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Probing electrochemical phenomena in
commercial pouch cells using a multimodal
magnetic resonance approach

Konstantin Romanenko (2 *@ and Nikolai |. Avdievich®

Further advances in portable electrochemical energy storage will increasingly depend on multifunctional in
situ diagnostic tools capable of probing materials at the molecular level under realistic operating conditions.
This capability is essential for achieving an optimal balance between energy density, cycle life, and safety.
The increasing energy density of battery cells reinforces the need for rapid, reliable, and non-destructive
diagnostics, including evaluation of state-of-health (SoH) and state-of-charge (SoC). Nuclear magnetic
resonance (NMR) spectroscopy and imaging (MRI) are highly sensitive to the environment and dynamics
of key electrochemical elements, but most common industrial cell designs present significant obstacles:
(a) interrogated nuclear spins are shielded from the radio-frequency (RF) field by conductive metallic
structures such as casings and jelly roll sheets of the current collectors, and (b) magnetism from bulk
metallic components causes misregistration artefacts and reduces resolution and signal-to-noise ratio.
Surface-scan MRI and plug-and-play (PnP) NMR are two distinct in situ modalities designed to address
these challenges. In this work, we combine the PnP RF adapter and surface-scan MRI sensor into
a single multimodal device suitable for a wide range of academic and industrial applications, including
SoH analysis and recycling. We illustrate the capabilities of this approach through complementary NMR
and MRI experiments, highlighting diverse lithium environments and their transformations during
electrochemical cycling in commercial LiCoO;||graphite pouch cells.

1 Introduction

Traditional electrochemical techniques, such as galvanostatic
cycling, cyclic voltammetry (CV), and electrochemical imped-
ance spectroscopy (EIS), rely on several integral indicators, such
as voltage, capacity, impedance, and their derivatives. These
commonly used methods lack molecular-level detail and spatial
resolution, often leading to inconclusive or inconsistent results
when investigating complex multiphase, interfacial electro-
chemical phenomena and subtle degradation or mechanical
defects. To gain deeper insight into electrochemical systems,
the academic community has explored a suite of advanced in
situ and operando characterization techniques,'® including X-
ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FT-IR), atomic force microscopy (AFM), Auger electron spec-
troscopy (AES), computed tomography (CT), ultrasonic wave
imaging, magnetometry, and magnetic resonance (MR)
methods such as nuclear magnetic resonance (NMR) spectros-
copy and magnetic resonance imaging (MRI). Among these,
state-of-the-art MR techniques stand out for their exceptional
sensitivity to electrochemical phenomena and material
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properties, including structure, morphology, magnetism, ionic
transport, and molecular-scale dynamics.®*

Unlike diffraction-based approaches, which primarily detect
heavier atomic species, MR techniques excel in probing nuclei
throughout the periodic table, provided they have a non-zero
spin. This makes MR particularly relevant for battery research,
as many key electrochemical elements in electrodes and elec-
trolytes possess NMR-active isotopes, including “Li, >*Na, 'H,
19F, 31p, *>Mn, and *°Co. The battery industry has prioritized Li-
and Na-ion-based electrochemical systems, and these, along
with other chemical elements, represent some of the most
sensitive NMR probe species. MR experiments span a wide
range of contrast mechanisms operating across multiple length
and time scales, enabling discrimination of signals based on
molecular structure, dynamics, and magnetic properties.

A long-standing obstacle in applying NMR to commercial
battery cells has been the attenuation of radio-frequency (RF)
signals by metal casings and tightly wound ‘jelly roll’ current-
collector foils. Such architectures are some of the most
energy-efficient designs, widely adopted in pouch, prismatic,
and cylindrical cells. These conductive elements act as effective
RF shields, preventing the excitation RF field (B;) from pene-
trating the interior of the cell, where the nuclei of interest
reside. As a result, NMR signal detection becomes effectively
impossible. This limitation has largely restricted the state-of-
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the-art electrochemical NMR to flat parallel-electrode configu-
rations in ‘coin’ or Swagelok-type cells not fully encased in
conductive materials.”>**%* Sufficient RF penetration can be
achieved via the skimming mechanism by aligning the elec-
trodes with the direction of the B, field. Although the simplicity
of such model cells is key to informative in situ NMR experi-
ments, optimistic outcomes of such tests often do not translate
directly to practical battery prototypes.

In commercial cells, non-uniform spatial distributions of
current density and SoC arise from factors such as the large area
of current collectors, tab positioning, and finite electrode
thickness. This introduces ionic concentration gradients and
associated kinetic phenomena that occur in electrodes of
resting and operating batteries.****** Solid-state diffusion,
phase transitions, SEI formation, and metal plating can
modulate battery performance. These processes lead to density
gradients, volumetric deformation, particle fracturing,
increased impedance or loss of electrical contact, and acceler-
ated capacity fade.>**

A further methodological challenge arises from the magne-
tism of battery terminals, extended tabs, steel casings, and
paramagnetic electrode®** materials. These elements generate
strong local magnetic-field gradients (~100 s G em ™ ')** that
affect the quality of MR experiments.®***

The first notable in situ MR studies of commercial battery
prototypes emerged around 2019.°***** The -challenges
described above can now be largely addressed using plug-and-
play (PnP) NMR* and surface-scan MRI** methods, two
conceptually independent analytical approaches. The former
technique®® provides a quantitative description of the chemical
environments of electrochemically active elements (e.g., Li, Na,
Co, etc.) in conventional NMR terms. The current collectors of
the cell (e.g., aluminum and copper sheets of the cathode and
anode, respectively) form a distributed conductive structure
whose frequency-dependent impedance at NMR frequencies
enables capacitive RF coupling and a high-fill-factor resonant
detection volume. The active electromaterials confined between
the current collectors serve as an NMR sample. Ion intercalation
and transfer between cathode and anode can be directly
observed, along with metal plating, electrolyte degradation, and
solid-electrolyte interphase (SEI) formation. In addition, NMR
lineshapes exhibit anisotropic properties due to bulk magnetic
susceptibility (BMS) effects associated with paramagnetic elec-
trode coatings.****3°

Surface-scan MRI*' represents an optimal inside-out MRI*®
approach, employing rapid, distortion-free imaging
protocols.***** A recent advancement yielding dramatic gains in
sensitivity has been achieved through the development of
unilateral RF sensors based on a parallel-plate architecture
combined with solid-state detection media.** By mapping
magnetic field (B,) perturbations near the cell surface using
purely phase-encoded two-dimensional (2D) k-space sampling,
surface-scan MRI enables interrogation of magnetic suscepti-
bility and current-density distributions within the cell. This
principle allows the detection of various defect types as well as
solid-state processes in electrodes, such as magnetic phase
transitions, ion transport, and metal plating.*****
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In this work, we combine the surface-scan MRI sensor*® and
PnP NMR adapter®* in a single multimodal device. Such
a composite probe enables a wide range of experimental
protocols to be efficiently executed across battery states (SoH,
SoC) and operating modes, without repetitive or time-
consuming hardware manipulations and associated standard
procedures (e.g., shimming, temperature equilibration).
Importantly, the coherent acquisition of complementary in situ
NMR and MRI metrics unlocks their predictive potential.

2 Results and discussion
2.1 Multimodal probe architectures

Fig. 1 presents a schematic of the multimodal MR probe, which
integrates surface-scan MRI (blue) and PnP NMR (black) RF sub-

Cp

CT-mri

RF ('H)

RanI’ (X)

Fig. 1 Electronic schematic of the multimodal RF probe comprising
PnP NMR (black) and surface-scan MRI (blue) RF subcircuits. The PnP
NMR circuit includes a variable tuning capacitor (Ct-nm¢), matching
capacitors (Cm-nmr; balanced configuration), the adapter inductive
loop (Lg), and the reactive and resistive elements of the battery cell (Cg,
L, Lge, Rg). The battery tabs are connected to the NMR circuit at
terminals marked by black triangles. The surface-scan MRI circuit
consists of distributed capacitors (Cp) and tuning (Ct_nyi) and matching
(Cm-mri) capacitors. The battery cell (grey) is positioned in contact with
the working surface of the MRI sensor (blue rectangle).

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Photographs of the front (a) and back (b) sides of the multimodal RF probe. Visible components include the working surface (P) of the
parallel-plate resonator (~50 um copper foil with a 1 mm silicone detection medium); variable tuning (Ct_py) and fixed matching (Cm-mri)
capacitors; fixed ceramic capacitors (Cp) located between copper sheets above and below the silicone layer; terminals of the PnP adapter (T3 )
and of the electrochemical cycling circuit (T3 4); variable tuning (Ct_m, and fixed matching (Cy-nmr) capacitors of the PnP NMR circuit; shielded
cable traps®5 (Fnmr, Frri) resonant at the X- and *H frequencies; and 50 Q coaxial cables (RFyyi, RFamr). (C) A pouch cell — OnePlus7 (b) placed on
the resonator’s working surface (P) with its tabs connected to the PnP nmr terminals (T3 2). The cellis secured by plastic bars A;—Az and screws S;—
Ss; Ay ensures firm metal-to-metal contact between the battery tabs and the terminals. (d) The multimodal probe with the mounted battery cell
installed on the composite probe body compatible with a 7 T vertical-bore magnet (89 mm i.d.).

circuits. The two sub-circuits, operating at the Larmor
frequencies of the proton and an X nucleus, respectively, are
positioned on opposite sides of a printed circuit board. Photo-
graphs of a multimodal probe prototype compatible with a 7 T
vertical magnet with an 89 mm bore illustrate the detailed
arrangement of the RF components and the battery cell (Fig. 2).

The MRI sub-circuit consists of a parallel-plate resonator,
tuning capacitors (Cp, Crmr), and a matching capacitor
(Capiemri)- The homogeneity and magnitude of the B; field are
controlled by the distribution of the capacitors (Cp) along the
top and bottom edges of the parallel plates.*® The resonator
volume contains a 1 mm thick silicone layer, which provides the
'H signal used for magnetic field mapping.

The NMR sub-circuit consists of a tuning capacitor (Cr.nmr),
two matching capacitors (Cy.mii), the reactive and resistive
elements of the battery cell (Cg, Lg, Rg), and the loop inductance
(Lg), which is part of the PnP NMR adapter (Fig. 1). The reso-
nance frequency, v,, of the NMR sub-circuit is:

vo=(Qm) ' (L0 (1)
Determined by the total capacitance C:
€= Cp Cranme (Co + Crapmo) )
And inductance L:

This journal is © The Royal Society of Chemistry 2026

The resonance frequency can be controlled by adjusting
Crnmr and Lg. Note that

Ly = Lgg + Lp; (4)

where Lg; is the internal inductance of the cell, and Lgg is the
component of the cell's inductance associated with the loop
indicated by the red rectangle (Fig. 1). Lgg is largely determined
by the interface between battery tabs and the terminals of the
PnP NMR adapter. The capacitance of commercial cells exceeds
several nF. Thus, in high-field applications, the following
conditions apply:

C‘T-nmr << CB

(5a)
and

C = Crmr (5b)

Conditions (5a) and (5b) ensure that the PnP NMR sub-
circuit does not require any adjustments specific to different
battery cells. In low-frequency applications (i.e., low-y or low-B,
experiments), the L value (proportional to the loop area) can be
increased to satisfy these conditions. Finally, to cancel
a common mode produced on the outer surface of the cable
shield, two double-tuned cable traps®>*® were introduced at all
inputs of the probe, see Fig. 2.

Based on the same principle, the PnP adapter can be
designed as a multi-frequency probe, either as a standalone tool

J. Mater. Chem. A
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or as part of the multimodal probe, enabling multi-dimensional
NMR experiments and facilitating the analysis of complex NMR
lineshapes. The selection of Larmor frequencies depends on the
specific chemistries of the cathode, anode, and electrolyte.
Materials used in commercial battery cells may contain
combinations of the following NMR-active isotopes: ®”Li, >*Na,
31p. %°Co, **Mn, °'v, ®*®°Cu, ?’Al, '°F and 'H. For studies
involving low-sensitivity isotopes (e.g., °Li, O, *H, and “C),
isotopic enrichment of electrode and electrolyte materials can
be considered.

Fig. 3 shows a principal electronic schematic of a two-
frequency PnP NMR circuit, provided with tuning and match-
ing capacitors (Cr'? Cy'?) and an LC trap. The concept of
double-tuning the NMR probe, achieved by introducing an LC
trap in series with the resonance loop, was first proposed by
Schnall et al.*” To eliminate cross-talk between (i.e., decouple)
the 'H- and X-terminals of the probe, additional band-stop
filters (LC(X) and LC('H), respectively) were introduced into
the '"H- and X-RF lines. In this study, we used a multimodal
probe ("Li NMR-'H MRI) to analyze the cell under normal
conditions (0 < SoC < 100%) and overcharge conditions (100 <
SoC < 142%), the latter of which leads to metal plating. A

C? LC(1H) Cu
HE AR
LC-trap.LC(1H) oY) RF(X)
11—
CT1| |: c.2
Cu' 1 1 G
LC(X)F LC(X)
RF(1H)

Fig. 3 Principal electronic schematic of a two-frequency PnP RF
adapter, including tuning and matching capacitors for each subcircuit
(Ct+2, CwY2), an LC trap (blue rectangle), and band-stop filters (yellow
and brown rectangles).
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prototype two-frequency PnP “Li-°Li NMR adapter was designed
and experimentally validated.

2.2 Plug-and-play NMR

In our previous work, PnP “Li NMR spectra of commercial
pouch cells, based on the LiCoO, (LCO) cathode and graphite
anode, revealed complex lineshapes reminiscent of a first-order
quadrupolar triplet at x = 0.5 (SoC, 100%).*® Indeed, in model
cells, different stages of graphite lithiation manifested as
superimposed ‘Li NMR triplets.’**® In the commercial cells
used in this work (OnePlus7 model), quadrupolar multiplets
arising from lithiated graphite (Li,Cs) overlap with the broad "Li
NMR signals originating from the cathode. The analysis of such
data can be simplified using a two-frequency ("Li, °Li) PnP NMR
adapter (Fig. 3). For demonstration purposes, one battery cell
was overcharged to plate a detectable amount of Li metal on the
anode. An overcharge of 1.6 Ah (ASoC = 43%) was applied at
arate of 0.25C. °Li and "Li NMR spectra of this cell are shown in
Fig. 4. The Li-metal signal is present in both spectra and can
serve as an internal NMR reference (at ca. 269 ppm). A triplet-
like spectral envelope is apparent in the “Li NMR data, with
the central transition at ca. 40 ppm and an apparent quad-
rupolar splitting of ca. 20.5 kHz. The °Li NMR line at ca. 40 ppm

400 300 200 100 0 -100 -200
3k (ppm)

Fig. 4 PnP “Li (blue) and ®Li (red) NMR spectra of an overcharged
pouch cell. For both isotopes, metallic lithium plating produces
a narrow resonance at approximately 269 ppm. In contrast, only “Li
nuclei intercalated in Li,Cg exhibit detectable quadrupolar splitting.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (a) PnP ’Li NMR spectra of a pouch cell measured at SoC values from 0% to 100%. (b) Approximate positions of the “Li NMR resonances
arising from the anode (Li,Cg), cathode (LCO), and electrolyte. The central and quadrupolar transitions of LiyCg are highlighted by rectangles and
circles, respectively, corresponding to phase 1 (magenta), phase 2 (blue), and phase 2L (green). Apparent LCO resonances are marked with cyan

rectangles, while black rectangles indicate the electrolyte peaks.

appears effectively as a singlet due to its small quadrupolar
constant.

In situ 'Li NMR spectra of the OnePlus7 cell are shown in
Fig. 5a as a 1D stack for a series of SoC values. The initially fully
charged cell was discharged in increments of 2.5% SoC.
Although an accurate decomposition of static NMR spectra can
be challenging, the positions of relatively narrow anode (Li,Cs)

signals can be identified, along with several broad components
of the cathode in the low-field region (Fig. 5b).

The lineshape decomposition algorithm developed in this
work (Section S1, SI) relies on well-resolved components of the
quadrupolar triplets corresponding to stages 1 (LiCe), 2 (LiCy5),
and 2L (LiC,g) of lithiated graphite (Fig. 5).*¢'%%° A low-field
shoulder that emerges upon discharging is attributed to

Experiment Simulation Difference
100 100

=
g z
Q 2
o Q
i =

400 300 200 100 0 -100 -200 400 300 200 100 (] -100 -200 400 300 200 100 0 -100 -200
dx (ppm) dx (ppm) 8% (ppm)

Fig. 6 Experimental (left) and simulated (middle) PnP ’Li NMR spectra of the OnePlus7 pouch cell at SoC values ranging from 12% to 100%. The
difference spectrum (experimental minus simulated) is shown on the right.

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 PnP “Li NMR lineshape decomposition analysis. Experimental
spectrum (black) and simulated lineshape (red). Quadrupolar triplets
associated with the Li,Cg phases are shown for phase 1 (magenta),
phase 2 (blue), and phase 2L (green). The cathode contribution is
modeled as a superposition of three lorentzian lines (cyan).

lithiation of the LCO cathode. At SoC > 10%, the cathode
contribution to the spectra can be reliably approximated by
a superposition of three Lorentzian lines. These Li environ-
ments likely reflect variations in the structural and magnetic
properties of the Li,CoO, coating>-”* at both intra- and inter-
grain levels. Below 20% SoC, the cathode and residual anode
resonances begin to merge into a featureless signal. A
comparison between experimental and simulated NMR spectra
is shown in Fig. 6. Examples of the lineshape decomposition
analysis are presented in Fig. 7.

7Li NMR parameters, such as integrated signal intensities
(4;), Knight (6x) and chemical (6) shifts, linewidths (Av,,,), and
first-order quadrupolar splitting (vq), are sensitive to structural
and magnetic phase transformations, as well as to morpho-
logical changes in electrode materials (Fig. 8).

Integrated intensities (4;) of “Li NMR lines associated with
the cathode (Fig. 8a) and anode (Fig. 8b) are the most relevant
metrics for SoC quantification, as they provide intercalant
concentrations in both electrodes. NMR measurements reveal
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that the lithium content in each electrode changes systemati-
cally by approximately one order of magnitude across the SoC
range from 10% to 100%. In contrast, electrochemical cycling
data frequently display “flat” voltage regions, in which voltage-
based SoC estimation becomes unreliable.

Knight shifts and linewidths constitute another set of
sensitive metrics for SoC and SoH. In the cathode, dx values
span an approximately 100 ppm range for each component
(Fig. 8c), whereas the corresponding inverse linewidths (Av;, "
= T;) range from 100 to 450 us (Fig. 8d).

Quadrupolar “Li NMR lineshapes of Li,C, provide unique
insights into anode structure and function. The SoC can be
inferred from the relative contributions of each triplet. Our data
reveal that three distinct Li,Cs environments (1, 2, and 2L)
coexist over the SoC range of approximately 50-100%. These
observations are likely a consequence of the size distribution of
graphite crystallites, leading to heterogeneous electrochemical
behavior.

The populations of the Li,Cs phases and their individual
NMR parameters (d, Avy;, " of central and quadrupolar tran-
sitions, and vq) vary with SoC in a complex manner, see Fig. 8e-
h. At SoC < ca. 45%, a systematic decrease in dx may signal the
emergence of 3L (LiC,,) mixed with other low-density phases 4L
(LiC3) and 1’. This interpretation is further supported by
abrupt changes in vq and Av,), of both the central and quad-
rupolar transitions. Accurate identification of low-density pha-
ses from in situ 'Li NMR data remains challenging due to their
low concentrations. A relatively narrow signal from the elec-
trolyte (LiPF,) is detectable at SoC > 10%. Its chemical shift is
influenced by the SoC-dependent magnetic susceptibility of the
cell, making it a sensitive metric for assessing SoC in the 10-
50% range (Fig. 8i).

Following the Li metal plating process with PnP “Li NMR
reveals resonance lines within a characteristic Knight shift
range (245-270 ppm; Fig. 9a). The main line at 270 ppm and
a high-field shoulder at ca. 248 ppm emerge at SoC > 110% and
gradually increase with the level of overcharge. The Knight shift
can vary" depending on the metallic cluster morphology,
orientation, and conductivity influenced by the interface
chemistry. The integrated area of these signals as a function of
SoC is shown in Fig. 9b. It should be noted that 'Li NMR detects
only metallic lithium within the near-surface region defined by
the RF skin depth. This NMR signal is modulated by local
orientations of the metal faces with respect to the B;-field
direction.*>*" Starting at a SoC of ~115%, the amount of NMR-
visible Li metal increases approximately linearly with SoC.
Because RF penetration is limited in metallic Li, this linear
growth likely reflects an increase in NMR-accessible surface
area of plated Li; thicker deposits beyond the skin depth
contribute little to the observed signal.

2.3 Surface-scan MRI

The surface-scan MRI method has demonstrated a unique
capacity to investigate intercalation-dependent magnetism,
SoC, solid-state phase transitions, and ion transport in elec-
trodes, while also exhibiting high sensitivity to mechanical

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 PnP ’Li NMR parameters of the OnePlus7 pouch cell as a function of SoC from 12% to 100%. (a) Integrated intensities of the composite
cathode signal (black) and its low-field (blue), middle (red), and high-field (green) components. (b) Integrated intensities of the composite anode
signal (black) and the three quadrupolar triplets associated with Li,Cg phase 1 (magenta), phase 2 (blue), and phase 2L (green). (c and d) Knight
shifts and inverse linewidths, respectively, of the cathode signals. (e) Knight shifts of the central transitions of Li,Cg phase 1 (magenta), phase 2
(blue), and phase 2L (green). (f and g) Inverse linewidths of the central and satellite transitions, respectively, of Li,Cg phase 1 (magenta), phase 2
(blue), and phase 2L (green). (h) First-order quadrupolar splittings (v,) of Li,Ce phase 1 (magenta), phase 2 (blue), and phase 2L (green). (i) 7Li NMR
chemical shift of the electrolyte. The uncertainties of measurements are comparable to the marker size.

defects and currents in operating batteries.**** A commercial
battery cell (pouch, prismatic, or cylindrical) placed in
a uniform polarizing magnetic field (B,) generates characteristic
magnetic-field perturbations (AB), enabling the prediction of
the magnetic susceptibility distribution within electrode
materials:?#394443

AB « %(SoC) (6)

To facilitate the analysis of SoC-dependent MRI data (Bsoc),
magnetic field components that do not vary with SoC should be
removed by subtraction of a suitable reference map, AB;:

BSOC = AB(SOC) — ABr (7)

This journal is © The Royal Society of Chemistry 2026

where, by convention,
AB, = AB(SoC = 100%) (8)

is the magnetic field map of a ‘healthy’ fully charged cell in the
rest state.

In general, the choice of the reference map, AB,, is context-
dependent and should reflect the specific contrast mechanism
of interest. For Bs,c mapping, the objective is to isolate the
magnetic field contribution arising from reversible electro-
chemical processes while suppressing static or geometry-driven
components that are independent of SoC (e.g., dipolar fields
from current collectors, tabs, and other metallic elements).

J. Mater. Chem. A
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Fig.9 (a) PnP ’Li NMR spectra of a OnePlus7 pouch cell at different stages of overcharge. (b) Integrated NMR intensities associated with metallic

lithium deposition as a function of SoC.

For a given “healthy” battery, AB, is therefore defined as the
field map acquired at a well-defined reference state, typically
SoC = 100%. All subsequent maps are expressed relative to this
baseline, i.e., AB(SoC)-AB,, ensuring that the resulting contrast
predominantly reflects changes in the active materials. This
normalization minimizes contributions from invariant struc-
tural features and improves comparability across
measurements.

The robustness of this approach relies on the reproducibility
of the magnetic field maps. Our MRI methodology is inherently
based on spatial pattern recognition: cells of identical design
and electrochemical state are expected to produce field maps
that are indistinguishable within an experimental uncertainty e.
In this work, repeated surface-scan MRI measurements on the
same cell yield AB maps reproducible within ¢ = 0.2 ppm,
which defines the practical sensitivity limit of the method. This

reproducibility enables a quantitative criterion for degradation

Fig. 10

J. Mater. Chem. A

B 15
d -5

(a—d) Examples of Bsoc maps of a OnePlus7 pouch cell at SoC values of 0%, 10.6%, 100%, and 142.6% (overcharge), respectively.

assessment. Specifically, deviations between reference-state
maps acquired at different stages of cycling can be evaluated as:
& = AB(SoC = 100%, cycle 0) — AB(SoC = 100%, cycle N) (9)

If ¢ remains within the experimental uncertainty (¢ =< 0.2
ppm), the cell can be considered magnetically and structurally
stable, indicating negligible degradation. Conversely, system-
atic deviations beyond this threshold reflect irreversible
changes in magnetic susceptibility distributions, which may
arise from processes such as material degradation, loss of active
lithium, or mechanical deformation.

Finally, differences observed between nominally identical
cells at the same SoC can be attributed to variations in
manufacturing or assembly (e.g., coating inhomogeneity, elec-
trode misalignment, or tab geometry). This sensitivity to spatial
heterogeneity provides a direct basis for non-destructive quality
control and defect identification in industrial battery cells.

=
o

Bsoc (Ppm)

o

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 Bsoc-Derived metrics of a OnePlus7 pouch cell for SoC levels between 0% and 143%. (a) Histograms of Bsc distributions. (b) Means,
<Bsoc>. (c) Standard deviations, o. The uncertainties of measurements are smaller than the marker size.

Fig. 10 shows four representative examples of Bg,c maps of
an LCO-based pouch cell (Table S1, SI) at several SoCs (0, 10.6,
100 and 142.6% overcharge). Histograms of Bg,c distributions
and corresponding means, <Bs,c>, and standard deviations, o,
are shown in Fig. 11a, b and ¢, respectively. Due to the strong
magnetic susceptibility contrast between LCO phases O3-R2
(0.58 < x < 0.75) and O3-R1 (0.94 < x < 1),°**° the Bg, data are
expected to be particularly informative in the two-phase region
0.75 < x < 0.94 (12% < SoC < 50%).** The statistical analysis of
Bsoc maps (Fig. 11) is consistent with these expectations and
indicates several characteristic SoC regions: (A) 0-5% (O3-R1
dominated); (B) 5-40% (O3-R2 — O3-R1 - transition, mixed
phase); (C) 40-82% (03-R2 dominated); (D) 82-100% (O3-M —
dominated); (E) 100-140% (overcharge — metal plating).

The MRI data suggest that <Bs,c> and ¢ can be good metrics
of SoC in the intervals 0-40% and 82-130%, Fig. 11b and c.
Outside these regions, the parameters plateau, thus leaving
a gap (40-82%) in the SoC analysis. Note, these conclusions are
specific to characteristic magnetic phases of LCO. PnP NMR,
a complementary approach, allows accurate predictions of SoCs
within the range from 10 to 100% (Fig. 5, 6 and 8). Thus,
combining our in situ MRI and NMR data enables accurate
analysis of intercalation processes and metal plating in the SoC
range from 0 to 140%.

Upon overcharging, the LCO cathode becomes excessively
delithiated, which destabilizes both its crystal structure and
interfacial chemistry. Progressive delithiation increases the
Co"" fraction and associated paramagnetism, leading to
enhanced susceptibility variations and NMR line broadening.
In terms of MRI experiments, overcharging resulted in a 1 ppm
decrease in <Bg.,c>, indicating an overall increase in para-
magnetism of the cathode (Fig. 11b). A 1.5 ppm increase in o
(Fig. 11c) suggests a greater magnetic heterogeneity that can be
linked to SoH degradation and correlates with the metal plating
observed with PnP NMR.

Note that Bs,c maps describe magnetic field patterns that can
occur due to spatial variations in (a) concentrations of intercalant
ions and oxidation states in the electrode coating; (b) current
density resulting from common geometrical constraints in battery
designs; (c) properties of electrode coating such as the thickness,
impurity content, type and amount of conductive and electrolyte

This journal is © The Royal Society of Chemistry 2026

additives, and the quality of electronic contact between active
particles and the current collector.

3 Conclusions

This work demonstrates the potential of a highly versatile
platform for the assessment of SoC and SoH in state-of-the-art
pouch cells. Surface-scan MRI and PnP NMR, integrated
within a single multimodal device, enable a broad range of
complementary quantitative metrics that cannot be achieved by
standalone NMR or MRI techniques. The optimal choice of MR
observables inherently depends on cathode and anode chem-
istries. However, the widespread use of lithium- and sodium-
based systems containing highly NMR-sensitive isotopes ("Li
and **Na) makes MR-based analytics broadly applicable.

Within the PnP NMR framework, the current collectors act as
an efficient RF probe due to the high fill factor of the dense
electrode architecture. PnP NMR preserves the core capabilities
of conventional NMR spectroscopy while enabling high-
throughput measurements. We demonstrated strong sensi-
tivity of PnP NMR to SoC, carbon anode intercalation chemistry,
and, in particular, metal plating. In many cases, cathode anal-
ysis is also feasible, although severe paramagnetic line broad-
ening in some materials may require extended protocols based
on variable carrier frequency. The PnP NMR experiments enable
clear discrimination of graphite staging and identification of
multiple lithium environments in the lithium cobalt oxide
(LCO) cathode. Notably, the data reveal that in LCO cells, the
anode is not fully lithiated at a voltage-defined SoC of 100%,
with the LiCs phase accounting for only ~30-40% of the
graphite. This observation highlights the limitations of
conventional voltage-based metrics and demonstrates the
added value of NMR methodology.

We note that the key findings of this work are rooted in broadly
applicable physical processes. Graphite remains the dominant
anode material in Li-ion batteries, and the ability to resolve its
lithiation stages (Li,Cs) is therefore intrinsically general. The PnP
NMR approach directly tracks the evolution of these phases during
operation, independent of the specific cathode chemistry.

The diverse intercalation-dependent magnetic phase behav-
iors of layered transition metal oxides and polyanion systems

J. Mater. Chem. A
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are critical for achieving strong surface-scan MRI contrast.
Surface-scan MRI complements PnP NMR by circumventing
linewidth limitations and providing spatially resolved maps of
magnetic field perturbations. This enables non-invasive visu-
alization of SoC heterogeneity and magnetic phase transitions
within intact industrial cells. Beyond the susceptibility-based
imaging, operando surface-scan MRI can also detect metal
plating through analysis of current density distributions.
Although more complex to implement, these measurements
further extend the scope of the multimodal approach.

From the MRI perspective, LCO represents a demanding and
informative test system. Its continuous and multi-phase
magnetic susceptibility evolution across lithiation states
provides a stringent benchmark for surface-scan MRI. In
contrast, simpler biphasic systems such as lithium iron phos-
phate (LFP) are expected to produce more straightforward MRI
responses. Successful application to LCO therefore supports the
broader applicability of the method to a wide range of battery
chemistries.

Overall, the multimodal MR approach provides a powerful
and scalable platform for fundamental studies and practical
battery analysis applications, including quality control, safety
diagnostics (e.g., metal plating and mechanical defects), and
recycling.

4 Methods
4.1 NMR and MRI experiments

Experiments were performed using a Bruker Avance NEO
console and a 7 T vertical-bore magnet (I.D. 154 mm) equipped
with a triaxial gradient set (79 G cm ™" at 200 A). Multimodal RF
probes were constructed from 1.5 mm thick copper-plated
PCBs, copper foil, non-magnetic variable capacitors (Johan-
son, Model 5641; 1.0-30 pF; 250 V, USA), fixed capacitors
(Exxelia, 4-27 pF; 500 V), and 50 Q coaxial cables with BNC
connectors. The parallel-plate resonator consisted of a 1 mm
thick silicone sheet (65 x 60 mm) sandwiched between two
copper foil sheets. Twenty-two capacitors (Cp ~24 pF each) were
evenly distributed along two opposite edges of the resonator
(Fig. 2).

PnP ‘Li NMR experiments were performed at a carrier
frequency of 116.64 MHz using a single-pulse sequence: 5 ps
excitation RF pulse, 6.5 s pre-acquisition delay, spectral width
of 500 kHz, 1024 complex data points, and 1 s magnetization
recovery delay. The B; magnitude estimated from nutation
experiments was ~10 kHz (r/2 pulse duration = 25 us) at
1000 W transmitter power. Each spectrum was acquired with
500 signal averages, yielding a total measurement time of
~9 min. Chemical shifts were referenced to an external 1 M LiCl
solution (0 ppm). The battery management system (BMS)
circuitry connecting the cell tabs was removed to improve RF
transmission through the current collectors. This modification
does not alter the intrinsic electrochemical behavior of the cell.
Specifically, the capacity and voltage window remain
unchanged, as they are determined by the electrode materials
and electrolyte chemistry. The rate capability may be marginally
influenced by differences in external wiring; however, this does
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not impact the conclusions drawn in this work. We further note
that pouch cells without integrated BMS are widely used in both
research and industrial contexts (e.g., bare cells supplied for
module integration and laboratory testing). The PnP NMR
methodology is therefore directly applicable to a broad class of
commercially relevant systems.

Surface-scan MRI experiments employed a 2-dimensional
centric-scan SPRITE protocol*»**** implemented in the Para-
Vision 360 environment. Nonselective, low-flip-angle RF pulses
(carrier frequency: 300.356 MHz) were followed by a pre-
acquisition phase encoding period Tp° (58 us) and acquisition
of FID data under the SPRITE gradient. Each RF pulse had
a duration of 1 ps (flip angle ~7/18) at 100 W transmitter power.
Gradient switching and stabilization intervals were each 0.5 ms.
Eight complex points (32 us) were acquired at time Tp"* after
each excitation pulse:

T =T’ +(k—1)SW ' k=1-38 (10)
where SW is the sampling bandwidth (250 kHz). A 64 x 64 k-
space matrix was constructed from eight centrically ordered
Cartesian trajectories, separated by a 2 s magnetization recovery
delay. The SPRITE protocol generated eight 2D k-space data sets
corresponding to phase-encoding periods of 62-90 ps. The
imaging plane was aligned with the working surface of the
parallel-plate resonator. Phase images were reconstructed using
a chirp Z-transform algorithm™ to provide identical FOVs. A
spatial resolution of 1.2 mm was achieved with a gradient
magnitude of 0.11 T m ™. A time series comprising eight phase
images (¢)) was reconstructed from a single SPRITE scan, and
the local magnetic field offset was obtained as the slope of
a linear regression of the temporal phase evolution:
AB() =y ' Ag(r, Tp) ATy (11)
where vy is the gyromagnetic ratio of protons. The acquisition
time for a surface-scan MRI map is approximately 3.5 minutes,
using 8 signal averages to enhance the signal-to-noise ratio. All
data processing routines were implemented in MATLAB
(R2019b, The MathWorks, Inc.).

4.2 Electrochemical cycling

Electrochemical experiments were conducted using a BTS-4008-
5V6A-S1 instrument (NEWARE, Hong Kong, China) at 20 °C.
Battery cells (Section S2, SI) were cycled galvanostatically at
approximately C/8, within the factory-specified voltage cutoff
limits of 2.75-4.4 V for the OnePlus7 cells. Overcharging
procedures were conducted outside the NMR magnet in
a controlled laboratory environment with appropriate safety
measures in place, including operation within an exhaust fume
hood and the availability of a fire extinguisher.
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