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Supplementary Text

Supplementary figures. Figures S1-S14 show additional experimental results and simulations relevant to the material
discussed in the main text.

Theory background. The purpose of this section is to provide a basic understanding of the spectral pattern observed
for the PFy spin system (Fig. 2). For more complete reviews on zero-to-ultralow-field nuclear-magnetic-resonance
(ZULF-NMR) experiments and simulations, the reader is encouraged to consult other recent publications (1, 2).
Our investigations were primarily conducted in the ultralow-field (ULF) regime at a background magnetic field
B, =2.7uT, such that both Zeeman and J-coupling interactions contribute to nuclear-spin dynamics. The general
Hamiltonian describing the coherent evolution of the system is given by
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where I and S; represent the 3P and !'°F nuclear spins, respectively (here, N = 6); fz and Si’z are the spin-
projection operators along the quantization axis £ (corresponding to the z-axis in the experimental coordinate
system of Fig. 1). The J-coupling constant, Jpp &~ 710Hz, is significantly larger than the Larmor frequencies
vp = vpB. /21 ~ 46 Hz and vp = yp B. /21 ~ 108 Hz, where y denotes gyromagnetic ratios in (SI units) rad-s~!-T~*—
such that vp/2m = 17.2 Hz/uT and yr/27 = 40.1 Hz/uT. Thus, the Zeeman interaction acts as a perturbation
’HZeeman to the eigenstates of the H s Hamiltonian, lifting the degeneracy inside each eigenstate manifold (Fig. 2 and
Fig. S3). Note that Eq. (1) is written such that the Hamiltonian has units of fiw and nuclear spins have units of £,
where 7 is the reduced Planck constant and w is angular frequency. In this section, we set & = 1 for convenience.

In the absence of the external field (B, = 0), there are 128 eigenstates distributed among seven manifolds with
the eigenvalues 27{—2Jpp, —%Jpp, —Jpr, 0, %Jpn JpF, %JPF}. These manifolds are characterized by their total
spin angular momentum F = I 4+ S, where [ = % (phosphorus) and S is the sum of fluorine spins, while states
inside a given manifold are distinguished by the 2-projection of total spin angular momentum, mpg, with values
{=F, —F+1, ..., F}. Under ZULF-NMR conditions, transitions between manifolds are observed as .J peaks following
the selection rules AF = +1 and AS = 0, as illustrated in Fig. S3—corresponding to peaks at the frequencies
{2Jpr, 2Jpp, LJpr}.

Upon application of the B, field, the degeneracy in each manifold is lifted and transitions between eigenstates
within the same manifold are also observed as the near-zero-frequency (nZF) peaks. These transitions are characterized
by the selection rules AF = 0, AS =0, and Amp = +1. In addition, the J peaks are shifted to higher frequencies
with increasing B,, corresponding to further splitting of the energy levels. To compute the transition frequencies as a
function of field, we use the following expression for the energy of each state (3):
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By performing a Taylor expansion in B, (around B, = 0) and keeping only first-order terms, we arrive at approximate
expressions for both the 6"?F and &) frequencies, which are in agreement with spectra obtained by numerical
simulation in Spinach (4) (Fig. S3):
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When further increasing B,, i.e. the solenoid field, the splitting pattern gains complexity as quadratic terms become
significant (Fig. S4). The choice of detection field is thus motivated by a balance between maximizing SNR and
working in a noise-free region where peak integration can be performed for quantitative analysis. Notably, the J peaks
have much lower intensities than the nZF peaks (Fig. 6), motivating our choice to focus on the latter for detection
and quantification of the LiPFg electrolyte properties.

Relationship between absolute signal and concentration. To investigate the absolute relationship between molecular
concentrations and NMR signals measured with the OPM-based spectrometer, theoretical calculation of expected
magnetic fields was carried out as follows. For calibration, we first considered the simplest case of a pure water sample
prepolarized at B, = 1T and room temperature (20°C). Under these typical experimental conditions, the expected
thermal prepolarization of proton spins is (5, 6)
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where the proton has gyromagnetic ratio 1 /27m = 42.6 Hz/uT and nuclear-spin quantum number Z = 1/2, h is the
Planck constant, and kp is the Boltzmann constant. This expression yields

(42.6 x 10Hz - T~') (6.63 x 10734 J -s) (1T)
2(1.38 x 10723 J - K™ ') (293 K)

Piherm = =35x%x107°. 5]

Given the molar concentration of water protons, C = 2-55M = 110 M, the amplitude of sample magnetization
(magnetic moment per unit volume) can then be estimated as

M =C-Na-yuhl - Pupem [6]
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where N4 is the Avogadro constant. For a sample of volume V' = 80 uL (the estimated interior volume of the battery
cells), the magnetic moment is then m = M -V = 2.6 x 10719 A - m2. The ideal sample geometry would be that of a
uniformly magnetized sphere, giving rise to a pure dipole magnetic field outside. Ignoring any relaxation mechanisms
between polarization and measurement which might affect M, the maximum gradiometric quadrature amplitude (7)
measured at the sensor offset distance 17.5 mm from the center of the sample is therefore
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Here we have used the vacuum magnetic permeability po and reported the magnetic-field amplitude to one significant
figure. For V = 1.5mL, the volume of our calibration vials, the expected field from a uniformly magnetized spherical
sample is approximately 500 pT. This amplitude is robust with respect to temperature fluctuations of the sample,
varying only a few percent per 10°C.

Such calculations are easily extendable to other chemical systems. For the case of the solvent 50:50 (v/v) EC/DMC,
containing five protons per molecule, the molar concentration of protons is 5 x 13.4 = 67.0 M. Thus, Eq. (7) is scaled
by the factor 67/110.

In actual experiment using the shuttling setup, samples have a cylindrical geometry (see Experimental section of the
main text) and the initial magnetization My decays on a timescale characterized by the longitudinal spin-relaxation
time, Ty, according to M = My - exp (—t/T1), where ¢ denotes the time since leaving the prepolarization field. Taking
these effects into account for measurement of a transversely polarized cylindrical sample ((7, 8) and Fig. S14), we
find for the calibration vial an expected water-proton signal of 400 pT. In our experimental geometry where the
sensor offset distance is large relative to the sample radius, signal decay due to relaxation (during shuttling and pulse
application, Fig. 1) tends to dominate any losses resulting from nonspherical sample geometry. Even though we
have not considered possible effects of nonuniform magnetization or mechanical motion of samples, we do measure
water-proton calibration signals of the expected order of magnitude, and the EC/DMC proton signal is indeed smaller
by about a factor of two (Fig. S6). By contrast, the measured solvent-proton signals from the sample cells (Fig. 3B)
are consistently at least an order of magnitude less than the theoretical value of 20 pT. This discrepancy could
be explained by systematic effects, including spurious magnetic fields due to eddy currents induced by shuttling
conductive material through external field gradients (Fig. S5), which may negatively impact sample magnetization.
As an additional check, we filled an empty battery casing with 74 uT of deionized water (verified by weighing before
and after filling) and obtained a proton signal of 3pT (Fig. S7B). According to the vial calibration data in Fig. S6,
this would correspond to an expected solvent-proton signal of 1 pT in the electrolyte cells, which is close to the largest
measured value of 800 {T (Fig. 3).

The above considerations underscore the advantages of our method for calculation of electrolyte concentrations
based on ratios of spectral peaks (see main text), which is immune to any systematics affecting all peaks equally.
This attribute is critical especially in the ZULF-NMR experimental modality, where, in contrast to conventional
higher-field NMR, measurements, the sample does not fill the entire sensitive region of the spectrometer. Furthermore,
electrolyte leakage due to poor sealing during sample production can be investigated and diagnosed through study of
time-resolved peak dynamics (Fig. S8), which also allows for observation of differing compound volatilities.

The approach presented here is also suitable for applications where the sample volume and/or geometry is unknown,
as may occur in real-world battery diagnostics.
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Data sets and analysis. Processing of raw OPM time-series data in MATLAB proceeded according to the protocol
published in (7). To enhance SNR of spectra from the sample cells, the first 5s of the acquired time series were used,
~ 10000 scans were averaged in the time domain, and a 300 Hz low-pass filter was applied in the frequency domain.
A zeroth-order global phase of €!® (¢ = 1%7r for the typical case where the first 25 ms of the time series were dropped
to eliminate pulse-related artifacts) was applied to the complex fast Fourier transform (FFT) to obtain an absorptive
proton peak in the real part of the spectrum (Figs. S5-S7). Subsequent postprocessing in Mathematica encompassed

the following steps:

1. Baseline cleaning of the four differently phased versions of the spectrum (see main text) in the region 51-391 Hz.
This was achieved by fitting the real part of a mathematical model to the real part of each phased spectrum.
The fit function was the sum of six complex Lorentzians (including the solvent-proton peak, the four largest
PF; peaks, and a lower-frequency noise background) as well as a polynomial up to second order. Spectral
regions containing major sharp noise peaks including power-line noise and associated harmonics were excluded
from the fitting. The corresponding fit, excluding the peaks of interest, was then subtracted from each phased
spectrum.

2. Joining of the four phased spectra at 91.4, 104.9, and 123.8 Hz, to obtain a fully absorptive concatenated
spectrum for display purposes (Fig. 2).

3. Integration of two 8 Hz spectral regions centered on the two largest PFg peaks and the proton-solvent peak, to
quantify the solute and solvent signals (Fig. 3). In order to reduce errors associated with baseline variation, a
line fitted to the endpoints of the integration window was first subtracted from the spectrum.

4. Calculation of electrolyte concentrations according to the procedure detailed in the main text. Although error
bars on measured signals from sample 7 were obtained by taking the standard error of repeated measurements
(Fig. 4), it was necessary to scale these for other samples according to SNR, such that larger SNR would
correspond to smaller error bars. For this purpose, we assumed a simple linear dependence of standard error
on signal (since the noise level was generally stable across all experiments). Specifically, after calculating the
standard error on the mean (SEM) for both the solute and solvent peaks of the sample-7 spectrum, we used a
linear fit to these two data points to relate the signal S (area in pT) of any measured peak to an associated
SEM: § = 0.00281 + 0.00653 x SEM, where the SEM corresponds to the error bar on a measured signal S.

Time-series data from the SQUID gradiometer were collected at 30k{2 feedback resistance corresponding to a
magnetic-field conversion of 138 pT/V and processed using MATLAB. In the time domain, a scalar background
was removed from the data and a Hanning window was implemented. Using zero-filling of 2'¢ to increase spectral
resolution, an FFT was applied to generate the magnitude frequency spectrum. Given the short (5s) acquisition time,
it was desirable to apply lineshape correction to electrolyte solution spectra (Fig. 6)—data were apodized in the time
domain (multiplication by a decaying exponential e~*/%-3). For proton spectra of pouch-cell batteries (Fig. S11D), no
apodization was applied but a 300 Hz low-pass filter was used for SNR improvement, and a 150 mHz moving average
was used for plotting.
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Fig. S1. Simulated skin depth of electromagnetic radiation in aluminum as a function of frequency w/2x (log-linear plot), according

to a standard empirical formula which scales approximately as 1/y/w. Typlcal literature values of Al material parameters were used:
resistivity p = 2.65 x 1078 Q - m, permeability 1 = 1.26 x 10"®H - m~!, and permittivity e = 4 x 107 C%-N"* . m~
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Fig. S2. Photographs of the coin-cell samples and sample holder prior to measurement in the OPM-based shuttling setup (cf. Fig. 1).
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Fig. S3. Left: Energy-level diagram for the PF; system in the ULF regime (energies are expressed in Hz, considering h = 1).
The Zeeman interaction lifts the degeneracy inside manifolds of total spin angular momentum F', leading to transitions between
states inside the same manifold observed as near-zero-frequency (nZF) peaks 6"2F. The selection rules for these transitions are
AF =0, AS =0, Am = +1, where S is the sum of fluorine nuclear spins. The J peaks &;, correspond to transitions between different
manifolds that follow the selection rules AF = +1, AS = 0 and are centered around frequencies calculated using the derived equations
(see Sl text); for B, = 2.7 uT, we have 87 = 1087Hz, 67 = 1790Hz, and §7 = 2497 Hz using J = Jpr = 710 Hz. Right: Simulated
ULF-NMR spectra using the Spinach program in MATLAB based on experimental parameters of the shuttling setup and protocol (Fig. 1),
with peaks corresponding to the labeled transitions. In actual experiment, the phosphorus peak close to 50 Hz is dominated by the much
stronger lithium precession peak (Fig. S6). We note that the precise value of Jpr depends on solvent composition (9, 10). For LiPFg in
30:70 (% w/w) EC/EMC, we found Jpr = 707.4 Hz based on a SQUID measurement at zero field (c.f Fig. 6); for LiPF¢ in 50:50 (v/v)
EC/DMC, we found Jpr = 707.7 Hz using a benchtop spectrometer (cf. Fig. S13B).
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Fig. S4. Simulated ULF-NMR magnitude spectrum of the PF4 spin system as a function of background magnetic field B. following the
approach described in the Sl text and Fig. S3, motivating the use of lower fields to avoid further splitting of the spectral lines which in turn
would reduce the overall SNR of individual peaks (Fig. 2).
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Fig. S5. Experimental spectrum (real part of the complex fast Fourier transform, FFT) showing characteristic low-frequency noise of a
sample coin cell (sample 7), attributed to eddy currents induced by mechanical shuttling of the metallic battery housing from high to
low magnetic field (Fig. 1). See Fig. 2 for the postprocessed (phased and baseline-corrected) spectrum in the region 80-140 Hz, here
delineated with a dashed vertical line. The observed frequency dependence of the noise floor motivates the use of a detection field in the
microtesla range (2.7 uT), shifting the solvent proton peak above 100 Hz. Due to the positive gyromagnetic ratios of both the proton and
PF4 spin systems, signals only appear in the positive part of the spectrum using the quadrature detection method (7).
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Fig. S6. Comparison of calibration data collected using the OPM-based shuttling setup (Fig. 1), for equal volumes of (A) a preparation of
2M LiPFgs in 1.5 mL of 50:50 (v/v) EC/DMC (Sigma-Aldrich) and (B) deionized (DI) water; the water-proton signal is approximately three
times larger than the solvent-proton signal—compare Fig. S6. Both plots show the real part of the complex FFT; the different phases of
peaks in these raw spectra arise from removal of the first 25 ms of the free-induction-decay (FID) signal, which contains artifacts due
to the sensors recovering from application of the magnetic-field pulse (Fig. 1C). Panel (C) corresponds to the same data set as (A),
zooming in on the “Li resonance at 45 Hz (starred, next to 50 Hz power-line noise peak). Because Li, like *H and PF4 , has a positive
gyromagnetic ratio (7 ;/2m ~ 17 Hz/uT), the lithium peak only appears in the positive part of the quadrature spectrum. The near-DC
features are mainly due to mechanical noise. (D) Comparative test demonstrating that the PF; ULF signature in a 1 M LiPFg sample
remains stable under change of electrolyte composition from 50:50 (v/v) EC/DMC to 80:10:10 (v/v/v) EC/DMC/DEC. All calibration
samples were contained in identical 1.5 mL screw-neck vials (BGB ND8, 32 mm height, 11.6 mm outer diameter).
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Fig. S7. Comparison of measured raw spectra (real part of the complex FFT) from sample coin cells containing electrolyte or water, cf.
Figs. 2-3. Data from OPM sensors were processed according to the protocol described in the Sl text and a linear trend was removed to
produce the displayed plots. (A) Spectra from an electrolyte battery (sample 7, nominally 2.5M LiPF6 in 50:50 EC/DMC) recorded in two
separate experiments of ~10 000 scans taken two months apart, demonstrating the reproducibility of the measurement and stability of
the electrolyte signal in this time frame. The first (darker) spectrum corresponds to the same data set as in Fig. 2; the second (lighter)
spectrum is offset vertically for clarity. Integral of the solvent proton peak at 115 Hz is approximately 700 fT, cf. Fig. 3. (B) Spectrum
obtained from 64 scans of a sample cell filled with 74 uL of DI water. Integral of the water-proton peak at 115 Hz is approximately 3 pT;
the feature at 84 Hz is a noise peak.
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Fig. S8. Comparison of measured raw spectra from the same sample coin cell (sample 3) recorded nine days apart, showing reduction

of electrolyte signal associated with leakage; compare Fig. S7A. Spectrum (A) was obtained from 2913 scans while spectrum (B) was
obtained from 10000 scans, which explains the difference in SNR.
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Fig. S9. (A)—(C) Noise spectra (real part of the complex FFT, average of four scans) collected using the shuttling setup from a realistic
battery structure without electrolyte but containing all other components, including anode, cathode, separator and current collector—see
Results and Discussion in the main text. Although slightly higher baseline noise was observed when shuttling the Cu current collector
(from the high- to low-field regions, Fig. 1) in addition to the aluminum housing and other components, this technical challenge can be
overcome by dropping more initial points of the measured time series. (A) confirms that baseline noise is primarily attributable to shuttling
and not to pulse application. (B) suggests that shortening the acquisition time does not increase baseline noise, while shortening the
polarization time does; spectra were collected in the order plotted to account for possible systematics related to buildup of permanent
magnetization. (C) shows that reducing shuttling speed does not significantly decrease baseline noise, but dropping the first 400 ms of
the time series is effective—this is acceptable in light of the measured spin-relaxation times (Fig. S14). (D) Noise spectra (real part of
the complex FFT, average of four scans) from an empty glass vial as well as identical vials filled with either aluminum foil or copper
wire, indicating that Cu is a more problematic conductive material than Al in terms of magnetic noise attributed to shuttling-induced
eddy currents. Note that because the kitchen-grade foil is not composed of pure Al, it is expected to be less conductive than the AG7
battery cases used in this work (Fig. S5) and therefore to generate less magnetic noise. All spectra were acquired at 2.7 uT with 10s
polarization, 100 ms shuttling, 200 us pulse, and 10 s acquisition, unless stated otherwise.
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Fig. S10. Examples of functional miniaturized pouch cells manufactured from commercial components for the measurements discussed
in the main text and Fig. 5, all of which were found to compatible with ZULF-NMR instrumentation. The active electrolyte region, indicated
by red dashed lines, has a width of 9.5 mm. Labeled numbers correspond to the weight of the cell before and after filling with LP30
electrolyte; see main text for details. Right panel shows a pouch cell rolled up inside a sample vial prior to measurement in the shuttling
setup. Cells with and without Cu contacts were tested—while mechanical shuttling of the contacts caused some additional spectral
baseline noise, measuring farther away from the contacts can bypass this issue.
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Fig. S11. (A) ZULF-NMR apparatus with SQUID gradiometric detection (11), used for benchmarking measurements as described in the
Experimental section of the main text. Photo shows a calibration sample (brown bottle, containing 20 mL of 1 M LiPF¢ in EC/EMC) placed
under the dewar (yellow circle) at the center of a coil-frame structure. Outer coils produce a tunable detection field along the z-direction,
while inner coils can be oriented along either the y- or z- (pictured here) directions to produce a switchable prepolarizing field of 6 mT
amplitude. Photo depicts the experiment for collection of the spectra in Fig. 6. (B) Same apparatus set up to measure a single-layer
pouch cell of outer dimensions 23 x 12cm?, with an active area 5 x 15 cm? filled with 3 mL of the same electrolyte. Corresponds to data
shown in panels C and D. For these experiments, the prepolarizing field was directed along the y-direction. (C) Power-spectral-density
(PSD) plot showing noise floor of the SQUID gradiometer in the absence of a sample (gray trace), with one single-layer battery (blue
trace, panel B), and with a vertical stack of four identical single-layer batteries (pink trace). Data correspond to 5 s of acquisition with
10 kHz sampling rate at a background field of 38.6 uT. Introduction of the battery under the SQUID dewar increases the measured noise
floor from below 300 aT/+/Hz (in the region of flat response above 400 Hz) by a factor of 100 to around 30 fT/+/Hz—this behavior is
expected due to Johnson noise of slabs of electrically conductive materials including the Al pouch-cell foil, which generate thermal
magnetic noise (12). The noise floor in the presence of the four-battery stack exhibits a reduction at higher frequencies which may be
attributable to the skin effect, warranting further study. (D) Battery-NMR spectra (FFTs) showing the proton signal from the electrolyte in
one battery (blue trace) and the four-battery stack (pink trace) at 1644 Hz under application of a 38.6 uT detection field. To confirm that
the observed peak is really a proton signal, the detection field was then increased to 38.9 uT, which corresponded to a shift of the peak
to 1655 Hz, as expected. Due to the relatively low prepolarizing field and the fact that each cell contained only a thin (sub-mm) layer of
electrolyte, spectra were collected as the average of 18 000 scans. Given that signal amplitudes scale with spin polarization (Eq. [6]),
increasing the prepolarizing field in future studies will allow direct detection of the electrolyte salt from large-format pouch cells.
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Fig. S12. Nutation curves showing behavior of the solvent-proton and PF; peaks (Fig. S6A) as a function of y-pulse duration in the
OPM-based apparatus. The 30 uT DC pulse was applied after shuttling to rotate sample magnetization into the detection plane, as
shown in Fig. 1. Although the nutation frequencies of the different peaks are not identical, a 200 ps pulse duration was identified as
appropriate for both the proton and PF; spin systems and was therefore used to collect all experimental spectra. The PF; manifold at
87 Hz is not included in this graphic, due to its complex splitting pattern at the 2.7 uT background field (Fig. S6A). Error bars correspond
to the standard deviation of noise in the spectral region 132—140 Hz; dashed lines connecting data points are a guide to the eye.
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Fig. S13. (A) Ultralow-field simulation of the nZF spectral manifold (cf. Fig. S3) for expected degradation products arising from PFy
in the presence of water and metallic ions at a 2.7 uT background field; the peak at 115 Hz is due to H. The J-coupling values have
been adjusted according to the molecular species using experimental values from (13). Each PF,, spin system with n = {2,3,4,6}
gives rise to a different spectral pattern, making possible the detection of individual degradation products. (B) High-field experimental
spectrum of the PF; manifold in @ nominally 2M 1.5 mL solution of LiPFg in 50:50 (v/v) EC/DMC (corresponds to the calibration sample
3in Fig. 7), collected using a 1.4 T benchtop spectrometer. Two PF¢ peaks are visible at chemical shifts of —67 and —80 ppm. Zooming
in on the spectrum by a factor of 200 (bottom panel), several degradation products can be observed which are assigned according to
literature (10, 14). The sample was measured two weeks after preparation, having been stored in a screwtop vial inside a glovebox. The
low amplitude of degradation peaks compared to the PF, peaks suggests that active aging of the electrolyte will be required in future
studies to generate degradation products large enough for observation with ZULF-NMR spectrometers.
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Fig. S14. Relaxation investigation of (A) solvent and (B) solute magnetization using a freshly prepared electrolyte calibration sample
(2M LiPF6 in 50:50 EC/DMC) in the shuttling setup—conducted by varying the storage time in the solenoid, after shuttling and prior to
pulse application (see Fig. 1). The measured peak amplitude decays exponentially from its maximum value at zero storage time, with a
time constant of 7T3. Taking the inverse slope of the fit, we find T} times of 1.15 + 0.03 s for the solvent proton peak and 1.44 4+ 0.02 s for
the largest PF peak. Polarization and acquisition times were both 5s; 256 scans were averaged for each experiment. Error bars on the
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data points correspond to the standard deviation of noise in the spectral region 132—140 Hz.
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