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In operando powder diffraction remains one of the most
powerful tools for non-destructive investigation of battery
electrode materials. While in operando X-ray, especially syn-
chrotron radiation, powder diffraction is by now a routine
experimental technique, in operando neutron powder diffrac-
tion is still less established. We present a new electrochemical
cell for in operando neutron powder diffraction, which is, first
and foremost, easy to use, but can also cycle electrode materials
under electrochemical conditions close to those achieved using

standard laboratory cells. The cell has been designed in multiple
sizes, and high-quality electrochemical and neutron powder
diffraction data is presented for sample sizes as low as 48 mg
total active material. The cell handles lithium-ion and sodium-
ion materials equally well, with no difference in how the cell is
prepared and assembled. The cell is intended to be used as
sample environment at powder diffractometers at the neutron
facilities MLZ, ORNL and ACNS.

Introduction

Lithium-ion batteries have been part of every-day life since their
commercialization by Sony in 1991. During the entire develop-
ment period of Li-ion batteries, diffraction techniques have
played a central role.[1,2] Diffraction offers insight into the atomic
structure of the electrodes, which in large parts determines the
performance of the battery. During the early stages of Li-ion
battery research, ex situ X-ray diffraction was most commonly
employed by researchers to study electrode materials,[3–5] but
since batteries intrinsically work under non-equilibrium con-
ditions, in situ, or better yet, in operando diffraction experi-
ments are necessary to investigate battery cells under realistic
conditions.[6–8] Structural changes during cycling can be very

different from those deduced from ex situ measurements, and
may even depend on the current rate.[9,10]

Neutron diffraction offers several advantages compared
with X-rays:
1. Neutrons have weaker interaction with atoms, leading to a

high penetration. This allows for probing the entirety of
even thick cells.

2. While the X-ray coherent scattering length is proportional to
the electron density resulting in low sensitivity to light
elements, the neutron coherent scattering length varies with
isotopic composition independently from elemental weights.
With a neutron scattering length of � 1.9 fm for Li in natural
abundance, neutron diffraction is significantly more sensitive
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than X-ray diffraction to Li in compounds containing heavier
elements.

3. Neutron diffraction sometimes offers a better contrast
between neighboring elements in the periodic table. This is
especially useful for 3d transition metals, where, for example,
Mn has a coherent scattering length of � 3.73 fm, Co has
2.49 fm and Ni has 10.3 fm. In addition, isotopic substitution
can be performed to enhance the contrast between selected
elements. This is advantageous as battery cathodes may
contain several transition metals.
Several challenges have prevented the full exploitation of

the above advantages. The flux at neutron sources is several
orders of magnitude lower than at X-ray sources and neutron
scattering lengths are also an order of magnitude lower than
the corresponding X-ray scattering lengths, which necessitates
longer measuring times. Coupled with the lower overall
availability of neutrons this leads to a much lower throughput.
Hydrogen-containing components like the separator and elec-
trolyte give rise to high incoherent scattering with a large
background and a low signal-to-noise as a result.[11] To over-
come this, hydrogen-poor separators can be used as well as
deuterated electrolytes, but these are expensive to a degree
that can be prohibitive if several milliliters are used per cell.[11,12]

Battery cells designed for in operando neutron powder
diffraction (NPD) should therefore aim to minimize the effect of
these drawbacks.[13]

The development of in operando NPD has been approached
from different angles by various research groups. To increase
the amount of active material in the neutron beam and mimic
commercial cells, multiple authors have constructed rolled
cylindrical cells.[14–19] This approach tends to give a good
diffraction signal, but the electrochemistry may suffer as
cylindrical cells are challenging to construct. Several grams of
active material are usually used, which is not a problem when
using commercial electrode powders, but for researchers
wanting to investigate novel materials, this may be a restrictive
requirement. An extra separator is often used around the
exterior of the roll to prevent short-circuiting the cell, but the
extra hydrogen increases incoherent scattering.

Pouch cells with a prismatic design holding multiple stacked
layers are easier to construct in an academic laboratory and
valuable NPD results have been obtained using this cell
type.[12,20,21] However, they suffer from some of the same
challenges as the rolled cells with large amounts of material
required and hydrogen-containing components. In addition, the
cell usually presents a large anisotropic scattering and absorp-
tion, leading to diffractograms with a significant decrease in
intensity at certain angles unless the cell is continuously
rotated.[22]

A cell type based on a single electrode layer has been
previously suggested.[14,23,24] This geometry is most suited for
time-of-flight sources, where the detector banks in the forward-
and backscattered positions are used to minimize the effects of
the cell anisotropy. The detector banks at 90° are usually not
used as the neutron absorption is high in this direction.

Lastly, cell types based on a confined electrode design,
where the electrode under study is separated from the rest of

the components, have been reported.[25–27] This is sometimes
called a Swagelok-type cell. The cell is designed so that the
beam only illuminates the electrode located at one end of the
cell. To get a satisfactory diffraction signal in a reasonable
amount of time, the electrode must be rather thick, which may
hamper the electrochemical performance. The cell has a
cylindrical design to optimize its use at instruments with
curved, position-sensitive detectors. Since the diffraction signal
is rather isotropic, few corrections need to be made as the path
length from sample to detector is equal in all directions,
although this is only valid if neutron attenuation is low. Since
the cell is rather small, if deuterated electrolytes are used to
optimize the signal, only small amounts of the expensive
electrolyte are needed, which significantly lowers the price of
the experiment. The in operando cell proposed in this work is
of this Swagelok-type and makes use of the null-scattering
material Ti2.08Zr (TiZr for short) for the casing and electrode
current collectors. The design is inspired by the pioneering
work of Bianchini et al.,[25] where a number of important
changes have been made. Most notably, the cell design does
not require an insulating layer of Mylar, which reduces
incoherent scattering. The diffraction signal is thus optimized in
the current design. The design of insulating gaskets is inspired
by the Swagelok™ mechanism for an easier, faster and more
reproducible assembly of the cell.

Our aim was to construct a measurement cell with the
following requirements:
* Capable of cycling the active material for multiple cycles with

a voltage profile as close as possible to what is achieved in a
standard laboratory cell.

* Prevent components other than the material under inves-
tigation from contributing to diffraction patterns.

* Produce enough diffraction intensity for a total electrode
mass significantly under one gram and measurement time
below 20 minutes for Rietveld refinements.

* Be easy to use for users not experienced with its design. This
is to ensure its usefulness as sample environment at the new
in operando diffraction beamline, ErwiN,[28] at MLZ FRMII,
Munich, WAND2, HFIR, ORNL and instruments at ACNS,
Australia.

* Minimize the amount of deuterated electrolyte required.
The cell is thus aimed at research groups wanting to

perform in operando NPD on novel materials, where only
limited amounts of material may be available, in contrast to
commercial materials where kilograms can be bought. It is also
designed to be affordable for small research groups who cannot
afford to buy more than a few milliliters of deuterated electro-
lyte.

In the present work, we discuss the design and electro-
chemical performance of the cell and present data from in
operando NPD experiments performed on the D20, Wombat
and WAND2 instruments, using two battery chemistries:
LiNi0.5Mn1.5O4 (LNMO, Fd�3m), a well-characterized high-voltage
Li-ion cathode material, and Na0.7Fe1/3Mn2/3O2 (NaFM, P63/mmc),
a novel layered Na-ion cathode material.[29] The cell orientation
on the instrument, rarely discussed in the literature, was found
to notably affect counting statistics and was thus succinctly
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optimized. The suitability of data for Rietveld refinements is
assessed and strategies to obtain reproducible parameters are
discussed.

Experimental Section
Neutron powder diffraction: In situ and in operando NPD experi-
ments were conducted at three facilities. Measurements on LNMO
versus Li-metal were conducted at Wombat,[30] Opal, Australia, in a
cell with an inner diameter of 20 mm. Measurements on NaFM
versus Na-metal were conducted at D20,[31] Institute Laue Langevin
(ILL), France, in a cell with an inner diameter of 12 mm. Measure-
ments investigating the influence of experiment geometry were
conducted at WAND2,[32] High Flux Isotope Reactor (HFIR), Oak
Ridge National Laboratory (ORNL), USA. All three beamlines
combine a large neutron flux with a fast curved area detector. At all
instruments, the majority of the cell body was shielded using
cadmium foil, with only the very bottom of the cell cup being
exposed to the neutron beam. The chronological sequence of
experiments was Wombat, D20, WAND2.

At Wombat, a vertically focusing Ge 115 monochromator was used
to select a wavelength of 1.54 Å at a take-off angle of 90°. A TiZr
cell with an inner diameter of 20 mm was used with a total cathode
mass of 180 mg, consisting of 80 wt% LNMO (Haldor Topsøe), 10 wt
% Super P C45 (Cnergy) and 10 wt% polyvinylidene difluoride
(PVDF, HSV900, MTI Corporation). The cathode powder was pressed
uniaxially into the TiZr cup with a steel rod using 4300 bar/14 tons.
Two borosilicate glass fiber separators (Whatman GF/B) were added
and soaked in 600 μL 1 M LiPF6 in 50 :50 v/v deuterated ethylene
carbonate (D4 98%, National Deuteration Facility, Australian
Nuclear Science and Technology Organization) and 1,2-dimethyl
carbonate (D6 98%, Cambridge Isotope Laboratories) in an argon-
filled glovebox. A Li-metal foil, 16 mm in diameter, rolled as thin as
possible was placed on top, and the cell was closed. The cell flat
surface, where the electrode is located, was perpendicular to the
plane formed by the incident beam and detector by placing the
cell horizontally, with the cell surface oriented almost parallel to the
incident beam (See Figure S1 in Supporting Information). The signal
was optimized by slightly tilting the cell surface towards the
neutron beam, by around 20°. The beam size was 4×20 mm
(width×height). Since the beam is hitting the sample surface at an

angle, this geometry can be considered a reflection geometry. We
will refer to this as a horizontal, asymmetric reflection geometry
(ARG). The moveable, 3He-filled, curved, 2D detector array allows
simultaneous detection at 120° in 2θ. During the data collection,
the collimator was oscillated around 1 degree in 0.125-degree steps
with complete datasets collected every 8 minutes. The cell was
charged and discharged at C/10 between 3.5 and 5.0 V. At the end
of each charge, a constant voltage of 5.0 V was applied until a
current of C/30 was reached.

At D20, a vertically focusing Ge 115 monochromator was used to
select a wavelength of 1.54 Å at a take-off angle of 90°. A TiZr cell
with an inner diameter of 12 mm was used with a total cathode
mass of 60 mg, consisting of 80 wt% NaFM (synthesized as
described elsewhere[29]), 10 wt% C45 and 10 wt% PVDF pressed
uniaxially into the cup using 4300 bar/5 tons. Two borosilicate glass
fiber separators soaked in 300 μL 1 M NaClO4 in deuterated
propylene carbonate and a thinly rolled Na-metal anode were used.
Similar to the measurements at Wombat, the cell flat surface was
perpendicular to the plane formed by the incident beam and
detector with the flat surface almost parallel to the incident beam
and tilted towards it (ARG), but here the tilt angle was 25°. This
particular angle was found by using a step scan where the sample
table was rotated in the horizontal plane in 1° steps between 15
and 45°. At each angle, a 1-minute exposure scan was taken
without moving the detector. The beam was set to 7 mm wide and
approximately 20 mm high using a horizontal and circular slit,
respectively, see Figure 1b and 1c. No radially oscillating collimator
was used during the experiment. For the in operando experiment,
the movable position sensitive detector was moved in 61 steps of
0.05° with an exposure time of 20 seconds for each step, yielding a
time resolution of approximately 20 minutes per diffractogram. The
cell was charged between 2.2 and 4.3 V at C/20 and discharged at
C/40 with respect to the insertion/extraction of one Na-ion per
formula unit. At the end of charge, a constant voltage of 4.3 V was
applied until a current of C/30 was reached. Previous electro-
chemical measurements showed that each charge and discharge
last for approximately 10 h within the given voltage range using
these current rates.

At WAND2, a vertically focusing Ge 113 monochromator was used
to select a wavelength of 1.486 Å at a take-off angle of 51.5°. A
series of measurements were performed on 160 mg and 300 mg of
LNMO powders in a 12 mm and 20 mm TiZr cell, respectively. The

Figure 1. a) Sketch of the 12 mm in operando cell in assembled and exploded view. 1: Upper screw ring. 2: PEEK sleeve. 3: contact pin and O-ring. 4: spring. 5:
TiZr anode rod. 6: Teflon gaskets. 7: TiZr cup. 8: Lower screw ring. b) Photograph of the 12 mm cell in the cell holder at D20, ILL, mounted in the horizontal
position. The leads are not connected to the cell in the photograph. The incident beam tube is visible to the left and the curved detector array is in the
background. c) Photograph of the same setup as in b) from another angle. Note that the bottom part of the cell and cell holder has been covered with
cadmium foil. Only the part with the cathode pellet remains exposed to the neutron beam. In front of the beam tube, a 20 mm hole slit, and a 7 mm
horizontal slit can be seen.
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assembled cell was first mounted vertically in the neutron beam
with the cell flat surface in the plane formed by the incident beam
and detector with cadmium foil covering all but the bottom 1 mm
of the cell cup, and a pattern was collected for 5 minutes. We will
refer to this as a vertical transmission geometry (TG). The cell was
then mounted horizontally with the cell flat surface perpendicular
to the plane formed by the incident beam and detector and the
surface of the sample pellets pointing towards the detector (ARG),
similarly to the mounting at Wombat and D20. Using the
goniometer stage, the cell was rotated in steps of 5 degrees
between 0 and 25 degrees. A 5-minute pattern was collected at
each angle. The slits were scanned at each geometry to get optimal
signal and minimum air scattering.

Rietveld refinement: Sequential Rietveld refinement using the
Wombat LNMO data was performed in the TOPAS v6 software.[33]

The crystal structure of LiNi0.5Mn1.5O4 with space group Fd�3m (ICSD
collection code 94762) was used as a starting point for the
refinements.[34] In an attempt to account for what is essentially a
thin, flat plate sample in asymmetric reflection geometry (ARG),
refinements were performed where sample displacement and
intensity correction functions were applied as described by Rowles
et al. (thin, flat plate, asymmetric reflection correction model,
TFPARC).[35] The functions are available in the TOPAS software as
macros. The pellet thickness used in the macros was 0.2 mm. This
number is an average of several measurements on pellets prepared
by the procedure described above. The linear attenuation coef-
ficient of LNMO was estimated using a NIST calculator to be
1.174 cm� 1.[36] The tilt angle, ω, with respect to the incoming beam
was set to 20°. LNMO has two two-phase transformations during
charge and discharge, with especially the first being subtle in terms
of shifts in Bragg peaks.[37] Due to peak overlap, it was not possible
to extract precise cell parameters and Li occupancies simultane-
ously, and we thus opted for two sequential Rietveld refinements
using two different strategies. In the first refinement, three distinct
phases were included in the structural model, where the Li-
occupancy was kept fixed at 1, 0.5 and 0 for the first, second and
third phase, respectively. This allowed for the extraction of the cell
parameters of the three phases sequentially. For the second
refinement, a single phase was used, where the phase transitions
were described using a pseudo crystallite size peak broadening
model. This allowed for the sequential refinement of the Li-
occupancy and oxygen atomic position. For both refinements, the
background was described using a 15 coefficient Chebyshev
polynomial, and the peak shape was described using a modified
Thompson-Cox-Hastings pseudo-Voigt profile. An overall isotropic
displacement parameter applied to all atoms and U, V, W profile
parameters were refined for the first diffractogram and then kept
fixed during the sequential refinements.

Sequential Rietveld refinement of NaFM was conducted using the
TOPAS v6 software.[33] The crystal structure of P2-
Na0.7Mn0.65Co0.18Ni0.17O2 with space group P63/mmc (ICSD collection
code 291156) was used as a starting point for the refinements.[29] As
for the Wombat data, an ARG correction was used for sample
displacement and peak intensity. The background was described
using linear interpolation between manually selected points and
peak broadening was modelled with a modified Thompson-Cox-
Hastings pseudo-Voigt profile. An overall isotropic displacement
parameter applied to all atoms and U, V, W and Y profile
parameters were refined for the first diffractogram and then kept
fixed during the sequential refinement, where the Na occupancy of
the two Na-sites, cell parameters and scale factor were allowed to
vary. NaFM disorders at higher voltage, and in patterns where
almost no peak intensity is observed, refinements were skipped. In
the patterns just before the disorder transition, the Na occupancy
was kept constant at previously refined values; the same constraint

was applied for the patterns immediately after the recrystallization
on discharge.

The WAND2 patterns for LNMO powder were refined with the
Rietveld method using the TOPAS v6 software.[33] A 15 coefficients
Chebyshev polynomial was used to describe the background. A
scale factor, an overall isotropic displacement parameter applied to
all atoms, the lattice parameter, the Li- occupancy, the oxygen
atomic position and U, V, W and Y profile parameters were refined
for all patterns. In the horizontal ARG, refinements were made with
sample displacement and peak intensity corrections, similarly to the
Wombat and D20 refinements (no zero-error correction). Refine-
ments were also made where these corrections were not included,
and only a zero error correction was included. For the vertical TG,
these corrections were not used, and instead, an absorption
correction as formulated by Sabine et al. for Debye-Scherrer geo-
metries were used in addition to a zero-error correction.[38]

Results and Discussion

The in operando cell is described in terms of design, electro-
chemical performance, experimental setup, and diffraction
capabilities. References to the beamtimes at Wombat, D20 and
WAND2 are made throughout. Subsequently, the results of the
in operando NPD experiments and Rietveld refinements are
described.

Cell design

To reduce the influence of geometrical effects, a cylindrical cup
design was used. The cylindrical design has the added
advantage that the electrode powder can be pressed directly
into the cup, which is simple and reduces the amount of binder
material needed. A sketch of the cell is shown in Figure 1 along
with a photograph of the cell in a holder mounted at D20, ILL.

An important aspect of the cell design is its ease of use,
which should be intuitive for neutron instrument users who are
not familiar with the cell itself, but who have experience
assembling lab-scale battery cells like coin cells and Swagelok
cells. For the beamtime at Wombat, the measurement was
conducted by the beamline staff, who were able to assemble
the cell and carry out the experiment with only a short video
instruction. The cathode is placed at the bottom of the TiZr cup,
and this is the only part of the cell that is exposed to the
neutron beam, as the rest is covered in cadmium metal foil.
Separator, electrolyte and anode metal foil are then added.
Contact is made to the anode metal foil using a TiZr anode rod
in the center of the cell. The anode rod is insulated from the
cup by a polyether ether ketone (PEEK) sleeve and electrical
connection to the anode is made through a spring and a
connector pin at the other end of the PEEK sleeve. The
connector pin also has an O-ring to make the connection
airtight. The spring ensures a constant pressure on the
electrode stack. Teflon gaskets around the PEEK sleeve ensure
an airtight seal to the TiZr cup. When assembling the cell, the
anode is pushed into the cup, loading the spring. When the
screw rings are tightened, the Teflon gaskets push inwards on
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the PEEK sleeve, preventing it from being pushed out. An
important feature of the design is that the center anode rod is
only spatially isolated from the cup near the anode foil, that is,
no insulating foil is present to prevent short-circuit of the cell
like it is seen for other custom-made neutron cells.[17,19,25] It is a
deliberate choice to avoid having such an insulating foil
contribute to the scattering signal. While care must be taken
when assembling the cell, we have not experienced short-
circuits at any point during construction of close to two
hundred battery stacks in the cell.

The cell has so far been constructed with three different
cup sizes with inner diameters of 8, 12 and 20 mm, respectively.
This offers flexibility depending on the specific experiment.
Small cells may give better angular resolution and may also be
a better choice due to limited availability of cathode powder.
Large cells offer more material in the beam for a stronger signal.
However, attenuation should also be considered as discussed
below. Using custom-made cells with pellets instead of slurry
on foils compromises electrochemical performance to achieve a
quality diffraction signal. For optimal electrochemical perform-
ance, a thin pellet is preferred, while a thick pellet gives a
stronger diffraction signal. Empirically, we have found that
0.5 mg cathode powder per mm2 gives a good compromise for
LNMO or NaFM mixed with 10 wt.% carbon additive and
10 wt.% binder. This corresponds to approximately 25, 57 and
157 mg cathode powder for the 8, 12, and 20 mm cell,
respectively. The mass loadings give pellet thicknesses around
0.2 mm for the cathode materials we have investigated so far. It
should be noted that using less dense electrode materials
would give thicker pellets with these mass loadings, so adjust-
ments may need to be made. The easiest electrode preparation
is simply to press the electrode powder into the cup using a
uniaxial press. Again empirically, we have used a pressure of
around 4300 bar as a suitable rule of thumb, giving 2, 5 and
14 tons for the three cell diameters, respectively. These
numbers should be seen only as a guide. In operando
diffraction data on the 12 and 20 mm cells only are presented

in this work due to scarcity of beamtime, and the 8 mm cell is
not discussed further. The design drawings for the 12 and
20 mm cells are available as Supporting Information.

Electrochemical performance

It is important that the electrochemical response in the in
operando cell resembles that of a standard laboratory cell, such
as coin and Swagelok type cells. Figure 2a shows a comparison
between coated LNMO versus Li-metal in a laboratory Swagelok
cell (~3 mg total cathode mass) and LNMO pellets versus Li-
metal in a 12 mm and a 20 mm in operando cell (~57 and
154 mg total cathode mass, respectively).

As expected, there is a trade-off in terms of a larger
overpotential when using pellets instead of coatings due to the
larger thickness of the pellets. The increase in overpotential is in
the range of 10–50 mV. Still, similar voltage features and
electrochemical response are obtained, and comparable capaci-
ties are achieved, suggesting that the electrochemical signal of
the in operando cells is representative of what is achieved using
coated electrodes. Users may also be interested in cycling
electrodes for several cycles either before or during the
beamtime, so to probe the long-term cycling capabilities of the
cell, a 20 mm cell was cycled at C/5 for 50 cycles, see Figure 2b.
After 50 cycles, the capacity had decreased to approximately
90%, which confirms that the cell is indeed able to cycle
electrode materials for tens of cycles with a decent capacity
retention.

Experimental geometry

As mentioned above, the orientation of the cell with regards to
the incident neutron beam is rarely discussed in the literature.
On neutron instruments, cylindrical samples are typically
measured in transmission geometry (TG), with the cell “bottom”

Figure 2. a) Comparison of the electrochemical signal measured on an LNMO coating on aluminum foil in a standard laboratory Swagelok-type cell and
pellets in a 12 mm and 20 mm in operando cell. The mass loading in the legend corresponds to the cathode mixture for each cell, where the mass loading of
the active material (LNMO) constitutes 80 wt% and the conductive carbon and binder are each 10 wt%. b) Long-term cycling of a 20 mm cell using the same
electrode preparation as in a), but the current rate was C/5.
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face parallel to the plane formed by the incident beam and the
detector. When mounted this way, geometrical effects are
minimized as the beam path through the sample is constant at
all diffraction angles. However high attenuation can affect peak
intensities in a way that is not easily corrected. Bragg reflection
intensity increases when the thickness of the cell in the beam is
decreased, suggesting relatively strong attenuation from bat-
tery materials, perhaps from the presence of Li and H.[11] By
mounting the cell horizontally with the cell flat surface
perpendicular to the plane formed by the incident beam and
detector, that is, with the surface of the sample pellet pointing
towards the detector and tilting it with respect to the neutron
beam, Bragg reflection intensity is increased (Figure S1 in
Supporting Information). The geometry changes to what can be
described as a parallel beam, thin flat-plate asymmetric
reflection geometry (ARG), and it can be shown analytically that
this increases the intensity for the intermediate angular area
compared to TG.[35] It should be noted that this geometry
influences the relative intensities of the Bragg reflections, as the
neutrons scattered at angles lower than the tilt angle will pass
through more material and thus be absorbed to a higher
degree than neutrons scattered at a higher angle. The neutron
path through the sample is also not equal at all angles, and
corrections are thus necessary for the Rietveld refinement. The
effect of the mounting geometry was investigated at WAND2,
where powders of pure LNMO were pressed into the TiZr cups.
The cell was then mounted, first vertically (TG), and then
horizontally (ARG) at tilt angles ω between the incident beam
and the cell surface from 0 to 25°. The resulting diffractograms
are shown in Figure S2. The diffractograms overall show the
same Bragg reflections, but the background and peak intensity
varies significantly at low 2θ angles. In particular, the LNMO
111 reflection at approximately 18° 2θ loses intensity when ω
increases and disappears completely at ω=25°. The back-
ground at low 2θ angles is sloping, which increases for
increasing ω angles as expected. For the TG cell, the back-
ground has a positive slope when moving to lower 2θ angles
due to air scattering. The patterns are also slightly noisier and
the diffraction peaks less distinct (e.g., 18 and 36° 2θ reflections
in Figure S2) compared with the ARG mounting. This is likely
due to a significant reduction of the total neutron flux hitting
the sample as the beam size is reduced to match the smaller
exposed area and attenuation playing a larger role for the TG.
In addition, more of the scattered signal is likely absorbed by
the cadmium foil. Removing the cadmium foil would likely give
a stronger signal for the vertical mounting but would also
increase parasitic scattering from other cell components.

To correct for angle dependent geometric aberration effects
in the ARG, a thin flat-plate asymmetric reflection geometry
model (TFPARG) can be used when performing the Rietveld
refinement by using an intensity and sample displacement
correction as described by Rowles et al. (Equation 5 and 19,
respectively, in the referenced publication)[35]. An intensity
correction factor based on the ratio in diffraction volume
between an ARG and a symmetric reflection geometry (SGR,
Bragg-Brentano) is given in Equation (1):

VARG

VSRG
¼ IARGscale ¼ 2 1þ

sin wð Þ

sin 2q � wð Þ

� �
� 1

1 � exp � mt
1

sin wð Þ
þ

1
sin 2q � wð Þ

� �� �� � (1)

where w is the angle between the parallel beam and the
sample surface, m is the linear attenuation coeffient of the
sample and t is the thickness. The internal correction routine for
Bragg-Brentano geometry within the Rietveld refinement soft-
ware is then able to read measured intensities correctly by
scaling the Bragg peaks by this factor in addition to how the
peaks are scaled by the Lorentz factor. A comparison of the
refinement results obtained with and without such a correction
is shown in Figure S3 along with an example of the intensity
correction factor as a function of diffraction angle for w ¼ 20°.
Without correction, the refined oxygen position and Li
occupancy depend on w, with unrealistic values for the
occupancy before cycling, confirming the need for an intensity
correction. Application of the intensity correction model results
in refined values similar to the TG measurements. For the TG
measurements, an intensity correction was also performed, but
assuming a Debye-Scherrer geometry instead as described by
Sabine et al.[38]

At D20 and Wombat, the cell was mounted horizontally
(ARG) and tilted at an angle of about 20–25° with respect to the
neutron beam path. At D20, the angle was chosen by perform-
ing a stepwise rotation of the sample table (seen in the lower
parts of Figure 1b and c) with a 1-minute exposure at each
angular step. The resulting intensity plot can be seen in
Figure S4 in the Supporting Information. The angle chosen was
25° due to the maximum in peak intensity at this angle. A
drawback of the ARG is the risk of a parasitic signal from the
metal anode. Due to the high neutron absorption of 6Li, only a
small Li-metal signal is obtained, but a significant signal can be
obtained for Na-metal, as seen below. The neutron absorption
by the borosilicate separators is actually an advantage in ARG,
as it helps reduce the signal from the metal anode. It should be
noted that there seems to be no adverse effects to turning the
cell horizontal, as the electrolyte is immobilized in the
separators.

In operando NPD on LNMO at Wombat, OPAL

LiNi0.5Mn1.5O4, LNMO (space group Fd�3m), with Mn and Ni
randomly distributed on the transition metal site, was chosen as
a model system for the in operando NPD experiment at
Wombat (Figure 3). LNMO is a high-voltage, cobalt-free cathode
material considered as a candidate for next-generation Li-ion
batteries.[39] For this experiment, the 20 mm TiZr cell was used
with a cathode mass of 180 mg, corresponding to 144 mg
active material. In the operando NPD data, no reflections are
observed for any phase except for the active LNMO material
under study. This is a big advantage as reflections from other
phases such as copper and aluminum in current collectors can
interfere with the Rietveld refinement due to overlap of the
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reflections. As mentioned above, however, the horizontal
mounting can lead to a small Li-metal signal. Expected
reflection positions for Li-metal are shown in Figure 4a for
comparison, but the phase was not included in the refinement.
Small peaks around 51.0 and 87.5° are likely from the Li-anode.
The Li-peaks are at 2θ-values slightly below the database
reference due to the Li-foil being slightly downstream of the
sample thus giving an apparent angular offset. The broad hump
at low angles originates from the short-range structure of the
deuterated electrolyte.

An overview-plot of the in operando NPD data with stacked
diffractograms of the LNMO sample is shown in Figure 3. In
some intervals of the charge and discharge (e.g,. during the first
2.5 h of charge), a single set of relatively narrow LNMO
reflections are observed, which signifies that all the LNMO
domains within the electrode have similar Li-contents. In other
parts of the charge and discharge (e.g., between 6–8 h) the
peaks broaden and even split to two sets of LNMO Bragg
reflections. Variation in the peak broadening can be caused by
both changing crystallite size and variation in the Li-content

among the LMNO domains, while the observation of the two
sets of LNMO reflections signifies that LNMO domains with two
distinctly different Li-contents are found in high numbers in the
electrode.

To extract quantitative structural information, the 115
operando NPD diffractograms obtained during charge and
discharge were analyzed by sequential Rietveld refinement
using the structural model for LNMO with the Fd�3m space
group and with Li on the 8a site, Mn and Ni on the 16d site and
O on the 32e site.[34] The first diffractogram used in the
sequential Rietveld refinement is shown in Figure 4a along with
the resultant fit. Two strategies were used for the sequential
Rietveld refinement: In the first, three LNMO phases with fixed
Li-content (1.0, 0.5 and 0.0) are used, and the degree of
lithiation is obtained through the amount of each phase, that is,
the scale factors as well as the unit cell parameters are allowed
to vary freely. Unfortunately, due to peak overlap in the regions
with two LNMO phases, this strategy does not allow for
refinement of Li-occupancies or atomic positions. In the second
refinement strategy, a single LNMO phase is used throughout,

Figure 3. Stack of neutron powder diffraction patterns (intensities in arbitrary units) collected on LiNi0.5Mn1.5O4 versus Li during cell charge/discharge using the
20 mm TiZr cell at C/10. The charge/discharge curves corresponding to the diffractograms are shown in the graph to the left. Measured at Wombat,
λ=1.54 Å.

Figure 4. a) First diffractogram during the in operando experiment on LNMO in the 20 mm cell at Wombat. Small Li-metal peaks may be visible around 51.0
and 87.5°, but they were not included in the refinement. They are indicated with asterisks. b) First diffractogram during the in operando experiment on NaFM
in the 12 mm cell at D20. Na-peaks can be seen in addition to the NaFM peaks, and an Na-metal phase with the Im�3m space group was included in the
refinement. They are indicated with asterisks.
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and the degree of lithiation is refined directly through the Li-
occupancy. Additionally, the atomic positions are refined.

Based on the first strategy, the unit cell parameters and the
weight percentages of the three observed phases are shown in
Figure 5a and 5b as a function of time. This shows that two
topotactic two-phase transitions occur on charge and are
reversible on discharge with the weight percentages of each
phase changing smoothly during the phase transitions as
expected. From the second refinement strategy, the unit cell
parameter, the pseudo crystallite size (based on the peak
broadening model), the Li-occupancy as well as the Li� O and
transition metal-O distances are shown in Figure 5c and 5d. This
strategy also points to three single-phase regions separated by
two-phase transitions through the variations in the crystallite
size parameter (Figure 5c), that is, the crystallite size decrease
(peaks broaden) during the two-phase transition, while the
crystallite size is larger in the single-phase regions wherein the
peaks are narrower. As expected, the crystallite size is largest at
the beginning and end of charge and discharge, where the
end-members exist as a single phase, that is, the Li-content is
very homogeneous across all LMNO domains. The refined Li-
occupancy decreases steadily throughout the charging process,
and increases reversibly during discharge. From the change in
the transition metal (TM, Ni or Mn) to oxygen distance, we see a
clear shrinkage of the TM-oxygen octahedron during charge.

This is attributed to the oxidation of Ni, which increases the
electrostatic attraction between Ni and oxygen. At the same
time, the Li-to-O distance also decreases, which reflects the
removal of Li from the lattice. On subsequent discharge, these
changes revert. Overall, the observed behavior agrees with
previous observations of Fd�3m LNMO during cycling.[37,40]

In operando NPD on NaFe1/3Mn2/3O2 at D20, ILL

To confirm that the cell is compatible with other battery
chemistries than Li-ion, we measured Na0.7Fe1/3Mn2/3O2 (NaFM)
versus Na-metal at D20, ILL, France. NaFM is a layered P2-type
cathode material with the P63/mmc space group. The structure
is shown in Figure S5. NaFM is an interesting material due to its
very low cost, as it only contains inexpensive transition metals.
The in operando cell is assembled and operated in exactly the
same way when using Na-containing anodes and cathodes as
when using their Li-containing counterparts. To reduce the
incoherent scattering from hydrogen in the electrolyte, NaClO4

in deuterated propylene carbonate was used. An overview plot
of the in operando experiment is shown in Figure 6.

The Bragg peaks from NaFM are clearly visible, but peaks
from Na-metal are also present, especially at ~30° 2θ, see
Figure 4b. Using sequential Rietveld refinement, cell parameters

Figure 5. Results of sequential Rietveld refinements as a function of time on LNMO. a) and b) show the results for the multi-phase refinement, while c) and d)
show the results from the single-phase refinement. a) Lattice parameter for the three LNMO phases. b) Weight percent for the three LNMO phases. c) Cell
parameter and size broadening parameter for the single LNMO phase. d) Interatomic distances and Li occupancy for the single LNMO phase. Error bars
represent one estimated standard deviation from individual refinements.
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and Na-occupancies for NaFM could be extracted, see Figure 7.
Interestingly, for this material, the material undergoes a
reversible order-disorder transition, where almost all Bragg
reflections disappear near the end of charge, but reappear

during the subsequent discharge.[41] Structural details from this
part of the experiment can naturally not be elucidated from the
NPD data as this will require use of a complementary
technique.

The structure evolution is clearly not symmetrical during
charge and discharge. This can be gleaned already from the
overview plot in Figure 6. During desodiation, the unit cell
volume decreases continuously until it reaches a plateau after
which the Bragg peaks disappear (Figure 7c). When the Bragg
peaks reappear, the volume is significantly larger than the
plateau before the disordering and (after a slight decrease)
continuously increase during sodiation. Upon further sodiation,
the unit cell volume increases to values above the initial
volume, indicating that the cathode is sodiated to x >0.7 in
NaxFe1/3Mn2/3O2. This is also reflected in unit cell parameters,
which evolve to values higher (for the a-axis) and lower (for the
c-axis) than the corresponding values at the beginning of the
charge. Finally, further insight into the reaction mechanism can
be obtained from the Na-site occupancies. During desodiation,
Na is extracted primarily from site 2, while the occupancy at site
1 remains rather constant, see the structural model in Figure S5.
During resodiation, an equilibration seems to have taken place
during the period of low crystallinity as the Na occupancies are
now quite similar. The occupancies of both sites increase
continuously, but towards the end of the discharge, the site 1
occupancy continues to increase while the site 2 occupancy
plateaus. The experiment thus shows that both cell parameters
and active ion occupancies can be extracted in operando for an
active material mass as low as 48 mg.

Conclusion

An in operando NPD cell was developed based on the
Swagelok-type design with an emphasis on ease of use and to
maximize the diffraction signal for small sample sizes. Two cell
sizes were explored and data sufficient for structural refinement
were obtained for selected Li- and a Na- model systems, for an
active material mass as low as 48 mg. Electrochemical perform-

Figure 6. Stack of neutron powder diffraction patterns (intensities in arbitrary units) collected on NaFe1/3Mn2/3O2 versus Na-metal during cell charge/discharge.
The charge/discharge curves corresponding to the diffractograms are shown in the graph to the left. The background was subtracted. Measured at D20, ILL,
λ=1.54 Å.

Figure 7. Results for the sequential Rietveld refinement on NaFM. a) Voltage
curves for the in operando experiment. b) Unit cell parameters as a function
of time. c) Unit cell volume as a function of time. d) Na-occupancies as a
function of time. Occupancies for site 1, site 2 and the summed occupancy
are shown. The occupancy could not be extracted very close to the
disappearance of the Bragg peaks, and they were thus not refined for these
diffractograms while the cell parameters were. Error bars represent
estimated standard deviations for individual refinements.
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ance close to what is achievable in standard lab cell types was
presented, which is vital for a cell of this type. The in operando
cell can be mounted in a transmission or reflection diffraction
geometry and the differences to the diffraction patterns and
the Rietveld refinements were explored. Overall, a stronger
diffraction signal is obtained in the reflection configuration for
the same measurement time, but an attenuation correction is
necessary to obtain reliable refinement parameters. For the in
operando experiments, both cell parameters and active ion
occupancies could be refined, indicating that the cell design is
suitable for structural studies on novel materials. We believe
that this work moves in operando NPD studies closer to
becoming a routine tool in battery science.
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