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Electrochemical Mg?* Displacement Driven Reversible
Copper Extrusion/Intrusion Reactions for High-Rate

Rechargeable Magnesium Batteries

Xiaolan Xue, Renpeng Chen, Xinmei Song, Anyang Tao, Wen Yan, Weihua Kong,

and Zhong Jin*

Rechargeable magnesium batteries (RMBs) based on metal Mg anodes have
shown great potential owing to the abundant natural resources, high volu-
metric capacity, and low safety hazard. Nevertheless, the development of
RMBs is hampered by the sluggish kinetics of Mg?* diffusion and the limited
cyclability of cathode materials. Herein, nonstoichiometric copper selenide
(Cu,_,Se) are synthesized via a solution-based method and exploited as a
durable cathode material based on ionic displacement mechanism for RMB:s.
The copper ions in the Se?~ based sub-lattices are reversibly exchanged by
Mg?* ions without causing lattice collapse. Owing to the same face-centered
cubic Se?” sub-lattices and similar unit cell size of Cu,_,Se and MgSe, the
energy barrier for lattice reconstruction during cycling processes is very low,
significantly improving the rate performance, structural stability, and cycle life
of the Cu,_,Se cathode. Moreover, metal Cu is in situ generated during dis-
charging, thus greatly facilitating electron transport. Comprehensive charac-
terizations confirm that the Cu,_,Se cathode undergoes reversible copper ion
extrusion/reinjection during the discharge—charge steps. This work suggests
the great potential for exploring high-performance electrode materials based
on ionic displacement mechanism for advanced multivalent-ion secondary

sustainability, including sodium-ion bat-
teries,?l potassium-ion batteries,! and
multivalent ion batteries (e.g., recharge-
able magnesium batteries (RMBs),
zinc-ion batteries, and aluminum-ion bat-
teries).’#l Among them, RMBs based on
metal Mg anodes have drawn increasing
attention because of the high natural abun-
dance, high theoretical specific capacity
(volumetric capacity 3833 mAh mL7,
gravimetric capacity 2205 mAh g7), and
good safety.®% Unfortunately, the limited
choices of cathode materials with fast
kinetics and good durability severely
hinder the development of RMBs.l! One
major reason is that the large charge/
radius ratio and high polarization of
Mg?" cations result in strong electrostatic
interaction between Mg?* and the anions
in cathode lattices, greatly lowering the
insertion and diffusion kinetics of Mg?*
ions.""12l The reported cathode materials

batteries.

1. Introduction

To alleviate the intensified energy and environment crisis,
the development of sustainable energy storage technologies
is imperative. Commercial lithium ion batteries (LIBs) suffer
from the limited lithium resource and the safety issues caused
by Li dendritic growth during cycling processes.? Recently,
extensive research interests have been focused on developing
post-LIBs energy storage systems with low cost and good
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applied to RMBs are mainly based on

intercalation or conversion mechanisms,

including elemental sulfur, transition

metal oxides, sulfides, selenides, etc.[1318]
However, the rate capability and cycling stability of the cathode
materials are still to be further improved.

Transition metal selenides have “softer” anion lattices than
oxides and sulfides, and the Coulombic interaction between
Se?” lattices and guest Mg?* ions is much weaker than those
of 0%~ and S?" lattices. Therefore, it is proposed that the sele-
nides have great potential to serve as the hosts for Mg?* cations.
On the other hand, copper sulfide and selenide were found
to be fast ion conductors with unique physiochemical proper-
ties.'»2% This is because the copper cations exhibit relatively
high mobility in the stable face-centered cubic (fcc) S2~ or Se?”
sub-lattices, thus conducive to promoting the displacement by
other guest cations without the reconstruction of anion lattices.
However, the magnesium storage behavior of Cu,_,Se is still
unclear and need to be explored. In this work, we prepared
nonstoichiometric cubic-phase Cu,_,Se nanoplates by a conven-
ient solution-based method, and explored their electrochemical
performance and intrinsic mechanism as a Mg?" host mate-
rial. Various ex situ characterizations, including X-ray powder
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),

© 2020 Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202009394&domain=pdf&date_stamp=2020-12-18

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

high-resolution transmission electron microscopy (HRTEM),
energy dispersive X-ray spectroscopy (EDX), and inductively
coupled plasma optical emission spectroscopy (ICP-OES)
were conducted, verifying that the Cu,_,Se cathode reacted with
Mg?* cations through an ionic displacement mechanism. The
Mg?* displacement reaction and copper ion intrusion/extrusion
processes were rapidly proceeded along with the good mainte-
nance of Se?” anion frameworks, in favor of the structure integ-
rity and capacity retention of Cu,_.Se cathode. The reversible
copper ion intrusion/extrusion made the Cu,_,Se cathode less
vulnerable to lattice structure collapse. Notably, it was found
that metal Cu was in situ formed by ionic displacement during
the discharge steps, greatly enhancing the conductivity and
facilitating charge transport. Benefiting from these merits, the
RMBs based on Cu,_,Se cathodes exhibit high rate performance
(222 mAh g' at 100 mA g™ and 155 mAh g at 1000 mA g7
and long-term cyclability (with a capacity retention of =84.3%
even after 500 cycles at 1000 mA g}).

2. Results and Discussion

The Cu,_,Se nanoplates were successfully synthesized via a
one-step reaction process in a diethylenetriamine (DETA)-water
mixture based solvothermal system. The morphology and struc-
ture of Cu,_,Se nanoplates were investigated by SEM, TEM,
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and HRTEM characterizations. As presented in Figure 1a,b,
the Cu,_,Se product consisted of stacked hexagonal nanoplates
(0.5-2 pm in diameter and 10-20 nm in thickness), accom-
panied with some small Cu,_,Se nanoparticles. The HRTEM
image (Figure 1c) shows distinct lattice fringes with an inter-
planar spacing of 0.332 nm, corresponding to the (111) plane of
cubic-phase Cu,_,Se. The inset in Figure 1c displays the corre-
sponding fast Fourier transform (FFT) pattern, demonstrating
the single-crystalline characteristics of Cu,_.Se. Energy disper-
sive X-ray spectroscopy (EDX) elemental mappings indicate
that the Cu and Se atoms are uniformly distributed in Cu,_,Se
nanoplates (Figure 1d—f). All the peaks in the XRD pattern of
Cu,_,Se nanoplates (Figure 1g) can be well assigned to cubic-
phase Cu,_,Se (JCPDS no. 06-0680), and no impurity peaks are
observed. The Raman spectrum (Figure S1, Supporting Infor-
mation) shows a strong peak located at 258.9 cm™ originated
from the stretching vibration of Se-Se bonds.?!! XPS analysis
(Figure S2, Supporting Information) were used to identify the
compositions and chemical states of the elements in Cu,_,Se
nanoplates, confirming the presence of Cu and Se elements.
The high-resolution XPS spectra of Cu 2p and Se 3d are pro-
vided in Figure 1h,i. The two strong peaks in Cu 2p spectrum
(Figure 1h) can be deconvoluted at 932.35 and 952.23 eV orig-
inated from Cu 2p;;; and Cu 2p;;, bands of Cu* species; the
two weak peaks at 934.1 and 954.35 eV are derived from Cu
2p3; and Cu 2p;; bands of Cu®* species; the two characteristic
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Figure 1. Structural and compositional characterizations of cubic-phase Cu,_,Se (berzelianite) nanoplates. a) SEM, b) TEM, and c) HRTEM images of
Cu,_,Se nanoplates. The inset in c) is the corresponding fast Fourier transform (FFT) pattern. d—e) SEM image and corresponding energy dispersive
X-ray spectroscopy (EDX) elemental mappings of Cu,_,Se nanoplates. g) X-ray powder diffraction (XRD) pattern and h,i) X-ray photoelectron spectros-
copy (XPS) spectra at the h) Cu 2p and i) Se 3d energy levels of Cu,_,Se nanoplates.
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Figure 2. Magnesium storage performance of Cu,_Se electrode. a) Cyclic voltammetry (CV) curves at a scan rate of 0.5 mV s™'
b) Cycling performance at the current density of 100 mA g.
current densities. d) Rate capability profiles obtained at various current densities of 100, 300, 500, and 1000 mA g~

0.2-2.2 V (versus Mg?*/Mg).

activated Mg

<
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c) Galvanostatic discharge—charge profiles at the different
1, respectively. e) Long-term cycling

performance at a high current density of 1000 mA g™'. f) Proposed schematic explanation for the activation and capacity decay processes of Cu,_Se

based rechargeable magnesium batteries (RMBs).

satellite peaks at 943.6 and 962.35 eV are derived from Cu?*
species.?223] The atomic ratio of Cu® to Cu?* in the prepared
sample calculated from their peak areas is 2.4:1. The content of
Cu?" is relatively high, possibly owing to the slight surface oxi-
dation of the sample. In the Se 3d spectrum (Figure 1i), the two
peaks located at 53.7 and 54.4 eV are ascribed to the Se 3ds),
and Se 3d;, bands of Se*” species, respectively.[**

To avoid the corrosion of electrolyte to current collector and
battery case, Mo foil as the current collector with high electro-
chemical stability is placed underneath the Cu,_,Se cathode. As
shown in Figure S3 (Supporting Information), the Mg plating/
stripping efficiency on Mo foil is near 100% after an activation
process, indicating that the electrolyte does not corrode the Mo
foil current collector and battery case. The electrochemical per-
formance of Cu,_,Se nanoplates as cathode material in RMBs
based on nonaqueous electrolyte was investigated by cyclic
voltammetry (CV) and galvanostatic discharge—charge pro-
cesses (Figure 2). Figure 2a presents the CV curves of Cu,_,Se
cathode under a sweep rate of 0.5 mV s7! in the potential range
of 0.2-2.2 V (versus Mg?"/Mg). It is worth noting that the CV
peaks in the first cycle is obviously different from those in the
following cycles. Compared to the initial cycle, the reduction
peaks during the subsequent cycles shift to more positive poten-
tials, while the oxidation peaks shift to more negative potentials.
This may be due to the possible presence of Cu, O surface
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oxidation layer or adsorbed residual organic amine species on
the Cu,_,Se surface, leading to a surface activation process of
the Cu,_,Se cathode during the first cycle.””! This irreversible
process decreases the Coulomb efficiency in the first cycle, and
makes the shape of the CV curve in the first cycle significantly
different from those in the subsequent cycles. As the cycling
proceeds, the current values of the reduction peak at =0.85 V
and the oxidation peaks (at =1.37 and =2.0 V) show notable
improvements, indicating the cathode undergoes an activation
process during the discharge—charge processes. Since the fifth
cycle, the latter CV curves are well overlapped, suggesting the
good reversibility after the activation process.

Figure 2b displays the cycling performance of Cu,_,Se
cathode at 100 mA g™'. The discharge and charge capacities
at the first cycle are 113 and 163 mAh g, respectively. After
about 25 cycles, the discharge capacity reaches a high value
of 222 mAh g}, and the Coulombic efficiency keeps at nearly
100%. The reversible discharge capacity of Cu,_,Se cathode
after 60 cycles still maintains at 179 mAh g, indicating the
good cycling stability. The Coulombic efficiency of the first
10 cycles in Figure 2b is higher than 100%, which should be
ascribed to the self-discharge phenomenon and some side reac-
tions (e.g., the reaction between residual amine in the active
material and electrolyte). This similar phenomenon has also
been reported in other previous works.[?%?’] The galvanostatic
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discharge—charge profiles (Figure S4, Supporting Information)
show two discharge plateaus at around 1.35 and 0.95 V and two
charge plateaus at around 1.30 and 1.50 V, corresponding to
the two-step magnesiation—demagnesiation processes, respec-
tively, which are in good agreement with the above CV results.
Moreover, the Cu,_,Se cathode exhibits an excellent rare perfor-
mance, as presented in Figure 2c. When the current densities
increase from 100 to 1000 mA g7, the discharge—charge pro-
files show well maintained voltage plateaus and capacity reten-
tion, revealing the low electrochemical polarization of Cu,_,Se
electrode. The voltage hysteresis of =0.35 V at 1000 mA g is
much lower than the values in most of the previous reports,
conducive to the improvement of energy efficiency of the RMB
system.[®] The Cu, ,Se cathode delivers specific discharge
capacities of 214, 182, 166, and 155 mAh g at 100, 300, 500,
and 1000 mA g, respectively, demonstrating the excellent rate
capability (Figure 2d). The Coulombic efficiency keeps at almost
100% during the rate test, suggesting the highly reversible mag-
nesiation—demagnesiation processes. When the current density
gradually decreases back to 100 mA g, a discharge capacity of
182 mAh g is still achieved, indicating the good electrochem-
ical stability of Cu,_,Se cathode at high current rates. Long
cycling performance at the high current density of 1000 mA g™
was also evaluated. Figure 2e displays that the Cu,_,Se cathode
exhibits an initial discharge specific capacity of 115 mAh g™ and
reaches a maximum capacity of 170 mAh g™ at the 70% cycle
after the gradual activation of the cathode.?>* The discharge
capacity still maintains at 97 mAh g after 500 cycles, which is
~84.3% of the initial value. Moreover, the Coulombic efficiency
is kept at =100% during the entire cycling process. Notably, the
activation cycle number at high current density is higher than
that at low current density. This is because that the longer dis-
charge—charge reaction time at low current density can provide
sufficient time for the consumption of impurities, leading to
the fewer activation cycles.

It is notable that the Cu,_,Se cathode undergoes a long acti-
vation process during the discharge—charge tests. This phe-
nomenon is probably owing to the surface activation and size
reduction of Cu, ,Se nanoplates can facilitate the diffusion
of Mg?" ions and improve the utilization ratio of active mate-
rial,BY as illustrated in Figure 2f. In addition, the CI~ ions in the
non-nucleophilic electrolyte based on bis(hexamethyldisilazido)
magnesium (Mg(HMDS),) and AlCl; can etch off the oxide
passivation layer on metal Mg anode to activate the Mg sur-
face, further leading to the capacity enhancement.?? To dem-
onstrate that Cl™ ions can activate the passivated Mg foil, CV
tests were carried out with Pt foil as working electrode and Mg
foil as both reference and counter electrodes. As displayed in
Figure S5a (Supporting Information), with the increase of the
CV cycle numbers, both the Mg plating/stripping current and
the Coulombic efficiency obviously increase, indicating that the
Mg plating/stripping in the electrolyte has undergone an activa-
tion process. Moreover, the Mg plating/stripping overpotential
of Mg-Mg symmetric cell at 0.20 mA cm? decreases gradually
in the first 50 cycles, also indicating that the cell has undergone
an activation process (Figure S5b, Supporting Information).
The above results confirm that the activation process origi-
nated from the corrosion of CI” ions in the electrolyte to Mg
anode. However, as the active material is further pulverized, the
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capacity will start to decrease, owing to the degradation of Se?
anion sub-lattices. The TEM images in Figure S6 (Supporting
Information) shows the morphologies of Cu,_,Se cathode after
100 and 500 cycles at 1000 mA g, respectively. It is observed
that the size of Cu,_,Se nanoplates decreases with the increase
of cycle numbers. Electrochemical impedance spectroscopy
(EIS) was conducted to investigate the electrochemical kinetics
of Cu,_,Se cathode. As presented in Figure S7a (Supporting
Information), the Nyquist plot of the pristine Cu,_,Se cathode
displays two semicircles in the high frequency region, corre-
sponding to the charge transfer resistance (R.) of the cathode
and anode, respectively. The high R is mainly ascribed to the
slow electrochemical reaction kinetics caused by the high polar-
ization of Mg?" and complex electrolyte system. After the activa-
tion for 10 cycles at 100 mA g%, the Cu,_,Se electrode at both
fully charged and discharged states shows smaller R compared
to the pristine Cu,_,Se electrode, which is in accordance with
the CV results and can be regarded as a good explanation for
the activation process. Moreover, the R. of Cu,_,Se electrode
at fully discharged state is smaller than that at fully charged
state (Figure S7b, Supporting Information), manifesting the
enhanced conductivity resulted from the in situ formation of
metal Cu during discharging (as verified below).

A serious of ex situ characterization methods are used to
clarify the magnesium storage mechanism of the Cu,_Se
cathode (Figure 3, Figure S8 and Table S1, Supporting Infor-
mation). The XRD patterns of the pristine carbon paper (CP)
and the as-prepared pristine Cu,_.Se electrode (stage A) were
firstly collected (Figure 3a,b). After discharged to 1.05 V versus
Mg?*/Mg (stage B), the new diffraction peaks appeared at 12.8°
and 36.5° are derived from orthorhombic Cu,Se,, which is an
intermediate discharge product; meanwhile, three new peaks
emerged at 28.3°, 32.8°, and 472°, which are indexed to the
(111), (200), and (220) planes of cubic MgSe. When further dis-
charged to 0.9 V (stage C), the peak at 12.8° shows decreased
intensity, indicating that the as-formed Cu,Se, intermediate has
participated in the further magnesiation reaction. After fully
discharged to 0.2 V (stage D), the diffraction peaks of Cu,Se,
disappear, and the peaks of MgSe show increased intensities;
meanwhile, a strong new peak appears at 43.3°, corresponding
to the (111) plane of metal Cu. When recharged again to 1.35 V
(stage E), 1.48 V (stage F), and 2.2 V (stage G), the diffraction
peaks of metal Cu and MgSe gradually disappear; the peaks of
Cu,Se, emerge and then vanish again; finally, the peaks of final
charge product Cu,_,Se reappear, indicating the reversibility of
magnesiation/demagnesiation reactions. The electrochemical
reactions of Cu,_,Se cathode during discharge—charge cycles
can be described by the following equations:

2Cu,_Se+(2+xy—2y)Mg™ +(2+xy—2y)e” = (2—x)Cu,Se,
+(2+xy-2 @
xy—2y)MgSe

Cu,Se, +yMg™ +2ye” = 2Cu+yMgSe (2)

It is worth emphasizing that the Se?~ sub-lattices in MgSe
are (fcc) lattices, which are the same as those in Cu,_,Se. More-
over, the unite cell size of MgSe lattice (a = 0.546 nm) is similar
to that of Cu,_,Se lattice (¢ = 0.573 nm). The same crystal struc-
ture and similar lattice sizes of the cathode material Cu,_,Se

© 2020 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

N
n
o

2 e
g 2.0 Se 3d G
e —~ 5
s s e Mg 2p
g > £
= 2 P
g 2 c . ,
2 =
S 05 : p

0 0 1 1 1 L1l CcP

’ 0 50 100 150 200 250 10 20 30 40 50 60
Specific capacity (mAh g') 20 (Degree )
C d Mg 2 T T T T
m

Cu 2pys
_ /—/\
=]
:A
z
0
<
o
E

>>>
Intensity (a.u.)

Intensity (a.u.)
‘ -

930 931 932 933 934 935 94 92 90 88
Binding energy (eV )

Binding energy (eV )

86 84

Binding energy (eV )

Figure 3. Ex situ structural and compositional characterizations of Cu,_,Se electrode at different discharge—charge states. a) Discharge—charge curves
during the second cycle at the current density of 100 mA g™'. The points labeled with A to G indicate the different discharge—charge states at which the
ex situ X-ray powder diffraction (XRD) patterns and X-ray photoelectron spectroscopy (XPS) spectra were measured. b) Ex situ XRD patterns. c—e) ex
situ XPS spectra at ¢) Cu 2p, d) Mg 2s, and e) Se 3d and Mg 2p energy levels. f,g) High-resolution transmission electron microscopy (HRTEM) images
collected at the states of f) fully discharged to 0.2 V and g) fully recharged to 2.2 V.

and the discharge product MgSe are conducive to initiate the
ionic displacement reaction. During discharging, Mg?" ions dif-
fuse into the Se?~ sub-lattices of Cu,_,Se to extrude the copper
ions, accompanied with the generation of Cu,Se, and MgSe
based on Se?” sub-lattices, and finally resulted in the forma-
tion of metal Cu. This special magnesium storage process can
ignore the unnecessary energy barrier for reconstructing the
anion lattices, therefore it is obviously beneficial to improve
the rate capability, structural integrity, and cycling stability of
cathode material. At present, there are very few cathode mate-
rials based on ionic displacement mechanisms that can be used
in RMBs (as summarized in Table S2, Supporting Informa-
tion), and the Cu,_,Se nanoplates cathode exhibits very com-
petitive electrochemical performances among them, including
the cycle stability and rate capability. The magnesium storage
performance of cubic-phase Cu,_,Se nanoplates is also superior
to previously reported hexagonal-phase CuSe cathode based on
traditional conversion reaction mechanism,*3l owing to the ion
displacement mechanism occurs in the cubic-phase Se?~ based
sub-lattices of Cu,_,Se nanoplates without causing lattice recon-
struction and collapse.

To further investigate the mechanism of Mg?* storage, ex situ
XPS analysis of Cu,_,Se cathode at different discharge—charge
states was also performed. When discharged from stage A to B,
the high-resolution Cu 2p XPS spectra (Figure 3c) shows an
upper shift of binding energy from 932.23 to 932.35 eV, sug-
gesting the formation of Cu,Se,. Notably, at the fully discharged
state (stage D), the Cu 2p peak shifts to the lower binding energy
of 932.85 eV, representing the formation of metal Cu. During
the charge process, the Cu 2p peak restores back to 932.35 eV at
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partially charged state (stage E) and finally reaches 932.25 eV at
fully charged state (stage G), indicating the sequential reforma-
tion of Cu,Se, and then Cu,_,Se, respectively. The Se 3d XPS
spectra at different discharge—charge states (Figure 3e) indi-
cate that the oxidation state of Se does not change, confirming
that no Se and only Cu participates in the conversion reactions
during the discharge—charge steps. Moreover, this result fur-
ther demonstrates that the electrochemical redox processes of
Cu,_,Se cathode are based on the ionic displacement mecha-
nism. When discharged to 0.2 V (stage D), strong Mg 2s and
Mg 2p peaks were observed at 89.0 and 50.0 eV (Figure 3d,e),
respectively, and the intensities of these both peaks were sig-
nificantly reduced at the fully charged state (stage G), indi-
cating the reversible magnesiation/demagnesiation of Cu,_,Se
cathode. The structural evolution of the cathode material during
cycling is also characterized by HRTEM. At fully discharged state
(stage D), the lattice fringes with spacings of 0.275 and 0.315 nm
are indexed to the (200) and (111) planes of MgSe, respectively. The
interplanar spacing of 0.201 nm is ascribed to the (111) planes of
metal Cu (Figure 3f). When fully charged back to 2.2 V (stage G),
the lattice fringes of Cu,_,Se (200) planes with the spacing of
0.290 nm are well recovered (Figure 3g), which is consistent
with the results of XRD and XPS, confirming the good struc-
tural integrity and reversibility of Cu,_,Se cathode. In addition,
ex situ EDX and ICP—-OES were used to quantitatively evaluate
the amount of Mg?* cations inserted in Cu,_,Se cathode during
cycling processes (Figure S8 and Table S1, Supporting Informa-
tion). When partially discharged to 1.05 V (stage B), the atomic
ratio of Mg/Cu increases to 0.38 as determined by ICP-OES
(Table S1, Supporting Information), which is consistent to the
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Figure 4. a) Discharge—charge curves of galvanostatic intermittent titration technique (GITT) test measured at the 10th cycle under a current density
of 50 mA g™ and b) corresponding diffusion coefficients of Mg?* ions calculated from the GITT result. c) Cyclic voltammetry (CV) curves at different
scan rates from 0.2 to 2.0 mV s7". d) The capacitive contribution measured at the scan rate of 1.0 mV s™".

EDX result (0.41, as shown in Figure S8a, Supporting Infor-
mation). At fully discharged state (stage D), the Mg/Cu atomic
ratio measured by ICP-OES further increases to 0.70 (or 0.74
as measured by EDX), indicating the formation of abundant
MgSe by the ionic displacement. After fully charged back
to 2.2 V (stage G), the Mg/Cu atomic ratio decreases back to
0.16 according to the ICP—OES result, comparable to the EDX
result (0.21) and confirming the occurrence of demagnesiation
process. The presence of residual Mg species is derived from
a small quantity of electrolyte and Mg?* ions remained in the
Cu,_,Se cathode.

Galvanostatic intermittent titration technique (GITT) was
used to evaluate the Mg?* diffusive capability and the kinetics
behavior of Mg?* storage in the Cu,_,Se cathode (Figure 4a).
The GITT test was conducted by applying a pulse current of
50 mA g! for 10 min followed by a rest time of 40 min. The
diffusion coefficient of Mg?* ions is calculated according to the
Fick's second law.’*%! The equation is as follows:

b _4[ v Y[AE,
Me" T | 2,FS | AE,

Where i, Vy, Z,, F, and S represent the pulse current, the
molar volume of Cu,_Se, the charge number of Mg?', the
Faraday constant, and the effective contact area of electrode/
electrolyte, respectively. AE is the voltage change induced by
the pulse current and AE, is the voltage change induced by
galvanostatic discharging—charging. As shown in Figure 4b,

G)
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in spite of its double valence, the diffusion coefficient of
Mg?" ions is kept as high as 107107 cm? s7! during the dis-
charge—charge cycles. The fast Mg?* migration rate provides a
good explanation for the excellent rate performance of Cu,_.Se
cathode. To further analyze the rate capability of Cu,_,Se elec-
trode, CV curves were collected at different scan rates from
0.2 to 2.0 mV s! (Figure 4c). As displayed in Figure 4d, the
capacitive contribution of Cu,_,Se electrode accounts for 73% of
the total capacity at 1.0 mV s7', indicating that the Mg?* storage
in Cu,_,Se cathode is dominated by capacitive-controlled pro-
cesses. As the scanning rate increases, the capacitive contri-
bution to the total capacity becomes more prominent. Such a
high capacitive contribution is beneficial to the charge transfer
kinetics, leading to good rate performance.

3. Conclusion

In summary, we have successfully prepared cubic-phase
Cu,_,Se nanoplates as a long-cycling cathode material for
RMBs. A series of ex situ characterizations demonstrated that
the reversible magnesium storage behavior of Cu,_,Se is based
on an ionic displacement mechanism where the copper ions in
the (fcc) Se?” sub-lattices are displaced and extruded by Mgt
ions without causing the collapse of Se?~ sub-lattices. The same
face-centered cubic Se?” sub-lattices and similar unit cell size of
Cu,_,Se and MgSe greatly reduce the energy barrier for lattice
reconstruction during the discharge—charge processes, which is

© 2020 Wiley-VCH GmbH
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conducive to the rate capability, structural integrity, and cycling
life of Cu,_,Se cathode. Therefore, the Cu,_,Se cathode exhibits
an excellent rate performance (155 mAh g at 1000 mA g
and long cycling lifespan for over 500 cycles at 1000 mA g
This finding demonstrates that the design of novel electrode
materials based on reversible ion displacement mechanism is
promising for the construction of advanced multivalent-ion sec-
ondary batteries.
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