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Among the many emerging technologies under investigation as alternatives to the
successful Lithium-ion battery, the magnesium battery is promising due to the wide
availability of magnesium, its high volumetric capacity, and the possibility for safety
improvements. One of the largest challenges facing rechargeable magnesium batteries
is the formation of a passivation layer at the Mg metal anode interface when reactive
species in the electrolyte are reduced at the electrode-electrolyte interface. To control the
solid electrolyte interphase in Lithium batteries, protective layers called artificial solid
electrolyte interphase (ASEI) layers have been successful in improving Li metal anode
performance. The approach of protecting Mg metal anodes from electrolyte degradation
has been demonstrated by fewer studies in the literature than Li systems. In this work, we
discuss the properties of Al,Og thin films deposited using atomic layer deposition as an
artificial solid electrolyte interphase at the Mg anode. Our results demonstrate that Al,O3
does prevent electrolyte degradation due to the reductive nature of Mg. However,
undesirable properties such as defects and layer breakdown lead to Mg growth that
causes soft-shorting. The soft-shorting occurs with and without the protection layer,
indicating the ALD layer does not prevent it and hinders Al,O3; from being an ideal
candidate for a protection layer. Crucial effects of this layer on Mg electrochemistry at
the interface were observed, including growth of Mg deposits leading to soft-shorting of
the cell whose morphology showed a dependence on the Al,Og layer. These results may
provide guidelines for the future design and development of protective ASEI layers for Mg
anodes.

Keywords: magnesium battery, atomic layer deposition, solid electrolyte interphase, protection layer, thin film

INTRODUCTION

In advancing energy storage technologies beyond the lithium-ion (Li-ion) battery, emerging systems
have challenges and scientific questions which emphasize how new chemistries deviate from the
more established understandings of the Li-ion battery. One of these promising alternatives to the Li-
ion battery is the Magnesium (Mg) battery. Rechargeable Mg batteries (RMB), in which Mg metal is
used as the anode, have sparked increased interest over the past 2 decades. Some advantages of Mg
include its higher abundance than Li and Mg metal’s larger volumetric capacity (3,832 mAh/cm?)
compared to both Li metal (2,061 mAh/cm?) and graphite (777 mAh/cm?), the latter of which is
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commercially used in Li-ion batteries. A critical component of
battery electrodes, and anodes in particular, is the solid electrolyte
interphase (SEI) layer that forms at the anode/electrolyte
interface due to electrode reactions with electrolyte
components (Aurbach et al, 2001). SEI layers have been
extensively studied in Li-ion batteries and the understanding
of the properties of these layers has been advanced significantly
since the Li-ion battery’s creation (Peled and Menkin, 2017). In
general, SEI layers do not completely hinder Li ion diffusion at the
Li metal electrode or prevent the batteries from cycling, and in the
case of graphite anodes SEI layers are critical to preventing
solvent co-intercalation into the anode (Erickson et al., 2015).
Conversely, the SEI layer that forms on Mg metal when using
conventional carbonate electrolytes, whose components degrade
and react at the electrode interface, is referred to as a passivation
layer. This impermeable layer composed of products that have
low Mg ion conductivity can be detrimental to Mg battery
performance, impeding electrochemical reactions from
occurring at the anode after it forms (Aurbach et al., 2003).

Due to this issue, significant research has focused on
developing new Mg electrolytes to circumvent passivation
layer formation on Mg metal anodes. This research has been
successful in the development of electrolytes and complex Mg
salts that can be paired with a Mg metal anode; however, their
synthesis is often time-consuming and until recently many of
these electrolytes lacked certain desirable properties such as a
wide electrochemical stability window. Many reviews in the
literature have summarized the great advances made in
magnesium electrolytes in recent years that are beyond the
scope of this work (Muldoon et al, 2014; Song et al, 2016;
Attias et al, 2019). While the ultimate goal of Mg anode
protection is to utilize more conventional carbonate-based
electrolytes, some other simple salt-based electrolytes are
common which are more compatible with Mg metal but also
need improved understanding of their interfacial characteristics
at the anode interface to help make progress toward Mg anode
protection.

One electrolyte of interest utilizes magnesium
bis(trifluoromethanesulfonylimide) (Mg (TFSI),) salt in ether
solvents. Mg (TFSI), in a mix of 1,2-dimethoxyethane (DME)
and diglyme was one of the first compositions with this salt
demonstrated as an electrolyte for RMB (Ha et al., 2014). Further
studies of Mg (TFSI),/DME electrolyte demonstrated that there
was a high overpotential for both Mg deposition (0.6 V) and
stripping (1.5 V) using this electrolyte (Shterenberg et al., 2015).
The high overpotential in Mg (TFSI), electrolyte was attributed in
some studies to the TFSI™ anion’s instability at the Mg anode
which causes it to degrade and form MgS as well as MgF, (Yoo
et al., 2017; Ding et al, 2018; Jay et al, 2019). Electrolytes
containing the Mg (TFSI), salt also demonstrate sensitivity to
water, which can aid solvent decomposition (Yu et al., 2017) and
passivate the Mg anode interface (Bachhav et al., 2016). While the
degradation layer is not completely passivating, it causes large
voltage hysteresis issues in full-cell systems (Meng et al., 2019).
However, more recent studies have suggested that this
overpotential likely does not come from passivation, due to
the observation of high overpotential for Mg plating after
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nucleation of the Mg deposits had already been observed
(Eaves-Rathert et al., 2020). Some work has also demonstrated
that cycling Mg metal in this electrolyte can cause dendrite
growth (Ding et al.,, 2018), although the deposits are not long
and branch-like and have other formation characteristics that are
different from dendrites. However, it is now more well-known
that spherical Mg deposits can grow through separators and
create soft-shorts in many different Mg electrolytes (Yoo et al,
2017; Merrill and Schaefer, 2019; Eaves-Rathert et al., 2020; Song
et al,, 2020). Results in the current work support the observation
that soft-shorting is the origin of the overpotential decrease in
Mg-Mg symmetric cells.

Previous work by our group and others has demonstrated that
adding water into organic electrolyte improves Mg>" insertion/
conversion in metal oxide cathode materials such as MnO,.
However, these cathodes cannot be paired with a Mg metal
anode while water is in the electrode or electrolyte and the
electrolytes themselves, such as Mg(ClO,),/PC, are also not
compatible with the Mg metal anode. One solution to both
compatibility issues is to create a protection layer on the Mg
metal surface to prevent water, electrolyte components, and other
potential contaminants from reacting with Mg metal and
passivating the electrode. Another advantage of this method is
that complex Mg electrolytes would not be needed. The
application of protection layers has been extensively studied in
Li-ion batteries (Wei et al., 2018; Wang et al., 2019) as well as
other battery chemistries such as Na batteries (Luo et al., 2017).
Protection layers are also called artificial SEI layers, as these
interface layers generally serve to protect the anode interface from
unwanted reactions by preemptively creating an engineered SEI
layer with the desired properties needed to improve the anode’s
compatibility with the electrolyte as well as its performance. The
goal is to try to employ more simple, conventional electrolytes in
Mg rechargeable batteries and achieve a high voltage system
without complex electrolytes and salts.

Aluminum oxide (Al,O3) has a robust and well-known atomic
layer deposition (ALD) chemistry (George, 2010). Al,O5 has been
effective as a protection layer in both Li (Kozen et al., 2015) and
Na (Luo et al, 2017) metal anode systems, protecting these
interfaces from significant electrolyte degradation on the
surface of metal anodes and helping prevent the formation of
dendrites, which are an issue for both Li and Na. However,
utilizing Al,O; for Mg would serve different purposes. While the
prevention of the electrolyte degradation is the major goal,
understanding more about the Mg spherical growth and its
effects on the interfacial chemistry is crucial. Further, Mg has
poor diffusion kinetics in micron-scale natural SEIs, so using an
ultrathin protection layer (artificial SEI) with good Mg mobility
that is also electronically insulating is critical. ALD Al,O3 could
potentially mitigate the poor Mg* transport by the creation of an
extremely thin layer. While Mg*" conductivity in Al,O5 may be
low, the effective ionic conductance for Mg** to travel a few
nanometers through Al,O; may be sufficient despite low intrinsic
Mg®" ionic conductivity. Recent computational work has
indicated that MgALO, has an electrochemical stability
window of 3.13 V, and suggests that although it is not stable
at 0V vs. Mg/Mg™", it could exhibit some metastability that
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would enable it to function as a protective coating (Chen et al.,
2019a). Further, another study demonstrated that MgAl,O,4 has a
low migration barrier for Mg*", calculated to be 491 meV (Chen
et al, 2019b). While ALD deposits non-magnesiated and
amorphous Al,O;, if the layer can be magnesiated during the
electrochemical process, the results from this computational work
are encouraging. Research done using AlL,O; could also help
inform experimental design for future studies interested in
investigating MgAl,O,.

In this work, we investigate if an ultrathin, conformal
protection layer can help mitigate the degradation of Mg
(TFSI),/DME electrolyte at the Mg interface. To study this
electrolyte system, ALD AlL,O; was deposited on Mg foil and
evaporated Mg metal substrates. The surface chemistry,
overpotential evolution, impedance, and surface morphology
were examined to investigate the effect of the Al,O; layer on
Mg deposition and stripping. The goal of this work is to
demonstrate different methods and substrates which could be
utilized to study the possibility for ALD materials to be used to
protect Mg metal anodes, describe how AlL,O; affects the
electrochemical properties and surface chemistry, and elucidate
properties important for protection layers in rechargeable Mg
batteries.

MATERIALS AND METHODS
Preparation of Mg Metal

The magnesium metal foil used was >99.9% purity, 0.1 mm
thick (MTI corporation). Prior to wuse, all foil was
mechanically polished with silicon carbide sandpaper with
three grits, going from lowest to highest (600, 1,200, and 2000)
and then wiped with a Kim Wipe. For use in coin cells, foils
were punched out with a hammer-driven punch with the
desired diameters, either 3/8” or 1/2”. Thermal evaporation
was also used to deposit Mg on stainless steel spacers (15 mm
diameter, MTI) in a homemade high-vacuum evaporation
chamber attached to a glovebox filled with inert Ar to
minimize air and moisture exposure. The Mg source for
evaporation was Mg ribbon (99.5%, Sigma Aldrich) scraped
with a razor blade to remove the surface MgO layer. All Mg
preparation, both foil and evaporation, was performed in
either MBraun or LC technology gloveboxes with <0.5 ppm
H,O and O,.

Atomic Layer Deposition

All ALD on Mg metal was performed in a Cambridge
Ultratech Fiji reactor attached to an MBraun glovebox
with inert Ar atmosphere, allowing for no exposure to the
ambient atmosphere. The AL O; ALD process used
trimethylaluminum (TMA, Sigma Aldrich) as the
aluminum source and oxygen plasma as the oxidant. The
ALD process consisted of a 0.06 s TMA pulse, Ar purge, 20's
oxygen plasma pulse, and an Ar purge at a reactor
temperature of 150°C, giving a growth rate of ~1 A/cycle on
Si wafer. Approximate thickness of the layers will be indicated
in the text.

Al,Og Thin Films on Magnesium

Electrochemical Testing
All electrochemical tests were performed in 2032 coin cells (MTT)

in a symmetric configuration where both electrodes in the two-
electrode cell were Mg metal (foil or evaporated). The separators
used were glass fiber (Whatman GF-A) and were wet with 125 pL
of electrolyte. The electrolyte was 0.25M Mg (TFSI), in 1,2-
dimethoxyethane (Mg (TFSI), salt from Solvionic was dried
under vacuum at 200°C for 24 h, DME was used as-received).
Galvanostatic cycling tests were run at fixed amounts of time
(30 min) alternating positive and negative currents for oxidation
and reduction, respectively, to monitor the overpotential.
Electrochemical Impedance spectroscopy was performed an a
Biologic VMP Potentiostat with 10 mV amplitude between
frequencies of 200 kHz-10 mHz, either at the open circuit
potential or at the potential obtained during
galvanostatic cycling. Details for alternate electrochemical
impedance spectroscopy (EIS) voltages, frequency ranges, or
voltage amplitudes will be indicated in the text.

value

Characterization

Ex-situ XPS analysis was performed using a Kratos Ultra DLD
XPS spectrometer using monochromatic aluminum x-rays. Cases
where non-monochromatic magnesium x-rays needed to be used
will be specified in the text. The spectra were calibrated to the Mg
metal peak at 49.7 eV. The curves were fitted using CasaXPS
software. Spectra were processed using a 70%-30% Gaussian-
Lorentzian product function and a Shirley-type background
(Shirley, 1972).

RESULTS

Properties of Mg Electrodes
Before protecting the Mg metal, the surfaces of both Mg metal foil
and evaporated Mg thin film were characterized. The surface of
Mg foil needs to be mechanically polished due to the significant
surface contamination that naturally forms on the surface during
processing and shipping. From the SEM in Figure 1A, it is
apparent that the surface is rough after polishing. This
observation is one important difference from evaporated Mg
in Figure 1C, but due to the high conformality of ALD and its
ability to coat high aspect-ratio structures the roughness should
not prevent coating by ALD. The evaporated Mg thin film surface
in Figure 1C has a more uniform surface, where small Mg
domains are visible, which is promising for a Mg substrate.
The XPS high resolution spectra for the Mg 2p region Mg foil
and evaporated Mg surface are depicted in Figures 1B,D. The
only detectable elements after Mg evaporation are carbon,
oxygen, and magnesium (Supplementary Figure 1). Although
the surface contamination layers (typically MgO and MgCO,)
were removed as much as possible from the Mg ribbon source
used for the evaporation, there is still enough present to deposit
with the Mg thin film. To further understand the chemical
speciation at the Mg surface, the high resolution XPS spectra
are shown for both types of Mg substrates in Figures 1B,D. In
both cases, the Mg metal peaks are clearly apparent at 49.7 eV, but
there are also significant amounts of MgO, Mg(OH),, and
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stainless steel.

FIGURE 1 | Comparison of SEM images and XPS high resolution spectra for (A) and (B) polished Mg foil substrates and (C) and (D) evaporated Mg metal on
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MgCOs; species at the surface around 50-52eV. The main
difference between the Mg foil and evaporated Mg thin film
surfaces is that the Mg foil retains a higher amount of carbon
contamination, even after polishing, which is indicated by the
broader Mg** peak at ~51eV due to the higher amount of
MgCO; on the surface of the Mg foil.

To get a baseline for the electrochemical performance,
symmetric coin cells were made with 0.25 M Mg (TFSI),/DME
electrolyte and with bare Mg foil or evaporated Mg electrodes.
The galvanostatic cycling and corresponding EIS of bare Mg foil
is in Figures 2A,B. In the following data, 1 galvanostatic cycle
consists of 30 min of negative current of —30 pA/cm? then 30 min
of positive current of 30 pA/cm’. In Figure 2A, the Mg foil cell
exhibits a few cycles with a high overpotential around 2 V, but it
stabilizes with an overpotential around 500 mV, which shows
more stable and lower overpotential behavior than the case of the
bare evaporated Mg in Figure 2C. The EIS in the inset of
Figure 2B shows a large initial interfacial impedance
measured at the open circuit voltage (OCV) in the inset,
which supports that an SEI or passivation layer formed at the
interface. As this Mg is not protected, the electrolyte is likely
degraded at the interface, as demonstrated by the XPS results in
Figures 3C,D, increasing the impedance. The remaining EIS data
are different from the inset because they are performed at the

overpotential value from the preceding galvanostatic cycle, so the
AC voltage is centered at the voltage. The main semicircle,
representing the interfacial resistance, evolves over the course
of the galvanostatic cycling. Examining the EIS, the initial
impedance at the OCV before cycling for Mg foil is less than
the evaporated Mg, but it is still in the hundreds of kilo-ohms
range, indicating the interfacial resistance is high. At the
overpotential around 500 mV, after 10 cycles the impedance
decreases significantly. Over successive cycles, the impedance
begins to increase going from 30 to 40 galvanostatic cycles. This
observation is likely due to the passivation of new Mg deposits
which causes higher impedance at the interface.

Evaporated Mg was studied under the same conditions as
Mg foil to determine if the differences in the electrochemistry
could be attributed to the different methods of preparation
and surface characteristics of the two types of Mg. The
galvanostatic and EIS data for a bare evaporated Mg cell
are depicted in Figures 2C,D. The overpotential starts
high, around 3V, then settles to 2 V. There are a few cycles
where the overpotential drops below 1V, indicating that the
current at certain times could be maintained at a lower
voltage. This high overpotential value is larger than some
reported in the literature for Mg with this electrolyte
(Tutusaus et al., 2017), and is consistent with the high
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OCV in the inset).
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FIGURE 2 | Electrochemical analysis of bare Mg anodes for Mg foil in (A) and (B), evaporated Mg in (C) and (D) (A) and (C) show galvanostatic cycling curves for
symmetric Mg cells with 30 min constant current applied and (B) and (D) depict EIS analysis at the overpotential values reached in the galvanostatic cycling (EIS at the
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FIGURE 3| XPS of (A) evaporated Mg after 5 and 10 Al,Oz ALD cycles and (B) Mg metal foil after 100 cycles Al,Og (~10 nm) (C) high resolution S 2p spectrum from
XPS of the soaked Mg foil sample in (D), where (D) shows XPS survey spectra of Mg metal electrodes soaked in 0.25 M Mg (TFSI), in DME electrolyte for 24 h.
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FIGURE 4 | Mg foil with 2 nm Al,Og in 0.25 M Mg (TFSI)./DME electrolyte (A) galvanostatic cycling and (B) EIS at the overpotential values during cycling.

overpotential region at the start of galvanostatic cycling of Mg
foil. These high overpotentials are likely the true overpotential
needed to deposit and strip Mg at the interface, while the small
overpotential observed for Mg foil symmetric cells is due to
soft-shorting of the cell recently observed by a few groups
(Ding et al., 2018; Eaves-Rathert et al., 2020). Lower
overpotentials were observed for a different trial with
evaporated Mg thin films (Supplementary Figure S4), but
in that case the overpotential does ultimately increase and
reach the upper limit set for the measurement (4 V), the
opposite of what would be expected for soft-shorting.

The impedance in Figure 2D decreases going from 5 to 30
cycles, then slowly increases up to 70 cycles, then decreases
again at the 100th cycle, which showed agreement with the
overpotentials observed in the cycling data in Figure 2C. The
initial decrease in impedance could be due to fresh deposition
and stripping sites being created during cycling. However, if
those sites become passivated by reacting with the electrolyte
the impedance may reach a point where it starts to increase
again as the passivation layer increases in thickness. SEM
imaging and XPS of the cycled evaporated Mg electrodes was
difficult because the Mg deposits grew into the glass fiber
separator, meaning they could not be separated from the Mg
as shown in Supplementary Figure S5B. With the addition of
an AL, Oj; layer, we expect there to be changes in overpotential
and impedance, likely increases for both. However,
improvements in stability of the overpotential and
impedance values are some outcomes that could indicate
improvement of Mg deposition and stripping at the interface.

Al,O; ALD on Mg Substrates

For ALD growth, the functional groups on the surface of the
Mg need to be reactive with the Al precursor,
trimethylaluminum (TMA). Since the XPS spectra in
Figure ldemonstrated that the surface contains MgO and
Mg(OH),, it was determined that Al,O3; growth should not
be an issue on Mg metal. Figure 3A shows the Al 2p high
resolution spectrum of an evaporated Mg surface after 5 cycles
and 10 cycles of Al,O; ALD. This data illustrates that the
Al O3 coating does not grow enough to be detected on the

surface until after 10 cycles, where the Al 2p peak appears at
74 eV. At 10 ALD cycles, the thickness of Al,0; based on the
growth rate on Si is about 1 nm. The Mg metal peak is still
visible, which is apparent from the presence of the Mg
plasmon peak around 70eV. ALD deposition was also
performed on Mg metal foil, and Figure 3B shows the XPS
survey spectrum for Mg metal foil after 100 cycles of Al,O,
ALD. The thickness of the Al,O; with this number of cycles is
9-10 nm, and at this thickness it completely covers the Mg
metal—no signal in the XPS for Mg is apparent. We will refer
to samples by their thickness of Al,O; throughout this paper.
Generally, 6-10 nm is the depth of the surface that XPS can
examine, although this depends on the materials and the
inelastic mean free path of the photoelectrons (Tilinin,
1996). This observation supports that the thickness of the
Mg is likely consistent with the ALD growth rate on Si, with
slightly thinner Al,O5 possible on the Mg based on the 10-
cycle delay in detecting the Al signal.

Chemical Stability Test of Al,O; Coated Mg

Electrodes

Mg metal has a sufficiently low reduction potential that
degradation can occur on the surface from electrolyte being
reduced at the metal interface (Jay et al., 2019). To test the
ability of Al,O; to protect Mg metal from initial contact with
the electrolyte, Mg metal foil electrodes, both bare and
protected with 10 nm Al,O;, were soaked in 0.25M Mg
(TFSI),/DME electrolyte for 24 h. The XPS survey spectra
of these electrodes are shown in Figure 3D. The sample
without protection has degradation products on the surface
from the electrolyte, with both F and S appearing in the XPS
spectra. The high resolution XPS spectrum in Figure 3C
shows magnesium sulfide species at 162.5eV and a
sulfonyl/sulfoxide species around 168eV. Both samples
contain a small amount of Si contamination that likely
comes from contact with residue from the latex gloves used
inside of the glovebox. Most importantly, the sample with
10 nm of Al,O; deposited does not show any degradation on
the surface, as there are no F or S signals in the XPS, only Al,
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O, C, and the Si. These results confirm that the ALD layer can
keep the Mg metal underneath from reducing the electrolyte
components.

Electrochemistry of Al,O; Coated Mg

Electrodes

Mg foil was investigated to determine if the Mg foil substrate
showed improved electrochemical properties or similar behavior
to evaporated Mg samples. Evaporated Mg was tested with thin
Al O; layers, 1 and 2nm, and these results are included in
Supplementary Figure 5. The data did not change
significantly from Figures 2C,D, indicating the ALD layer did
not have a strong influence on the electrochemistry with
evaporated Mg. The electrochemical data for Mg foil protected
with 2 nm ALO; is provided in Figure 4. While at the same
current density of the bare sample from Figure 2A, the
overpotential stays higher for many more cycles around 2V,
similar to the value for evaporated Mg. However, over time the
overpotential value starts to decrease, and stabilizes around
325mV, like the bare Mg foil sample in Figure 2A. The
decreased overpotential again is likely due to a soft-short,
thought it took longer to occur than the bare Mg foil cells.
The EIS data follows the same overall trend previously
exhibited by both the evaporated Mg samples and the control
sample of the bare Mg foil. The initial value of the impedance at
the OCV is high, but after cycling and probing the impedance at
the overpotential for the reaction there is a decrease in interfacial
impedance. The EIS measurements at the high overpotential of

2V in Figure 4A showed unstable behavior at low frequencies, as
demonstrated in the sample at 5 cycles in Figure 4B, so the EIS is
not shown until cycle 70 when the overpotential decreased.
Galvanostatic cycling and EIS data for Mg foil coated with
5nm of AlLO; showing similar behavior are in the
supplementary information.

The electrochemistry of symmetric Mg metal electrodes gives
some insight into the effect of Al,O; on Mg redox reactions at the
metal anode interface. Overall, all the samples, both bare and
Al,O3 coated Mg, demonstrate similar trends in overpotential as
well as impedance. The Mg foil samples differ from evaporated
Mg in that they settle to a lower overpotential of a couple hundred
mV, whereas the overpotential of evaporated Mg stays around
2 V regardless if it is protection with Al,O5. The low overpotential
values for the Mg metal foil symmetric cells is likely due to soft-
shorting of the cells. The next section will tie these observations
into further SEM and XPS characterization to propose possible
explanations for these behaviors and relate them to current
findings in the literature.

DISCUSSION

It is challenging to definitively determine the origins of some of
the electrochemical characteristics, but explanations are proposed
in this section. In Figure 5A, galvanostatic curves for a bare
sample of Mg metal foil and a sample with 10 nm AL,O; are
depicted. The higher current density (0.1 mA/cm?) was used for
this comparison to speed up the soft-shorting effect. The lower
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Evaporated Mg Bare Mg Foil
and 10 nm Al,04 and 2-5 nm Al,O,
on Mg foil on Mg foil

FIGURE 6 | Schematic showing possible deposition morphologies
based on Mg substrate and ALD film thickness.

current density of 0.03 mA/cm” for a bare Mg foil electrode does
show the soft-shorting as shown in Figure 2A and the
supplementary information, but it can take a longer cycling
time to achieve the effect. The corresponding post-cycling
SEM images of the overall surface for these samples are shown
in Figures 5B,C, respectively. Similar to examples in the last
section, the bare Mg sample shown in black in Figure 5A initially
has a high overpotential which gradually decreases. The cell was
stopped immediately after the overpotential dropped from ~1 V
to <0.1 V, which is usually indicative of a soft-short (Ding et al.,
2018). A soft-short is characterized by Mg deposits that grow
through the separator and contact the opposite electrode, but due

Al,Og Thin Films on Magnesium

to the electronically insulating passivation layer on the deposits
there is not a direct electron path, enabling capacitive
contributions to be measured using EIS. This characteristic of
the symmetric cells is being discussed in the literature—some
researchers initially said that a sharp overpotential decrease may
be due to stabilization of the interface, not necessarily shorting
(Tutusaus et al., 2017). However, more recent studies have
demonstrated Mg growth through separators indicating clearer
soft-shorting phenomena (Yoo et al., 2017; Merrill and Schaefer,
2019; Eaves-Rathert et al,, 2020; Song et al., 2020). For the
samples here, we also believe that a soft-short may have
occurred as pieces of the glass fiber separator can be seen
attached to deposits in Figure 5B.

On the other hand, the sample shown in purple in Figure 5A,
Mg foil with 10 nm Al,O5, remains at a high stable overpotential
right around 2 V, like the evaporated Mg samples. Unlike the bare
sample which seems to have large, clustered areas of Mg deposits,
the sample with Al,O; seems to have a more regular distribution
of sites where Mg is depositing and stripping, shown in
Figure 5C. The stable overpotential and well-distributed
deposits help support the idea that the low overpotential
values are tied to soft-shorting. If the deposits are occurring
more uniformly across the surface and not building up on top of
one another (like 3D dendrites), they are less likely to go through
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FIGURE 7 | Analysis of a cycled Mg foil electrode with 2 nm Al,O3 (A) SEM image showing Mg deposits and stripping regions, with stripped regions indicated by
green arrows (B) EDS map of the region in the green box from (A) with stripped regions indicated with black arrows (C) EDS spectrum corresponding to the map in (B),
and (D) XPS spectrum of the low binding energy region containing Mg and Al signals taken using a non-monochromatic Mg x-ray source.
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TABLE 1 | Atomic composition from XPS analysis of cycled Mg foil electrodes.

% Composition

Mg Al 2p Si S2p O1s C1s F1is

2p 2s
Bare Mg foil (Mg 19.0 — 2.6 0.7 284 444 49
deposited)
Bare Mg foil (Mg 8.5 — 4.6 23 226 226 64
stripped)
2 nm Al,Ogz (Mg 4.3 14.3 2.3 1.1 324 416 40
deposited)

2nmALOs (Mg stripped) 3.9 122 22 12 286 469 5.1

the separator and make contact at the other electrode. These two
different cases are illustrated in Figure 6. A soft-short may come
from Mg deposits which grow from one electrode to the other, but
because it is covered by a degradation layer that is slightly
passivating, the passivation layer may act as an electrolyte and
keep the cell from completely shorting. The more regular
morphology in Figure 5C could also help explain the behavior
for evaporated Mg electrodes because there was not significant
evidence for soft-shorting in the evaporated electrodes.

To further understand the surface chemistry, different
characterization methods were utilized to analyze how the
electrolyte reacts on different surfaces of the cycled Mg
electrodes. In Figure 7, SEM-EDS and XPS analysis is
presented to demonstrate the surface chemical species on
an electrode with 2 nm Al,O; after it has been cycled for
250 h. The SEM images show both Mg deposits and regions
where Mg has been stripped away on a previous cycle. The
charging on the SEM image in Figure 7 is common for SEI
layers on metals, as the degraded products are not
electronically conductive. In the corresponding EDS map in
Figure 7B, the Mg deposits as well as the stripped areas have
significant amounts of O, F, S, and C species, while the pristine
areas are mostly Mg and Al

Opverall, the electrolyte degrades on newly formed Mg deposits
that are not protected as S and F degradation products are
apparent from Table 1. These spherical deposits are present
on both bare and protected Mg foil surfaces upon cycling. The
EDS mapping agrees well with the earlier results where Al,O;
protected electrodes were soaked in the electrolyte. The map
shows that the degradation does not happen on the Mg regions
where Al,O; remains intact, but the electrolyte does degrade on
the regions where Mg has been stripped from the surface,
removing the AL, O; layer and exposing fresh Mg, or on new
fresh deposits above the Al,O; layer. While EDS is not effective
for detecting the Al,O; due to the large amount of bulk Mg and
very thin (~2 nm) AL,Oj3 layer, apparent from the small Al signal
in Figure 7C, the XPS in Figure 7D shows the Al signal is present
on the surface, even after 250 h of cycling. From these results, it
appears that Al,O; can protect Mg from the electrolyte
marginally, and the layer stays partially intact during cycling.
However, the Mg deposits and strips above the layer likely due to
defects in the Al,O; or regions where the coating is very thin on a
rough or sharp protrusion of Mg, therefore creating a pathway for
electrons to the electrode/electrolyte. Over time, as Mg strips and
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deposits, the Al,O; layer is degraded and no longer is able to
completely prevent electrolyte from reacting with fresh Mg.

Early studies on characterizing this electrolyte demonstrated
similar spherical deposits to those observed in this study (Ha
et al., 2014), which were identified as non-dendritic. Other works
at the time demonstrated the high overpotential for deposition and
stripping (Shterenberg et al., 2015) which was the inspiration for this
work—we initially sought to determine if an artificial SEI could
decrease this overpotential. Study of a modified version of the
electrolyte, containing Mg (TFSI), and MgCl, salts, demonstrated
more reversible deposition and stripping as Cl™ has been identified as
a species that improves interfacial characteristics of Mg metal by
blocking contaminants from reacting at the interface (Connell et al.,
2016). However, even this ClI” containing electrolyte still
demonstrated passivation and spherical Mg deposits, as well as
pitting and roughened Mg surfaces upon cycling at high current
densities (Yoo et al,, 2017) and with sulfur containing electrolyte (Gao
et al,, 2018). The results in this work build upon these studies in the
literature, while also helping to inform what properties are necessary
for a protection layer to be effective.

From this work, AL,O; protection layers deposited via ALD that
are <10 nm in thickness are not effective at protecting the Mg anode
interface from electrolyte degradation and do not help to decrease the
overpotential for Mg deposition and stripping. Some other factors to
consider are the roughness of the Mg anode surface, as there were
differences in the performance of the evaporated Mg and Mg foil
samples. However, these differences can not solely be attributed to the
surface roughness as the evaporated Mg also had some MgO within
the film.. Less rough surfaces, such as evaporated Mg and Mg foil with
thicker ALD layers appeared to have more regularly dispersed
deposits of Mg compared to Mg foils with thin or no Al,O;. This
result may be related to surface roughness, as the mechanically
cleaned surfaces are very rough and more electrochemical hot
spots experiencing higher current density may be present. If the
thicker AL,O; layer decreases the effect of the surface roughness
leading to certain spots having preferential deposition, that may lead
to more regular distribution of the Mg deposits as shown in
Figure 5C.

For future efforts in Mg anode protection, the results of this work
give insight into important properties for the protection layer
materials. The AL,O; was unable to withstand the volume change
induced by Mg deposition and stripping, likely leading to breakdown
and cracking of the AL,O;, enabling easier electron conduction, and
deposition of Mg on top of it. This observation means that more
flexible layers such as polymers may be more feasible for Mg anodes,
and this has been recently demonstrated using polyacrylonitrile (Son
et al,, 2018). Further, since it is not clear whether the Al,O; was
magnesiated during these tests, one issue with this protective layer
could have been poor Mg diffusion, highlighting the importance of
having an interphase layer with good Mg** ion conductivity.
Additionally, if defects ultimately form in a protection layer,
another method is to put additives in the electrolyte that react at
the anode interface to form a Mg”" conductive layer that prevents
electrolyte degradation and passivation. This strategy has been
demonstrated using iodine in a RMB system, and the additive can
continually form the protection layer on new Mg deposits during cell
operation (Li et al., 2018). While Al,O3 was not found to be effective
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in this study, further experiments could determine the exact cause of
the failure, such as looking more closely at the surface roughness, the
Mg** ion mobility, and formation of MgALO,. Other ALD
chemistries for Mg materials should also be explored, as there are
not many reported materials synthesized using ALD that are useful as
Mg battery electrolytes or protection layers.

5 CONCLUSION

The effect of ALO3; ALD layers on the electrochemical properties and
surface chemistry of Mg metal anodes was investigated using a range
of characterization techniques and Mg substrates. Two Mg metal
substrates, one made via Mg evaporation and the other a polished Mg
foil, were studied in symmetric coin cells in 0.25 M Mg (TFSI),/DME
electrolyte. Al,O3 was deposited on both substrates using ALD, and it
was determined that the ALD layer prevented electrolyte
decomposition when protected electrodes were soaked in the
electrolyte. The study demonstrated that a thin layer (~10 nm) of
Al,O; on Mg foil altered the growth behavior of Mg deposit during
electrochemical cycling, which prevented a “3D growth” of Mg
deposits that resulted in penetration into the separator and soft-
short between electrodes for Mg electrodes without 10 nm ALD
AL O;. The further understanding of the Mg interface with an ALD
layer at the surface and the alteration of the growth of Mg deposits
provide constructive insights for developing an effective artificial SEI
that may enable the rechargeable Mg-metal battery.
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