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We present the use of spectroscopic neutron imaging (SNI), a bridge between imaging and scattering
techniques, for analyzing battery electrolytes. The scattering information of CHnebased organic solvents
and electrolytes was mapped in a two-dimensional space through time-of-flight neutron imaging, which
exploits the wavelength-dependent properties of hydrogen atoms. The results show partial solidification
and concertation change of electrolyte as a function of temperature. Our investigation demonstrates a
novel approach to tracking real-time physical and chemical changes in H-containing compounds, by
which limitations of new electrolyte mixtures and additives can be evaluated. The sensitivity of SNI to
hydrogen in CHn functional groups extends the use of spectral methods to inspect electrolytes in Li-ion
batteries and organic solvents for relevant applications beyond electrochemical systems.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Capabilities of neutron imaging (NI) have been significantly
expanded with the advent of energy-resolved neutron imaging,
which has become an essential tool for non-destructive material
characterization [1e5], including studies of electrochemical energy
storage and conversion devices [6,7]. The particular advantage of NI
to investigate light elements of technological importance, i.e.,
hydrogen and lithium, even in operando processes has contributed
to the improvements of green mobility technologies such as fuel
cells [8,9] and lithium-ion batteries [10] (LIBs).
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Electrodes in LIBs have been extensively studied by conven-
tional (white-beam) NI [11e15], and energy-resolved NI has been
effective in determining the state-of-charge via Bragg-edge analysis
[16,17]. Physical or chemical changes in the electrolytes, on the
other hand, are typically studied using spectroscopic techniques
including Raman, nuclear magnetic resonance, and Fourier-
transform infrared spectroscopies [18e22]. However, these tech-
niques usually require specifically designed cells or involve
complicated procedures to extract the electrolytes. Therefore, it is
common to perform post-mortem mimicking operando conditions.

Neutron instrumentation development (detection systems
[3,23e26], methods [2,27,28]) narrowed the gap [29,30] between
information accessible by imaging and scattering techniques
[31e33], which lead to the design of new beamlines (e.g., ODIN, ESS
[31]) to exploit new opportunities, especially in the NI field. In this
work, we demonstrate that a study of battery electrolytes
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(particularly liquid organic solvents) has become feasible with
spectral techniques as time-of-flight (ToF) NI, and we present an
approach to extend it towards a spectroscopic method to resolve
physical and chemical changes by analyzing the H total attenuation
cross-section. We aim to develop a methodology to study hydro-
genated molecules in lithium-ion battery electrolytes ex situ and in
situ.
1.1. Theory: bridging the gap between neutron imaging and
spectroscopy

NI techniques are based on neutron interaction with matter,
which is described by the Beer-Lambert law, T ¼ e�Sd, where T is
the transmission, d is the path length, and S is the attenuation
coefficient of thematerial. While conventional NI is performedwith
a polychromatic neutron beam (no energy selection), energy-
resolved NI is performed with monochromators or the ToF
method, which requires the use of pulsed sources or chopper disks
that facilitate the spread of neutrons in time according to their
energy. The speed of neutrons is proportional to the square root of
their energy (E), whose equivalence to the wavelength (l) is given
by the de Broglie relation, l ¼ h=

ffiffiffiffiffiffiffiffiffiffiffiffi
2mnE

p
[34], where h is the Planck

constant, and mn is the neutron mass. Attenuation coefficients are
related to the number density, Ni, of nuclei in the sample and the
neutron total cross-section sT ðl). The sT ðl) is the sum of the ab-
sorption saðl), coherent scohðl), and incoherent sincðl) scattering
cross-sections, and they are energy-dependent for each atom [35],
compound [36,37], and intramolecular bonds [38].

In material science and condensed matter research, dynamic
processes are studied by inelastic neutron scattering (INS) and
quasi-elastic neutron scattering (QENS), which take advantage of
the large sincðl) contribution of 1H [39e41]. The quantity measured
in QENS experiments is the double differential scattering cross-

section (DDSCS), v2s
vUvl

0 ¼ kf
ki

�scoh
4p Scohða; bÞ þ sinc

4pSincða; bÞ
�
, where ki

is the wavenumber of the incident neutrons and kf is the wave-
number of the scattered neutrons, S is the coherent and incoherent
coefficient in the thermal scattering law [38,41,42], and a and b are
momentum and energy transfer variables, respectively [42,43]. The
scattering cross-section, ssctðl), and therefore the Ni of nuclei

(scohðlÞþ sincðl)), is calculated from the DDSCS, ssctðlÞ ¼ ∬ v2s
vUvl0

vl0v
U [42].

In protonated organic molecules, such as solvents used in Li-ion
cells, the main contribution to the signal derives from the 1H
incoherent scattering cross-section (coherent cross-section: 1.76
barns and incoherent cross-section: 80.26 barns) [43e45]. The
remaining elements, i.e., carbon and oxygen, have a negligible
incoherent scattering cross-section (0.0010 barns and 0.0008
barns, respectively), and in this study, their contributions were
corrected by subtracting the corresponding free atom scattering
cross-section (5.551 barns and 4.232 barns, respectively) [46] to
obtain just the smol

T of the molecule, i.e., smol
T ¼ AsC

T þ BsO
T þ CsH

T ,
where A, B, and C are the number of atoms in the molecule,
respectively. This process is similar to the average functional group
approximation, described by Romanelli et al. [38]. With these
considerations, a transmission image T includes the elastic and

inelastic components of the incoherent scattering process (SelincðaÞþ
Sinelinc ða;bÞ). The elastic incoherent part carries information about the
quantity and type of scattering atoms. On the other hand, the in-
elastic component provides information on the motion of these
atoms, due to molecular vibration or diffusion processes. In this
way, and by applying the Beer-Lambert law to calculate the 1H total
neutron attenuation cross-section, sH

T ðlÞ, we exploit for the first
2

time that transmission images obtained by ToF-NI provide spatially
resolved information on the chemical and physical properties of
organic materials. The fully non-invasive aspect of neutron imaging
allows investigating electrolyte degradation and/or physical
changes within real systems (i.e., while confined in metallic cas-
ings), which is crucial to understanding performance limitations in
LIBs.
2. Materials and methods

Two sets of experiments were performed at two neutron facil-
ities: a reactor neutron source (V20 ESS test-beamline at HZB in
Berlin) [32], where the physical pulses were generated with a
chopper system, and a pulsed spallation source (IMAT beamline of
ISIS RAL in the UK) [47]. The first experiment (V20) was performed
with organic solvents and electrolytes enclosed in empty coin cell
casings in a through-plane setup at a wavelength range of 1.50 Å to
9.6 Å. The total exposure time for each sample batch (two coin cells
at the same time) was fixed to 2 h with 5-min ToF imaging cycles.
The second experiment (IMAT) was conducted with two wave-
length ranges, 0.7e6.5 Å, and 3.5e9.7 Å. The total exposure time
was fixed to 3 h and 1 h, respectively, per sample batch (four cu-
vettes at the same time) with 5-min ToF imaging cycles. To probe
the transmission of organic solvents and electrolytes and to
calculate the sH

T ðlÞ, we used a stainless steel holder including 16
cuvettes of 3mm thickness to optimize the utilization of the limited
field-of-view (FoV) in the detector. A micro-channel plate (MCP)
detector [48] with a 28 � 28mm 2 FoV and 55 mm pixel size in
normal transmission geometry was used for both measurements.

During the experiment, the sample-detector distance was
8 ± 0.5 mm, i.e., total distance taking into account the sample
holder thickness. The main advantage of utilizing the pulsed beam
at IMAT beamline with an MCP detector is that, during time-of-
flight, the detector generates frames (456 frames per acquisition
in a 5 Hz pulse ranging from 0.7 to 6.5 _A) of each time-of-flight
arriving point, that is then a monochromatic beam with an
approximate Dl ¼ 0.4 _A. Therefore, no beam hardening is observed.
The images obtained with an MCP detector are not significantly
affected by background scattering (SBKG). To further improve data
accuracy, the SBKGwas computed by interplating regions among 5-
mm-thick Cd black body (BB) stripes at the bottom, top, and top
border of the FoV. The SBKG correction was applied to each frame-
wise image [49]. To account for intensity fluctuations of the beam
throughout the experiment, the area between the last set of BBs
was defined as a non-changing region (open beam within the
sample in the FoV). By comparing these regions in the reference
(empty sample holder eref-) and the hydrogenous sample (filled
sample holder eimg-), the intensity of each image was corrected.
The MCP detector performs identically for both img and ref. Thus,
we measure a relative transmission, T, with a constant wavelength
efficiency throughout the experiment.

Two sources of error are identified, systematic and statistical.
The latter takes into account the statistical variation among ac-
quisitions: the evaluation time (5 min per acquisition), the total
exposure time (36 acquisitions for a total of 3 h for wavelengths in

between 0.7 and 6.5 _A and 12 acquisitions -1 h-for 3.5e9.7 Å), and
the region of interest selected (smallest area taken for solidified
species 24 � 54 pixels z 71 mm2). The statistical variation was
calculated using a 99% confidence interval with Student's t-values
for evaluating the margin of error (tðn � 1Þ= ffiffiffi

n
p

), where n is the
number of images for a fixed exposure time. For a total of 3 h
exposure time, we estimated 0.21%, and for 1 h 0.32% of variation.
Hereby, we confirm that the most substantial deviation derives
from systematic errors, which is less than 2% as Fig. 1-inset shows.



Fig. 1. Calculated sH
T ðlÞ in organic solvents, organic binary mixtures, and electrolytes

(IMAT beamline). Cross-section dependence on the nature of the molecule to which H
is bonded. Inset: percentage deviation between calculations of sH

T ðlÞ in polyethylene in
our experiments, as reference material, compared to literature data [36,37].
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The samples consist of pure organic solvents from BASF and
Sigma Aldrich: ethylene carbonate (EC), dimethyl carbonate (DMC),
and diethyl carbonate (DEC). Organic binary mixtures: EC-DMC 1:1
w/w, EC-DEC 1:1 v/v, and EC-DEC 3:7 v/v. Electrolytes: LP30 (1 M
LiPF6 in EC-DMC 1:1 w/w), LP40 (1 M LiPF6 in EC-DEC 1:1 v/v), LP47
(1 M LiPF6 in EC-DEC 3:7 w/w). The CHn bonds included in each
organic molecule are: two CH2 bonds in EC, two CH3 bonds in DMC,
and one pair of CH2 and CH3 bonds in DEC. A comparison between
Fig. 2. Partial solidification of an organic binary mixture. (a) 1H cross-sections normalized to
pure organic solvents (EC and DMC). Region 1 < l < 3 Å (inset) shows differences among so
aggregation state of the sample and chemical structure (H fraction in CHn groups). (b) Cut o
adjustment of the contrast (right) focused on the solid deposit. Green and blue regions were
the experimental data points of the cuvette presented in (b). (d) Simulation of the solid depo
no concentration change would occur (EC-DEC 1:1 v/v). (For interpretation of the references

3

IMAT and V20 cross-section results can be found in the supple-
mentary material section (appendix-A).
3. Results and discussion

The calculation of the sH
T ðlÞ from transmission images in ToF-NI

experiments (Fig. 1) revealed variations in the 1H scattering
behavior in different compounds. A good agreement was found
between our measurements of 1H in polyethylene (PE), as reference
material, and literature data with an error below 1.5% (at the IMAT)
shown in Fig. 1 downright. The natural fluctuation of sH

T ðlÞ results
in a wavelength-dependent distinction between organic materials,
based on the atomic bonds, intermolecular interactions, and the
overall dynamic characteristics of each molecule including
diffusion.

The curves shown in Fig. 1 are a rater complex convolution of
molecular dynamic features that are not easily discerned, which is
the fundamental reason to use simulations. In our approach, we
associate simulations and measurements to identify the contribu-
tions that cause the fine variations in the curves. Therefore, to
accentuate said divergence, the sH

T ðlÞ of each sample was
normalized to that of PE reference (EXFOR) and divided by its cross-
section value at 3 Å (Fig. 2-a). At short l (< 3 Å), H cross-sections
provide information of the overall vibrational features of the
molecule. Molecules with the same vibrational modes overlap, i.e.,
CH2-rich molecules on top, molecules with a combination of CH2-
rich and CH3 molecules in the middle, pure molecules containing a
balanced combination of CH2 and CH3 at the bottom, andmolecules
containing pure CH3 diverging along the region. Thus, a separation
between CHn (especially between CH2 and CH3) functional groups
can be observed (Fig. 2-a inset). A similar analysis was performed at
PE (EXFOR) at 3 Å: Liquid binary mixtures (EC-DEC 1:1 v/v and EC-DMC 1:1 w/w) and
lvents according to their overall molecular vibration. The fine variations depend on the
ff of the cuvette neutron radiograph presenting a partial solidification at 3 Å (left) and
used in the calculation of the sH

T ðlÞ for each component. (c) Long wavelength region of
sit (EC-enriched), the liquid organic binary solvent (DEC-enriched), and the case where
to colour in this figure legend, the reader is referred to the Web version of this article.)



Fig. 3. Relationship between the sH
T ðlÞ normalized slope and (a) the measured 1H

self-diffusion coefficients of pure organic solvents, organic binary mixtures, and
electrolytes. (b) the fraction of H in CH3 bonds in each molecule. Squared markers
represent solvents whose individual molecules contain pure CH2 (EC), CH3 (DMC) or a
pure combination of CH2 and CH3 (EC-DMC) functional groups, circular markers
represent individual molecules with both CH2 and CH3 functional groups, such as DEC.
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long l (> 3 Å), where the change is even more substantial and
additional information about a concentration change of a molecule
can be obtained. In both short and long l regions, information about
the aggregation state of the sample can be found. The evidence of
this particular behavior along the spectrum originated from the
observation of a partial solidification at experiment temperature
(290 K) (Fig. 2-b) in an organic binary solvent (EC-DEC 1:1 v/v),
which is the base of the LP40 electrolyte (1M LiPF6 in EC-DEC 1:1 v/
v). The radiograph revealed a deposit at the bottom of the cuvette
with a different transmission signal than that of the top part. The
contrast variation is attributed either to the presence of solid EC or
to a solid mixture containing high EC concentration. The phase
change and the solid aggregation state of the deposit were
confirmed considering the curve has a comparable behavior as EC
(melting point 312 K) in both the vibrational and diffusion regions.

The significant difference of sH
T ðlÞ between the liquid and solid

curves in the diffusion region are due to the solidification (phase
change effect), a change of composition (mixture EC-DEC with an
EC enrichment, a concentration change effect), or both. A sH

T ðlÞ
4

simulation (appendix-B) of this solvent (dashed red curve in Fig. 2-
a), where the self-diffusion coefficient is set to zero, i.e., assuming
solidification of EC-DEC 1:1 v/v without changing concentrations,
indicates that a reduction of the slope in the diffusion region of the
material is expected. However, it is rather small compared to our
observations. From the phase diagram of the mixture EC-DEC [50],
the co-existence of a solid EC phase with an EC-depleted liquid
phase is expected at 290 K. Therefore, a simulation of this
component in the solid statewith a higher EC concentration (85:15)
was performed. The blue curve in Fig. 2-a mimics the change of
concentration and shows a better fit to the slope reduction
observed experimentally indicating both the change of concentra-
tion and the phase transition to the solid state of the sample. The
major part of the slope reduction in our measurements is caused by
the separation of an EC-enriched solid deposit, which was accu-
mulated at the bottom of the sample.

To analyze the relationship between sH
T ðlÞ at long l and the

properties of the molecule, like viscosity, the slope of the normal-
ized cross-sections in the diffusion region (l> 3 Å) was calculated.
In addition, the H self-diffusion coefficients of all samples were
measured at 290 K by NMR spectroscopy, by which the binary
diffusion coefficients of organic binary mixtures and electrolytes
were calculated. Fig. 3-a shows, as a first hypothesis, the relation-
ship between the sH

T ðlÞ slope values at long l with the diffusion
coefficients. One should expect a distinction in the slope of mole-
cules with substantially different mobility, i.e., the binary mixture
EC-DEC 3:7 and the electrolyte LP47. However, this is true only for
pure solvents (EC, DEC, and DMC). This fact suggests that the sH

T ðlÞ
slope is not that much influenced by the H self-diffusion, but rather
by the type of chemical bond, as confirmed by our simulations.
Particularly, the slope takes into account the nature and fraction of
CH2 and CH3 in each molecule, i.e., DEC contains a combination of
both CH2 and CH3 functional groups (circular markers) in contrast
to pure and combinations of pure CHn functional groups (squared
markers). A confirmation of this hypothesis is observed in Fig. 3-b,
where the molar fraction of H in CH3 bonds was calculated for each
sample. Here, a stronger correlation between the normalized sH

T ðlÞ
slope and the fraction of H in CH3 functional groups are shown.

The slope at long l due to relatively small molecules containing
only CH3 bonds, such as DMC, provide a higher value of sH

T ðlÞ than
that of larger molecules containing both CH3 and CH2 bonds, such
as DEC. Romanelli et al. [38] observed similar behavior in the same
energy range when determining sT ðlÞ of amino acids at ISIS-
VESUVIO neutron spectrometer. They explain that the higher
value of sT ðlÞ in CH3 bonds is due to low-energy excitation and de-
excitations in its vibrational density of states (VDoS), which fits
within numerical accuracy for sH

T ðlÞ in the case of CH, CH2, and CH3

molecules. The results provided by the spectroscopic neutron im-
aging (SNI) method confirm the unique characteristic of ToF-NI to
identify spectroscopic information in 2D real-time space, especially
for CHn functional groups.

The sH
T ðlÞ slope is a simple approach to investigating changes in

electrolytes. Still, examining the full spectra (Fig. 2) provides more
opportunities for identifying overall changes, e.g., while the dif-
ference of slopes at long l between DEC and EC-DEC 3:7, is
imperceptible, the information provided by the vibrational region
(low l) shows a considerable contrasting behavior, due to unique
features of each molecule.

The substantial signal change in sH
T ðlÞ due to physical changes

and intrinsic molecular dynamics perceived along the thermal-to-
cold neutron energies (0.6 Å to 9 Å) constitutes a fundamental
strength of the method in addition to its spatially resolved nature.
The results obtained in this experiment demonstrate the use of ToF-
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NI as a spectroscopic method to track phase changes and to
differentiate specific organic molecules based on the nature of their
bonds. These attributes are crucial to applications in material sci-
ence and especially in the investigation of electrolyte degradation
in LIBs, where the direct study of physico-chemical reactions
occurring inside metal casings would otherwise be impossible.
4. Conclusion

In this work, we demonstrate the use of ToF-NI to spatially
resolve physico-chemical changes and to obtain spectroscopic in-
formation in organic solvents used in LIBs in a non-invasive
manner. The images resulting from this technique contain the
necessary information to track phase and concentration changes,
and to differentiate molecules according to their chemical
structure.

The study of wavelength-dependent 1H total cross-sections
provides insights into understanding the vibration/diffusion dy-
namics of organic materials and their dependence on the aggre-
gation state (solid or liquid) and the type of CHn functional groups
(e.g., CH2, CH3, and combinations). However, based on our mea-
surements and simulations, the latter (type of CHn groups) has
shown a dominant impact compared to the aggregation state.

The wavelength-dependent 1H total cross-sections demonstrate
the unique capabilities of ToF-NI as a spatially resolved spectro-
scopic method. The use of ToF-NI can be applied to a broad range of
applications (e.g., Na-ion and Mg-ion based batteries, redox flow
batteries) to study operando electrolyte degradation, distribution of
heterogeneities, partial solidification, and issues related to mass
transport mechanisms. The utilization of this method in LIBs for in
situ tests and operando fast-charging protocols will promote the
study of performance losses since a correlation between physico-
chemical and electrochemical performance is viable.
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