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Abstract: In this study, we analyze and compare the physical and electrochemical properties
of an all solid-state cell utilizing LiBH, as the electrolyte and aluminum as the active anode
material. The system was characterized by galvanostatic lithiation/delithiation, cyclic voltammetry
(CV), X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDS), Raman spectroscopy,
electrochemical impedance spectroscopy (EIS), and scanning electron microscopy (SEM).
Constant current cycling demonstrated that the aluminum anode can be reversibly lithiated over
multiple cycles utilizing a solid-state electrolyte. An initial capacity of 895 mAh/g was observed and
is close to the theoretical capacity of aluminum. Cyclic voltammetry of the cell was consistent with
the constant current cycling data and showed that the reversible lithiation/delithiation of aluminum
occurs at 0.32 V and 0.38 V (vs. Li* /Li) respectively. XRD of the aluminum anode in the initial and
lithiated state clearly showed the formation of a LiAl (1:1) alloy. SEM-EDS was utilized to examine
the morphological changes that occur within the electrode during cycling. This work is the first
example of reversible lithiation of aluminum in a solid-state cell and further emphasizes the robust
nature of the LiBH, electrolyte. This demonstrates the possibility of utilizing other high capacity
anode materials with a LiBHy4 based solid electrolyte in all-solid-state batteries.
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1. Introduction

Global reliance on the need for portable power has led to the ubiquitous deployment of lithium ion
batteries (LIB), prompting manufacturers to push the limits of current technologies through new cell
design and packaging approaches. The recent fires and explosions of lithium ion batteries in consumer
electronics and vehicles has served as a driving force for the investigation of solid state electrolytes in
LIB. Solid electrolytes have the potential to serve as non-flammable alternatives to liquid electrolytes
and allow for the use of metallic lithium as the anode and utilization of high capacity /voltage cathodes.
Utilizing these high capacity materials as anodes and cathodes, in conjunction with a solid-state
electrolyte in the next generation of LIB, will facilitate a significant increase in energy density, safety,
and operation time.

Over the years, a number of solid state ionic conductors have been investigated such as
lithium phosphorus oxynitride (LiPON) [1], LiyLa3Zr,O;, (LLZO) [2], and lithium thiophosphates
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(LPS) [3]. Recent interest in utilizing LiBH, as a solid-state electrolyte was established through
the work of Orimo [4], who demonstrated that the ionic conductivity of lithium can be greater
than 1 mS/cm at temperatures above the orthorhombic to hexagonal phase transition that occurs
at 380 K [5]. This work has been expanded to achieve high conductivity in LiBH4 based solid
electrolytes through the addition of Li halide salts [6-8], nanoconfinement [9-12], nanoionic
destabilization [13,14], ion substitution [15-21], and eutectic formation [22].

It has also been demonstrated that LiBH; can be utilized as a solid-state electrolyte in
a Li/LiBH4/LiCoO; configuration [23]. This work utilized a PLD thin film of LiCoO; that was coated
with a LizPOy protecting layer to mitigate a chemical reaction from occurring at the LiBH, /Li;_yCoO,
interface. Since this work, researchers have also expanded the utilization of a LiBH, electrolyte with
high capacity electrode materials including sulfur [24-26], silicon [14], TiS; [27,28] and MgH, /TiH, [26].
Aluminum anodes have previously been investigated as a potential high capacity anode in lithium
ion cells due to its low cost, low lithiation/delithiation potential (0.32 V and 0.38 V respectively),
high electrical conductivity, and high theoretical capacity (993 mAh/g) in traditional liquid based
electrolytes [29]. However, to the best of our knowledge, no one has demonstrated the reversible
lithiation of aluminum in the solid state or with a LiBH4 electrolyte.

An aluminum composite was chosen as the anode for the cell, because aluminum anodes have
much higher theoretical capacities than conventional carbon-anodes (372 mAh/g) [30]. Carbon does
have a lower plateau potential of lithiation (<0.09 V vs. Li*/Li) [30] than aluminum (~0.3 V vs.
Li*/ Li) [31]. However, this low plateau potential of the carbon anode could be problematic because
it can facilitate lithium plating and subsequent dendrite growth on the electrode surface leading to
shorting and cell failure. The most commonly studied metal oxide based anode that is also used in
commercial lithium ion batteries is lithium titanate (LTO). The main problem with LTO is that it has
a much lower capacity (~170 mAh/g) [32] than graphite. However, its plateau potential is much higher
(~1.5 V vs. Li*/Li) [32] and would eliminate the possibility of lithium plating and dendrite formation.
Although LTO can be paired with a high voltage cathode (>4.8 V), its operating voltage in a full cell
is typically less than 2.4 V [32]. The aluminum anode would have a much higher operating voltage
(>3.5 V) [29] in a full cell set-up than LTO when coupled with a high voltage cathode. The novel
electrochemical properties of an aluminum anode make it a unique anode candidate in the solid-state.

The increased energy demand from batteries has led to the investigation of novel high capacity
anode/cathode materials as well as solid state electrolytes. This paper address two of the three research
needs for the next generation of lithium ion batteries through the investigation of the solid-state
electrolyte LiBH, paired with a high capacity anode candidate, aluminum. The goal of the work is
to further expand this field to include new high capacity anodes that can be paired and successfully
cycled with LiBH, or other composite metal hydride based solid state electrolytes.

2. Results and Discussion

Aluminum has a native oxide layer (~4 nm thick) on the surface of the material which must be
traversed in order to achieve reversible lithiation/delithiation. Others have investigated the use of
thermal evaporation to produce thin films [29], nanopillar aluminum arrays [33,34], or various particle
sizes [35]. To avoid this native oxide layer and provide a high surface area aluminum to interact with
Li*, we utilized decomposed alane (AlHj3) as the source of aluminum [36,37]. To obtain the aluminum
used for this work, a sample of alane was dehydrogenated under inert conditions to produce high
surface area aluminum nanoparticles that are free of the native oxide layer on the surface (Figure 1).
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Figure 1. SEM of the aluminum obtained from the dehydrogenation of alane and utilized to prepare
the composite anode material.

To determine if aluminum can be lithiated in the solid state, a composite electrode was prepared
with aluminum as the active material (Al), LiBH, to facilitate Li* ion transport through the composite,
carbon black (CB) to provide electrical conductivity, and polyvinylidene fluoride (PVDF) as a binder.
The composite anode was pressed into a nickel foam (~2—4 mg) and then pelletized with LiBH,
(~90 mg). Li foil was then attached to the opposite side and the pellet was sandwiched between two
nickel disks and compressed with a spring inside of a 1/2 in. Swagelok union with two electrode
posts (Figure 2). To enhance the ionic conductivity of LiBHy and allow for the even distribution of
the solid electrolyte throughout the aluminum composite anode, it was Spex milled as previously
described [38,39].

The cycling of the aluminum composite anode in the solid state with LiBH, as the solid-state
electrolyte (Figure 3) is consistent with our previous study of aluminum (derived from AlHj3) based
anodes in a liquid electrolyte (1.0 M LiPFq in EC/DMC) [40]. During the first cycle, a capacity of
895 mAh/g is achieved which is close to the theoretical capacity of a (1:1) LiAl alloy (993 mAh/g).

spring
Ni disk
LiBH,
pellet
Al composite anode
(Al:CB:LiBH,:PVDF)
Nifoam
Ni disk

Figure 2. (Top) Schematic of the pellet inserted inside of the (bottom) Swagelok cell utilized for the
electrochemical characterization.
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Figure 3. Lithiation/delithiation cycles of the Li/LiBH, /Al composite cell. Cycling was performed at
0.1 C between 0.13 and 2.8 V (vs. Li* /Li) at 135 °C. Cycle number: Black—1st, Red—2nd, Blue—5th,
and Green—10th.

Subsequent cycling of the material results in a loss in capacity. This behavior is common to
aluminum based anode materials and is likely attributed to the low lithium diffusion coefficient in LiAl
which is 6 x 10712 cm~2.s~! at 298 K [29]. This is likely the primary cause of low reversibility in the
system due to the lithium being trapped within the LiAl alloy formed during the 1st and subsequent
lithiation cycles. This same type of behavior has also been observed in the solution state and is due to
lithium entrapment during the LiAl alloy formation [41]. In the same study, authors also report a phase
transformation from «-LiAl to 3-LiAl which occurs via a solid solution mediated crystallization to form
the 3-LiAl phase when an Al foil anode is utilized. Additional cycling studies were also performed to
understand how the cycling rate effects the capacity retention (Figure 4). Cycling rates of 0.1 C, 0.5 C,
and 1.0 C, based on the amount of aluminum within the anode, were also evaluated for the system.
This indicates that the LiBH4 can potentially support high charge/discharge rates.
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Figure 4. Effect of cycling rate on the first cycle capacity of the Li/LiBH4 /Al composite cell at 135 °C.
Inset shows the capacity as a function of cycling rate over the first 10 cycles. Black—0.1 C, Red—0.5C,
and Blue—1.0 C.

CV was performed on the Li/LiBH4 /Al composite cell at 135 °C from 2.8 V to 0.13 V vs. Li*/Li
(Figure 5). The CV was consistent with the galvanostatic charging/discharging experiments over the
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potential window. The CV clearly shows the onset of lithiation at 0.32 V while the delithiation onset
occurs at 0.38 V. With each subsequent cycle, the area of the oxidation and reduction peaks in the CV
gradually decreases as observed in the cycling experiments.

To understand how the morphology of the Al composite electrode changed with cycling,
SEM analysis was performed (Figure 6). SEM clearly showed the presence of spherical shaped
particles (2040 pm in diameter) and a relatively smooth surface of the electrode in the as prepared
state. However, after the lithiation cycle of the aluminum, these spherical particles are no longer
present. Additionally, the surface increases in roughness and the formation of voids within the
electrode are clearly present. The formation of a rough surface and the creation of voids within the
electrode could be due to the lattice expansion that occurs during the lithiation of aluminum to form
the LiAl alloy. Going from metallic aluminum to the LiAl alloy results in a 97% expansion in the
lattice [42]. However, this is significantly less than the lattice expansion during the lithiation of Si to
Lip;Sis and Sn to LiypSns which are 323% and 300% [43] respectively. The expansion of these 3 alloys are
all significantly more than the graphite electrode currently utilized in commercial LIB, which expands
only 9% upon lithiation [44].

Next, SEM-EDS was utilized to ascertain the identity of the spherical particles and obtain chemical
information about the surface. Figure 7 shows the elemental distribution of B, Al, F, O, and C on the
surface of the aluminum composite anode in the initial state. By looking at the boron distribution
it is more concentrated around the spherical particles indicating that they are composed of LiBHjy.
The aluminum particles are also clearly distinguishable. The distribution mapping of carbon from the
CB and PVDF and the fluorine from PVDF are nearly identical. Oxygen is also present in the sample
but it has a very low concentration where the aluminum particles are present and is consistent with
our hypothesis that the aluminum is relatively free of an oxide layer.

SEM-EDS was then taken of the aluminum composite electrode after the first lithiation (Figure 8).
The distribution of boron throughout the electrode is significantly affected by this process because it
is now randomly distributed through the sample and not concentrated in a certain location/particle.
This is also consistent with the disappearance of the spherical shapes that were identified as LiBHy in
Figure 7. This unique morphological change has not been previously reported for a solid-state cell
utilizing pure LiBH} as a solid electrolyte. This was unexpected because LiBH, does not melt until
>275 °C. However, the operation temperature of the cell is above the orthorhombic to hexagonal phase
transition that occurs at temperatures >115 °C, and could be responsible for the change in morphology.
Further investigation of this morphological change and its possible impact on electrochemical systems
is needed.
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Figure 5. Cyclic voltammogram of the Li/LiBH4/ Al composite cell at 135 °C. Cycle number: Black—1st,
Red—2nd, Blue—>5th, and Green—10th.
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Figure 6. (Top, left and right) Wide field view and zoomed in view of the Al composite anode side of
the pellet in the initial state. (Bottom, left and right) Wide field view and zoomed in view of the Al
composite anode side of the pellet after the first lithiation.

The aluminum signal is still present in the sample; however, the edges of the aluminum particles
are less sharp and not as defined which could be due to pulverization during the lithiation. The oxygen
content of the sample is significantly increased in the sample; however, this could have occurred
during the cycling of the sample in the Swagelok cell or during the brief exposure of the sample to air
when it is introduced into the SEM for analysis.

XRD was utilized to confirm that the electrochemical plateaus observed during the galvanostatic
charge/discharge cycles were attributed to the formation of a LiAl alloy (Figure 9). To do this a pellet
was assembled as described in Figure 2, however, the Ni foam was excluded from the process so that
diffraction pattern wouldn’t be dominated by the high Z nickel. In the initial state (before lithiation) the
presence of aluminum is confirmed in the XRD (denoted as *). After the first lithiation, the formation of
the LiAl alloy (denoted as #) is then observed with the formation of 4 well defined and resolved peaks.
There are still pure aluminum peaks present in the diffraction pattern and is attributed to the fact that
the Li* must diffuse all of the way through the electrolyte and then the full thickness of electrode to
achieve lithiation at the bottom of the pellet. It may be possible to demonstrate full conversion of
aluminum to the LiAl alloy, but it would require a much slower lithiation rate and reduced thickness of
the composite electrode. However, the purpose of this experiment was to spectroscopically verify the
formation of the LiAl alloy via lithium migration through the LiBHj electrolyte. The unlabeled peaks
in the spectrum are from the LiBH, used in the composite electrode and as the solid-state electrolyte.

To further characterize the interface between the electrodes and electrolyte electrochemical
impedance spectroscopy (EIS) and Raman spectroscopy was performed (Figure 10). The EIS spectra
for the cell (Li/LiBH4/Al) at room temperature before cycling is shown in the inset. The Nyquist
plot for this sample shows a very large resistance for the electrolyte and the charge transfer process
occurring at the interface of the electrolyte/electrodes. Upon heating to 135 °C, there is a significant



Inorganics 2017, 5, 83 7 of 13

reduction in the resistance for the electrolyte and the charge transfer at the interface as expected before
cycling. After the first cycle, there is a reduction in the resistance of the electrolyte. This is likely due
to disappearance of the spherical LiBH, particles (observed in the SEM-EDS) resulting in better Li
ion diffusion at the interface. After the 10th cycle, the resistance of the electrolyte and charge transfer
increases and is likely due to the large volume expansion/contraction of the Al active material during
the lithiation/delithiation process. This likely results in small gaps at the electrode-electrolyte interface
which effectively closes the lithium ion transport into and out of the AL

Raman spectroscopy was carried out on the anode side of the electrolyte pellet in the as prepared
sample and after 5 cycles at room temperature. For these experiments, PDVF and CB were removed
from the anode for clarity and to obtain suitable spectra due to the absorbance of scattered light
from the black carbon material. The B-H vibration modes [45], shown in Figure 10, demonstrate no
significant change in frequency due to the formation of additional Li-B-H species, such as Li;B1;Hyy,
and are consistent with orthorhombic LiBHy4. This is expected since the hexagonal phase is only
stabilized at high temperatures or with the incorporation of suitable additives [7].
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Figure 7. SEM-EDS of the aluminum composite anode in the initial state. The top image is the
composite map of carbon, aluminum, fluorine, oxygen, and boron elemental distribution. The bottom
images are the individual atomic distributions of the elements.
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Figure 8. SEM-EDS of the aluminum composite anode after the first lithiation. The top image is the
composite map of carbon, aluminum, fluorine, oxygen, and boron elemental distribution. The bottom
images are the individual atomic distributions of the elements.
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Figure 9. XRD of the aluminum anode composite before (black) and after the 1st lithiation cycle (red).

The left and the right panels show the low 20 and high 26 respectively. Aluminum (¥, pdf 00-0040787)
and LiAl alloy (#, pdf 01-072-3428).
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Figure 10. (Left) Electrochemical impedance spectroscopy (EIS) of the Li/LiBHs/ Al cell. The inset
(black) shows the cell at room temperature. The other 3 EIS traces are for the cell at 135 °C before
cycling (blue), after the 1st cycle (red), and after the 10th cycle (green). (Right) Raman spectra of the
B-H stretching modes of LiBHj in the as prepared electrolyte pellet from the anode side (blue) and
after cycling five times (red).

3. Materials and Methods

3.1. Materials

Chemicals were provided by the supplier and are listed by supplier as follows. Sigma Aldrich
(St. Louis, MO, USA): LiBH, and lithium foil; MTI corp. (Richmond, CA, USA): TIMCAL graphite
carbon super P (CB) and polvinylidene fluoride (PVdF). Aluminum (Al) utilized as the anode material
was obtained from the dehydrogenation of AlH3 (ATK) at 220 °C under a constant argon flow on
a Schlenk line for 2 h.

3.2. Electrolyte and Anode Preparation

LiBH4 was ball milled for a total of thirty minutes with a 30:1 ball to powder ratio utilizing a SPEX
ball mill. After ball milling, the LiBH4 material was ground up with the use of a mortar and pestle.
The aluminum composite was prepared with equal parts of activated aluminum; LiBH,; PVdF; and CB
(mass ratio of 10:6:3:3 respectively). This mixture was then homogenized with the use of a mortar
and pestle. The pellets were assembled by first obtaining a flattened nickel foam current collector and
manually pressing the aluminum composite anode material (2.0-3.0 mg) into it. The foam was then
placed at the bottom of a die 10 mm die set (International Crystal Laboratories) with the aluminum
anode composite facing up. Next, approximately ~90 mg of LiBH, was added on top of the nickel
foam/anode composite. The die set was then fully assembled and pressed in a hydraulic press at 2 tons
of pressure. After the pellet was pressed, it was removed from the die set with the nickel foam/anode
composite attached to one side of the LiBH, pellet.

3.3. Cell Assembly and Electrochemical Characterization

Electrochemical measurements were performed using a Swagelok cell. The cells contained
two polished nickel disk current collectors. The nickel foam/anode composite/LiBHy /Li foil pellet
was placed between two solid nickel disks to maintain sufficient electrical connectivity and provide
uniform pressure on the pellet while in the cell under the pressure of a spring. The inside of the
Swagelok cell was lined with a Mylar film and Teflon ferrules that were used to prevent shorting.
The measurements were taken on a Bio-Logic VMP3 multichannel potentiostat (Bio-Logic Ltd.,
Grenoble, France). In order to increase the conductivity of the LiBHy electrolyte and reduce the
contact resistance at the electrode/electrolyte interfaces, the cells were electrochemically evaluated at
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135 °C. The heating process was conducted with the use of heating tape submerged in a sand bath.
The temperature was monitored with the use of a K-type thermocouple positioned against the wall
of the Swagelok cell. The cells were then cycled at various rates (0.1 C, 0.5 C, and 1.0 C) based on
the amount of aluminum in the composite anode, for conducting galvanostatic charging/discharging
of the cells. Cyclic voltammograms were collected at a cycling rate of 0.100 mV /s with a voltage
window of 0.13 V to 2.80 V. The EIS was measured in a frequency range of 1 MHz to 100 Hz at
£20 mV amplitude.

3.4. Ex-Situ XRD, SEM-EDS, and Raman Characterization

XRD was utilized to confirm the formation of the LiAl alloy after the first lithiation cycle. For this
set-up, the anode composite was pressed into the LiBH, pellet without the use of the nickel foam
current collector. This was done to eliminate the large signal from the nickel foam current collector
during the XRD data collection. This allowed for the aluminum and the LiAl alloy to be readily
detectable during the analysis. XRD was performed using a PANalytical X"pert Pro (PANalytical Ltd.,
Almelo, The Netherlands) with Cu K« radiation, and the samples were protected with a Kapton film
to minimize oxidation of the sample.

SEM was used to analyze the change in surface morphology that occurred as a result of lithiating
the active material. This process was done with the use of a Hitachi Ultra-High Resolution Scanning
Electron Microscope SU8230 series (Hitachi, Ltd., Tokyo, Japan) with an X-Max" Silicon Drift Detector
attachment. Further atomic composition studies (EDS) were performed and the data from the analysis
was interpreted using Aztec software.

Raman spectra were obtained with 15 mW 532 nm excitation using a 5 mm focal length optical fiber
probe focused onto the pellet surface. Spectra were recorded at ~5 cm ™~ resolution using a Holospec
transmission grating spectrometer (Andor Technology Ltd., Belfast, UK) with CCD detection.

4. Conclusions

In this study, we demonstrated the reversible electrochemical lithiation of a composite aluminum
anode facilitated by a LiBHy solid state electrolyte. It was also demonstrated that the LiBH, solid
state electrolyte can facilitate the reversible lithiation of aluminum at charge/discharge rates up to
1.0 C. Also, this study showed that metal hydrides (such as AlH3) can serve as the source of oxide free
metals for battery applications. XRD confirmed the formation of a LiAl alloy after the first lithiation
cycle. SEM analysis identified unique morphological changes that occur within the electrode during
the cycling of the material. It is likely that similar changes are also occurring in other cells that utilize
a LiBH, based material as the solid electrolyte. This type of morphological change should also be
considered along with other expansion/contraction processes in the high capacity anode materials in
future studies. A better understanding of this mechanism will be needed for the further development
of LiBH, based electrolytes. Although the cycle stability of the aluminum composite anode is poor,
recent work has also investigated an Al/TiO; yolk-shell nano-architechture (ATO) that facilitates
reversible lithiation/delithiation of aluminum for 500 cycles with excellent capacity retention [46].
Our future work will focus on this type of architecture in combination with the LiBHy based electrolyte
as well as the closo-borane solid state electrolytes.
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