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Motivated by the potential of ionic liquids (ILs) to replace traditional aqueous electrolytes in Zn-air batteries, we investigated
the effects arising from mutual interactions between O, and Zn(TFSI), as well as the influence of H,O impurities in the oxygen
reduction/oxygen evolution reaction (ORR/OER) and in Zn deposition/dissolution on a glassy carbon (GC) electrode in the ionic liquid
N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)-imide (BMP-TFSI) by differential electrochemical mass spectrometry.
This allowed us to determine the number of electrons transferred per reduced/evolved O, molecule. In O, saturated neat BMP-TFSI the
ORR and OER were found to be reversible, in Zn>* containing IL Zn deposition/stripping proceeds reversibly as well. Simultaneous
addition of Oy and Zn* suppresses Zn metal deposition, instead ZnO, is formed in the ORR, which is reversible only after excursions
to very negative potentials (—1.4 V). The addition of water leads to an enhancement of all processes described above, which is at
least partly explained by a higher mobility of O, and Zn?* in the water containing electrolytes. Consequences for the operation of
Zn-air batteries in these electrolytes are discussed.
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The major advantage of primary Zn-air batteries is their high en-
ergy density, which is about five times higher than the one of Li-ion
batteries.!~> Therefore, primary Zn-air batteries are already commer-
cially used in applications where their low power output capability
(<10 mW) caused by the inefficiency of the air catalysts, is no signif-
icant drawback, e.g., in hearing aids.? This is different, however, for
secondary Zn air batteries, which suffer from several drawbacks such
as dendrite growth, limited solubility of the discharge product and
insufficient performances of the bifunctional air electrodes.*> These
problems have so far precluded their technical realization. Therefore,
the reversibility of the oxygen reduction reaction (ORR) and of the
oxygen evolution reaction (OER) during discharge and charge of the
battery is a key issue for improving Zn-air batteries.>*~!° The cathode
side of Zn-air batteries usually consists of a porous carbon electrode
covered by a catalyst layer to facilitate the ORR.>’ The porous elec-
trode enables O, diffusion to the three-phase boundary region.® This,
however, also allows CO, diffusion into and H,O evaporation out of
the cell, which are additional drawbacks since the CO, in the cell will
react with the OH™ ions of the alkaline electrolyte and form carbonates,
which reduces the lifetime of the cell.!' Additionally, H,O evaporation
leads to drying-out of the cell.'>!* Considering these drawbacks, ILs
seem to be promising candidates for electrolytes in secondary metal-air
batteries, as most of them show a very low volatility and a wide electro-
chemical stability window as compared to aqueous electrolytes.”!4-16
The lower volatility could solve the problem of cell dry-out. Due to
the wide electrochemical window H, evolution could be avoided, and
furthermore there are ILs available which are insensitive against wa-
ter and CO,. Finally, the absence of OH™ ions precludes carbonate
formation. However, the low conductivity and high viscosity are still
drawbacks for the use of ILs in (metal-air) batteries. On the other hand,
due to the open cell design of metal-air batteries, moisture from the
air can diffuse into the cell and change the electrochemical behav-
ior of the electrolyte, which in the case of ionic liquids can result in
a reduced viscosity and higher conductivity of the electrolyte.!” Ac-
cordingly, the influence of water on the electrochemical properties of
Zn-air batteries and on the performance of the ORR/OER and the Zn
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plating/stripping processes, as the main processes in these batteries,
in IL electrolyte is of considerable interest. These aspects are topic
of the present paper, focusing on N-butyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (BMP-TFSI) based electrolytes.

There are already a number of studies on the influence of water on
the Zn deposition and dissolution behavior in various ILs, focusing
mostly on the effect of water on the morphology of the resulting de-
posits, but also dealing with the reaction rate and the reversibility of
the Zn redox couple.'>!7-20 More specifically, for BMP-TFSI Xu et al.
concluded that on Pt electrodes the redox reversibility of the Zn/Zn(II)
redox couple is improved and the reaction rate is increased upon ad-
dition of water.!” At (too) high water levels this leads to a decrease of
the electrochemical stability window.!”

Furthermore, it is well known that water has an impact also on the
ORR and OER in ionic liquids. For the ORR this generally results
in an earlier onset of the reaction and higher currents in the presence
of water.”!2* For the OER the results reported so far are less clear.
AlNashef et al. did not find an oxidation peak in the anodic scan af-
ter the ORR in the O,-containing ILs 1-n-butyl-3-methylimidazolium
hexafluorophosphate and 1,2-dimethyl-3-n-butylimidazolium hex-
afluorophosphate on a glassy carbon (GC) electrode after the addition
of 3 wt% water. This they explained by a (chemical) disproportiona-
tion of the superoxide, forming O, (2 O,"~ + H,O — O, + HOO™ +
HO™).! In contrast to this, Katayama et al. observed an anodic peak in
cyclic voltammograms (CVs) in O,-saturated, humidified (0.5 vol% of
water) EMIM-TFSI after the reduction reaction and attributed this to
the re-oxidation of either HO, or H,0,.?? This anodic peak occurred
at higher potentials compared to dry conditions, indicating that the
addition of water hinders the OER.?> Xiong et al. also found the OER
to be hampered, but not fully inhibited in humid atmosphere (relative
humidity 8%, 25% and 36%) in phosphonium cation based ILs.?* Fur-
thermore, also the presence of metal cations is known to influence the
ORR/OER in ILs and aprotic organic electrolytes.”>~2* For instance, it
has been demonstrated by XRD measurements that in the presence of
Zn* the ORR results in the deposition of ZnO films, which are likely
to hinder the ongoing ORR/OER.>-3!

Here we report results of a study on Zn deposition/dissolution
on glassy carbon (GC) electrodes in dry and humidified BMP-TFSI,
where we tried to disentangle Zn deposition and electrolyte decom-
position, by using a differential electrochemical mass spectrometry
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(DEMS) setup, which would allow us to detect, e.g., H, evolution
caused by the degradation of the electrolyte. These results, which are
presented in the first results section, can serve also as reference for the
subsequent ORR/OER measurements in the presence of Zn?*. Fur-
thermore, we used DEMS measurements to identify and quantify the
consumption/evolution of O, in the ORR and OER, respectively, in
parallel with the electrochemical measurement. This allows us to de-
termine the numbers of transferred electrons during the ORR from the
ratio between the reduction current and the O, consumption, which
allows the identification of the main species formed in the reactions,
i.e., superoxide (O,7), peroxide (0,%7) or oxide (O*7), if no other
reactions take place in parallel (i.e. H, evolution; metal deposition),
providing insight into the reaction mechanisms. Furthermore, the de-
tection of O, during the anodic scan provides direct proof that anodic
peaks are related to the OER and do not result from side reactions such
as electrolyte decomposition or electrode modification. These results
are presented and discussed in the second results section. Third, we
studied the effect of Zn** addition on the ORR/OER by DEMS, which
provides additional information on the number of transferred electrons
during the cathodic scan, and on the reversibility with respect to O,
evolution in the anodic scan. These results are presented and discussed
in the third result section. Next, in the fourth section we present results
on the combined effect of water impurities and Zn>* on the ORR/OER
in an O, saturated ternary electrolyte mixture containing BMP-TFSI,
ZnTFSI, and H,O. Finally the results are summarized and discussed
in a comprehensive picture.

Experimental

For the experiments, we used a DEMS setup (potentiostat: Pine
Instruments, AFRDE 5; quadrupole mass spectrometer: Pfeiffer Vac-
uum, QMS 422) which has been described in detail recently.? Its
core part is a dual thin-layer flow cell with a non-porous 10 pm thick
Teflon membrane, separating the electrolyte from the mass spectrom-
eter chamber.

BMP-TFSI (99.9%, halides < 1 ppm; H,O < 20 ppm) and
Zn(TFSI), (99.5%, H,O content < 100 ppm) were purchased from
Solvionic. The electrolytes (neat BMP-TFSI and 0.01 M Zn(TFSI),
in BMP-TFSI) were transferred through air into a vacuum chamber,
which was used for drying and storing the electrolytes. Here the ILs
were evacuated prior to use at 10~ mbar for >12 h for drying, which
resulted in a water content of 60 ppm in BMP-TFSI, and also satu-
rated with O, (MTI, N 6.0).32 For the measurements the electrolyte
was pumped in a loop between the vacuum chamber and the flow
cell by a peristaltic pump (Ismatek, Reglo ICC) with a flow rate of
0.16 mL min~! (total volume 10 mL).?>-3? The capillary system was
surrounded by N,-flushed tubes to reduce the amount of moisture and
O, diffusing through the capillary walls. For the measurements with
humidified electrolyte, O, was first saturated with water by bubbling
it through a water-filled washing bottle at 23°C and then bubbled into
the electrolyte reservoir in the vacuum chamber. The water content of
the humidified electrolyte was determined by Karl-Fischer titration to
0.8 + 0.03 wt% (0.62 mol 17!; 15.9 at%) in neat BMP-TFSI and 1.1
+ 0.03 wt% (0.85 mol 17!; 20.6 at%) in 0.01 M Zn(TFSI), in BMP-
TFSI. In the following the term “dry” is used for the non-humidified
electrolyte used after drying for >12 h in the vacuum chamber, which
still contains traces of residual water.

As working electrode and counter electrode we used a glassy car-
bon (GC) disk (polished with a 0.3 pm alumina slurry prior to use)
and a Pt wire (Goodfellow, 99.994-, diameter 0.5 mm), respectively.
A Mg wire (Goodfellow, 99.99+, diameter 0.25 mm) with a native
oxide film (Mg/MgO; —1.0 vs. Fc/Fct) served as a quasi-reference
electrode.’® The sensitivity factor k* of 3.4 x 107 of the DEMS mea-
surements 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 (I5;)
and the faradaic current (Ir) according to the equation k* = nlys/I¢.
Note that the ion currents plotted in following figures are corrected for

|—— "dry" electrolyte 1% cycle
0.4 1 "dry" electrolyte 2™ cycle
{—— 1 w% water 1% cycle
- - -1 w% water 2™ cycle

-1.5 ' -1.0 ' -0I.5 ' 0!0 ' 0!5 ' 1!0 ' 1.5
E (V) vs. Mg/MgO

Figure 1. (a) CVs of N purged “dry” (red, orange) and humidified (blue,
purple) Zn(TFSI), containing BMP-TFSI (10 mV s~ 0.16 mL min~!) on a
GC electrode and the corresponding ion currents of (b) O, (m/z = 32) and (¢)
H; (m/z = 2).

the time delay due to mass transport of the gaseous species from the
working electrode to and through the membrane.

The XRD patterns after electrochemical cycling were measured
using a Siemens D5005 X-ray diffractometer with Cu-Ka radiation
(\=1542A)ina20 range from 10-70°.

Results

Influence of H,O on Zn deposition.—First, we investigated the
influence of H,O on the Zn deposition by DEMS. Figure 1a shows the
first two CVs recorded in 0.01 M Zn(TFSI), containing BMP-TFSI
in dried and humidified electrolyte, using a GC electrode. The CV in
“dry” electrolyte exhibits the typical features for Zn deposition and
dissolution in ionic liquid electrolytes, which are characterized by a
cathodic peak due to the reduction of Zn** to Zn’ and an oxidation
peak in the anodic scan, together with a lower potential for the initial
Zn** deposition.!®31:335 This leads to an overcrossing of the current
in the anodic scan with that in the cathodic one at the potential where
Zn** deposition changes to Zn dissolution. Such behavior, in particu-
lar the pronounced initial potential shift, was observed before during
electrochemical deposition and it was attributed to initial nucleation
processes.!*31335 Our CVs differ, however, from those in previous
reports by the absence of a distinct cathodic peak (Zn deposition) be-
fore approaching the mass transport limited current. The absence of
this peak can easily be explained by the enforced mass transport in
our case.

In the second (and following) cycle(s) the reduction in the cathodic
scan starts at higher potentials than in the first one. The more facile Zn
deposition may be induced by residual Zn nuclei on the surface, which
promote Zn nucleation/growth in the following cycles and decrease
the activation energy for further Zn nucleation.®
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The addition of water mainly causes a shift in the onset potential
by 0.3 V to more positive values in the cathodic scan. This is accompa-
nied by a sharper Zn dissolution peak in the anodic scan, whose onset
occurs at slightly more negative potentials. The shift to higher poten-
tials for Zn deposition might be attributed to changes in the nucleation
behavior during Zn deposition. These and in particular the sharper Zn
dissolution peak are likely related to changes in the physicochemical
properties of the electrolyte, with the addition of water leading to a de-
creased viscosity and increased mobility of the Zn>* species. Similar
observations and interpretations were reported for the effect of water
on the Zn redox behavior in different ILs,'$¢ including also BMP-
TFSL!7 The higher Zn>* mobility additionally leads to a measurable
increase of the mass transport limited current in the cathodic scan,
resulting in a higher amount of deposited Zn during the scan.

Alternatively, the higher currents may also be attributed to H, evo-
lution. The DEMS measurements resolve a clear increase at m/z = 2
(Figure 1c), indicative of H, evolution. This is assigned to the electro-
chemical degradation of residual water traces in the electrolyte (2 H,O
+2e~ — 2 OH™ + H,). Both, in “dry” and in humidified electrolyte,
the H, signal still increases when the faradaic current has already
reached the mass transport limited region. Thus, the H, evolution re-
action (HER) appears to be only a minor contribution to the overall
faradaic current. As expected, the onset of the HER is at more posi-
tive potentials in the humidified electrolyte and higher HER rates are
achieved.

Possible H, evolution from Zn corrosion in the presence of de-
posited Zn (Zn + 2H,0 — Zn(OH), + H,)"*3"-3? cannot be fully ex-
cluded, but can only occur at negligible rates considering the absence
of measureable m/z = 2 ion currents in the anodic scan at potentials
where the Zn deposition is still in the mass transport limited region.

Finally we would like to note that the O, ion current (m/z = 32,
Figure 1b) remains constant during cycling, indicating that there is no
measurable reduction of residual O, in the electrolyte.

Influence of H;O on ORR and OER.—The influence of H,O
on the electrochemical stability of BMP-TFSI is widely discussed
and it is known, that an increasing H,O content leads to a smaller
electrochemical window (EW).!74042 Additionally, the presence of
water was reported to have a promoting influence also on the ORR in
ILs.21:24:40434% Ty order to model the H,O content of a system open to
air, we introduced water to the system by purging the electrolyte with
O, which was saturated with H,O at 23°C.

In Figure 2 we compare the CVs and the ion currents of
0, (m/z = 32) and H, (m/z = 2) during the ORR/OER in BMP-
TFSI on a GC electrode in the presence (purple) and absence (black)
of added water. Note that in contrast to the measurements in Zn>* con-
taining electrolyte shown in the first section we found no significant
difference between the first and following cycles, indicating that the
electrode surface is not modified by deposition of reaction products in
the Zn* free electrolyte. Therefore, only the first cycle is depicted in
Figure 2.

It has been reported previously that in dry, pure BMP-TFSI the first
reduction step in the ORR on GC electrodes** and Au electrodes?? is
a one-electron transfer, forming a superoxide ion (O, + e~ = O,7),
which is followed by a second one-electron reduction step, forming a
peroxide ion (0, + e~ — 0,27) on GC»*7 and Au.”

The faradaic currents of the “dry” BMP-TFSI measurements show
both one-electron and two-electron reduction of O,, depending on
the potential, similar to previous measurements with the same system
performed in our group at a slower scan rate.?> This allows us to cal-
culate the intrinsic k* value (k* = nlys/Ig) of the DEMS-setup. Using
the reduction in the current plateau at around 0 V as reference for
a one-electron transfer, the second current regime (around —0.5 V)
corresponds to a two-electron transfer. This points to predominant
peroxide formation at low potentials. Interestingly, the potential dif-
ference between the two reduction ranges was reported to be around
1V for a Au electrode,?? while for reduction on the GC electrode the
potential difference between the plateaus (black curve, “dry” IL) is
only 0.5 V. This may be related to the different electrode materials.

"dry" BMP-TFSI

059 \umidified BMP-TFS| A a
< |
& 0.0 P
< /a
£ 051
L
-1.0

-2 T T T T T T T T T T T
-1.0 -0.5 0.0 0.5 1.0 1.5

E (V) vs. Mg/MgO

Figure 2. (a) CVs of ORR/OER in “dry” and H,O containing BMP-TFSI
and the corresponding ion currents of (b) Oy (m/z = 32) and (c¢) H;
(m/z = 2) (10 mV s~!; 0.16 mL min~!). Inset: number of transferred elec-
trons in humidified electrolyte.

We cannot rule out, however, that this discrepancy is influenced by
water traces in our “dry” electrolyte. For instance, rotating ring disk
electrode (RRDE) measurements by Yuan et al. showed that the addi-
tion of 0.25 wt% water leads to a shift of the two-electron reduction to
more positive potentials by at least 0.2 V.* Moving to the humidified
electrolyte, the two-electron transfer should be even more promoted,
shifting its onset to more anodic potentials. Experimentally (see purple
graphs in Figure 2), we observe the onset of the ORR in the humid-
ified electrolyte at about the same potential as in “dry” electrolyte.
However, only a single reduction range is visible, where about two
electrons (2.3 e7, see inset) are transferred per O, molecule during the
reduction. Due to the presence of only a single reduction range, there
is no internal reference with a single-electron transfer for determin-
ing the number of transferred electrons like in the “dry” electrolyte
measurement. Therefore, we used the k* value of the measurement in
“dry” electrolyte for the evaluation (which may be slightly off due to
different transport properties of O, in the humidified electrolyte). This
results in values of the transferred electrons of about 2.3, which are
rounded to 2 for further discussions. A two-electron transfer was cal-
culated also by Yuan et al. from RRDE measurements on a Pt electrode
in humidified BMP-TFSI.*’ From that number the authors concluded
that after the addition of a significant amount of water (about 1 wt%)
peroxide is formed upon reduction (O, + H,O + e~ = HO," + OH™;
2HO," — O, + H,0,).*® Switzer et al. arrived at similar conclusions
for the ORR in imidazolium-based trifluoromethanesulfonate elec-
trolyte on Pt and GC electrodes, that the presence of an H" donor
shifts the reaction to a two-electron ore even four-electron process,
depending on the electrode material.** They observed that after the
addition of different protic additives, e.g., triflic acid or acetophenone,
the ORR proceeds along a two-electron pathway on the GC elec-
trode, and along a four-electron pathway on the Pt electrode. The ef-
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Figure 3. CVs of O, saturated 0.01 M Zn(TFSI); in BMP-TFSI (10 mV s710.16 mL min~!) on a GC electrode (top) and the corresponding ion currents of Oy
(m/z = 32) and H, (m/z = 2) with increasing (left) and decreasing (right) potential window. Inset: number of transferred electrons during the 4th cycle.

fect of the proton donors increases with increasing acidity/decreasing
pK..** Nonetheless, we cannot completely exclude a contribution
(<15%) from a four-electron pathway process on our GC electrode.
Additionally, the faradaic current in the mass transport limited region
of our measurement was found to increase upon the addition of water,
without changing any other parameter. This increase, which is in line
with the observations by Yuan et al. and Katayama et al. in water con-
taining BMP-TFSI, can be explained by a lower viscosity, resulting
in a higher mobility of O, upon the addition of a protic solvent.?24044
Also, the electrochemical window of the electrolyte is narrowed upon
the addition of water to the electrolyte, as indicated by the increase
of the cathodic current at potentials below ~ —0.6 V. This increase is
due to the evolution of H,, as shown by the corresponding signal in
the ion current for m/z = 2. Thus, this current is due to water split-
ting rather than due to the decomposition of the IL. Nevertheless, we
cannot rule out that part of the resulting current could also be due to
the decomposition of BMP-TFSI, since it has been shown that water
decreases its stability window.!”***? Furthermore, H, (m/z = 2) has
been found as fragment of BMP-TFSI decomposition.>

In the anodic scan in “dry” BMP-TFSI, a small peak appears in
the faradaic current and also in the O, signal. This peak is attributed
to the OER, oxidizing dissolved O,~.>>*" Although, the signals in the
faradaic current (0.5% of the ORR current) and the ion current for
m/z = 32 are small, the charge ratio between the two confirms a
one-electron transfer during the OER. The main reason for the small
signals is that the soluble superoxide and peroxide products formed in
the cathodic scan are flushed away in the flowing electrolyte.

In humidified electrolyte the OER peak is much more pronounced.
This result differs from part of the previous reports on the ab-
sence/appearance of an OER peak in humidified IL:!421:22:4044.5152
AlNashef et al. did not find an OER peak after the addition of 3 wt%
water in an imidazolium based ILs with a hexafluorophosphate anion
on a glassy carbon electrode, which they explained by a water-induced
destabilization of the superoxide, resulting in an irreversible forma-
tion of peroxide (2 O, + H,O — O, + HOO~ + HO™).2! This
is in line with the interpretation and a CV reported in two papers by
Yuan et al. for 1% water containing BMP-TFSI in O, atmosphere.**#

Unfortunately, in the second paper, these authors show another CV for
the same electrolyte, but with a more negative (not specified) lower
potential limit, which features two peaks in the anodic scan, where one
of them appears at the expected OER potential.*’ Despite these incon-
sistencies, there is at least a rather constant anodic faradaic current in
the anodic scan, which might be attributed to the OER (also from per-
oxide species). In contrast to the results by Yuan et al., increased peaks
for the OER in humidified (compared to “dry”) ILs were reported by
Katayama et al. (imidazolium based TFSI IL and a Au electrode)?
and Islam et al. (imidazolium based BF, IL and a Hg electrode),**
which is in line with our results for humidified BMP-TFESI on a GC
electrode (see Figure 2a).

A very similar peak we found also for the m/z 32 ion current
(Figure 2b), which proves that it originates from the OER. The
amount of O, evolved as measured by DEMS (integration between
0.3 and 1.4 V) points to the transfer of in average 1.5 electrons
per O, molecule, which is explained by the oxidation of a mixture
of superoxide and peroxide. This implies that not only superoxide,
but also the peroxide formed during the ORR can be re-oxidized in
BMP-TFSL

The much more pronounced OER peak in humidified IL found in
our flow cell experiments is surprising because dissolved intermedi-
ates (either superoxide or peroxide) should largely be flushed away as
observed in the “dry” electrolyte. Thus, we conclude that the peroxide
species formed in H,O containing electrolyte largely remain at the
working electrode and can there be oxidized again.

ORR and OER in Zn** containing BMP-TFSI.—As shown in
the previous sections, the ORR in BMP-TFSI on GC takes place in the
same potential window as Zn deposition (which for a Zn-air cell would
result in a very low or no usable cell voltage). Thus, both processes
could contribute to the cathodic faradaic current when the electrolyte
contains both Zn?* and O,. Furthermore, also the influence of the Zn>*
ions on the ORR product formation (and their possible deposition
on the electrode surface) and on the OER are key issues for Zn-air
batteries. In Figure 3 we present CVs of 0.01 M Zn(TFSI), in O,-
saturated BMP-TFSI.
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On the left hand side (Figures 3a-3c), we show current traces
recorded during cycling, in which the lower potential limit was shifted
to more negative values by 0.2 V after the first two cycles. To deter-
mine the onset of the ORR and to distinguish it from Zn deposition, we
use the ion current of m/z = 32 (lower panel). The onset of the faradaic
current in Figure 3 is shifted to more positive potentials as compared to
the ORR in neat BMP-TFSI (Figure 2). As indicated by the simultane-
ous onset of O, consumption (Figure 3b), the faradaic current results
from the ORR. A similar shift of the ORR onset potential was already
observed previously upon the addition of Mg>* addition on a GC
electrode.?*>33 The lower currents in the second cycle of each poten-
tial window indicate that there is some electrode passivation. During
the ORR, two electrons per O, molecule are transferred, which points
to the formation of 0,2~ and, in the presence of 7Zn*, to the forma-
tion of deposited ZnO,. This resembles our previous DEMS results
in 0.1 M Mg(TFSI), containing BMP-TFSI, where we detected the
formation of MgO,, which passivates the surface.”> DEMS measure-
ments on other divalent cations (Mg>*, Ca?*, Sr**, Ba>*) in DMSO
based perchlorate electrolytes have shown that these also favor a two-
electrons transfer per O, molecule on Au electrodes. In contrast, on
GC electrodes this is only the case for Mg** and Ba®*, while Ca**
and Sr** were found to favor the transfer of 1 to 1.5 electrons.?’

In the anodic scan, there is no peak in the faradaic current, in
contrast to the observations in neat BMP-TFSI. This is in line with
the results of Azaceta et al. and Tulodziecki et al., who reported that
the ORR is irreversible in Zn>* containing BMP-TFSI** and EMIM-
TFSL3!' Obviously, the re-oxidation of ZnO, is unlikely. Again, this
resembles our findings in Mg?* containing BMP-TFSI, where the for-
mation of MgO); is irreversible, with no features in the anodic current.?
Cycling in the wider potential window (indicated by the blue curves),
the passivation observed in the 2" cycle persists, but higher ORR cur-
rents are visible when going to the more negative potentials. This goes
along with a higher O, consumption (Figure 3b). Also in this case the
ORR is irreversible and the 2™ cycle to low potentials shows again
lower currents due to passivation.

On the right hand side of Figures 3d-3f, the lower potential limit
is even lower and first set to —1.4 V. Starting with a freshly polished
electrode, we again find an initial current increase in the first cathodic
scan at potentials below 0.6 V, i.e., in the range where we later see O,
evolution in the anodic scan, which is accompanied by O, consump-
tion. At more negative potentials this is followed by two plateaus in
the first cathodic scan, which also go along with O, consumption. This
resembles our observations in neat BMP-TFSI. In the following cycles
the faradaic current is slightly lower than in the first cycle, similar to
the measurements in the small potential window. This indicates that
the first cycle leads to some surface passivation (most likely due to the
deposition of the ORR products). The number of electrons transferred
per O, molecule starts at a value of two between 0 and —0.5 V, in
agreement with the results obtained in the narrow potential window,
and reaches a value of about three transferred electrons at lower po-
tentials (see the inset of Figure 3d for the 4% cycle). Since there is no
stable oxidic species resulting from a 3 electron transfer, we expect
ZnO formation in parallel to peroxide formation at lower potentials.
The formation of ZnO is in agreement with previous studies, where
the films deposited on different electrode materials such as fluorine
doped tin oxide,** Pt, stainless steel and indium tin oxide®' upon
reduction in ZnTFSI, containing BMP-TFSI were found to mainly
consist of ZnO. This is different from the addition of Mg?* (0.1 M),
where MgO, was found as the main product of the ORR.** How-
ever, also side processes which do not consume O,, such as the Zn
deposition (which at least in the absence of O, occurs at these po-
tentials) or electrolyte decomposition could contribute to the higher
number of transferred electrons. We can rule out, however, H, forma-
tion, which could be expected from reduction of water traces. In an
attempt to characterize the deposits formed after extensive cycling,
XRD measurements were performed after rinsing the electrode sur-
face with acetone. However, the thickness of the resulting layer seems
to be insufficient for this analysis and no characteristic signals were
found (see supporting information).

In the anodic scan we observe a peak appearing already in the
first cycle after scanning to low potentials, which increases during
cycling until it reaches a steady state in the 4™ cycle. This peak was not
observed when cycling in the narrow potential window (Figures 3a—
3c¢). In this anodic peak, O, formation is detected. Assuming this as
the only process, this would correspond to 1.1 =+ 0.05 electrons
transferred per O, molecule (based on the integrated charges of the
faradaic current over the entire peak and of the m/z = 32 ion current),
similar to observations in Mg?* containing BMP-TFSI,* which hints
to the re-oxidation of superoxide. The finding that a potential excursion
to very negative values during the ORR is needed before the OER
can be observed in the succeeding anodic scan, closely resembles
our previous findings in Mg?* containing BMP-TFSI.? Interestingly,
after cycling in this wide potential range, and subsequently raising the
lower potential limit in the cathodic scan (blue line, Figures 3d, 3e),
the anodic OER peak is still visible and the number of electrons is still
one, again similar to corresponding experiments with Mg?*.

In summary, the ZnO, formation during the ORR in the presence
of Zn* appears to be irreversible with no observed OER in the anodic
scan, when scanning to potentials around 0.3 V. In contrast, when
cycling to lower potentials (here —1.4 V), the formation of O, is
enabled and an OER peak appears.

Influence of H,0 on the ORR/OER in Zn** containing IL.—
Finally we also investigated the influence of water on the ORR/OER
in 0.01 M Zn(TFSI), containing BMP-TFSI. In Figure 4 we show CVs
recorded in the narrow potential windows in the left column. Cycling
with a cathodic limit of 0 V (red graph), we find a reductive current at
E < 0.5V, accompanied by O, consumption, as detected by DEMS.
Hence, the ORR starts at 0.5 V, which is similar to the behavior in
“dry” Zn** containing IL.

In this case we did not observe passivation effects in the second
and third cycle, in contrast to the ORR in “dry” Zn?>* containing elec-
trolyte. Possibly, water hinders either the formation or the adsorption
of ZnO,, which was held responsible for the passivation in “dry” elec-
trolyte. Since more than two electrons per O, molecule (based on the
integrated charges of the faradaic current and of the m/z = 32 ion cur-
rent) are transferred during the ORR, peroxide formation cannot be
the only process in that reaction. Instead, ZnO formation or even Zn
deposition seem to occur in parallel. Whatever product is formed in the
narrow potential range during reduction, its formation appears to be
irreversible, as no anodic current is found in the subsequent positive-
going scan. Only after cycling to lower potentials (blue), we find a
current peak in the anodic scan. However, there is no corresponding
peak in the mass spectrometric measurements, neither in the O, nor
in the H; signal. This is also true when scanning to even slightly more
negative potentials, where the anodic faradaic current peak is more
pronounced. Obviously, the peak in the faradaic current at 0.3 V can
only stem from processes which do not evolve O, formation, such as
Zn dissolution.

Figures 4d—4f shows a CV recorded in an expanded potential win-
dow, with a lower limit of —1.2 V, using a freshly polished electrode.
Since the first and the following cycles do not differ, which is in con-
trast to our finding for the ORR in “dry” Zn>* containing BMP-TFSI,
we show only the first cycle. Going to cathodic potentials, there is only
a single plateau in the cathodic current, which is also in contrast to the
“dry” electrolyte. At even lower potentials, we detect H, evolution.
In the potential range of the plateau two electrons are transferred per
0O, molecule, again pointing toward peroxide formation. H, evolution,
indicative of electrolyte decomposition (including possible water trace
impurities), starts at —1 V, i.e., at 1 V lower potential compared to O,-
free electrolyte (see the first section). Obviously, the HER from water
splitting is hindered in the presence of O,.

Going to anodic potentials, a current peak appears at around 0.3 V,
which is paralleled also the O, signal. Also after narrowing the poten-
tial window, in order to cycle in a potential range where no elec-
trolyte decomposition takes place (blue), the OER is still visible.
It is again connected with a two-electron transfer per O, molecule,
as expected for a re-oxidation of peroxide. This is different to the
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measurements in Zn-free electrolyte, where only one electron per
0O, molecule is transferred during the OER, as discussed in the second
section.

Additionally, after the cycling experiments (start/end of the cy-
cle at 1.4 V vs. Mg/MgO), we again performed XRD measurements
in order to identify irreversibly deposited products on the GC elec-
trode. In contrast to the “dry” electrolytes, the results shown and dis-
cussed in the supporting information indicate mainly the formation
of zinc-oxide species. Additional formation of ZnO, cannot be ex-
cluded, however. Nevertheless, assuming that the formation of ZnO,
is reversible, only a small amount of this is expected to remain on
the electrode surface as the CV experiment was stopped at the up-
per potential limit, where ZnO, should largely be consumed in the
OER.

Discussion

In Figure 5 we present an overview about the various reactions tak-
ing place in the different BMP-TFSI based electrolyte mixtures, which
were discussed separately in the preceding sections. The red numbers
above the arrows indicate the onset potentials of the different reactions
in the direction of the respective arrows. The different reactions can
be summarized as follows:

1. In O,-free electrolytes, the presence of Zn>* in the IL electrolyte
leads to a reversible Zn deposition/dissolution. On a clean GC
surface Zn deposition (—0.1 V) is shifted to lower potentials to
initiate Zn nucleation,* whereas in later cycles Zn deposition can
be observed already at potentials < 0.1 V, equivalent to an shift of
0.2 V to more positive potentials. Although for Zn-air batteries a
substantial potential difference between Zn deposition and ORR
is desired, in the IL electrolyte studied here, the onset of the ORR
in Zn**-free BMP-TFSI is only at ~0 V, i.e., in a similar potential
range as Zn deposition. The ORR first proceeds reversibly via for-

mation of a superoxide, whereas peroxide formation is observed

at more negative potentials (—0.5 V).

In the “dry” electrolyte containing both Zn>* and O,, metallic Zn

deposition plays only a minor role, and the ORR is the dominating

process. In this electrolyte, the ORR proceeds via a transfer of two

(at low potentials three) electrons per O, molecule, which results

in the deposition of ZnO, films. At low potentials, additional

processes occur, such as ZnO formation, metallic Zn deposition
and electrolyte decomposition, which lead to an overall increase of
the number of electrons exchanged per O, molecule. Under these
conditions, the OER is observed only after a preceding potential
excursion to very low potentials, below —1.4 V, while at higher
turnaround potentials the surface appears to be passivated with no

OER in the anodic scan. The OER detected after cycling to very

low potentials, delivers one electron per molecule O, formation.

This is interpreted in a picture where after cycling superoxide

species are formed in the cathodic scan (possibly due to a local

depletion of Zn>*) which are reversibly oxidized in the anodic
scan producing O,. Similar findings have been reported also for
the ORR/OER upon the addition of Mg?* (0.1 M) in the same

IL.»

The addition of H,O has a positive effect on the Zn deposition

(in O,-free electrolyte) and on the ORR and OER (independent

of the Zn?* addition).

a. In Zn** containing O,-free electrolyte, the Zn deposition oc-
curs at higher potentials compared to “dry” electrolyte. Both,
in humidified and “dry” electrolyte, the onset of Zn deposition
in the first cathodic scan requires at least 0.3 V more negative
potentials than the ongoing Zn deposition in the subsequent
anodic scan. Thus the nucleation of Zn is a key issue for Zn
deposition in both electrolytes. The positive potential shift in
humidified electrolyte may be attributed to changes in the Zn>*+
coordination changing from TFSI™ coordinated ions to aque-
ous Zn>* species. This has been found by Raman spectroscopy
in trifluoromethanesulfonate based ILs.!* Furthermore, the Zn
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Figure 5. Schematic overview of the ongoing reactions during cycling in different electrolyte sytems.

dissolution peak is sharper upon water addition, which is likely
related to changes in the physicochemical properties of the
electrolyte, i.e., a decreased viscosity and increased mobility
of the Zn** species.'®3

b. The higher mobility of the electrolyte species by the addition
of a protic solvent?>** also causes an increase of the faradaic
currents of ORR and OER in Zn?*-free BMP-TFSI.

c. Upon the addition of water to the Zn?>*-free electrolyte, the
number of electrons transferred per O, molecule changes and
mostly peroxides are formed. Additionally, the amount of
evolved O, is largely enhanced after humidifying the elec-
trolyte, which indicates that the peroxide species remain at the
working electrode and are therefore oxidized again.

d. In Zn>* and O, containing electrolyte, the onset potential for
ORR is at similar potentials as in “dry”, neat BMP-TFSI. Af-
ter cycling to low potentials OER takes place in both humidi-
fied, O, containing electrolytes. The transfer of two electrons
per O, points to the reversible formation/oxidation of H,O,
in the ORR/OER on the GC electrode. While no significant
enhancement of the ORR/OER has been found in dry BMP-
TFSI* when using GC or catalysts which are known to be
more active in aqueous electrolytes (Pt, manganese oxides),
the influence of such more active catalysts has not been stud-
ied systematically in mixed water/ILs.

Finally we would like to note that it is well known that GC is
not a good catalyst for the ORR in aqueous electrolytes, since the
activity is low and mostly H,O, is formed instead of water.>> There-
fore, better catalysts such as Pt or metal oxides**® or even nanofiber
materials,”’~>° are needed and used for Zn-air batteries. In non-aqueous
electrolytes, the role of the electrocatalyst on the reaction mecha-
nism is less understood. Comparing GC, Au,* Pt and manganese
oxide catalysts,** no significant enhancement of the ORR/OER has
been found in dry BMP-TFSI with and without the addition of Mg?*.
This observation may be explained by very weak interactions between
the electrode surface and the superoxide anion, resulting in an outer
sphere reaction mechanism.*? Similarly, Reinsberg et al. found for an-
other non-aqueous Mg?* containing electrolyte (0.4 M Mg(ClO,), in
DMSO) that around two electrons are transferred per O, molecule for
GC, Au and Pt electrodes, while between 3 and 4 electrons are trans-
ferred when using Rh electrodes.®’ Since the humidified BMP-TFSI

electrolytes are in between the aqueous and non-aqueous electrolytes,
the influence of the electrode material would be an interesting topic
for further studies.

Considering the studied mixtures as electrolytes for Zn-air batter-
ies both, the ORR/OER and the Zn deposition/dissolution appear too
sluggish for practical applications. The addition of water enhances
the electrolyte properties and the reactions kinetics are improved,
however, the reaction kinetics are still inferior to common aqueous
electrolytes employed in Zn-air batteries. Therefore, the implicit ad-
vantages of ionic liquid electrolytes (e.g. no carbonate formation, less
H, evolution) cannot counterbalance the drawbacks.

Conclusions

Aiming at a better understanding of the processes in secondary
Zn-air batteries we have investigated the influence of water trace im-
purities and Zn?* ions on the ORR/OER in humidified and dry BMP-
TFSI on a GC electrode by online DEMS. The measurements were
performed under enforced and controlled mass transport conditions.
The addition of water was shown to lead to reversible peroxide for-
mation, which is not suppressed by the addition of Zn>*. This shows
that the addition of water can improve the performance of air bat-
teries with ionic liquid electrolyte. Although the presence of water
improves the Zn deposition/dissolution and ORR/OER characteristics
of the IL electrolyte, the kinetics of the ORR are still slow compared
to aqueous electrolytes. Here the electrode material i.e., the electro-
catalyst, could play a crucial role in the humidified IL electrolytes.
Overall, the measurements have demonstrated the additional insights
that can be gained from online spectro-electrochemical studies under
well-defined reaction and transport conditions.
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