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Abstract

The exploration of cathode materials with high energy density has been considered as
one key for the development of magnesium batteries. The high magnesium storage
capacity of CuS has been demonstrated at high temperature (over 100 °C), but its
electrochemical performance at lower temperature still needed to be improved largely.
Herein, we realize the high magnesium storage activity (over 300 mAh g *) of CuS
cathode at room temperature via adjusting electrode-electrolyte interface. In the full
magnesium battery, CuS cathode achieves a high capacity of 119 mAh g* after 30
cycles at 50 mA g . Besides, the conversion-type storage mechanism has been
certified via ex-situ XRD and so on. This work demonstrated CuS is a promising

cathode material for magnesium battery.

! These authors contributed equally to this work.
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1. Introduction
Magnesium batteries (MBs) have attracted many attentions due to the high capacity
(2205 mAh g * and 3833 mAh cm®), low reduction potential (—2.37 V vs. SHE),
abundant reserve and dendritic-free nature of magnesium metal anode[1-5]. However,
the high charge/radius ration of Mg?" ions leads to a strong interaction between ions
and host, which puts forward higher requirements for cathode materials[6-9]. Chevrel
phase compound (MogSg) presented by Aurbach et al. achieves sufficient magnesium
storage reversibility[10]. But, its low capacity (122 mAh g, theoretically) and
operating potential (1.1 V vs. Mg®*/Mg) result in a limited energy density (lower than
140 Wh kg ™), which restrains the application of MBs[8, 10, 11]. Thus, exploiting
suitable cathode material is still a great challenge for the development of MBs.
Recently, many materials have been investigated as cathode materials for MBs,
including transition-metal oxides[7, 12, 13], transition-metal sulfides[14-17], and

polyanionic compounds[18-21]. Among those, transition-metal sulfides exhibit



excellent lithium/sodium storage performance and usually display favorable Mg
mobility due to that the lower polarizability of S** than O?[1, 22-25]. For CuS, the
high theoretical capacity (560 mAh g %) gives the great prospect to realize high energy
density in MBs[26, 27]. Duffort et al.[28] reported the high magnesium storage
capacity (over 200 mAh g%) of CuS in MBs with all-phenyl complex (APC,
2PhMgCI-AICI3) in tetraglyme (G4) as electrolyte at 150 °C. Unfortunately, just a
negligible electrochemical activity could be obtained at room temperature (25 °C),
impeding the application of CuS cathode in MBs. Thus, realizing high magnesium
storage activity of CuS at room temperature is important for its further development
and practical application.

Herein, we realize high magnesium storage capacity of CuS (361 mAh g™) at
room temperature via changing electrode-electrolyte interface and the capacity
remains at 153 mAh g* after 20 cycles. Considering the application in MBs, the full
MBs based on CuS cathode also have been assembled, which displays high capacity
(183 mAh g™*) with flat discharge plateau and good cycling stability at elevated
temperature. Moreover, in order to further understand the magnesium storage
behavior of CuS, the magnesium storage mechanism has been explored via ex-situ
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and transmission

electron microscopy (TEM) technologies.

2. Experimental Section

2.1 Material Synthesis



CuSO4- 5H,0, NayS,03, of analytical grade, were all purchased from the Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Firstly, CuSO,- 5H,0 and Na,S,0;
with molar ratio of 1:1 were dissolved into deionized water. Then, the solution was
transferred into Teflon-lined stainless-steel autoclave and kept at 160 °C for 24 h, and
then allowed to cool to room temperature. Finally, the as-synthesized sample was
washed several times with deionized water and ethanol alternately, and dried at 70 °C
under vacuum overnight.

2.2 Material Characterizations

XRD measurements were performed to investigate the crystallographic structure
using a D8 Advance X-ray diffractometer with a nonmonochromated Cu Ka X-ray
source. The field emission scanning electron microscopy (FESEM) images and energy
dispersive spectrometry (EDS) elemental mappings were collected with a
JEOL-7100F microscope. TEM and high resolution TEM (HRTEM) images were
recorded by using a JEM-2100F STEM/EDS microscope. Raman spectra were
obtained using a Renishaw INVIA micro-Raman spectroscopy system. XPS
measurements were obtained using a VG MultiLab 2000 instrument.

2.3 Electrochemical Measurements

The electrochemical properties were characterized by assembling 2016 coin cells in a
glove box (O, < 1 ppm and H,O < 1 ppm), which used glass fiber as separator.
Cathodes were obtained with 60% as-synthesized active materials, 30% acetylene
black and 10% PTFE. The loading of the active material was about 5-7 mg cm 2. With

0.5 M Mg(CIQ,), dissolved in acetonitrile (Mg(ClO,)./AN) as electrolyte, AC clothes



were utilized as anode and the potential of AC cloth is ~2.4 V vs. Mg®*/Mg. While
with 0.25 M 2PhMgCI-AICI; dissolved in THF (APC/THF) and 2MgCl,-AlCl;
dissolved in DME (MACC) as electrolyte, magnesium foils were employed as anode.
All the electrochemical performance was obtained after a discharge as conditioning.
The main galvanostatic charge/discharge test and galvanostatic intermittent titration
technique (GITT) test were performed with a multichannel battery testing system
(LAND CT2001A) in the potential range of —1.65-0 V vs. AC or 0.2-1.9 V vs.
Mg**/Mg. Cyclic voltammetry (CV) curves were acquired with an electrochemical

workstation (CHI 760D).

3. Results and Discussion

In the Fig. 1a, all the diffraction peaks of as-synthesized sample were readily indexed
to covellite CuS (JCPDS No. 01-078-0877, Hexagonal, space group: P63/mmc, a =
3.7938 A, ¢ = 16.341 A) and no impurity was detected. In the Raman spectrum of
as-synthesized sample (Fig. 1b), the sharp peaks located at about 268 and 477 cm™*
were from covellite CuS and the peak located at about 477 cm™* was identified as the
S-S stretching mode at 4e sites[29, 30]. The as-synthesized CuS are composed of
nanoshperes with diameter of 300-800 nm (Fig. 1c). From the high magnification
FESEM image (Fig. 1d), the irregularity surface of CuS nanospheres was observed.
Besides, the EDS elemental mappings show that the Cu and S elements are
homogeneously distributed in the CuS nanospheres. The interior structure of CuS

nanospheres have been characterized by TEM technology and the solid nature was



observed (Fig. 1e). In addition, the clear lattice fringes with distance of 0.328 nm
were shown in the HRTEM image (Fig. 1f), corresponding to the d-space of (100)
planes in covellite CuS. All the above results demonstrated that the pure CuS has been

synthesized successfully.
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Fig. 1. The structural characterizations for CuS. (a) The XRD pattern, (b) the Raman
spectrum, (c) the SEM image, (d) the EDS elemental mappings, (e) the TEM image

and (f) HRTEM image of as-synthesized Cus.

The electrode-electrolyte interface is important for magnesium storage
performance, which decides the compatibility between electrolyte and cathode
material[3, 31]. The electrode-electrolyte interface not only is affected by the
electrode, but also depends on the components of electrolyte, including solvent and
solute. In order to realize the high magnesium storage activity of CuS cathode,
different electrolytes have been employed to adjust the electrode-electrolyte. Firstly,

Mg(ClO4)./AN has been selected due to its good compatibility for most kinds of



cathode material[l, 13, 21, 31, 32]. Considering the poor compatibility with
magnesium metal of Mg(ClO,),/AN electrolyte, the coin-type cells with AC clothes as
anode have been assembled[3, 12, 31, 33]. Excitingly, the high magnesium storage
capacity has been achieved at the room temperature. The CuS cathode displays a high
initial discharge capacity of 361 mAh g * with slope potential plateau at around 1.2 VV
(vs. Mg®*/Mg) (Fig. 2a, b). The gap between the discharge capacity and the charge
capacity in first cycle may be attributed to the incomplete transformation and the
side-reaction. After 20 cycles, the capacity of 153 mAh g was still obtained,
indicating the good cycling stability. Moreover, during the conditioning, CuS displays
a magnesium storage performance as high as 546 mAh g, which is close to the
theoretical capacity (560 mAh g ') (Fig. Sla). Although the Mg(ClO.)./AN
electrolyte is incompatible with magnesium metal anode, the excellent magnesium
storage performance of CuS in this system demonstrated the possibility for it as
cathode material in MBs with high capacity at room temperature.

For the application in MBs, the electrochemical performance of CuS in
electrolytes possessed excellent compatibility with magnesium metal is important.
Thus, APC/THF electrolytes also have been employed as electrolytes. The APC/THF
electrolytes were prepared according to Mizrahi et al.[34] The electrochemical
properties of as-prepared electrolyte were characterized via CV and galvanostatic
charge/discharge tests (Fig. S2). The CV curve of Mg|APC|Mo cell at the scan rate of
100 mV st in the potential window of —1.0-2.0 V (vs. Mg®*/Mg) was shown in Fig.

S2a. The reversible magnesium deposition/dissolution with efficiency of about 99%



was realized. The stability and polarization of magnesium deposition/dissolution have
been evaluated by galvanostatic charge/discharge test at the current of 20 xA cm
(Fig. S2b). After the first few cycles, the overpotential stabilize at about 0.035 V.
Compared to system with Mg(ClO,)./AN electrolyte, CuS cathode with APC/THF
electrolyte displays lower capacity, which may be attributed to the different
electrode-electrolyte interfaces. At the current density of 20 mA g, an initial
discharge capacity of 138 mAh g * was obtained (Fig. 2c and Fig. S3). During 12 to
15 cycles, the efficient capacity of about 80 mAh g with slope plateau at about 1.0 V
was obtained (Fig. 2d). Although the capacity of CuS with APC electrolyte is lower
than its theoretical capacity, which demonstrates the magnesium storage activity at
room temperature and is higher than the reported highest capacity of CuS cathode

with temperature below 100 °C (about 60 mAh g 4)[28].
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Fig. 2. The magnesium storage performance of CuS cathode at room temperature

(25 °C). (a) The cycling performance of CuS cathode with Mg(ClO4)./AN as



electrolyte at 50 mA g and (b) the corresponded charge/discharge curves. (c) The
cycling performance of CuS cathode in full MBs with APC/THF as electrolyte at 20

mA g * and (d) the corresponded charge/discharge curves.

Working temperature has been considered as an important influence factor for
magnesium storage performance[8, 12, 28]. And increasing working temperature
appropriately is one efficient way to enhance the electrochemical performance. The
charge/discharge curves of CuS cathode in full MBs at 20 mA g with different
working temperature are shown in Fig. 3a. At 50 °C, CuS cathode exhibits a high
capacity of 148 mAh g with stable potential plateau at ~1.15 V. As temperature
further increasing to 55 °C, the discharge capacity of CuS cathode at 20 mA g+
increased to 164 mAh g *. But the low Coulombic efficiency (68.6%) was displayed,
which may be attributed to the side reaction (e.g. the corrosion of stainless steel
current collector) due to the over-high temperature.[28, 35] After adjusting the cut-off
potential from 1.9 to 1.8 V, the Coulombic efficiency increased to 92.2% while the
discharge capacity decreased to 53.2 mAh g* (Fig. S4). Thus, the working
temperature of 50 °C was chosen during the subsequent electrochemical performance
test. The rate performance of CuS cathode was shown in Fig. 3b and S5. At the
current density of 5 mA g, CuS cathode exhibited a high reversible capacity of 165
mAh g* with a short and a long discharge plateaus at ~1.55 V and ~1.15 V,
respectively (Fig. S5). Compared with MogSg, the most successful cathode material

for MBs, CuS cathode delivers higher capacity and higher operating voltage, which



means higher energy density (Fig. 3c). As the current density increasing to 50 mA g,
the capacity of 117 mAh g * was still achieved (Fig. 3b). Meanwhile, with MACC
electrolyte, CuS cathode also displays a high reversible capacity (over 100 mAh g %)
at 50 mA g * (Fig. S6). In the CV curve of CuS (Fig. 3d), two reduced peaks at 1.49
and 1.08 V and one oxidant peak located at 1.74 V were observed, corresponding well
to the charge/discharge curves (Fig. S5). Besides, the cycling stability of CuS cathode
also has been evaluated (Fig. 3e, f). After charging/discharging at 50 mA g™ for 30
cycles, the capacity of CuS cathode still remains at 119 mAh g* (Fig. 3e). The high
reversible capacity and excellent cycling performance make CuS become a promising

cathode material for MBs.
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Fig. 3. The electrochemical performance of CuS cathode in full MBs at elevated
temperature. (a) The charge/discharge curves of CuS at 20 mA g at different
temperatures. (b) The rate performance of CuS cathode at 50 °C; (c) the
charge/discharge curves of CuS and MosSg; (d) the CV curve of CuS at 0.02 mV s in

0.2-1.9 V at 50 °C; (e) the cycling performance of CuS at 50 mA g * at 50 °C and (f)



the corresponding charge/discharge curves.

In order to further understand the magnesium-ion storage behavior of CuS
cathode, the reaction mechanism has been investigated via ex-situ XRD, XPS and
HETEM technologies (Fig. 4). The ex-situ XRD patterns of CuS at different stages
and the corresponded charge/discharge curves are shown in Fig. 4a, b, respectively. In
conditioning process, after discharging to 1.25 V (stage b), the peaks of Cu,S and
MgS appear and the peaks of CuS weaken, indicating that the conversion reaction
between CuS and Mg®* was occurred. When further discharge to 0.2 V/ (stage c), the
peaks of CuS disappear, demonstrating the complete conversion of CuS. In the
subsequent charge process, the peaks of CuS appear again. However, after charging to
1.9 V (stage e), the peaks of Cus still are weaker than that of fresh electrode, which is
attributed to the irreversible capacity. Moreover, the incomplete transformation from
Cu,S to Cus is one of the main reasons for the gap between theoretical capacity and
practical capacity. Enhancing the reversibility of transition between Cu,S to CuS may
be an efficient way to further improve the magnesium storage performance of CusS.
In the subsequent discharge process, the peaks of CuS disappear again, and the peaks
of Cu,S first strengthen and then disappear, indicating that Cu,S has been further
reduced during the magnesium storage process. The ex-situ XPS spectra have been
utilized to investigate the valence state change of Cu element during the
charge/discharge process (Fig. 4c). For fresh CuS cathode (stage a), most Cu element

is +2 valence, while after discharging to 0.2 V in the first cycle (stage c), Cu** is



reduced to Cu® completely[36, 37]. After charging back to 1.9 V (stage e), part Cu” is
oxidized to Cu®*. After second discharge process, the peak of Cu® has been observed,
demonstrating the further reduction of Cu® was occurred although the peaks of Cu
metal is not detected in the XRD pattern[36]. Moreover, the ex-situ HRTEM also has
been performed to demonstrate the component of cathode at different stages (Fig.
4d-g). The ex-situ HRTEM images are corresponded well with ex-situ XRD patterns.
Besides, Cu metal nanoparticle with diameter below 5 nm has been observed (Fig. 4f),
which coincides with XPS results, demonstrating that Cu,S has been partly reduced to
Cu metal. According to the above analysis, the theoretical magnesium storage
mechanism of CuS is conversion reaction, which can be described as following
equation (1) and (2). The theoretical specific capacity is as high as 560 mAh g™,
which is much higher than that of MogSg (122 mAh g™).
2 CuS + Mg* +2 e Cu,S + MgS 1)

2 CuS +Mg¥+2e —2Cu+MgS (2)
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Fig. 4. The magnesium storage mechanism of CuS. (a) Ex-situ XRD patterns of CuS
at different stages during first and second cycles and (b) the corresponding
voltage-time curves; (c¢) The XPS spectra and (d-g) HRTEM images of CuS at

different stages.

In addition, the micro/nanostructure change of CuS with APC electrolyte after

magnesiation has been analyzed. The SEM image shows that the CuS nanospheres



after first discharge process are composed of nanoparticles with the size below 50 nm
(Fig. S7). Besides, the TEM technology was utilized to further characterize the
micro/nanostructure change of CuS (Fig. 5a). The solid nanospheres transform to
hollow porous nanospheres, which may result from the large structural change of
conversion-type reaction. The enhanced specific surface area of hollow porous
structure may be responsible for the increase of discharge capacity of CuS cathode in
the first several cycles. In addition, the EDS elemental mappings (Fig. 5b) show that
Mg, Cu and S elements are uniform distribution in nanosphere, demonstrating the
magnesiation of CuS was occurred during the discharge process. Magnesium-ion
diffusivity (Dwmgz+) is one of the most important influence factors for magnesium
storage performance. The galvanostatic intermittent titration technique (GITT) has
been employed to analyze the Dygy+ 0f CuS cathode (Fig. 5¢c and S6). In the GITT test
of CuS, a high discharge capacity of 183 mAh g was achieved. Moreover, the Dmgo+
of CuS cathode at different discharge stages was calculated from GITT curves (Fig.
5d, the detail of calculation is shown in Supporting Information) [12, 38]. In the first
discharge plateau, CuS displays a high Dwg+ about 1.6 10 cm® s, while the
Dwgz+ Of CuS decreases to 1X 10 °~1X 107" in the second plateau. Different from
the most reported results that Dug.+ Of cathode materials decreases as the discharge
depth increasing, the Dygy+ of CuS increases from 6.5X107° to 1.3X 10 cm?s ' in
the slope plateau at about 0.7 V. This result indicating that the Dwgz+ of cathode in this

system is not only related to magnesium-ion concentration, but also affected by

component.
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Fig. 5. The magnesium storage behaviors of CuS. The characterizations for structural
change after magnesiation: (a) The TEM image, (b) HAADF image and EDS
elemental mappings of CuS after first discharged process. The analysis for
magnesium storage dynamics: (c) the GITT curves at constant current pulse of 10 mA
g' for 10 min followed by a relaxation period of 30 min (performed after
conditioning); (d) the diffusivity of Mg?" versus state of discharge calculated based on

GITT curves.

4. Conclusions

The CuS cathode can achieve a high magnesium storage activity (361 mAh g™%) at
room temperature with Mg(ClO,)/AN electrolyte. Moreover, it also displays
excellent electrochemical performance in full MBs at elevated temperature. A high
reversible capacity of 165 mAh g * was obtained with main plateau at 1.15 V and
excellent cycling stability (119 mAh g* after 30 cycles at 50 mA g ). This

electrochemical performance is better than the reported best result at similar



temperature. Besides, the magnesium storage mechanism of CuS cathode has been
demonstrated as conversion reaction. Those results demonstrate that CuS is a
promising cathode material for MBs with high capacity.
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Highlights

1. The high magnesium storage capacity (over 300 mAh g™) of CuS has been
realized.

2. The full magnesium metal battery displays excellent electrochemical performance.

3. The conversion-type magnesium storage mechanism of CuS has been

demonstrated.





