
Introduction
In the recent years, small-angle x-ray scattering was success-

fully applied in the study of electrode materials for supercapaci-
tors.1,2 batteries,3 and fuel cells.4 We now present results on the
first in situ characterization of an operating lithium ion battery
cell with X-ray absorption near-edge spectroscopy (XANES) and
anomalous small angle X-ray scattering (ASAXS).5 The cell con-
tained LiMn2O4 spinel as a positive electrode and was charged
and partially discharged. Contrast variation was applied to the
manganese in order to study the evolution of microstructural
changes in the electrode. A trimodal distribution of manganese
containing objects was found. During electrochemical treatment,
these objects grow by about 50%. Also, a reversible “flip” of a
superstructure Bragg reflex was observed when the cell was fully
charged.

Methods and Materials
Spinel and electrode were prepared as described in ref.5 Elec-

trode, Celgard® separator, LiPF6 electrolyte, and a lithium foil
(125 µm thickness) were then assembled in an in situ cell (50%
transmission at 6500 eV), which was sealed against contamina-
tion of electrodes with air and humidity. The cell was assembled
in a helium filled glovebox, cabled to a portable potentiostat and
data acquisition system and mounted at Advanced Photon Source
beamline 12- ID, operated by the Basic Energy Sciences Syn-
chrotron Radiation Center Collaborative Access Team. The cell
was fully charged at very moderate currents of some 10
microamps and subsequently partially discharged. The cell volt-
age never increased 5 V. During electrochemical treatment, Mn
K-edge XANES (7 min/spectrum) and ASAXS (0.1 sec/pattern)
were recorded for 20 energies, which covered the Mn K-edge at
6545 eV and energies in its vicinity.

Results
Figure 1 displays three XANES spectra of the manganese in

the electrode at three different stages of charge. Spectrum 1 (solid
line) was obtained right at beginning of charging, with the elec-
trode being LiMn2O4 and the open circuit potential 3.78 V. The
manganese atoms per unit cell are present with the formal charges
Mn4+ and Mn3+ in equal quantities. Spectrum 2 (broken line) was
obtained when the cell was fully charged and most of the lithium
in the spinel was removed, with a potential of 4.3 V. Spectrum 2 is
shifted by about 1.5 eV towards higher energy, compared to spec-
trum 1. At this stage, the manganese is mostly (>90%) present as
Mn4+. At discharging (spectrum 3, dotted line), lithium is reinsert-
ed in the oxide lattice, and consequently the Mn is reduced. Thus,

spectrum 3 is shifted towards a slightly smaller energy than spec-
trum 2. The potential was 4.05 V. The changes in the XANES
serve as a verification of the valence changes of the manganese.
The total charge and the lithium concentration were determined by
integration of the current that passed through the cell.

Figure 2 shows ASAXS scattering curves (SC) of the elec-
trode, which correspond to the above mentioned XANES spectra
in terms of potential and Li concentration. Contrast variation was
applied by the weighted difference of SC taken at 6400 eV (far
below Mn K edge) and 6545 eV (right at Mn absorption edge).
The SC shown in figure 2 have received the proper background
subtractions. Significant humps in the intensity were found in the
SC, which were subsequently treated in the Guinier approxima-
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FIG. 1. Manganese K-edge XANES taken at 3 different stages of lithium
concentrations (1-c): c=1 - uncharged, c=0 - charged, c=0.2 at dis-
charge.

FIG. 2. ASAXS curves of samples corresponding to the state of charge as
in Figure 1. Open circles: uncharged; crosses: charged; closed circles:
discharged. The drawn lines represent least square bimodal Guinier fits.
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tion. Thirty-five sets of SC were analyzed over the whole range of
Li concentration (1>c>0) during electrochemical cycling.

Within the Q-range under investigation (0.01<Q<0.2 1/Å), a
trimodal distribution of manganese containing objects is found.
Figure 3 shows the evolution of radius of gyration for the two
smallest ranges of object size.

The manganese agglomerations in the oxid matrix grow from
7 Å to about 12 Å and from 25 Å to about 45 Å. These changes
are irreversible.

Figure 4 shows the SC of the uncharged and charged samples
in a Kratky-plot. We found this representation most suitable to
show intensity peaks, which we assign to Bragg reflexions, prob-
ably reflecting an overstructure.9 These weak peaks remain
unchanged so far during cycling, with the exception of a major
peak that shifted towards lower Q values right at the stage when
the cell was fully charged. This “flip” of reflex was reversible,
since it shifted back to its previouus position right after the onset
of discharging. Among 35 studied SC, only this one, recorded at
the moment of full charge and in line with the XANES showing
the cell fully charged, showed the described anomaly. Since this
effect appeared in a critically narrow window of concentration, it
could be interpreted as a phase transition.

Discussion
Recently, microstructural changes in LiMn2O4 electrodes

have been reported by various groups,6-10 including the formation
of nanometer-sized antiphase-domains, superstructures, phase
transitions, and phase decompositions. The XANES and ASAXS
data show that microstructural changes in lithium ion battery cells
can be monitored in situ with these techniques. These changes
occur in the spinel during (de-) lithiation even within the very first
cycle at moderate currents in a safe potential range. The data
obtained by Guinier analysis are probably not accurate, since the
Guinier approximation is exact only to dilute systems, unless an
interference function is taken into account. Therefore, the apparent
Guinier radii are probably suppressed and underestimated due to
interparticle interferences. Doubtless is the trend that the particles
are growing during charging. This is confirmed by the monoto-
neous increase of the overall scattered intensity and scattering at

zero angle, which is not plotted it in this report. Due to limited
beam time and a pronounced careful charging of the cell, no time
was left to measure the sample at smaller Q values and thus to
resolve larger objects. We will continue these measurements and
support them with additional x-ray diffraction experiments.
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FIG. 3: Evolution of object-size as a function of concentration, as
obtained from bimodal Guinier-Fits.

FIG. 4: Bragg-reflections of superstructure in Kratky-plot.


