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1. Abstract 
  
Solid-state battery (SSB) technology offers a transformative solution to the weaknesses of 
conventional liquid-state batteries, but current SSB materials face limitations, particularly poor 
charge/discharge rates due to restricted ion diffusion and conductivity at interfaces. Standard 
techniques focus on bulk properties, hindering interface optimization. β-NMR, however, offers 
spatial precision for probing ion transport. Using the β-NMR setup at VITO (ISOLDE facility), 
we will measure lithium-ion diffusion in the bulk and anode-electrolyte interface of SSB 
materials, utilizing a 30-50 keV 8Li beam to measure Larmor frequency, ω0, resonance width, 
and T1 as a function of temperature. These tests, across materials with varying chlorine and 
sulfur content, will help determine the role of these anions in interfacial conductivity. 
 
Requested shifts: 25 online shifts 
Experimental beamline: VITO 
  
2. Introduction and motivation 
Lithium-ion solid-state batteries (Li-SSBs) offer advantages over traditional liquid-based 
batteries, such as improved safety, higher energy density, faster charging, and longer lifespan1. 
In response to climate change, SSB development is a rapidly evolving field and has had 
significant commercialization breakthroughs in the past five years, including reduced pressure 
requirements (from 10s MPa to 1-2 MPa), improved cathode utilization, and stable long-term 
cycling2. However, Li-SSBs still face challenges which must be addressed for 
commercialization. A typical Li-SSB consists of: (1) lithium metal anode, (2) Li-based 
electrolyte, and (3) Li-based cathode, typically a single crystal lithium nickel manganese cobalt 
oxide (Li-NMC). Li metal and NMCs are desirable as they have high energy density (a large 
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amount of usable Li).Theoretically, Li-SSBs can fully charge in ~10 mins due to the absence 
of mobile anions causing polarization, much faster than conventional liquid batteries (e.g., a 
Tesla Model S takes 30 minutes for 0-80% and ~7 hours for 0-100%). However, in practice, 
reactions between the metal electrode and solid-state electrolyte form a solid-electrolyte 
interface (SEI) with slower Li-ion dynamics, hindering fast charging/discharging3. Recently, 
solid electrolytes with diffusion coefficients similar to conventional liquid electrolytes (10-11/12 
m2s-1) have been developed4. While most are metastable and enable fast Li-ion conduction, 
they degrade into a self-passivating SEI layer when in contact with a metal anode5. The most 
commercially relevant series of solid-state electrolytes are lithium argyrodites. The parent 
compound Li7PS6 (LPS) has poor conductivity (~0.1 mS cm-1), but further Cl doping increases 
the bulk conductivity: Li6PS5Cl (LPSCl, 1-3 mS cm-1) and Li5.5PS4.5Cl1.5 (Cl-rich, 6-9 mS cm-

1)6. However, despite the conductivity improvement, the overall cell performance remains 
below commercial requirements.   
 
The conductivity of the SEI is understudied, and the impact of degradation products (e.g. Li3P, 
LiCl or Li2S on cell performance is not well understood. Techniques such as Time-of-Flight 
Secondary Ion Mass Spectrometry (ToF-SIMS), Auger Electron Spectroscopy (AES), and X-
ray Photoelectron Spectroscopy (XPS) can analyze interfacial composition, while 
Electrochemical Impedance Spectroscopy (EIS), Quasi-Elastic Neutron Scattering (QENS), 
Pulsed-Field Gradient Nuclear Magnetic Resonance (PFG-NMR), and NMR relaxometry can 
study ion transport in these materials. These commonly employed analytical techniques 
collectively span a range of length and timescales. However, a major drawback is their focus 
on bulk properties, with limited spatial resolution at scales needed to observe interfacial 
diffusion. This makes it challenging to extrapolate ion migration from the atomic level (cation 
movement between interstitial sites) to the cell's macroscopic scale. Additionally, molecular 
dynamics (MD) simulations to investigate the interface are computationally intensive as they 
require averaging over long timescales to capture interfacial diffusion. Furthermore, the 
interfacial composition is often uncertain, and it can be difficult to account for all degradation 
products at the interface. Therefore, an experimental method with the spatial and time 
resolution to observe interfacial diffusion would enable correlations between electrolyte 
composition, bulk and interfacial diffusion, and cell performance, greatly aiding material 
development and optimization based on experimental evidence. 
 
3. SSB samples 
We propose the study of the SEI interface by β-NMR of the three promising SSB electrolyte 
materials: Li7PS6, Li6PS5Cl, and Li5.5P4.5Cl1.5. In light of recent studies, these materials 
exemplify the need for direct investigation of the interface. For example, Li6PS5Cl is an ideal 
commercial candidate due to its high bulk ion diffusion coefficient (D=1-3x10-12 m2s-1), 
conductivity, and suitability for large-scale production; it is easily synthesized through 
solution-based methods. However, it has not reached the charge and discharge rate 
performance expected in both full and half cells. XPS analysis identified Li₂S as the main 
product, along with Li₃P and LiCl, as shown in Figure 1d. This study also showed through 
impedance measurements that electrolytes that contain Cl showed higher interfacial resistivity 
and slower interfacial growth, but better bulk conductivity7. Analysis of ToF-SIMS data also 
gives a Li2S-rich interface, although this is thicker than expected, ~250 nm8. Li₂S has 
conductivity ten orders of magnitude lower than Li6PS5Cl and so the SEI is likely the main 
cause of poor cell rate performance.  
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One route to minimise Li₂S formation is to enrich with Cl, e.g., using Li5.5P4.5Cl1.5, which also 
increases bulk conductivity (2.5x larger than that of Li6PS5Cl). However, this does not improve 
cell performance after EIS testing in a half-cell with 150 nm thick Li anodes6. As shown in 
Figure 2b, both Li5.5P4.5Cl1.5 and Li6PS5Cl give similar critical current densities (maximum 
current before a short circuit) of 1.25 mA during lithium plating (>5 mA is required for 
commercialization). This uncertainty as to whether or not to enrich the electrolyte with Cl 
emphasises the need to measure SEI diffusion directly, enabling the chemical composition to 
be optimised for maximum critical current density and charging rate. 

 
Figure 1: (a) A schematic of some methods to measure interfacial resistances.  (b) Critical current density 
measurements use cells which are cycled until failure, where lithium plating at the electrode surface forms 
dendrites, leading to a short circuit, as shown in a (Li0-electrolyte-Li0) cell with Li5.5P4.5Cl1.5. (c) EIS acquires 
Nyquist plot semi-circles that can be deconvoluted into bulk and interface resistances. However, the interface also 
includes constriction resistances from the evolving contact between the metal electrode and electrolyte, making 
this method ineffective for measuring interfacial conductivity. (d) XPS enables chemical deconvolution of surface 
species with a penetration depth of ~1-10 nm, making it highly surface-sensitive. However, since the SEI is buried, 
the electrode must be etched, a destructive process that can cause degradation. An XPS comparison of Li6PS5Cl 
and Li5.5P4.5Cl1.5 shows more Li2S degradation in the latter. 
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Figure 2: (a) A PFG-NMR stimulated echo experiment, showing the ~2.5 times smaller bulk diffusion of 7Li in 
Li6PS5Cl compared with Li5.5P4.5Cl1.5 extracted from the Stejskal-Tanner equation. (b) The critical current density 
measurements for Li6PS5Cl and Li5.5P4.5Cl1.5 in a full cell (Li0-electrolyte-NMC). (c) AFM line scan of a Li6PS5Cl 
with a 150 nm Li metal anode deposited on the surface. 
 
4. Beamline upgrades 
The previous LOI, submitted in November 2023, concerned test measurements of the same 
samples at room temperature. However, beamline upgrades to support variable temperature 
measurements are already designed, and undergoing testing and construction, after securing 
funding from the Knowledge Transfer Fund in December 2023. In addition, simulations to 
justify the sample dimensions have been completed (Section 5.4) and heat transfer simulations 
are underway to validate the sample holder design. Beamline upgrades include: (a) a load-lock 
which will enable faster sample exchange, (b) a liquid nitrogen trap to improve the vacuum, 
and (c) a sample holder to enable sample heating/cooling. A schematic of the beamline design 
for these measurements is shown in Figure 3. Therefore, we request shifts in this proposal to 
replace the 8 shifts already approved from the LOI, as we do not anticipate any major obstacles 
for conducting the full measurements.  
 

 
Figure 3: The SSB beamline design with the main components: (1) load-lock with dismountable chamber to insert 
sample, (2) gate valve, (3) location of bellow attachment for sample positioning, (4) feedthroughs for temperature-
stabilising liquid for the existing b-detectors (5,6), (7) sample holder, (8) RF coils, (9) liquid-N2 trap, (10) chamber 
to host front detector, (11) superconducting magnet, (12) connection to vacuum pumps, (13) linear drive, (14) 
sample, (15) sample heating/cooling element. The white arrow indicates the direction of the beam. 
 
5. Method and experimental setup 
5.1 b-NMR technique  
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The measurements will be performed at the VITO beamline at the ISOLDE facility, a dedicated 
b-NMR setup that has previously been used to study various Na and K isotopes9–11.This 
experiment will utilise a 8Li+ beam with energy 30-50 keV. On entry to the beamline, the beam 
will be neutralised in a charge-exchange cell (CEC) and then spin-polarised via optical 
pumping using a dye laser (30-100 mW at 671 nm in the atomic D1 or D2 line). 8Li will then 
be implanted into the sample, centered in a 4.7 T magnet to maintain spin orientation, forming 
8Li+ at displaced Li+ sites or in interstitial environments (i.e. in LPSCl only half the possible Li 
sites are occupied). The entire setup will operate under high vacuum conditions, between 
1×10−9 and 1×10−6 mbar. The anisotropic emission of b-particles, termed b-asymmetry, will be 
measured by two detectors placed 0° and 180° relative to the sample. The spin-lattice relaxation 
time, T1, can be estimated through monitoring the decrease in asymmetry as a function of time. 
Spectra containing 8Li b-resonances will also be acquired at VITO, through application of 
continuous-wave radiofrequency (CW-RF) at the Larmor frequency, w0.  
We aim to use T1 measurements to probe the dynamics and activation energy, Ea, of 
microscopic ion migration in SSB materials. Similarly to conventional NMR relaxometry, T1 
coefficients can be fitted to the Bloembergen, Purcell, and Pound (BPP) model12–14: 

𝐽(𝜔!𝜏) ∝ 𝐶
2𝜏

1 + (𝜔!𝜏)"
, (1) 

where b accounts for the asymmetry. The model describes the relationship between T1, 
temperature, and microscopic Ea of site translation, a parameter directly linked to ion diffusion. 
Efficient T1 relaxation occurs when molecular motions cause fluctuations in the local magnetic 
fields that are at or close to w0. This matching condition depends on the correlation time τ, 
which is inversely related to the jump rate of molecular motions. Therefore, the temperature-
dependent 1/T1, R1, values pass through a maximum, which is reached when fluctuations in 
local interactions are on the order of the Larmor frequency (ω0τ ≈ 0.62). Ea can then be 
extracted using a fit of R1 as a function of temperature. The Lorentzian peak is often 
asymmetrical, mainly due to correlation effects such as Coulomb interactions and disorder, 
which impact the low-temperature flank. Therefore, the high-temperature regime (ω0τ ≪1) is 
often used for fitting and, for three-dimensional isotropic ion conductor, such as LPSCl, gives 
the Ea for long-range ion motion. An example of this using bulk-sensitive conventional 7Li 
NMR is given in Figure 4. The benefit of applying this method to β-NMR is its spatial 
sensitivity, which allows for probing Li dynamics at both the interfaces and in the bulk of the 
SSB materials.  

Figure 4: (a) LPSCl NMR spin-lattice (T1) and spin-lock (T1ρ) relaxometry measurements of 7Li as a function of 
T. (b) The solid pink line represents the expected peak top temperature for 8Li at ω0 = 30 MHz in bulk LPSCl. 
The interface will have lower D, so the peak will shift to higher temperatures when different thicknesses of anodes 
are added.  
 

a) b) 
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5.2 Sample design and measurements 
All samples will be provided by collaborators at the University of Oxford. The commercially 
relevant SSB electrolytes - Li7PS6, Li6PS5Cl and Li5.5P4.5Cl1.5 - will be studied in bulk and with 
a lithium metal layer of varying thickness. The total sample thickness will be 1 mm. By 
changing the depth of lithium deposited with physical vapour deposition (PVD), the insertion 
of 8Li will be surface-specific and varied, details are included in 53.4. Table 1 shows the lithium 
and expected SEI depth probed by 8Li. The T1 coefficients for each sample will depend on the 
extent to which the 8Li has sampled the SEI. A significant difference between the β-resonance 
frequencies of lithium metal (~260 ppm) and the electrolyte (~3 ppm) is expected due to the 
Knight shift. Since 8Li will exchange with both the lithium layer and the electrolyte, both β-
resonances should be detectable with magnetic field homogeneity on the order of 10 ppm, 
which is easily achievable with the magnet at VITO. It is worth noting that conventional bulk 
NMR methods cannot obtain a signal from a 250 nm SEI in a 1 mm thick layered material, as 
the SEI constitutes only about 0.025% of the NMR signal. This demonstrates the advantage of 
the β-NMR technique.  
 
In addition to measuring T1 coefficients in samples with differing Li layer thickness, we aim to 
carry out measurements on each sample with varying temperature. For each sample, we will 
cover a temperature range of -10-200°C to include the low and high temperature flank, based 
on the estimated diffusion coefficient in the SEI. We estimate 5 data points for each sample 
will be required, with a maxima expected ~100°C: -10, 50, 100, 150, 200°C.  
      
5.3 Previous work with 8Li 
8Li is generally well-suited for β-NMR studies for several reasons: (1) its half-life is sufficiently 
long, t1/2 = 840 ms, (2) it is easily polarised with a dye laser, as already shown in solid hosts by 
the ISOLDE COLLAPS experiment15, (3) it undergoes 100% β-decay to 8Be, with relatively 
high β-asymmetry, 5-10%, and (4) despite I = +2 for 8Li, its quadrupole moment, Q, is not 
significantly high, making it ideal for β-NMR (high |Q| for nuclei with |I| > ½ can cause more 
efficient relaxation and a shorter T1). Fortunately, due to the high diffusion coefficients in these 
samples, the quadrupolar contribution is expected to be minimal due to rapid diffusion 
averaging. Indeed, quadrupolar effects have also not been observed to be significant with bulk 
measurements using 7Li in these materials, which has I = +3/2 and similar Q16. The cubic Li 
implantation sites in all the electrolytes result in zero quadrupolar coupling, simplifying the 
spectra to a single resonance per layer.  
 
8Li is expected to have a of T1 of 100-200 ms in these electrolytes, but only ~25 ms in the 
lithium metal. Not only is a T1 value of 100-200 ms suitable for β-NMR measurements, but the 
large difference in the two regions allows for possible exclusion of signal originating from the 
anode. The Larmor frequency of 8Li is well-known (~30 MHz at 4.7 T) and can be achieved 
with the RF equipment at VITO. For the above reasons, 8Li β-NMR has already been used to 
probe similar materials. For example, at the TRIUMF facility in Canada, J. Sugiyama et. al. 
investigated the differences in Li diffusion through T1  measurements between bulk LiCoO2 
and Li0.7CoO2 cathode materials17. 
 
5.4 Geant4 and TRIM simulations  
Monte-Carlo (MC) simulations using SRIM and Geant4 software were carried out to determine 
the implantation depth of 8Li into each sample and therefore the probed SEI depth. The 
accuracy of SRIM predictions has been experimentally validated, demonstrating strong 
agreement in the projected range of light ions (H, He, Li), with errors typically below 5%18. 
For this reason, SRIM is typically used for analysis of ion implantation in an absorber. Table 
1 gives the mean implantation depths from 10000 implanted ions in each electrolyte, layered 
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with 0, 250, 500, and 700 nm of lithium, and a total pellet depth of 1 mm. An ion beam was 
initiated from a point at the centre of the outer surface of the lithium layer and the absorber is 
modelled with finite thickness but infinite width and length. In practice, the beam will consist 
of neutral 8Li, have a radius of approximately 5 mm, and the sample will have a 13 mm 
diameter. However, Geant4 simulations, which include a 8Li beam with correct beam and 
sample geometry, indicate this does not significantly impact the ion distributions. Geant4 and 
TRIM electrolyte projected ranges were within 20 nm. Figure 5b shown as an example, which 
used 250 nm of lithium deposited on Li7PS6. The projected ranges showed little variation with 
the electrolyte composition (within 3 nm) and also scaled approximately linearly with Li depth 
until the point where most of the ions were implanted into the anode (Li depth of >800 nm). 
 

Figure 5: (a) A schematic depicting the experimental setup in the sample region, and (b) comparison of SRIM 
(blue) and Geant4 (orange) histograms of projected range for 250 nm of lithium deposited on Li7PS6. Within the 
electrolyte, mean projected ranges for TRIM and Geant4 were 480 and 471 nm, respectively, with s ~90 nm. 
 
Table 1: The Li depth, projected range, and expected SEI depth using 8Li β-NMR, based on TRIM simulations. 

Values and their uncertainties are calculated from the mean and standard deviation over all electrolytes. 
 

Electrolyte Li depth/ 
nm 

Mean projected range/ nm 
SEI depth probed/ nm 

Entire sample Electrolyte 

Li7PS6,  
Li6PS5Cl,  

Li5.5PS4.5Cl1.5 

0 322±2 322±2 
250 475±2 482±2 232±2 
500 633±1 650±1 150±1 
700 754±2 792±1 92±1 

 
6. Beamtime request 
A summary of our beamtime request is shown below: 
 

Table 2: The required tasks and estimated number of shifts. 

Task Time required 

Establishing and optimising 8Li polarisation 4h, 0.5 shifts 
Locating and optimising 8Li signal  at the beginning 4h, 0.5 shifts 

Sample changes (sample move to load-lock, sample exchange in 
the loadlock in glove box, loadlock connection back to beamline) 2h x 12 samples, 3 shifts 

Temperature stabilisation for each sample 0.5h x 12 samples, ¾ shifts 
Measuring beta-NMR resonances and T1 (at stable temperature): 3 

samples with 4 different thicknesses of front layers x data at 5 
different temperatures  

3h x 3 samples x 4 layer depths x 5 temp 
points = 22.5 shifts 

Total: 25 online shifts 

a) 
b) 
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Table 3: A summary of the beam requirements. 

Isotope Separator Ion source Target Approx. yield Use of 
ISCOOL? 

8Li GPS Surface ionised TaCx (preferred) or 
UCx 

1e8 ions/s (TaCx) 
1e6 ions/s (UCx) No 
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1 Details for the Technical Advisory Committee 
1.1 General information 
Describe the setup which will be used for the measurement. If necessary, copy the list for each 
setup used. 

⊠ Permanent ISOLDE setup: VITO 

☐ To be used without any modification 
⊠ To be modified: Implantation chamber inside our 4.7 T magnet will be changed from 
high-vacuum (HV) to ultra-high vacuum (UHV) chamber with a load-lock. Also, a LN2 
‘trap’ will be added between the implantation point and the front detector, aiming to ensure 
1e-8 to 1e-9 mbar vacuum at the sample. Furthermore, the sample will be studies at 
different temperatures spanning -20 to + 200 degrees, provided by a cooling/heating liquid. 

☐ Travelling setup (Contact the ISOLDE physics coordinator with details.) 

☐ Existing setup, used previously at ISOLDE: Specify name and IS-number(s) 

☐ Existing setup, not yet used at ISOLDE: Short description 

☐ New setup: Short description 

1.2 Beam production 
For any inquiries related to this matter, reach out to the target team and/or RILIS (please do not 
wait until the last minute!). For Letters of Intent focusing on element (or isotope) specific beam 
development, this section can be filled in more loosely. 

• Requested beams: 
Isotope Production yield in focal 

point of the separator (/µC) 
Minimum required rate 
at experiment (pps) 

t1/2 

8Li 3e6 2e6 838 ms 

• Full reference of yield information from Sebastian Rothe about UCx target with Re 
ionizer at 1.7GeV 

• Target - ion source combination: 

• RILIS? No 

☐ Special requirements: (isomer selectivity, LIST, PI-LIST, laser scanning, laser shutter 
access, etc.) 

• Additional features? no 

 Neutron converter: (for isotopes 1, 2 but not for isotope 3.) 
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☐ Other: (quartz transfer line, gas leak for molecular beams, prototype target, etc.) 
• Expected contaminants: none 
• Acceptable level of contaminants: NA 

• Can the experiment accept molecular beams? No 

• Are there any potential synergies (same element/isotope) with other proposals and LOIs 
that you are aware of? No 

1.3 HIE-ISOLDE 
For any inquiries related to this matter, reach out to the ISOLDE machine supervisors (please do 
not wait until the last minute!). 

• HIE ISOLDE Energy: (MeV/u); (exact energy or acceptable energy range) 

⊠ Precise energy determination required 

☐ Requires stable beam from REX-EBIS for calibration/setup? Isotope? 

• REX-EBIS timing 

⊠ Slow extraction 

☐ Other timing requests 

• Which beam diagnostics are available in the setup? 

• What is the vacuum level achievable in your setup? 

1.4 Shift breakdown 
The beam request only includes the shifts requiring radioactive beam, but, for practical purposes, 
an overview of all the shifts is requested here. Don’t forget to include: 

• Isotopes/isomers for which the yield need to be determined 

• Shifts requiring stable beam (indicate which isotopes, if important) for setup, cali- 
bration, etc. Also include if stable beam from the REX-EBIS is required. 

An example can be found below, please adapt to your needs. Copy the table if the beam time 
request is split over several runs. 

Summary of requested shifts:  

With protons Requested shifts 
Yield measurement of 8Li 
Optimization of experimental setup using 8Li 
Data taking on 8Li 
 

 0.3 
0.5 
25 

Without protons Requested shifts 
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Stable beam from ISOLDE, before experiment with Li 
mass-marker 

 

1.5 

1.5 Health, Safety and Environmental aspects 
1.5.1 Radiation Protection 

• If radioactive sources are required: no 

– Purpose? 
– Isotopic composition? 
– Activity? 
– Sealed/unsealed? 

• For collections: no 

– Number of samples? 
– Activity/atoms implanted per sample? 
– Post-collection activities? (handling, measurements, shipping, etc.) 

1.5.2 Only for traveling setups 
• Design and manufacturing 

⊠ Consists of standard equipment supplied by a manufacturer 

☐ CERN/collaboration responsible for the design and/or manufacturing 

• Describe the hazards generated by the experiment: 
 

Domain Hazards/Hazardous Activities Description 

 
Mechanical Safety 

Pressure ☐  
Vacuum ☐  
Machine tools ☐  
Mechanical energy (moving parts) ☐  
Hot/Cold surfaces ☐  

Cryogenic Safety Cryogenic fluid ☐  

Electrical Safety Electrical equipment and installations ☐ [voltage] [V], [current] [A] 
High Voltage equipment ☐ [voltage] [V] 

 

 
Chemical Safety 

CMR (carcinogens, mutagens and toxic 
to reproduction) ☐ [fluid], [quantity] 

Toxic/Irritant ☐ [fluid], [quantity] 
Corrosive ☐ [fluid], [quantity] 
Oxidizing ☐ [fluid], [quantity] 
Flammable/Potentially explosive 
atmospheres ☐ [fluid], [quantity] 

Dangerous for the environment ☐ [fluid], [quantity] 
Non-ionizing Laser ☐ [laser], [class] 
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Radiation Safety UV light ☐  
Magnetic field ☐ [magnetic field] [T] 

 
Workplace 

Excessive noise ☐  
Working outside normal working hours ☐  
Working at height (climbing platforms, 
etc.) ☐ 

 

Outdoor activities ☐  

Fire Safety 
Ignition sources ☐  

Combustible Materials ☐  
Hot Work (e.g. welding, grinding) ☐  

Other hazards    
   

 


