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DOI: 20.1039/x0xx00000% The solid-state electrochemical reduction of magnetite (Fe;O,4) nanoparticles was studied

using a miniature Li battery that included Fe;O, as a cathode active material. X-ray
diffraction and absorption analyses clearly elucidated the relation between the battery
voltage and the chemical species reduced from Fe;O,. Upon discharging, the Fe;O,
nanoparticles suffer a 1.4-electron reduction in the voltage range from 2.9 to 1.3 V, while
maintaining the original inverse spinel structure. This process is reversible, so that the Li-
Fe;0, battery can be rechargeable with a fairly large capacity of 160 A h kg™'. In the range
below 1.3 V, Fe;0, is irreversibly reduced to a-Fe through Li Fe;O4, with drastic changes in
structure. This electrochemical process exhibits nanomilling for a-Fe. In-situ magnetic
measurements supported this two-step conversion, and indicated a ferrimagnetic ordering of
Li,Fe;O04 at Ty = ca. 150 K and superparamagnetic behavior of a-Fe. Furthermore, the
reversible solid-state electrochemical reaction in the range between 1.8 and 1.3 V was
associated with a controllable change in magnetization (13%), suggesting this reaction might
be applied to the development of “electrochemical magnets.”

www.rsc.org/

during its solid-state redox reactions at room temperature. In
addition, while keeping the redox potential constant, variable-
temperature magnetic measurements are available down to 2 K.
We have already applied this system to a mixed-valent
chromium Prussian-blue ferrimagnet,
Cry24[Cr(CN)6]"Cly 13(OH); 655.25H,0  (Cr-PBA),"!  with a
ferrimagnetic transition temperature 7'y of 215 K, and found
continuous changes in 7 and the saturation magnetization,
which were well understood by the redox/spin changes of the

Introduction

Solid-state electrochemistry (SSE) is a comprehensive
discipline which covers various topics from fundamental
sciences to practical applications.'” In conventional SSE, the
potential difference between the working and counter
electrodes induces redox reactions of the electrode active
materials on the working electrode. Research and development
of rechargeable batteries is one of the most important areas in

SSE. Recently, we developed a molecular cluster battery in
which the anode was a Li metal and the cathode consisted of a
transition-metal cluster complex such as Mnl2*’ or
polyoxometalate (POM).*'* These new batteries have high
capacities, due to the formation of the super-reduced chemical
species of the molecular clusters, namely [Mnl2]* and
[POM]27'. It is notable that the redox states of these materials
can be controlled by the electrochemical potential of the
cathode in SSE. Indeed, SSE can provide an excellent method
for the production of new materials and for precise control of
the valence states of the redox-active materials. The latter
automatically brings about controlled physical properties, such
as conductivity and magnetism. To elucidate this advantage of
SSE, we have developed an in-situ magnetic measurement
system under SSE, including a miniature lithium-battery cell
(see Fig. S1) that can be inserted into a conventional SQUID
susceptometer. By adopting a redox-active target compound as
cathode, we can perform operando magnetic measurements

This journal is © The Royal Society of Chemistry 2013

Cr ions, though these magnetic changes occurred at low
temperatures.

To achieve high-temperature magnetic control under SSE,
metal oxides are promising materials because of their high
transition temperatures and redox activities. Magnetite, Fe;0,
(Fe""[Fe""Fe'"]0,), is the oldest magnet known to be used by

T jons located at a

humans. Its structure is composed of Fe
tetrahedral site (A site), and mixed valent Fe" and Fe™ ions
located in equal amounts at the octahedral site (B site) in the
inverse spinel structure (see Fig. 1(a)), and it exhibits a
ferrimagnetic ordering at T\,=850 K.'? Since its discovery as
loadstone in the 6™ century B.C., this magnet has been utilized
in various tools and instruments, such as compasses, magnetic
fluids, contrast agents for magnetic resonance imaging and
vehicles for drug delivery.”*’® In addition to its practically
applicable magnetism, magnetite has attracted academic
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Fig. 1 Structural changes in the electrochemical reduction process of Fe;O,: (a)
the inverse spinel structure for Fes0,, (b) the rocksalt structure for Li,Fe;0,4, and
(c) the body-centered cubic structure for a-Fe. In the panels (a) and (b), the B
site is randomly occupied by Fe" or Fe" ions.

interest due to its Verwey transition, half-metallic behavior, and
superparamagnetism of nanoparticles.'®'® In addition, this
compound is known to operate as an electrode active material
of lithium batteries with a significantly large discharge capacity
of over 1500 Ah/kg in the voltage range from ca. 3 to 0 V. This
voltage-change process was explained by the electrochemical

reduction from the inverse-spinel Fe;0, to Fe metal'®?!

through
the rocksalt phase of Li,Fe;04,2'"* though the precise relation
between the battery voltage and the chemical state of Fe, and
the reversibility of this redox process, were not elucidated.
Further, the ex-situ magnetic measurements before and after the
reduction from Fe;O,4 to Li,Fe;0,4 indicated a decrease in the
saturation magnetization at room temperature, and gave a rough
estimation of Ty as ca. 150 K for Li,Fe;0,4.%!

In the present work, we performed in-situ magnetic
measurements and ex-situ X-ray structural analysis for the
whole electrochemical process from Fe;O,4 to Fe metal, in order
to achieve a comprehensive understanding of this solid-state
redox process, which would explain the large battery capacity
of magnetite, and provide a controllable magnetism by SSE. By
making a Li-Fe;O4 battery, which was composed of lithium
metal as the anode and magnetite nanoparticles as a cathode
active material, we examined the relationship between the
electrochemical reactions and magnetic properties, and the
switchable magnetic change of Fe;O, at room temperature by
the electrochemical potential control. Based on the results of
these examinations, we designed an “electrochemical magnet,”
which we describe herein.

Experimental

Fe;04 nanoparticles with an average diameter of 30 nm were
purchased from Sigma-Aldrich. A Li battery cell was
constructed to perform electrochemically controlled reduction

of Fe;04. The cathode was prepared as follows: Fe;04

2| J. Name., 2012, 00, 1-3

nanoparticles (10 wt%) and conductive carbon black (70 wt%)
were mixed with polyvinylidene difluoride (20 wt%) as a
binder, and then the mixture was spread onto an aluminum
plate and dried. Then, this cathode, a Li metal anode, a
separator (Whatman no. 1820-125), and a 1 M LiPF, electrolyte
in a mixed solution of diethyl carbonate (DEC) and ethylene
carbonate (EC) (DEC/EC = 1:1 wt/wt%) were assembled into a
small quartz cell (15x7x5 mm?®, see Fig. SI)'' in an Ar
atmosphere. The battery cells were connected to a
charge/discharge device (Hokuto HJ1001-SM8A), and then the
redox processes of Fe;O, were investigated in the battery
voltage range between 4.2 and 0 V versus Li/Li".

In-situ magnetic measurements were performed as follows: the
Li-Fe;0,4 battery, inserted into a SQUID susceptometer
(Quantum Design MPMS XL5), was charged or discharged by
loading or taking out, respectively, with a constant current
density of 0.03 mA-cm™ at room temperature (300 K). After
reaching a specific voltage in the discharge process, the voltage
was maintained for several hours, and then, we opened the
circuit and investigated the temperature and magnetic-field
dependence of the magnetization of the battery cell. Setting the
sample temperature at 300 K again, the battery was further
discharged to the next measurement voltage. The blank
contribution was experimentally obtained by measuring the
magnetization of the battery cell without the cathode. By
subtracting the blank magnetization from the total of the battery,
the magnetization of the cathode was obtained. Note that the
magnetization of the blank cell was much smaller by three
orders of magnitude than that of the cathode, which included
the ferrimagnet, Fe;0,.

To characterize the electrochemically-generated species of the
cathode samples at the specific voltages, we carried out ex-situ
powder X-ray diffraction (PXRD) and Fe K-edge X-ray
absorption fine structure (XAFS) analyses for the cathode
materials, which had been in a coin-cell Li-Fe;O, battery. After
applying a constant voltage to it for a few hours, we
disassembled the battery cells to remove the cathodes in an Ar
atmosphere, and immediately performed the X-ray
measurements in air, even without drying. Their PXRD patterns
were measured with Cu Ka radiation on a Rigaku Multiflex
using ex-situ cathodes, and their Fe K-edge XAFS spectra were
recorded from 6800 to 8200 eV in a transmission mode using
the beamline BL5S1 at Aichi Synchrotron Radiation Center,
Aichi, Japan.

Results and discussion

Structural analysis of the electrochemical reduction of
Fe304

The reduction process of Fe;O,4 by Li metal was reexamined
in the Li-Fe;04 battery cells. This process has been reported to
consist of two steps, as schematically shown in Fig. 1: (i) the
reductive insertion of Li" ions to form Li,Fe;O, and (ii) the
generation of Fe metal®™ 2' Figure 2(a) shows the first
discharge curve of the Li—Fe;0,4 battery from 4.2 to 0 V, in

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 (a) The first discharge curve of the Li-Fe30,4 battery at 300 K, in which the
capacity is normalized by the weight of Fes0, in the cathode. The open circles
indicate the voltages at which the in-situ magnetic measurements were carried
out. (b) Charge/discharge performance for five cycles between 4.2 and 1.3 V with
a load current of 0.03 mA-cm™.

which the capacity is defined per unit weight of Fe;O,4. This
curve exhibits a gradual decrease in voltage, and finally reaches
a capacity of ca. 2000 Ah/kg at 0 V. Such behavior is consistent
with that reported previously."” It is known that this
discharge/charge process is irreversible and the discharge
capacity at the second cycle or later is significantly smaller than
the first one.!” Since the theoretical capacity, caused by 1-
electron reduction of Fe;04, is 116 Ah/kg (see the Electronic
Supplementary Information), the observed battery capacity is
much larger than the theoretical one for the 8-electron reduction
from Fe;0,4 to Fe. It is considered that this excess capacity is
caused by an electrochemical reduction of the electrolyte, the
formation of a solid electrolyte interface (SEI),** and/or a
capacitor effect caused by the formation of electric double
layers. In the present work, however, taking the ex-situ X-ray
and in-situ magnetic data into account, we found an
electrochemically reversible voltage range for the Li-Fe;O4
battery, with a good charge/discharge cyclability. Figure 2(b)
shows the charge/discharge curves for the first five cycles in the
battery voltage between 4.2 and 1.3 V, indicating little decay.
These capacities (ca. 160 A h kg') suggest a 1.4 electron
reduction from the initial state, namely Fe;O,. It is concluded
that the Li-Fe;0,4 battery operates as a rechargeable battery in
the range above 1.3 V. Although, in the present study, the
weight ratio of magnetite in the cathode is only 10%, which is
too low for practical applications, the unit-weight capacity of
this cheap and environmentally friendly cathode active material
corresponds to those of the conventional Li-ion batteries (ca.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 Ex-situ PXRD patterns for the electrochemically reduced species of Fe;0, in
the Li- Fe30,4 battery during discharge. The vertical bars indicate the patterns of
rocksalt-type Li1‘5F830420 and a-Fe metal.”” The arrow at 0.5 V indicates the XRD
peak assignable to Li,0.

150 A h kg"), which are based on expensive and toxic metals
such as Co and Ni.

To understand the relation between the battery voltage and
the structure of the cathode active material, ex-situ PXRD
measurements were performed at 1.8, 1.3, 1.1 0.5 and 0 V. The
results are shown in Fig. 3, where the diffraction patterns of the
authentic Fe;O,4, the rocksalt Li, sFe;0,%° and a-Fe?® are also
shown for comparison. The PXRD patterns of the cathode
samples above 1.3 V are the same as that of Fe;0,, indicating
the inverse spinel-type structure. At 1.1 V, however, the PXRD
pattern changes completely, and the new pattern can be
assigned to LiFe;O4, which crystallizes into a rocksalt-type
structure with a lattice constant of 8.47 A.>* As shown in Fig.
1(b), this structure can be understood as the result of a site shift
of the Fe ions from A to vacant B, which is denoted by B’, in
the inverse spinel structure and the insertion of Li' ions into A
and the remainder of the B’ sites.”” 2! At 0 V, the PXRD pattern
exhibits significantly broad peaks, which indicate the formation
of a-Fe metal with a body-centered cubic (bcc) structure (see
Fig. 1(c)).?® This process should be associated with the
elimination of Li,O from the lattice. Actually, the peaks around
260 = 35° at 0.5 V are ascribable to those of Li,O. When the
battery was recharged from 0 to 4.2 V, we found a recovery of
the rocksalt phase. This indicates that the structural change
between the rocksalt phase and Fe metal is reversible, even
though this is associated with the insertion/disinsertion of Li,O.

The Fe K-edge X-ray absorption near edge structure
(XANES) spectra of the ex-situ cathode samples were
examined in the voltage range from 2.6 to 0 V. The results are
shown in Fig. 4, in comparison with those of the standard
samples, F Mo, Fe''O and Fe® foil. In the voltage range from
2.6 to 1.4 V, the absorption edge of the cathode sample exhibits
a small low-energy shift, followed by a significant low-energy
shift of the absorption peak at 1.0 V. The spectrum at 1.0 V
fairly resembles that of Fe"O. At 0.1 V, the signal shape is
nearly identical to that of Fe’, through a change at 0.7 V. The
electrochemical reduction process of Fe;O, can be explained as

follows: the Fe' in Fe;0, is reduced to Fe' while maintaining
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Fig. 4 Ex-situ Fe K-edge XANES spectra: (a) the standard samples, Fe;0,4, FeO and
Fe foil, (b) the electrochemically-generated species of Fe30, in the range of 2.6
and 1.0 V, and (c) those in the range of 1.0 and 0.1 V. Vertical dashed lines,
indicating edge energies with a maximum X-ray absorption in XANES spectrum of
Fe30,4 and FeO, are only guides for eyes.

the inverse spinel-type structure of Fe;O, from the initial
battery voltage at 1.3 V. Note that this voltage corresponds to
—1.7 V vs. the standard hydrogen electrode (SHE). Then, in the
range from 1.3 to 1.0 V a drastic structural transformation to a
rocksalt-type structure takes place, forming LiFe;0,%° (see
Fig.1(b)) after a reduction of more than 1.4 electrons. This
rocksalt phase is maintained above 0.5 V, and o-Fe metal is
finally formed at 0 V by a more than 6-electron reduction (see
Fig.1(c)). These reduction voltages are dependent on the

27:28 gince the

particle size and chemical environments of Fe;Oy,
threshold voltages for the structural changes to the rocksalt
phase and to a-Fe metal, may be calculated by the numbers of
reduction electrons. Note that the peak widths of the PXRD
patterns at 1.8, 1.0 and 0 V indicate that the particle sizes are
26 nm for Fe;04, 23 nm for rocksalt-type Li,Fe;O04, and 5 nm
for o-Fe, respectively, which were calculated from a half line

width of their diffraction peaks using the Scherrer equation.”’

In-situ magnetic measurements for the reduction process of
Fe304

In-situ magnetic measurements were performed to reveal
the reduction process of Fe;O, seamlessly from a magnetic
point of view, while discharging the Li-Fe;0,4 battery from 2.9

4| J. Name., 2012, 00, 1-3
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Fig. 5 Temperature dependences of the magnetizations under 100 Oe for the
cathodes of the Li-Fe;0, batteries in the voltage ranges from 2.9 to 1.0 V (a) and
from 1.0 to 0 V (b). The inset of panel (b) shows the low-temperature behavior
on an enlarged scale.

to 0 V. The voltages at which the magnetic measurements were
performed are indicated by the open circles in Fig. 2(a); while
holding each voltage, the temperature dependence of the
magnetization of the whole battery cell was measured in the
field of 100 Oe, upon heating from 4 K after zero-field cooling.
Then, after subtracting the diamagnetic contributions from the
materials except the cathode, the magnetization per unit weight
of the cathode was obtained, though no compensation was
made for the contributions of the other cathode components,
except magnetite. The results at the voltages of 2.9, 1.8, 1.3 and
1.0 V are shown in Fig. 5(a). The magnetic properties of the as-
purchased Fe;O4 nanoparticles are shown in Fig. S2 for
comparison. The magnetizations at 2.9 V, which are considered
to be caused by Fe;0,4 before the electrochemical reduction,
increase upon heating in the whole
temperature range and the Verwey phase transition'® was not
observed due to a nanosize effect’® This temperature
dependence is similar to that of authentic Fe;O,4, while the
values of the magnetizations are 10 times smaller than those of
magnetizations in the whole temperature range, because the
content of Fe;O, in the cathode is 10 wt%. At 1.8 V, the
temperature dependence of the magnetization is similar to that
at 2.9 V below 100 K, but the magnetization exhibits a
significant increase above this temperature. However, the
magnetizations at 1.3 V become much smaller than those at 2.9
and 1.8 V. Note that this dependence on the battery voltage
above 1.3 V was found to be reversible, as well as the
charge/discharge curves. At 1.0 V, the magnetizations are

exhibit a gradual

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 Expected spin states in the reduction process of Fe304 at 2.9 V (a), 1.8 V
(b), and 1.3 V (c).

nearly collapsed throughout the whole temperature range.

The expected spin states in the reduction process of Fe;O4 at
2.9, 1.8 and 1.3 V are schematically shown in Fig. 6. The
battery discharge capacity in Fig. 2(a) indicates that the
numbers of reduction electron per Fe;O, are ca. 0, 1, and 1.4,
respectively, at these voltages. In the ferrimagnetic phase of
Fe;04, the spins at the A and B sites are aligned in an
" jons at the tetrahedral A
sites in the inverse spinel structure are more easily reduced than

antiparallel fashion. Since the Fe

those at the octahedral B sites,’' the total spin number, St,
should increase from 2 to 2.5 by the 1-electron reduction of the
Fe ion at the A site (see Fig. 6(b)). This increase probably
causes the increase in magnetization at 1.8 V. A successive

I jon at the B site,

reduction is expected to occur for the Fe
reducing the value of St to 2.3 (see Fig. 6(c)). This probably
corresponds to the spin structure at 1.3 V, though the
magnetizations at 1.3 V are smaller than those at 2.9 V. This
quantitative discrepancy could be caused by some changes in g-
factors, exchange coupling constants, particle sizes, etc.,
induced by the insertions of Li* ions.?' It is notable that the in-
situ magnetic measurements revealed the reduction site change
from the A to the B site at 1.8 V, which could not detected by
the X-ray diffraction and absorption studies.

The temperature dependence of the magnetizations at the
battery voltages of 1.0, 0.5, 0.3, 0.1 and 0 V are shown in Fig.
5(b). The inset of this figure shows the low-temperature
behavior on an enlarged scale. Below 1.3 V, the magnetizations
exhibit an irreversible change due to a structural change from
the inverse spinel to the rocksalt structure, followed by the
reduction to Fe metal. The temperature dependence of the
magnetizations at 1.0 V, where the PXRD suggests the
formation of Li,Fe;O,, makes a broad maximum around 100 K,
which is similar to the magnetic behavior at 0.5 V (see the inset
of Fig. 5(b)). Figure S3(a) shows the field-cooled (FC) and
zero-field-cooled (ZFC) magnetizations at 1.0 V, which clearly
show a bifurcation point at 150 K. This behavior is consistent
with the ferrimagnetic order of the rocksalt-type Li,Fe;O4 at
this temperature, as reported previously.?' As the voltage

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry C

52
- H =1kOe
(o))
2 1.8V
E48-
<
S 4.4 -0CV
1.3V
4.0 U | | l | | I

0 1 2 3 4 5 6
Cycle number

Fig. 7 Magnetization changes of the cathode of a Li-Fe30, battery during
charge/discharge at room temperature, under 1 kOe. The red, blue and green
circles indicate the magnetizations at the open circuit voltage (OCV, ca. 3.3 V),
1.8V, and 1.3 V.

decreases to 0.3 V, the temperature dependence of the
magnetization makes two maxima around 40 and 100 K, which
are assignable to Fe nanoparticles and the rocksalt-type
Li,Fe;0,, respectively. With a decrease in the battery voltage
down to 0 V, the magnetization maximum around 40 K due to
Fe nanoparticles increases significantly. Figures S3(b) and S4
show the FC-ZFC and MH curves for the cathode sample at 0
V, showing a bifurcation point at 40 K and a coercive force, H.,
of 400 Oe at 4 K, respectively. These results can be understood
of the superparamagnetic behavior of o-Fe
with nm.*®  This

electrochemical milling behavior’> ** indicates that SSE would

in terms

nanoparticles a diameter of ca. 5
be available for the preparation of nanoparticles of various
metal and metal oxides.

It was reported that the Li" insertion into Fe;0, immediately
induced a local structural change from the inverse-spinel to the
rocksalt structure, which was caused by a displacement of Fe'™
ions from the tetrahedral A site to the octahedral B’ site, and

T jons at the octahedral

then brought about the reduction of Fe
sites.?” This work was done for the Fe;0, particles with a size
of ca. 50 um. However, the present research on the valence,
structure and magnetic properties of the 30 nm Fe;O, particles,
concluded that the Li" insertion/Fe™ reduction took place in the
original inverse-spinel structure in the battery voltage range
above 1.3 V. This discrepancy is perhaps caused by the huge
difference in the particle size of Fe;O4; the nanoparticles of y-
Fe,O; are known to be reduced by the Li" insertions in its
original structure.*

SSE-control magnetizations

Fe;O04 was found to exhibit the reversible redox change in
the inverse spinel structure, under the electrochemical Li"
doping in the battery voltage above 1.3 V. To reveal the
reversible magnetic response to this redox process, we
examined the magnetic properties of Fe;O, controlled by SSE.
The Li-Fe;04 battery was inserted into a SQUID susceptometer
and its voltage was controlled at room temperature by
charging/discharging with a constant current density of 0.03
mA-cm™, in the range between 1.3 and 1.8 V. Then, we carried
out the in-situ magnetic measurements at 1 kOe. The results are

J. Name., 2012, 00, 1-3 | 5
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shown in Fig. 7, including the observation of a reversible and
repeatable change in magnetization of ca. 13%. Since the
reversible redox change takes place only in the inverse spinel
structure, and the conversion to the rocksalt-type Li,Fe;O04 with
Tx of 150 K is irreversible, we could not achieve a more drastic
change in magnetism. Even so, the present study strongly
suggests
magnets,” in which SSE could induce permanent magnetization

the potential development of “electrochemical
at room temperature, thereby avoiding the requirement of a

continuously loaded current in order to maintain the

magnetization of electromagnets.

Conclusions

We produced Li-Fe;O, batteries in order to carry out in-situ
magnetic measurements and ex-situ X-ray structural and
absorption analyses of Fe;O, nanoparticles under their solid-
state electrochemical reduction to Fe metal. The comprehensive
analysis revealed a rechargeable feature of this battery above
the voltage of 1.3 V, with a high capacity of 160 A hkg™, in the
original inverse spinel structure of Fe;O,4 In the range between
1.3 and 1.0 V, magnetite was irreversibly converted to Li Fe;0,
with a rocksalt structure due to its more than 1.4-electron
reduction. In the battery-voltage range between 0.5 and 0 V,
Li,Fe;O, was reduced to a-Fe, whose diameter was 5 nm. This
reaction was accompanied by the generation of Li,O. The in-
situ magnetic measurements provided information on the
redox/spin states of the chemical species, which appeared in the
reduction process of Fe;O,4. Utilizing the electrochemical
reversibility of Fe;O, above 1.3 V, we also demonstrated a
reversible change in its magnetization at room temperature,
which was controlled by SSE. Together, our findings indicated
that the in-situ magnetic measurements for SSE are a powerful
technique to elucidate the solid-state redox processes and have
the potential to lead to new magnetic functions, such as
electrochemical magnets.
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