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and Oliver Clemens*

Electrical tuning of materials’ magnetic properties is of great technological
interest, and in particular reversible on/off switching of ferromagnetism can
enable various new applications. Reversible magnetization tuning in the ferro-
magnetic Ruddlesden-Popper manganite La,_,,Sry,,,Mn,0; by electrochem-
ical fluoride-ion (de)intercalation in an all-solid-state system is demonstrated
for the first time. A 67% change in relative magnetization is observed with a
low operating potential of <1V, negligible capacity fading, and high Coulombic
efficiency. This system offers a high magnetoelectric voltage coefficient, indi-
cating high energy efficiency. This method can also be extended to tune other

materials’ properties in various perovskite-related materials.

1. Introduction

Magnetoelectric control, that is, using an electric field to control
material's magnetic properties (magnetic state, moment, ordering
temperature, etc.) is of great fundamental interest, but also enables
various applications, such as spin-based electronics, magnetic data
storage, micromagnetic actuation, and sensors.[? Depending on
the application, there can be different requirements on the mag-
netoelectric system, such as high magnetic on/off ratio, long-term
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stability and reversibility, speed of operation,
or a particular operating voltage range or
temperature. While various magnetoelectric
systems already exist,’?l new approaches
to control magnetic material properties are
still sought after in order to improve on the
different requirements for different appli-
cations. There, a special focus lies in mate-
rials which possess a high magnetoelectric
voltage coefficient o = AM/(AV x M) (the
change of relative magnetization, AM/M,
per applied voltage, AV), as it provides for
high energy efficiency in applications.*?!

Many systems used for electrochem-
ical tuning of magnetism rely on the
application of field-induced strain®-8! or charge-carrier doping
via gate dielectrics.’' While these methods offer the possi-
bility of fast operation, they tend to have low magnetoelectric
coefficients and be volatile.l'?] Electrically driven, reversible ion
exchange within an electrochemical cell is a promising method
to modify materials’ magnetic properties. Essentially, the target
material is placed as an electrode in a battery cell and can be
charged (ions inserted into or removed from the structure) or
discharged (ions removed from or inserted into the structure),
leading to changes in oxidation states and structural properties
(bond distances/angles or lattice strain), which in turn affect
the material's magnetic properties. Such an approach can offer
large changes in magnetic properties (as material's full volume
can be accessed), high electrical efficiency (as there is no
need for continuous power to maintain a charged/discharged
state), and non-volatility (as the material's properties remain
unchanged when the power is off).

This approach has been demonstrated with various Li-ion
battery chemistries,>1 with the highest changes in mag-
netization (=90%) found for the Fe to Fe,O; conversion reac-
tion.[>] Nearly complete on/off switching has also been found
for other electrochemical conversion reactions, for example
in the Fe-FeOx1?”l and Co-CoOx!?!l systems or in nanoporous
Pd(Co).?2l However, such conversion-based systems may suffer
from long-term stability and reversibility issues due to compli-
cated reaction mechanisms, which can lead to side reactions
and formation of unwanted phase. To overcome these issues,
intercalation of ions into a suitable host lattice appears to be a
more promising method, as it can cause less drastic chemical
and structural changes. Using various spinel-type iron oxides
as electrodes, 10-70% changes in magnetization have been
achieved by Li-ion intercalation.[16-18]
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Figure1. a) Theideal n=2RP-type structures of La, »,Sr;,,Mn,0;andthe corresponding fluorinated phases La, 5,Sry,,Mn,0F; and La, »,Sr1,,Mn,0;F,
with either one or two rock salt layers filled, respectively. b) Schematic of the Swagelok-type cell used in the electrochemical measurements. c) Typical
charging curve for a La; 3Sr1 ;Mn,0;/Lag Bag 1F,/Pb-PbF, cell. The inset shows details of the lower capacity range and the red crosses mark the chosen
cut-off voltages for the charging process. d) Ex situ diffraction patterns obtained for the individual cells charged to different cut-off voltages. The most
indicative reflections for the lattice parameter change of the RP-type phase during fluorination are marked. The additional reflection at =29.5 ° is caused
by a silicon sample holder. Broad reflection groups (e.g., at 27.5, 43.5, 44.5, and 50.5°) correspond to the solid electrolyte phase LagoBagF,q. A full
refinement of a single pattern with partial fit curves for the different phases is exemplarily shown in the Supporting Information.

Apart from lithium ions, also fluoride ions can be interca-
lated into or deintercalated from suitable host structures within
so-called fluoride-ion batteries.?*?°) Compared to the Li-ion,
fluoride enables the use of materials that are only accessible
with anion intercalation and deintercalation, most notable of
which are the various perovskite-related structures,?°3% such
as the A,,,B,03,,; Ruddlesden-Popper (RP) system. This RP
structure can be understood as being built up of n perovskite
blocks interleaved by rock salt layers which can host an addi-
tional anion such as fluoride (Figure 1a). As for perovskites,
RP-type materials are known for their wide range of magnetic
properties and offer therefore a promising host-lattice for novel
magnetoelectric applications within a so-far unexplored system.

Here we demonstrate for the first time the use of fluoride-
ion intercalation as a method to reversibly tune material's mag-
netic properties. We selected the n = 2 RP phase La,_,,Srq,,
Mn,0; as our target material for magnetic tuning. This com-
pound has two rock salt layers per unit cell; experiments using
chemical fluorination have shown that these layers can be fluor-
inated in separate steps, forming either La, ,,Sr,,,Mn,0,F,_,
or Lay »,St1,5,Mn,0,F,_ B3 as presented in Figure la. The
magnetic states of La, ,,Sr;,,,Mn,0; range from double-
exchange mediated ferromagnetism (FM) to antiferromag-
netism and are highly sensitive to the Mn oxidation state and
distance between the perovskite building blocks,B3l making it

Adv. Electron. Mater. 2020, 6, 1900974 1900974 (2 of 9)

an optimal material for tuning of magnetic properties. In this
work, the composition La;3Sr;;Mn,0, was selected, as it is
FM with a high magnetic moment of >3 uz Mn™" and has the
highest Curie temperature (T = 120 K) within this system.3]
We show that a 67% reversible change in magnetization is
possible in this material by fluoride ion (de)intercalation, com-
parable to the best Li-ion intercalation systems. What is more,
our operating potentials of <1 V are lower than those typically
required for the Li-ion intercalation (=2 V),I% leading to higher
magnetoelectric efficiency o

2. Results and Discussion

2.1. Impact of Charging/Fluorination on the Structural and
Magnetic Properties

Details on the as-synthesized La; 3Sr; ;Mn,0, and the prepared
cathode composite are presented in Figures S1-S4, Tables S1
and S2, Supporting Information. In short, the La; ;Sr; ;Mn,0;
was found to be single phase and the diffraction patterns could
be refined using the I4/mmm RP n = 2 aristotype structure.>¥
Titration results confirmed an oxidation state of Mn of +3.35, as
expected for a composition of La; 3Sr; ;Mn,0;. Long-range FM
ordering was found with a T = 117 K and M(H) measurements
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at 10 K showed a saturation magnetization of =3.6 pzg Mn™! cor-
responding well with the expected value (0.65 - 4 ug + 0.35 -
3 up = 3.65 up). To ensure that La; 3Sr; ;Mn,0, was not modi-
fied within the cathode composite by preparation or heating
during charging, the structural parameters and magnetic prop-
erties of the parent oxide, the as-prepared cathode composite
and a heated cathode composite were compared. These sam-
ples did not differ significantly from each other, showing that
La; 3Sr; sMn,0y is stable in the cell environment.

All the electrochemical measurements were done on solid-
state La;3Sr;;Mn,0;/LagoBag F,o/Pb-PbF, cells, loaded in
a modified Swagelok-type cell body, a schematic of which is
shown in Figure 1b. Figure 1c shows a typical charging curve
of such a cell up to 3 V. Three short plateaus occur below a
specific charge capacity of 60 mAh g': one at the very begin-
ning at =0.34 V and two others at =0.45 V and =0.8 V, respec-
tively. In addition, a long plateau at =1.3 V can be observed. In
order to understand the structural changes during the charging
process, separate cells were charged to different cut-off volt-
ages (V, charge) and ex situ XRD measurements were performed
on the cathode side of the cells (the chosen cut-off voltages
are marked in Figure 1lc and the charging curves of the indi-
vidual cells are presented in Figure S5, Supporting Informa-
tion). Diffraction patterns measured for the cells with different
cut-off voltages are shown in Figure 1d and Rietveld refinement
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results can be found in Figure S6 and Table S3, Supporting
Information. At low voltages, La; 3Sr; ;Mn,0,F,_, is formed at
the cost of the initial La; 3Sr; ;Mn,0, phase. Starting at =0.75 V,
La; 351 ;Mn,0,F,_, is transformed into the higher fluorine con-
tent phase La; 3Sr;;Mn,0,F,_,. No indication is given for the
formation of further phases at higher potentials. Thus, the first
two charging plateaus (at =0.34 and =0.45 V) can be assigned to
redox reactions leading to a single-layer intercalation of fluorine
and the third plateau (at =0.8 V) corresponds to the insertion
of fluorine into the second interstitial layer. It is noteworthy
that the capacity for the higher voltages exceeds the theoretical
capacity for a storage of two fluoride ions (=98 mAh g!) by far.
This agrees well with earlier findings of Nowroozi et al. 1?23
which suggest that the long plateau at =1.3 V is related to the
fluorination of carbon black.

The relative weight fractions (RWFs) and lattice parameters
of the three phases present in the charged cells are plotted as a
function of Vg, charge in Figure 2a—c. Evidently, the single-layer
intercalation of fluoride reaches its maximum at 0.7 V (RWF
of La;3Sr;;Mn,0,F,_, is 100%), whereas the second layer is
completely filled at around 0.9 V (RWF of La; 3Sr; ;Mn,07F,_,
reaches 1009%). For V¢ charge < 0.7V, the presence of two phases
(the initial La;;Sr;;Mn,0O; and the single-layer fluorinated
phase) is observed. Thus, instead of forming a single phase
with an average fluoride content and an intermediate oxidation
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Figure 2. a) RWFs for the phases formed on charging to the selected cut-off voltages. b), c) Trends of the a and c¢ lattice parameters for the different
phases as a function of the charging cut-off voltage. Lines only serve as guides for the eye. d) M(T) curves for the cathode composites of cells charged
to different cut-off voltages (FC mode, 1 T field). The inset shows the temperature region in which a small FM transition occurs for the cells charged
to 0.6 and 0.8 V. The sample denoted as “base” represents the cell which was heated 10 days at 170 °C without charging.
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state of the Mn ions, the system seems to prefer to exist in a
fluorinated phase with an increased oxidation state and a non-
fluorinated phase with a lower oxidation state. Based on the
specific charge capacities for cells with cut-off voltages < 0.7 V
and the RWFs of the different phases, an estimation of the
average fluoride content of the fluorinated La; 3Sr; ;Mn,0,F,_,
phase could be made (see Table S4, Supporting Information).
It appears that fluoride contents smaller than =0.6 per formula
unit are unstable, so that a mixture of a higher fluorinated
phase (La;3Sr;;Mn,0,F,_, with x < 0.4) and the non-fluori-
nated initial phase is formed. For a cut-off voltage of 0.7 V, the
average fluoride content is around 0.65 and La; 3Sr; ;Mn,0,F,_,
is stable as a single phase without (or with only traces) of the
initial phase. Around 0.8 V the fluorination of the second rock
salt layer starts and the initial phase reappears. The RWF of the
initial phase increases to almost 8%, while being = 0% at 0.7
and 0.9 V. This suggests that also for the La;3Sr;;Mn,0,F,_,
phase, there is a certain stability range for the fluoride content
below which the system prefers to form a mixture of the non-
fluorinated initial phase and a higher fluorinated La; 3Sr; ;Mn,
O,F,_, phase, instead of a single phase with an average fluoride
content. However, we emphasize that the quantification of the
stability range of the La; 3Sr; ;Mn,0F,_, phase is hindered by
the presence of two fluorinated phases with unknown fluoride
contents. This phase separation could be caused either by redox
disproporation (a phase of intermediate oxidation state converts
to two different phases, one of higher and one of lower oxida-
tion state) or by structural changes that make phases with an
average fluoride content energetically unfavorable.

The lattice parameters in Figure 2b,c show that the fluori-
nation of La;;Sr;sMn,0, leads to a reduction of the lattice
parameter a (due to oxidation of Mn and a subsequent decrease
in ionic radius), while parameter ¢ was increased. The ¢ para-
meter increased by =9.4% by the single-layer intercalation of
fluorine and then by another =6.3% on further charging to
3 V due to the intercalation of fluorine into the second rock
salt layer (La; 3ST1,Mn,0; (¢ = 20.17 A) — La;3S1; ,;Mn,0,F;_,
(c = 22.17 A) — La;;Sr;;Mn,05F,_, (c = 23.65 A), see Table
S3, Supporting Information, for details). The changes in
lattice parameters are in good agreement with those reported
for the chemical fluorination of La;,S1; gMn,0; (¢ = 20.14 A)
to Lay, Sty sMn,OF (¢ = 21.72 A) and La;,St; sMn,0;F, (¢ =
23.38 A).B132

Figure 2d presents M(T) curves of cathode composites of
selected cells charged to different cut-off voltages. The data
show that the electrochemical fluorination of La; 3Sr; ;Mn,0;
leads to a significant change in magnetic properties; even
charging to a cut-off voltage of 0.45 V reduced the magnetic
moment at 10 Kin a 1 T field by more than a half. For all cut-
off voltages above 0.45 V, at 10 K only a very weak magnetic
moment exists (<0.2 up). Furthermore, there is a clear correla-
tion between the phase composition and magnetic properties.
Charging a cell up to 0.45 V reduces the RWF of the initial
La; 3Sr;;Mn,0; phase from 100% to =39%. Comparing the
values of the magnetic moment/Mn at 10 K in 1 T field, an
equivalent decrease to =37% is observed. Similarly, the cells
charged to 0.6 and 0.8 V only showed a very weak FM transi-
tion, while the cells charged to 1.28 and 3 V did not exhibit
such a feature at all. This corresponds well with the observation
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of a RWF of the initial La; 3Sr;;Mn,0, phase of 6 and 7.8%
for the former cells, respectively, while the latter did not show
traces of the initial phase. It is therefore clear that the fluor-
inated phases do not show FM properties and any FM inter-
actions observed in the charged cells are caused by residual
fractions of the initial phase. Due to the fact that the charging
leads to a mixture of the initial FM La; 3Sr; ;Mn,0, phase and
a non-FM La, 3Sr; ;Mn,0,F,_, phase at low cut-off voltages, the
observed T remains practically unchanged by the fluorination
even though the overall magnetization decreases.

2.2. Impact of Discharging/Defluorination on the Structural and
Magnetic Properties

For reversible magnetization tuning, a suitable cut-off voltage
for the charging process must be high enough to show a sig-
nificant change in the magnetic properties (in the ideal case
a complete on-off magnetic switching). Furthermore, the
voltage should be as low as possible to allow for high efficiency,
shortest possible charging times and lowest possible volume
changes, and to avoid oxidative side reactions of carbon black
(at =1.3 V), which might lead to reduced cyclability of the cell.
Based on these criteria, charging cut-off voltages of 0.45 and
0.6 V were chosen. Figure 3a,b presents typical charge—dis-
charge curves for cells charged to 0.45 or 0.6 V and discharged
to =3 V. For the V¢ charge = 0.45 V cells, the discharge curve
shows a clear plateau at =0.1 V, whereas for the V¢ arge = 0.6
V cells an additional small plateau appears at =0.2 V, corre-
sponding to the small secondary plateau in the charging curve.
Below these voltages several other less well-defined plateaus
are also seen. To investigate the structural changes during dis-
charging, separate cells were charged to 0.45 or 0.6 V and then
discharged to selected voltages V¢ gischarge (€€ Figure 3a,b, with
the charge—discharge curves of the individual cells presented
in Figures S7 and S8, Supporting Information). Diffraction
patterns for these cells are shown in Figure 3c,d and the Riet-
veld refinement results can be found in Figure S9, Tables S5
and S6, Supporting Information. For both charging voltages,
the discharged cells show a decrease in the fluorinated phase
and an increase in the initial La; 3Sr; ;Mn,0, phase. However,
compared to the charged-only cells, the discharged cells reveal
the presence of an additional phase. This phase is referred to
here as a “residual fluoride phase.” The detailed nature of this
new phase is currently not known, but a trapping of residual
fluoride ions in the interlayer site would be a plausible explana-
tion for the formation of the new phase, as its lattice param-
eters (a = 3.87 A, ¢ = 20.51 A) are between those of the initial
La; 3Sr; ;Mn,0; phase and the La; ;Sr; ;Mn,0,F,_, phase (see
Supporting Information for details and also the discussion of
magnetic properties later in the text).

Figure 3e,f shows the RWFs of the three phases present in
the discharged cells. Evidently, the discharging greatly reduces
the RWF of the La;;Sr;;Mn,0,F,_, phase, with a notable
increase in the RWF of the residual fluoride phase. The RWF
of the initial La; 3Sr; ;Mn,0; phase also increases, although to
a lower extent. For both initial charging conditions, the RWF of
the La; 3Sr; ;Mn,0; phase reaches its maximum at a discharge
cut-off voltage of about ~0.3 V (=54% for V¢, arge = 045 V and

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Typical charge—discharge curves for cells charged to a) V¢, charge = 0.45 or b) 0.6 V. The insets show details of the lower capacity ranges and

the red crosses mark the chosen cut-off voltages for the discharging proce

ss. Representative diffraction patterns for the individual cells charged to c)

Ve, charge = 0.45 or d) 0.6 V, and discharged to different cut-off voltages. The red and black dotted lines indicate the reflection positions of the initial

La; 3Sr; sMn,0; phase and the La; 3Sr; ;Mn,05F,_, phase, respectively. RW

Fs of the phases observed for cells charged to €) Vc, charge = 0.45 or f) 0.6 V

on discharging to different cut-off voltages. Lines only serve as guide for the eye.

=25% for V¢ charge = 0.6 V, respectively). Discharging below
—0.3 V decreases the RWF of the La;;Sr;;Mn,0,F,_, phase,
but at the same time the residual fluoride phase appears to be
stabilized instead of the initial phase. Thus, it is evident that
defluorination is possible to a certain extent, but the maximum
obtainable RWF of the initial phase is limited. The discharging
cut-off voltage Ve, gischarge =—0.3 V seems to provide a good com-
promise in order to maximize the RWF of the La; 3Sr; ;Mn,0,
phase and was thus selected for cell cycling tests.

Figure 4a shows M(T) curves for cells charged to 0.45 or 0.6
V and discharged to —0.3 V, together with the charged-only cells.
As is evident, the FM interactions can be partially restored by

3.5

the discharging. For V¢ charge = 0.45 and 0.6 V, about 57% and
20% of the initial La; 3Sr;;Mn,0, magnetic moment at 10 K
in 1 T field was restored on discharging to —0.3 V, respectively.
These values correspond well to the RWFs of La; 3Sr;;Mn,0,
in these cells, showing that the FM properties are dominantly
caused by the La; 3Sr; ;Mn,0; phase and that the residual fluo-
ride phase is not ferromagnetic. This indicates that also small
amounts of fluoride ions within the rock salt interlayers can
be sufficient to distort the ferromagnetic coupling between the
perovskite building blocks by increasing their distance to each
other. For the cells charged to 0.45 V, a Curie temperature of
=120 K was found for both the charged and discharged cells,
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indicating that the recovered La;3Sr;;Mn,0, phase is only
slightly modified during the charging cycle. In contrast, the cell
charged to 0.6 V and discharged to —0.3 V showed a different
behavior; the transition temperature range was notably widened
and the Curie temperature was lowered to =60 K. This change
could be due to a slight chemical and/or structural inhomoge-
neity, caused by fluoride ions trapped in the structure due to
the deeper charging, which could lead to a wide distribution of
FM transition temperatures.

2.3. Reversible Switching of Magnetization Using Optimized
Operation Conditions

To verify the reversibility of the magnetization tuning, cells
with the cut-off voltage combinations V¢, carge = 0.45 or 0.6 V
and V¢ gigcharge = —0.3 V were operated for ten charge-discharge
cycles. In the following, half-integer cycle numbers refer to
cells stopped at charged states and integer cycle numbers
refer to cells stopped at discharged states. The charge and dis-
charge curves for these cells are shown in Figure 4b,c. After
the first cycle, the plateaus for the charging process shifted
to lower potentials by about 0.12 V and the specific charge
capacity reduced by about 35%. It appears that during the
initial charging step side reactions take place, which facilitate
fluorination and defluorination in the subsequent cycles. It is
possible that, similar to LIBs, these reactions occur at the inter-
faces within the cathode material (between the active material
and the electrolyte) and lead to a stabilization of electron and
fluoride transport through the interfaces. Apparently, interfacial
reactions are known to have a decisive effect on battery per-
formance, as they can significantly influence ion and electron
conductivity.3¢!

After the initial charging step, the cells’ behavior remained
highly stable for the tested ten cycles. As can be seen from
Figure 4b,c, the consecutive charge—discharge curves shift to
slightly higher capacities. Thus, there was no capacity fading
when the cells were cycled. Instead, the fluoride intercala-
tion seems to slightly increase with the number of cycles. The
capacity increase per cycle did not exceed =0.35 mAh g7 (in
most cases =0.2 mAh g™!) and decreased with increasing charge
cycles, so that at ten cycles the total cumulative capacity increase
was less than 2 mAh g% For all cells investigated in this work,
the Coulombic efficiency of the first cycle was around 65-75%,
while from the second cycle onward, a Coulombic efficiency
of 101(2)% was reached. A Coulombic efficiency slightly above
100% could be explained by a reactivation of La; 3Sr; ;Mn,0;F;_,
formed during the first charging cycle. In addition to the 10 times
cycled cells, a single cell was cycled between 0.45 and —0.3 V for
45 cycles (see details in Figure S10, Supporting Information).
During this cycling, the features of the charge—discharge curves
became slightly more rounded with the increasing number of
cycles, but no significant capacity fading or loss of Coulombic
efficiency was found. In the context of the desired magnetization
tuning, these observations are promising, as a high Coulombic
efficiency and a lack of capacity fading are prerequisites for
cyclable and stable magnetization changes.

In order to investigate the structural and magnetic changes
during the cell cycling, separate cells with the cut-off voltage
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combinations V¢, charge = 0.45 or 0.6 V and Ve gigcharge = —0-3 V
were operated between one and ten cycles, stopping at either
the charged or uncharged states, and ex situ XRD and mag-
netic measurements were done on the cathode composites
(see Figure S11-S13, Tables S7 and S8, Supporting Informa-
tion, for the details). Figure 5 shows the RWFs of the phases
present in the cycled cells. Regardless of the number of cycles,
all charged cells contained residues of the initial phase and a
large fraction of the La;3Sr;;Mn,O,F,_, phase, while all dis-
charged cells had a mixture of the initial, residual fluoride and
La; 3Sr; ;Mn,0,F,_, phases. The phase compositions of the dif-
ferent cells appear relatively consistent after the first charging
step, with minor cell-specific variations. The average RWF of
the La; 3Sr; ;Mn,0,F,_, phase differed by about 73% between
the charged and uncharged states for both V¢ arge = 0.45 and
0.6 V, indicating that high amounts of the active material con-
tribute to the redox reactions during charging/discharging.
On the other hand, between the charging and discharging, the
average RWF of the initial FM phase changed between =10%
and =50% for the V¢ charge = 0.45 V cells, and between =5% and
=~34% for the V¢ charge = 0.6 V cells, respectively.

Magnetic data for the cycled cells are presented in Figures
S12 and S13, Supporting Information. As before, the Curie
temperatures for all the V¢ charge = 0.45 V cells were close to
the Tc of the as prepared cathode composite (=120 K), whereas
the V¢ charge = 0.6 V cells showed broadened transitions with
significantly reduced average T of 55-68 K. Figure 6 presents
the magnetic moments measured for the cells at 10 Kina 1 T
field as a function of the number of cycles. Additionally, the
voltage vs. time curves of the cells with ten cycles are shown
in order to demonstrate at which points of the charge/dis-
charge process the individual cells were stopped. As is apparent
from Figure 6, after the first charging cycle (during which the
system is about to stabilize), the change in the magnetiza-
tion remains constant and well reproducible with respect to
increasing number of cycles. The variations between the cells
are most likely explained by errors introduced on weighing the
small amounts of sample for the subsequent calculation of the
magnetic moments. In case of the V¢ cparge = 0.45 V cells, the
charged cells’ magnetic moments stabilized to 0.40(7) up Mn™!
after the first cycle, while the discharged cells had values of
1.2(2) ug Mn7!, with an average magnetic moment change of
about 0.84 ug Mn™. For the V¢, charge = 0.6 V cells, the charged
cells showed moments of 0.22(2) ug Mn~!, while for the dis-
charged cells the moments were 0.64(2) ug Mn'!, and the
moment change was reduced to about 0.42 yy Mn~'. Thus, the
magnetic moments in case of the V¢ charge = 0.45 V cells were
approximately twice as high as the cells with V¢ harge = 0.6 V,
for both the charged and discharged cells, respectively. For both
cases, however, this resulted in the same relative magnetization
change of 67% between the charged and discharged states. This
shows that by choosing a low cut-off voltage in the charging
process, the absolute magnetic moments could be increased,
but the relative change in magnetization due to the fluoride (de)
intercalation remained the same. Due to the fact that the cells
can be operated at very low potentials (AV = 0.75 or 0.9 V for
V¢, charge = 0.45 or 0.6 V, respectively), the cells shown here pos-
sess among the highest magnetoelectric couplings for tunable
magnetic systems observed so far.l'?! Further, it is interesting to
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Figure 5. RWFs of the phases present in cells operated for different numbers of charge—discharge cycles and stopped in a charged state, with a)
Ve, charge = 0.45 or b) 0.6 V. RWFs of the phases present in cells operated for different number of charge-discharge cycles and stopped in a discharged
state, with ¢) V¢ charge = 0.45 or d) 0.6 V. The dotted lines represent the average of the respective RWFs. Lines only serve as guide for the eye.

note that the electrochemically treated samples possess slightly
higher coercivities than the La;3Sr;;Mn,0; base sample,
though the coercivity remains stable within errors comparing
the different charged and uncharged samples, and appears to
be independent on the cut-off conditions (Figure S13, Sup-
porting Information).

3. Conclusions

In conclusion, we have demonstrated for the first time the use
of reversible fluoride-ion intercalation for reversible tuning of
material's magnetic properties. The selected RP n = 2 com-
pound La,; 3Sr;7Mn,0; was cycled between strong and weak
FM states, with a 67% maximum change in magnetization,
negligible capacity fading and high Coulombic efficiency. This
is comparable to the best results obtained by Li-ion intercala-
tion in iron-based spinels, with an additional benefit of one
of the highest magnoelectric couplings observed so far due to
the use of low cell potentials of <1 V. The maximum change
in magnetization is currently limited by the formation of the
residual fluoride phase during cell discharging. An increase of
the change of magnetization would be possible if the RWF of
the initial FM phase could be both reduced in the charged state
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and increased in the discharged state. Better understanding
of the nature and formation of the unknown residual fluoride
phase could help eliminating it in the discharging process.
Our work demonstrates the effectiveness of the electrochem-
ical fluoride intercalation for tuning materials’ properties; in
the future, we will apply this approach to further materials,
aiming to bring the magnetic ordering temperature closer to
ambient conditions, and to tackle other material properties
such as reversible tuning of superconductivity.’”! Additonally,
it might be possible to improve the reversibly switchable mag-
netic moment further, for example, by reducing particle sizes to
allow for a more complete extraction of fluoride ions in order
to reobtain the defluorinated starting state, or to improve the
cycling conditions within the limits explored within this study.
Further, the development of higher conducting electrolytes(*8:3%
for fluoride ion batteries and their combination with RP-type
systems might help to improve other important aspects, for
example, the dynamics of the system.

4. Experimental Section

Stoichiometric amounts of La,O; (99.9%, Alfa Aesar, predried
at 1100 °C before use), SrCO; (298%, Sigma-Aldrich), and Mn,0O;
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Figure 6. Magnetic moments (10 K, 1T field) for La, 3Sr; ;Mn,0; cathode composites operated for different number of charge—discharge cycles, with a)
V¢, charge = 0.45 or b) 0.6 V. Blue/green markers indicate charged/discharged cells, respectively. The top figures show representative voltage-time curves

for the cells, indicating where each cell was stopped in the cycling process.

The dashed red lines show the average value of the magnetic moments for

the charged and discharged states (whereby in case of Ve, charge = 0.45 V, the first cycle is ignored). Lines only serve as guide for the eye.

(99%, Sigma-Aldrich) were thoroughly mixed for the synthesis of
Laj 3Sr1.sMn,0;. The powder was calcined at 800 °C for 12 h in air. After
calcination, the powder was reground, pelletized, and sintered three
times at 1350 °C in air with a dwell time of 24 h. Before each sintering,
the sample was reground and pelletized again.

lodometric titration was used to determine the average oxidation state
of Mn in La; 3Sr; ;Mn,0;. 50 mg of the sample was dissolved in 1 m HCL
containing an excess of KI. Starch solution was added as an indicator
and the titration was performed using a standardized Na,S,0; solution
(concentration of 0.01 mol L™"). Three independent measurements were
performed to determine the average oxidation state.

X-ray powder diffraction measurements were done on a Bruker D8
Advance diffractometer in Bragg—Brentano geometry with CuKor radiation
(VANTEC detector). For the electrochemical cells, a measurement range
of 5-80° (26) was used, with a step size of 0.006°. To prevent possible
side reactions with air, all the samples were loaded into an air-tight low
background specimen holder (Bruker A100B36/B37) and sealed inside an
argon-filled glovebox before the measurements. Rietveld refinement was
done using TOPAS V6. A reference scan of LaBg (NIST 660a) was used as a
basis for empirical determination of the instrumental intensity distribution.

The electrochemical cell preparations were done in an argon-filled
glove box to prevent any contact with air. The electrolyte material
LagoBag F,9 was prepared by ball milling stoichiometric amounts of
LaF; (99.9%, STREM Chemicals) and BaF, (99%, STREM chemicals) for
12 h at 600 rpm (based on ref. [40). The cathode composite was prepared
with a weight ratio of 30:60:10 with regard to La;3Sr;;Mn,O;, the
electrolyte and carbon black, respectively. The mixture was ball milled for
1 h at 250 rpm. For the preparation of the anode composite, elemental
Pb (299%, Sigma-Aldrich), PbF, (99+%, STREM Chemicals), and carbon
black were ball milled in a weight ratio of 45:45:10 for 12 h at 600 rpm.
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Cells were prepared by pressing together 200 mg of electrolyte, 7 mg
of cathode composite and 8.5 mg of anode composite at a pressure of
2 tons. The dimensions of the resulting pellets were measured to be
approximately 1.3 mm in thickness and 7.3 mm in diameter. The pellets
were spring-loaded in a modified Swagelok-type cell.

For the galvanostatic charge/discharge measurements, the cells were
heated to 170 °C. A potentiostat (either Biologic SP-150 or Solartron
Analytical 1400 CellTest System) was used for the charge—discharge cycling.
The charging currents were chosen such that the respective cathode material
was charged with a C/20 rate. In case of 0.0021 g of the active material of
Lay 3511 7;Mn,0;, this corresponds to a charging current of 5.1 pA.

Magnetic measurements were done using a Quantum Design MPMS
SQUID magnetometer. The cathode composite was scratched off the
cells and filled into a gelatin capsule and fixed into a plastic sample
holding straw. M(T) curves were measured in a field cooled (FC) mode
from 300 K to 10 K at 1 T field. M(H) measurements were done at 10 K
between -5 and 5 T.
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Supporting Information is available from the Wiley Online Library or
from the author.
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