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Mg-ion batteries; We report graphene decorated hydrated vanadium oxide nanocomposite as an effective

Shielding effect; cathode material for long cycle-life Mg storage. Excellent electrochemical performance with

\G/anagium oxide; specific capacity of 330 mAh g~ " at low rate and stable cycling of 200 cycles with 81% capacity
raphene; 1

retention at 1 Ag~' was reported. Furthermore, the nanocomposite cathode shows a broad
working temperature window from —30 °C to 55 °C with over 200 mAh g~' capacity at 55 °C
(1.0Ag™"). The charge shielding effect of crystal water in the aerogel enhances the Mg?*
insertion kinetics and the porous structure of aerogel allows easy access of electrolyte into
the active material. The cycling performance, rate performance and broad temperature
adaptability demonstrate that the graphene decorated vanadium oxide nanowire aerogel is a
promising and attractive cathode material for practical Mg batteries.
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Introduction

Developing low-cost and safe batteries for electric vehicles
and grid scale energy storage has become increasingly the
focus of battery research [1-5]. Rechargeable magnesium ion
batteries (MIBs) have emerged as an attractive candidate due
to the unique advantages of Mg metal, such as high abun-
dance, safe to handle, low standard electrode potential and
high volumetric capacity (3837 mAh cm™3) [6-9]. Since Aur-
bach’s pioneering work in 2000 [10], significant progresses
have been witnessed in the quest for better MIB, including
the development of cathode materials [11-18], electrolytes
[19-22], and anode materials [23, 24]. One major obstacle
that restricts the development of MIBs is the difficulty to find
a high voltage Mg cathode material with decent Mg inter-
calation kinetics originated from the strong polarizing nature
of divalent Mg ions. [6] This challenge is further exacerbated
due to the lack of non-nucleophilic, non-corrosive electro-
lytes with wide electrochemical window compatible with
cathode materials [22]. Our previous work demonstrated a
controlled interlayer expansion approach, which boosts Mg
diffusivity by two orders of magnitude and effectively
enabling the otherwise barely active MoS, to approach its
theoretical storage capacity [25]. However, due to the nature
of chalcogenides, the redox potential is lower than 2V vs.
Mg/Mg?* and needs to be further increased [26]. Thus, we
turned to vanadium pentoxide (V,0s), a well-known high
voltage cathode material in lithium-ion batteries [27,28] in
search for higher voltage Mg cathodes.

V,0s has attracted people’s attention as a potential
candidate for Mg cathodes in 1993 when P. Novak et al. first
demonstrated that the insertion kinetics and specific capacity
of Mg** could be drastically enhanced when 1M H,0 was
added into the Mg(ClO,4), acetonitrile electrolyte [29]. The
enhancement is due to the charge shielding effect of dipole
molecule (H,0) that transformed Mg?* into less polarizing
solvated ions (Figure 1a). To prevent undesirable water
reaction with the anode, the researchers further used inser-
tion hosts that already contain water in their crystal structure
[30]. However, rapid capacity fading occured due to water
ejection from the crystal structure of the host. Recently, E.S.
Takeuchi et al. reported the synthesis of hydrated magnesium
vandadium oxide (Mgg.1V,0s-1.8H,0) using a novel sol gel
method [31]. Similarly, crystal water molecules in the struc-
ture coordinate to Mg?* as the solvation shell to effectively
screen the divalent charge. Discharge capacity of 280 mAh
g~ " has been reported, however, cycling was only limited to
7 cycles. Therefore, substantial advances are required for the
development of cathode materials with higher capacity,
better cycling stability and excellent rate capability.

Here we report the synthesis of hydrated vanadium oxide
nanowire/graphene nanocomposites (VOG-1) prepared via a
facile reaction and subsequent freeze-drying process. The
nanowire/graphene nanocomposite features both rapid elec-
tron transport and Mg?* diffusion due to the small diameter of
nanowires, large surface area and excellent structure stability
(Figure 1b). The nanocomposites displayed outstanding elec-
trochemical performance: high capacity (~330mAhg™"),
high-rate cycling stability (80% capacity retention for 200
cycles) and broad working temperature range (—30°C to
55 °C). The excellent electrochemical performance provides
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Figure 1 (a) Shielding effect of Mg?* in the hydrated V,0s - nH,0.
The strong polarization of the divalent Mg?* could be significantly
reduced by solvating with crystal water molecules. (b) Schematic
illustration of the V,0s- nH,0@rGO nanocomposite with bi-contin-
uous electron/ion transport pathways, large area of electrode-
electrolyte interface, and facile strain relaxation during Mg?*
insertion/extraction.

new opportunities for developing cathode materials for prac-
tical Mg batteries.

Experimental section
Materials synthesis

For the synthesis of hydrated vanadium oxide nanowire/
graphene nanocomposites (VOG-1), the pre-prepared V,05
sol (20 mL, 0.05M) and rGO suspension (20 mL, ~0.5mg
mL~") were mixed in a 100 ml beaker and stirred at room
temperature for 1 h. Next, NH4H,PO, (3.0 mmol) was added
into the mixture and stirred at 80 °C for 6 h. After aging at
room temperature for 2 h, the hydrogels were washed by
water several times to remove remaining NH4H,PO,. Subse-
quently, the as-prepared hydrogels was frozen and freeze-
dried to partially remove H,0. Elemental analysis shows the
graphene accounts for 3.4% of total weight of VOG-1. In
comparison, VOG-2 sample was prepared by annealing VOG-
1 at 350 °C for 2 h in argon atmosphere. VOG-3 sample was
prepared by annealing VOG-1 at 350 °C for 2 h in air to
convert to crystalline V,0s. See the supporting information
for the synthesis details of rGO and V,0s sols.

Materials characterizations

The samples were characterized by XRD (Rigaku MiniFlex 600)
using Cu Ka radiation (41=1.5406 A), X-ray photoelectron
spectroscopy (XPS, VG MultiLab 2000), thermogravimetric
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analysis (TA instruments Q50), physisorption analysis (Micro-
meritics Tristar 1l 3020 plus) using N2, scanning electron
microscopy (SEM; Gemini LEO 1525), and transmission elec-
tron microscopy (TEM, JEM-2100F).

Electrochemical characterizations

The electrochemical performance was measured with
three-electrode cells assembled in an Ar-filled glove box.
The working electrode is made of a mixture of active
materials (60 wt%), acetylene black (30 wt%), and poly
(tetrafluoroethylene) (PTFE, 10 wt%) with a mass loading
of ~1 mg cm~2 on stainless steel meshes. Activated carbon
(AC) clothes (Fuel Cell Earth LLC) were used as both counter
electrode and quasi-reference electrode. A solution of 0.5 M
magnesium bis(trifluoromethane sulfonyl) imide (Mg(TFSI),)
in acetonitrile was used as the electrolyte. The potential of
AC cloth was measured to be 0.12V vs. ferrocene/ferroce-
nium, i.e. 2.4V vs. Mg/Mg?* [32]. The working electrodes

., *%3'
#*
HAH
V with negative charges

NH,H.PO,

Electrostatic \*
Interactions

were operated within —0.8 and 1.0V vs. AC, equivalent to
1.6 and 3.4V vs. Mg?*/Mg. Galvanostatic charge/discharge
cycling, cyclic voltammetry and electrochemical impedance
spectroscopy were measured using a potentiostat (Bio-Logic
VMP-3). The temperature dependent experiment was con-
ducted in an environmental chamber (Tenny TJR-A-WF4,
temperature range —73 to 200 °C).

Results and discussion

Figure 2a illustrates the fabrication process of VOG-1
nanocomposites. V,05 sol and rGO were prepared following
literatures separately [33, 34], both of which are negatively
charged. Then they were mixed under stirring while
NH4H,PO,4 was added to contribute positive charges. Gra-
phene and V,05 sols self-assembled due to the electrostatic
interactions. The vanadium oxides gel grew into continuous
vanadium oxide nanowires due to Ostwald ripening, which
subsequently integrated as hydrated vanadium oxide@rGO

-h

Intensity (a.u.)

60 70

2 Theta (degree)

Figure 2 (a) Schematic illustration of the fabrication process and proposed formation mechanism of the V,0s-1.42H,0@rGO
aerogel (VOG-1). (b) SEM image, (c) elemental mapping images, (d-e) TEM images of the VOG-1. (f) The XRD patterns of VOG-1, VOG-
2 and VOG-3. VOG-2 and VOG-3 were prepared by annealing VOG-1 at 350 °C in argon and air, respectively. The VOG-1 composite

displays a large interlayer spacing of ~11.3 A.
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nanocomposites via the freeze-drying process. The morphol-
ogy and structure of as-prepared VOG-1 were investigated
by SEM and TEM. As shown in Figure 2b, the highly
interconnected and porous three dimensional (3D) nano-
composites are built from numerous graphene nanosheets
and vanadium oxide nanowires (Figure S1-S2). The dia-
meters of vanadium oxide nanowires range from 10 nm to
20 nm. To confirm its composition, as-prepared VOG-1 was
studied by energy dispersive X-ray spectroscopy (EDX). As
shown in Figure 2¢, the V, O and C atoms are homogeneously
distributed in the composite. Furthermore, the TEM image
in Figure 2d shows that vanadium oxide nanowires uniformly
anchored onto graphene nanosheets. The TEM image
(Figure 2e) reveals a few graphene layers located near the
edge of the vanadium oxide nanowires.

The water content of the VOG-1 gel was measured by
TGA, showing a 12.3% weight loss due to the removal of
crystal water (Figure S3). The composition is thus deter-
mined as V,05-1.42H,0. The (001) peak in Figure 2f shows
the VOG-1 nanocomposite with large interlayer spacing
(~11.3 A), which is common for an aerogel [35]. To study
the effect of water content on Mg?* capacity, VOG-1 sample
was annealed at 350 °C for two hours in argon (VOG-2,
Figure 2f and S4a). The XRD patterns show broader peaks
with lower intensity, suggesting a decrease in crystallinity
after thermal treatment. It is noteworthy that even with
thermal treatment at 350 °C in argon, the V,0s lamellar
structure is still preserved because of remaining water
molecules involved in the formation of the polyoxovanadate
network [34]. In comparison, when VOG-1 sample was
treated at 350 °C in air for two hours (VOG-3, Figure S4b),
the aerogel converted to crystalline V,05 phase (Figure 2f).
The shift of diffraction peak to higher angle indicates a
gradual decrease of interlayer spacing due to the removal of
crystal water [35]. Nitrogen adsorption-desorption iso-
therms were further measured to characterize the porous

structure of the products. The Brurauer-Emmerr-Teller
(BET) surface area of VOG-1 is 28.5m2g~". The nitrogen
adsorption-desorption isotherm of VOG-1 (Figure S5a)
appears to be type IV curve with the H3 hysteresis loops
that can be linked to slit-shaped pores. The Barrett-Joyner-
Halenda (BJH) pore-size distribution curve (inset of Figure
S5a) displays the pore sizes in VOG-1 range from 2-4 nm to
20-40 nm. The Raman spectrum of the VOG-1 (Figure S5b)
displays two typical peaks of graphene with the D band at
around 1338cm ' and G band at around 1611 cm™" [36,
37]. Furthermore, XPS result shows that the V4*/V>* ratio
is 14.2% in VOG-1 (Figure S6). The small fraction of V4* is
due to the reduction between molten V,05 and cold water
during the preparation of the vanadium oxide sols.

The electrochemical performances of three samples (VOG
1-3) were investigated in a three-electrode tube cell using a
0.5 M Mg(TFSI), acetonitrile (CH3CN) electrolyte. Although
the Mg(TFSI),-CH5CN electrolyte does not enable reversible
Mg deposition/dissolution, it has been found compatible
with high voltage oxide cathodes [32]. Activated carbon
clothes were used as quasi-reference electrodes, which are
known to be stable in CH;CN-based electrolyte with poten-
tial calibrated as 2.4V vs. Mg?* /Mg [32]. Figure 3a shows
the cyclic voltammetry (CV) of VOG-1 composite electrode
between 1.6 and 3.4V vs. Mg/Mg?* at a scan rate of
0.1mVs~". It is clear that the CV curve of the first cycle
is quite different from the subsequent cycles, especially in
the anodic branch. The cathodic peaks do not change
substantially during cycling. But the intensity keeps increas-
ing, revealing higher capacity. Figure 3b displays the typical
galvanostatic discharge/charge curves of the three samples
at the current density of 100mAg~"' with no obvious
plateaus observed. Interestingly, VOG-1 exhibits the highest
reversible capacity ~280 mAhg~"' among three samples.
Figure 3c shows the cycling stability of at a current density
of 100 mA g~". The capacity of VOG-1 increased from 210 to
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Figure 3 (a) Cyclic voltammogram of VOG-1 electrode between 1.6 and 3.4V vs. Mg/Mg?* at a scan rate of 0.1 mVs~".

(b) Galvanostatic charge-discharge profiles and (c) cycling performance of VOG-1, VOG-2 and VOG-3 at 100 mA g~ for Mg storage.
(d) Cycling performance and (e) charge-discharge profiles of VOG-1 at 1.0 Ag~". The capacity retention is 81% for 200 cycles.
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Figure 4 (a) Rate performance and (b) charge-discharge profiles at various current density. (c) Discharge capacity at various
temperatures from —30 to 55 °C at 1.0 Ag~". (d) GITT curves, (e) GITT potential response curve with time. The experiment was carried
out at constant current pulse of 20 mA g~" for 10 min followed by a relaxation period of 30 min. (f) Diffusivity versus state of discharge.

280 mAh/g in the first three cycles, which is consistent with
the observed increasing peak area in CV curves (Figure 3a).
In addition to the highest capacity, VOG-1 also exhibits
excellent cycling stability (Figure 3d). After 200 charge/
discharge cycles at 1.0Ag™", the specific capacity still
retains 81% of the initial value. Remarkably, the coulombic
efficiency maintains higher than 99% during the entire
cycles. No obvious change in galvanostatic voltage profiles
during the long-term cycling (Figure 3e), demonstrating the
excellent structure stability of the nanocompsite.

Since VOG-1 shows the highest capacity and cycling stability,
we focus our efforts on investigating the rate capability and
temperature adaptability of VOG-1. The rate performance of
VOG-1 was measured at different current densities from
0.05Ag~"to2.0A g™ (Figure 4a and b). The VOG-1 cathode
exhibits a high capacity of ~320 mAhg~"'at 0.05 Ag~", which
to the best of our knowledge represents the highest Mg
intercalation capacity ever reported. Even when the current
density increases to 2 Ag ™", the specific capacity still remains
~100 mAh g~ . The effect of temperature on device perfor-
mance has also been studied (Figure 4c) in an environmental
chamber. When the temperature increases to 55 °C, a high
discharge capacity of ~200 mAh g~ is demonstrated, which is
much higher than the capacity of 120 mAhg~" obtained at
room temperature. Remarkably, the cell can deliver reversible
capacity of 40 mAh g~ at — 30 °C. When the temperature was
reset to 55°C after 80 cycles, the capacity immediately
increased back to ~170mAhg~". Such a broad range of
working temperature has never been reported for Mg batteries
previously. The reversible capacity decreases progressively
with decreasing temperature, which could be understood due
to slower diffusion of Mg?* at lower temperature.

To scrutinize the origin of high capacity and broad
temperature adaptability of VOG-1, the kinetics of Mg?*

solid-state diffusion were studied with galvanostatic inter-
mittent titration technique (GITT) [38]. The GITT method
determines ion diffusivity as a function of depth-of-
discharge hence can provide insight into the composition-
dependent electrode kinetics. As shown in Figure 4d, VOG-1
delivers a specific capacity as high as 330 mAhg~" in the
GITT measurement, corresponding to a discharge product of
Mg,V,05 (x=1.25). Moreover, the Mg?* diffusivity D°''T can
be obtained from the potential response to a small constant
current pulse (20 mA g~") via the following formula [39]:
e 4 (M)’ (452 )
nt \ MgS AE,

where 7 is the constant current pulse time, mg, Vy, S, and Mg
are the mass, molar volume, electrode-electrolyte interface
area, and molar mass of VOG-1, respectively. In Figure 4e, AEg
is the voltage difference during the open circuit period, and
AE, is the total change of cell voltage during a constant current
pulse excluding the IR drop. Figure 4f shows the average Mg
diffusivity of VOG-1 cathode over the entire intercalation
process ~3x 10~ "' cm?s~", which is about one order of
magnitude higher than that of Cheveral phase MogSg (2-
6x 10~ "?2cm?s™") [40] and peo,-MoS, (4.4x 10~ "2cm?s™")
[25]. We also noticed that the Mg diffusivity decreases from
9x107" to 1x 10~ "2cm? s~' when the Mg concentration
increases in the host due to the charge repulsion when Mg ions
get too close to each other. [40]

To address the question whether the origin of high Mg
diffusivity is due to the effect of crystal water or the effect of
increased interlayer spacing, we prepared four vanadium oxide
aerogel (VOA) samples with different content of crystal water
by thermally treatment at different temperatures. To focus on
crystal effect content effect, these samples were prepared
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(a) Thermogravimetric analysis of V,0s5-1.35H,0. (b) XRD patterns and (c) cycling performance of samples annealed at

different temperatures. (d) The effect of crystal water content on the capacity and interlayer spacing.

without using graphene. TG analysis of the as-made VOA
carried out in an argon atmosphere demonstrated the weight
loss profile (Figure 5a). As fabricated VOA sample shows the
weight loss of 11.78%, corresponding to a formula of
V505 - 1.35H,0. For samples annealed at 120 °C, 250 °C and
350 °C for 2 h in argon, their water content are V,0s- 1.13H,0,
V,05-0.84H,0 and V,0s-0.43H,0, respectively. Figure 5b
shows the (001) peak of hydrated V,0s slightly shifts to higher
angles with the decrease of crystal water content, indicating a
gradual decrease of the interlayer spacing. Figure 5¢c compares
the electrochemical performance of the four samples cycled at
the current density of 0.1 Ag~'. Again, the as-fabricated
sample shows the highest capacity with an obvious activation
stage. The longer activation stage (8 cycles) than that of VOG-1
(3 cycles in Figure 3b) is mainly due to the electrolyte wetting
of active materials and the less porous V,0s5 network when
graphene is not used (SEM shown in Figure S7). In other words,
the existence of graphene not only increases the conductivity
but also improves the dispersibility of the nanocomposite.
Going back to the question which effect determines the high
Mg capacity, Figure 5d shows that the capacity of V,0s- nH,0
increases from 60 to 210 mAh/g when n increases from 0.43 to
1.35. In comparison, the interlayer spacing only increases from
10 to 11 A. We thus conclude that crystal water plays an
important role in shielding the charge of Mg ions to reduce
diffusion barrier and increase Mg intercalation capacity. A
legitimate concern of water-containing cathode is the negative
effect of water to the stability of electrolyte. In this case,
since crystal water exists at the interstitial sites of the cathode
host, water molecules may not get out of the host easily. For

example, J. Goodenough et al. reported that vacuum-dried
Na;MnFe(CN)s - 0.3H,0 as a high capacity cathode with 75%
capacity retention after 500 cycles in Na-ion batteries [41].

Based on above discussions, the superior electrochemical
performance of VOG-1 is attributed to the synergetic advantages
of crystal water, graphene and fine nanowires as illustrated in
Figure 1b. First and foremost, the charge shielding effect from
the crystal water molecules between vanadium oxide layers
improves the insertion kinetics of Mg?* ion. The unique
nanocomposite architecture of VOG-1 mitigates water ejection
from the crystal structure. Second, the conductive graphene
decorated vanadium oxide nanowire aerogel offers rapid ion
diffusion pathways and efficient electron transport pathways.
Third, the porous structure of aerogel increases the interfacial
area between electrode and electrolyte, resulting in the
excellent rate capability. Finally, the porous aerogel reduces
the self-aggregation of active materials and accommodates the
volume variation during repeated Mg?* insertion/extraction,
leading to excellent structure stability and cycle life.

Conclusions

In conclusion, graphene decorated vanadium oxide nanowire
aerogels (VOG-1) were synthesized via combining facile
precipitation process and freeze-drying method. VOG-1 exhi-
bits so far the best reported Mg storage capacity, remarkable
rate capability, and cycling stability. Furthermore, the VOG-1
nanocomposite shows excellent temperature adaptability
(>200mAh g~ " at 55°C and >40 mAhg~" at —30 °C). The
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excellent electrochemical performance is attributed to the
nanocomposite architecture which provides bi-continuous
electron/ion pathways, rapid insertion kinetics of Mg?* ion
shielded with crystal water, large electrode-electrolyte inter-
face area and facile strain relaxation. Our work demonstrates
the promise of nanostructured electrode design to improve
the performance of Mg batteries.
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