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Abstract

External magnetic fields affect various electrochemical processes and can be used to enhance the efficiency of the electrochemical
water splitting reaction. However, the driving forces behind this effect are poorly understood due to the analytical challenges to the
available interface-sensitive techniques. Here, we present a set-up based on magneto- and electro-optical probing, which allows to
juxtapose the magnetic properties of the electrode with the electrochemical current densities in situ at various applied potentials
and magnetic fields. On the example of an archetypal hydrogen evolution catalyst, Pt (in a form of Co/Pt superlattice), we provide
evidence that a magnetic field acts on the electrochemical double layer affecting the local concentration gradient of hydroxide ions,
which simultaneously affects the magneto-optical and magnetocurrent response.
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1. Introduction1

Water electrolysis is widely recognized as one of the key pro-2

cesses for accelerating the use of renewable energy [1, 2, 3,3

4, 5]. For decades there has been a growing effort to increase4

the efficiency of the process. However, state-of-the-art alka-5

line and polymer electrolyte membrane electrolyzer efficien-6

cies (70% and 82%, respectively [6, 7, 8, 9]) are only slightly7

higher than 100 years ago [10]. Surprisingly, recently a drasti-8

cally increased electrochemical efficiency was achieved simply9

by applying a uniform magnetic field to the oxygen evolution10

electrode [11]. Electrochemical magnetic enhancement was ob-11

served also for hydrogen evolution reaction of different systems12

[12, 13]. Currently there is no consensus about the driving force13

that justifies the observations. The effect is particularly unex-14

pected, as typical magnetic energies are orders of magnitude15

lower than chemical energies (energy of spin-spin interactions16

< µJ mol−1)[14] and the expected contribution of the magnetic17

field to increasing the rate of chemical reactions is effectively18

zero from a purely thermodynamic perspective.19

Most of the known effects of magnetic fields on electrochem-20

ical processes are magneto-hydrodynamic in nature and stem21

from the Lorentz force. External magnetic fields potentially22

influence: 1) the capacitance, resistance and ”thickness” of the23

electrochemical double layer [15], 2) surface morphology of the24

electrode [16], 3) diffusion layer kinetics [17, 18], 4) formation,25

size and stability of surface bubbles[19], and 5) reaction kinet-26

ics, especially when radical species are involved [20, 21, 14].27

Despite the many available analytical techniques for probing28

electrochemical reactions, their in situ analysis remains a chal-29

lenge. Particular difficulty lies in retaining surface sensitivity30

in the presence of the bulk electrolyte, while maintaining the31

often extreme pH environment and ambient or elevated temper-32

ature and pressure. For example, photoelectron spectroscopies33

are strongly surface sensitive, but are mostly restricted to ul-34

tra high vacuum conditions. One of the techniques that offers35

non-destructive analysis that is compatible with the outlined re-36

quirements is based on magneto-optics [22]. Briefly, magneto-37

optical probing is based on the difference between the refractive38

indices of the right and left circularly polarized components39

of linearly polarized incident electromagnetic radiation. This40

difference develops as light passes through (Faraday effect)41

or is reflected by (Kerr magneto-optical effect) a birefringent42

medium exposed to a magnetic field. In case of electrochemi-43

cal probing, additional contribution (Pockels effect) arises from44

non-centrosymmetric components exposed to an electric field.45

The surface sensitivity of around 5 nm is estimated by the at-46

tenuation of light in metals. Although it is designed to probe47

magnetic properties, non-magnetic or weakly magnetic materi-48

als can be analyzed indirectly. For example, Pt can be used as49

an active interface to the electrolyte in a form of a Co/Pt sup-50

perlattice, which is known for its strong perpendicular magnetic51

anisotropy and finite remanent magnetization [23].52

In this work, we present an in situ approach that allows prob-53

ing the electrode-electrolyte interface in an applied magnetic54

field, while simultaneously monitoring the magnetocurrent re-55

sponse (Fig. 1, for details refer to Appendix A) and summa-56

rize the assumptions. The magneto-optical response of Co/Pt57
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Figure 1: Top panel: MOKE hysteresis curves of Co-Pt in air (orange), with
a glass optical window (green) and in 0.1 M KOH (blue). The sketches de-
pict the magnetic domain structure causing magnetic stray fields and thus large
local gradients near the interface at low applied magnetic fields. The dashed
lines are drawn at the MOKE coercive fields and saturation points. Bottom
panel: Magnetocurrent density measured in 0.1 M KOH at -0.15 V and 3 s per
measurement point.

multilayer with Pt layer (for further details refer to Appendix58

B) as the hydrogen evolution electrode yields information on59

structural and chemical changes of the electrode-electrolyte in-60

terface. We report a magnetic field induced change of over 7%61

percent in the electrochemical current density under constant62

applied bias of -0.15 V (vs RHE) and correlate this change to63

the magneto-optic response. In the discussion section, we pro-64

vide evidence that this change is induced by the magnetic field65

gradient at the surface and provide possible explanations re-66

garding the effect of the magnetic field on the electrolyte and67

on the electrode. Finally, we conclude that an applied external68

magnetic field strongly influences the current density of the hy-69

drogen evolution reaction and the chemical composition of the70

electrochemical double layer.71

2. Results72

When light is reflected at a magnetic interface, the intensity73

and polarization of the transmitted/reflected light is modified74

by the layers interacting with the electromagnetic wave. For75

the chosen measurement principle, the following considerations76

were taken into account:77

(i) The light absorption through the dielectric is assumed to78

be negligible. However, the Faraday effect of the electrolyte79

layer (3 mm optical path; aq. KOH) and the optical window80

(SiO2) of the electrochemical cell is strong. The deconvolution81

of the Faraday contributors is not straightforward, as the effect82

is larger than the sought one (Fig. 1). Therefore, instead of eval-83

uating the full response, we restrict the discussion to the differ-84

ence signal between the two branches of the hysteresis curve85

∆M ∝ (θ(Bincreasing) − θ(Bdecreasing) =
∮

∆MBdB, effectively re-86

moving all Faraday contributions. ∆M is directly related to the87

intrinsic magnetic properties of the Co/Pt thin film and is very88

sensitive to its morphology and chemical composition [24, 25].89

(ii) The orientational disorder of water in the EDL modifies90

its optical properties. The effective dipole moment of dynam-91

ically disordered bulk water is zero. As the molecules align92

at the interface, the effective dipole moment increases and be-93

comes sensitive to an applied electric field [26]. This so-called94

Pockels effect depends on the refractive index nEDL and scales95

linearly with the effective electric field at the interface.96

(iii) During electrolysis the number of OH− ions in alkaline97

electrolytes increases at expense of the water molecules at the98

hydrogen electrode surface, and vice versa at the oxygen elec-99

trode. In a very simplified way:100

• hydrogen evolution reaction (cathode):101

4H2O + 4e− → 2H2 + 4OH− (1)102

• oxygen evolution reaction (anode):103

4OH− → O2 + 2H2O + 4e− (2)104

The change in the ionic concentration affects the refractive in-105

dex near the electrode. Unlike the Pockels effect, which scales106

with the electric field, ionic concentration is dependent on cur-107

rent density and time.108

(iii) Overall, the magneto-optical response is affected by109

all the components of the electrochemical system: the optical110

window (Faraday), bulk electrolyte (Faraday), electrochemical111

double layer and diffusion layer (Faraday and Pockels effects)112

and the electrode (magneto-optical Kerr effect). In addition,113

the magneto-optical signal depends on the change in the refrac-114

tive index, e.g. between a magneto-optical medium and a di-115

electric, here the EDL. The effect of the refractive index on the116

MOKE signal in a multilayered system has been defined previ-117

ously [27]. Applying the same relationship between the MOKE118

enhancement factor, f c
e , and the MOKE rotation, θ, we get:119

f c
e =

θ(ñEDL, ñCoPt)
θ(n0, ñCoPt)

(3)120

where ñCoPt = const. and ñEDL = f (U, B) are the complex re-121

fractive indices of the magnetically stable electrode and elec-122

trochemical double layer in a magnetic field, respectively, and123

n0 = 1 is the refractive index of air, i.e. system in the absence124

of an electcrolyte (see section Appendix C for further details).125

The experimental enhancement, fe, is defined as a change to126

the initial state, rather than an absolute value, i.e. fe ∝ f c
e .127

The calculation estimates f c
e values slightly less than unity, de-128

creasing with increasing nEDL for the given system (section Ap-129

pendix C). The power of the optical magneto-electrochemical130

set-up, as described in detail in Appendix A, lies in the simul-131

taneous probing of the magneto-optics and magnetocurrents.132

Notably, in magneto-optic response, there is a progressive in-133

crease to the hysteresis area, ∆M, upon application of posi-134

tive bias (oxygen evolution) and decrease upon application of135

negative bias (hydrogen evolution) (Fig. 2). However, no dif-136

ference is observed in the shape of the hysteresis (Fig. S1),137
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Figure 2: Top panel: the difference between two hysteresis branches ∆M at
various applied potentials. The integrated area as indicated by the shading is
used as relative Kerr enhancement factor fe. The hysteresis area is not sym-
metric, from which the asymmetry factor fa is derived. Bottom panel: Kerr
enhancement, asymmetry factor, and current density as a function of the ap-
plied potential.

only the overall area. This signifies unchanged magnetic prop-138

erties of the electrode during either hydrogen or oxygen evolu-139

tion and overall stability of the electrode under the given condi-140

tions, which is further confirmed by the pre- and post-catalytic141

XPS analysis (Fig. S2). This is not surprising, considering the142

electrochemical stability of the Pt layer that is in contact with143

the electrolyte. Therefore, the changes of the magneto-optical144

signal are not connected to the electrode (ñCoPt = const.),145

optical window (ñglass = 1.52 = const.) or bulk electrolyte146

(ñKOH = 1.37 = const. for 0.1 M KOH). On another hand, the147

refractive index of the interfacial electrolyte layers changes as148

a result of electrochemical processes (eq. 1; ñEDL = 1.37 + ∆ñ).149

The bias-induced changes to the area of the hysteresis, ∆M,150

are directly proportional to the MOKE enhancement parameter151

fe. The latter does not scale linearly with the applied bias, as152

would be the case with Pockels effect, but rather scales with153

the electrochemical current density (Fig. 2), in line with the154

assignment of the observed effect to the change in the refractive155

index near to the interface. This effect could originate from a156

change in the ion concentration or the thickness of the layer,157

according to the equation C.1. Due to the non-linear scaling158

with the electric field, a contribution from the Pockels effect is159

assumed to be minor, even though it cannot be fully excluded.160

Interestingly, there is a clear dependence on the magnetic161

field direction, which is particularly visible in the asymmetry162

of the MOKE signal between the high positive (> 100 mT) and163

high negative (< -100 mT) magnetic fields (Fig. 2), defined by164

the assymetry factor, fa = d∆M
dB .165

Simultaneously measured magnetocurrents also exhibit de-166

pendency on the magnetic field strength and direction (Fig.167

1). The directional asymmetry is even more pronounced in the168

magnetocurrent curves obtained at relatively short times (Fig.169

S3). The area enclosed between the two magnetocurrent curves170

and the magnetic field at which the two curves cross one an-171

Figure 3: Magneto-optical Kerr intensity (blue) and current density (red) in
cycled magnetic field: zero (green area), +0.26 T (yellow area) and -0.26 T
(gray area).

other is strongly time-dependent (Fig. S3). The asymmetry of172

the hysteresis loops and thus the dependence on magnetic field173

direction of both electrochemical current density and MOKE174

signal disappears at higher measurement times (Fig. S3). How-175

ever, the equilibrium is only reached on a time-scale of several176

tens of minutes (Fig. 3), indicating that the magnetic-field de-177

pendence originates from non-equilibrium conditions induced178

by the application of the magnetic field. The MOKE enhance-179

ment factor changes with the same rate as the asymmetry of the180

magnetocurrent loops and the magnetic field at which the cur-181

rent loops intersect (Fig S3). Thus, the small changes of the182

MOKE signal and the magnetocurrent loops can be attributed183

to the same origin.184

The change in the current density does not scale with the185

magnetic field strength (Fig. 1). As the magnetic field increases186

from 0 to 260 mT, current density does not continuously in-187

crease, but rather increases to a certain point (around 100 mT),188

after which a decrease is observed. This turning point coincides189

with the saturation of the MOKE hysteresis curves.190

3. Discussion191

The process induced by the presence of the magnetic field is192

slow relative to most electrochemical processes, reversible and193

affects simultaneously magnetic properties of the electrolyte194

and the overall current density (Fig. 1). The time-scale is in195

the order of diffusion processes facilitated by a magnetic field196

gradient [28, 29, 30]. This so-called magneto-migration is a197

relatively small effect: concentration gradients of a few per-198

cent per cm develop on a timescale of hours in inhomogeneous199

magnetic field gradient of about T/cm applied to rare-earth ions200

[28, 29, 30]. The particle current density J = j/(NAze) in-201

duced by chemical diffusion is enhanced by magnetic field gra-202

dient according to the thermodynamics of irreversible processes203

[31, 32]:204

J = −L · ∇
(
µchem + µmag

)
(4)205

where the chemical potential µchem ' RT = 2.5 · 103Jmol−1 and206

the magnetic energy is defined by:207

µmag =
1

2µ0
· χB2 (5)208
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where χ = (1 − c)χH2O − cχOH− is the difference in the mag-209

netic susceptibility between H2O and OH− [33], µ0 is the vac-210

uum permeability, c the concentration of hydroxide ions and211

the tensor L contains the transport coefficients [31]. The overall212

magnetic energy contribution at maximum concentration differ-213

ence c is ' 10−5Jmol−1 at χmax ' (−13+11)10−12m3 ·mol−1, i.e.214

effectively negligible. However, where the reaction takes place,215

at the interface, the local concentration gradients of water and216

hydroxide ions can be large due the nanometer thickness of the217

EDL. The driving force induced by a constant magnetic field is218

then219

J ∝ ∇(χB2) ∝ χB2∇c (6)220

With this, the impact of the magnetic energy in eq. 4 relative221

to that of the overall diffusion loss, estimated by the ratio222 (
∆µmag

∆xEDL

)
/

(
∆µchem

∆xchem

)
'

(
10−5

10−8

)
/

(
103

10−1

)
= 10−1 (7)223

is markedly increased, and causes a local segregation of wa-224

ter and hydroxide ions with direct consequences on the elec-225

trochemical conversion in the order of a few %, as observed226

experimentally. The effect was already observed for paramag-227

netic ions (nitrobenzene radicals) by Dunne et al.[15], but not228

for the diamagnetic aqueous systems. Our observation, which229

are smaller in magnitude, are in perfect agreement with these230

results, as ∆χdia = −1/(10...1000)∆χpara.231

To corroborate this hypothesis, we performed experiments232

with various concentrations of KOH. Indeed, at 1 mM KOH233

concentrations there is no detectable effect, and with increasing234

pH, i.e. increasing number of ions, the effect becomes more235

pronounced (Fig. S4).236

The effect is restricted to the hydrogen evolution, supporting237

the outlined hypothesis. Oxygen evolution is proportional to238

the number of ions, which are attracted by the electric field to239

the electrode (eq. 2). This is not the case in the HER (eq. 1)240

where the reactant is neutral water transported by diffusion. Its241

concentration has direct impact on the formation of hydroxide242

ions and thus on the electrochemical current density.243

Dunne and Coey [16] studied the concept of magnetic forces244

and pressures as the origin of convection induced by magnetic245

field gradient. They emphasize the importance of the orthog-246

onal component between the concentration and magnetic field247

gradients for facilitating convection. Our approximations omit248

the directional relation and only rationalize the magnitude of249

the effect, as defining the effect more precisely requires the ex-250

act knowledge of the magnetic field on the nanoscale [16, 32]251

(refer to subsection Appendix C.1 for further details).252

It has recently been reported that the maximum magnetiza-253

tion of the materials scales with the strength of the induced254

magnetocurrents [11]. Although the origin of the effect is not255

known, it was hypothesized that the changed spin-spin interac-256

tions during biradical recombination step of oxygen evolution257

reaction were the driving force, in line with the processes pre-258

viously reported for other electrodes [12] and molecular sys-259

tems [20, 14]. In the given study direct spin-spin interactions260

can be neglected, as the interfacial metal is Pt. We prove that261

the magnetic-field effect mainly influences the concentration262

of ions near the electrode-electrolyte interface, which explains263

quantitatively the dependence of the current on magnetic field,264

potential and time. At high current densities and fields, addi-265

tional effects, e.g. bubbles, may become relevant (refer to sub-266

section Appendix C.1 for further details). Our results are in267

line with the previously demonstrated influence of macroscopic268

magnetic array on the patterning during electrodeposition [16],269

which reports on the importance of the specific magnetic field270

curves and corresponding gradients.271

Apart from electrolysis, the effect may be applicable in spin-272

tronics, as the accumulation of spins at ferromagnetic - para-273

magnetic metallic interfaces is based on similar dependencies274

[34]. Goboret et al. [32] point out applications in microbiology275

[35] and biomedicine, while further studies may contribute to276

the ongoing debate on the potential health effects as a result of277

the magnetic field exposure [36].278

4. Conclusions279

We report an enhancement of approximately 7% in the elec-280

trochemical hydrogen evolution on Pt electrodes exposed to281

moderate magnetic fields. The simultaneous in situ probing of282

magneto-optical properties and magnetocurrents provides evi-283

dence that the external magnetic fields affect the concentration284

gradient of hydroxide ions in the vicinity of the electrode sur-285

face established during hydrogen evolution. As water and hy-286

droxide ions have different diamagnetic properties, this gradient287

is affected even by a constant magnetic field.288
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Appendix A. Set-up for in situ magneto- and electro-293

optical Kerr effect analysis294

The constructed magneto-optical Kerr effect set-up (Fig.295

A.4) for in situ probing of the electrochemical interfaces is296

adapted for electrode surfaces from previous publications. All297

components were purchased from Thorlabs, unless otherwise298

stated.299

Polar MOKE optical arrangement is selectively sensitive300

to out-of-plane magnetization (e.g. CoPt superlattice) and301

has orders of magnitude stronger signal than either longitu-302

dinal or transverse MOKE. Fully s-polarized probing light is303

achieved by passing a beam of a broadband light-emitting304

diode (MCWHF2) through a Glan-Thompson calcite polariser305

(GTH5M-A) (Fig. A.4). The light is reflected from a sample306

inserted into an electromagnet (max. 270 mT) equipped with307

a polarity switch and a magnetometer (Wuntronic, Koshava 5).308

Due to the birefringent properties of matter the light reflected309

from the magnetized sample surface is rotated by an angle, θ,310
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Figure A.4: Magneto-optical Kerr effect set-up: a) Schematic representation
of the set-up arrangement and main components; b) Sketch of the 3D printed
electrochemical cell. The cross-section demonstrating interconnected electrode
compartments is presented on the bottom.

so the reflected beam consists of a small p-polarized compo-311

nent (Ep) in addition to the dominant s-polarized one (Es). The312

Kerr angle is defined by Ep/Es and is directly proportional to313

the light intensity passing through the analyzer: the second po-314

larizer that is set to near extinction (87◦) relative to the initial315

polarizer.316

Overall, the degree of rotation is detected through a com-317

bination of an analyzer (LPVISE100-A), plano convex lens318

(LA1433) and a complementary metal oxide semiconductor319

(CMOS) camera (DCC1545M), with the overall spatial reso-320

lution of the set-up of 55 µm.321

The set-up is fitted with a 3D-printed polypropylene elec-322

trochemical cell (Fig. A.4) with three interconnected compart-323

ments: for working, counter and reference electrodes. The total324

volume of the cell is 25 ml. The working electrode is probed325

by light passing through the glass window and a layer of elec-326

trolyte. The applied potential and current flowing through the327

electrochemical cell is controlled and recorded with a potentio-328

stat.329

Probing depth of MOKE is defined by the attenuation length330

of visible light in metals that is on the order of 10 nm. Since331

MOKE is a reflection-based technique, the probing depth is in332

the range of 5 nm.333

Appendix B. Electrode and electrolyte334

The Co/Pt superlattice stack from substrate to top layer was335

grown by dc magnetron sputtering at around 2 microbar Ar336

atmosphere as follows: Al2O3 (0001)/ Pt (10 nm)/[Co(0.4337

nm)/Pt(0.7 nm)]5 /Pt(3nm). The Pt (10nm) layer acted as a338

seed layer and was grown at 400 ◦C. High temperature growth339

leads to epitaxial relation between the Pt seed layer and the340

substrate resulting in epitaxial Pt (111) layer. The subsequent341

layers [Co(0.4nm)/Pt(0.7nm)]5 /Pt(3nm) were grown at room342

temperature after overnight cooling down. The sample shows343

150 mT coercive field at 300 K measured by a vibrating-sample344

magnetometer. The surface area of the working electrode is 1345

cm2.346

Platinum wire was used as a counter electrode (with a total347

surface area of 34 cm2) and Hg/HgO as a reference electrode.348

Potassium hydroxide pellets were purchased from Sigma-349

Aldrich and dissolved in MilliQ H2O to 0.1 M concentration,350

unless stated otherwise. Iron impurities were removed accord-351

ing to the procedure outlined by Trotochaud et. al. [37].352

Appendix C. Estimation of MOKE enhancement factor353

The MOKE enhancement factor may be calculated as de-354

scribed in Ref. [27]:355

f c
e = Abs

1 +
4πiñCoPtd

λ

ñ2
EDL − ñ2

0

ñ2
CoPt − n2

0

 (C.1)356

where λ is the incident wavelength, d the thickness of the357

EDL and ñi is the complex index of refraction ñi = n + ik. The358

refractive index n of water and 0.1 M aqueous KOH is 1.33 and359

1.37, respectively, and k = 0. ñCoPt = 2.2 + i · 4.2. We assume360

a thickness of the EDL of around d = 2 nm.361

Appendix C.1. Magneto-hydrodynamics362

The electrolyte near to an electrochemically active electrode363

may be divided into three zones: the electrochemical double364

layer (δEDL ' 1 nm), the diffusion layer (nm < δdi f f < 100µm,365

e.g. δdi f f = 15µm @ j = 194 mAcm−2 [38]) and the convec-366

tion zone [38]. In principle, magnetic fields can affect all zones,367

i.e. the EDL [15], diffusion layer [28, 29, 30], and convection368

[15]. Convection is only affected by magnetic fields, if the the369

concentration gradient and the field gradient have orthogonal370

components [16]. Bubbles are assigned to the convection zone,371

and their formation is influenced by magnetic fields [19, 39].372

The origin of magneto-hydrodynamic effect is a uniform mag-373

netic field acting on a current via the Lorentz force [13]. In this374

paper, the electrolyte changes can be traced back to the first nm375

of the electrolyte adjacent to the electrode surface. The typical376

time constants found are indicative of diffusion processes [16].377

Therefore, the magnetic field effects studied here can be traced378

back to their impact on the diffusion layer.379
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