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ABSTRACT: Electron spin polarization is identified as a promising avenue for enhancing the 

oxygen evolution reaction (OER), the bottleneck that limits the energy efficiency of water-

splitting. Here, we report that both ferrimagnetic (f-Fe3O4) and superparamagnetic iron oxide (s-

Fe3O4) catalysts can exhibit external magnetic field (Hext) induced OER enhancement, and the 

activity is proportional to their intrinsic magnetic moment. Additionally, chirality induced spin 

selectivity (CISS) effect was utilized in synergy with Hext to get a maximum enhancement of up 
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to 89% improvement in current density (at 1.8 V vs. RHE) with a low onset potential of 270 mV 

in s-Fe3O4 catalysts. Spin polarization and the resultant spin selectivity suppresses the production 

of H2O2 and promote the formation of ground state triplet O2 during OER. Furthermore, the design 

of chiral s-Fe3O4 with synergistic spin potential effect demonstrates a high spin polarization of 

~42%, as measured using conductive Atomic Force Microscopy (c-AFM) measurements. 

INTRODUCTION: 

According to the principles of quantum theory, the rate of chemical reactions is expected to be 

sluggish if the spin of the electronic wave function of the products differs from that of the reactants. 

An archetypal example of this can be seen in a reaction fundamental to many renewable energy 

devices, namely the OER,  where spin conservation is not observed. Here, the reactants -OH/H2O 

exist in the singlet spin ground state with no unpaired electrons, while the product O2 in the ground 

state is a spin triplet with two unpaired electrons.1-5 Consequently, quantum mechanics posits that 

OER is spin-forbidden, requiring additional energy stimuli for the reaction to advance, which 

contributes to the observed high overpotentials. Although the primary goal of an OER 

electrocatalyst is to minimize the overpotential for the extraction of electrons with the same spins 

needed to produce triplet O2, the significance of the spin attribute was not well recognized until 

recently.4, 6 Therefore, despite research efforts to optimize charge transfer at the catalyst interface 

by modulating band structure of the catalyst, adsorption energies, and electron transport, the issue 

of high OER overpotentials remains unresolved, potentially due to non-ideal electron spin 

configurations. Consequently, there has been an increased focus on the "spin transition" at the 

catalyst interface, aiming to achieve a significant breakthrough in reducing the OER 

overpotential.7, 8  
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An effective strategy in magnetic catalysts to facilitate selective spin transitions entails imposing 

spin-dependent potentials that alter the Hamiltonian, leading to the energy band divergence of 

spin-up and spin-down electrons and subsequently triggering spin polarization. Garcia et al. 

proposed that an external magnetic field exemplifies a spin-dependent potential that could be 

harnessed to achieve this objective.9 Subsequent research has demonstrated that coupling a 

magnetic field with electrochemistry can better facilitate spin transitions during OER.9-14 Through 

quantum exchange interactions, magnetic catalysts can create a lower energy spin-selective 

channel and transfer electrons of the desired spin to the catalyst-adsorbate interface, thereby 

boosting OER performance. An alternate pathway to induce spin polarization in catalysts is using 

chiral molecules.15, 16 It is documented that the transport of electrons through a chiral molecule can 

cause spin polarization even in the absence of an external magnetic field (called chirality-induced 

spin selectivity or CISS effect).15-19 Thus, chiral molecules can function as spin filters through the 

CISS effect, selectively transmitting electrons with specific spin orientations and leading to 

augmented OER kinetics. 

Despite advancements, understanding spin polarization mechanisms and the ability to modify them 

without changing the catalyst's chemical composition/structure is largely unresolved. Specifically, 

ferromagnetic catalysts can exhibit spin polarization without Hext, and achievable OER 

enhancement under a Hext is domain size-dependent.20-22 This finding prompts further exploration 

of spin polarization phenomena, potentially expanding it to nonferromagnetic catalysts. However, 

existing research on magnetic field-enhanced electrochemical reactions primarily focuses on 

single and multi-domain ferromagnetic catalysts, leaving a significant knowledge gap regarding 

other magnetic catalysts. Unlike ferromagnetic catalysts, superparamagnetic materials do not 

exhibit inherent spin polarization without Hext.
23 Conversely, the factors influencing spin 
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polarization in superparamagnetic materials and the combined effects of multiple spin-dependent 

potentials, such as the co-application of magnetic field and CISS, on enhancing OER activity 

remain unexplored. Understanding the synergistic impact of such phenomena could unlock 

strategies to tailor spin polarization in magnetic catalysts, potentially leading to substantially 

enhanced OER catalysis. 

This study investigates the correlation between the intrinsic magnetic properties and the OER 

activity of nonferromagnetic catalysts, focusing on two types of magnetite catalysts: ferrimagnetic 

and superparamagnetic. Here, Fe3O4 provides an ideal platform for investigating the impact of the 

magnetic properties of active centers on OER efficiency, as its magnetic properties can be modified 

without altering chemical composition or structure. Thus, we examine the spin selectivity effect 

for f-Fe3O4 and s-Fe3O4 under Hext and decouple various coexisting effects. Furthermore, we 

introduce the CISS effect into the Fe3O4 system by anchoring chiral molecules onto the surface24-

26 and attempt to engineer the total spin polarization in the catalysts through the combined impact 

of Hext and CISS. The study reveals a significant enhancement, with an 89% improvement in 

current density at 1.8 V vs. RHE and a low onset potential of 270 mV. The extent of this 

enhancement intimately ties to the cumulative spin polarization resulting from the intrinsic 

magnetization in the systems, in conjunction with CISS-induced spin polarization. Spin-selective 

transport in chiral molecules and ensuing spin polarization are monitored using c-AFM 

measurements, calculating a spin polarization of up to 42% in the chiral/Fe3O4 systems. These 

findings hold significant implications for the identification of magnetic catalysts and for 

optimizing the water splitting process through the combined use of different spin potentials such 

as CISS and Hext.  
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RESULTS AND DISCUSSION 

The f-Fe3O4 and s-Fe3O4 systems were synthesized following established protocols (see supporting 

information).27, 28 Since the synthesis relied on established methods, the resultant samples were 

characterized primarily to confirm their crystal structure, morphology, and magnetic properties. 

X-ray diffraction (XRD) spectra (Figure 1a) corroborated the inverse cubic spinel crystal structure 

of both variants, thereby establishing the structural and chemical similarity of the prepared 

systems.29, 30 The morphologies were analyzed using scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). The SEM images revealed the f-Fe3O4 particles as well-

defined spheres with an approximate diameter of 200 nm (shown in Figure 1b). Conversely, the 

TEM image of s-Fe3O4 (Figure 1c) displayed an aggregation of smaller nanoparticles, each less 

than 50 nm in size (corresponding SEM images in Figure S1 further affirm the aggregated nature 

of s-Fe3O4). The magnetic properties of the particles were evaluated utilizing vibrating sample 

magnetometry (VSM) and superconducting quantum interference device (SQUID) measurements. 

The f-Fe3O4 demonstrated ferrimagnetic behavior, with a small remnant magnetization and a mean 

saturation magnetization of 20 emu g−1 (Figure 1d), as reported in literature.31, 32 At room 

temperature, s-Fe3O4 exhibited zero remnant magnetization and a saturation magnetization of 98 

emu g−1 (shown in Figure 1e), which is close to that of bulk magnetite (127 emu g−1). The SQUID 

measurements, together with the nanoparticle sizes, affirmed the superparamagnetic nature of s-

Fe3O4.
33-35  

The synthesized nanoparticles with distinct magnetic properties, despite having identical chemical 

and structural features, are ideal for studying the impact of magnetic properties on spin-selective 

electrocatalytic OER. The impact of Hext on the electrocatalytic OER activity was evaluated using 

linear sweep voltammetry (LSV) curves (Figure S2 a, b). To exclude the influence of capacitive 
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background and any anodic oxidation on the OER current, we measured steady-state polarization 

curves using cyclic voltammetry (CV) (Figure S3).  

In the absence of Hext, the OER activities of f-Fe3O4 and s-Fe3O4 were comparable, given their 

identical Fe active sites and introducing a static Hext enhanced catalytic performance for f-Fe3O4 

and s-Fe3O4. A visible increase in CV currents under Hext of 300 mT for both s-Fe3O4 and f-Fe3O4 

samples confirms the magnetic field-induced enhancement of their OER activities, albeit to 

different extents. To separate the effects arising from different magnetic properties (while 

mitigating the influence of surface area differences), the current densities for s-Fe3O4 and f-Fe3O4 

samples were normalized by their respective electrochemical surface areas (ECSA) (calculated 

following standard protocols; see Figure S4 and S6).36-38 The most significant enhancement under 

the Hext and the highest activity were observed for s-Fe3O4 (with the lowest onset potential of 290 

mV vs RHE), as represented by the magnetocurrent densities (jm) shown in Figure 2a. Tafel slope 

measurements without Hext revealed values close to 120 mV/decade for both samples, suggesting 

Figure 1: (a) XRD of f-Fe3O4 (top) and s-Fe3O4 (bottom), (b) SEM image of f-Fe3O4, (c) 

TEM image of s-Fe3O4, inset shows corresponding histograms for size distribution (d) 

Magnetic hysteresis behavior of f-Fe3O4, inset shows the hysteresis from -5000 Oe to 5000 

Oe (e) Magnetic hysteresis behavior of s-Fe3O4 
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that the first electron transfer step is the rate-determining step (RDS).9 However, under Hext, the 

slope decreased to ~90 mV/decade for f-Fe3O4 and s-Fe3O4, indicating that the RDS now 

encompasses a combination of the first and second electron transfer steps (Figure S2c).9 As shown 

in Figure 2b and Figure S5, the overpotential of magnetic Fe3O4 samples decreases as the strength 

of the Hext increases, signifying an acceleration in the OER kinetics. Thus, the promoting effect of  

Hext on the multi-electron transfer process of OER is more pronounced for the superparamagnetic 

Fe3O4 system. Furthermore, the Hext-induced enhancement maintained stability for up to 24 hours 

of operation (Figure S6).   

Control experiments were performed to understand the mechanism driving the OER enhancement 

instigated by Hext. The experiments were designed for discerning the contributions of various 

Figure 2: (a) Magnetocurrent density curves for OER (b) Comparison of overpotential for 0.8 

mAcm-2 at various Hext strengths superparamagnetic Fe3O4. (c) Temperature dependence of 

magnetocurrent in s-Fe3O4. (d) stirring and Hext effects in s-Fe3O4. 
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indirect effects and qualitatively isolate the influence of magnetic field-induced spin selectivity. 

Previous studies have proposed that the magnetohydrodynamic (MHD) effect, can potentially 

expedite the release of O2 bubbles, augment mass transfer, and reduce ohmic polarization.39, 40 41, 

42 However, the disparities in the degree of decrease in overpotential observed under the similar 

Hext for s-Fe3O4 and f-Fe3O4 suggest that MHD effect is not the sole contributing factor to the 

improved OER performance. To justify this, the OER activity was measured using a rotating disc 

electrode (RDE) setup (Figure 2c). The slightly elevated OER activity at 1600 rpm can be credited 

to the enhanced removal of gas bubbles through agitation, while the subsequent increase seen 

under Hext is attributed to the spin-selection effect.14 Additionally, ECSA measurements with and 

without Hext show negligible differences, suggesting minimal impact from the Maxwell stress 

effect (Figure S4).14 A uniform field strength over the entirety of the small area of the glassy 

carbon electrode (0.07065 cm2), effectively eliminates the possibility of the Kelvin force effect 

influencing the OER measurements.14 Notably, any influence from magnetic hyperthermia can be 

disregarded since localized heating occurs only under an alternating magnetic field. Therefore, we 

surmise that the amplified OER activity under a static Hext originates predominantly from the spin 

selectivity effect. To further substantiate the above conclusion, we examined the magnetocurrent 

at various temperatures (Figure 2d).9 The results indicated a decline in magnetocurrent beyond 

55oC, potentially due to the disruption of the ferromagnetic ordering in the s-Fe3O4 catalysts. This 

temperature-dependent study emphasized the existence of ferromagnetic ordering under Hext 

leading to spin polarization and spin selection in s-Fe3O4, which augments OER kinetics under 

magnetic fields. A similar effect of Hext was also observed in f-Fe3O4 (Figure S7), confirming the 

spin selectivity effect. 
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While f-Fe3O4 can manifest intrinsic spin polarization without external magnetization,20, 21  the 

introduction of Hext triggers domain wall reconstruction, transitioning these into a single domain 

and consequently boosting OER activity. Conversely, superparamagnetic systems, such as s-

Fe3O4, require the presence of a Hext to manifest spin polarization, as thermal fluctuations 

intrinsically disrupt their single-domain magnetizations.23, 43 Consequently, an improvement in 

OER activity observed in f-Fe3O4 and s-Fe3O4 is logical. However, a deeper understanding of the 

origin of the magnetic property is necessary to elucidate the variations between the enhancement. 

In systems with a fixed total number of electrons, the magnetic moment escalates as the number 

of spin-up (or spin-down) electrons rises, leading to a higher degree of spin polarization.9, 44 

Therefore, variations in the magnetic moment between samples, leading to resultant differences in 

effective spin polarization under Hext, could potentially explain the distinct OER activities 

observed in s-Fe3O4 and f-Fe3O4. To investigate the potential relationship between magnetic 

moment and increased spin polarization in Fe3O4, we determined the effective magnetic moment 

(μeff) from field-cooled M-T curves (Figures 3c and 3d). In the high-temperature region, the 

susceptibilities (χ=M/H) deduced from the magnetizations comply with Curie−Weiss law: 

𝜒 =
𝐶

𝑇
− 𝑇𝐶    (1) 

Figure 3: (a) Mechanism of OER under magnetic field and spin selection (b), (c) The field-

cooled M-T curves of s-Fe3O4 and f-Fe3O4, respectively. The inset figure shows the 

temperature dependence of reciprocal susceptibilities. 
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where C is the Curie constant, and TC is the Curie−Weiss temperature. From fitting the 

susceptibility against temperature data, μeff was calculated to be 3.57μB for s-Fe3O4 and 3.44μB 

for f-Fe3O4, respectively (close to theoretical value 4μB). Based on these findings, it can be 

inferred that the s-Fe3O4 samples, possessing a greater magnetic moment under Hext, exhibit a 

higher degree of spin polarization leading to a superior spin selectivity effect for OER compared 

to the f-Fe3O4 samples. Building on our comprehension of spin polarization in s-Fe3O4, we suggest 

a mechanism for the spin-polarized OER process, as illustrated in Figure 3b. The Fe centers are 

known to be the OER active sites in Fe3O4.
45, 46 Under Hext, the fixed spin direction at Fe active 

center leads to the generation of O (↓)−, during the first electron transfer step, due to ferromagnetic 

exchange between the catalyst and the adsorbed oxygen species under the spin angular momentum 

Figure 4: (a) CD measurements (b) LSV polarization curves (c) UV-vis absorption curves 

for H2O2 detection (d) LSV polarization curves for chiral Fe3O4 under Hext. 

https://doi.org/10.26434/chemrxiv-2023-n6972 ORCID: https://orcid.org/0000-0002-5728-0512 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-n6972
https://orcid.org/0000-0002-5728-0512
https://creativecommons.org/licenses/by-nc-nd/4.0/


 11 

conservation principle.3, 41 This is followed by subsequent steps with triplet state intermediate 

O(↓)O(↓)H formation and favorable generation of triplet state O2.  

Having ascertained the crucial role of the inherent magnetic moment of s-Fe3O4 in enhancing the 

OER activity, we sought to further increase spin polarization by introducing an additional spin 

potential. In light of previous studies highlighting the potential of chiral molecules to enhance 

OER, 47-49 we anchored chiral molecules directly on the s-Fe3O4 surface, thus creating a chiral s-

Fe3O4 catalyst.50, 51 The s-Fe3O4 system was modified by anchoring both (R) and (S)-1, 2 

diaminopropane dihydrochloride [(R)-DPDC and (S)-DPDC], and an achiral molecule, ethylene 

diamine (ED). The bonding characteristics of all the molecules are the same, allowing us to 

investigate the influence of chirality on the catalytic properties of s-Fe3O4. Circular dichroism 

(CD) and Fourier transform infrared (FTIR) measurements were utilized to confirm the successful 

anchoring of chiral molecules. Figure 4a demonstrates similar features in the CD spectrum of (R)-

DPDC and Fe3O4/(R)-DPDC samples, while no CD signal was detected in the spectrum of the s-

Fe3O4/achiral solution. The presence of chiral features in the CD spectrum confirms the successful 

attachment of chiral molecules onto the nanoparticles.50 The corresponding FTIR measurements 

also endorsed the molecular anchoring on Fe3O4 surface (Figure S8). 

The LSV polarization curves of the chiral samples (Figure 4b) indicate that the chiral system 

exhibits significantly higher OER activity than pristine s-Fe3O4 (in the absence of Hext). By 

comparing the effects of the chiral and achiral systems, it is evident that the improvement in OER 

activity is directly attributed to the presence of chiral molecules rather than the ligand effects 

resulting from the bonding of the molecules to the catalyst surface.52 Interestingly, a minor 

decrease in activity was observed in the case of s-Fe3O4/achiral compared to pristine s-Fe3O4, 

possibly due to the partial blocking of active sites. Interestingly, the chiral system exhibited a 62% 
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increase in activity, compared to a 43% increase observed for spin selection using Hext (at 1.8 V 

vs. RHE). These results affirm significance of chiral molecules in enhancing OER. As both the (R) 

and (S) enantiomers can induce spin-selective electron transfer, no significant difference in the 

OER enhancement is observed between them (Figure S9).  

The analysis of H2O2 formation as a by-product during OER at low pH revealed that the Fe3O4/(R)-

DPDC exhibited significant suppression of H2O2 production compared to the achiral catalyst 

(Figure 4c). Figure S10 shows a model lattice representing the polarization of the electron spins 

of radical intermediates (with blue indicating down spin and grey indicating up spin) on a chiral 

(spin aligned) and achiral catalyst (random spin) surface. The alignment of the unpaired electrons 

in two OH radicals can be either antiparallel or parallel. When aligned antiparallel, the reaction 

occurs on a singlet surface, resulting in the formation of H2O2 while hindering the formation of O2 

in its triplet ground state. Conversely, when the spins of the radicals are parallel, the system resides 

on a triplet potential energy surface, promoting the production of O2.
53, 54 Notably, in chiral 

molecules, the antiparallel pathway is suppressed, leading to increased O2 production. This is 

consistent with mechanisms proposed in previous reports where the spin-polarized reaction 

intermediates on chiral catalysts promote the reaction pathway for triplet O2.
49, 55-59 The cumulative 

effect of the CISS and Hext on the chiral s-Fe3O4 system was investigated, as shown in Figure 4d. 

The combined impact of chirality and magnetic resulted in a higher enhancement (89% increase 

in current density at 1.8 V vs. RHE) than the individual effects of CISS or Hext. We hypothesize 

that the chirality and magnetic field contribute two distinct spin-dependent potentials that act in 

conjunction, increasing spin polarization and overall OER activity.  

The spin-dependent charge transport properties of the electrocatalysts were investigated through 

spin-polarized c-AFM measurements to evaluate the additional spin-dependent potential coming 
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from chiral molecules. The spin polarization (SP) at a specific electric potential difference, V, is 

expressed by  

𝑆𝑃(%) =
𝐼𝑢𝑝−𝐼𝑑𝑜𝑤𝑛

𝐼𝑢𝑝+𝐼𝑑𝑜𝑤𝑛
 𝑥 100   (2) 

where Iup and Idown are the currents measured at a given potential for the magnetic electrode 

magnetized with the north pole pointing towards the surface or away from it, respectively.47, 60 

Figure 5a-d shows the I-V and corresponding spin polarization plots for s-Fe3O4/(R)-DPDC and 

s-Fe3O4/(S)-DPDC systems. In s-Fe3O4/(R)-DPDC (Figure 5a), the magnetization of the tip in an 

upward direction has a higher current than the downward direction. The opposite was observed for 

Figure 5: Spin polarization measured with the mc-AFM for (a) s-Fe3O4/(R)-DPDC (b) s-

Fe3O4/(S)-DPDC. Calculated spin polarization as a function of applied bias for (c) s-

Fe3O4/(R)-DPDC and (d) s-Fe3O4/(S)-DPDC. 
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the s-Fe3O4/(S)-DPDC samples (Figure 5b), where higher currents were recorded when the tip 

was magnetized downward. This reveals that the chiral molecules can preferentially select the 

specific direction of spin-charge carriers and have a different tunneling probability for spin-up and 

spin-down carriers. The average SP (%) calculated from the c-AFM measurements is 42% for s-

Fe3O4/(R)-DPDC and 37% for s-Fe3O4/(S)-DPDC (Figure 5c, d). Moreover, no considerable 

changes in the current of the s-Fe3O4/achiral sample were observed at different tip magnetization 

directions (Figure S11). The measurements validate the experimental findings, demonstrating the 

utilization of CISS effect to introduce spin polarization and increase OER activity. Hence, the 

work opens avenues to combine different spin-dependent potentials to generate synergistic spin 

polarization and superior OER activities.  

CONCLUSIONS 

In summary, we have demonstrated the positive synergistic effect of external magnetic field and 

chiral spin potentials to enhance OER activity. Under Hext, the increase of spatial spin polarization 

with magnetic moment shows a positive correlation with the enhancement of spin selection during 

OER. Additionally, our results show that CISS effect can coexist with Hext induced spin 

polarization to significantly improve OER activity with enhancement up to 89% in current density 

at 1.8 V vs RHE and low onset potential of 270 mV for s-Fe3O4/(R)-DPDC. The spin-polarized 

electron exchange between the chiral-superparamagnetic Fe3O4 and the adsorbed oxygen species 

under the principle of spin angular momentum conservation, leads to faster reaction kinetics for 

OER. A maximum spin polarization of 42% was measured using c-AFM in chiral-s-Fe3O4. 

Overall, this study provides valuable insights into the synergistic effects of Hext and the CISS 

effect, enhancing spin-dependent electrochemical water splitting in hybrid electrocatalysts. 
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