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Abstract: Rechargeable magnesium batteries are promising for future energy storage. However, among other challenges,
their practical application is hindered by low coulombic efficiencies of magnesium plating and stripping. Fundamental
processes such as the formation, structure, and stability of passivation layers and the influence of different electrolyte
components on them are still not fully understood. In this work, we gain unique insights into the initial Mg plating and
stripping cycles by comparing magnesium bis(trifluoromethanesulfonyl)imide (Mg(TFSI)2)- and magnesium
tetrakis(hexafluoroisopropyloxy)borate (Mg[B(hfip)4]2)-based electrolytes, each with and without MgCl2, on gold
electrodes by highly sensitive operando electrochemical quartz crystal microbalance with dissipation monitoring
(EQCM� D) applying hydrodynamic spectroscopy. With the stable Mg[B(hfip)4]2-based electrolytes, highly efficient and
interphase-free cycling is possible and passivation layers are attributed to electrolyte contaminants. These are forming
and degrading during the so-called initial conditioning process. With the more reactive Mg(TFSI)2-based electrolyte,
thick passivation layers with small pores are growing during cycling. We demonstrate that the addition of chloride lowers
the amount of passivated Mg deposits in these electrolytes and accelerates the currentless dissolution of the passivation
layer. This has a positive effect since we observe the most efficient cycling and uniform deposition when no interphase is
present on the electrode.

Introduction

Due to their high theoretical energy density, higher
abundance and lower tendency to form dendrites, recharge-
able Mg batteries are an interesting alternative battery
chemistry.[1–3] To make use of the high theoretical energy
density, Mg metal needs to be used as the negative electrode
(also commonly named as anode) of the battery. Therefore,
one major challenge is finding an electrolyte that is
compatible with the Mg metal and capable of realizing Mg
plating and stripping with a coulombic efficiency close to
100%. To achieve this, the combination of Mg metal and
electrolyte must not lead to passivation phenomena or non-
uniform Mg deposits.[4,5] Several Mg salts, mostly dissolved

in ethers like dimethoxyethane (DME), are investigated to
overcome that challenge. Among them, Mg(TFSI)2 as a
commercially available salt is widely used as a main
component for Mg electrolytes. However, it was found that
the single salt Mg(TFSI)2 electrolyte suffers from side
reactions due to instability towards Mg which leads to low
coulombic efficiencies, passivation phenomena, and low
cycling stability.[6–8] In particular, undercoordinated TFSI�

anions might have a higher reactivity towards Mg than bare
TFSI� .[6] Furthermore, contaminants like oxygen or water
tend to react with Mg to form passivating oxides or
hydroxides.[9,10] It is commonly known that the addition of
MgCl2 helps to overcome these issues by increasing the
coulombic efficiency and reducing the overpotentials for Mg
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plating and stripping.[5,10–13] At the same time, the addition of
chloride is seen as disadvantageous in terms of corrosion of
current collector and battery housing made of aluminium
and stainless steel.[14] The positive effect of MgCl2 addition
has not only been found for Mg(TFSI)2-based electrolytes
but also for other Mg electrolytes.[15,16] Multiple studies have
attempted to explain these improvements but the reasons
are still under debate.[5,17] One explanation is the preferential
adsorption of chloride on the Mg surface, thereby prevent-
ing electrolyte decomposition which would lead to
passivation.[10,11,18] Another approach focuses on the com-
plexes in the electrolyte which are active for Mg plating. By
that, active chloro-complexes such as Mg2Cl3

+ were
identified.[13,19] The impact of chloride on passivating layers
was the subject of speculation by Salama et al. in 2017.[19] It
was proposed that the chloride might help to dissolve
passivating MgO and Mg(OH)2 layers. To the best of our
knowledge, this idea was not pursued further and has not
yet been experimentally confirmed. It is challenging to
observe such phenomena experimentally as commonly used
ex situ techniques, such as X-ray photoelectron spectro-
scopy, may deliver misleading results as the interface is
highly sensitive and can easily be changed during cell
disassembly or cleaning of the sample.[4] Therefore, the
fundamental processes at the electrode/electrolyte interface
and the formation and morphology of interphases and
passivation layers are not yet understood, which stresses the
need for in-depth research on this topic.[4,7,10,19–22]

A unique and highly sensitive method to gain deeper
insights into mass and morphology changes on metal electro-
des under operating conditions is the electrochemical quartz
crystal microbalance with dissipation monitoring.[23–26]

EQCM-D offers the possibility to overcome the lack of
understanding of the above-mentioned issues on Mg deposi-
tion. In our previous work, the structural evolution of the
working electrode within the initial Mg plating and stripping
cycles was investigated using a Mg(TFSI)2/MgCl2-based
electrolyte with tetrabutylammonium borohydride
(TBABH4) as additive.[27] By applying advanced character-
ization with EQCM� D-based hydrodynamic spectroscopy, it
was shown that a porous interphase or passivation layer is
forming during Mg stripping which is slowly dissolving at the
open circuit potential (ocp). EQCM without consideration
of overtones and bandwidths was recently applied in other
studies to investigate Mg and Li systems.[28–30]

In the present study, we apply EQCM� D to compare the
Mg(TFSI)2-based electrolyte with and without chloride. To
understand the influence of the TFSI� anion on side reaction
phenomena and the formation of passivation layers, we also
investigate a Mg[B(hfip)4]2-based electrolyte with and with-
out the addition of MgCl2. The [B(hfip)4]

� is supposed to be
more stable against metallic Mg compared to TFSI� .[31,32]

Therefore, it shows a higher coulombic efficiency and an
overall better performance.[31,33–35] By comparing the four
different electrolytes, we are able to reveal the impact of
chloride and the second anion on side reactions, passivation
layer formation and stability.

Chloride is identified as an accelerator of passivation
layer dissolution, supporting the hypothesis of Salama

et al.[19] Furthermore, in the case of the less stable Mg-
(TFSI)2-based electrolyte, the lack of chloride results in the
formation of larger amounts of passivated Mg and therefore
in lower coulombic efficiency and a thick and further
growing passivation layer with small pores. Besides that,
chloride is less important in the Mg[B(hfip)4]2-based electro-
lyte, as the anion appears to be intrinsically stable towards
Mg, which results in high coulombic efficiencies and mostly
passivation layer-free cycling also for the chloride-free
electrolyte. Nevertheless, this electrolyte is also less suscep-
tible to contaminants when combined with MgCl2.

Results and Discussion

To compare the influence of electrolyte composition and the
presence of chloride on electrochemical performance, inter-
phase formation, and its stability, the salts Mg(TFSI)2 and
Mg[B(hfip)4]2 were chosen as main components for the
electrolytes. Even small amounts of water can have a
detrimental effect by reacting with Mg to form passivating
MgO and Mg(OH)2.

[10,36] To exclude the impact of water
contamination and enable revealing the influence of the
electrolyte components themselves, TBABH4 was added to
all electrolytes to scavenge water impurities and prevent a
pronounced conditioning process within the first plating and
stripping cycles.[16,34,37–39] The four electrolytes which were
investigated in this study are 115 mM Mg(TFSI)2 and 15 mM
TBABH4 in dimethoxyethane (DME) with and without
115 mM MgCl2, as well as 120 mM Mg[B(hfip)4]2 and 20 mM
TBABH4 in DME with and without 120 mM MgCl2.

In the EQCM� D measurement, electrochemical data is
combined with the change in resonance frequency Δfn and in
bandwidth ΔWn of Au-coated quartz-crystals for the over-
tone orders n=3–13.

This enables not only measuring the mass changes, which
are proportional to the decrease in frequency according to
the Sauerbrey equation (Equation S1), but also to obtain
detailed information on structures which are forming on the
electrode surface (Equations S4–10).[26,27,40–43] The changes in
bandwidth, which are different for the respective overtone
orders, make this necessary, meaning that the sole descrip-
tion by the Sauerbrey equation is not sufficient for the
investigated systems. A detailed description of EQCM� D
and its use is given in our previous publications and in the
Supporting Information.[27,44]

Mg(TFSI)2-based Electrolytes

In Figure 1, the electrochemical measurement, as well as the
Δfn and ΔWn response of the overtone orders 5 and 9 for the
initial 5 plating and stripping cycles with a plating current
density of � 0.5 mAcm� 2 for 3 min of the chloride-free and
the chloride-containing Mg(TFSI)2-based electrolytes are
exemplarily shown in comparison to each other. In Fig-
ure 1a, the potential profiles of the galvanostatic cycles
reveal a similar overall shape. However, the clearly higher
overpotential of around � 0.4 V vs. Mg for the formation of
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the first nuclei in the chloride-free electrolyte demonstrates
a larger barrier for their formation. In addition, the over-
potentials for plating and stripping are each about 100 mV
higher than for the chloride-containing electrolyte and are
slightly increasing during the initial cycles.[16] Furthermore,
the coulombic efficiency is much lower than for the
chloride-containing electrolyte (Figure 1a and 2a), which is
in agreement with reports from literature.[11,16,45] In the
frequency and bandwidth responses, there are significant
differences caused by the presence of chloride (Figure 1b/c).
The reversibility in frequency is only around 20% in the
chloride-free electrolyte (Figure 1b and S1), which is very
low compared to the coulombic efficiency and as well to the
chloride-containing variant.

This means that a relatively thick layer remains on the
electrode surface after Mg stripping. As our EQCM� D
study does not reveal a pronounced beneficial effect of the
formed layer on electrochemical performance, we name it
the passivation layer as being suggested for systems with
anode-free cells.[46] At the same time, the formed layer still
enables further Mg plating in our experiments. The
EQCM� D technique does not provide direct information on
the chemical composition. Most probably the layer consists
of Mg deposits which are housed by a layer composed of
reaction products. Traces of reaction products have been
found by Horia et al.[16] The negative effect of the layer is
more pronounced when thicker layers of Mg are
deposited.[16] We avoid the terminology of solid electrolyte
interphase (SEI) which would imply a positive and desired
process of interphase formation as known from lithium-ion
batteries.

Another obvious difference between the chloride-con-
taining and the chloride-free Mg(TFSI)2-based electrolyte is
the frequency change during the initial Mg deposition step.
To compare the mass change per mole of electrons (mpe),
Δf5 of the first deposition step was plotted vs. the transferred
charge density σ for the four different electrolytes with a
deposition current of 1 mAcm� 2, which is shown in Fig-
ure 2b. By combining the Sauerbrey equation with Faraday’s
law (Equation S2), mpe values can be calculated from the
slope.[47] The colored area in Figure 2b indicates the section
used for fitting the mpe values, which has been chosen due
to the linear relation of frequency and charge, enabling the
application of the Sauerbrey equation. The Mg(TFSI)2-
based electrolyte without chloride stands out in this compar-
ison as it shows a clearly higher mass change per electron
compared to the other three electrolytes. The others show
an mpe value which is around the expected molar mass for
Mg (mpe=12.15 gmol� 1). Small deviations could result from
marginal changes in the electrochemically active surface
area due to the position of the sealing ring during cell
assembly.

Interestingly, the frequency change per charge is higher
at the beginning of deposition for all four electrolytes, which
could be attributed to the formation of the first deposits.
This is connected to a roughening of the surface with
trapped liquid leading to a higher mass change, which is in
agreement with an increasing bandwidth at the beginning of
deposition.

The overall higher mpe value in the chloride-free
Mg(TFSI)2-system could be attributed to side reactions of
Mg with the electrolyte as the reaction products, which at
least partially remain on the surface, have a higher mass
than pure Mg (Figure S2). When repeating the measure-
ment, we found that small differences in coulombic
efficiency are connected to relatively large differences in
frequency (Figure S3). For instance, a difference in coulom-
bic efficiency of 4% led to a relative increase in frequency
change of about 15 to 20%. This cannot completely be
explained by the higher mass of reaction products. A further
explanation is the non-uniform deposition of Mg in this
system. The formation of complex morphologies, which
might be attributed to the presence of passivation films,

Figure 1. Initial 5 galvanostatic plating and stripping cycles on an Au-
coated quartz crystal with a current density of � 0.5 mAcm� 2 for 3 min,
followed by a dissolution with 0.5 mAcm� 2 and a cut-off potential of
1.5 V vs. Mg. The continuous lines show the data for the chloride-free
Mg(TFSI)2-based electrolyte and the dotted lines the variant with
chloride. a) shows the potential EMg vs. time t, b) Δfn n� 1 vs. time for
overtone orders 5 (green) and 9 (orange), and c) ΔWn n

� 1 vs. time for
the respective overtone orders.
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could contain small pores which contribute to the Sauerbrey
mass as trapped liquid.[16,42,48,49] This is in agreement with
studies of an Mg(TFSI)2-based electrolyte by Bachhav
et al.[50] and Yoo et al.,[18] and these structures were also
observed for other electrolytes where coulombic efficiency
was reduced, for example due to contaminants in the
electrolyte.[51]

To obtain deeper information on the structure of the
formed layer, all Δfn and ΔWn for the overtone orders n=3–
13 are included by plotting the corresponding hydrodynamic
spectra (Figure 3a) analogue to how it was done in our
previous work.[27] In these spectra, Δfn and ΔWn are plotted
vs. penetration depth δ which is a function of overtone
order. The penetration depth of the oscillation into the
electrolyte becomes smaller as the overtone order increases
and is also a function of viscosity ηl and density ρl of the
liquid (equation 1).[26,41]

d ¼
hl

pnf 01l

� �1
2

(1)

In the simplest case of a flat surface, the changes in
frequency would be proportional to the penetration depth,
which is described by the Kanazawa equation (Equation
S3). But the observed layers are not flat as indicated by the
changes in bandwidth in Figure 1c. Furthermore, the surface
layer is assumed to be stiff as the plated metallic Mg is
rigidly attached to the Au surface.

Hydrodynamic spectroscopy is able to describe these
stiff but not flat surface layers on the quartz crystal.[26] For
the hydrodynamic spectra in Figure 3, galvanostatic cycles
with a current density of 1 mAcm� 2 were selected, which
show the same trend but less pronounced bandwidth
changes compared to measurements with lower current
densities, which means a more uniform and less rough

deposition and dissolution is taking place. The reason for
this is probably the formation of more nuclei over the whole
surface due to the more negative potentials at the beginning
of deposition and less time for side reactions during
deposition. During the first Mg deposition step in the
chloride-free electrolyte, bandwidths only slightly increase.
During dissolution, the bandwidths increase more signifi-
cantly and similarly to how it was observed in the chloride-
containing system.[27] But for the chloride-free electrolyte,
however, no “hump” is observed in the spectrum but the
deviation of ΔWn from the initial values after immersion in
the liquid increases with decreasing penetration depth. For
both Mg(TFSI)2-based electrolytes the hydrodynamic model
for the uniform porous layer is applied (Equations S4–S8).
In these equations, the surface is assumed to be completely
covered with deposits as it was observed by naked eye and
SEM, which allows to apply a simplified equation without
including the surface coverage as variable. The lateral
parameter ξ and the thickness of the porous layer h were
extracted by fitting the data points of the bandwidth part in
Figure 3c to the equation of the homogeneous porous layer
model (Equation S5). The extracted parameters from the
bandwidth fit were then used to calculate the expected
changes in frequency by applying them to the equation for
the frequency part (Equation S4). They reflect the contribu-
tion of the porous layer (green double arrow). The mass of
the dense Sauerbrey layer Δmdense+ trapped liquid (exemplarily
indicated by the blue double arrow in Fig 3a) was then
determined by calculating the offset between the experimen-
tal data points for the frequencies and the contribution of
the porous layer extracted from the model.

If these models are applied for the chloride-free electro-
lyte (Figures 3a and S4), the hump becomes visible at lower
penetration depths which are not experimentally accessible
with the measured overtone orders in this electrolyte at

Figure 2. a) Coulombic efficiency vs. cycle number for the initial 5 plating and stripping cycles for the different electrolytes. All of them contain
TBABH4 as additive. For the Mg(TFSI)2/MgCl2-based electrolyte with 1 mAcm� 2, the first cycles after layer removal at high potentials are shown; b)
Δf5 n� 1 vs. charge density σ for the initial Mg deposition step at a deposition current density of � 1 mAcm� 2 for the four electrolytes.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, 63, e202413058 (4 of 11) © 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 52, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202413058 by K

arlsruher Institut F., W
iley O

nline L
ibrary on [06/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



room temperature. The hump at a penetration depth of
about 0.03 μm means a lower lateral parameter ξ, which is
connected to a smaller pore size.[41] Hereby, the pore size is
about 3 times lower in the chloride-free electrolyte com-
pared to the chloride-containing one. The much lower
reversibility in frequency, which can also be seen in the
hydrodynamic spectra, could be explained by a large amount
of trapped liquid.[42] In the hydrodynamic spectra, the overall
frequency change is the sum of the contribution of the
porous layer and the dense layer. The latter is also called the
Sauerbrey layer as its mass can be calculated by the
Sauerbrey equation. As described, the pores of the passiva-
tion layer after Mg dissolution are very small. This could
mean that liquid is trapped in the lower part of the
passivation layer and behaves like a dense layer, thereby
contributing to the Sauerbrey mass.[42] Summarizing, the

remaining passivation layer is thicker and has smaller pores
than the layer in the chloride-containing electrolyte.

When Mg is deposited in the second cycle for the
chloride-free electrolyte, the bandwidths decrease, which
can be explained by filling the pores, decreasing the thick-
ness of the porous layer, analogue to the chloride-containing
system (Figure S5).[27] In the chloride-containing system, the
frequency change per deposition step is increasing during
the initial cycles, which was explained by the filling of the
pores which no longer contribute to the porous layer but to
the Sauerbrey mass.[27] The opposite is observed in the
chloride-free case (Figure 1b). The change in frequency is
the highest in the first deposition step. Then it gets lower
from cycle to cycle. Again, an explanation is the consid-
eration of the pores. In this case, the trapped liquid in small
pores, which already contributes to the Sauerbrey mass in
advance, is exchanged by Mg. By that, only minor frequency

Figure 3. a) Selected hydrodynamic spectra for the Mg(TFSI)2-based electrolyte during 5 plating and stripping cycles at �1 mAcm� 2 for 90 s and
after 5 h at ocp. The green double arrow marks the contributions of the porous layer to the frequency change and the blue double arrow the
contribution of the dense layer, exemplarily for dissolution 5; b) Corresponding extracted parameters for the currentless passivation layer
dissolution process after 5 plating and stripping cycles with h (green), ξ (orange) and Δmdense+ trapped liquid (blue).; c) Hydrodynamic spectra for the
Mg(TFSI)2/MgCl2-based electrolyte after 5 plating and stripping cycles at �500 μA cm� 2 for 3 min (black) and after selected times at ocp, 10 min
(green), 1 h (red), 3 h (blue) and 15 h (orange) with the corresponding fits of the uniform porous layer model; d) Corresponding extracted
parameters for the currentless passivation layer dissolution process after 5 plating and stripping cycles with h (green), ξ (orange) and Δmdense

+ trapped liquid (blue).
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changes are observed. The small pores are also visible in ex
situ scanning electron microscopy (SEM) images (Figures S6
and S7) although these results have to be taken with caution
as the layer is very sensitive to contact with air and even
damaged in the electron beam (Figure S8). This limits the
meaningfulness of ex situ measurements with such passiva-
tion layers in general.

Currentless Passivation Layer Dissolution in Mg(TFSI)2-based
Electrolytes

For Mg, which is deposited from a Mg(TFSI)2/MgCl2-based
electrolyte, the frequencies and bandwidths are highly stable
at ocp (Figures S9 and S10), showing that the pure and flat
plated Mg is stable in this electrolyte. But for the same
electrolyte, it was already shown that the passivation layer,
which forms during cycling, is somehow unstable at ocp.[27]

To follow the currentless dissolution process of the passiva-
tion layer via hydrodynamic spectroscopy and enable
tracking of changes in porous layer thickness and dense
layer mass, cycling was stopped after 5 cycles and potential
was held at ocp for 15 h.

Figure 3 shows some selected spectra (Figure 3c) and the
extracted parameters vs. time (Figure 3d). In Figure 3d,
bandwidths decrease and frequencies increase for all over-
tone orders. The extracted parameters reveal a decrease in
porous layer thickness as well as in the mass of the dense
layer, indicating that pores grow in the dense part of the
layer and the porous part dissolves as well. With the
progressing decrease in thickness of the porous layer,
dissolution slows down, most probably due to the smaller
surface area which lowers the dissolution rate. The behavior
of the formed passivation layer is clearly different in the
chloride-free system (Figure 3a). Bandwidths increase dur-
ing ocp time and frequencies are rather constant, as shown
in Figure 3a and S11. Especially for low penetration depths,
the bandwidth increases which indicates the growth of the
porous layer (Figure 3b). By applying the porous layer
model, a growth of the porous layer and a simultaneous
decrease in mass of the dense layer is the result, keeping the
sum of both constant. This means that the growth of pores
occurs but the passivation layer is not completely dissolving,
retaining a residue of the passivation layer which keeps a
constant thickness.

The decrease in the lateral parameter ξ is a further sign
that small pores in the Sauerbrey layer are growing which
afterwards contribute to the porous layer, lowering its
average pore size. Hydrodynamic spectroscopy is applied by
assuming a rigid layer on the electrode. This assumption is
questionable in the case of the appearing thick and porous
passivation layer in the chloride-free system. The frequency
for the low penetration depths decreases slightly, which
reveals a viscoelastic contribution to the frequency and
bandwidth response, as already observed in another system
with a porous layer.[42] That makes sense because the growth
of pores leads to a loss of structural stability as there is less
of the rigid backbone and more of the liquid inside the
pores.

Nonetheless, pure viscoelastic modeling (Figure S12) did
not result in a good fit, because the passivation layer is most
probably a mixture of the stiff porous layer and some
viscoelastic contributions due to mechanical instability. The
fact that the overall passivation layer thickness stays mostly
constant in the chloride-free case demonstrates that the
chloride accelerates passivation layer dissolution, as hy-
pothesized by Salama et al.[19] The results and differences in
relation to the comparison between the chloride-containing
and the chloride-free Mg(TFSI)2 electrolyte are visualized in
Figure 4. From these measurements, it is difficult to draw
conclusions about the mechanism of how exactly chloride
acts at the interface. However, it is likely that the protection
of the Mg surface from side reactions is due to the
adsorption of chloride ions, which probably also dissolve the
reaction products such as MgO.

In both cases the passivation layers are removed at high
potentials (Figure S13) and form again after removal,
indicating that the electrolyte itself is unstable or - less likely
- has a high concentration of impurities.[27] In the chloride-
free system, the passivation layer thickness is progressively
growing during cycling. No dynamic equilibrium between
dissolution and formation is established in the chloride-free
variant.[27] This is at least the case for the initial cycles when
the thicknesses of the deposited layers can still be measured
by EQCM� D. To summarize, this means that the deposited
Mg is protected from the unstable electrolyte and passiva-
tion layer dissolution is accelerated in the presence of
chloride.

Figure 4. Comparative visualization of the passivation layer formation and dissolution at ocp between the Mg(TFSI)2 and the Mg(TFSI)2/MgCl2-
based electrolyte. The blue parts represent the trapped liquid which contributes to the dense layer.
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Mg[B(hfip)4]2-based Electrolytes

To compare the passivation layer formation and its stability
of Mg(TFSI)2-based electrolytes with more stable electro-
lytes, Mg[B(hfip)4]2 was chosen as salt to prepare again a
MgCl2-containing variant and a chloride-free one.[52,53] Mg[B-
(hfip)4]2 is expected to be mostly stable against Mg as shown
in previous studies.[31–33] The potential profiles of the 1st and
the 20th plating and stripping cycles are shown in Figure 5a
for both Mg[B(hfip)4]2-based electrolytes. The overpoten-
tials for deposition and dissolution are lower than for the
Mg(TFSI)2-based electrolytes in both cases. The differences
between the presence and absence of chloride are small
regarding the overpotentials and the coulombic efficiencies
(Figure 2a). In both electrolytes, overpotentials are decreas-
ing, and coulombic efficiency is increasing from cycle 1 to
20. This results in a coulombic efficiency close to 100% and
the overpotential for plating is only slightly more than
� 100 mV in the 20th cycle. Nevertheless, the chloride-free
electrolyte exhibits overpotentials which are a little higher
and a slightly lower coulombic efficiency.

Figure 5b shows the changes in bandwidth and frequency
for the initial 20 cycles with and without the addition of
MgCl2 as well as the magnification of cycle 3. High
reversibility of frequency and bandwidth is achieved, which
is correlated with the high coulombic efficiency. Whereas
almost no layer forms in the chloride-containing variant, a
more pronounced passivation layer formation is observed in
the chloride-free Mg[B(hfip)4]2 electrolyte during the initial
cycles. With this electrolyte, bandwidth is increasing and
frequency is decreasing during the initial two cycles, which
means a roughening of the surface. This indicates that the
electrolyte is more susceptible to side reactions, but the
changes are still small compared to the Mg(TFSI)2-based
electrolytes. After the first few cycles, the formed layer
degrades again and both electrolytes show a very similar

shape in Δfn and ΔWn. After 20 cycles, Δfn and ΔWn are
almost at the initial values, indicating the presence of a
mostly bare gold surface, which is in agreement with the
stabilization of coulombic efficiency at very high levels,
indicating that no side reactions are occurring. The slight
deviation in Δfn and ΔWn after 20 cycles in comparison with
the initial values could be either explained by a slight
roughening of the surface or slight changes in electrolyte
viscosity (Figure S14). Changes in viscosity due to adjust-
ment of temperature or slow solvent evaporation, which
increases viscosity in the residual electrolyte, are the more
plausible explanation as small changes are also observed at
ocp before starting the Mg plating and stripping cycles
(Figure S15).

The Δfn and ΔWn response within one cycle also shows
an interesting shape, similar for both electrolytes but differ-
ent compared to the Mg(TFSI)2-based ones (Figures 5b and
6b). When plating starts, the bandwidth increases and
frequency decreases faster than one would expect when
depositing a flat Mg layer. This means that the electrode
roughens during the formation of the first deposits.

In the further course of deposition, bandwidth is slightly
decreasing again, indicating a flat deposition of a dense Mg
layer, also reflected by the mpe values which are close to the
expected values for Mg (Figure 2b). It has to be mentioned
that the overall bandwidth changes during deposition are
very low (Figure 6a). By fitting the hydrodynamic spectra to
the shallow roughness model and uniform porous layer
model, it becomes clear that the bandwidth changes
correlate with the roughness of the layer (Figures S16 and
S17).[41] During Mg stripping, the surface roughening is more
pronounced than during the plating step. Towards the end
of Mg stripping, the bandwidth is increasing fast (Figure 6),
followed by a rapid drop of the bandwidth towards the
initial value during the last moments of Mg dissolution. The
behavior is similar to already reported copper plating and

Figure 5. a) Potential profiles for the galvanostatic Mg deposition and dissolution from a Mg[B(hfip)4]2-based (green) and a Mg[B(hfip)4]2/MgCl2-
based electrolyte (red) of the 1st and 20th cycle; b) Δf5 n� 1 and ΔW5 n

� 1 of the initial 20 galvanostatic plating and stripping cycles on an Au-coated
quartz crystal with a current density of 1 mAcm� 2 for 90 s, followed by a dissolution at 1 mAcm� 2 with a cut-off potential of 1.5 V vs. Mg. The
Mg[B(hfip)4]2-based electrolyte is shown in green and the Mg[B(hfip)4]2/MgCl2-based electrolyte in dark red. On the right side, a magnified view of
cycle 3 is shown.
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stripping, but the increase of bandwidth at the end of
dissolution is more pronounced in the Mg system.[54] The
decrease in bandwidth at the very end of Mg dissolution is
in strong contrast to the Mg(TFSI)2-based electrolytes,
where the stripping step with a cut-off potential of 1.5 V vs.
Mg ends with a roughening of the surface. In the Mg[B-
(hfip)4]2 case, the remaining deposits are removed at the
very end, leaving behind a bare electrode. For the removal
of the last residues of the Mg layer, a higher potential (up to
0.8 V vs. Mg) is needed for the Mg stripping to reach the
bare electrode (Figure S18). In contrast to that, much higher
potentials (>2 V vs. Mg) are needed to remove the
remaining porous passivated deposits in the Mg(TFSI)2-
based systems. A more detailed discussion of the corre-
sponding hydrodynamic spectra and the applied models can
be found in the Supporting Information (Figure S16). Slow
layer dissolution is also observed in the chloride-free Mg[B-
(hfip)4]2-based electrolyte at ocp (Figure S19). When higher
potentials are applied after 5 cycles in the case of the
chloride-free Mg[B(hfip)4]2 electrolyte, the remaining passi-
vation layer is removed (Figure S19), comparable to the
Mg(TFSI)2-based systems (Figure S13).[27] The cycles after
layer removal are characterized by smoother plating and
stripping with low bandwidth changes which indicates that
the layer can have a negative impact on the uniformity of
the Mg deposits. The passivation layer does not form again
in consecutive cycles which is in contrast to the Mg(TFSI)2-
based electrolytes. This means that the passivation layer is
mainly contaminant-induced and the [B(hfip)4]

� anion itself
is stable towards Mg. Apparently, solvent decomposition,
which is under debate in literature, does not play a

significant role in this system.[7] On the other hand, the
passivation layer in Mg(TFSI)2-based electrolytes, which
forms again and again after removal, is probably caused by
instabilities of the electrolyte components themselves or less
likely by a very high concentration of contaminants, which
were not scavenged by TBABH4.

The changes in electrode structure within one plating
and stripping cycle, which shows the same trends in both
Mg[B(hfip)4]2-based electrolytes, if they are clean, are
visualized in Figure 6c. The comparison between the Mg-
(TFSI)2-based electrolyte and the Mg[B(hfip)4]2-based elec-
trolyte reveals clear differences between the systems.
Whereas the Mg(TFSI)2-based electrolytes show passivation
layer formation within the applied potential window, only
slight passivation layer formation is observed for the Mg[B-
(hfip)4]2 electrolytes during the initial cycles which dissolve
after some cycles and leave behind a mostly bare electrode.

Discussion

In literature, there is a variety of studies demonstrating that
the presence of chloride improves performance in terms of
coulombic efficiency and overpotentials.[10,12,15,55–60] This is
also the case if chloride is added to electrolytes with
unstable salts, such as Mg(PF6)2, which usually lead to
pronounced passivation.[15]

In combination with our study, this can be explained by
the protective effect of chloride against side reactions and
the removal of passivation layers, which is accelerated by
chloride, comparable to the Mg(TFSI)2-based electrolyte in

Figure 6. a) Hydrodynamic spectra for selected points during the 20th Mg plating and stripping cycle from the Mg[B(hfip)4]2/MgCl2-based
electrolyte. The black line represents the fit to the shallow roughness model in the beginning of the cycle; b) Position of the selected points in the
frequency and bandwidth profile; c) Visualization of the changes in Mg deposit morphology in the course of one plating and stripping cycle from a
clean Mg[B(hfip)4]2-based electrolyte.
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the presented EQCM� D study. By that, the mixture of
Mg(TFSI)2, MgCl2, and AlCl3, which has a high chloride
concentration, even showed tolerance towards the addition
of water.[57] With scanning electrochemical microscopy
(SECM) measurements, it was revealed that TFSI� - and
[B(hfip)4]

� -based electrolytes lead to ionically insulating
layers, whereby the latter is showing lower resistance.[61] As
no water scavenger was used in this study, most probably a
thicker passivation layer was formed on the Mg electrode,
consisting of MgO and Mg(OH)2, which was not or only
slowly dissolved in the absence of chloride. The only
electrolyte formulation, where the Mg surface showed low
resistance, after being in contact with the electrolyte, was
the all-phenyl complex (APC) electrolyte which contains
chloride. Again, we propose that the presence of chloride is
the decisive factor in the comparison of the three electro-
lytes. In their study, the highest resistance is observed in the
Mg(TFSI)2-based electrolyte as the TFSI� itself is reactive in
addition to the impurity-induced passivation reactions.

Besides our study, the initial cycles of Mg deposition
from two other electrolytes were also investigated by
EQCM.[28] One of the electrolytes was the chloride-contain-
ing APC electrolyte. Fitting to our results, the layer which
was formed during cycling with this electrolyte showed a
dynamic behavior. Although the coulombic efficiency is only
about 95% after 10 cycles, the layer thickness is decreasing
which means that the rate of passivation layer dissolution is
higher than that of its formation. The other electrolyte,
which did not contain chloride, did not show this dynamic
behavior, whereby precise conclusions are difficult as the
deposition was not uniform on the entire electrode surface.
That implies that the dynamic behavior is also mainly a
result of the presence of chloride.

In a study by Horia et al. similar electrolyte formulations
to our study were investigated.[16] In the case of a triflate-
based electrolyte, performance was improved by the addi-
tion of MgCl2. Mg bis(hexamethyldisilazide) [Mg(HMDS)2]
showed no large differences except less pronounced con-
ditioning during the initial cycles, implying that the anion is
stable towards metallic Mg.[16,37] By that, the need to
introduce chloride for surface protection, besides the impact
of impurities, is alleviated and this could explain why the
exchange of chloride by bromide still enables reversible Mg
deposition in Mg(HMDS)2-based electrolytes.[45,62] It is
possible that bromide could also partially adopt the function
of chloride. In the studies of Horia et al. and Chinnadurai
et al., coulombic efficiency decreased drastically for the
Mg(TFSI)2-based systems after a few cycles.[16,45] As the
amount of deposited Mg was relatively high compared to
our EQCM-D study, most likely a much thicker porous
passivation layer was remaining after Mg stripping. This
could explain the increasing overpotential for Mg plating
and the drastically decreasing coulombic efficiency as the
layer probably blocked the reversible Mg deposition.

A recent study by Dlugatch et al. compared the influence
of chlorides in Mg[B(hfip)4]2 electrolytes on the conditioning
process and performance.[51] In this case, the lack of
impurity-scavenging additives, such as TBABH4, led to a
pronounced conditioning process and a positive impact of

chloride. This fits perfectly with our results as they show the
case of a stable but contaminated electrolyte, where our
measurements suggest that chloride is more important as it
helps to suppress passivation layer formation and accelerates
the dissolution of formed passivation layers.

Kang et al. reported plating and stripping cycles on Mg
substrates with different electrolytes.[63] Noteworthy, for the
electrolyte that did not contain chloride, the Mg substrate
itself was inactive, whereas the Mg substrate was active with
the chloride-containing electrolytes. This could be a hint
that the native passivation layer on Mg can be removed by
chloride as well.

In our opinion, the possible degradation of passivation
layers and native films on Mg electrodes and the interface
stabilization by chloride should also be taken into account
when discussing the beneficial pre-treatment of Mg electro-
des with different electrolytes.[64] The main role of borohy-
drides is most probably scavenging water and other reactive
impurities to prevent the formation of the contaminant-
induced passivation layers. Furthermore, the decrease in
overpotentials and impedance during cycling, which was
observed with a Mg[B(hfip)4]2/Mg(BH4)2-based electrolyte,
could be attributed to the degradation of passivation layers,
which are not forming again in stable electrolytes.[34]

Comparing the results to Li systems, opposite beneficial
properties of the interphase layer are revealed. In lithium-
ion batteries, the SEI that forms due to the instability of the
electrolyte is necessary as it stops the electrolyte from
further decomposing but still enables reversible Li plating or
insertion. Therefore, a stable SEI is required and SEI
dissolution is disadvantageous.[29] In the case of Mg, the
opposite is the case as the best performance is reached in
the layer-free case.

Conclusion

To conclude, anion stability, and the presence of contami-
nants and chloride play a crucial role in the performance of
Mg plating and stripping. Passivation layer formation, its
structure, and its dissolution as well as the morphology of
Mg deposits are strongly affected by these parameters. It
was shown that the interphase is rather a passivation layer
than a desired SEI in lithium-ion batteries. If the anion is
less stable and tends to react with metallic Mg, such as the
TFSI� anion, thick passivation layers with small pores form
during cycling. This effect is even enhanced if additional
impurities are present in the electrolyte and no moisture-
scavenging additives such as TBABH4 are used. The
addition of chloride leads to the protection of metallic Mg,
which results in a higher coulombic efficiency, a more
uniform morphology of deposited Mg, and a thinner layer of
passivated Mg. Furthermore, the currentless dissolution of
the passivation layer is accelerated in the presence of
chloride.

If the anion is stable towards Mg, as in the case of the
[B(hfip)4]

� anion, mostly passivation layer-free plating and
stripping is possible. Nevertheless, also in these electrolytes,
the protective effect of chloride leads to a lower vulner-
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ability to contaminants and thereby less passivation layer
formation. The often described but less understood con-
ditioning is dominated by the formation and subsequent
degradation of the contaminant-induced passivation layer in
stable electrolytes. The fact that the passivation layer
resulting from the reaction of contaminants with Mg can be
removed at high potentials and does not form again in the
subsequent cycles opens up the possibility of precondition-
ing in order to achieve a more uniform deposition and
improve the performance of stable electrolytes.

One promising way for the rational development of
electrolytes is finding less corrosive components than
chloride, providing the same beneficial properties. Another
way is the development of very stable electrolytes with high
purity or impurity-scavenging additives which enable effi-
cient cycling also without chloride. The study offers a new
perspective on the formation of passivation layers which is
influenced by different electrolyte components. The result-
ing concepts can be extended to other multivalent ion
batteries to systematically develop electrolytes with benefi-
cial properties for efficient cycling.
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