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Abstract

Irregular Li heterostructure growth at the interphase between the solid electrolyte and anode
reduces solid-state Li metal battery (SSLMB) performance, but the fundamental cause is still
elusive. Measuring and imaging Li™ ion diffusion in operando inside an SSLMB using a
commercially standard cell configuration are extremely challenging because the ultra-light Li
element exhibits a minute signal-to-noise ratio using most x-ray-related characterization methods,
and the weak x-ray signals of Li are buried by strong signals of other heavy transition metal
elements in the cathode and battery enclosure. Here, we pioneer novel operando correlative
imaging of coupling x-ray Compton scattering with computed tomography (XCS-CT), which is
able to quantify the interplay between spatially resolved Li™ ion diffusion kinetics and Li® metal
structure growth at the interphases of both the anode and cathode sides inside a full-cell SSLMB
using a solid polymer electrolyte (SPE) and commercially standard cell configuration during
(dis)charging. We show a 61% increase in the efficiency of extracting Li* ions from the cathode
LiNig ¢Mng,Co,0; to the anode during charging at 0.1 C compared with at 1 C due to restricted
Li" ion diffusion at the higher rate inside SSLMB. However, this led to the formation of a more
irregular interfacial morphology, consisting not only of Li’ dendrites, but also sub-surface pore
formation at the anode/SPE interphase. We find that surprisingly, the irregular Li® structure
initiation and growth are accelerated during the first Li stripping step, not the Li plating step, and
the root cause is the onset imbalance of Li* ion diffusion and redox reactions between the anode
and cathode. These insights highlight the benefits of asymmetric charging and discharging rates as
a promising solution to improving SSLMB performance with SPEs. The operando correlative
XCS-CT imaging technique has the potential to study the relationship between active ion
concentrations and buried morphological changes for a variety of battery chemistries.

1. Introduction

Rechargeable batteries are a key technology in enabling net zero applications through reducing greenhouse
gas emissions and the reliance on fossil fuels [1]. Li ion batteries (LIBs) have been ubiquitously used, while
other battery chemistries have also attracted significant research interest [2, 3]. It is attractive to use a Li
metal anode due to its significantly higher theoretical capacity (3860 mAh g~!) compared to conventional
graphite anodes (372 mAh g~ !) [4]. Solid-state Li metal batteries (SSLMBs) replace the traditional

© 2025 The Author(s). Published by IOP Publishing Ltd
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combustible liquid electrolytes in LIBs with non-flammable solid-state electrolytes (SSEs), and hence,
SSLMBs are potentially safer than LIBs and increase the theoretical energy density from ~300 Wh kg~! for
LIBs to ~500 Wh kg~! through the use of the pure Li anode [5]. Solid electrolytes are mainly categorized
into two types: one is solid inorganic electrolytes (SIEs) and the other is solid polymer electrolytes (SPEs).
SIEs consist of crystalline or glassy materials, including sulfides, phosphates, or oxides [6]. They exhibit
well-organized and rigid structures that facilitate ion diffusion. SPEs comprise polymers that are infused
with ionic salts; they exhibit amorphous characteristics and mechanical flexibility, providing benefits in
processability and high compatibility with a wide range of battery configuration designs [7]. This paper will
focus on SPE-based SSLMBs.

The significant morphological changes of Li at the anode/SSE interphase are key factors restricting the
performance of SSLMBs [8]. Li dendrite growth and Li structure penetration from the anode to the cathode
cause safety hazards [9]. Slippage is a phenomenon that describes the capacity shift between the cathode and
anode relative to their capacity alignment at the start of charging and discharging, and this phenomenon has
been studied in liquid electrolyte batteries [10, 11]. Three-dimensional structures of high areal capacities
have also been developed on the cathode side [12]. However, Li™ ion concentration changes and morphology
changes at the cathode and anode interphases within the same full-cell SSLMB have rarely been compared to
unveil the onset of the imbalance between the cathode and anode behavior [13].

Li intrusion through an SSE of Li;La;Zr, O}, was observed using scanning electron microscopy in
operando [14]. Operando optical interferometric scattering microscopy observed Li* ion dynamics at the
nanoscale inside individual particles of a Li,CoO, cathode [15] and Nb;y;W30,4 anode [16]. Li whisker
growth under elastic constraint was studied by atomic force microscopy combined with transmission
electron microscopy [17]. Variable energy positron annihilation lifetime spectroscopy coupled with
tip-enhanced Raman spectroscopy was used to assess LiMn, O, cathode stability in aqueous electrolytes from
the atomic to the micrometer scale [18]. Atom probe tomography was used to provide compositional
mapping in 3D including Li [19]. However, these methods typically have a relatively small observation
field-of-view of a few micrometers and are unable to observe Li structures at the buried interphases within
commercially standard battery configurations.

To examine complete cells, x-ray computed tomography [20, 21], x-ray radiography [22], and neutron
radiography were used to image Li propagation and crack growth in a LicPSsCl SSE [21], but these methods
are based on the attenuation coefficients of different materials and cannot distinguish between Li*™ and Li°
[23]. It is notoriously challenging to measure the ultra-light Li* directly using conventional x-rays because of
the minute signal-to-noise-ratio that the ultra-light Li exhibits. X-ray near-edge absorption spectroscopy and
x-ray absorption fine-structure spectroscopy are able to quantify chemical properties, such as oxidation
states of elements, through characteristic edge spectra of the K, L, and M electron shells [24], but it is more
sensitive toward heavy transition elements that have more electron shells, and has a low sensitivity toward
quantifying Li, which has only three electrons and two electron orbitals. X-ray fluorescence (XRF) also
cannot detect Li, and hence LiAsF salt was deliberately added in the liquid electrolyte as a model system, and
the signals of the element As were measured by XRF to infer Li concentration in the electrolyte [25].
Furthermore, it is challenging to use conventional XRD to measure amorphous materials (e.g. polymer
electrolytes) [26]. Pair-distribution functions combined with modeling have been used to understand
material local disorder, but it is challenging to perform in situ experiments using electrodes and battery
configurations that represent commercially standard operations since other components such as binders and
carbon black are needed for the battery electrochemical operation, which may interfere with the active
material results [27]. Nuclear magnetic resonance is one of the few techniques that is able to directly study Li
[28, 29], but it usually requires bespoke cell configurations [30]. Different electrochemical testing methods
have been used to measure the changes in interfacial resistance and indirectly investigate the formation and
annihilation of micropores at the anode/SSE interphase [8]. Nevertheless, showing the relationship between
the Li™ ion concentration and Li® morphology changes simultaneously using the same technique has not
been fully explored.

Herein, we investigate a full-cell SSLMB containing a cathode of LiNiysMng,Cog,0, (NMC622) active
material, a Li metal anode, and a polyethylene oxide (PEO)-based SPE, housed in a commercially standard
coin cell configuration using novel operando correlative imaging of x-ray Compton scattering and computed
tomography (XCS-CT), which can shed new light on the interfacial behavior inside devices. XCS is x-ray
inelastic scattering that measures the Li* ion concentration distributions by calculating the valence electron
momentum of the electrode materials to amplify the ultra-light Li™ signals, while CT shows the changes in
Li® morphology at the buried interphase between the SPE membrane and the anode inside the SSLMB. We
correlate spatially resolved Li chemical evolution and structural deviation at the interphases on both the
anode and the cathode sides at different (dis)charge rates. We show that there were larger changes in Li* ion
concentration at both interphases at a 0.1 C (dis)charge rate compared to 1 C due to restricted Li* ion
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diffusion in the SSLMB at higher rates. The morphological changes at the anode/SPE interphase were more
significant than those at the cathode/SPE interphase. Li dendrites grew from the anode toward the cathode
during Li plating, but the growth direction was deflected by the SPE membrane. Irregular Li structures
continued to grow during Li stripping due to an imbalance of Li* ion diffusion and redox reactivity between
the anode and the cathode. Potential suitable strategies toward reducing irregular Li metal structures at the
anode/SPE interphase include interfacial engineering, such as developing a polymer-inorganic solid
electrolyte interphase, e.g. composite of poly(vinylsulfonyl fluoride-ran-2-vinyl-1,3-dioxolane)-graphene
oxide nanosheet [31], adding hollow porous SiO, nanosphere fillers in the SPE to increase ionic conductivity
and SPE mechanical strength [32], asymmetric charging and discharging protocols [33], and using a
high-current discharge for 1-2 min to induce isolated Li to dissolve on one end and re-deposit on the other
end to re-connect to the anode [34]. The operando correlative XCS-CT imaging technique can also be applied
to other battery chemistries, such as Na batteries [2].

2. Method

2.1. Fabrication of SSLMB and electrochemical testing

PEO (molecular weight of 1000 000 g mol~!) was mixed with lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI). The mixture was dissolved in the solvent acetonitrile ([PEO]:[Li*] = 15:1) and constantly stirred
at 60 °C for 24 h before being cast. The resulting polymer composite electrolyte membrane was dried at

40 °C for 24 h to evaporate acetonitrile and form SPE films of 30 sm in thickness. The ionic conductivity of
the SPE membranes was evaluated through electrochemical impedance spectroscopy (EIS) in a symmetric
cell configuration comprising an SPE membrane sandwiched between two spacers made of stainless steel at a
frequency range of 10°-0.1 Hz and an amplitude perturbation of 10 mV at 25 °C, 50 °C, and 80 °C. The
ionic conductivity (o) of SPE was estimated by equation (1) [35]:

L
g =
Ry x A

(1)

where R; is the intercept between the Nyquist plot and Z,.,, A is the area, and L is the thickness of the SPE.
To prepare cathodes, NMC622 active material, carbon black particulates, and polyvinylidene fluoride
binder of 90:5:5 wt.% were homogeneously mixed and dispersed in N-methyl pyrrolidine, coated on Al foils,
and dried at 80 °C under a vacuum for 12 h. The average cathode mass loading and density were
19.3 mg cm ™2 and 2.97 g cm 3, respectively. The PEO-LiTFSI solution was drop cast onto the cathodes to
form composite cathodes that were then dried at 60 °C for 12 h as previously reported in [36]. The Li anode,
SPE membrane, and composite cathode were finally assembled into standard stainless steel coin cells
(CR2032) inside a glovebox filled with Ar. Rate capability testing of ex situ (dis)charge of at different C rates,
cycling stability at 0.2 C, and linear sweep voltammetry (LSV) at 0.5 mV s~! scan rate of full-cell SSLMBs
were performed at 60 °C using the testing protocols previously reported in [37]. EIS of the SSLMBs was
performed at a frequency range of 10°-0.1 Hz at the states of pristine, end of charge, and end of discharge of
the first cycle at 60 °C.

2.2. Operando correlative XCS-CT imaging

A monochromatic x-ray beam of high energy (115 keV) was used at the beamline 112-JEEP (Joint
Engineering, Environmental and Processing) at Diamond Light Source, UK. For CT, a box x-ray beam

(25 x 5 mm?) was used in order to scan the whole battery. A camera (PCO.Edge 5.5 sCMOS) with a
scintillator using a 0.82 x magnification lens was placed behind the battery sample to take x-ray transmission
images. The CT scans consisted of 3600 projections of 360° using 9 ms exposure time per projection. For
XCS imaging, the x-ray beam was changed into a sheet beam (25 x 0.25 mm?) through x-ray beam-defining
slits, and the x—y (horizontal) plane of the SSLMB was aligned parallel to the incident sheet beam. The
scattered photons were collected at 90° to the x-ray beam above the battery sample through a 2D high-energy
x-ray imaging technology (HEXITEC) detector made of CdZnTe [38]. XCS imaging was projected through a
pinhole (0.2 mm in diameter) in a W plate (2 mm in thickness) at a distance ratio of 1:1 between the sheet
beam position and the pinhole, and between the pinhole and the detector. The HEXITEC detector consisted
of 80 x 80 pixel arrays and collected an energy-resolved x-ray spectrum per pixel at a spectral resolution of
~800 eV. The HEXITEC detector obtained the energy spectra of all pixels along the horizontal plane
simultaneously [39]. The vertical position of the battery sample was moved so that the sheet beam probed
three different planes of the battery: region 1 contained the cathode, the SPE membrane, and a part of the
anode; region 2 contained the SPE membrane and a part of the anode; and region 3 contained the anode
only, as shown in figure 1, which also shows homogeneous contact among the anode, SPE membrane, and
cathode in the pristine state.
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a Coin cell casing Steel spacer

1. Anode + SPE 2. Anode + SPE 3. Lianode only
membrane + cathode membrane

Figure 1. The reconstructed CT x—z slice shows the internal components of the pristine SSLMB coin cell. The false yellow color in
(a) shows the regions of interest, and the blue dotted lines in (b) illustrate the three different vertical positions of the x-ray sheet
beam probing the different planes of the coin cell during XCS imaging.

During the synchrotron XCS-CT experiment, the SSLMBs were galvanostaticly charged and discharged at
a constant current of over 3—4.3 V at rates of 0.1 and 1 C at room temperature, while XCS and CT were
performed alternately. For the cell (dis)charged at 0.1 C, XCS imaging was performed in the states of pristine
(open circuit voltage, OCV), charging I (3.7 V), charging IT (4.0 V), end of charge (4.3 V), discharging I
(4.0 V), discharging II (3.7 V), and end of discharge (3.0 V), while CT was performed in the states of pristine,
charging, end of charge, discharging, and end of discharge. For the SSLMB (dis)charged at 1 C, both XCS
and CT were performed in the states of pristine, charging, end of charge, discharging, and end of discharge
due to the shorter durations available for scanning during battery (dis)charging.

2.3. XCS-CT analysis

To perform correlative XCS-CT imaging, the CT data of the electrodes and the SPE membrane were
superimposed onto the XCS imaging. Our previous study [40, 41] used XCS imaging to investigate the Li™
chemical stoichiometry of the LiNiggMng ;Cog 10, (NMC811) cathode (~1 mm in thickness) made by
directional ice templating [42—44]. In this study, we used a cathode and an SPE membrane of commercially
standard thicknesses of ~65 and ~30 pum, respectively; their thicknesses were lower than the x-ray beam
height (250 pzm). This poses the challenge of separating scattering signals from the individual components.
Here, we developed an analysis method to extract XCS signals from the individual components. The Li metal
anode thickness was ~600 pm, and region 3 was for the Li metal anode only; hence, the Compton peak
intensity was contributed by the Li metal anode only. The Compton peak intensity and the total electron
density in the anode volume have a direct relationship [45], the intensity of the Compton peak of the SPE
membrane I was calculated by

I, =1Ip, —a X Ip3 (2)
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where I, and Ir; are the intensities of the Compton peaks in regions 2 and 3, respectively, and « is the vol%
of the Li metal anode in region 2 w.r.t the anode volume in region 3. The intensity of the Compton peak of
the cathode I was calculated by

Ic=1Ipi — I — B x Ips (3)

where Ir; is the intensity of the Compton peak in region 1 and 3 is the vol% of the Li metal anode in region
1 w.r.t the volume of the Li metal anode in region 3.

The Compton peak energy from the experimentally collected x-ray scattering energy spectra was
validated by equation (4) [46], which shows the relationship between the incident x-ray wavelength A and
the inelastically scattered (Compton) x-ray wavelength A\’ and converted to energy

)\/f)\:ﬁ(lfcos@) (4)
mc

where 0 indicates the scattering angle, m is the mass of the electron, c is the speed of light, and h is Planck’s
constant. The electron momentum p, was calculated according to equation (5) [46]:

&EE2—E1+(€;?)(17c059) 5)
mc \/E? + E3 — 2E, Eycosf)

where E; is the incident x-ray energy while E, is the scattered x-ray energy. CT reconstruction was obtained
by the method previously reported in [47-49].

The vol% of each component, o, was quantified and visualized in 3D using Avizo, MATLAB, and Image]
[41, 50, 51]. We quantified the surface roughness in the horizontal or x—y plane through the arithmetic mean
deviation, R,, of the interphase between the anode and SPE membrane, and the buried interphase between
the cathode and SPE membrane for the cells in the pristine, end of charge, and end of discharge states
(dis)charged at different rates. A region of interest with a dimension of ~1300 x 160 x 1300 voxels
(3.25 x 3.25 x 3.25 um? per voxel) was extracted from the CT volume and reconstructed into 2D topology
maps. Then, we used these 2D images to estimate R, according to ISO4287:1997:

ro= [ 26 any (©)

where Z (x, y) indicates the ordinate across the area A along the horizontal plane. >6M data were used for
each calculation.

3. Results and discussion

3.1. Electrochemical properties
Figure S1 shows the Nyquist plot of the SPE membrane between two electrodes of stainless steel at 25 °C,
50 °C, and 80 °C. The SPE ionic conductivity was estimated at 1.75 x 1074 Scm~tat 50 °C, corroborating
the values reported in [52]. Figure 2(a) shows the galvanostatic charge and discharge curves of the full-cell
SSLMB at 0.1 C of the first cycle and at 0.5 C of the second cycle, both tested at 60 °C. The charge and
discharge capacities were 171 and 160 mAh g~!, respectively, at 0.1 C, and 142 and 141 mAh g™,
respectively, at 0.5 C. The reduced capacities at the higher C rate indicate more restricted Li™ ion diffusion
kinetics inside the SSLMB, and the discrepancy in capacities between charge and discharge indicates possible
Li dendrite/irregular Li structure growth [44]. Figure S2 shows the cycling performance of the SSLMB,
similar to other SSLMBs [53]. To analyze the oxidative stability, LSV was used in the SSLMB configuration;
we changed the voltage and measured the current (figure 2(b)). A steady low current within changes of
~0.001 mA cm ™2 was measured between 3.5 and 4.3 V due to Lit migration between the anode and cathode
across the SPE [36]. As the voltage increased above 4.3 V, a current surge was observed and the rate of
increase became significant at >>4.8 V, indicating an oxidation reaction at the cathode/SPE interphase; hence,
a 3—-4.3 V voltage window was selected for the (dis)charging profiles.

The EIS results of the SSLMB in the pristine, end of charge, and end of discharge states of the first cycle at
60 °C are shown in figure 2(c) (the high-to-medium frequency region is magnified in figure 2(d)). Both the
real and imaginary impedance show that the impedance depends on the area of the samples, which is one of
the main factors influencing interfacial ion transfer [54—56]. The intercept between the Nyquist plot and Z,.,
axis indicates the resistance of SPE; the first semicircle diameter at high-to-medium frequency indicates the
interfacial resistance R;,; between the electrodes and the SPE; and the second semicircle diameter at medium
frequency indicates the charge transfer resistance R of the electrodes [57]. Ry increased from 87.3 Ohm cm?
at fully charged to 99.6 Ohm cm? at fully discharged, and R also increased from fully charged to fully
discharged, indicative of structural changes at the interphases [8], which will be investigated in detail below.
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Figure 2. (a) Ex situ charge and discharge profiles at 0.1 and 0.5 C. (b) LSV graph of measured current as voltage increased. (c)
Nyquist plot in the pristine, fully charged, and fully discharged states of the first cycle. (d) Magnified Nyquist plot in the
high-to-medium frequency region.

3.2. Cathode characterization
To elucidate Li* concentration distributions in the cathode during (dis)charging, the XCS overall energy
spectrum (the summed energy spectra of all pixels across the cathode plane) was analyzed. Previous studies
showed that x-ray absorption at 115 keV was <1% [58, 59], the majority of the photons collected by the 2D
spectroscopic detector were from the target plane of the battery [46], and the experimental setup controlled
the angle of collection of the scattered photons, maximizing the accuracy of XCS analysis [60]. The x-ray
energy spectra of the cathode inside an operating SSLMB in different (dis)charging states at a slow 0.1 C rate
are shown in figure 3(a). The energy spectra of another cathode of the same composition and configuration
under different (dis)charging states at a faster 1 C rate are shown in figure S3. The dominant 93.9 keV peak
indicates the Compton peak, and was validated by equation (4), which shows the relationship between the
incident x-ray wavelength and energy and the inelastically scattered photon wavelength and energy measured
by the HEXITEC detector. The other small peaks at 22.9 and 26.1 keV and at 27.2 and 31.0 keV in both
figures 3(a) and S3 are XRF signals of Cd and Te from the CdZnTe HEXITEC detector. The peaks at
50-85 keV are XRF signals from W and Pb due to the shielding and pinhole of the HEXITEC detector. The
energy spectra in figures 3(a) and S3 show that the intensity differences among the Compton peaks in the
different states are small because the peak intensity is related to the atomic scattering, which is related to the
atomic electron density. The proportion of electron change (1 e~ ) out of the total electrons of the NMC
compound due to the Li™ ion (de)intercalation is low (6.5% per NMC622 molecule) [45, 61]. This is one of
the key reasons that most existing x-ray scattering methods do not have sufficient sensitivity toward the
subtle changes of Li™ concentrations in the cathode materials [62—67], and, hence, we develop the XCS
method below.

Figure 3(b) shows the calculated Compton profiles that show the electron momentum p, estimated from
the Compton peak energy using equation 5. Figure 3(b) shows the Compton profile of the cathode in
different (dis)charging states at 0.1 C (these states are used in order to compare with the same states
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Figure 3. XCS results for the cathode inside operating SSLMB cells showing (a) x-ray scattering energy spectra; and (b) Compton
profiles of the cathode; both under different (dis)charging states at 0.1 C. The peak intensities are the total spatial data points of
spectra of all pixels along the cathode horizontal plane.

measured at 1 C). Figure S4 shows the corresponding calculated Compton profiles of the cathode at 1 C. The
Compton profile analysis is able to distinguish between valence and core electrons of a compound because p,
is proportional to the orbital motion speed of electrons, v (i.e. the Compton profile shows the kinetics of
electrons), and the orbital motion speed of the valence and core electrons is estimated to be ~1.8 x 10° and
2.2 x 10° m s~ 1, respectively [45]. This difference in orbital motion speed between the valence electron and
core electron is larger than the difference in electron mass change above. We are particularly interested in the
valence electrons since they are the ones being transferred between Li atoms and the cathode material
electron orbital during (dis)charging redox reactions; hence, the Compton profile can distinguish the subtle
Li* concentration evolution of the cathode material during (dis)charging. The intensities of the Compton
profiles decreased from pristine to charging and to end charging, and increased from end charging to
discharging and to end discharging, because Li* ions were removed from NMC622 during charging and
intercalated back to NMC622 during discharging. In contrast, figure S4 shows the Compton profiles of the
same cathode material under different states at 1 C, showing that the intensity trend was more random, and
indicating that Li* ions were not sufficiently inserted into and removed from NMC622 at the faster C rate.

The electron momentum ratio (EMR) between the low electron momentum (—1 < p, < 1) and high
electron momentum (—5 < p, < —1 and 1 < p, < 5) was calculated, where the low electron momentum
refers to the valence electrons and the high electron momentum refers to the core electrons for the cathodes
inside SSLMBs at 0.1 and 1 C. The p, ranges of the valence and core electrons were estimated by measuring
the XCS energy spectra of the cathode in the fully charged and discharged states [68], and were verified by
measuring the Li concentration of the cathode compound material through inductively coupled plasma
atomic emission spectroscopy [40, 41]. Figure S5 shows the linear relationship between the Li* chemical
stoichiometry x in the Li,Nij sMng,Co,0; cathode and the EMR at different (dis)charging states at 0.1 C.
Table 1 compares the calculated EMR and Li stoichiometry at the different states of the two cathodes
(dis)charged at different rates, and shows that Li,NiysMng ,Cog,0, was almost fully delithiated and lithiated
during charging and discharging at 0.1 C, but much fewer Li* ions were removed from and inserted into
Li,Nip¢Mng,Cog,0; during delithiation and lithiation at 1 C. We quantified a 61% increase in the efficiency
of extracting Li* ions from the NMC622 cathode to the anode during charging at 0.1 C compared with at
1 C, possibly due to the limited Li™ ion diffusion inside SSLMB at the relatively faster rate, which hindered
LiT migration at the cathode/SPE interphase and in the cathode [69].

Figure S6 compares the large field-of-view (8.5 mm x 8.5 mm along the horizontal plane) CT volume
rendering at the interphase between SPE and cathode inside the SSLMBs at 0.1 and 1 C at the end of
discharge. The cathode structure (dis)charged at 0.1 C (figure S6(a)) had a slightly higher roughness than
that at 1 C (figure S6(b)), suggesting that more Li* ion movement resulted in a slight increase in interfacial
roughness between the cathode and SPE.

3.3. Anode characterization

The Li metal anode was investigated by XCS-CT to reveal the corresponding relationship between the Li™
ion concentration and microstructural changes at the anode/SPE interphase inside SSLMBs. Figure 4(a)
compares the Compton profiles of the Li anode with the Compton profiles of the cathode in different
(dis)charging states at 0.1 C (the top of the peaks of the anode is magnified in figure 4(b)). The intensities of
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Table 1. Comparison of EMR and Li stoichiometry in LixNig.sMng2Co000O; of cathodes inside SSLMBs at different (dis)charging states
and rates.

0.1C 1C

Li stoichiometry of Li stoichiometry of
State EMR LixNipcMng2Co0.2O02 EMR LixNig.sMng2C00.20>
Pristine (OCV) 1.21 1.01 1.20 1.01
Charging (3.7 V) 1.11 0.93 1.11 0.93
End of charge (4.3 V) 0.31 0.26 0.80 0.66
Discharging (3.7 V) 0.69 0.57 0.94 0.78
End of discharge (3 V) 1.09 0.91 1.09 0.91

the peaks are the sums of the data of all pixels along the horizontal plane of the anode. The intensities of the
Compton profiles of the anode were all lower than those of the NMC622 cathode as the latter contained
heavy transition metal elements of more electrons (~47 electrons per molecule) and they scattered more
photons than the light Li element (three electrons per atom) in the anode. The Compton profiles of the
anode were also broader than those of the cathode. When the electrons are in motion, the Doppler effect
relating to the electron velocities causes the Compton line to spread out [70]. The broader Compton profiles
of the anode show that the kinetics of the valence electrons are more dominant in Li than in NMC622.
Figure 4(b) shows the intensity of the Compton profiles of the anode increased gradually during charging (Li
plating) and then decreased gradually during discharging (Li stripping). The Compton profiles of the
cathode and anode inside the SSLMB under different (dis)charging states at 1 C (figure S7) show the same
pattern that the peaks had lower intensities and were broader for the anode than the cathode. However, the
intensity trend is more random under different (dis)charging states, again indicating a more limited Li™ ion
exchange at the faster rate, corroborating the cathode results in figure S4. Other than the intensity change, a
slight peak shift can also be observed in the Compton profiles in figures 3(b), 4(a) and (b). This was likely
caused by the inlet tubing of compressed air connected to the HEXITEC detector to keep the detector at a
constant temperature of 18 °C during operando XCS imaging. The compressed air may have slightly affected
the angle of the position of the detector, leading to a peak shift in the calculation of p, in the Compton
profiles (equation (5)). Future improvements of the experimental setup involve the use of a liquid cooling
jacket outside the detector to minimize instability and movement of the detector.

The pixel-by-pixel XCS mapping of EMR in the horizontal plane for the cathode (figure 4(c)) and anode
(figure 4(d)) under different (dis)charging states at 0.1 C shows that EMR generally increased at the
anode/SPE interphase during charging (as Li™ ions moved from the cathode, through SPE, to the anode
during Li plating). EMR increased on the cathode during discharging (as Li* ions moved from the anode,
through SPE, and back to the cathode during Li stripping). The mapping also shows laterally heterogeneous
LiT transfer at both interphases.

Figure S8 shows a large field-of-view (8.5 x 8.5 mm? along the horizontal plane) CT 3D volume showing
the anode/SPE interphase at the end of charge and discharge at 0.1 C. More irregular moss-like structures
grew at the anode interphase than at the cathode interphase (figure S6), indicating a lower morphological
stability for the Li metal anode than the cathode. The moss-like structures were more concentrated in the
central part of the anode, correlating to the lateral heterogeneity of Li* ion concentrations from XCS
imaging in figure 4(d).

Figure 5 shows the zoomed-in volume rendering of both the Li metal anode surface at the anode/SPE
interphase and the bulk Li metal anode underneath at different (dis)charging states at 0.1 C inside the
SSLMB. Individual Li dendrites started to grow during the plating of Li (figure 5(b)), and the Li dendrite
growth direction was deflected, possibly due to the pressure exerted by the deformable SPE membrane at the
anode interphase. However, surprisingly, during Li stripping, the heterogeneous Li structures at the
interphase continued to grow, so there were more heterogeneous Li structures at the end of the stripping of
Li than the plating. This is because pore formation took place in the underlying interfacial region
(figure 5(d)), possibly due to the depletion of Li at the interphase [8]. The sub-surface pore/void volume
continued to increase, and it is possible that some Li dendrites started to become isolated or form ‘dead’ Li
(figure 5(e)) as some of the micropores were annihilated by plastic deformation [8]. Figure S9 shows the 3D
volume rendering of another anode (with a similar volume of interest) in the same states at 1 C, showing that
some irregular Li structures also grew at the anode/SPE interphase; however, the Li morphological changes
were smaller at 1 C than at 0.1 C, possibly because only a few Li™ ions were moved at the interphases within
the limited (dis)charge duration at the higher C rate.

Table 2 summarizes the EMR and the quantification of surface roughness, R, at the anode and cathode
interphases under different (dis)charging states at 0.1 and 1 C (example surface topological maps of the
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Figure 4. XCS imaging results for the anode and cathode inside operating SSLMB cells showing (a) Compton profiles (the
intensities are the sums of data from all spatial pixels) along the horizontal plane of the Li metal anode and Li,Nip¢Mng»Co0,0>
cathode; (b) magnified top part of the peaks from (a); XCS mapping of EMR of (c) cathode and (d) anode along the horizontal
plane, under the different (dis)charging states of pristine (OCV), charging (3.7 V), end of charge (4.3 V), discharging (3.7 V), and
end of discharge (3 V), at 0.1 C.

anode at the anode/SPE interphase under charged state at 0.1 and 1 C are shown in figure S10). Table 2
quantifies and shows that R, increased from the pristine state to the end of charge, and continued to increase
from the end of charge to the end of discharge for both the cathode and anode at both rates, with a higher
increase rate of R, for the anode compared with the cathode, and a higher increase rate during Li stripping
compared with plating, e.g. R, at the anode side increased by 13.4% during Li stripping compared with 6.1%
during Li plating at 0.1 C during the first cycle. This shows that more irregular Li structure growth was
accelerated during the Li stripping step instead of during the Li plating step, in agreement with the higher
Rjnt and R during Li stripping measured by EIS in figure 2. This phenomenon may be due to two reasons:
the first is the onset of imbalance of Lit ion diffusion between the two electrodes (the LiT concentration
change rate between charging and discharging more than doubled for the cathode compared with the anode
as shown by the EMR, particularly at 0.1 C), i.e. the extent of the reduction reaction at the cathode side
exceeds that of the oxidation side reaction at the anode side during discharging. The second reason is that
Li* ions were stripped from a porous morphology (developed during the first plating) and resulted in a
more non-uniform surface with irregular Li® structures.

Possible strategies to reduce the irregular Li structures at the interphase between the anode and SPE
include using asymmetric (dis)charging protocols of different current densities during charging and
discharging [33], and using a high current discharging for 1-2 min to induce isolated ‘dead’ Li to dissolve on
one end and re-deposit on the other end to re-connect to the anode [34] after every few cycles, so that the
following Li stripping cycle takes place on a less heterogeneous surface.
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Figure 5. 3D visualization of the Li anode inside an operating full-cell SSLMB. The 3D volume rendering shows changes of anode surface (at the buried interphase between anode and SPE membrane) and bulk anode volume
at (a) pristine (OCV), (b) charging (4 V), (c) end of charge (4.3 V), (d) discharging (4 V), and (e) end of discharge (3 V), at 0.1 C.
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Table 2. EMR and surface roughness R, in the horizontal plane of the cathode/SPE and anode/SPE interphases inside SSLMBs at different (dis)charging states and at different rates.

0.1C 1C

Anode/SPE interphase Cathode/SPE interphase Anode/SPE interphase Cathode/SPE interphase
State EMR Ry (um) EMR Ry (pm) EMR Rq (im) EMR Rq (um)
Pristine (OCV) 1.28 5.07 1.21 2.12 1.28 3.58 1.20 2.11
Charging 3.7V) 1.36 5.28 1.11 2.21 1.32 3.87 1.11 2.15
End of Charge (4.3V) 1.73 5.38 0.31 2.25 1.33 3.99 0.80 2.21
Discharging (3.7V) 1.51 5.73 0.69 2.43 1.32 4.01 0.94 2.26
End of discharge (3 V) 1.41 6.10 1.09 2.49 1.25 4.06 1.09 2.27
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4, Conclusion

The interplay between Li* ion diffusion and Li’ metal structure evolution at the buried interphases on both
the anode and cathode sides inside SSLMBs in commercially standard coin cell configurations was directly
imaged in operando using a novel correlative XCS-CT imaging technique for the first time. We emphasize
that studying Li* ion concentrations and Li® morphology simultaneously inside a full cell is challenging,
particularly because of the low signal-to-noise ratio of the ultra-light Li element, and we look at the
development of the new operando correlative XCS-CT imaging method to study the valence electron
momentum and hence the chemical properties of the materials in correlation with physical structural
changes. The results showed that the efficiency of extracting Li* ions from the cathode NMC622 material
during charging was 61% higher at 0.1 C than at 1 C. The roughness R, at both the cathode and anode
interphases was quantified at different (dis)charging states and rates. R, increased during Li plating and
continued to increase during Li stripping, with R, = 1.7-2.5 times higher at the anode interphase than at the
cathode interphase under the various (dis)charge states at 0.1 and 1 C. The irregular Li structure growth with
sub-surface pore formation was accelerated during the Li stripping step, leading to Li™ deficiency at the
anode interphase, loss of homogeneous contact at the anode/SPE interphase, and increased interfacial and
charge transfer resistance. The initiation and growth mechanisms of the irregular Li structures at the
anode/SPE interphase were due to the onset of Li* ion diffusion imbalance between the cathode and anode.
Overall, the mechanism examined here provides a foundation for understanding the root cause of the
irregular Li structures and potential solutions for mitigating the excessive Li structure irregularity inside
SSLMBs.
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