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Addressing the Sluggish Kinetics of Sulfur Redox for

High-Energy Mg-S Batteries

Zhenyou Li,* Alexander Welle, Smobin Vincent, Liping Wang, Stefan Fuchs, Sibylle Riedel,
Ananyo Roy, Dasari Bosubabu, Juan Maria Garcia-Lastra, Maximilian Fichtner,

and Zhirong Zhao-Karger*

A key challenge for practical magnesium—sulfur (Mg—S) batteries is to
overcome the sluggish conversion kinetics of sulfur cathodes, achieving a
high energy density and long-lasting battery life. To address this issue, a
doping strategy is demonstrated in a model Ketjenblack sulfur (KBS) cathode
by introducing selenium with a high electronic conductivity. This leads to a
significantly enhanced charge transfer in the resultant KBS,_, Se, cathodes,
giving rise to a higher S utilization and less polysulfide dissolution. Compared
to the bare S cathode, the S-Se composite cathodes exhibit a higher capacity,
smaller overpotentials, and improved efficiency, serving as better benchmark
compounds for high-performance Mg-S batteries. First principles calculations
reveal a charge transport mechanism via electron polaron diffusion in the
redox end-products, that enhances the reaction kinetics. By suppressing
polysulfide dissolution in the electrolyte, the use of the KBS,_, Se, cathodes
also enables a more uniform anode reaction, and thereby significantly extends
the cyclability of the cells. To improve the performance, further efforts are
made by implementing a Mo,S; modified separator into the cell. With an
optimized cathode composition of KBS 3¢ Se, 14, the cell applying modified
separator shows an improvement of capacity retention by >50% after 200

1. Introduction

Magnesium-—sulfur (Mg—S) batteries that
couple an elemental S cathode with a Mg
metal anode have attracted increasing re-
search interest, due to their high theo-
retical energy density (3221 Wh L' and
1684 Wh kg™') as well as wide availabil-
ity of the electrode materials.l'l A criti-
cal issue related to the S redox reaction
in Mg-S batteries is its sluggish conver-
sion kinetics due to the low electronic
conductivity of S and MgS.[?l The kinetic
hindrance leads to large voltage hystere-
sis upon charge and discharge, but also
alow S utilization and therefore smaller
capacity compared to the theoretical
value.’)] Mixing S with conductive car-
bon can effectively promote charge trans-
fer in the electrode.[*] However, as carbon
does not conduct Mg?* 1] ionic transport
within the electrode is meanwhile nega-

cycles.

tively affected. To ensure sufficient Mg?*
mobility, the ionic pathway should be
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shortened. This was normally achieved by reducing the S
to carbon ratio or S loading in the electrode, which leads to
low practicality; whereas increasing these parameters would
significantly reduce the performance of the Mg-S$ batteries.2>°]

Targeting at practical Mg—S batteries, kinetic improvement
strategies that enhance the conversion and reversibility of S re-
dox with no need of large amount of carbon are desired. Efforts
made in this direction include introducing additives to the S cath-
ode, such as copper (Cu), either in the form of nanoparticles!”!
or as the current collector, 81 which could change the conver-
sion pathway of S by forming kinetically more favorable copper
(I) sulfide (Cu,S).°! However, a detailed investigation revealed
that the beneficial effect of Cu was only achieved under the con-
dition of a low S and Cu loading.l”) Another effective strategy
was proposed to employ solvents with a high donor number in
electrolytes, which could promote the solubility of the Mg sul-
fide species, enabling fast conversion reactions in solution.!*"]
However, the compatibility issue of such solvents with Mg anode
and the high concentration of polysulfide in the electrolyte make
it challenging to transfer this concept to a conventional full-cell
setup.

In the light of the advancement of lithium-sulfur batteries,
selenium (Se) could be considered as a promising cathode ad-
ditive to Mg—S systems. As a chalcogen element, Se is electro-
chemically active, and having an electronic conductivity which
is >20 orders of magnitude higher than S (1 x 102 S m™
for Se vs 5 x 1072 S m™').['?] Notably, Se is miscible with
S to form a large variety of heterocyclic S-Se compounds.[*?!
Therefore, the Se doping enables molecular engineering of
the Sg ring, which facilitates S redox by improving its bulk
conductivity." While this strategy was successfully demon-
strated in Li-S batteries, it remains to be explored in Mg-S
systems. 3]

In this work, we investigated the impact of Se doping on the
conversion of S in Mg-S batteries, by preparing a series of S-Se
compounds and studying their redox behavior in the presence
of Mg?*. Electrochemical tests of model Ketjenblack/S-Se com-
posite (KBS, _,Se,) cathodes demonstrated an enhanced redox ki-
netics as evidenced by a higher achievable capacity, more promi-
nent discharge plateaus, smaller overpotential and less severe
overcharging. Among them, the KBS, 4Se;,, cathode showed
superior performance, in which the charge storage mechanism
and the correlated influence on the Mg anode were thereby fur-
ther investigated. As revealed by multimodal characterizations,
the fast electrochemical kinetics in case of the KBS, g,Se, ;, cath-
ode results in a higher utilization of S, leading to less polysul-
fide dissolution in the electrolyte, which is beneficial for Mg plat-
ing/stripping at anode. Due to more uniform Mg deposition,
Mg-S cells with the KBS 4 Se, s cathode exhibited longer cy-
clability, while the reference cell with the KBS cathode suffered
from the early cell failure. First principles calculations were fur-
ther carried out to understand the mechanism of the improved
performance with the addition of Se, revealing an enhanced
charge transport via electron polaron diffusion in the redox end-
products. Nevertheless, the KBS, Se, , cathode still suffered
from fast capacity fading, due to polysulfide shuttling. Attempt-
ing to overcome this issue, a modified separator was additionally
implemented in the cell, which increased the capacity retention
by >50%.

[11]
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2. Results and Discussion

2.1. Characterization of the S—~Se Compounds

A series of S-Se compounds with different Se content were pre-
pared and loaded onto a conductive carbon matrix (Ketjenblack,
KB) through a one-step melt-diffusion method. According to
energy-dispersive X-ray (EDX) spectra in Figure Sla—c (Support-
ing Information), the molar ratio of S/Se in the compounds was
0.92:0.08, 0.86:0.14, 0.62:0.38, respectively. As a result, the com-
posites were named KBS, o, Se, o5, KBS 5 Se, 1. and KBS ¢, Se 34
thereafter, while the Se-free composite was named KBS. EDX
mapping of the KBS, 4 Se, ;, (Figure S1d-f, Supporting Informa-
tion) showed evenly distribution of both S and Se on the car-
bon matrix. Similar results were obtained for the other com-
pounds as well. Furthermore, the structure of the KBS, _,Se,
composites was characterized by X-ray diffraction (XRD). As
shown in Figure S2 (Supporting Information), XRD patterns of
all four composites (including KBS) presented only one broad
peak at ~#10°, which could be assigned to the (002) reflection of
graphitic carbon. No other diffraction peaks were detected, in-
dicating amorphous nature of the S-Se compounds on the KB.
In order to clarify the existence of S-Se interaction, X-ray photo-
electron spectroscopy (XPS) was performed. Figure 1a presents
high-resolution spectra of the S 2p and Se 3p region. A clear
trend was observed from the spectrum of KBS to KBS, ¢, Se s
with a more prominent Se 3p signals, confirming an increase
of the Se content. Deconvoluting the spectra resulted in several
doublets at 163.9, 163.6, 162.2, and 161.9 eV, which correspond
to S-S, S-Se, Se-S, and Se-Se interactions, respectively. Their rel-
ative atomic percentage presented in Figure S3 (Supporting In-
formation) revealed an enhanced S-Se and Se-S interactions with
higher Se content, which was further evidenced in the Se 3d spec-
tra (Figure 1b) by the increase of a doublet at 56.0 eV.") In ad-
dition, the content of the redox active species (S and Se) in all
the composites are in the range of 55-60 wt.%, as determined by
the thermogravimetric analysis in Figure S4 (Supporting Infor-
mation).

2.2. Electrochemical Advantages of the Se-S Compounds over
Bare S Cathodes

To verify their kinetic advantages, the Se-S compounds were
first evaluated by galvanostatic cycling in a three-electrode cell
with Mg as both the counter electrode (CE) and reference elec-
trode (RE). Magnesium tetrakis(hexafluoroisopropyloxy)borate,
Mg[B(hfip),],,[""! was dissolved in diglyme (G2), serving as elec-
trolyte. To alleviate the shuttle effect of polysulfide, the charging
process was limited to 8 h for the bare S cathode and 10 h for the
Se-doped S cathodes.

As shown in Figure 2a, a two-plateau feature during discharge
process was evident for the KBS and the KBS,_, Se, (x = 0-0.38)
cathodes, which is similar to S conversion with ether-based elec-
trolyte in Li-S batteries.['®] The plateau at higher voltage could
be attributed to the reduction of Sg_, Se, to MgS,_,Se, (y =4x)
with a solid-liquid phase transition. This process delivered a com-
parable capacity of 200—250 mAh g~! for all the cathodes, indicat-
ing a kinetically favourable step. Major difference was observed at
the lower voltage plateau, which represents further conversion to
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Figure 1. XPS of the KBS, KBS g,Seq 03, KBSq g¢S€q.14 and KBS ¢,Seq 33 composites: a) S 2p spectra, and b) Se 3d spectra.

short-chain polysulfide/-selenides underwent a liquid-solid tran-
sition. While the KBS cathode showed a slopy plateau with im-
mediate decrease in the cell voltage, this step started to proceed
at a relative constant voltage in the KBS,_,Se, cathodes. Espe-
cially for the cathodes with high Se content, i.e., KBS, 4. Se,,, and
KBS, ¢, Se, 35, prominent discharge plateaus were obtained. The
enhanced kinetics in case of the Se-doped cathodes led to a higher
capacity of 1200 mAh g~ for KBS 4, Se;, and thereby a higher S
utilization. However, as Se has a much larger atomic weight than
S, further increase the Se content resulted in a decrease of the
capacity.

During the subsequent charging, the continuous conversion
from short-chain to long-chain polysulfide/-selenide and finally
elemental S, , Se, gave rise to a single plateau at ~1.7 V. As
shown in Figure 2a, the KBS cathode suffered from severe over-
charging, mainly due to the shuttle effect of soluble polysul-
fide intermediates.[* In comparison, voltage rising at the end
of charging process got more prominent with the involvement
and increase of the Se content, demonstrating less overcharging
and thus a higher Coulombic efficiency. Moreover, there was a
considerable decrease of voltage hysteresis for the S/Se redox,
from 0.82 V in the KBS cathode to 0.70, 0.53, and 0.37 V in the
KBS q,5€00s, KBS g6S€014, and KBS, ¢,Se, ;5 cathodes, respec-
tively, reflecting an improved reversibility and energy efficiency.
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Notably, a simultaneous improvement of the anode process
was observed as depicted in Figure 2b. Although the overpoten-
tials for Mg plating/stripping were large with both the KBS and
the KBS, q,Se, s cathode, a significant drop of the value by 0.1
and 0.2 V was measured for the cells with the KBS, 4. Se,,, and
KBS, ¢, Se, 35 cathode, respectively. To find out the reason, we col-
lected ultraviolet-visible (UV-vis) spectra of the electrolyte cycled
with the KBS,_,Se, cathodes as shown in Figure S5 (Support-
ing Information). In the first discharged state, major absorbance
bands were present in the range of 210—320 nm, corresponding
to long-chain polysulfides.!?”) Compared to the electrolytes with
the KBS and the KBS, o, Se, o5 cathode, the absorption peaks are
only halfin intensity in case of the KBS 4. Se,, ;, and KBS ., Se, 14
cathode. Based on these results, the reduction of the anode over-
potential can be attributed to less dissolution of polysulfide/-
selenide into the electrolyte due to the fast conversion of the cath-
ode materials with a higher Se content.

Furthermore, electrochemical tests of the KBS, _, Se, cathodes
were carried out in two-electrode coin cells, applying the same
cut-off voltage and charging rate. As shown in Figure 2c, the
KBS cathode suffered from the early cell failure at the 10th cy-
cle, which typically occurred during cell charging (see Figure S6,
Supporting Information). As revealed in our recent study, such
failure is mainly associated with anode processes, where soluble
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Figure 2. Galvanostatic cycling of the S—Se cathodes and the bare S cathodes in three-electrode Mg cells: a) Ey; versus capacity in the first cycle; b)
Ecg versus time in the first five cycles. The cell was cycled at 0.1 C (168 mA g~') between 0.2 and 2.7 V versus Ecg. c) Cycling performance of KBS and
KBS;_,Se, cathodes in two-electrode coin cells. d) A Radar chat compares the performance metrics between the pure S cathode and the KBS g5Seq 14
cathode. The migration barrier of e’ polaron in one of the end products MgS, (or MgSe,) was used as an indicator to describe redox kinetics. The data

was acquired by DFT calculation as shown in a later section.

polysulfide species induce inhomogeneous Mg deposition and
thereby triggering the soft short-circuit.[?!l While 8% Se doping to
the S cathode did not improve the cyclability, the KBS, __ Se, cath-
odes with higher Se contents exhibited a much longer cycle life
with a Coulombic efficiency >95%. As shown in Figure S7 (Sup-
porting Information), the KBS, 4, Se, 1, cathode could be cycled
for >200 cycles without short-circuit. Considering the reduced
anode overpotential (cf. Figure 2b), the improvement of cyclabil-
ity might hint at a more homogeneous anode reaction, which will
be discussed in a later section. Nevertheless, fast capacity fading
was also evident, which needs to be further addressed.

Overall, the kinetics of S redox is significantly enhanced with
Se doping, leading to a simultaneous improvement of the achiev-
able capacity and cyclability, but also a reduced voltage hystere-
sis for charge/discharge and less overcharging. As a result, the
S,_.Se, compounds can be considered as a better benchmark
than the bare S cathode toward high-energy Mg—S batteries.
Among the tested compositions, the KBS, ¢4, Se, 1, cathode offers
superior electrochemical performance (see Figure 2d). Consid-
ering that Se doping reduces the high theoretical capacity and
sustainability of S cathode, the KBS 4. Se, ;4 cathode with a rela-
tively low Se doping level was chosen as the optimal composition
for further investigations.

2.3. Redox Mechanism of the Se-S Cathodes and the Impact on
the Mg Anode

Therefore, mechanistic investigation of the redox processes in
the Se-S compounds was further conducted with the KBS 4. Se, 1.

Adv. Energy Mater. 2023, 2302905 2302905 (4 of 13)

cathodes. Figure 3 compares the XPS S2p spectra of the
KBS, g5S€, 4 cathode and the KBS cathode at different states of
charge. The pristine KBS, ¢, Se, 1, electrode showed similar spec-
tral profile as the composite (cf. Figure 1), with typical elemental
S signals at 163.8 eV and peaks for Se—S interaction at 162.2 eV
(see Figure 3b). During the first discharge, all these peaks got
vanished, meanwhile new doublets at lower binding energies of
161.9 and 160.9 eV emerged, which correspond to S-S interaction
of Mg polysulfide (MgS,) and Mg-S interaction for MgS, respec-
tively. The disappearance of S° signals and the formation of Mg$S
as the major product suggested a high degree of conversion of
the active species, reflecting a high utilization of S in the pres-
ence of Se and therefore a high capacity was obtained. Whereas
for the KBS cathode (Figure 3a), substantial amount of S° species
remained after fully discharge in the first cycle. Additionally, the
conversion was largely limited to the polysulfide intermediates
(strong S-S signals) rather than the end product (MgS), indicat-
ing only partial reduction of S.

It is worth to note that the reduction of S further proceeded
even during the subsequent charging in the KBS cathode, as re-
vealed by the weakening of the S° peaks and the strengthening
of the Mg-S signals. This explains the overcharging behavior ob-
served in this system (see Figure 2a), where re-oxidation of the
active species could hardly take place. Based on the oxidation
state of S, the measured charge capacity in the first cycle might
be contributed almost entirely by side reactions, rather than the
desired S redox reaction. Despite less overcharging in case of the
KBS, ¢ Se, 14 cathode, oxidation of S during the first charging pro-
cess was also hindered as demonstrated in the respective spectra.
One possible reason for the low reversibility in the first cycle is

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. XPS S 2p spectra of the KBS a) and the KBS g¢Se 14 b) cathode at different states of charge. Relative atomic percent of the respective species

in the KBS c) and the KBS 3sSep 14 d) cathode, based on XPS data.

the severe side reactions at Mg anode side, due to the shuttling
of polysulfide, which is clarified later in this work.

Reversible S conversion was evident in the spectra of the
KBS, g5Se, 14 cathode in the 5th cycle. While the discharged spec-
trum showed a high content of MgS, amounting to ~80% of
all the S species, partial oxidation of MgS was observed in the
charged spectrum, with the increase of the S-S signals and de-
crease of the Mg-S signals. As shown in Figure 3d, nearly half of
the MgS has been converted back to mainly MgS,, and partially
to S°. In comparison, Mg-S signals further increased at the 5th
charged state, revealing MgS remained as the major species in
the KBS cathode (Figure 3c). The difference hints at higher re-
versibility of the KBS 4, Se, 1, cathode in the presence of Mg?*,
probably due to faster kinetics of S redox with Se doping and
thereby less polysulfide dissolution as indicated by the UV-vis
investigation (see Figure S5, Supporting Information).

Nevertheless, as S/Se could hardly convert back to their el-
emental state, polysulfide/-selenide served as new redox active
species for further cycling. This argument was supported by UV-
vis study of the electrolyte cycled with the KBS, 4. Se, ;4 cathode at
different states of charge. As shown in Figure S8 (Supporting In-
formation), the absorption peaks for polysulfide species evolved
when cycling the cell: In the 5th cycle, the intensity of the respec-
tive peaks increased significantly upon charging, indicating the
formation of long-chain polysulfide. On the other hand, the de-
velopment of polysulfide content in the electrolyte also reflected
the changes in cathode capacity. A constant decrease of the peaks
for polysulfide in the UV-vis spectra over cycling (compare the

Adv. Energy Mater. 2023, 2302905 2302905 (5 of 13)

5th Ch. and the 20th Ch.) suggested a continuous loss of active
species, which is the main reason for the capacity fading.

In fact, the loss of Se was evident in the XPS Se 3d spectra of
the KBS, 4,Se, 4 cathode at selected states of charge (Figure S9,
Supporting Information), where a sharp decrease of the Se sig-
nals (both Se-S and Se-Se interactions) was observed only after
the initial discharge. In the further cycling process, the Se sig-
nals could not be detected from the cathode anymore, but was
found at Mg anode after 20 cycles by EDX (Figure S10, Support-
ing Information), with a similar content as S. The shuttling of
polyselenide in the Se-dope S cathodes could be mitigated by a
proper design of the carbon matrix, due to the different binding
strength of polyselenide and polysulfide.l??] Alternatively, further
development of electrolytes that suppress polysulfide dissolution,
or even lead to solid conversion of the S-Se compounds would
ultimately solve this issue.[?*] Although beyond the scope of this
study, these strategies deserve further efforts in improving the
performance of the system, toward practical high-energy Mg-S
Dbatteries.

Due to the polysulfide-/selenide shuttling, we further exam-
ined their crossover effect on the Mg anode. In order to gain in-
sights into the degradation mechanism, we investigated the Mg
anodes after cycling in the Mg-S cells with either the KBS cath-
ode or the KBS ¢, Se, ;, cathode, by means of time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS). As evidenced by static
ToF-SIMS in Figure 4a, surfaces of both electrodes showed strong
sulfur signals in negative secondary ion (SI) polarity. In addition,
Se signals were also present in the Mg anode cycled with the
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Figure 4. Static ToF-SIMS analysis of the Mg anode after five cycles against the KBS (red) and the KBS, g5Se, 14 cathode (blue). All raw data can be found

at DOI: 10.35097/924.

Se-doped cathode (Figure 4d), as demonstrated by the character-
istic isotope pattern in Figure S11 (Supporting Information).

The presence of redox active cathode components at Mg sur-
face confirmed the shuttling of S and Se species. Besides show-
ing a stronger S~ signal, peaks related to S, and S;~ were also
detected to be stronger on the Mg anode cycled with the KBS cath-
ode (Figure 4b,c), indicating more polysulfide at the top surface.
Considering the probing depth of the static SIMS (first 5 nm),
the stronger signals could result from a higher concentration of
the polysulfide in the electrolyte in case of the KBS cathode. This
speculation is further supported by the presence of intact elec-
trolyte species BO;CyH,F,;~ found at 513 m/z (Figure 4f) and
its fragment CF;~ at 69 m/z (Figure 4e). In positive SI polarity
(Figure S12, Supporting Information), MgF*, BO,* and other B
species from the electrolyte were detectable, also confirming the
electrolyte residue on the anode surface.

Moreover, substantial amount of corrosion pits were found
on the cycled Mg anodes, which were presumably formed by
Mg plating/stripping.[**! In Figure 5a, scanning electron micro-
scope (SEM) image of the sample cycled against the KBS cathode
showed large corrosion cavities (dark area) resulted from agglom-
eration of small pits, indicating continuous anode reaction lim-
ited to certain areas of the anode surface. In comparison, smaller
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corrosion spots were distributed uniformly on the Mg anode cou-
pled with the KBS, 4 Se, ;, cathode (see Figure 5b), leading to a
more homogeneous and denser deposition. The larger redox ac-
tive surface and more uniform deposition morphology ensure
smoother anode reactions, which explains longer cyclability of
the KBS, g Se, 14—based cell than the KBS-based cell.

Further, surface of the cycled Mg anodes in spots and spot-
poor areas were separately analyzed. To minimize the influence
of electrolyte residue, dynamic ToF-SIMS (dual beam depth pro-
filing) was performed. Figure 5¢,d show the depth integrated im-
ages of representative species in the spotted area of the Mg an-
odes, while their full portfolios of measured species are present in
Figures S14 and S16 (Supporting Information), respectively. The
isotope 3*S~ signals were used to demonstrate the distribution of
S species, due to detector saturation for the more abundant main
isotope 32S~ signals. On both Mg anodes, strong S signals were
found mostly in the dark spots, where anode reactions were tak-
ing place. As fresh Mg with high reactivity was formed during
plating/stripping, Mg polysulfide tended to be accumulated and
immobilized in these area. A similar distribution was observed
for Se species in case of the Se-doped sample. As demonstrated
in the scatter plot in Figure 5f, there is a strong correlation be-
tween S and Se species. In addition to S and Se signals, other

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85UB01 7 SUOWILLIOD AIIRID B|dedl [dde 8y} Aq peuieob 812 Sao1Le YO 8SN JO S9IN1 10} AT aUIIUQ AB]IM UO (SUOTHPUOD-PUR-SWLBIAL0D" A 1M Ale.d 1 jBul Uo//Stiy) SUONIPUOD pue SWie | 84} 985 *[£202/60/62] U0 AkeiqiTauliuo Ao|im ‘@1Bojoutos | "4 uonmisu| Jeynisiey Aq S0620€202 WUse/Z00T OT/I0pAL0d"AB]im Ale.q 1 pul|uo//Sdny wouy pepeoiumod ‘0 ‘0v8arToT



ADVANCED “ENERGY”
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com www.advenergymat.de

L e A L

um 0 200 400 um O
Video Snapshot at Start of Measurement (micro) 34g. BO2-
MC: 638; TC: 2.258e+06 MC: 546; TC: 2.676e+06

0 o 0

0 500 um 0 200 00 um © 200 «0
Mideo Snapshot at Start of Measurement (micro) BO2- Combined (Se-, "®Se-, ®2Se. )
MC: 868, TC: 4.474e+06 MC: 2434, TC: 1.715e+07

10

*S-, Sum of: BO-, BO2-

“S-, Sum of: BO-, BO2-
MC: 24;TC: 1.638e+04

MC: 160; TC: 1.638e+04

343- Combined (Se-, '®Se-, ¥2Se- )
MC: 58; TC: 1.638e+04

Figure 5. Typical SEM images of the Mg anodes after 5 cycles against the a) KBS and b) the KBS, g5Se 14 cathode. ToF-SIMS depth integrated images
of the Mg anodes with c) the KBS and d) the KBS g¢Se 14 cathode in the spotted area. Scatter plot of the Mg anode with the KBS cathode: correlation
between e) 3#S~ and BO,~ signals. Scatter plot of the Mg anode with the KBS, 35Seq 14 cathode: correlation between f) 3#S~ and Se™ signals, g) and
345~ and BO,” signals.
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Figure 6. ToF-SIMS depth integrated spectra of the Mg anodes in spotted area and spot-poor area: a) S~ signals and b) BO,™ signals. Depth profiles of

the Mg anodes with c) KBS and d) KBS g5Seq 14 cathode in spotted areas.

species such as ¥0~, BO, ™ and F~ were also concentrated in the
spotted area, which were originated from the electrolyte.

In the Mg anode with the KBS 4. Se, ;, cathode, correlation be-
tween the S/Se species and the electrolyte fragments in spatial
distribution was found in Figure 5g, indicating side reactions in-
volving simultaneous electrolyte decomposition and S immobi-
lization. However, such correlation was weak in the Mg anode
with the KBS cathode (Figure 5e), probably due to the compli-
cated morphological structure of the spotted area, resulting in the
presence of a mixture of pristine electrolyte and its decomposi-
tion products. Whereas for the spot-poor areas, all the measured
fragments exhibited relative uniform distribution in the selected
region (Figures S13 and S15, Supporting Information).

Figure 6a compares the depth integrated spectra of the Mg an-
odes with the KBS and the KBS 4 Se, ;, cathode in spotted area
and spot-poor area. Eroded with identical Cs dose densities, the
Mg anode cycled with the KBS, Se,, cathode has the high-
est sulfur signal in the spotted area. Even the spot-poor area in
the same sample showed a comparable intensity of S signals to
the sample cycled with the KBS cathode at the spotted area. The
result seemed to be contradict with the static ToF-SIMS data,
where the Mg anode with the KBS 4Se,,, cathode showed a
lower S signals. In fact, as ToF-SIMS is surface sensitive (mea-
sured depth ~5 nm), the static data indicated a sulfur-poor layer
at top-most surface of the Mg anode, reflecting a lower polysul-
fide concentration in the electrolyte. Accordingly, the amount of
MgS, precipitated on Mg within each cycle was smaller, which
allowed further Mg plating/stripping in the same region. As ev-
ident in Figure 6d, the S~ signals was still relatively high after
30 min erosion toward the bulk of Mg anode. Therefore, the
cumulative signals presented in Figure 6a was high. Whereas
in the cell with KBS cathode, a sulfur-rich layer was formed
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on the very surface of Mg, which impeded further anode reac-
tions. As a result, the reaction depth at Mg anode was limited
(Figure 6¢) and the plating/stripping of Mg was inhomogeneous
(Figure 5a). Besides polysulfide shuttling, electrolyte decompo-
sition was also found more prominent in the Se-doped sample,
as evidenced by stronger signals of typical electrolyte fragment
BO,™ (see Figure 6b). In the depth profiles in Figure 6d, signals
of both BO,™ and F~ species were still present even after applying
a high sputter ion fluence. Overall, the ToF-SIMS study revealed
S immobilization and electrolyte decomposition at Mg anode as
the main reason for the capacity fading.

2.4, Electronic and lonic Transport in Redox End-Products

While the experimental mechanistic study confirmed the im-
proved kinetics of S conversion, we further used density func-
tional theory (DFT) calculations to analyze the charge transport
in the redox end-products in the Se-doped S cathode and how
that can explain the improved performance of the system. As a
first step, we developed cluster expansion models coupled with
DFT calculations to determine whether the Se doping in S re-
sults in redox end-products as a solid solution or separate phases
for magnesium chalcogenides (i.e., solid solution as MgS, ,Se,
or two-phase as MgS/MgSe) and magnesium dichalcogenides
(i-e., solid solution as MgS,_ Se, or two-phase as MgS,/MgSe,).
We constructed separate cluster expansion models for magne-
sium chalcogenides (rocksalt and zinc blend),*d] and magnesium
dichalcogenides (cubic pyrite) by varying the S and Se concentra-
tion. The convex hull plot (Figure S18, Supporting Information)
from the cluster expansion calculations suggest that the redox
end-products prefer to be in different phases such as rocksalt

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 7. Defect formation energy diagram for various intrinsic defects in MgSe and MgSe,. The left panel (a,c) illustrate the formation energy in Mg-rich
condition, and the right panel (b,d) shows the formation energy in Mg-poor condition.

MgS (rs-MgS), zinc blend MgSe (zb-MgSe), MgS,, and MgSe,
rather than forming solid solution. However, it is worth noting
that the formation energy for structures at intermediate concen-
tration are quite low and near to the convex hull. This is partic-
ularly relevant in the case of magnesium dichalcogenides. It is
very likely that (S—Se)?~ dimers are present in MgS, as impuri-
ties, replacing S~ dimers. The explanation for this is the follow-
ing: The Se in Se-doped sulfur forms part of S,Se rings. When
the S, Se rings start to break into smaller polysulfide during the
battery operation, eventually (S-Se)?~ dimers will be formed. To
form phase separated magnesium dichalcogenides the (S-Se)*~
dimers should break and then recombine with other broken
(S-Se)?~ dimers to form S,2~ and Se,?~ dimers. Such a process is
foreseen to have large kinetic barriers, and thus it is more likely
that (S-Se)?~ dimers enter as impurities in MgS,.

The next step is to identify the charge transport in the redox
end-products. The charge transport mechanism in rs-MgS and
MgS, has already been studied.®) Thus, our focus is to study
the charge transport in zb-MgSe and MgSe,. We study the con-
tributions of several intrinsic defects to the conductivity of zb-
MgSe and MgSe,. Several charged defects including Mg intersti-
tial (Mg;), Se interstitial (Se;), Mg vacancy (Vy,,), Se Vacancy (Vs,),
and polarons are considered. In the case of zb-MgSe, only hole
polarons were able to localize, and in the case of MgSe, we were
able to localize single electron (¢) polaron and double electron
(¢”") polaron.

Kroger—Vink notation is used to denote the defect type and
associated charges. The charges associated with the defects are
given in the superscript of the notation (e for a positive charge,
' for a negative charge, and x for a neutral fault). The de-
fect formation energies are computed for Mg-rich region (left
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panel in Figure 7) and Mg-poor region (right panel in Figure 7).
The slope of the line defines the charge of the respective de-
fect. A positive slope represents the formation energy of the
positive charged defect, while a negative slope represents the
formation energy of negative charged defect. A neutral defect
has a zero slope. The vertical dashed-dotted line represents the
equilibrium fermi level (Eg,,,,;). The defects with low energy of
formation at Ep,,,,; are considered as thermodynamically most
preferred defects. The formation energy and concentration of
the most favorable defects in zb-MgSe and MgSe, is given in
Table 1.

V£, is the most prevalent defect in zb-MgSe at Mg-rich region;
however, since it is a neutral defect, it does not contribute to
charge transport and is therefore disregarded in further analy-
sis. The most favourable charge defect at Mg-rich region is Mg;"
with a defect concentration of 4 x 107> cm™. Whereas, the most
prevalent charge defect at Mg-poor region is Vag, which having
a relatively large defect formation energy that leads to a very low
concentration of 3 x 1077 cm™. In the case of MgSe,, V5 _is the
prevalent defect in both Mg-rich and Mg-poor regions, which do
not contribute to the charge transport. The ¢’ polaron and V:/Ig are
the prevalent charge defects in MgSe, with defect concentrations
of 1 X 107! and 4 X 10=° cm~3, respectively.

The next step is to analyze the mobility and conductivity asso-
ciated with the prevalent charge defects in zb-MgSe and MgSe,.
Table 1 shows the calculated migration barrier, mobility, con-
ductivity associated with the prevalent charge defects. All of the
prevalent charge defects exhibit high migration barrier, resulting
in very limited mobility. In zb-MgSe, V/I\'/[g has relatively lower mi-
gration barrier, however due to their low concentration, they re-
sults in very low conductivity. On the other hand, the ¢’ polaron
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Table 1. Calculated formation energies, defect concentrations, energy barriers, mobilities, and conductivities at 300 K for the prevalent defects in MgSe

and MgSe,.
System Defect Formation Concentration Migration Mobility Conductivity
energy [eV] [cm™3] barrier [eV] [em? V ~Ts71] [Sem™
zb-MgSe Vire 2.31 3% 1077 0.86 5% 1071 410750
Mg 1.63 4%107° 1.07 1x 1071 2% 1074
MgSe, Vire 1.64 4% 106 2.04 7x 1073 9% 10-59
e 1.39 1% 107! 0.74 3x 1078 5x 10733

in MgSe, exhibits relatively low migration barrier and results in
a high mobility of 3 x 107> cm? V- s71.

The large migration barrier associated with these prevalent de-
fects makes it difficult for the charge defects to diffuse through
the system. That means the contribution of these prevalent de-
fects to the charge transport in zb-MgSe and MgSe, is negligible.
Previous work on charge transport in MgSe,, demonstrated that
charge transport can happen in the material via an e’ polaron dif-
fusion with a migration barrier of 0.53 eV.[®] Despite the fact that
our cluster expansion calculation indicates that the system tends
to be in distinct phases than the solid solution, the formation en-
ergy for the intermediate concentrations is extremely low.

Having shown that the charge transport in zb-MgSe and
MgSe, is negligible, and thus the formation of such products can-
not be the explanation for the improved performance of the sys-
tem, we turn back to the impact of the presence of (S-Se)?~ dimer
impurities in MgS, discussed above. Consequently, we also in-
vestigated the diffusion of ¢’ polaron in a (S-Se)?~ dimer doped
MgS, system. The diffusion of ¢’ polaron localized on S-Se to S-
S was investigated. The minimum energy path for the diffusion
of ¢’ polaron is depicted in Figure 8. The diffusion of ¢’ polaron
exhibits a low migration barrier of 0.45 eV (i.e., 0.08 eV lower
than for pure MgS,), indicating that the (S-Se)?~ dimer impuri-
ties may enhance the charge transport in MgS,. The low migra-

tion barrier facilitates the diffusion of charge, which enhances
the performance of the battery as observed in the experiment.

2.5. Strategies to Improve the Capacity Retention
MgS, + Mg (0) > MgS,_, (self — discharge, chemical reaction) (1)
MgS, + 2e” — MgS, , (electrochemical reduction) (2)

Although the KBS, 4. Se, ;, cathode showed improved cyclabil-
ity, the capacity fading was still severe. As revealed by the mech-
anistic investigations, polysulfide/-selenide shuttling to the Mg
anode results in a loss of active material, which could be the main
reason for capacity fading. The S species can be accumulated
on the anode either by self-discharge or through electrochemical
reduction during cell charging (see Equation (1) and (2)). The
self-discharge in Mg-S batteries is a fast chemical process,[*®]
which is independent of the status of the cell (in static or dy-
namic condition). Therefore, the KBS, 4, Se, ;. cathode was also
tested at a higher C-rate of 0.5C, hoping to minimize the chem-
ical reaction at anode by faster S conversion. In Figure 9a, the
charge-discharge profile of 0.5C showed less pronounced but
still distinct plateaus in the first cycle, with slightly increased
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Figure 8. Minimum energy path for the diffusion of e’ polaron diffusion in Se-doped MgSe,. The magnetization density at initial, intermediate and final
states are also shown in the figure. The Mg, S, and Se atoms are show in brown, yellow, and green color, respectively.

Adv. Energy Mater. 2023, 2302905 2302905 (10 of 13)

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85UB01 7 SUOWILLIOD AIIRID B|dedl [dde 8y} Aq peuieob 812 Sao1Le YO 8SN JO S9IN1 10} AT aUIIUQ AB]IM UO (SUOTHPUOD-PUR-SWLBIAL0D" A 1M Ale.d 1 jBul Uo//Stiy) SUONIPUOD pue SWie | 84} 985 *[£202/60/62] U0 AkeiqiTauliuo Ao|im ‘@1Bojoutos | "4 uonmisu| Jeynisiey Aq S0620€202 WUse/Z00T OT/I0pAL0d"AB]im Ale.q 1 pul|uo//Sdny wouy pepeoiumod ‘0 ‘0v8arToT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

3.0 T T T T T T T
a
KBS 46S¢) 14
) -/ Cycle 1 i
—~ —0.1C
2.0 1
2 —0.5C
- — .
& Ls .
> 1.0 1
05F E
0.0 .

0 200 400 600 800 1000 1200 1400

Capacity (mAh g-1)

www.advenergymat.de

b]500 T T T 140
2
W KBS ¢6Se,
el 0863€0.14 | |50 :\;
—_ R bl
b QHE\'"§2:g,ﬂ.ﬁsui,5,-100§w
= 900+ (5}
E o 0 |_. 180 5
Nl o} n a:"
> 600 'E! 160 &
k) o, °
s g § {40
(%300- Hu.u"‘“H..uu' S
120 28
]
10
0 8 12 16 20

Cycle Number

Figure 9. Cycling of KBS g5Seq 14 cathode at different C-rates: a) voltage profile; b) cycling performance.

overpotential compared to the cell charging at 0.1C. The cath-
ode delivered an initial capacity exceeding 1000 mAh g1, close to
80% of the capacity of 0.1C, demonstrating a good rate capability.
However, there was a similar rate of capacity fading irrespective
of the C-rate, as evident in Figure 9b. The result suggests that
electrochemical reduction of S at anode to be mainly responsible
for the capacity fading over cycling. Furthermore, additional gal-
vanostatic test of the KBS 4. Se, ;, cathode was carried out, with
no time limit for charging. As shown in Figure S17 (Supporting
Information), the discharge capacity dropped to ~230 mAh g~!
after 20 cycles, which was similar to the cells tested with a time
limit (Figure 9b).

To avoid the parasitic anode reactions, strategies that prevent
Mg polysulfide to migrate from the cathode side to the anode
can be an effective solution. In this regard, separator coating has
proven to be a viable approach.[?’] As reported by Xue etal., Mo, S,
exhibited a high affinity to lithium polysulfide.[?!] We transferred
the concept to Mg chemistries,[') and developed a functional
separator with a thin coating of Chevrel phase Mo,S,. The in-
vestigation revealed a strong adsorption ability of Mo, S, for Mg
polysulfide with a binding energy more than 2 eV (the value for
carbon could hardly reach 1 eV). In addition, Mo,Sg showed a
catalytic effect with a reduced energy barrier for polysulfide con-
version. Therefore, the Mo, Sy modified separator could be bene-
ficial for the capture and conversion of Mg polysulfide, and was
further implemented in the cell with the KBS, 4 Se,, cathode.
As shown in Figure 10a, the KBS 4Se,,, cathode with modi-

30— T T T T T T T T
a Modified separator|
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— | A
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fied separator exhibited a typical two-plateau feature of the S/Se
redox, delivering a capacity of 1400 mAh g=! in the first cycle,
which is similar to the cathode with the bare separator. Improve-
ment of the capacity retention was evident by comparing the
voltage profiles in the subsequent cycles. While the KBS, 4. Se, 14
cathode with modified separator showed relative stable capac-
ity of 900 mAh g~! in the 3rd and 5th cycle, the cathode with
the bare separator exhibited a sharp drop of capacity to 800
and 500 mAh g~!, respectively. Figure 10b shows the cycling
performance of both the cell configurations, where the use of
modified separator could increase the capacity retention signif-
icantly from 97 to 158 mAh g=! (>50% increase) at the 200th
cycle. After that, the capacity retention became stable, and af-
ter 300 cycles a capacity of 149 mAh g=! was retained. Com-
pared to other cathodes for Mg-S batteries (Table S1, Support-
ing Information), the cycling performance of the KBS 4 Se, 4
cathode is found to be encouraging. Particularly the beneficial
effects of Se on both electrodes, i.e., increased S utilization at
the cathode side (higher initial capacity) and enhanced stability
of Mg plating/stripping at the anode side (longer battery life),
calls for further optimization of the system. Performance im-
provement strategies developed in other metal-sulfur systems
could be in principle feasible for Mg-S chemistries with the
S-Se compounds. As already demonstrated in Mg—S batteries,
anode protection'®! or using alternative anodel*”! can be effec-
tive to increase the capacity retention, and therefore deserves
investigation.

1000 [©
e
= Modified separator, CE| <
Bare separator, CE 100 é’
K — = )
600 :'. }o;—)
2 » Modified separator, Disch| 19 5
;ri o Modified separator, Ch Q
400 o = Bare separator, Disch {80 &
- o Bare separator, Ch 2
200} - 170 8
[ —l
0 . . . . . 60
0 50 100 150 200 250 300
Cycle Number

Figure 10. Galvanostatic cycling of KBS g¢Se 14 cathode at 0.1C with (or without) modified separator: a) voltage profiles in the initial cycles; b) cycling

performance.
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3. Conclusion

In summary, we have demonstrated a doping strategy that, in-
troduces Se to bare S cathode, effectively enhances the redox ki-
netics of S in Mg—S batteries. Due to their high miscibility, com-
bining insulating elemental S with electrically conductive Se can
improve the bulk conductivity of the S cathode by forming a ho-
mogeneous solid-solution at molecular level. A systematic inves-
tigation of a model KBS cathode and the doped KBS, _, Se, cath-
odes via electrochemical tests and spectroscopic analysis reveals
the fast conversion of S in the presence of Se, which gives rise
to a higher S utilization and less polysulfide dissolution. In ad-
dition, computational analysis of the charge transport in redox
end-products suggests that Se-doped MgS, can maintain elec-
tronic conduction through the migration of electron polaron. As
a result, the KBS, _, Se, cathodes provide a largely improved per-
formance metrics, including higher achievable capacity and spe-
cific energy, longer cyclability, smaller overpotentials and less
severe overcharging. The extended cyclability was attributed to
smoother anode reactions, due to a lower content of polysulfide
in the electrolyte. Based on the cell performance, an optimized
composition S ¢,Se,;, Was determined, which exhibits the po-
tential to be a better benchmark compound than bare S for Mg—S
batteries.

Despite less polysulfide dissolution, the KBS, 4 Se, ;. cathode
still suffers from fast capacity fading. ToF-SIMS study indicates
severe side reactions between soluble polysulfide and the Mg an-
ode, with the formation of an interphase layer that immobilizes
S at the anode side. To alleviate polysulfide shuttling, a modi-
fied separator with Mo, Sg coating was applied in the Mg—S cells,
which improves the capacity retention by >50% in the longer cy-
cling. At the 300th cycle, the KBS ¢, Se,,, cathode delivers a ca-
pacity of 149 mAh g~!. The results suggest other improvement
strategies that either lead to less polysulfide shuttling or protec-
tion of Mg anode could be effective for increasing the capacity re-
tention of the KBS 4. Se, ;, cathode. Further development of such
strategies might pave the way toward high-energy Mg-S batteries
with the S-Se compounds.
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