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Visualizing Lithium lon Transport in Solid-State Li-S
Batteries Using ®Li Contrast Enhanced Neutron Imaging

Robert Bradbury,* Nikolay Kardjilov, Georg F. Dewald, Alessandro Tengattini,
Lukas Helfen, Wolfgang G. Zeier, and Ingo Manke*

The elucidation of lithium ion transport pathways through a solid electrolyte
separator is a vital step toward development of reliable, functional
all-solid-state batteries. Here, advantage has been taken of the significantly
higher neutron attenuation coefficient of one of the most abundant stable
isotopes of lithium, ®Li, with respect to that of naturally occurring lithium
isotope mixture, to perform neutron imaging on a purpose built all-solid-state
lithium—sulfur battery. Increasing the °Li content in the anode while using
natural lithium in the solid electrolyte separator and the cathode enhances the
contrast such that it is possible to differentiate, during the initial discharge,
between the mobile lithium ions diffusing through the cell from the anode and
those that are initially located in the solid electrolyte. The sensitivity of
neutrons to the different lithium isotopes means that operando neutron
radiography allows demonstration of the lithium ion diffusion through the cell
while in situ neutron tomography has permitted presentation, in three
dimensions, of the distribution of the trapped lithium ions inside the cell in

charged and discharged states.

1. Introduction

Lithium ion (Li-ion) batteries have become vital for a wide range
of applications, from consumer electronics and electric vehicles

to large-scale energy storage.'””l As vari-
ety and volume of usage have increased,
the need for continuous improvement in
the technologies involved has required a
deeper understanding of the limitations
and restrictions of the different types of
Li-ion batteries. However, there are still
some inherent issues with conventional Li-
ion batteries, such as the flammability of
the organic liquid electrolytes, which con-
tinue to offer developmental limitations.
Looking at promising solutions, all solid-
state batteries, with their potential for even
greater energy and power densities, offer a
safer alternative.l®1?] Within this area of re-
search, conversion-type lithium sulfur (Li-
S) cells, with a high theoretical energy den-
sity of up to 2600 W h kg=1,11314] also offer
the potential for significant advancement in
long term stability.">1¢] Sulfur has shown
great promise as a cathode active material
due to its abundance, low cost and a high
theoretical capacity of 1675 mA h g~! that is much higher than
the transition metal oxides employed as cathode materials in con-
ventional Li-ion batteries.!'”] However, it is evident that perfor-
mance requirements for solid-state Li-S batteries have not yet
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been achieved, with further improvement necessary.l'8! One im-
portant issue is the need for low impedance to the supply of ions
and electrons during the electrochemical reactions while the ac-
tive materials, elemental sulfur in the charged state and lithium
sulfide in the discharged state, are both ionically and electroni-
cally insulating.

The performance of electrochemical cells depends on the bulk
properties and microstructure of the device, both of which in
turn depend on the intrinsic properties of the constituent ma-
terials. The degradation of this performance is directly related to
changes to the microstructure in the electrolyte as well as the elec-
trode materials. Additionally, in the case of solid-state Li—S cells,
defects in the solid separator may impede the lithium ion trans-
port. Consequently, it is clear that the effect of these changes dur-
ing electrochemical cycling on Li* ion transport pathways need
to be understood.

This is especially true in solid-state batteries as the geometric
resistance to Li* ion transport alone is a significant limiting factor
in their performance development and overall utility.'>2°] With
that in mind, several techniques have been employed that probe
these structural changes in situ, including transmission electron
microscopy (TEM),[2122] X-ray diffraction (XRD),?*] nuclear mag-
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netic resonance (NMR)?*l and Raman spectroscopy.[>?°/ How-
ever, while these analytical methods offer insight into the struc-
tural changes in each component of the cell, they do not provide
any information about the mechanism or localized effects of Li*
ion transport through the porous layers of the cell.

The use of 3D imaging techniques such as focused ion
beam tomography (FIB), a destructive method, and X-ray micro-
computed tomography (uCT), a non-destructive method, to study
the microstructure of solid-state electrodes/?”-*! and solid elec-
trolyte (SE) interphases®"! is well established. While both meth-
ods, either used individually or in combination, offer flexibility
in image resolution and measurement time, neither are opti-
mized for detecting the Li* ions, though some work has been
done using time of flight secondary ion mass spectrometry in
conjunction with FIB—scanning electron microscopy for Li de-
tection and quantification.®!l Fortunately, techniques using neu-
trons have been developed that can follow the transport of Li*
ions within a cell under electrochemical operation. Neutron ra-
diography has displayed its versatility with several studies quan-
tifying lithium ion transport across cell components!*234l as
well as visualizing structural changes to the electrolyte in situ
and operando.3>-% The use of 3D tomography with neutrons
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Figure 1. a) Representation of the cell setup for neutron imaging, with cell composition displayed in the expanded regions. b) Radiography images
showing neutron attenuation for a cell where the Li-In anode is enriched with ®Li (top) and one where all Li is the naturally occurring isotopic mix
(bottom). The images are displayed within the same contrast range and show a cell in the pristine state. c) Plots displaying the cross-section of the
median neutron attenuation (Z,,,,4i.,) across the images displayed in (b).
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Table 1. Linear attenuation coefficients for elements, isotopes thereof, and
compounds relevant to this cell. All values are for cold neutrons at a wave-
length of 2.8 A which corresponds to the maximum in the spectral distri-
bution for a polychromatic neutron beam on the NeXT instrument.[41].

Material Neutron attenuation coefficient, X [cm™]
natL 5.150
bLi 78313
“Li 0.067
In 11.672
"4t | jgPSsCl 2.755
C 0.501
S 0.072
P 0.126
cl 0.004
Al 0.112

was initially restricted to static in situ measurements due to
the extended time required for collection of sufficient images
to enable reconstruction of a 3D image. Additionally, limita-
tions in image resolution restricted the dynamic changes that
could be observed. However, recent increases in available neu-
tron flux has enabled tomographies to be acquired in a much
shorter timeframe, thus widening the applicability to include cer-
tain operando measurements.**] A neutron beam transmitted
through a sample allows differentiation between elements de-
pending on their degree of interaction with the neutron. This
manifests itself in the contrast difference between those ele-
ments that are highly neutron absorbing and those that are not.
In this previous study, taking advantage of the highly neutron
absorbing nature of Li, 2D radiography, performed operando, re-
vealed a Li reaction front that progressed through the cathode as
the cell was cycled while in situ tomography, provided the 3D dis-
tribution of Li in the cathode at different charge states. In a cell
containing Li with the naturally occurring isotopic ratio it is not
possible to discern information about Li transport through the
solid electrolyte separator layer due to there being no net change
in the amount of Li in this region.

Here, we have attempted to visualize lithium ion transport
through the solid electrolyte separator of an operando cell. In or-
der to do this a lithium-thiophosphate-based solid-state Li—S bat-
tery (In/Li | Li,PS;Cl | S/C/Li;PS;Cl) has been used (Figure 1a).
For this measurement though, advantage has been taken of the
significant difference in neutron absorption between the two
main isotopes of Li, ’Li and °Li, which means that the naturally
occurring ratio of the two isotopes ("'Li), where °Li ~ 7.6% and
’Li ~ 92.4% has a notably different neutron absorption coeffi-
cient to either of the isotopes in their pure form (Table 1). As
such, anywhere that the proportion of °Li is greater than ~ 7.6%
will absorb neutrons to a greater extent than the "*Li elsewhere
in the cell.l*?) Additionally, in the anode, indium has an even
higher neutron linear attenuation coefficient than Li (Table 1).
This means the anode is entirely comprised of two highly neu-
tron absorbing elements and, indeed, can be readily discerned
in both images in Figure 1b. The lower image shows a 2D ra-
diography image for a cell where the naturally occurring isotope
mixture comprises the whole cell while the top image shows an
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equivalent image for the cell used in this measurement. The de-
gree to which the image contrast is enhanced when °Li is added to
the cell is clear, with brighter areas representing higher neutron
attenuation, or lower transmission. In the pristine states shown
in Figure 1b, the interface between the cathode and the separator
is observable but visually indistinct due to the composition differ-
ences, namely the C and S in the cathode, that have low neutron
attenuation. This results in a low image contrast between these
two regions of the cell that originates entirely from the lower pro-
portion of the Li containing solid electrolyte in the cathode com-
pared to the pure SE separator. A plot of the neutron attenuation
in cross-section across the cell axis (Figure 1c) shows this slight
difference between the separator region and cathode composite
in the initial state. Once the cell is cycled the lithium distribu-
tion changes and factors such as cell inefficiency due to trapped
Li* ions, in the form of Li,S, can be studied.®! The difference
in neutron attenuation in the separator region between the two
displayed cells, both containing the same solid electrolyte is due
to instrumental conditions. However, it is clear that this small
variation does not account for the almost 2x increase in the total
neutron attenuation, X, observed in the anode enriched with °Li.

Thus, through enrichment of the °Li content in the anode, the
neutron absorption properties of the Li* ions that will diffuse into
the SE separator under operation have been changed with respect
to the Li* ions contained in the Li,PS;Cl SE, at least during the
initial discharge. Homogenization of the Li isotopes across the
cell was expected to occur upon further cycling. The anode was
not completely replaced by °Li since the neutron absorption for
that isotope is so much higher that all detail would be obscured as
very few neutrons would be transmitted through to the detector.
One reason that this type of setup has not been investigated pre-
viously using neutrons, despite the attractiveness of the isotope
selectivity offered by lithium, has been the insufficient resolution
available from existing neutron imaging instruments. However,
with the development of a high-resolution setup that allows pixel
sizes down to 1.5 um, detail can now be resolved down to length
scales of 4 pm.[*1:42]

2. Results and Discussion

While in situ neutron tomography can facilitate 3D representa-
tion of the lithium distribution through a cell at specific states of
charge, 2D radiography, conducted operando, can visualize dy-
namic changes in lithium concentration during lithiation and
delithiation. Here, the cell was cycled in the neutron beam while
radiography was performed, recording the neutron transmission
every 6 s. Additionally, 3D tomographies were measured at se-
lected states of charge that included the fully charged and dis-
charged cell. Initial processing of the radiography data accounted
for the background subtraction, while two normalization meth-
ods were performed. The true neutron transmission was attained
by using the flat field, or empty beam, measurements while nor-
malization relative to the initial pristine state enabled the change
in the number of transmitted neutrons relative to the initial state
to be visualized. However, since these images are a 2D projec-
tion of a cylindrical cell, the path taken by the neutrons through
the sample is not constant across the image. This can be resolved
by using the Beer—Lambert law (Equation 1), where Z, is depen-
dent on both the beam transmission, defined as the ratio, I/I,,
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Figure 2. Series of radiography images of the cell showing how the neutron attenuation changes with the degree of discharge (DoD), that is, lithium
progression from anode to cathode. The images on the left are normalized to the background and represent the neutron attenuation, X, while those on
the right are normalized to the initial state and illustrate where the greatest changes in the attenuation, A%, occur.

between the transmitted beam intensity, I, and the incident beam
intensity, I, and the neutron path length through the sample, I,.

s=_tipd (1)
Lo I

After calculation of ], for each pixel individually, depending on
the normalization method, the absolute or change in attenuation
for each pixel in each image across the duration of the operando
measurement can be displayed as a 2D matrix representation of
each component of the cell, as a function of time. Since the cell
volume is essentially fixed between the two steel current collec-
tors, the change in attenuation for each cell component as a func-
tion of time could be determined.

Lithium, with the exception of the immobile In in the anode,
absorbs neutrons to a significantly greater extent than the other
elements contained in the cell. Thus, as the Li is transported
through the cell, the pattern of attenuation changes. In an all
"#Li-containing cell, where all Li is of the same isotopic mixture
and therefore has the same neutron attenuation coefficient, it
would not be possible to distinguish the Li* ions from the anode
diffusing through the electrolyte from the Li* ions that were
originally in the Li,PS;Cl separator. It would also not be possible
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to determine conclusively any information about the origin of
the Li in the Li, S formed in the cathode. However, this is not the
case for the cell featured here, as is evident in Figure 2, where
%, and the change in attenuation, (AX), are displayed at regular
intervals during the initial discharge. In the case of the absolute
neutron attenuation (left) there is an observed lightening across
the separator region corresponding to an increase in attenuation
during discharge. This is even more evident when only the
change of attenuation (right) is considered. Here, the diffusion
front through the separator region from the anode to the cathode
is clear and the progression with the degree of discharge, (DoD),
is notable. The increased attenuation in the cathode resulting
from the accumulation of lithium in the form of Li,S is also
observed. This latter behavior is also visible in a cell containing
lithium with only the naturally occurring isotope mixture since
there has been an overall change in the amount of lithium in this
region.’?] However, in this earlier cell, the separator region did
not exhibit any visible changes in the neutron images since there
was negligible net change in the amount of lithium present in
this region (see Supporting Information). These image series
clearly show the advantage of varying the isotopic mixtures of
one or more cell components. Furthermore, by considering the
cross-section of the cell and taking the median attenuation for a

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Voltage decrease of the investigated cell, displayed as a function of discharge capacity, for the initial discharge. Each highlighted data point
represents the degree of discharge, DoD, in 10% intervals. The peak at around 10 mAh cm~2 corresponds to the voltage relaxation from when an in situ
tomography was performed. b,c) Plots displaying median neutron attenuation, (Z,,.4, (b)) and change in neutron attenuation, (AX,,,.4, (c)) as a function
of d for the 10% intervals of the initial discharge highlighted in (a). The component interfaces are shown below each plot as a guide for the eye. The
vertical dashed line denotes where the additional éLi was located during cell assembly.

given position in the vertical plane of the cell (d, mm), a clearer
picture of the changes to each component of the cell can be
visualized (Figure 3). Data are shown for 10% intervals in DoD
during the initial discharge (Figure 3a). For both series, ¥ and
AZX, the separator and cathode all display distinct attenuation
changes across their depth as the cell is discharged. In the case
of the anode, the changes are subtle and only readily discernible
for the AX plots (Figure 3c). The attenuation in the main part
of the anode remains unchanged while there is a decrease on
the side nearest the current collector—anode interface. This is
accompanied by a corresponding increase on the side with the
anode—separator interface. This can be described as a shift in
°Li* ion concentration from the area adjacent to the current
collector, where the °Li was added during cell assembly, in the
direction of the Li* ion flow as the cell is discharged.

Although the °Li is much more highly neutron absorbing
than any other component, its relative amount compared to the
indium, the next most absorbing element, is small. Thus, at the
current collector—anode interface, the effect on X (Figure 3b)
is small since the absorption from the indium is unchanged
and still the dominant contribution. However, if we consider AX
(Figure 3c) then the only changes are due to lithium ion transport
and the reduction of the °Li proportion in this localized region
as the cell is discharged is observable. In the separator region
the effect is even more pronounced as what can be described
as a front of °Li enriched Li* ions proceeds through the solid
electrolyte. However, as is especially evident from Figure 3c,
this front does not appear to have fully reached the separator—
cathode composite interface until the cell has been discharged
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to a significant degree. Nevertheless, as Figure 3b shows, the
cathode displays an immediate increase in attenuation, initially
at the side of the separator—cathode interface, then spreading
deeper into the cathode, resulting from an increased lithium
presence in the form of Li,S. As can be seen in Figure 2, the
rate of diffusion of lithium through the separator is not uniform
but taking the median attenuation for a given d allows a clearer
demonstration of the front progression. This observation of Li,S
formation immediately upon the commencement of discharge,
preceding the point at which lithium ions from the anode reach
the cathode composite, demonstrates the ability of neutron radio-
graphy to initially differentiate the two sources of contrast change
present—the °Li enriched Li diffusing through the electrolyte
separator and the net increase in Li content in the cathode.
Once the front of °Li enriched lithium ions reaches the
cathode, this ability to differentiate between them is no longer
possible. Thus, 2D radiography measurements have the most
utility during the initial discharge of the cell where the capability
of neutron radiography for operando measurements provides
information on the dynamics of diffusion as a function of DoD.
The limitations from the 2D nature of neutron radiography
means that discussion of lithium progression can only be made
in terms of d. The use of 3D neutron tomography is required to
view the homo- or hetero-geneous distribution of lithium for a
given d. The nature of the technique requires measurement in
situ since it involves the acquisition of a series of images as the
cell is rotated, which can then be subsequently reconstructed
into a 3D representation of the sample. As such, a series of
tomographies were recorded for the fully charged or discharged

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) 3D tomographies for each DoD (i-v) showing the 6Li progression through the cell. Each tomography has been sectioned vertically for
clarity. The blue at the top and bottom represents the end of the steel current collectors while the deep red at the bottom of tomography (i) clearly
shows the position of the anode. The arrow shows the range of d displayed in b-d) while the color bar displays the attenuation range. b) Plot showing
how the mean neutron attenuation (Z,,,,,,) changes across the cell at various DoD over two cycles (cycle 1: (i-iii), cycle 2: (iv—v)) from 3D tomography
measurements. c) Plot showing how the solid electrolyte separator for each dataset in (b) changes with respect to the pristine state (i). d) Plot showing
how the solid electrolyte separator for each dataset in (b), ‘tomography x’, where x is from (i) to (v), changes with respect to the previous measured state,

‘tomography x-1'.

cell over two cycles, with an additional measurement for a
partially discharged cell during the initial discharge (Figure 4a).
It should be noted that the tomography data will be affected
by the beam hardening effect which disproportionately affects
highly attenuating elements such as In and °Li. Here, the effect
was observed to be severe in the anode which contains both °Li
and In but reduced elsewhere. A beam hardening correction was
considered but not applied to permit quantitative comparison of
the different tomographies since the procedure radially changes
the values of attenuation. 3D reconstructions of the tomography
(Figure 4a) demonstrate the capabilities of neutron imaging in
directly visualizing the lithium ion transport through the solid
electrolyte. The anode is shown at the bottom in red while the
blue that sandwiches the cell represents the steel current col-
lectors. The yellow/green denotes the solid electrolyte separator
and cathode composite. Changes in the solid electrolyte separa-
tor are caused by the changes to the lithium isotope ratio while
in the cathode it is primarily the increased lithium mass (as Li,S)
with an additional contribution from variation in the isotope
ratio. While the °Li progression through the solid electrolyte is
distinct in each image in Figure 4a, using these measurements
to calculate the mean attenuation as a function of d, in a similar
way to the radiography analysis in Figure 3, shows with greater
nuance the °Li progress through the solid electrolyte separator
toward the cathode. These changes can be more readily discerned
in combination with Figures 4c,d which show, respectively, the
attenuation changes relative to the pristine state tomography

Adv. Funct. Mater. 2023, 33, 2302619 2302619 (6 of 10)

(i) and those relative to the previous measured tomography,
that is, (iii) relative to (ii) etc. As expected, tomographies related
to the initial discharge of the cell, pristine, (i, black), partially
discharged, (ii, red) and fully discharged, (iii, green), show
clearly the attenuation increase across the SE separator associ-
ated with the °Li diffusion in both Figures 4b,c. However, it is
only in Figure 4d that the °Li diffusion front, exhibited here as
the greatest change in attenuation (peak maximum), becomes
discernible. In the partially discharged state, (ii-i, red), this peak
is adjacent to the anode—separator interface but has proceeded

reflective of the increasing distance from the source of °Li ions
in the anode. Returning to Figure 4b, it is notable after the first
full discharge (iii, green) that, while the isotopic ratio between
the °Li and ”Li in the Li;PS;Cl has changed in favor of increased
®Li, it has not yet reached an equilibrium point with the ratio of
the Li isotopes in the °Li enriched anode, even accounting for
the In in the anode. However, by the second cycle discharged
state (v, magenta) the noticeable plateau of attenuation across
the depth of the separator layer in Figure 4b suggests that parts
of the separator are approaching an equilibrium distribution,
though Figure 4d suggests there are still changes from (iv) to
(v) focused on the cathode side of the separator. It can also be
seen in Figure 4b that after charging (iv, blue) the attenuation is
only reduced below that of the fully discharged state (iii, green)
for d values that are in close proximity to the anode—separator
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Figure 5. a) Plot showing the mean percentage abundance of the ®Li isotope in the lithium contained within the solid electrolyte separator region. Data is
calculated using the tomographies recorded at the labeled charge state (i—v). The color scale pertains to the images shown in (b). b) 3D representations
showing the inhomogeneity of the percentage abundance of the 6Li isotope, for each of the charge states shown in (a), at regular intervals through the
solid electrolyte separator (1-7). Each row shows the full depth of the electrolyte separator at that d starting from the anode—separator interface at the
bottom of the image to the current d position at the top with the black line marking the edge of vertical/horizontal plane.

and separator—cathode interfaces. This feature is not clear
in Figure 4c since it is obscured by the large overall changes
relative to the initial state. However, it is evident in the blue
plot in Figure 4d, displaying the change when going from the
discharged state (iii) to recharged state (iv), which shows a dip
below zero near the anode—separator interface. This is followed
by a steady increase reflecting the deepening °Li penetration to
higher d observed in Figure 4b. The region around the anode -
separator interface shows the highest X, .. in the entire separa-
tor region due to the immediate proximity to the source of the
°Li enriched lithium so a reversal of the applied current will force
lithium ions from a less °Li saturated area toward the interface
thus lowering the net attenuation. A similar situation is found
at the separator—cathode interface which is responsible for an
even greater attenuation reduction, and consequent dip below
zero, between the discharged and recharged state (iv-iii, blue) in
Figure 4d since here the source of lithium ions during charging
is the cathode composite where the °Li/’Li ratio is much lower
than elsewhere in the cell at this point. In the central part of
the separator there is an overall increase in %, (Figure 4b) for
each measurement from the pristine through to the final second
discharged state. In addition to the current induced °Li transport
through the separator there is °Li diffusion even without an
applied current due to localized °Li - 7Li concentration gradients.
This explains the continued X,,,,, increase from the discharged
(green) to the recharged state (blue) in both Figure 4b (from iii
to iv) and Figure 4c (from iii—i to iv—i) despite the applied current
having been reversed during the intervening period of operando
radiography. This is most clearly observed in the centre of the
separator, away from the interfaces with the anode and cathode
with their aforementioned external influence on the Li distribu-
tion in the separator. A gradient across the SE separator in the
pristine state (i, black) can be observed in Figure 4b. This is likely
due to a combination of a rough interface between the anode and
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solid electrolyte, at low d, and localized diffusion of lithium ions
prior to measurement, now noticeable due to the lithium isotope
manipulation in the anode (observed to a lesser degree in the
separator region of the all "*Li containing cell in Figure 1c).

The discussion to this point has focused on the changes to
the neutron attenuation and the inhomogeneous nature of these
changes in the solid electrolyte separator. These effects are ob-
servable with neutron imaging due to changes in the lithium iso-
tope ratio resulting from enriching the anode with °Li and thus
modifying the naturally occurring isotope mixture. As such, we
have attempted to quantify the percentage abundance of °Li in the
solid electrolyte using the assumption that initially the Li;PS;Cl
solid electrolyte contains Li with the naturally occurring mix and
has a neutron attenuation coefficient of 2.755 cm™, calculated
for 2.8 A neutrons as described in Table 1.

Ideally, it would be possible to use the pristine tomography
data in this calculation but, as has been noted earlier, there al-
ready exists a gradient across the depth of the separator prevent-
ing use of this method. The results of this calculation are shown
in Figure 5, showing only the solid electrolyte region since there
are Li mass changes in addition to the isotope ratio variation in
the anode and cathode. A continuous view of the mean percent-
age abundance across the depth of the solid electrolyte separator
region is displayed in (a). A direct visualization of the inhomoge-
neous °Li progression through the separator, at several intervals
in d, from the anode/SE interface adjacent to image series (1) to
the SE/cathode interface adjacent to image series (7) is shown in
(b) for each tomography, (i—v). Here, the deviation from a homo-
geneous electrolyte for the pristine state (i) is clear with the °Li
already visible around the edge in image (i,1) in Figure 5b. This
does not arise from a tilt in the cell as registration of all tomogra-
phies after reconstruction accounted for this possibility.

Two main trends can be identified here that are also visible
in the mean attenuation values shown in Figure 4b. First, as
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d increases, that is, proceeding away from the °Li enriched an-
ode, the percentage abundance of °Li drops, which is consistent
across the slice area, irrespective of the charge state of the cell.
The °Li enriched anode has a °Li/’Li ratio that initially is greater
than that of the lithium contained in the solid electrolyte. As
the cell is discharged this ratio in the electrolyte changes in fa-
vor of the Li isotope ratio in the anode. When it has undergone
sufficient charge/discharge cycles, it is to be expected that the
Li isotope ratio in the separator region will be similar to that
of the anode. It will not have directly comparable attenuation
due to the presence of other elements—those with low attenu-
ation in the Li PS;Cl electrolyte and the highly attenuating in-
dium in the anode. However, the rate at which this isotopic ratio
changes will be greater at lower d due to the shorter diffusion
distance from the source of the °Li* ions in the anode, as noted
in the discussion of Figure 4d and something also observed in
the operando radiography measurements during the initial dis-
charge in Figure 3b. Therefore, there will be a negative attenua-
tion gradient, and thus °Li abundance gradient, with increasing
d, as calculated in Figure 5a and directly observed in each verti-
cal image series in Figure 5b. The images in the first column of
Figure 5b show a generally low °Li abundance (green - blue) with
a small patch of higher attenuation/°Li abundance (red) at the
edge in the first image most likely sufficient to elevate the mean
value that is observed in Figure 5a at low d. Second, as the cell
is progressively cycled the penetration of the °Li extends deeper
into the solid electrolyte. Therefore, at low d, the rate of increase
in °Li abundance decreases, as observed in the flattening of the
gradients in Figure 5a from (i) to (v). Although the °Li proportion
continues to increase, demonstrated by the increasing saturation
of high attenuation/®Li abundance values as you proceed along
each row in Figure 5b, these changes have a lesser overall effect
on the mean percentage abundance for a slice at a given d. Look-
ing at the images in more detail, it is interesting to note that at
low d the mean percentage °Li abundance is higher for the dis-
charged state in the first cycle (iii) than it is in the second cycle
(iv and v). Looking at the images in rows (1) and (2) we can see
that, while there is a high saturation of ®Li around the periphery
of the cell, the central areas display a fluctuation in the degree
of red versus orange/yellow between images in column (iii) and
those in columns (iv and v). It might be argued that a ring of high
attenuation (represented here as a high percentage abundance
of °Li) is a feature of beam hardening, a commonly experienced
issue. However, the asymmetry of the highest saturation values
around the edge of the cell that has a cylindrical geometry sug-
gest that this is a real effect and not an artefact of the neutron
imaging process. This can especially observed in column (v) but
also in the deep red areas of images in the other columns. Beam
hardening is, nevertheless, a phenomenon that needs to be con-
sidered when dealing with a highly neutron attenuating element
such as °Li. Another notable feature in Figure 5a is the decrease
in percentage abundance of °Li at position (7) for the recharged
state, (iv), below that of the discharged state, (iii). The close prox-
imity to the cathode is no doubt the cause of this decrease with
Li-ions from the cathode with a lower °Li abundance entering
the SE separator during charging. This effect is difficult to dis-
cern clearly when comparing images (iii,7) and (iv,7) in Figure 5b
though there is a general trend of yellow to green and green to
blue when switching between particular regions of images (iii,7)
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and (iv,7). This decrease in °Li abundance over much of the im-
age area is sufficient to offset the increase in °Li abundance in a
small region at the left hand edge of image (7,iv) that is also ev-
ident when comparing rows (3-7) of tomographies (iii) and (iv).
Additionally, the fully discharged cell from the second cycle (v) ap-
pears in Figure 5a to have reached a state of quasi-saturation with
the mean percentage abundance barely changing at higher d sug-
gesting a consistent distribution of °Li across the separator. This
is interesting since at high d the °Li enriched lithium ions from
the anode will have had to travel the furthest from their source
and yet it already appears that there is no longer a d dependent
gradient of their distribution. However looking at the images for
this discharged state in Figure 5b in comparison with the charged
state (columns v and iv, respectively) shows that while the distri-
bution may be consistent with d, especially for images (v,3-7) it
is not homogeneous which suggests that the second discharge
results in an increase in the °Li abundance across the depth and
breadth of the solid electrolyte separator but that the packing den-
sity in some areas of the Li;PS;Cl is more conducive to lithium
ion transport than others. The ionic conductivity dependence on
stack and fabrication pressure in sulfide based solid electrolytes
has already been observed.[**] The use of a °Li enriched anode
has permitted these preferential pathways, that are formed dur-
ing the fabrication process, to be visualized for the first time.

3. Conclusion

In the present study, we have the demonstrated the utility of the
radically different neutron absorption properties of the two pre-
dominantly occurring isotopes of lithium when used in conjunc-
tion with operando neutron radiography and in situ neutron to-
mography to visualize lithium ion transport during cycling of a
solid-state Li—S battery. By enrichment of the Li-In anode of an
all solid-state Li-S battery with highly neutron absorbing °Li we
have shown that it is possible to visualize the diffusion of lithium
ions from the anode through the solid electrolyte separator under
electrochemical operation. This is information not previously ac-
cessible when measurements were made with a similar cell that
did not vary the lithium isotopic ratio.*!

2D radiography, concentrating on the initial discharge when
attenuation changes compared to the pristine state are most clear,
demonstrated dynamically the attenuation changes across the
cell, with the caveat that changes in the anode and cathode are a
combination of changes in amount of lithium as well as lithium
isotope ratio. Normalization with the background showed how
the absolute attenuation changes across the cell while normal-
ization to the initial state elucidated where in the cell the greatest
changes occur. The latter demonstrates that in the separator re-
gion there is a consistent increase in the °Li proportion with de-
gree of discharge, most strongly in the vicinity of the anode, but
extending out further in the cell in the form of a reaction front. 3D
tomography visualized the degree of homogeneity of the lithium
percolation through the separator region highlighting the chang-
ing °Li distribution between the discharged and charged states.
This work makes an important initial step in the characteriza-
tion of lithium ion transport through solid electrolyte separators
combining neutron imaging with selective lithium isotope en-
richment. The potential is clear for future study in the dynamics
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of lithium ion transport though solid electrolytes with the aim of
identifying transport pathways an important next step.

4. Experimental Section

Materials and Cell Preparation: For this study, an all-solid-state bat-
tery, comprising a Li—In anode, LigPSsCl solid electrolyte separator and
a C/S/LigPS5Cl cathode, was selected to be the model system. A custom-
built aluminium casing was used as the cell housing (Figure 1a) due to
the low absorption of neutrons by aluminium, with the cylindrical geome-
try optimal for operando measurements. The contents of the battery were
protected from moisture and air with O-ring seals while electrical insula-
tion was attained through use of a polyimide sheath (Kapton, inner diam-
eter 4.06 mm, wall thickness 70 um, Goodfellow) between the cell stack
and the casing. Continuous contact between the components was main-
tained through use of two stainless steel stamps that doubled as current
collectors. All cell components were dried prior to assembly for 24 h at
60 ° C under dynamic vacuum (< 1 mbar). These were tightened with a
torque of 4 Nm, corresponding to approximately 60 MPa of internal pres-
sure. A 200 um thick cathode, delivering an areal capacity of almost 12
mAh cm~2 and a 560 pm thick solid electrolyte layer were used to opti-
mize visualization of changes to the cell under operation. A total of 13
mg of the solid electrolyte, LigPSsCl and 5 mg of the composite cathode
were used in the preparation. During this process all materials were han-
dled under an argon atmosphere (p(O,)/p < 1ppm, p(H,0)/p <5 ppm).
The solid electrolyte LigPS5Cl was synthesized via a solid-state reaction.
Lithium sulfide (Li,S, Sigma-Aldrich, 99.98 %), phosphorus pentasulfide
(P,Ss, Sigma-Aldrich, 99%) and anhydrous lithium chloride (LiCl, Alfa Ae-
sar, 99%) were mixed in a stoichiometric ratio and ground for 15 min in
an agate mortar. The resulting powder was manually pelletized and sealed
into evacuated, carbon-coated quartz ampoules that had been pre-heated
to 1073 K to remove residual moisture. These samples were subsequently
annealed at 823 K for 7 days (ramp 100 K h~). After grinding the pellets,
phase purity was checked via X-ray diffraction (XRD) using a PANalyti-
cal Empyrean powder diffractometer with Bragg—Brentano 6-0 geometry
and a Cu Ka X-ray source. Conductivity measurements were performed
on isostatically pressed 10 mm diameter pellets containing approximately
200 mg of electrolyte. For contact, ion blocking gold electrodes were de-
posited via thermal evaporation on both sides. Conductivities were calcu-
lated based on the geometric dimensions of the sample. The conductivity
of LigPS;Cl was determined to be 1.8 mS cm~'. The C/S/LigPS;Cl mix-
ture was prepared with a 1:2:3 weight ratio via ball milling. Carbon black
ECP600JD (LION) was used as a conductive additive. In the case of the an-
ode, a 200um thick indium foil (4 mm diameter, ChemPur 99.999%) and
a 120 um thick lithium foil (diameter 2 mm, Sigma—Aldrich 99.9%) were
pressed onto the separator. The lithium in the foil was comprised of the
naturally occurring ratio of the 6Li and Li isotopes. In addition, 0.2 mg of
pure bLi (Sigma-Aldrich 96%) was added to the anode to enrich the ®Li
content before the current collector was attached. Characterization of the
cell composition, using a number of techniques including electrochemical
impedance spectroscopy (EIS), X-ray photoelectron spectroscopy (XPS)
and scanning electron microscopy (SEM), was done prior to the neutron
imaging measurements.[134445]

Neutron Imaging: Neutron imaging has been used here to visualize
changes to the spatial distribution of the lithium throughout the cell upon
cycling through quantification of the changing neutron attenuation along
the cell axis. The enrichment of the 8Li content in the anode in the pristine
state, in contrast to the naturally occurring mixture of ’Li and °Li else-
where in the cell, only serves to enhance these changes to the Li distri-
bution in the separator and cathode regions under operation, while not
changing the cell chemistry. The data presented here were measured us-
ing the NeXT (Neutron and X-ray Tomography) instrument at the Institut
Laue—Langevin (ILL), Grenoble, France. It is capable of recording both 2D
radiography images as well as 3D tomographies, where a series of angular
projections are recorded and subsequently combined to create a 3D rep-
resentation of the cell. Here, radiography measurements were performed
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operando while the cell was being cycled and at predetermined poten-
tials the cycling was paused while an in situ tomography was recorded.
Each measurement used white beam neutrons with wavelengths between
2 and 6 A, with a maximum intensity at around 2.8 A. The sample posi-
tion was located 10 m from a 3 cm pinhole for an L/D = 333. The cell
was attached to a height-adjustable rotation stage to permit 360° tomo-
graphies to be recorded. Images were recorded using a Hamamatsu ORCA
4V2 sCMOS camera in combination with a 20 um thick aluminium coated
Gadox (Gd,0,S) scintillator. The attached camera lens had a focal length
of 50 mm (Canon), which, in conjunction with infinity corrected optics!“°!
employing an objective lens that had a focal length of 55 mm (Heliflex),
yielded an adjusted pixel size of 14.2 um, after 2 x 2 binning, and a field of
view of 14.54 mm x 14.54 mm. During the tomography measurements, the
sample was rotated through 360° while 1216 projections were taken. The
camera continuously recorded images throughout the experiment, each
with an exposure time of 2 s and with three frames medianised per pro-
jection. Additionally, dark field measurements were made, with the beam
off, in conjunction with a series of flat field, empty beam, measurements.

The tomography data were reconstructed using the Octopus
softwarel*’] a dedicated tomography image reconstruction program
while visualization in 3D of the reconstructed tomographies was done
using the Volume Graphics software.[*8] All radiography data were
reconstructed using the Image] image processing program.[*°

The linear neutron attenuation coefficients for the various elements
that comprised the cell, along with aluminium that formed the casing, are
shown in Table 1. The values were calculated using the NIST Activation
and Scattering Calculatorl*® for neutrons at a wavelength of 2.8 A, which
corresponds to the maximum in the spectral distribution for a polychro-
matic neutron beam on the NeXT instrument.[4]

Cell Cycling Behavior: ~ Galvanostatic cycling was performed using a Bi-
ologic potentiostat (BCS-815) between 0.5 and 2.5 V vs. In/InLi (which
corresponds to 1.12 V and 3.12 V vs. Li*/Li) with a current density of 2.21
mA cm~2 and a discharge rate of 0.1 C. The measured cell showed an
open circuit potential of 2.58 V vs. Li* /Li which was consistent with previ-
ous results.l"8] The cycling performance of the cell is displayed in Figure 3a
which highlights the initial discharge and the DoD utilized in the radiog-
raphy analysis while the full two-cycle electrochemistry profile is shown in
the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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