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Due to their small footprint and flexible siting, rechargeable batteries are attractive for energy storage
systems. A super-valent battery based on aluminium ion intercalation and deintercalation is proposed in
this work with VO, as cathode and high-purity Al foil as anode. First-principles calculations are also
employed to theoretically investigate the crystal structure change and the insertion-extraction mechanism
of Alions in the super-valent battery. Long cycle life, low cost and good capacity are achieved in this battery
system. At the current density of 50 mAg™", the discharge capacity remains 116 mAhg™" after 100 cycles.
Comparing to monovalent Li-ion battery, the super-valent battery has the potential to deliver more charges
and gain higher specific capacity.

enewable energy sources such as solar and wind have been widely used to generate electricity for green

energy systems. These systems show huge potential for meeting the future energy demands'~. However, the

electricity generated from these renewable sources are intermittent, and efficient electrical energy storage
(EES) devices are needed for effective delivery of uninterrupted electricity (power storage back up) and load
leveling as well as grid energy storage™®.

Nowadays, due to their outstanding energy and power density, Li-ion batteries have become a mainstay for
EES®. However, the concerns regarding the high cost and the limited lithium reserves in the earth’s crust have
driven the researchers to search more sustainable alternative energy storage solutions'*". Sodium-ion and
magnesium-ion batteries, as new energy storage systems in portable devices, have attracted much attention of
the investigators'®". Most recently, aluminium-ion battery with multivalent metal ions transmitting internally
has been studied preliminarily****. Owing to its low cost, easy operation and high security, the aluminium-ion
battery has exhibited excellent prospects. However, the capacity and the cycle life are not satisfying at present.
Some multivalent metal elements, such as aluminium and titanium, are abundant metallic elements in the earth’s
crust with low price. Most important of all, comparing to Li-ion and Na-ion batteries with only one charge
transferred in one redox couple, batteries with multivalent metal ions running between anodes and cathodes can
transfer more charges in one redox couple, indicating a promising energy storage device for large capacity.
Herein, we define this kind of battery as super-valent battery.

Owing to its proper electrode potential and tunnel structure, VO, (B) with metastable monoclinic structure is
generally used as a cathode material in Li-ion batteries. Li ions can freely insert and extract in these tunnels in
reversible Li-ion batteries** . In this work, VO, nanorods have been synthesized through a low temperature
hydrothermal method. The super-valent battery based on aluminium ion intercalation and deintercalation has
been assembled. The battery exhibits excellent reversibility, and long cycle life and high capacities have been
acquired.

Results

Charge/discharge principle of the super-valent battery. The schematic representation of the super-valent
battery based on aluminium ion during charge/discharge process is presented in Figure 1. In this example, Al
foil serves as anode material and VO, pasted on stainless steel serves as cathode material.
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Figure 1| Charge/discharge process. Schematic representation of the
super-valent battery during charge/discharge process.

In the discharge process:

Anode :  xAl—3xe” »>xAP" (1)
Cathode: VO, +xAPt +3xe” AL VO, (2)
In the charge process:
Anode : xAP’T 43xe” —»xAl (3)
Cathode: ALVO,+xAI’T —3xe™ -VO, (4)

Similar to “rocking-chair” Li-ion batteries, Al ions shuttle back and
forth between the electrolyte and electrodes in this super-valent bat-
tery. When one Al ion moves from anode to cathode, three charges
will transfer in the external circuits as compensation. Therefore, large
capacity will be acquired in super-valent batteries, which ensures
large-scale applications.

Computational simulations. In order to illustrate the insertion-
extraction mechanism of Al ions in the VO, electrode, the first-
principles plane-wave pseudopotential method”” implemented in
the CASTEP package® were employed to calculate the formation
energy and unit cell volume change for Al-ion insertion. The
parameters were set according to a modified method reported by
Jiao’s group®.

Generalized gradient approximation with norm-conserving pseu-
dopotentials® was used with the plane-wave cut-off of 300 eV. In
order to study Al insertion and extraction, it is necessary to consider a
larger cell than the basic unit. Thus we construct a supercell of four
primitive (2 X 2 X 1) cells consisting of 16 VO, molecules.
Brillouine-zone integrations are made using (2 X 2 X 4) special-k-
point meshes according to the Monkhorst-Pack scheme®. For each
geometry optimization both atomic positions and lattice parameters
are fully relaxed using the quasi-Newton method*”. The convergence
thresholds between optimization cycles for energy change, max-
imum force, maximum stress, and maximum displacement are set
as2 X 107° eV/atom, 0.05 eV/A, 0.1 GPa, and 0.002 A, respectively.
The optimization terminates when all of these criteria are satisfied.
The choice of these computational parameters ensures good conver-
gence in present studies.

As shown in Figure 2a, there are four channels (V,Og) in our VO,
structure. As Al ions are successively incorporated into one of the
VO, channel (V,Og), the structure of the other three channels is
slightly influenced. Herein, only one channel is taken into account
to study the insertion of Al ions in this experiment. The formation
energy is defined as:

E¢ (Al) =Eiot [XA] + (V408)(V12024)] / 16

5
—Etot[(V4Og)(V12024)]/16—X'Et0t(Al)/16 ( )
Here Ei[xAl + (V404)(V1,0,24)] is the total energy of the
[(V404)(V120,4)] containing x Al atoms, E [(V40s)(V120,4)] is
the total energy of the [(V403)(V;,0,4)] without any Al atom, and
Eot(Al) is the total energy of a Al atom in the reservoir (i.e., bulk Al).

The crystal structure of VO, is shown in Figure 2a, and the gray
and red balls correspond to V and O atoms, respectively. The struc-
ture consists of sheets of edge sharing VOg4 octahedra linked by
corner sharing to adjacent sheets along the c-direction of the unit
cell®.

Figure 2a to Figure 2e exhibit the relaxed atomic structures with
different numbers of Al atoms in [(V403)(V,0,4)]. The structure of
VO, (B) is built-up distorted VOg4 octahedra, sharing both corners
and edges and forming the V-O tunnels. The Al atoms occupy the
intervals of the V-O tunnels. The formation energy calculated by
first-principles simulations with respect to the number of Al ions
ina [Al((V405)](V1,0,4) is shown in Figure 2g. The more negative of
the formation energy, the more stable are the Al ions located in the
lattice. All formation energies are negative, demonstrating that these
reactions can happen in theory.

As the number of Al atoms increases from 0 to 2, the changes of
crystal structure are negligible and the VO octahedra can be main-
tained. However, when it comes to Al;(V4Og) and Aly(V4Og), the
VOg octahedra distorts badly. In this case, the bond length of V-O is
ca.3.6 Aand 3.7 A, respectively, and actually the chemical bonds are
deemed to be broken when the bond length is more than 3 A. This
can also be concluded from Figure 2h and Table 1. When 3 Al ions
occupy the VO, channel (V,4Og), the cell volume is enlarged about
16% compared to the initial cell. The longitudinal expansion of the
V-0 tunnel along the b and c axis is obvious while the a axis shrinks.
The decrease of the a axes is mainly owing to the increased ionic
bonding interactions between Al ions and [VO,] " as more Al ions
insert into [(V403)(V120,4)]. Another possible reason is that the Al
ion screening effect is strengthened upon Al addition, leading to the
decrease in the a axes™. When Al3(V,4Os) is formed, the length of the
b and c axis suddenly increases to 10.73 A and 5.75 A, respectively,
resulting in the breaking of the V-O chemical bonds.

Another situation of the insertion of Al atoms in V503, might be
that, in the discharge process V atoms could be substituted by Al
atoms. As shown in Figure 2f, one Al atom occupies the V atom site,
forming AlV,503,. But the formation energy calculated by first-prin-
ciples simulations is positive, that is:

AE/E,=2.65 eV >0 (6)
Therefore, this reaction cannot happen.

Characterization of the as-synthesized VO,. Figure 3a shows the X-
ray diffraction pattern of the as-prepared powder along with
standard pattern for VO, (JCPDS No. 81-2392)*. All diffraction
peaks of the as-prepared powder can be indexed to the monoclinic
crystal structure of VO, (B) phase. The intensity and board width of
the XRD peaks are a bit weak, which is primarily due to the tiny size
of the phase, resulting in the smearing of the measured signal
strength®. The morphology and microstructure are gained by
TEM and FESEM images displayed in Figure 3b and 3c. The as-
prepared material has a rod-like morphology with sizes around
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Figure 2 | First-principles calculations. (a—e) The atomic structures with 0, 1, 2, 3, 4 Alatoms in [(V40g)(V1,0,4)]. (f) The atomic structure of AIV,503,.
The purple, red, and gray balls correspond to Al, O, and V atoms, respectively. (g) The relationship between the formation energy and the number of Al
atoms in [Al(V405)](V1,0,4). The blue curve is the exponential fitting for the calculated results. (h) Volume with respect to the number of Al

atoms in [AIX(V408)] (V12024).

60-100 nm in width and about 1 um in length. These nanorods tend
to assemble to form bundles in the same direction. Figure 3c shows
the FESEM image of the as-prepared VO,, from which it can be seen
that a mass of rod-like VO, forms flower-like clusters.

Table 1 | The lattice parameters of [AlL(V.4Og)](V12024) as a func-
tion of the Al content upon cycling

Chemical formula alA)  blA) A o B v
V16032 11.41 9.25 555 90.02 122.30 90.00
[AIVAOg)] V12054) 1116 974 550 88.68 120.72 90.08
[Alx(V4Og)] (V12024) 11.15 9.42 5.64 89.97 120.59 90.26
[Al3(V4Og)] (V12054 10.80 1073 575 79.03 117.50 89.55
[Al4(V4Og)] (V12024) 10.72 11.66 5.93 82.28 115.83 89.40

Specific surface area. The BET specific surface area is investigated by
nitrogen adsorption-desorption isotherms, as is shown in Figure 4.
The nitrogen-sorption measurements show a typical type IV
isotherm, which implied the existence of mesopores. The BET
specific surface area is as high as 37.3 m°g™". The large surface area
provides short diffusion lengths and the transport of Al ions and

electrons in VO, is much easier.

Electrochemical performance. The cyclic voltammetry curves of the
super-valent battery in the voltage window 0.01-0.9 V for the initial
three cycles is shown in Figure 5a and a pair of redox peaks were
observed clearly. The anodic and cathodic peaks were at 0.76 V and
0.47 V, respectively. The CV curves of the three cycles remained
almost unchanged, demonstrating that the electrochemical reac-
tion was stable and highly reversible.
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Figure 3 | Structure and morphology. (a) XRD patterns of VO, sample.
TEM (b) and FESEM (c) images of VO, sample.

Figure 5b represents the initial three charge/discharge curves of
VO, in an as-prepared cell at the current density of 50 mAg™". The
cut-off voltage was set in the range of 0.01-0.9 V. Before the regular
galvanostatic charge/discharge tests, the cells were cycled at a rela-
tively low current density for over 10 h to fulfill the activation pro-
cess. In the initial cycle, the as-prepared cell delivered a discharge
capacity of 165 mAhg™'. This might be explained by the following
reaction:

350 T T T T

—— Absorbed
—@—— Desorbed

300

250 |-

200 |- -

150 | .

BET surface area: 37.3m?g!

Volume Adsorption (cc/g STP)

0 0.2 0.4 0.6

Relative Pressure(PlPo)

Figure 4 | Specific surface area. N, adsorption/desorption isotherm of as-
synthesized VO, sample.

VO, +xAl = AL VO, (x=0.17) (7)

For all charge/discharge profiles, obvious charge and discharge volt-
age plateaus could be seen around 0.7 V and 0.5 V, respectively,
which fitted well with the CV curves. The capacity loss of the initial
three cycles was little, demonstrating a highly reversible reaction.

Cycling performances of VO, nanorods under different current
densities are displayed in Figure 5c. At the current density of
50 mAg™', the discharge capacity remained 116 mAhg™" after 100
cycles. When it came to very high current densities of 100 mAg™
and 200 mAg™', the corresponding capacities could still retain 106
and 70 mAhg™', respectively. We could conclude that, in this voltage
range, the crystalline structure of the as-prepared powder could
shuttle Al ions back and forth and remained stable. It is worth men-
tioning that if two Al ions could insert into V,Og (Figure 2c), the
theoretical capacity could reach to as high as 485 mAhg™". There-
fore, there is still a great space for improvement of capacity.

XPS spectrum. XPS measurement is carried out to analyze the valent
state of vanadium after a discharge process, as is shown in Figure 6.
After discharging at alow current density of 20 mAg™', both V** and
V** appear, which agrees with reaction (7).

Discussion
A super-valent battery based on aluminium ion intercalation and
deintercalation has been proposed and its electrochemical perform-
ance has been demonstrated. The cell can provide a discharge capa-
city of 165 mAhg™" in the initial cycle and retain 116 mAhg™" after
100 cycles. High current density capabilities and long-term perform-
ance have been achieved in this work. All results represent a new
strategy for the development of inexpensive and stable energy stor-
age. Some new battery systems such as aqueous rechargeable lithium
batteries have been reported recently®® and their energy densities
range from 40-90 Whkg™'. Comparing with these battery systems,
the energy density of this system is a bit low (48 Whkg™' at
50 mAg™'), but it is worth trying. The researches about the super-
valent battery will continue for its low cost and bright prospect.
Due to the variable valence and relative stability at different valence
state of transition metal, the transition metal oxides and transition
metal salts should be given priority attention to develop new kind of
cathode materials. In order to let AI** ions shuttle back and forth in
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Figure 5 | Electrochemical performance. (a) Cyclic voltammetry curves of
VO, at the scan rate of 0.1 mVs™" in the voltage range of 0.01-0.9 V. (b)

The initial three charge/discharge curves at the current density of 50 mAg™".
(c) Cycling performances under different current densities over 100 cycles.

the electrode materials in this super-valent battery, materials with
large channel or layered structure should also be the our first priority.

It is the first time that super-valent battery based on aluminium
ion could maintain a capacity at this level for 100 cycles. Although the

Intensity
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Figure 6 | XPS spectra. XPS V 2p spectra of as-prepared VO, after a
discharge process.

voltage plateau was a bit low and the capacity was not that high, the
attempt to develop super-valent battery was worth pondering. More
researches need to be done in the future to further analyze the storage
mechanism of metal ions and commercialize the super-valent bat-
teries, including the exploration of cathode materials with higher cell
voltages and specific capacities, electrolyte optimization and seeking
other multivalent metal ions for super-valent batteries.

Methods

Synthesis. In a typical preparing process, 0.7275 g (4 mmol) V,05 and 1.5128 g
(12 mmol) H,C,0,*2H,0 were dissolved in a 20 mL of deionized water under
continuously stirring at 80°C for 1 h and a blue clear solution was formed. And then
the solution was cooled down to room temperature. NH;*H,O solution (28 wt%
NHj;) was applied as pH adjustment agent in this experiments, and it was dropped
into the blue solution until the pH value was adjusted to 9.0. The newly formed
suspension was washed by deionized water and alcohol for several times and dried at
80°C overnight. The as-prepared powder was grinded in an agate mortar for 30
minutes and then 0.1 g was dissolved into a 20 mL of 0.1 g/mL PEG-600 solution
under continuously stirring for 1 h. Then the solution was transferred into a 25 mL
Teflon-lined autoclave with stainless steel shell for hydrothermal reaction at 200°C
for 24 h. The precipitate was collected with distilled water and alcohol by a centrifuger
and then dried in an oven at 120°C for 12 h.

Characterization. The crystal structure of the samples was determined by an X-ray
diffractmeter (XRD, Rigaku, D/max-RB). The morphology was characterized by
transmission electron microscopy (TEM, JEOL, JEM-2010) and field emission
scanning electron microscope (FESEM, JEOL, JSM-6701F). The surface area
measurements were performed according to the Brunauer-Emmett-Teller (BET)
method.

Cell Fabrication and electrochemical measurements. Electrochemical
measurements were performed with 2032 coin cells with high-purity Al foil as
counter and reference electrodes. The working electrode was prepared by mixing
active materials, acetylene black and teflon (poly(tetrafluoroethylene), PTFE) binder
at a weight ratio of 75:15:10. The resultant slurry was then coated uniformly on
stainless steel and dried at 120°C for 12 h. The electrolyte was prepared by mixing
AICl; and 1-butyl-3-methylimidazolium chloride together with 1:1 molar ratio to
form the ionic liquid. Approximately 0.5 wt% benzyl sulfoxide (C,4H;40S) to the
above-mentioned electrolyte was used as corrosion inhibitor. A glass fiber (GF/D)
from Whatman was used as the separator. The coin cells were assembled in an argon-
filled glove box and galvanostatically cycled at different current densities in the
voltage range of 0.01-0.9 V using NEWARE battery testing system. The specific
capacity and current density were calculated based on the mass of active material.
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