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SUMMARY

Lithium-ion batteries (LIBs) are currently the fastest growing segment of the
global battery market, and the preferred electrochemical energy storage sys-
tem for portable applications. Magnetism is one of the forces that can be
applied improve performance, since the application of magnetic fields influ-
ences electrochemical reactions through variation of electrolyte properties,
mass transportation, electrode kinetics, and deposits morphology. This review
provides a description of the magnetic forces present in electrochemical reac-
tions and focuses on how those forces may be taken advantage of to influence
the LIBs components (electrolyte, electrodes, and active materials), improving
battery performance. The different ways that magnetic forces can interact
with LIBs components are discussed, as well as their influence on the electro-
chemical behavior. The suitable control of these forces and interactions can
lead to higher performance LIBs structures and to the development of innova-
tive concepts.

INTRODUCTION

Energy and environment will continue to be the top priorities of global society in the years to come. Radical

changes in the world’s energy mix are required to move toward a more sustainable, environmentally

friendly future, while maintaining critical, energy-intensive industries. One energy source that needs to

be reduced is petroleum. Fossil fuel usage should be strongly curbed to properly address climate change

(Nejat et al., 2015). As a substitute energy storage technology, lithium-ion batteries (LIBs) can play a crucial

role in displacing fossil fuels without emitting greenhouse gases, as they efficiently store energy for long

periods of time in applications ranging from portable electronic devices to electric vehicles (Nitta et al.,

2015). Despite the success of LIBs, further advancements in the properties and performance of their com-

ponents (electrodes, separator, electrolyte) are needed (Scrosati et al., 2011).

Battery electrodes can be separated into anodes (negative electrodes) and cathodes (positive electrodes).

The lowest capacity electrode (typically the cathode) determines the overall capacity of a battery. Different

types/structures are applied for the separator component, which mainly serves to physically separate the

electrodes to prevent shorting while providing porosity for lithium ion transport during charge and

discharge (Costa et al., 2013, 2019). The most widely used materials for anodes are carbon-based, whereas

the most widely used materials for the cathode are transition metal-based intercalation materials (layered

oxides, spinel oxides, and olivine phosphates) (Hayner et al., 2012). Transition metals, typically Mn, Fe, Co,

and/or Ni, allow for the cathodes to be particularly designed to make use of their magnetic properties

(Chernova et al., 2011).

There are several examples of batteries that use the benefits of magnetic fields (MFs) and studies of the

physical phenomena that occur because of magnetic interactions. A patent was granted in 1987 for the

concept of magnetic batteries, which included a helical spring threaded onto a magnetic core and hence

electricity was extracted therefrom (Ridley and Spector, 1987). In another work, an approximately 100% in

the electrochemical mass transport was demonstrated when MFs of about 1 T were applied to aqueous

electrolytes (Hinds et al., 2001a). The effect of an applied MF on the function of an electrochemical cell

has been also studied (Aogaki et al., 1994; Nyman, 2011) to address the main physical phenomena that

can influence battery performance. One of the most relevant effects that occurs when MFs are applied to

an electrochemical cell is the magnetohydrodynamic (MHD) effect (O’Brien, 2019), which describes the

motion of a conductive fluid flowing in the presence of an externally applied MF. The main concept is
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Figure 1. Schema of the possible effects of an applied magnetic field on electrochemical reactions, particularly

for a battery.

ll
OPEN ACCESS

iScience
Review
that MFs induce current variations in a flowing, conductive fluid, which polarizes the fluid and corre-

spondingly changes the MF. Another phenomenon that may occur is magnetoelectrolysis (Aogaki

et al., 1994), which is the decomposition of one or several chemical species by electric current influenced

by an applied MF. The main advantage of carrying out electrolysis within a MF is the achievement of sub-

stantial mass transport rates. This effect is particularly important in the electrodeposition of metals. With

proper electric/MF arrangements, the quality of the deposit can be maintained even with large current

densities.

AMF influences electrochemical reactions in different ways, generalized below into various categories (Fig-

ure 1) (Aogaki et al., 1994):

- Modified electrolyte properties: Hall Effect and electrical conductivity variations under applied MFs.

- Modified mass transport: superposition of the MF may be primarily attributed to an interaction of

MHD phenomena and the convective diffusion layer near the electrodes.

- Electrode kinetics (or electrochemical kinetics) variations under MF.

- Deposit morphology: variations on deposit quality in magnetoelectrolysis (Fahidy, 1983).

Without an applied field, the dominant driving forces in the electrolyte component are electromigration,

diffusion, and convection, both natural and forced (for the case of a rotating disk electrode). With an

applied MF, there are five additional forces, which can lead to the MF effects that are observed: field

gradient, paramagnetic gradient, electrokinetic, Lorentz, and magnetic damping in the electrical conduc-

tivity (Grant et al., 1999; Hinds et al., 2001a). All five forces are body forces with units N/m3, and in electro-

lyte-induced variations, both magnitude and direction are relevant.

By tailoring the experimental conditions in aqueous electrodes, magnetic body forces such as Lorentz (FL),

electrokinetic (FE), and MF gradient (FB), might present equivalent magnitude. When a uniform MF is

applied, the FB force is nonexistent, however FL and FE induce convection. The paramagnetic gradient

force (FP) is a sizable magnetic force when compared with other magnetic forces that could be present

and, due to the cation concentration gradient, is responsible for field effects in paramagnetic solutions.

However, this force does not substantially influencemass transport, its effect on battery performance being

negligible when compared to the forces that drive diffusion (FD). A similar situation occurs with the mag-

netic damping force (FM), the effect of which is negligible since the transverse flow is opposed by a force

(Hinds et al., 2001a).

All those effects induce complex effects in the LIB response; therefore, this review focuses on clarifying how

each effect, depending on MF and magnetic properties, influences the operation of an LIB to take advan-

tage of the MF induced effects to improve battery performance. It is to notice that related effects can be

applied to other energy storage systems with MF sensitive materials and/or processes.
2 iScience 24, 102691, June 25, 2021
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Magnetic forces present in the components of a battery

The paramagnetic gradient force (FP) and the field gradient force (FB) are the principal driving

forces created by a magnetic energy gradient, depending on the magnetic properties of the

electrolyte.

- FP: The paramagnetic gradient force arises from differences in the paramagnetic susceptibility within

the diffusion layer caused by the cation concentration gradient. The magnitude of this force may be

much less than the driving force for diffusion.

- FB: Field gradient force is more significant when compared to the paramagnetic gradient force. It is a

result of a non-uniformMF in solution, which can arise near the surface of a rough ferromagnetic elec-

trode, for example.

The electrolyte energy influenced by a MF is expressed as:

Emag = �
�
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�
J
�
m3

�
(Equation 1)

where M= XmcB - represents the magnetization (A/m) induced by the MF B (T). Xm and c represent the

molar susceptibility and concentration, respectively. According to that, it is obtained:
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FP is responsible for the MF effects in paramagnetic solutions (O’Brien and Santhanam, 1997), and its effect

becomes more pronounced in the diffusion layer at the electrode/electrolyte interphase. As mentioned

previously, it arises from the gradient in magnetic susceptibility caused by the concentration gradient of

paramagnetic ions near the electrode’s surface (Hinds et al., 2001a). The thermodynamic driving force

for diffusion is approximately 10�6 times higher than the FP at room temperature, therefore, it is expected

that this force has a negligible effect on mass transport (Hinds et al., 2001a).

The field gradient force (FB) may become substantial in non-uniform MFs, at the macroscale or microscale

of the whole cell or at the surface of ferromagnetic electrodes, respectively. At typical experimental con-

ditions, the field gradient force is of the order of 10 N$m�3 (�1% of the Lorentz force). FB can become domi-

nant when a field gradient is applied intentionally (VB » 1 T/m) (Leventis and Gao, 2002). Mohanta et al.

(Mohanta and Fahidy, 1978) reported that a convective-diffusion layer at the electrodes is predominant

in non-uniform fields under MFs.

Two other forces related to the interaction of the MF and the electric current due to the flux of ions:

3. Lorentz force (FL) occurs when the MF (B) and current density (j) are nonparallel, the effect of which is

an induced flow in the electrolyte when it is perpendicular to the current direction. It significantly af-

fects the diffusion limited current during an electrode process (Figure 2).

The Lorentz force (Equation 5) is expressed as

FL = j
!

3 B
!

=q ðE + vd 3 BÞ (Equation 5)

where E is the electric field, velocity (vd ) of charge (q) across lines of magnetic flux (B).

4. The electrokinetic force (SE), Equation 6, is defined as the force acting on charges in the diffuse dou-

ble layer under the effect of a dynamic electric field, E
!

k; parallel to the electrode’s surface.
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Figure 2. Magnetic-related forces on charges moving through a magnetic field.
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!

E = sd E
!

k (Equation 6)

where sd (C/m2) represents the charge density of the diffuse double layer and E
!

k; is an effective electric

field representing the interaction of charges moving across the double layer under the influence of a MF

applied parallel to the electrode surface.

Such an applied MF may be created through the direct application of a MF to the electrode surface or

by means of a tangential electric field close to the electrode surface (Olivier et al., 2000), using a sweep-

ing potential working electrode for example. In the charge density, sd, within the diffuse double layer,

the electrokinetic stress, SE, stimulates a tangential flow, which is driven to the bulk solution by viscous

forces. The electrokinetic stress can be compared with other body forces by dividing with a character-

istic length, c, that scales with the dimensions of the hydrodynamic boundary layer, d0, and dividing per

unit area, in this case a few nanometers considering the scale of the action of the electrode surface.

Taking c z 1 nm and scaling by a factor c/d0 yields FE z103 N/m3, an equivalent order of magnitude

to that of the Lorentz force. The origin of these forces is equivalent; the main difference being the

length scale on which they work. Does the microscopic flow drive the macroscopic flow or vice versa?

Considering that these forces are equivalent in magnitude, it is probable that both forces show approx-

imately a similar role in the interaction between the flows at the micro- and macroscopic levels. These

forces must be factored into the quantitative analysis related to the increase in mass transport induced

by the field.

5. Longitudinal flow of charges in the direction of the MF (B) is unobstructed, but transversal flow with

velocity v is damped because of an opposing force (Equation 7).

F
!

M = s v! 3 B
!

3 B
!

(Equation 7)

where v!3 B
!

is the non-electrostatic field resulting from the applied MF (Hinds et al., 2001a).

The magnetic damping force is significant in conducting melts such as those used in semiconductor and

metal processing, but as mentioned before in low-conductivity, aqueous solutions, this force is

negligible.

Within LIBs, the application of an external MF affects the solid electrolyte interphase (SEI) layer, the

porous electrodes, and electrolyte decomposition reactions by varying the current density (J) (Singh

et al., 2018).
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Figure 3. 3-D model geometry of a Li-ion battery under an applied magnetic field showing also the electrode

current density directions (Singh et al., 2018).
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COUPLING OF MFS AND LITHIUM-ION BATTERY – HALL EFFECT

The Hall Effect is the resulting transversal voltage difference in an electrical conductor in which the applied

MF is perpendicular to the current (Figure 3).

The equations that explain the coupling of an external MF and the behavior of the current density are (Singh

et al., 2018):
Ampere’s-Maxwell law: V 3 H = J (Equatio
n 8)
Ampere’s-Maxwell law: E = s�1 ðV 3 HÞ (Equatio
n 9)
Faraday’s law: V 3 E = � vB

vt
(Equation
 10)
Lorentz force: FL = q ðE + vd 3 BÞ (Equation
 11)

Where s is electrical conductivity, B is magnetic flux density, H is MF, J is current density, E is electric field

and movement ðvd ) of charge (q)

The bidirectional coupling between an externally applied MF and the LIB leads to variations in the perfor-

mance of the LIB and concurrently, the MF is affected by the condition of the LIB. In this case, the following

behavior of battery components can be expected under the influence of a MF:

- Lithium-ion concentration variation, at the anode, verified during the charge/discharge processes,

that influences the present external MF, due to the lithium-ions paramagnetic properties (Singh

et al., 2018).

- SEI layer formation/growth due to parasitic lithium/solvent reduction growth during aging.

- Cathode active material valence change (ex. lithiummetal oxide - LiMO2 is converted to metal oxide -

MO2), during LIB operation, which influences the value of external MF, since the change of oxidation

state of the transition metal affects its magnetic properties (Yang et al., 2002).

In the absence of a MF, Ohm’s law gives current density according to the equation J = sE. In the presence

of an externally applied MF, the equation for current density is modified to include the Hall Effect (Chien,

2013). The expression for current density (J) considering the Hall Effect for electrodes and the electrolyte is:

J = s,E+
s2

C1,F
ðB 3 EÞ (Equation 12)
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The effect of the operation of an LIB on the MF is considered in terms of a Lorentz force, which causes a

change in the electric field thereby affecting the external MF (Hinds et al., 2001a). The drift velocity of

the charge carriers is given as input for the Lorentz force (Miura et al., 2017):

vd =
s,VB

F,C1
(Equation 13)

Magnetic properties of active materials

Electron spin probe magnetometry, electron paramagnetic resonance (EPR), and techniques such as

nuclear magnetic resonance (NMR) and real-time X-ray absorption spectroscopy are some of the tech-

niques that have been used to better understand ion intercalation and conversion in batteries. With

the use of these techniques during battery operation, it is possible to obtain essential information

such as structure, dendrite growth, magnetic interactions of redox species, failure mechanisms, elec-

tron spins and defects (Nguyen and Clément, 2020; Pecher et al., 2017). Once a material’s magnetic

and electronic properties are correlated, a better and more detailed comprehension of the energy

storage mechanisms of that material will follow. Magnetometry and EPR allow us to determine the

growth of ferromagnetic particles and also verify if a conductive network is created on them, a neces-

sary property to ensure reversibility in electron transfer process during battery operation (Nguyen and

Clément, 2020).

Magnetic particles and corresponding composites, including a-Fe2O3 (Wu et al., 2006), Fe3O4 nanopar-

ticles (Wei et al., 2017b), Co3O4 nanoparticle (Rahman et al., 2009), MnFe2O4 particles (Lin et al., 2013),

Fe3O4/reduced graphene oxide (RGO) (Wang et al., 2016), W-doped Fe3O4 (Guo et al., 2013), FeSn2 nano-

crystals (Nwokeke et al., 2011), Fe2-yPO4(OH) (Song et al., 2005), Fe2�xMnxO3 composite oxides (Guo et al.,

2020), MnSn2 material (Philippe et al., 2014), magnetic biochar (Salimi et al., 2019), magnetic tubular carbon

nanofibers based on FeCl3 (Huyan et al., 2019), MnCo2O4 (Duan et al., 2013), and FeSi4P4 material (Coquil

et al., 2017), have been used for anodes in LIBs where their magnetic properties are essential for

applications.

Graphite is widely used as active material for anodes. The magnetic susceptibility of Li-intercalated

graphite compounds, C6Lix, was evaluated with the objective to elucidate their magnetism as a function

of x (where x = 0.14, 0.25, 0.29, 0.34, 0.50, 0.61, and 1). The sample where x = 0 (pure graphite) show-

ed a large diamagnetic response with magnetic susceptibility values at 5 K and 300 K being

�127 3 10�6 emu$mol�1 and -67 3 10�6 emu$mol�1, respectively. The transition from diamagnetic

to paramagnetic behavior took place gradually at around x R 0.34, which contradicts the expected

x dependence of the orbital magnetic susceptibility based on the tight binding model (Mukai and

Inoue, 2017).

The active materials in cathodes include elements such as Fe, Ni, Co, or Mn. These materials are

characterized by different magnetic properties, and their magnetic characterization is fundamental

to evaluate their quality. Also, this evaluation is important to find out how magnetic material properties

affect battery performance through the determination of temperature and stress dependence, ferro-

magnetic impurities and defects, all of which will influence their magnetic properties (e.g., magnetic

susceptibility) (Huang et al., 2017; Julien et al., 2007; Zhang et al., 2011; Zheng-Fei Guo and Xue-Jin,

2016).

In LiCoO2, magnetic susceptibility measurements revealed a thermally induced magnetic spin state tran-

sition from low spin to intermediate spin at�800 K in bulk LiCoO2 (Oz et al., 2017). In addition, for this active

material, the temperature dependence of the magnetic susceptibility shows Pauli paramagnetic behavior,

which supports the idea outlined previously that Co3+ ions are in a low-spin state with S = 0 (Mukai et al.,

2014). In addition, weak transverse-field muon-spin rotation and relaxation (m+SR) spectroscopy measure-

ments have shown that localized moments appear in LiCoO2 below 60 K, while both Li0.04CoO2 and Li0.53-
CoO2 are paramagnetic at temperatures down to 10 K (Mukai et al., 2007).

The magnetic properties of LiMO2 (where M = Ni, Co, and Mn or a mixture such as M = Ni1/3Mn1/3Co1/3)

were evaluated, the band gap being established by charge-transfer and the main contributions from mag-

netic polarons being the production of spin electron -hole pairs (Eom et al., 2017).
6 iScience 24, 102691, June 25, 2021
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The magnetic characteristics of LixMn2O4 in the range 0.07 % x % 1 show that the effective magnetic

moment (meff) of Mn ions decreases monotonically with decreasing x; antiferromagnetic interaction dom-

inates in the whole of the range of x (Mukai et al., 2011). The magnetic properties of LiNi1-xCoxO2 samples

(x = 0, 0.05, 0.1 and 0.25) are characterized by a temperature dependence of c�1 (MF H = 10 kOe), which is

compatible with Curie–Weiss paramagnetic behavior to temperatures down to �100 K. At low tempera-

tures, all of the samples entered a spin-glass-like phase below the spin freezing temperature (Tf) (Mukai

et al., 2010).

It was observed that LixNi1/3Mn1/3Co1/3O2 enters into a spin-glass-like magnetic state below approximately

T = 12 K at lithium contents x = 1 and x = 0.3; above Tdiff = 125 K, the lithium ions begin diffusing as indi-

cated by an exponential increase in the hopping rate (Månsson et al., 2014).

For LiMn1�xFexPO4 with 0 # x # 1, antiferromagnetic interactions between the 3d-transition metal mo-

ments are observed at low temperatures (Neef et al., 2017).

In the evaluation of the magnetic properties of Lix(Co-Ni-Mn)O2, it was observed that magnetic moments,

localized at the transition metals, appear with decreasing Li+ content. The largest magnetic moment was

calculated for Mn atoms (� 1.5 mB), while smaller magnetic moments (� 0.2mB) were found for Co atoms

(Rybski et al., 2018). Also, for this active material, it was observed that long-range magnetic order is unob-

tainable, even at temperatures as low as 3 K (Xiao et al., 2018). Co substitution facilitates the ordering of Li

and Ni by reducing both intra-plane magnetic frustration and inter-plane super-exchange (SE) interaction.

Mn works counter to this by exacerbating magnetic frustration and strengthening SE, thereby aggravating

Li/Ni mixing (Wang et al., 2019a).

A study of the magnetic properties of Li1+z(Ni0.45Mn0.45Co0.1)1-zO2 showed that interlayer clusters nucle-

ated at interfacial Ni2+ ions. It was also observed that particle size increases with increasing Ni and Li dis-

order and that the size of the intralayer clusters increases with larger particle size and smaller amounts of

non-magnetic ions in the transition metal layers (Xiao et al., 2008).

TheM-H curves for doped LiCoO2 (LiCo1-xBxO2 where x = 0.375 and 0.5) showed very weak hysteresis loops

(Figure 4A) (Oz et al., 2016). Doping LiCoO2 with gallium (Ga) revealed a weak Van Vleck paramagnetism

above 100 K that increases with increasing Gallium content in all of the materials that were studied; mag-

netic transitions take place due to the 2Co3+/Co2+ +Co4+ equilibrium (all the species in low spin state)

below 100 K (Gonzalo et al., 2010).

The magnetic properties of LixNi2-xO2, an active material used for cathodes, were studied. It was observed

that the magnetic behavior of this material is correlated to the Li-Ni chemical composition range ordering

that develops from short to long range. The boundaries between ordered domains generate an increased

magnetic exchange bias, manifested as a change in the magnetization-field loop in the nanoscale regime

of samples with consistent lengths (0.54 < x < 0.66) as shown in Figure 4B) (Barton et al., 2013). Also, for

LixNiO2 (0.1 % x % 1), it is observed that the magnetic susceptibility identifies the presence of spin-

glass-like freezing at Tf� 11 K for the entire range of samples (all x). This suggests that macroscopic magne-

tism is not sensitive to x; however crystal structure and average oxidation state of the Ni in LixNiO2 are

altered with changing values of x (Mukai et al., 2009).

The LiMPO4 (where M = Mn, Co, Ni) family of compounds comprised corner-sharing MO6 octahedra of

high-spin M2+ ions, which manifests as an antiferromagnetic ground state below TN z 30 K (Ofer et al.,

2012).

Lithium-iron phosphate (LiFePO4) is a widely applied active material in cathode electrodes and exhibits

paramagnetic behavior at temperatures above TN with largest magnetic susceptibility in the b axis of

9.483 10�3 cm3 mol�1 at room temperature (Zhou et al., 2019). Its magnetic behavior is dependent on tem-

perature and shows a para-antiferromagnetic transition at TN as observed in the Figure 4C) (Kim et al.,

2019). In this structure, Fe ions are found in high spin configurations and have large magnetic moments

(MMs), while theMMs of other ions are very small (Xiong et al., 2014). TheMMs of the four Fe ions contained

in the unit cell are parallel/antiparallel to the b-axis with the orderedmoment (mord) 4.19 mB at 2 K (Sugiyama

et al., 2012).
iScience 24, 102691, June 25, 2021 7



Figure 4. Magnetic characterization of different active materials

(A and B) (A) M-H curve of LiCo1-xBxO2 samples where x = 0.375 (top) and x = 0.5 (bottom) (Oz et al., 2016), (B) Magnetic characteristics for LixNi2-xO2. The top

section shows TC and TN, evident from features in the c–T. Mmax and MR are shown in the middle section. Mmax is the magnetization at T = 2 K and H = 5 T,

whereas MR is the remnant magnetization after the field is dropped to H = 0 T. The bottom section shows HC and HEB, as determined from the M–H loops.

The shaded region indicates the composition range over which long-range chemical order is disrupted and magnetism changes nature (Barton et al., 2013).

(C) Temperature dependence of magnetic susceptibility and its reciprocal (inset) for LiFePO4 (LFP) compared to the average magnetic susceptibility for

single-crystal LiFePO4 (sc-LFP), derived from the magnetic susceptibility along each crystal axis. The reciprocal plot for LFP was fitted with the Curie–Weiss

law (dotted line, inset) (Kim et al., 2019).

(D) Molar susceptibility as a function of temperature for LiNiN (Stoeva et al., 2007).
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The magnetic susceptibility of LiFePO4 during charge and discharge behavior was evaluated; an oxidation

from Fe(II) to Fe(III) was observed where the Li+ ions are liberated with a reduction in the total MM of the

non-stoichiometric Fe(II)/Fe(III) system due to a progressively quenched orbital magnetism (Gallien et al.,

2014).

This active material was doped with transition metals such as Co, Mn, and La. This doping appears to

degrade both the MM and the local moment on each dopant atom. As compared to the undoped sample,

Fe atoms become nonmagnetic, resulting in decreased MMs (Xiao et al., 2016).

The evaluation of the magnetic properties of lithium-nickel/cobalt oxides and metal-substituted lithium-

manganese spinel revealed electron spin resonance Ni3+ and Mn4+ and local short-range cation exchange

interactions (Zhecheva et al., 2002). Also, LiNiN exhibits paramagnetic behavior; the molar susceptibility as

a function of temperature is shown in Figure 4D (Stoeva et al., 2007).

Magnetic characterization was used to analyze delithiation of LixCo0.8Mn0.2O2, and it was observed that

chemical delithiation occurs only by oxidation of Mn3+ to Mn4+, while cobalt remains in the trivalent state

(Abuzeid et al., 2011). The evaluation of the delithiation process by magnetic characterization was also

studied for LiyCo0.8Ni0.1Mn0.1O2. Oxidation of Ni2+ and some Co3+ ions occurred at the beginning of

the delithiation process (Labrini et al., 2016).

Lithium vanadium phosphate (Li3V2(PO4)3) was doped with Lanthanum (La) (Liu et al., 2015a) and neo-

dymium (Nd) (Liu et al., 2015b), and its magnetic properties were evaluated. It was observed that the

magnetic susceptibility decreases rapidly with increasing La content (Liu et al., 2015a) and increases

with Nd content (except for x = 0.15) (Liu et al., 2015b). Also, the magnetic properties of LiMg1�xZnxVO4

spinels (where 0 % x % 1) was evaluated. Magnetic susceptibility measurements confirmed Curie�Weiss

behavior below 400 K with a meff value of �0.3 mB (Uyama et al., 2020). The magnetic properties of

Li2Mn2(MoO4)3 indicated antiferromagnetic ordering among manganese ions at 1.4 K (Suleimanov

et al., 2016).
8 iScience 24, 102691, June 25, 2021



Figure 5. Different schemes of hydrodynamic flow at an electrode with different uniform magnetic fields applied

(A) Magnetic field applied parallel to the electrode surface (the primary MHD flow is parallel to the surface).

(B) Magnetic field applied perpendicular to the electrode surface (the primary MHD flow is a vortex around the rim).

(C) Magnetic field applied perpendicular to the electrode surface (secondary micro-MHD vortices arise around protuberances on the surface) (Monzon and

Coey, 2014).
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The magnetic characterization of active materials is thus essential in the context of lithium-ion batteries as

some transitionmetals showsmagnetic exchange strengths for redox processes which provides pathway to

improve the charge-discharge behavior.
MHDs: mass transport

The interactions of charged particles within electric and MFs are governed by the MHD effect. This effect

influences the dynamics of charged species present in an electrolyte due to a Lorentz force. This force is

perpendicular to both electric and MFs. The Lorentz force causes moving charges to spiral, inducing con-

vection of the electrolyte, which improves mass transfer and ion distribution.

When MFs are applied to an electrochemical cell, convection effect through the ions movement occur due

to the MHD effect, as shown in Figure 5. The diffusion layer thickness is decreased, and mass transport is

enhanced by the resulting flow from the interaction between the local current density and the fields. The

threshold of the limiting current rises in the diffusion-controlled regime due to the electrolyte localized

magnetic stirring (Monzon and Coey, 2014).

During the charge/discharge process, Li-ions present in the electrolyte shuttle from one electrode to

another (intercalation/deintercalation processes), the essential working principle of the battery. None-

theless, mass transport limitations are observed due to the thickness of both the electrodes and the

separator. These thicknesses are defined by a compromise between operating voltage, ionic conduction,

and energy density. For this reason, mass transport in the electrolyte is generally considered the one of

the processes that limits the power density for LIBs (Hinds et al., 2001b). Mass transport is usually

controlled by diffusion and migration (within micrometer-scale liquid layers and solids) in most battery

systems, while convection has a negligible contribution (except on redox-flow batteries) (Personnettaz

et al., 2019).

Upon cell discharge, Li ions migrate from the anode to the cathode as a result of an ohmic potential differ-

ence across the electrolyte. Simultaneously, anions flow in the opposite direction due to the aforemen-

tioned potential difference, resulting in a concentration difference across the electrolyte since the anions

are unreactive at the electrodes. This concentration gradient creates an additional potential difference

(diffusion potential), which is related to the diffusion flux of both the cations (Li+) and the anions (present

in electrolyte). The diffusion potential increases until the magnitude of the migration flux equals that of the

diffusion flux. These magnitudes depend on the frictional forces that the charged species encounter in the

electrolyte. For example, when an electrolyte contains anions with confined mobility, small differences in

concentration are formed. Alternatively, if anions experience less frictional forces than Li+, large concentra-

tion differences can be formed.
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For this reason, MFs provide a suitable solution, since they are not dependent on chemical variations in the

electrolyte, and they do not require the addition of new components that could compromise the batteries’

performance. The effect that a MF has on mass transport is well documented (Chopart et al., 1991; Fahidy,

1983; Hinds et al., 2001b). The field causes convection in the electrolyte, the result of which is a narrowing of

the diffusion layer. Several studies show that when an external MF interacts with an ionic current in an elec-

trolyte, a flow within the solution is induced, which enhances the rate of the diffusional mass transfer (Ao-

gaki et al., 1994). In this way, convection caused by the application of a MF increases the diffusion-limited

current (Aaboubi et al., 1990; Aogaki et al., 1994; Fahidy, 1983; Tacken and Janssen, 1995).

The rate of transport may enhance dramatically by the presence of a MF; this is manifested experimentally

by the improvements in the limiting current on the order of 100% for a range of systems (Mogi and Kamiko,

1996). The degree to which the current is enhanced depends on several properties of the electrolyte: con-

centration, solution viscosity, and the nature and concentration of the supporting electrolyte. Field-

induced convection in the electrolyte is qualitatively equivalent to a gentle stirring (100 rpm of a rotating

disk electrode), although the nature of this interaction is not well understood.

Nomagnetic ions need to be involved. As previously stated, it is well established that the primary magnetic

force responsible for this effect is the Lorentz force (Hinds et al., 2001b). It has been demonstrated (Grant

et al., 1999) that a tangential electric field close to the electrode surface is equivalent to the effect that a MF

has on the limiting current. As mentioned previously, such an electric fieldmay be created using a sweeping

potential working electrode or by applying a MF parallel to the surface of the electrode.

Recently, the gradient forces have been claimed to generate similar effects on mass transport, and it is

responsible for various observed effects (Leventis and Gao, 2002; O’Brien and Santhanam, 1997; Waskaas

and Kharkats, 1999). Nevertheless, some studies claim that the effect of the gradient force created on mass

transport should be negligible; it would need to be comparable in magnitude to this force to produce an

observable effect (FB/FL ratio is of order 10�6 at room temperature (Hinds et al., 2001a)).

As mentioned previously, the field gradient force may become substantial in non-uniform MFs, at the

macroscale of the entire cell or at the microscale at the surface of ferromagnetic electrodes (Grant et al.,

1999; Yoshifumi et al., 2000). It has been reported (Mohanta and Fahidy, 1978) a significant enhancement

in limiting current in non-uniform fields (average field strength one-tenth that of the uniform field strength

required). Through the use of stirring bath, the field-induced enhancement in mass transport can be more

easily achieved. However, once the force depends on the local current density, specific effects can be

achieved when the MF or current density is strongly non-uniform, as in the vicinity of microelectrodes (Su-

eptitz et al., 2010).

Considering that the diffusion of the lithium ion into the electrode pores (porosity is necessary for the elec-

trolyte solution to enter the electrode structure) is fundamental in the intercalation process, the magic-

angle spinning, pulsed field gradient, stimulated-echoNMRwas used tomeasure self-diffusion coefficients

of the electrolyte species. The self-diffusion coefficient of Li+ decreases with increasing carbon content and

the tortuosity values of the electrodes contribute to specific interactions at the material/electrolyte inter-

face on the lithium transport properties (Tambio et al., 2017).
MHDs: Electrode kinetics and morphology

There is still no directly observable evidence of the effect of an applied MF on electrode kinetics or of

any influence in the rate of a heterogeneous electrochemical reaction (thermal energy and electrostatic

potential energy are more substantial than magnetic energy). The electrode kinetics (Coey and Hinds,

2002), i.e. the effect of a MF on the kinetics of the electrode reaction, is a polemical and debatable

topic. Several works assert that a MF has no effect on the kinetics of a battery (Cheng et al., 2017b;

Chopart et al., 1991) or that it does not modify the charge-transfer parameters of the process (Devos

et al., 2000).

Nevertheless, it has been observed adverse corrosion behavior of metals in contact with a flowing electro-

lyte in the presence of an applied MF (Kelly, 1977). The application of a MF can also enhance susceptibility

to stress corrosion cracking, cause localized (pitting or crevice) corrosion, oxidize and reduce solution spe-

cies, and, in the limit, electrochemically decompose the electrolyte.
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Figure 6. Electrode kinetics and morphology as a function of magnetic field

(A and B) (A) Schematic of the manufacture of the electrode under the influence of a magnetic field and (B) electrochemical performance of these electrodes

(Billaud et al., 2016).
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In anodic processes, shifts in the resting potential and enhanced corrosion of both magnetic and nonmag-

netic electrodes have been observed (Lu et al., 2003; Rhen and Coey, 2007; Rhen et al., 2006). In this regime,

an appliedMF improves the flux of oxidant toward the surface, which is observed as anodic shifts in the rest

potential (on the order of 100 mV). Any corroding electrode will experience anodic shifts due to microcon-

vection from the Lorentz force, but there is an additional effect for a small ferromagnetic electrode, which

creates a strong stay field in its vicinity (Yu et al., 2014). There is a local increase in pH, a decreased corrosion

current, and a cathodic shift of the rest potential (Sueptitz et al., 2010, 2011).

MFs have been found to influence several anodic process, such as polymerization (Kołodziejczyk et al.,

2018), oxidation at electroactive self-assembled monolayers, corrosion control and electropolishing,

improvement of surface finish of electropolished, biocompatible metallic alloys. They have even been

found to be enhanced by more than 25% of the performance of nickel metal hydride batteries (O’Brien,

2019).

The MF effects that have been observed on the morphology of electrodeposited materials are frequently

related to those of mass transport. Owing to field-induced convection, the application of a MF during elec-

trodeposition can change the pattern structure formation of two-dimensional fractal electrodeposits (Coey

et al., 1999; Mogi and Kamiko, 1996) and smoothen the surface of electroplated films (Kudo and Mogi,

1995). A hydrothermal technique involving a pulsed MF of high intensity paired with an aging technique

has successfully synthesized nanocrystalline Co3O4. Processing with a pulsed MF produces a more

compact and smooth surface composed of Co3O4microspheres containing numerous nanograins (Rahman

et al., 2009).

During electrode preparation, the application of MFs improves the orientation of graphite particles

(aligned, out-of-plane architecture) in LIBs (Billaud et al., 2016), lithium polysulfide and magnetic nanopar-

ticles in a lithiummetal-polysulfide semi-liquid battery (Li et al., 2015) and LiCoO2 electrodes (Sander et al.,

2016a). For the graphite anodes, the lower tortuosity allows us to improve mass transport and leads to a

specific capacity (�100 mAh.g�1) up to three times higher than that of non-aligned electrodes at the

same rate (1C) (Billaud et al., 2016), as shown in Figure 6.

For cathodes, directional pores yield faster charge transport kinetics and enable electrodes with more than

threefold higher areal capacity due to the reduction of the tortuosity (Sander et al., 2016a).

Regarding the later approach, the conductivity in the electrode simply improves if there is less tortuosity

(Sander et al., 2016a). These approaches are achieved with dispersed magnetic material in the electrodes

aligned with an external MF, which creates an anisotropy. In the case of lithium cobalt oxide (LiCoO2)
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electrodes, the usable capacity of the electrodes increased by a factor of three, the areal capacities were

measured to be over 8 mAh$cm�2 (over two times than the ones present in conventional Li-ion electrodes)

and the discharge profiles are in line with the drive cycles of EVs.

Also, the MF of 5 kOe was used to align and pattern multiwall carbon nanotube channels in a polystyrene

matrix for electrodes in LIBs, resulting in an increase of the electrochemical behavior (charge-discharge

values) and rate capability (Tripathi et al., 2017).

Lithium metal is the most attractive anode for LIBs, and it is one of the most studied in the scientific com-

munity. This material possesses a low density, a high specific capacity, and a favorable redox potential.

However, safety and cycling stability are jeopardized by the formation of lithium dendrites, which are

created due to non-uniform Li+ concentration on the electrode surface (Cheng et al., 2018).

In order to improve the performance and safety of Li metal anodes, different strategies have been applied

to inhibit and eliminate the growth of dendrites, which could be classified into two main groups: internal

and external strategies (Dash and King, 1972). The former modifies or optimizes the components inside

the cells, which could effectively suppress dendrite formation, but the change of the cell environment could

lead to cell instability. The use of additives and the modification of the electrode represent two avenues

that could lead to cell instability, specific examples of which include electrolyte optimization, artificial

SEI design, and synthesis of 3D current collector (Cheng et al., 2017b).

Further, metal electroplating process is also a concern, since the quality of the lithium deposit is of primary

interest. Numerous studies in the literature regarding the MF effect on the deposited surface pattern

report contradictory observations, since morphological characteristics of the deposited crystal structure

cannot be definitively attributed to the imposed magnetic flux density. Nevertheless, there is substantial

evidence to support the beneficial effects of an applied, uniform MF on surface evenness and hardness

(Dash and King, 1972; Mohanta and Fahidy, 1972) under certain conditions.

Electrochemical deposition under MF (ED-MF) is extensively used for the preparation of a variety of metals,

such as Cu (Miura et al., 2017; Mühlenhoff et al., 2013), Co (Devos et al., 2000), and Ni-Mo (Aaboubi et al.,

2015) due to the advantages of high energy density, ease of control, noncontact energy transfer, and high

selectivity. The MHD effect (Monzon and Coey, 2014) causes a uniform flux of Li+, a suppression of Li den-

drites, and the formation of dense deposits (Cheng et al., 2017b; Rhen et al., 2006; Shi et al., 2017; Sueptitz

et al., 2010). As an example, the external strategy has been applied, which is less aggressive and more effi-

cient, as an alternative to the internal changes mentioned above (Figure 7).

For example, theMHD effect (Shen et al., 2019) has been used to effectively promotemass transfer and uniform

distribution of Li+, to suppress dendrite growth, and to obtain uniform and compact lithium deposits. By using

an external MF to redistribute the concentration of Li+ on the anode surface, uniform lithium deposition could

be achieved. The researchers successfully showed that lithium metal anodes within a MF exhibit excellent

cycling and rate performance in a symmetrical battery. In addition, full cells utilizing lithium metal as anodes

and commercial LiFePO4 as cathodes show improved performance within the MF.

The applied MF can significantly refine grain size, obtain uniform structure, and affect texture and dendrite

growth direction (Melot et al., 2011; Priest and Forbes, 2007). Essentially, since the plating of lithium anodes

is an ED, the MHD effect may also benefit the electrode reactions of Li metal batteries. The MHD effect has

significant influence on morphology, structure, and properties of deposition layer for copper metal. More-

over, also benefits the performance of the batteries, which exhibited much-improved electrochemical per-

formance of charge-discharge values, the coulombic efficiency (CE) and enhancing the cycling stability

significantly (Miura et al., 2017; Tang et al., 2017).

In J. K. Koper’s study (Koper, 2018), applying anMF shortened the dendrites formed in the silver and shrank the

crystal dimensions during silver deposition with the external field interacting perpendicularly to the sample sur-

face. The dendrites are promoted by the pre-modified surface, by anodic oxidation, although the applied field

avoids the expansion of the dendrites and changes the nucleation stage during the deposition process. The

author also reported differences when switching the field, modifying themorphology of the depositedmaterial,

theparticlesof the silver that aredepositedbecome thinner or thicker, dependingon the senseof theMF.Also, it
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Figure 7. Electrochemical deposition under magnetic field

(A) Schematic illustration of the effects of a magnetic field on Li+ deposition.

(B) The skeleton diagram of a small feature on surface of the anode.

(C) The potential distribution near the feature. The scale to the right is the ratio of relative voltage.

(D–G) Simulation results of the different trajectories of Li+ during deposition without (D) and (E) or within (F) and (G) a

magnetic field. The scale to the right represents the timeline (Shen et al., 2019).
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was evaluated in situ by magnetic resonance imaging (MRI), in lithium cells that presents symmetry, the mecha-

nism under the dendrites grow, always searching the same conditions of work, these evaluations weremade on

the electrodes and the electrolyte. These results gave an insight on how the depletion of the electrolyte and the

starting point at which the dendrite start growing are related in a strong way, all this happening at the surface of

the electrode; besides the MRI results exhibited as well, rates of charge higher than usual. The presented MRI

approach allows the correlation of the nature of the process happening at the electrode, together with the elec-

trolyte and the presented rate (Chang et al., 2015).

Also, MRI technique allows for the mapping of the fields during the charge and discharge processes; this

mapping shows that the charging state, together with the damages happening in a sustainable way, alter

the distribution of the fields (Mohammadi et al., 2019).

The solvation behavior was also studied by NMR technique, in common electrolyte solutions (such as LiPF6,

and or LiBF4) dissolved in ethylene carbonate and dimethyl carbonate. The ion aggregations (in both elec-

trolytes) are more favorable by a low polarity in the solvent (as the DMC content increases), but much more

in the LiBF4, as observed through the decreasing of 11B relaxation time and Li+, anion diffusion coefficients.

During the ion association in the LiPF6 electrolyte, the concentration of salt is not that significant, and this

was proven by changing the DMC concentration and observing that the ratio of the F� and Li+ mobility

(1.0 M and 0.01 M) is equal. The opposite situation was observed in the LiBF4 system, where the aggrega-

tion of ions was much higher (Peng et al., 2018).

Yet-MingChiang et al. (Li et al., 2019) formulated amethod, by alignmentwith appliedMF, to use in anodes and

cathodes materials base on powder, which can be processesed by water-based methods, to reduce the tortu-

osity at the electrodes, as well as increase the its capacity and increase its thickness as shown in Figure 8.

This method might show interesting fast charging results if it is applied to the negative electrodes, since it

allows us to incorporate additives to enhance the properties, such as mechanical and conductivity.

The development of this method is still in diapers, but it might improve the energy density and the
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Figure 8. – Demonstration of how to prepare low-tortuosity electrodes

(A) Schema of the conventional methods (I) and the proposed one to decrease the tortuosity. The active material of carbon black nanoparticles (NPs) and

stabilized magnetite-NP-containing oil droplets are represented by gray, black, and yellow spheres, respectively. The aligned porosity is created by the

alignment of the oil droplets by the external field and then dried and removed.

(B) Drawing of the magnetite-NP with the oil droplets. The surfactant has stabilized the oil droplets.

(C�F) Images of aligned droplets in 1.5 wt.% PVA, by the external field, taken by optical microscopy. Different components of (C), M-binder (D), PAA (E), and

CMC (F) in one drop (50 mL) of oil-in-water emulsion. The scale bars represent 100 mm in (C, E, and F), and 200 mm in (D). In (C–F) the dark phase is the oil

droplets and the light phase is the aqueous solution including the surfactant (Li et al., 2019).
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fast-charging process, by thickening the electrodes. Other approaches have been presented to improve

the capacity of the batteries with thicker electrodes, by creating anisotropy and low tortuosity (Sander

et al., 2016b). These two processes have lower cost, scalable to large areas, and are faster to perform. In

the former, the researchers produced faster transport in the electrodes by creating anisotropic pores

aligned with the charge transport direction, allowing thicker electrodes to have faster and more efficient

transport.

It has proven that the homogeneity of the metal deposition may improve significantly by a good configu-

ration of the Lorentz forces with specific conditions, for example with a higher gradient of the field,

although the MHD effect is the key to obtain a homogeneous current density distribution to get an elec-

trochemically deposited metal layer (Kudo and Mogi, 1995). According to their studies, inhomogeneities

in the deposited layer indicate an inhomogeneous current distribution.

The Lorentz force’s impact on the performance of an LIB with LiFePO4 electrodes enhanced with g-Fe2O3

was studied, where through the Lorentz force theory, an improvement in specific capacity was observed at

high current rates in which the incorporation of g-Fe2O3 at the cathode raise the power density and life cy-

cle of LIBs, strategically (Cheng et al., 2017a).

LIBs using MnFe2O4 and g-Fe2O3 as electrodes were fabricated, where they show a controllable magneti-

zation, which was controlled electrically, over amagnitude of 10%, in between the values of 1.5 V and -30.0 V.
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This change of the magnetization saturation has been explained by the mechanism of modulation caused

by exchange coupling and magnetic ion migration (Wei et al., 2017a).

The performance of the batteries can be improved by adding other ways to control the conduction of the

materials, as for example magnetic semiconductors, which so far are an innovative method. These new ac-

tors in electronic applications are under exploration for application in batteries and energy storage since

they are semiconductors materials that present ferromagnetism (in which the spin can be managed) and

semiconductors properties (controlling the charge carriers). This phenomenon is present in semiconduc-

tors of Mn-doped III-Vs, (for example (In,Mn)As and (Ga,Mn)As), where it is possible to induce and manip-

ulate the modification of carrier concentration by ferromagnetism (Ohno et al., 1992, 1996).

In this kind of semiconductors, an effective MF can be induced by current through a spin-orbit interaction,

which makes possible to switch the magnetization from one stable state to another one with no field. This

effect is referred as an electric-field switching of magnetization (change of the magnetic anisotropy by

changing the carrier concentration).

An interesting approach to the design of smart battery architecture was developed through a magnetic-

manipulated electrode exploring magnetic Fe3O4 particles as binder, leading to non-fatigue performance

(Liu et al., 2015c).

In addition to the electrodes, the solid electrolyte material of glass ceramics based on lithium aluminum

phosphate with different Fe2O3 was developed for LIBs in which this material has magnetic properties

(Abo-Mosallam and Farag, 2020).

For poly(ethylene oxide) block-based solid polymer electrolytes, the membrane has been optimized

through the alignment of self-assembled structures by MFs. Also, it is observed that at the membrane,

the field magnitude and the temperature alter the conductivity of the ions. For example, when applying

a field of 6 T, there is a increase of one order of magnitude in the conductivity when compared to the

non-aligned case (Majewski et al., 2010).

Moreover, poly (ethylene oxide) (PEO)-based solid polymer electrolytes with functionalized sepiolite

(KFSEP) nanowires have been developed for LiBs. The magnetic alignment of the nanowires provides a

fast-moving channel for lithium ions (Han et al., 2021).
Manipulation of LIB by an applied MF

An external field is a non-invasive technique, which is an important consideration when evaluating the SEI

during the charging and discharging cycles.

It is essential to understand how the efficiency, performance and life cycle behaves with the Li-ion battery

calendar lifetime, since aging is the reason of the decrease or total loss of their performance (in terms of

energy, power, capacity, and thermal) (Panchal et al., 2017a, 2017b). The physical and chemical changes,

which are irreversible in these devices (e.g. SEI modifications, cracks in the electrodes, internal resistance,

electrolyte decomposition) are the reason of the degradation of the batteries performance (Singh et al.,

2018).

At the beginning of the LIBs charge/discharge cycles, the electrolyte is electrochemically reduced at the

surface of the anode. From this reduction, an insoluble passivating film is created on the anode surface

– SEI (Wang et al., 2019b). The formed film is a critical component of LIBs since it prevents additional para-

sitic electrolyte decomposition, and it contributes to the stabilization of the battery operation and capacity

(Verma et al., 2010). Consequently, the charging cycles process of the battery, at its beginnings, depends

essentially on the creation of the layer of the SEI (Miura et al., 2017), since the electrolyte is protected by the

SEI film, avoiding an increased exhaustion and the anode from corrosion since vigorous reactions arise be-

tween electrolyte material and anode material at the initial battery charging processes (Miura et al., 2017).

Some experimental studies, such as that performed by Ganguly et al. (Ganguly et al., 2020), demonstrate

how an external field over a a-Fe2O3/NC anode battery enhances the first and second cycle CE from 70%

(without appliedMF) to 73.5% (with field), on the first cycle. Moreover, the increasing of the specific capacity

from 1500 to 1700 mAh/g and from 1100 to 1300 mAh/g for a density of current of 50 mA/g, on first and
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second discharge cycle, respectively, was observed. The reason for this enhancement is associated with the

lower loss of lithium ions for SEI formation, superior lithium-ion transportation, and reduction in the electro-

chemical overpotentials when the battery is subjected to a MF.

It was proven that the process of the cycling, i.e. charging and discharging, can control the magnetization

of the LIB, when the electrodes are designed with nanomaterials (Zhang et al., 2016). With the control of the

lithiation and the delithiation processes of a-Fe2O3-based electrodes at the nanometer scale, the manage-

ment of magnetism, in a reversible way, was achieved three orders of magnitude higher. This work provides

an exciting prospect for the manipulation of the magnetic properties, reversibly, in LIBs where its behavior

can bemagnetically controlled on-demand. In addition, theMF can operate as a battery switch through the

incorporation of a magnetic control component in its structure. It was observed that this component design

allows switching between an insulating condition and a conductive one, for more than 500 cycles, since it is

reversible while maintaining superior cycle stability (Zhang et al., 2020). The superior performance, electro-

chemically, in a large potential range, can be preserve in batteries with this built-in component at normal

conditions.

The application of a MF during LIBs operation represents the combination of two fields, magnetism and

electrochemistry, the magnetization variation allowing us to improve the electrochemical response. The

effect of the MF application on the electrochemical processes is mainly related to: (a) on suppression of

the lithium dendrite growth, (b) orientation of the active materials during electrode preparation for

reducing tortuosity and (c) inhibition of the SEI between the electrode and the electrolyte.

In addition, the external MF allows us to improve the charge/discharge behavior of LIBs, by tuning the lith-

iation/delithiation process.

Continuous developments are nevertheless needed in this field to improve the use of electrochemically

active molecules based on magnetically responsive elements, as well as to optimize the effect of the

applied MF in the different processes. Finally, it is also necessary to develop compact systems to be

incorporated into practical applications to apply MFs during the electrochemical behavior of the

batteries.

FINAL CONSIDERATIONS AND FUTURE TRENDS

LIBs have been studied over the last years, being today the most used energy storage system. Their func-

tionality under an applied MF has been studied since the 80’s, showing that LIB performance can be

improved (a) by eliminating lithium dendrite growth, (b) by the orientation of the active materials during

electrode preparation to reduce tortuosity, and (c) by preventing the SEI, based on the paramagnetic char-

acter of lithium ions, allowing to reduce the concentration of active materials in the electrodes with the

applied MF. All those issues represent important factors contributing to the stabilization and improvement

of the operation and capacity of the battery. Magnetic body force effects in the conductivity are assumed to

be responsible for this improvement. The MHD effect is responsible for the ion movement originated by

the electro MF (Lorentz force). This effect efficiently fosters the transfer of mass and a distribution of the

lithium ions uniformly in the electrodes resulting in an inhibition of dendrite growth. The magnetic suscep-

tibility of the active material of LIBs is an important property to explore once themagnetic properties of the

transition metal redox processes begin to be correlated to the electrical control (voltage) of LIBs, influ-

encing battery performance. Magnetic manipulation and tuning of the magnetic susceptibility of active

materials, by a MF, will control the electrolyte properties, mass transportation, electrode kinetics, and de-

posit morphology. These concepts can solve some existing drawbacks,not only in LIBs but also in electro-

chemical batteries in general. Also, allied to powerful tools as magnetic characterization and simulation

systems, promising new concepts, systems and materials of LIBs will raise.
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