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Abstract

The possibility of correlating the magnetic susceptibility to the oxi-

dation state of the porous active mass in a chemical or electrochemical

reactor was analyzed. The magnetic permeability was calculated us-

ing a hierarchical model of the reactor. This model was applied to two

practical examples: LiFePO4 batteries, in which the oxidation state

corresponds with the state-of-charge, and cyclic water gas shift reac-

tors, in which the oxidation state corresponds to the depletion of the

catalyst. In LiFePO4 batteries phase separation of the lithiated and

delithiated phases in the LiFePO4 particles in the positive electrode

gives rise to a hysteresis effect, i.e. the magnetic permeability depends

on the history of the electrode. During fast charge or discharge, non-

uniform lithium distributionin the electrode decreases the hysteresis

effect. However, the overall sensitivity of the magnetic response to

the state-of-charge lies in the range of 0.03%, which makes practical

measurement challenging. In cyclic water gas shift reactors, the sen-

sitivity is 4 orders of magnitude higher and without phase separation,

no hysteresis occurs. This shows that the method is suitable for such

reactors, in which large changes of the magnetic permeability of the

active material occurs.

Keywords: lithium ion battery, water gas shift, magnetic perme-

ability, susceptibility
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1 Introduction1

When atoms change their oxidation state, their magnetic moment changes.2

In some cases, this can lead to significant changes in the magnetic properties3

of a material. One example is iron, which changes its ferromagnetic nature4

when it is oxidized into paramagnetic FeO (i.e. iron(II) oxide). Further5

oxidation to Fe3O4 (iron(II,III) oxide) makes the material ferrimagnetic and6

finally Fe2O3 (iron(III) oxide) is again ferromagnetic [1]. This opens up the7

possibility to determine the oxidation state of the material via measurement8

of its magnetic susceptibility. This work attempts to explore this principle in9

two important practical example systems of chemical engineering: lithium ion10

phosphate (LiFePO4) batteries and cyclic water gas shift reactors (CWGSR).11

In CWGSR, the above mentioned transition from iron to iron oxide (usu-12

ally to the FeO or Fe3O4 stage) is used as an intermediate oxygen storage13

for the water-gas-shift reaction (CO + H2O ↔ CO2 + H2) used for hydrogen14

production [2–4]. The oxidation state of the reactor bed corresponds to the15

depletion of the catalyst, which is an important information for the opera-16

tion of the reactor: when the catalyst is depleted, the reactor needs to be17

switched from an oxidation cycle to the reduction cycle in order to restore the18

catalyst. Ideally, the cycling should occur before the catalyst is completely19

depleted in order to avoid a breakthrough of the reactant gases.20

In LiFePO4 batteries, charges are stored in the negative electrode in the21

form of intercalated lithium. Upon charge, lithium deintercalates, which22

changes the oxidation state of iron from Fe2+ in LiFePO4 to Fe3+ in delithi-23

ated FePO4 (see Appendix A). Thus, the oxidation state is directly linked24
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to lithium content and state of charge of the battery.25

The determination of the state of charge (SOC) of the battery is a major26

problem for battery management [5, 6]. On the one hand, the SOC is im-27

portant information for the user in order to estimate the remaining working28

time of the device. It is an important psychological factor for which the term29

range anxiety has been coined in the context of electric vehicles. On the30

other hand, the knowledge of the SOC is important for the management of31

the battery, since many systems are sensitive to deep discharge or overcharge.32

These states of extremely high or too low SOC can cause irreversible damage33

to the battery [7].34

Current strategies for determining the SOC (for a review, see e.g. [5,35

6]) often suffer drawbacks [5, 6]: discharge tests are not applicable online;36

Coulomb counting needs continuous re-calibration and is sensitive to side37

reactions; measurement of OCV or EMF need long rest times before they38

can be applied; impedance spectroscopy is cost intensive and temperature39

sensitive; artificial neural networks need intensive training with a similar40

battery; Kalman filters need large computing capacities, a suitable battery41

model and determination of initial parameters. Therefore, an alternative,42

direct measure of SOC would be desireable.43

One aim of the current work is to assess whether the change of the mag-44

netic properties of a lithium ion battery during charge and discharge can45

be used to determine the SOC. A prominent method in literature of us-46

ing the magnetic properties for the investigation of lithium ion batteries is47

nuclear magnetic resonance (NMR) spectroscopy. With NMR, interfacial48

storage mechanisms of lithium in RuO2 [8], silicon [9] and hard carbon elec-49

4
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trodes [10, 11] were investigated. NMR was successfully used to investigate50

the local structure [12, 13] and the dynamics of lithium [12, 14] in battery51

electrodes. It was used to analyse the formation of microstructural lithium52

over the lifetime of the battery [13, 15] and the limited cyclability of Li-O253

batteries [16]. Papers giving practical advise for the design of cells for NMR54

studies [17] and the separation of resonances from the different components55

of the cell [18] demonstrate the utility of this method.56

In both CWGSR and LiFePO4 battery, the active material is a porous57

medium. As seen in Fig. 1, in the CWGSR the primary particles are pressed58

into porous pellets, which are embedded in a fixed bed reactor. In the59

LiFePO4 battery, primary particles form porous electrodes, which together60

with the electrolyte containing separator form a battery. In both cases, the61

challenge is to link the changes in magnetic susceptibility on the atomic level62

in the particle to the change in the effective susceptibility of the whole device,63

which is measurable from the outside. In this work, a hierarchical model for64

the magnetic permeability of a reactor with porous media was developed.65

This model describes the relationship of magnetic permeability and struc-66

ture (particle size, porosity, etc.) of the device. The permeability model67

is general and applicable to chemical or electrochemical reactors with simi-68

lar structure, like fixed bed or fluidized bed reactors, batteries, fuel cells or69

supercapacitors.70

In the next section, the permeability model is described. Next, results for71

permeability of a LiFePO4 battery as a function of the structure are discussed72

for both steady state and dynamic operation. Afterwards, the results for the73

CWGSR and the applicability of the method are discussed.74

5
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2 Hierarchical Model for Magnetic Perme-75

ability of a Porous Reactor76

As shown in Fig.1, the model combines different scales: on the particle scale77

the model describes how the permeability of a single particle changes with78

oxidation state or SOC, respectively. On the porous medium scale, the per-79

meability of the whole porous active medium (e.g. electrode or catalyst80

pellet) formed from single particles is described dependent on the porous81

structure (particle size, porosity etc.) of the medium. On the reactor scale82

both porous medium and passive components (e.g. separator and electrolyte83

in LiFePO4 battery or gas flow field in CWGSR) are combined to determine84

the permeability of the whole reactor as function of oxidation state.85

2.1 Particle Scale86

In the following section, the effective magnetic susceptibility of a single par-87

ticle’s active material depending of its oxidation state is described. Three88

different scenarios for the distribution of the oxidized phase (i.e. distribution89

of lithium inside the particle in LiFePO4 batteries, or the distribution of ox-90

idized and unoxidized iron in CWGSR, respectively) are considered: First,91

uniform distribution of the oxidation state occurs, if intra-particle diffusion is92

negligible, e.g. because diffusion is faster than the reaction or intra-particle93

diffusion is fast compared to overall material transport in the reactor, e.g.94

because of the small diffusion length. This scenario is assumed for the posi-95

tive carbon electrode of the LiFePO4 battery and for the CWGSR particles.96

6
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The second scenario considers two distinct oxidation states in a core-shell like97

distribution. This can be the result of a phase separation (e.g. in LiFePO498

batteries) or oxidation of the particle with a sharp reaction front. In the99

third scenario, a continuous distribution of the oxidation state in the particle100

is considered.101

2.1.1 Particles with Uniform Oxidation State102

As mentioned above, uniform distribution of the oxidation state is assumed103

in the CWGSR particles and on the positive carbon electrode in the LiFePO4104

battery. In the CWGSR, the diffusion length in the particle is small and the105

process is controlled by the reaction kinetics. In the LiFePO4 battery, the106

diffusion coefficient of Li in carbon is 4 orders of magnitude larger than in107

FePO4 [19]. Additionally, the particle size and with this the diffusion length108

is very small. Therefore, constant concentration of Li in carbon is assumed109

in steady state.110

If the oxidized material (with permeability µh) is uniformly distributed in111

the host material (with permeability µo), the Maxwell-Garnet Approximation112

[20] can be used to estimate the effective permeability of the particle material113

[21, 22],114

µ
eff
pud − µh

µ
eff
pud + (d− 1)µh

= po
µo − µh

µo + (d− 1)µh

, (1)

where d is the effective dimension or coordination number in which the prob-115

lem is solved and po is the volume fraction of oxidized material.116

In LiFePO4 electrodes, po corresponds to the volume fraction of inter-117

7
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calated Li and is a function of the state-of-charge S. If the volume of the118

particles is assumed to be constant, it can be calculated according to119

po =
nLiMLi

ρLiVpne
, (2)

nLi =
S · Cbatt

ze
, (3)

with the capacity of the battery Cbatt, number of exchanged electrons z=1120

and charge of an electron e.121

2.1.2 Particles with Nonuniform Oxidation State122

Two Distinct Oxidation States The LiFePO4 electrode differs from in-123

tercalation electrodes in that it undergoes a phase change with the lithi-124

ated and unlithiated forms having distinct phases. This was found from125

X-ray diffraction (XRD) patterns of the material at various stages of lithi-126

ation [23, 24]. To describe this phase separation behavior, Srinivasan and127

Newman [19] developed a shrinking core model, which was incorporated into128

a general model framework of a lithium battery [25] and has been experimen-129

tally validated in half-cell experiments [19] and full cell experiments using a130

natural graphite/LiFePO4 cell [26]131

In order to determine the effective permeability of such a core-shell struc-132

tured particle, a coated sphere model [21] can be used. For this model, exact133

results of the effective permeability are possible,134

µeff
pcs = 〈µ〉 −

(µc − µs) pcps
〈µ̃〉+ (d− 1)µs

, (4)

with

8
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〈µ〉 = µsps + µcpc, (5)

〈µ̃〉 = µspc + µcps, (6)

where µs and ps are the permeability and volume fraction of the shell and135

µc and pc are the permeability and volume fraction of the core. In case136

of discharge of a fully charge electrode, lithium is inserted into a FePO4137

particle, thus s=LiFePO4 and c=FePO4. In case of charging a fully dis-138

charged electrode, LiFePO4 particles are depleted of lithium, thus s=FePO4139

and c=LiFePO4, i.e. the phases are reversed.140

The volume fraction of LiFePO4, pLiF , is a function of the amount of in-141

serted lithium and thus of the state-of-charge S. If the volume of the particles142

is assumed to be constant during intercalation (a valid assumption according143

to [19]), the volume fractions can be calculated according to144

pLiF =
nLiFMLiF

ρLiFVppe

, (7)

nLiF = nLi =
S · Cbatt

ze
, (8)

pF = 1− pLiF . (9)

Oxidation State Gradient In this work, continuous oxidation state gra-145

dients in the primary particles are not considered. Therefore, the approach146

shall only be described briefly. The determination of the oxidation state147

distribution in the primary particles (e.g. the distribution of Li in batter-148

ies) would require a more detailed reactor model that includes intra-particle149

transport, e.g. intra-particle diffusion in addition to the reaction occurring at150

the surface of the particle. Such transport model could be used to determine151

9
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the oxidation state (or Li concentration) as a function of radius of the par-152

ticle. With this, each particle radius can be seen as an infinitesimally small153

shell with the determined oxidation state around a core with an effective154

permeability. In case the transport model is solved numerically, one would155

obtain a discrete number of small shells. Starting from the center of the156

particle, the infinitesimally small shells could be added in an iterative way157

and in each iteration the effective permeability is determined as described in158

the previous section. This iteration is repeated until the particle radius is159

reached, giving the effective permeability of the whole particle.160

2.2 Porous Medium Scale161

The porous medium (i.e. the porous electrodes in the LiFePO4 battery or162

the catalyst pellets in the CWGSR) consists of primary particles, which are163

assumed to be electrically and thus magnetically connected to each other.164

Therefore, the differential effective medium approximation/Landau-Lifshitz-165

Looyenga (LLL) rule [27] can be used [21, 22]. This approach starts from166

a homogeneous component and uses an iterative procedure. First, a small167

amount of the homogeneous component is replaced by the second component.168

Then, the resulting ”effective” material is regarded as the homogeneous com-169

ponent for the succeeding substitution step.170

The LLL rule is obtained when the starting homogeneous material is171

the bulk medium of inclusions. If the starting material is the host matrix,172

the resulting equation is referred to as the differential EMT, or asymmetric173

Bruggeman approximation [28]. The LLL equation is rigorous when the174

10
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difference between the permeability of inclusions and that of the host matrix175

is small. It is independent of the shape of particles.176

The effective permeability of the porous medium, µeff
pm , obtained in this177

approximation is178

µeff
pm =

(

µpore + ppp
(
(µeff

pp )1/3 − (µpore)
1/3

)3
)

, (10)

where µpore is the permeability of the pore space (i.e. the electrolyte in the179

porous electrodes of the LiFePO4 battery or the gas phase in the pellets of180

the CWGSR), ppp and µeff
pp are the volume fraction and effective permeability181

of the primary particles as obtained in Section 2.1. For the CWGSR and the182

positive electrode of the LiFePO4 battery, Eq.1 is used and µeff
pp = µ

eff
pud. For183

the negative LiFePO4 electrode of the battery, Eq. 4 is used and µeff
pp = µeff

pcs .184

2.3 Reactor Scale185

The battery is assumed to have a layered structure consisting of positive186

electrode, electrolyte and negative electrode. For the permeability of a lay-187

ered structure, a rigorous solution exists [21]. In through-plane direction, the188

permeability is the harmonic average of the permeabilities of the layers,189

〈

(µeff
bat )

−1
〉
−1

=

(
ppe

µ
eff
pe

+
psep

µ
eff
sep

+
pne

µ
eff
ne

)
−1

. (11)

In in-plane direction, the permeability is the arithmetic average of the per-190

meabilities of the layers,191

〈

µ
eff
bat

〉

= ppeµ
eff
pe + psepµ

eff
sep + peffne µeff

ne . (12)

11
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Thus, the permeability matrix becomes192

µ
eff
bat =









〈

(µeff
bat )

−1
〉
−1

0 0

0
〈

µ
eff
bat

〉

0

0 0
〈

µ
eff
bat

〉









. (13)

In the CWGSR, the porous pellets are surrounded by the gas phase and again193

the LLL rule (Eq. 10) is used to determine the permeability of the whole194

reactor bed:195

µ
eff
CWGSR =

(

µgas + ppm
(
(µeff

pm )1/3 − (µgas)
1/3

)3
)

. (14)

3 Results196

The permeability model describes the permeability depending on the struc-197

ture of the reactor. In the following, first the example of a LiFePO4 battery198

is discussed in detail. At first, equilibrium conditions are considered. After199

that, the influence of nonuniform lithium distribution under dynamic opera-200

tion conditions is discussed. Overall, the changes in magnetic susceptibility201

in a LiFePO4 battery are small and challenging to measure. However, the re-202

sults for the cyclic water gas shift reactor demonstrate a practically relevant203

example, in which the method can be easily applied.204

Note that for convenience, instead of permeabilities the figures show sus-205

ceptibilities (χ = 1− µ).206

12
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3.1 LiFePO4 Battery: Particle and Electrode Scales207

3.1.1 Carbon Particles and Negative Electrode208

In Fig. 2a, the black curve shows the magnetic susceptibility of the graphite209

particles for different lithium content. Since the lithium distribution in the210

particle is assumed to be uniform (the diffusion coefficient of Li in graphite211

is 4 orders of magnitude larger than in FePO4 [26]), the susceptibility in-212

creases linearly with lithium content and thus with the state-of-charge. Pure213

graphite is slightly diamagnetic, i.e. its susceptibility is negative, and thus214

the insertion of paramagnetic lithium with positive susceptibility leads to the215

increase of the effective susceptibility of the particles.216

The grey curve in Fig. 2a shows the effective susceptibility of the negative217

electrode taking the pores filled with electrolyte into account. The effective218

susceptibility of the electrode is an average of the constant susceptibility219

of the electrolyte and the changing susceptibility of the graphite particles.220

Thus, the qualitative behavior of the electrode is determined by the behavior221

of the graphite particles.222

3.1.2 LiFePO4 Particles and Positive Electrode223

In Fig. 2b, the susceptibility of LixFePO4 material as a function of lithium224

content x is shown in the black curve. The intercalated lithium changes the225

magnetic spin of the iron ions, which change from Fe3+ with spin S=5/2 to226

Fe2+ with S=2 [29]. If the magnetic spins and thus the lithium are homoge-227

neously distributed, the susceptibility changes linearly, as shown in the black228

dashed line in Fig. 2b. This behavior is comparable to the case of the graphite229

13
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in the negative electrode, as described in the previous section. However, the230

susceptibility change of the LiFePO4 with lithium content is 2 orders of mag-231

nitude larger than for graphite due to the interaction of lithium with the232

iron ions. This difference between the electrodes leads to a net change in the233

overall susceptibility of the battery.234

However, as described in Section 2.1.2 lithium is not distributed uni-235

formly inside the particles because phase separation occurs. Srinivasan [19]236

suggested that during discharge the lithium is first incorporated into a Li-237

rich shell around a Li-deficient core that shrinks upon lithium insertion. If238

all lithium is assumed to be within a LiFePO4 shell around a FePO4 core239

(which would correspond to a perfect phase separation), the susceptibility of240

the particle behaves as depicted by the upper black curve in Fig. 2b, i.e. a241

slight nonlinearity occurs. On the other hand, if the electrode is charged from242

a fully discharged state, the Li-enriched particles are depleted from lithium,243

thus they have a core of LiFePO4 with a shell of FePO4 surrounding them,244

i.e. the phases are reversed relative to the case of discharge. This leads to245

a different behavior in the case of charging, as shown with the lower black246

curve in Fig. 2b. Thus, a hysteresis occurs, which is caused by the core-shell247

structure.248

The effective susceptibility of the positive electrode taking into account249

the electrolyte-filled pores is shown by the grey curves in Fig. 2b. As in the250

case of the negative electrode, the porosity does not change the behavior251

qualitatively, i.e. the susceptibility of the electrode is determined by the252

susceptibility of the LiFePO4 particles.253

14
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3.2 Battery Scale254

Fig. 3 shows the net susceptibility of the complete battery. The net suscep-255

tibility in through-plane direction is the harmonic average of the electrodes256

and the separator susceptibilities. The susceptibility of the separator is con-257

stant and the susceptibility of the negative graphite electrode is two orders of258

magnitude lower than that of the positive electrode (compare axes of Figs. 2a259

and b).260

With this, the susceptibility is determined mainly by the susceptibility261

of the material LixFePO4, i.e. by the change of the magnetic moment of262

the iron ions, and by the distribution of the lithium in the particle, i.e. the263

core-shell structure, which gives rise to a hysteresis.264

Due to this hysteresis the magnetic permeability of the electrode does not265

depend on the SOC alone but also on the history of the electrode. Since in266

praxis the history of the electrode is often unknown, the determination of267

the SOC from the magnetic susceptibility alone would result in a significant268

uncertainty. For example, let us assume we would measure a susceptibility269

of 0.9·10−4. According to Fig. 3, under slow charging conditions the SOC270

would be between 0.55 (charging from a completely discharged battery) and271

0.7 (discharging from a completely charged battery), i.e. the uncertainty272

would be up to 12%.273

A second important practical note is that the overall change in suscepti-274

bility is very small. This makes it very challenging to measure these changes.275

Very sensitive instrumentation with high signal to noise ratios would be re-276

quired. Together with the uncertainty due to hysteresis, this makes the277
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practical applicability of this principle for LiFePO4 batteries questionable.278

3.2.1 Nonuniform Lithium Distribution in the Electrodes279

The results in the previous section describe the permeability under equi-280

librium conditions, i.e. when lithium is uniformly distributed through the281

electrode. However, during charging and discharging, the lithium distribu-282

tion in the electrodes can become nonuniform due to limited ion transport283

through the pores. Particles that are closer to the separator have shorter ion284

transport pathways and thus a higher local lithium concentration and charg-285

ing rate. This effect is pronounced under fast charging conditions. In order to286

analyze the effect of the lithium distribution on the magnetic permeability, a287

porous transport model presented in Appendix B was used to determine the288

lithium distribution under different charging conditions. Using these lithium289

distributions, the magnetic permeability model was solved to determine the290

magnetic permeability of the battery under different charging conditions.291

The influence of the lithium distribution on the magnetic susceptibility292

of the battery is shown in Fig. 3. For the case of a fully charged and fully293

discharged electrode, the lithium distribution is uniform, i.e. the electrode294

fully consists of either LiFePO4 or FePO4 particles. Thus, the lithium dis-295

tribution has the biggest influence in the half-charged state. In this case, a296

more nonuniform Li distribution leads to a decrease of the hysteresis effect297

discussed in Section 3.1.2. As seen in Fig. 3, with increasing charge/discharge298

rate, the hysteresis disappears. A high charge/discharge rate leads to a more299

nonuniform lithium distribution. This results in part of the electrode be-300

ing fully oxidized while another part of the electrode is fully reduced. Only301
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a small reaction zone contains partially oxidized particles with a core-shell302

structure. In the fully oxidized and fully reduced parts of the electrode there303

is no core-shell structure of the particles and thus these parts of the elec-304

trode do not contribute to the hysteresis. Only the core-shell particles in305

the reaction zone determine the hysteresis. Since the reaction zone becomes306

narrower with higher charge/discharge rate, the portion of the electrode that307

has a core-shell structure diminishes and the hysteresis decreases.308

3.3 Cyclic Water Gas Shift Reactor309

The magnetic susceptibility of a CWGSR catalyst particle, porous pellet and310

reactor bed are shown in Fig. 4. It can be seen that the primary particles un-311

dergo a significant change in magnetic susceptibility during oxidation. This312

change is 4 orders of magnitude larger than in the case of LiFePO4 battery313

described before and should be easy to measure practically. Additionally, no314

phase separation and thus no hysteresis occurs.315

Qualitatively, the change in susceptibility with oxidation state is non-316

linear. Upon oxidation, first a large drop in susceptibility occurs. After317

the particle is about 20% oxidized, the susceptibility continues to decrease318

approximately linearly. The same qualitative trend follows in the catalyst319

pellets and finally in the whole reactor bed. The overall change in suscepti-320

bility is about 149 on the particle scale; it drops to to 34 and 2 on the porous321

medium and reactor scale, respectively.322
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4 Summary and Conclusions323

In this work, the possibility of using the magnetic susceptibility as a direct324

measure of the oxidation state of a reactor with porous active material was325

investigated. Two specific examples were selected: a LiFePO4 battery and326

a cyclic water gas shift reactor. In LiFePO4 batteries, the intercalation of327

lithium in the negative electrode changes the oxidation state of the iron328

atoms; therefore the oxidation state can indicate the state-of-charge. In the329

cyclic water gas shift reactor, the active material acts as an oxygen storage330

for the reaction and the oxidation state corresponds to the oxygen level of331

this storage.332

In order to determine the change of the magnetic susceptibility with SOC333

or oxygen storage level, a multiscale model was used which describes the rela-334

tionship between magnetic permeability and structure (particle size, porosity,335

lithium distribution etc.) of the reactor. In the LiFePO4 battery, it was found336

that the change in the susceptibility of the LiFePO4 particles on the atomic337

scale of the positive electrode has the largest influence on the net change of338

the susceptibility of the battery.339

Additionally, in the particles a phase separation between lithiated and340

non-lithiated FePO4 occurs, which leads to a core-shell structure. The history341

of the electrode, i.e. whether it was charged from an uncharged state or342

discharged from a charged state, determines, which phase is in the core and343

which is in the shell. After charging, the shell consists of LiFePO4 around a344

FePO4 core, after discharging there is a FePO4 shell around a LiFePO4 core.345

This phase inversion leads to a different magnetic permeability depending346
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on the history of the electrode, i.e. hysteresis occurs. The limiting cases347

for this hysteresis, namely charging from a completely discharged state and348

discharging from a completely charged state, were analysed.349

The permeability model was coupled with an electrochemical model of a350

LiPePO4 electrode in order to investigate the influence of the lithium distri-351

bution in through plane direction of the electrode. Thus, the electrochemical352

model gives structural information depending on the operation (current den-353

sity, charging time etc.) of the battery which can be used as input parameters354

for the permeability model.355

The electrochemical model revealed the occurrence of moving reaction356

zones during fast charge or discharge. This reaction zone behavior leads to357

a decrease of the magnetic hysteresis effect because with a narrow reaction358

zone at high current densities only a small part of the electrode has a core-359

shell structure. The rest of the electrode consists of either fully oxidized or360

fully reduced particles which do not contribute to a hysteresis.361

The model is thus insightful in terms of understanding the basic rela-362

tion between magnetic properties and electrochemical processes of a battery.363

Practical applicability as a diagnostic method to determine the SOC is how-364

ever limited. For LiFePO4 electrodes the sensitivity of the magnetic response365

to SOC lies in the range of ∼ 0.03% - this would require a signal-to-noise366

ratio of ∼ 90dB. For other materials this requirement is expected to be sig-367

nificantly smaller. Additionally, the permeability depends not only on SOC368

but also on the history of the electrode, which is usually unknown. Thus,369

the discussed hysteresis leads to a high uncertainty in the determination of370

the SOC.371
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However, in cyclic water gas shift reactors, the change of susceptibility372

was found to be orders of magnitude larger, which allows for easy measure-373

ment. Additionally, no phase separation and thus no magnetic hysteresis374

occurs. This example shows that in cases, in which large changes of the mag-375

netic nature of the active material occur, e.g. transition from ferromagnetic376

to paramagnetic behavior, the measurement of the magnetic susceptibility377

might provide insightful information about the state of the reactor.378
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A Magnetic Permeability of LiFePO4 and delithi-498

ated FePO4499

The permeability of LiFePO4 and delithiated FePO4 can be determined from500

the effective magnetic moment. According to [29], the experimental magnetic501

moment for LixFePO4 (0≤x≤1) is in good agreement with the theoretical502

spin-only values for Fe3+ and Fe2+,503

µtheor
eff = µB

√

xp2Fe2+ + (1− x)p2Fe3+ . (15)

The effective number of Bohr magnetons p is expected to correspond to the504

spin-only theoretical value according to505

p = 2 [S(S + 1)]1/2 , (16)

where S=2 for Fe2+ in LiFePO4 and S=5/2 for Fe3+.506

The effective magnetic moment µeff is related to the Curie constant Cp,507

Cp =
NAµeff

2

3kB
, (17)

with Boltzmann constant kB and Avogadro’s number NA. The molar mag-508

netic susceptibility χm can then be derived from the Curie-Weiss law,509

χm =
Cp

T − θp
, (18)

which is valid in the paramagnetic regime at temperatures above the Curie510

temperature T>TC ∼100K [29].511
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B Dynamic Battery Model512

The permeability model can describe the permeability as function of SOC in513

the case of uniform lithium distribution in the electrode. This assumption is514

valid under equilibrium conditions. However, under dynamic conditions the515

lithium distribution has to be taken into account. In this section, an elec-516

trochemical model of the positive electrode is developed that describes the517

lithium distribution dynamically during battery operation. The model in-518

cludes the double layer, electrochemical reaction, ion transport in the porous519

electrode and electron transport in the solid phase. Lithium transport into520

the particle and the core-shell structure of the LixFePO4 particles are de-521

scribed in a simplified way. Afterwards, the resulting lithium distribution is522

coupled into the permeability model. Thus, the permeability of the battery523

under dynamic conditions can be analysed.524

B.1 Basic Model Equations525

In the following, the reaction scheme of the model is explained. Charge526

balance equations for the electron and ion conducting phases and the elec-527

trochemical double layer are given. A kinetic equation for the reaction is528

given. Lithium transport into the particles is described based on a simplified529

shrinking core model.530
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At the surface of the particles, the following reaction occurs:531

LiFePO4

charge

⇋

discharge

FePO4 + Li+ + e− (19)

The charge balance in the electrolyte phase can be described under the as-532

sumption of electroneutrality as533

0 = −
∂

∂z

(

−κ
eff
l

∂φl

∂z

)

︸ ︷︷ ︸

il

+a · ι, (20)

where φl is the potential in the electrolyte, κeff
l is the effective conductivity534

of the electrolyte, ι is the charge flux and a is the specific active surface area.535

The boundary conditions to solve Eq.20 under galvanostatic or potentio-536

static operation are537

∂φl

∂z

∣
∣
∣
∣
z=0

= 0 ∀ t (21)

−κ
eff
l

∂φl

∂z

∣
∣
∣
∣
z=L

= icell (t) ∀ t (galvanostatic) (22)

φl (z = L, t) = φsep,a (t) ∀ t (potentiostatic) (23)

where icell is the current density per geometric area and φsep,a is the electrode538

potential at the electrode-separator interface, i.e. the cell voltage minus the539

overpotentials of negative electrode and separator.540

The potential distribution in the solid, electron conducting phase under541
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the assumption of electroneutrality is given by542

0 = −
∂

∂z

(

−κeff
s

∂φs

∂z

)

︸ ︷︷ ︸

is

+a · ι (24)

The boundary conditions for the electron conducting phase are543

∂φs

∂z

∣
∣
∣
∣
z=L

= 0 ∀ t (25)

φs (z = 0, t) = 0 ∀ t (26)

The charge balance for the double layer is given as544

Cdl
∂∆φ

∂t
= ι− Frox (27)

with545

∆φ = φs − φl (28)

η = ∆φ−∆φ0,ref (29)

where η is the overpotential of the positive electrode and Cdl is the dou-546

ble layer capacity. The oxidation rate, rox, in Eq.27 is dependent on the547

concentration of lithium in the solid lattice at the particle surface, cs:548

rox = kox

(
cs

cref
exp

(
αnF

RT
η

)

− exp

(

−
(1− α)nF

RT
η

))

(30)

In order to determine the surface concentration cs of lithium in the solid,549

usually lithium transport into the solid phase is evaluated. However, the550

LiFePO4 electrode differs from intercalation electrodes in that a phase sep-551
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aration between the lithiated and unlithiated LixFePO4 phases occurs, as552

found from XRD studies [23, 24]. To model this behavior, Srinivasan and553

Newman [19] developed a shrinking core model, which was incorporated into554

a general model framework of a lithium battery [25] and has been experimen-555

tally validated in half-cell experiments [19] and full cell experiments using a556

natural graphite/LiFePO4 cell [26].557

In this work, we use a simplified approach to describe the shrinking core558

behavior. It is assumed that all lithium in the particle is in a single LiFePO4559

phase (in the core during charging, when Li is removed from the particle560

or in the shell during discharge, when Li is incorporated). The rest of the561

particle consists of a FePO4 phase and both phases are perfectly separated562

from each other. In this case, the surface of the particle consists either of563

FePO4 during charge or of LiFePO4 during discharge. The reaction rate is564

independent of surface concentration in the solid but different reaction rate565

constants for charge and discharge are possible. This can be described as566

rox = k̃ox

(

exp

(
αnF

RT
η

)

− exp

(

−
(1− α)nF

RT
η

))

, (31)

with

k̃ox = k̃ox
ch (charging), (32)

k̃ox = k̃ox
dch (discharging). (33)

The amount of lithium in the particle, nLi, is given by567

nLi =

∫ t

0

roxdt. (34)

If the amount of lithium reaches the maximum amount that can be stored568
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in the electrode, the reaction rate drops to zero,569

rox = 0 for nLi ≥ nmax
Li . (35)

Thus, the concentration dependency of the reaction rate is approximated by570

a step function.571

The model was solved using the parameters in Table 1.572

B.2 Results and Discussion573

B.2.1 Limited Electron Conductivity574

LiFePO4 has the disadvantage of poor rate performance due to its low elec-575

tron conductivity (∼ 10−9 S/m) [30]. Several methods are used to enhance576

electron conductivity: carbon coating [31], ion doping [32] or nano network-577

ing [33]. However, in the works of Srinivasan et al. with carbon coated578

particles, the electron conductivity was determined to be about 10 times579

lower than the electrolyte conductivity. If the electron conductivity is that580

low and the battery is discharged rapidly, the distribution of lithium content581

and reaction rate evolves as depicted in Fig. 5. The limited electron conduc-582

tion from the current collector side into the electrode leads to a reduction of583

the electrode at the current collector side (z=0) first. After the material in584

this ”reaction zone” is reduced, the reaction zone moves further toward the585

separator side. This results in a moving reaction zone. With this, lithium586

is inserted from the current collector side towards the separator side of the587

electrode.588

31

Page 31 of 39 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



B.2.2 Limited Electrolyte Conductivity589

If the electron conductivity could be significantly increased, the electrolyte590

conductivity becomes the limiting factor during rapid discharge. The dis-591

tribution of lithium content and reaction rate for this scenario are shown in592

Fig. 6. Due to the limited ion transport from the separator into the electrode,593

the electrode is reduced in a small reaction zone at the separator-electrode594

interface first. When the material in this zone is reduced, the reaction zone595

moves into the electrode. Correspondingly, lithium is inserted into the elec-596

trode from the separator towards the current collector side.597

B.2.3 Limited Electrolyte and Electron Conductivity598

If electron and ion conductivity are equally limited, both moving reaction599

zones can occur simultaneously, as shown in Fig. 7. Starting from separator600

and current collector side, the electrode is reduced towards the inside of the601

electrode. Thus, lithium is inserted in the inside part of the electrode last.602

Please note that the reaction rate profiles in Fig. 5-7b show the drop of603

the reaction rate when the material is fully reduced as a step function. This604

results in a spike shape of the maximum reaction rate. These features are605

caused by the simplifications made in Section B.1. Nevertheless, the model606

is able to capture the main phenomena during electrode operation.607

B.3 Connecting Battery and Permeability Model608

Solving the battery model gives the lithium distribution across the electrode,609

nLi(z). Each position z can be seen as an infinitely small layer with a perme-610
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ability that can be determined according to Sections 2.1.2 and 2.2. Thus, the611

permeability distribution across the electrode, µ(z) is obtained. The effec-612

tive permeability across the whole electrode can then be calculated according613

to the permeability of a layered structure, i.e. by calculating the harmonic614

average of the layers:615

µeff
pe =

1
∫

z
µppe(z)

dz
. (36)

With this, the permeability of the battery can be calculated according to616

Section 2.3.617
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Table 1: Model Parameters

used value reference
Cdl 0.2 F m−2

act [34]
d 52−9 m [19]
kox
RuO2

5.15·10−15 mol s−1 m−2
act [26]

from i0=3.14−6 A cm−2

L 75·10−6 [19]
T 298 K assumed
α 0.5 [19]
ǫ 0.27 [19]

κ
eff
l 4.03·10−2 S m−1 [19]

κeff
s 5·10−3 S m−1 [19]
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Figure 1: Schematic representation of the three structural scales of a
LiFEPO4 battery (left) and a cyclic water gas shift reactor (right).
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Figure 2: Susceptibility as function of lithium content. (a) Negative elec-
trode: bulk material (black) and porous electrode structure (grey). (b) Pos-
itive electrode: bulk material (black), for homogeneous lithium distribution
in the porous electrode (dashed line) and using the core-shell model (solid
line).
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Figure 3: Susceptibility of a LiFePO4 battery as function of SOC for different
charge/discharge rates. Black line: infinitely slow discharge, dashed grey
line: 1C (=1.2mA/cm2), dotted line 10C (=12mA/cm2), solid grey line:
100C(=124mA/cm2).
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Figure 4: Susceptibility of a CWGSR particle (solid line), pellet (dashed line)
and reactor bed (dotted line) as function of oxidation state
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Figure 5: Moving reaction front in a LiFePO4 electrode with low electron
conductivity during fast charging with 10C (=12mA/cm2). (a) lithium dis-
tribution and (b) reaction rate distribution at different times (from black to
gray: 0, 0.39, 0.78, 1.17, 1.56, 1.95, 2.34 s).

37

Page 37 of 39 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



0 2 4 6

x 10
−5

0

1

2

3

4

5

6

7

8
x 10

−5

length [m]

lit
hi

um
 c

on
te

nt
 [m

ol
]

0 2 4 6

x 10
−5

0

1

2

3

4

5

6

7

8
x 10

−7

length [m]

ox
id

at
io

n 
ra

te
 [m

ol
/m

2 /s
]

(a)

(b)

Figure 6: Moving reaction front in a LiFePO4 electrode with high electron
conductivity during fast charging with 10C (=12mA/cm2). (a) lithium dis-
tribution and (b) reaction rate distribution at different times (from black to
gray: 0, 0.39, 0.78, 1.17, 1.56, 1.95, 2.34 s).
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Figure 7: Moving reaction front in a LiFePO4 electrode with equal elec-
tron and ion conductivity during fast charging with 10C (=12mA/cm2). (a)
lithium distribution and (b) reaction rate distribution at different times (from
black to gray: 0, 0.39, 0.78, 1.17, 1.56, 1.95, 2.34 s).
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