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Abstract 

Lithium metal is a promising anode material for Li-ion batteries due to its high theoretical 

specific capacity and low potential. The growth of dendrites is a major barrier to the 

development of high capacity, rechargeable Li-ion batteries with lithium metal anodes, and 

hence significant efforts are undertaken to develop new electrolytes and separator materials 

that can prevent this process or promote smooth deposits at the anode. Central to these goals, 

and to the task of understanding the conditions that initiate and propagate dendrite growth, is 

the development of analytical and non-destructive techniques that can be applied in situ to 

functioning batteries. Magnetic Resonance Imaging (MRI) has recently been demonstrated to 

provide non-invasive imaging methodology that can detect and localize microstructure buildup. 

However, until now monitoring dendrite growth by MRI has been limited to observing the 

insensitive metal nucleus directly, thus restricting the temporal and spatial resolution, and 

requiring special hardware and acquisition modes. We present here an alternative approach to 

detect a broad class of metallic dendrite growth via their indirect effects on the surrounding 

electrolyte, allowing for the application of fast 3D 1H MRI experiments with high resolution. We 

use these experiments to reconstruct 3D images of growing Li dendrites from MRI, revealing 

details about the growth rate and fractal behavior. Radiofrequency and static magnetic field 

calculations are used alongside the images to quantify the amount of the growing structures.  

Significance Statement 

Lithium metal is an ideal anode material for rechargeable Li-ion batteries but its use is 

prevented by the growth of lithium deposits, or “dendrites”, during charging that can cause 

performance loss and serious safety concerns. Understanding the growth of dendrites in situ is 

crucial for the progress of this technology. MRI has been limited to directly studying the lithium 

signal until now, resulting in low sensitivity, limited resolution, and long experiment times. We 

present here an approach that detects the ‘shadows’ of dendrites growing through the 

electrolyte, allowing their growth to be imaged very quickly in 3D with high resolution. This 

technique can also be applied to other electrodes, such as those based on sodium and 

magnesium.  
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Lithium metal is a promising anode material for secondary lithium batteries because it has the 

highest theoretical specific capacity of possible anode materials (3860 mA h g-1), and the lowest 

voltage. Its use is currently limited due to irregular microstructure buildup on the electrode 

during charging (1). These mossy, needle-like, or dendritic structures severely compromise 

battery performance and can eventually penetrate the separator and cause overheating and 

short circuiting, thus presenting serious safety concerns. Preventing dendrite growth has proven 

to be extremely challenging, due in part to current poor understanding of the conditions under 

which their growth is initiated and the factors that contribute to their continued growth (2, 3). The 

development of new analytical techniques that are sensitive to dendrite growth and amenable to 

studying electrochemical cells in situ is crucial to future efforts of improving battery designs and 

performance (4, 5).,  

In situ nuclear magnetic resonance (NMR) spectroscopy and magnetic resonance imaging 

(MRI) are powerful non-invasive methods that can provide time-resolved and quantitative 

information about the changes within the electrolyte and the electrodes. NMR measurements 

are sensitive to dendrite growth, and are also able to resolve different lithium microstructure 

morphologies through chemical shift measurements (6–9). MRI approaches provide additional 

spatial information, allowing specific structural changes to be localized, thereby enhancing the 

utility of the methods and simplifying interpretation (7, 10, 11). Previous work relied on the 

measurement of 7Li and 6Li signals, where the identification of dendrites could be achieved via 

changes in the intensities and frequencies of the Li-metal signals due to skin-depth effects, and 

susceptibility shifts, respectively (6–10, 12). The main limitations of resolution and imaging time 

arise from the inherent insensitivity of the lithium isotopes and relaxation phenomena. 

Here we demonstrate a new approach; rather than imaging dendrites directly, their interactions 

with the electrolyte can be used to measure their growth indirectly. Three effects are 

considered: [1] the displaced volume in the electrolyte, [2] the magnetic susceptibility effects on 

the electrolyte, and [3] the radio-frequency (rf) field effects on the electrolyte signal. The 

electrolyte is typically composed of proton-rich material (e.g. LP30, which is composed of 1M 

LiPF6 in 1:1 ethylene carbonate:dimethyl carbonate), thereby providing excellent sensitivity for 

measurements of 1H spins. As a result, full three-dimensional measurements become possible 

that track dendrite growth as a function of time. 
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Results and Discussion 

Figure 1 shows a time series of 3D images of dendrite growth together with the symmetrical Li 

metal electrode cell geometry. The images, acquired using 1H FLASH imaging performed in situ 

on the electrochemical cell (Figure 1a), show there to be a relatively uniform intensity in the 

electrolyte region initially, with dark regions extending from z = 4 and -4 mm corresponding to 

the two Li electrodes. The first image (Figure 1a, left) shows the starting configuration of the cell 

after dendrite growth had been initiated by charging at 50 µA (0.16 mA cm-2) for 72 hours (total 

charge applied, !tot = 13.0 Coulombs) (7). As further current is passed (referred to here as 

“charging” since this is the direction of current flow in a full cell when Li plating occurs) 

(Figure 1a, left to right), a feature grows out from the left side of the top electrode into the middle 

of the electrolyte region, and spans the full electrolyte cavity to reach the bottom electrode by 

t = 26.1 hours (!tot = 28.0 Coulombs). The morphology and progressive “growth” of this feature 

between the electrodes is indicative of a dendritic microstructure.   

Segmenting the images into regions above and below a threshold intensity, !!"#$%"&'( = 0.2!!"# 
(Figure 1b), emphasizes the position and growth of the microstructure. !!"#$%"&'( was chosen to 

provide good image contrast while maintaining the 3D structure of the reconstructed dendrite. 

Factors affecting the choice of !!"#$%"&'( are discussed in more detail below. A movie showing 

the full time series of images collected every 17 mins during a 26.1 hr charge is supplied as 

supplementary material, along with a movie illustrating the reconstructed dendrite geometry 

from the final MRI image (same data as Figure 1c, right).  

This methodology offers considerable advantages over 3D imaging techniques observing 7Li 

metal, which require larger scan times (13). Our current approach offers 180 µm isotropic 

resolution within 16 min 40 s scans, with potential for further optimization due to the increased 

signal-to-noise ratio and favorable MR properties of the 1H nucleus, and the contrast 

enhancement afforded by the long-range susceptibility effects. The ability to observe 

microstructural lithium growth in situ and in 3D provides a unique opportunity to study the 

mechanisms underlying these processes. For example, the image series in Figure 1c shows 

that the dendrite growth is not unidirectional, even on macroscopic length scales, but instead 

twists before growing to short circuit the cell in the final image frame. There have been reports 

that microstructure growth could occur at the base of existing dendrites (14). This process can 

clearly be ruled out because once the growth zones move past a given region, the observed 

microstructure does not change for the remainder of the experiment. This effect is observed 
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when comparing, for example, the third to fourth images in Figure 1c (and the associated time 

steps in the movie), where new growth is observed on both the left- and right-hand sides of the 

cell during the same time period.  

Understanding the source of the observed image contrast around the dendrites is important if 

the methodology is to be fully exploited. The microstructures are expected to be very small, of 

the order of 1-3 µm in diameter (5, 14, 15), making it unlikely that the 80% drop in signal 

intensity of the 180 x 180 x 180 µm image voxels can be due solely to the local displacement of 

the electrolyte by the dendrites. Furthermore, local displacement effects would not result in any 

attenuation of the total image intensity, yet it decreases approximately linearly during charging 

(Figure 2) and by a total of ca. 18% by the end of charging. Assuming that the concentration of 

the protonated species in the electrolyte is uniform, the signal changes can be correlated to a 

change in the observed electrolyte volume (right-hand axis in Figure 2). This conversion allows 

for a direct comparison with the volume of Li microstructure that grows if all of the deposited 

lithium grows as microstructure (dashed line in Figure 2). Under these assumptions, the 

microstructure occupies 2.03 mm3 by the end of charging, while the signal lost in the images 

corresponds to a lost volume of over 40 mm3. This 20-fold difference between the expected 

microstructure volume and the affected region of the proton signal can be explained on the 

basis of susceptibility effects and rf inhomogeneities close to the conducting microstructure.  

These mechanisms can be quantified through !! and !! field calculations. A section of the 

reconstructed dendrite from the MRI results is chosen as a model system on which to perform 

these calculations, as described in the Methods section. Dendrites can be thought of as fractal 

(16) and hence this macroscopic shape is expected to be representative of the dendrite shape 

on the microscopic scale. The chosen structure resembles sections of lithium microstructures 

seen in SEM (15) and X-Ray phase contrast imaging (17).  

Lithium metal is strongly paramagnetic (volume susceptibility, !!" = 24.1!x!10!!) (18), thus a 

strong local field is induced in the direction of an applied B0 field, leading to changes in the 

observed frequencies of the nuclear species in the electrolyte around the object. The 

modification to B0 is calculated using a FFT method (12, 19, 20), that operates on a Cartesian 

grid of susceptibility values representing the Li dendrite used for the !! field calculations. 

Figure 3 displays orthogonal cross sections of the B0 field map obtained from the susceptibility 

calculations and a histogram showing the variation in the B0 field across the full voxel. A 

significant perturbation of 10-15 ppm is observed in the !! field close to the dendrite, matching 
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well with 7Li MRI (7, 10) and NMR (6, 8, 21) results, where dendrites are observed to shift by up 

to 15 ppm relative to the bulk metal resonance. The effects are long-ranged, impacting the local 

field for all of the positions inside the voxel, albeit by small amounts. For example, the field 

around a spherical object falls off with 1/!!, and around a cylindrical object with 1/!!.  The 

histogram combining all the positions inside the voxel (Figure 3a), plotted on a logarithmic scale, 

shows that 91.9% of the locations experience a field perturbed by less than 2 ppm. We note that 

these effects can result in minor mis-registration of some of the detected signals in the 

frequency-encoded dimension (96 points were acquired in the read or directly-observed 

dimension with a spectral width of 80 kHz so a frequency shift of ca. 2 ppm will result in signal 

mis-registration by 1 voxel). This effect results in minor additional image contrast and could be 

reduced using an increased spectral width for the acquisition.  

The calculated !!! field distribution is shown for two orthogonal planes in Figure 4, including the 

absolute magnitude of the field (Figure 4b,c) and its phase (Figure 4e,f), as well as histograms 

showing the distribution of each quantity over all of the electrolyte sites in the voxel 

(Figure 4a,d). The lithium dendrite is modeled as a perfect conductor. The rf field, expected to 

be homogenous in the absence of the dendrite, has changed to a highly anisotropic distribution, 

For the most part, the magnitude of the field is increased in the x-z plane and reduced in the y-z 

plane. According to the boundary conditions the !!! field perpendicular to a metal surface is 

significantly attenuated, as also demonstrated in previous calculations and MRI experiments 

(12). The maximum deviations from the unperturbed magnetic field occur close to the surface of 

the metal, in electrolyte regions that are less than 5 µm away from the metal surface. There are 

also strong changes in the phase of the field close to the dendrite structure (Figure 4e,f). 

However, the analysis of the rf field distribution over the whole voxel (Figure 4a,c) shows that it 

is not significantly perturbed for the majority of the electrolyte locations in the voxel (93.9% are 

within 20% of the unperturbed field amplitude, and 91.2% within !/20 radians of its phase). The 

histograms also show there to be an approximately equal distribution of sites in the voxel where 

an increase in the field intensity/phase is observed versus a decrease. Both the amplitude and 

the phase changes in !!! impact the excited and detected signal for this voxel in the MRI 

experiment. 

The B0 and !!! field maps in Figures 3 and 4 are used to calculate the detected signal intensity 

of the dendrite-occupied voxel in a gradient-echo (T2*-weighted) MRI experiment. Spin echo 

MRI experiments could also be used but the inhomogeneities in the rf field would compromise 

the use of fast/turbo spin echo sequences, wherein the acquisition of consecutive lines of k-
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space with (imperfect) refocusing π-pulses under a single excitation would lead to image 

distortions. Slower experiments would therefore be required, and would not be amenable to in 

situ studies. 

In the vector model used to describe the dynamics of the bulk MR magnetization vector, the 

spatial variation of !!! impacts the NMR signal excited by an rf pulse according to  

!!! = −! sin !!
!!,!!
!!,!!

!!!
! ,!!!!!!!!! 1  

where !!!
!  is the equilibrium ! magnetization at the !th position in the voxel and !! is the flip 

angle defined as !! = ! !!,!! !!,!with ! the gyromagnetic ratio of the nucleus and !! the pulse 

duration. From Eq. (1) it is clear that changes in the phase of !!!!are manifested in the phase of 

!!.  

In steady-state imaging experiments such as FLASH, low flip angles and repetition times (TR) 

are used to reduce experiment times, partially saturating the equilibrium ! magnetization until an 

equilibrium value !!! is reached. The spatial variation in ! leads to a spatial variation in the 

equilibrium !-magnetization that must also be accounted for, and is given by 

!!!
!

!!
=

1 − exp −TR!!
1 − cos !! exp −TR!!

!,!!!!!!!!![2] 

where !! is the length of the fully relaxed magnetization vector, TR is the repetition time used in 

the experiment, and !! the spin-lattice relaxation of the nuclear spin, which is assumed to be 

constant (!! = 2!) within the voxel.  

According to the principle of reciprocity (22), the local variation in the phase and amplitude of 

the !! field also impacts the detected signal, 

!! = 2!!!!!!,!! ∗,!!!!!!!!!![3] 

where !! is complex and represents the signal amplitude and phase, and ! is the Larmor 

frequency. All of the signals from each position inside the voxel, !!, are summed to give the 

overall intensity, !!"#$% that is predicted for the single voxel in the image. Depending on the type 

of imaging experiment used, further weighting of the signal intensity is expected (i.e. by !!, !! or 
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!!∗). Gradient echo (GE) sequences such as FLASH are !!∗-weighted and are sensitive to these 

types of !! inhomogeneities within the voxel. The detected signal intensity is consequently 

modified to 

!!"#$%!" = !! !"# !!!
!"" ∙ !" ,

!
!!!!!!![4] 

where !!!"" = 2!"!!,!""
! 10!, is the angular frequency offset in the rotating frame for the !!" 

location in the voxel (from the susceptibility calculations) and TE = 2!ms, the echo time used in 

the experiment. The signals are normalized by !!"#$%! , the expected signal intensity for the voxel 

when no dendrite is present (i.e. no scattered rf field, !!!"#$ = 0, and TE = 0, !!"" = 0 and 

!!! = !!). All experimental parameters used in the calculation correspond to the values from 

the FLASH experiments used to acquire the images from Figure 1. 

Maps of the signal intensity,! !!!"  (Figure 5b,c) follow the trends shown in the !!! field maps 

(Figure 4b,c). This is seen because the FLASH experiment uses a low flip angle pulse and in 

the regime where TR is sufficient to avoid saturation of !!!
!  then !!!"  is proportional to the 

amplitude of !!!. Maps of the signal phase, !(!!!") = tan!! Re(!!!") Im(!!!") , (Figure 5e,f) 

show there to be significant changes over relatively short distances in the voxel, with particularly 

strong fluctuations close to the dendrite. These effects are predominantly due to the changing 

B0 field throughout the volume and the resulting differences in the relative phase that is 

accumulated during the echo time in the experiment, although the changing !!! phase will also 

play a role. The changes in the signal phase have a profound effect on the total signal intensity 

of the voxel because of partial signal cancellations, resulting in significant attenuation of the 

detected signal.  

The voxel considered in Figures 3-5 has a volume of 100 µm3 with ca. 3.5% of the total volume 

occupied by dendritic lithium metal. To understand the dominant effects that contribute to the 

signal intensity under different growth conditions, voxels of different sizes were also considered, 

containing the same dendrite structure, but enlarging the surrounding region. The sum of the 

signal intensities is shown in Figure 6a, where the individual contributions from the susceptibility 

and !!! field effects are also considered. It is seen that the !!! inhomogeneities lead to almost 

no change in the detected signal. This effect can be attributed to the fact that !!! increases in 

some regions around the voxel while decreasing in others. Meanwhile, the susceptibility effects 
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can explain almost all of the complete signal attenuation when only a modest fraction of the cell 

is occupied by dendrites (60 µm3 voxel, 15% occupied by dendrite). In the MRI experiment 

results, a threshold of 20% of the maximum signal amplitude of a given voxel (!!"#$%"&'( =
0.2!!"#) is used to designate locations where dendrites are growing. In Figure 6a this condition 

is satisfied for the 80 µm3 voxel with 7% of its volume occupied by the dendrite. This 

observation confirms that high levels of contrast are possible without individual voxels 

containing a significant volume of metal displacing the electrolyte.  

The results in Figure 6a relate the dendrite volume in a single voxel to the MRI signal intensity 

of that voxel, and can be extrapolated to cover the full signal range (dashed black lines in 

Figure 6a). This relationship can then be used to convert the experimental MRI signal intensities 

of each voxel, !!"#$%(!)/!!"#$%(! = 0), into estimates of the local dendrite volume and therefore 

the overall volume of dendrites that have grown inside the battery (Figure 6b, methodology 

described in more detail in the Supporting Information). The results are close to the calculated 

theoretical volume (dashed line in Figure 6b, calculation described in the caption of Figure 2). 

The total dendrite volume is predicted to be 2.7 mm3 whereas 2.0 mm3 is expected if all of the 

deposited lithium forms dendrites with the same density as bulk lithium metal. Additional 

calculations performed on highly symmetric (spherical and cylindrical) and random lithium 

geometries (detailed in the Supporting Information) produce lower estimates of the total grown 

dendrite volume (1.6 mm3 for the sphere and random morphologies, and 2.2 mm3 for a 

rotationally-averaged cylinder). The model dendrite geometry does therefore help in examining 

the influence of morphology on the quantification. On the other hand, the relatively small range 

of the estimates, which fall within approximately 80-135% of the theoretical dendrite volume, 

suggest that the role of morphology is minor and while there is some uncertainty in the 

quantification of the dendrite volume, there is currently no alternative methodology that would 

allow one to perform such an assessment in situ. Indeed, the agreement between the current 

experiment and theory is quite surprising, considering that a naïve analysis simply based on 

signal intensities would overestimate the dendrite volume by a factor of 20 (Figure 2). This 

analysis therefore shows that !! and especially !! effects allow a nearly accurate explanation of 

the experimentally observed signal attenuation.  

In summary, we present here methodology for the non-invasive assessment of Li-ion battery 

cells, where the growth of microstructure and dendrites is monitored indirectly via 1H MRI in 3D 

at different charging states. One of the main advantages of the method is a dramatic increase in 

sensitivity, since direct observation of low sensitivity nuclei such as 7Li is not required, thus 
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enabling wide-ranging applications to different battery chemistries (e.g. sodium), including the 

use of electrodes with insensitive or inactive NMR nuclei. Furthermore, the speed afforded by 

this 1H method offers a significant advantage over current approaches, which will be an 

important factor for the study of different cycling behaviors. The approach provides a ‘one 

nucleus fits all’ solution for studying a broad range of different battery models (for example Li, 

Na, and Mg cells) under the same conditions, with no special hardware demands. Significant 

image contrast amplification (up to a factor 20) is demonstrated to arise from the local !! 

inhomogeneities originating from the susceptibility differences. These techniques could be used 

for testing dendrite growth models and the effectiveness of dendrite-suppressing approaches 

such as pulsed charging (23, 24) or the use of advanced electrode, electrolyte or separator 

materials.  

Materials and Methods 

Sample Preparation. A schematic of the electrochemical cell used is shown in Figure 7a. It 

consists of two 6.35 mm diameter, circular lithium metal (Sigma Aldrich) electrodes, separated 

by an 8 mm electrolyte region filled with 1M LiPF6 in 1:1 by volume ethylene carbonate (EC): 

dimethyl carbonate (DMC) electrolyte (Novolyte) mixed with 5 % poly(methyl methacrylate) 

(PMMA). Copper mesh current collectors were pressed into the lithium metal electrodes and 

attached to stranded copper wire that connected them to the external circuit. The cell was 

prepared in an argon glove box (O2 and H2O < 0.2 ppm). Electrochemical cycling was 

performed using a Biologic VSP potentiostat, with the current applied in the direction from the 

bottom electrode (positive electrode) to the top electrode (negative electrode). Dendrite growth 

was initiated prior to the collection of the in situ 1H images by charging the cell at 50 µA 

(0.16 mA cm−2) for 72 hours. During the MRI experiments the cell was charged at 160 µA 

(0.51 mA cm−2) for a total of 26.1 hours.  

Magnetic Resonance Imaging. The MRI experiments were performed on a Bruker Ultrashield 

9.4 T Avance I spectrometer containing a Bruker Micro2.5 gradient assembly and operating at 

400.1 MHz for 1H. A Bruker Micro2.5 imaging probe was used to collect all of the data, with a 

Bruker WB40 25 mm i.d. coil insert for 1H experiments. The cell was aligned in the magnet such 

that B0 (and the z axis of the gradients) was aligned perpendicular to the face of the electrodes 

(as illustrated in Figure 7a). The cells were centered in the coil, the excitation profile of which 

was found to be approximately 15 mm, thus ensuring uniform excitation over all of the 
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components in the cell. 3D 1H MRI experiments were performed using the 3D FLASH sequence 

implemented in Paravision 5.1, using an echo time (TE) of 2 ms, repetition time (TR) of 100 ms, 

nominal flip angle (α) of 10°, and 4 scans for signal averaging. The field of view (FOV) was 

11.52 x 11.52 x 17.28 mm in the x,y, and z direction respectively, with a k-space consisting of 

64 phase encoded points in the x and y directions and 96 points in the readout direction along z. 

Only the central 50 k-space points in the phase directions were acquired in order to accelerate 

the acquisition. This resulted in a 3D image covering both electrodes and the electrolyte region 

in the cell with an isotropic resolution of 180 µm, with a total experiment time of 16 mins 40 s.  

Radiofrequency Field Calculations. The interaction between a microscopic conducting object 

and an applied radiofrequency field was simulated using finite element calculations to solve 

Maxwell’s equations in 3D. The calculation was performed within the COMSOL simulation suite 

(25). A 3D geometry representing a lithium dendrite structure was constructed from a section of 

the FLASH MRI data. The raw voxel data was first converted to an STL format using the vtk 

Python module (26). The STL mesh was then imported into Blender, where a cuboid base 

representing the electrode surface was added and the surface closed. Minor meshing errors in 

the resulting structure were fixed using Gmsh (27) before the object, displayed in Figure 7b, was 

imported into COMSOL. The dendrite was placed at the center of a 280 µm radius sphere, filled 

with electrolyte surrounding the dendrite. Compared to the dendrite electrical conductivity of 

3.774 x 107 Ω!!m!!, the conductivity of the electrolyte region was approximated as zero, The 

finite element mesh consisted of 67400 tetrahedral and 5942 triangular elements, covering the 

surface of the dendrite and spherical boundary, and volume between the two. Dirichlet boundary 

conditions were used on the surface of the sphere to specify the incoming field, !!!" = (0,1,0), 
while perfect conductor boundary conditions were used on the surface of the dendrite. When 

using calculations with finite conductivity, the magnitude of an object’s conductivity has a 

negligible effect on !! distortions (12, 28). The computations were performed in the rotating 

frame at a frequency of 400 MHz (the Larmor frequency of 1H in the MRI experiments) using the 

BiCGStab solver. The calculation took approximately 1 hour running on a desktop computer 

with 32GB RAM and an Intel i7 processor with 6 cores. Only the ! and ! components of the 

calculated field are included in the MR signal calculations as the components perpendicular to 

the direction of the external magnetic field, !!!,! = !!(!!!,!!" + !!!,!!"#$)/!!!,!!" , where !!!,!!"#$ are the 

! and ! components of the scattered field and the values are normalized according to the 

incoming field. These quantities were extrapolated onto a 200×200×200 grid covering a 

200 µm3 region centered on the dendrite, and exported to Python for further analysis. The 
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exported fields are used to calculate the rf fields in the positively and negatively rotating frames 

(22, 29), 

!!,!! = !!!! + !!!!! !!! 5  

!!,!! = !!!! − !!!!! !!! 6  

as these are the fields that interact with the nuclear spin magnetization in the rotating frame, 

where the !!!!  and !!!!  are complex quantities. 

Susceptibility Calculations. The susceptibility-induced modification to B0 caused by the 

paramagnetic lithium metal structure inside the voxel was calculated this using a FFT method 

that has been described elsewhere (19, 20). A regular 3D grid of volume susceptibility values is 

taken as the calculation input, which was constructed directly from the gridded COMSOL output, 

with ! = !!" (where !!" = 24.1!x!10!!) (18) for grid points inside the dendrite and ! = 0 

elsewhere, roughly approximating the electrolyte susceptibility. This 2503 cell was padded with 

zeros to make a 5123 cell on which the calculations were performed. The output from the 

calculations is the susceptibility-induced offset to the !! field at each of the ! points in the grid, 

!!,!""
! , in units of ppm. 
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Figures 

 

Figure 1. In situ 1H 3D FLASH imaging results from the electrochemical cell, with each 3D 

image acquired in 16 mins 40 s. The cell was charged at 50 µA (0.16 mA cm-2) for 72 hours 

prior to these measurements, and then charged at 160 µA (0.51 mA cm−2) for the times 

specified, with the total charge applied also given in Coulombs. (a) 2D slices from four time 

points, (b) segmented images of the results from (a) where !!"#$%"&'( = 0.2!!"#, (c) 3D 

segmented images of the same time points with an additional Gaussian filter applied to 

smoothen the visualization. 
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Figure 2: Trends in the total MRI image intensity correlated with microstructure volume. The 

image intensity is converted to volume by assuming volume ∝ signal intensity (i.e. concentration 

is uniform) and then normalizing by the starting volume of the electrolyte as estimated from the 

image at ! = 0 (236 mm3). The dendrite volume is estimated by converting the total charge 

transferred, ! = !" (current times time) to the number of moles of lithium, !Li = !/! where ! is 

the Faraday constant, and then to a volume, !!" = !LiMrLi/!!" using the density of lithium metal, 

!Li = 0.534!g!cm!!. Numerical errors associated with the experimental image intensity are within 

the marker size. 

 

 

Figure 3: Results from the susceptibility calculations. (a) Histogram of the B0 field perturbations 

at every position in the 3D voxel. (b,c) B0 field maps at orthogonal slices through the simulation 

voxel. !! is aligned along z as indicated in (b), dotted lines on (b) and (c) show the slice 

positions.  
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Figure 4: Results from the rf field intensity and phase calculations. (a,d) Log-scale histograms 

for the amplitude and phase of !!! across the whole voxel. (b,c,e,f) Maps of the amplitude (b,c) 

and phase (e,f) of !!! in two orthogonal slices through the voxel. !!! propagates in the ! 

direction as indicated in (b). 
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Figure 5: Results from the signal intensity and phase calculations. (a,d) Log-scale histograms 

for the amplitude and phase of the detected signal!across the whole voxel. (b,c,e,f) Maps of the 

amplitude (b,c) and phase (e,f) of the detected signal in two orthogonal slices through the voxel.  

 

  

Figure 6: Analysis of calculated voxel size effects. (a) Calculated signal attenuations for 

differently sized voxels, given relative to the maximum signal for each cell size. Contributions of 

different sources of signal attenuation are calculated separately (for !! alone !!!"" = 0 and for 

susceptibility alone !!,!! = !!,!"#$%!"&!  for all !, with both conditions used to isolate displacement 

effects). Black dashed lines illustrate the linear extrapolation of the combined results. (b) 
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Comparison between the calculated and theoretical dendrite volume in the battery throughout 

the experimental time series. Numerical errors associated with the calculated dendrite volume 

are within the marker size. 

 

 

Figure 7: Schematics of (a) the electrochemical cell and (b) the model dendrite used for the 

calculations, with the box drawn to illustrate a given MRI voxel position around the dendrite. 

 

 

 

 

 

 


