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ARTICLE INFO ABSTRACT

The “oxygen-rich” Ca?" pre-intercalated bilayered vanadium oxide (CaVOnH) was synthesized via hydrothermal
method and determined as a monoclinic structure with reasonable lattice parameters. CaVOnH achieves a first
discharge capacity of 273 mAh g~! with capacity retention of 91% at 50 mA g™* in 0.8 m Mg(TFSI),-85%PEG-
15%H,0 (polyethylene glycol, PEG), but limited rate capability due to the low ionic conductivity of electrolyte.
Dimethyl sulfoxide (DMSO) is used as a co-solvent to tune the physical-chemical properties of aqueous Mg-ion
electrolyte (AME), resulting in the reorganization of Mg?" solvation and hydrogen bond network. The AME
containing DMSO shows improved ionic conductivity, low viscosity, and high Mg?* diffusion coefficient and
allows CaVOnH and V205 to achieve a much-improved rate capability and capacity. Moreover, the reaction
mechanism and reversibility of CaVOnH are elucidated by combining in operando and ex situ techniques. The
results demonstrate that CaVOnH undergoes 2-phase reaction and solid solution, the variation of oxidation state
and the local environment of vanadium, and reversible formation/decomposition of MgF, cathode electrolyte
interface during Mg?* (de)intercalation, where MgF, originated from the decomposition of TFSI.
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1. Introduction sensitive to moisture and should be prepared and handled in a strict
atmosphere, which may cause safety concerns in practical applications

Rechargeable magnesium batteries (RMBs) have been considered as [6,8]. As an alternative to the nonaqueous system, aqueous

a promising candidate to replace Li-ion batteries (LIBs) in large-scale
energy storage due to the notable advantages of Mg such as low cost,
rich resources, high safety, and high volumetric capacity. Many efforts
have been made to design and improve the performance of RMBs with
nonaqueous electrolytes [1-3]. However, RMBs still face many chal-
lenges for commercialization because of the limited stability of the
nonaqueous electrolytes, the lack of suitable cathode materials, the
sluggish Mg-ion solid diffusion, and the irreversible Mg plating/striping
at the anode[4-7]. Besides, most nonaqueous Mg-ion electrolytes are
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magnesium-ion batteries (AMIBs) are very attractive owing to the merits
of aqueous electrolytes[1,9]. Moreover, the use of aqueous electrolytes
makes battery manufacturing more convenient. To date, several cathode
materials were evaluated in different aqueous Mg-ion electrolytes (A
MEs), such as Prussian blue nickel hexacyanoferrate[10], MgyLiVa(P
04)3[9], and Mg-containing oxide cathodes (Mg 1MngO12-4.5H20[11],
MgMny04/rGO[12], and MgFeyMny.xO4[13]). For example, Chen et al.
[10] reported an AMIB system based on a Prussian blue nickel hex-
acyanoferrate cathode, a polyimide anode, and a 1 M MgSO4 electrolyte.
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Wang et al. [9] used a concentrated 4 m (“m” means “mol/kg”) mag-
nesium bis(trifluoromethanesulfonyl)imide (Mg(TFSI),) to expand the
electrochemical stability window (ESW) of the electrolyte to 2.0 V,
which enabled the use of MgyLiV2(PO4)3 cathode and poly pyromellitic
dianhydride (PPMDA) anode. Despite these progresses, the energy
density of AMIBs is seriously limited by the low ESW (1.3-2 V) of AME
[9,10,14] and AMIBs are still at their early stage because of the lack of
high-performance cathodes.

Many efforts have been made to explore cathode materials over the
past years. Several polymorphs of V205 framework have been studied as
cathode materials for Li-, Na-, K-, and Mg- ion batteries[5,15-18]. In
particular, the thermodynamically stable V05 (orthorhombic), having a
layered structure comprising up-up-down-down-facing VOs square
pyramids by sharing edges and corners, has been extensively investi-
gated for various intercalated cations®. However, orthorhombic V5,05
delivers limited capacity and suffers from sluggish Mg?" diffusion into
the host. Whereas, bilayered vanadium oxide (V205-nH,0) brings about
new light to the battery research and can contribute an increased ca-
pacity since the present water notably extends the interplanar spacing
from ~4.4 A for V,05to ~11.5 A for V205-nH50 and helps to shield the
charge of Mg?" cations during electrochemical processes. Meanwhile,
pre-intercalated ions such as Mg?" and Mn*" are believed to form
“pillars” with O atoms and improve the structural stability of V2,05-nH20
during Mg2+ (de)intercalation[19,20]. For example, Xu et al. [20] re-
ported that Mg 3V205-1.1H,0 with Mg?* and crystal water between
layers delivered an initial discharge capacity of 164 mAh g™ at 100 mA
g1, with no capacity fading after 500 cycles. Despite their good cycling
stability, these materials still show limited capacity.

Herein, new Ca®' pre-intercalated hydrated vanadium oxide (CaV-
OnH) nanowires with large interplanar spacing were synthesized via
hydrothermal method and used as cathode. The electrochemical per-
formance of CaVOnH cathode is investigated in a newly developed
electrolyte 0.8 m Mg(TFSI),-85%PEG-15%H30 (polyethylene glycol,
PEG)[21] . CaVOnH shows an initial discharge/charge capacity of
273/274 mAh g with ~100% initial coulombic efficiency and 91% of
capacity retention after 110 cycles, which is much higher than that of
V205 in previous work (91% initial coulombic efficiency and yielding
80% of capacity retention)[21]. In addition, dimethyl sulfoxide (DMSO)
is considered an ideal candidate solvent [22] and used as a co-solvent to
improve the properties of AME (i.e., enhancing the ionic conductivity
and decreasing the viscosity). A series of AMEs containing different
amounts of DMSO were prepared: 0.8 m Mg(TFSI)2-(85%-y)
PEG-yDMSO-15%H20 (y = 0, 10%, 20%, and 35%) and comprehen-
sively studied by experiments and theoretical calculations. 20%
DMSO-containing electrolyte was chosen as an optimized electrolyte,
which allows CaVOnH and V05 to achieve a much improved capability
and capacity. Furthermore, the reaction mechanism of CaVOnH was
carefully studied using in operando synchrotron diffraction and X-ray
absorption spectroscopy (XAS) together with ex situ techniques such as
X-ray powder diffraction (XRD), Raman scattering, and X-ray photo-
electron spectroscopy (XPS).

2. Results and discussion
2.1. Structural and morphological characterizations of CaVOnH

To demonstrate the applicability of the electrolytes, CaVOnH nano-
wires synthesized via hydrothermal method were used as a cathode
material for AMIBs. XRD was performed to study the structure of the
synthesized vanadium oxide. The XRD cannot be indexed with any
known structure in literature including 8-Cag 25V20s5-H20, which is
composed of §-type V205 layers stacking along the ¢ axis and with hy-
drated Ca®" ions in between interlayers[23]. CaVOnH shows a similar
XRD pattern as that of electrolytic vanadium oxide (e-V205)[24] and
e-MyV20s5y-nH>0[25], confirming the features of xerogel structure. It
consists of double-layered VOg octahedra and VOs pyramids, while
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water molecules and metal cations reside between the interlayers.
CaVOnH has a strong reflection located at 20 of ~3.1°, corresponding to
an interlayer spacing of ~13 A (Fig. 1a). This value is much larger than
those of V,0s50.5H,0 (10.8 A)[26], (-V,05 (~9.5 A)[16],
Zng.25V205nHR0 (~10.2 A)[27], Mgo3V20s-1.1H,0 (~11.9 A)[20],
NH4V4010-nH20 (10.9 A)[28], and NH4V4010 (9.8 A)[29]. The large
spacing distance of CavVOnH provides more space for Mg?* and facili-
tates Mg?* diffusion. Le Bail fitting based on the diffraction data in-
dicates that the CaVOnH material could have a monoclinic structure
with lattice parameters of a = 5.0195 A, b = 12.8764 A, ¢ = 3.6015 A,
and f = 94.694°. Scanning electron microscopy (SEM) demonstrates a
nanowire morphology with typical lengths of 500 nm to 3 pm and width
of ~50 nm (Fig. 1b). Selected area electron diffraction (SAED) and nano
beam electron diffraction (NBED) were performed to further evaluate
the lattice parameters and crystal structure in different orientations. To
minimize the effect of the electron beam on the sample, these electron
diffractions were acquired on the pristine CaVOnH nanowires (Fig. 1c
and d) and carbon coated samples (Figs. le and S1) under low-dose
conditions. Based on the structural prediction from the Le Bail fitting,
these diffraction patterns can be indexed as [-210], [-201], and [1-10]
of zone axes. The d-spacing of crystal plane under different zone axes are
listed in Table 1 & Fig. S1. It is found that the d-spacings acquired on
both pristine and carbon coated sample are the same and fit well to the
d-values obtained from XRD except for the (010) lattice spacing. The
smaller d-value of (010) can presumably be attributed to a loss of crystal
water between interlayers due to the high vacuum condition in the
transmission electron microscope and under the electron beam. The
other d-values are not significantly affected by this change of the (010)
lattice parameters. This demonstrates that the lattice parameters pro-
posed based on the XRD are reasonable for the new CaVOnH material.

Furthermore, thermogravimetric analysis (TGA), XPS, and induc-
tively coupled plasma optical emission spectroscopy (ICP-OES) were
performed to determine the amount of crystalline water and the ratio of
Ca/V in the material. In the TGA curve (Fig. S2a), the weight loss of
~12.5% in the range of 100-400 °C is attributed to crystal water. ICP-
OES reveals that the ratio of Ca/V in the nanowires is 0.219:2. The V
2p spectrum of the pristine CaVOnH can be fitted by two doublets with V
2ps3,/2 at 517.2 and 515.9 eV[30], respectively, resulting in an average
oxidation state of V*°2* (inset of Figure S2a). To maintain charge
neutrality, additional oxygen should exist in the material and, thus, the
chemical formula of CaVOnH nanowires is determined as Cag 219Va.
Os.5nH20 (6~0.14, n~1.51). To prove the existence of additional ox-
ygen, TGA coupled with mass spectrometry (TGA-MS) was done under
Ar flow. Fig. S2b exhibits the observed m/z-signals of 16, 17, and 18 at
~200 °C, where m/z = 17 and 18 are due to water release and m/z = 16
is ascribed to O release. Note that the observed m/z-signals of 44 at
~350 °C is due to CO; release that is assigned to the residual organic
acetate component (CH3COO) ™ during synthesis.

Magnetic properties of CaVOnH were investigated to learn about the
electronic configurations of V ions. Magnetic dc susceptibility vs. tem-
perature mainly shows a Langevin-type paramagnetic signal stemming
from localized paramagnetic centres ascribed to the V** ions that
contribute with a single unpaired electron with a paramagnetic effective
moment of pegr = 1.73 g each (Vo is only diamagnetic and does not
contribute to Langevin type magnetism). From the Curie-Weiss fit of
CaVOnH, C, 6, and yp are estimated as 0.00731(6) cm® Kmol ™!, —0.55
(2) K, and ~1.16(2)-10 *cm® molfl, respectively (Fig. 1f). Herein, the
concentration of 1.9805(2) V°* and 0.0195(2) V** per formula unit
adding up to two V ions in total are determined, suggesting only a small
portion of V** in CaVOnH. The corresponding saturation magnetization
of 0.0194(2) up (with 1 uB from each V4t is almost reached at 2 K and 7
Tesla in the field scans (Fig. S3a). To keep charge neutrality, the case of
more oxygen according to 8mag ~ 0.21 in CaVOnH structure is in good
agreement with the chemical analysis and TGA-MS results. Moreover,
the susceptibility vs. temperature plot exhibits small ‘irregularities’
around 50 K (blue circle in Fig. 1f), suggesting a spin-glass-like
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Fig. 1. Le Bail fitting based on X-ray diffraction data (Mo K1, A=0.70932 108) (a), SEM (b), selected area electron diffraction (SAED) (c, d) and nano beam electron
diffraction (NBED) patterns (e) of CaVOnH nanowires in different orientations, and magnetic susceptibility y vs temperature at 0.5 Tesla together with Curie-Weiss fit
(f), where T, C, 0, and yp, refer to temperature, Curie constant, Curie-Weiss temperature, and diamagnetic contribution, respectively.

Table 1

p-spacing obtained from XRD and SAED/NBED under different zone axes.
Crystal plane (110) (001) 111) (120) (121) (010) 112) (102)
d (nm) from TEM 0.46 0.36 0.28 0.40 0.27 1.15 0.16 0.17
d (nm) from XRD 0.47 0.36 0.27 0.40 0.26 1.29 0.16 0.17

behaviour, which is also revealed by the time-dependent evolution of
magnetization at 50, 60, and 65 K (Fig. S3b).

2.2. Electrochemical properties of CaVOnH nanowires

The electrochemical properties of CaVOnH were first studied in 0.8
m Mg(TFSI),-85%PEG-15%H50 using three-electrode cells. Fig. 2a
shows the cyclic voltammetry (CV) of CaVOnH at 0.05 mV sL. The
material displays three broad reduction peaks at around 2.6, 2.2, and
1.8 V and three broad oxidation peaks at 2.3, 2.73, and 3.14 V. In the
following scans, both the reduction and oxidation peaks show only slight
changes in intensity, indicating good electrochemical reversibility. With
increasing the scan rate, the overall CVs of CaVOnH do not change much
(Fig. 2b), but the redox peaks become wider and move toward lower/
higher potentials for reduction/oxidation. Generally, peak current (i)
and scan rate (v) obey the power-law relationship[31] of i = aP. Ac-
cording to the linear fitting of log(i) vs. log(v), the oxidation/reduction
of CaVOnH exhibits b values of 0.6/0.71 (Fig. 2c), indicating a
diffusion-controlled process.

Charge-discharge cycling of the CaVOnH nanowires was performed
in the voltage window of 1.58-3.68 V. The material displays slope-like
discharge/charge profiles at 50 mA g™! and delivers a first discharge/
charge capacity of 273/274 mAh g7, resulting in ~100% initial
coulombic efficiency (CE, Fig. 2d). During subsequent cycling, CaVOnH
provides a discharge capacity of 249 mAh g™! with 91% capacity
retention after 110 cycles (Fig. 2e). As shown in Fig. 2 g, CaVOnH de-
livers a capacity of 253, 206, 157, 87, and 41 mAh g‘1 at 50, 100, 200,
500, and 1000 mA g\, respectively. After returning to 50 mA g\, the
discharge capacity recovers to 253 mAh g! with negligible capacity
decay after 45 cycles. The electrode exhibited larger and larger electrode

polarization with the increase of specific current (Fig. 2f). Compared
with V505 in previous work[21], the voltage profiles of CaVOnH are
somewhat different, where V505 displays more distinct plateau features,
indicating different structural changes during Mg?" intercalation. V,0s5
nanowires show a much higher first discharge capacity of 359 mAh g
with low CE of 91%. But, the discharge capacity decreases to 286 mAh
gl after 100 cycles with 80% of capacity retention[21]. Obviously,
CaVOnH exhibits better cycle stability than that of V,0s. However,
CaVOnH, which has a larger interlayer spacing of ~13 A than that of
V205 (4.4 10\), does not exhibit a much higher capacity than that of V205
at current density >500 mA g™}, indicating that the kinetics properties of
CaVOnH at high current densities strongly rely on the ionic conductivity
(and viscosity) of electrolyte.

2.3. Study of DMSO-containing AMEs

To further improve the electrolyte properties (i.e., higher ionic
conductivity and lower viscosity), an organic solvent with low viscosity
and easily dissolved with PEG and water is strongly recommended.
Meanwhile, many other factors, such as low toxicity, high boiling point,
thermal stability, and high electrochemical stability, should be consid-
ered as well. Herein, DMSO is considered an ideal candidate solvent[22]
and used as a co-solvent to improve the properties of AME. A series of
AME:s containing different amounts of DMSO were prepared: 0.8 m Mg
(TFSD2-(85%-y)PEG-yDMSO-15%H20 (y = 0, 10%, 20%, and 35%).
Along with the increase of DMSO, the ionic conductivity of the AMEs
notably increases (Fig. 3a) and the viscosity strongly decreases (Fig. 3b),
which matches well with Walden’s rule[32] (Fig. 3c). The ionic con-
ductivity of the electrolyte with 20%DMSO is three times higher than
that of the DMSO-free one. Moreover, the ESW of the electrolytes was
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Fig. 2. Cyclic voltammetry (CV) of CaVOnH in 0.8 m Mg(TFSI)>-85 %PEG-15 %H>0 at a scan rate of 0.05 mV st (a), where the arrows indicate the tendency of
changes from the first to the third cycle, CV curves at different sweeping rates (b) and their log(i) vs log(v) plots and linear fittings (c), charge—discharge curves of
CaVOnH in 0.8 m Mg(TFSI)>-85 %PEG-15 %H,0 at 50 mA g’1 (d), cycling performance at 50 mA g’1 (e), charge-discharge curves from rate performance (f), and rate
performance (g); Rate performance (h) and cycling performance at 1000 mA g~ (i) of CaVOnH and V,0s in 0.8 m Mg(TFSI),—65 %PEG-20 %DMSO-15 %H,0. All
electrochemical properties were studied using three-electrode cells using CaVOnH nanowires working electrode, activated carbon counter electrode, and AgCl/Ag

reference electrode.

determined by linear sweep voltammetry (Fig. S4). Overall, only a minor
change in ESW (0.48-4.08 V vs Mg?"/Mg) is obtained for 0.8 m Mg
(TFSD)2-65%PEG-20%DMSO0-15%H>0, compared with 0.8 m Mg
(TFSI)2-85%PEG-15%H>0. The solvent structure of the electrolyte was
studied by 'H nuclear magnetic resonance (NMR) spectroscopy (Fig. S5).
Along with the increase of DMSO, the 'H peaks of H,0 and PEG shift to
lower values of 4.85 and 3.72 ppm, respectively, indicating the increase
of electron density around H and the lengthening of H—O bond in H,O
and C—H bond of PEG. While the 'H peak of DMSO slightly shifts to
higher values with increase in intensity, confirming the local structural
changes of H by adding DMSO. Consequently, 0.8 m Mg(TFSI)2-65%
PEG-20%DMSO-15%H0 is selected as the optimal electrolyte due to its
high ionic conductivity, acceptable viscosity, wide ESW, and high safety
(Fig. S6, Video S1-2).

Theoretical analysis was performed to study the solvent properties of
the series AMEs. First, the hydrogen bonds (HBs) of the electrolytes were
calculated by molecular dynamics (MD) simulations. The HBs of 0.8 m
Mg(TFSI)2-85%PEG-15%H50 are contributed by TFSI™-H»0 interaction
(~5.4 per TFSI™), HoO—H,0 interaction (~1.5 per H,0), and PEG-H,0
interaction (~1.9 per PEG)[21]. For the electrolyte containing 20%
DMSO, an additional interaction of DMSO—H30 (~0.5 per DMSO) is
observed with a slight decrease of PEG-HyO contribution (~1.7 per
PEG), while the contributions from TFSI"-H;0 and H,O—H,0 remain
unchanged. Therefore, the changes of HBs affect the 'H chemical shift of
the electrolytes, which is consistent with the NMR results. Besides, the

lifetime of HBs slightly increases to 82 ps from 79 ps, demonstrating
higher stability of the electrolyte containing 20%DMSO than that of 0.8
m Mg(TFSI)2-85%PEG-15%H>0.

Molecular dynamics (MD) (Fig. 3d-i, Tables S1 and S2) demonstrate
that the AME containing 20%DMSO reaches a stable equilibrium state.
The g(r) profiles of 0.8 m Mg(TFSI)2-65%PEG-20%DMSO-15%H50
show that the first solvation shell of Mg>* consists of Mg?"-H,0 (0.19
nm), Mg2*-TFSI~ (0.22 nm), Mg?"-PEG (0.19 nm), and Mg?"-DMSO
(0.21 nm) peaks. After adding DMSO, an additional peak at 0.21 nm is
present compared with the DMSO-free one[21] in the previous work,
corresponding to Mg2+-DMSO with an ICN=1.0. Meanwhile, the ICN of
Mg2+—H20, Mg2+—TFSI’, and Mg2+—PEG decreases to 3.0, 0.4, and 1.4,
respectively (Fig. 3 g and h). This indicates that some of the Hy0, PEG,
and TFSI™ molecules in the first solvation shell are replaced by DMSO
and thus tuning the physical-chemistry properties of the electrolytes.
The transport property of Mg?* in the electrolytes was further analyzed
by calculating the mean square displacement. At room temperature,
Mg2+ shows better diffusive behavior in the 0.8 m Mg(TFSI)2-65%
PEG-20%DMSO-15%H20 compared with the electrolyte without DMSO
(Fig. 3i). This is consistent with our hypothesis that the cation diffusivity
is influenced by the viscosity of the electrolyte. Therefore, the intro-
duction of DMSO can confer a better diffusion coefficient of Mg?* than
the DMSO-free 0.8 m Mg(TFSI)»,-85%PEG-15%H>0 electrolyte.
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Fig. 3. Ionic conductivity (a) and viscosity (b) of a series of DMSO containing AMEs, 0.8 m Mg(TFSI),-(85%-y)PEG-yDMSO-15%H,0 (y = 0, 10%, 20%, and 35%)
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evolution of the total energy (d), the simulated geometrical structure (e), root-mean-square deviation (RMSD) of Mg (f), and RDF g(r) and ICN n(r) of Mg>*-H,0,
Mg?*-PEG, Mg>*-DMSO (g) and Mg?*-TFSI™ (h) in the 0.8 m Mg(TFSI);—65%PEG-20%DMS0-15%H,0 system during MD simulation at 300 K, where hydrogen,
carbon, oxygen, fluorine, magnesium, sulfur and nitrogen atoms are marked with white, gray, red, cyan, pink, yellow and blue, respectively; The mean square

displacement (MSD) of Mg ions (i) in both DMSO-free and 20%DMSO electrolytes.

2.4. Electrochemical properties of CaVOnH and V05 in 20%DMSO-
containing electrolyte

The rate capability and long cycling of CaVOnH and V3,05 were
performed in the 20%DMSO-containing electrolyte (Fig. 2h and i). In
0.8 m Mg(TFSD)2-65%PEG-20%DMS0O-15%H20, both materials
demonstrate much-improved rate capability at all specific currents
compared to 0.8 m Mg(TFSI)2-85%PEG-15%H0 (Table S3), in partic-
ular at 1 A g”}. CavOnH shows a much better performance at all current
densities in the improved electrolyte compared to V305 (Fig. 2h).
Particularly, CaVOnH delivers an initial discharge capacity of 281 mAh
¢!, and capacity of 264, 212, 167, 126, and 102 mAh g at 50, 100,
200, 500, and 1000 mA g}, respectively. The discharge capacity can still
recover to 279 mAh g when the current density returns to 50 mA g
Unfortunately, in the 20%DMSO-containing electrolyte, the cycling
stability of CaVOnH at low current density of 50 mA g™ is decreased a
lot compared with DSMO-free one and this decrease could probably be
attributed to the electrolyte decomposition at 50 mA g'. Further work
needs to be done to understand the reason for poor cycling stability at
low current density of 50 mA g™. Moreover, CaVOnH and V,0s (Fig. 2i)
deliver an initial discharge capacity of 78 and 96 mAh g ' at 1 A g7},
respectively. CaVOnH reaches its highest capacity of 93 mAh g! after
activation due to the high current density applied (100 cycles), V205
reaches its highest capacity of 101 mAh g™ after activation (400 cycles),
suggesting that the crystal water can shield the charge in the host
structure. CaVOnH and V,05 deliver discharge capacities of 82 and 79

mAh g! after 2000 cycles, yielding capacity retention 88% and 78%,
respectively. V,Os experiences a large capacity fluctuation in the range
of 43-101 mAh g‘1 at1 A g'l. As a result, CaVOnH and V05 overlap
with each other at the 285th cycle and 1438th cycle under high current
density of 1 A ¢! and CavOnH exhibits much higher capacity and better
cycling stability in the next 500 cycles. This could be attributed to the
different crystal structures of both CaVOnH and V.05 materials. Overall,
the addition of DMSO in Mg(TFSI),-PEG notably improves the electro-
chemical performance of vanadium oxides at both low and high current
densities due to the higher ion conductivity, lower viscosity, and better
diffusion coefficient of Mg?™ in the electrolytes. This result demonstrates
that not only the ionic conductivity of the electrolyte but also the
interplanar spacing and crystal water in the structure play an important
role in improving electrochemical performance.

2.5. Reaction mechanism of CaVOnH in AMIBs

To reveal the structural evolution of CavVOnH upon Mg intercala-
tion, in operando synchrotron diffraction was performed during the
initial discharge as shown in Fig. 4a. Before discharge, all reflections can
be indexed on pristine CaVOnH except those reflections from Kapton foil
and PTFE (Fig. S7). Upon 1st discharge (Region ), the reflection at 0.86°
shifts to a higher angle with decrease in intensity, the rest of reflections
of CaVOnH shift towards lower angles such as 3.39°, 3.45°,5.11°, 6.21°,
6.61°, 6.77°, and 7.74°. Meanwhile, two reflections at 1.4° and 6.53°
appear and gradually increase in intensity, demonstrating the 2-phase
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Fig. 4. In operando synchrotron diffraction of CaVOnH (1=0.20733 ;\, 60 keV) during the first discharge at a current density of 20 mA g’1 (a) and Ex situ XRD (b) of
CaVOnH at different discharge/charge states (Mo Ky radiation, A= 0.70932 A); In operando V K-edge XANES spectra of CaVOnH during the 1st cycle, where DoD and
SoC refer to depth of discharge (c) and state of charge (d), respectively; the isosbestic points are pointed out by red arrows; Ex situ Raman spectra (e), and V2p,F1s
and Mg 1 s XPS spectra (f, g, h) of CaVOnH at different discharge/charge states (pristine, 2.0 V (about 50% of DoD), 1.58 V (about 100% of DoD), 2.7 V (about 50% of

SoC), and 3.68 V (about 100% of SoC)).

reaction in Region I. With further Mg?" intercalation, the reflections
only show shifts to lower angles, indicating a solid solution process in
Region II. Although the discharge profile does not show the same shape
as the normal 3-electrode measurement, the structure changes can be
properly explained since they are related to the amount of Mg?" inter-
calation. Ex situ XRD was performed on the CaVOnH cathode at different
states to further study/prove the structural evolution during Mg2*
intercalation/deintercalation (Fig. 4b). During Mg?" intercalation, most
reflections of CaVOnH gradually shift to lower angles while the one at
3.1° shifts to a higher angle with strong decrease in intensity and one
new reflection at 5.28° is observed, indicating a 2-phase transition and
the shrinking of interlayer spacing, in good agreement with in operando
synchrotron diffraction. With full Mg?" intercalation, all reflections
slowly shift to lower angles, demonstrating a solid solution process.

Upon charging, all reflections recover to their initial positions with
lower intensities, implying a reversible 2-phase transition but an
asymmetry during cycling.

In operando XAS was carried out to reveal the variation of the
oxidation state in CaVOnH and the local electron environment of V
during cycling. Fig. 4c and d present the normalized V K-edge spectra
during the first discharge-charge processes. The oxidation state of V in
CaVOnH is determined as +4.85 using linear combination fitting (LCF)
(Fig. S8a), which is in good agreement with the XPS result (Fig. 4f).
Moreover, an intense pre-edge peak for the V K-edge is observed because
of the five-fold coordinated V-ions by oxygens in a distorted tetragonal
pyramid, which is ascribed to the transitions between the 1 s and bound
p-hybridized d-states[33,34]. CaVOnH shows a similar XAS feature as
that of xero-gel material, implying a similar structure between CaVOnH
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and e-V205[24], which is also close to that of V20s. Upon Mg2+ inter-
calation, the edge position of the V K-edge slowly shifts to lower binding
energies, suggesting the reduction of the V oxidation state (Fig. 4c).
Meanwhile, the pre-peak (A in Fig. 4c) gradually shifts towards lower
binding energy with a simultaneous decrease of intensity, indicating the
reduction of V ions and the symmetry increase of local V environments.
Since the increase in symmetry would decrease the probability of the
1s-3d transition, thus resulting in a decrease of the peak intensity[35].
The edge resonance (B in Fig. 4c) that is ascribed to the absorption of
photons accompanied by core-electron excitations[34,36] exhibits
distinct changes in both shape and intensity. During Mg?™ intercalation,
two broad peaks centered at 5488 eV and 5493 eV converge into one
broad peak centered at ~5487 eV with a gradual increase of intensity,
while the peak at 5507 eV notably shifts to lower energy of 5501 eV with
slight increase in intensity. Two distinct isosbestic points[37] at ~ 5530
eV (red arrows in Fig. 4c and d) are observed during both discharge and
charge, demonstrating a 2-phase reaction[37] upon Mg>" inter-
calation/deintercalation, as already proved by in operando synchrotron
diffraction. At the fully discharged state, the V oxidation state of CaV-
OnH is estimated to be +3.82 using LCF (Fig. S8b), which is very close to
the value calculated from the electrochemical capacity (+3.85). Upon
Mg?" deintercalation, the edge energy of V K-edge, pre-edge peak, and
edge resonance display reversible behaviors and return to their initial
positions, indicating the oxidation of V ions and reversibility of local
structure (Fig. 4d). The slight difference in the XAS before and after
cycling might be explained by extraction of a small amount of Ca®" from
the structure (Fig. S9a and b). Ex situ XAS was carried out to look into the
local structure changes of V ions by analyzing the phase-uncorrected
Fourier transform (FT) (ks—weighted) of the V K-edge extended X-ray
absorption fine structure (EXAFS). The pristine CaVOnH shows two FT
peaks at 1.03 A and 1.64 10\, corresponding to the V-O bonds in VOg
octahedra, and one FT peak at 2.71 A assigned to the V-V shell[38-40].
During discharge, the V-O features shift to lower radial distances with
strongly increased (peak at 1.64 A) and slightly decreased amplitudes
(peak at 1.03 A) (Fig. $9¢), indicating the overall symmetry increase of
the local structure around V. Meanwhile, the V-V feature decreases its
amplitude with shifts to a lower value. These results indicate that the
intercalated Mg?" ions affect both the V-O and V-V shell structure.
During charging, they show reversible behavior and almost return to
their initial positions (Fig. S9d), demonstrating the high reversibility of
CaVOnH.

The local structure changes of CaVOnH during Mg?* (de)intercala-
tion were further investigated by Raman scattering on the pristine and
cycled samples (Fig. 4e). CaVOnH nanowires have the typical Raman
peaks of V205 as reported in previous work[41]. Moreover, several
additional Raman peaks are observed for CaVOnH (862, 954, and 1009
em™Y), implying local structure changes due to Ca®" pre-intercalation.
Significant structural changes are detected for CaVOnH after half
Mg?" intercalation. Upon Mg?™ intercalation to 2.0 V, the peak at 140
em™? disappears and meanwhile, some new peaks appear at 173, 264,
427, 750, 867, and 955 cm~'. With full Mg?" intercalation to 1.58 V,
only some broad peaks (266, 335, and 852 cm™ 1) are seen due to the
disordered local structure in the MgyCaVOnH phase. Upon charging, the
Raman spectra show reversible changes and finally return to the original
state of pristine CavOnH, indicating that the changes driven by Mg?"
intercalation are highly reversible.

XPS is a powerful surface-sensitive technique and useful to investi-
gate the surface chemistry and elemental composition of materials. XPS
not only can display what elements are present but also to what other
elements they are bonded to and, therefore, was performed on the
pristine and cycled cathodes. The V 2p spectrum of pristine CaVOnH can
be fitted by two doublets with V 2ps,» at 517.2 and 515.9 eV[30],
respectively, resulting in an average oxidation state of V+92% (Fig. 4f-h).
The V 2p3,» peak is invisible after discharge and reappears after charge
with V*#6*" and v*92*, respectively. The F 1 s spectrum of pristine
CaVOnH shows one peak at 687.3 eV related to C-F bond. Surprisingly,
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two new peaks at 684.7 and 1303 eV appear upon discharging and then
disappear upon charging for F 1 s and Mg 1 s, revealing the reversible
formation and decomposition of MgF, related to the decomposition of
TFSI™. MgF;, is identified as a dominant component of cathode electro-
lyte interphase (CEI) and the new peak at 1303 eV may be also corre-
lated to other Mg-containing compounds contributing to CEL Such a CEL
consisting of main component of MgFs is also seen in the case of V505
based AMIBs[21], where the V 2p3/» peak is still visible for VoOs at the
50% of DoD. While, the invisible V 2p3,» peak for CaVOnH at 50% of
DoD suggests that the amount of CEI depends on the species of cathode
material. Interestingly, Mg,(OH);(CH3COO), CEI[42] was recently re-
ported on the surface of discharged VO3(B) cathode electrode in aqueous
Mg(CH3COO); solution. Solid electrolyte interphase containing MgF; on
Mg anode[43] and MgFq-coated Mg anode[44] were also reported in
organic electrolyte based Mg-ion batteries. Overall, the CaVOnH cath-
ode returns to its pristine state, accompanied by reversible CEI forma-
tion and decomposition during cycling.

3. Conclusion

The existence of “excess oxygen” in CaVOH is proven by mass
spectrometry and magnetic measurements to reach charge neutrality.
CaVOnH exhibits high initial CE of ~100% and capacity retention of
91% at 50 mA g’1 in the 0.8 m Mg(TFSI)2-85%PEG-15%H>0, which is
much higher than that of V205 (91% initial CE and capacity retention of
80%). The addition of DMSO tunes the electrochemical and physical-
chemical properties of AME by changing the Mg-ion solvation and HBs
network of AMEs and, therefore, improves the ionic conductivity, vis-
cosity, and Mg diffusion coefficient of AMEs. 0.8 m Mg(TFSD)2-65%
PEG-20%DMSO-15%H20 was chosen as an optimal electrolyte with a
stable ESW of ~3.6 V. Both CaVOnH and V05 demonstrate high rate
capability and high capacity at high specific current in the DMSO-
containing AME. The electrolyte can significantly affect the electro-
chemical performance of layered oxide electrode materials, particularly
at high current densities. Moreover, the reaction mechanism and
reversibility of CaVOnH during cycling were investigated via in operando
and ex situ techniques. CaVOnH undergoes a 2-phase reaction and solid
solution during discharge and charge processes. In operando XAS and ex
situ EXAFS reveal the variation of the oxidation state and the local
electron environment of V during Mgt intercalation/deintercalation
together with Raman and XPS. Meanwhile, the reversible formation/
decomposition of CEI in AMIBs is revealed, where MgF; originating from
the decomposition of TFSI™ is identified as the dominant component.
This work develops a new oxygen-rich layered vanadium oxide with
large interlayer spacing, provides an approach to adjust the electrolyte
solvation for multivalent ion batteries and helps understand the Mg?*
storage mechanism of cathode materials.

3.1. Experimental and calculations details

3.1.1. Synthesis of Ca, V205 5nH20 nanowires

CayV20s5,5nH20 (CavVOnH) nanowires were prepared via a hydro-
thermal method. Briefly, 0.5 g of commercial V,05 powder (Alfa Aesar,
99.99%) was added to 20 ml of deionized water under vigorous stirring
for 10 mins to form a light orange suspension. Then, 5 ml 30% hydrogen
peroxide (Hy02) was dropwise added to the above suspension with
stirring for 20 mins to get a transparent reddish-brown solution. After-
wards, a solution consisting of 0.1087 g of Ca(CH3COO), dissolved in 5
ml deionized water was added into the above reddish-brown solution
with stirring for 10 mins. The obtained solution was transferred to a 50
ml Teflon-lined stainless-steel autoclave and kept at 200 °C for 48 h. The
precipitate was washed with deionized H20 and ethanol several times
and dried at 75 °C for 12 h.

3.1.2. Preparation and characterizations of the electrolyte
Mg(TFSI); was dissolved into a series of polyethylene glycol 400
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(PEG-400), H,0, and DMSO solvent with vigorous stirring overnight at
room temperature to form 0.8 m Mg(TFSI),-(85%-y)PEG-yDMSO-15%
H20 (y = 0, 10%, 20%, and 35%). lonic conductivity was measured by
using Mettler Toledo InLab® 738 ISM at 25 °C. The viscosity of the
electrolytes was measured on a Bohlin Gemini 200 Nano rheometer at
25 °C with 40/1° cone geometry by using a solvent evaporation pro-
tection cover. Measurements were conducted with the shear rate varied
from 1 to 200 s™! (viscosity is generally independent of shear rate). 'H
nuclear magnetic resonance (NMR) spectroscopy was performed on the
electrolyte samples with a Bruker Avance 300 MHz spectrometer at a
magnetic field of 7.0 T. Samples were placed inside 5 mm glass tubes and
chemical shifts are given relative to that of tetramethylsilane at 0 ppm.

3.1.3. Morphological and structural study

The morphologies were studied with a Zeiss Supra 55 Scanning
Electron Microscope (SEM) with primary energy of 15 keV. The struc-
tural characterization was performed on a STOE STADI P diffractometer
operated with Mo K radiation (A=0.70932 [D\). The powders were filled
in 0.5 mm @ boro-silicate capillaries, and diffraction patterns were
collected in capillary geometry. Thermogravimetric analyses (TGA)
were done on STA 449C (Netzsch GmbH) under Ar flow to determine the
crystal water content in CaVOnH. A LabRam HR Evolution Raman mi-
croscope from Horiba Scientific equipped with He-Ne laser (633 nm, 17
mW) and a CCD detector (Horiba) was used to collect the Raman scat-
tering of the samples. Meanwhile, a 600 gr/mm grating was used to split
the measurement signal with ax100 objective (NA 0.95) for all the
pristine and cycled samples. SAED patterns were acquired using a
ThermoFisher Themis 300 TEM with a dose rate of 76 e nm 2 s ™! at 300
kV. NBED patterns were acquired with 0.6 mrad convergence angle of
electron beam and a nominal screen current of around 20 pA. In addition
to characterization on the pristine CaVOnH nanowire, electron diffrac-
tion was also conducted on the carbon coated sample to minimize the
electron beam damage. The analysis software of Jems[45] was used to
help index the crystal structure. Magnetic properties were measured
using the Vibrating Sample Magnetometry (VSM) option installed onto a
DynaCool Physical Property Measurement System (PPMS) from Quan-
tum Design. 10.5 mg of sample was filled into a polypropylene capsule
for all measurements.

Dc magnetic moment was measured as a zero field cooled procedure
from 2 K to 300 K at a field of 5000 Oe (0.5 T) in settle mode (from 2 K to
20 with 1 K temperature resolution and from 25 K to 300 K with 5 K
temperature resolution). Magnetic moment vs field was measured at 2,
25, 60 and 100 K. Sample was cooled down to 2 K in zero field then
magnetic moment was measured with a full loop starting from 7 T. Af-
terwards the sample was heated to the next temperature at 7 Tesla and
another full loop was measured etc. Magnetization vs. time was done by
setting the sample to 150 K and zero magnetic field. Then the sample
was cooled down to the Tj,, = 10, 20, 30, 40, 45, 50, 60, 65, 70, 80, 90
and 100 K, respectively, and the magnetization was measured for 30 min
after a field of 1000 Oe was set with 200 Oe/sec.

Simultaneous thermogravimetric analysis and mass spectrometry
(TGA-MS) were conducted with a Setaram thermal analyzer SENSYS evo
TGA equipped with a Pfeiffer OmniStar mass spectrometer for the
analysis of the evolved gas. The measurement was conducted from room
temperature to 650 °C with a heating rate of 5 °C min~! under argon
flow.

X-ray photoelectron spectroscopy (XPS) was performed using a K-
Alpha spectrometer (ThermoFisher Scientific, UK) equipped with a
microfocused, monochromated Al K, X-ray source (A=1486.6eV) with a
spot size of 400 pm. A charge compensation system was employed
during measurement, using electrons of 8 eV energy and low-energy Ar
ions to prevent localized charge accumulation. All samples were pre-
pared in an Ar-filled glove box and transferred under an inert atmo-
sphere into the spectrometer. Thermo Avantage software was used in
data acquisition and processing, as described elsewhere[46]. The
analyzer transmission function, Scofield sensitivity factors, and effective
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attenuation lengths for photoelectrons were applied for quantification
[47]. The standard TPP-2 M formalism was used for the calculation of
effective attenuation lengths[48]. All spectra were referenced to the
carbonaceous C 1 s peak (C-C/C-H) at 285.0 eV binding energy.

3.1.4. Electrochemical characterizations

The electrode was prepared by coating slurry mixture on a stainless
steel foil, which consists of CaVOnH active material with C65 (Timcal)
and polyvinylidene difluoride (PVDF) binder in a ratio of 70:20:10 with
N-Methyl-2-pyrrolidone solvent. The electrode (mass loading of ~1.3
mg cm~2) was dried at 65 °C overnight and then cut into discs of 12 mm
diameter. Activated carbon (AC) electrode was prepared using AC, C65
(Timcal), and polytetrafluoroethylene (PTFE, 60 wt% solution in water
from Sigma-Aldrich) in a ratio of 8:1:1 with solvent isopropanol in a
DAC150.1 FVZ model from SpeedMixer with 800 rpm for 10 min. The
paste mixture was kneaded manually on a glass plate and finally was
rolled to a uniform thickness electrode. The electrodes were finally dried
at 70 °C overnight under vacuum before use.

The LSV of various electrolytes was performed using a glass cell
consisting of glassy carbon (GC) working electrode, Pt plate counter
electrode, and AgCl/Ag reference electrode. Three-electrode Swagelok
cells for electrochemical measurements were assembled in air at room
temperature. The cells were built with CaVOnH positive electrode, AC
counter electrode, AgCl/Ag reference electrode (3 M NaCl), 0.8 m Mg
(TFSD2-85%PEG-15%H>0 or 0.8 m Mg(TFSI)2—65%PEG-20%DMSO-
15%H20 as an electrolyte (700 pL), and a piece of glass microfiber
(Whatman) as the separator. AC was used as the counter electrode
because of its high specific surface area, which can provide sufficient
charge storage via electrical double-layer capacitance to guarantee full
charge balance during Mg intercalation[16,20]. The mass of AC was
intentionally in excess with a large N/P ratio of about 9-12. Note that
the specific capacities were calculated according to the weight of the
active cathode material. Galvanostatic cycling with potential limitation
(GCPL) and cyclic voltammetry (CV) measurements were performed
between —1.0 and 1.1 V (vs AgCl/Ag, 3 M NaCl) on a VMP3 potentiostat
(BioLogic) at 25 °C. GCPL was performed at different current densities
ranging from 50 to 1000 mA g ! to determine the rate capability of the
electrodes. All potentials have been converted to Mg?*/Mg reference for
convenience based on the voltage difference of 2.58 V between AgCl/Ag
and Mg**/Mg.

3.1.5. In operando synchrotron diffraction and in operando X-ray
absorption spectroscopy (XAS)

In operando synchrotron diffraction was performed at PETRA-III
beamline P02.1 at DESY in Hamburg, Germany[49] (A=0.20733 A,
60 keV). The electrochemical cell consists of 2025-type coin cell with
Kapton windows of 5 mm diameter for beam entrance. The cell was
prepared using coated CaVOnH positive electrode on carbon paper, AC
counter electrode, Whatman separator, and 0.8 m Mg(TFSI)>-85%
PEG-15%H>0. In operando synchrotron diffraction was conducted with
radiation A= 0.20733 A wavelength (60 keV) with an effective exposure
time of 40 s and current density of 25 mA g™'. The diffraction data
analysis was carried out by the Rietveld method using the Fullprof
software package[50]. In operando XAS measurements were performed
at synchrotron beamline P65 at PETRA III (DESY, Hamburg)[51]. XAS
was recorded during the first charge/discharge process at the current of
25 mA g in the same coin-cell configuration. The cell was prepared
using pressed CaVOnH positive electrode on stainless steel mesh within
a 5 mm hole in the center, AC counter electrode, Whatman separator,
and 0.8 m Mg(TFSD)2-65%PEG-20%AN-15%H>0 (AN, Acetonitrile).
XAS spectra at the V K-edge were recorded in quick-XAS (6 min/spec-
trum) mode in fluorescence geometry using PIPS (passivated implanted
planar silicon) diode detector. The monochromator was calibrated at
5464.75 eV using a vanadium foil and V K-edge spectra for CaVOnH
were measured. V,03 VOo, and V05 were used as standard materials.
All data were collected at room temperature with a double crystal
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monochromator of Si(111) crystal, and all XAS spectra were processed
using the DEMETER software package[52].

3.1.6. Sample preparation for ex situ characterizations

The cells of three materials were disassembled and washed with
acetonitrile in an Ar-filled glovebox for the first discharged states (2.0 V
and 1.58 V) and charged states (2.7 V and 3.68 V). Ex situ XAS mea-
surements were carried out at PETRA-III beamline P65 at DESY in
Hamburg[51]. XAS spectra were recorded in quick-XAS (6 min/spec-
trum) mode in fluorescence geometry using the PIPS diode. The V
K-edge of CaVOnH at different states was measured and the energy was
calibrated using the absorption edge of V foil, as it is commonly
employed in XAS experiments.

3.2. Molecular dynamics simulations

All atomistic molecular dynamics (MD) simulations were performed
with the GROMACS 4.6.7 package[53]. The GROMOS force field[54]
was used for all components. The MD simulations were carried out using
cubic cells with a linear dimension of 2.35 nm for 0.8 m Mg(TFSI)2-65%
PEG-20%DMSO0-15%H30 (containing 10 Mg(TFSI),, 100 H20, 20 PEG,
and 30 DMSO) using the software package PACKMOL|[55]. In all simu-
lations, the temperature was kept constant at T = 300 K by an improved
velocity-rescaling thermostat[56], using a coupling time constant of 0.1
ps. The pressure was kept constant at p = 1 bar by a semi-isotropic
Parrinello-Rahman barostat[57] with coupling time constant of 2 ps
and compressibility 4.5x10° bar. Electrostatic interactions were treated
through the Particle Mesh Ewald method[58] with a real-space cut-off of
1.0 nm and a grid spacing of 0.16 nm with fourth-order interpolation
scheme. Lennard-Jones interactions were truncated at 1.0 nm and
shifted to zero. A Leapfrog algorithm with an elementary time step of 2 fs
was used for numerical integration. All bonds were constrained by the
LINCS algorithm[59]. Prior to production runs, energy minimization
was first performed using a conjugate-gradient method, followed by
equilibration of the system for 10 ns under constant volume constant
temperature conditions, and a subsequent equilibration run of 10 ns
under constant temperature and constant pressure conditions. These
final production runs at constant temperature and pressure had a length
of more than 150 ns each.
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