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perando neutron diffraction for
high-power Li-ion batteries
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Neutron powder diffraction is a powerful method for probing structural changes and localizing and

quantifying lithium in battery electrode materials, but acquiring high-quality patterns during operando

type measurement remains challenging due to the need for both good electrochemistry and a large

active material amount for an optimal signal-to-noise ratio. However, this technique is rarely applied

during fast cycling of high-rate electrode materials despite the growing demands of high-power

batteries. Herein, we benchmarked two cell designs for operando measurement, coin-type and

cylindrical cells, on two different diffractometers (high-resolution and high-flux instruments) using high-

rate Wadsley–Roth FeNb11O29 as a model electrode material. The coin-type cell provides an excellent

signal-to-noise ratio and ease of assembly, yet it relies on deuterated electrolytes. In contrast,

a cylindrical cell delivers reliable electrochemistry at fast cycling rates while still providing neutron

diffraction data of sufficient quality for structural analysis even when using conventional organic

electrolyte. The two diffractometers also exhibit complementary capability: the high-flux instrument

enabled fast data acquisitions in only a few minutes, while the high-resolution one was successfully

employed in in situ mode for the first time with clearer peak separation. These results validate the

cylindrical cell as a promising setup for realistic, high-rate cycling, paving the way towards more

accessible and cost-effective operando neutron studies in battery research.
1. Introduction

Li-ion batteries (LIBs) have revolutionized energy storage, pow-
ered portable electronics and electric vehicles, and enabled grid-
scale applications.1–6 Continuous improvement of their electro-
chemical performance, safety, and lifetime is heavily based on
advanced characterization techniques that reveal the structural,
physicochemical, and electrochemical properties of both newly
developed and well-established electrode materials. Among
these, in situ and operando methods have become indispensable
for tracking structural evolution inside working cells while
avoiding exposure to air or moisture. Operando techniques, in
particular, enable real-time observation ofmetastable phases and
dynamic, out-of-equilibrium processes during cycling, which
offer comprehensive insights into battery reaction mechanisms.

Among different characterisation methods, neutron powder
diffraction (NPD) is a powerful technique in battery research
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owing to several advantages presented hereaer. First, it is
particularly sensitive to light elements (e.g. lithium and oxygen)
and can distinguish neighbouring elements (e.g. nickel, manga-
nese, and cobalt in layered oxides), thanks to the irregular varia-
tions in neutron scattering lengths across the periodic table.
Besides, due to their weak interaction with atom nuclei, neutrons
are non-destructive and exhibit penetration depths that are much
larger than those of X-rays, allowing for the bulk analysis of entire
electrodes or even full batteries. Additionally, neutron scattering
lengths are independent of the scattering vector Q, providing
strong signal intensity even in high Q regions for accurate deter-
mination of structural parameters such as site occupancies and
Debye–Waller factors. These advantages have motivated the
development of in situ and operando NPD over the past three
decades to address its stringent experimental requirements. Reli-
able measurements require both homogeneous electrochemical
reactions and a large amount of active material to achieve an
adequate diffraction signal while minimizing parasitic scattering
from other cell components. Lithium-ion batteries contain several
elements problematic for NPD: metallic parts such as current
collectors or casings contribute intense Bragg peaks, while natural
lithium strongly absorbs neutrons. Additionally, conventional
organic-based electrolytes and separators are usually rich in
hydrogens, whose incoherent cross section far exceeds its coherent
value (sinc = 80.27 barns vs. scoh = 1.75 barns), resulting in
J. Mater. Chem. A
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a featureless background that substantially lowers the diffraction
pattern's signal-to-noise ratio. Although this can be mitigated by
using deuterated electrolytes and low-hydrogen materials,
deuteration is costly. Furthermore, the ux of neutron sources is
several orders of magnitude lower than that of X-ray facilities, and
neutron scattering cross-sections are smaller, necessitating large
sample quantity and long acquisition times for good counting
statistics. Consequently, only a few neutron facilities worldwide
currently provide the ux and resolution required for operando
NPD investigations of battery materials.

The development of custom-designed electrochemical cells
became essential for in situ and operando NPD experiments. The
central challenge in such designs has always been balancing the
two conicting requirements: ensuring sufficient loading for
proper neutron signals while maintaining good electrochemical
performance. Since the rst custom-made cells were introduced
in 1998,7,8 several cell designs have been developed and can be
divided into three main categories: coin-type, pouch-type, and
cylindrical roll-over cells9–29 (Note S1 and Fig. S1).

Despite these advances, further progress is challenging due
to the trade-off between data quality and electrochemical
performance. Existing cylindrical cells are based on costly
deuterated electrolytes and long acquisition times, while coin-
type cells suffer from thick electrodes and slow kinetics. To
overcome these challenges, in this work a custom-designed
cylindrical cell was developed combining advantages of
several features such as (i) a neutron transparent body based on
a Ti–Zr alloy (∼Ti2.08Zr)30 used as a cell casing, (ii) a rolling
approach ensuring high loaded electrodes, ideal for temporal
resolution, and (iii) a double coated electrode ensuring good
electrochemical performance even at fast cycling rates.
Niobium-based oxide FeNb11O29 was chosen as a model elec-
trode material to validate this cell conguration. Indeed,
FeNb11O29 belongs to the family of Wadsley–Roth oxides,
known to exhibit excellent rate capability, and is currently
intensively investigated as a promising alternative to negative
electrodes in future LIBs.31–43

In this work, we aim to benchmark complementary instru-
ments and cell designs for in situ/operando NPD: (i) two
diffractometers at the Institut Laue-Langevin (high-resolution
D2B and high-ux D20) and (ii) two NPD cell designs, the re-
ported coin-type cell and a newly developed cylindrical cell.
Overall, this work explores three key opportunities: (i) extending
the D2B diffractometer's capabilities to perform in situ experi-
ments, (ii) enabling reliable electrochemical cell cycling at
higher rates while collecting neutron diffraction patterns, and
(iii) demonstrating the practicality of using standard electro-
lytes. The study begins by introducing the two cell designs and
component choices, then compares their electrochemical
performance and evaluates how each component contributes to
NPD data and nally focuses on operando data analyses on both
cells and diffractometers. Together, these objectives aim to
identify the prospects and challenges for making in situ and
operando NPD studies more accessible, cost-effective, and closer
to routine application in battery research, while still retaining
good electrochemical cycling and sufficient data quality.
J. Mater. Chem. A
2. Experimental
2.1. Material synthesis and electrode preparation

Monoclinic FeNb11O29 was synthesized by a solid-state reaction
at 1100 °C in 4 h from a stoichiometric mixture of Fe2O3 ($99%,
<5 mm, Honeywell) and Nb2O5 (obtained by heating Nb powder
(99.8%, ∼325 mesh, Alfa Aesar) at 900 °C for 24 h). Its phase
purity was veried by X-ray diffraction (Fig. S2).

For the coin-type cell, a self-standing electrode was prepared
by grinding FeNb11O29, carbon super P (Alfa Aesar) and
a poly(tetrauoroethene) (PTFE, Sigma-Aldrich) binder in an
80 : 10 : 10 weight ratio, followed by pressing the mixture into
a ∼1 mm thick pellet (∼400 mg in total, ∼127 mg cm−2).

For the cylindrical cell, a double-coated electrode on Cu foil
with a high mass loading (∼20 mg cm−2) was prepared from
FeNb11O29, carbon Super P (Alfa Aesar), and a PVDF binder
(Solef® 5130) in a 90 : 5 : 5 weight ratio. Around 3 g of dry
mixture was mixed, dispersed in ∼3.5 mL of N-methyl-2-
pyrrolidone (NMP, Sigma-Aldrich, 99.5%) (∼45% dry mass),
homogenized in a Kakuhunter planetary centrifugal mixer (SK-
300SII) and then coated onto 20 mm Cu foil (Goodfellow) using
a 0.4 mm doctor-blade gap. The coated foil was air-dried for 2
hours to prevent cracking and adhesion issues, followed by
vacuum drying at 80 °C for 12 hours before coating the opposite
side. The composite electrode was then calendared to a targeted
porosity of ∼44% to optimize porosity and ensure uniform
thickness and lastly cut to 5.5 × 20 cm. The total mass of active
material FeN11O29 is estimated to be ∼4 g.
2.2. Cell assembly

For the coin-type cell, the self-standing electrode was paired
with metallic lithium (Sigma-Aldrich) as the counter electrode,
separated by aWhatman glass ber separator impregnated with
0.4 mL of deuterated electrolyte (1 M LiPF6 in d-EC/d-DMC, 1 : 1
by volume, Solvionic).

The cylindrical cell was assembled as illustrated in Note S2
and Fig. S3. The double-coated FeN11O29 electrode was paired
with Li foil supported on a Cu grid as the counter/reference
electrode, separated by two layers of a Celgard separator. The
complete stack (electrode/separator/Li/separator) was carefully
and tightly rolled around the central Ti2.08Zr rod, ensuring
proper alignment and no short-circuiting. Finally, 2 mL of
conventional organic electrolyte (1 M LiPF6 in EC/DMC, 3 : 7 by
volume) was uniformly added for complete wetting.

Constraints of the cells and research objectives governed the
choice of electrolyte. Indeed, a deuterated electrolyte was used
for the coin-type cell, to minimize incoherent scattering and
ensure sufficient data quality despite low active material mass
loading. Conversely, the cylindrical cell was lled with
conventional electrolyte to demonstrate the feasibility of prac-
tical, cost-effective cycling conditions. Both electrolytes were
reported to exhibit comparable electrochemical signatures and
stability,21 supporting the comparability between the two
designs.

For comparison, a CR2032 coin cell was assembled using
a single-side coated FeNb11O29 electrode (∼20 mg cm−2),
This journal is © The Royal Society of Chemistry 2026
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a lithium counter electrode, and a Whatman glass bre sepa-
rator impregnated with 0.1 mL of the same conventional
organic electrolyte. The cell was cycled at a current rate of C/12
between 1.0 and 3.0 V vs. Li+/Li. The nominal specic capacity C
is dened as one electron transfer per transition metal (Fe3+/2+

and Nb5+/4+ redox couples), corresponding to 12 Li+ per formula
unit or ∼209 mA h g−1, although the subsequent reduction of
Nb4+ to Nb3+ could result in extra capacity.31–43 Throughout the
manuscript, all the potentials will be expressed vs. the Li metal
counter electrode so vs. Li+/Li.

2.3. Operando NPD experiments

NPD data of the coin-type cell were collected at the D20 beam-
line, with a pattern acquired every 15 minutes while the cell was
cycled at a C/36 rate between 0.8 V and 3.0 V vs. Li+/Li.

The cylindrical cell was tested using both D2B and D20
diffractometers (Fig. S4). NPD measurements were rst per-
formed on individual components of the cylindrical cell to
assess their contributions: pristine FeNb11O29 powder, the
electrode coated on Cu foil, and the assembled cell before and
aer electrolyte lling. These reference data were collected on
both D2B and D20 instruments, with acquisition times of 2 h
and 5 min, respectively.

On the D2B diffractometer, the rst discharge of the cylin-
drical cell followed a sequence of 2 h at C/12 (1 Li+ per h,
17.38 mA g−1) and 6 h of rest for NPD acquisition. This
sequence was repeated ve times to reach specic LixFeNb11O29

compositions (x = 0, 2, 4, 6, 8, 10). The subsequent delithiation
(charge) was performed outside the D2B diffractometer to
restore the cell to its initial state before further measurements
on the D20 diffractometer.

On the D20, NPD patterns were collected every 5 minutes
throughout three discharge–charge cycles at C/12, C/6 and C/2
rates; during each 5-minute acquisition, these current values
correspond to Li+ insertion/extraction rates of 1/12, 1/6 and 1/2
Li+ per FeNb11O29 formula unit, respectively. The rst discharge
process was conducted stepwise through 11 sequences, each
comprising 1 h of discharge at a C/12 rate followed by 1 h of rest
for long NPD acquisition of LixFeNb11O29 compositions (x = 0–
11). At the end of the rst discharge, the cell was charged at C/12
to the initial state. Then, two further cycles were conducted,
each consisting of a galvanostatic cycling step at higher rates (C/
6 and C/2), followed by a 30-minute constant-voltage hold at the
end of discharge and charge to ensure complete reaction.

2.4. Data analysis

For each set of NPD data collected in the same conguration
and using the same instrument, the patterns exhibited consis-
tent background features. Therefore, a point-by-point interpo-
lated background function was used for each dataset and
applied for background subtraction. Rietveld renements of the
NPD patterns were collected using the FullProf Suite package.44

For data obtained with the coin-type cell, only the FeNb11O29

active material phase was observed and thus considered in the
renement. By contrast, the patterns collected with the cylin-
drical cell contained three contributions: FeNb11O29 (rened by
This journal is © The Royal Society of Chemistry 2026
the Rietveld method) and the Cu current collector and Li
counter electrode, both of which were rened using the Le Bail
method (prole matching with xed scale factors). The validity
of Le Bail renements was justied as the two additional phases
(Cu and Li) have little overlap with the main phase.

For Cu and Li, zero shi and cell parameters were rened for
the rst pattern in each series and subsequently xed for all
subsequent renements. For lithiated FeNb11O29, the rened
parameters included the lattice constants (a, b, c, and b), scale
factor, and overall B factor; atomic positions and individual
isotropic displacement parameters were not rened. Due to the
structural complexity, with 12 crystallographic Li sites (Fig. S5 and
Table S1) and the low Li content relative to other atoms, which is
typical of Wadsley–Roth phases, localizing Li is challenging. This
difficulty was reected in the literature: while chemically lithiated
phases have been analysed using NPD on high crystallinity
powders,45 no NPD studies have been reported for electrochemi-
cally lithiated samples. Attempted renement strategies, such as
constraining Li to specic sites (only horizontal/vertical windows
or pocket sites) or excluding it entirely, yielded negligible changes
in cell parameters (<0.1%) and little improvement in t quality.
Therefore, a different approach was used: the Li amount of each
lithiated composition is equally distributed over all 12 sites (equal
Li site occupancies).

3. Results and discussion
3.1. Comparison of the two cell designs

The two cell designs examined in this work present pros and
cons that are necessary to discuss. On the one hand, the coin-
type cell combines a neutron-transparent body with hydrogen-
free components (deuterated electrolytes and glass bre sepa-
rators) and efficient use of active materials (∼200 mg), as shown
in Fig. S1.21 These features provide stable electrochemistry at
moderate current rates (C/4 for 19 mg and C/24 for 200 mg
electrodes), while delivering sufficient counting statistics for
reliable Rietveld structural renements. This is a typical design
to answer questions related to pure fundamental investigation
for short term cycling experiments.

On the other hand, the cylindrical cell29 provides maximum
data quality while providing long-term cycling capability (Fig. 1
and S3). The same “null-matrix” alloy was used for the cell body
and central rod was used as a current collector. The cell body is
a hollow cylinder that houses a “jelly-roll” electrode assembly.
The central rod consists of two parts: (i) a longer rod in direct
contact with the positive electrode foil and (ii) a shorter rod,
connected to the negative electrode by a current tab; these two
rods are separated by an insulating part made of poly-
etheretherketone (PEEK). Owing to its chemical stability and
mechanical strength, PEEK is also used for the sealing caps,
ensuring that the cell remains airtight.

Regarding cylindrical cell components, Celgard 2500 was
selected as a separator due to its high tensile strength, resistance
to tear and puncture, decent exibility, and good ion transport
properties. Despite its hydrogen content, which causes incoherent
scattering, it remains the best compromise among tested mate-
rials (Celgard, PVDF, polyethylene, and PET/alumina
J. Mater. Chem. A
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Fig. 1 Illustration of the cylindrical NPD cell and its photograph.
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composites).29 The current collector is copper mesh and foil,
preferred over aluminium to avoid Li–Al alloying and minimize
peak overlap with FeNb11O29. Pieces of lithium foil were attened
to low thickness (∼200 mm) to reduce neutron absorption and
improve interfacial contact, lowering the cell resistance and easing
the rolling process. A double-coated electrode with high mass
loading was used to increase the diffraction statistics. A conven-
tional organic electrolyte was employed instead of deuterated ones
to reduce cost and evaluate whether high active-material loading
Fig. 2 Voltage profiles (a) and differential capacity curves (b) of FeNb11O

J. Mater. Chem. A
could still yield acceptable data quality despite hydrogen back-
ground contributions.
3.2. Electrochemical comparison of different setups

The electrochemical performances of both setups were investi-
gated by comparing their voltage proles and differential
capacity curves (Fig. 2).
29/Li half-cells in three different setups.

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Comparison of NPD patterns for FeNb11O29 powder, some components and the assembled cylindrical cell, obtained using the D2B
diffractometer in 2 hours (except Celgard, measured using the D20 diffractometer in 5 minutes).
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First, at the same current rate and comparable mass loading,
the cylindrical and coin cells exhibit similar charge–discharge
proles with characteristic sloping features, consistent with dQ/
dV peaks at ∼2.4 V, 1.65 V, and 1.3 V, corresponding to Fe3+/2+,
Nb5+/4+ and Nb4+/3+ redox couples, respectively.31–43 The cylin-
drical cell enables reversible cycling and delivers a capacity
corresponding to∼12 Li+ per formula unit (f.u.), lower than that
of the coin cell (∼15 Li+ per f.u.). Its voltage proles show higher
polarisation and weaker dQ/dV peaks than the coin-cell refer-
ence, which could arise from local inhomogeneities at the rolled
edges, slight variations in lithium thickness, and an imperfect
compaction of the outermost layers of the jelly roll—effects that
are difficult to eliminate completely by manual rolling. Despite
these limitations, the cylindrical cell still exhibits modest
polarisation (∼200 mV) and low internal resistance (∼1 U, Fig.
S6). Increasing the rate to C/6 only led to a slight rise in polar-
isation and a minor capacity decrease, with approximately ∼10
Li+ exchanged (Fig. S7). Even at C/2, despite more pronounced
polarization, the cell still accommodated ∼8 Li+, highlighting
its impressive ability to endure high current while obtaining
decent specic capacity. This electrochemical stability was still
retained during prolonged cycling (Fig. S7). By contrast, the
coin-type cell exhibits markedly poorer behaviour even at
a much slower C/36 rate: a lower capacity of ∼10 Li+, large
internal resistance (z30–50 U), and subsequent voltage insta-
bility. These features could be due to unstable contact, elec-
trolyte decomposition and parasitic reactions in the thick self-
standing electrode.
This journal is © The Royal Society of Chemistry 2026
3.3. Contribution of cylindrical cell components to data
quality

To understand how the cylindrical cell design inuences
diffraction quality, the contribution of individual components
was examined (Fig. 3).

For FeNb11O29 electrodes on copper foil (Fig. 3), the Cu
reections dominate the diffractograms regardless of the mass
loading. However, with a loading of 20 mg cm−2, the Bragg
reections of FeNb11O29 are signicantly strong, comparable in
intensity to that of the reference powder at both D2B and D20
beamlines, retaining well-dened peaks up to high Q. This
demonstrates the critical role of mass loading in enhancing the
signal-to-noise ratio of the active phase. At the D20 beamline,
this high loading even allows fast data acquisitions in only ve
minutes (Fig. S8).

When the full stack (positive, negative, current collectors and
separators) is placed inside the cylindrical cell without electro-
lyte, peak intensity and resolution of FeNb11O29 Bragg reec-
tions decreased signicantly, which could be due to incoherent
scattering from the Celgard separator and strong absorption by
the lithium foil. The inuence of Celgard is clear in the di-
ffractogram measured using D20, where it produces signicant
background signals. Aer electrolyte lling, the signal-to-noise
ratio is slightly further worsened, since the peaks become less
dened. Nevertheless, aer careful background subtraction, the
data quality remains sufficiently good for Rietveld renement
(Fig. S9 and Table S2), by including three phases, FeNb11O29, Cu
and Li.
J. Mater. Chem. A
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Fig. 4 NPD patterns of LixFeNb11O29 collected using D2B (6 h, black) and D20 (1 h, blue) diffractometers, and the corresponding Rietveld-refined
cell parameters. The D2B diffractometer provides higher resolution, especially near Q z 3 Å−1 with better peak separation, while the D20
instrument offers a better signal-to-noise ratio.
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These ndings indicate that the conventional non-
deuterated electrolyte is not the primary factor that decreases
data quality; rather, the dominant contributions come from
other cell components, notably the Celgard separator and the
lithium foil. Importantly, a sufficiently high material mass—
achieved by high areal loading on thin lms—can compensate
for these penalties and provide diffractograms of sufficient
quality for structural analysis.
3.4. Operando NPD in cylindrical and coin-type cells

The comparison between NPD patterns of the cylindrical cell at
several LixFeNb11O29 compositions, obtained using the two
diffractometers, claries the instrumental characteristics
(Fig. 4). For a given composition, both diffractometers recorded
comparable peak positions and shapes, with closely similar cell
parameters from Rietveld renement. However, some differ-
ences between the two datasets could be observed. On the one
hand, the patterns obtained using the D2B instrument show
slightly better separation between FeNb11O29 reections and Cu
peaks, e.g. near Q = 3 Å−1. This may come from (i) the intrinsic
higher resolution of the D2B diffractometer or (ii) the phase
relaxation and lithium homogenization within the electrode
during 6 h of rest, evidenced by the noticeable potential equil-
ibration (Fig. S7), making the peaks closer to a thermodynami-
cally stable state. On the other hand, the D20 instrument with
higher neutron ux enabled the collection of better signal-to-
noise data in shorter time, although at the cost of slightly
reduced peak resolution. The discrepancy in the c lattice
parameter between the D2B and D20 likely arises from differ-
ences in relaxation time (6 h vs. 1 h) and the cycle number (1st
J. Mater. Chem. A
vs. 2nd), which may inuence structural relaxation and residual
strain along the c-axis. Overall, these results conrmed that
both instruments can deliver comparable structural informa-
tion and the choice between themmainly depends on either the
reaction kinetics to be probed or thermodynamics equilibrium.

Operando NPD of the cylindrical cell on the D20 reveals the
structural changes of FeNb11O29 at three current rates, together
with the electrochemical proles (Fig. 5). During the initial C/12
discharge, continuous and progressive peak shis are observed
for many reections, such as (011), (206), (020) and (420),
indicating gradual lattice evolution as lithiation proceeds from
x = 0 to x = 11. During the subsequent charge, the Bragg
reections shi back reversibly, with nearly all lithium extrac-
ted, and the structure returns close to its initial state. At higher
rates (C/6 and C/2), this smooth peak shi behaviour is also
seen, even though each ve-minute acquisition corresponds to
larger composition changes, making the patterns slightly less
well-dened. Across three cycles, the absence of peak splitting
or additional reections is consistent with a single-phase, solid-
solution mechanism. Besides, this demonstrates the robust
structural reversibility of FeNb11O29 at fast cycling, which was
also previously reported.37,42 Overall, these results highlight the
excellent capability of the cylindrical cell to support time-
resolved measurements at high currents with good capacity
retention.

Comparative analyses of operando NPD data obtained using
cylindrical and coin-type cells help clarify the effect of cell
designs on electrochemistry and diffraction data. Overall, the
NPD patterns of each LixFeNb11O29 composition collected in
two cells exhibit comparable peak positions for most reec-
tions, indicating similar structural transitions and the
This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Operando NPD contour plots of LixFeNb11O29 collected using the D20 diffractometer with 5-minute acquisitions during cycling at three
current rates (C/12, C/6, and C/2), and the corresponding electrochemical profiles.
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reliability of the cells (Fig. 6). However, differences could still be
observed. For the cylindrical cell cycled at C/12, the contour
plots exhibit clear, progressive peak shis on discharge and
a reversible evolution on charge, which are especially evident for
the (0 1 1), (0 2 0), (4 2 0), (4 2 10), and (7 4 0) Bragg reections
(Fig. 5a), similar to the gradual and reversible peak evolutions in
Fig. 6a. The slightly enhanced signal-to-noise ratio at C/6
may come from improved structural homogeneity aer the
initial C/12 cycle or reduced background scattering due to
gravity-induced electrolyte movement in the vertically posi-
tioned cell. At C/2, rapid peak shis during 5-minute acquisi-
tion broaden and weaken diffraction signals, lowering the
resolution.

By contrast, analogous features are less evident for the coin-
type cell cycled at C/36, both in the stacked patterns and in the
contour plot (Fig. 6 and S10). First, while the peaks still evolve
progressively during discharge, this behaviour becomes weaker
or discontinuous at the end of charge, e.g. (0 2 0) reection
showing almost no shi and only a gradual, incomplete
recovery of intensity. Additionally, the peak shape and intensity
of (�3 0 10) and (7 0 0) reections remain nearly unchanged at the
This journal is © The Royal Society of Chemistry 2026
end of charge, indicating that the lithiated phase cannot be fully
delithiated. Aer cycling, all reections exhibit a clear decrease
in intensity accompanied by a broadening of their full width at
half maximum (FWHM, 2q in degrees), which suggests the
presence of several local lithiation states in the electrode. This
could likely arise from the thick self-standing electrode,
resulting in inhomogeneous electrochemical reactions and
a lithium gradient within the electrode volume. This gradient in
the lithiation degree, simplied as Li-rich and Li-poor contri-
bution (Fig. 7), could reasonably explain the above observations:
subtle peak evolution, incomplete intensity recovery and
broadened FWHM at the end of charge. This interpretation is
further supported by the contour plots (Fig. S10), where the
shis of some high-angle Bragg reections, e.g. (15 1 5) and (7 4
0), while unambiguously observed for the cylindrical cell, are
absent for the coin-type cell. These results highlight the impact
of electrode conguration on data quality, with the cylindrical
cell providing more homogeneous electrochemical reactions
and, consequently, clearer structural evolution.

Besides the qualitative evaluation, further quantitative
analyses allow the comparison of FeNb11O29 cell parameter
J. Mater. Chem. A
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Fig. 6 Stacked NPD patterns (Q= 1.0–5.5 Å−1) from in situ/operando experiments performed on the D20 diffractometer using (a) cylindrical and
(b) coin-type cells, with full-width at half maximum (FWHM, 2q in degrees) for some peaks. The cylindrical cell shows gradual, reversible peak
shifts and intensity recovery, whereas the coin-type cell exhibits subtle peak evolution and reduced intensities at the end of charge.
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evolution during operando NPD experiments in different setups
(Fig. 7). For the cylindrical conguration, the cell parameters
follow similar trends at the three applied current rates, with
comparable standard uncertainties. This indicates that the
structural changes of FeNb11O29 during lithiation and deli-
thiation are largely independent of kinetics and demonstrated
the excellent ability of the cell to sustain electrochemical
reversibility at high currents. Compared with the reference data
obtained from NPD in coin-type cells, the evolution trends were
J. Mater. Chem. A
preserved, even though there were some discrepancies between
the two setups. Such differences may come from experimental
conditions, including electrode formulation, cycling rate, and,
most critically, mass loading and electrode thickness (∼0.2 mm
for the cylindrical cell versus ∼1 mm for the coin-type cell).
Thicker electrodes are more likely to cause inhomogeneous
lithium insertion/extraction across the electrode depth, which
may take more time to homogenize and lead to the lattice
parameter differences in the two cells. Despite these
This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Evolution of FeNb11O29 cell parameters obtained from Rietveld
refinement of operando NPD data obtained using the D20 diffrac-
tometer in cylindrical and coin-type cells. Error bars indicate the
standard uncertainties of the refined parameters.
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discrepancies, the general agreement across the three datasets
highlights the reliability of cylindrical cells for operando
neutron diffraction studies.

Finally, post-cycling analyses were conducted to probe the
spatial homogeneity of the cylindrical cell. Vertical NPD scans
on the D20 diffractometer using a 1 cm slit at several positions
along the electrode height show the characteristic FeNb11O29

reections at the same 2q positions across all sections (Fig. S11).
The signal-to-noise ratio is lower due to the reduced probed
volume, but no shi or broadening indicative of a vertical
gradient is observed. Complementary XRD measurements were
performed on punched electrodes from different radial and
axial positions of the rolled electrode, revealing nearly identical
peak positions and only minor uctuations in rened lattice
parameters (Fig. S12). Overall, these results conrm that the
jelly roll built from thin, double-coated layers provides uniform
contact and pressure, enabling homogeneous reactions
throughout the cell.
4. Conclusions

In this study, we have benchmarked operando neutron powder
diffraction by comparing the cell congurations and high-ux
or high-resolution diffractometers. The results reveal comple-
mentary characteristics for each setup, offering practical design
guidelines for operando NPD in battery research.

Coin-type cells are suitable for preliminary investigations,
particularly when material availability is limited and fast-
This journal is © The Royal Society of Chemistry 2026
charging conditions are not required. Their hydrogen-free
components ensure excellent signal-to-noise ratios. They allow
the use of self-standing electrodes and small volumes of
deuterated electrolytes, which minimizes background scat-
tering and avoids peak overlap, further enhancing diffraction
pattern quality. However, thick electrodes can introduce inho-
mogeneities, high resistance, polarization, and a limited cycling
rate. Regarding practicability, their simple assembly facilitates
troubleshooting during beamtime, making them a pragmatic
choice for foundational studies before more extensive studies
using cylindrical cells, if necessary.

Cylindrical cells, on the other hand, are better suited for
high-rate cycling studies (e.g., fast-charging materials or kinetic
effects on structural evolutions) and cost-effective experiments,
as they allow the use of conventional organic electrolytes. This
conguration closely mimics that of commercial large-format
cells (e.g., 18650), providing realistic operating conditions for
upscaling and commercialization studies. While cylindrical
cells introduce additional background contributions, careful
background subtraction ensures data quality sufficient for
structural renements. Their ability to accommodate double-
coated thin lms enables (i) sufficient counting statistics, (ii)
homogeneous electrochemistry, and (iii) rapid NPD acquisi-
tions (as fast as 5 minutes) and cycling rates up to C/2. These
advantages were reected in this work, where the operando
results conrmed the solid-solution mechanism of FeNb11O29

as previously reported, while also demonstrating structural
reversibility even at high-rate cycling, rate-induced peak
broadening, and challenges associated with Li localization and
occupancies in the Wadsley–Roth family.

Looking forward, these ndings open perspectives for per-
forming operando neutron powder diffraction, a more acces-
sible and routine tool in battery research. The cylindrical cell
represents a promising tool for balancing realistic electro-
chemistry with sufficiently good data quality, especially for
investigating high-rate electrode materials by NPD. The cell
design could be further optimized by reducing parasitic scat-
tering and absorption—for example, using thinner lithium foil,
alternative separators with reduced background, alternative
neutron-transparent current collectors (V or a Ti2.08Zr alloy),
partially deuterated electrolyte, or highly crystalline active
materials. While each of these strategies can improve data
quality, their combined effects on the overall signal-to-noise
ratio require further investigation to reach a compromise
between applicability and data quality, as these effects depend
on the interplay of all cell components. For example, even slight
reductions in lithium foil thickness can signicantly mitigate
neutron absorption, but the overall improvement is affected by
the separator, current collector, and electrolyte. Besides, using
enriched 7Li foil could theoretically be a strategy to reduce
neutron absorption, but its implementation is challenging due
to negligible improvement in coherent scattering compared
with the 6Li isotope, its high cost, no commercial availability,
and the need for extensive validation with 7Li-enriched elec-
trolyte. On the instrumentation side, the combined use of the
D2B and D20 diffractometers can offer both high-resolution
J. Mater. Chem. A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta10422j


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

9/
20

26
 5

:1
9:

03
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
structural details and time-resolved insights, providing
comprehensive information on electrochemical reactions.
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