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In Situ Observation of Room-Temperature Magnesium
Metal Deposition on a NASICON/IL Hybrid Solid Electrolyte

Zhixuan Wei,* Dheeraj Kumar Singh, Katharina Helmbrecht, Joachim Sann, Yuriy Yusim,
Joy A. Kieser, Clarissa Glaser, Marcus Rohnke, Axel Grof3,* and Jiirgen Janek*

Secondary batteries using multivalent cations as ionic charge carriers have
attracted increasing attention in recent years due to the high theoretical
energy density provided by multi-electron redox reactions. However, the high
charge density of these cations inevitably leads to sluggish kinetics of ion
migration at room temperature, which poses a challenge for the development
of solid-state batteries using multivalent ions. Here, a magnesium ion
conducting hybrid solid electrolyte (HSE) is prepared, consisting of a new
NASICON-structured material, Mg, :Sn, (PO,);, and a small amount of
magnesium ionic liquid. The HSE shows superior room-temperature ionic
conductivity of 1.11 x 10~ S cm~" and an activation energy of 0.36 eV. Due to
the good compatibility of the HSE with the magnesium metal anode,
symmetric MgIHSEIMg cells show stable magnesium plating and stripping
behavior at room temperature. Using in situ electrochemical scanning

reactions.!>) This advantage makes
them an attractive supplement to the
existing lithium-ion battery (LIB) tech-
nology, especially in environments
where the energy storage system is
limited by space constraints and, hence
needs to be compact. Not at least, the
mentioned elements are abundant and
may lead to cost-effective and resource-
uncritical cell concepts. Among various
MV-ion-based energy storage concepts,
the development of rechargeable Mg
batteries (RMBs) has witnessed great
progress since the first working battery
prototype was reported in 2000.1°) Apart
from the merits of the low cost of Mg

electron microscopy measurements, the room temperature growth-induced
fracture of the HSE is observed, giving unequivocal evidence for magnesium
deposition. These results may serve as a starting point for understanding the
magnesium deposition mechanism on solid electrolytes in solid-state

batteries.

1. Introduction

Rechargeable batteries with multivalent ions (MV = Mg?*, Ca?*,
Zn?*, AI**, etc.) as charge carriers have attracted significant re-
search interest in the past decade owing to the high theoreti-
cal volumetric energy density provided by multi-electron redox

as well as the low redox potential of
Mg?* /Mg (—2.36 V vs SHE), it has been
generally believed — although debated
— that Mg deposition is less prone to
dendrite formation, compared with the
lithium counterpart.’! This makes
the utilization of the Mg metal anode
with the high volumetric capacity more
appealing, and long cycle life may be expected. Unfortunately,
unlike in the case of the solid electrolyte interface (SEI) in
LIBs, the sluggish solid-state diffusion of densely charged Mg**
ions makes it a major challenge to seek appropriate electrolytes
that can form a Mg?**-conducting interlayer on the surface of
the Mg metal anode.'”) In the case of monovalent cations,
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solid-state batteries (SSBs) attract strong interest since the ab-
sence of flammable organic solvents may result in improved
safety, by mitigating thermal runaway issues.!'!"!2) However, due
to the mentioned issue of low Mg?* ion mobility, it is challeng-
ing to achieve a sufficiently high Mg?* conductivity at, or close to
ambient temperature.

Therefore, designing solid electrolytes with high ionic con-
ductivity is critical for the development of Mg-based SSBs. The
knowledge gained in exploring superionic Li-ion conductors
cannot be directly transferred to Mg?**-ion conductors. As the
magnesium analogs suffer from high Mg?" migration barri-
ers due to their strong electrostatic interaction with adjacent
ions in the lattice,l!l one needs to find different design crite-
ria to conquer the penalty of slow Mg?* diffusion in solids.
In early studies, efforts have been spent toward improving the
Mg?* conductivity in oxides, which possess high oxidation sta-
bility as well as chemical stability, along with low electronic
conductivity.3] Mg, ;Zr, (PO,),, with f-Fe,(SO,), structure, was
the first reported Mg-ion solid electrolyte.'*] The ZrO, octa-
hedra and PO, tetrahedra are connected with each other via
corner-sharing, giving rise to a 3-dimensional open framework
for ion migration. However, an ionic conductivity of o(Mg?*)
~ 107 S cm™! is only achieved at 800 °C, with limited con-
ductivity improvement upon aliovalent atom doping to increase
defect concentration.['>1¢] Computational studies suggest that
NASICON:-type structures can lead to lower activation energy and
higher ionic conductivity compared to oxides with p-Fe,(SO,);-
type structure, due to their increased structural symmetry.[']
For instance, NASICON-type (Mg, Hf),;sNb(PO,); exhibits
an ionic conductivity of o¢(Mg?*) = 2.1 x 107 S cm™! at
300 °C, which is 20 times higher than in case of the g-Fe,(SO,);-
type Mg, (Z1r,5sNbg5)4(PO,), solid electrolyte at the same
temperature.'®] This indicates that NASICON-type materials
with more stuffed Mg?* atoms can possibly lead to higher Mg-ion
conductivity.

Apart from the slow bulk Mg-ion conduction, the sluggish
intergranular ion transport kinetics are another limiting fac-
tor in the development of Mg-based solid electrolytes. Studies
in lithium SSBs indicate that liquid-phase additives can over-
come the inherent solid-solid contact limitations both at the
electrode interface and inside the bulk phases.!'*?° In this per-
spective, the unique physical properties of ionic liquids (ILs),
e.g., their low flammability, low vapor pressure, and high ionic
conductivity, make them attractive additives to modify the in-
terfaces of solid electrolytes.?!l The obtained electrolytes, of-
ten called “pseudo-solid-state” electrolytes, combine an ion-
conducting or non-conducting solid framework skeleton with
room temperature ILs, also referred to as hybrid solid elec-
trolytes or ionogels, respectively.2] On top of increasing the ionic
conductivity, the ILs can greatly improve the interfacial proper-
ties at both grain boundaries and the solid electrolyte/electrode
interfaces.[?>?*] In certain cases, the ILs also appear to sup-
press the chemical degradation of the solid electrolyte upon
contact with the metal anode (see Li, ;Al,;Ge,(PO,); as an
examplel®]).

In the present work, a new rhombohedral NASICON-
structured phosphate, Mg, ;Sn,(PO,),, was synthesized, where
the main group metal Sn is selected to avoid kinetically favored
reduction in contact with the metal anode that can be triggered
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easily by transition metal elements.[26?”] Then, we designed

a hybrid solid electrolyte (HSE) using Mg,Sn,(PO,); as an
Mg-ion conducting framework with 20 wt.% of IL (1 M mag-
nesium Dbis[(trifluoromethyl)sulfonyljlimide (Mg(TFSI),) in 1-
ethyl-3-methylimidazolium Dbis|(trifluoromethyl)sulfonyljimide
((EMIM][TFESI])). The obtained HSE shows an enhanced ionic
conductivity of 1.11 x 10™* S cm™' at room temperature
with low activation energy, E, = 0.36 eV, which is 10> orders
higher compared to pure “dry” Mg,sSn,(PO,); (c(Mg?*) =
4.8 x 107 S cm™'). We attribute this to the improved inter-
particle ion transport mediated by the IL. The obtained HSE
facilitates Mg plating—stripping with high reversibility even at
room temperature and long-term cycle stability, with a stable
deposition overpotential of 600 mV. We also designed an elec-
trochemical microcell to directly observe the Mg metal growth,
which is composed of an Mg metal anode, the HSE as separator,
and a tungsten needle (point radius of 0.35 um) as cathode. To
the best of our knowledge, Mg deposition is for the first time
observed in situ in a solid-state cell by electrochemical scanning
electron microscopy (SEM). Interestingly, different from the
irregular lateral metal growth that is observed in lithium cells, 8
the deposition of Mg shows planar, smooth behavior across
the interface with an overpotential of —1.9 V at —5 nA. We
believe that the present results contribute significantly toward
understanding the plating/deposition behavior at the Mg metal
anode and propose design principles of room-temperature Mg
SSBs.

2. Results and Discussion

2.1. Characterization of Mg, ;Sn,(PO,), Skeleton Material

Mg, sSn,(PO,); was synthesized by a modified sol-gel method.
The detailed synthesis procedure can be found in the experimen-
tal section. The crystal structure of Mg, ;Sn,(PO,); was studied
by powder X-ray diffraction (XRD) with corresponding Rietveld
refinement. As shown in Figure 1a, the reflection peaks can be
well indexed based on a thombohedral NASICON-type structure
(space group R—3c), with cell parameters of a = b = 8.54521 A,
¢ = 21.64514 A. The atomic parameters are listed in Table S1
(Supporting Information). Figure 1b exhibits the schematic re-
fined crystal structure of Mg, sSn,(PO,), in different directions,
where the Mg atoms are half positioned at the 6b (0, 0, 0) Wyck-
off site. Nevertheless, several impurity peaks from a secondary
phase were found at 19.2° and 22.2°. The hypothesis is that, due
to the light molar mass as well as relatively low atomic fraction
of Mg in the structure, the impurity might have originated from
the inhomogeneous distribution of the Mg raw materials in the
precursor. Therefore, we prepared materials with Mg excess and
deficient stoichiometry, respectively, by the same method, to see
whether the pure phase can be obtained. As shown in Figure Sla
(Supporting Information), with an excess amount of the Mg
source, the secondary phase does exhibit an increased peak inten-
sity. This agrees well with the Rietveld refinement results (Figure
S2 and Tables S1-S3, Supporting Information). As indicated by
the structural occupancy of the Mg atom from the refinement
result, even with more Mg content in the precursor, the Wyck-
off position of 6b cannot take up more Mg atoms. However, even
with Mg deficiency in the precursor, the impurity phase could not
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Figure 1. a) Rietveld refinement of the XRD pattern of Mg, 5Sn,(PO,)3; b) crystal structure of Mg, sSn, (PO,); in different directions, with orange
spheres, blue tetrahedral, and purple octahedral exhibiting Mg, PO, tetrahedra and SnOg octahedra, respectively; ¢,d) SEM images of Mg sSn, (PO,)3
powder with different scales; e) Nyquist plot of Mgg 5Sn, (PO,); in a symmetric cell configuration with stainless steel as ion blocking electrodes. The

inset shows the equivalent circuit used to fit the plot.

be eliminated. After in-depth search and indexing, we initially
assumed that the secondary phase is most likely MgSn(OH);.
Nevertheless, it seems questionable whether a hydroxide can ex-
istat a sintering temperature of 800 °C. To this end, we increased
the temperature to 1100 °C. As shown in Figure S1b (Supporting
Information), the intensities of this secondary phase diffractions
continue to grow, with the additional formation of a decomposi-
tion product, SnO,. Therefore, it is more possible that the sec-
ondary phase is isostructural to MgSn(OH),. However, further
investigation still needs to be carried out to improve the purity of
the Mg, ;Sn, (PO,); material.

The morphology of as-prepared Mg sSn,(PO,); is shown in
Figure 1c,d. Thanks to the citric acid-assisted liquid phase reac-
tion, the product exhibits a hierarchical structure composed of
nano-sized particles agglomerating into porous secondary parti-
cles, which is beneficial for the ionic liquid to penetrate and ho-
mogeneously distribute. The room-temperature ionic conductiv-
ity of the inorganic Mg, ;Sn,(PO,); skeleton was first evaluated
by electrochemical impedance spectroscopy (EIS), using stain-
less steel as ion-blocking electrodes. As shown in Figure le, the
Nyquist plot exhibits one semicircle in the high-frequency range,
representing the total resistance including both bulk and grain
boundary resistance. Accordingly, the ionic conductivity is cal-
culated to be o(Mg?*) = 4.8 x 107 S cm™!, which is low, yet
10* times higher compared to Mg, ;Zr,(PO,), with -Fe,(SO,),
structure (room temperature ionic conductivity of o(Mg?*) =
2.8 x 1071 S cm™!, as extrapolated from the Arrhenius plot from
conductivities reported).l*!
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2.2. Density-Functional Theory (DFT) Calculation of
Mg, 5Sn,(PO,);

To gain more insight into the ion migration behavior in the bulk
structure of Mg, sSn,(PO,);, DFT calculations were carried out.
The crystal structure of Mg, sSn,(PO,); is shown in a different
way to better illustrate the ion hopping pathways, as shown in
Figure 2a. The rhombohedral phase consists of 6 formula units
in each unit cell and thus is comprised of 105 atoms. The relaxed
lattice demonstrates cell parameters of a = b = 8.80 A and ¢ =
21.42 A, which corroborates well with the experimental study. Per
unit cell, the structure contains three Mg atoms which can be dis-
tributed equally among six different sites. The Mg sites are equiv-
alent to the Nal sites in a typical NASICON phase (the 6b Wyck-
off site), which sit in an elongated octahedron with the equiv-
alent Na2 sites left empty and only occupied during the cation
diffusion through the cell. As there are three equal cations to be
distributed among six different yet energetically equal sites, there
are 20 distinct occupation patterns for the Mg cations. By compar-
ing them energetically, the ordering in the cell was determined.
The calculations show that the structures, where alternating sites
are occupied which results in a maximum distance between the
cations, are the most stable. They are closely followed in stabil-
ity by those systems in which two neighboring sites are occu-
pied, and the most unstable variations are present where the Mg
cations sit right next to each other. However, the energies of the
above structures vary by <10 meV per atom, which suggests that
the preference for the cations to be spread equally inside the unit
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Figure 2. a) Representation of the diffusion pathway of the Mg ion through the NASICON-type structure. Mg moves through the first octahedra plane
A1, then A2 into the unoccupied metastable “Na2” equivalent site, and then again through A2 and A1 into the neighboring Mg site. The bottleneck of the
diffusion is determined to be A2 because of its slightly smaller size. The yellow tetrahedra and grey octahedra correspond to PO, and the SnOg units,
respectively; b) exemplary NEB pathway of the diffusion event for one Mg moving through the two bottlenecks and the metastable intermediate.

cell without clustering is relatively small. It is worth noting that
our preliminary results of an isostructural phase filled with Ca
atoms show that the cations prefer to occupy the same site per
unit cell multiple times, creating layers. Subsequently, the con-
figuration of three layers being fully occupied followed by three
completely empty appears to be most stable.

In a typical NASICON material, the Na cations diffuse through
the Nal-Na2-Nal pathway. In the Mg case, the only difference
is that the “Na2” equivalent position is much less stable com-
pared to “Nal” position, making it a metastable intermediate
state. Therefore, a full diffusion process takes place between two
neighboring “Nal” positions. To better describe the diffusion be-
havior, the properties of the triangular bottleneck are considered.
Specifically, the bottleneck areas consist of three oxygen atoms
in the PO, tetrahedron and SnO octahedron, which are part of
the diffusion pathway where the cation has to pass through the
smallest opening of the structure.l**] As shown in Figure 2a,
there are two bottlenecks in the pathway from “Nal” to “Na2”.
The “Na2” octahedron is slightly smaller in this system, so it is
the defining bottleneck with an area of 4.35 A% and is marked
as A2 in the figure. To estimate the barrier for diffusion without
determining the whole minimum energy path between two Mg
sites, we calculated the cell energy for the cation sitting exactly
in this bottleneck area and compared it to the initial point of the
diffusion pathway according to Eyg = Epouieneck — Eini- 1O get an
accurate idea of the influence of the site occupation environment
around the diffusion event, the barrier is determined for a unit
cell with 1, 2, and 3 cations present.

The bottleneck calculations show that the barrier lies at 0.62,
0.48, and 0.14 eV for one to three charge carriers, respectively.
This represents lower limits for the diffusion barriers. An ex-
emplary nudged elastic band (NEB) calculation for the same
diffusion shows a barrier of 1.16 eV for one charge carrier
present (Figure 2b) and 0.71 eV for two charge carriers. The re-
sults indicate that the diffusion barrier is about twice as high
as the pure system energy difference between the initial point
and bottleneck position. Thus, we expect the diffusion barriers
for three charge carriers in the unit cell to be of the order of
0.3 eV.

Adv. Energy Mater. 2023, 2302525 2302525 (4 of 1 1)

2.3. lonic Conductivity of the Room-Temperature Hybrid Solid
Electrolyte

By virtue of the relatively high ionic conductivity and fa-
vorable porous structure of the as-prepared Mg,Sn,(PO,),
skeleton, a hybrid solid electrolyte (HSE) was successfully
prepared by blending Mg,Sn,(PO,); with IL of 1 M mag-
nesium bis(trifluoromethyl)sulfonyljimide (Mg(TFSI),) in 1-
ethyl-3-methylimidazolium Dbis|[(trifluoromethyl)sulfonyljimide
((EMIM][TESI]). As shown in Figure S3 (Supporting Informa-
tion), Nyquist plots of samples with different weight ratios were
recorded first. Remarkably, the room temperature ionic conduc-
tivity shows a sharp increase due to the infiltration of ionic liquid,
most likely at the grain boundaries. By adding 10 wt.% of IL, the
ionic conductivity increases to o(Mg?**) = 1.01 x 107 S cm™.
At a ratio of 20 wt.% of IL, the conductivity value of this ratio
reaches 107 S cm™!. Since further adding IL does not provide a
large increase in conductivity, the 20 wt.% fraction was used for
further studies, and hereafter denoted as MgSP-HSE. As shown
in the schematic illustration in Figure 3a, after the uptake of IL
with a weight fraction of 20 wt.%, the MgSP-HSE still has the
characteristics of a solid and remains a white powder. Besides,
the cross-section photographic illustration of the dense pellet
suggests good mechanical stability of HSE, derived from the
MgSP ceramic framework. Figure 3b exhibits the Arrhenius
plot of MgSP-HSE derived from the Nyquist plots collected at
different temperatures (Figure S4, Supporting Information).
Based on the Arrhenius equation, the activation energy is calcu-
lated to be 0.36 eV with a room temperature ionic conductivity of
6(Mg?**) =1.11 x 10~* S cm™!. In contrast, as shown in Figure S5
(Supporting Information), when blending the IL with the same
weight percentage of non-ion-conducting Al,O;, the composite
exhibits an ionic conductivity of 6(Mg?*) = 4.45 x 107° S cm™!
at room temperature, which is two orders of magnitude lower
than MgSP-HSE, indicating that the Mg?* ion conduction in the
HSE is mainly contributed by the NASICON framework.

As exemplified for Li/Na-ion conductors, an ionic conductivity
of a solid electrolyte reaching 10~* S cm™! is enough for the func-
tion as separator material of a solid-state battery, while catholytes
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Figure 3. a) Schematicillustration of the preparation of MgSP-HSE; b) Arrhenius plot of MgSP-HSE; c) room-temperature ionic conductivity comparison
of state-of-the-art Mg-ion conductors,[3'-3%] the dashed line marks the ionic conductivity of 1 x 107 S cm™~"; d) potential profile of Mg plating—stripping

at current density of 1.57 pA cm~2.

require higher conductivities.l*") After infiltration of the ionic
liquid, the as-prepared HSE shows satisfactory ionic conductiv-
ity comparable with MOF-based materials and borohydride com-
plexes, which are the only two groups of electrolyte materials for
(almost) solid Mg batteries that can reach the 10™* S cm™! scale
of ionic conductivity so far, except for the inorganic MgSc, Se,
spinel, as listed in Figure 3c. Encouragingly, the oxidation sta-
bility of the MgSP-HSE reaches 3.3 V versus Mg?* /Mg in linear
scan voltammetry (LSV) measurements (Figure S6, Supporting
Information), much higher compared to the Mg borohydrides
which are 1.2 V,313%l largely expanding the choice of cathode ma-

Adv. Energy Mater. 2023, 2302525 2302525 (5 O‘FTl)

terial candidates. In addition, as shown here to the best of our
knowledge for the first time, the MgSP-HSE allows reversible Mg
plating and stripping in an “almost solid” symmetric cell system
at room temperature. As shown in Figure 3d, symmetric cells
using Mg foils as both working and counter electrodes were as-
sembled. Initially, the symmetric cells were activated by charging
and discharge for 10 cycles at a current density of 1.57 uA cm™2
with alternating plating and stripping times of 30 min for each
step (plated charge amount of 0.785 pAh cm=2, corresponding
to 2 nm of Mg assuming homogeneous plating—stripping). Af-
terward, the plated charge was increased to 0.0157 mAh cm™2,
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Figure 4. X-ray photoelectron spectra of a) Mg 2s; b) O 1s; ¢) C 1s; d) N 1s; €) S 2p; f) F 1s; g) Sn 3d and h) P 2p signals of pristine Mg foil and Mg foils

after 10 and 50 cycles.

corresponding to 10 h (and 41 nm of magnesium) for each step,
where the Mg plating—stripping process demonstrates a stable
deposition overpotential of 0.6 V versus Mg** /Mg for over 500
hours.

2.4. Surface Analysis

To figure out the composition and evolution of the HSE-
derived interface between Mg and HSE, X-ray photoelectron
spectroscopy (XPS) characterization was carried out. XP spectra
of the pristine Mg foil and the Mg foils after cycling for 10 cycles
and 50 cycles in a symmetric cell setup at 0.0157 mAh cm™? are
shown in Figure 4. First of all, the Mg foil surface was analyzed
after peeling off the surface oxide layer. As shown in Figure 4a,b,
even after careful polishing, the Mg foil surface still contains a
considerable amount of passivation film containing MgO and
Mg(OH),.[*1*2] This could be attributed to the strong affinity of
Mg with oxygen, as well as trace amounts of water absorbed on
the surface, respectively. However, the binding energies of the
two compounds are too close to be deconvoluted. Other than that,
there is also a hint of MgCO, on the surface, which is suggested
by the O—C=0 signal in the O 1s and C 1s spectra (Figure 4c).[*}]
After the cycling experiments, the MgO content gradually de-
creased, resulting in Mg(OH), and MgCO, becoming the pri-
mary Mg-containing components of the interphase. The rela-
tive ratio between these two compounds exhibits dynamic behav-
ior. This is also supported by the depth profiling XP spectra. As
shown in Figure S7b (Supporting Information), after etching the
Mg foil (after 50 cycles) by argon ion sputtering, the relative in-
tensity of MgCO, decreases while that of Mg(OH), increases, un-
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til the pristine foil surface is reached, as suggested by the sharp
intensity increase of MgO (Figure S7a, Supporting Information)
and decrease of C-C bond (Figure S7c, Supporting Information).
The trend correlates well with the spectra in Figure 4b, suggest-
ing that upon cycling, the SEI demonstrates a graded composi-
tion, where Mg(OH), component dominates the nearest layer on
the Mg foil, while the MgCO, component dominates the second.

The interface also contains TFSI~ residuals from the HSE,
as suggested in the C 1s, N 1s, S 2p, and F 1s signals
(Figure 4c—f).*+*] Surprisingly, the binding energies of Cygg,
(—CF;), Ny, (anionic), Frpg; (—CF;), and Sy, (—SO,CF;) peaks
all remain unchanged comparing the Mg foil after 10 cycles
with the one after 50 cycles. This suggests the superior chemi-
cal and electrochemical stability of the TFSI~ anion during the
Mg plating—stripping. It is worth noting that an unexpected sig-
nal at E; = 685.3 eV is observed on the surface of cycled Mg
foils, which can be attributed to MgF,.[*] However, we assume
that this is due to the instability of the TFSI~ anion under X-
ray radiation,[*’! instead of the electrochemical degradation of
TFSI~ anion during cycling. As shown in Figure S8a (Support-
ing Information), the signal of MgF, is initially absent in the
Mg(TFSI), powder. Nevertheless, upon continuous X-ray expo-
sure, the TFSI™ anion starts to decompose, as suggested by the
increased intensity of MgF, peak and decreased intensity of CF,
peak. The same trend is observed in the F 1s XP spectra of the
MgSP-MgIL electrolyte powder (Figure S8b, Supporting Infor-
mation). However, since the percentage of MgIL is small in the
HSE (20 wt.%), the peak intensity of MgF, is comparably small
compared to the pure Mg(TFSI), salt. Further evidence is that
the MgF, signal was not observed on the surface of Mg foils after
cycling when the number of measurement scans was kept to a
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Figure 5. a) Schematic illustration for the setup of in situ SEM, adapted based on previous work.1?8] The inset shows the initial morphology of MgSP-
HSE; b) potential profile with different applied currents during the Mg deposition; c—f) top-view SEM images of the solid-state micro-cell after different

plating times marked in (b).

minimum to reduce the radiation damage (see Figure S9, Sup-
porting Information).[*’ Additionally, the absence of sulfide sig-
nals in the S 2p spectrum (Figure 4e) agrees well with the stability
of the TFSI~ anion.[***8] In contrast, the signal of the EMIM*
cation shifts to a lower binding energy by 0.56 eV, indicating
the possible reduction of the radical cation. Furthermore, we
also looked into the spectra of the Mg,.Sn,(PO,);. As shown
in Figure 4g, the peak of Sn 3d,), is located at E; = 487.55 eV,
which can be indexed to Sn*+.[*! This suggests the stability of
Mg, sSn,(PO,); in the HSE, yet with a small degree of partial
reduction due to the formation of an interphase, indicated by
the binding energy shift toward a lower value by 0.34 eV. We
note, that the small binding energy change cannot be attributed
to full reduction to Sn?* from Sn**, as the binding energy dif-
ference of the two valence states ought to fall between 0.7 eV
and 1.1 eV.*2] The same trend is observed in the P 2p signal
(Figure 4h), where the doublet peaks also shift to a lower bind-
ing energy by 0.31 eV. In summary, XPS suggests that the HSE is
well-compatible with the Mg metal anode and that the interface is
relatively stable. This stability allows for stable repetitive Mg plat-
ing and stripping at room temperature. However, the low Mg-ion
conductivity of the interphase components dominated by MgCO,
and Mg(OH), contributes to the high Mg plating—stripping over-
potential, which will be the future key issue to be solved through
surface modification.

2.5. In Situ Electrochemical-Scanning Electron Microscopy (SEM)
Studies

As discussed above, although the room-temperature ionic con-
ductivity of the HSE is satisfactory, it is the HSEIMg interface
that contributes significantly to the overall impedance in the
Mg SSBs. Apart from the interphase formed chemically, the
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work-hardened magnesium foil along with its hexagonal lattice
structure leads to poor interfacial contact even at high pressure
(300 MPa). Specifically, the Young’s modulus of magnesium is
45 GPa, nine times higher compared to lithium (4.9 GPa).5!
More importantly, the yield strength of magnesium also exceeds
that of lithium to a large extent (%100 MPa vs 16 MPa).l5+5]
This leads to a significant overpotential for Mg deposition even
at low current densities, resulting in experimental difficulties in
studying such systems in a pouch cell setup. Such an interfacial-
dominating process gives rise to sluggish Mg deposition, in con-
sequence, identifying and studying the properties of deposited
Mg on a substrate in ex situ characterization techniques can be
fairly challenging. In this regard, in situ electrochemical SEM
measurements were performed to get more fundamental in-
sights into Mg growth inside SSB, wherein Mg was deposited at
a tungsten microneedle. The cell setup is illustrated in Figure 5a.
Briefly, a free-standing, isostatically pressed (300 MPa) MgSP-
HSE pellet (thickness of #1 mm, diameter of 1 cm) was fixed to
a magnesium foil (thickness of 100 um, diameter of 9 mm) with
well-polished surface, that was used as Mg reservoir and refer-
ence electrode. On the other hand, the tungsten needle, as shown
in Figure 5a, operated by motors was used as current collector
for Mg deposition due to the chemical stability of Mg against
W.I3¢I The cathodic deposition of Mg at tungsten microneedle was
performed by varying the current (Figure 5b). As can be seen,
the deposition at —5 nA requires an overpotential of ~—1.9 V.
This can be attributed to the constriction resistance at the small
MgIMgSP-HSE interface and the resulting iR drop. The cell over-
potential continuously increases during the deposition, e.g., an
overpotential of —8.5 V was reached at ~2 h. We attribute this to
the progressively depleting contact at the anodic (reservoir) in-
terface. To overcome this, the local pressure was increased via
the tungsten microneedle to facilitate contact at MgIMgSP-HSE
interface. The inset in Figure 5a shows an SEM image of the
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Figure 6. a) Schematic illustration for the setup of in situ SEM; b—f) Top-view SEM images of the MgSP-HSE after injecting electrons for different time

durations.

contact spot before plating. We note that the contact spot has
been pre-deposited for 20 s during the attempt to drive a higher
current through the contact (Figure S10, Supporting Informa-
tion). Galvanostatic deposition leads to Mg deposition, as indi-
cated in Figure 5d. From this spot, further plating leads to lat-
eral and conformal growth of magnesium to gradually cover the
crack (arrows for comparison in Figure 5d,e) before the signif-
icant overpotential increase (-9 V) at ~4 h. Figure 5f shows
the final state of the selected area after deposition for ~6 h ac-
cording to the shown galvanostatic profile (Figure 5b). The SEM
image of the deposited spot obtained after tungsten micronee-
dle removal indicates the deposition of an Mg thin film (Figure
S11, Supporting Information). Also, as can be seen in Figure 5D,
changing the applied current during the plating did not impact
the morphology of the plated magnesium. However, sudden cur-
rent increase may give rise to rapid voltage drop (see example at
~1 h where the current was increased from —5 nA to —10 nA).
To figure out the parameters affecting the Mg growth behavior
such as current at different applied pressures, follow-up work is
underway.

Moreover, we performed experiments wherein the deposition
was performed on a single SE particle. In this scenario, the tung-
sten needle is also connected to top of the MgSP-HSE pellet
(Figure 6a). Here, the SEM electron beam (2 nA for 110 min),
as a virtual electrode, was used for Mg?* reduction, while the
tungsten needle was positioned at a close area to mediate contact
at the other side. Figure 6b shows the target area before beam
irradiation. As shown in Figure 6c¢, after 45 min, a bump can
be observed, which induced cracking on the edge of the plated
area within the next 20 min (Figure 6d,e). Afterward, instead of
forming other nucleation spots on the edge out of crack, the re-
duced Mg continues to grow underneath (see EDX images in
Figure S12, Supporting Information), and eventually stimulates
more cracks on top of the particle (Figure 6f), adding evidence of
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the room temperature Mg-ion conduction of the designed solid-
electrolyte.

3. Conclusion

In summary, we report a new NASICON-type material
Mg, ;Sn,(PO,); which shows room temperature Mg-ion con-
ductivity in the range of 10° S cm™!. After impregnating the
SE particles with 20 wt.% of ionic liquid, the room temperature
conductivity of the hybrid solid electrolyte reaches ¢(Mg*) =
1.11 x 10™* S cm™!, with a low activation energy of 0.36 eV.
Reversible and stable Mg plating—stripping at ambient temper-
ature was realized by using the HSE. Surface analysis suggests
good compatibility of the electrolyte with the Mg metal anode.
In addition, the Mg plating was observed for the first time via an
in situ SEM technique, which shows a planar growth behavior.
The presented results contribute to the understanding of Mg
growth in solid-state batteries and hold great promise for further
development of the Mg metal anode.

4. Experimental Section

Materials: ~ Citric acid [Acros Organics, 99%], Mg(CH3;COO),-4H,0
[Alfa Aesar, 98%], SnCl, [Sigma Aldrich, 98%], NH,H,PO, [Alfa Ae-
sar], Magnesium bis (trifluoromethanesulfonyl) imide [Mg(TFSl),, TCI,
>97%), 1-ethyl-3-methylimidazolium bis (trifluoromethanesulfonyl) imide
(EMIM][TFSI], TCI, >98%), Mg foil [ChemPUR 99.98%], Al,O; [Sigma-
Aldrich].

Synthesis of Mgy sSn,(PO,)3: Mgy sSn,(PO4); was prepared by a
sol-gel method. Typically, citric acid (1.9213 g, 10 mmol) as chelat-
ing agent was added into distilled water (150 mL) until fully dis-
solved. Mg(CH;COO), (0.4289 g, 2 mmol), SnCl, (1.5169 g, 8 mmol),
NH4H,PO, (1.3804 g, 12 mmol) with molar ratio of 1:4:6 were added to
the citric acid solution during continuous magnetic stirring. After stirring
for 2 h, the solution was heated up to 90 °C under an oil bath until the
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water got totally vaporized. Then, the solid product was collected and
ground into powder. Subsequently, the powder was sintered at 500 °C for
6 h and at 750 °C for 6 h, respectively, with intermediate grinding. The final
white powder was then obtained after sintering at 800 °C for 12 h.

Preparation of Hybrid Solid Electrolyte: The preparation of hybrid
solid electrolytes was carried out in an Argon-filled glovebox. Firstly, the
Mg(TFSI), powder was dried at 150 °C for 24 h under vacuum before use,
which was then dissolved in [EMIM][TFSI] ionic liquid with a concentration
of 1, at 100 °C. After the powder was completely dissolved, the transpar-
ent ionic liquid solution was cooled down to room temperature before use.
Afterward, the hybrid solid electrolyte powder was obtained by mixing the
Mg 5Sn, (PO,); powder and the above magnesium ionic liquid with dif-
ferent weight ratios through hand-milling in an agate mortar for 20 min
and aged at 60 °C for 4 h. For the control experiment, Al,O; was mixed
with IL with weight ratio of 8:2 at the same condition.

Material Characterization: The powder X-ray diffraction (XRD) pat-
terns were collected on an Empyrean powder diffractometer (Malvern Pan-
alytical Ltd) using Cu K, radiation (4; = 1.5405980 A; 4, = 1.5444260 A)
in reflection geometry. Data were recorded in the 26 range from 10° to
80° with a step size of 0.013° or 0.026°. Rietveld refinement of the pow-
der XRD pattern was carried out with Fullprof software. The reference
structural information such as atomic position was derived from two
NASICON-structured materials, Mgy sTi, (PO,4); (JCPDS #43-0073) and
NaSn, (PO,); (JCPDS #49-1198). Crystal structure illustration was ob-
tained from VESTA software. Scanning electron microscopy images (SEM)
of the powder samples were obtained with a Zeiss Merlin instrument at
an acceleration voltage of 3 kV. X-ray photoelectron spectroscopy (XPS)
was performed on a PHI VersaProbe 4 Scanning ESCA Microprobe (Phys-
ical Electronics) with a monochromatized Al K, source (1486.6 eV). The
X-ray was set to the 100 W high power setting which scans a 100 um spot
over a 1400 pum wide area, thus averaging the signal over a larger area.
For deeper analysis of the F 1s detailed spectra, the X-ray power and beam
diameter were set to 50 W and 200 um, respectively. The samples were
mounted on insulating tape and transferred from an Ar-filled glovebox to
the XPS instrument chamber using an Ar-filled transfer module. The PHI
dual beam charge neutralization consisting of a low current of 10 eV Ar*
ions and a higher current of +2 eV electrons was employed during mea-
surement. The detail spectra were taken with a pass energy of 27 eV and
a step size of 0.2 eV. For N 1s the pass energy was set to 55 eV to com-
pensate for the low concentration. For XPS depth profiling, a sputter gun
with Art ions (acceleration voltage ranges from 0.5 kV to 4 kV) was used
for a sputtered area of 3 x 3 mm?. CasaXPS software was used to analyze
the XPS data, where Shirley-type background correction was applied. Be-
fore fitting, all the peaks were calibrated with respect to the adventitious
carbon (284.8 eV).

Electrochemical Measurements: The electrochemical measurements
were performed with a VMP300 electrochemical workstation from Bio-
Logic Science Instruments SAS. For ionic conductivity measurements, a
two-electrode home-designed battery cell casing was used. In a typical
measurement, 80 mg Mg, sSn, (PO,); or HSE powder was filled in the
PEEK housing with a diameter of 10 mm. Stainless steel stamps were
employed as blocking electrodes. The symmetric cell was then pressed
at 3 tons for 3 min where electrolyte pellets form inside the PEEK hous-
ing. The electrochemical impedance measurements were carried out in the
frequency range from 3 MHz — 100 mHz by applying a 100 mV or 10 mV
amplitude voltage for Mgy 5sSn, (PO,); and MgSP-HSE, respectively. lonic
conductivities were calculated based on the following equation:

M

x| —
>|—

where R is the resistance obtained from fitted result (RelaxIS 3 software,
RHD Instruments, Darmstadt, Germany) from Nyquist plots, while | and
A represent the thickness and area of the electrolyte pellet, respectively.
For temperature dependence measurements, a climate chamber (Weis-
stechnik) was used. Impedance spectra were recorded at different tem-
peratures between 0 °C and 60 °C after being kept at a certain tempera-
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ture for 1.5 h. The activation energy (E,) was determined according to the
Arrhenius equation:

oy E

o =2 ep (-kB—AT) @)

with 64 being the conductivity prefactor. For the Mg plating—stripping mea-
surements, the HSE pellet was first pressed in the same way as the proce-
dures above. Then, Mg foils (@ = 9 mm) polished with a scalpel were put
on both sides of the HSE pellet. Afterward, the cell was again pressed at
3 tons for 1 min. During the electrochemical measurements, a constant
pressure was applied on the cells by using the screw of aluminum frame-
work with 10 N m torque.

Density-Functional ~ Theory ~ Calculation: The properties of the
Mgg 5Sn, (PO,); were studied using periodic density functional the-
ory (DFT),57- as implemented in the Vienna Ab initio Simulation
Package.[®0-62] To account for exchange and correlation the generalized
gradient approximation in the formulation of Perdew, Burke, and Ernzer-
hof (PBE)!53] was used. The electron-core interactions were represented
by the Projector Augmented Wave (PAW)[®4] method. Calculations were
performed with the Brillouin zone sampled using a 4 x 4 x 1 k-point grid
inana=>b=238.80Aand ¢ =21.42 A unit cell containing six formula units.
The electronic structure was converged to 1 x 107> eV, applying a plane-
wave cutoff energy of 550 eV. All formation energies with respect to the
insertion of the Mg atoms were determined with respect to the Mg metal
bulk energy with E,, and E,_; being the energies of Mg, Sn13(POy4),4:

Etorm = En —En1 — EMg 3)

Eform = En -n- EMg (4)
En - En—1 - EMg

Evolt = _f (5)

The migration barriers for bulk diffusion were obtained by applying the
climbing image Nudged Elastic Band (NEB) method.[%’] The calculations
were performed using three distinct images along the pathway toward the
meta-stable intermediate and then mirroring the path to get a full diffusion
event, while all forces on the atoms converged within 0.08 eV AT,

In Situ SEM Measurements: To prepare the solid-state cell inside the
SEM chamber, an HSE pellet (diameter of 10 mm, thickness of ~1 mm)
was first prepared via isostatic press. Then, the pellet was fixed on top of a
magnesium metal foil with a well-polished surface that was used as an Mg-
reservoir and reference electrode, which was attached to a copper tape on
the sample holder; on the other side of HSE pellet, a tungsten needle oper-
ated by a micromanipulator (prober module, Kammrath & Weiss GmbH)
was connected. To avoid air contamination, the samples were transferred
from the Ar-filled glovebox to SEM chamber via a Leica transfer module
(EM VCT 500). By driving current via a potentiostat (Bio-Logic, VMP200),
the tungsten needle could act as micro working electrode for the reduction
spot of Mg?+. At different states of charge, SEM pictures were taken at an
acceleration voltage of 4 kV. When using an electron beam from the SEM
column to inject electrons, the current was set to 2 nA.

Supporting Information

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