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In view of the long-standing controversy over the surface ferromagnetism of FeO, we propose to prepare
its nanoparticles based on the lithium-battery reaction mechanism and carry out operando magnetometry
measurements. This operando magnetoelectrochemical technology allows accurate magnetic detection
of electrochemical synthesis products, effectively avoiding various intractable surface reactions during
sample transmission processes. Due to the large surface area of nanosized FeO, the magnetometry mea-
surements show strong ferromagnetism and a high Curie temperature of 754 K, which can be attributed
to surface frustration and the surface-bulk exchange interaction. These critical results confirm the surface

ferromagnetism of FeO and provide valuable insights toward the design of spintronic devices.

DOI: 10.1103/PhysRevApplied.19.054022

I. INTRODUCTION

During the past decades, the surface of iron oxides
has attracted increasing attention for sensors, energy
devices, hydrogen storage, and biomedicine, due to its
electrochemical properties, magnetic features, biocompat-
ibility, and catalytic activity [1—4]. Especially, various
spintronic devices with Fe-oxide heterostructures usually
reveal slight oxidation of the Fe layer to generate an iron
oxide surface due to the influence of atomic diffusion
or annealing conditions; this has a significant impact on
the device [5—10]. Therefore, there is increasing interest
in studying the magnetic properties of such iron oxide
surfaces [11—13]. Among numerous iron oxides, FeO is
usually regarded as a typical antiferromagnetic material
(Ty =~ 198 K) [14]. However, previous studies showed that
the magnetism of its surface might be different from that of
the bulk phase because of the change in surface symmetry
and the decrease of some atoms or rows [11,15].

To clarify the magnetic properties of the FeO surface, a
large number of theoretical calculations and experiments
have been explored [11,16—18]. By comparing the den-
sity of states (DOS) of the FeO(111) surface with the
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bulk, Gao and co-workers revealed that the FeO(111) sur-
face with the NaCl phase had ferromagnetic order [19]. In
addition, results based on ab initio calculations reflect that
the FeO surface exhibits a net magnetic moment due to
surface frustration and the surface-bulk exchange interac-
tion [20]. Experimentally, Koike and Furukawa reported
ferromagnetic order at the FeO(111) surface by analyz-
ing spin-polarized secondary-electron spectroscopy [14].
Subsequently, the results of the transformation of the FeO
surface into Fe;O4 through x-ray absorption spectroscopy
and magnetic circular dichroism were reported by Vescovo
and co-workers, which led to great controversy over the
surface ferromagnetism of FeO [21]. The main reason is
that, on one hand, the preparation of high-quality sam-
ples is challenging. The purity and properties of FeO are
always affected by the surrounding atmosphere, temper-
ature, film thickness, and substrates [22—26]. Especially,
Fe;04 tends to be formed on FeO films when the thickness
reaches several monolayers [21,25,27-29]. On the other
hand, the intrinsic properties are well concealed due to the
inevitable surface reactions caused by sample transmission
or measurement in the atmospheric environment. So it is
essential to explore an alternative preparation method and
persuasive measurements to investigate the magnetism of
the FeO surface.

Theoretically, when the material is prepared in nano-
size with high specific areas, surface magnetism will be

© 2023 American Physical Society
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FIG. 1. Schematic diagram of electrochemical synthesis combined with operando magnetometry device.

dominant [30-32]. Nanosized FeO can be prepared by
electrochemical methods, that is, as the oxidation prod-
uct of iron oxide electrodes after the lithium battery is
fully charged, as demonstrated by various means, such as
in situ transmission electron microscopy (TEM) and elec-
tron energy-loss spectroscopy [33—42]. Herein, this widely
recognized in situ electrochemical preparation method is
combined with operando magnetometry to investigate the
surface magnetic properties of FeO. A schematic diagram
of the device is shown in Fig. 1. Operando magnetome-
try of the preparation process can ensure that FeO is free
from intractable surface reactions due to environmental
modification. Herein, y-Fe,03, a-Fe, O3, FeS,, and FeSe,
nanoparticles, and iron oxide thin film, are prepared and
then are used as electrodes to investigate the magnetism of
FeO nanoparticles, excluding the influence of residual y-
Fe, 03, Fe, and additives. Based on the experiment results,
we confirm the obvious room-temperature ferromagnetism
of the FeO surface. In addition, the Curie temperature
(754 K) of as-prepared FeO nanoparticles is calculated
from the temperature dependence of magnetization curves.

II. MATERIAL CHARACTERISTICS AND
MAGNETIC PROPERTIES

y-Fe, O3 nanoparticles are synthesized by a traditional
hydrothermal method, and x-ray diffraction (XRD) using a
Cu K« radiation source is used to study its crystal struc-
ture. In Fig. 2(a), all diffraction peaks are the same as
those of y-Fe,O3; with an inverse-spinel structure, show-
ing the samples do not contain impurities. Then we prepare
electrodes composed of y-Fe,O; nanoparticles, super P

(conductive additive), and sodium carboxymethyl cellu-
lose (binders) in a weight ratio of 7:2:1. The battery is
assembled in an Ar-filled glove box with the electrode as
an anode and lithium metal as a counter electrode, and
then this installed in a special testing rod of operando
magnetometry. The measurements are performed during
the charging-discharging process with a voltage range of
0-3 V. According to the electrochemical process reported
previously [34,43], the electrochemical reaction of Fe,O3
electrodes in a lithium-ion battery during the charge-
discharge process can be expressed as

Fe,03 + 6LiT + 6e~ = 2Fe + 3Li,O(first discharge),
(1)
Fe + Li;0 = FeO + 2Li" + 2e™ (first charge), ()

FeO + 2Li" 4 2e~ & Fe + Li,O(subsequent cycles).
3)

Therefore, FeO nanoparticles can be obtained at 3 V in
the charging process. To further verify the reliability of
the electrochemical preparation of FeO, x-ray photoelec-
tron spectroscopy (XPS) analysis is performed to obtain
the valence state of Fe [see Fig. 2(b)]. The Fe 2p spec-
trum displays two major peaks at 722.7 and 709.6 eV,
corresponding to Fe?* 2p1/2 and Fe*™ 2p;, of FeO [44].
The high-resolution (HR) TEM image shown in Fig. 2(c)
reveals a lattice fringe with a d spacing of approximately
0.25 nm, which corresponds to the (111) lattice plane of
FeO. From the selected-area electron diffraction (SAED)
patterns of the electrode [see Fig. 2(d)], the diffraction
rings can be identified as the (110), (012), (024), and (220)
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(a) XRD patterns of y-Fe,O3 nanoparticles. (b) X-ray photoelectron spectra of the oxidation products at 3 V. (c) HRTEM

image and (d) SAED pattern of the oxidation products at 3 V under conditions of complete avoidance of oxygen.

lattice planes of FeO [43]. The aforementioned results ver-
ify that FeO prepared by the electrochemical method is
pure. Residual Li, O [corresponding to the diffraction ring
of (111) in Fig. 2(d)] is due to the irreversible formation
of Fe;O3 during recharging [43]. To be clear, Li,O with
electrochemically inactive and room-temperature param-
agnetism means that the magnetic signal obtained by
operando magnetometry will be entirely from FeO [43,45].

As shown in Fig. 3(a), the magnetic hysteresis (M-H)
curves under different potentials [uncycled (pristine mate-
rials), 0 V, 3 V] are evaluated by operando magnetome-
try at room temperature (300 K). The apparent magnetic
moment of pristine materials is due to the antiferromag-
netic coupling of Fe’t at 4 (Wyckoff 8a site) and B
(Wyckoff 16d site) sites in inverse-spinel y-Fe,O3 [46].
The maximum magnetic moment of FeO (charged to 3 V)
is 0.71 uB Fe~! at an external magnetic field of 30 000 Oe,
which is different from the pristine materials and reduc-
tion products of Fe (discharged to 0 V). Similar M-H
curves are obtained at 3 V during different cycles, and

the enlarged patterns at the small field are shown in
Fig. 3(b). The obvious coercivity is about 21 Oe, indicat-
ing the ferromagnetism of the FeO nanoparticles at room
temperature.

Since FeO nanoparticles are the oxidation products of
Fe nanoparticles, a rough geometric estimate of the pro-
portion of surface FeO can be obtained from the average
particle size of Fe. Considering that the Langevin-function
fitting method can reflect the overall average nanoparticle
size macroscopically, we combine it with the in situ device
(lithium-ion battery) to estimate the size of Fe nanopar-
ticles more accurately, which can further eliminate the
interference of external factors, such as oxygen exposure
[47]. According to the M-H curves shown in Fig. 3(a), the
average size of Fe nanoparticles can be estimated by fitting
the modified Langevin function [48]:

M = MoL([LPH/kT) + XaH‘ (4)
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FIG. 3.

(a) Magnetic hysteresis curves of the y-Fe, O3 electrode under different potentials [uncycled (pristine materials), 0 V, 3 V]

by operando magnetometry at room temperature. (b) Low-magnetic-field view. (c) Evolution of magnetization with the galvanostatic
charge-discharge mode at a current density of 100 mA g~! under 30 000 Oe at room temperature. After fully charging to 3 V, the
current source is set to a regulated mode to maintain voltage stability.

In the formula, L(x) =coth—(1/) and pup is the magnetic
moment of each particle. Fitting M-H measurement data
with the Langevin function, we find up = 1092 uB. Con-
sidering the lattice constant of the Fe bcc unit cell is
0.287 nm, the fitting-average particle diameter of 2.24 nm
can be obtained, which is approximately equal to 10 Fe
atoms. The proportion of surface iron atoms in a particle
can then be calculated by

. 47712

S
surface atomic ratio (%) = — = ———,
4/3)r3

. ®)

where S and T represent the number of iron atoms on
the surface and the total number of atoms in the particle,
respectively. According to the calculation results, about
60% of the atoms occupy the particle surface, which can
also be connected to FeO to illustrate the dominance of

surface magnetism. Thus, the observed ferromagnetism of
FeO nanoparticles should originate from the FeO surface.
Under an applied magnetic field of 30 000 Oe, the evolu-
tion of the magnetization is performed combined with the
galvanostatic charge-discharge process. To ensure com-
pletion of the reaction, the galvanostatic charge-discharge
process of the battery occurs at a tiny current density
(100 mAh g~!), and is maintained at 3 V for a long time
after two stable cycles to explore the ferromagnetic stabil-
ity of FeO. Notably, the overall variation of the magnetic
moment during the first discharge process is slightly dif-
ferent from that of subsequent processes, which can be
caused by the formation of the solid-electrolyte interphase
and the irreversible structural changes in the first dis-
charge process. The magnetic increase (initial status to
the green point) and subsequent magnetic decrease (green
point to the red point) occurring in the first discharge can
be attributed to antiferromagnetic coupling between the Fe
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ions at 4 and B sites of inverse-spinel y-Fe,O3 [33,49].
Namely, the transformation of high-spin Fe’* (5 uB) to
low-spin Fe?* (4 uB) at 4 sites and the migration of Fe?*
to B sites result in the magnetic moment increase. Sub-
sequently, the magnetic moment sharply decreases due to
the reduction of Fe’* to Fe’* at B sites [33,46,50,51].
Upon further discharge, the occurrence of the conversion
reaction induces the reduction of Fe, resulting in a further
sharp increase in magnetization (AM =0.95 uBFe™!). In
view of the job-sharing mechanism at low potential, spin-
polarized electrons gradually fill in the Fe nanoparticles
and Li ions are stored on the surface of Li,O nanopar-
ticles, forming a space-charge region, which leads to the
magnetic moment decreasing (blue region). During charg-
ing, the gradual release of spin-polarized electrons from
Fe/Li,0 results in a reversible rise in magnetism (green
region). Further charging triggers the transformation of Fe
into FeO, resulting in a decrease in magnetization. The
magnetic variation is highly coupled with the electrochem-
ical process, indicating that the high magnetic moment at
3V (0.49 pB Fe™!) originates from the ferromagnetism of
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FeO. After two cycles, the highly reversible magnetization
curve confirms that FeO still maintains a high magnetic
moment (0.52 uB Fe~!). Although there are some organic
and inorganic products (Li,CO;3, LiF, ROCO,Li, etc.)
produced in the electrochemical method, analysis of the
magnetic measurements resulting from them can be neg-
ligible because of the low content and paramagnetism or
nonmagnetism compared with the ferromagnetism of FeO.
Then, a voltage-stabilized charging mode is set for the
battery and operando magnetometry is performed for up
to 25 h. We find that the magnetization remains highly
stable, which means that the electrochemical reaction for
preparing FeO is complete, and the magnetic measurement
results are completely derived from FeO.

To further exclude the magnetic moment measured at
3 V from unreacted y-Fe,03, we also prepare antiferro-
magnetic @-Fe,;O3 nanoparticles as the electrode material
to further determine the ferromagnetic source observed
at 3 V (see Fig. S1 within the S upplemental Material)
[52]. Similarly, as shown in Fig. 4(a), the M-H curves
are also measured at the same three voltages. Unlike
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FIG. 4. Magnetic hysteresis curves of (a) «-Fe, O3, (b) FeS, (c) FeSe,, and (d) iron oxide film electrodes under different potentials
[uncycled (pristine materials), 0 V, 3 V] by operando magnetometry at room temperature.
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y-Fe, 03, the initial magnetic moment of «-Fe, O3 is nearly
zero. When the potential decreases to 0 V, the maxi-
mum magnetic moment rises to 1.95 uBFe~!, because
a-Fe, 03 is reduced to Fe during the discharging process.
As the potential increases to 3 V, the magnetic moment
decreases to 0.84 uB Fe~!, which is similar to the results
of FeO nanoparticles obtained in the y-Fe, O3 experiment.
Therefore, we can conclude that the high magnetization is
independent of y-Fe;03.

According to the reaction equation, the reduction prod-
uct Fe is a strong ferromagnetic material, so it is also
necessary to exclude the possibility that unreacted Fe con-
tributes to the magnetic moment. In addition to proving
from the XPS, HRTEM, and SAED results that the mag-
netic moment is independent of unreacted Fe, we set up
comparative experiments to verify it. Owing to the same
reduction products of Fe particles, we further prepare FeS,
and FeSe; nanoparticles by a similar hydrothermal method
(Figs. S2 and S3 within the Supplemental Material)
[52—54]. As shown in Figs. 4(b) and 4(c), the M-H curves
are also measured at three voltages for both FeS, and
FeSe, electrodes. The M-H curves of both pristine FeS,
and FeSe; exhibit an antiferromagnetism state, which is
consistent with previous reports [53,55]. When the dis-
charging potential decreases to 0 V, there is a large increase
in the magnetic moment (2.20 and 1.39 pB Fe~! for FeS,
and FeSe,, respectively) because of the formation of Fe
nanoparticles. However, with recharging to 3 V, the M-
H curves return to the original antiferromagnetic states,
which indicates that there are no Fe nanoparticles. Hence,
the ferromagnetism in both «-Fe,Os3 and y-Fe,Os3 exper-
iments at 3 V do not originate from ferromagnetic Fe
nanoparticles. It is worth noting that the magnetic moment
of FeSe; at 0 V is lower than that of FeS,. This phe-
nomenon is due to the difference in the size of Fe nanopar-
ticles (Fig. S4 within the Supplemental Material) [52],
which causes the magnetic moment to be suppressed by
different degrees of thermal disturbance and a job-sharing
effect in operando magnetometry at room temperature
[55-58].

To exclude the possibility that the binders and conduc-
tive additives in the electrode interfere with the magnetic
measurement results, we prepare 50-nm self-supported
paramagnetic iron oxide films by magnetron sputtering at
room temperature. From the relative M-H curves shown
in Fig. 4(d), we can see that the magnetic states at differ-
ent potentials are similar to that of @-Fe,O3. At a potential
of 3 V, the highest magnetic moment at 30000 Oe is
0.96 uBFe~!. Furthermore, the M-H curves of the bat-
tery without active material (the electrode contains only
binder and conductive additives) are further recorded and
the corresponding evolution of magnetization is investi-
gated. As shown in Fig. S5(a) within the Supplemental
Material, compared with the magnetic moments in the
other three states [uncycled (pristine materials), 0 V, 3 V],

the magnetic moment is very weak when there are only
binders and conductive additives on the electrode [52].
Meanwhile, the corresponding battery is further subjected
to continuous magnetization sampling with cyclic voltam-
metry (CV) mode at a scan rate of 0.5 mVs~!. As the
voltage changes, its magnetic moment remains stable at a
low value [Fig. S5(b) within the Supplemental Material]
[52]. These results indicate that the binders and conduc-
tive additives have no effect on magnetic variation during
the electrochemical process. Based on the above compar-
ative experiments, we can come to the conclusion that
the ferromagnetism at 3 V originates only from the FeO
nanoparticle surfaces.

Therefore, based on in situ magnetometry and compara-
tive experimental results, we further explore on these FeO
nanoparticles with a high specific surface area. The magne-
tization of FeO nanoparticles as a function of temperature
(M-T curves) is measured under field-cold (FC) and zero-
field-cold (ZFC) conditions. To obtain ZFC curves, the
samples are first cooled to 8 K in zero magnetic field,
and then a small external magnetic field of 100 Oe is
applied during the whole measuring process from § to
300 K. While for the FC curves, the sample is cooled to
8 K with a small external magnetic field of 100 Oe, and
then data are recorded following the same process as that
used for the ZFC curves. As shown in Fig. 5(a), there is
an obvious splitting between ZFC and FC magnetization
curves, corresponding to the existence of superparamag-
netism induced by the nanoeffect [59,60]. It is generally
believed that the peak value of the ZFC curve corresponds
to the blocking temperature (7) of the particles, and the
blocking temperature is proportional to the sizes of the
particles. However, a broad blocking-temperature peak in
the range of 50—100 K, rather than a sharp peak in our
ZFC curve, corresponds to the broad size distribution of
as-prepared FeO [57].

The M-T curves (blue scattered line) under a magnetic
field of 30 000 Oe are also measured from 8 to 300 K, as
shown in Fig. 5(b). We also show the reciprocal magnetic
susceptibility, depending on temperature (x ~! - 7, red scat-
tered line) in Fig. 5(b). Data from 100 to 300 K are fitted
by the Curie-Weiss law as follows [61,62]:

(6)

The calculated Curie temperature (7¢) of FeO nanoparti-
cles is 754 K.

For ferromagnetic (FM) and antiferromagnetic (AFM)
systems, such as nanoparticles with the core coupled to
the shell (Cocore-CoOgper) [63], the exchange coupling can
provide additional uniaxial anisotropy to stabilize mag-
netization [64—66]. In this case, the M-H curve of FeO
nanoparticles at 5 k is characterized. As shown in Fig. S6
within the Supplemental Material, for FeO nanoparticles
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under 30 000 Oe from 8 to 300 K, and the green dashed line is the fit using the Curie-Weiss law.

where the core is coupled to shell (coreppv-shellgy), a
hysteresis loop exhibits an exchange bias field of 760 Oe
[52]. Therefore, we have reason to believe that the mag-
netic properties of FeO nanoparticles can be ideally tuned
by controlling the ratio of the antiferromagnetic core to the
ferromagnetic surface, which will provide an alternative
way to design modern magnetic devices.

III. SUMMARY AND CONCLUSIONS

We obtain FeO nanoparticles with a high specific sur-
face area by an electrochemical synthesis method for
operando magnetometry, which greatly avoids intractable
surface reactions caused by environmental modification.
The experimental results illustrate that the ferromagnetism
of FeO comes from the high proportion of surface. Fur-
ther investigation shows that the T¢ of FeO nanoparticles
with a high specific surface area is 754 K. We infer that
adjusting the ratio of the FeO surface to core would pro-
vide an alternative entry point for regulating the magnetic
properties, which is of great significance for the design of
various spintronic devices. In addition, the direct combina-
tion of the electrochemical synthesis method and operando
magnetometry can largely avoid the influence of external
parameters on intrinsic properties, which will become an
effective method for exploring the magnetism of materials.

IV. EXPERIMENT DETAILS

A. Sample preparation

The «-Fe, O3 nanoparticles are prepared by a hydrother-
mal method. First, FeCl;-6H,0 (0.984 g) is dissolved in a
mixture of ethanol (36 ml) and water (2.52 ml). After suf-
ficient magnetic stirring, sodium acetate (2.88 g) is added
to the above solution and then stirring is continued for
4 h. The obtained red-brown solution is transferred to a

Teflon-lined stainless-steel autoclave (50 ml) and heated
at 180 °C for 12 h. After cooling to room temperature, the
products are centrifuged with deionized water and ethanol
and finally dried under vacuum at 60 °C overnight, then the
a-Fe, O3 nanoparticles are obtained.

To obtain y-Fe,O3 nanoparticles, the as-prepared red-
brown a-Fe, O3 nanoparticles are calcined at 450 °C for 7 h
under an Ar-H, atmosphere at a heating rate of 2 °C min~".
Then the black products are annealed at 250 °C for 6 h at a
rate of 1 °C min~! under an oxygen atmosphere.

FeS, and FeSe, nanoparticles are prepared by the
hydrothermal method reported previously [53,55].

Iron oxide film (50 nm) is prepared on copper foil by
direct-current magnetron sputtering with the iron target
(99.99%) at room temperature. The sputtering pressure
of the argon-oxygen mixture (oxygen content is 20%) is
7.5 x 1073 Torr.

B. Material characterization

A Rigaku D/Max x-ray diffractometer with Cu K« radi-
ation is used to measure the structures of samples in
the range of 26 (20°—80°). XPS is collected by using a
Thermo Scientific ESCALAB 250XI photoelectron spec-
trometer. HRTEM (JEOL JEM-2100F) and SAED are used
to characterize the microstructure of the samples. The
above samples for XPS measurements are derived from the
following procedures. We disassemble the battery in an Ar-
filled glove box and transfer the electrode to the instrument
cavity instantly, which greatly avoids interference from
oxidation and other factors during the measuring process.
To ensure that the entire testing process for HRTEM and
SAED for the characterization of FeO is fully completed
under an oxygen-free atmosphere, the target electrode is
taken out in a manual box filled with argon, and then trans-
ferred to the test instrument using a transition chamber.
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C. Magnetic measurements

The magnetism of the samples is determined by using
a Quantum Design physical property measurement sys-
tem magnetometer and vibrating sample magnetometer
(VSM) at different temperatures. According to the size
of the instrument, an operando magnetometry auxiliary
device is designed by using paramagnetic materials, and
the weak background signals are eliminated for all sam-
ples. The magnetic measurements are performed simulta-
neously with cyclic voltammetry, which is performed at
a scan rate of 0.5 mV s~! between 0 and 3 V by using a
Keithley 2400 source meter at room temperature.
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