissolution of Mn2+ in the presence of HF [27,28]:
LiPF6  LiF + PF5

PF5 + H2 O → 2HF + PF3 O

4H+ + 2LiMn3+ Mn4+ O4 → 3-MnO2 + Mn2+ + 2Li+ + 2H2 O
They reported that more carbon containing species were retained
in the SEI-like layer after cycling in LiBF4 as compared to cycling in
LiPF6 , due to a lower HF content in the electrolyte.
The SEI-like layer was reported to show a dynamic behaviour
depending on charging and discharging properties of the respective
electrode [26]. This is consistent with the known dynamic nature
of the SEI on negative electrodes [29,30]. Here, the SEI-like layer
was thicker while charging the electrodes as compared to SEI-like
layers for discharged electrodes [26].
In this article, the inﬂuence of the cycling potential and cycling
conditions with respect to the nature and thickness of the SEIlike layer on Li1 + x Mn2 O4 – ı in LiClO4 in propylene carbonate
(PC) electrolyte will be demonstrated. A detailed electrochemical
characterisation of the model electrode in 1 M LiClO4 in PC and
respective SEI-like layer formation is given in [31]. The commonly
used LiPF6 salt was not used for these experiments in order to
avoid spinel dissolution and silicon substrate etching by HF formation. Well deﬁned Li1 + x Mn2 O4 − ı thin ﬁlms deposited on Pt
coated silicon were used as positive electrodes rather than composite electrodes. This was done in order to minimize the inﬂuence
of additives such as conductive carbon and binder on the formation
of the SEI-like layer during electrochemical cycling.

2. Experimental
2.1. Materials preparation
Li1 + x Mn2 O4 − ı ﬁlms were prepared by pulsed laser deposition
(PLD, KrF,  = 248 nm, 10 Hz, 2.6 J cm−2 , 18,000 pulses, dt-s = 4 cm,
pO2 = 0.2 mbar) on p-doped Si (T ∼ 500 ◦ C) with a typical thickness
of ≈300 nm. The substrate was coated by dc-magnetron sputtering
[50 W (Pt), PK75 target, Argon, 0.003 mbar] prior to the deposition
with an additional ≈10 nm thick metallic layer of Pt. The rod-like
target was prepared by mixing Li1.03 Mn2 O4 (99.7% purity, Honeywell) with an excess of 2.5% Li2 O (Alfa Aesar, 99.5% purity), pressing
(4000 bar), and sintering in oxygen (10 h, 750 ◦ C).

Fig. 1. Typical cyclic voltammogram of a Li1.05 Mn2 O3.96 thin ﬁlm deposited on Pt
coated p-Si cycled in 1 M LiClO4 in PC electrolyte in a potential range of 3.5–4.4 V vs.
Li/Li+ for 1, 6 and 12 completed cycles.

2.2. Electrochemistry
Electrochemical cells were assembled in a glove box
(H2 O < 0.1 ppm, O2 < 1.0 ppm, 25 (±0.1) ◦ C). Thin Li1 + x Mn2 O4 – ı
ﬁlms were cycled in the potential range of 3.5–4.4 V versus Li/Li+
and were used as working electrodes. The Li metal foil (Aldrich)
was used as counter electrode. Both electrodes were separated by
a 1 mm thick glass ﬁbre separator. The used electrolyte was 1 M
LiClO4 in propylene carbonate (PC) (Ferro, USA, H2 O < 15 ppm).
After assembling the half cells, the electrode material was tested
with cyclic voltammetry with a sweep rate of 0.05 mV s−1 at 40
(±0.1) ◦ C (see Fig. 1). After 1, 6, and 12 completed cycles the
sweeps were stopped at different potentials (3.5 V, 4.0 V, 4.125 V,
and 4.4 V). Afterwards the cycled thin ﬁlms were washed in pure
PC and dried under argon atmosphere in the glove box. All model
electrodes used for this study showed sufﬁcient cycling stability of
at least 12 cycles (see Fig. 1) [32].
2.3. Characterization
Uncycled thin ﬁlms were characterized with respect to their
composition and crystallinity by Rutherford backscattering spectrometry and elastic recoil detection analysis (RBS, 2 MeV 4 He ions,
for the Mn/O ratio; ERDA, 12 MeV 127 I, incident angle 18◦ , LiNbO3
standard) and X-ray diffractometry (XRD, Siemens D-500, Cu K␣ ).
Furthermore, the ﬁlms were analyzed with respect to their surface morphology before and after cycling by scanning electron
microscopy (SEM, Supra Zeiss, Inlens detector, 3 kV) and atomic
force microscopy (AFM, Nanoscope III).
The surface composition of cycled and uncycled thin ﬁlms
was measured by X-ray photoelectron spectroscopy using a VG
ESCALAB 220iXL spectrometer (Thermo Fisher Scientiﬁc) equipped
with an Al K␣ mono-source and a magnetic lens system. The source
was operated at a power of 150 W and a spot size of 500 m diameter was chosen for excitation. The spectra were recorded in constant
analyzer energy mode at a pass energy of 50 eV for survey spectra and 20 eV for high resolution acquisition of core level spectra,
respectively. The XPS is regularly calibrated using Ag 3d5/2 , Cu
2p3/2 and Au 4f7/2 lines of sputter cleaned samples as reference
signals. The full width half maximum (FWHM) of the Ag 3d5/2 line
is 0.62 eV at a pass energy of 20 eV. The data were evaluated using
the Avantage Software (v. 4.43, Thermo Fisher Scientiﬁc). An appropriate background subtraction has been performed according to
Shirley [33,34] and sensitivity factors according to Scoﬁeld, implemented in the Avantage database, are used for quantiﬁcation of
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the elements. The transmission function for our spectrometer is
implemented in the evaluation software.
Cycled samples were rinsed, dried and subsequently placed into
a desiccator prior being locked out of the glove box and transferred
to the XPS where they were inserted into the UHV via a fast entry
lock (air exposure < 10 s). Pristine samples are freshly deposited
thin ﬁlms, transferred in a desiccator to minimize air exposure
prior XPS measurements. For some samples, LiCl and F-containing
products were observed in XPS spectra. The detection of F on electrodes, cycled in nominally F-free electrolytes could be due to a
F-contamination of e.g. cell parts. Results presented in this work
refer to samples showing an F content below 2.0 at% (relative percentage, calculated with respect to Mn, C, and O), a concentration
considered uncritical for the presented experiments as shown in
[32].
3. Results and discussion
The as-deposited, polycrystalline Li1.05 Mn2 O3.96 thin ﬁlms on Pt
coated p-Si (1 0 0) grow with a preferred (1 1 1) orientation and are
free of impurity phases [32]. All ﬁlms show a regular surface morphology consisting of octahedral and tetrahedral crystallites (see
Fig. 2a) with a mean value of 33 ± 7 nm for the surface roughness
as determined for an area of 50 m × 50 m.
The average composition of the ∼300 nm thick ﬁlms was
Li1.05 Mn2 O3.96 as determined by RBS and ERDA. The ﬁlms show
a lithium deﬁciency of 2.8% as compared to the nominal target
composition of Li1.08 Mn2 O4.03 and an oxygen deﬁciency of 1.7%.
The lithium deﬁciency could be due to a non-congruent transfer
process during pulsed laser deposition caused by collision and scattering of the light lithium by the signiﬁcantly heavier Mn in the
plasma, or by the oxygen background gas molecules and/or by sputtering/backscattering of the volatile lithium from the growing ﬁlm
[35–37].
After analysing the surface morphology, composition and crystallinity, these ﬁlms were characterized by cyclic voltammetry.
During charging (oxidation) of the Li1 + x Mn2 O4 − ı thin ﬁlm in an
electrochemical cell, lithium is removed in a two step-process thus
formally forming MnO2 . During the discharge (reduction) step,
lithium is inserted into the electrode thereby recovering the original spinel structure [38,39].
LiMn2 O4 → (1/2)Li+ + (1/2)e− + Li0.5 Mn2 O4
Li0.5 Mn2 O4 → (1/2)Li+ + (1/2)e− +2-MnO2
The obtained cyclic voltammogram is shown in Fig. 1. In general,
sufﬁcient cycle stability for Li1 + x Mn2 O4 – ı model electrodes on p-Si
was obtained for up to 12 cycles.
To study the formation of the SEI-like layer during electrochemical cycling, the cycles were stopped after 1, 6 and 12 cycles at
different charging potentials. Depending on the charging potential,
unwashed ﬁlms show a m thick layer formation at the ﬁlm surface.
During SEM measurements this additional layer starts to decompose as detected by a bubble formation due to the electron beam
exposure. It is therefore assumed, that this layer is a precipitation of
LiClO4 which was covered by a layer of organic solvent. As a result of
the interaction with the electron beam, these structure and/or compounds were decomposed. To avoid this phenomenon, all cycled
ﬁlms were therefore subsequently washed and thoroughly dried
after cycling [31,32].
Different manifestations of an additional layer on top of a
Li1 + x Mn2 O4 – ı surface were observed using SEM (see Fig. 2b and
c). The general appearance of the detected layer was a globular
and network like SEI-type structure on a nm and m scale. With
increasing charging potential where the cycling has been stopped,
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the additional layer becomes continuous in contrast to a globular
or single network layer observed at low voltages. Layers formed
at 4.4 V seem to consist of a combination of both types of layer
formations.
SEM images of electrodes cycled for different numbers of cycles
and stopped at different potentials are presented in Fig. 3. An
increase of covered to uncovered fraction of the electrode was
observed with increasing number of cycles which is independent of
the ﬁnal charge potential used. After a single cycle (4.4 V vs. Li/Li+ ,
Fig. 3b) the electrode surface of the cycled electrode has a rougher
appearance compared to a fresh surface. The change of the surface becomes more obvious for electrodes cycled 6 or 12 times.
With a lower number of cycles the additional layer consists at ﬁrst
of spotty fragments (see e.g. Fig. 2c), with increasing cycle numbers it becomes more layered (see e.g. Fig. 3c). The surfaces of the
electrodes, which were charged and discharged for 12 cycles and
stopped at 4.0 V and 4.4 V respectively, are presented in Fig. 3c and
d. At a charging potential of 4.0 V (Fig. 3c) connecting fragments
of the formed SEI-like layer inside the cracks are visible (marked
with a white circle). At 4.4 V other types of layers are also observed
(Fig. 3d, yellow circle (For interpretation of the references to colour
in this ﬁgure citation, the reader is referred to the web version of
this article.)). These forms and shapes were also observed in cracks
and/or have been growing from spinel particles. A similar surface
coverage structure has been observed for LMO grown on other substrates as described in [31,32]. In addition, control experiments
with Pt/electrolyte showed no noteworthy electrochemical activity which makes it unlikely that a chemical reaction with Pt is the
origin of the observed additional surface structure.
With increasing cycle numbers a larger amount of spinel ﬁlm
is removed from the substrate compared to electrodes which were
charged and discharged for a lower number of cycles. The width
of the cracks in the spinel ﬁlms increases with increasing number
of cycles. The Li-transport in and out of the spinel during the electrochemical cycling causes a volume expansion of the electrode of
about 4% [40,41] giving rise to strain related cracks. In addition, a
chemical corrosion of the enhanced surface area increases further
the already formed cracks in the thin ﬁlm electrodes (see Fig. 3).
Uncycled spinel thin ﬁlms were always free of cracks [31].
XPS measurements of the Li1 + x Mn2 O4 – ı surface before and after
cycling veriﬁed the presence of an SEI-like layer and gives chemical information about its composition (Fig. 4). The spectra labelled
“uncycled” in Fig. 4a and b were obtained from an as-prepared
sample without electrochemical treatment. The starting potential
of uncycled spinel electrodes prior cycling was always at 2.96 V, a
value for the potential which is taken as equivalent for XPS data
obtained from uncycled electrode material. This spinel electrode is
taken as a reference showing carbon and oxygen species detected
after being in contact with the laboratory atmosphere during the
sample transfer. For this electrode the C 1 s signal is dominated
by amorphous carbon at a binding energy (BE) of 284.6 eV and a
smaller contribution at BE = 288.0 eV which is likely to correspond
to C O groups (Fig. 4a, bottom). The O 1s signal is dominated by the
spinel signal located at BE = 529.6 eV (Fig. 4b, bottom). In addition, a
small shoulder towards higher binding energies is observed in this
spectrum. The main binding energy of the C 1s spectra recorded
from the samples at different charging potentials showed a shift
of 0.4–0.6 eV towards lower values as compared to the “uncycled”
sample. This was corrected with respect to the reference sample
in Fig. 4a. Spectra recorded from elements representing the spinel
ﬁlm, i.e. the Mn 2p signal and O 1s line (Fig. 4b) were not shifted.
With increasing electrode potential where the charging process
was stopped, another carbon species appears in the C 1s spectra
at a binding energy of 286.2 eV, showing an increase in intensity
related to the applied electrode potential. Also the O 1s spectra
change their shape depending on the selected electrode potential.
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Table 1
Peak position and FHWM of the Gaussian/Lorentz curves used for the convolution of the C 1s and O 1s signal, respectively. The data were measured on spinel thin ﬁlm
electrodes cycled to 3.5 V, 4.0 V, 4.125 V, and 4.4 V, respectively.
C 1s species

BE/eV

FWHM/eV

O 1s species

BE/eV

FWHM/eV

C–C/C–H
C–O–R
C O

284.6 ± 0.1
286.2 ± 0.1
288.0 ± 0.1

1.0 ± 0.1
1.5 ± 0.1
1.5 ± 0.1

Ospinel
Olayer

529.6 ± 0.1
531.7 ± 0.3

1.1 ± 0.1
2.1 ± 0.1

Fig. 2. Left: SEM micrographs of (a) an uncycled thin spinel electrode, (b) cycled spinel ﬁlm stopped at 4.125 V, and (c) cycled spinel ﬁlm stopped at 4.4 V. Right: sketches of
the appearance of the possible additional layers. The as-cycled named ﬁlms were charged and discharged in 1 M LiClO4 in PC electrolyte in a potential range of 3.5–4.4 V vs.
Li/Li+ stopped after 6 charging cycles.

The intensity of the spinel line at 529.6 eV decreases whereas a peak
at 531.7 eV appears. This observation indicates that the SEI-like layers observed via SEM might be correlated to an increased amount
of polyether as a result of the charging process [42].
For a more detailed analysis the C 1s and O 1s spectra were deconvoluted using Gaussian–Lorentz (G/L) product functions (70%
Gaussian, 30% Lorentzian), three G/L product functions for the C 1s
and two for the O 1s core level spectra, respectively. FWHM, BE and
assigned species according to [27], are listed in Table 1. The determined concentrations of the C–O species calculated with respect
to Mn, Ospinel , Cl, and C–C/C–H are plotted against the potential at
which the charging was stopped (Fig. 4c).

The analysis shows that with increasing charging potential the
fraction of Mn continuously decreases from 20 at% for the uncycled
electrode to 9.4 at% at 4.4 V. Accordingly, the amount of O 1s species
referring to the spinel ﬁlm decreases from 40 at% to 20 at%. This
observation indicates that the spinel electrodes are covered by a
C-rich layer suppressing the Mn 2p and O 1s signals from the bulk
material of the electrode. The oxygen and carbon species attributed
to C O and C–O–R groups increase with increasing charge potential
from 10 at% to approx. 20 at% at 4.4 V (see Fig. 4c) conﬁrming the
presence of O-containing carbon species in the SEI-like layer.
Based on the quantitative XPS analysis of samples where the
charging was stopped at a potential of 4.0 V for different number
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Fig. 3. SEM images of Li1.05 Mn2 O3.96 thin ﬁlms deposited on Pt coated p-Si and cycled in a potential range of 3.5–4.4 V vs. Li/Li+ in 1 M LiClO4 in PC electrolyte. The cycling
was stopped at (a and c) 4.0 V or at (b and d) 4.4 V. (a) and (b) represent the surface of the electrodes after one and (c and d) after 12 cycles.

Fig. 4. Comparison of (a) C 1s and (b) O 1s XPS spectra (R = H, C) as obtained from uncycled and cycled spinel thin ﬁlms stopped after 6 charging cycles at different potentials
(3.5 V, 4.0 V, 4.125 V, and 4.4 V). In (c) the dependence of the C-, O-, and Mn-amount is plotted vs. potential. In (d) the dependence of the C-, O-, and Mn-amount for samples
cycled until 4.0 V is plotted vs. different number of the cycles. The sample plotted for 2.96 V (see (c)) and 0 cylces (see (d)) represents the uncycled spinel ﬁlm.
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of cycles it is concluded, that after 6 cycles the composition and
thickness of the SEI-like layer does not change signiﬁcantly any
more (Fig. 4d). This is based on the observed decrease of the Mn
signal from ∼20 at% (one cycle) to a constant level of approx. 10 or
13 at% after 6 and 12 cycles, respectively, a result which is consistent
with a cover layer on top of the spinel surface. Likewise, the spinel
fraction determined from the de-convolution of the O 1s supports
the presence a thin cover layer. The signal decreases from 40 at% to
28 at% and the fractions of the elements correlated to the SEI-like
layer (O layer and C–O–R, C O) increases from ∼20 at% (one cycle)
to ∼35 at% after 6 cycles.
4. Conclusions
Li1.05 Mn2 O3.96 thin ﬁlm model electrodes prepared by PLD on
Pt-coated p-Si show the expected Li-ion de-insertion and insertion
properties during charging and discharging cycles and the formation of SEI-like layers on the spinel electrodes is demonstrated. The
layer formation is directly correlated with the potential at which
the charging is stopped as well as the number of charging and discharging cycles. SEM observations indicate that the amount of an
SEI-like layer covering the cycled electrode increases with increasing stopping potential of the charging process. XPS measurements
verify this observation as the amount of C–O species on the electrode surface increases with increasing stopping potential of the
charging process. At a stopping potential of 4.0 V the composition
of the SEI-like layer does not change signiﬁcantly after 6 charging
cycles.
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