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Mg-ion batteries are expected to be the next generation of energy storage
technologies because of the significant advantages of low cost, good safety, and
high performance. However, the biggest challenge is the lack of suitable Mg-
insertion cathodes. Here, Mai and coworkers have designed a cathode with
excellent rate capability and cycle stability for Mg-ion batteries. They reveal the
Mg insertion mechanism within the bilayer-structured Mgg 3V,05-1.1H,0 in
depth, illustrating the important application value of Mgg 3V,0s-1.1H,0O for Mg-
ion batteries.
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SUMMARY

Magnesium-ion batteries (MIBs) show great potential for large-scale energy
storage because of the advantages of low cost and safety, but their application
is severely hindered by the difficulty in finding desirable electrode materials.
Herein, we develop a bilayer-structured vanadium oxide (Mgo.3V,05-1.1H,0)
with synergistic effect of Mg?* ions and lattice water as the cathode
material for MIBs. The pre-intercalated Mg?* ions provide high electronic
conductivity and excellent structural stability. The lattice water enables fast
Mg?* ions mobility because of its charge shielding effect. As a result, the
Mgo.3V20s5-1.1H,0 exhibits excellent rate performance and an unprecedented
cycling life with capacity retention of 80.0% after 10,000 cycles. In addition, the
Mgo.3V205-1.1H,O exhibits good electrochemical performance in full MIBs.
This scalable Mg®* host material is a promising candidate as a cathode for
MIBs, and its high performance is expected to meet the requirements for
large-scale storage applications.

INTRODUCTION

Lithium-ion batteries (LIBs) have become indispensable in our daily lives, with appli-
cations ranging from portable electronic devices to electric vehicles.’ However, their
further development and applications are being limited by the high cost of lithium
(Li) and safety issues.”* Multivalent intercalation batteries are highly promising sub-
stitutes benefitting from the advantages of good safety, low cost, and high energy
density.*> Among them, magnesium (Mg) batteries have been regarded as the
most promising candidate.®”"" In 2000, Aurbach et al., in pioneering work, achieved
a significant breakthrough in the development of rechargeable Mg batteries."? How-
ever, the low operating voltage and low reversible specific capacity of the Chevrel
phase MoySg limited the performance of the rechargeable Mg battery. Since then,
studies on Mg batteries have focused on searching for more desirable Mg intercala-
tion cathodes. But unlike insertion of monovalent Li* and Na*, insertion of bivalent
Mg?* in the host materials is more difficult.’®'* This is because of the strong inter-
action between the host lattice and Mg?*, which results in sluggish solid-state diffu-
sion and large potential polarization.”®'* Thus, the ideal crystal structure must
possess a more coordinated environment for Mg diffusion with lower migration

barriers.'>"¢

Many electrode materials, including transition-metal sulfides,’’ =2 transition-metal
14,16,21-27

oxides, and polyanionic compounds,”®?” have been investigated for Mg-

ion batteries (MIBs). Among them, oxide cathodes show great potential because

The Bigger Picture
Presently, energy storage
technologies are gaining
prominence in our society.
Lithium-ion batteries (LIBs) in
particular have been widely used
in our daily lives. However, the
high cost and safety issues
surrounding lithium are
impediments to their further
usage. Recently, a series of new-
type energy storage batteries
have attracted significant
attention. Among them,
magnesium-ion batteries (MIBs)
are regarded as one of the most
promising candidates because of
the abundant Mg resource, low
cost, and good safety. However,
up until now, it remains
challenging to discover and
develop suitable electrode
materials because of the sluggish
solid-state diffusion of Mg?*.
Here, we report a bilayer-
structured vanadium oxide—
Mgo.3V20s-1.1H,O—that shows
remarkable reversibility of Mg®*
insertion and reveals the
accompanying chemical insertion
mechanisms. Our work aims at
bringing new insights to
developing high-performance,
low-cost, and extremely safe MIB
cathodes needed for large-scale
storage applications.
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transition-metal ions can change by two or more oxidation states, which makes it
easy to achieve local electroneutrality and lower barriers to Mg?* diffusion.’
Recently, bilayer-structured V,0s-nH,O materials have attracted more attention
as a potential MIB cathode.?*?*3%%3 Thanks to the “shielding effect” of water, the
cations can be easily inserted into the host materials.?**> However, the rate capa-
bility and cycle life of these xerogel materials remain insufficient to meet the ever-
increasing energy demand. The inferior rate capability and cycle life could be due
to the following reasons: (1) poor electrical conductivity causing greater polariza-
tion; (2) water ejection from the crystal structure, leading to an undesirable side
reaction with the Mg anode; and (3) poor structural stability resulting from larger
interlamellar spacing due to excess water between layers. It is worth noting that
pre-intercalated metal ions (M,V,O0s, M = metal ion) have been reported to
significantly increase the structural stability and electronic conductivity of layered
vanadium oxides in different battery systems.>**® Thus, taking all these into consid-
eration, developing cathode materials with fast Mg®* ions mobility and stable struc-
ture to obtain good cycle life is of significant importance in practice.

Herein, we report a Mg®* pre-intercalated hydrated vanadium oxide,
Mgo.3V20s5-1.1H,0, to tackle the above-mentioned limitations. The intercalated
Mg?* works collaboratively with structural water to provide high electronic conduc-
tivity, fast ion mobility, and good structural stability during cycling. As a Mg interca-
lation cathode, the Mgg3V20s-1.1H,O shows unprecedented electrochemical
performance: an ultralong cycling life with capacity retention of 80.0% after

10,000 cycles at a high current density of 2 A g~'

, which is superior to common
cathode materials for LIBs and sodium-ion batteries (SIBs) in terms of performance.
A single-nanowire device directly shows good electrical conductivity of the obtained
materials. In situ X-ray diffraction (XRD) analysis, X-ray absorption near-edge spec-
troscopy (XANES), and solid-state nuclear magnetic resonance (NMR) spectroscopy
are used to elucidate the structure and reaction mechanism of the material,
providing bases for understanding the remarkable performance. Moreover,

Mgo.3V20s5-1.1TH,0 exhibits good electrochemical performance in full MIBs.

RESULTS

Formation Mechanism of the Bilayer-Structured Mg 3V>0s-1.1H,O

The Mgp.3V20s-1.1H,O nanowires were synthesized via chemical modification of
a-V,0s. In brief, V205 and C4H,O4Mg-4H,0 as raw materials were dissolved in de-
ionized water. H,O, was chosen as the reducing agent. Then, the homogeneous so-
lution was put into a 50 mL Teflon vessel and heated at 200°C for 48 h to finally yield
the Mgp.3V20s5-1.1H,O nanowires. Schematic diagrams of the formation of the
bilayer-structured Mg 3V>Os-1.1H,0 are shown in Figure 1. First, H,O, lowers
the valence state of V in a-V,0Os, resulting in the transformation of VOs square pyr-
amids to VO, octahedra. As a result, the crystal structure is rearranged, and a large
number of water molecules are embedded into the interlayer. A bilayered structure
with a larger interlayer space is then formed, which provides spacious channels
for subsequent insertion of Mg ions. The insertion of Mg ions into the layers leads
to layer slippage and shrinkage as a result of the coordination between Mg?* and
lattice oxygen. Finally, driven by the thermodynamic energy, the bilayer-structured
Mgo.3V20s5-1.1H,0 is formed. In addition, we prepared V,0s-nH,O and Mgg 3V,05
nanowires to investigate the roles of Mg?* ions and lattice water. The V,0s5-nH,O
nanowires were prepared via the same process as Mgg3V;0s5-1.1H,O but
without C4H,O4Mg-4H,0, whereas Mgg3V,0s was obtained by annealing
Mgo.5V20s-1.1H,0 at 400°C for 2 h in Ar with a heating rate of 2°C min~".
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Figure 1. Schematic Diagrams of the Formation of the Bilayer-Structured Mg, 3V,05-1.1H,0

Structure and Morphology of Characterization Mg, 3V,0s5-1.1H,O

The XRD pattern of Mg 3V20s-1.1TH,O is shown in Figure 2A. Clearly,
Mgo.3V20s-1.1H,0 shows sharp diffraction peaks and displays lamellar ordering
as dominated by the pronounced (001) reflections. The four standard diffraction
peaks without any impurity prove the single-phase nature of the xerogel material.
The interlayer spacing is about 11.9 A. The XRD pattern of V,O0s-nH,0 is similar
to that of Mgp 3V2Os- 1.1H,O with lower crystallinity (Figure S1). Meanwhile, without
Mg?* intercalation, the 001 peak shifts to a lower degree, indicating a larger inter-
layer spacing. This means that Mg?* ions are inserted in between the V,Os bilayers.
A schematic diagram of the crystal structure of Mg 3V,0s5-1.1H,0 is shown in Fig-
ure 2B. It can be seen that each V,05 layer is composed of VOg4 octahedra and VOs
square pyramids, extending infinitely in the a—b plane. The ordered MgO, octa-
hedra act as pillars in the interlayer of two V,Os bilayers to maintain the structural
stability. The water exists in the non-embedded sites with stable hydrogen-bonded
arrangements in the a and b directions, which can accommodate additional Mg?* in
the discharge process. The crystal structure of Mgg 3V205- 1.1H,O is similar to that of
Zno.25V205-nH,0.%*” With regard to the Mgg 3V,Os, the bilayer structure is not ob-
tained after the removal of the lattice water (Figure S1). Without the structural sup-
port of water, the reduced lattice space is detrimental to Mg ions transport, leading
to a foreseeable reduction in electrochemical performance.

Inductively coupled plasma optical emission spectroscopy analysis (ICP-OES) and
thermogravimetric analysis (TGA) were used to investigate the chemical composi-
tion of the obtained xerogel material, as shown in Table ST and Figure S2. The calcu-
lated molecular formula was determined to be Mg 3V20s-1.1H,0, and the average
valence of vanadium is V*7*. The X-ray photoelectron spectrum (XPS) was used to
further investigate the composition of the Mgg 3V20s5-1.1H,0 electrode as well as
the valence state of the vanadium ion. As shown in Figure S3A, Mg, V, and O ele-
ments were detected in the survey spectrum, which is consistent with the ICP-OES
analysis. The two peaks (Figure S3B) located at 517.3 and 524.5 eV correspond to
the V2p3/2 and V2p;,, of VST, respectively.37 Carefully analyzing the V high-resolu-
tion spectra, we found the existence of an overlapping peak located at 516.0 eV
with less intensity, which illustrates the presence of a certain amount of V** in our
samples. The V**/V>* ratio was around 37%, suggesting that Mg ions intercalate
into the interlayers and coordinate with the lattice oxygen to reduce the valence
of vanadium.

We performed scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) to study the morphological structure of the three samples. The
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Figure 2. Structure and Morphology of the Mgo.3V,05-1.1H,0O

(A) XRD diffraction pattern of Mgg 3V,0s-1.1H,0 nanowires.

(B) Schematic diagram of the crystal structure of Mg 3V,0s5-1.1H,0.

(C-H) FESEM images (C and D), TEM images (E and F), SAED pattern (G), and TEM-EDX element mapping images (H) of Mgo 3V20s5-1.1H,0O nanowires.

SEM images (Figures 2C and 2D) show that Mgp 3V2Os-1.1H,O possesses uniform
nanowire morphology characteristics with a smooth and clean surface. The lengths
of the nanowires are about a dozen micrometers with an average diameter of
100-150 nm. This one-dimensional (1D) nanostructure is beneficial to shorten
the Mg?* diffusion length. We performed TEM characterizations to further investi-
gate the morphology and structure of Mgg 3V20s-1.1H,0. As shown in Figures 2E
and 2F, a threadlike morphology with a clean surface could be clearly observed.
The diameter was about 150 nm, which is consistent with the SEM images.
Figure 2G shows the selected area electron diffraction (SAED) image
of Mgo3V205-1.1H;0. The uniform and well-ordered space lattices suggest the
single-crystal diffraction pattern. The elemental mappings show the existence
and uniform distribution of Mg, V, and O in Mg 3V,0s5-1.1H,O (Figure 2H). We
applied energy-dispersive X-ray spectroscopy (EDX) analysis to verify the elemental
content as shown in Figure S4. The result was highly consistent with that of
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ICP-OES analysis. For V,0s5-nH,O, the morphology was similar to that of
Mgo.3V20s5:1.1H,O with single-crystal characteristics (Figure S5). However, for
Mgo.3V20s, the SEM image (Figure S6A) shows that the nanowires aggregated
together with severe breakages after the high temperature treatment, which is
not conducive to Mg?* ions diffusion. The lengths of the nanowires are only several
micrometers with an average diameter of 150 nm. TEM images (Figures S6B and
S6C) reveal that the surface of the nanowires was no longer smooth, and some
pore structures formed between the nanowires. The SAED image (Figure S6D)
shows the single-crystal diffraction pattern. Figure S7 shows the Brunauer-Em-
merr-Teller (BET) surface area of the three samples. The BET surface area
of Mgp3V20s5-1.1H,O was measured to be 38.23 m? g’1, higher than that
of V,05-nH,0 (33.91 m? g ") and Mgp3V20s (28.76 m? g ). The larger BET sur-
face area of the Mgg 3V,0s5-1.1H,0 would be beneficial for electrolyte penetration
and ion transfer.

Mg-lon Storage Performance of the Mg, 3V,05-1.1H,0 Cathode

To investigate the electrochemical performances of the prepared samples, we used coin
cells for the electrochemical performance test with 0.3 M Mg[N(SO2CF3),]> (Mg(TFSI),) in
acetonitrile (AN) as electrolyte and activated carbon (AC) cloth as the anode. Mg(TFSI),
electrolyte has been demonstrated to be highly compatibile with most cathodes and
have high oxidation stability and high ionic conductivity.”*” The Mg metal anode will
form a passive film in the Mg(TFSI),/AN electrolyte, which does not allow the Mg ion
to pass through.>” Hence, AC was chosen as the anode because of its high surface
area, which ensures adequate charge storage via electrical double-layer capacitance
to guarantee full charge balance in the process of Mg intercalation.””?*?” The potential
of the AC electrode was calculated as 2.4 V versus Mg®*/Mg.>%¢

The charge and discharge curves of the three samples at 0.1 A g™" in 1.4-3.4 V
(versus Mg?*/Mg) are shown in Figure 3A. Mgg3V,0s-1.1H,0 possessed three
discharge voltage plateaus at around 3.02, 2.25, and 1.40 V (versus l\/Igz+/l\/Ig),
which can be ascribed to the multistep Mg?* intercalation behaviors in the bilayer
structure. The discharge capacity of Mgp 3V20s-1.1H,O reached 164 mA h 9’1, cor-
responding to 0.5 Mg?®* ions per formula unit insertion into Mg 3V,0s5-1.1H,0. The
charge-discharge curve of V,05-nH,0 was similar to that of Mg 3V,0s5- 1.1H,O with
a lower discharge capacity of 114 mA h g~". But for Mgg 5V>Os, no obvious plateaus
were observed, and the lowest discharge capacity was 91 mAh g~". Figure S8 shows
the cyclic voltammetry (CV) of the three samples at a scan rate of 0.1 mV s~ between
1.4 and 3.4 V versus Mg?*/Mg. Clearly, the results are consistent with the charge-
discharge curves. The much higher current and complete repetition in the initial
two cycles of Mg 3V2Os-1.1H,0 indicate its faster kinetics and higher reversibility
during Mg?” intercalation and deintercalation. The cycling performance of the three
samples at a low current density of 0.1 A g~ is shown in Figure 3B. The initial
discharge capacity of Mgp 5V20s-1.1H,0 was 164 mA h g, and after 500 cycles
the capacity was perfectly maintained with a Coulombic efficiency of nearly 100%,
which shows high reversible capacity and excellent cycle stability compared with
that of V,0s5-nH,0 and Mgo.3V,0s at low current density. Rate performances are
shown in Figure 3C. Mgg 3V20s-1.1H,O delivered high capacities of 162, 145,
134, 120, 85, and 50 mA h g~ at current densities of 0.1, 0.2, 0.5, 1.0, 2.0, and
4.0 A g7, respectively. When the rate was turned back to 0.1 A g7, it showed
good capacity recoverability, whereas V,05-nH,O and Mgg 3V,0s electrodes ex-
hibited lower and unstable specific capacities at low current densities and suffered
a rapid capacity decay at increased current densities. Figure 3D shows the
discharge-charge curves of Mg 3V,0s5-1.1H,0 at different current densities. Even
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Figure 3. Electrochemical Performance of the Mg 3V20s-1.1H,0, V,05:-nH,0, and Mgy 5V.0s
Electrodes

(A-C) Charge-discharge curves (A), cycling performances (B), and rate performances (C) of
Mgo.3V205-1.1H,0, V,05-nH,0, and Mgp 3V,0s.

(D) Charge-discharge curves of Mgp 3V,0s-1.1H,0 at different rates.

(E and F) Ultralong cycling life of Mgo 3V20s-1.1H,0 for 10,000 cycles at 1 Ag~' (E)and 2 A g~ (F).

at high current densities, the Mgo.3V,05-1.1H,O showed good electrochemical
behavior.

The cycle life at different current densities was further investigated. Figure S9 shows
the discharge-charge curves and cycling performances of Mgg 3V205-1.1H,0 at 0.2
and 0.5 A g™, respectively. After 500 and 3,000 cycles, the capacity does not decay
with almost 100% Coulombic efficiency. Ultralong-life cycling performance of
Mgo.5V-0s-1.1H,0 at a high current density of 1 A g~ is shown in Figure 3E. The
initial discharge capacity is 108 mA h g~'. After 10,000 cycles, the capacity is
perfectly maintained. Even at 2 A g™, 80.0% of the maximum capacity is achieved
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Figure 4. Kinetics Analysis of the Electrochemical Behavior toward Mg?* for the
Mgo.3V205-1.1H,0 Electrode

(A) GITT curve of Mgo 3V,0s-1.1H,0.

(B) Diffusivity versus state of discharge (inset: GITT potential response curve with time). The
experiment was carried out at constant current pulse of 50 mA g~ for 5 min, followed by a
relaxation period of 10 min and a voltage range.

(C) SEM images of the Mg 3V,0s-1.1H,0 single-nanowire devices.

(D) I-V curves of the three samples.

after 10,000 cycles with a high average Coulombic efficiency of 99.91% (Figure 3F).
The increase in capacity for the initial cycles could be attributed to the activation of
bilayer Mg 3V20s-1.1H,0. Here, it is worth mentioning that the Mg 3V,0s-1.1H,O
cathode material affords unprecedented cycling stabilities for MIBs. For
V,05-nH,0, the lower electrical conductivity reduces the diffusion kinetics, leading
to a greater polarization and rapid capacity decay during cycling (Figure ST0A). With
regard to Mgg 3V,Os, without the water support, the lattice space shrinks severely
and the “shielding effect” disappears, resulting in lower Mg?* intercalation effi-
ciency and Mg?* diffusion rate. Finally, it shows low reversible capacity and fast
capacity fading during charging and discharging (Figure S10B). Therefore, the syn-
ergistic effects of Mg?* ions and lattice water play an important role in improving the
electrochemical performance of Mgg 3V,0s5-1.1H,0.

Kinetics Analysis of Mg 3V,05-1.1H,0 Cathode

In order to further investigate the kinetics of ion solid-state diffusion, we per-
formed galvanostatic intermittent titration technique (GITT) of Mg 3V,0s-1.1H,0,
as shown in Figure 4A. Mgg3V20s-1.1H,O delivered a reversible capacity of
176 mA h g~ in the voltage window of 1.4 and 3.4 V versus Mg®*/Mg, correspond-
ing to a discharge product of Mgg 3.4xV20s-1.1TH,O (x = 0.62). In addition, the diffu-

DGITT ( 2

sion coefficient cm? s™") can be calculated according to the following formula

(Equation 1):%4

4 Vi 2/ 4E\ 2
DG”T:; (T/IZSM) (AE) , (Equation 1)
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Where 7, mg, Vi, Mg, and S are the constant current pulse time, mass, molar volume,
molar mass, and electrode-electrolyte interface area of Mg 3V205-1.1H,0, respec-
tively. 4E; is the voltage difference during the open circuit period, and 4E; repre-
sents the total change of cell voltage during a constant current pulse excluding
the IR drop (inset of Figure 4B). From the calculated results (Figure 4B), even though
the Mg?* diffusivity decreases from 4.78 x 1077 to 4.42 x 10™"" cm? s™" as a result
of the charge repulsion resulting from the increase in Mg®* concentration in the host,
it still indicates the fast charge-transfer kinetics. The high diffusion rate mainly orig-
inates from the lattice water, which can effectively shield the charge of Mg?* and
reduce interaction between host lattice and Mg?*,*** resulting in good Mg®*
mobility and thus enhanced electrochemical performance. Moreover, we designed
and assembled single-nanowire devices to test the electrical conductivity of the
samples, as shown in Figures 4C and S11. Without the influence of conductive addi-
tives and binders, the intrinsic electrical conductivities of the samples were directly
tested. After calculation, the electrical conductivities of Mgo3V,0s5-1.1H,0,
Mgo.5V20s, and V,0s5-nH,O were around 8.5 x 10%, 5.0 x 10% and 10.1 S m™",
respectively (Figure 4D), which indicates that the intercalation of Mg ions greatly
improves the electrical conductivity of V,0s, guaranteeing fast electronic transmis-
sion in the Mg?* intercalation process.

Mg-Storage Mechanism of Mg,.3V,05-1.1H,0

To investigate the crystal structure evolution of Mgp3V20s5-1.1H,O during
charging and discharging, we employed the in-situ XRD technique as shown in Fig-
ure 5A. During the discharging process, Mg®* ions were gradually embedded in
the cathode material. The main (001) diffraction peak (8.7°) shifted slightly
toward a higher angle along with the reduction in crystallinity. Meanwhile, the
(003) peak also shifted toward higher angle from 25.7° to 26.5°. Because of the
smaller interplanar spacing of the (003) crystal plane, according to the Bragg
equation, the shifting degree of the (003) diffraction peak was much bigger than
that of the (001) peak. After full discharge, the interlayer spacing of bilayer
Mgo.3V20s5-1.1H,0O reduced from 11.9 to 11.4 A. Such a small lattice change is
a benefit of the pillaring effect of the pre-intercalated Mg?®* to maintain structural

2* jons

stability. The decrease in interlayer spacing is because the intercalated Mg
coordinate with the lattice oxygen, which causes the interlayer space to shrink.*%4
In addition, there was no obvious new phase formation during the whole magne-
siation process apart from the peak shift. During the subsequent charge process,
Mg?* ions were extracted from the interlayer, resulting in a full recovery of the
interlayer spacing of the bilayer Mgg 3V,05-1.1H,0. The second discharge-charge
process followed the same trajectory, demonstrating the high reaction reversibility
in Mgo3V20s5-1.1H,O. The fully reversible and stable crystal structure of
Mgo.5V-0s-1.1H,O during the intercalation and extraction of Mg?* ions gives
reason for the ultralong cycle stability. This was further demonstrated by the
morphology and structure characterizations after the Mg®*-ion insertion and
extraction process, as shown in Figure S12. SEM and TEM images of the
Mgo.5V-0s-1.1H,0O electrode after 500 cycles (0.1 A g~") and 10,000 cycles
1A g’1) were collected (Figures S12A, S12B, S12D, and S12E) and show that
the nanowire morphology was well preserved. Meanwhile, both of them main-
tained a relatively complete crystal structure after long cycling, as demonstrated
by high-resolution TEM (HRTEM) images (insets of Figures S12B and S12E) and
SAED patterns (Figures S12C and S12F), fully demonstrating the structural stability
of Mgo.3V20s-1.1H,0. The above results show that the intercalated Mg?* ions
of Mgp 3V20s-1.1H,0 provide excellent structural stability, which endows remark-
able Mg storage performance.
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Figure 5. Mg-Storage Mechanism and Structure Characterizations of Mgo 3V20s5-1.1H,0 after
Magnesiation

(A) In situ XRD measurement of Mg 3V,0s-1.1H,0 during the first two electrochemical cycles
showing the evolution of the XRD pattern as a function of intercalated Mg?* concentration.

(B and C) Vanadium K-edge XANES spectra of pristine Mg 3V20s-1.1H,0 (black line) and
Mgo.3V20s-1.1H,0 after full discharging (red line) (B) and the corresponding FT-EXAFS spectra in
R space (C).

(DandE) 25Mg (D) and 'H (E) MAS NMR spectra collected for pristine Mgp 3V>0s-1.1H,0 (black line)
and Mg 3V20s-1.1H,0 after full discharging (red line) and full charging (blue line).

We performed vanadium XANES to elucidate the reaction mechanism and the fine
structure of the material, as shown in Figure 5B. After magnesiation, the K-edge of
the vanadium slightly shifts toward the lower binding energy, indicating a decrease
in the average valence state of vanadium. In addition, the variations of pre-edge
(peak 1) and the edge resonance (peak 2) also represent the change of valence state
and chemical environment of the vanadium.*” The pre-edge peak is located at
5,471 eV, and its intensity is in positive correlation with the deviation from the octa-
hedral symmetry of the vanadium site.**** The intensity of the pre-edge peak
reduces and the peak position shifts to lower energy after Mg?* insertion. The
edge resonance corresponds to the energy absorption by core electrons. After
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discharge, the intensity increases and the edge position shifts to lower energy, which

is consistent with the pre-edge peak. Peak 3, seen in Figure 5B, is the first extended

X-ray absorption spectroscopy oscillation,***®

2+

and its position moves to lower
energy after Mg?* insertion, which is consistent with the V,Os xerogel cathode.**
To obtain the detailed bonding and coordination information of the vanadium
site, we also recorded the corresponding Fourier transform extended X-ray absorp-
tion spectroscopy (FT-EXAFS) spectra as shown in Figure 5C. After magnesiation,
Mg ions coordinate with oxygen atoms, and the length of V-O bond (at around
1.5 A) slightly increases. Meanwhile, the length of V-V bond (at around 2.6 A)
marginally shortens. It should be noted that the V-O bonds form the skeleton of
the crystal structure, and hence bond changes of V-O and V-V are closely related
to structural variation. Slight changes in the V-O and V-V bonds demonstrate the
layered structural stability of Mgo.3V2Os-1.1H,0 after Mg insertion.

Solid-state magic angle spinning nuclear magnetic resonance (MAS NMR)
was performed on the pristine and fully discharged and charged electrodes
to provide insights into Mg?" intercalation and the state of structural water in
Mgo.3V20s5-1.1H,0. 25Mg MAS NMR spectroscopy is shown in Figure 5D. For
the pristine sample, a weak Mg resonance peak appears at 20.1 ppm, which
could be due to a lower Mg-ion content. After a full discharge, two sharp and
intense peaks attributable to the existence of different octahedral coordination
Mg environment appear at 19.5 and 25.8 ppm, which fully demonstrate Mg?*
intercalation into the crystal layers. This result is in agreement with the 2°Mg
NMR spectra in similar coordination sites reported in the previous reports.*® After
charging, the intensity of the Mg resonance peak becomes weak, and the spec-
trum resembles that of the pristine sample, indicating Mg?* extraction from the
interlayer. The above results provide concrete proof to indicate the reversible
Mg?* intercalation within the xerogel structure. To further verify this fact, we per-
formed TEM-EDX element analysis of Mg 3V20s5-1.1H,O nanowires at full charge
and discharge states in the tenth cycle, as shown in Figure S13. Both the EDX
element mapping images and spectra analysis of the discharged and charged
electrode in the tenth cycle indicate the amount of Mg?* inserted or extracted
during discharge or charge, respectively. The "H NMR spectrum of the pristine
sample (black line) shows one main protonic feature located at 6.3 ppm, which
is related to the structural water in between the bilayers (Figure 5E). The sharp
and intense peak indicates the high migration rate of the water resulting in a large
bilayer distance of 11.9 A.*° In this state, the structural water in the form of weak
hydrogen bonds exists in the lattice with a high degree of freedom, which can be
defined as “free” hydrated water.”” After more Mg?* ions intercalation, the peak
at 6.3 ppm gets wider with weaker intensity. Meanwhile, a new broad peak
appears at 10.7 ppm (red line), indicating that the water exists in two states in
the electrode material. One is the original “free” hydrated water (6.3 ppm), and
the other is the water molecule attached to the Mg?* ions (bound water,
10.7 ppm). The intensity attenuation of the peak at 6.3 ppm is because of the
increased bonding between Mg?* ions’ bonds and the oxygen in water, thereby
reducing the amount and mobility of the “free” hydrated water and reducing the
bilayer distance from 11.9 to 11.4 A. After charging, Mg?" ions are extracted from
the interlayer. An increase in the intensity of 'H NMR resonance is observed at
6.3 ppm (blue line) at the expense of 10.7 ppm resonance, confirming the recov-
ery of the amount and mobility of the "“free” hydrated water as well as the lattice
spacing. These results corroborate the charge “shielding effect” of water, which
greatly improves the diffusion kinetics of Mg ions. It needs to be noticed that
the water always exists in the lattice in the whole process of charging and
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discharging, which is different with Zng 25V,05-nH,0.%” We also performed TGA
of Mg 3V20s-1.1H,0 nanowires in argon atmosphere after charge and discharge
to test the water content, as shown in Figure S14. It can be clearly seen that the
two electrodes exhibited similar weight-loss profiles. The weight loss of 9.3% be-
tween 100°C and 450°C corresponds to the weight loss of lattice water, which is
consistent with the pristine sample shown in Figure S2. Figure S15 shows the 3C
NMR spectra of Mgg 3V205-1.1H,O at a different state. Clearly, the resonances of
discharging (red line) and charging (blue line) state are almost the same as that of
the pristine sample (black line), demonstrating that the solvent molecule (acetoni-
trile) does not intercalate into the V,0s bilayers. This differs from the previous
report of V,0s5-nH,0 xerogel material,?®> which could be because the pre-interca-
lated Mg®* ions act as “guards” in the interlayers to prevent the insertion of the
solvent molecule. Thus, the stability of the crystal structure is guaranteed.
Given the above results, the reaction mechanism can be summarized as follows:
in the discharge process, Mg?* ions insert into the Mgg3V,Os-1.1H,0 bilayer
and are shielded by the lattice waters, resulting in magnesiation with small struc-
tural variation due to the pillaring effects of the pre-intercalated Mg ions and
the water molecules. In the subsequent charge step, Mg?* ions are pulled out
of the lattice, and the crystal structure of Mg 3V>Os-1.1H,0 is restored to its
original state.

Electrochemical Performance of Full MIBs

To further demonstrate the excellent Mg storage performance of Mggs
V,05-1.1H,0, we fabricated full MIBs based on Mg 3V20s-1.1H,0 as the cath-
ode, Mg(TFSI),-acetonitrile as the electrolyte, and MgNaTizO; as the anode. The
MgNaTizO; anode was formed after magnesiation of Na,Ti3sO; according to
the report of Chen et al.*® The electrochemical performance of Na,TizO7 is
presented in Figure S16. The mass loading of the anode was twice that of the
cathode. Figure 6A shows the schematic of the Mg®* conduction between
Mgo.5V20s-1.1H,0O and MgNaTizO; during Mg®* insertion and extraction. Both
electrode materials were capable of reversibly inserting and extracting Mg ions
from their respective skeletal layered structure. During the discharge process,
Mg ions were extracted from MgNaTizO; and inserted into Mg 3V,0s5-1.1H,0.
A reversible process takes place during charge. The detailed reaction can be sum-
marized as follows:

Cathode: Mgg 3V,0s5-1.1H,O + 0.5 Mg2+ +e o (Equation 2)
M90.8V205' 1.1 Hzo

Anode: MgNaTizO; < MggsNaTisO; + 0.5 l\/Ig2+ +e (Equation 3)

Overall: Mgo_3V205' 1.1 Hzo + MgNaT|307 « MgO.SVZOS -1.1 Hzo + (Equation 4)
Mgo_SNaTi3O7

After being fully charged, our full cell lit up a series of green light-emitting diodes
(LEDs) (Figure 6B), implying the practical application potential. The electrochemi-
cal performances of the full cell are shown in Figures 6C and 6D. The full cell deliv-
ered a discharge capacity of 57 mA h g~' at 100 mA g~ (on the basis of the
total mass of the cathode and anode) with an average voltage of 1.50 V (versus
Mg?*/Mg) and good reversibility with a capacity retention of 42 mA h g~" after
100 cycles. In addition, a high average Coulombic efficiency of ~97% was achieved
during the whole cycles. We performed TEM-EDX elemental analysis of the
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Figure 6. Electrochemical Performance of Full MIBs

(A) Schematic illustration of full cell with Mgg 3V,0s-1.1H,0 cathode, Mg(TFSI),-acetonitrile
electrolyte, and MgNaTi3;O; anode.

(B) The lighted LEDs driven by the full MIBs.

(C) Magnesiation-demagnesiation curves.

(D) Cycling performance at 100 mA g~ (the capacity is based on the total mass of the cathode and
anode).

discharged and charged MgNaTi3O; anode to explore the ion intercalation
behavior. In the full charge state, the uniform distributions of Mg, Na, and Ti ele-
ments could be clearly seen (Figure S17A). However, in the full discharge state, in
addition to Na and Ti, Mg content decreased significantly (Figure S17C). The
change in Mg content was also clearly observed in the energy spectrum (Figures
S17B and S17D). Meanwhile, both the atomic ratios of Na:Ti were around 1:3 in
the two states, indicating that the Na content in MgNaTizO7 was unchanged dur-
ing the charge and discharge process. In addition, Na signal was not observed in
the Mgo.3V20s-1.1H,0 cathode from the EDX spectrum after full discharge (Fig-
ure $18). The results fully demonstrate the Mg?* intercalation instead of Na* in
the MgNaTi3O7 anode, which is consistent with the previous report.*® On the basis
of these results, the Mgg3V,0s5-1.1TH,O exhibits good electrochemical perfor-
mance in full MIBs, indicating great application potential in energy storage devices
and bright future prospects.

DISCUSSION

In summary, we have developed a high-performance cathode material,
Mgo.5V20s-1.1H,0, for MIBs. The 1D nanostructure endows the short Mg?* diffu-
sion length and large contact area between electrode and electrolyte. From the op-
erando XRD, XANES, and NMR analyses, the water molecules and pre-intercalated
Mg?* ions play crucial roles in the electrochemical performance: the water not
only expands the lattice spacing of Mg 3V,0s-1.1H,0 to allow Mg?* intercalation
and deintercalation but also shields the charge of Mg?*, leading to rapid kinetics
and good rate performance. The indigenous Mg®* ions ensure high electronic
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conductivity and actas “pillars” to stabilize the layered structure, thus ensuring long-
life cycling stability. Benefiting from the synergistic effect, the Mg 3V,0s-1.1H,0O
delivers an unprecedented cycling life with capacity retention of 80.0% after
10,000 cycles at a high current density of 2 A g~". Moreover, the full MIB device
(MgNaTi307/Mgo 3V20s5-1.1H,0) delivers a reversible discharge capacity of
57 mA h g7 (on the basis of the total mass of the cathode and anode) with good
cycling performance, demonstrating a promising application. Therefore, this scal-
able Mg®* host material brings new opportunities for developing high-performance,
low-cost, and extremely safe MIB cathodes to meet the requirements for large-scale

storage applications.

EXPERIMENTAL PROCEDURES

Materials Synthesis

Mgo.3V20s5-1.1H,O nanowires were prepared via a facile hydrothermal method.
First, 3 mmol V,0s (Xiya Reagent, GR, 99.5%) was dissolved in 24 mL deionized
water in a beaker and stirred for 30 min in water bath (40°C). Then, 6 mL H,O,
(Aladdin, AR, 30.0%) was dropwise added in the solution with continuous mag-
netic stirring until a homogenous reddish-brown solution was obtained. After
that, 1 mmol Mg acetate tetrahydrate (dissolved in 10 mL deionized water) was
dropwise added into the above solution with continuous magnetic stirring until
a homogenous orange transparent solution was obtained. The mixture was
then transferred to a 50 mL Teflon-lined sealed autoclave and maintained at
200°C for 48 h. Afterward, the system was cooled down to room temperature
naturally, and the samples were washed with distilled water and ethanol thor-
oughly three times. Finally, the product was dried at 60°C for 8 h in air, and
the green Mg 3V,0s5-1.1H,0 nanowire powder was obtained. As control exper-
iments, V,05-nH,O nanowires were prepared via the same process as
Mgo.3V205-1.1H,0O but without Mg acetate tetrahydrate, and Mgp 3V,0Os was ob-
tained by annealing Mg 3V20s-1.1H,0 at 400°C for 2 h in Ar with a heating rate
of 2°C min~". The Na,Ti;O; materials were prepared according to the report of
Chen et al.*®

Material Characterization

XRD and in situ XRD measurements used a D8 Advance X-ray diffractometer with a
non-monochromated Cu Ka. X-ray source. SEM images were collected with a JEOL-
7100F microscope. EDS element mappings were recorded with an Oxford 1E250
system. TEM images were recorded by a JEM-2100F STEM/EDS microscope.
BET surface areas were measured with a Tristar Il 3020 instrument by adsorption
of nitrogen at 77 K. TGA was conducted with a STA-449C. XPS measurement
was performed with a VG Multi Lab 2000 instrument. ICP-OES (JY/T015-1996)
was used to analyze the sample composition quantitatively. An Autolab 302N
Probe Station (Lake Shore, TTPX) was used to test the conductivity of the single-
nanowire device. XANES was performed to determine the average oxidation state
and local structure of the elements in all phases. The XANES measurements were
carried out in transmission mode at the beamline 20-BM-B of the APS with a Si
(111) monochromator at the Advanced Photon Source of the Argonne National
Laboratory. Energy calibration was performed with the first derivative point of
the XANES spectrum for the V (K-edge = 5485.70 eV). The XANES and EXAFS
data reduction and analysis followed standard methods using the ATHENA soft-
ware package. Solid-state MAS NMR was performed to test the Mg, 'H, and
3C spectrum of the sample on a Varian Inova spectrometer with a 600 MHz
magnet.
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Measurements of Electrochemical Performance

The electrochemical measurements were carried out by assembling 2016 coin
cells in a glove box filled with pure argon. 0.3 M magnesium bis(trifluoromethane
sulfonyl)imide (MgTFSI,, Alfa Aesar Co.) in acetonitrile (AN, CH3CN, Aldrich Co.,
anhydrous) was used as the electrolyte. Mg electrodes cannot behave reversibly
in any conventional non-aqueous solutions because of passivation phenomena.
Thus, AC cloth, which is known to be stable in AN-based electrolytes, was
used as the counter electrode because of its high surface area, which ensures
adequate charge storage via electrical double-layer capacitance to guarantee
full charge balance in the Mg intercalation process.”” The immersion potential
of the AC electrode was calculated as 2.4 V versus Mg?*/Mg. The all-phenyl com-
plex (APC) electrolyte and Mg metal were used for testing Na,TizO;. All active
electrodes were made by the mixing of 70 wt % active materials, 20 wt % acet-
ylene black, and 10 wt % polytetrafluoroethylene (PTFE) binder. After drying at
70°C for 12 h, the electrode was dried in a vacuum oven for 4 h at 100°C. The
average diameter of the obtained small wafer was about 0.6 cm, and the calcu-
lated areal density was around 5 mg cm™2. The glass fiber (GF/D) from Whatman
was used as the separator. The galvanostatic discharge-charge tests were carried
out on a battery test system (LAND CT2001A). CV and electrochemical imped-
ance spectra (EIS) were tested with an electrochemical workstation (CHI 600e
and Autolab PGSTAT 302N).

SUPPLEMENTAL INFORMATION

Supplemental Information can be found with this article online at https://doi.org/10.
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