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ABSTRACT
Rechargeable magnesium batteries are attractive candidates for energy storage due to their high theoretical specific capacities,
free of dendrite formation and natural abundance of magnesium. However, the development of magnesium secondary batteries
is  severely  limited  by  the  lack  of  high-performance  cathode  materials  and  the  incompatibility  of  electrode  materials  with
electrolytes. Herein, we report the application of CuS nanoflower cathode material based on the conversion reaction mechanism
for highly reversible magnesium batteries with boosted electrochemical performances by adjusting the compatibility between the
cathode  and  electrolyte.  By  applying  non-nucleophilic  electrolytes  based  on  magnesium  bis(hexamethyldisilazide)  and
magnesium  chloride  dissolved  in  the  mixed  solvent  of  tetrahydrofuran  and  N-butyl-N-methyl-piperidinium
bis((trifluoromethyl)sulfonyl)imide  (Mg(HMDS)2-MgCl2/THF-PP14TFSI)  or  magnesium  bis(trifluoromethanesulfonyl)imide,
magnesium  chloride  and  aluminium  chloride  dissolved  in  dimethoxyethane  (Mg(TFSI)2-MgCl2-AlCl3/DME),  the  magnesium
batteries with CuS nanoflower cathode exhibit a high discharge capacity of ~207 mAh·g–1 at 100 mA·g–1 and a long life span of
1,000  cycles  at  500  mA·g–1.  This  work  suggests  that  the  rational  regulation  of  compatibility  between  electrode  and  electrolyte
plays a very important role in improving the performance of multi-valent ion secondary batteries.
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1    Introduction
Lithium-ion  batteries  (LIBs)  have  been  widely  used  in  mobile
devices  and  electric  vehicles  due  to  their  high  working  voltage,
high specific  capacity and long cycling life  [1, 2].  However,  large-
scale  energy  storage  applications  of  LIBs  are  greatly  restricted  by
the  scarcity  of  lithium  resources  and  intrinsic  safety  issues  [3].
Rechargeable  magnesium  batteries  (RMBs)  are  promising
candidates for large-scale and sustainable energy storage owing to
their  high  theoretical  volumetric  specific  capacities,  high  natural
abundance  of  Mg  and  dendrite  formation-free  features  [4, 5].  So
far,  although  a  variety  of  Mg2+ storage  materials,  including
transition  metal  oxides,  transition  metal  sulfides,  polyanionic
compounds and so on, have been explored, the cathode materials
of  RMBs  still  suffer  from  low  discharge  capacity  or  poor  cycling
life  [6–20].  Therefore,  the  exploitation  of  high-performance
cathode materials remains a major challenge for the development
of RMBs. Among the existing cathode materials,  transition metal
sulfides  and transition metal  selenides  usually  exhibit  better  Mg2+

storage  performances  compared  with  metal  oxides,  mainly
because the lower polarizability of S2− lattice anions than O2− lattice
anions  contributes  to  a  weaker  electrostatic  interaction  between
the divalent Mg and hosts, thus facilitating the mobility of Mg2+ in
the cathodes [21–25]. Copper sulfide (CuS) has been considered a
promising cathode material based on conversion mechanism with
a very high theoretical specific capacity (558 mAh·g−1) [26]. Nazar
et al. reported that CuS cathode had to work at a high temperature
of  150  °C  in  an  all-phenyl  complex  (APC)  electrolyte,  and  the
capacity  fade  rate  was  high [27].  Mai  and coworkers  realized  the
discharge/charge  process  of  CuS  cathode  in  a
Mg(ClO4)2/acetonitrile  electrolyte  at  room  temperature,  but  the
cycling stability was not satisfying [28]. To improve the long-term
cycling stability and capacity retention of metal sulfide cathodes at
room temperature is crucial for their application in RMBs.

Herein,  we  report  that  the  magnesiation/demagnesiation
reaction  reversibility  of  metal  sulfide  cathodes  could  be  greatly
improved  by  regulating  the  compatibility  between  the  electrolyte
and  nanostructural  cathode.  A  series  of  control  experimental
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results  confirmed  that  metal  sulfide  cathodes  (such  as  CuS)
exhibited poor compatibility with conventional nucleophilic APC
electrolyte, which should be ascribed to the side reactions of metal
sulfides with nucleophilic species in the electrolyte. In contrast, by
applying  non-nucleophilic  electrolytes  with  magnesium
bis(hexamethyldisilazide)  and  magnesium  chloride  dissolved  in
tetrahydrofuran  (Mg(HMDS)2-MgCl2/THF)  or  magnesium
bis(trifluoromethanesulfonyl)imide  and  magnesium  chloride
dissolved  in  dimethoxyethane  (Mg(TFSI)2-MgCl2/DME),
nanostructural  CuS  cathode  delivered  highly  improved  Mg2+

storage  properties  with  remarkable  reversibility  and  cycling
stability. To further optimize the electrochemical performances of
metal  sulfide  cathodes,  the  compositions  of  the  non-nucleophilic
electrolytes  were  rationally  adjusted  by  adding  appropriate
additives.  Especially,  the migration and shuttle effect of produced
polysulfide species could be efficiently inhibited by introducing an
ionic  liquid  additive,  N-methyl-N-butyl-piperidine-
bistrifluoromethylsulfonamide (PP14TFSI),  into the Mg(HMDS)2-
MgCl2/THF  electrolyte.  Consequently,  the  discharge/charge
cycling stability of the conversion reaction between Mg2+ ions and
CuS cathode was highly improved. In Mg(HMDS)2-MgCl2/THF-
PP14TFSI  electrolyte,  the  nanostructural  CuS  cathode  delivered  a
reversible discharge capacity of 167.6 mAh·g–1 at  100 mA·g–1 after
100 cycles  and a  long cycling life  of  more  than 800 cycles  at  500
mA·g–1.  By  adding  ultradry  AlCl3 as  a  sacrificial  agent  for
scavenging the impurities in another non-nucleophilic Mg(TFSI)2-
MgCl2/DME  electrolyte,  the  electrochemical  Mg2+ storage
performance of CuS cathode was also significantly improved. The
nanostructural  CuS  cathode  in  Mg(TFSI)2-MgCl2-AlCl3/DME
electrolyte  exhibited  superior  Mg2+ storage  performances,
including  highly  stable  capacity  (up  to  200.5  mAh·g–1 at  100
mA·g–1),  high  rate  capability  (117.7  mAh·g–1 at  500  mA·g–1)  and
excellent cycling stability (with a capacity retention of 93.2% after
1,000  cycles  at  500  mA·g–1).  Moreover,  the  discharge/charge
behaviors  of  nanostructural  CuS  cathode  were  monitored  by ex-
situ X-ray  powder  diffraction  (XRD)  and  X-ray  photoelectron
spectroscopy (XPS) characterizations, which further confirmed the
highly reversible  magnesiation/demagnesiation reaction processes
in non-nucleophilic electrolytes. 

2    Experimental details
 

2.1    Chemicals
Cu(NO)3·3H2O,  thiourea,  hexadecyl  trimethyl  ammonium
bromide  (CTAB),  tetrahydrofuran  (THF)  and  dimethoxyethane
(DME)  were  purchased  from  Sinopbarm  Chemical  Regent  Co.,
Ltd. Magnesium bis(hexamethylsilazide) (Mg(HMDS)2, 97%) and
2.0  M  of  phenylmagnesium  chloride  (PhMgCl)  solution  were
purchased  from  Sigma-Aldrich.  anhydrous  MgCl2 (99.99%),
ultradry  AlCl3 (99.99%),  magnesium
bis(trifluoromethylsulfonyl)imide  (Mg(TFSI)2,  99%)  were
purchased  from  Alfa  Aesar.  All  chemicals  were  used  without
further purification. 

2.2    Synthesis  of  hierarchical  CuS nanoflowers  and CuS
microspheres
For the synthesis of CuS nanoflowers, 20 mL of ethylene glycol, 20
mL  of  ethanol  and  40  mL  of  deionized  water  were  uniformly
mixed  in  a  100  mL  beaker  under  stirring.  Then,  3.0  mmol  of
Cu(NO)3·3H2O  and  7.5  mmol  of  thiourea  were  added  into  the
mixed  solution  in  sequence  with  continuous  stirring  for  10
minutes. Afterwards, 0.3 g of CTAB surfactant was added into the
above  mixed  solution.  The  mixture  was  stirred  for  another  30

minutes  and then  transferred  into  a  100  mL autoclave,  and then
sealed and heated at 120 °C for 16 h. The as-obtained precipitate
was  centrifuged,  washed  with  deionized  water  and  absolute
ethanol  for  several  times,  and  freeze-dried  at –50  °C  for  24  h  to
obtain the final product. Similarly, CuS microspheres as a control
sample  were  synthesized  by  the  same  synthesis  method  as  CuS
nanoflowers, except for without the addition of CTAB surfactant. 

2.3    Preparation of conventional APC/THF electrolyte
As a control sample, the conventional 0.4 M APC/THF electrolyte
was prepared in an Ar-filled glovebox (with O2 content < 0.1 ppm
and H2O content < 0.01 ppm). Briefly, 106.68 mg of ultradry AlCl3
was slowly added into 3.2  mL of  THF with continuously  stirring
until fully dissolved. Then, 0.8 mL of 2.0 M PhMgCl solution was
slowly  added  into  the  above  solution  followed  by  continuous
stirring for 12 h. 

2.4    Preparation of Mg(HMDS)2-MgCl2/THF electrolyte
The Mg(HMDS)2-MgCl2/THF electrolyte was prepared in an Ar-
filled  glovebox.  Briefly,  5.0  mmol  of  anhydrous  MgCl2 and  1.25
mmol  of  Mg(HMDS)2 were  dissolved  in  7.5  mL  of  THF  with
strong stirring for 72 h. 

2.5    Preparation  of  Mg(HMDS)2-MgCl2/THF-PP14TFSI
electrolyte
In an Ar-filled glovebox, 5.0 mmol of anhydrous MgCl2 and 1.25
mmol of Mg(HMDS)2 were dissolved into 5.0 mL of THF under
stirring,  and  then  2.5  mL  of  N-butyl-N-methyl-piperidinium
bis((trifluoromethyl)sulfonyl)imide  (PP14TFSI)  was  added  to  the
obtained mixture with continuous stirring for more than 48 h. 

2.6    Preparation  of  Mg(TFSI)2-MgCl2-AlCl3/DME
electrolyte
In  an  Ar-filled  glovebox,  1.0  mmol  of  Mg(TFSI)2,  2.0  mmol  of
anhydrous  MgCl2 and  1.0  mmol  of  ultradry  AlCl3 were
successively  added  to  4  mL  of  dimethoxyethane  (DME)  with
continuous stirring for 12 h. 

2.7    Characterizations
The morphology and structure of the products were characterized
by  transmission  electron  microscopy  (TEM,  JEOL,  JEM-2100)
and  scanning  electron  microscopy  (SEM,  FEI  Nova-450).  The
compositions of  the samples were measured by a Bruker energy-
dispersive  X-ray  spectrometer  (EDX)  amounted  on  the  SEM
equipment.  X-ray  powder  diffraction  (XRD)  analysis  was
conducted on a Shimadzu XRD-6000 diffractometer with a Cu Kα
radiation  source  (λ =  1.54178  Å).  X-ray  photoelectron
spectroscopy  (XPS)  data  were  recorded  on  a  PHI-5000
VersaProbe  X-ray  photoelectron  spectrometer  with  a  Al-Kα
radiation  source.  Nitrogen  adsorption/desorption  isotherms  were
obtained  on  a  Quantachrome  Autosorb-IQ-2C  instrument  at  77
K,  and  the  specific  surface  area  was  calculated  by  the
Brunauer–Emmett–Teller  (BET)  method.  Inductively-coupled
plasma  optical  emission  spectroscopy  (ICP-OES)  was  performed
on  an  Optima  5300DV  analyzer  by  dissolving  the  samples  in
diluted hydrochloric acid. 

2.8    Electrochemical tests
The  electrochemical  performances  of  rechargeable  magnesium
batteries  were  tested  by  using  CR2032  coin  cells,  which  were
assembled  in  an  Ar-filled  glovebox  (with  O2 content  <  0.1  ppm
and  H2O  content  <  0.01  ppm).  For  the  preparation  of  CuS
cathode,  CuS  nanoflowers,  carbon  black  and  polyvinylidene
fluoride (PVDF) were mixed evenly with a mass ratio of 7.5:1.5:1
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and  then  a  certain  amount  of  N-methyl-2-pyrrolidinone  (NMP)
solvent was added into the mixture, followed by strong stirring for
6  h  to  obtain  a  homogeneous  slurry.  Afterwards,  the  slurry  was
spread  on  carbon  paper  wafers  with  a  diameter  of  14  mm  and
dried under vacuum at 60 °C for 18 h. The areal loading mass of
active  material  was  ~1.3  mg·cm–2.  Polished  magnesium  foil  was
used as the anode electrode, and glass fiber (GF/D) was used as the
separator  in  the  coin  cells.  It  should  be  noticed  that  a  polished
molybdenum foil should be placed between CuS cathode and the
battery  case  to  prevent  the  corrosion  of  the  battery  case  by  the
electrolyte.  Galvanostatic  discharge/charge  tests  were  performed
on  a  Wuhan  LAND  CT2001A  battery  testing  system  within  a
voltage  window  of  0.2–2.2  V vs. Mg2+/Mg.  Cyclic  voltammetry
(CV)  was  measured  on  a  Chenhua  CHI-760E  electrochemical
workstation.  The  galvanostatic  intermittent  titration  technique
(GITT) measurements were performed at a current density of 50
mA·g–1 for  10  minutes  and  followed  by  relaxing  at  open  circuit
potential for 40 min. 

3    Results and discussion
As a typical sample, hierarchical CuS nanoflowers assembled with
wrinkled  CuS  nanosheets  were  synthesized  via  a  convenient
solution-phase method with the assistance of hexadecyl trimethyl
ammonium  bromide  (CTAB)  surfactant,  as  detailed  in  the
Experimental  section  of  Supporting  Information.  The  as-
synthesized CuS nanoflowers  exhibited  a  flower-like  morphology
with a diameter distribution of 2−4 μm, which were composed of
numerous  curved  CuS  nanosheets  assembled  in  a  hierarchically
packed manner,  as  revealed by the scanning electron microscopy
(SEM)  and  transmission  electron  microscopy  (TEM)  images  in
Figs. 1(a)−1(c). The high-resolution TEM image (Fig. 1(d)) of CuS
nanoflowers  showed  clear  lattice  spacings  of  0.304  nm,  which  is
ascribed  to  the  (102)  planes  of  crystalline  CuS  phase.  The
corresponding  fast  Fourier  transform  (FFT)  pattern  (the  inset  in
Fig. 1(d))  indicated  high  crystalline  degree  of  CuS  nanoflowers.
The energy-dispersive X-ray spectrum (EDX) elemental mapping
images of Cu and S elements corresponding to the SEM image of
Fig. 1(b) were presented in Figs. 1(e) and 1(f),  suggesting that Cu
and S species were uniformly distributed in the CuS nanoflowers.

The  crystal  structure  of  CuS  nanoflowers  was  further
investigated  by  XRD  analysis  (Fig. 2(a)),  which  showed  that  all
characteristic  XRD peaks  of  CuS  nanoflowers  matched  well  with
the  hexagonal  CuS  phase  structure  (JCPDS  no.  36-1139).  There

was  no  diffraction  peak  derived  from  possible  impurities,
disclosing the high purity of the as-prepared CuS sample. Raman
spectrum  of  CuS  nanoflowers  (Fig. 2(b))  presented  two
characteristic peaks at 268 and 477 cm–1, which were assignable to
the Cu-S and S-S stretching modes, respectively [28]. XPS analysis
was  utilized  to  further  characterize  the  surface  compositions  of
CuS  nanoflowers.  The  survey  XPS  spectrum  (Fig. S1  in  the
Electronic  Supplementary  Material  (ESM))  revealed  the  presence
of Cu and S elements. In the high-resolution XPS spectrum at Cu
2p region (Fig. 2(c)), two obvious peaks emerged at 932.1 and 952
eV,  which  could  be  indexed  to  Cu  2p3/2 and  Cu  2p1/2 bands,
respectively  [26, 28]. Figure  2(d) shows  the  high-resolution  XPS
spectrum at S 2p region, in which the peaks at 161.3 and 162.3 eV
were ascribed to S 2p3/2 and S 2p1/2 bands, respectively [26, 29]. In
addition,  a  small  peak  located  at  160.7  eV  was  assigned  to  CuS
[28].  According to  the  N2 adsorption-desorption results,  the  CuS
nanoflowers displayed a BET specific surface area of 10 m2·g–1 (Fig.
S2  in  the  ESM).  The  type-IV  nitrogen  absorption/desorption
isotherms confirmed the  porosity  of  CuS nanoflowers  that  could
provide abundant  active  sites  for  Mg2+ storage and was beneficial
to the ion transfer between the electrode and electrolyte.

To  investigate  the  influence  of  compatibility  between  cathode
and electrolyte on the electrochemical Mg2+ storage capability, the
discharge/charge  performances  of  CuS  nanoflowers  cathode  in  a
variety  of  electrolytes  with  different  compositions.  First,  as  a
control  experiment,  the  cycling  performance  of  the  CuS
nanoflowers  cathode  in  a  conventional  nucleophilic  0.4  M
APC/THF  electrolyte  was  investigated,  as  shown  in Fig. S3(a)  in
the  ESM.  The  CuS  nanoflowers  cathode  in  the  nucleophilic
APC/THF  electrolyte  exhibited  a  specific  capacity  of
approximately 200 mAh·g–1 in the 1st cycle at a current density of
100  mA·g–1 and  then  faded  rapidly.  After  100  cycles  in  the
APC/THF  electrolyte  at  100  mA·g–1,  the  discharge  capacity
decreased  to  only  ~12  mAh·g–1.  In  addition,  the  Coulombic
efficiency  of  the  first  50  cycles  severely  deviated  from  100%,
indicating  the  presence  of  irreversible  side  reactions  during  the
discharge/charge  processes.  The  irreversible  reactions  should  be
originated from the electrochemical reactions between the formed
polysulfides and the species in the APC/THF electrolyte [30]. The
corresponding  galvanostatic  discharge/charge  profiles  of  CuS
nanoflowers  cathode  in  APC/THF  electrolyte  at  100  mA·g–1

exhibited  two  apparent  potential  plateaus  at  ~1.0  and  ~0.8  V,
respectively, and these potential plateaus gradually disappeared as
the cycling test further extended (Fig. S3(b) in the ESM).
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(b)
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(a)

Figure 1    Morphological,  structural  and  compositional  characterizations  of  the  as-prepared  CuS  nanoflowers.  (a)  and  (b)  SEM  images,  (c)  TEM  image,  (d)  high-
resolution TEM image of the as-synthesized CuS nanoflowers. The inset in (d) shows the corresponding selected-area FFT pattern. (e) and (f) The corresponding EDX
mapping images of Cu and S elements in (b).
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To  reduce  the  irreversible  reactions  and  improve  the
compatibility  between  the  electrode  and  electrolyte,  the
nucleophilic  APC/THF  electrolyte  was  replaced  by  a  variety  of
non-nucleophilic  electrolytes.  Figure  S4  in  the  ESM  presents  the
electrochemical  magnesium  storage  performance  of  CuS
nanoflowers  cathode  in  a  non-nucleophilic  Mg(HMDS)2-
MgCl2/THF electrolyte measured at 100 mA·g–1 within a potential
window  of  0.2–2.2  V  (vs.  Mg2+/Mg).  The  CuS  nanoflowers
cathode delivered a discharge capacity of  116.0 mAh·g–1 in the 1st

cycle  and  46.2  mAh·g–1 in  the  2nd cycle  (Fig. S4(a)  in  the  ESM).
Notably, the Coulombic efficiency during the cycling process was
maintained  at  nearly  100%  except  for  the  first  several  cycles,
indicating  the  relatively  good  reversibility  of
magnesiation/demagnesiation  processes  in  Mg(HMDS)2-
MgCl2/THF electrolyte. The deviated Coulombic efficiency during
the  first  several  cycles  shall  be  attributed  to  the  irreversible  side
reactions between the electrolyte with the surface oxide passivation
film  of  magnesium  anode  [31, 32].  The  corresponding
discharge/charge  profiles  (Fig. S4(b)  in  the  ESM)  displayed  a
distinct  discharge  voltage  plateau  at  approximately  1.2  V  and  a
sloping discharge voltage plateau at approximately 0.8 V. Clearly,
the  Mg2+ storage  performance  of  CuS  nanoflowers  cathode  in
Mg(HMDS)2-MgCl2/THF  electrolyte  is  better  than  that  in
nucleophilic APC/THF electrolyte, suggesting better compatibility
between  the  metal  sulfide  cathode  and  non-nucleophilic
electrolyte.  To  further  confirm  the  better  compatibility  of  CuS
nanoflowers  cathode  with  non-nucleophilic  electrolytes,  the
electrochemical  performances  in  another  non-nucleophilic
electrolyte,  Mg(TFSI)2-MgCl2/DME,  were  also  measured.
Galvanostatic  test  results  of  CuS  nanoflowers  cathode  in
Mg(TFSI)2-MgCl2/DME electrolyte at 100 mA·g–1 between 0.2–2.2
V  vs.  Mg2+/Mg  are  provided  in Fig. S5  in  the  ESM.  The  initial
discharge capacity reached 491.3 mAh·g–1, and the capacity kept at
a  relatively  stable  level  of  ~120  mAh·g–1 with  a  retention  of  ~67
mAh·g–1 after  100 cycles.  The capacity decrease could be partially
due  to  the  dissolution  and  shuttling  of  polysulfides.  The
Coulombic  efficiency  was  close  to  100%  during  the  cycling
process,  indicating  the  good  discharge/charge  reversibility  in

Mg(TFSI)2-MgCl2/DME electrolyte. The discharge/charge profiles
in Fig. S5(b)  in  the  ESM  display  distinct  discharge  and  charge
voltage  plateaus  at  approximately  1.5  and  1.7  V,  respectively,
corresponding  to  the  cathodic/anodic  reactions.  Likewise,  these
results confirmed that the CuS nanoflowers cathode showed better
electrochemical  compatibility  with  non-nucleophilic  Mg(TFSI)2-
MgCl2/DME electrolyte than nucleophilic APC/THF electrolyte.

At  present,  the  electrolyte  solvents  used  in  nonaqueous  RMBs
are mainly organic ethers, which are volatile and flammable. Ionic
liquids,  as  molten  salts  composed  of  cations  and  anions,  possess
good thermal stability, high solubility, low volatilization, high ionic
conductivity, and wide electrochemical stability windows [33]. For
the  above-mentioned  Mg(HMDS)2-MgCl2/THF  electrolyte,
polysulfides formed in the discharge process are highly soluble in
the  flammable  and  volatile  THF,  causing  a  considerable  shuttle
effect and leading to the capacity attenuation. As explored in our
previous  report  [32],  we  suggested  that  the  introduction  of
PP14TFSI  ionic  liquid  in  Mg(HMDS)2-MgCl2/THF  (termed  as
Mg(HMDS)2-MgCl2/THF-PP14TFSI)  could  efficiently  solve  this
problem.  The  addition  of  PP14TFSI  can  greatly  improve  the
magnesium  stripping/plating  capacity  of  the  electrolyte,
meanwhile  it  does  not  change  the  intrinsic  magnesium
stripping/plating  properties.  Notably,  the  weak  coordination  of
TFSI- anions also can reduce the solubility of polysulfides, and the
increased viscosity of non-nucleophilic Mg(HMDS)2-MgCl2/THF-
PP14TFSI  electrolyte  is  conductive  to  inhibiting  the  diffusion  of
polysulfides  from  cathode  to  anode,  thus  leading  to  an  obvious
decrease in the shuttle effect [31]. To further validate this idea, the
Mg2+ storage  performances  of  CuS  nanoflowers  cathode  were
evaluated  in  Mg(HMDS)2-MgCl2/THF-PP14TFSI  electrolyte  by
cyclic  voltammetry  (CV)  and  galvanostatic  discharge/charge
measurements (Fig. S6 in the ESM and Fig. 3). The first two cycles
of the CV curves at a scan rate of 0.2 mV·s–1 were clearly different
from  the  subsequent  cycles  (Fig. S6  in  the  ESM),  owing  to  the
polarization  and  activation  originated  from  the  surface  oxide
passivation layer on the Mg anode [31, 34]. After the activation of
initial  5  cycles,  the  CV  curves  of  subsequent  cycles  showed
identical  characteristics  and  verified  the  stable  electrochemical

 

Figure 2    Spectroscopic  characterizations  of  the  as-prepared  CuS  nanoflowers.  (a)  XRD  patterns  and  (b)  Raman  spectra  of  CuS  nanoflowers.  (c)  and  (d)  High-
resolution XPS spectra of CuS nanoflowers at (c) Cu 2p and (d) S 2p energy band levels.
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reversibility  of  CuS  nanoflowers  cathode.  During  the  following
cycles, two reduction peaks appeared at approximately 1.4 and 0.9
V,  corresponding  to  the  two-step  conversion  reactions  between
Mg2+ and  CuS.  The  strong  oxidation  peak  located  at  ~1.9  V  vs.
Mg2+/Mg was attributed to the demagnesiation process of the CuS
nanoflowers  cathode.  The  electrochemical  impedance  spectra
(EIS)  of  the  CuS  nanoflowers  cathode  assembled  with  the
Mg(HMDS)2-MgCl2/THF electrolyte before and after the addition
of  PP14TFSI  were  also  tested  ( Fig. S7(a)  in  the  ESM).  The
semicircle radius in the high-frequency region is slightly increased
after adding PP14TFSI, which is ascribed to the high viscosity (173
mPa·s) of the PP14TFSI could slightly retard the Mg2+ diffusion in
electrolyte.

To  further  evaluate  the  beneficial  effects  of  ionic  liquid,  the
galvanostatic  discharge/charge  profiles  of  CuS  nanoflowers
cathode  were  tested  in  Mg(HMDS)2-MgCl2/THF-PP14TFSI
electrolyte  at  100  mA·g–1 between  0.2–2.2  V  (vs.  Mg2+/Mg),  as
displayed in Fig. 3(a). There were two discharge plateaus emerged
at  around  1.5  and  1.1  V,  and  two  charge  plateaus  appeared  at
around 1.4 and 1.7 V, well corresponding to the tow cathodic and
anodic  peak  pairs  in Fig. S6  in  the  ESM,  respectively.  The
discharge  and  charge  capacities  in  the  1st cycle  were  147.1  and
185.2 mAh·g–1, respectively, corresponding to an initial Coulombic
efficiency of 125.8% (Fig. 3(a)),  which should be attributed to the
activation of Mg anode with a passive surface oxide layer [31, 32].
In the subsequent cycles, the CuS nanoflowers cathode maintained
stable discharge capacities of 195.7, 198.1, and 167.6 mAh·g–1 at the

10th,  20th,  and  100th cycles,  and  the  corresponding  Coulombic
efficiencies  were  99.4%,  100.3%,  and  99.6%,  respectively.
Moreover,  the  discharge/charge  profiles  exhibited  good
consistency,  indicating  the  high  reversibility  of
magnesiation/demagnesiation  processes  in  Mg(HMDS)2-
MgCl2/THF-PP14TFSI  electrolyte.  After  100  cycles,  the  CuS
nanoflowers  cathode  maintained  a  discharge  capacity  of  167.6
mAh·g–1 at  100  mA·g–1 (Fig. 3(b)),  suggesting  the  good  cycling
stability.  The  discharge/charge  profiles  at  different  current
densities  showed  no  significant  difference,  indicating  a  low
polarization  (Fig. 3(c))  [35].  The  rate  performance  was  presented
in Fig. 3(d).  After  the  activation  of  5  cycles  at  100  mA·g–1,  the
reversible  capacities  of  CuS  nanoflowers  cathode  at  current
densities of 100, 300, and 500 mA·g–1 were measured to be 213.9,
174.4,  and  154.2  mAh·g–1,  respectively,  suggesting  its  good  rate
capability. When the current density was gradually decreased back
to 100 mA·g–1,  the capacity was recovered to a high level of ~207
mAh·g–1 and  showed  almost  no  capacity  attenuation  during  the
following  80  cycles.  The  long-term  cycling  performance  of  CuS
nanoflowers  cathode  in  Mg(HMDS)2-MgCl2/THF-PP14TFSI
electrolyte  was  tested  at  500  mA·g–1 (Fig. 3(e)).  The  CuS
nanoflowers cathode showed an initial discharge capacity of 201.7
mAh·g–1,  and reached a peak discharge capacity of 160.9 mAh·g–1

after  the  full  activation  of  Mg  anode.  After  800  cycles,  the
discharge capacity still maintained at 98.8 mAh·g–1, corresponding
to  a  retention  of  61.8%  to  the  maximum  capacity.  These
electrochemical  measurement  results  well  confirmed  the  good

 

Figure 3    Magnesium  storage  performance  of  CuS  nanoflowers  cathode  in  non-nucleophilic  Mg(HMDS)2-MgCl2/THF-PP14TFSI  electrolyte.  (a)  Galvanostatic
discharge/charge profiles and (b) corresponding cycling performance of CuS nanoflowers cathode at 100 mA·g–1.  (c) Galvanostatic discharge/charge profiles and (d)
corresponding rate performance of CuS nanoflowers cathode measured at various current densities of 100, 300, and 500 mA·g–1. (e) Long-term cycling curve of CuS
nanoflowers cathode at a high current density of 500 mA·g–1.
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compatibility between the cathode and Mg(HMDS)2-MgCl2/THF-
PP14TFSI electrolyte.

According  to  previous  reports,  the  electrochemical
performances  of  Mg(TFSI)2-based  electrolytes  were  particularly
affected by impurities [36, 37]. Xu et al. reported that the addition
of  a  certain  amount  of  Mg(TFSI)2 into  MACC  (MgCl2-AlCl3)
electrolyte  could  enhance  the  resistance  against  water  and  other
impurities, thus improving the electrochemical performance of the
electrolyte  [38].  Herein,  we  propose  the  introduction  of  ultradry
AlCl3 as  an  efficient  additive  in  the  aforementioned  Mg(TFSI)2-
MgCl2/DME  electrolyte  (denoted  as  Mg(TFSI)2-MgCl2-
AlCl3/DME),  which  brings  remarkably  improved  magnesium
storage  performance.  As  shown  in Fig. S8  in  the  ESM,  the  CV
curves  of  CuS  nanoflowers  cathode  in  Mg(TFSI)2-MgCl2-
AlCl3/DME were  tested  at  a  scanning  rate  of  0.2  mV·s–1 between
0.2–2.2  V  (vs.  Mg2+/Mg).  The  CV  curves  during  the  1st and  2nd

cycles  were different  from those of  later  cycles,  owing to the side
reactions of surface passivated Mg anode and the impurities in the
electrolyte  [31, 32].  The  redox  peaks  in  the  CV  curves  gradually
approached  each  other  with  the  increase  of  cycle  number,
indicating the decrease of side reactions and the lower polarization
of  the battery  [34].  After  the activation of  5  cycle,  the  CV curves
were  almost  the  same.  The  two  cathodic  peaks  located  at
approximately 1.4 and 0.8 V were attributed to the magnesiation
of  CuS  via  a  two-step  conversion  reaction  mechanism.  The
subsequent  anodic  peaks  at  approximately  1.6  and  1.7  V  were
assigned to the demagnesiation process.

To  investigate  the  compatibility  between  electrode  and
electrolyte,  the  galvanostatic  discharge/charge  tests  of  CuS
nanoflowers  cathode in  Mg(TFSI)2-MgCl2-AlCl3/DME electrolyte
were performed at 100 mA·g–1 between 2.2–0.2 V vs. Mg2+/Mg, as
provided in Fig. 4(a).  The discharge/charge profile  of  the 1st cycle
was different from the later cycles, owing to the surface activation
of  passivated  Mg  anode.  Afterwards,  the  discharge  profiles
displayed a subtle voltage plateau at ~1.5 V and a distinct voltage
plateau at ~1.0 V. The EIS spectra of the CuS nanoflowers cathode
equipped with the Mg(TFSI)2-MgCl2/DME electrolyte before and
after  adding  AlCl3 are  shown  in Fig. S7(b)  in  the  ESM.  Smaller
charge  transfer  resistance  (Rct)  was  obtained after  the  addition of
AlCl3,  manifesting  the  enhanced  Mg-ion  conductivity  resulted
from  the  improved  solubility  and  mobility  of  magnesium  active
species. Figure  4(b) showed  that  the  initial  discharge  and  charge
capacities  of  CuS  nanoflower  cathode  were  350.2  and  183.5
mAh·g–1,  respectively,  with  an  initial  Coulombic  efficiency  of
52.4%,  manifesting  the  presence  of  irreversible  side  reactions  on
the surface of Mg anode. After 10 cycles, the Coulombic efficiency
was maintained close to 100%, demonstrating that the reversibility
of  magnesiation/demagnesiation  reactions  was  highly  improved
after  the  activation  process,  well  consistent  with  the  CV  results.
The  maximum  reversible  discharge  capacity  reached  203.5
mAh·g–1,  and  the  discharge  capacity  still  kept  at  175.1  mAh·g–1

after  150  cycles,  indicating  the  high  reversible  capacity  and  good
cycling stability of CuS nanoflowers cathode in Mg(TFSI)2-MgCl2-
AlCl3/DME  electrolyte.  The  discharge/charge  profiles  and  rate

 

Figure 4    Magnesium  storage  performance  of  CuS  nanoflowers  cathode  in  non-nucleophilic  Mg(TFSI)2-MgCl2-AlCl3/DME  electrolyte.  (a)  Galvanostatic
discharge/charge  profiles  and  (b)  corresponding  cycling  test  of  CuS  nanoflowers  cathode  at  100  mA·g–1.  (c)  Galvanostatic  discharge/charge  profiles  and  (d)
corresponding rate performance of CuS nanoflowers cathode measured at various current densities of 100, 300, and 500 mA·g–1. (e) Cycling test of CuS nanoflowers
cathode at a high current density of 500 mA·g–1.
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performance  of  CuS  nanoflowers  cathode  at  current  densities
ranging  from  100  to  500  mA·g–1 were  also  tested  (Figs.  4(c) and
4(d)). After the activation of 5 cycles at 100 mA·g–1, the maximum
capacities of CuS nanoflowers cathode at current densities of 100,
300,  and 500 mA·g–1 were measured to be 202.2,  155.3 and 117.7
mAh·g–1,  respectively  (Fig. 4(d)).  Furthermore,  the  discharge
capacity  of  CuS  nanoflowers  cathode  still  reached  207.5  mAh·g–1

when the current density returned back to 100 mA·g–1,  indicating
the  good  rate  performance  in  Mg(TFSI)2-MgCl2-AlCl3/DME
electrolyte.  The  long-term  cycling  stability  of  CuS  nanoflowers
cathode was tested at 500 mA·g–1 (Fig. 4(e)). The CuS nanoflowers
cathode delivered a maximum reversible capacity of 105.3 mAh·g–1

at 500 mA·g–1 and still exhibited a reversible discharge capacity of
98.1  mAh·g–1 after  1,000  cycles,  corresponding  to  a  retention  of
93.2%  to  the  maximum  capacity.  These  experimental  results
verified that the highly improved electrochemical performances of
CuS  nanoflowers  in  Mg(TFSI)2-MgCl2-AlCl3/DME  electrolyte,
which  should  be  attributed  to  the  capability  of  ultradry  AlCl3
additive  as  a  sacrificial  agent  for  scavenging  the  impurities.  In
addition,  we  have  measured  the  water  content  in  Mg(TFSI)2-
MgCl2/DME electrolyte  before and after  the addition of  AlCl3 by
Karl Fischer moisture titrator. As shown in Table S1 in the ESM,
the water content in the electrolyte after adding AlCl3 (0.58 wt.%)
is  much  lower  than  that  of  the  pristine  electrolyte  (0.68  wt.%),
implying  that  the  ultradry  AlCl3 can  act  as  an  efficient  sacrificial
agent to scavenge the residual water and impurities in Mg(TFSI)2-
MgCl2/DME electrolyte.

In  order  to  demonstrate  that  the  rationally  designed
nanostructure  endow  electrode  materials  with  better
electrochemical  performances,  CuS  microspheres  were
synthesized as a control sample by the same synthesis method
as  CuS  nanoflowers,  except  for  with  the  addition  of  cetyl-
trimethyl-ammonium-bromide (CTAB) surfactant. As shown
in Figs.  S8(a)  and S8(b)  in  the  ESM, SEM images  reveal  that
the  CuS  microspheres  have  a  spherical  morphology  with  a
smooth  surface  and  an  average  diameter  of  2 ‒4  μm.  Figures
S9(c) and S9(d) in the ESM show the XRD pattern and Raman
spectrum of CuS microspheres, which are in accordance with
those  of  CuS  nanoflowers,  confirming  the  high  purity  of  the

as-prepared  CuS  microspheres.  The  electrochemical
magnesium  storage  properties  of  CuS  microspheres  were
investigated.  As  presented  in Fig. S9(a)  in  the  ESM,  the  CuS
microspheres  cathode  in  (Mg(HMDS)2-MgCl2/THF-PP14TFSI
electrolyte  displayed  a  maximum  specific  discharge  capacity  of
59.4  mAh·g–1 at  100  mA·g–1 and the  discharge  capacity  decreased
to  only  30.8  mAh·g–1 after  150  cycles.  Similarly,  the  discharge
capacity  of  CuS  microspheres  cathode  in  (Mg(TFSI)2-MgCl2-
AlCl3/DME  electrolyte  was  only  82.8  mAh·g–1 after  150  cycles  at
100  mA·g–1 (Fig. S10(b)  in  the  ESM).  Compared  to  CuS
nanoflowers,  the  CuS  microspheres  cathode  presents  much
inferior  electrochemical  magnesium  performances  in  the  same
electrolyte  systems,  demonstrating  that  electrode  materials  with
nanostructures  are  more  favorable  for  electrochemical  reaction
with magnesium ions.

Galvanostatic  intermittent  titration  technique  (GITT)  was
conducted  to  determine  the  Mg2+ diffusion  coefficients  of  CuS
nanoflowers  cathode  in  non-nucleophilic  Mg(HMDS)2-
MgCl2/THF-PP14TFSI  electrolyte  (Fig. 5(a)).  Despite  the  high-
polarity  nature  of  divalent  Mg2+ ion,  the  GITT-determined
discharge  and  charge  diffusion  coefficients  for  Mg2+ (DMg)  was
calculated  to  be  in  the  range  of  10–15–10–10 cm2·s–1 (Fig. 5(b))  [39].
This  calculated DMg values  are  competitive  among  the  existing
cathode materials  for  RMBs,  suggesting that  the  CuS nanoflower
cathode  can  boost  the  Mg2+ migration,  thereby  achieving  a
remarkable  rate  capability.  To  further  clarify  the  electrochemical
kinetics  of  CuS  nanoflowers  cathode,  CV  curves  at  various  scan
rates  were  collected  in  the  range  of  0.2–2.2  V  vs.  Mg2+/Mg  (Fig.
5(c)). The scan rate and peak current obey the proven power law
[40], i = aνb,  which  can  be  written  as:  log(i)  = blog(ν)  +  log(a),
where i and ν represent the current and scan rate, and a and b are
the  corresponding  adjustable  parameters,  respectively.  As
presented  in Fig. 5(d),  the  coefficient b for  peaks  1,  2,  and  3
marked  in Fig. 5(c) was  calculated  to  be  0.80,  0.93,  and  0.56,
respectively,  implying  that  the  Mg2+ storage  behavior  of  CuS
nanoflowers  cathode  in  Mg(HMDS)2-MgCl2/THF-PP14TFSI
electrolyte  was  synergized  by  diffusion-controlled  and capacitive-
controlled contributions.

To  further  elucidate  the  Mg2+ storage  behavior  of  CuS
 

Figure 5    (a)  GITT  discharge/charge  curves  during  the  5th cycle  of  CuS  nanoflows  cathode  at  a  current  density  of  50  mA·g–1.  (b)  The  corresponding  diffusion
coefficients of Mg2+ ions calculated from the GITT discharge/charge processes. (c) CV curves at different scan rates from 0.2 to 2.0 mV·s–1. (d) The plots of log(i) vs.
log(ν) calculated from CV curves.
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nanoflowers  cathode  in  Mg(HMDS)2-MgCl2/THF-PP14TFSI
electrolyte, ex-situ XRD  and  XPS  analyses  were  performed  at
different  discharge/charge  states  when  cycled  at  50  mA·g–1 (Fig.
6(a)). First, ex-situ XRD was used to reveal the structural evolution
of CuS active material during the discharge/charge processes. The
proposed reversible electrochemical reactions of CuS nanoflowers
for Mg2+ storage could be summarized as follows:

2CuS+Mg2++ e− ⇌ Cu2S+MgS Eq.(1)

Cu2S+Mg2++ e− ⇌ 2Cu+MgS Eq.(2)

Figure  6(b) shows  the ex-situ XRD  patterns  of  the  pristine
carbon  paper  (CP)  current  collector,  the  fresh  CuS  nanoflowers
cathode (A),  and the CuS nanoflowers  cathode discharged to  1.2
V vs. Mg2+/Mg (B), discharged to 0.2 V vs. Mg2+/Mg (C), charged
to 1.55 V vs. Mg2+/Mg (D), and charged to 2.2 V vs. Mg2+/Mg (E).
The XRD peaks of CuS weakened at the stage B, accompanied by
the  appearance  of  diffraction  peaks  of  Cu2S  and  MgS,  indicating
the  occurrence  of  magnesium  storage  via  conversion  reaction
mechanism (Eq. (1)). When further discharged to 0.2 V (stage C),
the  XRD  peaks  of  Cu  and  MgS  appeared,  suggesting  that  Cu2S
further  reacted  with  Mg2+ to  form  Cu  and  MgS  (Eq.  (2)).  It  is
worth  noticing  that  the  as-form  metal  Cu  could  be  beneficial  to
promoting  electron  transfer  and  decreasing  interfacial  resistance.
When  recharged  to  1.55  V  (stage  D),  the  XRD  peaks  of  Cu2S
reappeared and meanwhile the XRD peak of Cu disappeared,
revealing the occurrence of the reverse reaction of Eq. (2). At
the  subsequent  fully  charged  state  (stage  E),  The  XRD
patterns  of  CuS  returned  almost  to  their  initial  positions.
However, owing to the high background peak of carbon paper
and  the  low  diffraction  peak  intensities  of  CuS,  the  peak
located  between  30° ‒35°  is  barely  discernible.  These  results
confirmed the highly reversible magnesiation/demagnesiation
processes  of  CuS  nanoflowers  host  without  a  breakdown  of
the  crystalline  structure,  and also  a  good explanation for  the
long  cycling  life.  Moreover,  EDX  analysis  result  at  stage  E
showed  nearly  no  signal  of  Al  element  on  the  Mg  foil,

indicating there is almost no co-deposition of Al metal during
the charge process.

The  magnesium  storage  mechanism  in  CuS  nanoflowers
cathode was further investigated by ex-situ XPS analysis during the
discharge/charge  processes  (Figs.  6(c) and 6(d)).  The  peak
intensity of Mg 2p band increased when discharged from stage B
to stage C; when recharged to stage D and then stage E, the peak
intensity  of  Mg  2p  band  gradually  decreased,  confirming  the
reversible  magnesiation/demagnesiation  reactions  of  CuS
nanoflowers cathode. When the electrode was recharged to 2.2 V,
the remained Mg 2p signal was mainly derived from the residual
electrolyte  absorbed  on  the  cathode  surface.  The  high-resolution
XPS spectra at Cu 2p region at different discharge/charge states of
CuS  nanoflowers  electrode  are  presented  in Fig. 6(d).  When
discharged  to  stage  B,  the  proportion  of  Cu+ species  significantly
increased,  indicating  the  formation  of  Cu2S  as  an  intermediate
discharge product [39, 41]. At the fully discharged state (stage C),
the peak position of Cu 2p band shifted to 933.3 eV, representing
the  formation  of  Cu  metal  [39, 41].  When  recharged  to  1.55  V
(stage  D),  the  Cu0 signal  disappeared,  accompanied  by  the
emergence of Cu+ and Cu2+ peaks,  suggesting the re-formation of
Cu2S and CuS. At the fully charged state (stage E), the position of
Cu  2p  peak  almost  returned  back  to  the  initial  state  (stage  A),
indicating  the  formation  of  CuS  once  again.  The ex-situ XPS
results are well consistent with the ex-situ XRD results, validating
the conversion reaction mechanism of CuS nanoflowers cathode.
In  addition,  the  contents  of  Mg  element  at  different
discharge/charge  states  were  further  determined  by  ICP-OES
analysis.  As  shown  in  Table  S2  in  the  ESM,  there  was
approximately  0.63  mol  of  Mg2+ ions  stored  in  1.0  mol  of  CuS
active  material  in  the  fully  discharged  state  (stage  C),  which  is
comparable to the above experimental results. A small proportion
of  Mg  species  could  still  be  detected  in  the  fully  charged  state
(stage E), which shall be attributed to a small amount of electrolyte
residue  absorbed  on  the  cathode.  To  further  understand  the
shuttle  effect  of  produced polysulfide species,  we have conducted
ex-situ XPS  analysis  of  CuS  nanoflowers  cathode  at  different

 

Figure 6    Ex-situ characterizations of CuS nanoflower cathode at different discharge/charge states. (a) Discharge/charge profile during the 2nd cycle at 50 mA·g–1. (b) Ex-
situ XRD patterns. (c) and (d) Ex-situ XPS spectra at Mg 2p and (d) Cu 2p regions at different discharge/charge stages marked as A, B, C, D, and E in (a).
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discharged/charged  states  in  APC/THF  electrolyte  and
Mg(HMDS)2-MgCl2/THF-PP14TFSI  electrolyte  (Fig. S11  in  the
ESM).  The  pristine  CuS  nanoflowers  cathode  shows  two
characteristic  peaks of  S2p3/2 and S2p1/2 bands at  162.7 and 164.2
eV (Fig. S11(a) in the ESM), respectively. After discharging to 0.2
V (Fig. S11(b)),  the broader signal  between 166–159 eV could be
deconvoluted  into  five  peak  couples.  The  peak  at  159.9  eV  is
assigned to the Mg-S bonds of MgS2 and MgS, and the S2p3/2 peak
at  higher  binding  energy  is  associated  with  the  remaining  CuS
(162.9  and  164.1  eV)  in  the  cathode  together  with  Mg-S  (161.1
eV)  and  S-S  (162.1  eV)  bonds  of  MgSx (3<x<8)  [31, 42].  These
results  imply  the  high  utilization  ratio  of  sulfur  and  explain  the
relatively high discharge capacity of the CuS nanoflowers cathode
assembled  with  the  Mg(HMDS)2-MgCl2/THF-PP14TFSI
electrolyte.  After  charging  to  2.2  V  (Fig. S11(c)  in  the  ESM),  the
peaks  attributed  to  CuS  show  increased  intensity,  indicating  the
good  reversibility  of  the  battery.  In  contrast,  in  the ex-situ XPS
spectra  measured  with  APC/THF  electrolyte,  when  the  CuS
nanoflowers  cathode  is  discharged  to  0.2  V  (Fig. S11(d)  in  the
ESM), the peaks ascribed to Mg-S and S-S bonds in MgSx (3<x<8)
also  emerge,  but  the  peak  intensities  of  un-reacted  CuS  are
relatively  high,  indicating  the  insufficient  reaction  between  CuS
and APC/THF electrolyte that may lead to relatively low capacity.
After charging to 2.2 V (Fig. S11(e) in the ESM), the intensities of
the  peaks  associated  with  MgSx show  a  slight  decrease  and  the
peaks  ascribed  to  CuS  increase  a  little,  suggesting  relatively  low
sulfur  utilization ratio and poor irreversibility  in APC electrolyte.
Compared  with  APC/THF  electrolyte,  the  better  reversibility  of
CuS  cathode  in  Mg(HMDS)2-MgCl2/THF-PP14TFSI  electrolyte
could  be  attributed  to  the  inhibition  of  the  shuttle  effect  of
polysulfide species. 

4 Conclusion
In  summary,  we  report  the  realization  of  significantly  improved
electrochemical  performances  and  cycling  stability  of  RMBs  by
regulating  the  compatibility  between  hierarchical  nanostructural
metal sulfide cathode materials with non-nucleophilic electrolytes.
It  is  proven  that  the  reversibility  of  the  magnesiation/
demagnesiation  of  nanostructural  CuS  cathode  in  non-
nucleophilic  electrolytes  is  much  superior  than  those  in
conventional  nucleophilic  APC/THF  electrolyte.  Moreover,
appropriately selected additives, such as PP14TFSI ionic liquid and
ultradry  AlCl3,  were  validated  to  be  very  efficient  for  further
boosting  the  magnesium  storage  performances  of  non-
nucleophilic electrolytes. Eventually, the CuS nanoflowers cathode
exhibited high capacity, good rate capability and long cycle life in
Mg(HMDS)2-MgCl2/THF-PP14TFSI  electrolyte  owing  to  the
suppression  of  the  shuttle  effect  of  sulfides  and  other  side
reactions. Furthermore, high specific capacity and long cycling life
were  also  achieved  in  Mg(TFSI)2-MgCl2-AlCl3/DME  electrolyte
due to the decrease in irreversible reactions by using ultradry AlCl3
as a sacrificial agent for scavenging the impurities. Electrochemical
kinetics  analyses  revealed  that  the  diffusion-controlled  and
capacitive-controlled  processes  were  both  responsible  for  Mg2+

storage,  leading  to  an  excellent  rate  performance.  This  work
presents  a  feasible  strategy  to  improve  the  electrochemical
performance  of  RMBs  by  optimizing  the  compatibility  between
electrolytes  and  electrode  materials,  which  provides  a  promising
direction  for  the  development  of  high-performance  multi-valent
secondary batteries. 
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