
 
 

University of Birmingham

Influence of magnetic field upon electrode kinetics
and ionic transport
Chen, Yongxiu; Alder, James; Song, Tengfei; Chen, Lin; Sheridan, Richard; Davenport,
Alison; Kendrick, Emma
DOI:
10.1016/j.jpowsour.2024.234323

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Chen, Y, Alder, J, Song, T, Chen, L, Sheridan, R, Davenport, A & Kendrick, E 2024, 'Influence of magnetic field
upon electrode kinetics and ionic transport', Journal of Power Sources, vol. 602, 234323.
https://doi.org/10.1016/j.jpowsour.2024.234323

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 07. May. 2024

https://doi.org/10.1016/j.jpowsour.2024.234323
https://doi.org/10.1016/j.jpowsour.2024.234323
https://birmingham.elsevierpure.com/en/publications/14ffcbc7-ce1c-49ad-8cdc-86521a857cda


Journal of Power Sources 602 (2024) 234323

Available online 15 March 2024
0378-7753/Crown Copyright © 2024 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Influence of magnetic field upon electrode kinetics and ionic transport 

Yongxiu Chen a,b,*, James Alder a, Tengfei Song a, Lin Chen a, Richard Sheridan a, 
Alison Davenport a, Emma Kendrick a,b,** 

a School of Metallurgy and Materials, University of Birmingham, Edgbaston, Birmingham, BT15 2TT, UK 
b The Faraday Institution, Quad One, Becquerel Avenue, Harwell Campus, Didcot, OX11 0RA, UK   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Magnetic spacer design for improving 
cell rate performance in 
commercialization. 

• Magnetic application to address short 
circuits in lithium/sodium-ion batteries. 

• Magnetic effect of increasing reaction 
kinetics at the ferromagnetic cathode. 

• The enhanced diffusion at the rate- 
limiting graphite anode from the MHD 
effect. 

• Transferable to other cell chemistries for 
high-rate and long-life cell design.  

A R T I C L E  I N F O   
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A B S T R A C T   

Performance properties in lithium-ion, sodium-ion, and zero excess metal batteries are currently limited by the 
sluggish ion diffusion and inhomogeneity of the transport ion flux, resulting in poor formation, low rates, and 
short cycle lives. In this work, a magnetic field is applied to the cell by the incorporation of a NdFeB magnetic 
spacer, and the effect upon the kinetics and transport properties at each electrode is studied using galvanic 
charge and discharge, electrochemical impedance spectroscopy, and intermittent titration techniques. Stabili-
zation of the anode-free or zero excess sodium and lithium metal cells is achieved during formation, and upon 
cycling. Reduced cell overpotential is observed with resulting higher areal capacities, with improved ionic 
diffusion through the electrode. Upon cycling metallic dendritic structures are suppressed due to the in-
homogeneity of ion flux, and the likely competing kinetics of plating at a metallic tip and the surrounding 
surface. At the NMC electrode, improved kinetics are observed with lower charge-transfer resistance (Rct) due to 
the reshaped and aligned domain in the ferromagnetic Ni of NMC cathode. Pulsed current methods further 
confirm enhanced cationic diffusion in the anode graphite materials, particularly at high mass loading of 4 mA h 
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cm− 2 and high C rates. Consequently, the combination of enhanced reaction kinetics on the ferromagnetic 
cathode and improved diffusion kinetics in the porous anode leads to excellent full-cell performance compared to 
control groups. This study highlights the potential of magnetic fields in enhancing diffusion and reaction kinetics 
for rechargeable batteries (Li, Na, K, Mg, etc.), and may provide routes for extending cycle life, reconditioning 
cells, and improving formation protocols.   

1. Introduction 

The ever-increasing demand for energy requires battery technologies 
with both high power, energy density and long life [1,2]. This can be 
achieved through careful optimisation of the cell chemistries, such as 
lithium or sodium ion, their components and manufacturing processes 
[3,4]. Power energy, and cycle life are often decoupled and cells are 
optimized for a specific property. Methods to improve the rate of 
high-energy density batteries, and their cycle-life are required [5–8]. 
Further improvements in energy density can be achieved with lithium or 
sodium metal batteries (LMB/SMB) which have high theoretical nega-
tive electrode capacities (3860 mA h g− 1 for LMB and 1166 mA h g− 1 for 
SMB) [9–11] However, challenges in the mass transport of ions, the rate 
of electron transfer, and many degradation mechanisms need to be 
solved [12–14]. One key failure mechanisms for both metal-ion and 
metal systems is dendritic growth at the surface of the anode due to the 
repeated stripping and plating, which can lead to short-circuiting the 
cell, Coulombic inefficiencies from constant SEI growth and capacity 
loss [15–19]. 

Inhibition of metal dendrites has been partially achieved through 
mechanical blocking methods such as robust SEI layer or separator [20, 
21], solid-state electrolyte [22], also ionic mass transport methods such 
as pulse charging style [23,24], external physical field [25–28], elec-
trode design [29,30], and chemical methods to modify the metallic 
deposition behaviour such as electrolyte additives [31], or functional-
ized negative electrodes (doping, core-shell methodology, etc) [32]. 
Although progress has been achieved, these approaches are reliant upon 
chemical modification of the surfaces and interfaces with little control of 
these reactions. Typically, the initial interface formation occurs in the 
first few cycles and is controlled through current, voltage and temper-
ature continuous rearrangements of these interfaces occur during 
cycling, this determines the capacity and life-time of the cells [33,34]. 
However, further growth occurs over time and during cycling leading to 
cell degradation. Previous research demonstrates that dendrite forma-
tion can be inhibited through control of metal ion diffusivity in the 
electrolyte, through a process called magneto hydrodynamic forces or 
effects (MHD) [35,36]. Magnetic fields have been widely investigated in 
electrodeposition for metal ions, which involve magnetohydrodynamics 
(MHD) effects. When a ferromagnetic ion (Cu2+, Ag+, Li+, etc.) is 
moving in a perpendicular magnetic field with flux density B, a Lorentz 
Force (FL= I × B, where I is the current density) is exerted on it. This 
MHD effect induces liquid convection in the solution and therefore 
controls the morphology and deposition of the plating ion. 

Previous research shows external magnetic fields applied to a 
lithium-ion and lithium metal batteries and a subsequent reduction in 
dendritic plating [26–28]. This is reported to be due to diffusion 
enhancement of Li+ via as shown by computational simulation [26]. It is 
necessary to explore how magnets can be incorporated into electronic 
applications effectively, without adding weight which reduces the 
overall energy density. However, this is the subject of further work. In 
this study, we incorporate a permanent magnet into a coin cell to 
investigate the effect upon the transport properties of the individual 
electrodes and the cell and investigate the effect upon different cell 
chemistries; lithium and sodium ion (low and high coat weight elec-
trodes) and zero excess metal (anode free) lithium and sodium batteries. 
In all cases, we observe greater reproducibility of the capacities during 
the first cycles, reduced dendrite and metal plating during cycling 
enabling longer cycle life, and improved rate from faster diffusivity of 

the transport ions in the electrolyte combined with faster electron ki-
netics at the cathode surfaces. 

2. Experimental section 

2.1. Lithium-ion battery 

For lithium-ion batteries, single-layer cells supplied by AMTE Power 
(NMC622//graphite) were adopted. The cathode (NMC622) had a high 
areal capacity of 4 mA h cm− 2, and the graphite anode had a capacity 
excess of 10% with a value of 4.4 mA h cm− 2. Detailed information 
regarding the components, mass ratio, separator, and electrolyte can be 
found in our previous research [37]. The NdFeB spacer used in the study 
was purchased with the same diameter (1.6 mm) and thickness (1 mm) 
as the normal steel spacer, the maximal magnetic strength around the 
magnetic disk is about 35 mT). 

2.2. Sodium-ion battery (NMST//HC) 

The NaNi1/2 Mn1/4 Ti1/8 Sn1/8 O2(NMST) was synthesized by solid- 
state reaction methodology. The resulting cathode exhibited an areal 
capacity of 1 mA h cm− 2. The hard carbon used in the study was pur-
chased from Kuraray, and the well-prepared electrode had an areal ca-
pacity of 1.1 mA h cm− 2. The Propylene (PP) (2325, Celgard) and glass 
fiber microfilter (GF/A, Whatman) were used as separators both in half 
and full cells. Sodium hexafluorophosphate (NaPF6) electrolyte was 
used with the ratio (NaPF6: EC/DEC = 1:1 vol%) (Fluorochem Ltd, UK). 

Cell fabrication: Half-cell electrodes were assembled by Swaglok™ 
cells which are composed of the electrode (12 mm), Celgard 2325-GF/A 
combined separator (12.8 mm), and sodium foil (12 mm). Full-cell was 
fabricated using Swaglocks which consisted of the cathode (12 mm), 
anode (12 mm), and the combined separator (12.8 mm). NaPF6 elec-
trolytes in all half/full cells were used at 60 μL. 

2.3. Physical analysis 

Scanning electron microscopy (SEM) was used to explore the 
morphology of Cu, graphite, Al, and Hard carbon after cell tests. The 
procedures are as followings: the coin cells were disassembled and 
washed with DMC in the glove box for 1 h and dry for 6 h under Argon at 
room temperature (25 ◦C). Then, the morphology at the anode was 
obtained on a field emission scanning electron microscope (JSM 7401 F, 
Japan) operated at 5 kV and the probe current is 8. 

2.4. Electrochemical analysis 

Formation cycles were initially performed before any tests were 
conducted. Two formation cycles at C/20 C C-CV (C/50 current cut-off 
limit) charge and C/20 discharge were carried out with the following 
voltage limits to form stable SEI layers: (1) NMC622//graphite systems: 
4.3 to 3.0 V vs Li/Li+, and 4.2 to 2.5 V for full cells. (2) NMST//HC 
system: NMMT//Al: 4.3 to 2.0 V vs Na/Na+, and 4.2 to 1.0 V for full 
cells. 

Cycling performance for NMC622//Cu and NMC622//graphite was 
performed CC-CV charge (constant voltage at 4.2 V for current cut-off 
until C/50) and discharge to 2.5 V with the current density of 0.5 and 
2 mA cm− 2. Cycling performance for NMST//HC was performed CC-CV 
charge (C/50 current limit) and C/5 discharge to 1.0 V to compare the 
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electrochemical performance of sodium-ion batteries with/without the 
internal magnetic spacer. 

3. Results and discussion 

A hard magnetic spacer (NdFeB) was used to replace the normal steel 
spacer in the coin-cell type battery. This replacement allowed for the 
generation of an internal magnetic field, as shown in Fig. 1. Both half- 
cell and full-cell configurations were investigated for lithium-ion and 
sodium-ion batteries to understand the magnetic effect on the cathode 
and anode in full cells. 

3.1. Stabilization of anode-free lithium metal and reduction of 
overpotential 

During the charging process, dendritic structures tend to form at the 
anode, leading to increased cell overpotential and potential cell failure. 
Copper current collectors have been shown to exhibit lithium-phobic 
properties and are prone to form dendrites even at low charging rates 
[38]. Therefore, anode-free lithium (NMC622//Cu) and sodium 
(NMST//Al) coin cells were utilized to investigate the effectiveness of 
the internal magnetic field (see Fig. S1). 

The coin cells underwent two formation cycles at a charging rate of 
C/20, with the control group denoted as “C" and the magnetic group 
denoted as “M". A comparison between the control and magnetic groups 
is presented in Fig. 2. Poor reproducibility of the formation cycle in cells 
which contain no magnetic is observed with only C4 reaching the full 
capacity during the formation. All other cells (C1–C3) show dendrite 
growth and soft shorts occurring (Fig. 2a). All four cells which contain a 
magnet show repeatable formation capacities with no short circuits 
occurring from dendrite growth. Although C4 shows similar capacities 
to the magnetic group (Fig. 2b). It is clear that the deposition and 
morphology of metal upon the surface with a magnetic field are better 
controlled. 

Furthermore, the overpotential of the anode-free lithium coin cells 
(NMC622) during the 1st and 2nd formation cycles was compared in 
Fig. 2c– d. The voltage profile in the control case exhibited higher values 

than the magnetic case during the charging process (Fig. 2c). This higher 
overpotential (voltage profiles) in the control group results from the 
limited diffusion and reaction kinetics at the electrode. In contrast, the 
internal magnetic field induced micro Li+ motions through the magne-
tohydrodynamics (MHD) effect, therefore enhancing diffusion along the 
anode surface. This transport enhancement reduced the diffusion over-
potential and contributed to higher attained areal capacities. A similar 
phenomenon was observed during the discharge process, where the 
magnetic case showed reduced overpotential and higher delivered 
voltage/capacity (Fig. 2d). Similar findings were also observed in the 
2nd formation cycle, as demonstrated in Fig. S2. This methodology was 
extended and confirmed in sodium-free anode cells (NMST//Al), as 
shown in Fig. S3. The reduced overpotential and increased capacities 
observed in magnetic sodium-ion batteries during the formation cycles 
(C/20 × 2 cycles) further support that the internal magnetic field en-
hances metal ion diffusion kinetics and reduces cell overpotential. 

3.2. Dendrite-free LIBs and SIBs from the internal magnetic field 

The reduction of cell overpotential due to the internal magnetic field 
indicates enhanced mass transport. To investigate the magnetic effect on 
the morphology of deposited Li and Na, scanning electron microscope 
(SEM) physical characterizations were conducted on the negative elec-
trodes of NMC622//Cu and NMST///Al, respectively, to reveal the 
deposited Li and Na morphology. 

Fig. S4 compared the cycling performance of NMC622//Cu at a 
current density of 0.5–2 mA cm− 2 and voltage range of 2.5–4.2 V. The 
comparison of cycling at 0.5 mA cm− 2 was depicted in Fig. S4a, which 
shows the control cells underwent quickly degraded capacity even at the 
initial cycle while the magnetic cells demonstrate extended to 16 cycles. 
Figs. S4b–4c describes the discharge capacity and Coulombic efficiency 
for these two group cells. Both delivered capacities in the magnetic 
group are superior to the control ones. A similar phenomenon was also 
observed at the higher current density of 2 mA cm− 2 in Figs. S4d–4e It is 
worth noting that the magnetic control demonstrates extended cycling 
behaviours. However, the cycling performance is still poor, and the 
capacity degraded quickly in anode-free lithium metal cells for the 

Fig. 1. Schematic illustration of magnetic effect on dependent cathode and anode of full cells: (1) Increased reaction kinetic at the ferromagnetic cathode: the input 
and non-contact magnetic energy transfer the ferromagnetic Ni from randomly aligned domains to reshaped domains, thus generating more unpaired electrons and 
increase the reaction kinetic at the cathode); (2) Diffusion enhancements (red circles) along the anode surface due to the MHD effect on moving Li+/Na+. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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magnetic group. This is due to the poor connection between the 
deposited lithium and the current collector, which would increase the 
contact resistance of lithium-free NMC622//Cu cell and result in a fast 
capacity loss. SEM characterizations were performed to examine the 
morphology evolution at the anode-free lithium metal electrode (current 
collector). Fig. 3 compared the deposited lithium morphology for the 
control and magnetic groups after cycling at the current density of 2 mA 
cm− 2. The loosely deposited dendritic structures are proliferated at the 
current collectors in Fig. 3a–b while the dense deposited lithium 
morphology dominated at the anode surface, thus achieving the 
dendrite-free morphology, and stabilizing the lithium-free anode in 
Fig. 3c–d. 

The methodology was extended to the sodium-ion battery. After the 
formation cycles (C/20 × 2), the C/5 rate was used to charge the cell up 
to 4.2 V. Following this, the cells were disassembled to investigate the 
deposited morphology of Na+ at the anode-free sodium metal (Al cur-
rent collector). Fig. 3e–f demonstrates the large amounts of sodium 
dendritic structures with a maximal length of 30 μm at the current 
collector. Fig. S5 shows the separator side which faces the current col-
lector. The yellow marks on the separator confirmed the sparsely island- 
distributed deposited sodium. This poses a high possibility of piercing 
the separator, inducing the safety issue, and degrading cell capacity. By 
comparison, the dendrite-free morphology was observed, and the dense 
particle largely conquered the Al current collector (Fig. 3g–h). On this 
regard, the dendrite-free morphology would reduce the safety issues and 
lower the overpotential of the cell to contribute to the extended cell 
performance. 

3.3. Enhancement of electrode kinetics 

Fast diffusion reaction kinetics usually lead to high-rate cell perfor-
mance. These two kinetic parameters are reflected in the overpotential 
of cells and can be extrapolated from the cell voltage and the delivered 
cell capacities. To reveal the magnetic effect on each independent 
electrode of the cell, GITT, and EIS techniques were adopted to quantify 

the diffusion and reaction kinetics of the electrode. The anode-free 
lithium metal cell (NMC622//Cu) and full coin cells (NMC622// 
graphite) with an area capacity of 4 mA h cm− 2 were evaluated. 

For the GITT pulse, a 10-min charge/discharge followed by a 2-h 
open-circuit voltage (OCV) period was conducted to achieve full equi-
librium. Additionally, EIS tests were performed at different state-of- 
charges (SoCs) including 25 %, 50 %, 75 %, and 100 %. An example 
of EIS for full NMC622//graphite electrodes is shown in Fig. S6a. By 
combining GITT and EIS measurements at every 20% SoC throughout 
the charge/discharge capacity, the diffusion and reaction kinetics of 
both the control and magnetic groups were achieved, as presented in 
Fig. 4. Fig. 4a displays the GITT profiles at C/10 and OCV (2 h) for the 
two groups on NMC622//Cu cells. Initially, the voltage of both groups is 
nearly the same during charging. However, as the charge continues, the 
voltage starts to diverge between the control and magnetic groups. The 
magnetic group exhibits lower overpotential compared to the control 
group and eventually achieves higher charge capacities. A similar trend 
is observed during the discharge process. Next, the diffusion kinetics of 
NMC622//Cu is depicted in Fig. 4b. Throughout the entire charge and 
discharge process, the diffusion in NMC622//Cu shows little difference. 
This is expected because NMC622 with high mass loading of 4 mA h 
cm− 2 is not the diffusion-limiting electrode in the cells. Therefore, it is 
challenging to improve the diffusion kinetics of Li+ in the porous elec-
trode. However, the internal magnetic field enhances the reaction ki-
netics of cells by reducing the charge-transfer resistance (Rct) of the 
ferromagnetic NMC622 cathode, as shown in Fig. 4c. The detailed 
equivalent circuit has been shown in Fig. S6b. This enhanced reaction 
kinetics in NMC622 could be attributed to an alignment of the ferro-
magnetic domains in the crystallites. It is observed however that the 
kinetics are improved even at 100% state of charge in magnetic group, 
where the material is mostly paramagnetic (Ni4+). However, the relative 
decrease in Rct between the 75 and 100% state of charge reduces 
compared to the sample with no applied magnetic field, as shown in 
Fig. 4c. On top of this, a similar reduction in Rct by the internal magnetic 
field is also observed at higher C rates of C/5, as seen in Fig. S7. 

Fig. 2. Voltage vs time evolution in formation cycles for the control group (a) and magnetic group (b). The voltage and overpotential of 1st (c) and 2nd (d) cycle for 
control and magnetic group. 
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To further investigate the magnetic effect on the graphite anode, the 
investigation was extended to full cells using the NMC622//graphite 
chemistry. Fig. 4d presents the voltage behaviour during GITT mea-
surements for the full coin cells. Similar to the findings in the magnetic 
half cells, the full cells with the internal magnetic field also exhibited 
lower overpotential and higher capacity throughout the pulse charge/ 
discharge process. Additionally, the diffusion kinetics at the porous and 
thickening negative electrode (graphite) was improved in Fig. 4e. This 
diffusion enhancement could be attributed to the fact that graphite, with 
its high mass loading, acts as the diffusion-limiting electrode in the full- 
cell configuration [37]. The magnetohydrodynamic (MHD) effect can 
enhance diffusion within this diffusion-limiting graphite anode. 
Regarding the reaction kinetics, the charge-transfer resistance (Rct) was 
also reduced when the internal magnetic field was applied (Fig. 4f). As 
expected, both the diffusion and reaction kinetics of the full cells were 
found to be influenced by the internal magnetic field in the full-cell 
configuration. These results confirm the magnetic effect on enhancing 
the reaction kinetics at the ferromagnetic cathode and the diffusion 

kinetic at the rate-limiting porous graphite anode. 

3.4. Magnetic effects on cell cycling performance 

To examine the effect of the internal magnetic field on cycling per-
formance, full commercial coin cells with the NMC622//graphite 
chemistry and area capacities of 4 mA h cm− 2 were evaluated at current 
densities of 0.5 and 2 mA cm− 2. Fig. 5a–b illustrates the cycling per-
formance of the NMC622//graphite full coin cells at a current density of 
0.5 mA cm− 2. For the cell tests, the cell voltage ranged from 2.5 to 4.2 V 
for 200 cycles. 

At the initial cycles, both the control group (represented by red 
scatter and error band from 5 coin cells) and the magnetic group (rep-
resented by blue scatter and error band from 5 coin cells) exhibit almost 
the same discharge capacities, with a value of 4.08 mA h cm− 2. How-
ever, as cycling continues, the discharge capacity of the control group 
(red scatter and error band) drops much faster compared to the magnetic 
group (blue scatter). In Fig. 4a, it can be observed that the discharge 

Fig. 3. Comparison of deposited morphology between control and magnetic group by SEM characterizations: the morphology evolution of control case ((a)–(b)) and 
magnetic case ((c)–(d)) for LIB after cycling at the current density of 2 mA cm− 2. The morphology evolution of control case ((e)–(f)) and magnetic case ((g)–(h)) for 
SIB at 4.2 V. The scale bars are 10 μm. 
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capacity of the control group decreases to 2.8 mA h cm− 2 after 200 
cycles, whereas the magnetic group maintains a capacity of 3.75 mA h 
cm− 2, indicating better capacity retention. In terms of Coulombic effi-
ciency (CE), the magnetic group demonstrates noticeably higher values 
compared to the control group. It is worth noting that the CEs of the 
control group varied widely, ranging from 70% to 98%. However, the 
CEs of the magnetic group remained stable at 98% throughout the entire 
cycling process. This indicates enhanced diffusion and reaction kinetics 
of the electrode in the full cells with a capacity of 4 mA h cm− 2, as well as 
the stabilization of the graphite anode by mitigating dendritic issues at a 
current density of 0.5 mA cm− 2 during cell cycling. 

With the increasing current density to 2 mA cm− 2 in Fig. 2c–d, both 

the control case and magnetic groups present a slight decrease in 
initially delivered capacities to 3.75 mA h cm− 2. This decrease is ex-
pected as thicker electrodes tend to exhibit degraded capacities due to 
limited kinetics, especially at higher current densities. However, the 
control case shows a more rapid decrease in discharge capacities 
compared to the magnetic group. At the end of the cycles, the discharge 
capacities for the control and magnetic groups are 2.55 and 3.45 mA h 
cm− 2, respectively. The error bands representing cell-to-cell perfor-
mance are much smaller for the magnetic group, indicating superior cell 
stability. This superior stability of the magnetic group is further sup-
ported by the Coulombic efficiency (CE) shown in Fig. 4d. The CEs of the 
magnetic group are higher than those of the control group, and the 

Fig. 4. Revealing the electrode kinetic of cells at C/10 for NMC622//Cu (a–c) and NMC622//graphite (d–f) with/without the magnetic field: GITT profiles(a), 
diffusion kinetic(b), and EIS tests at varying SoCs (c) for NMC622//Cu; GITT profiles(d), diffusion kinetic(e), and EIS tests (f) at varying SoCs for NMC622//graphite. 
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variation in discharge capacity is negligible. The methodology was also 
extended to sodium-ion batteries (NMST//HC) in Fig. S8, where cycling 
at C/5 charge and discharge for up to 50 cycles was performed. The 
results also demonstrate enhanced cell performance due to the presence 
of the internal magnetic spacer. Therefore, both the full lithium-ion 
batteries (NMC622//graphite) and sodium-ion batteries (NMST//HC) 
coin cells exhibited improved electrochemical behaviour and enhanced 
electrode kinetics and stability in the presence of the internal magnetic 
field. 

Table 1 summarizes a comparison of different lithium-ion battery 
exposed to a magnetic field. The magnet position, cell chemistry, areal 
capacity, current density, magnetic field strength, and cycle perfor-
mance are compared. In this work, an internal rare earth magnet was 
incorporated into the cell with a constant magnetic field strength, high 
coat weights (4 mA h cm− 2) in a full cell, and several novel cell chem-
istries; sodium -ion, zero excess lithium and sodium, also show im-
provements in reproducibility and cycle life when formed and cycled in 
a magnetic field. 

The improvements in formation, rate, reproducibility, and cycle life 
due to improved ionic diffusivity, electron kinetics at the positive elec-
trode and metal plating morphology for several different cell chemistries 

indicate that performance improvements would also be observed for 
other battery chemistries would be observed with an applied magnetic 
field. This includes electrochemical cells which strip and plate metals in 
aqueous or non-aqueous ionically conducting electrolytes. Examples 
include metal-ion, metal-air batteries or metal anodes with various 
electrochemical system (i.e., Li, Na, K, Ca, etc.) 

4. Conclusion 

The application of an internal magnetic field generated by a hard 
magnetic spacer (NdFeB) is applied to several cell chemistries such as 
lithium and sodium-ion, zero excess lithium and sodium metal and in all 
cases, improvements in reproducibility in achieved capacity, rate and 
cycle-life is observed. 

For the cell formation at low C rates, the internal magnetic field 
stabilizes the anode-free lithium/sodium metal by achieving a uniform 
distribution of Li+/Na+ at the current collector. This enhanced mass 
transport both on the anode-free lithium/sodium metal and the porous 
active material of the anode, resulting in reduced full cell overpotential. 
As a high charge and discharge capacity for a high energy full cell is 
observed. Electrochemical impedance spectroscopy (EIS) and 

Fig. 5. Cycling performance with/without the magnetic field for NMC622//graphite: (a) discharge capacities retention and CEs (b) of two groups at the current 
density of 0.5 mA cm− 2. (c) Discharge capacities retention and CEs (d) of two groups at the current density of 2 mA cm− 2. 

Table 1 
The comparison between magnetic spacer and previous work.  

Magnet Cell chemistry Capacity/mAh cm− 2 Current/mA cm− 2 Strength/mT Cycle number Data 

Outside the cell NMC532//Li 0.5 1 400 100 Ref [39] 
0.5 4 ~400 
1 0.5 360 

LFP//Li 0.5 1 350 200 Ref [27] 
1 2 120 

Li//Li@Cu 0.5 0.25 0.6 180 Ref [28] 
1 1 0.6 120 

LCO//Li 1 1 160 650 Ref [40] 
Li//Li@Cu 1 2 800 2603 Ref [26] 

Magnetic spacer NMC622//graphite 4 0.5 35 200 Manuscript  
2 200  
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galvanostatic intermittent titration technique (GITT) investigations on 
anode-free lithium metal cells and full cells provide insights into the 
magnetic effect on individual electrodes. Faster reaction kinetics are 
observed at the ferromagnetic cathode, likely due to the alignment of the 
spins on the nickel. On the negative electrode, the MHD effect generated 
by the internal magnetic further homogenizes the Li+ ion flux for both 
the anode-free metal and the thick, porous electrode. In addition, 
through the introduction of an internal magnetic field, the cycling per-
formances of the full lithium-ion batteries (NMC622//graphite) and 
sodium-ion batteries (NMST//HC) were extended and improved. 

This work illustrates the benefits of applying a magnetic field to a 
battery and shows the improvement in formation reproducibility and 
the enhancement in observed capacity, rate, and cycle life for several 
different cell chemistries. This improvement is due to the improved ionic 
diffusivity, enhanced surface kinetics, and plating morphology of the 
metal at the negative electrode, suggesting a benefit would also be 
observed for other novel cell chemistries which are developed in the 
future. 
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