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A B S T R A C T   

Recent progress in MRI methods development led to a novel concept for operando screening of commercial 
battery cells. Sensing electrochemical processes inside an operating cell can be done via the detection of asso-
ciated magnetic fields. This concept is based on the classic phenomenon described by Ampère’s circuital and 
Biot–Savart laws. A new method referred to as Surface-Scan MRI employs ultra-fast quantitative mapping of the 
magnetic field in a thin layer of polymer placed in direct contact with the cell. Preliminary experimental work 
demonstrated the ability of Surface-Scan MRI to detect cells that undergone overcharging, a hazardous event that 
can degrade cells’ components and ultimately creates a risk of fire. In the future, the analysis of Surface-Scan MRI 
data can rely largely on numerical simulations of electromagnetic phenomena based on accurate models of real 
cells. A series of numerical tests performed in this work confirms the capacity of Surface-Scan MRI to detect a 
variety of defects associated with electrochemical degradation of cathode, anode and electrolyte materials. Ef-
fects of morphology, location and conductivity of the defects on magnetic field distributions were examined for 
realistic cell models including flat jelly roll configurations. MRI resolution limits associated with the defect 
domain size and with the distance between the defect and the detection medium were estimated. Location and 
morphology of highly conductive defects (σ > 105 S m− 1), e.g. regions rich in quasi-metallic dendrites, can be 
directly identified from Surface-Scan MRI images. Low conductivity defects , e.g. degraded electrolyte or cathode 
and anode coatings, manifest via patterns much larger than the defects.   

1. Introduction 

Lithium-ion technology remains the most efficient approach for 
electrochemical energy storage for the foreseeable future, and will most 
likely play a dominant role in the rapidly growing electric vehicle (EV) 
market. However, the EV and Li-ion industries have to accommodate 
safety concerns associated with high energy density and flammability of 
lithium-ion batteries. Knowledge of potential failures in commercial 
electrochemical cells and understanding of the underlying mechanisms 
of these events [1–12] can enable improved battery designs and safety. 
Various high risk scenarios can occur over a cell’s life cycle and lead to 
hazardous events like fires [13]. Specifically, violation of manufacturing 
protocols and random errors can occur during high throughput pro-
cesses. As a result, numerous defective cells can be released to the 
market. Deployment of reliable and time-efficient battery screening 
technologies is expected to significantly reduce risks posed by such cells. 

Nuclear magnetic resonance spectroscopy (NMR) and magnetic 
resonance imaging (MRI) methods enabled nondestructive in situ and 
operando studies of fundamental electrochemical processes [14]. In 
addition to NMR spectroscopy of NMR - compatible cell prototypes, a 
few MRI - based strategies have been proposed for visualization of 
electrochemical phenomena in commercial battery cells [15–18]. A 
concept of inside-out (io) MRI was introduced to address concerns 
associated with safety of Li-ion cells [15,16]. A cell placed in a uniform 
magnetic field (MF) would produce a MF perturbation associated with 
the distribution of magnetic susceptibility inside the cell. 

Later, io-MRI was adapted for characterization of direct currents 
(DC) circulating inside operating Li-ion cells [17,18]. Surface-Scan MRI 
[18], a recent advance in io-MRI methodology, demonstrated high 
sensitivity to potentially hazardous cell states resulting from violation of 
operating specifications. MF of an operating cell is measured using a 
2-dimensional (2D) Single Point Ramped Imaging with T1 enhancement 

Abbreviations: SPRITE, Single Point Ramped Imaging with T1 enhancement; io-MRI, Inside-Out MRI. 
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(SPRITE) [19]. This method doesn’t suffer from misregistration (‘sus-
ceptibility’) artifacts that are common for MRI techniques based on 
frequency encoding [20–22]. The proton signal is provided by a thin 
layer of Plastisol (PVC - based polymer), a safe, flexible and commer-
cially viable solid-state detection medium device. By placing it in direct 
contact with the cell, the most intense MF perturbations can be detected, 
thus ensuring a maximum sensitivity for a given current. A rapid 2D 
acquisition (< 4 s) ensured negligible variations in the state of charge 
(SoC) during the signal acquisition. This approach in turn allowed much 
higher operational currents and, as a result, a higher sensitivity [18] as 
compared to 3D io-MRI [16, 17]. 

Surface-Scan MRI can be one of the most promising battery diag-
nostic methods to date. Its wide-scale implementation would benefit 
from an experimental database serving as a “biometric archive” for 
batteries. Although such a database can be acquired within realistic time 
frames, establishing MF patterns theoretically based on known cell de-
signs and common failure modes should be considered. In this pre-
liminary study, we attempt to validate the Surface-Scan MRI concepts by 
modeling electromagnetic fields of operating cells (e.g. flat jelly roll and 
prismatic designs) using COMSOL Multi-physics. Malfunctioning cells 
were modeled by introducing defect domains varying in size, spatial 
pattern, and conductivity. 

2. Methods 

2.1. Surface-Scan MRI concept 

A magnetic field perturbation, ΔB, created by a battery cell can be 
described as a superposition of several independent terms: 

ΔB = BST + BSoC + BDC (1)  

where BST is a static field perturbation associated with geometrical 
configurations of the magnetic cell components, e.g. magnetic tabs, 
terminals and electrodes; BSoC is a component associated with SoC or 
oxidation state - dependent magnetic susceptibilities of active cathode 
and anode materials; and BDC is the DC-induced MF component, a 
function of the current density distribution. Note, BDC also depends on 
SoC [17, 18]. 

All terms in Equation1 can be sensitive to mechanical, corrosive and 
electrochemical degradation of a cell. Certain hazardous battery cell life- 
cycle events (e.g. local electrolyte decomposition or copper migration) 
are not expected to alter BST and BSoC maps noticeably. Such cells 
examined in a resting state could, therefore, pass an io-MRI screening. 
The BDC term is a unique io-MRI metric associated with electrochemical 
processes in an operating cell. Specifically, BDC is sensitive to current 
density variations resulting from degradation of electrode materials on a 
microscopic level, e.g. growth of dendrites, copper migration and elec-
trolyte decomposition. Some of these processes are known to result in 
internal shorts and thermal runaway. 

A net BDC effect produced by a cell operating at a current I for a given 
SoC can be obtained as: 

BDC(SoC, I) = ΔB(SoC, I) − ΔB(SoC, 0), (2)  

where ΔB(SoC, I) is MF perturbation produced by the operating cell, and 
ΔB(SoC, 0) is a “reference” image, i.e. a MF perturbation produced by 
the cell in the rest state. 

A new quantitative indicator of cell degradation was introduced in 
Ref.18: 

ΔBDC = BDC − BDC
S, (3)  

ΔBDC is a map of BDC field deviation from a standard pattern BDC
S 

established for a “healthy” fully charged cell (SoC = 100%). The BDC 
term was shown to vary minimally within a safe range of SoCs from ~ 20 
to ~ 100%. Thus, ΔBDC of a healthy cell is largely a featureless “noisy” 

image. Overcharging of cells led to the formation of ΔBDC patterns 
varying in size from mm’s to cm’s. These spatially sporadic ΔBDC fea-
tures were referred to as “memory effects” since they had not vanished 
after the cells were discharged to within the safe SoC range [18]. Note, 
since ΔBDC scales linearly with the current, ΔBDC maps could be 
normalized by the current magnitude. The normalization would provide 
a current-independent metric describing the defect domain. 

The experimental surface-scan MRI approach is based on the Centric- 
Scan SPRITE technique described in the previously published articles 
[16–18]. Sampling several consecutive complex data points per gradient 
step in a single SPRITE acquisition allows one to reconstruct several 
purely phase-encoded images, and scale their fields-of-views (FOV) 
using a chirp-z transform algorithm [19]. These data represent a tem-
poral evolution of spatially resolved MR phase, φ(r, TP). The phase 
encoding time, TP

k, of the kth complex data point is determined as TP
k =

TP
min + (k-1) SW− 1, where TP

min and SW are a minimum phase encoding 
time and the sampling bandwidth, respectively. The range of TP’s ach-
ieved in the experimental work was from 114 to 170 µs [18] which 
enabled detection of strongly attenuated 1H MRI signals. 

Temporal phase evolution is driven by local Larmor frequency offsets 
γΔB0(r). Experimental MF maps are reconstructed by pixel-by-pixel 
linear regression of the temporal phase evolution φ(TP): 

ΔB0(r) = γ− 1Δϕ(r, TP)
/

ΔTP, (4)  

2.2. Cell modeling 

In the most simple case, a cell is modeled as a stack of rectangular 50 
μm thick sheets made of aluminum, cathode coating, electrolyte, anode 
coating and copper. The dimensions of the cell are: length DZ = 3.5 cm, 
width DX = 2.0 cm, and thickness DY = 0.25 mm. This design is further 
referred to as a “single-layer” cell. The Z-axis is aligned with the 
measurable component of the magnetic field (BZ), which represents the 
direction of the external magnetic field (B0) in experimental Surface- 
Scan MRI settings. In addition to the single-layer cell, flat jelly roll 
models containing 3, 5 and 7 layers are examined. The dimensions of 
these cells are DZ = 3.5 cm, DX = 2.0 cm, and DY varies between 0.85 and 
2.05 mm. The jelly roll configurations are common in commercial 
“pouch” and “prismatic” cells. A cell comprising an odd number of layers 
allows placing the positive and negative tabs further apart. Such an 
arrangement of the tabs results in a reduced risk of short-circuit while 
engaging the maximum area of the electrodes. 

Fig. 1a–c show X-Z, Y-Z, and X-Y views of the 5-layer (2.5 turns) cell. 
Curved regions of the layers are approximated with semicircular frag-
ments ‘extruded’ along Z, Fig. 1d). Cell terminals (tabs) are designed as 
extensions of the corresponding current collectors (Al and Cu) and 
approximated by rectangular plates 3 mm (X) × 1 mm (Z) × 50 μm (Y). 
The tabs, Fig. 1a), are placed at the bottom of the cell and separated by 
1.4 cm along the X dimension. The 3- and 7-layer cells are constructed in 
a similar manner. These are realistic models of commercial cells used in 
portable electronics, and they can be easily up-scaled in order to 
approximate EV cells. 

Conductivities (σ) of aluminum and copper current collectors are 
assigned 3.5 × 107 and 6 × 107 S m− 1, respectively (COMSOL materials 
library). Across a broad range of electrochemically active materials, 
conductivities of cell components vary by several orders of magnitude 
from 10− 9 to 103 S m− 1 in cathode materials, and from 104 to 106 S m− 1 

in anodes based on graphitized carbon. Ionic conductivities of electro-
lytes rarely exceed 10 S m− 1 [23]. To approximate a graphite - based 
anode, electrical conductivity and relative permittivity are assigned the 
values of 105 S m− 1 and 10, respectively [24,25]. Cathodes of Li-ion cells 
are usually composed of an electrochemically active material (multi--
metal oxides), a binder (e.g. Polyvinylidene Fluoride - PVDF), and a 
conductive additive (a porous material based on Carbon Black or carbon 
nanotubes). The additive provides a transport network for rapid electron 
transfer between the active material and the current collector. An 
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overall current density in the composite cathode coating is limited by 
slow solid-state ion transport, interfacial ion transport, and by relatively 
low electronic conductivity of the active material. In this study, the 
conductivity and the relative permittivity of the composite cathode 
coating is assigned a value of 1 S m− 1 and 1, respectively. Electrolyte’s 
conductivity (ionic) and relative permittivity are assigned values of 1 S 
m− 1 and 10, respectively. Conductivity and permittivity values of the 
COMSOL cell models are within ranges encountered in common elec-
trochemical materials [23, 26–30]. 

Defective cells are modeled by adding various defect domains into 
standard cell configurations described above. A defect domain is defined 
in this study as parts of the cell where conductivities deviate from the 
standard values. In general, a defect domain can be characterized by a 
spatial distribution of conductivity. For simplicity in this study, the 
conductivity of the defect domain is constant over the domain. 

2.3. Simulations 

COMSOL (v.5.6) simulations were performed using AC/DC module 
(Electromagnetic Fields > Vector Formulations > Magnetic and Electric 
Fields). In the stationary case, current density and associated magnetic 
field distributions are described with the following Eqs. (5–9): 

∇× H = J, (5)  

B = ∇× A, (6)  

J = σE, (7)  

∇⋅J = 0, (8)  

E = − ∇V, (9) 

Here H - magnetic field intensity, J - current density, E - electric field 
intensity, B - magnetic flux density, A - magnetic vector potential, V - 
electric scalar potential. The COMSOL algorithm solves Ampère’s law 
(Eq. (4)) for the magnetic vector potential (A) together with a current 
conservation equation (Eq. (7)) for the electric potential (V). 

The computation time varied between 15 min and 160 h depending 
on the number of layers in a cell model. Simulations of Surface-Scan MRI 
data for larger multi-turn cells (number of layers > 7) require significant 

computational resources. 

3. Results and discussion 

3.1. Reference maps 

By design, a Surface-Scan MRI measurement provides a 2D map of 
the Z - component of magnetic field (BZ) in the plane (X-Z) adjacent to 
the cell. In practice, the solid-state detection medium has a finite width 
~ 1 mm (controlled by MRI sensitivity), and a local BZ(x, z) value is a 
result of averaging along the Y dimension. BDC field distributions were 
simulated within a volume 2.2 (X) × 2 (Y) × 3.7 (Z) cm3. The obser-
vation slice 2 (X) × 3.5 (Z) is selected at a 1 μm distance from the 
aluminum current collector, Fig. 1b and c. 

In the original Surface-Scan MRI experiments [18], a 4 A DC pulse 
switched on for ~ 3.5 s provided excellent sensitivity. Cells were 
examined in the discharge mode which allowed the total voltage values 
to be within an operational range of the potentiostat (5 V). Thus, in all 
MF simulations presented below, a 4 A discharge current is imple-
mented. Here, we use the convention of a ‘positive’ current I driven in 
the direction opposite to the movement of electrons. During discharging, 
electrons enter the tab of the cathode (+), Fig. 1a. 

2D maps of BDC field generated by 1-, 3-, 5- and 7-layer cells are 
shown in Figs. 2a-d, respectively. Histograms of these MF distributions 
are provided in Fig. 3a–d. The mean BDC value, 〈BDC〉, varies from 52 to 
241 μT. The strongest field is generated near cell terminals and varies 
from 1.3 mT in the 1-layer cell to 1.8 mT in the 7-layer cell. Full 3D 
simulations of the BDC field provide an estimation of magnetic field 
averaging that would occur over a finite width of the detection medium. 
This information would improve the interpretation of experimental 
Surface-Scan MRI data. BDC distributions in the central Y-Z slice have a 
quasi-antisymmetric pattern Fig. 4. The symmetry of a BDC pattern is 
partly controlled by an average direction of the current, i.e. along the 
line connecting the terminals. The line, in fact, is not parallel to the X 
direction, Fig. 1c. As the number of turns increases, Y-Z patterns become 
more asymmetric, Fig. 1S (Supporting Information - SI). 

3.2. ΔBDC metrics 

In the following subsections, ΔBDC distributions (Equation3) are 

Fig. 1. A design of a 5-layer (2.5 turns) jelly-roll cell developed in COMSOL for simulations of magnetic field and current density distributions: (a) X-Z, (b) Y-Z and 
(c) X-Y views. The Y dimension is shown at × 10 the real scale. Insets indicate conventions related to spatial directions (X, Y, Z). Cell layer numbering convention and 
materials of the cell components are provided in (b). The location of the detection medium layer is indicated in (b) and (c). The detailed geometry of the cell layer 
folding is shown in (d). 
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examined with respect to such attributes of the defect domain as 
morphology, dimensions, location, and conductivity. BDC maps of 
“defect-free” cells (Fig. 2) are used as reference images (BDC

S ) in 
Equation3. 

3.2.1. Defect morphology 
Fig. 5 shows ΔBDC maps resulting from several geometries of the 

defect domain: disk (a), right triangular prism (b) and square prism (c). 
In each case, a given prismatic geometry is confined within the cathode 

and electrolyte layers and its base is parallel to the X-Z plane, Fig. 5d. 
The diameter of the disk, and the side lengths of the triangle and the 
square are 4 mm. The conductivity in these domains is assigned a value 
σ = 107 S m− 1 significantly higher than the nominal values in the rest of 
the cathode and electrolyte. These defects approximate macroscopic 
domains containing highly conductive impurities, e.g. Li metal 
dendrites. 

ΔBDC patterns resulting from an array of 9 square prisms (σ = 107 S 
m− 1) distributed on a uniform grid are shown in Fig. 6a–d. ΔBDC maps 

Fig. 2. 2D maps (X-Z) of BDC - field simulated for 1- (a), 3- (b), 5- (c) and 7-layer (d) cells. The plane of the image is located at a distance of 1 μm from the cathode’s 
current collector. The image FOV is 2 cm (X) × 3.5 cm (Z). 

Fig. 3. Histograms of BDC - field distributions simulated for 1- (a), 3- (b), 5- (c) and 7-layer (d) cells. Corresponding mean BDC values are 52, 90, 141 and 241 μT, 
respectively. 
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were simulated for defect sizes (dx-dz) of 0.2, 0.5, 1 and 2 mm. Co-
ordinates of the defect centers with respect to the center of the X-Z pane 
are: Z(− 1, 0, +1 cm) and X(− 0.5, 0, 0.5 cm). The ΔBDC magnitude drops 
off rapidly with the distance from a defect to the positive tab and with 
the size of the defect. Since a practical SPRITE resolution is close to 1 
mm, identification and analysis of defect domains much smaller than 1 
mm would be difficult. Specifically, ΔBDC features resulting from 

microscopic defect domains would be misrepresented and blurred due to 
partial volume effects. Fig. 6e–h demonstrate how partial volume effects 
would affect the ΔBDC data shown in Fig. 6a-d if MRI resolution was 1 
mm. Fig. 6 illustrates the ability of Surface-Scan MRI to resolve defect 
domains with high (107 S m− 1) conductivity. Based on initial experi-
mental work [18], it is apparent that domains smaller than 0.2 mm 
would be hard to detect due to low signal-to-noise ratio. Note, although 

Fig. 4. A map of BDC - field distribution in the central Y-Z plane (left) simulated for an operating 1-layer cell. FOV is 2 cm (Y) × 3.5 cm (Z). A histogram of the BDC 
distribution is shown on the right. 

Fig. 5. ΔBDC patterns resulting from defect domains in a form of disk (a), right triangular prism (b) and square prism (c). In each case, a given prismatic geometry is 
confined within the cathode and electrolyte layers and its base is parallel to the X-Z plane (d). The diameter of the disk, and the side lengths of the triangle and the 
square are 4 mm. 
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the fine defects cannot be resolved, e.g. Fig. 6g, they still manifest as ~ 
1–2 cm half-ovals near the periphery of the image. 

3.2.2. Location of the observation slice 
The ability to identify the morphology of a defect domain based on 

its ΔBDC pattern depends on the distance (D0) between the cell surface 
and the observation plane. Image blurring effects resulting from a series 
of D0’s are demonstrated for the disk shaped defect domain, Fig. 7. The 
ΔBDC maps are shown in a region-of-interest (ROI) of 15 × 15 mm. 
Increasing the distance between the measurement plane and the cell’s 
surface from 1 μm to 1 mm results in a ≈ 2.5 fold reduction in ΔBDC peak 
values. Although such blurring is inevitable, the resolution enhancement 

can be achieved with a thinner (< 0.5 mm) detection layer. An associ-
ated loss in sensitivity can be partially obviated by means of high proton 
density materials. A fluorine containing detection medium in combi-
nation with 19F MRI resonators can also be employed. 

3.2.3. Defects inside a jelly roll cell 
A convention for cell layer numbering used below implies that the 

layer’s number increases with the distance from the observation plane, 
Fig. 1b. Effects of the defect position in a 5-layer jelly roll cell are shown 
in Fig. 8. A high conductivity 4 mm diameter disk placed in the cathode 
and the electrolyte, Fig. 8a and b of layers #1 – #5 results in ΔBDC 
patterns displayed in Fig. 8c–g, respectively. The X-Z coordinates of the 

Fig. 6. ΔBDC patterns (a-d) resulting from defect domains designed as arrays of 9 square prisms (σ = 107 S m− 1). Domain elements are distributed on a uniform grid 
within the electrolyte and cathode coating. X-Z coordinates of the domain elements with respect to the center of the cell are: Z(− 1, 0, +1 cm) and X(− 0.5, 0, 0.5 cm). 
Dimensions dx, dz (mm) of the domain elements: (a) 2, (b) 1, (c) 0.5 and (d) 0.2. (e–g) ΔBDC maps resulting from partial volume effects (1 mm spatial resolution) 
applied to images (a-d). 

Fig. 7. ΔBDC maps of the disk shaped defect domain within the electrolyte and cathode coating at D0‘s of (a) 1um, (b) 0.2 mm, (c) 0.5 mm and (d) 1 mm. The 
displayed region-of-interest (ROI) is 15 × 15 mm. 
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defect domains are the same as in Fig. 5a. 
Defect domains located in different layers of the jelly roll cell man-

ifest in a manner similar to the single layer cell. It is apparent that for the 
defect in the first layer, Fig. 8c an overall ΔBDC variation (i.e. method’s 
sensitivity) is the largest, and the shape of the defect is reproduced by 

magnetic field most accurately. The ΔBDC representation of the ‘circle’, 
however, degrades as the defect is placed farther away from the detec-
tion medium, Fig. 8d–g. Apparently, Surface-Scan MRI provides the 
highest sensitivity to defects located in the outer cell layers. If imple-
mented in a high-throughput process, scanning both sides of a flat cell 

Fig. 8. (a, b) A schematic of the 5-layer jelly-roll cell; X-Z (a) and Y-Z (b) views. Dimensions of the cell: DX = 2.0 cm, DZ = 3.5 cm and DY = 1.45 mm. Defect domain 
is a 4 mm diameter disk (σ = 107 S m− 1) located in cathode and electrolyte regions. In the X-Z plane, the center of the circle is located 1 cm below the center of the 
cell. (c–g) ΔBDC distributions corresponding to defect locations indicated in (b). 

Fig. 9. Models of 1-layer cells (X-Z views) including domains of defective cathode coating (square prisms, σ = 10− 2 S m− 1) with reduced conductivity (top row), and 
corresponding ΔBDC distributions (bottom row). Dimensions of square regions (cm) are (a) 2, (b–d) 1, and (e) 0.5. 
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would significantly improve the diagnostic accuracy of Surface-Scan 
MRI. 

3.2.4. Defects of cathode coating 
A ‘failed’ coating process could result in low conductivity regions in 

the cathode coating. Fig. 9 demonstrates magnetic field effects induced 
by such defects in the single layer cell. Conductivity in these regions 
(black square prisms) is 10− 2 S m− 1, which is 100 times lower than in the 
rest of the cathode coating. It is apparent that the domain size modulates 
the intensity of MF patterns, while the domain location modulates the 
distribution of patterns. More examples are provided in SI (Fig. 2S) 

3.2.5. Defect domain conductivity 
Fig. 10 shows ΔBDC maps of the disk-shaped domain, as in Fig. 5a, for 

a series of domain’s conductivity values in the range from 107 to 10− 1 S 
m− 1. Local conductivity change in the cathode and electrolyte can 
manifest as two types of ΔBDC patterns. If the defect conductivity is 
much higher than that of the surrounding material (1 S m− 1), the ΔBDC 
map contains an anisotropically blurred image of the defect, e.g. Fig. 10a 
and b. In such cases, Surface-Scan MRI allows to identify X-Z coordinates 
and morphology of highly conductive regions readily. Similar effects are 
also demonstrated in Figs. 5 and 6. The second type of patterns resulting 
from local conductivity alterations manifests as half-oval features near 
the periphery of the image plane. Note, polarities of these patterns 
change when the defect conductivity falls below the nominal value of 1 S 
m− 1, transition between Fig. 10d and e. 

A uniform decrease in conductivity of the electrolyte, e.g. as a result 
of degradation, leads to effects shown in Fig. 3S (SI). The effects are 
shown for conductivity values of 0.5 (a), 0.25 (b), 0.1 (c) and 0.01 S m− 1 

(d). The maximum ΔBDC ~ 0.5 μT is observed at the lowest conductivity 
(d) near the anode’s terminal . Similarly, reducing the conductivity of 
the anode results in ΔBDC field distribution shown in Fig. 4S (SI). As in 
the previous case, the maximum ΔBDC magnitude (~ 0.12 μT) occurs at 
the anode’s terminal. 

ΔBDC effects resulting from uniform degradation of the anode or the 
electrolyte are small (< 0.5 μT) compared to MF perturbations (6 – 70 
μT) produced by “high conductivity” defects, Figs. 5–8. Thus, the former 
defect domains would be harder to detect. However, based on the out-
comes of the previous experimental work [18] and with a potential 
sensitivity enhancement by means of specialized RF coil designs [30], 
the realistic sensitivity limit can approach ~ 1 μT. 

The original experiments with 15-layer Nokia BL-5C cells (DZ = 53 
mm, DX = 34 mm, DY = 5 mm) showed local ΔBDC values ranging be-
tween 20 and 120 μT [18]. Note, as discussed above, experimental ΔBDC 
maps18 resulted from averaging over a 1 mm layer of the detection 
medium layer, and the MRI resolution was ~ 1.5 mm. 

Experimental ΔBDC maps of cells damaged by overcharging [18] 
contain features which by order of magnitude and spatial scales 
approach the MF distributions shown in Figs.5, Figs.6e, Figs.8c–g, 

Fig. 9e, and Fig. 10a-b. Thus, the experimental ΔBDC patterns [18] could 
be associated with either relatively small (multiple mm) but highly 
conductive (σ ~ 106 - 107 S m− 1) dendrite-rich domains, or with large 
(multiple cm) domains of degraded “low conductivity” cathode coating. 

Although the main focus of this work is modeling of MRI measurables 
associated with cell’s defects, similar considerations could also be used 
to examine potential applications of magnetometry towards battery di-
agnostics. Sensors such as atomic magnetometers allow detecting tiny 
magnetic field changes in response to changes of magnetic susceptibility 
and transient electrical currents [31]. 

Applications of atomic magnetometry for analysis of solid-state cells 
[32], and of nitrogen-vacancy-based magnetometry for examination of 
distributions of conducting elements [33] were also demonstrated. 
Measurements of current distributions were performed using fluxgate 
sensors [34] and anisotropic magnetoresistance sensors [35]. The cal-
culations demonstrated in this work could be used to predict the 
detectability of defects in the magnetometry field as well. Magnetometry 
and MRI could be seen as complementary techniques with their own 
strengths and weaknesses. While MRI is generally less sensitive and 
more expensive, it provides faster measurements at high resolution and 
is less affected by sensor interference. 

4. Conclusion 

A range of fundamental problems associated with Li-ion cells is quite 
broad [36]. To minimize the release of defective cells to the market, both 
cell designs and pre-release diagnostic approaches should be improved. 
Even minor defects introduced during cell manufacturing are known to 
lead to inconsistent performance including different life spans of cells 
considered “identical”. One of the strengths of Surface-Scan MRI is the 
ability to detect such performance variability in operando. ΔBDC dis-
tribution is a key metric directly associated with charge - discharge 
processes. Stress factors such as overheating, over-charging, and 
over-discharging result in degradation of electrochemical components of 
cells, which in turn changes the current density and magnetic field 
distributions. Therefore, ΔBDC represents local variations in current 
density induced by hazardous events. In this study, effects of 
morphology, location, and conductivity of the defect domain on ΔBDC 
metrics were investigated numerically for the first time. We provided 
new insights into electromagnetic phenomena associated with operating 
battery cells, and validated Surface-Scan MRI as an informative 
analytical approach to cells diagnostics. 
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Fig. 10. ΔBDC distribution as a function of conductivity of a disk-shaped defect domain located within the electrolyte and the cathode coating of a 1-layer cell. ΔBDC 
maps are shown for defect conductivities of 107 (a), 106 (b), 105 (c), 10 (d) and 10− 1 S m− 1 (e). 
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