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Valence state in degradation studies.

A 50-pm thick lithium manganese oxide (parent material LiMn, 04 ) battery electrode (positive electrode;
cathode) was charged, slightly discharged and then sliced with a scotch tape test-type method. A selected
number of slices was then subject to synchrotron soft X-ray emission spectroscopy near the Mn Ly g
emission lines in order to determine changes in the oxidation state of the manganese as a function of
sampling depth. The emission spectra showed a minute yet noticeable and systematic chemical shift of
up to 0.25eV between the layer near the current collector and the layer near the electrolyte separator.
The average manganese oxidation state near the separator was smaller than the average oxidation state
in the interior of the electrode, or near the current collector. Since the data provide an oxidation state
depth profile of the cathode, a Li* depth profile can be inferred. This method provides information on the
spatial chemical inhomogeneity of electrodes prior to and after electrochemical cycling, and thus can aid

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

“Where does the lithium go?” has been an important question
[1] since performance loss and electrode degradation have become
pressing issues in lithium battery engineering and research. Nat-
urally, the search for lithium requires appropriate detection
techniques with a particular spatial resolving power. When an elec-
trode sustains state-of-charge differences in different locations,
then this is evidence for loss of electronic or electrolytic contact
with parts of the electrode. In the search for lithium, not only infor-
mation on the presence or absence of lithium is important, but
also information on whether lithium is chemically bound to the
electrode host material, or not.

To briefly explain the difficulty of this seemingly simple task,
consider for example the two following potential approaches:
(i) Nuclear magnetic resonance (NMR) spectroscopy is a method
with a very good chemical sensitivity for lithium, allowing one
to distinguish the lithium in different molecular environments
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[2]. NMR typically requires large amounts of material, is normally
an ex situ technique, and thus does not allow for spatial reso-
lution in the micrometer range. Electron microscopy allows for
high spatial, even atomic resolution [3], but is of little use for
chemical information. We have recently succeeded in presenting
asuite of Li(1s) near edge X-ray absorption fine structure (NEXAFS)
spectra of representative lithium ion battery component mate-
rials [4], but this method alone is not yet feasible for spatially
resolved information. Here we present an indirect way of deter-
mining the concentration of lithium across the thickness of the
positive electrode via direct determination of the Mn oxidation
state. The electrode is sliced into sections of a few micrometer
thickness with a scotch tape test-type technique. The electrode
material sticking on the tape is then subject to X-ray emission
spectroscopy near the manganese L,g emission lines, generally
allowing for chemical speciation of the manganese, particularly
determination of the oxidation state by evaluation of the chemical
shift. The chemical shift in X-ray absorption or emission spectra
has been shown to be a valuable approach for the identifica-
tion of chemical inhomogeneities in lithium battery materials,
allowing statements on the surface and bulk chemistry in the
materials [5]. By consideration of the stoichiometry of lithium man-
ganate under a particular state-of-charge, which stoichiometrically
can be expressed as Lii;_x)[Mn3*];;_x)[Mn% ]1.404, and by the
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corresponding changes in the manganese valence state, informa-
tion on the Li* is indirectly obtained.

In the present study, lithium manganate was investigated with
soft X-ray L-edge emission spectroscopy. The manganate was
present in the form of an electrode from the parent compound
LiMn,04, which was electrochemically charged to 4.30V, then
slightly discharged [6] in situ in an X-ray spectroelectrochemical
reaction cell [7] and thereafter sliced for depth profile analysis.
With this study we found that it is feasible to monitor oxidation
state vs. thickness profiles of electrodes and thus information about
the spatial chemical homogeneity of the electrodes prior to and
after cycling.

2. Experimental equipment and procedures

The parent cathode material was prepared from a stoichiomet-
ric mixture of Li,CO3 (J.T. Baker), MnO, (Japan Metals, CMD). The
mixture was fired at 850°C in air for 20 h, then removed from the
furnace and cooled down in ambient atmosphere, yielding nom-
inally LiMn;04 [8]. The resulting spinel powder had a primary
particle size of around 1 wm and was mixed with graphite (Tim-
cal, Switzerland), Shawinigan Black, and PVDF binder. The slurry
was cast on 25 pm thick aluminum foil and subsequently dried at
423K, which resulted in an electrode with a spinel layer thickness
of around 50 .m, containing spinel to 80 wt% (9.25 + 1.25 mg) [5,6].

This electrode was assembled in an X-ray spectroelectrochem-
ical in situ cell [7] and charged at a current density of 50 WA cm—2
until the open circuit potential of 4.3V was reached, with a charge
of 88.8 mAmin (1.48 mAh). At this state, the average Mn oxida-
tion state is Mn**. Then the cell was rapidly partially discharged
at 200 wA cm~2 back to the 70 mA min level, which corresponds, in
linear approximation, to an average change of valence from Mn3->*
to Mn*" to Mn39*. The change of the oxidation state of the entire
electrode was monitored operando in an in situ spectroelectro-
chemical cell with hard X-ray absorption near edge spectroscopy
(XANES) at the Mn K-shell absorption edge [6]. The cell was then
disassembled in dry Ar atmosphere, where the cathode assembly
wasrinsed in acetonitrile seven times in order to remove electrolyte
and potential excess lithium [9], and the assembly dried in ambient
atmosphere on a microbalance until no weight change was noticed.
Removal of the LiPFg-containing electrolyte is critical because it
may form malign HF with ambient H,O in the atmosphere [10].
However, one cannot entirely rule out that evidence of potential
operational damage that was made to the cell is being removed
with this acetonitrile rinsing.

The cycled and uncycled electrode material was subject to pow-
der X-ray diffraction (Siemens D5000 diffractometer with Cu Ko
radiation), step size 2@ =0.1°, in the range from 1° to 60°.

The dried assembly was then weighed and subsequently firmly
pressed onto a sticky piece Kapton tape, which had been weighed
before. The tape was removed and virtually contained the entire
spinel material, whereas only traces of spinel remained on the alu-
minum current collector. Another Kapton tape was then pressed
on the spinel sticking on the first Kapton tape, and immediately
removed again, so that a thin layer of spinel stuck on the second
Kapton tape, both of which were then independently weighed on
the balance. This procedure was repeated with more Kapton tapes
until the first Kapton tape weighed around as much as either of the
other Kapton tapes. We thus had a suite of 12 Kapton tapes with
known amount of spinel coverage (milligram), which allowed us
to relate every layer of spinel on each Kapton tape to a particular
depth in the electrode.

This technique allows to reproducibly “slice” a 50-pwm thick
electrode into 10-20 layers. We have sliced the sample under con-
sideration into 12 parts. Using a high precision laboratory balance
it was possible to assign each slice to a relative depth position in

the electrode, with an accuracy of about 10%. Five of these slices
were subjected to manganese L, emission spectroscopy at Beam-
line 8.0.1 at the Advanced Light Source with excitation photon
energy of 680 eV.Every sample was measured 4 times with an expo-
sure time of 900 s each. The spectra for each sample were averaged
and normalized.

Note that because the spinel material was fixed on a non-
conducting Kapton tape, electrical charging effects may impede soft
X-ray absorption experiments with electron yield detection tech-
niques. Also, it is important that the spinel layers are not probed
with respect to the surface, but with a more bulk sensitive detec-
tion technique. We have previously shown that the oxidation state
of Mn on or near the surface may differ from that in the bulk [5].
We therefore decided to employ X-ray emission spectroscopy (XES)
with photon yield detection (photon in—photon out mode).

3. Results and discussion

The charging and discharging treatment of the electrode in the
in-situ cell is shown in Fig. 1 [7]. Due to the stoichiometry of the
prepared electrode, which we are confident is LiMn;04, we can
assume that the charging begins with an average Mn oxidation
state of Mn3>* and approaches the average oxidation state of Mn**
at around 1830 min of charging and 88.8 mA min. The cell was then
discharged for 70 mA min and disconnected. We estimate an aver-
age Mn oxidation state of slightly below Mn3-9*,

While the Mn sites near the current collector tend to be reduced
during the discharging step after charging, global demand elec-
troneutrality would require the Li* to migrate into the electrode
from the separator side, creating a local polarization. This would
probably relax back in the sense of an equilibration. However, in
the absence of electrolyte, the movement of the lithium is not very
fast, even if the electron-hopping between Mn** and Mn3* sites in
the solid-state is not a slow process.

The charging and subsequent partial discharging is paralleled by
the evolution of the X-ray absorption near edge structure (XANES)
spectra obtained at the manganese K-shell absorption edge near

Fig. 1. Charging and discharging characteristic of the electrode contained in the in
situ cell.
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Fig. 2. Manganese white lines of the K-shell absorption edge of the in situ cell
loaded with spinel electrode prior to charging, after charging and after slight rapid
discharging.

6540eV. The white line range of the XANES spectra is shown in
Fig. 2 [6], which shows the manganese white lines of the K-shell
absorption edge of the in situ cell loaded with spinel electrode
prior to charging, after charging and after slight rapid discharg-
ing. The white line of the uncycled cell (black spectrum) has the
lowest energy position, whereas the spectrum of the fully charged
cell (red) has the highest energy position. This chemical shift of the
spectra of around 0.5 eV provides circumstantial support that the
manganese has been oxidized during charging, i.e. from an average
Mn3->* oxidation state to a Mn** oxidation state. The spectrum in
between (light blue color) was recorded when the cell was slightly
discharged and supports the idea that the average oxidation state
of Mn** after charging became reduced to just below Mn3-%* after
the 70 mA min discharge.

This electrochemical treatment has caused significant changes
in the crystal structure of the electrode, as can be seen in the X-ray
diffractogram of the electrode in the uncycled and cycled (charged,
and then slightly discharged) state, Fig. 3.

First, we notice that the cycled electrode produces a larger
incoherent scattering background than the uncycled electrode. In
addition we notice a very small shift of the Bragg reflections in the
diffractogram towards larger Bragg angles, suggesting the antici-

Fig. 3. X-ray diffractogram (Cu Ka) of the non-cycled (bottom, black) and cycled
electrode (top, red). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

Table 1
Crystallite size for uncycled and cycled electrode material as obtained by the Scher-
rer equation.

[hklI] FWHM [26] Position [260] Crystallite
size [nm]
(111) Uncycled 0.298 18.6 281
(111) Cycled 0.383 18.6 219
(311) Uncycled 0.451 36.05 218
(311) Cycled 0.780 36.30 126
(004) Uncycled (double peak) 0.541 43.85 204
(004) Cycled (double peak) 0.211 44.85 531
(331) Uncycled 0.384 48.00 309
(331) Cycled 0.876 48.35 137
(511) Uncycled 0.520 58.05 289
(511) Cycled 0.930 58.49 163

pated contraction of the crystal lattice upon extraction of lithium
due to charging. We have determined the crystallite size from the
full width at half maximum of Bragg reflexes with the Scherrer
equation and found that charging reduced the crystallite size signif-
icantly, see Table 1. For example, the length of the crystallite in the
(111)direction changed from 281 nm to 219 nm after the charging
and slight discharging. The (0 04) reflection actually reverses both
intensity ratios upon electrochemical treatment, but since this is a
double peak, the accuracy of the Scherrer analysis for this peak is
questionable. Comparison of both diffractograms confirms that the
electrode underwent noticeable pathogenesis during the one-time
charging.

Fig. 4a shows the Ly1> and Lg emission lines at around 645 eV
and 655eV, respectively, for the five spinel samples on Kapton
tape sampled at five different depth positions 2,5,7, 10, and 11 in
the cathode. Minor, but systematic changes are observed in the
range between 635 eV and 650eV. The spectra are shifted by each
other, which is particularly visible between 640 eV and 645 eV. The
material sampled at position 2 is closer to the aluminum current
collector, whereas the material sampled at position 11 is closer to
the face of the cathode, next to the separator with electrolyte fill-
ing. Positions 5, 7, and 10 are in between. The Ly, peaks show
clearly the double peak structure with maxima at about 643.5eV
and 645.5¢eV. Close inspection of the magnified region in Fig. 4b
shows that the spectra from positions 2, 5, and 7 have that max-
imum at 645.5 eV, whereas material sampled at positions 10 and
11 have that maximum at 645.9 eV. The maximum for the Ly at
around 643.5 eV cannot be quantified so easily, because its resem-
blance of a shoulder rather than a clear maximum.

The emission spectra reflect the occupied Mn 3d states and rep-
resent in this particular case the transitions from Mn 3d states to
Mn 2p states. The fine structures visible in the magnification in
Fig. 4b have their origin possibly in orbital and spin details, but
the resolution of the spectra is not sufficient for quantitative anal-
ysis other than chemical shift. The exact interpretation of the Mn
2p spectrum is complicated due to multiple splitting of the Mn3*
and Mn*" present in the samples [11]. We see that the spectra for
sample positions 2 and 5 are at generally lower energy positions
than the other spectra. Generally, in photoemission spectroscopy,
a shift of spectral intensity towards lower X-ray energy is indicative
of oxidation, and a shift towards higher X-ray energy indicative of
reduction of the probed moieties [12].

In order to quantify the chemical shift of emission spectra, such
as for our cathode material, and to relate them to the specific
properties of the sample position, we compute the first statisti-
cal moment (E) of the spectral intensity by weighed integration
(compare Refs. [5,6]) in the energy range from 635 eV to 665 eV:

665
<E> — w.
35 [(E)dE
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Fig. 4. Left panel: L-edge emission spectra obtained from five sample slices of one electrode. Right panel: magnification of the spectra in the energy range from 640eV to
648 eV. Bottom: Spectrum of Li;Mn; 4, reproduced after Ref. [13]. In this highly lithiated sample Mn exists as Mn3* - the sharp peak at the La line is very enhanced compared

to our sample.

The manganese in LiMn,;0,4 spinel is present in two oxida-
tion states: Mn3* and Mn**. Upon charging of the cell, a major
part of the lithium (about 90%) is electrochemically removed
from the spinel lattice, with the result that the Mn3* is oxi-
dized to Mn**. The stoichiometry of the cathode material at a
particular state-of-charge can be written stoichiometrically as
Li(1_x)[Mn3*](1_x)[Mn*"](1.5)04. The Li* concentration and Mn3*
concentration should thus evolve correspondingly. Naturally, if the
electrode was rested for a very long time, the difference in the Mn
oxidation state disappear by itself because the electrode should
relax and come to a single state-of-charge in all electrode parts.

Comparison with the spectrum of Li;Mn;0y4 in Figs. 4 and 5 in
Ref. [13], which is reproduced in our Fig. 4 - in this highly lithi-
ated sample Mn exists as Mn3* - the sharp peak at the Ly, line is
very enhanced compared to our sample. The spectra of samples
from positions 10 to 11 have a particularly low intensity feature at
this energy position, confirming that we have predominantly Mn**
species in our sample. This reaction should take place more pro-
nounced at the current collector site of the electrode, because the
resistance of the pathway to the current collector is lower there.
At the separator site this reaction should take place more slowly.
One therefore expects that - after charging - at the current col-
lector there should be a higher concentration of Mn#* than at the
separator site. This expectation is confirmed in our experiment,
as schematically displayed in Fig. 5. The sketch shows the lateral
cross-section of one half cell, in particular the aluminum current
collector on the left, which meets the spinel electrode at the posi-
tion x=0. In the center, the spinel electrodes extends from x=0
to x=50 wm, which is the sample top and faces the separator. On
the abscissa, the first moment (E) of the spectra is plotted. The
abscissa can be directly translated into relative Li* concentration
vs. sampling distance z.

Samples taken from the current collector site of the electrode
assembly have spectra which are shifted towards lower energies,
and they have a smaller first moment (E) than the spectra from
samples which are further away from the current collector.

Note that in our method, any excess lithium in the electrolyte
and in pores in the spinel grains would not cause a chemical shift of
the manganese and thus would not overshadow any effect on the
Li* chemically bound to the manganate. This is a distinct advan-
tage compared to other techniques, which are element specific,
but not sensitive to the molecular environment of species. Also,
our method is particularly applicable to standard electrodes with
thicknesses from 10 m to 100 wm. Here, sputtering techniques for
depth profiling would be impractical.

There exist a number of recent works in which researchers have
tried to derive concentration profiles of Li and other elements by

Fig. 5. Schematic of a battery half cell, with inscribed first moment (E) of the L, and
Lg emission peak vs. the sample position.
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various experimental techniques. It is not in every case possible
to directly compare their results with ours because not the same
samples were used in terms of stoichiometry, thickness, and equi-
libration after electrochemical treatment. Reddy et al. [15] have
applied Rutherford backscattering and nuclear reaction analysis to
probe Li and other elements in a 350 nm thin electrode. Their results
show a linear concentration profile of Li with increasing thickness
of the electrode, whereas Ni, V and oxygen have a constant profile
in this range in the pristine electrode. It remains unclear why Li
shows a linear variation across the thickness, then.

Swiatowska et al. [16] have studied Li intercalated in thin V,05
electrode films with X-ray photoelectron spectroscopy (XPS) and
time-of-flight secondary ion mass spectroscopy (ToF-SIMS). Depth
profiles were obtained by measuring the intensity of prominent
peaks in the spectrum as a function of sputtering time. Compari-
son between two profiles was made possible by normalizing the
Li signal to the V signal, assuming the samples were homogeneous
and similar prior to Li intercalation. While their study aims partic-
ularly at distinguishing different V species for intercalability (V,0s5
vs.lower oxides), their V, 05 profile range is useful for our purposes.
Their Li/V intensity ratio shows in the 40 nm thin range a variation
with sputtering time, therefore sampling depth, Figs.6and 7 in [14],
which is very similar to our Mn depth profile in Fig. 5. In their Fig.
7,the Li/V intensity ratio decreases from 8 to 4 in the range of 5 nm,
and then increases to a ratio of 10-13 at 40 nm thickness, and then
decreases again, so as to show a sinusoidal Li concentration profile.
Interestingly, Saito et al. [17] observe a constant Li concentration
profile in 30 wm thick electrode layers with glow discharge optical
emission spectroscopy even after 50,000 cycles of operation. The
profiles for the other elements, such as Ni, Co, Al, and carbon were
as constant as well. Only at the electrode surface and current col-
lector interface, deviations from constant profile were found (Figs.
2 and 3 in Ref. [15]). Also the Li concentration in LiPON films was
virtually constant, at least in the center of the samples, as probed
with cold neutron depth profiling by Lamaze et al. [18] on sam-
ples thinner than 1 m. Yang et al. [19] used XPS on a LiMn,04
electrode and found that the Li 1s intensity was increased at the
electrode surface and decreased consistently towards the current
collector in a capacity faded cell.

4. Conclusions

With this sample preparation technique we are able to
go beyond the conventional spectroscopy experiments, which
allowed only for spatially averaged oxidation states of samples. In
the future we will be able to monitor oxidation state variations
in samples with a depth resolution of better than 5 pm. This will
facilitate studies on the pathogenesis of battery electrodes dur-
ing charging/discharging and possibly address engineering issues

for the electrode design as well. Basically, it should be possible
to reproduce depth profiles like the one found in this study by
applying mathematical models for the spatial current distribution
of realistic porous electrodes [18].
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