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� Magnetic field effects on hydrogen evolution probed by in situ magneto-optics.

� External magnetic fields enhance electrochemical hydrogen evolution on Pt.

� The effect is linked to the magnetic changes of the electrochemical double layer.
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Technology, Überlandstrasse 129, 8600, Düb
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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 of 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 mag-

netic 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 simulta-

neously affects the magneto-optical and magnetocurrent response.
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Introduction

Water electrolysis is widely recognized as one of the key

processes for accelerating the use of renewable energy [1e5].

For decades there has been a growing effort to increase the

efficiency of the process. However, state-of-the-art alkaline

and polymer electrolyte membrane electrolyzer efficiencies

(70% and 82%, respectively [6e9]) are only slightly higher than

100 years ago [10]. Surprisingly, recently a drastically

increased electrochemical efficiency was achieved simply by

applying a uniform magnetic field to the oxygen evolution

electrode [11]. Electrochemical magnetic enhancement was

observed also for hydrogen evolution reaction of different

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

driving force that justifies the observations. The effect is

particularly unexpected, as typical magnetic energies are or-

ders of magnitude lower than chemical energies (energy of

spin-spin interactions < mJ mol�1) [14] and the expected

contribution of the magnetic field to increasing the rate of

chemical reactions is effectively zero from a purely thermo-

dynamic perspective.

Most of the known effects of magnetic fields on electro-

chemical processes aremagneto-hydrodynamic in nature and

stem from the Lorentz force. External magnetic fields poten-

tially influence: 1) the capacitance, resistance and “thickness”

of the electrochemical double layer [15], 2) surface

morphology of the electrode [16], 3) diffusion layer kinetics

[17,18], 4) formation, size and stability of surface bubbles [19],

and 5) reaction kinetics, especially when radical species are

involved [14,20,21].

Despite the many available analytical techniques for

probing electrochemical reactions, their in situ analysis re-

mains a challenge. Particular difficulty lies in retaining sur-

face sensitivity in the presence of the bulk electrolyte, while

maintaining the often extreme pH environment and ambient

or elevated temperature and pressure. For example, photo-

electron spectroscopies are strongly surface sensitive, but are

mostly restricted to ultra high vacuum conditions. One of the

techniques that offers non-destructive analysis that is

compatible with the outlined requirements is based on

magneto-optics [22]. Briefly, magneto-optical probing is

based on the difference between the refractive indices of the

right and left circularly polarized components of linearly

polarized incident electromagnetic radiation. This difference

develops as light passes through (Faraday effect) or is re-

flected by (Kerr magneto-optical effect) a birefringent me-

dium exposed to a magnetic field. In case of electrochemical

probing, additional contribution (Pockels effect) arises from

non-centrosymmetric components exposed to an electric

field. The surface sensitivity of around 5 nm is estimated by

the attenuation of light in metals. Although it is designed to

probe magnetic properties, non-magnetic or weakly mag-

netic materials can be analyzed indirectly. For example, Pt

can be used as an active interface to the electrolyte in a form

of a Co/Pt supperlattice, which is known for its strong

perpendicular magnetic anisotropy and finite remanent

magnetization [23].
In this work, we present an in situ approach that allows

probing the electrode-electrolyte interface in an applied

magnetic field, while simultaneously monitoring the mag-

netocurrent response (Fig. 1, for details refer to A) and sum-

marize the assumptions. The magneto-optical response of

Co/Pt multilayer with Pt layer (for further details refer to B) as

the hydrogen evolution electrode yields information on

structural and chemical changes of the electrode-electrolyte

interface. We report a magnetic field induced change of over

7% percent in the electrochemical current density under

constant applied bias of �0.15 V (vs RHE) and correlate this

change to the magneto-optic response. In the discussion

section, we provide evidence that this change is induced by

the magnetic field gradient at the surface and provide

possible explanations regarding the effect of the magnetic

field on the electrolyte and on the electrode. Finally, we

conclude that an applied external magnetic field strongly

influences the current density of the hydrogen evolution re-

action and the chemical composition of the electrochemical

double layer.
Results

When light is reflected at a magnetic interface, the intensity

and polarization of the transmitted/reflected light is modified

by the layers interacting with the electromagnetic wave. For

the chosen measurement principle, the following consider-

ations were taken into account:

(i) The light absorption through the dielectric is assumed

to be negligible. However, the Faraday effect of the

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

optical window (SiO2) of the electrochemical cell is

strong. The deconvolution of the Faraday contributors is

not straightforward, as the effect is larger than the

sought one (Fig. 1). Therefore, instead of evaluating the

full response, we restrict the discussion to the differ-

ence signal between the two branches of the hysteresis

curve DMf
�
qðBincreasingÞ � qðBdecreasingÞ ¼ H

DMBdB, effec-

tively removing all Faraday contributions. DM is directly

related to the intrinsic magnetic properties of the Co/Pt

thin film and is very sensitive to its morphology and

chemical composition [24,25].

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

its optical properties. The effective dipole moment of

dynamically disordered bulk water is zero. As the mol-

ecules align at the interface, the effective dipole

moment increases and becomes sensitive to an applied

electric field [26]. This so-called Pockels effect depends

on the refractive index nEDL and scales linearly with the

effective electric field at the interface.

(iii) During electrolysis the number of OH� ions in alkaline

electrolytes increases at expense of thewatermolecules

at the hydrogen electrode surface, and vice versa at the

oxygen electrode. In a very simplified way:

∙ hydrogen evolution reaction (cathode):
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Fig. 1 e 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 depict 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. (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4H2Oþ 4e�/2H2 þ 4OH� (1)

∙ oxygen evolution reaction (anode):

4OH�/O2 þ 2H2Oþ 4e� (2)

The change in the ionic concentration affects the refractive

index near the electrode. Unlike the Pockels effect, which

scales with the electric field, ionic concentration is dependent

on current density and time.

(iv) Overall, the magneto-optical response is affected by all

the components of the electrochemical system: the

optical window (Faraday), bulk electrolyte (Faraday),

electrochemical double layer and diffusion layer

(Faraday and Pockels effects) and the electrode

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

optical signal depends on the change in the refractive

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

dielectric, here the EDL. The effect of the refractive

index on the MOKE signal in a multilayered system has

been defined previously [27]. Applying the same
relationship between theMOKE enhancement factor, f ce,

and the MOKE rotation, q, we get:

f ce ¼
qðenEDL; enCoPtÞ
qðn0; enCoPtÞ (3)

where enCoPt ¼ const and enEDL ¼ fðU;BÞ are the complex refrac-

tive indices of the magnetically stable electrode and electro-

chemical double layer in a magnetic field, respectively, and

n0¼ 1 is the refractive index of air, i.e. system in the absence of

an electcrolyte (see section C for further details). The experi-

mental enhancement, fe, is defined as a change to the initial

state, rather than an absolute value, i.e. feff ce. The calculation

estimates f ce values slightly less than unity, decreasing with

increasing nEDL for the given system (section C).

The power of the optical magneto-electrochemical set-up,

as described in detail in A, lies in the simultaneous probing of

the magneto-optics and magnetocurrents. Notably, in

magneto-optic response, there is a progressive increase to the

hysteresis area, DM, upon application of positive bias (oxygen

evolution) and decrease upon application of negative bias

(hydrogen evolution) (Fig. 2). However, no difference is

observed in the shape of the hysteresis (Fig. S1), only the

overall area. This signifies unchanged magnetic properties of

the electrode during either hydrogen or oxygen evolution and
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Fig. 2 e Top panel: the difference between two hysteresis branches DM 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 symmetric, from which

the asymmetry factor fa is derived. Bottom panel: Kerr enhancement, asymmetry factor, and current density as a function of

the applied potential.
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overall stability of the electrode under the given conditions,

which is further confirmed by the pre- and post-catalytic XPS

analysis (Fig. S2). This is not surprising, considering the elec-

trochemical stability of the Pt layer that is in contact with the

electrolyte. Therefore, the changes of the magneto-optical

signal are not connected to the electrode (enCoPt ¼ const.), op-

tical window (englass ¼ 1:52 ¼ const.) or bulk electrolyte

(enKOH ¼ 1:37 ¼ const for 0.1 M KOH). On another hand, the

refractive index of the interfacial electrolyte layers changes as

a result of electrochemical processes (Eq. (1); enEDL ¼ 1:37þ Den).
The bias-induced changes to the area of the hysteresis, DM,

are directly proportional to the MOKE enhancement param-

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

as would be the casewith Pockels effect, but rather scaleswith

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

assignment of the observed effect to the change in the

refractive index near to the interface. This effect could origi-

nate from a change in the ion concentration or the thickness

of the layer, according to equation C.1. Due to the non-linear

scaling with the electric field, a contribution from the Pock-

els effect is assumed to be minor, even though it cannot be

fully excluded.

Interestingly, there is a clear dependence on the magnetic

field direction, which is particularly visible in the asymmetry

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

high negative (<�100 mT) magnetic fields (Fig. 2), defined by

the assymetry factor, fa ¼ dDM
dB .

Simultaneously measured magnetocurrents also exhibit

dependency on the magnetic field strength and direction

(Fig. 1). The directional asymmetry is even more pronounced
in the magnetocurrent curves obtained at relatively short

times (Fig. S3). The area enclosed between the two magneto-

current curves and the magnetic field at which the two curves

cross one another is strongly time-dependent (Fig. S3). The

asymmetry of the hysteresis loops and thus the dependence

on magnetic field direction of both electrochemical current

density and MOKE signal disappears at higher measurement

times (Fig. S3). However, the equilibrium is only reached on a

time-scale of several tens of minutes (Fig. 3), indicating that

the magnetic-field dependence originates from non-

equilibrium conditions induced by the application of the

magnetic field. The MOKE enhancement factor changes with

the same rate as the asymmetry of the magnetocurrent loops

and themagnetic field at which the current loops intersect (Fig

S3). Thus, the small changes of the MOKE signal and the

magnetocurrent loops can be attributed to the same origin.

The change in the current density does not scale with the

magnetic field strength (Fig. 1). As themagnetic field increases

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

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

after which a decrease is observed. This turning point co-

incides with the saturation of the MOKE hysteresis curves.
Discussion

The process induced by the presence of the magnetic field is

slow relative to most electrochemical processes, reversible

and affects simultaneously magnetic properties of the elec-

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

is in the order of diffusion processes facilitated by a magnetic

https://doi.org/10.1016/j.ijhydene.2020.10.210
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Fig. 3 e Magneto-optical Kerr intensity (blue) and current density (red) in cycled magnetic field: zero (green area), þ0.26 T

(yellow area) and ¡0.26 T (gray area). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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field gradient [28e30]. This so-called magneto-migration is a

relatively small effect: concentration gradients of a few

percent per cm develop on a timescale of hours in inhomo-

geneousmagnetic field gradient of about T/cm applied to rare-

earth ions [28e30]. The particle current density J ¼ j/(NAze)

induced by chemical diffusion is enhanced by magnetic field

gradient according to the thermodynamics of irreversible

processes [31,32]:

J ¼ �L,V
�
mchem þ mmag

�
(4)

where the chemical potential mchem x RT ¼ 2.5 , 103Jmol�1 and

the magnetic energy is defined by:

mmag ¼
1
2m0

,cB2 (5)

where c ¼ ð1�cÞcH2O � ccOH� is the difference in the magnetic

susceptibility between H2O and OH� [33], m0 is the vacuum

permeability, c the concentration of hydroxide ions and the

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

magnetic energy contribution at maximum concentration

difference c is x 10�5Jmol�1 at cmax x (�13 þ 11)10�12m3 ,

mol�1, i.e. effectively negligible. However, where the reaction

takes place, at the interface, the local concentration gradients

of water and hydroxide ions can be large due the nanometer

thickness of the EDL. The driving force induced by a constant

magnetic field is then

JfVðcB2ÞfcB2Vc (6)

With this, the impact of the magnetic energy in Eq. (4) relative

to that of the overall diffusion loss, estimated by the ratio

�
Dmmag

DxEDL

���
Dmchem

Dxchem

�
x

�
10�5

10�8

���
103

10�1

�
¼ 10�1 (7)

is markedly increased, and causes a local segregation of water

and hydroxide ions with direct consequences on the electro-

chemical conversion in the order of a few %, as observed
experimentally. The effect was already observed for para-

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

not for the diamagnetic aqueous systems. Our observation,

which are smaller in magnitude, are in perfect agreement

with these results, as Dcdia ¼ �1/(10…1000)Dcpara.

To corroborate this hypothesis, we performed experiments

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

concentrations there is no detectable effect, and with

increasing pH, i.e. increasing number of ions, the effect be-

comes more pronounced (Fig. S4).

The effect is restricted to the hydrogen evolution, sup-

porting the outlined hypothesis. Oxygen evolution is propor-

tional to the number of ions, which are attracted by the

electric field to the electrode (Eq. (2)). This is not the case in the

HER (Eq. (1)) where the reactant is neutral water transported

by diffusion. Its concentration has direct impact on the for-

mation of hydroxide ions and thus on the electrochemical

current density.

Dunne and Coey [16] studied the concept of magnetic

forces and pressures as the origin of convection induced by

magnetic field gradient. They emphasize the importance of

the orthogonal component between the concentration and

magnetic field gradients for facilitating convection. Our ap-

proximations omit the directional relation and only ratio-

nalize the magnitude of the effect, as defining the effect more

precisely requires the exact knowledge of the magnetic field

on the nanoscale [16,32] (refer to subsection C.1 for further

details).

It has recently been reported that the maximum magne-

tization of the materials scales with the strength of the

induced magnetocurrents [11]. Although the origin of the ef-

fect is not known, it was hypothesized that the changed spin-

spin interactions during biradical recombination step of oxy-

gen evolution reaction were the driving force, in line with the

processes previously reported for other electrodes [12] and

molecular systems [14,20]. In the given study direct spin-spin

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

https://doi.org/10.1016/j.ijhydene.2020.10.210
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prove that the magnetic-field effect mainly influences the

concentration of ions near the electrode-electrolyte interface,

which explains quantitatively the dependence of the current

on magnetic field, potential and time. At high current den-

sities and fields, additional effects, e.g. bubbles, may become

relevant (refer to subsection C.1 for further details). Our re-

sults are in line with the previously demonstrated influence of

macroscopic magnetic array on the patterning during elec-

trodeposition [16], which reports on the importance of the

specific magnetic field curves and corresponding gradients.

Apart from electrolysis, the effect may be applicable in

spintronics, as the accumulation of spins at ferromagnetic -

paramagnetic metallic interfaces is based on similar de-

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

microbiology [35] and biomedicine, while further studies may

contribute to the ongoing debate on the potential health ef-
Figure A.4 e 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.
fects as a result of the magnetic field exposure [36].
Conclusions

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

trochemical hydrogen evolution on Pt electrodes exposed to

moderatemagnetic fields. The simultaneous in situ probing of

magneto-optical properties and magnetocurrents provides

evidence that the external magnetic fields affect the concen-

tration gradient of hydroxide ions in the vicinity of the elec-

trode surface established during hydrogen evolution. Aswater

and hydroxide ions have different diamagnetic properties,

this gradient is affected even by a constant magnetic field.
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Appendix A. Set-up for in situ magneto- and
electro-optical Kerr effect analysis

The constructed magneto-optical Kerr effect set-up (Fig. A.4)

for in situ probing of the electrochemical interfaces is adapted

for electrode surfaces from previous publications. All com-

ponents were purchased from Thorlabs, unless otherwise

stated.
Polar MOKE optical arrangement is selectively sensitive to

out-of-plane magnetization (e.g. Co/Pt superlattice) and has

orders of magnitude stronger signal than either longitudinal

or transverseMOKE. Fully s-polarized probing light is achieved

by passing a beam of a broadband light-emitting diode

(MCWHF2) through a Glan-Thompson calcite polariser

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

inserted into an electromagnet (max. 270mT) equippedwith a

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

Due to the birefringent properties of matter the light reflected

from the magnetized sample surface is rotated by an angle, q,

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

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

Kerr angle is defined by Ep/Es and is directly proportional to the

light intensity passing through the analyzer: the second

polarizer that is set to near extinction (87�) relative to the

initial polarizer.

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

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

(LA1433) and a complementary metal oxide semiconductor
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(CMOS) camera (DCC1545 M), with the overall spatial resolu-

tion of the set-up of 55 mm.

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

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

partments: for working, counter and reference electrodes. The

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

probed by light passing through the glass window and a layer

of electrolyte. The applied potential and current flowing

through the electrochemical cell is controlled and recorded

with a potentiostat.

Probing depth of MOKE is defined by the attenuation length

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

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

the range of 5 nm.
Appendix B. Electrode and electrolyte

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

grown by DC magnetron sputtering at around 2 mbar Ar at-

mosphere as follows: Al2O3 (0001)/Pt (10 nm)/[Co(0.4 nm)/

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

and was grown at 400 �C. High temperature growth leads to

epitaxial relation between the Pt seed layer and the substrate

resulting in epitaxial Pt (111) layer. The subsequent layers

[Co(0.4 nm)/Pt(0.7 nm)]5/Pt(3 nm) were grown at room tem-

perature after overnight cooling down. The sample shows

150mT coercive field at 300 Kmeasured by a vibrating-sample

magnetometer. The surface area of the working electrode is

1 cm2.

Platinumwire was used as a counter electrode (with a total

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

Potassium hydroxide pellets were purchased from Sigma-

Aldrich and dissolved in MilliQ H2O to 0.1 M concentration,

unless stated otherwise. Iron impurities were removed ac-

cording to the procedure outlined by Trotochaud et al. [37].
Appendix C. Estimation of MOKE enhancement
factor

The MOKE enhancement factor may be calculated as

described in Ref. [27]:

f ce ¼ Abs

�
1þ 4pienCoPtd

l

en2
EDL � en2

0en2
CoPt � n2

0

�
(C.1)

where l is the incident wavelength, d the thickness of the EDL

and eni is the complex index of refraction eni ¼ nþ ik. The

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

1.37, respectively, and k ¼ 0. enCoPt ¼ 2:2þ i,4:2. We assume a

thickness of the EDL of around d ¼ 2 nm.

Appendix C.1. Magneto-hydrodynamics

The electrolyte near to an electrochemically active electrode

may be divided into three zones: the electrochemical double

layer (dEDL x 1 nm), the diffusion layer (nm < ddiff < 100 mm, e.g.

ddiff ¼ 15 mm @ j ¼ 194 mAcm�2 [38]) and the convection zone

[38]. In principle, magnetic fields can affect all zones, i.e. the
EDL [15], diffusion layer [28e30], and convection [15]. Con-

vection is only affected by magnetic fields, if the concentra-

tion gradient and the field gradient have orthogonal

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

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

The origin of magneto-hydrodynamic effect is a uniform

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

this paper, the electrolyte changes can be traced back to the

first nm of the electrolyte adjacent to the electrode surface.

The typical time constants found are indicative of diffusion

processes [16]. Therefore, the magnetic field effects studied

here can be traced back to their impact on the diffusion layer.
Appendix D. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.ijhydene.2020.10.210.
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