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ABSTRACT: Interfacial anodic degradation in graphitic materials under fast charging conditions 

causes severe performance loss and safety hazard in lithium ion batteries. We present a novel 

method for minimizing the growth of these ageing mechanism by application of an external 

magnetic field. Under magnetic field, paramagnetic lithium ions experience a 

magnetohydrodynamic force, which rotates the perpendicularly diffusing species and 

homogenizes the ionic transport. This phenomenon minimizes the overpotential hotspots at the 

anode/separator interface, consequently reducing SEI growth, lithium plating, and interfacial 

fracture. In-situ electrochemical measurements indicate an improvement in capacity for lithium 

cobalt oxide/graphite pouch cell (20 mAh) charged from 1 – 5 C under an applied field of 1.8 kG, 

with a maximum capacity gain of 22% at 5C. Post-mortem FE-SEM and EDS mapping shows that 

samples charged with magnetic field have a reduced lithium deposition at 3C and a complete 

suppression of interfacial fracture at 5C. At 5C, a 24% reduction in the lithium content is observed 

by performing XPS on the anodic interfacial film. Finally, fast charging performance under 

variable magnetic field strengths indicate a saturation behavior in capacity at high fields (> 2 kG), 

thereby limiting the field and consequent energy requirements to obtain maximum capacity gain 

under extreme conditions.  
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1. INTRODUCTION 

Lithium-ion batteries (LIBs) that are capable of fast charging with reliable cyclic performance 

and long service life, can provide a sustainable energy storage solution for the automobile and 

consumer electronics applications 1–3. Graphite is the most widely used commercial anode material 

with the global market of almost US$1 billion in 2019. The market is forecasted to exceed US$1.9 

billion by 2024 4. The layered crystalline structure of graphite anodes allows lithium ions to 

intercalate between the stacks of graphene sheets. However, under fast charging conditions, 

lithium-ion batteries are subject to severe performance degradation resulting from the formation 

of the solid-electrolyte interface (SEI), lithium plating on graphite anodes and film fractures. These 

aging mechanisms lead to capacity loss, low columbic efficiency, increased propensity for thermal 

runaway, and/or severe structural damage to the electrode 5.  

The ionically conducting but electronically insulating SEI layers are composed of lithium salts 

(organic and inorganic) which form when the anode's redox potential lies outside the potential 

range of the battery 6–9. During progressive cycling of the battery, the slow kinetics of the graphite 

anode leads to capacity loss due to the slow but continued evolution of the SEI layer that 

irreversibly consumes the active material and increases the anodic surface's resistance 10,11. 

During fast charging, the separator membrane’s convoluted diffusion pathways lead to non-

uniform ionic flux and irregular hotspots of lithium concentration on the anode/separator interface. 

This leads to the onset of two severely deteriorating mechanisms at interfacial surface, i.e. lithium 

plating and film fracture. Graphite anodes are especially susceptible to metallic lithium plating due 

to the lower operating open-circuit voltage (OCV) range (~ 1.0 – 0.01 V) 12. The localized spikes 

in lithium concentration causes a rapid anodic potential decay 13, and the overpotential becomes < 

0 V (vs. Li/Li+) leading to electrodeposition of metallic lithium at anode/separator interface 5,14,15. 
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Ultra-high-precision coulometric and calorimetric measurements, as well as post mortem SEM 

imaging, reveal that the lithium plating mechanism results in rapid decay of cell capacity 16–18. In 

addition to the capacity loss, uncontrolled dendritic lithium growth could pierce the separator 

membrane leading to thermal runaway due to short-circuit between the electrodes – a safety 

concern. Another consequence of rapid lithiation is mechanical stresses induced on the electrode 

surfaces due to volumetric expansion (~10.3%). The cyclic expansion of the electrode causes 

fatigue crack formation, which exposes new electrode surface to electrolyte which, in turn, 

contributes to SEI film evolution and loss of active lithium through repeated fracture and formation 

cycles 19–22. 

We present an approach that utilizes externally applied magnetic fields for limiting lithium 

plating and interfacial fracture in graphite anode during fast charging of lithium batteries (Figure 

1). The electric field creates a net motion of the lithium ions to diffuse between the electrodes. 

Although the bulk ensemble diffusion occurs from cathode to anode, the individual ionic species 

exhibit random motion due to the convoluted diffusion pathways in the electrode23 and separator 

membrane24. These randomly moving species create lithium hotspots at the anode/separator 

interface creating conditions to initiate interfacial degradation. Ionic transport (flux, 𝑗) under 

magnetic field (𝐵) leads to magnetohydrodynamic (MHD) or Lorentz force interactions (𝐹ெு஽) 

25–27.  

 𝐹ெு஽ ൌ 𝑞ሺ𝑣 ൈ 𝐵ሻ ൌ 𝑗 ൈ 𝐵 (1) 

The lithium-ions traversing (charge and velocity, 𝑞 𝑎𝑛𝑑 𝑣) parallel (or antiparallel) to the 

applied field's direction experience no MHD forces (𝑣 ൈ 𝐵 ൌ 0) (Figure 1C). However, ionic flux 

transverse (or angular) to the magnetic field is subjected to convective MHD forces causing a 

rotation of the ionic flux (vortex) normal to the diffusion and field direction (Figure 1C). Hence, 
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the external magnetic field parallel to the normal vector of the separator should improve the 

electrolyte's diffusion capabilities and increase the homogeneity of charge distribution over the 

anode surface. Previous works have focused on application of MHD in lithium metal batteries for 

uniform lithium deposition 28,29 and MHD interactions as a technique for characterization30. Due 

to the inherent morphology and physicochemical behavior of graphite anodes, the application of 

MHD to limit interfacial degradation provides a facile route for fast charging.  

In this work, we investigate if the increased homogeneity of ionic flux, due to applied magnetic 

field, will suppress the formation of lithium concentration hot-spots on the anode surface and thus, 

minimize the capacity loss and electrode damage associated with fast charging. These force 

interactions are exploited to regularize the lithium flux (Figure 1). In-situ and post-mortem 

characterization of the morphology and chemistry of the interfacial degradation film are 

undertaken to reveal the effect of the MHD forces during extreme fast charging conditions. Finally, 

optimizations based on magnetic field strength on the evolution of physicochemical properties of 

the pouch cells during fast charging are performed to achieve the maximum performance gain. 

 

Figure 1. Schematic representation of magnetohydrodynamics during fast charging of 

conventional LIBs. (A and B) Schematic representation of lithium-ion battery under the 

application of external magnetic field with electromagnet (A) and permanent magnet (B). 𝐵ത  is the 
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magnetic field vector and 𝚥௔௩௚തതതതത is the ensemble average lithium ion flux vector. (C) Schematic of 

MHD forces creating a convective current on non-uniform lithium ion fluxes during fast charging 

under applied magnetic field. 

2. EXPERIMENTAL PROCEDURES 

2.1. Electrochemical Analysis 

Lithium cobalt oxide/graphite pouch cells with a nominal capacity of 20 mAh (PowerStream 

GM201515) were cycled using an MTI BST8-300 mA battery testing station. The pouch cells have 

been formerly tested for reliability and stability by manufacturer, including altitude simulation, 

thermal, vibration, shock, external short circuit, crushing and forced discharge31. The pouch cells 

are composed of multiple layers of alternate cathode, separator and anode. All pouch cells were 

initialized by discharging at constant current (CC) with C/10 till 3.0 V, CC charging till 90% state 

of charge (SOC), and CC discharging till 3.0 V. The pouch cells were left to rest for 30 min after 

each charge/discharge half cycle. After initializing, the following protocol was followed for fast 

charging of the pouch cells. CC charge till 4.2 V at desired C-rate (1 – 5 C), CV till 90% SOC, rest 

for 30 min, CC discharge till 3.0 V, and rest for 30 min. This protocol was repeated for 10 cycles. 

The DCR measurements were performed at the end of each rest period after fast charging. The 

DCR measurements are performed by the in-built protocol of the battery charging station, wherein 

a small current is applied (<10% of rated) and the potential response is measured. The resistance 

is calculated using, 𝐷𝐶𝑅 ൌ Δ𝑉/Δ𝐼. The measured DCR with cycles was adjusted by subtracting 

the DCR at the slow charging cycle to obtain the DCR variation due to film growth. The pouch 

cell temperature was closely monitored using an in-built thermocouple with the battery testing 

station. 

2.2. Magnetic field source 
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Magnetic field was applied using a C-core electromagnet (EM). The core material was CR-1010 

steel and the windings were AWG22 coated copper wire with 3500 turns. A Kepco KLN-1500 

power source was used to modulate the DC current. The B-field of the EM coil was measured 

using a FW Bell 5080 gaussmeter. As a reference, 1000 𝐺 ൌ  1 𝑘𝐺 and 1𝑇 ൌ  10 𝑘𝐺. 

2.3. Disassembly and thickness measurement 

The pouch cells were discharge @ CC till 2.7 V and held at CV till C/20. The cells were quickly 

transferred into a glovebox (MBraun, < 0.1 ppm O2 and H2O) 32 where they were cut open and the 

electrodes were carefully separated without damaging the deposited films. The film thickness was 

measured using a Mitutoyo IP65 micrometer with least count of 1µm. The samples were always 

stored inside the glovebox in airtight vials to prevent oxidation. 

2.4. FE-SEM/EDS analyses 

FE-SEM and EDS analyses were performed using a FEI Teneo LoVac field-emission scanning 

electron microscope. The samples were transported from the glovebox for the analyses using a 

specialized vacuum sample holder and were only opened under high vacuum inside the SEM. Both 

secondary electron and backscattered electron imaging were performed using a 5 kV electron 

beam. The backscattered image showed a better contrast in the film vs. graphite phases. 

2.5. X-ray photoelectron studies 

XPS was performed using an Amicus XPS system. The samples were transferred in a specialized 

holder from the glovebox to the XPS unit. Argon sputtering was used to etch the film to perform 

depth profiling. The survey spectra were deconvoluted using CASAXPS to get the atomic 

percentage of the interfacial film. 

3. RESULTS AND DISCUSSION 

3.1. Electrochemical analysis of magneto-electrochemical interactions during fast charging. 
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To realize the effect of the MHD force on the interfacial degradation kinetics of fast charging 

lithium-ion batteries, commercial, full LCO/C pouch cells (20mAh, rated capacity) were charged 

from 1C to 5C over 10 cycles at room temperature (298 K) both without (B = 0 kG) and with 

magnetic field (B = 1.8 kG). At 1C the capacity fade is not significant over the 10 cycles as shown 

in Figure 2A.  However, the capacity fade increases considerably with an increase in charging rate 

(Figure S1A-C) and is found to be maximum at 5C (Figure 2B).  Low capacity fade at low charging 

rates (1C) indicates a slow and uniform lithium flux distribution, leading to insignificant lithium 

plating.  An increased capacity fade and voltage relaxation plateau (Figure S1D) at charging rates 

≥ 2C suggest the onset of degradation due to lithium plating. Fast charging induces severe 

concentration gradients within the electrode due to diffusion limitations. Moreover, the lithium 

stripping mechanism from 2C onwards induces additional lithium flux which alters the surface 

concentration. The 2C sample has a lower OCV than 1C (Figure S1D) because of larger 

concentration gradient, which causes 2C to equilibrate at a lower OCV (or SOC) than the latter. 

The OCV systematically increases from 2C to 5C due to additional lithium flux from the lithium 

stripping and re-intercalation processes. This additional lithium available for intercalation 

increases the SOC (and thereby the OCV). A sharp depreciation in the coulombic efficiency in the 

initial charging cycles at higher charging rates indicates a significant lithium inventory loss during 

lithium plating.  A revival of the coulombic efficiency was observed beyond second cycle which 

is surmised to be caused by a rapid SEI formation on the plated lithium. It is hypothesized that the 

SEI layer encapsulates the plated lithium, thereby creating a potential barrier and minimizing 

further lithium deposition.   

 Fast charging the pouch cells under magnetic field resulted in a higher discharge capacity as 

shown in Figure 2B, indicating lower loss of active lithium inventory from the degradation 
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mechanisms. The gain in discharge capacity under the magnetic field (𝑄௚௔௜௡ ൌ ሺ𝑄஽|௙௜௘௟ௗ െ

𝑄஽|௡௢ ௙௜௘௟ௗሻ/𝑄஽|௡௢ ௙௜௘௟ௗ ), (1 – 5 C) under magnetic field is plotted in Figure 2C. An increasing 

magnitude of capacity gain is observed with increase in charging rates. The MHD increases with 

C-rate due to more lithium flux with transverse velocity being available for homogenization with 

magnetic field at higher C-rates. This is because of a) C-rate ∝ lithium-ion flux (𝑗), thus increasing 

𝐹ெு஽ in Equation 1, and b) at higher C-rates, the non-homogeneity in the ion flux increases, 

leading to larger transverse velocity. This effect causes mini vortices of lithium ions, consequently 

homogenizing lithium concentration at the anode/separator interface. A maximum capacity gain 

of 22% is observed at 5C charging under 1.8 kG field. The observed capacity gain can substantially 

reduce the potential for sudden failure, thus promoting cycle life. 

The DC resistance (DCR) at the end of the rest period after fast charging without magnet field 

showed a sharp depreciation in the initial cycles of fast charging, followed by a gradual rise (Figure 

S1E). The initial depreciation of DCR indicates the deposition of an electrically conductive 

material, like metallic lithium under fast charging, reducing the cell resistance. The increase in the 

DCR over subsequent cycles suggests the formation of a thick electrically insulating layer, like the 

SEI layer, over the conductive lithium metal. The cells undergoing fast charging under an external 

magnetic field show considerably reduced DCR loss (Figure S1F). Figure 2D shows the 

differences in magnitude of DCR losses with and without magnetic field. The differences in DCR 

loss increases with C-rates, indicating a reduction in the metallic lithium deposition. The increase 

in capacity gain and reduced DCR loss with increased charging rates indicate that fast charging 

under magnetic field reduces interfacial degradation. In all the electrochemical analysis, the pouch 

cell temperature did not fluctuate more than ±1℃ (Figure S1G). 
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Figure 2. Electrochemical analyses showing the effect of magnetic field (B = 1.8 kG) on 20mAh 

LCO/C pouch cells over 10 cycles. (A and B) Discharge capacity and coulombic efficiency of 

pouch cells over multiple charging rates varying from 1C (A) and 5C (B). (C) Capacity gain over 

1 – 5 C due to application of magnetic field. (D) ΔDCR from with/without applied field during 
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rest period after fast charging. (E and F) Voltage relaxation analysis of pouch cells charged with 

and without magnetic field over 10 cycles charged at 3C (E) and 5C (F).  

The relaxation voltage plateau at 3C and 5C of the pouch cells charged under magnetic field 

indicate a definitive suppression in the plating mechanism over multiple cycles (Figures 2E and 

2F). The voltage plateau receded in both cases on application of magnetic field, suggesting reduced 

lithium stripping re-intercalation, and consequently reduced plating. Moreover, the width of the 

plateau is suppressed under the influence of field, further supporting the reduction in the interfacial 

degradation. The voltage plateau was fully suppressed by Cycle#6 and Cycle#5 for the pouch cells 

charged at 3C and 5C, respectively. Therefore, the MHD-induced suppression of lithium plating 

increases with C-rate, supporting the capacity gain observations vs. C-rate (Figure 2C). 

3.2. Post-mortem mass and thickness analysis. 

The graphite anodes from the pouch cells used for fast charging experiments were safely 

extracted in a glovebox. The measured film thicknesses were 137 ± 0.1 µm for the pristine anode, 

163 ± 0.1 µm for 3C without field, 160 ± 0.1 µm for 3C with the field, 174 ± 0.1 µm for 5C without 

field and 173 ± 0.1 µm for 5C with the field.  Fast charging of the cells leads to an increase in the 

anode thicknesses. However, fast charging under magnetic field led to smaller increase in anode 

thickness of 3 µm for the 3C and 1 µm for the 5C charging rate.  

3.3. Microstructural evolution of interfacial degradation. 

Field emission scanning electron microscopy (FE-SEM) micrographs with Energy Dispersive 

X-ray Spectroscopy (EDS) scans of the extracted anodes are presented in Figure 3. Red and greed 

dotted ellipses are used to denote regions of degradations and improvements, respectively. In 

Figure 3A, the backscattered electron (BSE) micrograph of anode charged at 3C without field 

sample shows a uniform and dense film covering the underlying graphite anode layer. A higher 
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magnification micrograph (Figure 3B) shows a woven mesh-like interconnected network 

composed of 1 – 5 µm long whiskers (or dendrites) of metallic lithium, covered by a thin film of 

a non-conductive SEI layer. This electrically insulating layer creates a bright contrast in the BSE 

micrograph against the conductive graphite background. The micrograph indicated that both the 

SEI and lithium dendrite network on 3C-no field sample covered the graphite anode.   

Figures 3C and 3D show the micrographs of anodes from pouch cells charged at 3C and under 

an applied field. The images reveal a more porous interfacial film than 3C-no field at low 

magnification. The surface of the anode is observed to be partially covered by lithium dendritic 

deposition with areas of uncovered graphite particles. The deposited lithium is visibly less than 

3C-no field, indicating reduced film deposition (Figure 3D). Therefore, the MHD effect limit the 

degradation mechanisms, in particular lithium plating, in the 3C-field sample.  
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Figure 3. SEM and EDS analyses of anodic interfacial evolution subject to fast charging under the 

influence of magnetic field. (A and B) SEM images of 3C pouch cells without magnetic field, at 

magnification of 100× (A) and 1000× (B). (C and D) SEM images of 3C pouch cells with magnetic 

field, at magnification of 100× (A) and 1000× (B). (E and F) SEM images of 5C pouch cells 

without magnetic field, at magnification of 100× (E) and 1000× (F). (G and H) SEM images of 5C 

pouch cells with magnetic field, at magnification of 100× (G) and 1000× (H). (I to M) 

Backscattered (BSE) SEM and respective C K1α EDS mapping for pristine graphite anode (I), 3C 

without magnetic field (J), 3C with magnetic field (K), 5C without magnetic field (L), and 5C with 

magnetic field (M). 

Similar magnification micrographs for the 5C samples charged without and with field are shown 

in Figures 3E and 3F.  The low magnification BSE micrograph (Figure 3E) for the 5C-no field 

sample show a dense deposition of the plated film on the anode surface with no visible indication 

of the graphite layer below. An interesting observation in the 5C-no field sample is that the 

interfacial film was fractured with evident cracks (Figure 3F). The film cracks on the 5C-no field 

anode surface are due to the volumetric strains associated with rapid lithiation at higher charging 

rates. At high C-rates, the non-homogenous lithium flux creates hotspots of large lithium 

concentrations at the anode surface. These locations exhibit rapid expansion of the graphite 

electrode due to rapid lithiation, consequently leading to pre-crack formations. Over multiple 

cycles, these cracks join and the film surface fractures to release the strain energy, exposing the 

underlying graphite material. The exposed graphite surface gets immediately passivated by 

electrolyte reduction and SEI formation, leading to consumption of active lithium and incur cell 

capacity loss.  Fast charging of the cells under magnetic field leads to considerably more porous 

film network as observed on the 5C-field anodes (Figure 3G) than the 5C-no field sample. 
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Surprisingly, a full suppression in the interfacial fracture was observed in the film covering the 

5C-with field anode sample (Figures 3G and 3H). The MHD induces mini vortices which 

homogenizes the lithium flux at the anode surface, consequently suppressing the locations of stress 

concentration and pre-crack formation. These results indicate that fast-charging under magnetic 

field reduces the magnitude of plated lithium and minimizes the film fracture, thereby limiting 

capacity loss. 

EDS analysis was performed on the anode interfacial film to support the FE-SEM observations. 

Although lighter elements like lithium are not easily detected using EDS, the elemental mapping 

of carbon (C k1α, shown as green color in the maps) was used as comparative platform to gain 

insights into the changes in the composition of the graphite anode. Anodes with thick SEI and 

metallic lithium films are expected to show little or no carbon. EDS map of the pristine graphite 

anode with no lithium film deposition shown in Figure 3I, indicate complete carbon coverage.  

EDS maps of the 3C-no field and 5C-no field shown in Figures 3J and 3L, have lesser distribution 

of carbon in comparison to 3C-field and 5C-field anodes shown in Figures 3K and 3M, 

respectively.  Both the EDS maps and SEM micrographs show a reduced deposition of the 

degradation films on the anodes that were fast-charged under a magnetic field. The results indicate 

that the substantial increase in the capacity gain (Figure 2C) for the 3C-field and 5C-field samples 

result from reduced lithium plating and minimized film cracking. 

3.4. Compositional analysis of degradation film. 

X-ray photoelectron spectroscopy (XPS) survey spectra were obtained for the pristine anode and 

samples charged at 3C and 5C (with and without applied field) at the surface (etch = 0 s) and film 

interior (etch = 15 s) (Figure S2).  Since the pouch cells were fully discharged before disassembly, 

the XPS spectra's lithium signal is primarily from the deposited film rather than the intercalated 
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lithium in the anode. The etching process removes the top surface layer with 1s of etching removes 

~1 nm of material. The plated lithium dendrites are typically covered with SEI layer (electrolytic 

reduction salt layer) as soon as the anodic potential becomes positive (after end-of-charging). This 

layer has a mixed lithium salt composition, including Li complexes with ethylene/propylene 

carbonates (present as solvent within the electrolyte). The organic layer is concentrated at the top 

due to density difference from inorganic species. This is the primary C1s signal at etch = 0s. With 

increased etching, the top organic layer is ablated. Some chemical changes are also incurred, thus 

reducing the C1s quantification.  

Relative lithium content in the film covering different anodes was estimated from the XPS data 

to identify the influence of charging rates and magnetic field on film chemistry and composition. 

The survey spectra deconvolution of the film in Table 1 show a reduced lithium content for the 

samples charged with magnetic field, compared with samples charged without magnetic field at 

the same charging rates. As a reference XPS survey was performed on a pristine graphite anode 

that was slow charged at C/20 (Figure S2A and Table 1), showing a lower lithium and a larger 

carbon content compared to the fast charged samples. Figures S2B and S2C show that the surface 

and interior lithium compositions on the 5C-field anodes were lower by 9.2% and 24.1%, 

respectively, compared to 5C-no field.  The reduction of lithium content on the surface of the 5C-

field samples (Figure S2C) is likely a consequence of the suppression of the film cracking seen in 

SEM images (Figure 3). Similar observations are made where the lithium content on the surface 

and interior of the 3C-field samples are reduced by 20.6% and 13.9%, respectively, compared to 

those of the 3C-no field samples (Figures S2D and S2E). Therefore, the Li 1s in the film (Table 1, 

after etching) reduced in concentration by 13.9% and 24.1% on application of magnetic field at 

3C and 5C, respectively. These results demonstrated a close correlation with the capacity gain 
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measurements of 12% and 22% at 3C and 5C, respectively. In general, the lower lithium content 

in the film covering anode indicates decreased lithium loss due to plating and consequent capacity 

gain during charging under magnetic field. 

Table 1. XPS spectra elemental deconvolution for pouch cells charged with and without magnetic 

field. 

Spectra Position (eV) 
Atomic concentration % 

Pristine 3C-NF 3C-F 5C-NF 5C-F 

Li 1s 58 25.32 48.55 41.72 51.04 38.75 

C 1s 287 42.73 6.64 7.57 5.00 8.61 

N 1s 400 0.00 0.33 0.72 0.39 0.00 

O 1s 535 10.44 17.82 16.35 17.01 15.08 

F 1s 689 21.00 25.00 31.82 25.17 34.83 

P 2p 140 0.51 1.65 1.59 1.38 2.39 

 

The deconvolutions of the Li 1s and C 1s spectra for the pristine, and Li 1s spectra for the 3C 

(field/no field) and 5C (field/no field) are shown in Figure 4. The XPS results of the atomic 

(narrow) spectra are primarily from the film surface, composed mostly of the SEI containing salts. 

A deconvolution performed on the Li 1s spectra shows peaks in the vicinity of 58 eV and 54.5 eV, 

corresponding to the electrolyte (LiPF6)33 and lithium metal34, respectively. The peaks for the SEI 

(composed primarily of LiF, Li2CO3 and Li2O) and electrolyte decomposition species, were 

located in the vicinity of 56 eV35,36. Co 3p peaks are observed in the Li 1s spectra for the pristine 

and 3C-field samples due to possible cathode contamination during dismantling process. No 

magnetism is expected from LixCoO2 contamination due to paramagnetic behavior and 

insignificant magnetic susceptibility of the same at room temperature37. The C 1s peak was 
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deconvoluted into graphite (284.5 eV38), C-O (286 eV39) and O-C=O (288 eV39). The graphite 

peak was fitted with a left biased and Gaussian dominant profile with the center at 284.5 eV38. 
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Figure 4. XPS chemical analysis of interfacial evolution influenced by magnetic field. (A and B) 

Atomic spectra deconvolution of pristine graphite anode Li 1s (A) and C 1s (B). (C and D) Li 1s 

atomic spectra deconvolution of 3C charged samples without field (C) and with field (D). (E and 

F) Li 1s atomic spectra deconvolution of 5C charged samples without field (E) and with field (F). 

The deconvolution of the Li 1s spectrum (Figure 4A) of the pristine anode sample revealed a 

film composed primarily of electrolyte (79 at.% Li), followed by SEI (21 at.% Li). No trace of 

metallic lithium is observed in the peak fit analysis. Fitting the C 1s spectrum (Figure 4B) indicated 

a dominant graphite peak (75 at.% C) with the remainder as composition of species from 

electrolyte/SEI. For the samples charged at 3C and 5C (Figures 4C – 4F), the XPS analysis showed 

a reduction in the SEI and metallic lithium with the application of magnetic field. At 3C (Figures 

4C and 4D), the application of magnetic field completely suppressed the lithium metal peak in the 

Li 1s spectrum, indicating a dominant SEI growth as a film over the metallic lithium and 

suppression of the plating mechanism. At 5C (Fig. 4E and 4F), the metallic lithium peak got 

reduced by 55.14%. Finally, the SEI peak reduced by 9.96% and 37.31% for the 3C and 5C 

samples with applied field, respectively. 

3.5. Field strength effect on degradation. 

From Equation 1, it would be expected that increasing the magnetic field strength (𝐵) should 

also improve electrochemical performance due to larger MHD forces (𝐹ெு஽). Therefore, the pouch 

cells were charged at 3C and 5C over 10 cycles under magnetic field strengths of 0, 1.2, 1.8 and 

3.1 kG, to investigate the influence of magnetic field strength on interfacial degradation. The 

discharge capacity increases with magnetic field from 0 to 1.8 kG, approaches a maximum and 

saturates beyond that magnitude (Figure 5A). The improvement in capacity is supported by a rise 

in coulombic efficiency and DCR measurements with field strength, indicating a reduced lithium 
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loss (Figures 5B and 5C). The improvement in the coulombic efficiency can be inferred to as a 

lower electrochemical degradation at the end of each charge cycle. The reduction in the DCR 

loss (Figure 5C) confirmed a reduction in the conductive lithium deposition with increment in the 

applied field strength. The effect is more dominant at 5C compared to 3C (Figure S3), an 

observation similar to electrochemical and SEM analysis (Figures 2 and 3). For the pouch cells 

used in the present analysis, the influence of field strength on electrochemical performance 

saturated near ~2 kG. Although the Lorentz force will increase with magnetic field (B), no further 

influence on the anode damage mechanisms occurs because the saturation indicates a peak in the 

homogenization effect of the convective ionic flux by the MHD forces. The degradation observed 

at the highest magnetic fields could be a consequence of large but homogenized ionic transport at 

the anode/separator interface. The peak in the magnetic field effect is beneficial in minimizing the 

cost of the magnetic field-based interventions. It indicates that magnetic field strength produced 

with permanent magnets or small electromagnet coils is enough to maximize the MHD forces' 

impact in enhancing battery performance. 

 

Figure 5. Effect of varying magnetic field strengths on the electrochemical performance for pouch 

cells charged at 5C and 10 cycles. (A) Discharge capacity measurement. (B) Coulombic efficiency. 

(C) DC Resistance measurement. 
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Further enhancement of performance may be possible via incorporating magnetic elements to the 

electrode composition. Low tortuosity electrodes40 would not only enhance capacity of the battery 

but also improve ionic transport. This would further minimize degradation during fast charging, 

especially under applied magnetic field. For larger format cell applications, design modification 

could be done to accommodate an EM or permanent magnet next to the battery assembly with the 

electronics shielded from the EM flux.  Future works would include these design modifications 

and large format cells will be tested with different magnetic field sources (AC, DC, pulsed, etc.) 

and charging protocols to maximize the electrochemical performance. 

4. CONCLUSIONS 

In this work, we have demonstrated the application of magneto-electrochemical interactions in 

commercial lithium-ion batteries with graphite anodes to significantly improve their performance 

and cycle life during fast charging. This improvement results from the homogenization of 

transversely diffusing ionic flux at the anode/separator interface by Lorentz forces via the MHD 

effect. The homogenized lithium flux minimized the irregular localized concentration hot spots on 

the anode surface. Consequently, degradation mechanisms, like lithium plating, SEI growth and 

film fracture, on the anode surface were minimized. An improvement in the discharge capacity 

was observed upon application of magnetic field on LCO/C pouch cells, with capacity gain 

increasing with C-rate up to a maximum of ~22% at 5C charging rate. In-situ DCR measurements 

indicated a reduced lithium deposition due to the application of magnetic field, which was 

validated via post-mortem thickness, FE-SEM/EDS and XPS analyses. A reduced film thickness 

was observed, notably at 3C, for the samples charged under magnetic field. The FE-SEM 

micrographs revealed that film deposited on anodes charged at 5C charging rates was covered with 

cracks but no cracking was observed for films on anode charged at 5C under magnetic field. The 
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EDS analysis of the C peak confirmed a depreciation in the plating intensity with field. A reduced 

lithium content was estimated from the surface and etched XPS analysis of the magnetic field 

applied fast charging lithium pouch cells. The deconvolution of the XPS survey spectra estimated 

a reduction in the lithium content for the 5C and 3C samples by 24.1% and 13.9%, respectively. 

These results were closely consistent with the capacity gain measurements. It was also observed 

that capacity gain with increasing strength of the applied magnetic field saturates – a consequence 

of reaching a maximum in the homogenization of the lithium flux at the anode surface due to the 

applied magnetic field. The electromagnet technology can be integrated in an EV battery design 

and be engaged at the charging stations during fast charging. 

SUPPORTING INFORMATION 

 Figures showing magnetic field effects on electrochemical cycling parameters with varying C-rate and 

temperature of cycling. 

 Figures of XPS survey spectra with deconvolution for chemical analysis of pristine samples, 

etched/unetched samples and samples charged with/without magnetic field. 

 Figures showing the effects of magnetic field strength variation on electrochemical cycling 

parameters at 3C charging rate. 
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