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ABSTRACT: The reversible capacity of Chevrel MoSg cathode
can be increased by the simple addition of the Cu metal to Mo4Sg
electrodes. However, the exact reaction mechanism of the
additional reversible capacity for the MogSg and Cu mixture
cathode has not been clearly understood yet. To clarify this
unusual behavior, we synthesize a novel Cu nanoparticle/
graphene composite for the preparation of the mixture electrode.
We thoroughly investigate the electrochemical behaviors of the
MogSg and Cu mixture cathode with the relevant structural
verifications during Mg insertion and extraction. The in situ
formation of Cu,MogS; is observed, indicating the spontaneous
electrochemical insertion of Cu to the Mo4Sg host from the Cu
nanoparticle/graphene composite. The reversible electrochemical
replacement reaction of Cu in the Mo4Sq structure is clarified with

Cu, Mo,Sg + 2Mg?* Mg,Mo,Sg + xCu’

o Cu’

B

Mg-site A

Cusite A Mg-site B

the direct evidence for the solid state Cu deposition/dissolution at the surface of MogSg particles. Moreover, the Mo4Sg and Cu
mixture cathode improves the rate capability compared to the pristine. We believe that our finding will contribute to
understanding the origin of the additional capacity of the MogS; cathode arising from Cu addition and improve the
electrochemical performance of the MogSg cathode for rechargeable Mg batteries.
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B INTRODUCTION

In order to solve the current energy issues, there is a crucial
need for energy storage technology capable of maximizing the
efficiency of integrating renewable energy sources, resolving the
intermittency problems associated with renewable sources, and
minimizing energy loss by more closely matching supply and
demand.' > Although lithium-ion batteries (LIBs) have proven
to be the most popular option for the efficient storage of
electrical energy in the form of chemical energy, they currently
suffer from high production costs and poor operational
safety.”® Expanding their application to large-scale energy
storage systems is therefore dependent on further improve-
ments in these areas.

Given the current limitations of LIBs, rechargeable
magnesium (Mg) batteries have been identified as a possible
future energy storage technology because of their high
theoretical capacity, good operational safety, and the relative
abundance of Mg.g_11 However, there are still many technical
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challenges that need to be resolved before they can be
successfully implemented. In recent years, there has been
considerable research into discovering new cathode materials
that can reversibly host Mg®" within their structure, as well as
electrolytes with a suitable functionality of Mg metal
deposition/dissolution across a wide voltage window.'>"

The Chevrel-phase MoSg has received particular attention as
a promising cathode material for commercial use in
rechargeable Mg batteries due to their excellent cycle
performance and power characteristics. Its reversible capacity,
however, has so far been limited to less than 100 mAh/g, with a
low reaction potential of around 1.0 V vs Mg/Mg2+. There is
therefore clearly a need to further improve the reversible
capacity of Mo,Sg,"*'® and many researchers have focused on
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Figure 1. Schematics of (a) Cu replacement reaction in the Mo,Sg and (b) the proposed solid state Cu replacement reaction structure during Mg**
insertion and extraction.
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morphological or structural modification as a means to achieve
this.'”~"* Remarkable progress in this regard was achieved by
Aurbach and co-workers when they discovered the positive
effect of residual Cu in the CuMosS; structure on its
electrochemical performance. They subsequently suggested
that Cu can be extracted from the Cu,Mo4Sg structure by Mg>*
insertion and that the reversible involvement of this extracted
Cu in the electrochemical reaction with MosSg leads to an
increment in the reversible capacity.”®*' Recently, it also has
been found that the simple addition of elemental Cu into a
MogSg cathode creates a very similar electrochemical behavior
to the CuMosS; cathode.”* Inspired by this unexpected
finding, consideration was given to whether the additional
capacity achieved with the addition of Cu reflects a
spontaneous response associated with elemental Cu incorpo-
rated in the cathode during cycling. Despite these interesting
observations, there has yet been no further investigation into
this matter.

Clearly, identifying the incomplete reaction mechanism of
Cu replacement is regarded as the most urgent issue for further
improvement of the Mo4Sg cathode. On the basis of previous
inferences, we develop a Cu nanoparticle/graphene composite
as a functional additive for systematic investigation. In order to
maximize the electrochemical activity, Cu nanoparticles were
successfully anchored on the surface of a graphene framework
by high-temperature plasma synthesis. This proposed concept
is intended to secure a sufficient active Cu surface area by
suppressing undesirable agglomeration, while also ensuring
electrical conduction through the graphene framework. First of
all, we herein present an assessment of its feasibility for
increasing the reversible capacity of a conventional Mo,Sg
cathode. We also investigate structural changes of the Mo4Sg
in the cathode containing the Cu nanoparticle/graphene
composite additive during Mg*" insertion and extraction.
From various structural and electrochemical observations, we
suggest a possible reaction mechanism of Cu replacement in

the MogSg structure with a structural viewpoint. Furthermore,
our hypothesis has been clearly proved with direct evidence.

B EXPERIMENTAL SECTION

Material Synthesis. Chevrel-phase Cu, sMoSg was synthesized by
a controlled solid state reaction with a stoichiometric mixture of Cu
(1.288 g, Aldrich, 99.7%), MoS, (5.224 g, Aldrich, 99.0%), and Mo
(1.552 g, Aldrich, 99.9%) precursor powders prepared by mechanical
milling at 480 rpm for 6 h under an Ar atmosphere. A custom-made
sealed reactor was filled with this as-prepared powder and then heated
at 1100 °C for 24 h under an Ar atmosphere. In order to remove Cu
from the structure of the resulting powder, it was chemically etched in
6 M hydrochloric acid (HCI) solution with O, bubbling for 6 h and
then washed with deionized water. After drying at 80 °C for 12 hin a
vacuum oven, the final product was collected and ground before use. A
Cu nanoparticle/graphene composite was also produced by high-
temperature plasma synthesis, in which a mixture of Cu powder (~30
um, 2 g) and graphene (~S$ ym, 10 g) after mechanical milling at 480
rpm for 2 h was fed into a plasma reactor with a N, carrier gas. A
schematic diagram depicting this process is given in Figure S2,
Supporting Information.

Structural Characterizations. The morphology and micro-
structure of the Mo4Sy cathode material and Cu nanoparticle/
graphene composite additive were examined using field-emission
scanning electron microscopy (FESEM, JEOL JSM-7000F) and high-
resolution transmission electron microscopy (HRTEM, JEOL ARM-
200F) combined with energy dispersive X-ray spectroscopy (EDS).
Powder X-ray diffraction (XRD) patterns were obtained using an X-ray
diffractometer (PANanalytical, Empyrean) equipped with a 3D pixel
semiconductor detector and a Cu Ka radiation source (4 = 1.54056
A). Further structural characterizations were performed using a Raman
spectrometer (Bruker Senterra Grating 400) with a He—Ne laser at a
wavelength of 532 nm and by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific Sigma Probe). The composition of the Cu
nanoparticle/graphene composite was confirmed by thermogravimet-
ric analysis (TGA, PerkinElmer TG/DTA 6300).

Electrochemical Measurements. The cathodes were prepared
by coating stainless steel foils with a slurry containing MoSg powder
(70 wt %), conducting agent (Super-P, 20 wt %), and polyvinylidene
fluoride binder (PVdF, 10 wt %) dissolved in N-methyl-2-pyrrolidone

7017 DOI: 10.1021/am508702j

ACS Appl. Mater. Interfaces 2015, 7, 7016—7024


http://dx.doi.org/10.1021/am508702j

ACS Applied Materials & Interfaces

Research Article

X5,000

15.0kV

ey

150KV X30,000 100nm WD 10.0mm

&

—— Afiter leaching
~—— Before leaching

" IL .hhld ol 2

Intensity (a.u.)

T T

20 30

T T T

4'0 50 60 70
2 theta (deg.)

10 80

Figure 2. (a, b) FESEM images of MogSy at different magnifications. (c) High-resolution TEM image of MoSg and its corresponding selected area
diffraction pattern. (d) Powder XRD patterns of Cu, sMo,Ss and Mo,Sg after chemical leaching with a 6 M HCI solution.

(NMP). For comparative purposes, cathodes with MoSs powder
(65.6 wt %), Cu nanoparticle/graphene composite, or Si nanoparticle/
graphene composite (164 wt %), Super-P (10 wt %), and PVdF
binder (8 wt %) dissolved in NMP solution were also prepared in the
same manner. After coating, the cathodes were dried at 120 °C for 10
h and were then pressed under a pressure of 200 kg/cm? The loading
amount and density of the cathodes were fixed at 1.6 mg/ cm? and 2.7
g/cm®, respectively. Next, 2032 coin cells were carefully assembled in
an Ar-filled glovebox using two porous cellulose membranes as
separators and an electrolyte of 0.4 M (PhMgCl),-AICl; in
tetrahydrofuran (THF) solvent. A Mg metal disk (diameter: 15 mm;
thickness: 1 mm) was used as an anode, and native MgO film on the
disk was carefully removed by polishing in a Ar-filled glovebox before
use. These cells were then galvanostatically discharged (Mg**
insertion) and charged (Mg** extraction) within a voltage range of
0.5 to 1.95 V vs Mg/Mg2+ at different current densities in order to
evaluate their electrochemical performance at room temperature.

B RESULTS AND DISCUSSION

Not only MogSg but also Cu,MogSg is capable of hosting
divalent MgZJr in the structure, where Cu is occupied in A sites
of the Mo,Sg structure.””*! Figure 1a describes a schematic of
electrochemical replacement reaction of Cu in the Chevrel
MogSs structure during Mg®* insertion and extraction.”’
Recently, our group observed the in situ formation of
Cu,Mo4Sg, when Cu metal particles are externally provided
for the preparation of the electrode using a pure phase Mo,Sg.”>
From those findings, it is definite that Cu can be electrochemi-
cally reacted with Mo4Sg. Furthermore, Cu is diffused out from
the Cu,MoS; in parallel with Mg*" insertion, and the extracted
Cu is reversibly reinserted by subsequent Mg extraction
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during cycles. Inspired by these works, we examined the
reaction mechanism of the electrode comprised of Mo4Sg and
Cu metal, particularly focusing on Cu destination at the final
stage of the reaction. We first propose a possible reaction
mechanism of Cu replacement in the MogSg structure, as
described in Figure 1b. When Cu metal and MogSg are
electrically shorted in the electrolyte, Mo4Sg is self-discharged
with the spontaneous intercalation of Cu in the MogSg
structure. Then, during the discharge (insertion of Mg**), the
Cu' is diffused out by electrochemical replacement with Mg>*
and reduced to Cu’ through the deposition on the surface of
the MogSg particles. During charge (extraction of Mg**), Cu’ is
oxidized and reversibly inserted to the host structure occupying
available sites as a result of Mg®* extraction. For the
experimental verification of our proposal, we prepared the
pure phase MogSg and Cu nanoparticle/graphene composite as
an external Cu source. The Cu nanoparticle/graphene
composite, in which Cu nanoparticles are uniformly anchored
on the graphene framework, was designed with a purpose of
providing Cu in the cathode. Its distinctive morphology would
be advantageous for maximizing reactivity of Cu by suppressing
undesirable agglomeration and securing sufficient electrical
conduction.

Figure 2ab shows FESEM images of MosS; powder at
different magnifications, clearly indicating that the particles
range in size from 100 to 500 nm and are effectively isolated
from each other. A high-resolution TEM observation (Figure
2c) with the accompanying selected area electron diffraction
(SAED) pattern reveals that the MogSg has a fine rhombohedral
microstructure with a space group of R3.”> Mg*" ions are
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Figure 3. (a) Bright-field and (b) dark-field TEM images of Cu nanoparticle/graphene composite. (c) Corresponding EDS elemental mapping of
Cu. (d) High-resolution TEM image of a Cu nanoparticle in Cu nanoparticle/graphene composite and magnified TEM images of a Cu nanoparticle
in the (e) bulk region and (f) surface region with (g, h) calculated FFT patterns.

accommodated within the Moy framework of a Chevrel-phase
MogSs structure.”* Moreover, according to the powder XRD
pattern in Figure 2d, the pure phase MosS; having a
rhombohedral structure was obtained without impurities
(JCPDS 27-0319). The lattice parameters were calculated to
be a = b = 9.186(5) and ¢ = 10.89(1), both of which are in
good agreement with the previous work.>® For comparison, the
morphology and microstructure of the Cu,MogSg prior to
chemical etching are given in Figure SI1, Supporting
Information.

A Cu nanoparticle/graphene composite was synthesized by a
high-temperature plasma process at optimized conditions, and
FESEM images indicate that abundant Cu nanoparticles are
uniformly deposited over the surface of a graphene framework
(Figure S2, Supporting Information). Furthermore, the bright-
field (Figure 3a) and dark-field TEM (Figure 3b) images, as
well as the EDS elemental mapping result in Figure 3¢, confirm
that these Cu nanoparticles are less than 10 nm in size and are
effectively anchored on the surface of the graphene framework.
It is considered likely that this strong binding between the Cu
nanoparticles and graphene framework is a direct result of the
high-temperature of processing. High-resolution TEM obser-
vations identified the microstructure of individual Cu nano-
particles (Figure 3d), revealing a d-spacing of 2.08 A in the bulk
material (Figure 3e) and a trace of CuO with a d-spacing of
221 A observed on the surface (Figure 3f). Both of these
results are in good agreement with their respective fast Fourier
transform (FFT) results (Figure 3gh).*®

The microstructure of the Cu nanoparticle/graphene
composite was further investigated by XRD analysis, the result
of which is shown in Figure S3a, Supporting Information. The
distinct peaks of the composite at 26 = 43.3°, 50.5°, and 74.2°
correspond to the (111), (200), and (220) planes of crystalline
Cu, respectively. Interestingly, there is also a notable growth of
the graphene (002) peak at 20 = 26.6°, which may be caused by
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a restacking of the graphene framework during high-temper-
ature synthesis. Figure S3b, Supporting Information, shows the
Raman spectra of the Cu nanoparticle/graphene composite, in
which three Raman bands at 1348, 1579, and 2710 cm™ are
characteristic of the D-band, G-band, and 2D-band of graphene,
respectively.””>® However, compared to the spectra of pristine
graphene, there is a slight increase evident in the G-band. The
intensity ratio (Ip/Ig) is therefore slightly decreased from 0.293
to 0.258, providing further evidence of graphene restacking
under high temperature.”® In the TGA analysis result (Figure
S3c, Supporting Information), it should be noted that
approximately 11.5 wt % of Cu or Cu oxides was found in
the Cu nanoparticle/graphene composite. Figure S3d, Support-
ing Information, shows XPS spectra collected from the Cu
nanoparticle/graphene composite after careful correction of the
charging based on a C 1s excitation at 284.5 eV. With this, we
found that the Cu 2p spectra exhibits two dominant signals at
952.6 eV (2P, ;) and 932.9 eV (2P;,) with the deconvoluted
results revealing that both peaks are mainly attributed to
metallic Cu (Cu®) and partial oxides (Cu* and Cu®*).*
Moreover, chemically/electrochemically inactive Si nanopar-
ticle/graphene composite was prepared by the same method
(Figures S4 and SS, Supporting Information) to provide a
useful reference for determining the precise role of Cu in the
composite.

The effect of Cu nanoparticle/graphene composite on the
electrochemical performance of the Mo4Ss; cathode was
investigated using 2032 coin-type cells. The cells were initially
discharged to 0.5 V vs Mg/Mg** for Mg** insertion (Figure 4a)
and then subsequently charged and discharged in a voltage
range of 0.5 to 195 V wvs Mg/Mg2+. Figure 4b shows
subsequent charge (Mg extraction) and discharge (Mg**
insertion) profiles of MogSs cathode containing Cu nano-
particle/graphene composite as an additive. This shows that,
while the pristine cell exhibits a discharge capacity of only 85.6
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Figure 4. (a) Galvanostatic initial discharge profiles and (b) subsequent charge and discharge profiles of the MocSg cathode containing a Cu
nanoparticle/graphene composite within a voltage range of 0.5 to 1.95 V vs Mg/Mg*" at a constant current of 0.05 C (6 mA/g). The dQ/dV profiles
of the cell during (c) discharging to 0.5 V vs Mg/Mg** and (d) charging to 1.95 V vs Mg/Mg*". (e) Cycle performance of a cell containing a Cu
nanoparticle/graphene composite within a voltage range of 0.5 to 2.0 V vs Mg/Mg** at a constant current of 0.05 C (6 mA/g) and (f) its rate
capability at current densities ranging from 0.05 to 10 C (1 C = 120 mA/g).

mAh/g, with a single plateau at 1.0 V vs Mg/Mg*", a higher
discharge capacity of 99.1 mAh/g is attained with the addition
of Cu nanoparticle/graphene composite, creating a new plateau
at 0.75 V vs Mg/Mg*". Note that this is a very similar
electrochemical behavior to that observed with Cu,MogSg
obtained by incomplete chemical leaching.21 For comparison,
the effect of inactive Si nanoparticle/graphene composite
additive was also investigated, which not surprisingly failed to
find any discernible electrochemical contribution from Si. The
slight increase observed in the discharge capacity (91.3 mAh/g)
when using a Si nanoparticle/graphene composite is attributed
to the improved electrical conduction of the graphene
framework.

The additional capacity obtained during charging by adding
Cu nanoparticle/graphene composite was also evident in the
initial stage of the subsequent discharge, thus indicating that the
electrochemical replacement reaction of Cu is fully reversible.
The additional reactions allowed by the Cu nanoparticle/
graphene composite are also obvious in the corresponding dQ/
dV curves, in which a reduction peak is clearly observed at 0.75
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V vs Mg/Mg*" during discharge (Figure 4c) and a
corresponding oxidation peak appears at 1.05 V vs Mg/Mg>*
during charging (Figure 4d). This redox reaction is definitely
not caused by the corrosion of Cu metal, because the reduction
peak was observed at the first cycle, indicating Cu® already
exists prior to oxidation of the composite (Figure S6,
Supporting Information). Note that no reduction peak was
observed for the pristine and Si nanoparticle/graphene
composite electrodes at the first cycle. In addition, there is
no evidence for any other side reactions being involved in the
given system, at least within the operating voltage window
(Figure S7, Supporting Information).

Figure 4e shows the cycle performance of the cells at a
constant current of 0.1 C (1 C = 120 mA/g), in which the
additional capacity is maintained without significant capacity
fading after 30 cycles indicating that the electrochemical
replacement of Cu in the cell is fully reversible. Although Figure
4f seems to show a similar rate performance of the electrodes, it
is notable that the addition of Cu nanoparticle/graphene
composite reduces the polarization compared to the pristine,
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Figure S. (a) Galvanostatic charge and discharge profiles of a cell containing a Cu nanoparticle/graphene composite in the first cycle; (i) OCV
(point A), (ii) after Mg2+ insertion (point B), and (iii) after Mg2+ extraction (point C). (b) Ex situ XRD patterns (see Figure S9, Supporting
Information) and (c) ex situ XPS Cu 2p spectra collected from the cathodes containing a Cu nanoparticle/graphene composite at different SOC. (d)
Reversible capacities of MogSg cathodes with Cu nanoparticle/graphene composite and Si nanoparticle/graphene composite compared to a pristine

MogS; cathode.

indicating the improvement of the rate capability of the Cu
nanoparticle/graphene composite (Figure S8, Supporting
Information). This represents another promising feature of
Cu nanoparticle/graphene composite, in that the enhanced
electrical conductivity provided by the combination of the
graphene framework and in situ Cu metal coating on the surface
of MogS; particles leads to better capacity retention even at
high current densities over 10 C (1 C = 120 mA/g). It is also
interesting that the electrochemical replacement reaction of Cu
at 0.75 V vs Mg/Mg** shows similar polarization to the Mg>*
insertion at ca. 1.2 V vs Mg/Mg*" (Figure S8, Supporting
Information). The poorer rate performance of the Si nano-
particle/graphene composite electrode was observed at above 3
C rates, and it seems to be attributed to the low electrical
conductivity of the Si nanoparticles on the surface of the
graphene framework.

To clarify the reaction mechanism of Cu replacement, the
structure of MogSg was further investigated by various structural
analyses at a different state of charge (SOC) during the first
cycle: (i) open circuit voltage (OCV) at point A, (ii) after Mg>*
insertion at point B, and (iii) after Mg** extraction at point C,
as described in Figure Sa. From the collected ex situ XRD
pattern of Mo4Sg cathode containing Cu nanoparticle/graphene
composite at OCV (Figure Sb), we confirmed that the MogS
phase and metallic Cu were dominantly observed, together with
a trace of Cu,MoSg phase, which is introduced by the in situ
intercalation of Cu originated from the Cu nanoparticle/
graphene composite.”> When Mg?* was fully inserted into the
Mo,Ss structure (point B), the only characteristic peaks of
single phase Mg,Mo4S; were observed without any evidence for
the Cu,Mo,S phase, indicating that Mg*" insertion induces Cu
extraction from Cu,MogSg. On the other hand, it should be
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noted that the formation of the CuMo4Sg phase was evident
after subsequent Mg** extraction from the Mg,MoSs (point
C). This supports that Cu anchored on the surface of graphene
can spontaneously participate in electrochemical reactions in
the Mo,Ss structure (Figure S10, Supporting Information). For
further inspection, we also carried out ex situ XPS analyses in
parallel at different SOC, and the results are provided in Figure
Sc. The ex situ XPS Cu 2p spectra were carefully fitted with the
C Is spectra at 284.5 eV. The Cu 2p 1/2 signals were clearly
observed at 932.4 and 952.3 eV at OCV (point A), which
corresponds to monovalent Cu species (Cu*) because of the in
situ intercalation of Cu into the MogSg structure, which is in
well accordance with the XRD result at OCV. Importantly,
Mg** insertion (point B) induces a small shift in the binding
energy of Cu 2p components, which are assigned to metallic Cu
(Cu°). The shifted binding energy was reversibly recovered by
subsequent Mg** extraction from the structure. It reveals that
Cu has a reversible redox reaction of Cu’/Cu’ by electro-
chemical replacement with Mg®* in the structure. As a result,
the reversible capacity of MogSg can be increased about 7% by
addition of the Cu nanoparticle/graphene composite, as
estimated from the galvanostatic charge and discharge profiles
(Figure 5d).

Moreover, the change in the microstructure of MogSg was
examined during Mg®" insertion and extraction. Importantly,
we found direct evidence for Cu reduction and deposition on
the surface of MogSg particles. Figure 6 shows TEM images
combined with corresponding FFT's of MogSy at different SOC.
A typical TEM image of the Cu,MogS; structure was obtained
at OCV in Figure 6ab. After Mg2+ insertion (point B), we
found that Cu reduction occurred on the surface of MogSg
particles by forming Cu crystallites less than 5 nm in size
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Figure 6. High-resolution TEM images and FFT results of the Mo,S; particle at different SOC; (a, b) OCV (point A), (c, d) after Mg** insertion

(point B), and (e, f) after Mg** extraction (point C).

(Figure 6¢,d). The d-spacing was measured to be 2.08 A, which
is well matched with metallic Cu. It reveals that Mg** insertion
extracts Cu® from the structure of MogSg and extracted Cu* is
reduced on the surface of MogSy particles. After subsequent
Mg** extraction (point C), the Cu crystallite was not detected
anymore on the surface of the MogS; structure (Figure 6e,f),
indicating that Cu is reoxidized and reversibly inserted into the
Mo,Ss structure along with Mg** extraction. From those results,
we confirm that the reaction of Cu replacement in the MogSg
structure is allowed by solid state deposition and dissolution of
Cu crystallites during cycles, which corresponds to the
additional reversible capacity of the MogSg cathode at 0.75 V
vs Mg/Mg2+ during discharge and 1.05 V vs Mg/Mg2+ during
charge, respectively. Furthermore, we examined whether Cu
metal is deposited on the surface of a Mg metal anode after
cycling. As evidenced by FESEM and EDS analyses, no Cu
species was observed on the Mg metal anode (Figure 7), and
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this further supports that the additional redox reaction is not
attributed to the corrosion of Cu.

B CONCLUSIONS

The reversible capacity of Chevrel Mo4S; cathode was
increased by the simple addition of Cu nanoparticle/graphene
composite. For the Cu metal and MogSg mixture electrode, the
Cu nanoparticle/graphene composite was obtained by the high
temperature plasma synthesis. The electrochemical behaviors of
the Mo4Sg and Cu mixture cathode were examined with the
relevant structural verifications during Mg** insertion and
extraction. The in situ formation of Cu,Mo4Sg; was observed,
indicating the spontaneous electrochemical insertion of Cu to
the Mo4Sg structure from the Cu nanoparticle/graphene
composite. Moreover, the additional reversible plateau was
observed at 0.75 V vs Mg/Mg2+ during discharge, which is
indicative of a reversible electrochemical replacement reaction
of Cu. Further, the reaction mechanism of in situ formed
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Histnent Discharge Charge
(At%) (At%)
OK 498 712
MgK 95.02 92.88
Cul 0 0
Totals 100 100

Figure 7. FESEM images and corresponding EDS results for Mg metal
anode at different SOC; (i) OCV (point A), (i) after Mg>* insertion
(point B), and (iii) after Mg*" extraction (point C).

Cu,MoeSs was clarified. During Mg®" insertion, Cu was
extracted from the Cu,Mo4Sg and reduced on the surface of
MoS; in a form of Cu crystallites in nanoscale. The deposited
Cu was reversibly oxidized and reinserted into the MogSg
structure along with Mg** extraction during charge. Therefore,
the solid state deposition/dissolution of Cu on the surface of
Mo,Sg is mainly responsible for the additional capacity, and this
finding shows great promise for use in practical rechargeable
Mg battery applications.
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