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Influence of Additives on the Reversible Oxygen
Reduction Reaction/Oxygen Evolution Reaction in the
Mg?**-Containing lonic Liquid N-Butyl-N-
Methylpyrrolidinium Bis(Trifluoromethanesulfonyl)imide
M. Eckardt*® 9 D, Alwast*,® > J. Schnaidt,” and R. J. Behm*®®!

The influence of different additives on the oxygen reduction
reaction/oxygen evolution reaction (ORR/OER) in magnesium-
containing N-butyl-N-methylpyrrolidinium bis(trifluorometha-
nesulfonyl)imide ([BMP][TFSI]) on a glassy carbon electrode
was investigated to gain a better understanding of the electro-
chemical processes in Mg-air batteries. 18-Crown-6 was used
as a complexing agent for Mg ions to hinder the passivation
caused by their reaction with ORR products such as superoxide
and peroxide anions. Furthermore, borane dimethylamine
complex (NBH) was used as a potential water-removing agent

Introduction

The physical limitations of Li-ion battery systems have motivat-
ed the search and development of new batteries with poten-
tially higher energy densities and based on more abundant
materials. Most prominent, secondary metal-air batteries are
seen as the next step for increasing energy density, ecology,
and economy of energy storage compared with Li-ion batter-
ies.">" Using air-based cathodes can increase the theoretical
energy density by replacing the commonly used cathode ma-
terials that contain large amounts of, for example, cobalt and
nickel, with lighter materials. Here, the oxygen is provided by
the ambient air while discharging, during which it is reduced
to superoxide or peroxide species in the oxygen reduction re-
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to inhibit electrode passivation by reacting with trace impuri-
ties of water. The electrochemical processes were characterized
by differential electrochemical mass spectrometry to monitor
the consumed and evolved O, in the ORR/OER and determine
the number of transferred electrons. Crown ether and NBH effi-
ciently masked Mg?". A stochiometric excess of crown ether
resulted in reduced formation of a passivation layer, whereas
at too high concentrations the reversibility of the ORR/OER
was diminished.

action (ORR) and released again during charging by the
oxygen evolution reaction (OER)."*"

Promising next generation battery systems are secondary
Mg-air batteries in which the lithium is replaced by magnesi-
um, which is not only more abundant than lithium but also
has advantages regarding safety aspects.'*" Additionally, the
volumetric capacity of magnesium exceeds that of lithium by
almost a factor of two.'”? However, the slow reaction kinetics
of magnesium intercalation/insertion in the Mg-air battery re-
actions are largely caused by the slow diffusion of Mg in the
anode."™ Furthermore, the formation of stable magnesium
oxides in the presence of water strongly limits the reversibility
of Mg-air batteries."” This “breathing” and therefore open bat-
tery system causes specific demands for the electrolyte, which
should neither evaporate from the battery nor be sensitive to
air. Furthermore, the stability of the electrolyte towards reduc-
tion products that are formed during the ORR is a key
factor.">"!

lonic liquids (ILs) seem to be a good choice as electrolytes
as they provide the required stability and a low vapor pres-
sure.'™2 However, applying ILs as electrolytes for Mg-air bat-
teries (IL containing Mg?*) has been shown to result in a slow
deposition/dissolution of Mg on the anode and a strong passi-
vation on the cathode, whereby the latter results in a strongly
limited ORR/OER reversibility.”**® Furthermore, on the anode
side, strong interactions between Mg** and bis(trifluorometh-
anesulfonyl)imide (TFSI”) were speculated to cause a high
overpotential for Mg deposition, resulting in the decomposi-
tion of the electrolyte, which in turn leads to the formation of
a passivating film on the anode.”**" It is well known from pre-
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vious studies that the Mg plating and stripping characteristics
can be improved by the use of additives.*°>? However, their
influence on the cathode reactions (ORR/OER) is largely un-
known. For Li-air batteries, the addition of barium ions to the
Li*-containing electrolyte was reported to show promising ef-
fects on the discharge capacity, which was attributed to the in-
corporation of Ba*" in the Li,0, lattice.®® For Mg-air batteries,
we are not aware of any data on the influence of additives on
the cathode reactions in aprotic electrolytes. In the present
study, we investigated the influence of additives on the cath-
ode reactions in Mg”"-containing electrolytes, more specifical-
ly, on their impact on the passivation of the electrode and the
ORR/OER reversibility.

We characterized the influence of the complexing agent 18-
crown-6 and the water-removing additive borane dimethyl-
amine complex (NBH) on the ORR/OER in 0.1 M Mg(TFSI),-con-
taining N-butyl-N-methylpyrrolidinium bis(trifluoromethanesul-
fonyl)imide ([BMP][TFSI]) on a glassy carbon (GC) electrode.
The measurements were performed in an electrochemical flow
cell, employing online mass spectrometry analysis (differential
electrochemical mass spectrometry (DEMS))?%34 of the O,
content of the electrolyte. This allowed us to determine the
amount of O, consumed and evolved in the ORR and the OER,
respectively, and calculate the number of electrons transferred
per O, molecule in the reaction, which provides detailed in-
sights into the processes on the electrode %534

The solubility of Mg(TFSI), in THF-based electrolytes has
been improved with the addition of 18-crown-6, which also
leads to an increase in the ion conductivity.*™ Using the IL N-
methyl-N-propylpiperidinium-TFSI ([PMP][TFSI]), a promoting
effect on the Mg plating was reported by Sagane et al. for a
Mg(TFSI),/[PMPI[TFSI] = 1:5 mol electrolyte.®? However, little is
known about the influence of 18-crown-6 on the ORR/OER re-
versibility and the passivation of the cathode surface. Com-
plexing Mg?™ on the cathode side might help “masking” of the
magnesium ions for the ORR, mimicking a Mg?"-free electro-
lyte and, thus, hindering or even suppressing the formation of
a passivation layer. This would allow a reversible ORR/OER, as
observed in neat [BMP][TFSI].?>%343¢ |n that electrolyte, the
ORR proceeds in two reaction steps, forming superoxide first,
followed by the formation of peroxide at lower potentials.

Considering the effects of trace impurities of water, residual
water in the electrolyte was shown to have a promoting effect
on ORR in aprotic electrolyte.®**’=% |t also enhances the for-
mation of non-oxidizable magnesium peroxides and oxides in
Mg?*-containing electrolyte in the ORR, thus passivating the
electrode.™ Therefore, we also explored the effect of boron
hydride as a water removing additive in the electrolyte. Boron
hydride is known to react with water, forming H, and borate,
and this way efficiently removes traces of water.

In the following, we start with a short description of the in-
fluence of Mg(TFSI), on the ORR/OER in [BMP][TFSI], which will
be used as a reference for the following systems (first section).
Next, we present and discuss the results obtained on the influ-
ence of the 18-crown-6 complexing agent (second section)
and the water-removing NBH additive (third section). In the
next section, we summarize the most important findings ob-
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tained in this work. Finally, a brief description of the experi-
mental set-up and the electrolytes used is presented.

Results and Discussion
Influence of Mg(TFSI), on the ORR in [BMP][TFSI]

The addition of magnesium in the form of Mg(TFSI), to [BMP]
[TFSI] introduces significant changes in the ORR/OER behavior
on GC electrodes, as shown earlier by our group.”>2® This is il-
lustrated in Figure 1, which shows results of a potentiodynamic
DEMS measurement performed in a potential window of —1.4
to 1.4V versus Mg/MgO in neat [BMP][TFSI] (a-c) and in 0.1m
Mg(TFSI), containing [BMP][TFSI] (d-f). Both times we show the
1t and the 4" cycle. In the cyclic voltammogram (CV) (Fig-
ure 1a,d) we find distinct ORR currents starting at potentials
below 0.4 and 0.7V, respectively. In the positive-going scan,
low faradaic current densities starting at approximately 0.4V
were observed. However, the charge transferred in the OER
was much lower than that transferred in the ORR. This was
mainly caused by the experimental conditions, because in the
flow cell setup the products of the ORR are transported away
from the electrode and, thus, cannot be oxidized again in the
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Figure 1. ORR/OER on glassy carbon in O,-saturated (a—c) neat [BMP][TFSI]
and (d-f) 0.1 M MgTFSl,-containing [BMPI[TFSI] at a scan rate of 10 mVs™".
The first and fourth cycles are shown.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KR These are not the final page numbers!


http://www.chemsuschem.org

Chemistry

Full Papers Europe

doi.org/10.1002/cssc.202000672

European Chemical
Societies Publishing

ChemSusChem

OER.*®! Therefore, this setup is not well suited to reproduce
the ORR/OER reversibility in real battery systems, in which the
ORR products can diffuse back to the electrode surface for fur-
ther oxidation in the absence of any electrolyte flow. In the
present experiments, it was not possible to detect the O, evo-
lution by mass spectrometry owing to the low amounts of O,
formed in both pure and Mg(TFSI),-containing [BMPI[TFSI].
This is in contrast to results in our previous study,”” in which
we used a lower flow rate. As already discussed earlier,?>-27:28.34
two plateaus were observed in the measured ORR signal in
pure [BMPI[TFSI], whereas the consumption of O, does not
change in the measured potential window of the ORR (see Fig-
ure 1b). The first plateau appeared between 0.25 and 0V,
which we assumed to correspond to a one-electron transfer, as
shown in Figure 1c. Therefore, in this potential range superox-
ide is formed during O, reduction.****"" Between —0.6 and
—1.2V a second plateau appeared with approximately twice
the current density, which corresponds to a two-electron trans-
fer and thus related to the formation of a peroxide.”>3**? De-
creasing the potential further resulted in an increase in the cur-
rent density with unchanged oxygen consumption. Therefore,
we attribute the current increase to side reactions such as the
decomposition of the IL or reduction of residual water impuri-
ties in the electrolyte 22%34

Comparing the ORR in pure [BMP][TFSI] with the ORR in
Mg(TFSI),-containing IL, a much lower ORR current density was
observed in the first cycle. However, there seemed to be two
current plateaus, one between 0 and —0.5 V and the other ap-
pears to start at —0.9 V. However, in this case the current
quickly decayed at more negative potentials. The oxygen con-
sumption stayed approximately constant in the ORR potential
window. In the presence of Mg(TFSI),, the number of electrons
transferred was approximately 1.5 in the potential region of
the first plateau, indicating that the product at least partly con-
sisted of superoxides. We cannot specify whether the addition-
al electrons come from partial formation of peroxides or other
side reactions with the electrolyte. In the lower potential range
below —0.5V the electron transfer rapidly increased up to
>4e” per O, molecule. The side reactions clearly played a role
and seem to result in a passivation of the electrode surface.
These results agree with findings in previous studies, which
have reported that magnesium superoxide and magnesium
peroxide are formed in this electrolyte, with the latter being
the dominant product under most reaction conditions.>~
Even though a quantitative comparison of the current densi-
ties was not possible because of the differences in the O, con-
tent in the electrolyte in different measurements, the current
densities in the Mg(TFSI),-containing electrolyte were much
smaller than in the Mg-free electrolyte. In both electrolytes, in
the presence and absence of Mg(TFSI),, superoxide species
were formed at lower overpotentials in the ORR whereas at
more negative potentials more electrons were transferred, indi-
cating peroxide formation. After 4 cycles, the ORR was barely
visible in the CV in Figure 1d, and the m/z 32 signal for O,
does not show any oxygen consumption in the fourth cycle.
Apparently, the ORR was inhibited by the formation of an ORR-
and OER-inactive passivation layer on the electrode. This passi-
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vation of the electrode is a major drawback of this IL electro-
lyte for Mg-air batteries. Interestingly, passivation seems to be
less of a problem in other aprotic electrolytes such as perchlo-
rate in DMSO™! and in Mg?*-containing THF, in which perox-
ide is predominantly formed upon reduction, presumably by
an electrochemical one-electron reduction to superoxide, fol-
lowed by a chemical reduction step to peroxide.”*®

ORR/OER in the presence of crown ether additive

Additives such as crown ethers can help mask the magnesium
by complexation and possibly suppress or even inhibit the for-
mation of a passivation layer. ORR/OER measurements in elec-
trolytes containing 18-crown-6 as complexing agent are pre-
sented in Figure 2. The ORR/OER in a 1:1 Mg(TFSI),/18-crown-6
electrolyte is shown in Figure 2a. Theoretically, this should
result in full complexation of Mg®*, provided every Mg?" ion is
complexed by one crown ether molecule, for 0.1 m 18-crown-6
and 0.1M Mg(TFSI),.* In contrast to an improved ORR/OER
performance and reversibility we expected, we obtained a
faster passivation, with the electrode being fully passivated in
the second cycle. Additionally, we obtained a peak at approxi-
mately —0.2'V in the first cycle, which is correlated with O,
consumption and corresponds to the ORR. Such a peak was
not observed in the 0.1 M Mg(TFSI), electrolyte without addi-
tion of crown ether. In this peak the number of transferred
electrons was approximately 1, in agreement with superoxide
formation (Figure 2c). At more negative potentials, below ap-
proximately —0.5V, the current passes through a minimum
and then increases slowly up to the negative potential limit. In
this range the number of electrons transferred per O, slowly
increased to approximately 2. This is compatible with a slow
transition from superoxide formation to peroxide formation, al-
though reductive side reactions are also likely, causing the ex-
tended passivation of the electrode surface in this electrolyte.
Different from the case of additive-free electrolyte, there is no
indication of an OER signal in the positive-going scan (Fig-
ure 2a), indicating the formation of a stable passivation layer.
Clearly, stoichiometric amounts of 18-crown-6 accelerate the
passivation of the glassy carbon electrode instead of lowering
it.

The effect of the crown ether changed if its concentration
was increased to a MgTFSI,/18-crown-6 ratio of 1:2 (Figure 2d).
Most noticeable is the high current density in the first cycle,
which exceeds that obtained in the crown ether free 0.1m
MgTFSI, electrolyte (see Figure 1) by more than a factor of 5.
This is likely to be related to an efficient complexing and mask-
ing of the Mg ions, resulting in a less efficient passivation, at
least in the first cycle. This high current density in the first
cycle is followed by a pronounced decay below —0.7 V. In the
second cycle, the current densities are small compared with
the first cycle, but they do not change much after the second
cycle up to the fourth cycle. The number of transferred elec-
trons in the negative-going scan of the first cycle is between 3
and 4, indicating preferential formation of (su)peroxide plus
some contributions either from magnesium oxide formation or
other side reactions. In the subsequent cycles, the transfer of
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Figure 2. ORR/OER on glassy carbon in O,-containing [BMP][TFSI] with 0.1 M Mg(TFSI), and (a-c) 0.1 m, (d-f) 0.2 m, and (g-i) 1.0 M 18-crown-6 complexing addi-

tive at a scan rate of 10 mVs™'.

only approximately 2 electrons per O, molecules in the nega-
tive-going scan points to the formation of peroxides (Fig-
ure 2f). The observation of peroxide formation without con-
tinuing passivation could be a consequence of Mg®>" complex-
ation, hindering the formation of solid magnesium peroxide
deposits, although peroxide anions are formed continuously.
Clearly, at these high concentrations, the crown ether can effi-
ciently complex the Mg ions, which are no longer directly coor-
dinated to peroxide ions. Therefore, mainly peroxides without
direct coordination to Mg®" ions are formed, as it was the case
in pure [BMPI[TFSI], which do not passivate the electrode sur-
face. Considering the number of transferred electrons of up to
3 in the potential region 0 to —0.7 V, the strong passivation in
the first negative-going scan at potentials < —0.7 V, which is
evident both from the Faradaic current and from the mass
spectrometric O, signal, can be tentatively explained by the
formation of magnesium oxide. Presumably, the formation of
magnesium oxide is not suppressed by the crown ether be-
cause of a stronger binding of 0>~ to Mg**, and hence a lower

ChemSusChem 2020, 13, 1-10 www.chemsuschem.org

solubility product as compared with binding to the crown
ether, whereas for MgO, formation this seems to be opposite.

The reversibility of the ORR/OER benefits greatly from the
addition of higher concentrations of the crown ether. In the
positive-going scan of the first cycle, the OER appears as a
sharp peak at 0.5V, which is getting broader and shifts to
about 0.7 V in the next cycle where it remains in the following
cycles. Our interpretation is confirmed by the mass spectro-
metric data, which show a clear m/z 32 signal in parallel to
these peaks (Figure 2e). Interestingly, the total charge in the
OER related peaks is almost constant in the different cycles, in-
dicating that the absolute amount of re-oxidizable ORR prod-
ucts remains constant.

The presence of the OER signal points to the formation of a
partly oxidizable layer on the electrode after the reductive
scan. This can be explained by the formation of oxidizable per-
oxide species in the ORR rather than the formation of the pas-
sivating magnesium peroxide species. Integration of the Fara-
daic ORR and OER current signals in the second and fourth
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cycle show a ratio of approximately 2:1 (ORR/OER). Therefore,
despite the electrolyte flow, approximately half of the reduced
oxygen species is essentially deposited on the electrode in this
layer. The remaining part is either transported away with the
flowing electrolyte or it is present in an inert, nonoxidizable
state. Because the passivation stops after the first cycle, we
favor the former explanation, at least after the first cycle. In
the OER peak, the number of transferred electrons is about 1.3,
which is a comparable order of magnitude as the number of
electrons transferred per O, in the ORR (> 1). The reversibility
of the ORR/OER process indicates that there are indeed contri-
butions from reversible peroxide formation and re-oxidation in
the ORR/OER.

The addition of stoichiometric excess of 18-crown-6 to the
electrolyte improves the ORR/OER characteristics. Therefore,
we further increased the relative amount of the crown ether to
a MgTFSI,/18-crown-6 ratio of 1:10, which again resulted in sig-
nificant changes in the ORR/OER (Figure 2g). The main differ-
ence is the absence of the passivation peak in the first cycle.
The current densities in the second cycle are similar to those
in the first cycle, and they are of similar order of magnitude as
in the first cycle in the crown-ether-free electrolyte. The result-
ing CV closely resembles that obtained in pure [BMP][TFSI],
showing also a two-plateau system (green bars in Figure 2g), a
largely reduced passivation, and a clear OER signal. For the
first plateau, the calculated number of electrons is approxi-
mately one. This number steadily increases with decreasing po-
tential, reaching a value of approximately 2 in the range of the
second plateau. In contrast to the measurements of the sam-
ples with lower amounts of crown ether in the electrolyte, the
two-plateau structure is also remained in the subsequent
cycles. Therefore, the presence of a high stoichiometric excess
of crown ether in the electrolyte leads to a similar ORR behav-
jor as in neat [BMP][TFSI]. In both electrolytes, there is an in-
crease in the electron transfer per O, with increasing overpo-
tential in the ORR, which, in contrast to the electrolytes with
no or lower concentrations of crown ether, persists after multi-
ple cycles. Therefore, we expected that the same transition
from superoxide to peroxide formation observed for the ORR
in neat [BMP][TFSI] occurs in 1:10 MgTFSI,/18-crown-6-contain-
ing electrolyte when scanning to more negative potentials. In
contrast to the situation in 0.2m 18-crown-6, we did not
detect the formation of magnesium oxide (electron number
above 2). Under these conditions, Mg®>" complexation appears
to be sufficiently efficient to fully inhibit MgO formation. Simi-
lar to the reaction in neat [BMP][TFSI], only peroxide and su-
peroxide are formed, without formation of a passivating layer.
In the second cycle, a distinct peak is observed at approxi-
mately —0.7 V in the negative-going scan, which was not pres-
ent in the mass spectrometry O, signal (Figure 2g,h). There-
fore, it is most probably not part of the O, reduction itself. This
peak vanishes after further cycling. Therefore, we attribute the
peak to the reduction of impurities in the crown ether.

A strong discrepancy between the integrated charges was
observed at a ratio of approximately 10:1 (ORR/OER). This is
much larger than the ratio of 2:1 that we obtained for the
electrolyte with 0.2m crown ether, but lower than for neat
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[BMP][TFSI] (300:1). We attribute the distinct difference be-
tween the two electrolytes, 0.1 M Mg(TFSI), in [BMP][TFSI] and
1.0 M crown-ether-containing 0.1 m Mg(TFSI), in [BMP][TFSI], to
the strongly suppressed formation of a surface layer containing
Mg-superoxide, peroxide, and oxide, to the efficient complexa-
tion of the Mg?™. This allows the ORR products to be flushed
away more easily, thus, decreasing the amount of oxidized
ORR products in the OER. Therefore, a high stoichiometric
excess of crown ether is helpful for decreasing the passivation
but also reduces the reversibility of the OER in the flow-cell.
The latter aspect does not apply in the case of battery applica-
tions, in which electrolyte flow is absent and the ORR products
can reach the electrode surface by diffusion. Positive effects of
the addition of crown ether to IL-based electrolytes with TFSI
anions were also reported for Mg plating and stripping.®>* In
that case, both plating and stripping are enhanced and the
tendency for passivation is lowered, equivalent to an improved
reversibility. This was explained by the (partial) displacement of
TFSI anions from the Mg?" coordination shell by the (stronger
interacting) crown ether. This inhibits the formation of Mg?*
-TFSI~ species, which were proposed to lead to TFSI decompo-
sition upon electron transfer to the Mg?* ion.* For the ORR,
the stronger interaction between crown ether and Mg®" is also
favorable, as it reduces the formation of stable Mg?* (su-)per-
oxide species. Finally, the calculated number of transferred
electrons in the OER is approximately one, indicating that su-
peroxide species are oxidized to O,.

For further information on the influence of the crown ether
on the electrolyte layer, we recorded SEM images of the sur-
face obtained after 10 cycles ORR/OER in the absence and
presence (1.0m 18-crown-6) of crown ether (Figure 3). In the
low-magnification images (Figure 3a), a distinct highly struc-
tured surface morphology is obtained when a 18-crown-6-free
0.1 ™M Mg(TFSI), electrolyte was used, which is different from
that of the GC substrate and, therefore, associated with a layer
of magnesium oxide species on top of the GC. This is consis-
tent also with the observation of Mg and O signals in EDX
images (see the Supporting Information). Higher magnification
reveals the formation of lengthy, rod-like structures (Figure 3b).
Similar structures were reported by Bozorgchenani et al.*® for
0.1mM Mg(TFSI), in [BMPI[TFSI] on a Pt surface. Adding the
crown ether (1.0 m) resulted in different structures (Figure 3¢).
At higher magnification, a surface layer is observed, which
seems to be thinner than the one obtained with the former
electrolyte. This correlates well with the lower tendency for
passivation and the increasing ORR/OER reversibility, support-
ing our previous claim that masking the Mg ions with crown
ether reduces the amount of MgO, in the surface layer and
thus its passivating properties. Nevertheless, EDX measure-
ments revealed the presence of oxidic magnesium species on
these surfaces (Figure 3d), but significantly less than in the
crown-ether-free electrolyte (Figure S1, Supporting Informa-
tion).

Overall, the addition of crown ether in excess concentrations
strongly influences the ORR/OER behavior in Mg(TFSl),-contain-
ing [BMP][TFSI]. The most important positive effect is the de-
creasing tendency for passivation as compared with only

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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A major factor that contributes to the passivation of an elec-
trode is residual water in the electrolyte; traces of water in
magnesium-containing electrolytes are known to promote the
formation of a nonoxidizable, passivating electrode layer in the
ORR, consisting of magnesium oxide and peroxide." There-
fore, for the experiments presented in the previous sections,
the electrolyte was dried before use in a UHV chamber to de-
crease the water content. Efficient ways to keep the electrolyte
dry are needed, especially for metal-air batteries, in which the
electrolyte is in contact with air. In these cases, self-drying elec-
trolytes are highly desirable. Such effects can be achieved by
the addition of drying agents such as borohydrides to the elec-
trolyte. We explored the effect of adding such a drying agent
on the reversibility of the ORR/OER and on the electrode passi-
vation. In the first step, we added 0.01 m NBH to the Mg(TFSI),-
containing [BMP][TFSI]. In these cases, the electrolyte was used
as-is, without prior drying in vacuum. The CVs recorded in
NBH-free and in NBH-containing electrolyte are presented in
Figure 4. Karl Fischer titration demonstrated that the addition
of NBH reduced the water content of (non-dried) [BMP][TFSI]
to 20 ppm, as compared with Mg(TFSI),-containing [BMP][TFSI]
(25 ppm) and 0.1m 18-crown-6+0.1m Mg(TFSI),-containing
[BMP][TFSI] ((35 ppm). The CVs in Figure 4 clearly illustrate the
strong influence of the addition of NBH in the first cycle in the
ORR (Figure 4a,d). The removal of water results in a significant
increase of the ORR and OER current densities in the first cycle
as compared with 0.1m Mg(TFSI), in [BMP][TFSI] electrolyte
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Figure 4. ORR/OER on a glassy carbon electrode in O,-containing [BMP][TFSI]
with 0.1 M Mg(TFSI), and the NBH additive: (a,b,c) 0.01 M NBH and
(d,e,f) 0.1 M NBH at a scan rate of 10 mVs™".

(see first section). However, for addition of 0.01 m NBH already
the second cycle shows a similar extent of passivation as ob-
tained in NBH-free electrolyte (Figure 1d). Furthermore, in the
first cycle the ORR also shows a rather high number of trans-
ferred electrons of approximately 2 and above, whereas in the
second cycle this decreases to approximately one transferred
electron per O, molecule. This indicates the formation of mag-
nesium peroxide, causing the strong passivation during the
first cycle, but not to the same degree as the NBH-free electro-
lyte (see Figure 1d). The high current density in the first cycle
could be owed to interactions between the Mg(TFSI), and the
NBH, which could lead to complexation of Mg?*, similar to the
behavior of crown ether discussed in the previous section. In-
terestingly, in the subsequent OER, there is only one electron
transferred per O,, which is consistent with a mechanism in
which only the superoxide species can be re-oxidized. O, for-
mation was not be observed for the oxidation of peroxide spe-
cies to superoxides.

Increasing the concentration of NBH (Figure 4d,e,f) results in
even higher current densities of the ORR, but not for the OER,
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in the first cycle. The first cycle is also dominated by the forma-
tion of peroxide (two-electron transfer), whereas in the subse-
quent cycles a one electron transfer to superoxide prevails. For
this electrolyte, the lower potential limit was set to —1.1 in-
stead of —1.4V in the previous experiments (Figures 1-3) to
not exceed the current density limitation of the flow cell. Sig-
nificantly lower current densities are observed in the second
cycle compared with the first cycle, indicative of surface passi-
vation. Even though strong passivation is also observed for the
0.1 M NBH-containing electrolyte, the overall rate of passivation
is decreased significantly. This is illustrated by the measurable
ORR currents even in the sixth cycle of the 0.1 m NBH-contain-
ing electrolyte (Figure 4d), in contrast to the essentially com-
plete passivation in the 0.01 M NBH-containing electrolyte (Fig-
ure 4a). Furthermore, there is also an improved ORR/OER re-
versibility compared with the 0.01m NBH-containing electro-
lyte, with a more pronounced OER peak at approximately
1.0V, which appears in the second cycle, in contrast to the
0.01 M NBH electrolyte, for which the peak only appears in the
first cycle. The measurable OER peak in the latter case is most
likely related to the fact that also the ORR signal is much
higher in the second cycle than in the 0.01 m NBH-containing
electrolyte.

Integration of the ORR and the OER signals reveals an in-
crease in the reversibility of these reactions with increasing
cycle number, as indicated by their current densities, with a
ratio of the ORR/OER charge of 3:1 in the second cycle, which
changes to 1.7:1 in the sixth cycle. This is in agreement with a
change in the number of transferred electrons in the OER from
1.4 in the second cycle to approximately 1 in the sixth cycle.
This ORR/OER charge ratio is similar to that obtained for the
0.2 M 18-crown-6 containing dried electrolyte without the addi-
tion of NBH (see previous section). Additionally, the 0.1 m NBH
electrolyte also shows an electron transfer number below one
in ORR and OER in the fourth and sixth cycle. The reasons for
this behavior, such as O, trapping and release in an interphase
layer, can only be speculated upon.

The addition of borohydride shows a potential for improving
the ORR/OER reversibility and for decreasing the rate of passi-
vation. However, passivation is still pronounced and limits the
improved reversibility to only a few cycles and short times.
Most likely, this results from the lower amount of residual
water in the electrolytes, which changes the composition of
the surface layer formed on the electrode during the ORR,
making it more oxidizable and, thus, suppressing the passiva-
tion of the electrode layer. However, we cannot rule out that
NBH also acts as a complexing agent that could mask the Mg
ions, similar to the crown ether. This is supported by the fact
that 0.01m NBH is sufficient to remove the residual water;
therefore, there should be no major difference in the ORR/OER
reaction behavior between the two NBH-containing electro-
lytes if it only acts as a water-removing additive. The ability of
borohydrides to complex Mg ions has been reported.”® Shao
et al. have shown that the Mg plating and stripping behavior
in different electrolyte strongly depends on the coordination
of the electrochemically active Mg species in the solution.®”
They reported enhanced Mg stripping when a combination of
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a chelating solvent and an increased BH,  concentration was
used and explained this by synergetic effects.”® Similar effects
could be expected after the addition of NBH to Mg(TFSI),-con-
taining electrolyte, in which NBH adopts both roles, that of the
complexing agent and that of the water-removing agent.

Overall, the data indicate that a balance is required between
minimizing the passivation (slow formation of the passivation
layer at the electrode) and maximizing the reversibility (effi-
cient formation of a layer of oxidizable ORR products on or
close to the electrode surface). The lowest passivation was
found for the 1M crown-ether-containing electrolyte; however,
the reversibility is rather limited (ORR/OER charge: 10:1). In
contrast, the highest reversibility, with an ORR/OER charge of
1.7:1, was found in 0.1 m NBH-containing electrolyte; however,
the passivation was much faster. Among the electrolytes inves-
tigated in this study, the 0.2 M crown-ether-containing electro-
lyte, with a Mg/crown ether ratio of 1:2, was the optimum
choice, combining reasonable reversibility and limited passiva-
tion.

Finally, on a quantitative scale, the reversibility is expected
to be different in a realistic battery cell as compared with the
present flow cell measurements, as there would be no convec-
tion-induced off-transport of oxidizable ORR products. Addi-
tionally, compared with real batteries, the potential scan rate is
much faster in the present measurements. Under realistic oper-
ation conditions, charging and discharging times would be
longer than in the present experiments, resulting in much
more extended accumulation of ORR products and electrolyte
decomposition products before these are re-oxidized. This will
be the subject of future studies.

Conclusions

The effect of adding crown ether as a typical complexing addi-
tive and borane dimethylamine complex (NBH) as an electro-
lyte drying additive to magnesium-containing N-butyl-N-meth-
ylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([BMP][TFSI])
electrolytes was investigated to gain a better understanding of
the influence of additives on the oxygen oxidation reaction
(ORR)/oxygen evolution reaction (OER) in Mg-air batteries. The
addition of a high stoichiometric excess of 18-crown-6 resulted
in an increasingly effective masking of the Mg ions by com-
plexation, which lowered the tendency for electrode passiva-
tion through the formation of nonoxidizable and passivating
Mg (per-)oxides, to the extent observed in Mg-free [BMP][TFSI]
electrolyte if 1.0m 18-crown-6 ether is added to 0.1m
Mg(TFSI),. On the other hand, the complexation of Mg ions re-
sulted in reduced formation/stabilization of re-oxidizable ORR
products close to the electrode, which diminished the OER cur-
rent/charge as the ORR products were rinsed away by the con-
stant electrolyte flow. Under the present conditions, in a flow
cell system, such an interphase layer is needed for a reversible
ORR/OER even though it might result in some degree of passi-
vation. Under the present reaction conditions and for the elec-
trolytes investigated in this study, the best balance between
passivation and reversibility was obtained for the 0.2 M crown-
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ether-containing electrolyte with a Mg/crown ether ratio of
1:2.

The addition of NBH also resulted in a slower passivation
and a better reversibility when it was added at a concentration
of 0.1 M. This was most probably not only caused by its water-
removing properties, but also by complexation of Mg?™, similar
to the role of the crown ether additive. Accordingly, if the con-
centration of NBH is too high, the reversibility of the ORR/OER
is reduced. Overall, this work revealed a complex role of differ-
ent additives, which should be considered in further efforts to
improve the ORR/OER performance of Mg-air batteries.

Experimental Section

The electrochemical experiments were performed in a home-built
DEMS setup (potentiostat: Pine Instruments, AFRDE 5; quadrupole
mass spectrometer: Pfeiffer Vacuum, QMS 422), which has been de-
scribed in detail by Schnaidt et al.*® The key element of this set-up
is a dual thin-layer flow cell equipped with a nonporous 10 um
thick Teflon membrane, which separates the electrolyte from the
vacuum in the mass spectrometer chamber.

[BMPI[TFSI] (99.9%, halides<1 ppm; H,0<20 ppm, Solvionic),
Mg(TFSI), (99.5%, H,0 <250 ppm, Solvionic), 18-crown-6 (99.0%,
H,0<0.29%, Alfa Aesar), and borane dimethylamine complex
(NBH, 97 %, Sigma-Aldrich) were used for the preparation of the
electrolytes. They were mixed inside a glove box (MBraun, LabStar,
Ar, H,0<1 ppm, 0,<0.5 ppm). After mixing the electrolytes we
measured the water content through Karl Fischer titration for the
pure BMP TFSI, the 0.1 M MgTFSI,-containing BMP TFSI and the
0.1 M NBH-containing BMP TFSI, using a Mettler Toledo C30 coulo-
metric KF titrator and a drying oven D0308 (Mettler Toledo). All
electrolytes were transferred through air into a vacuum chamber,
which was used for drying and storing the electrolytes. For drying
of the NBH-free electrolytes prior to the DEMS measurements, they
were evacuated at 10" mbar for > 12 h. The NBH-containing elec-
trolytes were not dried further owing to the instability of the NBH
in vacuum. After drying, the electrolytes were purged with O, (MTI,
N 6.0) and stored in a N, atmosphere in the same chamber used
for electrolyte drying. However, the O, content of the electrolytes
was not the same for all electrolytes because it was adjusted to
not reach the faradaic current limitation of the electrochemical cell
given by the low conductivity of the electrolyte. Therefore, a quan-
titative comparison of the absolute ORR current density values in
the different measurements was not possible. For the electrochem-
ical measurements, the electrolyte was pumped in a loop (total
volume 10 mL) between the chamber and the flow cell by a peri-
staltic pump (Ismatek, Reglo ICC) at a flow rate of 0.13 mLmin".
The capillary pumping system was surrounded by N -flushed tubes
to reduce the amount of moisture and O, diffusing through the ca-
pillary walls.*?

A glassy carbon (GC) disk (polished with a 0.3 um alumina slurry
prior to use) and a Pt wire (Goodfellow, 99.99+, diameter 0.5 mm)
were used as working electrode and counter electrode, respective-
ly. A Mg wire (Goodfellow, 99.99+, diameter 0.25 mm) with a
native oxide film (Mg/MgO; —1.0 vs. Fc/Fc*) served as a quasi-ref-
erence electrode.” The sensitivity factor k* of the DEMS measure-
ments was determined assuming a one electron transfer (n=1) for
the first reduction step (E>—0.4 V) of the ORR in neat [BMP][TFSI],
using the ratio between the ion current of the m/z 32 signal (/5,)
and the Faradaic current () according to the equation k*=nlys/
I The ion currents plotted in the figures were corrected for the
background and for the time delay owing to mass transport of the

ChemSusChem 2020, 13, 1-10 www.chemsuschem.org

gaseous species from the working electrode to and through the
membrane.

The SEM and energy dispersive X-ray spectroscopy (EDX) measure-
ments of the electrode layers were performed in a Zeiss Leo 1550
instrument, which was equipped with an Oxford Instruments EDX
sensor. Before the SEM/EDX measurements, the electrode was
rinsed with acetone (VWR chemicals, >99%) after removal from
the flow cell and kept under an N, flow until it was introduced
into the microscope.
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Reversible Oxygen Reduction
Reaction/Oxygen Evolution Reaction
in the Mg?*-Containing lonic Liquid N-
Butyl-N-Methylpyrrolidinium
Bis(Trifluoromethanesulfonyl)imide

Making the difference: The influence
of different additives on the oxygen re-
duction reaction/oxygen evolution reac-
tion (ORR/OER) behavior in a Mg-con-
taining ionic liquid N-butyl-N-methylpyr-

differential electrochemical mass spec-
trometry. The addition of a stoichiomet-
ric excess of additives reduced the ten-
dency to passivate the electrode surface
but also the reversibility of the ORR/

rolidinium bis(trifluoromethanesulfonyl)- OER.
imide on glassy carbon was studied by
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