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ABSTRACT: This letter reports on the investigation of a
binder-free cathode material to be used in rechargeable
aluminum batteries. This cathode is synthesized by directly
depositing V,0; on a Ni foam current collector. Rechargeable
aluminum coin cells fabricated using the as-synthesized binder-
free cathode delivered an initial discharge capacity of 239
mAh/g, which is much higher than that of batteries fabricated
using a cathode composed of V,05 nanowires and binder. An
obvious discharge voltage plateau appeared at 0.6 V in the
discharge curves of the Ni—V,O;s cathode, which is slightly
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higher than that of the V,0; nanowire cathodes with common binders. This improvement is attributed to reduced

electrochemical polarization.
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he lithium-ion battery is widely used in small electronic
devices, electric vehicles, and other applications. Because
it has the highest energy density among the commonly used
secondary batteries, the demand and proportion of the market
are likely to grow. Continued effort is necessary to develop
novel batteries with higher energy density, lower cost, and
improved safety to meet the increased demand. Key to
developing new secondary battery systems is multielectron
reactions involving more than one electron transfer, which may
lead to higher specific capacity and energy density.'~* Novel
multielectron transfer systems under development include
magnesium batteries®™” and aluminum batteries.*”"*
Aluminum is the most abundant metal in the earth’s crust
and has a high theoretical energy density due to a three-
electron transfer during the electrochemical charge/discharge
reaction. As a result, battery systems containing aluminum
electrodes have good promise for the future.”> However,
because the standard reduction potential of AI** is —1.68 V (vs
standard hydrogen electrode), reduction of the AP** in an
aqueous solutions may be problematic, for it may be
accompanied by a hydrogen evolution reaction.'® For that
reason, nonaqueous electrolytes are chosen to be used in
rechargeable aluminum batteries. Room-temperature ionic
liquids have been intensively investigated as electrolytes for
Li-ion batteries.'’ ™" Recently, researchers have obtained very
stable electrochemical behavior in tests of rechargeable
aluminum coin cells that use AICI; containing imidazolium-
based ionic liquids as electrolyte.*'°~"® This kind of ionic liquid
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possesses different degrees of Lewis acidity depending on the
AlICl;: imidazolium halide ratio, and anions change with the
ratio (Anions change as follows: CI~ — AICl,~ — ALCL™ —
Al,Cl,,~ with AICl; mole fraction increasing)

In a previous study,® researchers found that V,Oj can be used
as the cathode material for the rechargeable aluminum battery.
However, many problems remain. In most cases, V,05 powders
are mixed with conductive additive and polymer binder to form
pasted electrodes on current collectors for the electrodes
preparation. As a result, the actual capacity of the electrode is
lowered and the electrolyte accessibility to the active material is
affected because of the presence of the inactive components,
which further devalues the electrochemical performance. An
alternative to the use of pasted electrodes is the direct growth
of ordered nanostructures on a conducting substrate.
Researchers have found that electrodes synthesized by direct
growth of particles on a conducting substrate enable good
electrical contact and enhanced pathways for ion transport
kinetics, especially for a conductive substrate with three-
dimensional network.”"** Such electrodes are conducive to
the migration and diffusion of the electrolyte in the electrode,
and may reduce polarization and enhance the battery voltage.
In this paper, a binder-free V,0;5 cathode was synthesized by a
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Figure 1. (a) Preparation process and schematic illustration for the formation of binder-free Ni—V,O; (b) SEM image of Ni foam; and (c) SEM

image of binder-free Ni—V, 0.

one-step, facile, cost-effective in situ hydrothermal deposition
method. It eliminates the use of ancillary conducting material
and binder, thus makes the electrode fabrication process more
streamlined and greener. The cathode was tested in a
rechargeable aluminum cell with acidic AlCl,/[1-butyl-3-
methylimidazolium] (BMIM)CI ionic liquids as electrolyte.
The impact of binders (PVDF and PTFE) on cell performance
was also assessed.

To improve the electrochemical performance of the
aluminum battery and exclude the impact of possible side-
reactions between the ionic liquids and the binder, a binder-free
cathode material was designed and synthesized by directly
depositing cathode material on a conducting substrate. A
schematic diagram for the fabrication of the Ni—V,Oj cathode
composite is illustrated in Figure 1(a). This hydrothermal
synthesis is adopted from Jayaprakash et al.,* with the difference
that one piece of nickel foam substrate was added to the
polytetrafluoroethene-lined stainless steel reactor to synthesize
binder-free Ni—V,0; cathode. Also, for comparison purposes,
V,05 nanowire was synthesized by the Jayaprakash et al.
method.®

The as-synthesized Ni—V,0; material was used as the
cathode in tests with 2025 coin-type cells. These cells were
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assembled in an argon-filled glovebox (MBraun Labmaster130)
and had Al metal (99.9999% Al purity) as the counter and
reference electrodes, AICl;/[BMIM]CI (mole ratio 1.1:1) ionic
liquid as electrolyte, and a Whatman glass fiber (GF/C) as
separator. For comparison, also tested in coin cells was a V,O;
nanowire cathode with Super P carbon black and binder (mass
ratio, V,Og: Super P: binder=8:1:1),® in which Ni foam was
also used as the current collector. Polyvinylidene difluoride
(PVDF) and polytetrafluoroethylene (PTFE) were used as
binder, respectively. Galvanostatic electrochemical charge—
discharge cycling of the test cells was performed on a LAND
CT2001A battery test system at room temperature, under a
potential window of 2.5—0.02 V, and at charge—discharge
current density of 442 mA/g.

Schematic illustration for the formation of Ni—V,0; is
shown in Figure la. Ni foam first immerged in pervanadic acid
(HVO,) solution, and then in hydrothermal heating process,
HVO, decomposed to V,O5 which deposited on the surface of
Ni foam. Figure 1b, ¢ shows magnified SEM images of the Ni
foam and Ni—V,0Os, respectively. From the magnified SEM
image in Figure 1¢, it can be seen that V,0O; particles uniformly
covered the Ni foam surface, and the diameter of V,Oj particles
is about 500 nm. These uniformly distributed particles grown
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Figure 2. (a) XRD patterns for Ni—V,0; material, V,05 nanowires, and Ni substrate. Galvanostatic discharge profiles of cell using cathode with (b)
V,04 nanowires with PVDF binder, (c) V,O; nanowires with PTFE binder, and (d) binder-free Ni—V,Os.

on a three-dimensional netlike structure conductive substrate
may provide larger surface area and more ion adsorption sites,
compared to V,05 nanowire cathode which active material was
coated on collector, indicating that the composite material
should exhibit good electrochemical performance.

XRD patterns of the prepared cathode materials are shown in
Figure 2(a), along with the V,0; pattern from the JCPDS
(Joint Committee on Powder Diffraction Standards) database.
It can be seen that diffraction peaks for the fabricated vanadium
oxides can be indexed to V,05 with Pmmn space group (JCPDS
No. 85—0601). The patterns for the fabricated vanadium oxides
show three strong peaks of the Ni substrate and some weak
peaks of NiO. The NiO is generated from reaction of Ni with
H,0 and H,0, at elevated temperature, which first forms
Ni(OH),, and then decomposes to NiO when calcined. Since
Ni is chemically stable and has compact oxide film on the
surface, only a very small part of the Ni is reacted, and the
amount of NiO can be overlooked.

The voltage profiles for the initial five discharges of the cells
fabricated using Ni—V,0; material and V,0O4 nanowires as the
cathode are shown in Figures 2b—d. In the voltage range of
0.02—2.5 V, the as-assembled battery using Ni—V,0; as
cathode (Figure 2d) delivered an initial discharge capacity of
239 mAh/g, much higher than that of cells fabricated using
V,0; nanowire as cathode (Figure 2b, c). Though these cells
were charged to 2.5V, they polarized quickly in the discharge
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process, and it can be seen that the discharge voltage plateau is
relatively low. An obvious discharge voltage plateau could be
seen at 0.6 V in the galvanostatic discharge curves of the Ni—
V,0j5 cathode (Figure 2d), which is slightly higher than that of
the V,05 nanowire cathode. This improvement is attributed to
the properties of the binder-free cathode, which not only
enhanced the charge exchange between the V,05 active
material and the collector Ni foam, but also improved the
migration and diffusion of the electrolyte within the large-scale
three-dimensional network structure of the cathode, thus
reducing the electrochemical polarization.

It is noteworthy that the initial discharge capacity for the
V,0; nanowire cathode using PVDF binder (46 mAh/g) is
much lower than that using PTFE binder (86.5 mAh/g). This
result shows that different binders can have an impact on cell
performance. To explore further, we investigated the
compatibility between the ionic liquid electrolyte, AICl;/
[BMIM]C], and the PVDF and PTFE binders.

White PVDF and PTFE powders were directly added to
weighing bottles containing prepared acidic chloroaluminate
jonic liquid (AICL/[BMIM]CI = 1.1:1) (2 mL, 10 mg/mL)
and allowed to stand for 1 h. As shown in Figure 3, the ionic
liquid darkened rapidly when PVDF was added, but no reaction
was evident when PTFE was added, indicating that PTFE is
insoluble in the ionic liquid. These results reveal the reason for
the lower discharge capacity in the cell with PVDF binder.
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Figure 3. Comparison of weighing bottles with neutral (upper row)
and acidic (lower row) AICly/[BMIM]CI ionic liquids to which were
added PVDF and PTFE.

Because this binder is incompatible with acidic AlCl,/[BMIM]
Cl liquid, active material peeled off the cathode and lessened
the discharge capacity. By contrast, neither the PVDF nor
PTFE binder had any apparent reactive effect on neutral ionic
liquid (AICl;/[BMIM]CI = 1:1), as also shown in Figure 3. On
the basis of these results, we concluded that [BMIM]* and
AICl,™ have no effect on the reaction that occurred between the
acidic ionic liquid and PVDF binder, but the AL,Cl,” in this
ionic liquid did react with the PVDF. We further inferred that
PVDF binder is incompatible with all kinds of acidic
chloroaluminate ionic liquids, whereas PTFE binder is more
suitable for batteries that use such electrolyte.

Jayaprakash et al.® and Wang et al.'' have proposed that Al
ions are inserted into and extracted from vanadium oxides by a
simple three-electron transfer reaction. However, Reed et al.'?
believe that the V,0; in aluminum batteries exhibits no
electrochemical activity toward aluminum, and the batterylike
performance can be attributed to reactions with the iron and
chromium in the stainless steel current collector used in
cathode. However, according to our work, aluminum batteries
fabricated using Ni foam as the cathode show no electro-
chemical activity (Figure 4). Hence, we believe the vanadium
oxides alone participate in the redox reaction.

A schematic diagram of the reaction sequence for an
aluminum battery with V,05 cathode on discharge and charge
is shown in Scheme 1. In the discharge process

anode: Al — 3¢~ — AP* (1)

cathode: AP* + V,05 + 3™ — AIV,0; ()
In the charge process:

anode: 4Al,Cl, +3e” — Al + 7AICI,~ (3)

cathode: AIV,0; — 3e™ — V,O, + AP (4)
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Figure 4. Galvanostatic discharge profiles of aluminum cell using Ni
foam (calcination at S00 °C for 4 h in air) as cathode.

Scheme 1. Schematic Diagram of Reaction Sequence in
Aluminum Battery during Charge/Discharge
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However, it is mainly aluminum anions (AICl,” and AlL,Cl,")
that shuttle back and forth between the cathode and anode in
the electrolyte in the discharge/charge process, while AP*
undergoes ion exchange at the interface between the electrolyte
and electrode. Because the aluminum ions in the electrolyte
mostly exist in the form of anions (AICl,~ and AL,CL,”), and
A" generated in formula 1 and 4 tends to form complex
anions: AI**+7AICl,” — 4ALCl,", only a very small amount
AP* dissociate from these complex anions and exist in
electrolyte. Thus, serious concentration polarization probably
occurred at the electrolyte/electrode interface, leading to
relatively low discharge voltage.

In an effort to improve the electrochemical performance of
the aluminum battery, we investigated a binder-free cathode
material, which was synthesized by in situ hydrothermal
deposition of V,O5 on Ni foam. The direct growth of V,04
particles on the Ni foam enabled good electrical contact and
enhanced pathways for Al ion transport without the need for
binder. Rechargeable aluminum coin cells fabricated using the
as-synthesized Ni—V,0 as cathode delivered an initial
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discharge capacity of 239 mAh/g and a relatively high voltage
plateau at 0.6 V. Both these values are improvements over cells
with the common binders PVDF and PTFE. We also
investigated the compatibility between the binders PVDF and
PTFE and the AIClL;/[BMIM]CI ionic liquids used as the
electrolyte. The PVDF binder was found to be incompatible
with acidic chloroaluminate ionic liquids, whereas the PTFE
binder was more suitable.
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