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Influence of Residual Water Traces on the Electrochemical
Performance of Hydrophobic Ionic Liquids for Magnesium-
Containing Electrolytes
Omar W. Elkhafif,[a] Hagar K. Hassan,[a, b, c] Maximilian U. Ceblin,[a] Attila Farkas,[a] and
Timo Jacob*[a, b, c]

A trace amount of water is typically unavoidable as an impurity
in ionic liquids, which is a huge challenge for their application
in Mg-ion batteries. Here, we employed molecular sieves of
different pore diameters (3, 4, and 5 Å), to effectively remove
the trace amounts of water from 1-methyl-1-propylpiperidinium
bis(trifluoromethylsulfonyl)imide (MPPip-TFSI) and 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP-
TFSI). Notably, after sieving (water content <1 mg ·L� 1), new
anodic peaks arise that are attributed to the formation of
different anion-cation structures induced by minimizing the
influence of hydrogen bonds. Furthermore, electrochemical

impedance spectroscopy (EIS) reveals that the electrolyte
resistance decreases by ~10% for MPPip-TFSI and by ~28% for
BMP-TFSI after sieving. The electrochemical Mg deposition/
dissolution is investigated in MPPip-TFSI/tetraglyme (1 :1)+
100 mM Mg(TFSI)2+10 mM Mg(BH4)2 using Ag/AgCl and Mg
reference electrodes. The presence of a trace amount of water
leads to a considerable shift of 0.9 V vs. Mg2+ /Mg in the
overpotential of Mg deposition. In contrast, drying of MPPip-
TFSI enhances the reversibility of Mg deposition/dissolution and
suppresses the passivation of the Mg electrode.

Introduction

Magnesium-ion batteries are of growing interest to replace
lithium (Li)-ion batteries due to the multi-valent character of
Mg2+, high volumetric capacity (3833 mAh ·cm� 3), affordability,
and natural abundance of magnesium. Furthermore, Mg
deposition/dissolution is achievable without the critical risk of a
thermal runaway induced by dendrite formation.[1–3] However,
the development of effective electrolytes for reversible Mg
deposition/dissolution is a major challenge in realizing compet-
itive Mg-ion batteries. Any suitable electrolyte for Mg deposi-
tion/dissolution must possess a wide electrochemical window
stability, compatibility with both anode and cathode, as well as
good ionic conductivity.[4]

So far, various electrolytes have been developed for
reversible Mg deposition/dissolution, such as Grignard-based
electrolytes,[5] boron-based electrolytes,[6,7] magnesium alumi-
nate chloride-based electrolytes,[8] Mg(TFSI)2-based
electrolytes[9,10] and organometallic-based complex salt
electrolytes.[11,12] For preparing these electrolytes, non-aqueous
solvents such as ethers, carbonates, glymes, and ionic liquids
are commonly used.[13] Among them, ionic liquids are of
particular interest due to their merits including high ionic
conductivity, electrochemical stability, non-flammability, low
volatility, non-corrosive nature, wide electrochemical window,
and good thermal stability.[14] Nevertheless, ionic liquids can be
easily contaminated by water due to their hygroscopic nature.

The presence of water, even at low concentrations strongly
influences the physical characteristics, structure, and dynamics
of ionic liquids.[15] Various studies in the literature focus on the
nature of interactions between ionic liquids and water, since
investigating water-ionic liquid mixtures is of practical impor-
tance. It has been shown that the anionic counterpart plays a
dominant role in the affinity of ionic liquids towards water due
to its ability to form a hydrogen bond with the adsorbed water
molecules.[16,17] The main interactions responsible for the
solvation of water molecules in the ionic liquid are electrostatic,
van der Waals, dipole-dipole interactions,[18,19] and the formation
of hydrogen bonds.[16,17] Water molecules can form hydrogen
bonds with either the cation or the anions and thus, influence
the solvation behavior and orientation of ionic liquids, where a
trace amount of water influences the complex interaction
between anion and cation solvation mechanism.[20,21] However,
the structure of ionic liquid-water mixtures is still poorly
understood. Regarding the structure and behavior of the
residual water molecules in ionic liquids, there are three
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contradictory hypotheses. Accordingly, the residual water
molecules can be either (i) separated from each other, and thus
can interact strongly with the ions throughout the medium, (ii)
undergo self-association or forming clusters, or (iii) weaken ion-
ion interactions.[22] Additionally, water influences the phase
behavior and the local structure of ionic liquids, resulting in a
new hydrogen bond configuration and new features as was
shown by Raman and infrared spectroscopy, as well as differ-
ential scanning calorimetry investigations.[23] Regarding the
electrochemical stability and performance of ionic liquids, the
electrolysis of water molecules occurs at potentials lower than
the potential of the ionic liquid decomposition, generating H+

and OH� ions. These ions react with the ionic liquid, leading to
a change in its chemical composition.[24] Additionally, water
electrolysis dramatically narrows the electrochemical stability
regime of ionic liquids by more than 2.0 V.[25] The stability of the
electrode might decrease with increasing water content since
water triggers cathodic corrosion of metal electrodes at
relatively high negative potentials (similar to the potentials
required for Mg deposition) in presence of non-reducible
cations.[26] Additionally, the presence of water in the ionic liquid
has a strong effect on the double-layer capacitance (Cdl) and its
structure, consequently, the kinetic parameters of electroactive
species at the electrochemical interface are altered.[24,27] With
regard to their performance for Mg deposition/dissolution, a
passivation layer of MgO and Mg(OH)2 is typically formed due
to a contamination of the ionic liquid with trace amounts of
water, resulting in blocking and fading the conduction of Mg2+

ions.[28] Moreover, the presence of traces of water hinders their
applicability for Mg deposition/dissolution with high reversibil-
ity and cyclic stability.[15,29] Thus, drying the ionic liquid is a
crucial step to minimize the water content considerably, in
other words, obtaining (almost) water-free ionic liquids.

Several treatments were employed for drying ionic liquids
to achieve a very low water content. For instance, the
combination of active carbon and silicates,[30] molecular
sieves,[31–33] and different additives based on Mg salts, for
example, diorganomagnesium species (MgBu2), MgCl2,
borohydrides,[32] hexamethyldisilazane(HDMS),[34] dimeth-
oxypropane (DMP)[35] and crown ethers such as 18-crown-6[35]

were used as water scavengers. Furthermore, vacuum drying of
ionic liquids[36] at around 100 °C using a vacuum pump (<
10� 3 mbar),[37] or a turbomolecular pump (<10� 7 mbar) has also
been reported.[38,39]

Among these different attempts, molecular sieves are
promising candidates as water scavengers for the selective
removal of water traces.[40] They are three-dimensional micro-

porous inorganic hybrid materials in which their pore size can
be easily tuned by altering the elemental composition (the
added elements with different atomic radii).[41] The 4 Å molec-
ular sieve is composed of silicates, aluminates, and Na2O. The
exchange of Na2O with K2O reduces the pore size to 3 Å.
However, to increase the pore size to 5 Å, CaO can be used to
replace Na2O.

[42]

The influence of trace amounts of water on the electro-
chemical behavior of ionic liquids is currently not investigated,
despite the various implications and complications resulting
from water within the ionic liquids mentioned above. Therefore,
in the present work we studied (as model system) the electro-
chemical Mg deposition/dissolution from ionic liquid/tetra-
glyme system before and after drying. Therefore, in this
contribution, we employ molecular sieves of 3, 4, and 5 Å pore
diameters for effective dryness and removal of residual amounts
of water from ionic liquids. Here, 1-methyl-1-propylpiperidinium
bis(trifluoromethylsulfonyl)imide (MPPip-TFSI) and 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP-
TFSI) (Scheme 1) are used as reprehensive examples for hydro-
phobic ionic liquids with different cations. Notably, 3 Å and 4 Å
molecular sieves can effectively reduce the amount of residual
water to <1 mg ·L� 1. Interestingly, a significant change in the
electrochemical behavior of Au(111) after drying those ionic
liquids indicates that the presence of even traces of water
influence the physical and electrochemical properties of ionic
liquids. Additionally, the influence of this water on the electro-
chemical Mg deposition/dissolution was studied in MPPip-TFSI/
tetraglyme (1 :1)+100 mM Mg(TFSI)2+10 mM Mg(BH4)2. Inter-
estingly, the results of Mg deposition/dissolution in dried
MPPip/tetraglyme system compared to that of the as-received
system reveals: i) a higher stability of Mg as well as Ag/AgCl as
reference electrodes, ii) a lower solution resistance, and iii) a
higher double layer capacitance by a factor of 2.

Results and Discussion

In this study, we have investigated the effect of molecular
sieves of different pore sizes (3 Å, 4 Å, and 5 Å) on the water
concentration in ionic liquids. Notably, ionic liquids of different
polarities exhibit distinctly different degrees of interaction with
water. Still, the tendency of water adsorption and miscibility in
ionic liquids is connected to the anion counterpart.[43] Therefore,
we have selected two hydrophobic ionic liquids with different
cations characters; MPPip-TFSI and BMP-TFSI. Despite both ionic

Scheme 1. Chemical structure of MPPip-TFSI (left) and BMP-TFSI (right).
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liquids bearing the same anionic part (TFSI), the MPPip-TFSI is
more hydrophobic than BMP-TFSI due to its different cation.[44]

Water content

Figure 1 compares the water content of as-received MPPip-TFSI
and BMP-TFSI and after the heat and vacuum treatment in the
presence and absence of molecular sieves of different pore
sizes. The as-received MPPip-TFSI and BMP-TFSI have a relatively
high water concentration of 91 and 65 mg ·L� 1, respectively.
Interestingly, the water content decreases tremendously (to
<1 mg ·L� 1) upon treatment of both ionic liquids with the 3 or
4 Å molecular sieves. In contrast, using 5 Å molecular sieves
results in about 10-fold higher water concentration (~
10 mg ·L� 1). Still, this water concentration is lower than that
observed after heat and vacuum treatment only, which exhibits
15 mg � 1 and 30 mg � 1 for MPPip-TFSI and BMP-TFSI, respec-
tively. These observations indicate that molecular sieves can
indeed further decrease water from ionic liquids even at trace
levels. However, the pore size of the molecular sieve is crucial
for effectively removing water and, consequently, obtaining
(almost) water-free ionic liquids. The adsorption process of
water molecules on the molecular sieves occurs via three stages
related to different adsorption sites in the crystals.[40] The
efficiency of the molecular sieves to adsorb water is strongly
influenced by their framework structure which contains chan-
nels and voids occupied by water molecules and different
cations. The molecular sieves lose their water molecules and
become dehydrated upon thermal activation. Thus, new
adsorption sites will be available for the adsorption of water or
other species which possess a comparable size to the accessible
pores.[45] The water molecule diameter is about 2.8 Å, which is
closer to 3 Å and 4 Å, whereas 5 Å molecular sieves are
apparently too large.[46] Therefore, 3 Å and 4 Å molecular could
have been expected to be efficient for water removal.
Furthermore, neither the cationic nor anionic counterparts of

the investigated ionic liquids can be adsorbed on molecular
sieves due to their large sizes.[47]

Spectroscopic and analytical investigations

NMR spectroscopy, FTIR spectroscopy, and electrospray ionized
mass spectroscopy (ESI-MS) were employed to study the
influence of 3 Å and 4 Å molecular sieves on the structural
stability of MPPip-TFSI and BMP-TFSI upon treatment (Figur-
es S1–S3 in the Supporting Information). Remarkably, there are
no chemical shifts in the 1H, 13C, and 19F spectra of the MPPip-
TFSI and BMP-TFSI after treatment with 3 Å or 4 Å molecular
sieves compared to their original spectra, as illustrated in
Figure S1. Furthermore, the FTIR spectra show that the treat-
ment does also not affect their stretching and bending
vibrations (Figure S2). Figure S3 shows the ESI-MS mass spectra
for the MPPip-TFSI and BMP-TFSI before and after treatment
with 3 Å and 4 Å molecular sieves, revealing no influence on
their molecular weights, which indicates a similar chemical
structure after treatment. These findings reveal that 3 Å and 4 Å
molecular sieves significantly reduce the water content of both
ionic liquids without affecting their structural stability and
integrity. In other words, the cations and anions of both ionic
liquids are still held together without any observed structural
decomposition upon removing water molecules from the
system.

Electrochemical characterization

Cyclic voltammetry is a straightforward and sensitive technique
commonly used to investigate the electrochemical behavior of
ionic liquids. Furthermore, highly-stable and well-defined metal
surfaces are typically employed for such fundamental studies.[48]

Therefore, the electrochemical behavior of an Au(111) electrode
in MPPip-TFSI and BMP-TFSI was studied. Ionic liquids are stable
within a rather broad potential window, where the regular
potential regimes of MPPip-TFSI and BMP-TFSI are � 3.27 to
2.23 V vs. Ag/AgCl[49] and � 3.01 V to 2.71 V vs. Ag/AgCl,[50]

respectively. Additionally, the oxidation of Au(111) in MPPip-
TFSI and BMP-TFSI has been observed at potentials >2.23 V
and >2.71 V vs. Ag/AgCl, respectively.[49,50] The presence of
water, even at low concentrations, might trigger cathodic
corrosion of Au(111) at potentials negative to the hydrogen
evolution regime and consequently induces prominent struc-
tural changes.[37,51] Thus, we have investigated the electro-
chemical behavior of Au(111) in MPPip-TFSI and BMP-TFSI at
potential regimes, where both the electrolyte and working
electrode are stable.

Figures 2 and 3 display the electrochemical behavior of
MPPip-TFSI and BMP-TFSI on Au(111) at 5 mV · s� 1 before and
after treatment with 3 Å, 4 Å, or 5 Å molecular sieves. As shown
in Figure 2a, the cyclic voltammogram (CV) of the as-received
MPPip-TFSI demonstrates two cathodic peaks at approximately
� 0.70 V and � 1.15 V vs. Ag/AgCl that are assigned to either the
adsorption and restructuring of MPPip+ [54,55] and/or the reduc-

Figure 1.Water content of the MPPip-TFSI and BMP-TFSI as received, after
the heat and vacuum treatment in the presence and absence of molecular
sieves with different pores.
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tion of TFSI� [52,53] on Au(111). Moreover, the anodic peaks at
around 0.20 V and 0.80 V vs. Ag/AgCl (inset Figure 2a) are
attributed to the oxidation of the cathodic products either
MPPip+ or TFSI� .[55] The cyclic voltammogram of the as-received
BMP-TFSI exhibits three cathodic peaks at approximately
� 0.70 V, � 0.85 V, and � 1.10 V vs. Ag/AgCl that can be assigned
to either the adsorption and restructuring of BMP+ [54,55] and/or
the reduction of the TFSI� .[52,53] The anodic peak at around
0.20 V vs. Ag/AgCl is attributed to the oxidation of the cathodic
products of either BMP+ or TFSI� .[55] According to previous
studies, STM reveals that the adsorption of BMP-TFSI on Au(111)
has two different structures; short-range order and long-range
order. Additionally, the BMP-TFSI adsorbates form islands due
to the strong interactions between the adsorbed species.[56]

The treatment with heat and vacuum and in the presence
of 5 Å molecular sieves hardly influenced the electrochemical
behavior of MPPip-TFSI and BMP-TFSI (Figure 2b, e and Fig-
ure 3b and e). Interestingly, new anodic features arise upon the
treatment with heat and vacuum in the presence of 3 Å and 4 Å
molecular sieves for MPPip-TFSI and BMP-TFSI, as shown in
Figure 2c–d and Figure 3c–d, respectively assigned with three

colored columns. Upon lowering the water content (<
1 mg ·L� 1), the main anodic peak at around 0.20 V vs. Ag/AgCl is
significantly decreased in MPPip-TFSI as well as in BMP-TFSI (red
column), while the peak at approximately 0.80 V vs. Ag/AgCl in
MPPip-TFSI becomes more pronounced (blue column). Addi-
tionally, a new anodic peak at approximately � 0.21 V vs. Ag/
AgCl is observed in both ionic liquids (green column). The
charge density of the cathodic peak of MPPip-TFSI at roughly
� 1.15 V vs. Ag/AgCl is substantially reduced. Such findings
reveal that the presence of water (even at trace levels)
considerably affects the electrochemical behavior of the ionic
liquid and electrode surface.

Previously, the purification of 1-butyl-3-methylimidazolium
hexafluorophosphate (BMIM-PF6) upon treatment with similar
molecular sieves was investigated.[33] It was observed that the
electrochemical behavior of Au(111) in the hydrophilic BMIM-
PF6 turned out to be different after treatment with 3 Å, 4 Å, and
5 Å molecular sieves compared to the treatment with only heat
at 80 °C and vacuum. In the case of using 3 Å molecular sieves,
the cathodic peaks at � 0.2 V vs. Ag/AgCl were still observed
and the corresponding anodic feature became flattened.

Figure 2. Cyclic voltammograms of the electrochemical behavior of MPPip-
TFSI a) as-received, b) treated with vacuum+80 °C, c) treated with 3 Å
molecular sieves, d) treated with 4 Å molecular sieves, and e) treated with
5 Å molecular sieves on Au(111) with scan rate 5 mV · s� 1 vs. Ag/AgCl. The
blue column resembles a new peak at approximately 0.80 V vs. Ag/AgCl, the
red column resembles the main anodic peak at 0.20 V vs. Ag/AgCl and the
green column resembles a new anodic peak at approximately � 0.21 V vs.
Ag/AgCl.

Figure 3. Cyclic voltammograms of the electrochemical behavior of BMP-
TFSI a) as-received, b) treated with vacuum+80 °C, c) treated with 3 Å
molecular sieves, d) treated with 4 Å molecular sieves, and e) treated with
5 Å molecular sieves on Au(111) with scan rate 5 mV · s� 1 vs. Ag/AgCl. The
blue column resembles a new peak at approximately 0.80 V vs. Ag/AgCl, the
red column resembles the main anodic peak at 0.20 V vs. Ag/AgCl and the
green column resembles a new anodic peak at approximately � 0.21 V vs.
Ag/AgCl.
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Furthermore, the cathodic peak at � 0.75 V vs. Ag/AgCl was
enhanced. On the other hand, the treatment of BMIM-PF6 with
4 Å and 5 Å molecular sieves caused the appearance of addi-
tional anodic and cathodic peaks. These changes were corre-
lated to the impurities introduced into the system by using 4 Å
and 5 Å molecular sieves. However, the information about the
chemical stability and water content of BMIM-PF6 upon treat-
ment with molecular sieves was not mentioned in this study.[33]

Nevertheless, in our present work, the molecular sieves were
washed with pure water before their activation to remove any
dirt and contaminants. Furthermore, we were able to prove that
the molecular sieves do not introduce any impurities to the
system, and the chemical stability of both studied ionic liquids
is maintained after treatment with molecular sieves. Addition-
ally, the difference in the electrochemical behavior in our study
compared to Gnahm’s study could be due to the handling and
drying of the ionic liquid.

It is known that the existence of water molecules in the
double layer disrupts the interactions between anions and
cations due to the formation of strong hydrogen bonds with
the amino and the sulfonic groups. The hydrogen bonds induce
a reorientation of the ions, leading to changes in the anion-
cation super-structure.[21] Furthermore, the presence of water
inside the ionic liquid has an influence on the hydrogen
bonding as well as the depolarization effects.[57] The newly
observed peaks in the cyclic voltammograms of MPPip-TFSI and
BMP-TFSI upon lowering the water content (<1 mg ·L� 1) might
be due to the formation of different anion-cation structures
induced by minimizing the influence of hydrogen bonds and
the electrosorption of water molecules. Moreover, lowering the

water content reduces the columbic interactions among ions
and between ions and the electrode surface.[58]

To investigate whether cation exchange occurs between the
ionic liquids and molecular sieves that might be responsible for
the appearance of these new CV-peaks, we compared the cyclic
voltammogram of the as-received MPPip-TFSI with the system
after the addition of 5 mM NaTFSI (Figure S4). The addition of
Na+ ions did not show the same anodic peaks that appear after
molecular sieving of MPPip-TFSI. Therefore, we expect that such
changes are indeed connected to lowering the water content
inside the ionic liquid.

Electrochemical impedance spectroscopy

As proven by cyclic voltammetry, the presence of residual
amounts of water in ionic liquids has a significant impact on
their electrochemical behavior. Thus, further investigations are
required to study the effect of water on the double-layer
capacitance and the electrode/electrolyte interface. For many
years, ionic liquids have been intensively studied in our institute
to investigate their electrochemical behavior and the electrode/
electrolyte interfaces by electrochemical and surface-sensitive
techniques,[33,53,59–65] in particular the electrochemistry of dried
MPPip-TFSI on Au(100).[66] As a continuation of this work, here
we further investigated the effect of a trace amount of water in
ionic liquids on the electrochemical performance and double-
layer capacitance (Cdl) using electrochemical impedance spec-
troscopy (EIS) at the open circuit potential (OCP). Figure 4
shows the Nyquist plots of as-received vs. dried MPPip-TFSI and

Figure 4. a) Nyquist plots for as-received and dried MPPip-TFSI with 4 Å molecular sieves on Au(111) electrode (inset shows a zoom-in at the high-frequency
region, b) equivalent circuit used to fit the results of MPPip-TFSI, c) Nyquist plots for as-received and dried BMP-TFSI with 4 Å molecular sieves on Au(111)
electrode (inset shows a zoom-in at the high-frequency region and d) equivalent circuit used to fit the results of BMP-TFSI. The black and red balls in a) and c)
represent the experimentally obtained data, while the lines represent the fit results.
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BMP-TFSI with 4 Å molecular sieves, showing an incomplete
semicircle at the high-frequency region and a spike at the low-
frequency region. The dried ionic liquids showed a slightly
lower solution resistance than the as-received ones, which is
due to the interaction of water molecules with ionic liquid ions,
resulting in a slower diffusion and consequently lower con-
ductivity (higher solution resistance). In the case of MPPip-TFSI,
the slope of the low-frequency spike is higher for the dried
ionic liquid than for the as-received, which indicates the
enhanced capacitive-like behavior and less electrode surface
perturbation by adsorption processes, which are more domi-
nant in the presence of a residual amount of water. Based on
previous studies,[53,62,65,67] it can be concluded that simple
equivalent circuits are not adequate to fit the double layer and
ionic liquid/electrode interfaces. However, the EIS spectra of
both as-received and dried MPPip-TFSI can be very well fitted
(typically with χ2�10� 5) by the equivalent circuit shown in
Figure 4b, consisting of a solution resistance in series with a
parallel combination of three capacitive branches that describe
the double-layer capacitance and surface processes such as
adsorption and double-layer rearrangement occurring at the
electrode/electrolyte interface. The values of the fitting param-
eters are tabulated in Table 1. As clearly shown, the presence of
water residues affects both Cdl and the adsorption of ions on
the electrode surface. The dried MPPip-TFSI showed a relatively
high double layer capacitance of 1.73 μF · cm� 2 compared to
1.37 μF · cm� 2 for the as-received that is attributed to the
interaction of water molecules with the ionic liquid ions that
leads to an increase in the double layer thickness and
consequently decreases the value of Cdl.

The most interesting branches of the equivalent circuit are
branches 2 and 3 which describe the surface perturbation
processes such as the adsorption of ions on the electrode
surface, being responsible for changes on the electrode surface.
The capacitive values in the second branch are closely related
to the interfacial capacitance, the greater their values, the
slower are surface perturbations. As shown in Table 1, the dried
MPPip-TFSI has nearly double the values of the constant phase
element CPE1 and the capacitance C1 (second branch) which

means the surface perturbation is much slower in the dried
ionic liquids than in the presence of residual water contents
that mainly facilities surface perturbations. Moreover, the
presence of water traces minimize the adsorption resistance,
allowing for more surface changes when an electric potential is
applied, such as in corrosion processes and surface reconstruc-
tions, compared to the dried ionic liquids.[53,63] Additionally, this
increased adsorption affinity in the presence of water molecules
may also block some of the active sites on the electrode
surface. All of the previous observations explain the disappear-
ance of some redox peaks in the cyclic voltammogram of as-
received MPPip-TFSI shown in Figure 2. In contrast to MPPip-
TFSI, as-received BMP-TFSI showed less imaginary impedance
than the dried BMP-TFSI as well as the equivalent circuit used
to get an adequate fitting is different as shown in Figure 4d.
The fitting parameters showed a huge change in the interfacial
resistances and capacitances upon BMP-TFSI drying (R2 and C2).
A lower resistance and a greater capacitance were obtained
after 4 Å molecular sieving and drying of BMP-TFSI, indicating
the great effect of the presence of water residues on the ionic
liquid/electrode interface. On the other hand, there are no
significant differences in the Cdl values between as-received and
dried BMP-TFSI ionic liquids. As both MPPip-TFSI and BMP-TFSI
share the same anions, this different behavior could be
associated with the change in the cation size and the degree of
hydrophobicity. The BMP+ cation is less hydrophobic than
MPPip+, suggesting more water interaction with BMP+ com-
pared to MPPip+,[44] which is also observed in the CVs of both
ionic liquids. The cyclic voltammograms of BMP-TFSI showed
some differences in the water-cation interactions compared to
MPPip-TFSI, which is indicated by the appearance of well-
resolved peaks in the cathodic direction for as-received BMP-
TFSI compared to the dried one. Moreover, EIS fitting parame-
ters shown in Table 1 revealed a higher adsorption resistance in
the case of MPPip-TFSI (Rads) than BMP-TFSI, indicating that
stronger ion adsorption occurs on the surface of Au(111) in the
case of BMP-TFSI (R1). Herein, one can conclude that the ionic
liquid cation has a significant impact on the electrochemical

Table 1. Fitting parameters extracted from fitting the EIS results of MPPip-TFSI and BMP-TFSI by using equivalent circuits shown in Figures 4 b and d,
respectively.[a]

Property MPPip-TFSI Property BMP-TFSI
as-received dried as-received dried

Rs [Ω] 67.46 61.18 Rs [Ω] 65.67 47.4
Cdl [μF cm� 2] 1.37 1.73 Cdl [μF cm� 2] 2.06 1.9
CPE1 [mS sn] 1.2 2.8 R1 [Ω] 28.38 36.9
n1 0.2547 0.1806 CPE1 [mS sn] 1.4 1.5
C1 [μF cm� 2] 7.13 12.97 n1 0.3804 0.4231
Rads [kΩ] 12.9 29.2 C1 [μF cm� 2] 7.8 15.5
CPE2 [μS sn] 9.6 7.05 R2 [Ω] 1386 18.86
n2 0.6023 0.6525 CPE2 [μS sn] 33.8 17.4

n2 0.5387 0.5751
C2 [mF cm� 2] 2.4 9.1

uncertainty 0.0056 0.0048 uncertainty 0.0019 0.0062
χ2 4.9�10� 5 5.2�10� 5 χ2 2.1�10� 5 6.9�10� 5

[a] Rs are the solution resistances, Cdl are the double layer capacitances, CPE are the constant phase elements, R and C are additional resistances and
capacitances, and χ2 is a measure for the quality of the fit.
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properties. Therefore, future studies will aim at connecting the
impedance spectra with corresponding in-situ surface studies.

Probing the effect of water through Mg
deposition/dissolution

The passivation of the working electrode is one of the main
challenges when working with ionic liquids due to the presence
of small water traces. Therefore, a well-known established
system of ionic liquids with tetraglyme was used to test the
effect of water on magnesium deposition/dissolution.[32] Despite
the common use of magnesium borohydride Mg(BH4)2 as a
water scavenger,[32,35,68–70] in this study, we show that the
dryness of the electrolyte is a critical aspect even in the
presence of Mg(BH4)2. In our study, we focused on two
electrolyte systems: the as-received one and after drying with
4 Å molecular sieves. The water content for the investigated as-
received system is 91 mg ·L� 1 for MPPip-TFSI and 262 mg ·L� 1

for tetraglyme and the dried system is <1 mg ·L� 1 for MPPip-
TFSI and 17 mg ·L� 1 for tetraglyme. A Pt-foil (diameter=12 mm)
was used as both working and counter electrodes and a Mg or
Ag/AgCl wire was used as a pseudo-reference to monitor the
influence of water (in the mg ·L� 1 range) on Mg deposition/
dissolution and the stability of the reference electrodes. Fig-
ure 5a shows the corresponding cyclic voltammograms of Mg
deposition and dissolution from MPPip-TFSI/tetraglyme (1 :1)
with 100 mM Mg(TFSI)2 and 10 mM Mg(BH4)2 before and after
treatment with the 4 Å molecular sieve. A significant potential
shift for about 0.9 V vs. Mg/Mg2+ was observed with the as-
received system when using the Mg wire as reference electrode,
which corresponds to a pronounced influence of water in
passivating the reference electrode and causing a notable
potential difference, being in agreement with the observation
in reported Reference.[71] So, a more stable Ag/AgCl reference
electrode was used for the measurement as shown in Figure 5b.
In the cyclic voltammogram of the dried MPPip-TFSI/tetraglyme

(1 :1) system, the Mg deposition occurs at � 2.7 V vs. Ag/AgCl,
while dissolution occurs at around � 2 V vs. Ag/AgCl. In
comparison, the as-received MPPip-TFSI/tetraglyme (1 :1) sys-
tem shows Mg deposition at � 3 V and dissolution at � 2.3 V vs.
Ag/AgCl, thus being shifted by around 0.3 V compared to the
dried system. That change in the potential is due to the higher
water content inside the as-received system, which also causes
a decrease in the current density compared to the dried system.

EIS measurements of both as-received and dried MPPip-TFSI
containing tetraglyme, 100 mM Mg(TFSI)2, and 10 mM Mg(BH4)2
on polycrystalline Pt electrode showed an arc at the high-
frequency region (mainly higher than 10 Hz) and a spike at the
low-frequency region. Similar to the results in pure ionic liquids,
the as-received ionic liquid-containing electrolyte revealed
higher solution resistance and higher impedance at the low-
frequency region as shown in Figure 6. To get more insights
into the interface, an equivalent circuit shown in the inset of
Figure 6 was used to fit the EIS curves and the fitting results are
tabulated in Table S1. The equivalent circuit used to fit the
results is closer to circuits used to fit pure ionic liquids with little
modifications due to the presence of magnesium salts and
tetraglyme in the system as well as the differences between
polycrystalline Pt and single crystalline Au(111). In this case, and
besides the solution resistance, the high-frequency region is
described by the double layer capacitance, Cdl, which is
independent of the type of metal electrode and more likely
dependent on the nature of the ionic liquid, especially the
cations seem to be dominating here.[53,72] It is found that the
value of Cdl decreases in the presence of water as shown in
Table S1. The as-received electrolyte showed nearly half the Cdl

value compared to the dried electrolyte, 2.5 μF · cm� 2 and
5 μF · cm� 2, respectively. This means that the presence of water
molecules leads to a thicker double-layer region and conse-
quently, a smaller capacitance value. The significant effect of
water residues on Cdl in this case compared to the pure ionic
liquids is attributed to the extra water residues added by the
Mg salts and the tetraglyme solvent. This finding is also

Figure 5. CVs showing the magnesium deposition and dissolution using MPPip-TFSI/tetraglyme (1 :1) dried with 4 Å molecular sieves and as-received ionic
liquid with tetraglyme, 100 mM Mg(TFSI)2 and 10 mM Mg(BH4)2 at a scan rate of 100 mV· s� 1 using a Mg reference electrode (left) and at a scan rate of
50 mV· s� 1 using a Ag/AgCl reference electrode (right).
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consistent with the previously mentioned assumption that
water molecules interact strongly with the ions in the system,
affecting the solvation behavior and orientation of ionic liquids,
and consequently disrupting the interface.

The second branch in the equivalent circuit mainly
describes the pseudocapacitive processes which are most likely
related to the adsorption processes that could happen on the
electrode surface. It consists of the adsorption resistance, Rads

(R2), in series with an open Warburg element and a constant
phase element, CPEads. It is worth mentioning that all attempts
to replace the CPE with pure capacitances were not successful
in obtaining an adequate fitting as shown in Figures S5–S7 and
Tables S2 and S3. However, interpretation in terms of an
adsorption capacitance is complicated by the dimensionality of
the CPE’s impedance:

ZCPE ¼
1

Q� jwað Þ (1)

Only when a=1, the CPE behaves as a pure capacitor, while
for a=0.5 it acts as a Warburg element indicating diffusion-
limited kinetics. In both cases, the CPE exponent is between
0.61 to 0.66, which makes the calculation of the capacitive
values of adsorption difficult. Therefore, in both cases, we
cannot explicitly comment on the value of adsorption capaci-
tance.

The third branch in the equivalent circuit consists only of a
pure resistance that can be assigned to the charge transfer
resistance, Rct, due to the presence of magnesium salts. This

branch should be omitted in case of pure MPPip-TFSI on
polycrystalline or single crystalline Pt electrodes and consists of
a serial R� CPE� C circuit, or a subset of it (CPE, R� W� C, etc.) for
single crystalline Au(100) or Ag(100).[66] As shown in Table S1,
the value of Rct decreases upon further drying the electrolyte
compared to the as-received, which explains the smaller onset
potential of Mg deposition in the dried system compared to the
as-received. We have also tried to fit the results with different
capacitance methods by changing some of the components,
which did not affect much the value of the Cdl but affected the
quality of fitting as clearly shown in the supporting information,
Table S2. Additionally, all attempts to omit the third branch or
modify it were not successful in producing adequate fittings. All
of these findings show the importance of the drying of the ionic
liquids for obtaining reproducible and reliable measurements,
which is also in agreement with other previous reports.[33,73] In
closing, we have to mention that the preparation of the surface
of the working electrode is also essential for electrochemical
investigations as the surface roughness and adsorbed species
may strongly influence the EIS behavior.

Conclusions

We have studied the influence of trace amounts of water on the
electrochemical performance of ionic liquids. 3 Å and 4 Å
molecular sieves have successfully removed these trace
amounts of water for ionic liquids compared to 5 Å molecular
sieves, showing water contents of <1 mg ·L� 1 by Karl–Fischer
titration. The electrochemical behavior of Au(111) in two
hydrophobic ionic liquids having different cations, i. e., MPPip-
TFSI and BMP-TFSI, was studied. After drying with 3 Å and 4 Å
molecular sieves, new anodic features arise in both ionic liquids,
affirming the influence of trace amounts of water on the
electrochemical behavior. Furthermore, the electrochemical
impedance showed that the dried ionic liquids had a slightly
lower solution resistance compared to the as-received. More-
over, the dried MPPip-TFSI with 4 Å molecular sieves showed a
relatively higher double-layer capacitance of 1.73 μF · cm� 2

compared to 1.37 μF · cm� 2 for the as-received. Likewise, the
dried BMP-TFSI with 4 Å molecular sieves demonstrated lower
resistance and larger capacitance compared to the as-received
electrolyte. NMR, ESI-MS, and FTIR confirmed the chemical
stability of both ionic liquids after treatment with molecular
sieves. Additionally, cyclic voltammetry and electrochemical
impedance spectroscopy for as-received Mg-containing electro-
lytes showed that the drying step seems to be crucial for
achieving a stable Mg deposition/dissolution behavior. In the
as-received system, a potential shift of 0.9 V vs. Mg/Mg2+

indicates the passivation of Mg as an anode in the presence of
residual water contents. The as-received ionic liquid-containing
electrolyte revealed a higher solution resistance and higher
impedance at the low-frequency region as well as nearly half
the value of Cdl compared to the dried one. The electrode
surface perturbation as well as properties are very much
influenced by the presence of even trace amounts of water.
Therefore, drying ionic liquids is a crucial step for studying the

Figure 6. Top: Nyquist plot for MPPip-TFSI/tetraglyme (1 :1) dried with 4 Å
molecular sieves and as-received with 100 mM Mg(TFSI)2 and 10 mM
Mg(BH4)2 on Pt electrode where the black and red balls represent the
experimentally obtained data while the lines represent the fit results (inset:
zoom-in of the high-frequency region); Bottom: the equivalent circuit used
to fit the results.
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electrochemical performance or using them as electrolytes in
metal ion batteries.

Experimental Section

Chemicals

1-Methyl-1-propylpiperidinium bis(trifluoromethylsulfonyl)imide
(MPPip-TFSI) was purchased from Iolitec with >99% purity (water
<100 mg·L� 1 and halides <100 mg ·L� 1). 1-Butyl-1-meth-
ylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP-TFSI,
>98.5%) and molecular sieves with three different pore diameters
(3, 4, and 5 Å) were purchased from Merck. Magnesium(II)
bis(trifluoromethanesulfonyl)imide (Mg(TFSI)2,99.5%) was obtained
from Solvionic. Additionally, tetraglyme (�99%) and magnesium
borohydride (Mg(BH4)2, 95%) were bought from Sigma Aldrich.

Electrolyte preparation

Molecular sieves were washed with ultra-pure water (18.2 MΩcm,
TOC�3 μg ·L� 1) several times before drying at 80 °C in the drying
oven for 12 h. For the activation of the molecular sieves, they were
heated at 300 °C for 5 h in a vacuum oven. The vacuum oven is
placed inside a MBRAUN LABStar glovebox flooded with N2 (5.0,
MTI IndustrieGase AG) or atmosphere (O2, H2O�0.5 ·mgL� 1). For
drying the ionic liquid, molecular sieves were added with a ratio of
around 1.3 g of molecular sieves to 3 ml of ionic liquid and then
heated at 80 °C under low pressures (10� 3 mbar) for 20 h. After-
wards, the treated ionic liquids were stored inside the glovebox for
experimental investigations. Tetraglyme was stored over 4 Å
molecular sieves for a week inside the glovebox. In order to obtain
the electrolyte for Mg deposition, Mg(TFSI)2 (dried under vacuum at
80 °C for 16 h) and Mg(BH4)2 (without drying) were dissolved in a
mixture of MPPip-TFSI and tetraglyme with a ratio of 1 : 1 at 60 °C
inside the glovebox for 2 h.

Structural characterization
1H, 13C, and 19F NMR spectra were recorded using a 400 MHz NMR
from Bruker. The ionic liquids were dissolved in dimethyl sulfoxide
(DMSO) before recording. Afterwards, the spectra were analyzed
with the MNOVA software. The mass spectra (ESI-MS) were
recorded by using Bruker SolariX MS and before performing the
recordings the ionic liquids were dissolved in isopropanol.
Attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectra were recorded using a Thermo-Scientific Nicolet 6700 FTIR
in the range from 550 to 3500 cm� 1. The electrochemical measure-
ments were performed using a Zahner IM6 potentiostat installed
inside the glove box. The water content of all samples has been
determined by Karl–Fischer titration (Metrohm GmbH & Co.)
installed inside the glove box.

Electrochemical characterization

Cyclic voltammetry and electrochemical impedance spectroscopy
measurements were performed in homemade cells of KelF with a
small volume capacity (0.25 cm3).[33] An Au(111) single crystal
(MaTeck GmbH) with 12 mm in diameter was used as a working
electrode and a platinum wire (MaTeck GmbH >99%) was used as
a counter electrode. A quasi-reference electrode of Ag/AgCl was
used. The silver wire (MaTeck GmbH >99%) was immersed in 0.1 M
HCl and 10 mA ·cm� 2 was passed for 1 min to coat the silver wire
with a chloride layer. Before performing the electrochemical

measurement, the Au(111) electrode was annealed in a muffle
furnace (Carbolite CWF 1200) for 2 h at 960 °C. The electrochemical
impedance spectra were recorded with an amplitude of 5 mV and a
frequency range between 100 kHz and 100 mHz and ZView
software was used to fit the results based on the complex non-
linear least square method with the number of iterations equals
100.

Mg deposition/ dissolution

Cyclic voltammetry and electrochemical impedance spectroscopy
measurements were performed in a three-electrode BOLA cell
similar to the Swagelok cell using a Pt sheet (MaTeck GmbH,
99.9%) with 12 mm in diameter and 0.025 mm thickness as working
and counter electrode, respectively, using a Biologic potentiostat.
As reference electrodes, we used either a magnesium or an Ag/
AgCl wire. Two glass fibre separators (Whatman GF/B) were soaked
with 140 μl of MPPip-TFSI/tetraglyme (1 :1) with 100 mM Mg(TFSI)2
and 10 mM Mg(BH4)2 and one placed between the counter and
reference electrodes and the other between the working and
reference electrodes. The electrochemical impedance spectra were
recorded with an amplitude of 10 mV in a frequency range from
100 kHz to 100 mHz.
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