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ABSTRACT

To reach a long term viable green hydrogen economy, rational design of active oxygen evolution reaction (OER) catalysts is critical. An
important hurdle in this reaction originates from the fact that the reactants are singlet molecules, whereas the oxygen molecule has a triplet
ground state with parallel spin alignment, implying that magnetic order in the catalyst is essential. Accordingly, multiple experimentalists
reported a positive effect of external magnetic fields on OER activity of ferromagnetic catalysts. However, it remains a challenge to investigate
the influence of the intrinsic magnetic order on catalytic activity. Here, we tuned the intrinsic magnetic order of epitaxial La0.67Sr0.33MnO3

thin film model catalysts from ferro- to paramagnetic by changing the temperature in situ during water electrolysis. Using this strategy, we
show that ferromagnetic ordering below the Curie temperature enhances OER activity. Moreover, we show a slight current density
enhancement upon application of an external magnetic field and find that the dependence of magnetic field direction correlates with the
magnetic anisotropy in the catalyst film. Our work, thus, suggests that both the intrinsic magnetic order in La0.67Sr0.33MnO3 films and
magnetic domain alignment increase their catalytic activity. We observe no long-range magnetic order at the catalytic surface, implying that
the OER enhancement is connected to the magnetic order of the bulk catalyst. Combining the effects found with existing literature, we pro-
pose a unifying picture for the spin-polarized enhancement in magnetic oxide catalysts.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0174662

INTRODUCTION

To establish a sustainable energy infrastructure, efficient energy
storage systems are of the highest interest to overcome the intermittent
nature of renewable energy sources. Green hydrogen is one of the
most promising fuels for energy storage and an ideal feedstock for cou-
pling renewable energy with other sectors like the chemical and the
steel industries.1,2 While alternative and innovative technologies are
currently being explored,3,4 the main predicted production routes of

green hydrogen rely on alkaline water electrolyzers and proton
exchange membrane electrolyzers.5,6 However, water electrolysis suf-
fers from sluggish kinetics in the oxygen evolution reaction (OER).7–9

This might be connected to the fact that the reactants, OH� or H2O,
are diamagnetic, but the final product, triplet O2, is paramagnetic.10,11

Accordingly, recent theoretical investigations suggest that the
spin polarized orbital configurations in ferromagnetic bonds increase
OER efficiency by promoting the generation of triplet oxygen by
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quantum spin-exchange interactions (QSEIs) and intrinsic spin filter-
ing through exchange splitting of the energy levels in the conduction
band of a magnetic material.10–14 From the orbital physics of corre-
lated electrons, it is hypothesized that maximum OER activity can be
obtained at catalytic surfaces with dominant metallic ferromagnetic
behavior.13,14

Following this idea, multiple experimental studies reported a pos-
itive effect of external magnetic fields on OER activity of ferromagnetic
catalysts, suggesting several possible explanations.10,15–24 An increase
in spin polarization at the active sites was suspected to reduce the
charge transfer resistance at the electrode–electrolyte interface and
increase spin selective adsorption.10,20,24 The removal of domain walls
may reduce domain wall scattering and, thus, lower the magnetoresis-
tance and increase the amount of ferromagnetically coupled reactive
sites.18,19 An increase in the ferromagnetic exchange field between
antiferromagnetic or paramagnetic catalyst surfaces and ferromagnetic
subsurface layers can increase the extent of spin order at the reaction
sites.21,22 Finally, the magnetoresistance effect may increase the activity
by decreasing the electronic resistance in the catalyst.11 From the lack
of significant changes in OER enhancement on purely paramagnetic
catalysts, it was hypothesized that the effects of Lorentz and Kelvin
forces can be excluded as dominant factors for magnetic field
enhanced OER activity.16,17,25

Although it has been shown that external field application on
open-shell catalysts can enhance OER activity, it remains a challenge
to investigate the influence of the intrinsic magnetic order in catalysts.

Initial attempts to study the effects of intrinsic magnetic order have
shown that a higher saturation magnetization,26,27 the occurrence
of spin channels,28 a higher spin magnetic moment on the active
sites,29–32 and the introduction of ferromagnetism30 can enhance either
the OER activity directly, or its response to magnetic field exposure.
However, to date, these changes in magnetic order were accompanied
by a change in either the composition, the crystal structure, or the crys-
tal symmetry of the catalyst such that it remains a challenge to pin-
point the observed effects to the intrinsic magnetic order.

In this article, we introduce a strategy to vary the magnetic order
without applied magnetic field during catalysis and without changing
the crystal structure. We employed epitaxial La0.67Sr0.33MnO3 thin
films grown by pulsed laser deposition33 as model catalysts with a
Curie temperature (Tc) slightly above and below room temperature.
This enabled us to change the magnetic order of the catalyst from fer-
romagnetic to paramagnetic in situ during water electrolysis by chang-
ing the temperature. At Tc, a change in the catalytic activity is
expected, which is connected to the disturbance of the inter-atomic
exchange interactions due to thermal fluctuations, also known as the
Hedvall effect, as observed for a range of other catalytic processes.34

Generally, one expects a decrease in current density with decreasing
temperature because of smaller thermal energy. By comparing the fer-
romagnetic and paramagnetic films, we show that for ferromagnetic
films, the current densities below the Curie temperature were higher
than expected if only temperature dependent effects are considered.
This indicates that the presence of ferromagnetic ordering below the

FIG. 1. RHEED and x-ray diffraction of La0.67Sr0.33MnO3 thin films. (a) RHEED intensity during growth of the 10 and 13 uc thick films, with clear oscillations indicating a 2D
layer-by-layer growth. (b) RHEED diffraction pattern of the substrate and 13 uc thick film. The equal distance between diffraction spots indicates epitaxial growth. The slight
elongation of the spots indicates roughening of the film. (c) AFM image of the 13 uc thick film. (d) Wide 2h–x scan of the 13 uc thick film which reveals a single phase of 001
La0.67Sr0.33MnO3. (e) 2h-x scan of the 002 SrTiO3 peak of the 13 uc thick film with pronounced Laue fringes. (f) Reciprocal space map of the 103 peak of SrTiO3. As the film
peak lies along the same value of qx as the substrate, the film is fully strained on the substrate.
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Curie temperature, i.e., the intrinsic magnetic order, indeed enhances
OER activity.

The importance of ferromagnetic order is further demonstrated
by an enhancement of OER activity for the same ferromagnetic film
upon alignment of magnetic domains with an external magnetic field.
We show a correlation between the magnetic anisotropy in our catalyst
and the external magnetic field enhancement. Our work, thus, suggests
that both the intrinsic magnetic order in La0.67Sr0.33MnO3 films and
the magnetic domain alignment upon external field exposure increase
the catalytic activity. Moreover, the long-range magnetic order at the
catalytic surface is strongly suppressed, implying that the OER
enhancement is related to the magnetic ordering of the catalyst bulk,
rather than lateral long-range order in the surface layer. Combining
our observations with existing literature, we propose a unifying picture
for the spin-polarized enhancement in magnetic oxide catalysts.

RESULTS AND DISCUSSION

To study the effects of intrinsic magnetic order, one needs a
model system in which physical material properties can be changed

without changing composition or crystal structure. Epitaxial thin films,
in which highly controlled synthesis helps fine-tune physical properties
and electrochemical functionality while maintaining composition and
structure, have emerged as an ideal platform to identify structure–
function relationships at the atomic level.35,36 Here, we selected
La0.67Sr0.33MnO3 which is a half metal at room temperature associated
with a ferromagnetic double exchange mechanism from (intra- and
inter-atomic) QSEI.37,38 Epitaxial thin films of this material enable
control of the magnetic properties through the thickness of the film.
We utilized this property to tune the Curie temperature similar to the
approach described in Ref. 33. Using this approach, we were able to
obtain a film in which we could change the magnetic order during
OER by changing the temperature. Moreover, we use the strain
induced magnetic anisotropy in the film to further investigate the effect
of domain alignment and the magnitude of the magnetization in our
films.

We synthesized epitaxial thin La0.67Sr0.33MnO3 films of 10- and
13-unit cell (uc) thickness, using pulsed laser deposition (PLD) param-
eters similar to Ref. 33. For all films, the growth proceeds in a two-

FIG. 2. Unit-cell resolved model obtained
from resonant x-ray reflectivity measure-
ments of the films which shows the atomic
density of the different elements O, La, Sr,
and Mn (total or split up between Mn2þ

and Mn3.3þ) as a function of the distance
from the surface (see methods for further
information) for a (a) 10 uc thick
La0.67Sr0.33MnO3 film (b) 13 uc thick
La0.67Sr0.33MnO3 film. Measurements
were performed at 150 K. (c) Unit-cell
resolved model obtained from resonant
circular polarized x-ray reflectivity measure-
ments which shows magnetization in the
surface region of the film as a function of
the distance from the surface. Magnetization
is shown alongside the depth dependent
atomic density of the Mn species.
Magnetization was obtained under a field of
0.6 T at 300 K and is given in arbitrary units.
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dimensional (2D) layer-by-layer manner, as demonstrated by in situ
reflection high energy electron diffraction [RHEED, Figs. 1(a) and
1(b)], and the resulting surface morphologies exhibit the characteristic
vicinal step-terraced structure also observed for the substrate surface
[Fig. 1(c)] with small corrugations/islands/decorations on each terrace,
which we have shown in Ref. 39. Clear RHEED oscillations during
growth indicate the intended thicknesses of 10 and 13 uc [Fig. 1(a)],
further confirmed by x-ray reflectivity (XRR), which revealed thick-
nesses of �3.6 and �4.8 nm, respectively (supplementary material,
Fig. 3). X-ray diffraction measurements reveal a single
La0.67Sr0.33MnO3 001 phase [Fig. 1(d)]. Moreover, the existence of
clear Laue fringes indicates a high bulk crystalline quality of the film
[Fig. 1(e)]. Reciprocal space mapping confirms coherent strain to the
substrate [Fig. 1(f)].

To further investigate the surface structure in our
La0.67Sr0.33MnO3 films, resonant x-ray reflectivity (RXR) measure-
ments were performed. Using this technique, the depth dependence of
the atomic densities of each of the components in a thin film can be
probed.40 From the obtained unit-cell resolved stoichiometry of the
surface [as shown in Figs. 2(a) and 2(b)], we observe that both films
have a similar bulk and surface stoichiometry, are B-site terminated,
and have Sr enrichment and La deficiency at the surface (similar to
Ref. 41). Moreover, a clear indication for oxygen vacancies at the

surface is found, which could be the reason for the Mn2þ formation
shown in Fig. 2(c).

We explored the magnetic properties of the La0.67Sr0.33MnO3 films
ex situ using vibrating scanning magnetometry (VSM), scanning super-
conducting quantum interference device (SQUID) microscopy, and
magnetic force microscopy (MFM) (Fig. 3). We observe room tempera-
ture ferromagnetic behavior with a saturation magnetization of 1.6 �
105 A/m, equal to approximately 1 lB/Mn atom, and a HC of � 3mT
for the 13 uc film as both a clear hysteresis loop and a Tc of � 322K
were found. For the 10 uc film, we observe room temperature paramag-
netic behavior because no hysteresis loop is observed due to a Tc of
� 290K. We, thus, successfully prepared two films with different mag-
netic properties while maintaining crystal structure and stoichiometry in
the bulk and only slightly changing the surface chemical composition.

Moreover, as seen in Fig. 3(b), the external magnetic response of
the ferromagnetic film is anisotropic. A magnetic easy axis is found
along the in-plane direction of the film, which was expected due to the
tensile strain induced by the substrate.42 A distinct domain structure
with large domains along one direction is observed for the 13 uc film at
low temperature and zero field as shown in Fig. 3(e). However, room
temperature MFM measurements reveal a spatial inhomogeneity in the
magnetic behavior reflected by the inhomogeneity in the background of
Fig. 3(f). We hypothesize that this is due to the formation of a mixed

FIG. 3. Magnetic properties of La0.67Sr0.33MnO3 thin films with a thickness of 10 and 13 uc. (a) In-plane magnetic hysteresis loops measured at 300 K. The diamagnetic contri-
bution to magnetization (not shown) has been attributed to the substrate and has been subtracted. The colored area indicates the in-plane magnetic field applied during electro-
catalytic experiments described below. (b) In-plane and out-of-plane magnetic hysteresis loops of the 13 uc La0.67Sr0.33MnO3 film obtained under similar conditions as (a).
Colored areas indicate the in-plane (orange) and out-of-plane (yellow) fields applied during electrocatalytic experiments. (c) Zoom in of the hysteresis loops shown in (b). (d)
Temperature dependent magnetization curve measured at 10 mT. All samples were cooled in this field to 20 K before measurement. The dotted lines indicate the temperatures
at which electrochemical measurements were performed. (e) Scanning SQUID microscopy measurement performed at 4.2 K on a 13 uc thick film. (f) MFM measurements
obtained at room temperature on a 13 uc thick film. The large features are due to crosstalk from the topography shown in the supplementary material, Fig. 2. The differences in
the background indicate inhomogeneity in the magnetic behavior.
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phase, consisting of a ferromagnetic-like matrix with a range of different
long spin correlation lengths containing local defects. Similar behavior
has been reported previously for La0.67Sr0.33MnO3.

43 These defects may
be of a paramagnetic nature. This behavior is further supported by the
trend of the resistivity curve with temperature [supplementary material,
Fig. 1(b)], which can only be explained if a competition exists between
ferromagnetic (FM) metallic domains and paramagnetic (PM) regions
at elevated temperatures, as previously described for similar manganite
oxides.39,44,45 These paramagnetic domains can be a reason for the low
saturation magnetization compared to the low temperature value for
bulk La0.67Sr0.33MnO3 of 2.5 lB/Mn.

Having established the physical properties of our model catalysts,
we now turn to electrochemical investigation. We review the
magnetic-field dependent activity first, followed by the assessment of

the effect of the intrinsic magnetic order. Cyclic voltammetry measure-
ments were performed, both in the absence and presence of an applied
external magnetic field in different in-plane and out-of-plane direc-
tions (see Fig. 4 and methods for details). The presence (absence) of
systematic changes between the activity with and without in-plane
applied magnetic field for ferromagnetic (paramagnetic) catalysts indi-
cates that the activity enhancement is linked to the increase in magne-
tization in the ferromagnetic film upon external field application [Figs.
5(a), 5(b), 5(e), and 5(f) and supplementary material, discussion A].
Due to ageing and scattering, the effect of the out-of-plane field expo-
sure could not be distinguished [Figs. 5(c), 5(d), 5(g), and 5(h)], a point
to which we will return below.

To further separate the effects of the external field application
from ageing or scattering effects, chronoamperometry measurements

FIG. 4. Schematic of the different field
directions during external field application
experiments. The direction of the rotation
of the sample is shown alongside the rela-
tive orientation of the sample to the field
lines of the magnet where IP and OOP
stand for the configuration where the field
lines at the sample are, respectively, par-
allel or perpendicular to the surface. The
applied field strengths of 35 mT for the in-
plane directions and 50mT for the out-of-
plane directions are indicated for each of
the directions. “IP side” is a special case,
where the sample was placed at the side
of the magnetic instead of being placed at
one of the poles (normal IP and OOP
case). Here, the field strength is only
12 mT at the sample.

FIG. 5. (a)–(h) Current densities obtained from cyclic voltammetry measurements (see the supplementary material, Fig. 4) at an potential of 1.8 V vs RHE for different sweeps.
Top row: 13 uc thick La0.67Sr0.33MnO3 film. Bottom row: 10 uc thick La0.67Sr0.33MnO3 film. Colored bars indicate the presence of an external magnetic field during the sweep,
while gray bars indicate sweeps which were done without the presence of a field. The color of the bar represents the direction of the field and corresponds to the colors indi-
cated in Fig. 4.
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were performed at 1.8V vs RHE. External fields were applied in differ-
ent in-plane and out-of-plane directions. Again, an enhancement in
current density was observed for the ferromagnetic materials upon in-
plane field application [Fig. 6(a)]. However, for the behavior linked to
the out-of-plane fields, the change in current density depends heavily
on the direction of the field lines perpendicular to the sample surface
[Figs. 6(a) and 6(c)]. Moreover, the paramagnetic sample showed
clearly distinguishable changes in current density upon magnetic field
exposure in certain directions contrary to previously published
results.10,16,25 This behavior and possible origins are discussed in more
detail in the supplementary material, discussion B. In these measure-
ments, ageing effects can be seen again as the current density in the
periods between magnetic field application slightly increases over time.

To differentiate the effect of the changes in internal magnetic
order through domain alignment from other effects also at play for the
paramagnetic sample, the paramagnetic background as well as ageing
induced effects were subtracted from the response of the ferromagnetic
film [Fig. 6(b)]. Interestingly, an enhancement was found in all field
directions for the renormalized data, implying that domain alignment
of the FM sample is connected to the activity enhancement. The cur-
rent increase is more than two times higher in the in-plane direction
than in the out-of-plane direction (�0.4% and 0.1%, respectively),
implying an anisotropic enhancement: A small field along the in-plane
direction has a larger effect on OER activity than a larger field applied
in the out-of-plane direction. As discussed previously, the
La0.67Sr0.33MnO3 thin films have a magnetic easy axis along the in-
plane direction and a magnetic hard axis along the out-of-plane direc-
tion. Application of external in-plane fields will, thus, increase the total
magnetization and remove domain walls to a larger extent than out-
of-plane fields. This anisotropy in the magnetic response to an external
field can, thus, explain the anisotropy of the activity enhancement,

indicating that the enhancement is connected to changes in the mag-
netic structure of the films. Comparing the magnitude of the enhance-
ment to the increment in magnetoresistance at these field strengths,
which is less than �0.05% [supplementary material, Fig. 1(a)], we
exclude the change in magnetoresistance as a dominant factor for
magnetic field enhanced OER activity in this system.

To further verify that the differences in the enhancement of the
current densities upon external field application between the paramag-
netic and ferromagnetic samples are induced by a difference in mag-
netic order and not induced by the sample geometry, we performed
similar chronoamperometry measurements with and without applied
magnetic field at different temperatures for the room temperature fer-
romagnetic 13 uc sample. As shown in Figs. 7(a) and 7(b), the
response of the 13 uc sample above TC is similar to the behavior of the
paramagnetic 10 uc, while the expected enhancement for the ferro-
magnetic sample can be observed below Tc. This further confirms that
the alignment of FM domains induces the enhancement of OER in the
external magnetic field measurements.

Although we have, thus, shown that changing the total magneti-
zation in the catalyst can enhance OER activity, we have not yet
touched upon the key point of investigating the influence of the intrin-
sic magnetic order in catalysts without the application of an external
field. For this purpose, we explored the Hedvall effect in the OER and
changed the intrinsic magnetic order in situ. We performed OER mea-
surements at different temperatures. These temperatures are indicated
by the vertical lines in Fig. 3(d). As can be seen, the FM sample
changes from FM to PM in this temperature range (for more informa-
tion, see methods).

For all samples, a decreasing activity with decreasing temperature
was observed (Fig. 7 and supplementary material, Fig. 5). This loss in
current density J is expected because lowering the temperature lowers

FIG. 6. (a) Chronoamperometry measurement at an potential of 1.8 V vs RHE for a 13 uc and a 10 uc thick La0.67Sr0.33MnO3 film during which an external magnetic field was
applied in different directions. The colored bars indicate the intervals during which the field was applied. The color of the bar represents the direction of the field and corre-
sponds to the colors indicated in Fig. 4. (b) Normalized current density enhancement due to ferromagnetic interactions after paramagnetic background subtraction. (c)
Schematic drawing of the field lines in the samples and in the electrolyte. The arrow on top indicates stirring direction.
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the thermal energy, lowering the reaction rate of the OER. Simplifying
the Butler–Volmer equation using the Tafel approximation at high
potentials and neglecting diffusion limitations gives46

lnJ ¼ lnJo þ afFg
1

kBT
; (1)

for the exchange current density Jo, the transfer coefficient of the over-
all forward reaction af , Faraday constant F, overpotential g, and
Boltzmann constant kB. However, the exact temperature-dependent
behavior may deviate from Eq. (1) because multiple effects like water
adsorption and dissociation, the nature of adsorbed species, and move-
ment of oxygen vacancies or interstitials in the catalyst can also be
influenced by temperature.47 While this complicates identification of
magnetic-order-effects, a comparison between 10 uc and 13 uc sam-
ples enables differentiating different effects, because the chemical com-
position is similar for both samples and the purely temperature
dependent electrochemical effects should be similar. On the contrary, a
change in intrinsic magnetic order occurs for the 13 uc thick film in
this temperature range (TC � 321K), whereas the 10 uc film is para-
magnetic over the entire temperature range.

The difference in electrical resistance between these two films
resulted in differences in absolute activity, necessitating a comparison
of the activity trends with varying temperature. We plot ln J vs 1

T for
both films in an Arrhenius plot [Fig. 7(c)], using offset y-axes to
account for the overall activity differences, where the slope is propor-
tional to g [Eq. (1)]. For the paramagnetic 10 uc film, we find the
expected almost linear decrease in ln J with 1

T. However, for our ferro-
magnetic film, there are competing effects for T < Tc, reflected by the
upward deviation of the slope of the 13 uc sample for T < Tc (blue

region) compared to the paramagnetic 10 uc sample, whereas for T
> Tc (yellow region), the slopes of both samples are similar [Fig. 7(c)].
The positive change in slope implies a decreased overpotential or a
change in transfer coefficient, increasing the OER activity. We observe
an enhancement of �35% compared to the expected current density
without ferromagnetic order (see the supplementary material, Fig. 6
for derivation). Additional control measurements using chronoamper-
ometry measurements during cooling verified this behavior as can be
seen in the supplementary material, Fig. 7(a). Moreover, we find that
when changing the TC of the 13 uc sample, the onset of the upward devi-
ation occurs at the new TC, further confirming that the deviation is
induced by the occurrence and continuous increase in the ferromagnetic
order [supplementary material, Fig. 7(c)]. As discussed in the supple-
mentary material, discussion C and shown in the supplementary mate-
rial, Fig. 8, we identify that the effect results from changes in the charge
transfer and uncompensated resistances. The role of the charge transfer
resistance is in line with the hypothesis that the magnetic order can
decrease the charge transfer resistance during OER. The additional effect
of the uncompensated resistance may be connected to an increase in
conductivity due to double exchange interactions arising below TC.
Moreover, sample degradation, surface restructuring and changes in the
double layer capacitance with temperature cannot explain the observed
effects. We can, thus, conclude that the occurrence and continuous
increase in the ferromagnetic order with decreasing temperature induces
the relative current density enhancement below TC.

To summarize, we have shown a relative current density increase
during OER upon changing the magnetic properties of La0.67Sr0.33MnO3

thin film catalysts. The combination of effects shown in the
temperature-dependent OER activity measurements for a ferromagnetic

FIG. 7. Chronoamperometry measurement at a potential of 1.69 V vs RHE for a 13 uc La0.67Sr0.33MnO3 film during which an external magnetic field was applied in different
directions both above (a) and below (b) the curie temperature of this film. (c) Plot of the natural logarithm of the current density vs the inverse of the temperature obtained for a
ferromagnetic (13 uc) and a paramagnetic (10 uc) La0.67Sr0.33MnO3 film at an iR corrected potential of 1.8 V vs RHE. The plot is shown alongside the magnetization (c) of the
films in the same temperature range. Error bars indicate the estimated errors from temperature fluctuations, sample ageing over measurement time, and reading of iR-
corrected potentials.
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catalyst and the effects shown while exposing the same ferromagnetic
catalysts to an external magnetic field during OER validate that the
enhancement is primarily induced by the changes in magnetic order in
the catalyst.

The comparably small enhancement shown upon external mag-
netic field application (see the supplementary material, Table 4 for a
detailed comparison to prior works) may be explained by the small
applied external field, small coercivity and low saturation magnetiza-
tion of the La0.67Sr0.33MnO3 films at 300K. Most importantly, the
difference between saturation and initial magnetization in
La0.67Sr0.33MnO3 films is comparatively small due to a small coercive
field, large domains, and the presence of paramagnetic regions, which
lowers the increment in magnetization upon alignment, as discussed
in depth by Ge et al.18 The increments induced by the occurrence of
intrinsic magnetic order are more comparable in magnitude to the
enhancements found in previous literature. This further confirms our
understanding that the total possible enhancement is a combined effect
of the PM to FM transition and the alignment of the domains.
Depending on the material choice (and thus, the remanent magnetiza-
tion, domain structure, coercive fields), the ratio of these two incre-
ments will change. Moreover, both the effects of domain alignment
and a change in magnetic order could be influenced by the existence of
a magnetic dead-layer, in which any long-range magnetic order is
diminished. Our epitaxial model system is a suitable platform to fur-
ther investigate the effect of such dead-layers, similar to previous stud-
ies focusing on the surface properties of La0.67Sr0.33MnO3 films.41,48,49

To further investigate where the magnetic order resides in our
La0.67Sr0.33MnO3 films, we again use RXR in vacuum. Using left- and
right-circularly polarized light, a depth profile of the magnetization
can be obtained from the best fit of the asymmetric spectra [Fig. 2(c)]
(for more information, see methods).50,51 We found that the net

magnetization in the top 1.5 uc of the 13 uc thick La0.67Sr0.33MnO3

film is zero and that the magnetization is quenched in the subsurface
layer up to 4 uc, even under an applied field. This decreased magneti-
zation is likely connected to the off-stoichiometry discussed above. As
these off-stoichiometries likely deteriorate long-range ordered mag-
netic states, we hypothesize that the 1.5 uc thick surface layer is para-
magnetic. Although these measurements were done ex situ, the
paramagnetic surface layer is likely also present under OER conditions,
because the magnetic fields applied in the electrochemical cell are
smaller than the fields during RXR measurements.

The lack of lateral long-range magnetic order in the catalyst sur-
face implies that no ordered interaction exists between the long-range
ordered spin states of the metal atoms in the film and the reaction
intermediates. We can, thus, conclude that the observed OER enhance-
ments due to inter-atomic QSEI are mainly induced by the magnetic
order in the bulk of the La0.67Sr0.33MnO3 films. Still the intra-atomic
QSEI is always present and persists in the surface layer. The spin-
polarization of the adsorbents is, thus, presumably mediated through
the out-of-plane QSEI in the paramagnetic surface layer, which is
smaller than the ferromagnetic QSEI in the bulk, limiting the efficiency
of the OER enhancement.

Based on the findings from the epitaxial La0.67Sr0.33MnO3 thin
film model system and considering the range of observations in recent
literature, we propose a unifying picture for the spin-polarized OER
activity enhancement in oxide catalysts, schematically shown in Fig. 8.
The lowest activity is found for a paramagnetic material with no spin
channels (left panel).11,34 Because of the absence of stable spin chan-
nels in this catalyst, O–O intermediates with parallel and antiparallel
spin alignment can both be formed. The latter do not have optimum
inter-site quantum spin exchange interactions and electronic quantum
correlations are not optimum for the thermodynamic overpotential.

FIG. 8. Proposed mechanism for spin-polarized OER activity enhancement in epitaxial La0.67Sr0.33MnO3 thin films. In the left panel, we show a fully paramagnetic catalyst layer,
which corresponds to our 10 uc sample for the entire T range investigated here and the 13 uc sample at T > TC. In the second panel, the catalytic film is made up of a ferro-
magnetic matrix with domains in which paramagnetic regions are embedded. Moreover, a paramagnetic surface layer is present. This state corresponds to the intrinsic mag-
netic state of our 13 uc film at T < TC. The third panel shows the state of the catalyst after domain removal in the ferromagnetic matrix upon external magnetic field exposure.
The right panel shows the ideal state of the 13 uc film after removal of the paramagnetic regions and surface layer, a homogeneous ferromagnetic catalyst. The states achieved
in this work are highlighted with a blue square. At the bottom of the image, we show the physical interactions in the film which account for the presence/absence of spin selectiv-
ity during adsorption of electrons. The reaction intermediates shown are highly simplified to focus only on the formation of the O–O bond which is the most important bond
when considering the spin-polarized OER mechanism as the spin alignment in this bond either blocks or allows the formation of triplet oxygen.17
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If ferromagnetic ordering comes into play below Tc, a film con-
sisting of a ferromagnetic bulk with small embedded paramagnetic
regions and a paramagnetic surface is obtained (Fig. 8, second panel).
The ferromagnetic exchange interactions in the matrix induce ordered
itinerant spin channels, inducing spin-selective electron mobility. This
leads to a higher possibility of the formation of bonded spin-ordered
O–O intermediates which in turn increases the OER activity.11,14

Moreover, the QSEI associated with the spin orbital ordering lowers
the interatomic repulsions, which lead to shorter metal-oxygen bonds,
which in turn may act favorably on the reaction intermediate binding
energies and thereby decrease the charge transfer resistance during
OER.14 All of these aspects facilitate the generation of triplet O2 mole-
cules for ferromagnetic thin film catalysts.14 However, the described
ferromagnetic film still contains domains and domain walls. The
domain walls induce electron scattering, effectively lowering spin selec-
tive transport.15,19 Moreover, the presence of domain walls and para-
magnetic regions lowers the amount of ferromagnetic reaction sites19

and the paramagnetic surface lowers the effectiveness of the interaction
between the ferromagnetic domains in the bulk of the film and the
adsorbents.

Upon domain wall removal under the influence of an external
magnetic field, a uniform ferromagnetic matrix is obtained (Fig. 8,
third panel). The removal of domains lowers the amount of domain
wall scattering and increases the amount of long-range magnetically
ordered reaction sites. Moreover, the exchange field between ferromag-
netic bulk and paramagnetic surface layer becomes stronger, which
may become thinner as a result, enhancing the interaction between the
ferromagnetic layer and the adsorbents.21 The effectiveness of domain
alignment depends on the strength and direction of the magnetic field
and the remanent magnetization of the catalyst. However, as paramag-
netic regions remain, OER activity is still not optimal. The application
of higher external fields could further improve the performance, by
increasing the net magnetic moment in the paramagnetic regions until
saturation is achieved and the paramagnetic regions and surface layer
are completely removed (Fig. 8, right panel).10,20 This effect could
explain the differences in activity enhancement between this work and
the results shown in Ref. 24, where much higher fields were applied.
This fully ferromagnetic state is not accessible in our model system
using realistic fields. Further research, thus, needs to be done to verify
OER enhancement in such a fully long-range ordered electrocatalyst.

This picture of magnetic-order related OER enhancement covers
the effects of intrinsic magnetic order (FM vs PM), enhancement in
reactivity of individual sites due to long-range magnetic order (QSEI),
global activity enhancement by domain wall removal (increased num-
ber of highly active sites, improved spin selective transport) and the
possibility of sample-specific limitations in the observed effects. It is
further compatible with the effect of spin pinning layers,21 where a
nominally paramagnetic surface layer exhibits spin alignment due to a
FM subsurface layer. The same picture may also be adaptable to other
spin-sensitive reactions like CO2 reduction.

52 Other spin-related phe-
nomena like the filling of specific orbitals53 are not directly included in
our picture and the spin-transport mediated activity observed in chiral
catalysts may have different origins than the magnetically enhanced
OER, although both are related to the paramagnetic properties of the
product.54–56 The connection between different spin-induced phenom-
ena in electrocatalysis will remain subject of further development of
these emerging fields. Furthermore, future studies may be carried out

at higher TRL level to identify hydrogen production efficiency
enhancement based on magnetic order of the OER catalyst on electro-
lyzer scale. Such applications may benefit from design rules derived
from our picture. For example, the need for external magnetic fields,
which are challenging to include in industrial-scale electrolyzers, may
be overcome using spin pinning or single domain particles, which
leads to systems similar to the right panel in Fig. 8.

CONCLUSION

In conclusion, we employed epitaxial La0.67Sr0.33MnO3 thin film
model catalysts to arrive at a unifying picture of the effects of intrinsic
magnetic order and applied magnetic fields on the oxygen evolution
reaction. We tuned the magnetic order in the films in situ during OER
by exploiting the para- to ferromagnetic transition at Tc. Using this
strategy, we showed that the presence of ferromagnetic ordering below
the Curie temperature enhances OER activity. In the ferromagnetic
films, application of external magnetic fields is linked to a further
increase in OER activity. Moreover, we observed a correlation between
the magnetic anisotropy in our catalyst and the external magnetic field
induced OER enhancement. Our work, thus, suggests that both the
intrinsic magnetic order in La0.67Sr0.33MnO3 films and externally trig-
gered changes in the magnetic structure affect the catalytic activity of
these films. The OER enhancements due to inter-atomic QSEI are
found to primarily result from changes in the magnetic order of the
bulk of the catalyst, because no long-range magnetic ordering existed
at the catalytic surface. To further verify the proposed unifying picture,
further research could focus on operando magnetic characterization to
directly correlate the magnetic order and interactions in these catalysts
with the activity under realistic OER conditions.

METHODS
Pulsed laser deposition

La0.67Sr0.33MnO3 thin films were deposited via reflection high-
energy electron diffraction (RHEED)-assisted pulsed laser deposition
(PLD) onto B-site terminated and step-terraced SrTiO3 (001) sub-
strates purchased from CrysTec GmbH or Shinkosha Co., Ltd. A sto-
chiometric La0.67Sr0.33MnO3 target was obtained from SurfaceNet. The
films were deposited with a laser fluence of 2.0 J cm�2 and a frequency
of 1Hz. The deposition was done at an oxygen pressure of 0.266 mbar,
and the temperature of the substrate was kept at 750 �C during deposi-
tion. The distance between sample and target was kept at 5 cm, and a
rectangular mask was used to obtain a laser spot size of 2.24mm2.
Before deposition, the targets were pre-ablated at 5Hz. After deposi-
tion, the samples were cooled down at 25 �C/min inside the PLD at
100 mbar oxygen pressure. PLD was performed in a vacuum system
(TSST) with a base pressure of 5 � 10�8 mbar, equipped with an in
situ RHEED (Staib instruments) and a KrF excimer laser (Coherent,
Inc.) of 248nm.

Thin film characterization

X-ray diffraction and reflectivity measurements were performed
using a Panalytical X’pert pro diffractometer with Cu anode. For the
diffractograms, a GE 220 Monochromator was used to obtain Cu-Ka

radiation. During the 2h–x scans, the detector was operated in 0D
mode with an active length of 0.165mm. A slit of 1/2� was used to
shape the beam. Reflectivity measurements were performed using a 1/
32� slit. The detector was operated in 0D mode with an active length
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of 1.12mm. The RSM was performed using a Bruker D8 Discover dif-
fractometer with Cu-Ka radiation and an Eiger 2R 500K area detector.
The detector was kept stationary while operated in 1D mode as an
omega rocking curve was performed. A grazing-exit configuration was
chosen to obtain narrow diffractograms.

The topography of the grown films was characterized by atomic
force microscopy (AFM) using a Veeco Dimension Icon AFM in tap-
ping mode in air. The oscillating cantilever is a Tespa-V2 cantilever
(Bruker, Netherlands) with a pure silicon tip with a nominal radius of
20 nm. Images were obtained using the Nanoscope software and
treated using the Gwyddion software. First, we align the rows using a
polynomial approach, then the data are leveled by mean plane subtrac-
tion, finally a polynomial background was subtracted.

Magnetic characterization

VSM measurements were obtained using a DYNACOOL physi-
cal properties measurement system (Quantum Design, Germany). All
samples were field cooled at 10mT before measuring temperature-
dependent magnetization.

Scanning superconducting-quantum-interference-device (SQUID)
microscopy measurements were performed at 4.2K in a liquid He
bath. A superconducting Nb shield is used to shield the sample and
SQUID sensor from any external magnetic fields. The SQUID sensor
used is extended with a pickup loop having an effective area of approx-
imately 18 lm2, and scanning is performed under an angle of approxi-
mately 15�, making the distance between the pickup loop and sample
surface approximately 2–3lm. The SQUID is a flux-to-voltage trans-
ducer, and the measured voltage can be converted to magnetic field by
dividing by the (measurement-dependent) flux-to-voltage ratio and
the effective area of the pickup loop. Typical flux sensitivities are in the
order of 10–20 lU0/(Hz)

1/2, and the bandwidth is 1000Hz.57,58

Magnetic force microscopy was performed with a CoCr coated Si
cantilever, with a spring constant of 2.5N/m and a resonant frequency
around 65 kHz. Prior to imaging, a permanent magnet was used to
magnetize the tip for sensitivity of in-plane magnetic fields. A Veeco
Dimension AFM III was operated in tapping mode feedback. The
image was obtained at 1Hz scan speed with 512 pixels � 512 lines.
The magnetic signal was obtained by a lift mode, with a lift height of
10 nm. Gywddion was used for image processing with plane subtrac-
tion and line alignment via means of differences.

Electrochemical characterization

To perform electrochemical experiments with epitaxial thin films
on 10� 10� 0.5mm3 single crystal substrates, we used a custom-
made adapter to press the sample back side to the Pt plug of a rotating
disk electrode (RDE, Pine Research). For further details, see the supple-
mentary material, Fig. 9. 50 nm Pt connections from the sample back
side to the front side ensured electrical contact with the SrTiO3 sub-
strate and the epitaxial layers. On the front side, a film area of 7.5mm
diameter was exposed to the electrolyte and sealed using an O-ring
(Kalrez, ERIKS, Germany). The RDE shaft was rotated at 1600 rpm.
Electrochemical testing was performed using a Biologic SP-300 poten-
tiostat in a 150ml alkaline-resistant cup with a Pt wire as a counter
electrode. Electrochemical impedance spectroscopy (EIS) was con-
ducted with the amplitude of 10mV. Correction for the cell resistance
(IR correction) was based on the high-frequency intercept of the real

impedance close to open circuit conditions.59 The electrolyte solution
of 0.1 M KOH was prepared by dissolving KOH pellets (Sigma-
Aldrich, 99.99%) in Milli-Q water. The electrolyte was O2-saturated
prior to testing for at least 30min and maintained under an O2 atmo-
sphere during testing. Electrochemical measurements in the presence
of magnetic fields were performed at room temperature unless speci-
fied differently. Potentials were referenced to a Hg/HgO reference elec-
trode (C3 Prozess-und Analysentechnik, Germany). The potential of
the Hg/HgO was periodically measured against a reversible hydrogen
electrode (RHE, HydroFlex, USA) in 0.1 M KOH, with typical values
ranging from 883 till 897mV. For conversion to the RHE scale, we
used 8906 5mV. All of the OER testing was performed on a fresh
electrode that had not undergone previous testing.

For all samples, we first performed impedance spectroscopy at
OCV and cyclic voltammetry (CV) in the double layer region (�1.1–
1.2V vs RHE). At each scan rate, two measurements were taken. After
this initial analysis, we performed the steps specified for each measure-
ment presented in this work. The measurement sequence was finished
by a repetition of the impedance spectroscopy at OCV and cyclic vol-
tammetry (CV) in the double layer region. For the temperature depen-
dent CV experiments, the measurement specific steps consisted of OER
testing using cyclic voltammetry from 1.1 to 1.89V vs RHE at a scan
rate of 10mV s�1. Three cycles were performed at each temperature.
Before performing temperature dependent CV experiments, 10 OER
cycles were performed to initialize the samples and reach a more stable
performance. For the temperature dependent CA experiments, linear
sweep voltammetry at a scan rate of 10mV s�1 was used to sweep up and
down the potential before and after chronoamperometry measurements
and impedance measurements at elevated potentials. During cooling, we
noted down the time whenever the temperature dropped by 1 �C. This
was used to determine the data points in the ln(J) vs 1/T graphs in the
supplementary material, Fig. 7. Before we applied any external magnetic
fields or changed the temperature during CA, we waited until the mea-
sured current approached a stable value. CA measurements were comple-
mented with impedance spectroscopy measurements at the same DC
potential every 5min during the CAmeasurement time.

External magnetic fields were applied using a 1T permanent disk
magnet. The applied field strength depended on the distance between
the magnet and the sample and was measured as a function of distance
for each of the directions using a flat hall probe in air. For elevated
temperature experiments, the electrochemical setup was placed in a
heater water bath (see the supplementary material, Fig. 9). The temper-
ature of the solution was measured in close proximity to the working
electrode to determine the temperature near the working electrode.
After heating to each temperature for the cyclic voltammetry measure-
ments, we waited for approximately 20min to ensure temperature
stabilization. Temperature dependent measurements on the ferromag-
netic samples both using cyclic voltammetry and chronoamperometry
were duplicated with different samples. External magnetic field mea-
surements on all samples were duplicated on different samples; more-
over, for each of the field direction, we repeated the application and
removal in a triplicate measurement. The results from this last mea-
surement can be seen in the supplementary material, Fig. 10. An error
analysis was performed for temperature dependent measurements on
the ferromagnetic samples both using cyclic voltammetry and chro-
noamperometry and are discussed in the supplementary material, dis-
cussion D.
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The impedance spectra collected during chronoamperometry
measurements were fitted with the equivalent circuits shown in the
supplementary material, Fig. 14. Both circuits are made up of an
RQ/RC element to simulate the high frequency response and an RQ
element to simulate the medium frequency response (RCTQmid) which
is suspected to represent the solid–liquid interface. The circuits differ
in the last element needed to obtain good fits. For the 10 unit cell sam-
ple, another R3Qlow element is needed, which we assume is due to the
comparatively higher film resistance, dominating the overall current
density. For the 13 unit cell sample, a Finite Length Warburg (FLW)
element was used. Such an element is often used to model an electro-
chemical cell with an RDE due to the negligible diffusion layer induced
by fast stirring.60 For the 13 uc sample, the reaction is not limited by
the film resistance, such that diffusion in the liquid and, thus, the
Warburg element has to be taken into account. We extract the uncom-
pensated resistance (Ru) and the charge transfer resistance from this
complex nonlinear least squares-analysis.

RXR

The resonant x-ray reflectometry (RXR) data were acquired at
the resonant elastic and inelastic x-ray scattering (REIXS) beamline of
the Canadian Light Source (CLS) in Saskatoon, Canada.61 The beam-
line has a flux of 5� 1012 photons s�1 and has a photon energy resolu-
tion DE=E �10�4. An elliptically polarizing undulator (EPU) is used
to give the desired linear and circular polarizations. The experimental
chamber was kept below a base pressure of 10�9 Torr, and the mea-
surements were taken at a temperature of 300K. The samples were
aligned with their surface normal in the scattering plane, and the
reflection-geometry scans were aided by the in-vacuum 4-circle
diffractometer. The measurements were performed in the specular
reflection geometry with several resonant photon energies at Ti L2,3
(�450–470 eV), Mn L2,3 (�635–660 eV), and La M4,5 (�830–860 eV)
resonances, along with multiple non-resonant photon energies. The
circular-dichroic magnetic measurements were performed by inserting
a permanent magnet array into the sample environment producing a
homogenous 0.6 T field, aligning the magnetization in both the film xy
plane and the measurement scattering plane. The dichroic measure-
ments were then taken solely using the resonant photon energies of
the Mn L2,3 resonance. A photodiode was used to detect the reflected
beam intensity, with the response function of the photodiode deter-
mined by directly measuring the synchrotron beam. The measured
data were normalized by the incident beam flux and the response func-
tion to obtain a quantitative reflectivity spectra.

The modeling of the RXR data was performed using the global
optimization of resonant x-ray reflectometry (GO-RXR), a software
package recently developed by the QMaX group at the University of
Saskatchewan. Tabulated atomic form factors were used for non-
resonant energies, while the resonant scattering tensors for elements
Ti, Mn, and La were constructed using measured x-ray absorption
spectra. For Mn, two different resonant scattering tensors were used—
one for Mn2þ and one for Mn in stoichiometric La0.7Sr0.3MnO3

(implemented as a weighted linear combination of Mn3þ and Mn4þ

scattering tensors corresponding to Mn3.3þ). To determine the optical
and magneto-optical profiles, a slab model was used that is made up of
parametrized layers with defined elements, oxidation states, thick-
nesses, densities, and roughness. The model parameters are then used
to construct an element-specific continuous depth-dependent density

profile. The density profile, along with the form factors, is then used to
determine the energy- and depth-dependent optical profile. The opti-
cal profile is then used to simulate the reflectivity for a given energy,
reflection angle, and polarization. To determine the density profile of
the 10 and 13 uc La0.67Sr0.33MnO3 samples, the parameters of layer
thickness, density, roughness, and Mn oxidation state were optimized
while fitting the simulation to the experimental data. To reduce the
parameter set, the concentration ratio of Sr and La was fixed to 3:7
throughout the bulk of the film (from the target stoichiometry), but it
was allowed to vary near the interface and surface. To determine the
magnetic profile of Mn, the nonmagnetic elemental density profile was
determined first by optimizing the parameters against an extended
sigma-polarized experimental dataset. The magnetic density profile was
then fit to the circular polarized data using the asymmetry of the right
RR and left RL circular polarizations, where A ¼ RL � RRð Þ=
RL þ RRð Þ. We show the experimental RXR data and associated fits of
the resonant and non-resonant theta/two-theta reflectivity scans and cir-
cular polarized asymmetry scans at different energies in the supplemen-
tary material, Figs. 15 and 16. Moreover, the Mn-resonant energy scans
and Mn-resonant circular polarized asymmetry energy scans along with
associated fits are displayed in the supplementary material, Fig. 17.

SUPPLEMENTARY MATERIAL

See the supplementary material for more information that sup-
ports the findings of this work; additional electrochemical data used to
generate the overview in the main text; schematics and images of the
experimental setups; additional thin film characterization, both before
and after electrochemical tests; and additional discussion of results.
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