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Operation of a battery typically involves dynamic and non-
equilibrium processes, making real time operando techniques
crucial for understanding their nature. Operando X-ray diffrac-
tion is an important technique for investigating metastable
intermediates and non-equilibrium phase transitions in crystal-
line electrode materials. Currently employed experimental
setups often apply a disruptive approach to cell design,
whereby the integrity of standard electrochemical cells is
compromised to facilitate collection of high-quality diffraction
data. Here, we present a non-disruptive approach to adapting
the use of a standard pouch cell that enables fast and long-
term cell cycling. Suitability of the setup is demonstrated on the
well-studied cathode material LiNi0.5Mn1.5O4. While exhibiting
comparable electrochemical behavior to a standard pouch cell
up to a current rate of 8 C (~6.6 mAcm� 2), phase transitions
could be monitored accurately. Thus, the cell provides a new
alternative to investigating non-equilibrium transitions and
long-term aging effects in battery materials.

During operation of a battery many dynamic and non-
equilibrium processes take place and effect the performance
and degradation of the different material components. Mon-
itoring these processes in real time is essential for under-
standing and improving battery chemistries. Relaxation back to
a thermodynamical equilibrium state during extraction of
material for ex situ evaluation means that information of the
real state during operation can be lost. As such, operando
characterization techniques are commonly employed to study
the complex processes occurring in a battery during
operation.[1] Specifically, structural changes in crystalline elec-
trode materials during charge and discharge may involve

formation of metastable intermediates and non-equilibrium
phase transitions. For example, in the Li1+δMn2O4 system solid
solution behavior was observed as an additional feature to the
previously known two-phase transition only observed ex situ.[2]

Thus, operando diffraction techniques are important character-
ization methods for evaluating the structural behavior of
battery materials during operation. Operando X-ray diffraction
has been particularly useful in identifying new phases appear-
ing in battery materials during cycling at high rates. In the case
of the cathode material LiFePO4, which exhibits a two-phase
reaction upon Li insertion and extraction, operando X-ray
diffraction was utilized to identify a shift towards a non-
equilibrium solid solution reaction when cycled at 5 C.[3] In the
Na analogue, NaFePO4, a decrease in the compositional range
of the region where three phases coexist and a shift from two
consecutive biphasic reactions to a single biphasic reaction
upon discharge could be identified from operando X-ray
diffraction when cycled at 1 C.[4] Also in the case of LiNi1/3Mn1/
3Co1/3O2, operando X-ray diffraction helped identify intermedi-
ate phases, previously not observed at low rates (�1 C), when
cycling the material at 10 C.[5] Particularly interesting in these
three examples is the influence of the cycling rate on the
structural behavior of the material, which opens up questions
on the effects of high cycling rates on the structural behavior in
other cathode materials. However, conducting operando dif-
fraction studies at high current rates creates demands on the
experimental setup. Both from an electrochemical perspective,
due to effects such as increased polarization, as well as from a
diffraction perspective, with shorter collection times being
necessary to resolve and track structural changes adequately.

Cell designs for performing standard electrochemical test-
ing of battery systems within research are often inspired by the
commonly available coin, pouch or Swagelok-type cells. While
these are highly optimized for electrochemical characterization,
transfer of the design to an operando X-ray diffraction setup
usually requires some modification to the cell architecture. This
is due to the need for minimizing the amount of material which
is not of interest in the beam pathway. Inactive materials such
as casing or housing may contribute with significant absorption
or scattering. This limits the quality of the diffraction data by
hindering the flux of X-rays reaching the studied active material
and also the scattered X-rays. Scattering components inside the
battery cell other than the active material studied may also
contribute negatively towards the acquired diffraction data in
terms of peak overlap. It is however of importance to not
significantly disrupt the electrochemical performance of the
cell when constructing an operando cell. Similar electrochem-
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ical performance to optimized cells ultimately enables accurate
structure-property relationships to be determined.

A popular operando cell design are modified coin cells. A
common modification consists of drilling a hole in the coin cell
casing and sealing with Kapton® tape. This solution was
employed in the previously mentioned study of LiNi1/3Mn1/3Co1/
3O2.

[5] Problems with this approach are associated with a loss of
stack pressure due to the flexibility of the tape material, along
with oxidation of the Kapton® and an increase in the cell
resistance, limiting the electrochemical performance.[6] Perme-
ability of air and moisture through the Kapton® tape also acts
as a limitation towards shorter studies using this design
approach.[1a] A modified approach to this design was employed,
using metal tapes instead of Kapton®, with results showing an
improved electrochemical performance, comparable to an
unmodified coin cell.[6a] Another modification to the coin cell
design is thinning of the casing using laser-etching.[7] While
providing good electrochemical performance, comparable to
that of a standard coin cell, the technique required for
modification of the cell might not be readily available to most
users and institutions. One design to overcome issues of low
stack pressure while remaining hermetically sealed is the so
called AMPIX cell, developed at the Argonne National Labo-
ratory for use at the Advanced Photon Source.[8] The cell design
simultaneously provides a low background to the diffracted
pattern and a uniform stack pressure due to the use of glassy
carbon windows. The cell is compatible with multiple scattering
techniques, not only limited to X-ray diffraction. The AMPIX cell
was utilized in the previously mentioned study on LiFePO4,
where the active material was cycled in the form of a pellet.[3]

The use of a pelletized electrode and the many different
interfaces in the AMPIX cell could be a drawback for high-rate
studies however, due to sluggish mass transport in pellet
electrodes and increased resistance from multiple interfaces.[9]

As of now, there is a gap to be filled in the currently available
designs, providing a unified solution to conducting both long
term and high rate operando X-ray diffraction studies in a facile
way. Specifically, the need for accessible setups where the
advanced equipment and high energy X-rays needed for
utilizing the laser-etched coin cell design are not available.
Employing a pouch cell for these types of studies could aid in
filling this gap. As for pouch cell setups, the main issue lies
within the need for applying external stack pressure, often in
the form of plates and clamps on either side of the cell. While
the pouch cell has a lower amount of inactive material
compared to a coin cell and Swagelok-type cell, the need for
external stack pressure complicates its use within operando X-
ray diffraction setups, since a low stack pressure can limit the
maximum current density feasible. Introduction of external
stack pressure can also lead to more inactive material in the
beam pathway which needs to be tailored as to reduce
unwanted scattering and absorption. However, if the issue with
applied stack pressure can be solved for a pouch cell setup, the
highly optimized design towards electrochemical performance
can be utilized for operando X-ray diffraction studies at high
current rates and long-term studies. Adaptations aimed at
solving this issue for pouch cell setups have been done by

modifying the cell, including a Ti or Al plate inside the pouch in
combination with an outer wave spring to provide stack
pressure.[10] While solving the issue of stack pressure for a
pouch cell setup, the approach taken is disruptive toward the
pouch cell design and construction may not be trivial. Another
approach was recently taken, where stack pressure was applied
by sandwiching a standard pouch cell between two 250 μm
thick Be plates, which were then pressurized externally.[11] How
the stack pressure was set and controlled in this design remains
unclear however.

In this study we present a non-disruptive approach towards
optimizing the pouch cell type design for battery operando X-
ray diffraction measurements. The approach takes advantage of
the high energy and flux available at synchrotron facilities,
showing that the commonly used pouch cell design can be
utilized in an unmodified way to simultaneously achieve good
quality diffraction data and representative electrochemical
performance. The presented cell design allows for a set stack
pressure, which can be tuned by the user. The cell design was
utilized on the P02.1 beamline at the PETRA III synchrotron
facility (DESY, Hamburg), studying the structural behavior of
LiNi0.5Mn1.5O4 during galvanostatic cycling at current rates of
1 C and 8 C. The commonly known phase transitions could be
tracked during cycling and cell parameters and weight fractions
of the different LixNi0.5Mn1.5O4 phases could be extracted.
Furthermore, the suitability of the cell design for other
operando techniques such as Bragg coherent diffractive imag-
ing and X-ray absorption spectroscopy as well as spatially
resolved studies are considered.

In the presented setup, a standard pouch cell is assembled
in a holder which provides a controllable and reproducible
stack pressure by means of a wave spring and glassy carbon
windows, see Figure 1. Since the compression length of the
wave spring is fixed in the setup, the applied stack pressure
can be optimized by changing the wave spring constant (k),
see Table 1. Alternatively, the stack pressure can be modified
by the compression length of the wave spring, controlled by
the interchangeable spacers in the setup. See Supporting
Information for details on the calculation of applied stack
pressure.

It should be noted that the calculated stack pressure is the
theoretically applied stack pressure. Due to the compressibility
of the cell components, the real applied stack pressure can
reasonably be assumed to be smaller.[12] Measuring the real
applied stack pressure is not trivial and typically requires a
more extensive setup including a load cell or force sensor,
which was not further explored here.[12–13] Homogeneity in the
stack pressure can be reasonably assumed due to the rigidity of

Table 1. Resulting theoretically applied stack pressure in the operando
pouch cell holder as a function of the wave spring constant, k, for various
values of k.

Wave spring constant, k [N/mm] Applied stack pressure [MPa]

5 0.11
25 0.53
50 1.05
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the glassy carbon windows and the flat compressed area.
Further, given the high energy of the X-rays (~60 keV) utilized
in this study, inhomogeneity in the reaction state across the
electrode is not expected.[6b] Confirming homogeneity in the
reaction state across the electrode in a similar manner as was
done by Borkiewicz et al. would be interesting, but remain
outside the scope of this study.[6b] The pouch cell cycled in the
operando cell holder was benchmarked against a pouch cell
cycled in-house, utilizing a standardized setup with stack
pressure applied from plates and clamps. The resulting voltage
profiles of galvanostatic charge and discharge at current rates
1 C and 8 C are shown in Figure 2, indicating similar achieved
voltage profiles and capacities. The glassy carbon windows
provide mechanical rigidity for the setup while only contribu-
ting with an easily modeled background in the collected
diffraction pattern, see Figure S1. The choice of window
material here was done due to the low cost and ease of
handling the material. Other window materials, for example Be,
diamond or sapphire, could be employed based on the needs
for the specific material or cell chemistry studied. Especially
since the window material is not in contact with the cell
chemistry, issues with side reactions, for example oxidation
from the electrolyte, are avoided. This highlights the versatility
of the presented design. By moving the Cu current collector
out of the beam pathway inside the pouch cell, its contribution
to the diffracted pattern is removed, leaving only Al from the
pouch material and the positive electrode material current
collector as a contributor to the diffracted pattern (Figure 3a).
This might not be possible in some cases when studying for
example full cells, where the Cu current collector will sit in the
beam pathway, unless a self-supporting and conducting
electrode is employed. In these cases, it is important to take
into consideration and account for possible peak overlap and
reduced X-ray transmission due to the absorption from Cu.

Synchrotron operando X-ray diffraction measurements on
LiNi0.5Mn1.5O4 (LNMO) half cells with Li foil as negative electrode
were performed on the P02.1 beam line at Petra III (DESY,

Figure 1. Design and principle sketch of a) the operando pouch cell holder setup and b) schematic design of the pouch cell.

Figure 2. Voltage profiles during galvanostatic cycling at rates a) 1 C and b)
8 C of a reference pouch cell cycled in-house and a cell cycled in the pouch
cell holder.
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Hamburg) at different galvanostatic cycling rates. A resulting
diffracted and calculated pattern from Rietveld refinement of
LNMO in a pouch cell assembled in the cell holder is shown in
Figure 3b. The contribution from the glassy carbon windows, Al
and polymer separator can be accounted for in the calculated
pattern, while simultaneously modeling the contribution from
LNMO. Contribution towards the diffracted pattern from the
electrolyte was limited to the background and could be readily
included in the modeled background.

The contribution from the glassy carbon windows was
modeled as a custom background using the macro bkg_file in
TOPAS V6,[14] see Supporting Information for an example of the
.inp-file used in refinements. Furthermore, structural changes
during galvanostatic charge and discharge could be monitored
operando in LNMO at cycling rates 1 C (~0.8 mAcm� 2) and 8 C
(~6.6 mAcm� 2) respectively, exemplified by the evolution of
the 331, 511 and 531 reflections, as shown in Figure 4. Cell
parameter (a) and weight fractions of the individual
LixNi0.5Mn1.5O4 phases (Phase I, Li rich, and Phase II, Li poor)
during cycling at 1 C were extracted using sequential refine-
ments in TOPAS V6, see Figure 5. The previously known solid

solution and two-phase reaction of LNMO upon Li extraction
and insertion could be confirmed in both cases and thus
showcases the suitability of the experimental setup for these
types of studies.[15] Even at a relatively high C-rate of 8 C,
structural changes could be monitored with a collection time
of five seconds per pattern. While even higher rates are
possible to study for LNMO, they are typically limited to
discharge due to the high polarization occurring on charge at
high current rates.[16] It should be noted however, based on the
comparable electrochemical performance to a standard pouch
cell, reaching higher cycling rates than those reported in the
present study becomes dependent on the material studied, its
morphology and the chosen cell chemistry, for example choice

Figure 3. a) Observed and calculated X-ray diffraction pattern from Rietveld
refinement of a pouch cell in the holder, without active material, i. e.
LiNi0.5Mn1.5O4. Peaks indicated with * are associated with the polymer
separator. b) Observed and calculated X-ray diffraction pattern from Rietveld
refinement of a pouch cell in the holder with active material, i. e.
LiNi0.5Mn1.5O4. The 311, 511 and 531 reflections are indicated with arrows.

Figure 4. Diffraction heatmap and galvanostatic cycling curve of
LiNi0.5Mn1.5O4 at a cycling rate of a) 1 C and b) 8 C, tracking changes in the
331, 511 and 531 reflections. The collection time for each pattern was 10
seconds and 5 seconds at 1 C and 8 C, respectively.
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of cathode, anode, electrolyte and salt etc., and is less
influenced by the operando cell design presented here. This
highlights the setups suitability for performing studies of
battery materials at high rates.

It is worth noting that, due to the ongoing pandemic
situation, these synchrotron operando measurements were
performed remotely with the help of beamline staff. All pouch
cells were prepared and pre-cycled in-house before being
shipped to and assembled in the pouch cell holder on site at
PETRA III without prior training on the setup. This highlights
the simplicity of the cell setup and the ability to perform
collaborative high-quality studies at a distance. Furthermore,
the lack of need for pouch cell assembly on site opens up the
possibility of studying pre-aged cells which have been exten-
sively cycled in-house prior to the allocated beamtime.

Considering the use of the demonstrated cell design for
other types of X-ray studies the absorption was calculated
exemplarily for use in studying the extended X-ray absorption
fine structure (EXAFS) at the Ni K-edge. Based on an active
material (LNMO) loading of ~8 mg/cm2 the resulting trans-
mission would amount to ~8% with an edge step of ~0.4, thus
making the cell design suitable for these types of measure-
ments. See Supporting Information for more information
regarding the calculations on the X-ray absorption. To increase
transmittance further, Al free pouch cell material could be
considered for short term X-ray absorption studies (Figure S2).
Other window materials, such as Be, can also be utilized based
on the specific needs for the type of measurement carried out.

Further, the cell design demonstrates potential for use with
techniques such as Bragg coherent diffractive imaging (BCDI).
Previous investigations utilized a modified coin cell with
Kapton® tape windows to study topological defects in LNMO.[17]

Since replacing a modified coin cell with our pouch cell design
does not significantly reduce the diffracted signal for operando
diffraction experiments, our cell would be suitable for BCDI
experiments as well. In particular, by eliminating the use of a
window it opens for opportunities to study material behavior
at higher rates or during long-term operation. Also, access to
the whole 13 mm diameter electrode in the presented design
opens up opportunities for conducting spatially resolved
diffraction, total scattering, spectroscopic or BCDI studies of
whole electrodes.

To summarize, we present an experimental setup for
operando X-ray diffraction studies, utilizing the robust electro-
chemical performance of a pouch cell in combination with a
low background cell holder with controlled stack pressure. The
non-disruptive nature of the cell design enables high rate
studies while maintaining electrochemical performance com-
parable to that of a standard pouch cell. The cell design
provides reproducible and easily modeled contributions to the
diffracted pattern which allows for good quality X-ray diffrac-
tion data. This will be helpful for studying non-equilibrium and
metastable states in battery materials, especially at high rates,
aiding the understanding of the underlying mechanisms and
their link to battery performance.
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