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ABSTRACT: The hybrid magnesium—lithium-ion batteries
(MLIBs) combining the dendrite-free deposition of the Mg
anode and the fast Li intercalation cathode are better
alternatives to Li-ion batteries (LIBs) in large-scale power
storage systems. In this article, we reported hybrid MLIBs
assembled with the VO, cathode, dendrite-free Mg anode, and
the Mg—Li dual-salt electrolyte. Satisfactorily, the VO, cathode
delivered a stable plateau at about 1.75 V, and a high specific
discharge capacity of 2444 mA h g™'. To the best of our
knowledge, the VO, cathode displays the highest energy
density of 427 Wh kg™' among reported MLIBs in coin-type
batteries. In addition, an excellent rate performance and a wide
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operating temperature window from 0 to 55 °C have been obtained. The combination of VO, cathode, dual-salt electrolyte, and
Mg anode would pave the way for the development of high energy density, safe, and low-cost batteries.
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B INTRODUCTION

The demand for high energy density batteries is constantly
increasing from the viewpoint of renewable energy and
environmental problems.' > Among existing battery systems,
lithium-ion batteries (LIBs) have received significant attention
and achieved great progress over the past few decades. Owing
to the advantages of high energy density and long cycle life,
LIBs have been used for electric vehicles, portable electronic
devices, and other types of applications.””” In general, lithium
metal is a perfect anode due to its high theoretical gravimetric
capacity (3861 mA h g') and the lowest deposition potential
(—3.04 V). Unfortunately, Li metal anodes suffer from serious
safety issues due to the Li dendritic growth, especially at a high
rate discharge-charge conditions. On the other hand, the energy
density of commercial LIBs is restrained by the low capacity of
graphite anodes (372 mA h g™*).*""" In this regard, magnesium
ion batteries (MIBs) have attracted considerable interest in
terms of research and development in recent years and have
been treated as one of the most promising alternatives to LIBs
due to the dendrite-free nature of the Mg metal anode.”™"*
Moreover, compared with Li, Mg not only possesses high
abundance in the earth’s crust (300 times more than Li) but
also exhibits several unique characteristics, such as a high
theoretical volumetric capacity, which is 1.86 times that of Li
(Mg is 3833 mA h cm™ and Li is 2061 mA h cm™), relatively
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low toxicity, and high chemical stability when exposed to
moisture and the oxygen environment." In addition, when a
suitable electrolyte (All-phenyl complex (APC)) was used, the
deposition/stripping efficiency of Mg is close to 100%.'°™"*
Despite all of the advantages of the Mg anode, the development
of MIBs is still full of challenges, which needed to be resolved."’
For instance, one of the most challenging barriers is that the
divalent Mg** ion shows a strong polarization effect, which
dramatically caused the sluggish kinetics of Mg** ion diffusion
and an inactive nature in cathode hosts.””~>* Although most
successful MIBs based on Mo,Ss (despite its low voltage and
low discharge capacity) have been reported, the development of
both high voltage cathode hosts and wide electrochemical
window electrolytes is slow.””**

To avoid the limitations of LIBs and MIBs, the concept of
Daniell-type batteries, which combine the mature cathode
materials from LIBs with the stable Mg solid metal anode in the
Mg—Li dual-salt electrolyte has been presented.”>° The design
integrates a high working voltage, fast Li* ion intercalation
cathode, and a dendrite-free, low-cost Mg anode in a battery.
Remarkable activity and high anodic stability of about 3.0 V (vs
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Figure 1. (a) Schematic illustration of the operation mechanism of MLIBs. The cell is discharged with Li ions intercalated into the VO, cathode and
Mg ions dissolved from the Mg anode. During charging, the reverse takes place. (b) Voltage profiles of the MLIB (VO, cathode, Mg anode, and 1 M
LiCl in 0.25 M APC electrolyte) at 100 mA g~' and MIB (Mo4S; cathode, Mg anode, and 0.25 M APC) at 20 mA g™
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Figure 2. (a—c) FESEM images and elemental mapping images of the prepared VO, nanoflakes, (d—e) TEM images, and (f) XRD patterns of VO,.

Mg/Mg*") in the APC electrolyte have been reported. The
addition of LiCl as a lithium source in APC can not only
preserve the electrochemical properties of APC but also keep
the Mg anode from forming a passivation film (since the anion
ClI™ is a large portion of the APC electrolyte).””~*" However,
the anodic stability of APC is limited to <2.0 V (vs Mg/Mg*")
in a stainless steel coin battery due to the corrosion reaction.
Given these considerations, many researchers have paid
attention to the development of suitable cathodes for practical
use.

VO, with a suitable voltage plateau (about 2.5 V vs Li/Li"
and 1.75 V vs Mg/Mg®") is a promising high energy density
cathode in magnesium—lithium-ion batteries (MLIBs). For this
purpose, hybrid Mg**/Li" coin cells with VO, as the cathode,
Mg metal as the anode, and APC—LiCl as the electrolyte, have
been designed and assembled. The working mechanism of the
hybrid MLIBs is shown in Figure la. In the discharging process,
Mg** ions dissolved from the Mg anode and Li* ions
intercalated into the VO, cathode. Whereas during charging,
the reverse takes place. As shown in Figure 1b, VO, delivers a
high working voltage of ~1.75 V, which is about 0.55 V higher
than the most studied MIBs cathode (MogSs), and a high
specific capacity of ~205 mA h g™', which is about twice that of
MogSs. Moreover, the VO, cathode displays excellent
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adaptability over a wide temperature range. In addition, the
reaction mechanism of VO, as a cathode for MLIBs has been
investigated via ex situ X-ray diffraction (XRD), transmission
electron microscopy (TEM), and so on.

B RESULTS AND DISCUSSION

The morphology and detailed microstructures of VO, were
investigated through field-emission scanning electron micros-
copy (FESEM) and TEM. As shown in FESEM images (Figure
2a—b), the VO, samples are composed of uniform nanoflakes,
with ~100 nm in width, hundreds of nanometers in length, and
~20 nm in thickness. The existence and equal distribution of V
and O in the VO, nanoflakes have been observed in energy
dispersive spectroscopy (EDS) element mapping images
(Figure 2c). The stack of nanoflakes is shown in the TEM
image of the VO, sample (Figure S2), corresponding well with
the FESEM images. In the high-resolution TEM (HRTEM)
image (Figure 2e) taken from an edge of a single nanoflake
(Figure 2d), the lattice fringes are clearly observed with a
spacing of 6.102 and 3.525 A, which correspond to the (001)
and (110) lattice planes of VO,, respectively. XRD has been
performed to examine the crystal structure of the VO,
nanoflakes (Figure 2f); all of the diffraction peaks are consistent
with monoclinic VO, (JCPDS No. 01-081-2392, space group:
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Figure 3. (a) CV curves of VO, cathode assembled in MLIB at the scan rate of 0.1 mV s™". (b) Cycling performance of the VO, cathode in MLIB
with different electrochemical windows and the VO, cathode in MIB at 20 mA g~". (c, d) Charge—discharge profiles of MLIB between the voltage
windows of 0.5—2 and 0.01—2 V, respectively. (e) Rate capability of the VO, cathode. (f) Charge—discharge curves of VO, at various current

densities.

C2/m, a=12.0930 A, b = 3.7021 A, c = 6.4330 A). No peaks of
any other phase were detected, indicating the high purity of
VO,, and the sharp diffraction peaks imply the good
crystallinity of the VO, nanoflakes.

Coin-type batteries with metallic magnesium as the anode
and APC—LiCl as the electrolyte were assembled to investigate
the electrochemical performance of the VO, cathode. First, the
cyclic voltammogram (CV) curves of the MLIBs were
measured at a scan rate of 0.1 mV s™' in the potential range
from 0.5 to 2.0 V versus Mg/Mg** (Figure 3a). In the
subsequent curves after the first cycle, the shapes are almost
identical, which indicate the high reversibility of the lithium
intercalation/deintercalation. Only one pair of defined redox
peaks at 1.9/1.75 V can be observed, corresponding to the
charge—discharge voltage profiles (Figure 3c). The CV curves
of VO, with pure APC electrolyte exhibit no obvious cathodic
and anodic peaks (Figure S3a), corresponding well with the
charge/discharge curves in Figure S3b, indicating the insertion/
extraction of small amounts of Mg’* in the VO, cathode
(Figure 3b). Furthermore, the charge/discharge curves of the
VO,IAPC—LiCllMg hybrid battery (0.5-2 V) and VO,I1 M
LiPF,/EC + DMC + EMC (volume ratio of 1:1:1)ILi LIB
(12—2.7 V) at the same current density of 100 mA g~ are
shown in Figure S3c; the fact that Li" intercalation/
deintercalation dominates the cathode reaction in MLIBs can
be confirmed by the similar shape, especially at the plateau.”
The slight difference, perhaps, is contributed by the difference
in Li* ion intercalation/deintercalation properties between the
electrolyte systems. Because the electrochemical performance is
closely associated with the impedance of a cell, the electro-
chemical impedance spectroscopy of the VO, electrode is also
measured to support the superior performance. The Nyquist
plots of VO,IAPC—LiClIMg and VO,IAPCIMg batteries show a
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depressed semicircle in the high-frequency region and a straight
line in the low-frequency region (Figure S4). The size of the
semicircle is associated with the charge transfer impedance
(Ry) and the straight line is related to the Warburg impedance
(W). In the comparison of these two different systems, the R,
of the VO,JAPC—LiClIMg system is much smaller than that of
the VO,IAPCIMg system. Furthermore, the W, which mainly
corresponds to the diffusion of ions in the cathode indicates the
diffusion of Li* ions is much faster than that of the Mg*" ions in
the VO, cathode, which results in Li" ions dominating the
intercalation on the cathode side.

The cycling performance and the corresponding charge—
discharge curves of VO, between different voltage windows are
shown in Figure 3b—d. At the current density of 100 mA g/,
the initial discharge capacity of 291.9 mA h g~' is obtained in
the voltage window of 0.01—2 V, however, the capacity fast
fades to 41.8 mA h ¢! (14% of its initial value) after 100 cycles.
The severe decrease of discharge capacity can be attributed to
the reaction between the voltages of 0.01—0.5 V (Figure 3d),
which is irreversible because excessive insertion of Li* causes
damage of VO, structures and further results in the shape
change of plateaus (from flat to slope) during cycling at ~1.75
V (corresponding to ~2.5 V in LIBs).”" Meanwhile, in the
voltage between 0.5 and 2 V, the VO, cathode exhibits a
discharge capacity of 206.8 mA h g™' (despite being lower than
291.9 mA h g'), with enhanced cycling stability, such that a
remarkable capacity of 154.9 mA h g™' (75%) was retained after
100 cycles, which is much better than that in 0.01-2 V. The
fast decay of the discharge capacity of VO,ITHF—LiCIILi
battery is probably caused by the poor incompatibility of the Li
metal and the electrolyte system (Figure SSa). Besides, the
Coulombic efficiencies in the two different voltage windows
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Figure 4. (a) Discharge capacity at different temperatures between 0 and 55 °C at 100 mA g™". (b) The galvanostatic intermittent titration technique
(GITT) curves. (c) Li-ion diffusivity vs the state of discharge. (d) Specific energy density comparison of MLIBs. VO, in this work compared to that

in previous works, without considering the mass of the solvents.

remained at about 100% (Figure SSb,c) except for the first few
cycles, which indicates good reversibility.

In addition, the influence of LiCl concentration on the
electrochemical performance of the VO, was investigated with
the APC electrolyte involving different amounts of LiCl (0.01,
0.25, 0.5, 0.75, and 1 M). Obviously, VO, exhibits a better rate
capability with the increasing amount of LiCl (Figure 3e,f). As
Chen et al. reported,®” the salt concentration is a trade-off
between solubility, ionic conductivity, and viscosity. The
increase in lithium solubility results in the change of the ionic
conductivity, viscosity, and Li" mobility. Definite values of
concentration, viscosity, and conductivity in the LiITFSA/AN
system have been provided in the work of Yamada et al.>> With
the increasing concentration of Li*, the declining trend in the
value of conductivity decreases. When the concentration of
LiCl increased from 0.5 to 0.75 M, the raised viscosity in the
electrolyte results in low conductivity and has a negative effect
on electrochemical performance. However, the increased Li*
transference number offsets the negative effect caused by high
viscosity. So, after the influence of all factors, the electrolyte
systems show a similar result in terms of rate performance. In
the high-concentration region, the effect of the increased Li
transference number in the electrolyte counteracts the effect of
low conductivity, so when the LiCl concentration is 1 M, the
rate performance is obviously superior to that at 0.75 M. When
the LiCl concentration is 1 M, with the current density
increasing from 50 to 100, 200, and 500 mA g_l, the VO,
cathode delivers discharge capacities of 210.6, 203.7, 179.6, and
138.3 mA h g7/, respectively. Even though the current density
is changed from 500 to 50 mA g_l, the cathode shows a stable
capacity and the retentive efficiency of the capacity remained at
91.1%, exhibiting excellent rate reversibility. The rate capability
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of the intercalation electrode material relates to the kinetics of
the ion intercalation/deintercalation process, which depends on
both the electron transport and ion diffusion velocity/length. In
the hybrid system, the high capacity can also be attributed to
the effect of the Cl™ anion (effect on anodic stability) and high
Li* ion concentration (Li* transference number).34’3'5

To further investigate their potential application at high and
low temperatures, the electrochemical performance of the VO,
cathode has been studied in an environmental chamber. When
the temperature is increased to S5 °C, a high initial discharge
capacity of ~220 mA h g™' is demonstrated, which is higher
than the 206.8 mA h g~' obtained at room temperature (Figure
4a). Even at 0 °C, the cell can display a reversible capacity of 35
mA h ¢! The discharge capacity decreases progressively with
decrease in temperature, which can be attributed to the slower
diffusion of Li* ions at a lower temperature. When the
temperature was reset to 55 °C after 40 cycles, the capacity
immediately returned to 204.7 mA h g”. A VO, cathode
exhibiting such a broad working temperature range has not
been reported for hybrid MLIBs, to the best of our knowledge.

To scrutinize the source of high discharge capacity and broad
temperature adaptability, the kinetics of Li* solid-state diffusion
in the VO, cathode were investigated via the GITT.***” The
GITT method reveals ion diffusivity into the composition-
dependent electrode kinetics. In Figure 4b, the VO, cathode
delivers a specific capacity of 244.4 mA h g™' in the GITT
measurement, which corresponds to the discharge product of
Li,VO, (x = 0.78). Moreover, the Li* diffusivity (D) can be
obtained through the potential response to a low current pulse
(20 mA g') via the formula (more details can be found in
Figure S6 and Scheme 1 in the Supporting Information)*®
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Figure 4c shows that the Li* diffusivity decreases from 9.7 X
107" to 8.5 X 107"* cm® s™! with the Li concentration increase
in the cathode, which may be ascribed to the Coulomb
interaction between Li* ions. The average Li diffusivity of the
VO, cathode during the entire intercalation process is ~9.84 X
107" cm? s7'. In comparison, the kinetics of Mg** solid-state
diffusion in the VO, cathode was also determined (Figure S7).
The average Mg®" diffusivity in VO, over the entire
intercalation process is ~6.35 X 107 em? s7%, which is more
than 3 orders of magnitude slower than Li" diffusivity. The
GITT results also indicate that the Li* ions dominate the
intercalation on the cathode side. Furthermore, the operation
voltage and discharge capacity of previous hybrid MLIBs in
coin-type batteries have been calculated to compare the energy
density to that in our work (Figure 4d). All of the energy
densities are just based on the weight of cathode material. The
energy density of MLIBs in this work is 427 Wh kg™', much
higher than that of previous MLIBs in coin cells (all at low
current density). The energy density of MLIBs at each current
density is shown in Figure S8, in terms of energy density, the
VO, cathode in our work demonstrates the best performance
among the reported MLIBs.

The Li ion storage mechanism of VO, as a cathode for hybrid
MLIBs has been investigated via ex situ XRD and TEM
techniques. The XRD patterns of VO, at various states of the
first cycle are shown in Figure Sa. In the magnified patterns of
(001) peaks (Figure Sb), slight shifts can be observed during
Li" ion intercalation/deintercalation. In the first cycle, when
discharged to 1.7, 1, and 0.5 V, the peak shifts to a lower
degree, indicating a slight increase of interlayer spacin§, which
perhaps resulted from the intercalation of lithium ions.”” When
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recharged to 1, 1.5, 1.84, and 2 V, the peak exhibits no evidence
of shift back to the higher degree, which may be caused by the
expansion of the interlayer spacing due to the remaining Li ions
in VO,, corresponding to the initial Coulombic efficiency of
about 85%. Only a slight difference was found between XRD
patterns of the VO, cathode before cycling and after 50 cycles,
implying a stable structure of VO, during the charge—discharge
process.

The HRTEM images of VO, cathode discharged to 0.5 V in
the first cycle and after 50 cycles are displayed in Figure Sc,d,
respectively. When discharged to 0.5 V in the first cycle and
after S0 cycles, the (001) interlayer spacing was expanded from
6.102 A (Figure 2e) to 6.152 and 6.153 A, respectively, which is
consistent with the ex situ XRD results. The expanded
interlayer spacing of VO, is stable and beneficial for ion
diffusion and thus increases Li* storage performance. The SEM
images of the Li anode are shown in Figure S9. Compared with
that of LIBs, the most important merit of MLIBs is their
dendrite-free deposition on the Mg anode during cycles. To
investigate the Mg deposition/stripping on the Mg metal
anode, the SEM images of the Mg anode at various charge—
discharge states were characterized (Figure S10). As shown in
Figure S10a—h, the trend of having a rugged morphology grows
with the stripping of Mg®* from the Mg anode and also filled
holes can be observed with the deposition of Mg** on the Mg
anode. It is noteworthy that no dendritic morphology has been
observed on the Mg anode after 100, 150, and 300 cycles
(Figure S10i—k).

B CONCLUSIONS

In summary, we present a high-energy and safe hybrid MLIB
based on the VO, cathode, Mg anode, and the APC—LiCl dual-
salt electrolyte. The VO, cathode in MLIBs exhibits a highly
stable and flat plateau of ~1.75 V, and a high specific capacity of
2444 mA h g™' in the GITT measurement. At the current
density of 100 mA g™, VO, nanoflakes exhibit a high discharge
capacity of 206.8 mA h g™', and 75% of the initial capacity is
retained after 100 cycles. In terms of high working voltage and
specific discharge capacity, the VO, cathode delivers the highest
energy density (427 Wh kg™') among the reported MLIBs in
coin-type batteries, to the best of our knowledge. Furthermore,
the VO, nanoflakes show excellent temperature adaptability
(~220 mA h ¢! at 55 °C and ~35 mA h g”" at 0 °C). The
excellent electrochemical performance is attributed to the
intercalation kinetics of Li* ions into the VO, cathode. All of
the results indicate the promising applications of the VO,
cathode in MLIBs, which could lead to new opportunities for
the development of advanced materials for energy storage
devices.
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