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Although considerable research efforts have been devoted to the design and development of non-noble
electrocatalysts for oxygen evolution reaction (OER), substantial enhancement of OER performance with
commercial-scale water electrolysis remains a big challenge. This could result from the difficulties in
detecting the intrinsic properties and overlooking the assembly process for electrochemical OER pro-
cess. Here, we employ a microjet collision method to investigate the intrinsic OER activities of individ-
Keywords: ual NiZnFeOy entities with and without a moderate magnetic field. Our results demonstrate that single
Single entity NiZnFeOx nanoparticles (NPs) show the excellent OER performance with a lowest onset potential (~1.35V
OER vs. RHE) and a greatest magnetic enhancement (~118%) among bulk materials, single agglomerations and
Magnetic enhancement NPs. Furthermore, we explore the utility of theoretical investigation by density functional theory (DFT)
Electrocatalysis calculations for studying OER process on NiZnFeOy surfaces without and with spin alignment, indicating
Well-dispersion monodispersed NiZnFeOyx NPs with totally spin alignment facilitates the OER process under the external
magnetic field. It is found that the well-dispersion of NiZnFeOx NPs would increase the electrical conduc-
tivity and the surface spin state, resulting in promoting their OER activities. This work provides a test for
uncovering the essential roles of NPs assembly to a significant promotion of their magnet-assisted OER.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Water electrolysis has been regarded as a promising way for
the source of a viable and sustainable hydrogen [1,2]. Typically,
hydrogen production efficiency is limited by the sluggish reaction
kinetics in the oxygen evolution reaction, which is typically consid-
ered the barrier for overall water splitting, as a slow and energy-
demanding, four-electron process [3,4]. In the past decades, explor-
ing new high efficiency electrocatalysts for OER has been of on-
going interest [5,6]. For example, defect-rich transition metal cat-
alysts or phase-modulation of transition metal nanocrystals an-
chored on elements-doped carbon substrates were designed to ef-
ficiently enhance OER performance [7-9]. Very recently, theoretical
calculations and experimental measurements have revealed that
the magneto-enhancement is being considered as a potential strat-
egy to speed up the spin-restricted water oxidation [10-12]. A very
interesting work to boost OER efficiency comes from direct mag-
netic enhancement of nickel iron oxide in alkaline media just by
simply moving a permanent magnet next to the anodic compart-
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ment [13]. Although considerable research efforts have been de-
voted to the design and development of OER electrocatalysts with
both remarkable activity and high stability [14-16], substantial en-
hancement of OER performance remains a big challenge. This is
because that the electrocatalytic performance exhibits a strongly
dependence on not only the catalysts’ structure but also their as-
sembly process [17-19]. It is found that an inappropriate assembly
of ensemble measurements could decrease the electrocatalytic per-
formance [20-22], resulting in obscuring the structure-activity re-
lationship. Therefore, measuring the intrinsic activities of catalysts
at single entity level enables the roles of catalyst structure to be
quantified [23,24].

Single entity electrochemistry, such as stochastic collision elec-
trochemistry and scanning electrochemical cell microscopy, is a
powerful method to investigate the electrochemical behaviors of
an individual entity (a nanoparticle, a cell, a molecule, etc.) at
a nano/ultramicroelectrode, avoiding inhomogeneous averaging ef-
fect in ensemble experiment [25-27]. Recently, stochastic colli-
sion electrochemical measurements have attracted considerable at-
tention to conveniently measure the transient current responses
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Fig. 1. Schematic illustration of ultrasensitive electrochemical measurement of sin-
gle NiZnFeOy entities by using a microjet collision method under an external mag-
netic field.

of individual entities during their collisions at an ultramicroelec-
trode (UME) [28-31]. It is readily accessible to identify their in-
trinsic activities of individual catalysts, which can hardly be dis-
sected from additives or assembly by the ensemble measurements
[32,33]. Here, we present an investigation of the magnetic electro-
catalysts NiZnFeOx from bulk materials, single agglomerations to
single NPs to reveal the trends for the OER performance (Fig. 1).
We compare the onset potential and the resulting OER activities
for these catalysts with and without a moderate magnetic field.
We find the OER activity and the magnetic enhancement to be
sensitively dependent on the dispersion degrees of the NiZnFeOx
NPs. DFT calculations also confirm the monodispersed NiZnFeOy
NPs with spin alignment under a moderate magnetic field, facili-
tating the OER performance. Our results further demonstrate that
the monodispersed NiZnFeOx NPs onto the carbon walls of ordered
mesoporous framework show excellent magnetic enhancement and
low onset potential toward OER.

Because the magneto-enhancement is proportional to the mag-
netic properties of the catalysts, the highly magnetic iron-nickel
oxide NiZnFeOyx was selected as the OER catalyst in our experi-
ment. The magnetic properties are dependent on Ni and Fe ele-
ments and the Ni is the active site [34]. A representative trans-
mission electron microscopy (TEM) image reveals that as-prepared
NiZnFeOx NPs possess the mean diameter measured from approx-
imately 200 randomly selected particles to be 7nm (Fig. S1 in
Supporting information). We focused on the electrochemical oxy-
gen evolution to investigate the response of a NiZnFeOx/Ni-foam
anode in an alkaline liquid electrolyte (1 mol/L KOH solution) cell
equipped with a platinum mesh cathode and an Ag/AgCl (3.5 mol/L
KCI) reference electrode under a magnetic field. In this work,
NiZnFeOx NPs were dispersedly decorated on a Ni-foam substrate
by direct magnetic interaction via simple one-step sonication for
15 min. Scanning electron microscopy (SEM) images of the deco-
rated Ni-foam electrode show the relatively rough surface and the
assembled particles on the skeleton surface, confirming the pres-
ence of the NiZnFeOx NPs attached to the flat Ni-foam surface (Fig.
2a). The polarization curves (linear sweep voltammetry, LSV) of the
NiZnFeOy/Ni-foam were examined with and without a magnetic
field by approaching a commercial neodymium permanent mag-
net of ~400 mT. As expected, current density gradually increased
with the potential getting higher (Fig. 2b, black line). When a mag-
netic field was applied, the same basal current appeared before
~1.50V vs. the reversible hydrogen electrode (RHE) and a positive
effect of the external magnetic field was observed at >1.50V vs.
RHE (Fig. 2b, red line). The appearance of a magnetic enhanced
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current (magnetocurrent) above the onset potential reaches higher
currents at any given potential under the applied magnetic field.
The magnetocurrent can be calculated by Eq. 1:

_ J(Mon) 7J(Moff)

magnetocurrent (%) TV (1)
where J(Mon) and J(M,g) represent the current density with and
without magnetic field, respectively. The magnetic enhancement
of NiZnFeOx/Ni-foam, normalized by the basal electrocatalytic
performance, reaches a maximum 42% at ~1.60V vs. RHE. Af-
ter this threshold, the relative magnetocurrent decreased, which
was assigned to the diffusion limitations provoked by intense
oxygen bubbling. Moreover, we performed a pulsed magneto-
chronoamperometry experiment at a constant potential of 1.60V
vs. RHE for the NiZnFeOx/Ni-foam electrode. By simple employ-
ment of an external magnetic field, the current density is enhanced
instantly (Fig. 2c). This is because that the magnetic field effec-
tively reorients the spins and induces the spin alignment of the
NiZnFeOy catalysts, facilitating the charge transfer between the ad-
sorbed oxygen intermediates and the metal active sites through
spin polarization to promote the properties of OER [35]. Addition-
ally, the maximum magnetocurrent of bare Ni-foam is only 10%
at ~1.60V vs. RHE, much smaller than the NiZnFeOx/Ni-foam (Fig.
S2 in Supporting information), indicating significant magnetocur-
rent is indeed attributed to the NiZnFeOy attached on the Ni-foam
substrate under the external magnetic field. Thus, the OER perfor-
mance of NiZnFeOyx catalysts can be promoted under a proper mag-
netic field.

As well-known, OER performance and magnetocurrent en-
hancement using the ensemble LSV measurement would be af-
fected by the assembly process of NiZnFeOx NPs on Ni-foam
substrate [17-22]. To further quantify the intrinsic properties of
this catalyst, we employed a stochastic collision electrochemical
method to examine OER performance of NiZnFeOy at single entity
level. In this study, a facile step-wise centrifugation method was
introduced to separate the NiZnFeOy entities at a variety of cen-
trifugation speeds [36]. Firstly, the large aggregated particles were
removed by centrifuging at 4000 rpm for 40 min. The top layer was
sequentially centrifuged at speeds of 8000rpm, 10,000 rpm, and
14,000 rpm for 1h each. Correspondingly, NiZnFeOx catalysts were
separated into three groups depending on size, along with the av-
erage size of 7nm, 30nm, and 105 nm, respectively (Figs. 3a and
b, Fig. S3 in Supporting information). TEM images indicate that the
separated NiZnFeOyx entities are relatively size uniform and well-
dispersed.

Having obtained different groups of NiZnFeOyx entities, we at-
tempted to perform single entity electrochemical measurements in
0.1 mol/L KOH solution. Here, we used a carbon fiber UME with
a diameter of 7.0um (C UME, Fig. S4 in Supporting information)
as an inert electrode surface to achieve the ultrasensitive mea-
surement of individual collision events. To guarantee the electro-
chemical measurement of highly magnetic NiZnFeOx catalysts oc-
curred at single entity level under a moderate magnetic field, we
employed the “microjet collision method” to study the OER pro-
cess across individual NiZnFeOy entities at the C UME. This method
uses a pressure-driven flow to deliver NiZnFeOx entities from a
glass micropipette onto a working electrode in very close proxim-
ity (few pm separation). In brief, an injection micropipette filled
with the NiZnFeOx entities is connected to a Femtojet microinjec-
tor, and attached to a micropositioner. The C UME is then con-
nected to a separate micropositioner that directly opposites from
the micropipette’s position. The collision events would be continu-
ously recorded when individual NiZnFeOx entities under pressure-
driven flow are directly injected one by one towards the surface
of C UME. In this way, an extreme low concentration of entities
in micropipette and a microinjection strategy were exploited dur-
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Fig. 2. (a) SEM images of the bare Ni-foam (top) and the Ni-foam decorated with NiZnFeOy (bottom). (b) LSV curves of NiZnFeOx/Ni-foam in 1 mol/L KOH solution at a scan
rate of 10mV/s. The magnetocurrent component is represented in brown. (c) Chronoamperometric experiment was performed at a constant potential of 1.60V vs. RHE for

the NiZnFeOx/Ni-foam electrodes under pulsed turn-on and turn-off magnetic field.
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Fig. 3. TEM images and size distributions of NiZnFeOx NPs (7 nm, a) and agglomerations (30 nm, b). LSV curves of individual NiZnFeOx NPs (c, e, g) and agglomerations (d,
f, h) collision at the C UME in 0.1 mol/L KOH solution with and without an applied ~400 mT magnetic field at a scan rate of 50 mV/s.

ing the electrochemical measurement, avoiding the aggregation of
NiZnFeOy entities on C UME even under an applied magnetic field
[37].

To ensure the collision events occurred at single entity level,
the well-dispersed NiZnFeOx NPs (size: 7nm) and NiZnFeOx ag-
glomerations (size: 30nm) were diluted to tens of pmol/L level.
Significant current transients were observed for OER catalyzed by
both individual NPs and agglomerations in 0.1 mol/L KOH solution
upon their collisions at the C UME surface. As shown in Figs. 3c
and d, NiZnFeOy NPs begin to catalyze OER at ~1.35V vs. RHE dur-

ing the voltage sweep while the onset potential of individual ag-
glomerations is up to ~1.45V vs. RHE. In this recording, the current
contribution of Ni oxidation is negligible because the theoretical
currents for a total oxidation of a single NiZnFeOx NP (7 nm) and
NiZnFeOx agglomeration (30 nm) should be less than 1 pA and 20
PA, respectively, which cannot be resolved from the baseline noise.
Thus, the observed current transients are attributed to the OER
process of individual NiZnFeOy entities. Interestingly, although the
NiZnFeOx agglomerations supposed to possess larger geometrical
surface area, single NiZnFeOx NPs show a higher catalytic current
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at the onset potential than that of single agglomerations. Moreover,
the current of single NiZnFeOx NPs maintain constant within a typ-
ical variation as function of the applied potential (Fig. 3c), while
the current of single NiZnFeOx agglomerations is dramatically en-
hanced as the applied potential increased (Fig. 3d) [38]. Single
entity electrochemical results indicate that the OER activities of
NiZnFeOy are strongly influenced by their aggregation state. This
could be attributed to size-dependent (1) electrical conductivity
and (2) surface spin state of NiZnFeOx catalysts. On the one hand,
the electrical conductivity gradually decreases with increasing par-
ticle size [39]. At low potential, NiZnFeOx agglomerations, which
are in direct contact with the C UME during their collision process,
can only be partially activated for OER process due to the electri-
cal conductivity limitations [40]. At higher potentials, the conduc-
tivity of NiZnFeOy agglomerations increases, resulting in a larger
fraction of the catalysts participating in OER catalysis. Indeed, the
amperometric current-time curves of larger NiZnFeOx agglomer-
ations (size: 105nm) showed a significant potential dependence
of OER activities (Fig. S5 in Supporting information). Initially, the
current amplitude of individual 105nm NiZnFeOx agglomerations
is only ~100 pA at the applied potential of 1.50V vs. RHE. With
the increasing of applied potential, the current amplitude dramat-
ically increased to ~400 pA and ~1000 pA at 1.60V and 1.70V vs.
RHE, respectively. Therefore, a higher applied potential is needed
for larger NiZnFeOx agglomerations to drive or activate their OER
process. On the other hand, the spin state can be also regulated by
the morphological size of NiZnFeOx catalysts [41]. The increase of
high spin electrons at the surface of the NiZnFeOx caused by the
decrease of particle size enables generating a stronger unblocked
spin channel between the metal active sites and the oxygen related
adsorbates [42,43]. This spin channel realizes a proper oxygen in-
termediate adsorption and promotes the electron transfer for the
small sized NiZnFeOx NPs at a low potential. In contrast, the low
spin state for metal active sites at the surface of the aggregated
NiZnFeOy catalysts makes it need to overcome the stronger surface
reaction energy barrier for activating OER, leading to the higher
potential as driving force to boost OER activity.

Next, we turned our attention to the magnetic enhancement in
OER activity of single NiZnFeOy entities. The enhanced current was
observed for single NiZnFeOx NPs and agglomerations at any ap-
plied potential under the external magnetic field of ~400 mT (Figs.
3e and f). The overlapped LSV curves with and without magnetic
field show a relatively significant magnetocurrent effect at the low
potential, while the magnetic enhancement reached a maximum
value at a certain potential and the magnetocurrent decreased as
the applied potential further increased (Figs. 3g and h). This is be-
cause that OER efficiency of the NiZnFeOx catalysts would be sig-
nificantly boosted by both the driving of a high potential and the
implementation of a magnetic field, resulting in the formation of
oxygen bubbles at the surface of NiZnFeOy catalysts. Accordingly,
the diffusion limitation was caused by the oxygen gas bubbling,
thus decreasing the magnetocurrent effect after the threshold po-
tential [12,44].

To give a more clear description of magnetic enhancement ef-
fect, we performed the chronoamperometric experiments of sin-
gle NiZnFeOyx NPs and agglomerations at the constant potentials of
140V and 1.50V vs. RHE, respectively, where the maximum mag-
netocurrents were correspondingly observed. Under the periodic
magnetic field, the current responses switch between high and low
state, displaying good reversibility (Figs. 4a and b). To exclude the
magnetic field-induced NiZnFeOx aggregation during single entity
electrochemical measurement, the collision frequency of individ-
ual entities was further examined. During two periodic measure-
ment processes with and without magnetic field, the experimen-
tal collision frequencies of NiZnFeOx NPs at each switch are 26.33
s71,26.32 s71, 25.33 s, and 24.67 s~!, respectively (Fig. S6 in
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Supporting information, black curve). Meanwhile, the correspond-
ing collision frequencies of NiZnFeOx agglomerations are 19.00 s~1,
21.00 s1, 19.67 s~ !, and 20.67 s~!, respectively (Fig. S6 in Sup-
porting information, red curve). Notably, the collision frequencies
of individual events are strongly independent on the magnetic per-
turbation, indicating no aggregation appears during the entire elec-
trochemical measurement process under the magnetic field. In this
study, the dilute concentration and the microinjection strategy suc-
ceed in preventing the aggregation of NiZnFeOy entities near the
C UME under the magnetic field. Moreover, the current increased
immediately at an applied magnetic field of ~400 mT. While the
magnetic field is moved away, the current amplitude instantly de-
creases to the same state without applying the magnetic field.
This immediate effect of magnetic perturbation is ascribed that
NiZnFeOy as the spin polarizer favors the parallel alignment of oxy-
gen radicals during the formation of the O-O bond along with the
applied external magnetic field, promoting the OER activity [45,46].
It was worth mentioning that there is a strong magnetocurrent
enhancement above 118% for NiZnFeOx NPs, while current incre-
ment of 80% is found for NiZnFeOx agglomerations (Figs. 4c and
d). Notably, the magnetocurrent enhancements of single NiZnFeOyx
entities are far greater than that of the bulk NiZnFeOx on Ni-foam
(42%). The difference of the enhancement of OER magnetocurrents
suggests that three groups of NiZnFeOy catalysts exhibit differ-
ent spin polarization degrees under the same magnetic field. Pre-
vious literatures reported the saturation magnetization decreased
with the decrease of NiZnFeOy size [47]. When the strength of
the applied external magnetic field is larger than the saturation
magnetization, all the spins would point to the same direction as
the external magnetic field [48]. Thus, the spins in monodispersed
NiZnFeOyx NPs are more favorable to totally reorient with the di-
rection of the external magnetic field under the external magnetic
field in comparison with those of NiZnFeOy agglomerations and
the NiZnFeOy/Ni-foam (Fig. 5a). Therefore, small, monodispersed
NiZnFeOx NPs have a high spin polarization degree, which can
facilitate the electron transfer, resulting in a higher OER activity.
However, a disordered surface spin structure under a moderate
magnetic field is proved for the high saturation magnetization of
the aggregated NiZnFeOy system, increasing electron repulsion dur-
ing the OER processes. Moreover, the aggregated NiZnFeOx system
would generate a tiny magnetic field in a different direction from
the external magnet, which counteracts the external magnet inten-
sity, further decreasing the magnetic enhancement effect.
Furthermore, we explore the utility of theoretical investigation
by DFT calculations for studying OER process on NiZnFeOx surfaces
without and with spin alignment. In view that in alkaline solu-
tion, OER generally occurs with lattice oxygen involved, and thus
in this work we only consider the lattice oxygen-mediated mecha-
nism (LOM) for OER. Considering the Ni atoms are the active sites
for OER, a Ni-rich NiZnFeOy surface was modelled as shown in Fig.
S7 (Supporting information). Figs. 5b and ¢ show the computed re-
action energies of each dehydrogenation step in OER at pH 0 and
potential =0vs. SHE. It is revealed that the dehydrogenation of the
first OH* is the rate limiting step for both of spin aligned and un-
aligned NiZnFeOy surfaces. Notably, the computed overpotential of
OER is as large as 1.45eV when the spins are not aligned, indi-
cating the OER is hard to proceed at low overpotential conditions,
while the overpotential is significantly decreased to only 0.46eV
after spin alignment. We attribute this overpotential difference to
the difference in the binding energy of O on the surfaces in two
spin conditions. It is known that each O has two unpaired elec-
trons with same spin, as represented in Fig. 5d, and we can find
that each surface O involved in the OER binds with two Ni atoms.
Theoretically, O should bind more strongly on the surface when
the spins of Ni are aligned, because at that condition both Ni-O
bonds are formed without inversing the spin of the electron, which
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is consistent with the energy calculated by DFT. DFT calculations
prove that a totally spin polarization facilitates the OER process.
Compared to the NiZnFeOx agglomerations with anti-parallel cou-
plings, spins in monodispersed NiZnFeOx NPs are more favorable to
totally align under the external magnetic field. Therefore, we envis-
age that the well-dispersion of NiZnFeOy catalysts on the substrate
may improve the magnetic-assisted water oxidation in ensemble
electrochemical measurement.

Encouraged by the interesting results of our single entity elec-
trochemical measurement and DFT calculations, we further per-
formed the OER test by supporting monodispersed NiZnFeOyx NPs
onto the carbon walls of ordered mesoporous framework. TEM im-
age of NiZnFeOy/carbon obviously shows that the NiZnFeOx NPs
having uniform sizes of 7-8 nm are highly dispersed on ordered
mesoporous carbon framework and supported onto the carbon
walls (Fig. 6a). LSV polarization curves in Fig. 6b suggest that
the NiZnFeOy/carbon electrode possess the low onset potential of
1.40V vs. RHE for water oxidation. On application of the magnetic
field, the current density significantly enhanced, reaching a max-

imum 110% magnetic enhancement at ~1.60V vs. RHE. Therefore,
an assembly strategy of well-dispersed NiZnFeOyx NPs onto ordered
mesoporous carbon framework would result in a sharp increase
in their OER and magnetic enhancement effect, which is consis-
tent with the results of magnetic enhancement effect for monodis-
persed NiZnFeOy NPs.

In conclusion, we study the OER performance on the NiZnFeOy
catalyst with and without magnetic field from bulk materials, sin-
gle agglomerations to single NPs. We find the aggregation degree
of NiZnFeOy catalysts would change the electrical conductivity and
the surface spin state, resulting in affecting their OER activities.
Our single entity electrochemical results demonstrate that the OER
performance and the magnetic enhancement are significantly pro-
moted by the well-dispersion of NiZnFeOx catalysts, which is fur-
ther confirmed by the DFT calculations and ensemble measure-
ment of monodispersed NiZnFeOx NPs onto ordered mesoporous
carbon framework. Therefore, incorporating well-dispersed cata-
lysts on substrate is desirable for magnetic-assisted OER. This work
provides new insights in promoting the magnetic enhancement ef-
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fect of OER performance based on the intrinsic properties of sin-
gle entity, resulting in quantifying structure-activity relationship of
catalysts.
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