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Abstract: Owing to the advantages of high safety, low cost, high theoretical volumetric
capacities and environmental friendliness, magnesium-ion batteries (MIBs) have more
feasibility for large-scale energy storage compared to lithium ion batteries. However, lack of
suitable cathode materials due to sluggish kinetics of magnesium ion is one of the biggest
challenges. Herein, water-pillared sodium vanadium bronze nanowires (Na2VeO16-1.63H20)
were report as cathode material for MIBs, which displays high performance in Mg storage. The
hydrated sodium ions provide excellent structural stability. The charge shielding effect of lattice
water enables fast Mg?* diffusion. It exhibits high specific capacity of 175 mAh g%, long cycle
life (450 cycles), and high coulombic efficiency (~100%). At high current density of 200 mA
g%, the capacity retention up to 71% even after 450 cycles (compared to the highest capacity),
demonstrating excellent long-term cycling performance. The nature of charge storage kinetic is
explored. Furthermore, a highly reversible structure change during electrochemical process has
been proved by ex-situ XRD and XPS characterizations. The remarkable electrochemical
performance makes Na>VsO16:-1.63H20O a promising cathode material for low-cost and safe

MIBs.
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1. Introduction

Lithium-ion batteries (LIBs) are the most popular energy storage devices in our daily lives
owing to their high energy density and long cycling stability.™*: 21 However, the safety issue and
high cost of lithium (Li) impede further development of LIBs.> 4 Up to date, multivalent
batteries have captured increasing attention and are promising alternatives for Li-ion batteries.[>
1 Among them, magnesium ion batteries (MIBs) are especially attractive due to the high safety,
low-cost and high volumetric capacity of magnesium (Mg).8*4 Different from Li metal, Mg
metal is a highly safe anode because of its dendrite-free property during deposition/dissolution
process, which effectively avoids the short circuit of MIBs.[*? % The divalent Mg?* as a charge
carrier can achieve a high volumetric capacity of 3833 mAh cm™3, which is much higher than
that of Li metal (2046 mAh cm™2).[*4-16] Fyrthermore, Mg is one of the most abundant elements
in the earth's crust (2.9%), while the Li element content is only 0.002%, resulting in a lower
cost of MIBs.[5 17 18 Therefore, all these merits make MIBs more promising in the next
generation energy storage systems. However, the lack of suitable cathode materials is one of
the major challenges for MIBs. The main reason is that the intercalation chemistry of the
divalent Mg?* in most cathode materials is much more complicated. The strong interaction
between Mg cation and the host lattice leads to sluggish solid-state diffusion and large
polarization effect.l!®?4 Thus, searching for ideal cathode materials with low Mg diffusion
barriers and fast reaction kinetics is a key task for MIBs.

In 2000, Aurbach et al. applied Chevrel phase MoeSs as a cathode material in MIBs and
demonstrated a prototype cathode material for high performance MIBs.[?2l However, chevrel
phase MosSs shows a low energy density with a low discharge voltage (1.1 V vs. Mg?*/Mg) and
limited theoretical specific capacity (128.8 mAh g1), which restricts its further development in
Mg battery. To improve the energy density of MIBs, numerous efforts have been devoted to
developing excellent cathode materials. These materials including transition-metal sulfides,™®

14,191 transition-metal oxides,!*> 2%l and polyanionic compounds,?* 2! organic compounds, et.al.
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Among them, vanadium-based transition metal oxides with multiple oxidation states can easily
achieve electroneutrality, stabilize the crystal structure, lower Mg diffusion barriers and provide
extremely high theoretical capacities during intercalation/deintercalation of multivalent
cation.[?® 26-2%1 Moreover, the low cost of vanadium-based oxides has attracted considerable
research interests from other battery systems.[3% 31 Nowadays, V20s has been widely
investigated as a potential cathode material for M1Bs.[?% 261 Cheng and co-workers studied the
Mg storage properties of highly dispersed V20s nanoclusters supported on porous carbon.
Using 0.2 M [Mgz(u-Cl)2(DME)4][AICI:]./DME as electrolyte, the composite exhibited a

capacitive behavior with an excellent rate performance. The capacity of 100 mAh g was

maintained even at the high current density of 640 mA g 1.7 V/,05-nH,0 with a bilayer

structure also has been researched as cathode for MIBs. Gopalakrishnan and co-workers
reported a detailed investigation based on the thermodynamic model with first-principle

calculations, revealing the important effect of H.O during cycling.?®! The large interlayer space

in V205-nH20 and “‘shielding effect’” of water could shield the strong polarization of Mg cation

and facilitate the insertion of Mg?* into the host material.® 261 In addition, layered vanadium
bronzes are also a class of promising cathode materials for MIBs. The interlayer ions in these
materials link the layered structure and stabilize the crystal frameworks. Moreover, these
materials with large interlayer spacing provide more space for ions storage and diffusion,
exhibiting higher specific capacities and long cycling stability.[?®] Novak et al. reported the
layered vanadium bronzes applied in Mg storage for the first time.[*? In the V305 layer of
vanadium bronzes, the zigzag chains composed of VOs trigonal bipyramids can offer more
active sites for the Mg?* insertion.3¥l These vanadium bronzes exhibited an initial charge
capacity of up to 150 Ah kg™t and retained more than 80 Ah kg after 60 deep cycles.[*
Muhammad et al. reported NaV3Og-1.69H.O nanobelt as an electrode material for MIBs

recently. With all-phenyl complex (APC) electrolyte, the nanobelts exhibited a high specific
3



WILEY-VCH

capacity of 110 mAh g* at 10 mA g ! after five cycles and 80% capacity retention after 100
cycles at a high current density.? However, the electrochemical properties of these materials
still remain insufficient to meet the ever increasing demand of energy storage. The low
Coulombic efficiency and fast capacity decay still limit the further application of these layered
vanadium bronzes. More importantly, the reaction mechanisms of Mg storage in these cathode
materials are still unclear.

Herein, we report a novel sodium vanadium bronze Na>VeO1¢6-1.63H.0 cathode for MIBs,
which possesses a layered structure for reversible Mg ion intercalation. Interlayer metal ions
(MxVhOm, M = metal ion) and structural water in this material act as pillars, providing better
structural stability and fast ion mobility during cycling. The Na;VsO16-1.63H20 exhibits an
excellent electrochemical performance, in terms of a high specific capacity of 175 mAh g2,
long cycle life (450 cycles), and a high coulombic efficiency (~100%). Even at a high current
density of 200 mA g%, a reversible capacity of 65 mA h gt is obtained and the capacity
retention reaches 71% after 450 cycles (compared to the highest capacity), demonstrating an
excellent long-term cycling performance. The detailed electrochemical kinetic analysis by
electrochemical impedance spectroscopy (EIS), galvanostatic intermittent titration technique
(GITT) and cyclic voltammetry (CV) further explores the nature of the charge storage.
Furthermore, ex-situ X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
analysis were used to clarify the structure change and magnesium storage mechanism during
cycling, which confirm the excellent structural reversibility of Na2VsO16-1.63H20 cathode.

2. Results and Discussion

Figure 1a shows the XRD patterns of as-prepared samples. All the characteristic peaks can be
well indexed to the pure monoclinic Na2VsO16:-XH20 phase with a space group of P2/m (JCPDS
No. 16-0601). In comparison, the Na,VsO16 Was obtained by annealing Na>VsO16-1.63H20 at
400 °C for 2 hiin Ar gas. The XRD pattern of Na2VeOss is similar with Na2VeO16'1.63H20. The

(001) reflection of Na2VsOss shifts to higher 20 positions (from 11.1° to 12.8°). The reduced
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lattice space is caused by the removal of the lattice water. According to the thermogravimetric
analysis (TGA), the weight percentage of crystalline water can be determined by the weight
loss in the temperature range of 100—350 °C. The result shows a weight loss of 4.6 wt % (Figure
S1, Supporting Information) and the x value in NaVeO16-xH20 is calculated to be 1.63.
Scanning electron microscopy (SEM) image (Figure S2, Supporting Information) show that the
Na2Ve016-1.63H20 is homogeneous and composed of nanowires with lengths range of 10—40
um. The widths of the nanowires are in the range of 40—200 nm. The morphology and detailed
crystal structure of Na2VeO16-1.63H20 are further studied by transmission electron microscopy
(TEM) (Figure 1b) and high-resolution transmission electron microscopy (HRTEM) (Figure
1c) images. The results confirm the uniformity of Na;VeO16-1.63H20 nanowires. The HRTEM
image reveals the interplanar spacing around 0.79 nm, which matches well with the (001) lattice
fringe. For Na2VeO16 nanowires, the SEM images (Figure S3a, Supporting Information) show
that the surface of the nanowires was no longer smooth while aggregated together with severe
breakages after annealing. HRTEM (Figure S3b, Supporting Information) image shows that the
Na>VeO16 nanowires have lattice spacing of 0.68 nm. The XPS spectrum (Figure S4a,
Supporting Information) shows that Na>VeO1e contains Na, V and O elements. In the V 2p
peaks (Figure S4b, Supporting Information), the two peaks located at 516.8 eV and 524.1 eV
can be assigned to V°*, B% 42l ndicating that the composition of the material does not change
just with crystalline water loss after high temperature treatment. The crystal structure of
Na2VeO16-1.63H20 is shown in Figure 1d. The V30Os layer consists of VOg octahedra and edge-
sharing V20s pyramid units with sodium ions (Na) in the interlayers.**l The water via
hydrogen-bonding arrangements exists in the non-active sites in the a and b directions, which
accommodate additional Mg?* during the electrochemical process.

Coin cells were used to investigate the electrochemical performance of these nanowire
cathodes. 0.5 M magnesium bis(trifluoromethane sulfonyl)imide (Mg(TFSI)2) in

dimethoxyethane (DME) was used as an electrolyte and activated carbon (AC) clothes were
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used as the anode. Mg(TFSI)2/DME electrolyte has high oxidation stability and compatibility
with most cathodes.[® 231 However, it is not compatible with the Mg metal anode, because of
the generation of a passivation layer on the Mg metal anode, which blocks the reversible
deposition/dissolution of Mg?*.[2®l Thus, AC was use as anodes due to its high surface area,
which provides sufficient double-layer charging within the voltage stability window of the
electrolyte to guarantee full charge balance for the cycling of the cathodes.[?®l The calibrated
potential of AC electrode is calculated as 2.4 V versus Mg?*/Mg.I%! The cycling performance
of the as prepared two samples (Na2VsO16-1.63H20 and Na>VeOss) at a current density of 50
mA ¢! is showed in Figure 2a. The Na2VsO16-1.63H20 delivered a high specific capacity of
175 mAh g%, and exhibited the good cycle life with a Coulombic efficiency of nearly 100%
during cycling, while Na2V¢O16 obtained a low specific capacity of only 40 mAh g1, The
typical charge and discharge curves of the Na,VeO16'1.63H20 electrode at 50 mA g are
displayed (Figure S5, Supporting Information). Na>VeO16-1.63H20 cathodes possess a
discharge voltage plateau at around 2.0 V vs. Mg?*/Mg, which is ascribed to the Mg ion
intercalation to the bilayer structure. Rate performance was also measured at progressively
increased current densities ranging from 20 to 300 mA g (Figure 2b and c). The specific
capacity of Na;VsO16-1.63H20 is 228 mAh g at 20 mA g, and it delivers high capacities of
193, 145, 105 and 91 mA h gt at current densities of 30, 50, 80 and 100, respectively,
demonstrating robust reaction kinetics. Figure 2c displays the discharge-charge curves of
Na2Ve016-1.63H,0 at different current densities. Even at a high current density, the cathode
still showed good electrochemical properties. At a high current density of 200 mA g%, a
capacity of 65 mA h g~* can be obtained and the capacity retention can reach 71% after 450
cycles (compared to the highest capacity), demonstrating excellent long-term cycling
performance (Figure 2d). To gain further insights to the reaction kinetics, the electrochemical
impedance spectroscopy (EIS) tests were conducted (Figure 2e). A compressed semicircle in

the high to medium frequency region of each EIS spectrum stands for the charge transfer
6



WILEY-VCH

resistance (Rt) of the electrode, and an inclined line in the low frequency range corresponds to
the Warburg impendence (Zw). The charge transfer resistances Rct of the Na;VesO16-1.63H20
and NaxVeO16 were determined to be 105 and 206 Q, respectively, indicating that intercalation
of water molecules greatly enhances the conductivity of Na;VeO1s and guarantees fast ion
transfer during the electrochemical process. Therefore, the exceptional electrochemical
behaviors of Na>VsO16:1.63H20 render it as a promising cathode material for MIBs. The
electrochemical performance of NaxVeOi61.63H,O was also tested in 025 M
(PhMgCI)2/AICIs/THF (APC) and 0.25 M Mg(TFSI)2/MgCl2/DME (MTCC) electrolytes,
which can allow reversible Mg platting/stripping (Figure S6, Supporting Information).
However, Na;VsO16'1.63H,0 only delivers low specific capacity in these electrolytes. This
phenomenon might due to the compatibility problem, which often occurred in various vanadium
oxides.[*3 The electrochemical performance of recently reported vanadium-based Mg storage
cathode materials are summarized in Table S1. The Na2VsO16'1.63H20 in this work stands out
among those of MIBs cathodes. On the other hand, the discharge capacity and operation voltage
of various vanadium-based cathode materials in MIBs are summarized (Figure S7, Supporting
Information). The capacity of most vanadium-based MIBs cathodes are under 150 mAh g* and
the average voltage is low, leading to low energy density. The Na>VeO16-1.63H20 cathode has
a high capacity of 230 mAh g*. The specific capacity and average voltage of this material is
higher than most of vanadium-based MIBs cathodes, resulting in a high energy density of 460
Wh kg™ (based on the weight of cathode). Although the energy densities of LisV2(PO4)s® and
VO, are higher than Na2VeO16-1.63H20, the cycling stability and rate capability are much
worse than NaxVeOi16-1.63H20 cathode. Taking into account from multiple factors,
Na>VsO16-1.63H20 is one of the most promising candidates among currently studied cathode
materials for MIBs.

The kinetic of Mg?* solid-state diffusion in Na;VsO1s-1.63H.0 cathode was investigated

via galvanostatic intermittent titration technique (GITT) (Figure 3a).% % NayV6016-1.63H20
7



WILEY-VCH

cathode delivers a specific capacity of 196 mAh g in the voltage range of 1.4 to 3.7 V vs.
Mg?*/Myg, corresponding to 2.3 mol Mg?* intercalation for per mole of NazVO16-1.63H20.
Moreover, the Mg?* diffusion coefficient D€' can be calculated from the potential response to

a low constant current pulse (50 mA g 1) according to the following equation 1:& 3

perrr = 2 () (552) @

where 7 is the constant current pulse time, mg, Vi, S, and Mg are the mass, molar volume,
electrode-electrolyte interface area, and molar mass of Na>VsO16'1.63H20, respectively. AEs is
the voltage difference during the open circuit period, and AEz represents the total change of cell
voltage during a constant current pulse excluding the IR drop (inset of Figure 3b). Based on the
calculated results (Figure 3b), the Mg?* diffusivity of Na,VeO1s-1.63H20 decreases from 4.0 x
10 to0 1.4 x 107** cm? s7* during the discharge process due to the increased charge repulsion
caused by the increase of Mg?* concentration in the host. It still shows the fast charge transfer
kinetics.

The lattice water plays an important role in improving the electrochemical performance of
NaxVe016-1.63H20. To compare the structure difference of the as-prepared Na>VsO16-1.63H20
and Na,VsO16 cathode materials, the Rietveld refinement of XRD patterns for the two samples
are performed as shown in Figure S8, Supporting Information. According to the fitting results,
all the peaks of the two samples in XRD patterns are indexed to monoclinic structure (JCPDS
card No. 16-0601, JCPDS No. 24-1156, respectively). The lattice parameters for the two
samples (Table S2) compare well with the standard phase, indicating the good crystal structure.
Figure S8c reveals the Na>Vs016'1.63H20 and Na>VeOss are all layered structures. From the
structural view, the interlayer space of Na,VeO16-1.63H20 (7.8 A) is larger than Na2VsO16 (6.85
A), indicating easier transport and storage for Mg?* in the channel of Na2VeO16:1.63H20. We
also recorded the SEM images of the Na;V¢O16-1.63H20 and Na,VeOi electrode after 15 and

50 cycles (Figure S9, Supporting Information), respectively. The results show that the whole
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morphology of NaxVsO16°1.63H>0 still keeps well after long cycling, while the morphology of
the NaxVO1s electrode is destroyed and the nanowires break down only after 1 cycle. Given
these, the reaction resistance between Mg>" ions and NaxVO16-1.63H,0 is effectively shielded
by the lattice water, resulting in magnesiation with small structural variation due to the pillared
effects of the preintercalated water molecules. The large diffusion barrier in Na2VeO1s hampers
the intercalation of Mg ion.

To further explore the nature of the reaction Kinetics, cyclic voltammetry (CV)
measurements at various scan rates (0.2 to 1 mV s ) were conducted (Figure 3c). The detailed
kinetic analysis was performed regarding that the measured current (i) obeys a power law
relationship with the scan rate (v): i = av° (a, b are adjustable values).*® %1 The b-value is
determined by the slope of the In(v)-In(i) plots. When the b-value approaches to 0.5, the redox
reaction is a diffusion-controlled process. If the b-value is closed to 1.0, the reaction is mostly
controlled by the surface-limited capacitive process, including both pseudocapacitance and
nonfaradaic double layer contribution.[*!] Figure 3d shows that the b-values in both cathodic
and anodic peaks approach to 0.5, demonstrating the reaction kinetics of Na2VeO16-1.63H20 is
determined by Mg ion diffusion process.

To further investigate the charge storage behaviors of the Na;VeO16-1.63H20 cathode
during Mg?* insertion/extraction, ex-situ XRD and XPS were performed. Figure 4a shows the
crystal structure change during electrochemical process. The pristine electrode (state a) shows
monoclinic Na;VeO16-1.63H20 phase. During the discharging process, the (001) reflection
shifts slightly to higher 26 positions. After fully discharged to 1.4 V vs. Mg?*/Mg (state d), the
interlayer spacing of Na;VsO16-1.63H20 shrinks from 7.9 to 7.2 A°. The small lattice change is
attributed to the strong electrostatic interaction between the intercalated Mg?* and the (V30s)-
bilayers.’® 31 During the subsequent charge process, the structure can be recovered to
Na>VsO16-1.63H20 with extraction of Mg ion from the interlayer, resulting in a full recovery

of the Na>VsO16-1.63H20. The energy storage mechanism is more evident by exploring the
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variations of the surface composition and V 2p peaks during the discharge/charge process. The
C 1s peak at 284.8 eV in pristine Na2VeO16-1.63H20 electrode is used as a reference binding
energy (Figure S10, Supporting Information). Figure 4b exhibits the Mg 1s core level spectra
of Na2Ve016-1.63H,0 in the initial and discharged states (1.4 V vs. Mg?*/Mg). No signals for
magnesium can be detected in the original Na2VsO16-1.63H20 electrode. At discharged state,
an obvious Mg 1s peak can be observed,[*d confirming the intercalation of Mg?* into
Na2Ve016-1.63H,0 phase. Besides, for pristine Na2VeO16-1.63H20, the peaks located at 516.8
eV, and 524.1 eV are V 2pzs and V 2pzi of V¥ 13142 respectively (Figure 4c). After discharged
to 1.4 V vs. Mg?*/Mg, the V 2p peaks of \V°* became weak, while the peaks for V** appeared
at 522.8 and 515.8 eV/(Figure 4d).*Y It indicates that partial \/°* is reduced to VV** during the
Mg?* intercalation process. The most V 2p peaks of V4* can be re-oxidized to V°* when the
electrode is at the charged state (Figure 4e). In order to further confirm the insertion/extraction
mechanism of Mg?* to the cathode material, ex-situ transmission electron microscopy energy
dispersive spectroscopy (TEM-EDS) elemental mappings of Na>VeO16-1.63H20 at discharged
and charged states were measured (Figure S11, Supporting Information). The EDS mappings
clearly show that Na, V, O are uniformly distributed within the NaxVeO16-1.63H20 nanowires
in both states. In the discharged state, abundant Mg element can be clearly observed within the
Na,Ve016-1.63H.0 nanowires, indicating the intercalation of Mg?*. In the charged state, only a
small quantity of Mg element could be found in the cathode material, demonstrating that Mg?*
extraction from the Na2VeO16-1.63H20 nanowires. The mapping results provide more intuitive
evidence about the Mg?" insertion/extraction mechanism in NazVsO1s:1.63H20 nanowires.
Figure 4f shows the schematic illustration of Mg?* intercalation into and deintercalation from
the Na2VeO16-1.63H20 during the electrochemical processe. During the discharged process, the
Mg?* intercalation is accompanied with the interlayer shrink of the structure. Upon subsequent
charge and discharge processes, the Mg?* can reversibly intercalate/deintercalated into the

Na2VeO16-1.63H20 layers.
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Based on the above results, Na;VsO1s1.63H,O demonstrates the reversible Mg?*
insertion/extraction mechanism during the electrochemical process. The overall
electrochemical reactions can be described as follows:

Overall: Na;Ve0i16:1.63H20 + 2.3 Mg?* + 4.6 € <> Mg23NazVe016-1.63H20

To probe into the discrepancy of Na2VeO16-1.63H20 and Na:VeOis, first-principle
computations based on density functional theory (DFT) were performed to fully understand the
effects of water in Na,VsO16-1.63H,0 (Figure 5). The initial states are Na,VeO16-1.63H.0 and
Na>VsOs1se, respectively. The binding energies between Mg ions and the two structures were
calculated. The result shows that introducing water in layers will improve the binding energy
of Mg? from 4.07 to 4.18 eV. Therefore, Mg ions are more easily intercalated into
Na2Vs016-1.63H.0. Water molecules effectively shield the electrostatic effect between Mg?*
and the host lattice, improve the reversibility of magnesium ion intercalation/deintercalation
and keep structural stability during cycling.

3. Conclusion

In conclusion, a high-performance cathode material, Na2VsO16-1.63H20, has been developed
for MIBs. The one-dimensional Na;VsO16-1.63H20 nanowire cathode delivers a high specific
capacity of 175 mAh gt at 50 mA g 1. A capacity of 65 mAh g can be achieved at a high rate
of 200 mA g and the capacity retention can reach 71% after 450 cycles, demonstrating
excellent long-term cycle stability. The detailed characterizations and electrochemical Kinetic
analysis reveal that the charge storage is mainly controlled by the diffusion process. Moreover,
according to ex-situ XRD and XPS analyses, Na2VeO1¢6-1.63H20 cathode material possesses a
highly stable structure for reversible Mg ion intercalation and deintercalation. It is worth
mentioning that the water molecules play an important role in achieving such good
electrochemical performance, which act as ‘‘pillars’ to stabilize the layered structure and
effectively shield the high charge density of Mg ion. This study demonstrates that

Na>Ve016-1.63H20 is a promising cathode material for magnesium ions storage. More
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importantly, our findings pave the way for further optimizing the electrochemical properties of
layered cathode materials and gain insights to the structure design for developing high-
performance inorganic cathodes for Mg storage to meet the requirements of large-scale energy
storage.

4. Experimental Section

Materials synthesis: The NaxVeOis -1.63H2O nanowires were synthesized via a simple
hydrothermal process.®Y In a typical synthesis, 4 mmol V20s and 4 mmol NaOH were
dissolved in 75 mL distilled water. The solution magnetically stirred at room temperature for 1
h. Then the solution was transferred into a Teflon-lined sealed autoclave and heated at 180 °C
for 24 h. The obtained suspension was centrifuged and the product was washed thoroughly with
distilled water and ethanol several times and then dried at 80 °C in a vacuum oven for 12 h to
obtain Na2VsO16'1.63H20. For comparison, the Na>VsO16 Was obtained by annealing Na2VeO16
-1.63H,0 at 400 °C for 2 h in Ar gas with a heating rate of 2 °C min ™2,

Material Characterizations: Powder XRD (Bruker D8 Advance X-ray diffractometer, Cu Ka
radiation, A = 1.5418 A) was used to characterize the structure of the samples. Scanning electron
microscopy (SEM) (Hitachi SU-70) and transmission electron microscopy (TEM) and high
resolution transmission electron microscopy (HRTEM) (JEOL-2100F) were performed to
investigate the morphology and microstructure of the samples. Energy dispersive X-ray
spectroscopy (EDS) microscope were measured on JEOL-2100F and titan G2 60-300 with
image corrector. X-ray photoelectron spectroscopy (XPS) was conducted on Kratos AXIS 165
X-ray photoelectron spectrometer. XPS peaks were analysed by CASA software with Shirley
background. Before XPS characterization, the cycled electrodes were washed with the
corresponding solvents several times to remove residual salts.

Electrochemical Measurements: Electrochemical measurements were performed with 2032
coin-type cells in an argon-filled glove box. The working electrode was fabricated on Al foil

current collectors. The slurry was obtained by mixing the as prepared materials, acetylene black,
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and polyvinylidene fluoride (PVDF) binder in a weight ratio of 7:2:1. After drying at 60 °C for
2 h, the electrode was dried in a vacuum oven for 12 h at 100 °C. The average area mass loading
is ~1.5 mg cm. The glass fiber (GF/A) from Whatman was used as the separator. Magnesium
disks were employed as the counter electrodes. 0.5 M Mg(TFSI). in DME was used as the
electrolyte. Mg electrodes can form passivation layer and behave irreversibly in conventional
organic electrolyte. Thus, active carbon (AC) cloth was used as the counter electrode due to its
high surface area, which guarantees complete charge balance in Mg intercalation process via
electrical double-layer capacitance.[® The standard electrode potential of activated carbon (AC)
cloth is 0.12 V vs. SHE. So its electrode potential is calculated as 2.4 V versus Mg?*/Mg.
Galvanstatic measurements were performed over a potential range of —1 to 1.3 V vs. AC by
using a multichannel battery testing system (LAND CT2001A). For batteries used APC or
MTCC electrolytes, Mg metal was polished with sandpaper and pushed into disks as anode
before use. Cyclic voltammetry was tested by an electrochemical workstation (CHI 760D).
Electrochemical impedance spectroscopy was conducted with Gamry Reference 3000
Potentiostat/Galvanostat/ZRA. The equilibrium (open-circuit) potential of the cells is obtained
by a galvanostatic intermittent titration technique (GITT), which was carried out at constant
current pulses at 50 mA g for 5 min, followed by a 10 min relaxation process. The open-
circuit-voltage at the end of relaxation is considered to be the thermodynamically equilibrium
potential. All of the measurements were carried out at room temperature.

Computational details: All first-principles computations based on density functional theory
(DFT)3 441 are performed using the Vienna ab initio Simulation Package (VASP).[*! The
Projector Augmented Wave (PAW)“® method with an energy cut-off of 520 eV is used to
describe the ion-electron interaction on a well-converged k-point mesh. The Perdew-Burke-
Ernzerhof (PBE) functional in the Generalized Gradient Approximation (GGA)“'! is employed
to calculate the exchange-correlation energy. A Hubbard U correction of 3.1 eV is added to

remove the spurious self-interaction of the vanadium d-electrons as previous workst el and the
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DFT-D3 is used to correct VVan der Waals energy to get accurate interlayer spacing values.
The geometry optimizations are performed using the conjugated gradient method, and the
convergence threshold is set to be 10° eV in energy and 0.01 eV/A in force. The structure for

the water induced and Mg intercalated Na>VsOie are proposed based on the DFT energy

calculations. The binding energies are calculated by the definition: Ep = E(MgxNa2VsO16-nH20)

- E(MgxNa2VeO16-nH20) - E(Mg).
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Figure 1. a) XRD patterns of Na>VeO16-1.63H20 and Na;VeO16, b) TEM ¢) HRTEM and d)

crystal structure of Na2VeO16'1.63H20.
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Figure 2. a) Cyclic performance of Na2VsO16-1.63H20 and Na2VeOis at a current density of 50
mA g1 b) Rate performance of Na;VeOis-1.63H.0. c) Discharge-charge curves of
Na2VsO16-1.63H20 at different rates. d) Cyclic performance of Na>VeO16-1.63H.0 at a current
density of 200 mA g*. e) Nyquist plots of Na2VeO16-1.63H20 and Na»VeOse at the initial state.
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Figure 3. a) GITT curve of Na;VeOi16-1.63H20. b) Mg?* diffusivity versus state of discharge
(inset: GITT potential response curve with time). ¢) CV curves of the cell at different sweep
rates. d) The relationship of peak current and scan rate for Na;VeO1¢6-1.63H20.
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Figure 4. Ex-situ XRD patterns and XPS spectra of Na>VsO16'1.63H20 collected at different
electrochemical states at 50 mA g 2. a) Ex-situ XRD patterns and corresponding voltage curves
(right) during galvanostatic charge and discharge; b) High-resolution Mg 1s spectra at the
denoted states; Ex-situ V' 2p XPS spectra at c) original, d) discharged and e) charged states. f)
Schematic illustrations of Mg?* deintercalation and intercalation into Na,VeO16-1.63H20 during
electrochemical processes.
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Figure 5. The binding energy for Mg?* in Na,Vs016-1.63H20 and Na,VeOis according to DFT
calculation.

21



WILEY-VCH

Magnesium-ion batteries with high safety, low cost and high volumetric capacity have been
extensively investigated. However, lack of suitable Mg-insertion cathode is the biggest
challenge. Here, a water-pillared layered sodium vanadium bronze Na;VeO16-1.63H20
nanowires were reported, which show great electrochemical performance and significant
reversibility of Mg?* insertion. Our work aims at bringing new insights to develop Mg battery
cathodes for large scale storage applications.

Keyword: magnesium-ion batteries, cathode, sodium vanadium bronze, nanowires, long cycle
stability
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Figure S1. TGA curve of Na;VeOss -1.63H20

Figure S2. SEM image of Na2VeO16 -1.63H20
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Figure S3. (a) SEM and (b) HRTEM images of Na>VsOje.
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Figure S4. (a) Survey XPS spectrum and (b) high-resolution XPS spectrum of V 2p peak of

NaxVeOie.
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Charge/discharge curves of Nay;VsO16-1.63H>0 at 1%, 10" and 20" cycle in (b) APC and (c)

MTCC electrolytes.

Table S1. Electrochemical performances of recently reported vanadium-based magnesium-

ion battery cathode materials.

Specific capacity (mAh g’]) Average Voltage

Capacity (retention) after n cycles

Cathodes Electrolytes atxmA g’] Vs, Mg/Mgzj Rate Capability atrmA g’l Ref.
Na,V0,,1.63H,0 Mg(TFSI),/DME 230 (20) 2 65mAh gt at200mA gt 46 (71%) after 450 cycles (200) Our Work
NaV 55Tig 2504 Mg(CB,,H,,),/TEG 85(5) 1.4 - - Chem. Mater. 2018, 30, 12101
NaV;0;.1.69H,0 APC/THF 110 (10) 0.45 7mAh g at 500 mA g 40 (66%) after 100 cycles (50)  ACS Appl. Mater. Interfaces 2018, 10, 47571
NaV6015 Mg(ClOy),/AN 90 (0.05) 0.5 - 0 after 25 cycles J. Electrochem. Soc. 2016, 163, A27810]
NH,V,0y Mg(ClO,),/AN 175(42.12) 2 68.9mAh gt at 421 mA g! 36.8 (33%) after 100 cycle (210.6) Chem. Mater. 2018, 30, 3690%]
Na;V,(PO,),/C Mg(TFSI),/AN 88.8(20) 25 - 71.9 (81%) after 100 cycle (20) Chen. Eur. J. 2017, 23,16898C]
Li;V,(PO), Mg(TFSI),/AN 197 (10) 2.6 - - RSC Adv. 2015, 5, 8598I6]
V,MoOy APC/THF 197.8 (20) 0.96 <10 mAh g™ at 100 mA g 12.5 (6.3%) after 50cycles (20) Nano Energy 2017, 34, 2617
V,05 thin-film Mg(ClO,),/AN 180 23 - 150 (83%) after 36 cycles Langmuir 2013, 29, 1096411
V,0,/GO Mg(TFSI),/AN 280 (100) 1.95 100mAh gt at2 A gt 210 (75%) after 30 cycles (100) Nano Energy 2015, 18, 265]
VO,(B) Mg(Cl0,),/AN 390 (25) 1.95 341 mAh gt at 100 mA g™* 143 (42%) after 60 cycles (100) Electrochim. Acta 2018, 260, 8050101
VO, 5, Mg(AIBu,Cl,),/THF ~76 (5) 0.45 50mAh g?at 10 mA gt - J. Power Sources 2006,156, 6730111
VO, Mg(ClO,),/AN 230 (60) 2 - 150 (65%) after 20 cycle (60) J. Mater. Chem. 4 2014, 2, 20636[12]
VOCl (HMDS),Mg/DEG/TEG 160 (10) 1.2 30mAh glat50mA gt 100 (62.5%) after 50 cycles (10) ChemElectroChem 2017, 4. 738 []
Mo, 45VOq g3 Mg(TFSI),/AN 397(2) 2 ~90mAh gt at 10mA gt 235 (59%) after 15 cycles (2) Chem. Mater. 2016, 28, 4593014
V,(PO,); Mg(TFSI),/AN 197 (10) 25 - - RSC Adv. 2015, 5, 8598[15]
Mn, 4 V,051.17H,0 Mg(TFSI),/AN 145 (50) 22 S0mAh gtat4Ag!  87(90%) after 5000 cycles (1000) J. Mater. Chem. 4 2019, 7, 106440161
Mg, ;V,05-1.1H,0 Mg(TFSI),/AN 164 (100) 2.1 50mAh glat4 A gt (80%) after 10000 cycle (2000) Chem 2019, 5, 1071
NaV;04 Mg(ClOy),/AN 260 (50) 2.1 62mAh glat1 A gt 60 (80%) after 100cycles (500) Nano Energy 2019, 58, 347181
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Figure S7. Specific energy density comparison of vanadium-based magnesium-ion battery

cathode materials.
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Figure S8. Refinement for powder XRD pattern of (a) Na2VeO16-1.63H20 and (b) Na2VsOss.
(c) Crystal structure illustration and interlayer space of Na>VeO16-1.63H20 and NaxVeOss.
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Table S2. Comparison of the parameters for Na2VeO16:1.63H20 and Na>VeOss.

Sample a(d bA) ciA PO Rwm R, GoF
Na;VeOis -1.63H20  12.5 36 778 925 212 391  0.54
Na;VeOis 12.1 36 732 1067 5.7 3.99 1.43

Figure S9. SEM images of the electrode materials at different cycles. NaxVeOi6'1.63H20 (a)
after 1 cycle and (b) after 50 cycles. NaxV¢Ois (c) after 1 cycle and (d) after 50 cycles. Particles

in white dashed circles are acetylene black.
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Figure S10. XPS C1s spectra of pristine Na2VeO16 -1.63H20 electrode.

Figure S11. ex-situ TEM-EDS elemental mappings of Na;VsO16-1.63H20 at discharged and

charged states.
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