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Abstract

RW magnesium batteries (RMBs) are one of the more promising future energy

storage sym work proposes a non-nucleophilic phenolate-based magnesium

complex ( rolyte enabling reversible Mg stripping/plating with a low over-

potentia .3 mV at 1 mA cm™. Subsequently, Co doping is introduced to prepare FeS»,
Feo.9Coo.1 €0.75C00.25S2 and Feo 5C00.5S2. Multiple characterizations confirm that Co
doping ca@ crystal lattice and reduce particle sizes, thus benefiting cathode reactions.
With Co me orbitals can be expected to transform from high spin to low spin states
without val€fic

anges while the spin state of Co atoms is little influenced. Then, Co-doped

FeS» cathodes cofited on copper collectors coupling with PMC electrolyte for RMBs show

superior eﬁmical performance among reported chalcogenide cathodes, displaying a

Ul

maximum¥ e capacity (700 mAh g) at 0.1 A g!. Specifically, Feo sCoo.5S, cathodes
exhibit th cling stability and shortest activation time. Even at 1 A g!, a discharge
capacity ( g} is still achieved after 1000 cycles. Mechanistic studies indicate that

copper or participates in the cathode reactions accompanied by Cu; gS generation while
Fe and es play a synergistic catalytic role, providing effective tactics for rational

design of electrolytes, conversion type cathodes and collectors.
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1. Introducti

Rechargeable magnesium batteries (RMBs) provide great potential for the safe and
large-scale energs storage with low cost, ! raising considerable potential utility. Magnesium

is the eigh abundant element in the earth’s crust, accounting for about 2 wt. %.?!
Mature m igin smelting technology and wide application of Mg based materials in
energy st edical and other fields make the price of Mg much lower than that of Li.[¥
Previous proven that Mg anodes do not suffer significantly from dendrite formation
during cling due to its low chemical reactivity,’! also providing a high theoretical
volumegis acity (3832 mAh cm™).[®! However, a magnesium oxide layer forms easily on

Mg anode surfaces impeding Mg®" diffusion.[”! Given the immense potential offered by

RMBs, it
between h@s, electrolytes, and appropriate cathode materials should be explored.

mperative that a resolution to current problems concerning the compatibility

]

Cathode materials can be both intercalation and conversion types. The strong columbic

interaction§ between Mg?" and intercalation matrices lead to sluggish solid-state diffusion,
renderiMmaterials poor ion conductors.!® The regulation of the Mg**solvation
structure imlyte and crystal lattice spacing for materials offers two effective avenues to

improve r inetics and cycling stability.””) However, this will likely increase costs and

time fo@e and material syntheses. Conversion type cathodes can be free from the
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kinetic inhibition of Mg?" insertion/extraction,!'”) always exhibiting high specific capacity
and long-term cycling performance. Such “ideal” conversion materials are non-metallic
simple substances belonging to group VIA including O, S, Se and Te with high theoretical

volumetrid @ ies and widespread natural abundance.!!!
Mgg aesium sulfur batteries (MSBs) using S cathodes have been studied widely since
Al
s
Bl focusi -nucleophilic properties and the compatibility between Mg anodes, S
m [14]

3 electrolyte was identified as being viable for the MSB prototype.!?!

[6a,

electrolytes were prepared and reported to improve MSB performance,

cathodes cl&trolytes. These electrolytes are always prepared using Mg(HMDS),,
Mg(CB11H12)2,[15Mg(TFSI)2,“6] Mg(CF3S03)2,l' Mg[B(hfip)]» salts,!'®! rendering
synthesis me high, which is far from practical application. In addition, MSBs still

suffer fro ing of magnesium polysulfides, low actual specific capacity and short cycle

life.[!!

s (MS;) with lower theoretical specific capacities than sulfur could be
suitable con type materials, ®> 2% where metal can enhance reaction kinetics during
RMB manner, MS; can serve as another form of sulfur. The “M” can be
hypothetically regarded as zero valent and S in MS, could also be also zero valent. As for
conversim;thodes of RMBs, metal (M) can be divided into two types. Type I is a Mg
alloy incllike Sn, Sb and Bi.?!! In type II systems, Mg does not react with M, e.g. 3d

transition metars.. > 22 Even though S has a high theoretical specific capacity of 1675 mAh g
!, Table S!(Supporting Information) shows that M in MS, materials reduces generally
speciﬁcm compared with pure sulfur. In theory, VS4 (S content=71.6 wt. %) has a
high theoresi ecific capacity based on the assumed conversion of V°-S4° to V%-4MgS.
Neverthe:

is reported to be an intercalation type material and the conversion of VS4

to V-M rs rarely,?*! making the actual specific capacity relatively low. In contrast,
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alloying-type metal sulfides like Sb2S3, SnS» and Bi2S3 could be good choices for RMBs.
However, insufficient researches have been devoted to their study and to date they tend to

demonstrafe unsatisfactory electrochemical performance.*¥

The 1 sulfides have been widely studied. When CuS cathodes with different
modified mogies are used for RMBs,[?°! they show a maximum capacity of 477 mAh g
lat 0.05 A ough cycling life is only 60 cycles. Pyrite FeS> with considerable sulfur
content (584 wt o) offers the advantages of an abundant resource and a simple synthesis
providing gt 1 towards high energy densities. FeS; has a high theoretical capacity of 896
mAh g’! amnesponding mass energy density is 1200 Wh kg™!. Unfortunately, previous

work by Mao et db. finds that FeS; cathodes show extremely poor electrochemical

performanc apacities are contributed by Mg?* insertion/extraction.?2°]

Also, egies of using additives like Li" and Na" salts were proposed to enhance
the electrg€h 1 performance.?®! Another study reported that FeS; cathodes delivered a
capacit h g'! after 50 cycles at 0.05 A g'! when coupled with a copper current
collector.! though copper was proven to participate in the cathode reactions during
first cy| tion mechanism was not clear as the cell reaches its maximum capacity,

implying an activation process. Besides, expensive non-nucleophilic Mg(HMDS);,

Mg(TFSIh(hﬁp)zt]z based salts are always used for these RMBs, making the road from

laborator to application particularly long. Therefore, considerable impetus remains

to develop aft'Cilicient, in-expensive and non-nucleophilic electrolyte for RMBs using

conversiofiktype cathodes.

Inwinspired by the efficient solution structure of widely used all phenyl
complex [(PhMg®1).-AICI3/THF, APC] electrolyte,[® 28 nucleophilic Ph™ groups were
replaced with R_Bh-O groups to prepare the (R-PhOMgCl),-AICl3/THF electrolyte where R

is the p of 2-tert-butyl-4-methylphenol, namely phenolate-based magnesium
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complex electrolyte (PMC).[*’! Here, O is less nucleophilic compared with C.
Simultaneously, the 2p orbital electrons of O™ will conjugate with & electrons of benzene ring,
thus lowertng the nucleophilicity, for use as described below. Table S2 (Supporting
Informatihat the synthesis cost of this electrolyte is much less than other typical
electrolytasssddgitionally, we adopt the strategy of using dopants as they are known to

improve tM‘mance of materials used in electrocatalysis, photocatalysis and energy

storage.**First, ®o-doped FeS: cathodes with Co doping ratios of 0, 10, 25 and 50 at. %

SC

(denoted as Feo.9C00.1S2, Feo.75C00.25S2 and Feo.sCoo.5S2, respectively) were prepared via
simple hy. egmal syntheses and characterized in detail (see below). Characterization

results sh o replaces Fe in the same crystallographic positions.

U

RMBs using Co-doped FeS» cathodes, PMC electrolyte and copper collectors show good
electrocheﬁrformance compared with other conversion type cathodes (Table S3,

Supportinmation). FeS; cathodes now offer a highest discharge capacity of 700 mAh

glat0.1 g 0.5C00.5S2 cathodes have the shortest activation of 14 cycles and maintain a
discha acity of 613 mAh g! after 150 cycles at 0.1 A g!, even displaying a high
dischar ity of 164 mAh g after 1000 cycles at 1 A g!. Last but not least, the reaction

of Mg?* with Co-doped FeS» plays a dominant role in contributing to capacity during initial

RMB cycs g. Reactions at the copper collector with Co-doped FeS» are part of the activation

process, ac nied by generation of Cu, sS. Deservedly, Mg?" reactions with Cu; S play a
leading ro ufficient cycling while the Fe and Co species can act as catalysts to
improvmn kinetics, clarifying the roles of Fe, Co and Cu. Briefly, this work

inspire ider the actions of copper collector in electrodes for other batteries like

rechargea!e lltﬁlum/ sodium/zinc/aluminum ion batteries. Moreover, it should make PMC
electrolyte attrac;e for RMBs, which can be better regulated for further studies.
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2. Results and discussion

2.1. Thm of Co-doped FeS: materials

A si @ othermal method was used to prepare Co-doped FeS, materials. Figure 1a

provideﬁ W overview of the processing steps (see experimental section, Supporting

E

Informati The prepared FeSa, Feo.9Coo.1S2, Feo.75C00.25S2 and Feo.sCoo.5S2 samples were
characterim-ray diffraction (XRD). Figure 1b shows that characteristic diffraction
patterns o ained samples can be indexed to standard pyrite FeS> (JCPDs. card 71-
0053), wi age group of Fm-3m, confirming successful Co doping. Moreover, all

diffractioshift slightly to a lower angle compared with those of pyrite CoS2 (JCPDs.

$

card 70-2 th increasing the Co content, the diffraction peaks become weaker and
broader, i the decreased crystallinity and reduced particle sizes. The XRD pattern of
Feo.5Co0.5 ys a weak peak at 30.9 °, likely attributable to traces of impurities. At an

anticipatem content of 75 %, the XRD pattern of “Feo25C00.75S2” (Figure S1,

Supporti ation) does not match with pyrite FeSz or CoS», indicating the unsuccessful
preparation. 50 at. % is the highest content of Co dopant in this study.

G
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e
e
-
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Figure 1. a eral methods used to prepare Fei..Co,S2 (x=0, 0.1, 0.25, 0.5) samples. b)

XRD patt@tns of these samples. Rietveld refinement results of the as-prepared c) FeS», d)

Feo.9COo.1¥i e: F').75C00.2582 and f) Feo5Coo.5S2.
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To further understand the results mentioned above, Rietveld refinement of XRD patterns

(31 The results are shown in Figure

was performed using Pseudo-Voigt profile fitting function.
lc-f and d€tailed data are provided in Table S4 (Supporting Information). Note that 10 at. %
doping ca @ ormation of a slight smaller unit cell. With increasing Co doping ratios,
the unifgcoblsgiaduially expand as M-S (M=Fe/Co) bonds lengthen. For typical conversion-
type metam, metal-sulfur bonds should transform to Mg-S bonds during RMB
discharge@ally, M-S (M=Fe/Co) bonds lengthen as M-S bond strength lessens. This

is advantageoUs as cleavage of M-S bonds to produce Mg-S bonds becomes energetically

more fav . Doping Co in FeS; could be an effective strategy to realize reversible
reactions ttery cycling as suggested by M-S+MgeMg-S+M.

Materials’ morphology and compositional evolution were first characterized by scanning
electron y (SEM). As shown in Figure S2a (Supporting Information), FeS, without

Co exhibimrical morphology with a rough surface and diameters of several microns.

Figure S21} ow that Co doping reduces average particle sizes (APSs) and causes

agglo . Energy dispersive X-ray (EDX) microscopy analyses (Figure S2 and Table
Ss, S:Enformation) reveal a Fe:S molar ratio of 0.33:0.67 for FeS.. Similar findings
are found for homogeneous distributions of Fe, Co, S for Fe;.xCo,S> (x=0.1, 0.25, 0.5)
samples vs!h Fe:Co:S molar ratios close to the feeding ratio. Nevertheless, Figure S3a-e

(Supportin ation) show that the Fe:Co:S molar ratio of as-prepared Feo.75C00.25S2
sample de eatly, verifying the unsuccessful preparation of objective “Feo.25C00.75S2”,
agreeing the XRD analyses. Additionally, the Fe:Co:S molar ratio of as-anticipated
“Feo,lcmented in Figure S3f-j deviates greatly from the feeding ratio, further

confirming that excessive Co doping inhibits pyrite phase formation.

Tran: electron microscopy (TEM) allows clearer assessment of sample

morphol nd structures. As Co doping increases from 0 to 50 at. %, low-resolution TEM
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images in Figure 2a, e, i, m reveal decreases in APSs, consistent with the SEM observations.
Co?" in solution seems to inhibit particle growth during hydrothermal processing. For the
FeS; sample, the dominant lattice fringes in high-resolution TEM (HRTEM) images (Figure
2b, ¢) havr spacings of 0.2721 nm, corresponding to (200) planes.[*?! Figure 2f, g,
1, k, n, gyshomigiaterplanar spacings of (200) planes are 0.2718, 0.2724 and 0.2730 nm for
Feo,9C0041“C00425SZ and Feo sCoo.5S2, respectively. The selected area electron
diffractiow@) patterns (Figure 2d, h) present clear-cut concentric circles with obvious

bright spots, 1dicative of fairly good crystallinity for FeS> and Feo.9Coo.1S2. However, Figure

21, p sho kelled diffraction spots with strengthened ring-like shape in Feo.75C00.25S2 and
Feo.5Coo.5 es, indicating polycrystalline characters caused by reduced APSs. The
labeled di rings are indexed as (111), (200), (210), (211), (220), (221), (311) and

(222) plar!s OE tEese samples, consistent with XRD refinement results. Moreover, HAADF-
STEM mapping results (Figure S4, Supporting Information) further confirm the homogenous

element di§tri n of Fe, Co and S in these samples.

=
G
=
-
<C
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Fe,,Co,.S, FeS,

FeO.TSCOO.ZSSZ

Feo.scoo.ssz

Figure ages, HRTEM images at different magnifications, SAED patterns of as-
prepared a-d) FeS,, e-h) Feo9Co0.1S2, i-1) Feo.75C00.25S2 and m-p) FeosCo0.5S2 samples. (The
scale barsh‘e b, f, j, n are 5 nm; the scale bars of Figure c, g, k, o are 2 nm and the

scale bars ed, h,1,pare 5 1/nm.)

The SﬁCl 1C ilrface areas (SSAs) and pore size distributions for Fei..Co.Sz (x=0, 0.1,
0.25,0.5) racterized by N> adsorption/desorption as these properties play a crucial
role in the erformance.*! As seen in Figure S5 and Table S6 (Supporting

Information), the Brunauer-Emmett-Teller (BET) SSAs of FeS», Feo.9Co0.1S2, Feo.75C00.25S2
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and Feo sCoo5S2 are estimated to be 2, 5, 9 and 23 m? g”!, respectively, as anticipated by the

changes in particle sizes. Using the Barrett-Joyner-Halenda (BJH) method, FeS, shows pore
H

size distribution (<20 nm) while pore size distributions (<12 nm) are seen for the Feo.9Co0.1S2,
N

Feo.75C00.25S2 and Feo.sCoo.5S2 samples. The thermal stability of Fei.xCo,S2 (x=0, 0.1, 0.25,
ol

0.5) samples were then investigated by thermal gravimetric (TGA) and differential scanning
-~

calorimetric (DSC) analyses (Figure S6, Supporting Information). TGA curves show a

- B

continuous mass loss with the increasing temperature. Apart from this, the DSC curves

[

indicate that the decomposition temperature of FeS, under Ar (597 °C) is lower than those for
Fe0.9C00.1S2, Feo.75C00.25S2 and Feo.5Co0.5S2. FeosCoo.5S2 offers a somewhat higher thermal
- W

stability up to 631 °C. Thus, Co doping improves slightly the thermal stability of FeS,.

Previg surements confirm that Co doping weakens M-S bonds and reduces APSs
coincidenﬁ increasing SSAs. Raman spectra show that Fe;.,Co.S, (x=0, 0.1, 0.25,

0.5) sampmsimilar bond structures (Figure 3a). Weak peaks at =340 cm ™! most likely
e

arise from ibration mode of S>>~ dimer. Strong peaks at =380 cm ™! are related to the
in-pha ching vibration (Ag) of Sz~ dimer.!*”] X-ray photoelectron spectra (XPS) was
used to i ate the chemical compositions and valence states of Fe;..CoxS> (x=0, 0.1,

0.25, 0.5) samples. The low-resolution survey spectra (Figure S7a, Supporting Information)
show thatgical element signatures consist primarily of Fe, Co and S. The Auger peaks of
Co and Fe m\/ill interfere with the peaks of Fe and Co 2p. In the high-resolution Fe 2p

core level ctra, depicted in Figure S7b (Supporting Information), the peaks of Fe
2p32 and o-exist while the more intensive Fe 2p3/2 peak will be further analyzed for
better £ ith the augment of Co doping ratio, the peak intensities of Fe 2p3.»
attenuate egrees, suggestive of diminishing in Fe contents. However, the peak of Fe 2ps2

at 707.1 eV for Fi.9C00.lsz shows a small blue shift compared with that of FeS, (707.0 eV).

<
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Figure n spectra and sXAS spectra of as-prepared Fe..Co.S> (x=0, 0.1, 0.25, 0.5)
samples“Y , ¢) Co TEY modes. d) XANES spectra, ¢) FT-EXAFS, f) WT contour
plots of FE' K- for (I) FeS,, (II) Feo.9Co0.1S2, (IIT) Feo.75C00.25S2 and (IV) Feo.5sCo0.5S2
samples. S spectra, h) FT-EXAFS, 1) WT contour plots of Fe K-edge for (I)
Feo.oC ) Feo.75C00.25S2, (IIT) Feo.sCo0.5S2 and (IV) CoS» samples. j, k) EPR spectra
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and locally enlarged area of as-prepared Fei..Co,S2 (x=0, 0.1, 0.25, 0.5) samples. 1)

Schematic diagram of d-electron regulations for Fe and Co atoms via the tuning effect caused

by Co do .

As Catio increases, the locations of Fe 2p32 peaks remain at 707.1 eV for
Feo,75Cgo, 2 and Feo 5C00.5S2 samples, indicating that Co doping has little influence on the
surface oxidatiQn states of samples. Figure S7c (Supporting Information) displays the high-
resolution\o 2pgore level XPS spectra, with increasing peak intensities as Co doping ratio
increases. 2p3/2 peaks are centered at 779.2, 779.0 and 778.8 eV for Feo.9Coo.1S2,
Feo.75C00,m Feo.5Co0.5S2 samples, respectively, suggesting a decreasing oxidation state
of sample@which is probably ascribed to that Co** (3d”) holds a little higher d-
electron ch nsity than Fe?*(3d®). In addition, the peaks of S 2p3/, spectra (Figure S7d,
Supportin ation) show slight blue shifts with Co doping. The S 2p peaks at 168.6 eV
are pointem bonds in SO, species.l''™3#! All results imply that doping has little effect

on the val e of Fe, Co and S, and Co may draw a little more electrons form S.

The ele ic structures of samples were further probed using soft X-ray absorption
spectr S). A solid evolution of surface and bulk electronic structure could be
explored by measuring in sXAS TEY and TFY modes with surface (< 10 nm) and bulk (>
100 nm) shy, respectively.® As shown in Figure 3b, c, the Fe L-edge is divided into

L2 (720 tq 1) and L3-edges (707 to 717 eV) and the Co L-edge is divided into L2 (792

eV to 802 eV and L3-edges (778 eV to 788 eV), which originate from the 2pi» and 2p3.

states dueg the core-hole spin-orbital coupling.

Thwes for Fe-TEY and TFY (Figure S8a, Supporting Information) decrease

gradually while those for Co-TEY and TFY (Figure S8b, Supporting Information) increase

little by little, exhi

biting an analogous trend. It implies that Fe and Co elements occupy

evenly B -l_ﬂ tom sites in the FeS» lattice. In addition, the peaks of Fe and Co L-edge in
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both TEY and TFY modes show no obvious shifts with increasing Co doping ratios. Thus, Co

doping has little effect on the oxidation state of Fe and Co, consistent with XPS results.

Elem ific synchrotron radiation X-ray absorption fine structure (XAFS)
measuremm e and Co K-edge were also performed.l*>! Figure S9a and S10a
(Suppoﬂi Maﬁon) show that Co K-edge XAFS spectra overlap partly the Fe K-edge
XAFS spectra, further indicating successful Co doping. The Fe K-edge X-ray absorption near
edge structure NES) spectra (Figure 3d) and the first derivative plots (Figure S9b,
Supportin ation) of Fe1«Co,S> (x=0, 0.1, 0.25, 0.5) are close to each other, indicating
Co dopingme influence in the oxidation states of Fe. Moreover, Co K-edge XANES
spectra (FiguE of Co K-edge XANES for Feo.9Co.1S2, Feo.75C00.25S2, Feo.sCo0.5S2 and
CoSz also s ittle changes when the Co doping ratio increases. However, the second peak
in the ﬁrsﬁve plot (Figure S10b, Supporting Information) of CoS: is located at 7714.5
ev, lower@t of Co-doped FeS; (7715.7 eV), which is ascribed to the different

interaction etween Fe-Co and Co-Co.

Figure d S10c (Supporting Information) display the k*>-weighted Fourier
transfo lots of the extending X-ray absorption fine structure (EXAFS) shown in k-
space for Fe and Co K-edges. The corresponding plots shown in R-space are displayed in

Figure 3e,hrominent peaks at 1.78 A in Fe K-edge spectra and 1.81 A in Co K-edge

ed to Fe-S and Co-S coordination paths, respectively. Furthermore, Fe FT-
EXAFS spe
or Fe-Co sordination paths. Specifically, FT-EXAFS plots in R-space of Co-doped FeS: are
similar Wundant peaks, inheriting the FeS: structure, which is also identified by

fitting the FS curves of FeS; as displayed in Figure S11 and Table S7 (Supporting
wavelet transformed (WT) contour plots (Figure 3f) for Fe K-edge of Fe.

igure 3e) show peaks centered at 3.43 A, indicating the existence of Fe-Fe

Informati

xC0oxS2 (X , 0.25, 0.5) show two maximum intensity at 1.8 and 3.4 A,¢! which are
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assigned to the Fe-S and Fe-Fe/Fe-Co coordination paths. Besides, the intensities at 3.4 A
become a little weaker with increasing Co doping ratio. No other signals could be detected,

demonstrating that Co doping does not change the surrounding bond structures of Fe atoms.

Co XAFS spectra in Figure 3h show peaks centered at 3.34 A, indicating
the Co-F esr Co-Co coordination paths. Note that the peak for CoS; locates at the right side

in R-spac

of peaks for FeqoCo0.1S2, Feo.75C00.25S2, FeosC00.5S2. The FT-EXAFS curves of CoS; shown
wrther fitted and the results (Figure S12 and Table S8, Supporting

Informatimhed well with experimental results, showing a similar crystal structure to
FeS,. Howe¥¢r,®he obvious differences indicate that Co can occupy the Fe sites in the FeS:

crystal lattice. The WT contour plots (Figure 31) of Feo.9Co0.1S2, Feo.75C00.25S2, Feo.5C00.5S2

and CoSz s 0 maximum intensities at 1.8 and 3.3 A, which is attributed to the Co-S and
Co-Fe/Coﬂdination paths. Simultaneously, the intensities at 3.3 A get much weaker
with incre doping ratio. Nevertheless, the intensity of CoSz recovers to be strong.
These resmate that M-M (M=Fe/Co) interaction force weakens with increasing Co
doping, could be put down to the fact that adequate Co doping would make the FeS»
lattice e

To investigate the electron distribution structures of atomic orbitals for Fe and Co,
electron pgetic resonance (EPR) analysis was applied. Figure 3j, k show that FeS;

exhibits ant signal with a g value of 2.76. Peak intensities varying with magnetic

field decreas€dramatically with enhanced Co contents. Interestingly, FeS; exhibits the

strongest gramagnetism among all samples, probably ascribed to the high spin (HS) states of
local FWh the 3d electronic configuration of t*e%.*%! There can be two unpaired

electrons i tal and two unpaired electrons in g orbital (Figure 31). Thus, 10 at. % Co
doping ca S states of Fe atoms to low spin (LS) states, resulting in an electronic
configurata t%,0e% without unpaired electrons. This inference is further confirmed when
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Co doping increases. Moreover, Co atoms in Co-doped FeS; should be in LS states with an

electronic configuration of t®.e's, leaving one unpaired electron. Consequently, the local spin

t

state modtfication by Co doping leads to a less e, orbital electron filling for Fe atom while the

spin state @ oms is little influenced.

rip

2.2. The MB** age features of Co-doped FeS: cathodes for RMBs

G

The chemimal structure of PMC electrolyte was first characterized by Fourier transform

S

infrared re igf (FTIR) and Nuclear magnetic resonance (NMR), shown in Figure S13,

Supporting Inforfmation. The active species in solution can be suggested to consist of cations

of [Mgz(u-Cl)36THF]* and anions of [AI(R-PhO)4-,Cl,]" (n=1-4).37 The electrochemical
Mg stripptag/plating behavior with prepared PMC electrolyte was investigated using cyclic
voltamme at 5 mV s between -1 and 2 V. Figure S14a (Supporting Information)

shows tha

d

reduction step begins at -0.6 V, which is ascribed to Mg plating on SS

foils. I uent oxidation step, the onset potential for Mg stripping from SS foils is 0

V. Then, t nt density of cell increases sharply with an oxidation peak at 0.6 V. During
subsequent cycles, the corresponding peak currents increase during Mg stripping/plating. The
CV data igstrate clearly that PMC electrolyte enables reversible Mg stripping/plating. In
addition, Figuee S14b (Supporting Information) indicates that the oxidative stability of the
electrolytd @ culated to be 3.25 V vs. Mg**/Mg by linear sweep voltammetry (LSV) at

10 mV s’ jglmis suitable for our RMBs.

Figusg S15 shows the coulombic efficiency (CE) of Mg stripping/plating for the first
100 cycleﬁ‘electroly‘[e. The CE value is only 83.3 % in the initial cycle, which is

ascribed t eversible processes.!”” Then, CE gradually increases to 99.5 % after 20

cycles %s stable thereafter. The average CE for 100 cycles is 99.0 %, which seems
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considerable for RMBs. Symmetric Mg cells were constructed to evaluate the performance in
galvanostatic Mg stripping/plating measurements. Figure 4a and S16a (Supporting

Informatidh) show that the polarization potential vs. Mg?*/Mg decreases gradually during
initial cyc @ pestive of an activation process. Figure 4b indicates that the polarization
potentigds 2"/Mg increase slightly with increasing current densities. The initial
polarizatiwial is 78.5 mV (0.05 mA cm™), then increases to 105.5 mV (1 mA cm?),
and recov@ mV (0.05 mA cm), indicating good rate performance for this electrolyte.
The rapid dect€asing over-potential is attributed to the deposition of a large amount of
magnesiu eléctrode surface. Besides, Figure S16b (Supporting Information) shows that

the polarintential re-stabilizes at 32.9 mV after 240 cycles. Figure S17 (Supporting

Informati

voltage h)Serems of 84.3 mV after cycling for 500 h, exhibiting considerable Mg
atin

stripping/p f inetics and cycling stability.

nstrates that PMC electrolyte endows symmetric cells with quite a low

=
G
=
-
<C
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Figure 4. Cycling performance of symmetrical cells using PMC electrolyte at different

current de .05-1 mA cm™): a) 0 to 120h and b) 40 to 60 h. The working, counter and

reference

s of symmetrical cells are all Mg foils. CV at 0.1 mV s™! for the first three
cycles of c)peistine FeS: cathodes and d) cathodes having cycled 50 times at 0.1 A g!
coupli i electrolyte and copper collectors for RMBs. Cycling performance at 0.1

Ag! OM Fe0.9Co0.1S2, g) Feo.75C00.25S2 and h) FeosCoo.5S2 cathodes for RMBs. The
correspon harge/charge profiles during 1%, 10®, 20 30%, 40™ and 50™ cycles for i)
F682,j) Feoo
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0.152, k) Feo.75C00.25S2 and 1) Feo sCoo.5S2 cathodes. m) Cycling performance at
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(x=0, 0.1, 0.25, 0.5) cathodes for RMBs, and inset is enlarged image of low impedance. 0)
Electrochemical ﬁerformance comparison of Co-doped FeS, cathodes with other typical

cathode mfterials for RMBs reported in the literatures.

 EE—
The trochemical performance of Fei.xCo,S> (x=0, 0.1, 0.25, 0.5) cathodes was

investigatmmﬁ coin cells coupled with Mg anodes, PMC electrolyte and copper

collectors. 4c depicts the CV curves at 0.1 mV s™! for initial three cycles of FeS»

cathodes. w“ discharge, a clear small peak at 0.9 V is ascribed to Mg?* reaction with

the FeS: ¢ owever, similar peaks for Co-doped FeS; shift to lower voltages while the
single pea, ’5C00.5S2 splits into two peaks, indicating multi-step reactions. Then, the
reduction r all cathodes stabilize at 1.0 V during discharge. In the charging process,
the anodi ow distinct characteristics where peaks (b, ¢, d) strengthen during cycling,
indicatingent activation process and multistep oxidation. Particularly, the anodic
peaks ¢ more and more prominent with Co doping during later cycles. To fully

clarify the e hemical reaction after activation, CV curves (Figure 4d and S18,

Suppo ation) at 0.1 mV s were obtained for the first three cycles when RMBs
had cycled 50 times. Strong cathodic peaks (a’) at 1.0 V are observed in Fe;..Co.Sz (x=0, 0.1,

0.25,0.5) h Moreover, the anodic peaks are significantly different. FeS, cathodes

exhibit a | @ arization peak while Co-doped FeS: cathodes show three distinct peaks
(b’,¢’,d’), po

Moreover‘he overlap of CV curves proves the good reversibility of all cathode reactions.

ed to the multiple anodic reactions when Mg?" is extracted from cathodes.

As n Figure 4e-h, Fe;.CoxS2 (x=0, 0.1, 0.25, 0.5) cathodes show improved
capacities duringsmtial cycles with a CE of > 100 %, based on the mass of Co-doped FeS,.

On further cyclipg, the FeS, cathodes maintain a maximum discharge capacity of 700 mAh g’
! after ¢H0Wever, capacities decay gradually to 39 mAh g™! after 200 cycles, which

This article is protected by copyright. All rights reserved.



WILEY-VCH

is probably ascribed to the FeS; electrode degradation caused by great volume change and
irreversible reactions occurring in electrodes during discharge/charge.> ¢® 381 The nano-
crystallization of materials is an effective solution to this problem. The Feo9Coo.1S2 cathodes
show gre ved performance, maintaining a highest discharge capacity of 661 mAh g
at 0.1 g0 gamabiels 106 cycles. Then, capacities show a downward trend after 170 cycles.
Feo,75Coo,Modes display a highest discharge capacity of 656 mAh g™! after 91 cycles,
maintaini@harge capacity of 545 mAh g'! after 200 cycles. These results indicate good
capacity retention and enhanced electrode stability of the Co doping FeS: cathodes.
Feo,5C00,5Wes display a maximum capacity of 626 mAh g! after 62 cycles, showing
the shorte ion process of 14 cycles among these four-type cathodes and a reversible
capacity o h gl is obtained after 150 cycles. As a contrast, a previous study reported
that a pyrife FeS; cathode coupled with Mg[B(hfip)4]/DME electrolyte for RMB worked in a
voltage range of 0.01-2.4 V (vs. Mg) but experienced serious overcharge during the 50™

cycle,*”) rigsul in a short cycle life. These results indicate that Co-doped FeSz cathodes

couple g C electrolyte running in a narrower voltage window can retard the
overcharge o ries without reducing specific capacities, which is beneficial for
impro e life and stability of RMBs.

The SCling performance of Co-doped FeS: cathodes for RMBs was also investigated
using the mtrolyte. Figure S19 (Supporting Information) shows that FeS> and

Feo.sCoos es coupled with APC electrolyte show much lower discharge capacities

nucleo

and lomon time than those using PMC electrolyte, likely a result of the greater

APC electrolyte. Additionally, commercial CoS; was characterized by
XRD ana !E i :!igure S20a, b, Supporting Information), then used for RMBs. Figure S20c,
d (Supporting Inf@rmation) indicate that CoS; cathodes show increasing capacities during

cycling with 1 ctivation time.
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The results indicate that Co doping improves significantly electrochemical performance
of FeS. On the one side, APSs decrease sharply with enhanced SSAs for Co-doped FeSo,
beneﬁtiMyte infiltration into the electrode materials. Co doping likely weakens M-S
(M=Fe, C distrengths, conductive to the transformation from M-S (M=Fe, Co) to Mg-S
and thegvhelegiemersible reactions during RMB cycling. Moreover, the local spin state of
FeS; coulhﬁﬁed by Co doping, resulting in a less eg orbital electron filling in Co-

doped FeSg- TheSg adjustable and stable states could be one potential reason for reversible

G

and stable s. Moreover, the synergistic catalytic effect of Fe and Co can also improve

the perfo e Figure 4i-1 exhibit discharge/charge curves of Fei.xCoxS2 (x=0, 0.1, 0.25,

S

0.5) catho 1 A g!, showing a clear activation process. Besides, all cathodes exhibit

U

long disc teaus at 1.15 V after battery activation, implying similar Mg®" storage

process dufing battery discharging.

£

Fel-xmo, 0.1, 0.25, 0.5) cathodes were also cycled from 0.1 to 1 A g'! as seen in

Figure S2 rting Information), which displays rate performance of RMBs and
corres 1scharge/charge curves. All cathodes display decreasing capacities with
increasi nt densities. It should be noted that the capacities present a descending trend

at every current density without stabilizing. Therefore, all cathodes were cycled at 1 A g'!

where catides were pre-activated 50 cycles at 0.1 A g'. Figure S22 (Supporting
Informatims that capacities of all cathodes decrease sharply starting at 1 A g”!,

followed ising. FeS, cathodes show unstable capacities in cycles 340-500 where a
maximm of 374 mAh g! is obtained, probably due to the huge volume expansion
and co cathode materials.[®® 27! In contrast, Feo9C00.1S2 cathodes show steadier

capacities kltﬁ a discharge capacity of 157 mAh g! after 340 cycles. Fe75C0025S2 cathodes
show a capacity df 161 mAh g™ after 450 cycles, suggesting that Co doping can improve the

RMB stabilit igh current densities. Even better, Feo.sCoo.5S2 cathodes (also Figure 4m)
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show a maximum capacity of 250 mAh g'! after 440 cycles and maintain a capacity of 164

mAh g'! after 1000 cycles, displaying the best cycling stability among these four samples.

T

Electmimpedance spectroscopy (EIS) measurement was performed. Figure 4n

compares ist plots of Fei..Co.S2 (x=0, 0.1, 0.25, 0.5) cathodes for RMBs. As

depicteﬂ, 0.9C00.1S2 cathode displays a reduced charge transfer resistance (R¢i) of =890 Q,

lower than thosg of FeS» (=4600 Q), Feo.75C00.1S2 (=3800 Q) and Feo.5Co0.5S2 (2000 Q)

cathodes. tance of whole cell components (denoted as Rs) is a combination of the

electrolytmble area, electrical conductivity of the electrode and solid electrolyte
interface. e®Ver, Rs of Feo5C00.5S2 (10 Q) is lower than those of FeS (20 Q), Feo.9Co0.1S2

(15 Q) and Feo.75500.25$2 (13 Q).

Overmlectrochemical performance of Co-doped FeS; cathodes for RMBs is
comparab ther RMBs reported before (Figure 40 and Table S3, Supporting
Informati@n). “ 21,224.25.27. 391 [ addition, in this study, inexpensive PMC electrolyte and
Co-do hodes are applied for high-performance RMBs, showing great potential of

applying suc Bs in energy storage fields.

2.3. Mg“h mechanism of RMBs

Mg?* ftorage Behavior was investigated via various measurements. Operando synchrotron

X-ray (ﬁSXRD) shed light on the structural evolution of FeS> and Feo.sCo0.5S2

cathod s during initial cycles at 0.1 A g!. For these tests, the pre-drilled

positivwhells were covered with Kapton films to facilitate the transmission of
synchrotron raES?on light as shown in Figure Sa. The voltage-time curves for the FeS»

cathodes during 1pitial cycles and corresponding operando SXRD patterns are shown in
Figure {pp;rting Information). The as-fabricated electrode unveils the typical
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diffraction peaks corresponding to crystalline planes of FeS; (JCPDs no. 71-0053). The

intense diffraction peaks of the copper collector are also presented. The diffraction peaks for

t

FeS, appefr during later discharge-charge-discharge, indicating inadequate Mg>* reaction
with FeS» @

Howe 1, operando SXRD patterns of Feo5Coo.5S> cathode during initial cycles,

2

represented in Figure S24 (Supporting Information), show some different phenomena from
those of F@S, catliode. Diffraction peaks matching well with those of FeS» are also found. In

the meanwyifil diffraction peaks for Cui.sS and S were detected during cycling,

S

suggesting that PEo.sCoo.5S2 reacts partially with copper collector. The preferred reaction of

Feo.5C00.5S> thaneS> with Cu can arise owing to the smaller particle sizes and longer M-S

Gl

(M=Fe an nd lengths, reducing the energetic requirements of the reaction path and

resulting 1 er-term activation time for RMBs.

o

Author Ma
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Figure atic diagram of operando SXRD tests for RMBs. b) The voltage-time

curve o“odes coupling with PMC electrolyte and copper collectors during 50" cycle
and corre contour plots of operando SXRD patterns. c) Counter plots of partial

operando ) Mg 2p and e) S 2p spectra of FeS, cathodes in different states (I to VI). f,

g) TE .‘iiﬁ | h) HRTEM images, i) HAADF, DF images and corresponding STEM
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mapping results of FeS cathode in fully discharged state (cycle 50). j) Fe K-edge XANES
spectra of FeS» cathodes in different states. k) Fe K-edge XANES spectra and I) the first

Pt

derivative™lots for FeS», FeS, Fe foil and FeS» cathodes (state I).

To in reaction behavior of FeS; cathode during the 50" cycle at 0.1 A g’!,
operango was further performed to disclose the concrete reaction processes after cell

activation. First, CR2032 cells using FeS» cathodes were disassembled. Then, the cathodes

*E

and separdgQrs e transferred to new cell cases. Ample electrolyte and polished Mg foils

were repleais The cells for operando SXRD experiments were then assembled. Figure 5b

S

shows that caks for MgS exist during 50" discharge/charge, indicating that partially

irreversible MgSgonversion causes deviations between theoretical and actual specific

MgS (200 howing gradual increasing intensities during discharge accompanied by a

capacity fﬁathode. Furthermore, Figure 5c presents a closer look at the variation of
declining ming charge. The diffraction peaks of (211) planes for Fe are also detected.
It is salien dominant cathode reactions after cell activation differentiate from those

during cycling.

Co x-situ XPS was employed to identify the chemical compositions and
valence states during the 50" cycle at 0.1 A g! for FeS and FeosCo0S> cathodes from
dismantleh, emphasizing Fe 2p, Co 2p, Cu 2p, S 2p and Mg 2p spectra. For FeS:
cathodes, @ s (state [-VI) were chosen as presented in Figure S25a (Supporting
Information)-"F1gure 5d shows that the Mg 2p peaks shift to lower binding energy during
discharge (state I to IV) with increasing intensities and move back after charge (state V, VI),
suggestjnqihﬁ Igiersible reaction of Mg®" with cathodes.* 116,30 The Cu 2p spectra (Figure
S25b, Su imgelnformation) show obvious changes during cycling, where Cu is found in
the fully :

22a, 25]

d state (state IV) and Cu™ is detected in fully charged state (state I, VI).['
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In a striking contrast, the Fe 2p spectra (Figure S25¢, Supporting Information) do not
change conspicuously during discharge/charge, demonstrating that most Fe species may not
participaté®in the conversion reactions during cycling when the cell is fully activated.
Moreover @ b peaks (Figure Se) also shift to a lower energy region during discharge and
shift togg higheigeergy region during charge. The peaks of Mg-S strengthen greatly while the
peaks of Mken apparently during discharge. Then, the peaks of Mg-S weaken
gradually @ peaks of Cu-S strengthen by degrees during charge, which is probably
assigned to the mutual transformation between Cu-S and Mg-S species. XPS of the cathode
surface al ates the influence of the copper collector. These results further confirm
that the ¢ reaction of Mg?* with Cu; sS to produce Cu and MgS should contribute to
the capac:‘

ur cells after activation, rather than the conversion reactions from Fe-S

species tof@MgS.

£

Author Ma

This article is protected by copyright. All rights reserved.



WILEY-VCH

a Mg FeS,cathode Cu Mg cathode Cu
ks & = 5 T =y
i After o WX
activation ¢ , k¢
Cu-S species MgS
i ! After R @0 hE
1) % ,=> By o2 e 5 rts
il activation "ﬁ“‘ X T
h Cu-S species Mgs
2 ; 2 £ o = m
Mg Co doped FeS, Cu Mg
cathode
ocC @ FeS, OFe,Co, S, © Fespecies { Cospecies { Cuspecies
c 1000 d 2
- I 100mA g* =
k] S ——10th cycle
< S00p — 2 Em 1.5 — 20th cycle
E 1005 4 30th cycle
2 600 s > 40th cycle
'g E 2 1.0k —50th cycle
2 400 o 9 —100th cycle
3 + Charge 2 £ ——200th cycle
L » Discharge ] g S
£ 00f-J 2 0.5
e =}
& o
0 B i 1 i 1 i Il i L 1 1
0 50 100 150 200 0 200 400 600 800
Cycle number Specific capacity (mAh g”)

Figure 6. Schematic diagrams of RMBs working during initial cycles and after activation
using a) ng cathodes and b) Feo sCoosS> cathodes. ¢) Cycling performance at 0.1 A g'! and
d) correspqadimg, discharge/charge profiles during 10", 20, 30", 40™, 50, 100™ and 200"

cycles of hodes for RMBs using PMC electrolyte and copper collectors.

As Me.sSz cathodes during 50" cycle, six states (Figure S26a, Supporting
Information) wer@ chosen and the ex-situ XPS analyses give similar conclusions. The peaks

of Fe and Co 2pgpectra (Figure S26b, ¢, Supporting Information) show no obvious shifts

during @& «ri@ be/charge, also indicating that Fe and Co species may not participate in the
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conversion reactions. However, the peaks of Cu 2p spectra (Figure S26d, Supporting
Information) for cathodes in fully charged state (state I, VI) are at lower binding energies
than those®or cathodes in fully discharged state (state IV), showing that the reversible

reaction “ @ g Cu+MgS” also contributes to the capacities of FeosCoosS, cathodes

after aqfivali@immm

In addition, the peak intensities of Mg 2p spectra (Figure S26e, Supporting Information)
increase affer diséharge, indicating successful Mg?* storage in the cathodes. Simultaneously,
peaks of tra (Figure S26f, Supporting Information) verify the mutual transformation
between m Mg-S species. Overall, after long term cycling, the discharge capacities of
cells deriv@ from the generation of Cu and MgS. No obvious change in the valence
states of Fﬁ species indicate that they may take catalytic effects for facilitating the

reversible on for Cu-S species.

Figur

aS2 ‘@ (Supporting Information) present SEM images of pristine FeS» cathode.

d

The co EDX results (Figure S27¢c-h and Table S9, Supporting Information) show

that a low ent of 1.8 wt. % was detected. Moreover, Figure S28, 29 and Table S9
(Supp ation) show that Mg/S mass ratio changes considerably from 81.3 to 30.9
% during the 50™ discharge/charge. However, considerable amounts of Cu are detected on the
cathode shlile the Fe content is as low as 0.6 wt. % after 50 cycles. For the pristine
Feo.sCoo.53 @ e, Figure S30 and Table S10 (Supporting Information) show a
comparativelyigh Cu content of 13.5 wt. %, indicating that Feo 5Co¢.5S> tends to react easily
with the c@pper collector as proved in operando SXRD. Figure S31, 32 and Table S10
(SuppoW'* I“’a’nation) exhibit the low contents of Fe and Co in the cathode after 50 cycles
while the Jf Cu is high. Simultaneously, the Mg/S mass ratio also shows an obvious

decrease e 50" discharge/charge. These results demonstrate that the Cu species
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participate eventually in the process of Mg?* storage for FeS, and Feo sCoo5S2 cathodes after

battery activation.

TEM were also performed to determine the cathode product phases in FeS»
cathode alas. After full discharge, TEM images in Figure 5f, g show the products
consists‘o@ated particles. The dominant lattice fringes in HRTEM image (Figure 5h)
have interplanar spacings of 0.26 and 0.208 nm, corresponding to the (200) planes of MgS
and (111)planes®f Cu, respectively. Figure 51 show the HAADF, DF images of the product,
and STE g results demonstrates a focused homogeneous element distribution. In
addition, re#S33a, b (Supporting Information) show the morphologies of products after

charge. HRTEMFigure S33c, d, Supporting Information) images indicate that Cui S and Cu

co-exist coincident with Fe and FeS.

To un the role of Fe and Co more accurately during cycling, the valence states of

the Fe, Cin FeS» and Feo.5Co0.5S2 cathodes were also deciphered via XANES

spectra_lIt i that Fe K-edge spectra (Figure 5j) show little changes during
discharge/c igure 5k, 1 show that Fe K-edge XANES spectrum for FeS; cathode
during t state [ is situated between those for Fe foil and FeS, not close to that for

FeS,. Moreover, there are two obvious peaks at 7112 and 7120 eV in the first derivative plots

(Figure Sihorting Information), which can be ascribed to Fe” and iron sulfides like

FeS, indiixture of Fe and Fe-S species in the cathode during cycling.

Forrz cathodes, Fe and Co (Figure S35, 36, Supporting Information) K-edge

XANE so show little change during discharge/charge, which further confirm the
catalytiMFe and Co species. Overall, the valence state of Fe, Co elements in
cathodes show hie change during cycling, demonstrating a catalytic effect rather than acting

as Mg?" carrier
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The Mg*" storage mechanisms for FeS> and Co-doped FeS: cathodes can be
schematically summarized in Figure 6. Primarily, Co doping can reduce APSs and enhance
particle s, tavoring the generation of Cu-S species like Cui S and accelerating battery
activationactivation, Figure 6a shows that reversible conversion of Cu-S species to
MgS deiniaatesslieS> cathode reactions where Fe species can improve the reaction kinetics.
Figure 6b Wat Fe and Co species enhance synergistically kinetics for the reversible
conversio@ species to MgS. Besides, the Cu species like Cu and Cu; sS can

interpenetrate 1n the cathodes, forming continuous and advantageous electronic pathways.

Figur , d, £, h (Supporting Information) show the electrochemical reactions for all

cathodes after acSvation. Strong cathodic peaks (a”) are observed in all cathodes for RMBs,
ascribed t(ﬂversion of Cu-S species to Cu. The anodic peaks are pointed to the

multiple a ctions. Furthermore, Figure S37 (Supporting Information) shows that the
redox reacgi r-potential for Feo.sCoo.5S2 is smaller than FeS», Feo9Coo.1S2, and
Feo,75Coo,ml A gl after 30 cycles. After 50 cycles, analogic voltage differentiation is
observ electrodes. This implies that Co doping is beneficial to the reversible
conversi 1ons of electrode materials during initial cycles, suggestive of a more

effective catalytic effect for cathode conversion reactions.

The hemical kinetics of FeS; and Feo.5sCoo.5S2 cathodes for RMBs using PMC

electrolytg @ udied via EIS measurements after 10, 30, 50 and 150 cycles at 0.1 A g’!
(Figure S3§,"Stipporting Information). Rt decreases gradually for both FeS; and Feo.sCoo.5S2
cathodes sd the slope of straight line increases gradually during the first 50 cycles, which is

ascribeWroved reaction kinetics at the electrodes and enhanced Mg** diffusion rates

during ba ivation.!*”] R, for FeS; cathodes increases to 5000 Q while R for
Feo. 5Coo 5 es remains at =100 Q after 150 cycles. Moreover, the electronic resistance
(Rs) of F odes increases from 16 Q (50" cycle) to 58 Q (150™ cycles) while R of
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Feo.5C00.5S2 cathodes is stable at 31 Q after 150 cycles. These results show that Feo.sC00.5S2

cathodes have better electrochemical kinetic performance than FeS, cathodes after long-term

cycling, Hkonstratmg the advantages of Co doping strategy.

Insplauccess in the realization of high-performance RMBs using Co-doped

FeS; cathades an copper collector, this strategy was extended to typical sulfur cathodes.
Figure 6¢, d indicate that sulfur cathodes show increasing capacities up to 583 mAh g at 0.1
A gl afteff38 cyfles. A discharge plateaus at 1.66 V is observed, probably ascribed to the
conversiom magnesium polysulfide (MgS;).l'?! Particularly, the second discharge

T

plateau at I¥ esembles those of Co-doped cathodes for RMBs, possibly assigned to the

conversion of CullS species to MgS. Besides, at 1 A g'!, sulfur cathodes show a reversible

discharge ¢ ity of 236 mAh g! after 800 cycles, as presented in Figure S39 (Supporting
Informatiﬂobvious that sulfur cathodes for RMBs have longer activation time than
Co-doped hodes, further confirming the catalytic effect of Fe and Co in accelerating
battery acm

Overall, ate of reaction between cathode and copper collector to form Cu-S species
like C ines the overall activation time for these types of RMBs. Co doping can be

an effective strategy to accelerate the activation. In light of the fact that FeS; is easily
decomposh and S in inert atmosphere at high temperatures, a pre-activation method
uses charnstant voltage providing electric energy to replace thermal energy. Herein,
Feo.sCoo.5S2 Cathodes were selected for RMBs, then charged directly to 2 V and kept for
different tfne. Figure S40 (Supporting Information) shows that the pre-activation strategy
further W activation time. Moreover, the Feo.sCoo.5S2 cathodes after pre-charging

for2h sh tivation time of 9 cycles with a CE of 108 % after 120 cycles.
Neverthel E is higher than 100 %, increasing as pre-charging time increases.
Generall ossibly formed elemental S can not only react easily with Cu but also
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participate in the cathode reactions, further accelerating the battery activation. The shuttle
effect caused by ienerated MgS, may account for the serious over-charging of these RMBs.

However, the reaction mechanism is worthy of further exploration, although not within the

L

3. Conclu®
edmydr

A si
0.1, 0.25, erials. XRD Rietveld refinement results with assistance of HRTEM
observations conSrm that Co doping can make the M-S bond (M=Fe/Co) lengthen.

Simultaneously, the particle size is greatly dwindling and the specific surface area is

othermal method was successfully utilized to synthesize Fe1.xCoxS> (x=0,

gradually Wcreasing with the increase in Co doping ratio. Thus, Co doping can be highly

advantagmmproving the electrochemical performance of RMBs. Intensive

spectrosc riments like XPS, XAS, XAFS and EPR were further employed to

y the electron structures. In detail, the tuning effect by Co doping can make

the d-elect ribution of Fe from t*,e%, (HS state) to t%,e’, (LS state), reducing the
paramagnetism of samples. The electronic configuration of Co is not influenced, indicative of
the mutua!'nteraction between Fe and Co. Later experimental results confirm the improved

synergetic ¢ ic effect induced by Fe and Co species for RMBs.

A non ophilic PMC electrolyte was rationally coupled with Co-doped cathodes and
copper ﬂ)r RMBs, displaying good electrochemical performance. Even though Co
doping cam reducg slightly the capacity, the activation time of Co-doped FeS» cathodes is
obviouslyﬁd compared with FeS, cathodes. Particularly, Feo5Co0.5S> cathodes show a

high capagi 3mAh g! over 150 cycles at 0.1 A g! and even maintain 164 mAh g'!

over IO%H 1 A g''. Operando SXRD results show that FeS; cathode is stable during
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initial cycling. Besides, the more inclination to form Cu-S species like Cui S can account for
the shorter activation time of Feo5Coo.5S> cathodes. Importantly, the results of operando
SXRD, NES, TEM, SEM and EDX indicate that the capacity is mainly contributed
by the Mith Cui 8S after battery activation while Fe and Co species take actions
with symengistiggeatalytic effect. Thus, this work may remind us that we should pay adequate
attention tMctrochemical behaviors of Cu when chalcogenide materials coated on
copper co@e used for kinds of batteries. Moreover, this study demonstrates that the
usage of P

ectrolyte and doping strategy could be well applied for high-performance
RMBs.
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Table of s

Co dopin o expand crystal lattice and reduce particle sizes for FeS; while the
valenct#FESFeittle influenced. Coupling with a non-nucleophilic (R-PhOMgCl),-
AICI3/TH lyte, Co-doped FeS, cathodes using Cu collectors show considerbale
electrochemficaMperformance for magnesium batteries. Multiple charcterizations via operando
SXRD, est, XANES, TEM, SEM and EDX further reveal magnesium storage
mechanisms.
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