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Abstract 

Batteries and their defects are notoriously difficult to analyze non-destructively, and 

consequently, many defects and failures remain little noticed and characterized until they cause 

grave damage. The measurement of the current density distributions inside a battery could reveal 

information about ideal cell behavior and its deviations from it, and could thus provide early signs 

of deterioration or failures. Here, we describe methodology for fast nondestructive assessment 

and visualization of the effects of current distributions inside Li-ion pouch cells. The technique, 

based on magnetic resonance imaging (MRI), allows measuring the magnetic field maps during 

charging/discharging. Marked changes in the distributions are observed as a function of the state 

of charge, and also upon sustaining damage. In particular, it is shown that the current distribution 

is non-linear with overall charge/discharge current, is generally asymmetric with respect to 

switching the sign of the current, and a qualitative symmetry between full charge and full 

discharge is observed. This technique could potentially be of great utility in diagnosing the health 

of cells and their behavior under different charging or environmental conditions.  

 

Keywords 
Rechargeable Li-ion batteries, Current distribution, Magnetic Resonance Imaging 
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INTRODUCTION 
Nondestructive battery cell testing is of critical importance in employing rechargeable batteries in 

portable devices, transportation, and in energy storage grids. The accurate prediction of cell and 

battery lifetime and their capacity fading is of intense interest in many parts of a battery’s 

deployment cycle. There is a lack of fast nondestructive techniques that can provide detailed and 

localized diagnostic data for fully assembled cells. Here, we describe a Magnetic Resonance 

Imaging (MRI) based technique that can provide an assessment of current distributions within 

cells quickly, and is also compatible with many commercial cell designs.  

The current distribution within cells is affected by the design and resistance profile of each part of 

the cell, the heterogeneity of the electrodes, and the type and location of any physical defects such 

as dendrites or pre-existing cracks1. Non-uniform current distributions can be the source of cell 

failures or capacity loss, often initiated and accompanied by lithium dendrite growth, or assembly 

imperfections. For example, it was shown that there was a direct correlation between energy 

density and the non-uniformity of the current distribution, demonstrating a potential to gain as 

much as 50% in energy density through improving the current distribution2. Prior work on 

measuring current distributions include studies with cell hardware modifications. For example, 

the implementation of tabs in different positions along the electrodes provided a means of 

inferring the variability of current3,4, which demonstrated the significant changes evident in the 

current, depending on the charge/discharge rate. It is therefore of great interest to perform in situ 

or operando, non-invasive, and spatially-resolved measurements of current distributions, as it can 

pave the way for developing safer and higher performance batteries.  

Nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI) techniques have 

established themselves as tools for in situ and operando studies of fundamental cell mechanisms 

including studies of failure modes, charge storage mechanisms, and ion mobility5–8. Stray field 

NMR studies have been used to map lithium in electrodes9. Electron paramagnetic resonance in 

situ / operando methodology has been demonstrated for mapping metallic lithium and dendrites10–

12. Other in situ / operando methodology include synchrotron-based scanning transmission X-ray 

microscopy (STXM)13 and X-ray micro-diffraction14, energy dispersive X-ray diffraction 

(EDXRD) 15, X-ray diffraction in combination with other spectroscopic methods such as 

transmission electron microscopy (TEM)16,17, operando neutron diffraction,18 operando video 

microscopy19, and Raman spectroscopy20. All these techniques typically require the fabrication of 

special cells for the study of cell processes.  
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There are fewer choices of techniques for measuring unaltered commercial-type cells, which have 

opaque and typically conductive enclosures. Consequently, the amount of information obtainable 

from such measurements is significantly limited. Notable exceptions include, for example, a fast 

acoustic method21,22, electrical measurements23, and X-ray computed tomography (CT)24.  

In previous work, we have introduced an MRI technique to assess state-of-charge (SOC) via the 

magnetic fields induced by the magnetic susceptibility of the active cell components, which was 

based on sensing the induced magnetic field changes of the active materials in the cell6. This 

approach provided fast, nondestructive mapping of SOC and defects. Since the method does not 

require access to the inside of the cell, it will henceforth be termed inside-out MRI (abbreviated 

as ioMRI). This ioMRI method is shown here to be suitable for the diagnostics of current 

distributions within cells as well. A fundamental limitation of applying this method to 

commercial lithium-ion cells is poor radiofrequency (rf) penetration due to the conductive casing 

and the electrodes25,5,26. The ioMRI technique, however, avoids this complication by simply 

measuring fields around the device, not within it.  

Magnetic fields have been measured for assessing currents before, such as, for example using 

magneto-optic imaging for studying the flux and current distribution of a long thin strip27. MRI-

based current imaging was first described by Manassen et al.28, and this type of methodology is 

currently being applied in vivo for the purpose of electrical property mapping29–34. It was also 

suggested, for example, that neuronal current distributions could be imaged using magnetic 

resonance imaging35,31.  

In this article, we demonstrate a technique for assessing current distributions within commercial-

type Li-ion pouch cells. Experiments were performed with different discharging/charging current 

rates on healthy and mechanically stressed cells. Marked differences were observed as a function 

of state of charge (SOC) and after stressing the cell. It is also demonstrated that the current 

distribution is significantly asymmetric when switching from charge to discharge current, the 

current distribution is nonlinear with respect to overall applied current, and there is an interesting 

symmetry between states at full charge and near full discharge.  
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EXPERIMENTAL 
Cells: Stacked electrode Li-ion pouch cells were used for imaging. Multilayer stacked electrode 

cells were manufactured as described previously6 at the battery prototyping center at Rochester 

Institute of Technology (RIT)with a capacity of 250 mAh and a nominal voltage of 3.7 V. The 

material that were used for the cell construction were Li1.02Ni0.50Mn0.29Co0.19O2 as the cathode, 

Graphite as the anode and 1.2 M LiPF6 EC:DMC 3:7 as the electrolyte. For increasing the 

conductivity and structure of working electrodes Powder grade carbon black and PVDF were 

used.  

Battery holders: Cylindrical holders with 39-mm diameter were designed in Tinkercad and 3D 

printed with a  Polylactic Acid (PLA) filament. The holders were filled with a 15 mM CuSO4 

solution in water, giving a 1H T1 relaxation constant of 100ms.  

Cycling conditions: In order to fully charge cells (up to voltage 4.2V), cells were first charged 

with a current of 25mA (0.1C). Then, for each step of SOC, RIT cells were discharged with 

125mA (0.5C) until the cell reached 2.5V. Cells were always operated between 4.2V and 2.5V. 

During current imaging, the cell was charging and discharging with a constant current protocol 

using a Biologic VSP potentiostat. The cycler remained connected to the cell throughout all 

measurements. An aluminum foil and an in-line low-pass filter with cutoff frequency of 1.9 MHz 

were used to shield the probe area from rf interference. 

Magnetic Resonance Imaging: A 9.4T Bruker Ultrashield Avance I spectrometer with a Bruker 

mini0.75 gradient assembly was used for performing the MRI experiments. The resonance 

frequency of 1H in the spectrometer was 400.1 MHz.  For imaging and data collection, a Bruker 

MiniWB57 imaging probe was used with a Bruker WB57 40-mm i.d. coil insert for 1H 

experiments.  

A slice selective 2D fast low angle shot (FLASH) sequence with nominal flip angle (α) of 15°, 

TR of 100 ms, 12 scans of averaging, and four different echo times of 2.45, 2.5, 2.75, and 2.80ms 

were used to acquire the 2D 1H images. The readout direction was along z while x was the phase-

encoded dimension and 128 points were collected along each dimension. The field of view (FOV) 

was 51.2mm in the x and z-direction, which resulted in a 400µm resolution. The slice thickness 

was 1mm. Each 2D experiment took approximately 2.5min. 
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Calculations: Finite Element calculations were performed with COMSOL Multiphysics with the 

AC/DC module. A stacked-electrode cell and one jelly-rolled cell model were created in 

COMSOL (a calculation for a jelly-rolled cell yielded similar results). The calculation utilized the 

AC/DC module and solved Ampere’s Law with current conservation boundary conditions.  

The model of the stacked-cut electrode battery was composed of two single-sided coated anodes, 

one double-sided coated cathode, two aluminum current collectors, one copper current collector 

and three tabs for positive and negative ports. A mesh of 11,930,062 elements was used for finite 

element analysis. In the simulation of the charging/discharging condition, the copper tab of the 

battery was assigned as the positive/negative constant current terminal and the aluminum tabs 

were always grounded. Supplementary Figure S2 shows a depiction of the model.  

The phase map was calculated from phase images using an unwrapping algorithm as described 

previously.6 

RESULTS AND DISCUSSION 
Cells were placed in an a slot in a custom-designed holder, containing compartments for water, as 

described previously6. For the measurements reported here a 15mM CuSO4 water solution was 

used as the detection medium in order to shorten the T1 relaxation time constant and thus allow 

faster imaging. The arrangement used is illustrated in Figure 1A. The MRI signals were obtained 

from the water compartment and all represented images in this article originated from a slice mid-

way across the cell as indicated in Figure. 1A. The measurement was based on a slice-selective 

FLASH imaging sequence, with different echo times. The different echo times allowed encoding 

the precession angles, from which the local precession frequency could be obtained accurately. 

After phase unwrapping, magnetic field images were produced. Only currents perpendicular to 

the static magnetic field led to observable fields, as the spin precession is only significantly 

affected by magnetic field components collinear with B0. The orientations of the different 

coordinate axes are indicated in Figure 1B. 

Figure 1C shows the results from a current distribution calculation, considering an ideal 

rectangular electrode assembly (as shown in Figure S2) and negligible effects from non-uniform 

charge states. The current pattern for both the positive and negative electrodes looks the same in 

this calculation, except that the polarity is reversed. The current distribution resembles those 

previously determined by theoretical and computational means36.  
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Figure 1. Illustration of the experimental arrangement and measured quantities. (A) Cell position and 

orientation of imaging slice, as well as indication of the detected volume (dashed rectangle). (B) Current 

distribution elements inside the battery and cell orientation. (C) Calculated current and voltage distribution 

on the positive current collector during charging.   

 

To explore the effect of the SOC on the current distribution, a cell made with 5 stacked double-

coated cathode/anode layers, was first fully charged to 4.2 V, and then measured after discharging 

it by the specific amounts shown in Figure 2. The measurements were performed while either 

discharge or charge current was applied around the indicated depth of discharge (DOD). From 

each obtained field map, a resting-state reference image at the same DOD was subtracted. This 

process was essential, because at the magnetic field used (9.4 T), the susceptibility effect was 

much stronger than the effect produced by the current (in Figure S1, the effect of susceptibility at 

different SOC is shown). It is seen that a significant change in the current-produced magnetic 

fields is observed at the different DOD for both charge and discharge current.  

Generally, the highest fields observed are near the tab, which is expected. As the DOD increases, 

maxima develop in other locations, in particular also at the opposite end (top of the cell). This 

aspect is particularly interesting, as this phenomenon is related to a nonuniformity in SOC across 

the cathode. Figure S1, in particular, shows the field maps during the resting period (without 

current flow) for comparison. As described previously, these images can be interpreted as 

showing mostly a distribution of the SOC across the cathode (for this battery material).6 As the 

cathode material is enriched with lithium more and more, the magnetic susceptibility increases 

and the effect on the magnetic field increases as well. It is seen that ‘hot spots’ shown in Figure 2 
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also appear as spots of maxima in Figure S1, thus indicating that current flow is correlated with 

areas of highest susceptibility and thus areas of highest DOD.  

It is of note that there is no symmetry between maps for charge and discharge current at the same 

DOD, i.e. current is not simply reversed. This is expected, of course, because, for example, at low 

DOD (near full charge), there is only a small fraction of active material that is able to accept the 

charge, and it is much more dispersed, while during the discharge operation, current can be drawn 

from most charged areas. A similarly large asymmetry is observed for the highest DOD case: in 

this situation, during discharge, there are few areas that can produce current easily from the stored 

charge, while there are many more areas that can accept current during charging.  

The two extreme cases, high and low DOD, however, observe an interesting symmetry when 

considered together. In the magnetic field histograms (Figure 2) for the lowest DOD, one can see 

only one single peak in the negative range for the field from discharge current and two peaks 

(positive/negative) for charge current. For the highest DOD, the situation is reversed: a single 

peak is observed in the positive field range for charge current and two peaks for discharge 

current. The flip in sign for overall current is relatively straightforward to understand – the 

direction of the current is reversed. With regard to the difference between a single peak or a 

double peak, one can provide the following explanation: Considering that a more or less uniform 

current is flowing along the y-direction, one would expect the magnetic field to be positive on one 

side of the cell and negative on the other, which would generate a double-peaked distribution. At 

low DOD, during charging, current is only weakly perturbed by the influence of active material, 

because the majority of the material is saturated. A similar situation is encountered for high DOD 

during discharge current – little active material is available to provide strong non-uniform 

perturbations in the current. Hence, in these two situations, one would expect a double-peaked 

distribution, centered around zero field, as was indeed observed.   

A simulation was performed in order to explore this last point: the calculation was performed in a 

cell model while neglecting the contribution of active material. The model for this calculation is 

shown in Figure S2. The result is shown in the bottom right panel of Figure 2. The calculation 

shows the clear emergence of a double peak. The magnetic field range predicted is also in the 

same numerical range as shown in the experiments. The inner sharp peaks arise from areas further 

away from the cell, which may not be included in the experiment. Furthermore, the histogram 

also shows significant areas of very high positive and negative fields. These areas correspond to 

regions that are very close to the cell and may result in signal cancellation due to partial volume 
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effects, and would thus not be observable in the experiment. Further minor differences may be 

due to the fact that the simulation did not incorporate any SOC inhomogeneities. Overall, there is 

hence a good conceptual agreement between this model calculation and the experiments in the 

regimes described above (at maximum and minimum DOD).  

 

 

Figure 2. Magnetic field maps and histograms during discharge (negative current) and charge (positive 

current) at different depth of discharge (DOD) as indicated. The bottom right panel shows a simulation.  

The battery leads in these measurements are located at the bottom of each map. The discharge capacity is 

indicative of the starting point of each step, and discharge measurements were performed before charge 

measurements. The imaging dimensions and the location of the cell (dotted rectangle) are indicated in the 

top left image.  
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Figure 3. Magnetic field maps and histograms as a function of overall discharge/charge current near full 

charge (DOD = 0 mAh). The imaging dimensions and the location of the cell (dotted rectangle) are 

indicated in the top left image.  

In order to investigate the effect of current further, experiments were performed at full SOC (i.e. 

DOD=0 mAh) with different overall currents used for discharge and charge operation. The 

histogram clearly shows that the double-peak pattern develops only above a certain threshold 

current (75 mA), is strongest at 125 mA, and remains absent for negative current (discharging), 

which is in line with the discussion in relation to Figure 2. This effect could be rationalized by 

considering that a smaller current is affected more by perturbations from the active material.  
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Fi g u r e 4.  ( A) I n t h e c e nt er, t h e s p ati all y r e s ol v e d m a p s h o ws t h e r es ult of a li n e ar p er- v o x el fit of m a g n eti c 

fi el d v s. c urr e nt, u si n g all t h e c urr e nt r e gi m e s m e a s ur e d (- 1 2 5,  -1 0 0,  - 7 5, -5 0,  5 0, 7 5,  1 0 0,  1 2 5 m A). S e v er al 

p oi nts ar e e xtr a ct e d f or ill ustr ati o n, s h o wi n g t h e m a g n eti c fi el d vs. c urr e nt at e a c h l o c ati o n. ( B) R o ot m e a n 

s q u ar e d e vi ati o n of t h e li n e ar fits a cr o ss t h e w h ol e v ol u m e p erf or m e d b y usi n g diff er e nt d at a c o m bi n ati o n s 

as i n di c at e d. 

I n or d er t o f urt h er e x a mi n e t h e r e gi m es of li n e arit y of fi el d vs. a p pli e d c urr e nt, a n a n al ysi s w as 

p erf or m e d t o fit a li n e ar m o d el o n a v o x el- b y- v o x el b asis t o t h e m a g n eti c fi el d pr o d u c e d as a 

f u n cti o n of o v er all a p pli e d c urr e nt. Fi g ur e 4 A s h o ws t h e r es ults f or t h e sl o p e (fi el d p er u nit 

c urr e nt) if t h e m a ps o bt ai n e d f or all c urr e nt s ( p ositi v e a n d n e g ati v e) ar e us e d f or t h e fit . 

E x a mi n ati o n of t hi s m a p i n di c at e d t h at t h er e w e r e m ar k e d n o n-li n e ariti es i n m a n y d at a p oi nt s as 

d e m o nstr at e d i n t h e s el e cti o n s h o w n i n Fi g ur e 4 A . T h es e ill ustr at e a si g nifi c a nt d e vi ati o n fr o m 

li n e arit y, es p e ci all y i n t h e n e g ati v e c urr e nt r e gi m e. I n or d er t o pr o vi d e a q u a ntit ati v e t est f or 

o v er all li n e arit y, diff er e nt c o m bi n ati o ns of m a ps w er e us e d f or t h e fit, a n d t h e a v er a g e r o ot- m e a n-

s q u ar e d e vi ati o n i n t h e li n e ar fit f or e a c h pi x el w a s c al c ul at e d a cr oss t h e w h ol e m e as ur e m e nt 

v ol u m e ( Fi g ur e 4 B) . It i s s e e n cl e arl y t h at t h e d e vi ati o n fr o m li n e ar b e h a vi or is l ar g est if d at a 

fr o m all m e as ur e d c urr e nt r e gi m es ar e us e d. T h e l ar g est d e vi ati o n c a n b e tr a c e d t o ori gi n at e fr o m 

t h e n e g ati v e c urr e nt p oi nts ( s e e t h e fir st t w o b ars i n Fi g ur e 4 B, w hi c h h a v e si mil arl y hi g h r o ot-

m e a m-s q u ar e d e vi ati o n v al u es). T h e s m all est d e vi ati o n w a s f o u n d w h e n o nl y t h e t hr e e hi g h est 

c urr e nt r e gi m es w e r e us e d, a n d it w a s o nl y sli g htl y l ar g er if t h e 5 0 m A p oi nt w a s i n cl u d e d. T hi s 

fi n di n g hi g hli g ht s t h e si g nifi c a nt d e vi ati o n fr o m li n e ar b e h a vi or f or t h e di s c h ar g e r e gi m e. T his 

r es ult is i n li n e wit h e arli er ar g u m e nt s t h at n e ar f ull S O C, t h e di s c h ar g e c urr e nt e x p eri e n c e s 

si g nifi c a nt c o ntri b uti o ns fr o m t h e a cti v e m at eri al, w h er e b y t h e c urr e nt di stri b uti o n w o ul d b e 

si g nifi c a ntl y alt er e d. D uri n g c h ar g e, h o w e v er, c urr e nt fl o ws m or e u nif or ml y, a n d t h e a cti v e 

m at eri al d o es n ot pr o d u c e si g nifi c a nt i n h o m o g e n eiti es i n t h e m e as ur e m e nt.  
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Figure 5. Histograms calculated from the magnetic field maps during discharging and charging for a 

damaged cell at 62.5 mAh DOD (after subtracting a reference image in the resting state).  

 

Finally, it is demonstrated that the current distribution is significantly altered when a cell is 

damaged. Figure 5 shows the magnetic field histograms after damaging the cell by dropping a 

245 gram rod, with 1 cm diameter from a height of 30 cm, resulting in an energy released per unit 

area of 9175.79 J/m2. Pictures of the drop-rod system and damaged cell are shown in Figure S3 

and Figure S4. The damage led to significant changes in the current distribution, as is clearly 

observed in Figure 5.  

CONCLUSION 
In summary, we have demonstrated here an MRI-based technique for the nondestructive 

assessment of current distributions within rechargeable Li-ion cells. The technique, referred to as 

an “inside-out” MRI approach (ioMRI), revealed an asymmetry in the current distributions 
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between charging and discharging, which evolved as a function of SOC. The behavior near full 

SOC during charge operation and at high DOD during discharge operation demonstrated a 

notable similarity, which is indicative of less localized and less pronounced perturbations from 

the active material. Furthermore, it was found that the observed magnetic field distribution was 

nonlinear w.r.t. overall applied current (for example, it was most linear for charging near full 

charge and least linear for discharging in this state). Damages to the cell showed marked changes 

in current distributions as well. This measurement methodology shows promise for quick 

noninvasive assessment of cell behavior during charging and discharging and for determining the 

evolution of cell behavior.  
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Figure Legends 
Figure 1. Illustration of the experimental arrangement and measured quantities. (A) Cell position and 

orientation of imaging slice, as well as indication of the detected volume (dashed rectangle). (B) Current 

distribution elements inside the battery and cell orientation. (C) Calculated current and voltage distribution 

on the positive current collector during charging.   

 

Figure 2. Magnetic field maps and histograms during discharge (negative current) and charge (positive 

current) at different states of discharge (DOD) as indicated. The bottom right panel shows a simulation.  
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The battery leads in these measurements are located at the bottom of each map. The discharge capacity is 

indicative of the starting point of each step, and discharge measurements were performed before charge 

measurements. The imaging dimensions and the location of the cell (dotted rectangle) are indicated in the 

top left image.  

Figure 3. Magnetic field maps and histograms as a function of overall discharge/charge current near full 

charge (DOD = 0 mAh). The imaging dimensions and the location of the cell (dotted rectangle) are 

indicated in the top left image.  

Figure 4. (A) In the center, the spatially resolved map shows the result of a linear per-voxel fit of magnetic 

field vs. current, using all the current regimes measured (-125, -100, -75, -50, 50, 75, 100, 125mA). Several 

points are extracted for illustration, showing the magnetic field vs. current at each location. (B) Root mean 

square deviation of the linear fits across the whole volume performed by using different data combinations 

as indicated. 

Figure 5. Histograms calculated from the magnetic field maps during discharging and charging for a 

damaged cell at 62.5 mAh DOD (after subtracting a reference image in the resting state).  

 

 




