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Revealing the Structural Evolution of Electrode/Electrolyte

Interphase Formation during Magnesium Plating and
Stripping with operando EQCM-D

Benjamin W. Schick,” Xu Hou,” Viktor Vanoppen,” Matthias Uhl,"” Matthias Kruck,®”

Erik J. Berg,” and Timo Jacob*™ <9

Rechargeable magnesium batteries could provide future energy
storage systems with high energy density. One remaining
challenge is the development of electrolytes compatible with
the negative Mg electrode, enabling uniform plating and
stripping with high Coulombic efficiencies. Often improvements
are hindered by a lack of fundamental understanding of
processes occurring during cycling, as well as the existence and
structure of a formed interphase layer at the electrode/electro-
lyte interface. Here, a magnesium model electrolyte based on
magnesium bis(trifluoromethanesulfonyl)imide (Mg(TFSI),) and
MgCl, with a borohydride as additive, dissolved in dimeth-
oxyethane (DME), was used to investigate the initial galvano-
static plating and stripping cycles operando using electro-

Introduction

Within the field of post-lithium batteries, Mg is a promising
candidate for future energy storage due to the low reduction
potential, high theoretical volumetric capacity and high
abundance.? To exploit this advantage, metallic Mg is required
as a negative electrode. Since the first prototype system about
20 years ago, there were various approaches to find suitable
electrolytes and cathodes which can be combined with metallic
Mg electrodes.®*® However, many challenges have to be
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chemical quartz crystal microbalance with dissipation
monitoring (EQCM-D). We show that side reactions lead to the
formation of an interphase of irreversibly deposited Mg during
the initial cycles. EQCM-D based hydrodynamic spectroscopy
reveals the growth of a porous layer during Mg stripping. After
the first cycles, the interphase layer is in a dynamic equilibrium
between the formation of the layer and its dissolution, resulting
in a stable thickness upon further cycling. This study provides
operando information of the interphase formation, its changes
during cycling and the dynamic behavior, helping to rationally
develop future electrolytes and electrode/electrolyte interfaces
and interphases.

overcome for realizing Mg as a negative electrode in a
secondary Mg battery. For example, carbonate electrolytes,
which are commonly used in lithium ion batteries, cannot be
used in combination with metallic Mg due to the formation of a
passivation layer which blocks Mg deposition and dissolution.”
Therefore, it is not possible to transfer the components from
lithium ion batteries directly to Mg systems. Furthermore, it was
assumed that only small amounts of contaminants, such as H,0,
O, or other organic compounds, lead to a reaction with Mg and
form a passivating layer where Mg deposition and dissolution is
blocked.”

Only a limited number of solvents and salts have proven to
be compatible with Mg.”’ Ethers, such as tetrahydrofuran, DME
or higher glymes, are used as solvents for Mg electrolytes, as
they are relatively stable in contact with magnesium.®’ But also
in these stable electrolytes, theoretical simulations show that
decomposition could occur and compete with Mg
deposition.”'” Besides other non-nucleophilic salts, Mg(TFSI),-
based electrolytes gained increasing attention within the last
years as Mg(TFSI), is commercially available and enables Mg
deposition. But the overpotentials for Mg stripping are very
high and there are signs that the TFSI anion is not stable
towards Mg.""'¥ Especially the reduced Mg()TFSI shows
instabilities and is susceptible to bond cleavage.'>'*' The TFSI
salt is often used in combination with the chloride salt which
leads to higher Coulombic efficiencies and lower overpotentials
for plating and stripping.*'®'" The exact role of chloride is
controversial and still a current topic but it is assumed that
chloride changes the composition of Mg-complexes in solution
and has an influence on the electrode/electrolyte interface
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preventing passivation.®'®'® Most of the simple salt electrolytes

have a pronounced initial conditioning process during which
overpotentials for plating and stripping decrease and Coulom-
bic efficiency increases. This process could be connected to
the reaction of contaminants in the electrolyte. Borohydrides,
such as Mg(BH,), or tetrabutylammonium borohydride
(TBABH,), as electrolyte additives, have proven to enable Mg
plating and stripping with high Coulombic efficiencies in several
electrolyte systems without the need for a conditioning
procedure 224

The already described tendencies to decomposition, which
are also present in other electrolyte systems and which lead to
Coulombic efficiencies clearly below 100%, raise questions
about the whereabouts of possible decomposition products.?”
Until a few years ago, it was assumed that surface films are
formed on electrodeposited Mg, leading to unwanted
passivation.”? In Mg(TFSl), and MgCl,-based electrolytes,
formation of porous and nonuniform structures due to partial
passivation were reported.”” In recent years, there have been
more and more reports about thin solid electrolyte interphase
(SEI) layers which are growing on the Mg electrode surface or
on freshly electrodeposited Mg and enable Mg plating and
stripping and are even needed for achieving a successfully
operating system.*'>* Thus, there are also attempts to create
and design the SEI purposefully to improve the electrochemical
performance %%

Despite numerous studies of Mg plating/stripping, there are
open questions about the formation, composition, and struc-
ture of interphases and their influence on the electrochemical
behavior. The applied measurement techniques are almost
exclusively performed ex situ, e.g., by X-ray photoelectron
spectroscopy (XPS) or energy dispersive spectroscopy (EDS).®
These techniques have the disadvantage that changes in
structure due to the disassembly of an electrochemical cell,
cleaning of the electrode and transfer into the measurement
chamber cannot be excluded. Furthermore, they can only
measure one fixed state along the battery operation. This
means that there is a lack of suitable operando investigations
on the evolution of interphase layer formation during
cycling.®'? A better understanding is crucial to rationally design
future electrolyte systems leading to higher cycling stability and
higher Coulombic efficiencies.!*'2*"

One operando technique which is capable of revealing
information about the existence and structural evolution of
possibly formed interphases at the electrode/electrolyte inter-
face is the electrochemical quartz crystal microbalance with
dissipation monitoring (EQCM-D).*'* By recording the reso-
nance frequencies f, (at multiple overtone orders n) of a metal-
coated quartz crystal, which acts as the working electrode at
the same time, it is possible to measure mass changes Am of
the electrode simultaneously to the electrochemical informa-
tion. If the surface structure is not flat and the bandwidth is
changing during the measurement, more advanced models
have to be used to describe the system appropriately (see
section 2.1). By also considering the changes in bandwidth AW,
as well as the changes in frequency Af, for all overtone orders
from n=3-13, it is even possible to extract more advanced
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structural parameters of the surface by applying hydrodynamic
spectroscopy for a stiff but non uniform geometry of the
surface.”

No investigations published so far, to the best of our
knowledge, have applied hydrodynamic spectroscopy on Mg
deposition and dissolution. For other battery systems, there are
measurements published already, which focus on the negative
electrode of a battery. For example, EQCM-D investigations on
SEl formation in aqueous and non-aqueous Zn-systems as well
as on other battery metals, such as Li or Na, are reported.” But
they merely consider one frequency and bandwidth or only
discuss hydrodynamic spectroscopy qualitatively.®=®

To investigate interphase formation on the Au-coated
quartz crystal electrode, it is necessary to have a high
Coulombic efficiency directly from the first cycle. Otherwise, the
formed layer would be so thick that the frequency and
bandwidth measurement would be inaccurate or even not
possible anymore. Therefore, in the present study, a Mg(TFSI),
and MgCl,-based electrolyte with dimethoxyethane (DME) as
solvent and TBABH, as an additive with a relatively high
Coulombic efficiency, low overpotentials and less pronounced
conditioning process was chosen as electrolyte to investigate
the electrochemical behavior. At the same time, the structural
evolution of the working electrode surface during the initial
magnesium deposition and dissolution cycles, was monitored
operando by EQCM-D, applying hydrodynamic spectroscopy.
Based on our studies, we uncovered the formation of an
interphase layer and its evolution during cycling to get a
fundamental understanding. The porous nature of the inter-
phase was revealed as well as its structural changes during Mg
plating and stripping. Furthermore, a slow currentless dissolu-
tion of the formed interphase layer was observed, indicating
that there is a dynamic equilibrium between interphase
formation and dissolution.

Results and Discussion
Theoretical Background

In an EQCM experiment, in the simplest case, a rigid and flat
deposit on the quartz crystal leads to a decrease in frequency.
The change in mass of the electrode can be directly calculated
from the change in frequency via the Sauerbrey equation
(Equation 1).5

2R

Af = — 20
A/Pattq

Am (1)

Hereby, f, is the fundamental frequency of the quartz, A the
surface area, p, the density and u, the shear modulus of the
quartz. This model only applies if the change in bandwidth of
the frequency response is zero. However, if more complex
surface morphologies are present on the electrode, more
advanced models are required to interpret the measurement
data. One of these approaches is hydrodynamic spectroscopy,
taking into account hydrodynamic interactions between the
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oscillation of the coated quartz crystal and the liquid for stiff
and non uniform coatings.”” For this analysis method, odd
overtone orders n=3-13 are included along with the corre-
sponding bandwidths AW,.*'*? Af, and AW, are plotted versus
their respective penetration depth 6, which is a function of
overtone order, viscosity #, and density p, of the liquid
(Equation 2).

_ Ul :
0= (nnfop,) 2

The hydrodynamic interactions with the liquid result in
additional changes in frequency and bandwidth, which is
dependent on the respective penetration depth. In the simplest
case, if an ideally flat electrode is brought into contact with a
liquid, the resulting Af, values can be calculated by the
Kanazawa equation (Equation 3).24#]

. g
Af = —f, [ ———
O“nﬂpqﬂq (3)

By that, it is also possible to describe the relationship
between the frequency and bandwidth changes and the
penetration depth (Equation 4)."”

Af+idw b io

np,f? B + !
o (4aPq)*  (UaPq)’

4
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But there are also models for more complicated morpholo-
gies, such as porous structures (Equation S1-S5) and other
surface morphologies.*” These complex functions for Af, and
AW, were originally developed by Daikhin et al.“*” By fitting
the data to the respective equations, structural information
about the surface morphology, such as the height of a porous
layer, is accessible and can be extracted.

Electrochemical Measurement

The electrolyte, composed of 115 mM Mg(TFSI), and 115 mM
MgCl, in DME with 15 mM TBABH, as an additive, was used to
characterize the electrochemical magnesium deposition and
dissolution by EQCM-D. In Figure 1a, the potential profile of 20
galvanostatic plating and stripping cycles with the Au-coated
quartz crystal model electrode is shown. Figure 1d shows the
magnified view of cycle 10. The potential profile has the typical
shape for Mg deposition, starting with an activation step
connected with a higher overpotential for the formation of the
first nuclei.””*® The potential plateau of the plating step is
located at about —120 mV vs. Mg and the dissolution slightly
above 0V. This demonstrates that the electrolyte enables
magnesium plating and stripping with relatively low over-
potentials compared to other Mg electrolytes, also represented
in the cyclic voltammogram (Figure S1)."? At the end of
dissolution, the potential is rising fast until 1.5V, indicating that
no electrochemical side reactions are occurring in this potential
region.
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The Coulombic efficiency of all cycles with a current density
of 500 pAcm™, which is calculated from the fraction of
stripping charge and deposition charge,*? is above 90% and
increases to a value of about 95% after 10 cycles (Figure 2)
under these measurement conditions. Since the Coulombic
efficiency is, for a TFSI-based electrolyte, relatively high directly
from the first cycle on, the pronounced conditioning process,
which is present in borohydride-free electrolytes, was success-
fully avoided."**” By varying the current density but maintain-
ing the total charge transferred, the Coulombic efficiency
increases with increasing current density. This implies that side
reactions are happening between electrolyte and Mg. At higher
current densities, there is less time for the deposited Mg to
react with the electrolyte. For a current density of 1 mAcm™, a
Coulombic efficiency of about 97 % is reached.

Changes in Frequency and Bandwidth

Complementary to the electrochemical measurement, Af, and
AW, of the quartz crystal were recorded for n=3-13 (Figure 1b/
¢ and Figure S2) with overtone orders 5 and 11 being
representative in Figure 1. During the initial Mg deposition step,
frequency is decreasing linearly as expected due to the linear
relationship between decrease in frequency and increase in
mass on the flat electrode, following the Sauerbrey equation
(Figure S3a).%? During dissolution, the frequency is increasing
but not returning to the initial value, indicating an incomplete
dissolution. In the first cycle, the reversibility in Af, is about
72% for overtone order 5 and 79% for overtone order 11. This
behavior repeats for the following cycles but the reversibility of
Af, during deposition and dissolution is increasing from cycle to
cycle, leading to a stable value of Af,, of roughly —500 Hz after
each stripping step after about 6 cycles. This change in
frequency can be interpreted as the formation of an interphase
at the gold electrode, consisting of irreversibly electrodeposited
magnesium which has at least partially reacted with the
electrolyte and therefore passivates. We name this layer of
irreversibly deposited Mg “interphase” in this article to differ-
entiate between a beneficial “SEI”, known from lithium ion
batteries, and the more passivating interphase layer in this case
which consists of either reaction products of Mg with the
electrolyte or elemental Mg which is housed by a passivation
layer. Apparently, the interphase does not have a negative
impact on the overpotentials as the potential plateaus for
plating and stripping stay stable and the Coulombic efficiency
is even increasing. Even though there is an interphase layer
remaining on the gold-coated crystal, all the plating steps show
the same activation step at the beginning of deposition similar
to the bare gold surface. But at the same time, there is also no
indication that the formed interphase has a large benéeficial
impact on the Coulombic efficiency as it is even decreasing
within the first two cycles. The interphase mainly consists of Mg
and O, revealed by EDS and XPS analysis (Figure S4 and
Table S1). But as already mentioned in the introduction, these
results must be taken with caution as it is not clear if the
oxidation took place already during the measurement or
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Figure 1. First 20 galvanostatic plating and stripping cycles of the Mg(TFSI),/MgCl,/TBABH, electrolyte on an Au-coated quartz crystal as working electrode
with a current density of 0.5 mAcm~2 for 3 min and a cut-off potential of 1.5 V vs. Mg for dissolution. (a) potential vs. time; (b) change in frequency vs. time for

the 5™ overtone order (orange) and the 11"

order (green). (d), (e) and (f) show the respective magnified view of cycle 10.

afterwards during disassembly, cleaning, and transfer of the
sample. The slope in frequency change during deposition and
dissolution is not constant for higher cycle numbers, which
cannot be explained by applying the Sauerbrey equation
(Figure 1e/f and S3b). The decrease in frequency within the
initial cycles is accompanied by an increase in bandwidth
before AW, also remains constant from cycle to cycle. For a
deposited magnesium layer which is rigid and flat, bandwidth
would not change and the change in frequency could be
modelled by applying Sauerbrey’s equation. Qualitatively, all
the overtones behave the same, but the absolute values for Af,
and AW, are different for the different overtone orders. As the
bandwidth is changing strongly and unequal for the different
overtone orders, this effect has to be considered. Therefore,
hydrodynamic spectroscopy is applied to model Af, and AW, of
a rigid but more complex coating.***** Since the electro-
deposition of Mg leads to rigid layers with non uniform
geometry, hydrodynamic spectroscopy is applied instead of
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overtone order (green); (c) change in bandwidth vs. time for the 5™ overtone order (orange) and the 1

1™ overtone

viscoelastic models which are used for describing soft films on
the surface.?¥

Hydrodynamic Spectroscopy

To find a suitable model to express the results for magnesium
interphase formation according to its surface morphology, the
quartz crystal was analyzed after 20 cycles by scanning electron
microscopy (SEM). Figure 3a shows a uniform rough structure
on the surface, the more detailed image in Figure 3b reveals a
porous structure, with particle sizes not larger than 200 nm.
This is also visible in the cross section (Figure 3c) in comparison
to the cross section of the bare Au-coated quartz crystal before
cycling (Figure S5). The layer is very uniform over the whole
surface, making it possible to apply hydrodynamic spectroscopy
(Figure S6).
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Figure 2. Coulombic efficiency vs. time for the first 20 cycles with a current density of 0.5 mAcm ™2 for a deposition time of 3 min (blue) and for the first 30
cycles with a current density of 0.25 mAcm? for deposition time of 6 min (cycles 1-10), 0.5 mAcm 2 for 3 min (cycles 11-20) and 1 mAcm  for 90 s (cycles

21-30) (all orange).

Figure 3. SEM images of the quartz crystal surface after 20 galvanostatic cycles with a scale of 2 pm (a) and a scale of 500 nm (b). Cross section of the quartz

crystal after 20 cycles with a scale of 250 nm (c).

Therefore, we chose the model for a uniform porous layer,
which Aurbach et al. described previously (Equation $1-55).2342
In these equations, the frequency is described by the real part
of the complex function and the bandwidth by the imaginary
part. By extracting the changes in frequency and bandwidth for
all overtones from order 3 to 13, one can receive the
corresponding hydrodynamic spectra. Figure 4a—c shows some
selected spectra within the first 20 plating and stripping cycles.
In these spectra, the positive values on the y-axis mark the
changes in bandwidth and the negative values are the changes
in frequency.*” The penetration depth (x-axis) for the different
overtone orders was calculated using an electrolyte density of
0.88 gcm™ and a viscosity of 0.73 mPas. The lowest overtone
has the highest penetration depth, thus, on the contrary,
overtone order 13 has the lowest penetration depth. For the
spectra of the first cycle (Figure 4a), we selected several specific
points in the plating/stripping cycles to show changes in the
hydrodynamic spectra.
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These points are the initial spectrum before deposition, at
half the deposition time, after complete deposition, after half of
the dissolution time and at the end of dissolution. The black
arrows mark the order of the spectra. The black points in
Figure 4a are ascribed to changes in frequency and bandwidth
by immersing the bare Au-coated quartz crystal into the
electrolyte. In the ideal case for rigid and flat surfaces, the data
points are in one line, intersecting with zero at a penetration
depth of zero, according to the Kanazawa equation (Equa-
tion 3), shown by the black dashed line. The equation was used
for the first spectrum before deposition to calculate the
viscosity of the electrolyte. 3>

The bandwidths are increasing for all overtones during
deposition which is assigned to the formation of a porous
structure. Assuming the complete dissolution of magnesium,
one would expect that the bandwidths return to the initial
value at the end of dissolution. Contrary to this, the bandwidths
further increase during Mg dissolution, which means that a
porous structure is remaining on the surface after the first cycle.
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Figure 4. Hydrodynamic spectra of 5 selected points within the first cycle (a) and the fifth cycle (b). Hydrodynamic spectra after the 1%, 39, 5™, 7" and 9" cycle
(c). Extracted parameters h (green), x (orange) and Afgq  trapped (blU€) vs. time (d).

To further analyze the resulting hydrodynamic spectra and
to apply the complex expression for the uniform porous layer,
the procedure was the following: First, the data of the changes
in bandwidth are considered to fit the function for the uniform
porous layer model. Two parameters are extracted from the fit:
h is the height of the porous layer and y is the permeability
that correlates with the pore size.***” These extracted parame-
ters are applied to the real part of the complex expression to
predict the changes in frequency one would expect from the
changes in bandwidth. These are the four lines with a negative
slope in Figure 4a. Note, that the fit was not done for the data
points before deposition as there is only the flat gold-coated
quartz present in the electrolyte, which can be described by
Kanazawa'’s equation but not by a porous layer model. The bare
gold-coated quartz crystal without liquid is the reference point
for all hydrodynamic spectra. There is a constant offset between
the experimental data points and the predicted functions for
the frequencies, exemplified by a red double arrow in Figure 4a.
Due to the fact that Af, and AW, are measured operando, there
is no reference point of the crystal with deposited Mg in air, like
it is demanded in the procedure reported by Shpigel et al. This
has to be taken into account” As an approximation, it is
assumed that the change in bandwidth mainly originates from
the hydrodynamic interactions whereas the contribution of the
deposit without electrolyte is negligible. The model of the
porous layer does not include any rigid flat coating described
by the Sauerbrey equation. The plating of Mg leads not only to
a porous layer resulting in Af, and AW, described by the model

ChemSusChem 2023, €202301269 (6 of 11)

of the uniform porous layer, but also to a rigid and flat coating
increasing the electrode mass known from the Sauerbrey
equation (Equation 1). The latter results in additional Af, but
not in AW,, leading to the observed constant offset for Af, of all
overtones. Additionally, liquid which is trapped in narrow pores,
smaller than the penetration depth, contributes to the change
in frequency without affecting the bandwidth.®” The formation
of porous layers with channels, filled with electrolyte, is also
known from other systems such as the alkali metals Li and
Na.’**¥ The fact that, despite the offset, the trend of the
function fits well to the experimental spectra, shows that the
used model is valid. In the ideal case, the differences between
the experimental points and the predicted changes in fre-
quency are equidistant for all penetration depths. The red
dotted line acts as a guide for the eye, which has the same
shape as the predicted curve but with an offset, confirms a
reasonable agreement. After complete deposition, the offset
between predicted curve and experimental data is largest as
this marks the point where the thickness of the deposited Mg
layer has its maximum. After dissolution, the frequency is lower
than before the cycle for all overtones, which fits to the results
of the bandwidth analysis. These findings confirm a report
where the formation of a layer after plating and stripping from
a Mg(TFSI),-based electrolyte was described.”” The report
suggested that active Mg is left back which is housed by a
passivation layer. This fits to our hydrodynamic spectra as the
parts which are passivated are left on the electrode as a porous
layer.
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To investigate changes during plating and stripping when
an interphase is already present on the electrode surface, the
hydrodynamic spectra for cycle 5 were also analyzed in detail.
The same procedure as for cycle 1 is shown for cycle 5 in
Figure 4b. In this case, during deposition, the bandwidth is
decreasing in contrast to the first cycle, indicating a shrinking
porous layer by filling the pores. The dotted red line as a guide
for the eye confirms again that the fit and prediction of the
measured frequencies is still reasonable. The stabilization of the
interphase thickness after 5 cycles, shown in Figure 1b, is also
reflected here. The differences in Af, between dissolution 4 and
5 are small compared to the differences between starting point
and dissolution 1, which means that the interphase growth
slows down. Some selected spectra after a different amount of
cycles are shown in Figure 4c, the spectra of the corresponding
deposition steps behave similarly and are shown in Figure S7.
The evolution of the porous interphase is obvious by the
deviation from the straight Kanazawa line recorded before the
first deposition. The bandwidths and frequencies for low
penetration depths are stabilizing already after about 5 cycles
whereas for larger penetration depths, the bandwidths are
increasing further. This behavior is not represented in Af, as
there is almost no change between the measured data points
from cycle 5 to 9 for all penetration depths. This divergence is
also reflected in the fit. While for cycle 5, the experimental
frequencies are still equidistant to the curve predicted from the
bandwidths, this is not true for cycle 9 anymore. For low
penetration depths, the difference between the predicted curve
and the experimental data points for Af, is much larger than for
high penetration depths, showing that the fit is not accurate.
The origin of this could be viscoelastic effects due to loose and
inaccessible “dead” magnesium particles which may have been
detached from the surface, resulting in higher damping but not
in higher mass on the electrode. Another possibility are
inhomogeneities which result in an inaccurate fit of the model.
Furthermore, the high overtone orders could also deviate as the
acoustic wave could probe the viscoelasticity of the porous
layer for small penetration depths.®" After cycle 9, there are
almost no changes until cycle 20 (Figure S8). In addition to the
selected spectra, the parameters h, y, and Afgiq  yapped Which is
the contribution of rigid flat coating and liquid trapped in
narrow pores, calculated by the average offset between
predicted and experimental frequency, of all measurement
points were extracted and plotted vs. time (Figure 4d).*? The

results for the first 6 cycles are shown as the fit is still accurate
in this region. The extracted parameters for the whole 20 cycles
are shown in Figure S9. Assuming a completely flat deposition
of magnesium in the pure gravimetric case, one would expect a
change in frequency of about —640 Hz for deposition, accord-
ing to the Sauerbrey equation. This fits almost perfectly to the
first deposition step (Figure S10a). In the next cycles, the
frequency change, attributed to the rigid flat coating, is much
larger, approaching —1000 Hz. At the same time the thickness
of the porous layer is decreasing during deposition and
increasing during dissolution, especially at the beginning and at
the end, respectively (Figure S10b). This is also reflected in a
higher slope in the frequency change. The hypothesis is that
pores are filled upon deposition, which means that they do not
contribute to the porous layer anymore but to the rigid flat
layer, not resulting in a bandwidth change but in a change in
frequency. After the first cycle, the porous layer is already more
than 100 nm thick. During dissolution 5, the porous layer is
growing by about 100 nm and has a total thickness of about
300 nm after 5 cycles. The further growth of the porous layer is
probably an overestimation as the changes in bandwidth for
high penetration depths lead to a higher value for h after about
7 cycles where the fit is not accurate anymore. Regardless, the
results are in good agreement with the thickness of the
interphase measured by SEM. The results are as well consistent
with the report of Yoo et al., who described the change from
granular nuclei to a porous structure after cycling.'** Com-
pared to this report, where the growth of hemispherical
deposits was ascribed to limited sites for Mg deposition,
operando EQCM-D results give insights into the structural
changes and indicate that the porous structure is mainly formed
as a result of incomplete Mg dissolution.?

Dynamic Behavior of the Interphase

While holding at open circuit potential (ocp) for 12 hours after
20 cycles, the changes in frequency and in bandwidth reveal a
dynamic behavior (Figure 5a). After the first 20 cycles (Fig-
ure 5b), frequency and bandwidth become more stable with
increasing cycle number. But when cycling is stopped and the
potential is kept at ocp, both start to change. While frequency is
continuously increasing, bandwidth is decreasing, which means
that the formed interphase is dissolving without a net current

(@) o (b) o

200 200
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N -400 N 400

I I
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“w o

< _8004 ocp <1-800
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Figure 5. Change in frequency (blue) and in bandwidth (orange) for the 9th overtone order vs. time of 40 galvanostatic cycles with 12 hours ocp time between
the 20™ and the 21 cycle (a), magnification of cycle 1-20 (b) and magpnification of cycle 21-40.
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flow. In the next 20 cycles after staying at ocp for 12 hours
(Figure 5¢), frequency is dropping again whereas bandwidth is
increasing from cycle to cycle analogous to the above-described
behavior of the fresh and blank electrode. Both, Af, and AW,
stabilize again at values that are comparable to those obtained
after the first 20 cycles. This leads to the conclusion that the
interphase is not stable but in a dynamic equilibrium between
its formation and dissolution. This observation can explain why
the Coulombic efficiency (Figure 2) does not correlate with the
frequency reversibility. The missing 5 percent in Coulombic
efficiency compared to the frequency reversibility mainly
originate from the reaction of reactive electrolyte parts, most
probable TFSI, with deposited magnesium. In another report,
the SEI growth at a Mg electrode under open circuit conditions
was examined, showing that an interphase is growing in TFSI-
based electrolytes, confirming the chemical reaction between
the TFSI-based electrolyte and Mg.®¥ Further verification would
require element specific characterization techniques which are
applied in situ. As the porous structure is growing during the
initial cycles, the surface becomes larger, leading to a higher
interphase dissolution rate. The reversibility in frequency after
about 6 cycles is at 100% when the interphase is dissolving
with the same rate as the interphase is growing during cycling.
This means that the dissolution of the interphase and the
formation during cycling are in a dynamic equilibrium, leading
to the stabilization of interphase thickness. The slight increase
in Coulombic efficiency between cycles 3 and 10 could
originate from a slower diffusion of reactive electrolyte parts
through the porous layer. Slow interphase dissolution does not
have a negative impact on the Coulombic efficiency as it is
even 0.5% higher in the subsequent cycles (see Figure S11 and
12). Furthermore, an increase in current density, which results in
an increase in Coulombic efficiency, leads to a decrease in
interphase thickness (see Figure S13 and 14). A new dynamic
equilibrium is established, which is reflected in the different
frequency and bandwidth plateaus for the three current
densities. The slow, currentless dissolution can also explain the
appearance of dead Mg particles which are detaching from the
surface. The slow dissolution could be related to the passivation
layer, building a new, bare Mg surface of previously housed Mg,
which reacts with the electrolyte. This results in a new
passivation layer which again dissolves.

Layer Removal at High Potentials

The interphase is not only dissolving while staying at ocp, but
can also be more rapidly removed at high potentials (Figure 6).
After 10 plating and stripping cycles, a potential of 2.5V vs. Mg
was applied for 90 s. The frequency as well as the bandwidth
return to the original values for the bare Au-coated quartz
crystal within one minute. The removal of the interphase layer
is accompanied by hydrogen evolution, investigated by online
electrochemical mass spectrometry (Figure S15). H, evolution is
most probably caused by borohydride decomposition.”?? Be-
sides this, no gas formation was detected, which means that no
typical decomposition gases such as H, or CO, are forming
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Figure 6. Chronoamperometric measurement at 2.5 V vs. Mg for 90 s.
Change in frequency (blue) and in bandwidth (orange) for the 9" overtone
order vs. time.

during Mg plating and stripping. The mechanism of this layer
removal remains unclear. One possibility is spalling of the
interphase caused by the gas formation at the electrode
surface. Another explanation is the removal of the thin
passivation layer, which houses the active magnesium, by the
reactive hydrogen. By removing the thin passivation layer, the
magnesium can be electrochemically stripped (Figure S16). It is
also possible that the borohydride decomposition is not
involved in the layer removal. Holc et al. reported about an
interphase oxidation, too.”” But in their case, the TFSl-based
electrolyte didn’t contain any borohydride but a similar effect
was still observed at high potentials.

The frequency profile as well as the potential profile are
almost identical in the ten cycles before and after layer removal
(Figure S17 and S18). One interesting observation, which further
supports the hypothesis of dead magnesium particles forming
during cycling, is the layer removal after 20 cycles (Figure S19).
In this case the frequency, especially for high overtones, returns
to its initial values. This is not the case for the bandwidth as
especially the overtones with a high penetration depth do not
reach the initial values, which means that particles remain on
the surface which lead to a higher dissipation.

Implications for the Structural Evolution of the Interphase

In Figure 7, the results from Figure 1-6 are visualized. They are
in good agreement with the results proposed by Sun et al. but
with additional information on the dynamic behavior and the
changes during plating and stripping."? The dark grey part
marks the deposited magnesium and the formed interphase
which contributes to the rigid flat coating, resulting in a change
in frequency but not in bandwidth. The bright grey part
represents the porous structure which results in a change in
bandwidth. In the first deposition step, magnesium is not
deposited as a completely flat coating. During dissolution, the
layer height of the porous interphase is increasing, especially at
the end of dissolution. In the next plating steps, the thickness
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Figure 7. Visualization of interphase formation obtained from EQCM-D results. The bright grey part is the porous layer, dark grey marks the Af;igq  yrappeas Which
is described by the Sauerbrey equation, and red the dead Mg particles which have detached from the surface.

of the porous layer is decreasing during deposition as the pores
are filled up by magnesium, whereas the porous layer is getting
thicker during dissolution as pores are formed due to incom-
plete dissolution. By that, a porous interphase is evolving
during the first cycles. The formed interphase does apparently
not lead to passivation of the electrode but behaves as the
noble electrode substrate at the beginning. The interphase
shows a dynamic behavior as it is slowly dissolving at ocp. The
thickness of the interphase is stabilizing during operation after
about 6 cycles as a dynamic equilibrium between interphase
formation and dissolution is reached. At high potentials, the
layer is removed, accompanied by hydrogen evolution, and is
forming again in the subsequent cycles.

Conclusions

In summary, using electrochemical quartz crystal microbalance
with dissipation monitoring (EQCM-D) the initial galvanostatic
plating and stripping cycles from a magnesium model electro-
lyte was studied under operation conditions. We found that
reversible magnesium plating and stripping with a high
Coulombic efficiency is possible with the investigated electro-
lyte, based on Mg(TFSI),, MgCl, and TBABH, in DME. But side
reactions, lowering the Coulombic efficiency, are occurring also
in this electrolyte, which lead to passivated magnesium
remaining at the electrode, forming porous structures. Struc-
tural changes during cycling are dominated by a growth of the
porous layer during dissolution and a shrinking during deposi-
tion due to a consecutive emptying and filling of the pores. It is
important to consider these formed layers as they have an
influence on the structure of magnesium deposition and
dissolution even after the layer has stopped growing. Further-
more, the unexpected dynamic behavior due to the slow
dissolution of the interphase was revealed, which leads to a
dynamic equilibrium between interphase formation and dis-
solution during cycling. Transferred to a magnesium metal
electrode, this means that a porous interphase is forming
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during cycling and the electrode is slowly degrading in this
electrolyte. Future investigations which comprise element
specific characterization techniques, in the best case under
operating conditions, would be highly interesting to get deeper
insights into the observed phenomena. Understanding the
processes and collecting information about the existence and
structural evolution of interphases will help to rationally design
new types of electrolytes and actively tune the interface and
interphase between electrode and electrolyte. Therefore, our
work can help adjusting the cycling parameters during
conditioning to find an optimum for the reversible magnesium
deposition for the negative electrode of a magnesium metal
battery. Operando characterization of magnesium deposition
and dissolution was successfully demonstrated, applying hydro-
dynamic spectroscopy to analyse changes in frequency and
bandwidth, including the overtone orders up to the 13"
overtone. The presented methodology opens up for a more
targeted and effective design approach to identify and optimize
the role of each electrolyte component, e.g. layer-forming
additive, towards high-performance interphases for Mg bat-
teries and other energy storage systems.

Experimental Section

The electrolyte was prepared by mixing 115 mM Mg(TFSI), (99.5 %,
Solvionic), 115 mM MgCl, (99.9%, Alfa Aesar) and 15 mM TBABH,
(98 %, Sigma-Aldrich) with DME (99.5 %, Sigma-Aldrich). The electro-
lyte was handled under inert atmosphere (O, <0.5ppm, H,O
< 0.5 ppm). Mg(TFSI), was dried at 80°C for 24 hours and 10~* mbar
prior to use. MgCl, and TBABH, were used as received. DME was
dried over molecular sieve for several days prior to use, resulting in
a water content below 10 ppm, tested by Karl Fischer Titration (KF-
Coulometer 851 by Metrohm, with Hydranal Coulmat AG electrolyte
by Honeywell). After mixing, the electrolyte was stirred for several
hours at 50°C.

EQCM-D measurements were done with a Q-Sense system from
Biolin Scientific, Sweden. The measurement cell was custom-made.
The closed cell was assembled in a glove box and transferred to the
measurement device, which was positioned in a box with constant
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nitrogen flow. Mg plate (99.9%, Goodfellow) with a diameter of
12 mm served as counter electrode and Mg wire (99.9%, Good-
fellow) as the reference electrode. Both were cleaned with sand
paper under inert conditions prior to use. As working electrode, an
Au-coated 5 MHz quartz crystal (Biolin Scientific) was used. Between
counter and reference electrode, there was a glass fibre separator
with a diameter of 13 mm (Whatman, GF/A). An electrolyte volume
of 0.4 mL was required for one measurement. The electrochemical
measurement in parallel to the QCM measurement was done with a
PalmSense MultiEmStat4 HR (Palmsens B.V.. All measurements
were performed at room temperature. Magnesium was first
deposited galvanostatically with a current density of —500 uAcm™>
for 3 minutes, followed by magnesium dissolution at 500 pAcm™
until the potential reached a value of 1.5V vs. Mg. This was the
typical procedure if not described differently.

2

SEM images were recorded with a Zeiss LEO 1550 Microscope,
using the in-lens secondary electron detectors. Images were
acquired at 5.0 kV acceleration voltage. After the measurement, the
cell was disassembled and transferred to the device without further
cleaning. A spot without residual electrolyte was selected for the
measurement.

Au-mesh electrodes for the OEMS measurements were prepared by
sputtering Au on both sides of a stainless steel mesh (212/90 um,
Bopp AG, Switzerland) and the punch to correct size (g 15 mm). To
increase the electrochemical surface area of the Au-mesh electro-
des, two mesh electrodes were stacked on top of each other. The
electrochemical cells and the data treatment procedure for
operando measurements has been described in previous publica-
tions. All measurements were performed at 30°C.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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Understanding the formation of inter-
phases at the electrode/electrolyte
interface is crucial to rationally
develop improved electrolytes for re-
chargeable magnesium batteries.
Operando electrochemical quartz
crystal microbalance with dissipation
monitoring is used to investigate in-
terphase formation during
magnesium plating and stripping. The
evolution of a porous structure and a
dynamic equilibrium between inter-
phase formation and dissolution are
revealed.
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