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Unlocking Four-electron Conversion in Tellurium Cathodes for
Advanced Magnesium-based Dual-ion Batteries

Ahiud Morag®, Xingyuan Chu’, Maciej Marczewski, Jonas Kunigkeit, Christof Neumann,
Davood Sabaghi, Grazyna Zofia Zukowska, Jingwei Du, Xiaodong Li, Andrey Turchanin,
Eike Brunner, Xinliang Feng,* and Minghao Yu*

Abstract: Magnesium (Mg) batteries hold promise as a
large-scale energy storage solution, but their progress
has been hindered by the lack of high-performance
cathodes. Here, we address this challenge by unlocking
the reversible four-electron Te%Te*" conversion in
elemental Te, enabling the demonstration of superior
Mg//Te dual-ion batteries. Specifically, the classic mag-
nesium aluminum chloride complex (MACC) electrolyte
is tailored by introducing Mg
bis(trifluoromethanesulfonyl)imide (Mg(TFSI),), which
initiates the Te%Te*" conversion with two distinct
charge-storage steps. Te cathode undergoes Te/TeCl,
conversion involving Cl™ as charge carriers, during which
a tellurium subchloride phase is presented as an
intermediate. Significantly, the Te cathode achieves a
high specific capacity of 543 mAhg;, ' and an out-
standing energy density of 850 Whkgr, !, outperforming
most of the previously reported cathodes. Our electro-
lyte analysis indicates that the addition of Mg(TFSI),
reduces the overall ion-molecule interaction and miti-
gates the strength of ion-solvent aggregation within the
MACC electrolyte, which implies the facilized Cl-
dissociation from the electrolyte. Besides, Mg(TFSI), is
verified as an essential buffer to mitigate the corrosion
and passivation of Mg anodes caused by the consump-
tion of the electrolyte MgCl, in Mg//Te dual-ion cells.
These findings provide crucial insights into the develop-

ment of advanced Mg-based dual-ion batteries. )

Introduction

The rapidly expanding battery market, covering portable
electronics, electric mobility, and stationary energy storage,
underscores the need for next-generation batteries that offer
a blend of safety, affordability, durability, and high energy
density.'*) Among diverse emerging alternatives, recharge-
able magnesium (Mg) batteries stand out owing to the
utilization of resource-abundant Mg metal anodes, which
feature a high specific capacity (2,205mAhg™! and
3,832 mAhcm™), low stripping/plating potential (—2.37 V
vs. standard hydrogen electrode (SHE)), and absence of
dendrite formation.**) While notable progress has been
achieved in formulating ethereal electrolytes that facilitate
facile Mg stripping/plating,*”® the advancement of Mg
batteries is still hampered by the lack of high-performance
cathodes. For instance, intercalation-type cathode materials,
exemplified by Chevrel-phase MogSg (110 mAhg™', 1.1 V vs.
Mg) and Ti,S, (200 mAhg™', 1.2V vs. Mg)," typically
exhibit insufficient capacity and operating voltage. Conver-
sion-type cathodes offer much higher specific capacities in
comparison with intercalation-type cathodes, such as CoS
(360 mAhg™", 0.9V vs. Mg),™ CuS (440 mAhg™, 1.2V vs.
Mg),™ and S (1081 mAhg™, 1.1V vs. Mg).'>!%l However,
conversion-type cathodes often suffer from sluggish reaction
kinetics and significant charge/discharge polarization at even
a low current density. Besides, emerging coordination-type
organic compounds with decent specific capacities present
potential use as Mg battery cathodes, such as polyanthraqui-
nonylsulfide (PAQS, 149 mAhg™', 1.3V vs. Mg),'"”! polyan-
thraquinone (P14AQ, 194 mAhg™, 1.3V vs. Mg),"® and
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pyrene-4,59,10-tetraone  (PTO, 315mAhg™?, 21V vs.
Mg)."! Nevertheless, owing to their low conductivity, a large
content of non-active conducting agents is normally required
for the electrode preparation to achieve adequate rate
performance, which remains a severe issue limiting the
practical application of organic cathodes. Overall, the
primary reason for the unsatisfactory performance of
previously reported cathodes lies in the divalent Mg**
charge carriers with a giant charge density (120 Cmm™),
over double that of Li* (54 Cmm™)." This high charge
density further results in strong interactions between Mg**
and its surroundings, including binding with electrolyte
anions/solvent molecules and repulsive forces with the
cathode host.”™? Consequently, these intricate interactions
pose considerable kinetics challenges in cathode electro-
chemistries, such as large energy barriers requested for
Mg*" desolvation/dissociation at the cathode/electrolyte
interface and sluggish solid-state Mg>" diffusion within the
cathode host.

A promising approach to bypassing the problematic
issues of Mg”" charge carriers is to utilize anions in the
electrolyte as the cathode charge carriers, constructing Mg
batteries based on the dual-ion battery configuration.”” The
dual-ion battery concept has been successfully applied to
other multivalent metal batteries, employing either multi-
atom anions (such as hexafluorophosphate,
bis(trifluoromethanesulfonyl) imide,
bis(fluorosulfonyl)imide, and tetrachloroaluminate anions)
or halogen anions for cathode electrochemical reactions.”**"!
Typically, these anions show much less charge density than
multivalent cations, enabling desirable cathode reaction
kinetics. A representative example that has been imple-
mented in multivalent Zn, Ca, and Al batteries is the
graphite cathode, which enables high-rate and reversible
intercalation of various multi-atom anions.?*?’?*! However,
the anion-intercalation electrochemistry of graphite requires
a high operating potential (up to 2.1 V vs. SHE), which is
incompatible with the anodic stability (less than 1.2V vs.
SHE) of typical ethereal electrolytes used in Mg batteries.
Several p-type redox organic compounds, such as
phenazine,”  polytriphenylamine ~ (PTPAn),”?"  and
organosulfur,”™ are also able to reversibly accommodate
anions. However, so far, only PTPAn has been successfully
extended to Mg batteries, showing a limited specific
capacity.”” Recently, anion-involved (AICl,~ or CI7) Te/
Te'" conversion has been demonstrated in Al batteries with
the AICl/1-ethyl-3-methylimidazolium chloride
electrolyte®™ and Zn batteries with 1-butyl-3-meth-
ylimidazolium chloride/ ethylene glycol/ ZnCl, electrolyte.™”
In principle, this conversion electrochemistry holds great
potential for advanced Mg//Te dual-ion batteries, given the
excellent electronic conductivity of Te,” high theoretical
specific capacity for anion storage (840 mAhg;. '), and
appropriate redox potential (—0.56-0.84 V vs. SHE).P? It is
evident that electrolytes play a crucial role in realizing
desirable Mg//Te dual-ion batteries by providing favorable
anion species without compromising the Mg stripping/
plating capability. Nevertheless, the field of Mg batteries still
lacks suitable electrolyte designs for such a promising dual-
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ion configuration, as early studies primarily focused on the
dynamic behaviors of Mg?*, with a limited understanding of
anion behavior.

In this study, we unlock the reversible four-electron Te"/
Te*" conversion in elemental Te by tailoring the classic
magnesium aluminum chloride complex (MACC) electro-
lyte, and demonstrate superior Mg//Te dual-ion batteries
(Figure 1). The Te%Te*" conversion is initiated through the
introduction of Mg bis(trifluoromethanesulfonyl)imide (Mg-
(TFSI),) into the MACC electrolyte (denoted MACC-
TFSI), presenting two distinct charge-storage steps. Impor-
tantly, the Te electrode achieves a high specific capacity of
543 mAhgr. ' at 0.4 Agr.' and an outstanding energy
density of 850 Whkgr, !, which outperforms the majority of
reported Mg -based intercalation-type/conversion-type Mg
battery cathodes and anion-involved Mg battery cathodes.
With X-ray photoelectron spectroscopy (XPS) and X-ray
absorption spectroscopy (XAS), we unveil that the Te
cathode undergoes the Te/TeCl, conversion reaction with
Cl™ as desirable charge carriers, and a tellurium subchloride
phase is generated as the redox intermediate. Our assess-
ment of MACC and MACC-TFSI electrolytes highlights
that the addition of Mg(TFSI), reduces the overall ion-
molecule interaction and mitigates the strength of ion-
solvent aggregation within the electrolyte. This observation
indicates the facilized Cl~ dissociation from the electrolyte,
especially from the AICI,~ species, thus accounting for the
initiation of Te%Te*" conversion in MACC-TFSI. Addition-
ally, our study verifies that Mg(TFSI), serves as an effective
buffer to mitigate the corrosion and passivation of Mg
anodes caused by the consumption of the electrolyte MgCl,
in Mg//Te dual-ion cells.

Results and Discussion

To trigger the Te”Te*! conversion, we selected the classic
MACC electrolyte, which comprises 0.5 M MgCl, and 0.5 M
AICl; dissolved in dimethoxyethane (DME). MACC is
known to generate electro-active species, namely MgCl*
and AICI,” in equilibrium with MgCl, and AICL.P It allows
favorable Mg stripping/plating with anodic stability of
~330V vs. Mg/Mg*>* (equal to ~0.93V vs. SHE).¥!
However, the Te electrode fails to exhibit pronounced Te"/
Te** conversion in MACC, evidenced by the galvanostatic
charge—discharge (GCD) curves measured in a two-elec-
trode Mg//Te Swagelok cell with a glass fiber separator
(Figure S1). The GCD curves show a mostly sloped shape
with a limited specific capacity (<30 mAhg™"). Considering
the compatible anodic stability of MACC with the Te’/Te**
conversion, we speculated that the negligible Te’/Te*"
conversion was associated with the limited reaction kinetics,
which could originate from the bulky and multi-atom of
AlCl,” anionic species. The direct involvement of AICl,~
anions as charge carriers or the dissociation of Cl” from
AICl,~ could raise a giant kinetics barrier for the Te%Te*"
conversion. In this respect, facilitating the dissociation of
single-atom CI~ from the MACC electrolyte might offer
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Figure 1. Schematic illustration of Mg//Te cells with the MACC electrolyte (left) and the MACC-TFSI electrolyte (right).

opportunities to realize reversible Te”/Te*" conversion with
a high specific capacity and energy density.

The key to dissociating CI~ from MACC lies in breaking
the formation equilibrium of MgCl* and AICI,", while the
capability of facile Mg stripping/plating should not be
compromised. With this consideration in mind, we intro-
duced guest anion species into MACC by adding Mg(TFSI),.
Figure 2a and Figure S2 display the 2™-cycle GCD curves of
the Mg//Te cells with a voltage window of 0.4-3.1V at
200 mA gr, ' in the MACC electrolytes added with different
concentrations of Mg(TFSI),. Obviously, two pairs of
charge/discharge plateaus at 1.0-14V and 2.0-2.7V are
unlocked for the Mg//Te cell, and the specific capacity
reaches a maximum (around 135 mAhg ) with a Mg(TFSI),
concentration of 0.5M (i.e., MACC-TFSI). In addition, the
Mg//Te cell with the 0.5M MgCl, +0.5M Mg(TFSI),
electrolyte was also assessed. As displayed in Figure S3, the
Mg//Te cell still exhibits two charge plateaus at around 1.4
and 2.8V vs. Mg/Mg”", indicating the two-step Te’/Te*"
conversion. However, the discharge curve shows only one
dominant plateaus at 0.7-1.3 V vs. Mg/Mg**, reflecting a
substantial charge/discharge polarization of the cell.

Notably, the addition of Mg(TFSI), into MACC would
promote the Mg stripping/plating performance,” ! which is
evidenced by the electrochemical evaluation of MACC and
MACC-TFSI. Specifically, the anode stripping/plating was
assessed in an asymmetric Mg//Pt cell by the cyclic
voltammetry (CV) measurements, which indicate the consid-
erably higher current density of MACC-TFSI in comparison
with MACC (Figure 2b). Furthermore, the on-set potential
of Mg deposition in MACC-TFSI is determined to be
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—0.18 V vs. Mg/Mg*", which is only 0.05 V lower than that
in MACC (Figure S4). Unlike MACC with double Mg
deposition peaks, MACC-TFSI displays only a single
deposition peak, which indicates the suppression of irrever-
sible Al deposition in MACC-TFSL®! The GCD measure-
ments in symmetric Mg/ Mg cells further validate the
desirable Mg stripping/plating kinetics of MACC-TFSI with
low voltage polarization (Figure S5) and long-term cyclabil-
ity (Figure 2c). At 0.1 mAcm 2 and 0.1 mAhcm 2, MACC-
TFSI allows stable Mg stripping/plating with a small polar-
ization of 0.12 V for 200 hours. When the current density
and areal capacity for the cycling test were set as
1.0mAcm™? and 1.0 mAhcm™, the Mg stripping/plating
polarization slightly increased to 0.20 V (Figure S6). Besides,
the anodic stability of MACC-TFSI (3.3 V vs. Mg/Mg*") is
also slightly higher than that of MACC (3.2 V vs. Mg/Mg*"),
which was confirmed by the floating voltage test in
asymmetric Mg//W cells (Figure S7).

Apparently, MACC-TFSI plays an essential role in
triggering the Te conversion without the sacrifice of facile
and durable Mg stripping/plating. However, the specific
capacity of the Te electrode remains low compared with the
theoretical value (840 mAhg;, ' for Te%Te*" conversion)
and also decays rapidly (10 mAhgy, " after 20 cycles, Fig-
ure S8). For further improvement, we adopted a graphite
oxide (GO)-coated glass fiber separator. GO has found
extensive use in modifying battery separators, effectively
addressing the shuttling issue common in conversion-type
cathodes.** The polarized functional groups densely
present on the GO surface are expect to adsorb soluble Te-
species,! mitigating rapid capacity decay resulting from
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Figure 2. Electrochemical performance of the Mg//Te dual-ion battery. a) GCD curves of Mg//Te cells in the MACC electrolytes added with different
concentrations of Mg(TFSI),. Pristine glass fiber separators were used. b) CV curves obtained from Mg//Pt cells using the MACC and MACC-TFSI
electrolytes at a scan rate of 25 mVs™'. ) Galvanostatic Mg stripping/plating in Mg//Mg symmetric cells with the MACC-TFSI electrolyte at

0.1 mAcm™ and 0.1 mAhcm™ d) GCD curves of the Mg//Te cell with the MACC-TFSI electrolyte at various current densities. A GO-covered glass
fiber separator was used. e) Ragone plots presenting the energy density and power density of the Te electrode in comparison with recently reported
Mg battery cathodes. All the calculations are based on the mass of active cathode materials. f) Cycling performance of the Mg//Te cell using the

MACC-TFSI electrolyte at 2.0 Agy, ™.

active material loss. As expected, the Mg//Te cell with the
MACC-TFSI electrolyte after several-cycle activation
achieves a high discharge capacity of 543 mAhg;. ' at a
current density of 0.4 Agy. ' (Figure 2d). Moreover, a high
specific capacity of 356 mAhg;, ' was maintained when the
current density reaches 2.0 A gr.~'. The effective role of the
GO-coated separator in inhibiting the loss of active Te-
species was verified by the scanning electron microscopy
(SEM) images of the Te electrode after 10 charge/discharge
cycles (Figure S9). By contrast, the GO-coated separator
does not improve the performance of the Mg//Te cell with
the MACC electrolyte (Figure S10). This result supports
that the high specific capacity of the Mg//Te cell with the
MACC-TFSI electrolyte is mainly attributed to the facili-
tated Te"/Te*" conversion, instead of the GO-coated separa-
tor.

Based on the discharge curve of the Mg//Te cell with the
MACC-TFSI electrolyte, the energy density and power
density of the Te electrode are derived and compared with
the recently reported cathode materials for Mg batteries

Angew. Chem. Int. Ed. 2024, 202401818 (4 of 10)

(Figure 2e¢ and Table S1). Significantly, the Te electrode
achieves a maximum energy density of 850 Whkgr, ™!, which
is comparable with the reported ‘holy-grail’ conversion-type
S cathode with Mg>* charge carriers (876 Whkgg™").'! It’s
worth emphasizing that the Te electrode achieves its
maximum energy density at a power density of 630 Wkgy, ',
which is 5.6 times higher than the reported power density
for the S cathode (112 Wkgs™'). This desirable high-power
feature of the Te electrode could be attributed to the
involvement of anion charge carriers, which promotes the
conversion kinetics compared with Mg®" as charge carriers.
Besides, the energy density of the Te electrode substantially
surpasses the recently reported intercalation-type (e.g.,
451 Whkg™' for MgMnO,® 277 Whkg™' for VOPO,*!
240 Whkg! for Ti,S,' 173 Whkg' for expanded VS,
(ExVS,)," 156 Whkg™' for expanded TiS, (ExTiS,),*
127 Whkg™ for TiO,"* 110 Whkg™' for Mo,Ss ") and
88 Whkg™' for MoS,).” conversion-type (e.g., 366 Whkg™
for iodine,* 321 Whkg™" for CoS," and 520 Whkg™" for
CuS),™ organic cathode (such as 455 Whkg™' for PTO,™
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196 Whkg™' for PAQS," and 257 Whkg™' for P14AQM!
and anion-storage cathodes (e.g., 315Whkg' for
PTPAn).” Additionally, with the GO-coated separator, the
Te electrode exhibits decent cyclability compared to the
typical conversion-type electrodes (Figure 2f). After
100 charge/discharge cycles at 2.0 Agy. ', the Te electrode
can maintain a specific capacity of 280 mAh gy, ~'. Moreover,
a specific capacity of 308 mAhgy,~' was retained after
100 GCD cycles at 1.0 Agy, ' (Figure S11). The observed
decline in cycling capacity could result from several factors,
such as incomplete inhibition of Te-species dissolution,
structural collapse accelerated by the significant volume
change during the conversion reaction, and anode passiva-
tion caused by the dissolved Te-species. Further improve-
ment in cyclability could be anticipated by exploring
advanced Te-based hybrids and constructing a suitable
electrode/electrolyte interphase to confine active Te species,
which warrants further exploration in future research.

To elucidate the conversion mechanism of Te in MACC-
TFSI, XPS was conducted to monitor the chemical states of
Te at different charge states. At the fully discharged state
(0.4 V vs. Mg/Mg*"), the Te 3d XPS spectrum exhibited two
sharp peaks at 583.7eV and 573.3 eV (Figure 3a), corre-
sponding to the characteristic 3d;, and 3ds, peaks of Te’,
respectively.’'*? These peaks aligned with the Te 3d XPS
peaks detected in the initial Te electrode (Figure S12),
confirming elemental Te as the final discharge product.
Importantly, no Te?  species were observed in the fully
discharged electrode,®! which can be attributed to the
sluggish kinetics of the Mg’"-involved conversion, including
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large dissociation energy barriers and slow solid-state
diffusivity of Mg?*.*! Upon charging the Te electrode to
1.5V vs. Mg/Mg®", an intermediate state between the two
charge plateaus of Te, characteristic 3d;, and 3ds, peaks of
Te*" at 585.8 eV and 574.5eV were detected. These two
peaks imply the formation of metastable tellurium subchlor-
ides, in which partial Te atoms in the Te chain bind with two
chlorine atoms axially, like the Te;Cl, structure.! Addi-
tional Te'" peaks at 587.7e¢V and 577.3eV were also
observed, which could come from the oxidation of active
Te”" species once exposed to air.”” Further charging the Te
electrode to 3.1V vs. Mg/Mg”" led to a significant increase
in the intensity of Te*" peaks. These XPS results signify that
the Te%Te*" conversion serves as the dominant Faradaic
reaction, enabling the high specific capacity of the Te
electrode.

Additionally, the Te”Te*" conversion is supported by
the X-ray absorption near-edge structure (XANES) analysis
of the Te electrodes in comparison with standard references
(i.e., Te, TeO,, TeCl,, and ZnTe). As shown in Figure 3b,
the discharged Te electrode shows almost the identical Te
K-edge spectrum shape with standard Te reference. The
absence of Te?” in the discharged electrode was evidenced
by the fact that Te* (ZnTe reference) has considerably
higher edge energy than Te’ (Te reference, Figure 3c).
Along with charging to 3.1V vs. Mg/Mg>*, the Te K-edge
XANES shows a gradually increased edge peak at 31,800 eV
(Figure 3b), which agrees well with the spectrum evolution
trend from Te” (Te reference) to Te'" (TeCl, and TeO,
references) shown in Figure 3c.

a b

3.1V vs. Mg/Mg®*

Tet : | #+—Peak of Te*
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----- 3.1V vs. Mg/Mg®*
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Figure 3. Te cathode charge species. a) Te 3d core level XPS spectra of the Te electrode at 0.4 V, 1.5V, and 3.1V vs. Mg/Mg’*. b) Te K-edge XANES
spectra of the Te electrode at 0.4 V and 3.1 V vs. Mg/Mg”" in comparison with Te reference. c) Te K-edge XANES spectra of Te, ZnTe, TeCl, and
TeO, references. Wavelet-transformed Te K-edge EXAFS of the Te electrode at d) 0.4 V and e) 3.1V vs. Mg/Mg*".
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To further elucidate the fully charged and discharged
products, we probed into the local coordination environ-
ment of Te with extended X-ray absorption fine structure
(EXAFS). The wavelet transform (WT) analysis on the k*
weighted EXAFS data with a 2D representation in R and k
spaces was conducted for the fully discharged and charged
Te electrodes, as well as standard references. Specifically,
the fully discharged Te electrode exhibits the WT maxima
position at R=2.75 A (Figure 3d), which refers to the
Te—Te scattering as observed in Te reference (Figure S13).
Moreover, the EXAFS result of the fully discharged Te
electrode can be well fitted with only Te-Te path (as in
elemental Te, space group: P3,21) with a coordination
number (N) of 2 (Figure S14 and Table S2). Meanwhile, the
dominant WT maxima position of the fully charged Te
electrode appears at R=2.15 A (Figure 3¢), which aligns
with the Te—Cl path from TeCl, reference (Figure S13).
Accordingly, the EXAFS spectrum of the fully charged Te
electrode was well fitted with three coordination paths
(Figure S14 and Table S3), including Te—Te as in elemental
Te, Te—O as in crystalline TeO, (space group: P2,2,2;), and
Te—Cl as in crystalline TeCl, (space group: C2/c). The
presence of Te-Te and Te—O could be attributed to the
unconverted Te and inevitable hydrolysis of TeCl, upon
exposure to air, respectively.

All the above analyses manifest a two-step Te%/Te*"
conversion mechanism, where elemental Te and TeCl, serve
as the discharge and charge products, respectively. The
intermediate state is estimated to be a tellurium subchloride
like Te;Cl,, the only acknowledged metastable phase of
tellurium chloride aside from TeCl,. This two-step conver-

job)
)

O MACC
MACC-TFSI

——DME

Intensity (a.u.)
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sion mechanism was also verified by the calculated Gibbs
free energy (Figure S15), in which a potential gap of 1.0V
was observed between the Te/Te;Cl, conversion and the
Te;Cl,/TeCl, conversion. This potential gap agrees well with
that of the two plateaus in the GCD curves of the Te
electrode. Therefore, the anode, cathode, and the overall
reactions of the Mg//Te cell can be described as equation (1-
3).

Anode reaction : Mg>" +2e” «— Mg 1)
Cathode reaction : Te +4Cl™ — TeCl, +4 ¢ 2)
Overall reaction : Te +2 MgCl, «— 2Mg + TeCl, 3)

Apparently, CI~ anion dynamics in the electrolyte plays
a pivotal role in triggering the reversible Te/TeCl, con-
version. We first carried out wide-/small-angle X-ray scatter-
ing (WAXS/SAXS) measurements to understand the micro
species in the MACC and MACC-TFSI electrolytes. In the
WAXS result (Figure 4a), the scattering vector (g) ranges
from 6 to 30 nm™', which covers the characteristic distance
(d) from 10.5 to 1.05 A based on equation (4). The peak at
g=15.4nm™" of both MACC and MACC-TFSI comes from
free solvent molecules (i.e., DME), which can be confirmed
by the spectrum of pure DME. The peak refers to a
characteristic intermolecular distance of 4.1 A for DME."!
In MACC, the addition of salts triggers the distribution of
molecules by forming solvated anion/cations and ion pairs.*
Thereby, an additional peak at g=10.9 nm™' was detected,
corresponding to the intermolecular distance (5.7 A) of
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Figure 4. Electrolyte characterizations. a) WAXS and b) SAXS profiles of MACC and MACC-TFSI. Representative AlCl, -containing clusters in c)
MACC and d) MACC-TFSI derived from the snapshots through AIMD simulations. e) Raman and f) Al NMR spectra of MACC and MACC-TFSI.
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these solvated species. After the addition of Mg(TFSI),, a
noticeable increase in intensity is observed for the peak at
g=10.9 nm™', accompanied by a decrease in intensity of the
peak at ¢g=15.4nm™". This finding signifies an increase in
solvated species and a reduction in free solvents within
MACC-TFSI when compared with MACC. Meanwhile,
SAXS spectra with g ranging from 0.1 to 5 nm ' indicate the
intramolecular scattering with the characteristic distance
from 62.8 nm to 12.5 A (Figure 4b). In 0.3 <g <5 nm™", pure
DME shows a flat plateau, manifesting the random distribu-
tion of molecules in the liquid. By contrast, dramatic uplift
was observed for MACC and MACC-TFSI in this g range,
corresponding to the formation of large-size ion-solvent
aggregates. In comparison with MACC, MACC-TFSI shows
a signal shift towards higher g values with a lower scattering
distance. This finding indicates that the addition of Mg-
(TFSI), could weaken the overall ion-molecule interaction
and mitigate the ion-solvent aggregation strength. According
to the classic Stokes—FEinstein equation, which describes an
inverse relationship between the diffusion coefficient and
particle radius, small ion-solvent aggregates could benefit
the fast transport and dissociation of Cl” from the
electrolyte. [

d=2n/q )

Next, we put our emphasis on analyzing the AICIl,~
species in MACC and MACC-TFSI, as it is the main anion
species in the two electrolytes. Using ab initio molecular
dynamics (AIMD) simulations (Figure S16), we derived the
representative clusters that contain AICl,~ in MACC (Fig-
ure 4c) and in MACC-TFSI (Figure 4d). AICl,~ of MACC-
TFSI is involved in a smaller ion-solvent aggregate in
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comparison with AICl,” in MACC, which agrees with the
indication from the SAXS analysis. Furthermore, we
collected Raman spectra of MACC and MACC-TFSI (Fig-
ure S17). Figure 4e zooms into the characteristic AlCl,~
peak at ca. 346.8 cm™' (A, symmetric stretching). It is found
that the AICl,~ peak of MACC-TFSI splits into two
shoulder peaks due to its surrounding interaction change by
the addition of Mg(TFSI),. Besides, Al NMR spectra
(Figure 4f and Figure S18) manifest a downfield shift of the
characteristic AICl,~ peak in MACC-TFSI (103.5 ppm)
compared with the AICl,~ peak in MACC (103.4 ppm). This
observation indicates that the electron density decreases
around the Al atom in AICl,~ in MACC-TFSL>¥ which
points to the promoted Cl dissociation from AICIl, in
MACC-TFSI.

We further probed into the Mg anode of Mg//Te cells to
understand the effect of Te”Te*" conversion on the Mg
anode, considering the consumption of MgCl, salt in the
electrolyte during battery charging (equation (3)). Both
Mg//Te cells with MACC and MACC-TFSI were cycled for
10 charge/discharge cycles at 200 mA gr. ', and their Mg
anodes were subjected to the SEM and energy-dispersive X-
ray (EDX) spectroscopy analyses. Notably, the Mg anode in
MACC shows an aggressive corrosion issue with a large
number of voids visualized on the surface (Figure 5a).
Surface passivation by irreversible Al deposition appears as
another critical concern, which can be identified by EDX
elemental mapping (Figure 5b). The quantified Al/Mg
atomic ratio reaches 10% on the Mg anode surface (Fig-
ure S19). Moreover, compared with Mg electrode of Mg//Mg
symmetric cell after 10 stripping/plating cycles at 0.1 mA g™!
and 0.1 mAhg' (Figure S20), both corrosion and Al
passivation issues become more serious. We should also

e
—— 1 MAICI,
1™ AIC|3 +05M Mg(TFSI)Z
40 30 20 10 0

27Allppm

Figure 5. Analysis of Mg anode in Mg//Te dual-ion cell. a) SEM image and b) EDX elemental mapping (Al, Mg) of the Mg anode surface from Mg//
Te cell with MACC electrolyte after 10 charge/discharge cycles at 200 mAg;.™". c) SEM image and d) EDX elemental mapping (Al, Mg) of the Mg
anode surface from Mg//Te cell with MACC-TFSI electrolyte after 10 charge/discharge cycles at 200 mA gy . e) Al NMR spectra of 1 M AlC, in

diglyme and 1 M AICl;+0.5 M Mg(TFSI), in diglyme.
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mention that the accelerated effects cannot be simply
associated with the side electrolyte decomposition on the Te
cathode, which can be evidenced by a control floating test in
the Mg//W cell (Figure S21). Instead, the Te’/Te*" conver-
sion accelerated the side effects of Mg anode in MACC due
to the consumption of MgCl, in the electrolyte during cell
charging. The MgCl, consumption breaks the equilibrium of
equation (5), leading to the presence of excessive Lewis-
acidic AICl; and enhanced corrosive ability of MACC.**
Besides, the excessive AlCl; could generate active AICI,™
through equation (6) and intensify the Al passivation.>>!

AICL, + MgCl, < AICl,~ + MgCl* (5)

2AICL « AICI,~ + AICL* (6)

Compared with MACC, MACC-TFSI can substantially
mitigate the corrosion and passivation issue on the Mg
anode in Mg//Te cell. The surface of the Mg anode after
10 cycles at 200 mA g~ appears relatively flat and homoge-
neous (Figure 5c), while the Al/Mg atomic ratio is only 4 %
(Figure 5d and Figure S22). To understand the effect of the
added Mg(TFSI), on stabilizing the excessive AICl;, we
prepared two control electrolytes, namely 1M AIClL; in
diglyme and 1 M AICL;+0.5 M Mg(TFSI), in diglyme. Fig-
ure 5e and Figure S23 compare the characteristic 2’ Al NMR
signal at 24.8ppm for AICL* in both electrolytes.™
Compared with 1 M AlCl;, the Mg(TFSI), addition causes
apparent signal broadening as observed for AlCl,(amide),
species,”” which implies the formation of AICL,*-TFSI~
aggregates in 1 M AICl;+0.5 M Mg(TFSI),. These findings
suggest the buffer effect of Mg(TFSI), on stabilizing the
excessive AICl; in MACC-TFSI, particularly the formed
active AICl," species, thereby effectively mitigating the
corrosion and Al passivation of Mg anode.

Conclusion

In summary, we have demonstrated a novel Mg//Te dual-ion
battery by unlocking the reversible four-electron Te%Te**
conversion in elemental Te. This was achieved by tailoring
the classic MACC electrolyte with Mg(TFSI), to initiate the
two-step conversion of Te. Importantly, the Te electrode
achieved a high specific capacity of 543 mAhg;, ' and an
outstanding energy density of 850 Whkgy, ', outperforming
the majority of reported Mg?*-based intercalation-type and
conversion-type cathodes, as well as anion-involved cath-
odes for Mg-based batteries. It was revealed that the Te
cathode underwent the Te/TeCl, conversion reaction with
Cl™ as charge carriers, and a tellurium subchloride phase
was generated as a redox intermediate. Furthermore, the
analysis of MACC and MACC-TFSI indicated that the
addition of Mg(TFSI), reduced the overall ion-molecule
interaction and weakened the strength of ion-solvent
aggregation. These changes could promote the Cl~ dissocia-
tion from the electrolyte species, particularly from AICI,",
accounting for the initiation of Te’Te*" conversion in
MACC-TFSI. Moreover, Mg(TFSI), in MACC-TFSI was
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revealed as an effective electrolyte buffer to mitigate the
corrosion and passivation of Mg anodes caused by the
consumption of the electrolyte MgCl, in Mg//Te dual-ion
cells. All these findings provide immense insights into the
development of high-performance magnesium-based dual-
ion batteries.
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MgCl*

ACL

ACI~

TFSI-

Mg/iTe dual-ion battery

In a magnesium aluminum chloride Mg/ /Te dual-ion batteries. The Mg-
complex electrolyte with Mg(TFSI), addi-  (TFSI), additive is uncovered to play a
tive, a four-electron Te®/Te** conversion  crucial role in facilitating Cl~ dissocia-

is initiated in elemental Te, enabling the  tion and mitigating corrosion and passi-
demonstration of high-performance vation of Mg anodes.
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