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Abstract

Synchrotron X-ray diffraction computed tomography (XRD-CT) was employed to study a
commercial 18650 cylindrical LiNiogC0o0.15Alo502 (NCA) battery under operating conditions and
during seven cycles. Multiple chemical heterogeneities related to the lithium distribution were
observed in both the cathode and the anode from the analysis of the spatially-resolved diffraction
signals. It is shown that during the battery charging, the anode exhibits different degrees of activity
regarding the lithiation process. Explicitly, the following three regions were identified:
uniform/homogenous lithiation, delayed lithiation and inactive-to-lithiation regions. The inactive-
to-lithiation anode region was a result of the specific cell geometry (i.e. due to lack of cathode
tape opposite these anode areas) and throughout the cycling experiments remained present in
the form of LiCso-30+. The delayed lithiation region was seen to have a direct impact on the
properties of NCA in its close proximity during the battery discharging, preventing its full lithiation.
Further to this, the aluminum tab negatively affected the NCA in direct contact with it, leading to
different lattice parameter a and c evolution compared to the rest of the cathode.

Introduction

To meet the continuous increase in global energy demand while imposing restrictions on
greenhouse gas levels typically generated by fossil fuels, requires alternative energy storage
technologies. It has been realised that Li-ion batteries (LiBs) have the potential to bridge this gap
and reach energy sustainability. LiBs are considered the most promising power source for the
next generation of electric vehicles (EVs) and the advancements achieved over the past decade
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in LiB technology, in terms of both battery materials chemistry and system
management/engineering, have resulted in more affordable EV batteries with increased mileage
per charge ¢ The energy density of EV batteries is primarily governed by the capacity of the
cathode material; currently the cathode used in commercial batteries is based on layered LIMO»-
type materials (where M = Co, Ni, Mn and Al) with theoretical capacities in the order of 200 - 250
mAh-g. Growing ethical concerns related to the conditions at Co mining facilities coupled with
its limited availability have led to the development of layered cathode materials with significantly
reduced amount of Co; Ni-rich cathode materials containing 80 % of nickel, LiNiosC00.15Al0.0502
(NCA) and LiNiogC00.1Mno.102 (NMC811) have been recently successfully commercialised as
cathode materials for the EV batteries. The substitution of toxic and expensive Co with Ni however
comes at a price; Ni rich layered materials have reduced stability and exhibit a decrease in
capacity over prolonged cycling, especially when operating at high temperatures and voltages
(i.e. above ~ 4.2 V). Various mechanisms have been identified as responsible for the degradation
in these materials, including both reactions and phase transformations occurring at the surface
and within the bulk, leading to dissolution and cracking of active materials and formation of phases
that suppress the Li movement within the electrode 'L,

There is a wealth of knowledge related to degradation at the device level, which is most commonly
characterised through cycling stability, but the phenomena that can contribute to capacity fade
and/or cell failure are difficult to decouple experimentally due to their often multi-length scale
nature (i.e. scale and resolution are almost always linked). For instance, cylindrical cells are
known to exhibit heterogeneities in temperature and state of charge which can have a negative
impact on the overall cell performance over prolonged periods of cycling 216, In addition, the
manufacturing process of the various cell components can significantly affect the state of the
active materials '/, introducing defects (e.g. particle cracking during calendering and active
material layer delamination) responsible for reduced electrochemical capacity 8°, Obtaining a
chemical insight from within a real working device is therefore essential to achieve a thorough
understanding of the evolving chemistry and possible aging mechanisms. Typically, battery
materials are extracted from the device(s) and characterised by ex situ spectroscopy, scattering
and microscopy-based techniques; the results are then compared against the initial state of active
materials and subsequently the changes observed in the electrochemical performance data
collected during the device operation (i.e. differential voltage analysis or electrochemical
impedance measurements) are correlated to changes in the battery materials 2°'22, Large cells
can be also studied in a non-destructive manner using high energy X-rays and neutrons;
techniques based on scattering and absorption have been proven to provide invaluable insight
into the evolving solid-state chemistry and morphological/structural changes of cycled batteries
(both in situ and ex situ) 233, More specifically, combining imaging/tomography with X-ray
diffraction/scattering signal (e.g. X-ray diffraction computed tomography aka. XRD-CT) or neutron
scattering (i.e. direct neutron imaging) allows for capturing the various chemical heterogeneities
present across the battery cell which can be directly related to current heterogeneities 344, The
order of magnitude higher spatial resolution achieved with XRD-CT images when compared to
neutron diffraction imaging (e.g. 0.02 x 0.02 x 0.003 mm vs 2 x 2 x 20 mm respectively 384041)
enables the visualisation of gradients in the distribution of lithiated graphite phases within one
electrode as a function of cycling rate 4.
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In this work, we present results from an operando X-ray diffraction computed tomography (XRD-
CT) experiment with a commercial 18650 NCA battery. Diffraction point measurements were
collected during early cycling stages to investigate the evolving solid-state chemistry within the
battery cell. In addition, multiple XRD-CT datasets were acquired at different potentials while
charging the cell in order to visualise the state-of-charge heterogeneities. These are observed
through the distribution of lithiated graphitic phases as well as the average lattice parameters of
cathode layered oxide. Data analysis was performed with a deep learning approach using the
state-of-the-art Parameter Quantification Network (PQ-Net) which allowed us to extract
crystallographic information, from both point measurements and XRD-CT data, orders of
magnitude faster compared to conventional approaches (ca. 3 min vs 10 hr for analysis of one
XRD-CT dataset with the PQ-Net and conventional full profile analysis using the Rietveld method
with the TOPAS software respectively) “°.

Results and discussion

The contrast in XRD-CT images arises from differences in the signal acquired from X-rays
scattered by long-range ordered components present in the sample. This allows the identification
of crystalline and semicrystalline components and visualisation of their distributions in the
reconstructed cross sections. Figure 1 presents the distribution of all identified components in the
cross-section taken at the middle of the cell commercial cylindrical 18650 battery cell charged to
4.2 V (see Methods section for details regarding the cycling protocol); the cell consisted of a
stainless steel casing (Fe), a centre pin, a semicrystalline separator, an anode tab, an anode Cu
current collector, graphite, four partially lithiated graphite phases LixC, a cathode Al current
collector and an NCA phase (LixNio.s1C00.11Al0.0802). Unless stated otherwise, the XRD-CT maps
presented in this work correspond to the scale factor maps obtained from the analysis of the local
diffraction patterns using the PQ-Net neural network.
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Centre Pin Separator Anode Tab

Figure 1. Spatial distribution of all components identified in the charged NCA battery cell. First row presents
the main cell components (Fe casing, centre pin, polymer separator, anode tab), the second row presents
anode phases (LixC phases) and the anode current collector (Cu) and the third row presents cathode phase
and the cathode current collector (Al).

The anode was found to be composed of four different crystalline phases: LiCs, LiC12, LiC30 and
LiCso0+ with the major phase, LiC12, uniformly distributed in the anode and LiCs present primarily at
the electrode surface (Figure 2). LiCso, LiC30+ and graphite were co-located in the regions adjacent
to the Al tab current collector (Figure 2), which is in agreement with our previous observations
regarding the effect of battery cell components on chemical heterogeneities (i.e. regions of the Al
current collector, steel casing and polymer separator in the core of the jelly roll) %2. It is important
to note that the identification of the various partially lithiated graphite phases was only possible
through the analysis of spatially-resolved diffraction patterns; as we later show these signals
would be difficult to identify when performing single point measurements. Regarding the LixC
phases, their structure is well known and described in previous studies 274346 apart from the low-
lithiated graphite phase, referred in this study as LiCso+ With its principal reflection present at d-
spacing ¢of oad . ¢ 0! (rdothdr st&des this is also referred as Li1xCss 47). More
information regarding this phase can be found in the Supporting Information (Table S1-S2).
Regarding the composition of the centre pin and anode tab, diffraction patterns showed that both
phases can be described as cubic with lattice parameters of 3.594 A and 3.529 A respectively
(Table S1-S2); it is indicated that the anode tab consists of the metallic alloy Nio.g2Cuo.02 While the
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center pin is most likely based on a Fe metallic alloy. These materials are known to be used in
the manufacturing of cylindrical Li-ion batteries “8,
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Figure 2. Virtually unrolled (through cartesian to polar coordinates transformation) battery electrode
charged to 4.2 V showing the distribution of various cell components. Panel a: red line - LiCg, green line -
Cu current collector, blue line - LiCi2, panel b: region of interest from panel a marked in box, panel c: red

line - LiCso0-30+, green line - Al current collector, blue line - NCA, gold line - LiC12, panel d: region of interest
from panel ¢ marked in box.

X-ray diffraction point measurements performed during the first two full cycles were used to follow
the evolution of crystalline lithiated graphite phases (Figure 3). It is important to note that for the
point measurements analysis, only four phases were used to describe the anode composition:
graphite, LiCso, LiC12 and LiCs as the complexity of the model with additional LiCso+ and LiCss (i.€.
six phase model) led to unstable results. This is a common problem due to insufficient angular
(2theta) resolution as well as multiple peak overlap in the region where the highest reflections of
graphite and the various lithiated graphite phases are present %47, The lattice parameters of the
four phases were refined to fit the experimental data and the regions covered by these phases (in
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Q space) can be found in the Supporting Information (Table S3). However, as shown in Figure 1,
the presence of the various LixC phases can be resolved with the XRD-CT images.

In the fully discharged state (i.e. the as-received cell was first discharged to 2.65 V), the anode
consisted mainly of the graphite phase. After applying a current (3.5 A corresponding to 1C),
leading to a subsequent increase in voltage, the quantity of graphite rapidly decreased resulting
in the formation of the lithiated graphite phase LiCaz.30+ With its highest quantity at ~ 3.7 V.
Following this, the LiCazo.30+- gradually decreased to ~ 25 wt. % while the LiC1, gradually increased
to ~ 55 wt. %. After reaching 4 V the quantity of LiCe started to increase and reached 20 wt. % at
4.2 V. At 4.2 V the applied current was removed and the cell was allowed to relax for a time period
of 10 min. An XRD-CT dataset was then collected and afterwards the cell was discharged to 2.65
V with 1 C rate (applying -3.5 A current). During the relaxation time and the XRD-CT scan
(relaxation periods are not included in Figure 3), the solid-state chemistry was slowly and
gradually changing, resulting in a decrease of the LiCg phase (from 20 wt. % to ~ 10 wt. %) and
an increase of the LiCy2 phase (from 55 wt. % to 70 wt. %) (i.e. during the relaxation the lithium is
re-equilibrating between the partially reduced phases). During the discharge, the quantity of LiC1»
gradually decreased and completely disappeared at ~ 3V. Simultaneously, the LiCso30+ phase
increased to 50 wt. % ~ 3.1 V and then decreased again to ~ 20 wt. % for the discharged cell.
The graphite reappeared in the anode ~ 3.2 V and reached 80 wt. % for the discharged cell. The
major difference between charge and discharge is based on the lithiation mechanism; the charge
can be described as a continuous phase evolution in the range between graphite and LiCi»
whereas the discharge occurs via a simultaneous growth of two phases Licso-30+ and graphite with
the latter one appearing below 3.3 V. The second cycle showed similar solid-state evolution
regarding the amount of phases and the voltages at which the various phases appeared or
disappeared; the main difference between the cycles was related to the graphite and LiCso-30+
weight fraction during cell charging. At the beginning of the second cycle, the cell did not recover
100 wt. % of the graphite phase and instead contained ~ 80 wt. % of graphite and ~ 20 wt. % of
LiCso0-30+. The second charging resulted in faster disappearance of the graphite which resulted in
ca. 100 wt. % of LiCso.30+ at ~ 3.7 V (in the first cycle this quantity was ~ 90 wt. %). This behavior
can be explained by the difference in the electrochemical protocol; the cell as received, before
the in situ measurements, was discharged to 2.65 V with the potential held until the minimum
current was reached. During the first cycle, the cell was discharged to 2.65 V (without keeping
the voltage constant) and the relaxation period under open circuit voltage was applied before and
during the acquisition of each XRD-CT dataset.
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Figure 3. Solid-state chemistry evolution in the anode during the first two full cycles (charging-discharging
performed with 1C rate). Panel a: XRD point measurements as a function of time and the corresponding
voltage plot, Panel b: Weight percent evolution of lithiated graphite phases in the anode and the
corresponding voltage plot (blue line). XRD point measurements were performed in the middle of the cell.
For the evolution of scale factors (i.e. diffraction intensity) please see Figure S1 in the Supporting
Information. Note: the dashed line marks the time where the XRD-CT data were collected.

Figure 4 presents the distribution of the crystalline phases identified in the anode for the charged
cell to 4.2 V and for the discharged cell to 2.65 V for two full cycles (more information regarding
the phase identification can be found in the Supporting Information Figure S2-S5, Table S4). At
the charged state, the anode is composed primarily of LiC12, uniformly distributed in the electrode,
as well as LiCs and LiCzo-30+ phases. The LiCs was formed mainly at the anode surface (Figure 2)
while LiCso-30+ Was found to be present in specific regions that can be identified as close to the Al
tab and in the middle of the cell (Figure 2). For the discharged state, the anode consisted of
graphite, uniformly distributed in the cell, as well as the LiCso.30+ phases which appeared also in
additional regions. These are present in the radial range between the Al tab and the steel casing;
this HAmigddlned i s indicated by the arrows in
LiCso0-30+ between the charged and discharged state, it can be seen that there are certain regions
where the lithiation and delithiation of the anode is suppressed; these regions are in close
proximity to the Al tab current collector and in the middle of the cell. The Al tab current collector
and separator in the middle of the cell, where the cathode tape is removed, were previously shown
to influence the lithium distribution in both the anode and cathode of AAA Li-ion commercial
batteries “5. Our results indicate that a similar phenomenon can be observed in a cell of different
size and battery cathode chemistry. It should be pointed out that no LiC1s was observed to form
at the charged or discharged state.
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Figure 4. Distribution of anode phases identified in the charged to 4.2 V and discharged to 2.65 V battery
cell during the first two cycles. Panel a: Spatial distribution obtained from the analysis of the XRD-CT data.
Panel b: virtually unrolled battery electrode charged to 4.2 V showing the distribution of Al, LiC3.30+ and
separator.

Figure 5 presents the distribution of lattice parameters a and ¢ of the NCA phase in the cell
charged to 4.2 V and discharged to 2.65 V. Despite the NCA phase being uniformly distributed in
the cathode (Figure 1), differences in the distribution of lattice parameters could be identified in
both the charged and discharged state. More precisely, in the region of the cathode which is
directly connected to the Al tab (NCA ROI3 in Figure 5b), variations in the lattice parameters could
be observed (Figure S6-S9, Table S5); for the charged state the lattice parameter a was observed
to be higher than the average lattice parameter a for the rest of the cathode and inversely for the
lattice parameter c (i.e. lattice parameters c lower than the average lattice parameter c). The
difference between the values of lattice parameters c (and a) can be used as an indication of the
lithium distribution in the cathode; higher lattice parameter ¢ suggests that the cathode phase



contains less lithium in its structure 24484, This comparison can be made by assuming that both
materials belong to the same hexagonal cell and have the same chemical composition. Regarding
the discharged state, heterogeneities in lattice parameters can be observed again for the cathode
materials connected to the Al tab (NCA ROI3 in Figure 5b), but additionally in other areas (NCA
ROI2 in Figure 5b). Interestingly, the regions shown by ROI2 in Figure 5b are in close proximity
to anode regions where the Lis.30+ phases were also observed for the discharged state. These
observations suggest that for the discharge state, the cathode lithiation did not occur uniformly.
The NCA ROI2 region contains the NCA structure with lower lattice parameter a and higher lattice
parameter c, which suggests lower amounts of lithium in the cathode material. This is in
agreement with the distribution of lithium in the anode, as these regions were seen to contain the
LiCso0-30+ phase instead of the fully de-lithiated graphite phase. In addition, the lattice parameters,
and hence the amount of lithium, in the cathode material directly connected to the Al tab slightly
changes between charged and discharged state. It should be noted that all the changes in the
NCA lattice parameters (i.e. expansion vs contraction) are reversible and no difference between
the various cycles were observed.
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Figure 5. Distribution of lattice parameters a and c in the NCA phase for the battery cell charged to 4.2 V
and discharged to 2.65 V during the first two cycles. Panel a: Spatial distribution obtained from the analysis
of the XRD-CT data, Panel b: virtually unrolled battery electrode discharged to 2.65V and presenting three
regions in the NCA cathode material of different lattice parameters as well as the distribution of LiCsp-30+ in
the anode.

After the initial two cycles, four additional cycles were performed following the same experimental
protocol (Figure S10). As expected, point XRD measurements and XRD line scans (Figure S11-



S13) acquired during these four cycles did not indicate any deviations from the evolving solid-
state chemistry reported above. In order to follow in situ the evolution of the LixC crystalline phases
and changes in NCA lattice parameters in the battery cross section, six XRD-CT datasets were
collected while charging the battery (the 7th cycle) to various potentials (3.7 V, 3.79 V, 3.85 V,
3.95 V and 4.2 V), allowing for 10 minutes of cell relaxation under OCV after reaching the set
potential. The evolution of the crystalline phases present in the anode is shown in Figure 6 (more
information can be found in the Supporting Information Figure S15-S17). The spatial distribution
of graphite and the two lithiated phases LiCso and LiCso+ at the discharged cell (2.65 V) is in
agreement with the previously reported results for the initial two cycles (Figure 3). After charging
the cell to 3.7 V, the graphite was seen to almost completely disappear while the amount of LiCso-+
phase increased significantly, becoming uniformly distributed in the battery cross section. At 3.79
V, LiCso became the predominant phase while LiCzo+ decreased significantly but remained in the
anode in the regions previously identified to exhibit heterogeneities in lithium concentration (Al
tab - separator in the middle of the cell). The formation of LiC;gin the anode was observed at 3.85
V (from XRD point measurements it was not possible to differentiate between LiCis and LiCi2)
and it was uniformly distributed in the anode electrode. In addition, a small amount of LiC. started
to form at the electrode surface, following the same behaviour seen for the LiCe (Figure 4). At
3.95V, four different LixC phases were observed: LiCso+, LICs0, LiCigand LiCi2; from 3.95 V t0 4.2
V the distribution of LiCso+ and LiC3 remained unchanged in the Al tab - separator region, while
the LiCis disappeared completely. At 3.95V, LiC12 became the predominant phase while a small
amount of LiCs formed at higher potentials above 3.95 V and primarily at the electrode surface.
When comparing the distribution of the various LixC phases during the in situ charging, three
regions can be clearly distinguished in the anode exhibiting distinct properties: (1)
uniform/homogenous lithiation (HL), (2) delayed lithiation (DL) and (3) inactive-to-lithiation (IN)
(Figure S18). The region of uniform lithiation can be observed by the uniform distribution of LixC
phases progressing in the #§.oY |l nlgeYCo Lt 4 ferrthe
successive potentials during the in situ measurement. The region of delayed lithiation (DL) can
be |l ocated in the nddlewré @iulmweyer idis notopresest atd.2 Y. The
inactive region (IN) can be observed for the entire potential range (from 2.65 V to 4.2 V) and can
be identified from the distribution of LiCs0.30+ in the charged state at 3.95 V and above.
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Figure 6. Spatial distribution of the anode LixC phases (LiCs, LiC12, LiCis, LiC30, LiC30+ and graphite) based
on scale factors, as the cell is charged to various potentials, starting from 2.65 V and ending to 4.2 V. The
corresponding weight fraction maps of the LixC phases can be found in the Supporting Information (Figure
S19).

The spatial distribution of lattice parameters a and c of the NCA phase during charging to 4.2 V
is presented in Figure 7. As previously reported for the discharged cell (Figure 5), three regions
could be observed exhibiting different lattice parameters: (1) cathode directly connected to the Al
tab (ROI3), (2) few layers in the cell (ROI2) and (3) the rest of the electrode layers (ROI1), the
last one exhibiting higher lattice parameter a and lower lattice parameter ¢ suggesting more
lithium in its structure (diffraction patterns from these regions can be found in the Supporting
Information Figure S20-S23). From 2.65 V to 3.7 V no significant changes in the lattice parameters
a and c were observed. At 3.79 V and 3.85 V, the crystallographic properties of the NCA material
from both the ROI1 and ROI2 regions started to change and consequently a decrease in lattice
parameter a and increase in lattice parameter ¢ was observed, which is typical for the layered



materials during charging (i.e. while lithium is being removed from their structure). The values
obtained for lattice parameters a and ¢ became identical at 3.95 V for these two regions. This
change is coincidental with the disappearance of the DL region from the anode, as discussed in
the previous section, which is in close proximity to the ROI2 region. From 3.95 V, in the both
ROI1 and ROI2 regions, the lattice parameter a continued to decrease (with a corresponding
increase in lattice parameter c) while in the ROI3 region an increase in lattice parameter a and a
decrease in lattice parameter ¢ was observed.
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Figure 7. Evolution of lattice parameters a and c of the NCA phase for the battery cell charged to various
potentials from 2.65 V to 4.2 V. Panel a: Spatial distribution of NCA lattice parameters and Panel b: Mean
lattice parameter values from two distinct NCA regions: in close proximity to the Al tab and the rest of the
electrode.

The in situ XRD-CT measurements performed while charging the battery to 4.2 V revealed
heterogeneities in lithium distribution in both the cathode and the anode. As discussed in the
previous section, there are three distinct regions in the cathode exhibiting different behaviour
during de-lithiation. The ROI3 region is related to cathode material directly connected to the Al
tab. In this region, the lattice parameters are experiencing only a minor change during the
charging protocol. However it should be noted that the cathode material in this region is exhibiting
the opposite behaviour to what is expected during charging of NCA. Specifically, an increase in
lattice parameter a and decrease in lattice parameter c is observed as opposed to the typical



behaviour which is decrease in lattice parameter a and increase in lattice parameter c.
Heterogeneities related to the thickness of the cathode coating near the Al current collector have
been previously suggested to lead to local variations in charge- and discharge current densities
which can be associated with battery degradation 5°'%4, The rest of the cathode material (ROI1
and ROI2) exhibits typical changes in the lattice parameters of hexagonal structure suggesting
that the close proximity of the aluminum tab directly affects the lithium distribution in the cathode
material. It is important to note that no other phases (hexagonal or monoclinic) were observed
during the experiment.

Regarding the lithium distribution in the anode, this can be directly visualised through the evolution
(formation, growth and disappearance) of the various LixC phases; three regions exhibiting
different properties were identified and defined previously as HL, DL and IN respectively. It is
expected that both the DL region and the IN region will have a negative impact on the cell
performance. The DL region is present primarily at voltages in the range between 2.65 V and 3.95
V (no presence of this region was observed at 4.2 V) and its presence was seen to affect the
distribution of lithium in the closely located cathode material; at the discharge state it was shown
that lithium stays in this region in the form of LiCso.30+, preventing the complete lithiation of cathode
material. However, at higher voltages (above 3.95 V) this region does not seem to contribute to
the formation of lithium heterogeneities. Regarding the IN region, it was found to be present from
the beginning of the cell operation and was located in proximity to the Al tab - separator in the
middle of the cell region. Throughout the seven cycles performed in this work, no changes were
observed related to the distribution of this region. The lithium incorporated in the anode as a LiCso.
30+ phase was most likely formed during the initial cycle performed by the manufacturer and is a
result of the cell design; the influence of the Al current collector (i.e. lack of cathode tape),
stainless steel casing and separator at the core of the jelly roll (Fe-Al-Sep) region was shown
previously to affect the lithium distribution in a commercial AAA Li-ion battery #°. Our investigation
shows that significant heterogeneities in the lithium distribution can be expected to form primarily
in the anode during charging and discharging. These heterogeneities can contribute both to the
capacity loss at the anode side as well as affect the distribution of lithium in the cathode.

Conclusions

We employed the XRD-CT technique to study, for the first time, the evolving solid-state chemistry
of a commercial cylindrical 18650 Li-ion battery under operating conditions. More specifically, we
applied this high resolution diffraction imaging technique to investigate both the cathode and
anode as well as the multiple heterogeneities in the lithium distribution within each electrode and
in the cell cross section. The very large (ca. 4,000,000) and rich diffraction (13 phases identified)
data obtained through diffraction imaging were analysed with the state-of-the-art Parameter
Quantification neural network (PQ-Net) which allowed for semi-automated and ultra-fast data
analysis resolving the evolution of the complex chemistry of this multi-component system. The
lithium distribution at the anode side was observed indirectly through the distribution of various
crystalline LixC phases while the lithium distribution at the cathode side was observed from the
distribution of the lattice parameters of the hexagonal LiNipsCo00.15Alos02 (NCA) phase. Our
investigation revealed the presence of three different regions in the anode affecting its ability to
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interact with lithium. The inactive-to-lithiation region is primarily a result of the cell geometry, as
the aluminum tab and separator were identified in its close proximity; in both cases there is a lack
of cathode material (i.e. cathode tape) opposite the respective anode. While the presence of a
delayed-lithiation region at lower voltages (< 4.0 V) cannot be explained by the cell geometry, its
occurrence was seen to negatively affect the distribution of lithium at the cathode side in the layers
adjacent to it at discharged states. Importantly, although the battery was not investigated in situ
during discharge (de-lithation), the ex situ XRD-CT measurements of the discharged cell indicated
that the three regions (i.e. uniform/homogenous lithiation, delayed lithiation and inactive-to-
lithiation regions) behave in a similar manner during cell discharging (de-lithiation). It should be
emphasized that it was the combination of in situ measurements and XRD-CT that allowed us to
identify this key finding; it is possible that the battery degradation (capacity fade and/or cell failure)
will initialise in this region. This could allow for early-on identification of potential regions where
cell degradation will develop before there is an indication through measurements of macroscopic
properties (e.g. capacity fade from cycling stability measurements). Further to this, the presence
of the Al tab affected the distribution of lithium in the cathode material being in direct contact with
it, preventing lithium insertion during discharging and trapping the lithium during charging. This
research highlights the impact of cell geometry on the initial capacity loss which is indicated to be
primarily driven by the heterogeneities at the anode side. Finally, it should be noted that XRD-CT
has the potential to be applied for a wide variety of different experiments related to battery
degradation mechanisms, such as in situ/ operando abusing testing to capture internal
temperature gradients through the crystallographic behaviour of the anode/cathode as well as ex
situ measurements to investigate active layer delamination and local corrosion of spent samples.

Methods & Materials

XRD-CT measurements

XRD-CT measurements were performed at beamline 1D3
0.130509 A) monochromatic X-r ay beam focused to have a spot si ze
x Vertical). 2D powder diffraction patterns were

photon counting area detector. The battery was mounted onto a goniometer which was placed on
a rotation stage (Figure S24) itself mounted on top of a translation stage. The sample-to-detector
distance was approximately 1 m. The XRD-CT scans were measured by performing a series of
zigzag line scans using the interlaced approach . An exposure time of 10 ms and an angular
range of 0-180° with 400 projections in total were used for each XRD-CT dataset. Four interlaced
XRD-CT subsets were collected, each with 100 projections covering an angular range of 0-180°
using the same angular step size and a different starting angle. The fast axis was the translation
axis (fly scanning) and slow axis was the rotation axis. For each interlaced zigzag XRD-CT scan
a translation step size of 30 microns was applied °°; in total 637 translation steps were made per
line scans corresponding to a2Thedetectoecdlibrationenas of 19.
performed using a CeO, standard (Figure S25). Every 2D diffraction image was calibrated and
azimuthally integrated to a 1D powder diffraction pattern with a 20 % trimmed mean filter using
the pyFAl software package and in-house developed scripts °¢'%8, The integrated diffraction
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patterns were reshaped into sinograms and centered; the air scatter signal was subtracted from
the data. The XRD-CT images were initially reconstructed using the filtered back projection
algorithm in MATLAB. The voxel size in the reconstructed images corresponded to 30 x 30 x 4
e m. To further illustrate the chemical gradients present in the XRD-CT data, images-of-interest
were converted from cartesian to polar coordinates using inhouse MATLAB developed scripts.
This approach enables the virtual unrolling of the battery cell jelly-roll providing means to capture
gradients as a function of the battery radius *°.

Self-absorption correction, tomographic image denoising and diffraction data analysis

The XRD-CT data were first analysed using the conventional approach; the images were
reconstructed using the filtered back projection algorithm and then full profile analysis of the local
diffraction patterns was performed using the Rietveld method. This type of analysis can lead to
accurate scale factor and weight fraction maps for the various crystalline components in the
sample despite the parallax artefacts present in the data. The weight fraction maps obtained from
the Rietveld analysis were used to simulate an absorption map using the X-ray mass attenuation
coefficientfromNIST®, Thi s €& attenuation map wadsitograann used
data for self-absorption using the zero-order approximation (Figures S26-28) 6. This process was
followed for all acquired XRD-CT datasets. The self-absorption corrected XRD-CT sinograms
were used to reconstruct high quality XRD-CT images (Figures S29-30) using a modified version
of the Noise2Inverse denoising self-supervised convolutional neural network 5263, The denoised
XRD-CT data were then passed to PQNet models for analysis of the local diffraction patterns. It
should be noted that the XRD-CT data contain parallax artefacts due to the large sample size
which can introduce errors related to peak position and peak shape. In this work it was not
possible to use the DLSR algorithm due to computational limitations i.e. it is not currently
computationally feasible to process 637x637 images and rebinning the data to lower resolution
leads to unstable results due to the thickness of the electrode layer being very thin. To suppress
the parallax artefact, the Q range used for the data analysis in this work was restricted to a region
of 0.5-3.85 v'!. The differences between the two distinct regions in the NCA lattice parameters
maps presented in this work are not parallax related as clearly indicated by the error bars in Figure
7 (i.e. the errors correspond to the standard deviation). Quantitative Rietveld refinement was
performed on reconstructed diffraction patterns with the TOPAS v7 software % (Figures S4-5).
The PQNet was used to analyse the spatially-resolved diffraction patterns present in all XRD-CT
datasets presented in this work. Details regarding the network architectures and parameters used
are provided in the Supporting Information (Figures S31-33). A pseudo-voigt peak shape function
calculated after the analysis of the CeO; calibrant pattern was used for diffraction data (Figure
S25). A single pseudo-voigt peak was used to model the peak generated by the semi-crystalline
separator component. Uncertainty maps were obtained using the PQ-Net deep ensembles (10
models) and are presented in Figures S34-S36.

Electrochemical testing and sample description
A Samsung 35E 3500 mAh 3.7 V battery (18650) was investigated in this work. The dimensions

of the cells are specified as 18.3 x 65 mm (diameter x height). The composition of the cathode
electrode was determined with ex situ X-ray fluorescence spectroscopy measurements (Figures
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S37 and Table S7). The elemental analysis revealed that the cathode consists of
LiNio.sAlo.15C00.0s02 (NCA). Electrochemical cycling was carried out using a Biologic SP240
Potentiostat equipped with a current booster to 4 A (BioLogic Sciences Instruments, France). The
as-received battery was first discharged to 2.65 V with CC-CV protocol applying 700 mA current.
The cell was cycled within the voltage limits specified by the manufacturer, 2.65 V to 4.2 V
respectively. The cycling protocol included applying a constant current of 3.5 A (1 C rate with
respect to the nominal capacity stated by the manufacturer) for the charge and - 3.5 A for the
discharge. After reaching the set potential (4.2 V for charged state and 2.65 V to discharged state)
the applied current was removed and the cell was allowed to relax for 10 minutes (OCV). Then
the XRD-CT measurements were performed, each scan lasting approximately 1 hr. The charge
capacity was estimated to be ca. 65% of the nominal capacity provided by the manufacturer (2283
/ 3500mAh = 65%).
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Phase identification

The following CIFs were retrieved after the phase identification and used for the analysis of the
diffraction patterns and the generation of the diffraction libraries (ICSD number in brackets): Fe
(103562), Al (43423), Cu (53247), LiCe (193441), LiC12 (193440), LiC1s (230107), LiCs0 (193439),
NCA (257247) and Ni0.92Cu0.08 alloy for the Anode Tab (628545). For the centre pin an Fe
model was used.

Table S1. Crystallographic details for components with constant properties.

Phase Space-group (no.) Lattice parameter a Peak position in Q
Fe Im-3m (229) 2.867 (<0.001) N/A
Cu Fm-3m (225) 3.615 (0.001) N/A
Al Fm-3m (225) 4.051 (0.002) N/A



mailto:matras.dorota@gmail.com
mailto:antony@finden.co.uk

Anode Tab Fm-3m (225) 3.529 (0.005) N/A
Centre Pin Fm-3m (225) 3.594 (0.005) N/A
Separator N/A N/A 1.8179 (0.0099)

Table S2. Crystallographic details for components with varying properties.

Dataset Phase Space-group Lattice Lattice
parameter a parameter ¢
XRD-CT 1 NCA R-3m (166) 2.819 (<0.001) 14.481 (<0.001)
(Charged to 4.2
V) LiC6 P63/mmc (194) | 4.318 (0.024) 3.691 (0.004)
LiC12 P63/mmc (194) | 4.291 (0.006) 7.042 (0.004)
XRD-CT 2 NCA P63/mmc (194) | 2.860 (<0.001) 14.235 (0.001)
(Discharged to
2.65V) .
LiC30+ P63/mmc (194) | 2.469 (0.030) 20.315 (0.013)
Graphite P63/mmc (194) | 2.462 (0.006) 6.735 (0.005)

Table S3. Q and d spacing ranges corresponding to various lithiated graphite phases for the
XRD point measurements

LiC6 LiC12 LiC30 C
g range 1.701-1.712 1.775-1.788 1.803 - 1.856 1.864 - 1.866
d range 3.670 - 3.695 3.515 - 3.540 3.386 - 3.484 3.367 - 3.370

First two cycles - composition
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Figure S1. Normalised scale factors of lithiated graphite phases in the anode during the first two

full cycles (charging-discharging performed with 1C rate) and the corresponding voltage plot (blue

line). XRD point measurements were performed in the middle of the cell.
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Figure S2. Phase identification of the battery cell charged to 4.2 V using the mean diffraction
pattern from the XRD-CT dataset.
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Figure S3. Phase identification of the battery cell discharged to 2.65 V using the mean diffraction
pattern from the XRD-CT dataset.
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Figure S4. Fit result from the Rietveld analysis of the mean diffraction pattern for the pristine
battery cell charged to 4.2 V (Rwp 7.292 %).
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Figure Sb5. Fit result from the Rietveld analysis of the mean diffraction pattern for the pristine
battery cell charged to 4.2 V (Rwp 8.525 %).

Table S4. Weight percent of crystalline phases obtained through Rietveld refinement analysis of
mean diffraction patterns (from Figure S1 and S2).

Dataset Phase Wt. % (Error)
XRD-CT 1 Fe 74.16 (2.89)
(Charged to 4.2 V)
Centre Pin 0.22 (0.11)
Anode Tab 0*
LiC6 1.54 (0.44)
Lic12 7.33 (1.07)
LiC30 o*
LiC30+ o*




Graphite

Cu 2.94 (0.22)
NCA 12.76 (0.82)
Al 1.05 (0.12)

XRD-CT 2 Fe 72.53 (3.62)

(Discharged to 2.65
V) Centre Pin 0.10 (0.07)

Anode Tab o*
LiC6 -
LiC12 -
LiC30 0.22 (0.17)
LiC30+ 1.41 (0.43)
Graphite 7.19 (3.41)
Cu 3.19 (0.28)
NCA 14.18 (1.24)
Al 1.18 (0.18)

* Component not visible in the mean diffraction pattern
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Figure S6. Spatial distribution of three masked regions of different distribution of NCA lattice
parameters.

NCA ROI1
—— XRD-CT 1 (Charged to 4.2 V)
== XRD-CT 2 (Discharged to 4.2 V)
XRD-CT 3 (Charged to 4.2 V)
== XRD-CT 4 (Discharged to 4.2 V)
>
L
2 |
‘®
c
i)
£
\ J
1.5 2 2.5

QA"

Figure S7. Diffraction patterns extracted from cathode using mask ROI1 for two full cycles.



NCA ROI2

Intensity (a.u.)

——XRD-CT 1 (Charged to 4.2 V)

== XRD-CT 2 (Discharged to 4.2 V)
XRD-CT 3 (Charged to 4.2 V)

= XRD-CT 4 (Discharged to 4.2 V)

1.5

2 2.5
QA"

Figure S8. Diffraction patterns extracted from cathode using mask ROI2 for two full cycles.
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Figure S9. Diffraction patterns extracted from cathode using mask ROI3 for two full cycles.

Table S5. Mean lattice parameters value of NCA for two regions in the cathode.

Dataset

NCA lattice parameter a

NCA lattice parameter ¢

ROI 1

ROI 2 ROI 3 ROI 1

ROI 2

ROI 3




XRD-CT 1 2.819 2.819 2.851 14.481 14.483 14.289
(Chargedto 4.2 | (0.001) (0.001) (0.001) (0.001) (0.001) (0.002)
V)
XRD-CT 2 2.861 2.853 2.844 14.231 14.273 14.304
(Discharged to (0.001) (0.001) (0.001) (0.002) (0.001) (0.002)
2.65 V)
XRD-CT 3 2.818 2.819 2.849 14.478 14.479 14.295
(Charged to 4.2 | (0.001) (0.001) (0.001) (0.001) (0.001) (0.002)
V)
XRD-CT 4 2.861 2.855 2.844 14.233 14.265 14.304
(Dischargedto | (0.001) (0.001) (0.001) (0.002) (0.001) (0.002)
2.65V)
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Figure S10. Plots of current and potential as a function of time for six consecutive full cycles.
Cycles marked with #1 are shown and described in the main text, cycles marked with #2 are
shown in Figure S11 and cycle marked with #3 is shown in Figure S12.
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Figure S11. Evolution of crystalline phases from point measurements and corresponding voltage
plots during three cycles (3rd-5th).
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Figure S12. Evolution of crystalline phases from line scan measurements and corresponding
voltage plots during one cycle (6th).
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Figure S13. Weight percent evolution of lithiated graphite phases in the anode and the
corresponding voltage plot (blue line) during 6th cycle. The results were obtained from analysis
of an average XRD pattern obtained from all diffraction data per line scan.
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Figure S14. Evolution of discharge capacity as a function of cycle number.

In situ XRD-CT - Anode regions-of-interest
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Figure S15. Mean diffraction patterns obtained from anode during in situ XRD-CT measurements.
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Figure S16. Mean diffraction pattern extracted from the six XRD-CT datasets during the in situ

charging from 2.65 V to 4.2 V from each LixC phase region. These patterns were extracted using
the corresponding LixC phase map as a binary mask.
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Figure S17. Evolution of LixC phases during the in situ charging from 2.65V to 4.2 V.
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Figure S18. Spatial distribution of three lithation regions identified in the anode. HL - homogenous
lithation, DL - delayed lithiation and IN - inactive-to-lithiation.

265V 3.7V 3.79V 385V 395V 42V Wt %
100

LiCq

LiChs

LiC,g

LiCs,

LiCags

Graphite

Figure S19. Spatial distribution of anode LixC phases (LiCs, LiC12, LiCis, LiCso, LiC30+ and graphite)
based on weight percent, as the cell is charged to various potentials, starting from 2.65 V and
endingto 4.2 V.



In situ XRD-CT - NCA diffraction patterns from ROIs
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Figure S20. Mean diffraction patterns extracted from cathode ROI1 during in situ charging.
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Figure S21. Mean diffraction patterns extracted from cathode ROI2 during in situ charging.



Figure S22. Mean diffraction patterns extracted from cathode ROI3 during in situ charging.
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Zoomed regions of Figure S22 showing NCA reflections of interest.
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Figure S24. Photographs of the experimental setup use?:l at beamline station ID31 at ESRF.

Detector calibration

An instrument parameter file was created from information derived from the full profile analysis of
a CeO diffraction data collected during the beamtime experiment.
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Figure S25. Full profile analysis of the diffraction pattern collected with a CeO- standard during
the beamtime experiment at beamline ID31 of ESRF.

Self-absorption correction

The XRD-CT data were corrected for self-absorption correction using the approach followed in
our previous work 461 First, the weight fraction maps for the various crystalline phases are
obtained from full profile analysis of the local diffraction patterns present in the reconstructed
XRD-CT data; an example is shown in Figure S26.
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Figure S26. Weight fraction maps for Fe, Cu, Al, NCA, LiC; and LiCe¢ as obtained from the
Rietveld analysis of the XRD-CT data from the battery cell charged to 4.2 V.

Using the mass attenuation coefficients for the various elements ° and the weight fraction maps,
an absorption-contrast CT (mu map) was calculated. This mu map is presented in Figure S27.
Similar maps were created for all XRD-CT datasets. These maps were used to correct for the
self-absorption of the XRD-CT data using the zero-order self-absorption correction described in
our previous work 4561,
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Figure S27. Calculated absorption-contrast CT (mu map) image using the weight fractions
obtained from the Rietveld analysis of the XRD-CT data of the pristine cell. The intensity of this
image has been normalised with respect to the highest value.

In Figure S28, an example is shown demonstrating the impact of the self-absorption correction
process. Specifically, on the top row a comparison is made between the LiC,, scale factor map
before and after self-absorption correction. The images were obtained from an XRD-CT dataset
obtained from the battery cell charged to 4.2 V.
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Figure S28. Panel a: Comparison between the LiCi, scale factor map before (left) and after self-
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The self-supervised Noise2Inverse network was used to denoise the XRD-CT data used in this
work. The approach used here was the X:1 and specifically 3:1. A new property of this denoising
approach was realised during this work: A single sinogram can be used to generate n number of
reconstructed images by simply offsetting the starting angle used for the filtered back projection
(FBP) algorithm. In this work, a set of 2x100 images (100 using ¥4 of the sinogram and 100 using
the remaining % of the sinogram) were generated per sinogram by applying a random angular
offset in the range of 0-360 °. The network was initially trained for 100 epochs using 100 FBP
images to perform the % FBP image to ¥ FBP image operation. The network was then applied to
each sinogram for the XRD-CT data using 10 epochs per sinogram. The XRD-CT data were
roughly scaled to be in the 0-1 region by applying a global scale factor. The training time per XRD-
CT sinogram was ca. 100 s (10 s/epoch * 10 epochs). The U-net architecture used in the
Noise2lnverse approach used in this work is presented in Figure S29.

Details regarding the training process:
Loss function: Mean absolute error (MAE)
Optimisation algorithm: Adam

Batch size : 1

Learning rate : 0.001

Early stopping : 5
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Kernel size: 3 Kernel size: 3 umber of kernels: 1 Interpolation: nearest
Stride: 1 Stride: 2 Kernel size: 3

Stride: 1

Figure S29. The Noise2Inverse convolutional neural network is based on the traditional U-Net
architecture which does not have any fully connected layers. This architecture has an encoder
part which uses convolutional layers with stride equals 2 to downsize the input feature map, and
an decoder part which has upsampling layers to increase the feature map back to the original
size. The skip connections shown in the figure merged the same-sized feature maps on both
parts. This strategy allows us to use less trainable variables to predict the pixels in the border
region oftheimage, and the missing context on the
by adapting the same-sized feature maps on the encoder part. Since the skip connections carry
the features of previous layers to the later layers, the U-Net based architectures are widely used
when the output and input images are similar.

In Figure S30, a comparison between the FBP reconstructed XRD-CT image and the one
obtained after applying the Noise2Inverse network for the highest intensity peak corresponding
to the polymer separator is presented.

decode
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Figure S30. Left: Highest intensity FBP reconstructed XRD-CT image corresponding to the
polymer separator. Right: The same image after denoising. Images are normalised with respect
to the highest intensity.

PQNet

The diffraction patterns used for training the PQNet used in this work were generated using the

TOPAS v7 software. In total four libraries were created, each containing 200,000 patterns:

0 Diffraction library for 13 phases (Fe, Cu, Al, Separator, Centre Pin, Anode Tab, LiCs, LiC12,
LiC1s, LiC3o, LiCs0+ and Graphite) using a g range of 1.16 - 3.82 vt

0 Diffraction library for 6 LiCx phases (LiCs, LiC12, LiCis, LiCso, LiC30+ and Graphite) using a

grange of 1.6 - 2.22 v

0 Diffraction library for 4 LiCx phases (LiCs, LiC12, LiC3so and Graphite) using a g range of 1.6
-2.22vt
0 Diffraction library for 8 phases (NCA, Al, LiCs, LiCy2, LiC1s, LiCso, LiC30+ and Graphite)

using a q range of 1.16 - 2.84 v
These four libraries were used to train the corresponding following four PQ-Net models:
0 Multi-phase PQ-Net model (scale factors for 13 phases) - this model was used to fit the
first XRD-CT dataset and the results are presented in Figure 1 of the main manuscript.
0 6LICx PQ-Net model - this model was used to fit all XRD-CT data presented in this work
and generate the corresponding LiCx maps (e.g. Figures 4 and 6 in main manuscript)
0 A4LiCx PQ-Net model - this model was used to fit the point and line XRD data presented in

this work (e.g. Figure 3 in main manuscript)



0 NCA PQ-Net model - this model was used to fit all XRD-CT data presented in this work
and generate the corresponding NCA maps (e.g. Figures 5 and 7 in main manuscript)

The diffraction libraries were generated using the following ranges for the various parameters
(Multi-phase PQ-Net model):

LiCs scale factor range: random sampling between 0-2 x 10°
LiCs lattice parameter a min-max: 4.316 - 4.318 v

LiCe lattice parameter ¢ min-max: 3.67 - 3.695 v

LiCe crystallite size range: 60-1000 nm

LiC1. scale factor range: random sampling between 0-4 x 1010
LiCy> lattice parameter a min-max: 4.291 - 4.295 v

LiCy> lattice parameter ¢ min-max: 7.03 - 7.08 v

LiC12 crystallite size range: 60-1000 nm

LiC1s scale factor range: random sampling between 0-1 x 101°
LiCss lattice parameter a min-max: 4.270 - 4.273 v

LiCss lattice parameter ¢ min-max: 10.445 - 10.47 v

LiCys crystallite size range: 60-1000 nm

LiCso scale factor range: random sampling between 0-4 x 10710
LiCso lattice parameter a min-max: 2.464 - 2.469 v

LiCso lattice parameter ¢ min-max: 20.6 - 20.765 v

LiCs crystallite size range: 60-1000 nm

LiCso+ scale factor range: random sampling between 0-4 x 101°
LiCso+ lattice parameter a min-max: 2.464 - 2.469 v

LiCso+ lattice parameter ¢ min-max: 20.315 - 20.4 v

LiCso+ crystallite size range: 60-1000 nm

C scale factor range: random sampling between 0-2.5 x 10°
C lattice parameter a min-max: 2.462 - 2.466 v

C lattice parameter ¢ min-max: 6.735 - 6.7395 v

C crystallite size range: 60-1000 nm

Al scale factor range: random sampling between 0-4 x 101°
Al lattice parameter a min-max: 4.048 - 4.052 v
Al crystallite size range: 60-1000 nm

NCA scale factor range: random sampling between 0-1 x 10-°
NCA lattice parameter a min-max: 2.810 - 2.875 v

NCA lattice parameter ¢ min-max: 14.15 - 14.55v

NCA crystallite size range: 60-1000 nm



Fe scale factor range: random sampling between 0-5 x 101°
Fe lattice parameter a min-max: 2.864 - 2.866 v
Fe crystallite size range: 60-1000 nm

Cu scale factor range: random sampling between 0-2 x 1010
Cu lattice parameter a min-max: 3.613 - 3.615 v
Cu crystallite size range: 60-1000 nm

Anode Tab (Ni0.92Cu0.08 model) scale factor range: random sampling between 0-2 x 10%°
Anode Tab (Ni0.92Cu0.08 model) lattice parameter a min-max: 3.525 - 3.529 v
Anode Tab (Ni0.92Cu0.08 model) crystallite size range: 60-1000 nm

Centre Pin (Fe model) scale factor range: random sampling between 0-2 x 101°
Centre Pin (Fe model) lattice parameter a min-max: 3.590 - 3.594 v
Centre Pin (Fe model) crystallite size range: 60-1000 nm

Separator (single Gaussian model) scale factor range: random sampling between 0-1 x 10”7
Separator (single Gaussian model) peak position: g = 1.52 - 1.53 v
Separator (single Gaussian model) FWHM: random sampling between 0.01 - 0.05

For the 4LiCx PQ-Net model, the following modification was performed:
LiCs lattice parameter ¢ min-max: 20.315 - 20.905 v

Details regarding the training process:

Loss function: Mean absolute error (MAE)

Optimisation algorithm: Adam

Batch size : 32

Learning rate : 0.0005

Early stopping : 5

A 2nd degree Chebyshev polynomial was used to model the background. Poisson noise was
added to the generated diffraction patterns to resemble the quality of the experimental data.
Convergence during training was achieved in less than 35 epochs for all models. A deep
ensemble of 10 models was used for each case; this allowed us to create uncertainty maps for
the prediction obtained from the neural networks. The PQ-Net timings are shown in Table S6.

Table S6: PQ-Net timings

Model Training time XRD-CT dataset analysis time ( ca. 400,000 patterns)
Multi-phase 1.5-3hr ca .190 s (3.2 min)
(13)

6LICK 1-15hr ca. 80 s (1.4 min)




NCA 12 - 15 min ca.45s

PQONet architectures:
The various PQNet architectures used in this work are presented in Figures S31- S33. In Figure
S26, the PQNet architecture used for the NCA phase is shown. This model predicts the scale
factor, lattice parameter a and c for the NCA phase. This model was used for generating the NCA
lattice parameter results in this work.

Figure S31. Single phase PQ-Net architecture with scale factor, lattice parameter a and lattice
parameter ¢ as output. CONV represents 1-D convolutional layers, Pool represents max-pooling
layers, FC represents fully connected layers, and Dropout represents dropout layers with 10%
dropout rate. The architecture splits to three routes after the flatten layer to avoid the local minima
caused by different difficulties of learning these three parameters. The settings of convolutional
layers are shown in the schematic. All max-pooling layers have stride equals 2.

In Figure S32, the PQNet architecture used for the 13 phases identified in this work is shown.
This model predicts the scale factor for Fe, Al, Cu, Centre Pin, Separator, Anode Tab, NCA, LiCs,
LiC12, LiCys, LiCao, LiCso+ and graphite. This model was used for generating the results presented
in Figure 1 in the main manuscript.



