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Simultaneous measurement

Electrochemical Impedance Spectroscopy and Magnetic Resonance Imaging (MRI) were measured simulta-
neously on Lithium-Ion batteries. The motivation for developing this measurement method was the following:
While Electrochemical Impedance Spectroscopy provides integral information on processes in the battery, MRI
adds spatially resolved information on structures and their changes in the battery on a microscopic length scale.
This offers combined and more comprehensive information on microscopic and integral levels. A significant
benefit of simultaneous measurement is that the battery is in the same state as well as that it allows continuous
measurement of a specific battery thus avoiding replacements and rest times when exchanging parts of the ex-
periments. Comparative measurements of Electrochemical Impedance Spectroscopy, performed in parallel to
MRI and outside of the MRI setup, however, require optimal decoupling of the electromagnetic fields involved in
both techniques. The current version shows only minor differences in the impedances measured below 20 Hz. On
the other hand, images were acquired with and without parallel Electrochemical Impedance Spectroscopy, the
images show the same structural features. Differences are on the noise level of the MRI measurement. The
combination of results of both techniques allows for a thorough detection and identification of the batteries
behavior. For example, in the case of two fresh batteries, increased resistance could be assigned to inhibited ionic
transport paths due to a misplaced separator. In aged and defective batteries, the combination of both techniques
revealed the loss of electrolyte to be the main source of degradation.

1. Introduction applied also in battery research [6-10]. Spectroscopy was used for the

identification of different stages of lithium intercalation, also in in-op-

Electrochemical Impedance Spectroscopy (EIS) is often used in bat-
tery characterization. It allows for monitoring the electrochemical pro-
cesses in batteries, described by their time constants and their influence
on impedance Z(f) [1-5]. The investigated cell is subjected to alternating
current or voltage of a given frequency in EIS. The response of the cell is
measured to calculate Z(f). Inductance in connecting cables or addi-
tional resistances due to bad connections need to be avoided to measure
Z(f) unambiguously. However, differentiation of processes is not always
straightforward due to overlapping time constants and unspecific re-
sponses. Equivalent circuit models (ECM) are often used for data inter-
pretation based on circuit elements to model the impedance of the cell,
ascribing a physical meaning to the individual elements.

Nuclear Magnetic Resonance (NMR) is a multifaceted analytical tool
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erando experiments. NMR compatible batteries were built [11-17]. The
electrolyte decomposition  was investigated accordingly:
Carbonate-based electrolytes were stored with different amounts of
water, NMR revealed the decomposition dynamics [18,19]. PFG NMR is
known to reliably measure diffusion coefficients of liquids, here the
different components in the battery’s electrolyte [20-24]. Relaxometry
reveals solid-state ion dynamics [25-27] and cathode decomposition
[28].

Magnetic Resonance Imaging (MRI) is known to deliver spatially
resolved information about structures and velocities and is used in this
work. In battery research, it was applied, for example, to investigate
dendrite formation [29] and the lithium gradients during charge and
discharge [28,30,31]. The technique is noninvasive, allowing for
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in-operando measurements.

The simultaneous measurements of EIS and MRI was realized and
will be the focus of this paper. Simultaneous measurements are highly
desirable as they ensure that the results of both measurements are not
just of the same battery but also at the same state; without electro-
chemical relaxation or changes to the resistance of the EIS channels due
to changed contact. Earlier studies successfully combined NMR spec-
troscopy with EIS [32,33]. MRI was combined with EIS for investigating
solid electrolytes in symmetric lithium/lithium cells [34]. As a first
example, the MRI experiments here will focus on the 'H nuclei to
correlate the microscopic structural elements of a Li-ion battery in form
of the electrolyte distribution with the macroscopic, integral electro-
chemical view of the same battery in the same state.

2. Experimental
2.1. Investigated lithium-ion batteries

The investigated cells were produced by Wyon (Fig. 1). A total of 9
batteries were produced, five of which showed low or fluctuating volt-
ages. They are equipped with one planar pair of electrodes separated by
a stack of glass fiber separators (height before assembly 0.65 mm each).
This leads to a larger volume of the electrolyte, which is the primarily
accessible component of the battery in an MRI experiment. The elec-
trolyte consists of carbonates as solvents, some additives and 1 M LiPF.
The cathode active material is lithium cobalt oxide, and the anode is a
graphite electrode. The cell’s outer dimensions are 9 mm in diameter
and 5.6 mm in height (Fig. 1d). The cells were cycled two times at 0.1 C
after formation cycles.

One battery that passed this test and one that did not were investi-
gated using the simultaneous EIS and 'H MRI approach. Only two cells
were investigated as the main aim of this work was to investigate the
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feasibility of the simultaneous measurement approach.

The batteries used in this study do not use metallic vapor barriers.
Such barriers would shield the radio frequency pulses of the MRI ex-
periments (200 MHz). Shielding of the rf pulses reduces, depending on
the barrier’s material and thickness, the signal intensity and hamper
MRI measurements on the inner structure of a battery. Nevertheless, the
impact of the state of charge of the battery could be monitored
exploiting its impact on the magnetic field [35-38].

2.2. Measurement setup

MRI experiments were performed on an Avance HD3 spectrometer
(Fig. 2d background) with a superwide bore 4.7 T superconducting
magnet (Fig. 2d foreground). The gradient system Mirco2.5 was used
together with a MicroWB40 MRI probe (Fig. 2b). A 25 mm inner
diameter 'H-birdcage was used in quadrature mode (all parts from
Bruker Ettlingen). The experiments were performed within the Para-
vision 6.0.1 software environment. The RARE (Rapid Acquisition with
Relaxation Enhancement) pulse sequence was used for fast imaging, the
parameters are summarized in Table 1.

The batteries were positioned in a home-built battery holder made
from polyether ether ketone (Fig. 2c). The orientation of the batteries
electrodes was chosen to be orthogonal to the main magnetic field By of
the MRI's magnet (Fig. 1, Fig. 2). This orientation is preferred as it
prevents the current collectors and electrodes from shielding the MRI's
radio frequency pulses [39-41]. Additionally this orientation allows for
the twisted connecting wires to be of equal length, this allows for a
highly reproducible setup. The battery in the holder is placed into a
25 mm MRI birdcage (Fig. 1b).

The battery contacts are connected via copper leave springs which
are cleaned regularly to ensure a good electrical contact. A perfect
electric connection is essential for reliable EIS. Thus, aged connections

A b)

Fig. 1. a) Schematic of the MRI-compatible battery with cathode (orange) and anode (green). Dotted lines represent the separators. The arrow defines the z direction
and the direction of By in MRI. b) Position of the battery (black) in the battery holder (brown) and the MRI probe (grey). The battery is kept in place by the lid (c)

which is fastened by a screw (blue, middle). d) Image of the battery.
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Fig. 2. a) Wiring of the experimental setup of the combined experiments. Colored boxes show (from left to right) the battery, the wiring inside the MRI probe and the
potentiostat. b) The MRI probe was connected to the potentiostat, here outside of the magnet. c) Disassembled battery holder with the twisted cable connecting the
battery to the MRI probe. d) NMR magnet with the inserted MRI probe (bottom) and the spectrometer in the background.

Table 1

Parameters of the RARE MRI experiments.
Parameter Value
RARE Factor [-] 5
Te [ms] 2.2
T; [s] 5
ng [-] 16
Slice thickness [mm] 0.5
pxxpx [-x-] 128 x 128
FoV [mm x mm] 10 x 10
Measurement time [min] 25

led to deterioration of the measurement quality over time. A short-
twisted cable connects the battery to the MRI probe, which also needs
to be of excellent quality over time. A five-meter double-shielded cable,
also with two twisted wires, connects the probe to the potentiostat. The
shielding ensures that the probe and the potentiostat are grounded to the
same place, which leads to a reduction of statistical noise. The length of
the cable is given by the geometry of the large stray field of the super-
wide bore magnet, as the potentiostat must be placed outside the 5 G
line of the magnetic field.

A PalmSense 4 potentiostat/galvanostat was used in potentiostatic
mode running with the software PStrace 5.8. (both PalmSense). Fre-
quencies ranged from 1 Hz to 100 kHz. A hold phase of 20 min was
applied before each measurement in which the open circuit voltage was
measured.

3. Results and discussion

The two measurement techniques, both using high-frequency elec-
tromagnetic fields, influence each other. Both, 'H MRI at 200 MHz and
EIS at frequencies of 1 Hz to 100 kHz in this study, may be hampered by
electromagnetic interferences, which needs to be investigated and
minimized to the level of the respective noise levels of both measure-
ment methods [32,33]. The optimized experimental setup satisfies this
condition to a large extent.

3.1. Influence of MRI on EIS

The wires connecting the battery to the MRI probe (Fig. 2) run along
By and perpendicular to Bj, they might act as an antenna [32,33]. The
picked-up noise could influence the EIS results vice versa. No impact of
the static magnetic field is to be expected as all wires run parallel to the

main magnetic field By. Positioning of the battery in an MRI was thor-
oughly investigated for example in [39].

Two EIS experiments were performed to investigate this possible
influence on the optimized setup: The first experiment was made with
the rf probe inside the magnet. An MRI experiment was started at
approximately the same time as the EIS measurement was started. The
same EIS experiment was repeated with the MRI probe outside of the
magnet and its stray field. The same 5 m cable was used to connect the
probe. It was ensured that this rather long cable doesn’t act as an
additional inductance in the EIS measurement.

The real- and the negative imaginary part of the impedance Z(f) are
identical over a wide range of frequencies (Fig. 3a). Minor differences
between the two measurement setups were seen at frequencies below
20 Hz. The Nyquist plot (Fig. 3b) reflects processes in the battery: Re-
gion I is attributed to solid state diffusion named diffusive tail at large Re
Z(H) (f € [1, 3] Hz, marked by Iin Fig. 3b). The semi-circle (f € [3, 400]
Hz, region II) is attributed to charge-transfer resistance and the double
layer capacitance of the electrodes. The semi-circle at higher frequencies
(f € [400, 10°] Hz, marked by III in Fig. 3b) is often attributed to pro-
cesses related to the Solid Electrolyte Interface (SEI). Region IV reflects
the overall bulk resistance [4,42].

EIS measurements were performed in- and outside of the MRI
equipment. The differences between the two measurements are mostly
visible in the diffusive tail (marked by I in Fig. 3). This indicates that EIS
data measured simultaneous to MRI measurements need to be analyzed
in detail at the larger frequencies of the diffusive tail [3,43].

3.2. Influence of EIS on MRI

The wires connecting both, the battery and the potentiostat, to the
MRI probe potentially work as an antenna in both directions. Imperfect
masses and loops are known to introduce noise in MRI measurements.
Coupling of EIS to a battery and performing simultaneously MRI could
introduce errors in form of artefacts or increased statistical noise in the
MR images. This is partly compensated by twisted pair cables, as the
induced magnetic fields connected with an electrical current should
cancel out; the impact of EIS on MRI nevertheless needs to be
investigated.

Fig. 4 shows THMR images of the same cell, (a) without the 5 m cable
connected to the MRI probe and (b) measured simultaneously with EIS.
The false color scale represents the MRI intensity in each voxel. The
signal primarily depends on the number of observed nuclei in a voxel
and the relaxation times Tj, T». No signal from the cell casing was



A. Markert et al.

1.2
a)
4
09
g z
S 06N
g2 E
) 03
10 100 1000 10000 100000

f[Hz]

International Journal of Electrochemical Science 20 (2025) 101129

-Im(2) [kQ]

0 1 2 3 4 5
Re(2) [kQ]

Fig. 3. EIS on an MRI compatible battery cell in (o) and outside (N) of the MRI equipment: a) real part Re(Z) (black symbols/left y-axis) and negative imaginary part
-Im(Z) (red symbols/right y-axis) as a function of frequency f. b) Nyquist plot (filled symbols: EIS only, open symbols: combined experiments. Area I: diffusive tail,
associated with solid state lithium diffusion in the solid materials. Area II: mid frequency semi-circle most often associated with the charge-transfer at the electrodes.
Area III: high frequency semi-circle associated with the interfacial layer (SEI). Area IV: bulk resistance.
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Fig. 4. 'H MRI sagittal images of an MRI compatible lithium-ion battery: a) potentiostat disconnected b) MR image acquired simultaneously with an EIS mea-
surement. c¢) Histograms of the images a) (red) and b) (yellow). d) Histograms of a) (red) and another image (not shown, blue) measured under identical circum-
stances showing the statistical noise in an MRI measurement. Connected bars in the histograms represent the value in the middle of them.

observed as T, of hard polymers is typically much shorter than that of
liquids and leads to an already vanished signal on the time scale of a
RARE experiment. The intensity thus represents a map of the electrolyte
in each voxel. As the voxel size of the measured image is 78 pym x 78 pm
in plane with 0.5 mm slice thickness, the pores of the separator are not
resolved, and the electrolyte filled separators appear rather homoge-
neous with indications of the layered structure.

The dark lines near z = 1.5 and 6.5 mm in both images are the
electrodes including the current collector. A small amount of electrolyte
is found on the outer sides of both electrodes. At (x, 2) = (8, 4.5) mm a
gas bubble shows up: An area of rather lower signal intensity is sur-
rounded by three spots of large signal intensity. These spots arise in MRI
when two substances of different magnetic susceptibility, like electro-
lyte and gas, are in contact, while one of the substances has a spherical
symmetry. This leads to local field inhomogeneities at the interfaces. At
z = 6 mm two points of higher signal intensity can be seen with the same
origin.

All the structures are at the same positions in both measurements,
and no additional artifacts are visible in the measurements combined
with EIS measurement. Regarding the signal-to-noise ratio, detailed
information can be extracted from the histograms (Fig. 4c): only small
differences are visible between the red bars, representing the image
without EIS and connectors, and the yellow bars, representing the image
measured simultaneous with EIS.

To contextualize these differences, histograms of two repeatedly
measured images without a connection to the potentiostat were calcu-
lated (Fig. 4d), which reflect the repeatability of an MRI experiment. The
differences between the two histograms are in the same order of
magnitude as the differences in the former comparison. This leads to the
conclusion that the differences in the combined experiments are in the
order of statistical random noise. Simultaneous measurements of EIS
and MRI are thus possible with the described setup and no influence
above noise can be seen in the MRI.
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3.3. Comparison of two cells of the same batch

One battery that passed the final control at Wyon and one that did
not were measured via MRI and EIS simultaneously. The Nyquist plots of
EIS on both cells (Figs. 5a and 5c) exhibit same principal shapes,
composed of the two semicircles followed by a diffusive tail. However,
the defective cell shows a much larger bulk resistance Rp: 250 Q
compared to 85 Q for the fully functional cell. Both semi-circles appear
much more pronounced in the case of the defective cell, this is especially
true for the first semi-circle, which is often attributed to processes at the
solid electrolyte interface (SEI) [44].

The 'H MR images (Figs. 5b and 5d) add microscopic information to
this integral information: Questions about the influence of the battery’s
structure on the electric performance can be addressed and answered.
First, the image of the properly functional battery is interpreted: Elec-
trolyte can be seen above the upper current collector and below the
lower current collector. The area of the electrolyte/separator appears
apart from a few gas bubbles rather homogeneous, note discontinuities
are visible on the length scale of the MRI. Gas bubbles on the lower
electrode might be linked to the larger size of the second semi-circle in
EIS when compared to the first semi-circle. The bubbles might lead to
reduced area for charge transfer between electrode and electrolyte to
happen [4].

In contrast, the defective cell shows less electrolyte on the outer sides
of the electrodes in the 'H images. This might be correlated to the larger
size of both semi-circles (Fig. 5¢c compared to Fig. 5a), as the lower
amount of electrolyte may lead to uncovered electrode surface. The
second separator (counted from the bottom up) seems to be displaced
along y direction, discontinuities are apparent. This indicates that ionic
transport paths are distorted in this cell. This is in accordance with the
comparatively larger Ry, of this cell. Furthermore, the second semi-circle
is more complete and the separation between second semi-circle and
diffusive tail clearer. This is probably caused by a lower time constant of
the processes leading to the second semi-circle in the case of the
defective battery [42].

Q
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3.4. Comparison of fresh cells and cells after a storage period

Measurements on the battery that passed the producer’s tests were
repeated after it was stored for 18 months. First, the EIS results: Only low
voltages below 0.1 V were measured, and charging was impossible. The
impedance (Figs. 6a and 6c¢) of the battery drastically increased over all
frequencies as well. Ry, increased to 8100 Q. Furthermore, the initially
observed two semi-circles cannot be distinguished anymore. The diffu-
sive tail, however, is still visible, and the values of -Im(Z) monotonously
increase with Re(Z) in contrast to Fig. Sc.

'H MRI images (Figs. 6b and 6d) give insights on a micro scale into
degradation: The signal intensity is much smaller than it was before the
storage period, and the separator layers soaked with electrolyte are
separated by dark lines. The two factors imply that some electrolyte
must be lost, either due to reactions [18], leakage or similar processes.
The remaining electrolyte might be localized in the separator layers via
capillary forces. The electrolyte-poor borders between the separators
now hinder the ions transport between the electrodes in the battery
which explains the enormous increase in resistance and impedance
[45-47]. Additionally, some deformation of the upper separator sheets
can be seen as well as a total lack of electrolyte in the lower left corner of
the stored battery.

The electrolyte area without the electrodes was cropped from the
two images in order to compare their structure in more detail. The
cropped area of the aged cell is smaller due to the shape which leads to
the smaller maximum in the cumulative distribution. The cumulative
distribution of the image intensities in those cropped areas (Fig. 6e)
highlight the larger signal intensity of the fresh cells. The distribution of
the fresh cell (black) shows less counts at small intensities assigned to
few gas bubbles while the distribution of the aged shows a lot of signal in
that intensity range due to many areas of low electrolyte concentration.

The second battery (Fig. 5) was also measured before (Figs. 7a and
7b) and after storage over 18 months (Figs. 7c and 7d). The results are
similar to the discussed results of the first battery. Again, only small
voltages below 0.1 V were measured, and charging was not possible. The
Nyquist plots change from two distinct semi-circles followed by a
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Fig. 5. a) and b) Nyquist plot and 'H MR image of a cell that passed the final tests. c) and d) Nyquist plot and "H MRI image of a cell that didn’t pass the final tests.
Area I: diffusive tail, associated with solid state lithium diffusion in the solid materials. Area II: mid frequency semi-circle often associated with the charge-transfer at
the electrodes. Area III: high frequency semi-circle associated with the interfacial layer (SEI). Area IV: bulk resistance.
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Fig. 6. a) and b) Nyquist plot and 'H-MR image of a fresh cell that passed the final tests. ¢) and d) Nyquist plot and 'H MR image of the same cell after 18 months of
storage. Areas are defined as above. e) Intensity histograms (circles) and cumulative distributions (squares) of image b) (here: black) and d) (here: red). The lines

serve as guides to the eyes.

diffusive tail to roughly one semi-circle followed by a diffusive tail,
while the impedance increases at all frequencies. Ry, increased to 4800 Q
in this case. The onset of the tail is also far less distinct in the aged cell
compared to the fresh cell and can be explained by a shorter time con-
stant of the second process or the semi-circle representing another
process [45,46].

The 'H MRI image of the cell after storage (Fig. 7d) again shows a
reduced signal intensity compared to the fresh cell (Fig. 7b), the medium
signal intensity is also smaller compared to the aged cell in Fig. 6d, some
dark lines between individual separator layers are visible at y = 9 mm
but are not as distinct as in Fig. 6d. The general reduction in signal in-
tensity implies that even more electrolyte has been lost being the main
reason for the degradation of this cell [44].

The same procedure of cropping was applied on the MR images of
this battery. The cumulative distribution of the image intensities
(Fig. 7e) again shows the larger signal intensity of the fresh cell. The
shape of distributions are more similar compared to that of the first
battery. Again, the lower amount of electrolyte left after aging leads to a
significant shift in the intensity histogram.

4. Conclusions

Non-invasive Magnetic Resonance Imaging (MRI) and Electro-
chemical Impedance Spectroscopy (EIS) on Lithium-ion batteries give
correlated insight into microscopic structural properties and integral
electrotechnically relevant measures. Both rely on electromagnetic
waves, but on different frequencies. Mutual influences of MRI and EIS
were therefore investigated on an optimized setup. It was shown that a
commercial MRI and a potentiostat allows - together with dedicated
wiring - for the simultaneous measurement of EIS and MRI on MRI
compatible batteries. Only marginal mutual influences of the techniques
were found. Small differences between EIS measured simultaneous to an
MRI scan and EIS measured separately were found at frequencies smaller
than 20 Hz while no differences at higher frequencies were noticeable.
On the other hand, 'H MR images measured simultaneously to EIS
showed no significant differences above experimental noise to images
measured separately.

First experiments on experimental cells built by Wyon suggest that
the combination of both techniques is a useful tool to investigate the
electrotechnical state and the structure inside batteries simultaneously



A. Markert et al.

International Journal of Electrochemical Science 20 (2025) 101129

b) 55
9 50
8 45
7 40
6 .
£s ol
-;4 25 =
20
3 15
2 10
1 5
0
d) 25
9
8 20
7
—6 15
£ S
ES s
N4 107
3
b 5

o

20 40 60 80 2 4 3 8 10
Re(Z) [kQ] y [mm]
e)
6000
e P
5000 -~ w
T
—40004 | [ / / 1600 —
= / r 2
8 3000 / ' \ ! / =
% /' / ! / / \ {400 €
¥ 20001 /- /' \ /' /- | ]
[ 1 7o {200
1000 ] 7 \ ¢ '
0 !':/‘./ \" _n!:IJ .\u_ 0
0 10 20 40 50

ITa.u.]

Fig. 7. a) and b) Nyquist plot and 'H MR image of a fresh cell that didn’t pass the final tests. ¢) and d) Nyquist plot and 'H MR image of the same cell after 18 months
in storage. Areas are defined as above. e) Intensity histograms (circles) and cumulative distributions (squares) of image b) (here: black) and d) (here: red). The lines
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while allowing for a correlated view on the results on an integral and a
microscopic level. It was possible to attribute increased resistance in one
battery to a misplaced separator inside the separator stack. In-
vestigations after a long storage period of the same cells revealed that a
loss of electrolyte is the most likely degradation mechanism and showed
that the electrolyte mainly is in the glass fiber separator layers. To
complement the investigations, “Li MRI will be explored in future in-
vestigations to correlate both, structure and impedance with ion distri-
bution and state [28].
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