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potentially higher energy densities and
lower cost than the present-day lithium-
ion batteries have attracted significant
interest.'?l  Among these alternative
next-generation batteries, rechargeable
magnesium batteries (RMB) stand out
due to the excellent characteristics of
the Mg anode. Magnesium has a much
lower standard reduction potential
(=2.37 V vs SHE) than Zn and Al metals
(=0.76 and —1.66 V) and a volumetric

The magnesium chalcogenide spinel MgSc,Se, with high Mg-ion
room-temperature conductivity has recently attracted interest as solid
electrolyte for magnesium ion batteries. Its ionic/electronic mixed-conducting
nature and the influence of the spinel composition on the conductivity and
Mg2+ migration barrier are yet not well understood. Here, results from a
combined experimental and computational study on four MgB,Se, spinels

(B = Sc, Y, Er, Tm) are presented. The room-temperature ionic conductivities
(Gion =2 %X 107°=7 x 10~ S cm™") of the spinels are accurately measured, as
electron transport is effectively suppressed by purely Mg-ion conducting

electrode interlayers. Using the same approach, reversible Mg
plating/stripping as well as good electrochemical stability are achieved.
Driven by the good accordance of the computationally and experimentally
obtained Mg?* migration barriers E, (th) and E,, respectively, further periodic
density functional calculations are performed on the MgB,Se, spinel system,

capacity of 3833 mAh cm™ which is
almost twice that of Ca and Li and three
times as much as Na. Furthermore,
magnesium is highly abundant in the
earth’s crust (with 2.1% =~10* times
more often than lithium) and suspected

revealing the role of trigonal distortion on the migration path geometry and
E, (th). These findings provide deeper understanding how to reach small Mg?*

migration barriers E, in the MgB,Se, spinels.

1. Introduction

With the growing demand on portable and resource-saving
energy storage systems, multivalent-ion-based batteries with

to be less prone to dendrite forma-
tion as anode, compared to lithium.*!

To circumvent the drawbacks of
liquid-based cell systems such as
the passivation and corrosion of the
Mg electrode, and ensure a lower
susceptibility to dendrite formation as well as higher levels
of safety, solid-state battery concepts are pursued.'*’] Here,
one of the main challenges is to develop a solid electrolyte
(SE) that has a sufficient Mg-ion room-temperature conductivity
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(000 > 45 mS cm™1).[% The high charge density of Mg?*, com-
pared to the Li*/Na‘* alkali counterparts, results in a much
stronger Coulomb interaction in the solid host-framework, lead-
ing to typically sluggish Mg-ion mobility.!! For this reason, the
design of the crystal structure is fundamental as several struc-
tural factors can mitigate the strong Coulomb interactions ex-
perienced by the Mg?* ion.[?”] In general, materials owning in-
terconnected 3D pathways, such as NASICON and spinel com-
pounds, provide better platforms to support long-range ion diffu-
sion, while 2D and 1D pathways are more easily blocked by intrin-
sic anti-site or extrinsic point defects. Compared to NASICON-
structured compounds and other crystal structures, the spinel
structure MgB, X, (B = trivalent cation, X = chalcogenide) offers
—apart from the 3D paths — a relatively large distance between the
mobile Mg-cation in its transition state and the neighboring B-
cations. This results in inherently weaker cation-cation repulsion
in the activated state, possibly crucial to enabling multivalent-ion
conduction even at ambient temperature.[? In parallel, previous
studies have shown that fast ion motion can be achieved when
the energetically stable site of the mobile ion is less favored, in
terms of coordination, than the activated site.®! In the normal
spinel structure, the Mg-ions, which typically strongly prefer the
octahedral coordination environment, reside in tetrahedral sites
(tet). During migration, the Mg-ions hop across an empty octa-
hedral activated site (oct) to reach the next tetrahedral site which
is expected to lead to a flattening of the energy profile along the
tet-oct-tet migration path according to the Brgnsted-Evans-Polanyi
principle.>-11

Motivated by the features of the spinel structure, Canepa et al.
studied a series of d°-metal-based MgB,X, spinels (B = Sc, Y,
and In, X = S, Se, Te) by first principles-based nudged elas-
tic band (NEB) calculations and predicted low migration barri-
ers of E,(th) = 0.36-0.42 eV!®! in agreement with our own cor-
responding computational studies.''"13] Canepa et al. success-
fully synthesized MgSc,Se, and determined a Mg?** migration
barrier of E,(NMR) = 0.37 + 0.09 eV by means of Mg static
variable-temperature spin-lattice relaxation nuclear magnetic res-
onance (SLR NMR) measurements, consistent with their com-
puted data. As a first approach to determine the ionic conduc-
tivity of MgSc, Se,, they performed electrochemical impedance
spectroscopy (EIS) with ion-blocking electrodes and interpreted
the spectra according to the conventional model for mixed
ionic-electronic conductors (MIECs) described by Jamnik and
Maier.***! Later on, in our previous work, we critically dis-
cussed the shortcomings of this approach in case of MgSc,Se,
and presented an alternative way, allowing accurate and un-
equivocal characterization of the ionic conductivity.'*] Specifi-
cally, a new kind of symmetrical transference cell is used, con-
taining a pure Mg-ion conducting interlayer between the ion-
blocking electrodes and the spinel pellet, to effectively suppress
the electron transport. As a result, the partial ionic conductiv-
ity (65, = 2.4-5.5 X 107> S cm™! at room-temperature) was well
determined from high-quality impedance spectra using a modi-
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fied equivalent circuit, describing the impedance of a MIEC be-
tween charge carrier specific blocking electrodes and interlay-
ers (adapted from previous works).'*18] Furthermore, this ap-
proach, including electron-blocking interlayers, may also be an
option to prevent self-discharge of a charged full cell due to the
reported electronic conductivity (6, = ~#10® S cm™! at room-
temperature)>1>19 of the MgSc,Se, SE. This self-discharge is
proposed to arise from increased carrier concentration caused
by point defects, and/or the presence of electron conducting sec-
ondary phases.[?21] The latter seems to contribute to the elec-
tronic conductivity in any case, as Kundu et al. demonstrated
that electronic transport occurs via a Berthelot-type mechanism
of metal-type inclusions (e.g., Sc/ScSe), while Wang et al.’s at-
tempts of compositional tuning to avoid point defects were rather
unsuccessful [1921:22]

Recently, Koettgen et al. used density functional theory to cal-
culate the Mg?** migration barriers and the stability of several
MgB,X, (B =lanthanide, X = S, Se) spinels.!?}] In their work, they
demonstrated that the balance between a low E,(th) and a sta-
ble spinel phase (with respect to competing AB,X,-type phases)
is primarily given for the selenide spinels with the ionic radius
7(Ln) of the lanthanides from Lu to Er [r(Lu—Er) = 0.861-0.890 A;
E, (th,Lu-Er) = 0.369-0.358 eV]. These predicted stabilities agree
well with experimental results (except for Ho).[2*?%] Thus, this
group of lanthanide-based selenide spinels emerges as attractive
candidate for Mg-ion solid electrolytes, not least due to the pre-
dicted slightly lower migration barriers compared to the proto-
type MgSc,Se,. We assumed that the electrochemical and the-
oretical study of this series of spinels will provide a deeper un-
derstanding of their transport properties. To this end, we report
here the successful synthesis of four MgB,Se, spinels (B = Sc,
Er, Tm, Y) together with their structural characterization by X-ray
diffraction (XRD) and Mg magic-angle spinning nuclear mag-
netic resonance (MAS NMR) spectroscopy. Furthermore, the par-
tial conductivities as well as the Mg?* migration barriers of the
spinels with mixed ionic/electronic nature are evaluated from
EIS and polarization measurements using charge carrier specific
blocking electrodes and interlayers. Due to the good agreement
of our experimental and computational predicted migration bar-
riers, we extended our theoretical study based on periodic density
functional theory (DFT) calculations to provide a deeper under-
standing on the structural details defining the migration barrier.
These results are followed by further electrochemical investiga-
tions, demonstrating the good electrochemical stability and a re-
versible Mg plating/stripping cycling performance of the spinels.
To the best of our knowledge, this is the most comprehensive re-
port on Mg-ion conducting selenide spinels.

2. Results and Discussion

2.1. Structure Information of MgB,Se, Spinels

The MgB,Se, spinels (B = Er, Tm, Y) were initially prepared
according to our reported one-step synthesis of MgSc,Se,!”]
by reacting stoichiometric amounts of the elemental powders
at 950 °C for 20 h. However, although high-purity MgSc,Se,
was obtained with this procedure, Rietveld refinement results
based on the XRD patterns of the other three spinels (Figures S1
and S2, Supporting Information) reveal a significant fraction of
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Figure 1. XRD patterns shown for a) synthesized binary selenides MgSe, Sc,Se;, Tm,Ses, Er,Se; and Y,Se;, and b) synthesized spinels MgSc,Se,,
MgTm,Se,, MgEr,Se, and MgY,Se, via the two-step route. 2> Mg solid-state NMR is performed for the characterization of Mg positions in c) MgSc,Se,
(one-step synthesis) and MgY,Se,, and d) MgTm,Se, and MgEr,Se,. The spinning sidebands are marked with an asterisk. Data for MgSc, Se, reproduced

with permission.[’>] Copyright 2023, Wiley-VCH.

impurities. The samples contained undesired B,0,Se between
6.2 wt% and 12.8 wt% and partially unreacted binary phases with
up to 59.0 wt%, making them unusable for further analysis. As
the experimental conditions for the spinel syntheses were identi-
cal, the higher content of oxide species compared to the Sc-based
spinel might possibly be explained by a higher purity of the Sc
powder, even if metal precursors with the same purity were pur-
chased. To still obtain the new spinels in high purity, neverthe-
less, we carried out a two-step synthesis, using metal chips with
less surface area and therefore probably less oxide impurity than
the corresponding metal powder precursors. The XRD patterns
of the first step of the synthesis (Figure 1a), the formation of
the binary selenides, indicate B,Se; compounds with a compa-
rable high purity to Sc,Se; and MgSe prepared from precursor
powders. Thus, the binary selenides were found to be suitable
reactants for synthesizing the corresponding spinels in a subse-
quent reaction step. As shown in Figure 1b, clearly fewer inten-

Adv. Energy Mater. 2024, 2402269 2402269 (3 0‘F14)

sive peaks of impurities could be found in the XRD patterns of
the final products using this two-step procedure, although the
formation energy is much lower for the spinels built from the
binaries.”! The performed Rietveld refinements (Figure S3, Sup-
porting Information) confirm the reduced fraction of B,0, Se and
unreacted binaries in MgTm, Se, (4.3 wt% and 0 wt%), MgEr, Se,
(3.0 wt% and 0.6 wt%), and MgY,Se, (2.0 wt% and 8.9 wt%), as
well as the spinel-type structure with Fd-3m space group (addi-
tional crystallographic data in Tables S1-S8, Supporting Infor-
mation). The spinel structure consists of a cubic dense packing
of Se-anions, where the B-ions reside in 16d sites (octahedra) and
the Mg-ions occupying the 8a sites (tetrahedra).

To further investigate the position of the Mg-ions,”Mg MAS
NMR spectroscopy was carried out. The Mg nucleus has a nu-
clear spin I = 5/2 and a large nuclear quadrupolar moment
Q = 201 mbl?®) and thus is very sensitive to asymmetric lo-
cal environments. The Mg MAS NMR spectra (Figure 1c,d)

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Nyquist plots of Au|MgB,Se4|Au pouch cells with a) MgSc,Se,, b) MgTm,Sey, c) MgEr,Se, and d) MgY,Se, in the frequency range from
7 MHz to 100 mHz at 25 °C; and e-h) corresponding DC polarization data obtained at different voltages (0.1V,0.3V,0.5V, 1.0V, 1.5V, and 2.0 V, held
for 12 h, shown in the inset) with linear fit of the ohmic electronic behavior at 25 °C. K represents the cell constant, as described in Equation (2). Data

for MgSc,Se, reproduced with permission.l’3] Copyright 2023, Wiley-VCH.

show only a single isotropic peak for all spinels, indicating
that Mg occupies exclusively the tetrahedral site. In case of
the Sc- and Y-based spinels, representing diamagnetic com-
pounds, the isotropic peak is very narrow (width of 1.5 ppm
and 2.5 ppm, respectively) and the spinning sideband patterns
are very weak. These characteristics reveal that the local envi-
ronment, i.e., the surrounding Se tetrahedron, is highly sym-
metric. Instead, for the lanthanide-based spinels, consistent with
their reported paramagnetism,!?*! much broader isotropic peaks
with large negative shifts and broader spinning sideband patterns
were observed. Furthermore, energy disperse X-ray spectroscopy
(EDS) images superimposed to scanning electron micrographs
(SEM) display the uniform distribution of the elements Mg,
Sc/Tm/Er/Y and Se in the samples. The spinel stoichiometry,
which is ideally 1:2:4, is confirmed by the observed atomic ratios
(Figure S4, Supporting Information), including small deficits es-
pecially in the Se fraction (0-17.5%), probably due to Se evapo-
ration from the sample during the high-temperature synthesis.
To gain more precise information about the inclusion of impuri-
ties in the nano-scale range, high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) imag-
ing including EDS mapping was performed (Figures S5-S8,
Supporting Information). The recorded maps show a homoge-
neous distribution of the elements Mg, Sc/Tm/Er/Y and Se in
the bulk of the particles, while some inhomogeneity can be ob-
served at the edges, clearly visible in the layered EDS maps of
the selected MgSc, Se, and MgEr, Se, particles but certainly also
the case for MgTm,Se, and MgY,Se,. This observed deviation
from the spinel stoichiometry at the particle edges suggests that
other phases must necessarily be present, presumably from as-
sociated elements or binary selenides. Apart from that, the col-
lected TEM images demonstrate a typical particle size in the low
micrometer range for all spinel powders (MgSc,Se,: 1-3 um,
MgTm,Se,: 0.5-1.5 um, MgEr, Se,: 0.5-3 um, MgY, Se,: 1-10 um)

Adv. Energy Mater. 2024, 2402269 2402269 (4 Of14)

(Figures S9-S12, Supporting Information), while the recorded
selected area electron diffraction (SAED) patterns during the
TEM measurements confirm the spinel structure as well.

2.2. Electronic Conductivity o,

To determine the room-temperature partial electronic conduc-
tivity of the MgB, Se, spinels, EIS and chronoamperometry (CA)
measurements were performed. Following the investigation
of MgSc,Se, in our earlier work,® we assembled symmet-
rical Au|MgB,Se,|Au pouch cells, containing a spinel pellet
with vapor-deposited Au layers as ion-blocking electrodes. In
the Nyquist plots (Figure 2a—d), produced from the EIS mea-
surements, depressed semicircles with missing low-frequency
tail were observed for all samples, as already obtained for
MgSc, Se, %1191 These similarities to MgSc,Se, indicate that
the three new spinels seem to be MIECs as well, which have an
electronic current path in parallel with the ionic current path.
As there is no blockage of the electron transport due to the Au
electrodes, there is no interface capacitance, explaining the lack
of the capacitive tail at very low frequencies.['®l Besides that, the
electronic current is much larger than the blocked ionic current,
possibly even at high frequencies where the interfacial capaci-
tance of the ions is short-circuited. Thus, the observed semicircle
is only due to the combination of the electronic resistance and the
geometrical capacitance, without any relation to the ionic resis-
tance or the interfacial capacitance. For this reason, R, denoted
as electronic resistance, can be determined based on the total
resistance of the semicircle and then used to calculate the elec-
tronic conductivity o, by applying Equation (2) (Experimental
Section). In comparison to MgSc,Se, (6, =3.4x 10® Scm™), up
to two orders of magnitude higher electronic conductivity for the

new MgB,Se, spinels [o,(MgTm,Se,) = 3.0 X 107 S cm™,
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85U80|7 SUOWLWOD dAeaID 8|qed!|dde ay3 Aq pausenob afe ssjonie YO ‘85N JO Se|n. 10} Areiq1T8UlUQ AB]IM UO (SUORIPUOO-pUE-SWLBYALICD" A8 |1 ATe1q1jBUI [UO//:SANY) SUORIPUOD PUe SWwie 1 8u3 88S *[7202/80/02] Uo A%eiqiTauliuo AB[IM ‘WiN TIseAIUN P ZIM AQ 6922017202 WUse/Z00T OT/I0p/LI0o" A8 M Areiq iUt |uoy//sdny wolj pepeojumod ‘0 ‘0v89yTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ENERGY

www.advancedsciencenews.com

6q(MgEr,Se,) = 27 x 10 S am™!, o,(MgY,Se,) =
47 x 107® S cm™'] were calculated, although a smaller di-
rect bandgap is predicted for MgSc,Se, (E; = 1.727 eV)[?’] than
for MgY,Se, (E; = 2.020 V).l As these electronic conduc-
tivities evaluated from AC impedance data agree well with the
values obtained by additional dc polarization measurements
shown in Figure 2e-h, the impedance analysis is validated.

Interestingly, considering the phase composition obtained
by the Rietveld refinements (Figure S3, Supporting Informa-
tion), a clear trend of increasing electronic conductivity with the
amount of binary impurity phases (B,Se;, BSe;, etc.) emerges.
While MgSc,Se, and MgTm,Se, contain mainly impurities of
MgSe (wide-bandgap semiconductor)??! and Tm,O,Se, respec-
tively, which are probably less electron-conducting phases, the
other spinels are contaminated with considerable amounts of
electronically conducting Er,Se; (6, = 1.3 X 107" S cm™")B0
or Y,Se;/YSe (6, = 2.0 X 1071 S cm™/3.3 x 107! S cm™?).3%]
This demonstrates that these impurities may have a large influ-
ence on the electronic conductivity of the investigated materi-
als, possibly even more than point defects in the spinel phase
itself, since small traces of electronically conductive impurities
cannot be ruled out for all four spinels. Kundu et al.?!l suggest
that these impurities may occur as nano-scaled free-electron con-
taining inclusions around the particle surface, inducing electron
transport between each other by jumping/tunneling through the
low-electron conducting spinel matrix, described as a Berthelot-
type conductivity.3!) This hypothesis is consistent with the in-
homogeneous element distribution at the edges of the particles
found in the present work, which could be attributed to electron-
conducting impurity phases. Nevertheless, to make the spinels
applicable, their contribution to self-discharge in electrochem-
ical cells must be reduced either by minimizing the electronic
conductivity due to optimization of the synthesis and the purity
of precursors or by using electron-blocking interlayers.

2.3. lonic Conductivity o;,, and Mg?* Migration Barrier E,

For the measurements of the partial ionic conductivities and the
Mg?* migration barriers of the MgB, Se, spinels, a sandwich-type
cell configuration was used, already described for the investiga-
tion of MgSc,Se, in our previous work.[**] Inside the cells, Mg-
ion conducting and at the same time electron-blocking interlay-
ers were inserted between the cold-pressed spinel pellet and the
stainless-steel ion-blocking electrodes (SS). Hence, the interlayer
does not only enable a proven better physical contact between the
stiff electrodes and the rough spinel pellet,[>) but also suppresses
the undesired electron transport which would otherwise make
the evaluation much more difficult. As interlayer, the Mg-ion
ionogel electrolyte Ui066-MgIL (6, = 1.7 X 1071° S cm™1)(!5) was
used, consisting of the metal-organic framework (MOF) struc-
ture UiO-66 impregnated with an 1 m Mg(TFSI),-[EMIM][TFSI]
ionic liquid (IL). Figure 3a shows the exemplary Nyquist plots
based on room-temperature EIS measurements of the SS|UiO66-
MgIL|MgB, Se,|Ui066-MgIL|SS cells with MgY, Se, and without
spinel pellet (reference cell). The Nyquist plot of the SS|UiO66-
MgIL|SS reference cell exhibits only a tail, relating to an im-
perfect capacitor, as the expected semicircle at higher frequen-
cies cannot be resolved due to the upper limit of the frequency
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range (1 MHz) of the used equipment. For this reason, a sim-
plified equivalent circuit without constant phase element (CPE)
in parallel to the resistance was chosen (see Figure 3b) to de-
termine the ionic resistance R1,, of the UiO66-MgIL. Apply-
ing Equation (2), for the UiO66-MgIL-2 batch, used in this
work, a room-temperature ionic conductivity o,,,(Ui066-MgIL-
2) = 2.8 x 107* S cm™! is evaluated, slightly higher than for the
Ui066-MgIL-1 batch (5, = 9.5 X 10> S cm™!) taken for the in-
vestigation of MgSc,Se, .3l This small difference can probably
be attributed to small, hardly avoidable differences in the MOF
pore size or conductive salt (Mg[TFSI],) concentration. Figure 3c
shows the equivalent circuit used for fitting the impedance spec-
tra of all sandwich-type cells, where three contributions are con-
nected in parallel: the overall (bulk and grain boundary) ionic
charge transport in the spinel R2, , the electronic charge trans-
port in the spinel R2, including the electron blockage CPE2,
at the UiO66-MgIL interlayer, and the geometrical capacitance
CPE2,,,. This part of the model is a modification of the typical
circuit used for describing the impedance of a MIEC between
ion-blocking electrodes.!'6-1832] The previous circuit elements in
parallel, R1,, and CPE1, , represent the UiO66-MgIL interlay-
ers, while CPE3,, represents the ion-blocking stainless-steel elec-
trodes. For the fitting, the value of R1, , was adjusted with Equa-
tion S1 (Supporting Information) to the thickness of the UiO66-
MgIL interlayer used in each individual cell and set as a fixed
resistance. A detailed overview of the accurate layer thicknesses
in each cell and the obtained room-temperature resistances are
listed in the Tables S9-S11 (Supporting Information). Applying
Equation (2) to the fitted R2, ,, a room-temperature overall ionic

ion’

conductivity of 5, (MgY,Se,) = 1.4-2.6 X 10~ S cm™! for all three
MgY,Se,-containg cells (shown in Figure 3a) was calculated.
Since the conductivity results are almost constant for differently
chosen spinel layer thicknesses [d(MgY,Se,) = 0.72 mm, 0.86
mm, or 1.26 mm], R2,,, is indeed primarily related to the ionic
resistance of the spinel. Note that this resistance is obviously
not influenced by the IL of the UiO66-MgIL interlayer, as EDS
mapping of the UiO66-MgIL|MgSc, Se,|UiO66-MgIL pellet cross
section after temperature dependent EIS measurements demon-
strated that the IL does not penetrate into the spinel pellet.!®]
As exemplary shown for the MgY,Se, pellet (Figure S15, Sup-
porting Information) in this work, this is also the case for all
other used spinels pellets, which have a higher relative density
p (see Table S10, Supporting Information) than the previous in-
vestigated MgSc, Se, pellet (m = 160 mg, p = 78.6%).

Figure 3d shows exemplarily the Nyquist plots of the
room-temperature EIS measurements for all spinel com-
pounds with a pellet mass of 160 mg in the sandwich-
type cells. An overview of all Nyquist plots obtained over
the complete temperature range from 0 °C to 60 °C for
at least three different layer thicknesses/masses per spinel
are depicted in Figures S16-S19 (Supporting Information).
Based on the fitted Nyquist plots the average conductiv-
ity per spinel at room-temperature and 60 °C was deter-
mined. As shown in Figure 3e, the newly examined MgB,Se,
spinels have a similarly high ionic conductivity as MgSc, Se,
[6:0n(MgSc,Se,) = 4.0 x 10° S ecm™?, 6,,(MgTm,Se,) =
6.5 x 10° S cm™!, o, ,(MgEr,Se,) = 41 x 10° S cm™,
6:,,(MgY,Se,) =2.0x 10~ S cm™! at 25 °C]. This was more or less
expected due to the small differences in their predicted migration

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U80|7 SUOWLWOD dAeaID 8|qed!|dde ay3 Aq pausenob afe ssjonie YO ‘85N JO Se|n. 10} Areiq1T8UlUQ AB]IM UO (SUORIPUOO-pUE-SWLBYALICD" A8 |1 ATe1q1jBUI [UO//:SANY) SUORIPUOD PUe SWwie 1 8u3 88S *[7202/80/02] Uo A%eiqiTauliuo AB[IM ‘WiN TIseAIUN P ZIM AQ 6922017202 WUse/Z00T OT/I0p/LI0o" A8 M Areiq iUt |uoy//sdny wolj pepeojumod ‘0 ‘0v89yTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED “ENERGY
SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.advenergymat.de

a) 20 Tz5ec . ° b) [Fit1
18 4 s .
16 -1 . & o R1 fon )—
a 14 - . °
°”2 12 4 o 9 "
— 10 -+
% 8. nthzfe‘ c) [Fit2 CPE2yq,
T 64 - B Rl HR2e
4 1 . —>—
N j >— CPE3,
2 ;iw il CPE1on [R2y) CPE2,, ?
0 ——Fit 2
0 2 4 6 8 10 12 14 16 18 20
Re(Z) [10° Q]
-3
d T v > MgSc,Se,| ©) 10T~ 25¢ - e
54 ° e ° MgTm,Se, -
= ; > MgEr,S !
g * M:YrZSee4 ¢E> -4 { { }
4+ ’ . = ol 10+
g ° —Fit2 @ { {
o ° = 5
: 3' ] e @ {
X ; A
= - ° ° o f
F 21 . * ¥ 2 S 10°;
- ° > e
[ S
14 o 5
04 . i mp,,,e'(lVngZSe4)i 160 mg 0€ Sc . . . Tr'n ErY
0 1 2 3 4 5 6 072 076 080 0.84 088 0.92
Re(2)/K [10* Qcm] rg [A]
l 2 MgSc,Se, g 40 ¢ E, (experimental) o E,(th) (SCAN)
b MgTm,Se, 420 1
g -3 1 MgEr,Se, S 410 4 }
X MgY,Se, © 400-
Q@ E
E 44 = 390 -
g &, 380 5 4
o 51 @ 370 .
g 361 meV ‘E_‘,‘ 3604
65 -6- 386 meV W 350
E 408 meV 340+
7 ; . i . . . . . ) 330 Sc i i i T:n ErY
29 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 0.72 076 080 0.84 0.88 0.92

1000/T [K™"]

rg [A]

Figure 3. a) Nyquist plots of SS|UiO66-MglL|MgB,Se,|UiO66-MglL|SS cells at 25 °C exemplarily shown for MgY,Se, with varied spinel pellet
mass/thickness (0 mg/0 mm, 160 mg/0.72 mm, 220 mg/0.86 mm and 280 mg/1.26 mm) and used fits Fit 1 and Fit 2; applied equivalent circuit to
fit the Nyquist plots for b) SS|UiO66-MgIL|SS cells (denoted as Fit 1) and c) SS|UiO66-MglL|MgB,Se,|UiO66-MgIL|SS cells (denoted as Fit 2); d) com-
parison of Nyquist plots for SS|UiO66-MglIL|MgB,Se,|UiO66-MglL|SS cells with different spinels at 25 °C exemplarily shown for a spinel pellet mass
of 160 mg; e) overview of determined average ionic conductivities of the MgB,Se, spinels at 25 °C and 60 °C; f) Arrhenius plots of the average ionic
conductivities calculated for temperatures ranging from 0 °C to 60 °C and g) overview of determined Mg?* migration barriers E, of the MgB,Se, spinels
in comparison to theoretically predicted values E, (th) by the SCAN method. Experimental data for MgSc, Se, reproduced with permission.['>] Copyright
2023, Wiley-VCH.
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Figure 4. a) The MgB,X, spinel crystal structure is shown on the left with the B-cation shown in blue and the Mg-cation in orange. b) The Mg?* migration
follows an interstitial mechanism. Mg?* is tetrahedrally coordinated at the initial and final sites (orange) and migrates through empty octahedral (light
orange) sites following a tet-oct-tet migration path. The transition state (TS) of the migration process is the triangular face shared by initial tetrahedral
and intermediate octahedral sites. c) The trigonal distortion of octahedron specified by anion parameter u and the angle a. d) The energy along the
migration path for MgB,Se, spinel compounds determined by NEB. e) Schematic of the energy profile of the Mg?" migration. The kinetically resolved
barrier Exga and the difference in energy between tetrahedral and octahedral sites referred as site preference energy AE are indicated by arrows.

barriers [E, (th) = 375-358 meV].”?] Note that impurities with
fractions >5 wt%, in particular found in MgY, Se,, or the interfa-
cial resistances that are probably material-dependent (not consid-
ered in our fittings) could have reduced the calculated conductiv-
ities. Moreover, it is worth to mention that in case of MgEr, Se,,
the fitted ionic resistance of the spinel R2, , and the fitted total
ionic resistance (R1,,+R2,,,) are comparably higher than their
corresponding estimates R, (MgEr,Se,) and R, , (SEs), directly
calculated from the raw data (see Table S11, Supporting Infor-
mation). In this simplified calculation, both, the total ionic resis-
tance of the reference cell R, (Ui066-MgIL) and the sandwich-
type cell R, ,(SEs) were directly calculated from the lowest data
point at the intercept of the Re(Z) axis. From the difference of
R, (SEs) and R, , (UiO66-MgIL) the ionic resistance of the spinel
R, (MgEr,Se,) is given. The discrepancy between the fitted and
directly calculated values results from the flattend shape of the
Nyquist plots at the Re(Z) axes intercept, possibly induced due
to an additional contribution from an interface or impurity. As
this contribution is more integrated in the fitted values, the resis-
tance determined directly from the raw data is lower, resulting in
a slightly higher ionic conductivtiy (for example: 4.8 X 10 S cm™
at 25 °C) for MgEr, Se,. Figure 3f shows the Arrhenius plots of the
ionic conductivities for the temperature range from 0 °C to 60 °C.
Applying the Arrhenius equation (Equation (3), Experimental
Section), the Mg-ion migration barriers can be calculated to be
E,(MgSc,Se,) = 386 + 24 meV, E,(MgTm,Se,) = 381 + 4 meV,
E,(MgEr,Se,) = 382 + 6 meV (raw data: 373 + 5 meV), and
E,(MgY,Se,) = 406 + 9 meV. These values are lower than pub-
lished ones for other classes of Mg-ion SEs!*®l and close to
our computationally derived migration barriers (E, (th)) obtained
from DFT calculations based on the strongly constrained and
appropriately normed (SCAN) exchange-correlation functional

Adv. Energy Mater. 2024, 2402269 2402269 (7 0‘F14)

(Figure 3g). In addition, our computational results exhibit a de-
creasing trend of the Mg?* migration barrier with increasing B-
ion radius ry, in accordance to previous predictions.[*?}] This
trend is not observed in the electrochemical results for the com-
pounds synthesized here, since the experimental error exceeds
the minor changes (<0.03 eV) of the migration barriers for the
narrow range of the ionic radii r,. However, to gain a deeper un-
derstanding of the calculated trend, we conducted a detailed com-
putational study on the underlying contributions to the Mg?* mi-
gration barrier, as described below.

2.4. Computational Study of Underlying Contributions to the
Migration Barrier E, (th)

Migration of Mg-ions within the spinel structure (Figure 4a) typi-
cally occurs via an interstitial mechanism, transitioning from ini-
tial tetrahedral sites through an empty octahedron to final tetra-
hedral sites (tet-oct-tet),**) as illustrated in Figure 4b. The energy
difference between tetrahedral and octahedral sites, known as
site preference energy, influences the migration barriers, with
lower barriers expected when site preference energy is mini-
mized. However, Mg lanthanide spinels defy this trend, exhibit-
ing lower barriers when site preference energy is maximized.!?’]
This phenomenon is attributed to the stabilization of the trian-
gular transition state with increasing ionic radius ry of the metal
B. Despite its importance, the transition state energy is not usu-
ally explicitly considered in the design rule for identifying good
Mg-ion conductors.

We expand upon the exploration of chemical patterns in the
Mg ion transport in d’-metal spinel chalcogenides by examining
the influence of trigonal distortion (Figure 4c) on migration path
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Figure 5. Migration barrier E, (th) as the sum of half the site preference energy AE (blue) and the kinetically resolved barrier Eygp (orange) for Mg-ion
jumps in a) the MgB,S, sulfide spinels and b) the MgB,Se, selenide spinels. The linear regressions for AE as function of the ionic radius rg of the B
metal are shown with dashed lines for c) the sulfide spinels and d) the selenide spinels including the mean error and R? values. The linear regressions
for AE as function of the ratio of the distance kg4 including the mean error and R? values are shown for e) the sulfide spinels and f) the selenide spinels.

geometry, which corresponds to the changes in the ionic radius r
of the metal B. Using DFT calculations combined with the NEB
method, we assess migration barriers for various d°-metal and
lanthanide spinel chalcogenides (B = Sc, Y, Lu, Tm, Er, Ho, Dy,
Tb, Gd, Sm, Nd, Pr, and La; X = S, Se). The calculated energy pro-
files along migration paths (tet-oct-tet) are illustrated in Figure 4d
and Figure S20 (Supporting Information). We differentiate be-
tween transition state energy and site preference energy (AE) to
determine directionally independent kinetically resolved barriers
(Exra) using Equation (4) (Experimental Section), as shown in
Figure 4e. While Mg-ion mobility is primarily governed by the
theoretically predicted activation energy (E, (th)), its relationship
with individual contributions is complex and nonlinear. Hence,
investigating the dependence of AE and Eyg, on trigonal distor-
tion is the essence of migration barrier analysis.

The Figure 5 provides a comprehensive analysis of the compo-
nents of the migration barrier E, (th), namely AE and Eyg,, and

Adv. Energy Mater. 2024, 2402269 2402269 (8 of 14)

the correlations between AE and the ionic radius ry of the tran-
sition metal B in MgB, S, sulfide and MgB, Se, selenide spinels.
It is observed that for larger ionic radii, the site preference en-
ergy (AE) significantly contributes to the overall migration bar-
rier, while for the smaller ionic radii the contribution of Eyp,
grows and the site preference energy AE diminishes, as shown
in Figure 5a,b. This trend is attributed to trigonal distortion re-
sulting from the size difference between A-metal (e.g., Mg) in
tetrahedral 8a sites and B-metal in octahedral 16d sites within
the spinel structure. This mismatch causes a noticeable tilt in 16¢
and 16d octahedrons leading to an increased area in all faces of
the tetrahedral site. While all faces of the tetrahedral site increase
due to the distortion, only the octahedron faces shared with the
tetrahedron are increasing, while others are decreasing in area.
As a result, the volume of the tetrahedral 8a sites increases rela-
tive to the empty 16c sites, affecting their volume ratio as shown
in Figure S21 (Supporting Information). Note that if only the
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B-metal is varied, the trigonal distortion is simply a function of
rp, explaining the linear dependence of AE on the ionic radius
(s) as shown in Figure 5¢,d.

Figure 5e fillustrates the dependence of AE on the ratio of the
bond distances k¢, between the central cation and the Se anions
in the octahedron (d(cn,)) and tetrahedron (d(cn,)) that was pro-
posed to determine the site preference energy.I'*] In terms of site
preference energy linearity, k¢, outperforms significantly when
compared to the ionic radii (ry), as evidenced by its superior R?
and mean squared error. To the best of our knowledge such a re-
lation of the ionic radius and the anion dilation parameter u was
so far not derived for sulfide and selenide spinels, so that we re-
sort to calculated bond lengths d(cn,) and d(cn,) based on DFT
calculations.

A distortion free crystal is expected for k¢, = 1.15 (u = 0.375), a
value close to that of MgLa, Se,. Additionally, the trigonal distor-
tion of d®-metal spinels increases as r, decreases. Consequently,
the site preference energy AE is most significant for MgLa, Se,
and diminishes with decreasing k,, as the trigonal distortion
stabilizes the octahedral site compared to the tetrahedral site.
This stabilization occurs through the reduction of both bond
length and volume of the octahedral relative to the tetrahedral
site, thereby influencing the interplay between bond length and
coordination.

The continuous stabilization of the transition state with in-
creasing ry is rationalized by the linear dependence of Eyy, on
the area of the triangular faces shared by tetrahedra and octahe-
dra shown in Figure S22 (Supporting Information). This triangu-
lar face represents the bottleneck of the migration path and the
transition state is found to be stabilized with increasing area of
the face. Note that — since the area of the transition state is di-
rectly affected by the trigonal distortion — also a linear correlation
of Eyga with the ratio of distances kg, is observed as shown in
Figure S23 (Supporting Information).

To probe the determinants of site preference energy AE, we ex-
amined several parameters, including the ratio of distances (k,),
the ionic radii of metal B (r;) and the anion (ry), as well as the
electronegativity of B-cation (y;) and the anion (yy). Pairwise
correlations are shown in a heatmap (Figure S24, Supporting
Information), that reveals significant associations. Noteworthy
relationships emerged between AE and k,, as well as between
AE and both ry and yj. Additionally, correlations are apparent
between k¢, and both r; and . These robust linear correla-
tions hint at potential multicollinearity among parameters, which
introduces complexity in estimating individual contributions to
AE, although it aligns with chemical principles. Before proceed-
ing further, we prioritize the evaluation of crucial parameters
associated with AE through a comprehensive array of feature
importance techniques. These methods include fitting a Ran-
dom Forest model using Recursive Feature Clustering and Gini
Importance,** as well as employing ANOVA F-value,3*! Mu-
tual Information,*®! Permutation Importance,*”! and LASSO.[38!
Consistently across these techniques, factors such as kg, and ry
emerge as noteworthy contributors, as highlighted by the LASSO
feature importance analysis illustrated in Figure S24 (Supporting
Information). Given the pairwise correlations between parame-
ters (Figure S24, Supporting Information) and their importance
in terms of feature relevance (Figure S25, Supporting Informa-
tion), we directed our attention to addressing multicollinearity to
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streamline parameter selection for feature engineering. To this
end, we evaluated multicollinearity between k, and ry using dif-
ferent approaches such as variance inflation factor, tolerance val-
ues, and variance proportions with a linear regression model.*!
Indeed, strong correlation between k¢, and ry is found suggest-
ing the existence of a simple relation between r; and the anion
parameter u (correlating with k).

We advocate for the exploration of alternative parameters in
feature engineering to predict AE, given the observed high cor-
relation between kg, and r;. In Figure S26 (Supporting Infor-
mation), we present an optimized parameter combination for
predicting AE, where the pairing of k, and ry proves suffice.
This choice is substantiated by their non-correlated or mini-
mally correlated nature within the current range of d°-metal-
and lanthanide-based Mg chalcogenide spinels. Additionally, k,
and ry demonstrate opposite correlations with AE, as depicted in
Figure S24 (Supporting Information). Consequently, we adopt a
simple linear regression model, described by Equation (1):

AE = —13.7164 eV + 13.2965 €V kg, + <—0.5912 ﬂrx> (1)
A

This model attains an optimized R? score of 0.95 and a mean
squared error of 0.0004. Although a quadratic polynomial model
could potentially enhance the R? score to 0.967, we prioritize the
simplicity of the linear regression model. The Supporting In-
formation includes additional graphical representations of fea-
ture importance techniques, different regression models, and ad-
vanced algorithms.

The accuracy of the simple linear relation in Figure S27 (Sup-
porting Information) illustrates that, indeed, the site prefer-
ence energy in d°-metal- and lanthanide-based Mg chalcogenide
spinels seems to predominantly depend on the influence of the
trigonal distortion on the competition between bond length and
coordination and thus is independent of the lattice constants.
While the trigonal distortion is mostly related to the metal B and
thus the ratio of distances k,, also the anion affects the inherent
competition between sites as evident by the contribution of the
anionic radius ry in Figure S27 (Supporting Information). In ad-
dition, the triangular transition state is affected by the increase
in trigonal distortion as illustrated in Figure 4c. Here, the trigo-
nal distortion increases the area of the transition state and thus
reduces the migration barriers. Nevertheless, the here presented
data set does not allow to unambiguously attribute the influence
on Eyg, solely on the trigonal distortion independent of the lattice
constants. While the site preference energy A E seems to predom-
inantly dependent on the trigonal distortion and the competition
between bond length and coordination, further studies on an in-
creased chemical space that allows to decouple the effects of cell
volume and trigonal distortion are required to clarify the chemi-
cal trends underlying Eyp,.

2.5. Electrochemical Stability and Cycling Performance

The electrochemical stability of the UiO66-MgIL iono-
gel electrolyte and the sandwich-type layered UiO66-
MgIL|MgB, Se,|UiO66-MgIL pellets against Mg metal was
measured via linear sweep voltammetry (LSV). For this purpose,
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Figure 6. LSV curves of Mg|UiO66-MglIL|SS cell and Mg|UiO66-MgIL|MgB, Se,|UiO66-MgIL|SS two-electrode cells recorded at a scan rate of 0.1 mV s~!
and -0.1mV s~ at a) room-temperature and b) 60 °C with regression lines exemplarily shown for MgY,Se,.

asymmetric two-electrode cells were assembled using one Mg
foil as both counter and reference electrode, and stainless-steel
current collectors as working electrode. Note that under cur-
rent load, the cell voltage does not represent the potential of
the working electrode due to the overvoltage of the counter
electrode. Then, starting from the open circuit voltage (OCV)
the oxidation/reduction current was recorded to 5 V/=5 V (vs
Mg?*/Mg) with a scan rate of 0.1 mVs~'/—0.1 mVs~!. As shown
in Figure 6a, at room-temperature, the oxidation current starts
to grow in the range of 3.7 V to 3.9 V, while the reduction
current increases significantly starting from —1.1 V to =13 V
for all cells. Since the current profiles of the sandwich-type
cells and the reference cell without spinel layer are quite iden-
tical, the UiO66-MgIL appears to limit the stability window,
meaning the spinels themselves have possibly a larger range
of electrochemical stability. Interestingly, all reduction current
profiles show two peaks, which may be attributed to a two-step
reduction of UiO66-MgIL electrolyte. A possible deposition of
Mg during reduction cannot be confirmed as no Mg spots are
observable on the stainless-steel electrode which is covered with
adherent UiO66-MgIL (Figure S28, Supporting Information).
At a temperature of 60 °C (Figure 6b), the reduction peaks
merge with each other and the stability windows shrink (start
oxidation: ~3.3V, start reduction: —0.1 V to —0.5 V), which may
be correlated to a stronger decomposition of the IL or the UiO66
components, such as linkers, in the ionogel electrolyte. Apart
from that, inspired by the mixed conductivity, we tested one
of the spinels, MgSc,Se,, as cathode active material. However,
the room-temperature galvanostatic discharge/charge voltage
profiles (Figure S29, Supporting Information) recorded over ten
cycles between 0.5 V and 2.7 V at 10 mA g~! showed a negligibly
low specific capacity. This can probably be explained by the
results of the LSV at room-temperature which confirm that the
spinels are not redox active between at least —1.1 V and 3.7 V and
perhaps even beyond, in contrast to the report by Wang et al.l**]
In addition, we found that all MgB, Se, spinels studied in this
work enable reversible Mg plating and stripping at 60 °C in a
symmetric Mg|UiO66-MgIL|MgB,Se,|UiO66-MgIL|Mg cell. As
shown in Figure 7, the cells were initially activated by 50 cy-
cles of alternating plating and stripping with a current density
of +1.57 pA cm™? and a dwell time of 30 min per step (plated
charge amount of 0.785 uAh cm~2, corresponding to 2 nm of Mg
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per cycle assuming homogeneous plating/stripping). Afterward,
the step time was increased to 10 h and further 20 cycles were
recorded (15.7 pAh cm—2, corresponding to 41 nm of Mg). Dur-
ing the cycling process stable Mg plating and stripping with a
symmetrical overpotential of ~+0.4 V was demonstrated for the
cells containing the spinels with a phase purity >95% (MgSc, Se,,
MgTm, Se,, MgEr, Se,). The performance is better and more sym-
metrical than for the reference cell itself (+0.5 V), possibly due
to the separation of the ionogel layer in the cell by a homoge-
nous solid-state spinel pellet. Nevertheless, note that the overpo-
tential generally exceeds the estimated IR drops of 0.62 mV to
2.58 mV across the spinels, calculated from their ionic conductiv-
ities at 60 °C, indicating interface-dominating resistances inside
the symmetrical cells.

Finally, to provide evidence that Mg-ion transport takes place
in such sandwich-type cells, Mg plating experiments were per-
formed in Mg|UiO66-MgIL|MgB,Se,|UiO66-MgIL|Cu cells us-
ing a current of -5 pA for 35 h and a temperature of 60 °C. After-
ward, the surface of the Cu foil was analyzed for Mg deposits by
SEM-EDS, where indeed several spots could be found. Figure S30
(Supporting Information) shows exemplarily an overview of
Mg deposits with 10 um to 30 um in size observed for the
MgSc, Se,-based cell. This Mg deposit formation confirms once
again, supplementary to our first plating experiment using a
Mg|MgB, Se,|Au cell,l’%] that the here investigated Mg spinels can
conduct Mg-ions.

However, although the spinels show Mg-ion conduction, re-
versible Mg plating/stripping cycling and an electrochemical sta-
bility till 3.7 V to be suitable in combination with the most tran-
sition metal chalcogenide cathodes,!*) their room-temperature
ionic conductivity (Figure 8) still does not reach the order
of mS cm™!. In this context, it should be noted that dur-
ing impedance fitting of the SS|Ui066-MgIL|MgB,Se,|UiO66-
MgIL|SS cells, the contribution of impurities and interfacial re-
sistances could not be extracted from the ionic resistances of
the spinels. Accordingly, the actual ionic conductivity could be
higher. Moreover, the spinel’s potential is far from being ex-
hausted, as some other solid electrolytes, such as Li-argyrodites,
have shown that the ionic conductivity can be increased by com-
positional tuning.I''=*] In principle there are two main strategies:
One strategy involves aliovalent substitution, which can change
the concentration of the mobile ion in the compound, potentially
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Figure 7. Long-term cycling performance during Mg plating/stripping at 60 °C for 70 cycles (50 cycles with t e = 1 h and 20 cycles with £, = 20 h) of
Mg|UiO66-MglL|MgB,Se,|UiO66-MgIL|Mg cells with a) MgSc,Se,, b) MgTm,Se,, c) MgEr,Se,, d) MgY,Se,, and e) without spinel pellet by applying a
current density of +1.57 A cm™2, which corresponds to a plated charge amount of 0.785 pAh cm=2 and 1.57 pAh cm~2, respectively.

resulting in a higher ionic conductivity.*#*! The second one is
based on a high-entropy multicationic or polyanionic substitu-
tion, which increases the compositional disorder (configurational
entropy) and thus the ionic conductivity.!*?#*%l Both strategies
seem to be applicable for the MgB, Se, spinels and should be con-
sidered in the future.

Another criterion for the application of the spinels as a SE
remains their electronic conductivity. The electron transference
numbers [t (MgSc,Se,) = 8x1072%, t,(MgTm,Se,) =5 X 1071%,

2 E, & Eth) [ 500 W

1, [%]
0.08 0.46 6.18 19.03

o) :gjl B3 Ojon B3 0
1
E 10%]
&, 10‘61 o © o
§‘: 1074 % % S = % ﬁé
§ 1009 [Tl el IS SN

10° 4 <+ 5 b ¥

10-10 3

MgSc,Se, MgTm,Se, MgEr,Se, MgY,Se,

Figure 8. Overview about the room-temperature ionic conductivity o;,,,
the room-temperature electronic conductivity o (from EIS), the electronic
transference numbers te| = 04/ (Gion 4+ 0¢l), and the Mg?* migration barrier
E, (experimental) and E, (th) (SCAN).
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t,(MgEr,Se,) = 6%, t,(MgY,Se,) = 19%)] are more than two or-
ders of magnitude higher than the 107°-107*% of typical SEs,/]
that increases the risk of self-discharge of a battery."!l Here, im-
purities of binary compounds, such as BSe and B,Se; (B = Sc,
Y, Er, Tm), may play a role for the electronic transport in these
materials, as we found that the electronic conductivity increases
with the binary phases in the investigated spinels. Thus, there is
still the potential to make the spinels applicable by minimizing
the electronic conductivity due to optimization of the synthesis
and the purity of precursors. Additionally, compositional tuning
or the development of electron-blocking interlayers and coatings
may be further options.

3. Conclusion

In the present work, we report the successful synthesis of three
MgB,Se, spinels (B = Er, Tim, Y) with Fd-3m space group, show-
ing a mixed conduction nature [t,(MgB,Se,) =5 X 1071%-19%]
like their prototype MgSc,Se, [t (MgSc,Se,) = 8 x 1072%].
Comparing the phase compositions obtained from Ri-
etveld analysis with the measured electronic conductivities
[64(MgSc,Se,) = 34 x 10 S cm™!, ¢,(MgTm,Se,) =

30 x 1077 S am™!, 64(MgEr,S¢,) = 2.7 X 107 S cm™},
64(MgY,Se,) = 4.7 X 107° S cm™'], we suggest that impurities
of binary compounds, such as BSe and B,Se; (B = Sc, Y, Er, Tm),
may play a role for the electronic transport in these materials. To
enable an accurate determination of the ionic conductivity from
impedance measurements, the electron transport was effectively
blocked by introducing purely Mg-ion conducting interlayers
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in the electrochemical cells. As a result, room-temperature
ionic conductivities of o;,,(MgTm,Se,) = 6.5 X 10 S cm™},
Gion(MgEr,Se,) = 41 x 107° S cm™ and o, (MgY,Se,) =
2.0 X 10° S cm™! were found, partially higher than in case of
MgSc,Se, (65, = 4.0 X 107 S cm™!) in our previous study.!*”]
In addition, our further electrochemical studies demonstrate
that all four spinels are electrochemically stable between
—1.1 V and 3.7 V (vs Mg**/Mg), enabling reversible Mg plat-
ing/stripping and exhibiting lower Mg-ion migration barriers
[E,(MgSc,Se,) = 386 + 24 meV, E,(MgTm,Se,) = 381 + 4 meV,
E,(MgEr,Se,) = 382 + 6 meV (raw data: 373 + 5 meV) and
E,(MgY,Se,) = 406 + 9 meV] than other types of Mg-ion SEs.
These experimentally determined Mg-ion migration barriers
are in an excellent agreement with our DFT derived migration
barriers E,(th) based on the SCAN exchange-correlation func-
tional. Moreover, the distinct influence of the trigonal distortion
on the migration path geometry, and thus, the migration barrier
was demonstrated. This reveals the linear correlation of the
geometric descriptor based on the ratio of the bond distances
in octahedral and tetrahedral sites (k) to the kinetic (Exg,) and
static (AE) contributions of the overall migration barrier E, (th).
Our results contribute to a better understanding of the transport
properties in MgB,Se, spinels and show their potential as SEs
once an effective way to reduce the electronic conductivity is
found.

4. Experimental Section

Materials: Magnesium powder (Sigma Aldrich, >99%), scan-
dium powder (chemPUR, 99.9% REO), thulium powder (abcr, 99.9%
REO), erbium powder (abcr, 99.9% REO), yttrium powder (abcr,
99.9% REO), thulium chips (chemPUR, 99.9% REO), erbium chips
(chemPUR, 99.9% REO), yttrium chips (abcr, 99.9% REO), se-
lenium powder (Alfa Aesar, 99.999%), gold granules (chemPUR,
99.99%), metal-organic framework (ZrgO,(OH),(BDC)¢, BDC = 1,4-
dicarboxylate, denoted as UiO66 and prepared as),[*’]) magne-
sium  bis(trifluoromethanesulfonyl)imide (Mg(TFSI),, TCl, >97%),
1-ethyl-3-methylimidazolium bis (trifluoromethanesulfonyl)imide
(EMIM][TFSI], TCl, >98%), Mg foil (chemPUR 99.98%), super
P (MSE Supplies), polyvinylidene fluoride binder (HSV900 PVDF
binder, >99.5%), glass fiber separator (GF/D, Whatman), magnesium
tetrakis (hexafluoroisopropyloxy)borate (Mg[B(hfip),],, prepared as),“®!
1,2-dimethoxyethane (Sigma Aldrich, 99.5%), magnesium foil (Sigma
Aldrich, 100 um, 99.9%), copper foil (MSE, 9 um, >99.9%).

Synthesis of MgB,Se, Spinels: In the one-step synthesis, magnesium
powder, scandium/thulium/erbium /yttrium powder and selenium powder
were hand-milled in a molar ratio of 1:2:4 for 15 min. Then, 0.5 g of each
powder mixture was pressed into a pellet (& = 10 mm) under a pressure
of 300 MPa for 30 min. After pressing, each pellet was wrapped into a
platinum foil and vacuum sealed in a separate quartz glass ampule, prior
backed out at 800 °C under dynamic vacuum to remove moisture. To per-
form the solid-state reaction, the ampules were heated at 950 °C for 20 h
(180 °C h~ heating rate) in a furnace (Nabertherm with controller P 300).
When the samples reached room-temperature again, the pellets were col-
lected by breaking the ampules and afterward ground to powders.

In the two-step synthesis, first the binary selenides were prepared.
MgSe and Sc,Se; were synthesized from stoichiometric amounts of the
elemental powders according to the previous one-step synthesis at 750 °C
for 24 h (180 °C h™! heating rate) and 800 °C for 30 h (60 °C h~! heating
rate), respectively. Instead, the Tm,Se;, Er,Se; and Y,Se; syntheses were
carried out with stoichiometric amounts of selenium powder and thulium,
erbium or yttrium metal chips, respectively, which were less prone against
oxidation than powders. The selenium powder was placed on the bottom
of a graphite crucible and then covered with the metal chips. After seal-
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ing the crucible in an evacuated quartz glass ampule, heating at 800 °C for
48 h (60 °C h™" heating rate) was performed. In the second synthesis step,
MgSe was mixed and pelletized in a 1:1 ratio with either Sc,Se;, Tm,Se;,
Er,Se; or Y,Se; to obtain the corresponding MgB,Se, spinel by thermal
conversion. For the MgSc, Se, synthesis the same conditions as described
in the one-step synthesis were applied, while a longer heating time of 30 h
was used for the other spinels. All preparations and sample treatments
were performed under argon atmosphere or in vacuum.

X-Ray Diffraction (XRD): The powder XRD) patterns of the binary and
ternary selenides were collected by the means of an Empyrean powder
diffractometer (Malvern PANalytical Ltd) with Cu K, radiation. To avoid
contact with air and humidity, the samples placed on top of silicon zero
background holders were sealed with Kapton polyimide film inside a glove
box. Data were recorded in the 26 range from 10° to 90° with a step size of
0.026° and a counting time per step of 200 s. References were taken from
ICSD Inorganic Crystal Structure Database: MgSe (ICSD 53 946), Sc,Se;
(ICSD 651 804), MgSc,Se, (ICSD 642 814), Tm,Se; (ICSD 652 078),
MgTm,Se, (ICSD 76 051), Er,Se; (ICSD 79 227), Er,0,Se (ICSD 25 810),
MgEr,Se, (ICSD 630 754), Y,Se, (ICSD 652 183), YSe (ICSD 183 015),
and MgY,Se, (ICSD 76 052). Reference data retrieved from the Materi-
als Project from database version 12022.70.28:1491 Tm, 0, Se, (mp-753920)
and Y,0,Se (mp-752658).

Rietveld Analysis:  Rietveld refinements based on the powder XRD pat-
terns were performed using the software FullProf Suite version January
2021. Start models for the Rietveld refinement were taken from references
listed in Experimental Section under X-ray diffraction.

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray Spec-
troscopy (EDS): SEM images and EDS maps of the samples were ob-
tained with a Gemini SEM 560 high-resolution scanning electron micro-
scope (Carl Zeiss AG, Germany) at an acceleration voltage of 10 kV (pellet
cross section, Cu and SS electrode) or 15 kV (SE powders). A working
distance between 8 mm and 9 mm and an aperture size of 60 um and
120 um were chosen. All images were collected with the in-lens detector
and the mapping was carried out by using an X-Max50 detector (Oxford
Instruments, UK). To avoid air contamination, the samples were trans-
ferred from the glove box with a Leica EM VCT500 (Leica Microsystems
Germany) shuttle.

Transmission Electron Microscopy (TEM): TEM images and EDS maps
were taken by Themis 300 (Thermo Fisher Scientific) using an accelerating
voltage of 300 kV. The spinel powders were dispersed on the Mo TEM grid
for TEM observation. SAED patterns were collected to identify the crystal
structure of the synthesized materials.

Nuclear Magnetic Resonance (NMR) Spectroscopy: 2>Mg MAS NMR
spectroscopy was performed at a magnetic field of 11.7 T corresponding to
a resonance frequency of 30.6 MHz. The measurements were carried out
in 1.3 mm rotors at a spinning speed of 22 kHz with a rotor-synchronized
Hahn-echo pulse sequence and a 7/2 pulse duration of 3.7 us. The recycle
delay was 15 s for MgSc,Se, /MgY,Se, and 1's for MgEr,Se,/MgTm,Se,.
The spectra were referenced to an aqueous solution of 5 M MgCl,.

Cell Assembly and Electrochemical Measurements: The electrochemical
measurements were performed with a VMP300 electrochemical worksta-
tion from Bio-Logic Science Instruments SAS and recorded with the corre-
sponding software EC-Lab, unless specified otherwise. RelaxIS 3 software
(RHD Instruments, Darmstadt, Germany) was used for fitting of the ex-
perimental EIS data.

The electronic conductivity of the MgB,Se, powders was measured us-
ing pouch cells. Pellets of 6 mm to 10 mm diameter were pressed from
150 mg to 300 mg MgB,Se, powder under isostatic pressure of 3000 bar
for 30 min. Afterward, each pellet was separately sealed in a quartz glass
ampule and sintered at 950 °C for 6 h (180 °C h™! heating rate). Then,
the sintered pellets were polished down to grit 4000 using SiC sandpaper.
Au electrodes (@ = 5.5-9 mm) with a thickness of 300 nm were vapor-
deposited on both sides of the pellet by the mean of a sputter coater (tec-
tra GmbH, Germany). The Au deposition rate was set to 0.15-0.2 nm s~!
at a pressure <107 mbar. After a second sintering step at 500 °C for 6 h,
the pellets were sealed under argon into pouch cells, connected with the
Au electrodes to Ni current collectors. EIS and CA measurements of the
symmetrical Au|MgB,Se,|Au cells were performed in climate chambers
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(Weisstechnik, Germany) at 25 °C. The impedance data were collected
from 7 MHz to 100 mHz with an alternating current (AC) amplitude of
10 mV. The dc polarization was carried out in six steps from 0.1V to 2.0 V
with 12 h resting time per step. From the obtained resistances R, the elec-
tronic conductivities o were calculated based on the following equation:

d
A

o=

= g @

x| —

d and A represent the thickness and the contact area of the electrolyte
pellet, respectively, and are summarized in the cell constant K.

To measure the ionic conductivity, a home-made battery cell casing was
used, as introduced in an earlier work.[%] Different amounts (160 mg,
220 mg and 280 mg) of MgB,Se, powder were filled in the PEEK hous-
ing of the cell with a diameter of 10 mm. Then, the powders were pressed
between two stainless-steel stamps (SS) at 3 t for 3 min to create a pellet
inside the housing. Two purely Mg-ion conducting interlayer were added
by pressing 40 mg of an ionogel SE, denoted as UiO66-MglL, on both sides
of the MgB,Se, pellet under previous conditions. The ionogel SE con-
sisted out of a Mg-ion conducting metal-organic framework (MOF) struc-
ture UiO-66 impregnated in a mass ratio of 1:1.25 with a 1 m Mg(TFSI),
ionic liquid based on [EMIM][TFSI], as described in an earlier report.[’>] A
constant pressure was applied by the means of the screw of aluminum
framework around the homemade cell casing with 10 Nm torque. The
impedance spectra of the SS|UiO66-MglL|MgB,Se,|UiO66-MgIL|SS cells
were recorded between 0 °C and 60 °C in a frequency range from 3 MHz to
100 mHz with an AC amplitude of 10 mV. After evaluation of the ionic re-
sistances of the MgB, Se, spinels, the ionic conductivities were calculated
according to Equation (2). Then, the Mg-ion migration barriers (E,) were
obtained by rearrangement of the Arrhenius equation (Equation (3)):

o E
Oion = ?0 exp <_kB_aT> (3)

with o representing the conductivity prefactor.

The LSV measurements were performed with Mg|UiO66-
MglL|MgB,Se,|UiO66-MgIL|SS cells, which were initially assembled
analogous to the cells used to determine the ionic conductivity using
220 mg MgB,Se, powder (or 0 mg for reference cell) and 40 mg UiO66-
MglL per layer. Then, a polished Mg foil (& = 9 mm) was placed between
one UiO66-MglL layer and the SS stamp. After pressing the cell at 3 t for
1 min, LSV from open circuit voltage (OCV) to 5 V or =5V, respectively,
was carried out with a scan rate of 0.1 mV s~'/-0.1 mV s~ at 25 °C and
60 °C.

For the Mg plating/stripping measurements, symmetrical Mg|UiO66-
MglL|MgB,Se,|UiO66-MgIL|Mg cells with two Mg electrodes were pre-
pared according to the previous procedure. Then, CP was performed over
70 cycles (50 cycles with £, = Th and 20 cycles with t . =20 h) at 60 °C
by applying a current density of 1.57 uA cm™2. In case of the Mg plating ex-
periments, Mg|UiO66-MgIL|MgB,Se,|UiO66-MglL|Cu cells were assem-
bled by using a Mg foil and a Cu foil electrode. After that CP measurements
with a current of =5 pA for 35 h were carried out at 60 °C, whereby 79 pg
Mg should be theoretically deposited on the Cu electrode.

To investigate MgSc,Se, as a cathode active material, two-electrode
Swagelok cells were assembled. The cathode electrode was prepared by
casting 70 wt% MgSc,Se4, 20 wt% super P, and 10 wt% PVDF binder onto
an Al foil, resulting in a loading mass of 1 mg cm™2 to 1.5 mg cm~2 ac-
tive material. The anode, consisting of a polished Mg foil (& = 9 mm),
was separated from the cathode by a glass fiber separator and 100 uL
of a Mg[B(hfip) 4], liquid electrolyte (0.4 m in 1,2-dimethoxyethane) was
used. Galvanostatic discharge/charge voltage profiles were recorded with
a Maccor Series 4000 (Maccor, USA) at room-temperature over ten cycles
between 0.5V and 2.7 V (vs Mg?*t/Mg) at a current density of 10 mA g~'.

Computational Details:  The influence of the trigonal distortion on the
Mg?* migration barriers was studied by periodic first-principles calcula-
tions based on DFT.>'l The projector augmented-wave method (PAW)[52]
and the SCANI®3] exchange and correlation functional was used as im-
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plemented in Vienna Ab initio Simulation Package (VASP).>*l The con-
ventional unit cell containing eight formula units with 56 atoms was cho-
sen assuring a minimal distance of 10 A between mobile defects. The su-
percell was relaxed without any restrictions until all forces on the atoms
converged below 0.01 eV A~1. The cutoff energy was set to 520 eV and a
2 X 2 X 2 k-point mesh was used in conjunction with a convergence crite-
rion for the total energies of 1x 107 eV per supercell. The Mg-ion migra-
tion barriers were determined by the climbing image nudged elastic band
(CI-NEB) method[*®] using four distinctimages between the initial tetrahe-
dral and intermediate octahedral site, and the complete energy profile was
obtained by mirroring at the intermediate of the migration event. The force
convergence criterion for the NEB calculations was set to 0.05 eV A=, All
migration barriers were determined in the low-vacancy limit and upon fix-
ing the volume to the one of the pristine structures.

In addition, possible influence of the structural distortions due to the
presence of the vacancy and due to the charge compensation were checked
for all experimentally synthesized compounds and are shown in Table S12
(Supporting Information).

To obtain further insight into the chemical trends for the migration bar-
rier E, (th), it was beneficial to separate contributions from the transition
state energy Eqg and the site preference energy AE to the overall barrier
E, (th). This could be achieved by constructing directionally independent
kinetically resolved activation barriers Eyga (Equation (4)):

1
Ecra = Ers = 5 (Foct — Etet) (4)
Note that this construction was only valid if the transition state was at
50% migration path length and breaks down if the intermediate octahedral
site was the transition state of the Mg-ion migration.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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