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The Effect of Magnetic Field on
Catalytic Properties in Core-Shell
Type Particles
Emma Westsson*, Stephen Picken and Ger Koper

Department of Chemical Engineering, Delft University of Technology, Delft, Netherlands

Magnetic field effects can provide a handle on steering chemical reactions and

manipulating yields. The presence of a magnetic field can influence the energy levels

of the active species by interacting with their spin states. Here we demonstrate the effect

of a magnetic field on the electrocatalytic processes taking place on platinum-based

nanoparticles in fuel cell conditions. We have identified a shift in the potentials

representing hydrogen adsorption and desorption, present in all measurements recorded

in the presence of a magnetic field. We argue that the changes in electrochemical

behavior are a result of the interactions between the magnetic field and the unpaired

spin states of hydrogen.

Keywords: magneto-electrocatalysis, fuel cell, electrochemistry, oxygen reduction (ORR), magnetic field—effects

INTRODUCTION

Our aim is to explore how the catalytic behavior of a specific electrochemical process can be altered,
and hence, better understood. We are here considering magnetic fields as a handle to influence
electrochemical processes. Subatomic particles, like electrons, have mass, spin, and charge. It is
fair to assume that at least one of these properties—spin—can be perturbed by the presence of a
magnetic field. Spin is intrinsic and gives rise to a magnetic moment that can be manipulated.

Steiner et al. were the first to compose a bird’s-eye review on magnetic effect on chemical
reactions, including examples like magnetic fluorescence quenching, photo-addition of SO2 to
pentane, thermal decomposition of organic peroxides, reactions of alkali-metal alkyls with alkyl
halides etc. (Steiner and Ulrich, 1989). Furthermore, the review refers to a variety of reports
on magnetic field effects on photophysical phenomena in (organic) molecular crystals, such as
luminescence and photoconductivity. Even examples of simple experiments taking place between
two laboratory magnets in which the reaction rate between organic radicals were measured proved
to show a remarkable increase in the reaction rate (Turro and Kraeutler, 1980). As described
by Steiner et al. most magnetic field effects in chemical processes take place in liquid solutions,
mostly as a result of radical pair mechanism (Okazaki and Shiga, 1986; Steiner and Ulrich, 1989).
In gas phase reactions on the other hand, the radical geminate re-encounter is unlikely and in
solid phase reactions radical pairs do not separate easily. Shovkovy et al. presented a review of a
theoretical approach to magnetic field effects on chemical reactions (Shovkovy, 2013). Torun et
al. describe how the existence of a local magnetic moment of RuO2 catalyst surfaces conserves
the angular momentum and enables the production of magnetic oxygen from non-magnetic
water (Torun et al., 2013).

For electron transfer reactions reports are scarcer. One of the first examples were presented by
Periasamy et al. studying the electron-transfer reaction between diazabicyclooctane (DABCO) and
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GRAPHICAL ABSTRACT | By modifying a rotating disc electrode, permanent magnets could be positioned very close to the electrode surface.

fluorenone triplet in propylene carbonate (Periasamy and
Lindschitz, 1979). For magnetic field effects in electrocatalysis
there are even less reports. Leddy and co-workers were
to our knowledge the first group working on magnetically
modified electrodes with the purpose of enhancing electron
transfer kinetics. They studied the magnetic field effect on
Hydrogen Evolution Reaction (HER) on non-catalytic surfaces.
Furthermore, they studied oxidation of CO2 on a magnetically
modified platinum electrode. The electrodes were made with
magneticmicro-particles attached to the electrode surface, so that
it could sustain a permanent magnetic field. Their studies show
that oxidation of carbon monoxide at such modified Pt electrode
surfaces are considerably altered compared to electrodes
without magnetic micro-particles, through spin polarization
(Dunwoody et al., 2005). The oxidation of carbon monoxide
occurred at 600mV lower overpotential. The enhancement of
the electron transfer rate is claimed to originate from the
suppression of entropy of the electron spin and hence a lowered
activation barrier.

Jonsson et al. studied the effect of magnetic states on the
reactivity of an iron surface using Density Functional Theory
(DFT) calculations. Their results suggest that the charge-transfer
between the catalyst surface and the adsorbate is strongly
affected by spin-structure. In their study H2 and CO adsorption
and dissociation was modified by changes in spin-structure
(Melander et al., 2014).

Recently, Galán-Mascarós et al. showed that highly magnetic
electrocatalysts like mixed Ni-Fe-Zn-based oxides exhibit higher
activities for Oxygen Evolution reaction (OER) upon applying
a magnetic field to the anode (Garcés-Pineda et al., 2019). Also
a study by Peng et al. on the magnetic field effects on a Co-
oxide electrocatalyst confirms that the OER can be improved by
placing the electrolysis cell in between permanent magnets with
a moderate field (Li et al., 2019). They further add the effect of
the directionality of the magnetic field on the overpotential and
Tafel slope. The same material was further investigated by Wei
et al. for possible improvements in the catalytic activity toward
Oxygen Reduction Reaction (ORR) (Zeng et al., 2018). A small
improvement in the selectivity toward the 4-electron pathway
is achieved by applying an external magnetic field. These recent
studies show the effect of spin-polarization by a magnetic field on
the catalytic properties of transition metal oxides.

In this paper we present our study on the effects of an
external magnetic field on the electrocatalytic processes taking
place on four platinum-based electrocatalysts. To our knowledge,

this is the first study of the interactions of Pt and hydrogen
under an externally applied magnetic field. For this purpose, we
have integrated strong magnets into the shaft of a Rotating-Disc
Electrode and record the electrochemical processes on Pt in Ar-
or O2 saturated acid electrolyte, in the presence and absence of
a magnetic field. Due to the unpaired spin states in hydrogen as
well as in oxygen, these species respond to a certain extent to a
magnetic field.

Hydrogen Adsorption and Desorption
The main electrochemical processes taking place in these
conditions are firstly—if oxygen is present—Oxygen Evolution
Reaction (OER) and Oxygen Reduction Reaction (ORR) with
a thermodynamic equilibrium potential of 1.23V vs. SHE,
see Figure 1. Oxygen adsorption and desorption proceeds
these reactions. The ORR and OER are more thoroughly
described in (Norskov, 2000; Koper, 2008; Zhang, 2008;
Diaz-Morales et al., 2018). The region in between the
surface oxide formation/reduction region and the hydrogen
adsorption/desorption region is usually referred to as the “double
layer region.” In this region no faradaic processes take place but
only capacitive processes (Łukaszewski et al., 2016). Secondly,
the Hydrogen Evolution Reaction (HER) and the Hydrogen
Oxidation Reaction (HOR) have a thermodynamic equilibrium
potential of 0V vs. SHE and characterize the features in the cyclic
voltammogram around 0V. When the potential is kept >0V
(vs. SHE) only Hydrogen adsorption and desorption takes place,
often referred to as H under-potential deposition (Hupd).

Adsorption can be sorted as: (1) molecularly chemisorbed,
(2) atomically chemisorbed and (3) molecularly physisorbed
(Oudenhuijzen et al., 2001; Roduner, 2014; Kulkarni et al.,
2018). Molecular physisorption refer to electrostatic interactions
between Pt and molecular H2, where no electrons are shared and
no dissociation occurs. As described elsewhere (Oudenhuijzen
et al., 2001) molecularly chemisorbed H2 is highly unlikely. H2

will immediately dissociate implying that chemisorption of H2

on Pt is atomic to the largest part.
The mechanism of hydrogen adsorption and evolution on

platinum has been extensively studied (Kreuer, 2013; Zheng
et al., 2014; Murthy et al., 2018). This process is fast and
electrochemically reversible and the equilibrium surface coverage
depends on the electrode potential. Cyclic voltammograms
recorded for platinum in acidic electrolyte show distinctive
peaks at 0–0.4V vs. RHE. There seems to be a general
consensus concerning the origin of the most prominent peaks
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FIGURE 1 | The typical features of cyclic voltammetry on Pt catalysts in acidic

electrolyte. The hydrogen desorption peaks are further referred to as “peak 1”

and “peak 2.” The figure is based on concepts from Łukaszewski et al. (2016).

(Oudenhuijzen et al., 2001; Kreuer, 2013; Sarkar et al., 2013;
Łukaszewski et al., 2016; Diaz-Morales et al., 2018), located
around 0.125 and 0.27V, representing the (110) and (100) step
sites on Pt, in the following manner described in detail by
Diaz-Morales et al. (2018):

H+
+ e− +

∗ hkl ⇄ Hads, hkl

where ∗hkl indicates a free site on the Pt surface with hkl
Miller indices.

MATERIALS AND METHODS

For this study three electrocatalysts were made according to
our bi-continuous micro-emulsion based core-shell synthesis
described in Westsson and Koper (2014) and Westsson et al.
(2019): Pt@Fe nanoparticles, Pt@Cu nanoparticles, and pure
Pt nanoparticles supported on carbon made in bi-continuous
micro-emulsion. Further, commercial Pt on carbon (60 wt% Pt
on Vulcan XC-72R, Johnson Matthey, UK) was used (from now
on denoted “pure Pt”).

Setup
To be able to achieve a magnetic field, as strong and as close
as possible to the catalyst layer, the rotating disk electrode was
modified and perfected in many steps. A Pine Instrument RDE
electrode with removable glassy carbon disk of 5mm was used
as starting material for the build-up of an electrode with the
option to be both magnetic and non-magnetic. To accommodate
the magnets right in between the glassy carbon disk and the
spring-loaded shaft, both the disk and the shaft had to be
reduced in size. The length of the glassy carbon disk was reduced

FIGURE 2 | A schematic picture of the modified RDE shaft.

from 5mm to 2mm by ultra-fine polishing, thanks to Surface
Preparation Laboratory, Zaandam, NL. A new, shorter shaft was
made, keeping the spring-loaded tip to ensure good electrical
contact with the magnets. The “cavity” inside of the modified
RDE electrode was made such that it could accommodate either
only magnets, only a non-magnetic brass cylinder or half-half
magnets/brass as a crude way of varying the magnetic field
strength. See Figure 2 for a schematic illustration.

The magnets (Supermagnets, Dresden, Germany) are
Neodymium magnets of size 5mm in diameter and 2, 3, and
5mm long cylinders, coated with nickel. The magnets are of
grade N52 which correspond to a magnetic field strength of
∼0.4 T in close vicinity to the catalyst layer.

Experimental
The catalyst samples, Pt@Fe, Pt@Cu, and pure Pt (from now on
denoted “Pt micro-emulsion”), were prepared and characterized
according to our micro-emulsion synthesis of core-shell particles
described in Westsson and Koper (2014) and Westsson et al.
(2019), in which a 3 nm metal core is firstly synthesized inside
the aqueous channels of a dense micro-emulsion. The shell is
subsequently added through galvanic replacement of surface
atoms of the core in favor of the shell metal. In a third step the
carbon support (Vulcan XC-72R) is added and the supported
core-shell particles are washed in a fourth step. In order to get
the most accurate comparison between activity measurements
made with the magnetic electrode configuration relative to the
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TABLE 1 | Illustrates an example of how the measurements were executed and how they were labeled accordingly.

RDE configuration Label Pt@Fe Pt@Cu Pure Pt Pt micro-emulsion

1st catalyst layer 1. Magnetic m1 Cyclic voltammetry and hydrodynamic measurements

2. Non-magnetic b2

3. Magnetic m3

2nd catalyst layer 1. Non-magnetic b1 Cyclic voltammetry and hydrodynamic measurements

2. Magnetic m2

3. Non-magnetic b3

3rd catalyst layer etc.

non-magnetic configuration, the measuring sequence proved to
be crucial. Two consecutive measurements—with and without
magnetic field—had to be made either on two different ink layers
and running the risk of having differences between the layers, or
on one single layer in which both measurements with magnets
and brass cylinder were done on the exact same layer. In the
latter case the risk is that the layer gets slightly damaged upon
switching the interior of the electrode, since it involves moving
the glassy carbon disk. Furthermore, there is a risk that the
potential cycling permanently changes the catalyst through the
sets of measurements, in other words, a “memory effect.” A
needle is used to push the catalyst coated glassy carbon disk into
the PTFE holder upon removal/insertion of magnets into the
shaft. “m” represents magnetic configuration and “b” represents
brass cylinder, i.e., non-magnetic configuration in the figures.
Table 1 explains how the measurements were labeled according
to magnetic configuration and order.

An optical microscope was used to estimate the loss of catalyst
from the glassy carbon electrode due to re-insertion of the glassy
carbon into the RDE tip. A micrometer microscopy ruler was
used to measure the length and width of the scratches and
a percentage of the total electrode area could be estimated,
assuming a homogeneously deposited catalyst layer.

The catalytic activity measurements were carried out under
acidic conditions according to a standardized RDE procedure
(Garsany et al., 2014). The electrolyte used was a 0.1M HClO4

solution. The reference electrode was a RHE electrode—in
essence a Pt wire with freshly prepared H2 gas—and the counter
electrode was a platinum wire winded into a spiral shape.
For all electrochemical measurements, an Autolab PGSTAT 20
potentiostat was used, along with a 3-electrode cell and a Rotating
Disc Electrode (RDE) from Pine Instruments with a 5mm in
diameter glassy carbon disk and hence an electrode area of
0.198 cm2. The working electrode were prepared by thoroughly
polishing the glassy carbon disk with 1.0, 0.3, and 0.05µm
alumina particle polishing suspensions, rinsing in between each
step. Any residual polishing medium was cleaned off in an
ultrasonic bath. An ink was made by mixing 6.0mg of catalyst
powder (i.e., carbon + core-shell particles) with 4.56 µl Nafion
suspension (5 wt%) and 12ml isopropanol. The ink was mixed
using an ultrasonic bath. To make the catalyst ink layers on
the electrode 13 µl of catalyst ink was drop casted on the disk.

FIGURE 3 | Photo using optical microscope of the scratches made in the

catalyst layer when re-fitting the catalyst coated glassy carbon disk into the

PTFE holder after switching configuration. The black circle represents the

relative size of the glassy carbon disk.

All experiments were conducted in an electrolyte saturated with
Ar for the cyclic voltammetry and O2 for the hydrodynamic
voltammetry using rotation speeds of 400, 900, 1,600, and 2,500
rpm according to commonly used evaluation procedures, as
described in Gasteiger et al. (2005) and Garsany et al. (2014).
Cyclic voltammograms recorded in Ar-saturated electrolyte were
measured at scan speeds of either 50 mV/s or 100 mV/s. Scan
speed for hydrodynamic voltammetry was 5 mV/s. In a first
electrochemical cleaning step, potential cycling at a speed of 100
mV/s for 50 cycles was used. The ECSA and ECSA loss was
calculated according to commonly used methodology described
first by Trasatti (1991). The scan rate used was 50 mV/s.

RESULTS

Sample Preparation
Each time the glassy carbon is being pushed into the PTFE
holder by the needle, the geometrical area loss estimated by
optical microscopy is ∼1–5% each time the configuration
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FIGURE 4 | Cyclic voltammograms for Ar-saturated electrolyte for (A) commercial Pt at 100 mV/s with close-up on the hydrogen desorption region and (B)

commercial Pt measured at 50 mV/s. Peak 1 corresponds to the desorption of hydrogen from Pt (110) sites and peak 2 represents desorption from Pt (100). The

legend refers to the measurement sequence (1–4) and magnetic (m) or non-magnetic (b) measurement configuration as explained in Table 1.

is switched, see Figure 3 for an example. This loss is
inevitable unless the architecture of the electrode setup is
completely altered.

Cyclic Voltammetry
In the cyclic voltammograms in Figure 4A loss in catalyst
surface area, estimated by hydrogen adsorption and desorption
peak areas, is observed upon switching configuration. This
is, at least partially, due to the small damage to the
catalyst layer arising from pushing the glassy carbon into
the PTFE holder. As an example, in a measurement of
the sample “Pt@Fe” (Figure S1) the ECSA amounts to: m1
= 70 m2/g, b2 = 62 m2/g, and m3 = 53 m2/g. The
calculation of specific activity is based on these values. The loss
estimated by ECSA is larger than the area loss estimated with
optical microscopy.

Cyclic voltammograms for Pt@Cu, Pt@Fe, and pure Pt made
in bi-continuous micro-emulsion are presented in Figures S1, S2
the only prominent result being the decrease in current density
upon switching between the two configurations. The plots
illustrate similar peak features in magnetic as well as non-
magnetic configuration.

On the contrary, in cyclic voltammograms using commercial
pure Pt as catalyst the hydrogen adsorption and desorption
peaks are more prominent since the particles are better
dispersed on the carbon support. Not only are they higher
in relative terms but a behavioral difference between magnetic
configuration, “m” and non-magnetic configuration, “b” (for
brass) is unfolding. Although the number of different ink
layers analyzed with a sequence of magnetic and non-magnetic
measurements are limited to∼10, each and every voltammogram
contribute to a pattern of peaks shifting to higher potentials
when scanning toward more oxidizing potentials, and vice
versa, when a magnetic field is present, independent of
measurement sequence. Figure 4 display voltammograms for
samples measured at both 100 mV/s scan speed and 50 mV/s,
using different measurement sequences. Figure 4A highlights
the significant hydrogen desorption peak position difference
between measurements done with and without the presence of a
magnetic field. In Figure 4B the measurement order is magnetic-
nonmagnetic-nonmagnetic in order to rule out any contribution
from the configuration switch itself. Peak positions remain the
same between “b2” and “b3.” A small shift in the position of
oxygen desorption is visible in somemeasurements. In this initial
study the focus has however been on the hydrogen region.
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Hydrodynamic Voltammetry
After each measurement in Ar-saturated electrolyte,
hydrodynamic voltammetry in O2-saturated electrolyte was
carried out analyzing the mass activity and specific activity of
each configuration for each catalyst layer.

An obvious and expected effect of the loss of catalyst is
reflected in the loss of mass activity between the measurements,
illustrated in Figure 5 as an example and in SI (Figure S5). If the
total electrochemically active surface area of the layer is taken
into account the measurements—magnetic and non-magnetic—
overlap to a great extent. As results suggest, no significant
difference in catalytic activity was detected betweenmagnetic and
non-magnetic measurements.

DISCUSSION

The largest contribution to the errors in the measurements is the
contact resistance upon switching between magnetic and non-
magnetic configuration for a single layer. It is however, crucial to
perform both types of measurements on a single layer since the
influence of the fabrication and permanent change to the catalyst
during measurements cannot be ignored.

The loss of ECSA in percent between measurements is
disproportionally large compared to the observed catalyst layer
loss observed by microscope. However, ECSA loss throughout a
sequence of measurements does not vary significantly between
catalyst layers. As discussed in Westsson et al. (2019) it is
problematic to use ECSA as an estimate for surface area on
non-standardized surfaces. It can however, serve a purpose as
to estimate—within a single catalyst—the relative surface area.
The catalyst loss calculated using ECSA is possibly more reliable
than the loss estimated bymicroscopy, since specific activity plots
seem to overlap.

Commercial Pt has the highest ECSA which means any effect
would be most visible in this sample. Although the peak positions
in the other samples do not display a clear shift, they are not
countering the result from the commercial platinum. As an
attempt to quantify the peak shift in commercial Pt samples, peak
deconvolution using two Gaussian curves fitted to the data was

carried out, see Figure S6 for an example. Since the hydrogen
desorption peaks provided more prominent peaks, they compose
the basis for such analysis. Although the adsorption peaks
seemingly follow the same trend, a statistical assessment has not
been made using that set of data.

The positions of the two peaks as a function of measurement
order are illustrated in Figure 6. In general peak positions
are shifted to higher potentials when a magnetic field is
present. When the configuration is “switched” from magnetic
to magnetic (i.e., glassy carbon including the catalyst layer was
removed and refitted again without changing the magnets for
the non-magnetic cylinder) or non-magnetic to non-magnetic
the peak positions do not show as much of a peak shift. Such
measurements give an idea of the error in terms of peak positions
in absence and presence of magnetic field within one catalyst
layer. These data points are however too few to determine a
reliable standard error. Another source of error arises from the
reproducibility between different catalyst layers. This error is
expected to be relatively large. As an example, two measurements
named m1 (where “1” denotes the sequence number) from
different catalyst layers should ideally overlap, but as illustrated
in Figure 6, this is not the case. Nevertheless, the relative shift
in peak position upon switching configuration is most relevant
when compared with a measurement of the same layer.

As a summary of all measurements the heights and positions
of peak 1 are displayed in Figure 7. Magnetic and non-magnetic
measurements clearly form two distinct clouds where the peak
positions distinguish the two. The peak heights on the other
hand do not separate the two configurations. See Figure S4 for
more information.

When performing a Two Sample t-Test where the threshold
for statistical significance α = 0.05 is chosen, on the dataset
of peak positions (both peak 1 and peak 2) for “m” and “b,”
the means and population variances are significantly different
between m and b. The average value for peak positions for peak
1 in magnetic configuration is 0.186V ± 0.024 and 0.146V ±

0.008 for non-magnetic configuration, illustrated with a star in
Figure 7. This leaves a shift of ∼0.04V. The relative distances
between the two peaks are presented in Figure 8. The means and
variances are not significantly different in a Two Sample t-Test.

FIGURE 5 | Hydrodynamic voltammograms for commercial Pt illustrating the catalytic activity for oxygen reduction in the two different electrode configurations;

magnetic field and no magnetic field, calculated both as (A) mass activity and (B) specific activity.
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FIGURE 6 | (A) Peak position as a function of the measurement order for hydrogen desorption peak 1 for commercial Pt samples measured at 100 mV/s. The arrows

connect the measurements done on one same layer. (B) Peak 1 positions for samples measured at 50 mV/s. For peak positions of peak 2, see Figure S3.

FIGURE 7 | Peak position and peak height for desorption peak 1, where blue

square=magnetic configuration and red circle=non-magnetic configuration.

The stars represent the means (b: 0.146 ± 0.008; 84.86 ± 33.38, and m:

0.186 ± 0.024; 112.04 ± 62.76). The ovals provide a guide to the eye.

Obviously, due to the small sample population the statistics has
limited quality. However, this is an effort to disentangle the effect
of the magnetic field on a limited dataset.

The shift in peak positions suggestively caused by the presence
of a magnetic field is small but however, presents in all
(commercial Pt) samples for various scan speeds. Our limited
study on electrocatalytic behavior with and without the presence
of a magnetic field suggest that the desorption of H from the Pt
surface is slowed down in the presence of a magnetic field.

In these experiments the surface is magnetized or non-
magnetized. Any magnetic effect on the potential must be related
to the spins of some active species interacting with the field.
Hydrogen adsorption and desorption on Pt are two processes
in our system. H2 itself has two magnetic spins, one of the

FIGURE 8 | Peak splitting. A small difference between the two configurations

is visible but not statistically significant.

electron and one of the proton, whereas H+ only have spin ±

½. In H2 the + 1 and−1 spin state will respond to the magnetic
field whereas the antiparallel spin state does not interact with
the magnetic field. This implies that 50% of the hydrogen is
spin-polarized and 50% is not. Also platinum is magnetisable
due to unpaired spins and the magnetic field will influence
its band structure (Grechnev, 2009). As an effect, the binding
energy of the hydrogen to the platinum surface is changed and
that is what is observed in this study. A change in Zeeman
energy due to the presence of a magnetic field can affect the
activation energy positively or negatively by changing the net
enthalpy of the activation barrier and thereby change the redox
reaction rate (Ozerovab and Vorobyev, 2007; Zeng et al., 2018).
However, if the energy levels in the atoms or molecules are
changed by applying a magnetic field through the Zeeman effect
the picture might change and the I-V curve peaks no longer
represent what would be the case without a magnetic field.
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An in-depth analysis of the mechanism, however, is beyond
the scope of this study. Nevertheless, it is, to our knowledge,
the first experimental study discussing the effect of an external
magnetic field on hydrogen adsorption on Pt—one of our
most important electrocatalysts. Our results point in the same
direction as predictions from calculations presented in Melander
et al. (2014).

With the current setup andmagnetic field strength, a clear and
significant effect of magnetic field on the catalytic activity toward
oxygen reduction reaction, either onset potential or kinetically
limited current, has not been detected or does simply not exist
for the catalyst materials studied here.

In conclusion we propose that the changes in the
electrochemical behavior observed in this study are due to
the interaction of the magnetic states of hydrogen with the
catalyst and that this causes a shift in the potentials for the
hydrogen adsorption and desorption. At least some states of
hydrogen are magnetic—so we presume that the electrochemical
processes are influenced by the magnetic states of hydrogen.
With the observations from this study in mind, we are stressing
the effect of an external magnetic field on both the catalyst and
the reactants and the importance of their spin states, previously
rarely discussed.

In particular when dealing with catalysis of small symmetric
molecules, like H2 and O2, the activation of these molecules
rely on breaking their symmetry. The introduction of an
external magnetic field could potentially serve as a handle
to control symmetry breaking and hence lower activation
barriers. This would provide a modest addition to conventional
catalysis approaches.
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