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In this report, a reversible control of Fe3O4 saturated magnetization by Li ions is demonstrated. A miniature

Li ion battery (LIB) was assembled using a Fe3O4 nanoparticle layer as the active cathode. A stable

magnetism modulation is realized by a nondestructive electrochemical process in which the lithium

insertion results in a valence change and partial redistribution of Fe cations in the crystal structure. The

relation between the discharge voltage and the chemical phases were studied by ex situ X-ray diffraction

and magnetic measurement. In a suitable discharge potential range, a reversible control of Fe3O4

saturated magnetization was obtained without structural damage to the magnetic electrode. The

experimental results indicate by further optimizing the LIB's performance, a large reversible change in

magnetization could be realized at room temperature, suggesting the potential for future practical

applications.
1 Introduction

Electric-eld control of magnetization has attracted intensive
research interests in recent years for its potential applications in
magnetic memory storage, sensors, and spintronics.1–3 Both
magnetic control of ferroelectric polarization and electric control
of magnetization have been demonstrated in some articially
structured composites by a variety of methods.4 However, tradi-
tional electric control methods generally operate in a few atomic
layers adjacent to the surface or the interface, and conventional
magnetoelectric couplings are weak in most cases. For many
practical applications, a larger magnitude of magnetic response
is required. As a result, various efforts have been made to nd an
alternative approach to improve effectiveness. For example, the
magnetic properties could be reversibly tuned by the electro-
chemical double layer in ion electrolyte gated devices.5–9 When
high surface area materials were used, large change in magne-
tism was obtained.10 The approach uses electrochemical ion
insertion/extraction for bulk materials.

The electrochemical control of magnetism has been inten-
sively investigated in metal–organic frameworks with multiple
functionalities. Magnetism switching has been demonstrated
by electrochemical Li ion insertion/extraction in bimetallic
prussian blue analogues.11–13 Recently, researchers have also
focused on the coexistence of magnetism and ion storage ability
f Crystal Materials, Shandong University,

.edu.cn

rsity, Jinan 250100, P. R. China

gineering, Portland State University, Post

1, USA
in transition metal oxides, which have been widely explored for
high-performance lithium ion batteries.14 It is worth noting that
the redox states of these materials can be controlled by the
electrochemical process. Since the variation of the valence state
in transition metal oxides may alter the magnetically related
d orbital electrons, a reversible control of magnetism could be
realized if the charge/discharge voltage range is carefully set.15–20

This brilliant feature, advanced by the rapid development of
lithium battery manufacturing technique, makes it also
a promising approach to achieve the magnetic modulation of
material properties.

In this work, we report the in situ observation of magnetic
response of Fe3O4 during the inserting/extracting of Li ions
using a miniature lithium-ion-battery (LIB) cell. As the storage
of lithium is a bulk behaviour in Fe3O4 material, this magnetic
response to electrical stimulus could go beyond the surface
reaching a large change magnitude. With a charging current
density of 60 mA g�1, the cycling time is only 10 min, which
could be further reduced if a higher current density is applied.
During the charging/discharging process, a reversible magne-
tism change was detected. The nondestructive magnetic
modulating process, the fast response speed and the simple
fabrication process, make this LIB-based device a promising
candidate for future practical applications such as micro-
magnetic actuation.
2 Experimental
2.1 Electrode preparation and cell fabrication

Commercial Fe3O4 nanoparticles with average size of 20 nm
(Aladdin Industrial Co.) were adopted to prepare the electrodes.
This journal is © The Royal Society of Chemistry 2017
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80 wt% active materials, 10 wt% acetylene black, and 10 wt%
polyvinylidene uoride (PVDF) binder were mixed and
dispersed in N-methyl pyrrolidinone (NMP). The slurry was
spread onto a copper foil current collector. It was then dried in
a chamber electric furnace at 70 �C for 10 hours to form
a working electrode. The miniature Li battery cells were
assembled into a small glass vial with lithium metal as the
counter electrode. A Celgard2325 microporous polypropylene
membrane was used as separator. The electrolyte (LBC3015B)
used for the experiments was purchased from Shenyang Kejing
Auto-instrument Co. The entire assembling process was carried
out inside an argon-lled glove box.
Fig. 1 Schematic of the lithium-battery cell for in situ measurements.
2.2 Characterization

The crystal phase of the samples was examined by X-ray
diffraction (XRD). Charge/discharge experiments were tested
using a CT2001A cell test instrument (LAND Electronic Co.). An
electrochemical workstation (RST5202) was used to study the
cyclic voltammetry (CV) performance in the potential range of
0.01–3.0 V at a scan rate of 0.1 mV s�1 and 50mV s�1. The ex situ
magnetic measurement was carried out at room temperature
using an alternating grating gradient magnetometer (AGM).
The as-prepared working electrode and the electrodes collected
at different discharge voltage aer being washed in dimethyl
carbonate (DMC) were measured. The in situ magnetic
measurements were performed simultaneously with the
discharging/charging processes in a Quantum Design super-
conducting quantum interference device (SQUID)
magnetometer.
Fig. 2 XRD results of different discharge stage. The material maintains
its spinel structure until it is discharged to 0.8 V, but transfers to rock-
salt Li2(Fe3O4) at 0.7 V.
3 Results and discussion
3.1 Structural and electrochemical characterization

Fig. 1 shows the schematic diagram of the LIB conguration. A
small glass vial was chosen to hold the electrolyte since it
exhibits low magnetic susceptibility and high homogeneity. A
chemically resistant epoxy resin was used to seal the device
provided with two feedthroughs for the enamel covered wire
connecting the Li anode and the strip type copper foil coated
with the Fe3O4 nanoparticles.

The entire electrochemical reactions during the
intercalation/de-intercalation process can be described in the
following three steps:

At discharge stage:

Fe3O4 + 2Li+ + 2e� / Li2(Fe3O4) (1)

Li2(Fe3O4) + 6Li+ + 6e� / 3Fe + 4Li2O (2)

At charge stage:

3Fe + 4Li2O / Fe3O4 + 8Li+ + 8e� (3)

It has been reported that before the rst step is accom-
plished, there is a discharge procedure in which the reduction is
a non-destructive electrochemical process. This means that Li+

can be inserted into the Fe3O4 lattice while maintaining its
This journal is © The Royal Society of Chemistry 2017
intact spinel crystal structure.21,22 The reversible modulation of
the magnetism transpires in this step. With further lithiation,
the structure will change into rocksalt-type and the decreased
magnetism will be unrecoverable by de-lithiation. An abun-
dance of literature indicates that this irreversible structure
change is related to the discharge plateau of Fe3O4 around 0.8 V
(vs. Li+/Li).23–27 This is also conrmed in our experiments.

To reveal the relation between the structure of the cathode
material and the discharge voltage, ex situ XRD characterization
is conducted. Fig. 2 shows the ex situ XRD results of the cathode
material at different discharge stages. The characteristic peaks
of Fe3O4 and Li2(Fe3O4), as well as the peaks introduced by Cu
foil and Al holder are respectively marked in the picture.
Compared with the as-prepared Fe3O4, the working cathode
could maintain its spinel structure as long as the discharge
voltage is higher than 0.8 V. However, aer the cell is discharged
to 0.7 V, it was found that the diffraction peaks of spinel
structures transfer to a rock-salt structure as a consequence of
Li insertion, which indicates that Fe3O4 turns into Li2(Fe3O4) at
this voltage.
RSC Adv., 2017, 7, 2644–2649 | 2645
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Fig. 3a shows the charge/discharge curves for the rst ten
cycles between 0.8 and 3.00 V. It can be seen that the sample
preforms a high lithium storage capacity during the initial
discharge process, but an obvious decay occurs at this point. At
rst sight, these capacity decay features are unlikely due to
electrolyte decomposition at the surface of the material, as they
are mainly observed within the stability window of the presently
used solvent. The decay is likely due to the reduction of surface
functional groups, and could also be ascribed to an electro-
chemical grinding of the particles as a result of internal strains
or a second phase formation caused by some side reactions, as
proved by the decreased intensity of XRD peaks. However, the
following cycles show a highly improved stability, which implies
a factor most likely safeguarded the subsequent reactions,
whose effect is similar to SEI layers, known to be formed below
1.0 V vs. Li+/Li. Fig. 3b shows the cyclic voltammetry (CV) curves
between 0.01 and 3.0 V at a scan rate of 0.1 mV s�1. As shown,
the reversible discharge plateau ends at 0.8 V, followed by
a sharp decrease towards the cutoff voltage of 0.01 V. The
cathodic peak at 0.5 V can be attributed to the reduction of
Li2(Fe3O4) to Fe. The 0.8 V inection point agrees perfectly with
Fig. 3 (a) The first ten discharge/charge voltage profiles of Fe3O4 with
a constant current density of 60 mA g�1 between 0.8 and 3.0 V. (b)
Cyclic voltammetry (CV) curves of the Fe3O4 composite electrode
between 0.01 and 3.0 V at a scan rate of 0.1 mV s�1. The inset gives the
outcome at 50 mV s�1.

2646 | RSC Adv., 2017, 7, 2644–2649
the structure change observed in the XRD results. The inset
gives the CV curves under a quick scan rate of 50 mV s�1,
exhibiting an extraordinarily stable capability, most likely due
to the small particle size (20 nm), which benets the charge-
transfer reaction rate and buffers the volume expansion
during high current charging/discharging processes. This
feature is signicant because it shows this cell can work under
a fast charge/discharge routine.
3.2 Magnetic measurements

The magnetic modulation is studied rst by analysing ex situ
magnetic hysteresis loops, obtained using an alternating
grating gradient magnetometer. As shown in Fig. 4, the satu-
rated magnetisation value decreases from 71.7 emu g�1 to 63.8
emu g�1 as the device is discharged from the as-prepared state
to that of operated at 0.8 V. It was speculated that the amount of
Li able to be inserted into transition metal oxides before the
phase transition occurs is closely related to the morphology and
size of the particles. For example, up to one Li per formula unit
can be inserted into nanosize Fe2O3 without phase trans-
formation at the early stage of the reduction, while less than 0.1
Li per formula unit insertion could change the structural
transfer to rock-salt compound for 0.5 mm Fe2O3.28 However, it
is difficult to tell whether or not small structural changes are
contributing to the magnetic variation in this range. In addi-
tion, simple electrochemical reduction models of magnetic
cations can only explain a nominal fraction of the total
magnetization variation. There could also be changes in g-
factors or exchange coupling constants. As a result, conducting
quantitative comparisons between the magnetic moment
change and Li insertion amount is still a challenging task.
Nevertheless, a specic magnetic variation can be seen with Li
insertion. As the cell is further discharged from 0.8 V to 0.7 V,
a much larger magnetism decrease is observed, which might be
caused by the formation of paramagnetic Li2(Fe3O4).21 The loop
of 0.7 V still shows some hysteresis behaviour. It might be
Fig. 4 The ex situ magnetic hysteresis measurement results at
different discharge voltage. The maximum range of the possible
reversible magnetic variation has been marked in this figure.

This journal is © The Royal Society of Chemistry 2017
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originated from remaining Fe3O4 that has not been converted
yet. It is reasonable to speculate that an enhancement of
magnetism might be achieved in the electrochemical process of
Li2(Fe3O4) reducing to Fe particles.

To verify if the magnetism can be controlled reversibly by an
applied voltage, the LIB was loaded into a superconducting
quantum interference device magnetometer to carry out the in
situ saturation magnetization measurement with 1 T eld
applied to the sample. Magnetic moment is recorded every 5
seconds under a current density of 60 mA g�1 galvanostatical
discharge and charge cycle. As shown in Fig. 5, the magnetiza-
tion variation trend keeps pace exactly with the galvanostatically
discharge and charge process. The cycle time is about 600 s,
meaning it takes only 5 minutes for the magnetism to vary from
maximum to minimum value. As mentioned above, an obvious
capacity decrease has been observed in the rst cycle, accom-
panied by a decrease of the magnetism variation range. As the
capacity becomes stable aer the rst cycle, the magnetism
variation also stabilizes. This suggests that reducing the
amount of working Li ions involved in the electrochemical
process may be responsible for the low magnetization changes.
Some irreversible reactions could happen in this process. The
same procedure is also performed under lower current densities
(1C). At the same voltage rage, the rst cycle capacity decrease
was still observed. This may be attributed to the cause by some
Fig. 5 The in situ magnetic measurements performed simultaneously
with the electrochemical discharging/charging processes. In the range
from 3 to 0.8 V, the saturation magnetization of Fe3O4 reversibly
changes from 70.2 emu g�1 to 69.5 emu g�1 in about 5 minutes.

This journal is © The Royal Society of Chemistry 2017
phase change side reactions. Under the same experimental
conditions, the cell was tested 10 cycles and adjusted to a stable
state before loaded into SQUID. The results (Fig. 5) show that
the magnetic variation is much smaller than that in Fig. 4. In
the mean time, it demonstrates a thoroughly reversible modu-
lation. This result is consistent with those in the literature
where the modulation rate has reached more than 10%, with
a small-applied eld of 100 Oe and higher voltage range.16

Different experimental circumstances might affect the result,
but it is reasonable to believe that if the capacity reduction can
be controlled and optimized, larger magnetism modulation
ratio should be expected.

We also performed an in situ nonlinear charge test to study
the cell's real-time response with the applied electrical voltage
(Fig. 6). The battery is rst discharged to 0.8 V, then charged up
to a step voltage with a constant-current of 0.2 A, following
a constant-voltage charge process until the current is less than
20 mA, with a long pause of 5 minutes before moving to the next
charge step. The step voltage is set to be 1.5 V, 2.0 V, 2.5 V and
3.0 V respectively. As illustrated in Fig. 6, when a larger step
voltage is applied, the magnetism changes responded with
a faster speed. The responding curves in Fig. 6 also indicate that
it is quite stable on the steps and varies rapidly on the edges.
This suggests that the voltage can control the magnetism
Fig. 6 The cell's real-time response with the applied electrical voltage.
(a) The current and voltage settings during the charge test. (b) The
magnetic moment and capacity change profiles in this process.

RSC Adv., 2017, 7, 2644–2649 | 2647
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effectively. From these results we can also conclude that the
capacity, symbol of the insertion Li amount, is positively related
to the magnetic moment.

3.3 Explanation of the magnetic and electrochemical
process

It is well-known that the super exchange interaction dominates
the magnetism in spinel type oxides, in which the exchange
constant J is sensitive to the angle between the transition metal
atoms. Magnetite is one of the most studied spinel material. It
crystallizes in a cubic closed packed structure formed by oxygen
atoms consisting of 32 octahedral and 64 tetrahedral sites, with
metal ions occupying the interstices between the oxygen ions. In
the case of Fe3O4, A-sites neighboured by an oxygen tetrahedron
are occupied by Fe3+, and half of the B-sites in the center of an
oxygen octahedron are lled with Fe2+ and half with Fe3+. As the
other interstitial sites in the framework of the spinel structure
are le unoccupied, it is a natural material for Li insertion.
Here, an assumption is made based on the Neel linear model,
a simplied magnetic structure widely utilized to explain the
coupling in spinel ferrites. Although the model is less accurate,
it could make a general description of the interactions between
the magnetic cations. As shown in Fig. 7, when Li ions are
inserted into the Fe3O4 crystal structure, the reduction of ferric
ions could cause either an increase or decrease of the magne-
tism. If the reduction happens in the A site (Fig. 7b), the net
magnetic moment would increase. If the reduction happens in
the B site (Fig. 7c), it would cause a decrease of the magnetic
moment. In our in situ magnetic measurement, the second
process overwhelms the rst one, meaning the chemical
reduction of the octahedral Fe3+ to Fe2+ dominates the overall
magnetic response. As reported,29 the interaction of lithium
with Fe3+ would also cause the A-sites Fe3+ to displace to empty
neighbor 16c sites. When the insertion amount is small, it may
cause a rise of magnetism. However, in our experiment, this
increase was not observed, probably due to the fast charge/
discharge process and inhomogeneous reaction in the
Fig. 7 Schematic view of the magnetic moments at the Fe (A) and (B)
sublattices: (a) magnetite, (b) Fe3+ ions at the octahedral A sites
reduced to Fe2+ ions, (c) Fe3+ ions at the tetrahedral B sites reduced to
Fe2+ ions.

2648 | RSC Adv., 2017, 7, 2644–2649
electrode. Changes in exchange coupling constant or Curie
temperature could also inuence the result. Future work will be
conducted to understand its exact origin of this magnetism
modulation.

4 Conclusions

In summary, a miniature Li ion battery was assembled with
Fe3O4 as the active cathode, providing a strategy for electric-
eld control of magnetization via the Li ion inserting/
extracting process. The XRD and CV measurements were
combined to determine the suitable discharge potential range
that would allow maximum lithium insertion and avoid struc-
tural damage to the magnetic electrode. In the range from 3 to
0.8 V, the saturation magnetization of Fe3O4 changes reversibly
from 70.2 emu g�1 to 69.5 emu g�1 in about 5 minutes. A simple
model was suggested to explain the modulating process. It is
foreseeable that by surface modication or synthesizing various
nanostructures of the active material to enhance Li (or other)
ion diffusion, it is possible to gain a faster modulation rate with
a large magnetism change. This would be very promising for
many practical applications.
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