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X-ray microscopy (XRM) is a non-destructive characterization
technique that provides quantitative information regarding the
morphology/composition of the specimen and allows to
perform multiscale and multimodal 2D/3D experiments exploit-
ing the radiation-matter interactions. XRM is particularly suit-
able to afford in situ images of inner parts of a battery and for
the early diagnosis of its degradation in a non-invasive way.
Since traditional characterization techniques (SEM, AFM, XRD)
often require the removal of a component from the encapsu-

lated device that may lead to non-desired contamination of the
sample, the non-destructive multi-scale potential of XRM
represents an important improvement to batteries investiga-
tion. In this work, we present the advanced technical features
that characterize a sub-micron X-ray microscopy system, its use
for the investigation of hidden and internal structures of
different types of batteries and to understand their behavior
and evolution after many charge/discharge cycles.

Introduction

The COVID-19 crisis revealed the need to enhance resilience
through paying attention to new vulnerabilities since entire
sectors are undertaking a deep transformation while creating
new opportunities to develop Europe’s Industry own market,
services and production processes to boost its global compet-
itiveness. This must be the opportunity to drive European
transitions in a sustainable and fair way and to gear up to
become a competitive, resource-efficient, climate-neutral and
circular economy by 2050.[1] To support the rapid transition
toward electrification, batteries and energy materials research
are the key enabling factor to highlight competitiveness and
sustainability of a wide range of European Industries operating
in diverse sectors such as electronics and semiconductors, e-
mobility and stationary energy storage systems.[2] Hence, there

is an increasing demand for the development of specific related
multi-scale and multi-modal investigation routines and model-
based innovation processes covering all stages from materials
design to product development, including validation, character-
ization and life cycle assessment, with the aim of translating
innovation challenges into efficient solutions.[1–4] In order to
reach a holistic understanding of inner workings of a battery
the device must be studied in its assembled state, in its natural
physical and chemical environment while potentially perform-
ing its function. This is crucial to monitor physical, electro-
chemical, and micro-to-nano structural changes providing real-
time operational information in a correlative microscopy
environment. In this context, X-ray microscopy (XRM) can play a
pivotal role for early diagnosis of battery degradation in a non-
invasive way and represents a driving tool for further correlative
microscopy experiments.[5]

XRM principles and components

X-ray microscopy (XRM) is a non-destructive characterization
technique able to provide information on microstructure and
phase composition of an object. It offers the possibility to
perform multimodal and multiscale 2D/3D experiments[6]

employing an experimental set-up that involves three main
devices: (a) the source where the X-ray beam formation occurs;
(b) the sample stage that is responsible for the mechanical
stability of the specimen and allows its rotation during the scan;
(b) the detector, typically a flat panel detector (FPD) based on a
matrix array fabricated by a complementary metal-oxide semi-
conductor (CMOS) or a charge-coupled device (CCD), that
collects the transmitted X-ray beam. The Beer-Lambert law
describes the radiation-matter interaction and highlights an
exponential intensity decrease of the X-ray beam when passing
through the sample:
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I Lð Þ ¼ I0e
�

RL

0

m xð Þdx (1)

where I(L) indicates the transmitted X-ray beam intensity
expressed in Watt, I0 is the incident X-ray beam intensity
expressed in Watt, μ(x) is the attenuation coefficient value in
m� 1 at the position x expressed in m. Equation (1) is valid when
a quasi-monochromatic X-ray beam passing through a hetero-
genous specimen is considered.[7]

When the X-ray beam impinges into the sample, part of the
radiation is absorbed whilst the other portion is transmitted by
the object and reaches the detector where it is converted into
visible light by a scintillator. The output of the scintillator is
magnified and imaged by a camera. This process ensures the
acquisition of a single projection image of the sample.[7,8] A set
of projections is required to obtain a three-dimensional (3D)
reconstruction of the sample; hence the single projection
acquisition process is iterated for several rotation angles. After
the attainment of an adequate number of projections the
reconstruction of the 3D model is assigned to tomographic
reconstruction algorithms which are discussed in detail in.[9–11]

Laboratory X-ray microscopes generally rely on geometric
magnification M that is determined by the Source-Object
Distance a (or SOD) and the Object-Image Distance b (or OID):

M ¼ aþ bð Þ=a (2)

Modern systems combine geometric magnification, de-
scribed in Equation (2), with fine focusing optics to reach a sub-
micron and nano-scale resolution even when SOD increases.

X-ray experiments can also be run using synchrotron
facilities exploiting high-performance features such as high
brilliance, monochromatic X-ray beams with excellent direction-
ality and high photon flux to enhance contrast when low
density materials are investigated.[12–16] Synchrotron radiation
enables high temporal resolution which is crucial for studying
dynamic phenomena in complex systems. However, the access
to synchrotron facilities is limited and expensive. Therefore,
laboratory X-ray microscopes popularity is increasing signifi-
cantly since they are easier to use and less costly.

XRM techniques for batteries investigation

X-ray characterization techniques are particularly suitable for
the investigation of the inner workings of batteries since they
are non-destructive and allow multiple length-scales experi-
ments under different conditions. XRM can be used to run ex
situ, in situ and in operando experiments in the so-called 4D
characterization. In situ and in operando experiments are
privileged since batteries can be studied in their chemical and
physical environment potentially performing their
function.[14,17–22] In order to investigate features at different
length-scales and understand many chemical reactions that
occur in a battery, different experimental setups and techniques
have been developed for XRM. The most common in situ/in

operando X-ray characterization techniques are X-ray imaging
techniques including Transmission and Scanning X-ray Micro-
scopy (TXM and STXM) and X-ray Computed Tomography (XR-
CT); Xray scattering techniques such as X-ray Diffraction (XRD),
X-ray Diffraction Computed Tomography (XRD-CT), Energy
Dispersive X-ray Diffraction (EDXRD) and X-ray Pair Production
Function (XPDF or PDF) and finally X-ray spectroscopy including
hard and soft X-ray Absorption Spectroscopy (hXAS and sXAS).
In the last decade, the use of XRM investigation techniques for
multiscale characterization has rapidly extended becoming
widespread as a demonstration of the general interest for
in situ/in operando experiments.

In this work we demonstrate the potential of multi-scale in-
situ XRM for the investigation of inner working of Na-ion coin
cells, Li-ion pouch cells, which were produced exclusively with
an aqueous solvent and not organic, and Commercial VARTA
NiMH cylindrical cells in their assembled state using an Xradia
Versa 610 laboratory microscope from Carl Zeiss Microscopy
GmbH. This state-of-art instrument features a dual-stage
magnification architecture and a tube that ensures a higher X-
ray flux, offering higher contrast-to-noise ratio and remarkable
performances at high energy.[23] The image processing and 3D
modeling investigation was performed using the software
Dragonfly Pro (V. 2022.1) from Object Research Systems (ORS)[24]

which demonstrated the capability of reaching a detailed
geometric characterization and visualization of single compo-
nents of the battery from its assembled state. Moreover, the
commercial battery was studied at different time-steps after
several charge/discharge cycles to monitor the microstructural
evolution and defect generation of the device.

Results and Discussion

Na-ion coin cell

X-ray microscopy is a valuable tool for the investigation of coin
cell batteries in their assembled state and to verify the accuracy
of components positioning during the fabrication process. For
this purpose, two replicas of Na-ion battery (cathode material
NaLi0.2Ni0.25Mn0.75O2) were characterized via low- and high-
resolution experiments. Coin cells’ individual components are
reported in Figure 1a. Observing 2D slices in the XZ plane of
the low-resolution scan (pixel size 27 μm) reconstructed dataset
of the first replica it is possible to locate the component’s
placement after the assembly (see Figure 1b). Three different
planes, red, blue and green, were used to get a better
visualization of the cathode (red), separator (blue) and the
anode material (green) in the ZY plane. These slices were used
to verify the correspondence of the actual device internal
dimensions with initial parameters and exclude damages
occurred during the fabrication processes, as shown in Fig-
ure 1b. The metallic components such as the spring, spacer and
the underlying copper foil can be clearly distinguished in the
three-dimensional representation of the dataset shown in
Figure 1c. However, when adjacent materials/phases that
compose the sample show remarkable differences in terms of
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X-ray absorption, such as metal and polymer as in this case, the
lighter material is often hidden by the heavier one. For this
reason, the brightness/contrast was stressed to make the

separator and the metallic Na visible in the digital cross section
along the XZ plane, represented in Figure 1c. XRM can also be
used to detect critical manufacturing defects that caused the

Figure 1. (a) Na-ion coin cell’s individual components. (b) 2D cross section in the XZ plane where three planes, red, blue, and green, were used to investigate
separately the cathode (red), the separator (blue) and the anode material (green) in the YZ plane. Thus, allowing to verify the correspondence of the actual
device internal dimensions with initial parameters and exclude damages occurred during the fabrication processes. (c) 3D representation of the Na-ion coin
cell where the metallic components such as the spring, copper foil and spacer are clearly visible. The other parts such as the separator, Na metallic and the
cathode material, are represented in the 2D cross section in the XZ plane.
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breakdown of the device. After testing the voltage of the Na-
ion coin cell battery second replica, that was null, we analyzed
the device via higher resolution imaging (pixel size 12 μm)
considering the region of interest (ROI) highlighted by the blue
box in Figure 3. This further step offered a clear visualization of
a contact zone between the electrodes that originated a short
circuit which was investigated in 2D/3D (see Figure 2).

Li-ion pouch cell

The pouch cell battery (commercial cathode material LiFePO4)
was investigated via low resolution scan to provide a general
view of the device and guide the placement of the volume of
interest (VOI) in the middle of the assembled structure. The
selected region was investigated with higher resolution XRM
(pixel size 3.7 μm). In this work we considered only the latter
scan since the very thin structure of the device cannot be
investigated properly with larger pixel size. In Figure 3 a digital
cross-section of the pouch cell along the YZ plane is reported.
Three-different layers compose the sample. The first one is the
cathode, which is in contact with a second layer made of a
mixture of glass fibers and electrolyte. The upper layer is the
anode made of graphite particles. The average thickness of the
device is 390 μm. Each layer was investigated separately in the
XY plane. The cathode layer is characterized by the presence of
spherical voids, with an average diameter of 15 μm from which
multiple cracks originated and evolved through the volume. We
believe that during the mixing of the slurry, air bubbles can
form as a result of the agitation. Indeed, the intense mixing of

Figure 2. After measuring a null voltage of the Na-ion coin cell battery,
multiscale XRM was used to investigate the device slice-by-slice and detect
the contact zones between the electrodes. The short circuit, highlighted by
the blue box, was characterized in both 2D and 3D.

Figure 3. Li-ion pouch cell was investigated via high resolution XRM to provide a digital cross-section of its layered structure in the YZ plane. Three-different
layers compose the sample. The first one is the cathode where we highlighted the presence of spherical voids, with an average diameter of 15 μm from which
multiple cracks originated and evolved through the volume. During the mixing of the slurry, air bubbles can form as a result of the agitation causing the
formation of voids. Then, there is a layer composed of glass fibers dispersed in the electrolyte which probably diffused through the device during the
fabrication steps that happened in the high vacuum. The upper one layer is the anode made of graphite particles.
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the slurry can introduce air into the mixture, leading to the
formation of bubbles.[25,26] During and after the drying process,
the small and large spherical voids, caused by the trapped air
bubbles, acted as critical regions from which defects such as
cracks originated. The second layer shows the presence of glass
fibers dispersed in the electrolyte which probably diffused
through the device during the fabrication steps that happened
in the high vacuum. The upper layer is the anode which is
composed of graphite particles with an average diameter of
25 μm.

Commercial VARTA NiMH cylindrical cell

Initial large-scale investigations were performed providing a 3D
isotropic voxel size of 54 μm to capture the entire volume of
the cell in a single field of view (FOV) and identify large-scales
features. Low-resolution XRM showed the general structure of
the battery and unlocked helpful information for general
orientation in the higher-resolution investigation. The 3D
reconstruction shows the inner layers of the electrode assembly
revealing the spiral cell architecture, the tap, the electrodes, the
separator, and safety devices such as exhaust gas hole and the
anti-explosive valve as represented in Figure 4. However, no
large-scale bulk defects were located during the inspection of
the complex assembly within the cap. The Zeiss Xradia Versa
610 sub-micron XRM system provides the capability to non-
destructively (i. e., without sectioning or dismantling) isolate
specific ROIs for higher-resolution scans, due to a unique
optics-based design. The so-called Scout & Zoom procedure[27–29]

was employed to probe the inner structure of the battery with
a pixel size of 3.6 μm. The arbitrarily selected volume was
placed up on the right part of the device as highlighted by the
red cylinder in Figure 5. The dataset was processed using a
non-local means filter (Kernel size 17, Smoothing 0.5) to remove
the noise while preserving the sharpness of strong edges.

This scan provided a detailed view of active layers and
allowed the identification and inspection of the negative
electrode deposited on a nickel foil, the positive electrode, and
the nickel foam soaked in it (see Supporting Information Movie).
However, it was not possible to distinguish the separator
(presumed polymer) from the negative electrode due to low-
energy X-ray absorption by the steel casing and metallic foils.
High-resolution XRM was employed to get a three-dimensional
investigation of single components. Initially, the negative
electrode (yellow), the positive electrode (blue) and the nickel
foam (green) were segmented via histogram thresholding. ROIs
were refined using process islands functions available in
Dragonfly Pro (V. 2022.1). Then, every component was digitally
isolated and reported in Figure 6a. This process unlocks the
possibility to perform multiple analysis on single components
over a wide range of parameters. For instance, the nickel foam
local thickness was investigated exporting the labeled pixels
into a thickness mesh generating a three-dimensional color
map ranging from 15 μm (deep purple) to 80 μm (yellow) as
shown in Figure 6b. Observing the thickness distribution histo-
gram a mean value of 35.88 μm and a standard deviation of
7.66 μm was highlighted. The nickel foam geometry revealed a
surface-area-to-volume ratio of 113.58 mm� 1. High resolution
scans allow to study the origin of microstructure defects and
monitor their evolution over time as a function of charge/
discharge cycling, thermal stresses, and other perturbations
that characterize real-world operational condition of the device
that may lead to critical failure of the battery.[30–32] Two different
replicas of commercial VARTA NiMH cylindrical cell, from the
same box, were considered to investigate the origin and the

Figure 4. A low resolution scan was performed to investigate the general
structure of a commercial VARTA NiMH cylindrical cell. The 2D/3D
representation of the device shows the inner layers of the electrode
assembly revealing the spiral cell architecture, the tap, the electrodes, and
safety devices such as exhaust gas hole and the anti-explosive valve. These
information are crucial for general orientation in the higher-resolution
investigation.

Figure 5. The Scout-and-Zoom procedure was employed to probe with
higher resolution an arbitrarily selected volume placed up on the right part
of the device. This scan provided a detailed view of the inner structure of
the battery and allowed the identification of the negative electrode
deposited on a nickel foil, the positive electrode, and the nickel foam soaked
in it. Since low-energy X-ray were attenuated by the steel casing and the
metallic foils it was not possible to distinguish the separator (presumed
polymer) from the negative electrode.
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evolution of microstructural defects as function of charge/
discharge cycling and capacity fade. The first replica was
subjected to a single complete charge/discharge cycle and low-
and high-resolution scans were performed at three different
states: before cycling (State 1a), at the end of the discharge
(State 1b) and after the charge (State 2c). The charge/discharge
plot is reported in Supplementary Information as well as some
slices of different charge/discharge states. The second replica
performed 120 charge/discharge cycles and a capacity fade of
0,011 Ah approximately was detected. The former replica was
scanned before and after cycling. These datasets were proc-
essed and used to possibly detect the formation of defects in
the electrodes, tab or nickel foil and foam. The analysis was
conducted performing slice-by-slice investigation to highlight
delamination events and cracks formation. Moreover, single
components were digitally extracted from their assembled state
to monitor eventual variations in terms of volume and surface
to be correlated with the capacity fade. The first replica did not
show relevant defects related to cycling effects since a

commercial battery is designed and manufactured to undergo
thousands of charge/discharge cycles so that capacity fade can
be considered null in this specific case. High resolution XRM
revealed crucial insights related to the second replica. This
device was investigated before and after 120 cycles. The latter
scan shows the occurrence of a delamination process and
fractures belonging to two different layers of the spiral winding
of the device were segmented in green and red for the purpose
of visualization. In fact, dynamic volume variations of the
negative/positive electrode during the charge/discharge cycles
may induce a partial detachment of the active material from
the nickel foil and the evolution of cracks that both caused a
capacity fade, as in this case (see Figure 7). After many cycles,
this phenomenon advances and may determine the failure of
the device.

Figure 6. (a) High resolution XRM dataset was used to perform multiple analysis on single components. Initially, the negative electrode (yellow), the positive
electrode (blue) and the nickel foam (green) were segmented via histogram-based thresholding. Every component was digitally isolated from the device
assembly and visualized. (b) For instance, the nickel foam was exported as a thickness mesh to generate a color map ranging from 15 μm (deep purple) to
80 μm (yellow) representing the local thickness of the component. The thickness histogram revealed a mean value of 35.88 μm and a standard deviation of
7.66 μm. The nickel foam geometry revealed a surface-area-to-volume ratio of 113.58 mm� 1.
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Conclusion

Multi-scale X-ray microscopy (XRM) was used to perform non-
destructive characterization experiments related to Na-ion coin
cells, Li-ion pouch cell and a VARTA NiMH cylindrical cells. The
devices were initially surveyed with low spatial resolution to
investigate the general structure of the battery and any
potential large-scale defects. These preliminary results were
used to drive the Scout-and-Scan procedure and select specific
volumes of interest (VOIs). High-resolution XRM revealed
internal finer details of the devices within the active layers. We
demonstrated the capability to isolate and analyze battery’s
components separately and extract geometric parameters such
as volume, surface, and local thickness. This workflow is a
valuable method to study the origin of microstructure defects
and the approach can be adopted to monitor their evolution
over time as a function of charge/discharge cycling and other
perturbations that characterize real-world operational condi-
tions of the device that may lead to critical failure. The
commercial VARTA NiMH cylindrical cell was scanned before

and after 120 charge/discharge cycles. High resolution XRM
revealed that dynamic volume variations of the negative
electrode during the cycling induced a partial detachment of
the active material from the nickel foil that caused a capacity
fade of the device.

The results of this study highlight the different types of
information achievable at each length-scale for several batteries
structures and represent a driving tool for further correlative
microscopy experiments.

Experimental Section

XRM scan parameters and filtering

Low-resolution Na-ion coin cell. Objective 0.4x, Bin 2, Exposure
time 1 s, Source Filter LE6, Voltage 100 kV, Power 14 W, number of
projections 1601, pixel size 27.3 μm.

Figure 7. The second replica of a commercial VARTA NiMH cylindrical cell was scanned before and after 120 charge/discharge cycles. High resolution XRM
revealed critical insights related to the occurrence of a delamination process. Dynamic volume variations of the negative electrode during the cycling induced
a partial detachment of the active material from the nickel foil and the evolution of cracks in the positive electrode that both caused the capacity fade of the
device. Fractures belonging to two different layers of the spiral winding of the device were segmented in green and red for the purpose of visualization. The
advancement of the process during the battery lifetime may determine the failure of the device.
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High-resolution Na-ion coin cell. Objective 0.4x, Bin 2, Exposure
time 1 s, Source Filter LE6, Voltage 100 kV, Power 14 W, number of
projections 1601, pixel size 12.16 μm.

High-resolution Li-ion pouch cell. Objective 4x, Bin 2, Exposure
time 15 s, Source Filter LE2, Voltage 60 kV, Power 6.5 W, number of
projections 3201, pixel size 3.74 μm. The dataset was filtered using
a gradient-domain diffusion filter (XY Sigma 5; Z Sigma 4; Weight
0.08) and an horizontal destriping filter (Sigma foreground and
background 128 pixels; Level 5, Wavelet db18).

Low-resolution commercial VARTA NiMH cylindrical cell. Objective
0.4x, Bin 2, Exposure time 2 s, Source Filter HE4, Voltage 160 kV,
Power 25 W, number of projections 1601, pixel size 52.53 μm.

High-resolution commercial VARTA NiMH cylindrical cell. Objec-
tive 4x, Bin 2, Exposure time 8 s, Source Filter HE6, Voltage 160 kV,
Power 25 W, number of projections 3201, pixel size 3.62 μm. The
dataset was processed using a non-local means filter (Kernel size
17, Smoothing 0.5).

Batteries characteristics

Li-ion pouch cell. The electrodes were realized by deposition and
drying of a suspension realized with a powdered mixture in water.
Triton X-100 (t-Octylphenoxypolyethoxyethanol, Polyethylene gly-
col tert-octylphenyl ether, Sigma-Aldrich) was used as a non-ionic
surfactant. Carbon Black [Super P, MMM Carbon, Brussels, Belgium]
was used to increase the electric conductivity. The cathode active
material was commercial LiFePO4 [Linyi-Gelon company (Linyi,
ShanDong, GuangDong, China] while the anode active material was
commercial graphite (Linyi, ShanDong, GuangDong, China). Sodium
carboxymethyl cellulose (Na� CMC, Mw ~90,000, Sigma-Aldrich) was
used as binder. To prepare the electrode the powdered compo-
nents were mixed in the percentage as indicated in Table 1 for
about 10 minutes and then passed through a 250 mm sieve.

The powder mixture is then further mixed for about 2 hours in a jar
with glass spheres. The slurry was prepared by mixing the powder
mixture containing the active materials and the additives with
water. The aqueous suspension was deposited on a metallic current
collector through the doctor blade technique. An aluminum foil
was used for the cathode and a copper one for the anode. The
thickness of the foils was 20 mm. The cathode tapes were made by
setting the height of the blade at 330 mm. The anodes have been
made with the doctor blade at a height ranging from 70 to
100 mm. The tapes were initially left to dry in air at room
temperature and then in a dry room at 20 °C for at least 24 hours.
After drying, the electrode tapes were compressed through two
stain steel rollers to reduce the height at about 90% of the initial
one. The final thickness of the electrodes was about 100 mm for
the cathode and 50 mm for the anode. Rectangular electrodes of
about 26 cm2 were cut from the tape. An aluminum tab was sealed
to the cathode and a nickel tab to the anode. As separator was
used a glass microfiber filter (Grade GF/A, Whatman). The electro-
des and the separator were housed inside a plastic/metal laminate
fold (polyester/aluminum/polyethylene). The electrolyte (lithium

hexafluorophosphate solution in ethylene carbonate and dimethyl
carbonate, 1.0 M LiPF6 in EC/DMC=50/50 (v/v), battery grade,
Sigma-Aldrich) was inserted into the cell just before sealing the last
side of the pouch cell under vacuum. The electrochemical test was
carried out at C/20 between 3.55 V for charging and 2.0 V for
discharging.

Na-ion coin cells. The cathode material of formula
NaLi0.2Ni0.25Mn0.75Oδ was synthesized by means of a variant of the
acetate method proposed by Prosini et al. [P.P. Prosini, M. Carewska,
C. Cento, G. Tarquini, F. Maroni, A. Birrozzi, F. Nobili. Tin-decorated
reduced graphene oxide and NaLi0.2Ni0.25Mn0.75Oδ as electrode
materials for sodium-ion batteries. Materials, 12, 2019, 1074]. Briefly,
2.720 g of sodium acetate trihydrate (ACS reagent, �99%, Sigma-
Aldrich), 0.408 g of lithium acetate dihydrate (for synthesis 99%,
Sigma-Aldrich), 1.244 g of nickel (II) acetate tetrahydrate (98%,
Sigma-Aldrich) and 3.676 g of manganese (II) acetate tetrahydrate
(for synthesis 99%, Sigma-Aldrich) are placed in a beaker and
dissolved in 4 ml of water. The solution is warmed under stirring at
T>100 °C to allow the water to evaporate. The forming gel is
transferred to a ceramic crucible for the subsequent thermal
treatment which involves a ramp temperature rate of 0.5 °C/min up
to 850 °C and then a dwell step for 4 h. Cooling to room
temperature was carried out with an 8 °C/min temperature rate.
The composite cathode tape was made by calendaring a mixture of
0.400 of active material, 0.043 g of binder (Teflon, DuPont, Midland,
MI, USA) and 0.091 g of carbon (Super P, MMM Carbon, Brussels,
Belgium). The composition of the electrode tape was 70.0 wt%
active material, 10.0 wt% Teflon and 20.0 wt% Super P carbon.
From the tape were punched circular electrodes with a diameter of
12 mm. The electrodes were tested in a two-electrode sodium cell
in which the sodium served as both the counter and the reference
electrode. The cells were assembled placing two Whatman glass
microfiber disks (Grade GF/A), used as a separator, between the
positive and the negative electrode. In Figure 1a are shown all the
individual components of a coin cell before the assembling. A 1.0 M
solution of NaClO4 dissolved in propylene carbonate was used as
the electrolyte.

Commercial VARTA NiMH cylindrical cell. A commercial NiMH
battery was used (AAA 800 mAh 1.2 V HR03 Micro 56703 ACCU,
Varta). The electrochemical test was carried out at C/2 between
4.10 V for charging and 2.30 V for discharging.

Cycling test. The cycling tests were automatically carried out either
with a battery cycler (Maccor 4000) or a potentiostat/galvanostat
EC-Lab V6.92 (VARTA NiMH cylindrical cell Replica 1). All exper-
imental activities were performed at 20 °C in a dry room (R.H.
<0.1% at 20 °C).
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Table 1. Percentage of the components in the cathode and in the anode.

Component Cathode
[%]

Anode
[%]

LiFePO4 85.0 –
Graphite – 95.5
Super P 9.4 1.9
Na� CMC 3.7 2.6
Triton X-100 1.9 –
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How it’s made! Reaching a holistic
understanding of inner workings of a
battery means studying the device in
its assembled state, natural physical
and chemical environment while po-
tentially performing its function. Here,

we demonstrate X-ray microscopy to
play a pivotal role for early diagnosis
of batteries degradation in a non-
invasive way and to represent a
driving tool for further correlative mi-
croscopy experiment.
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