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Abstract
Studying the potential dependent interaction of non-aqueous electrolytes, such as ionic liquids (ILs), with model electrode 
surfaces plays a crucial role not only in the field of battery-related research. These electrolytes bear the advantage that 
their electrochemical stability windows often exceed that of water. However, comparing results using ILs as electrolytes 
reported in the literature reveals strong discrepancies in the reproducibility of the data. In this study, we show that param-
eters such as the supplier, the supplied batch, and the purification steps can have a huge impact on the electrochemical 
properties. As a reference system, these properties are studied by cyclic voltammetry on a Au(111) single crystal elec-
trode in N-methyl-N-propylpiperidinium bis(trifluoromethane)sulfonimide ([MPPip][TFSI]). Analysing the different fea-
tures observed in the cyclic voltammograms, we were to some extent able to deconvolute the features that are related to 
the interaction of ILs with the substrate and impurities added from the pretreatment due to the influence of residual water 
and oxygen.
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1  Introduction

In recent years, non-aqueous electrolytes received increas-
ing interest for their application in the area of energy conver-
sion and storage. While in aqueous electrolytes the hydrogen 
evolution reaction (HER) and the oxygen evolution reaction 
(OER) usually limit the stability regime of the electrolyte, 
non-aqueous electrolytes allow studying processes beyond 
these potential limits [1, 2]. Among the non-aqueous elec-
trolytes, ionic liquids (ILs) are promising candidates due 
to their high electrochemical and thermal stability [3, 4]. 
Furthermore, they are intrinsically ion-conducting and have 
low vapour pressures in contrast to other organic electro-
lytes considered for such kind of applications [5, 6].

To understand an electrocatalytic reaction, detailed 
knowledge of the surface redox processes with the support-
ing electrolyte is indispensable since the components from 
the electrolyte adsorbed on the surface or found in the elec-
trolyte near the electrode can have a significant influence 
on the observed activity [7–10]. Preferably, such studies are 
performed on well-defined single crystal electrodes, acting 
as a benchmark and allowing for direct comparison between 
theory and experiment, as shown for example for Au(111) 
[11–13], Cu(100) [14, 15], or Ag(111) [16, 17]. A prominent 
model electrode is Au(111) since Au is rather inert and dif-
ferent preparation procedures yield reproducible clean sur-
faces [18].

Cyclic voltammetry is well-suited to study the poten-
tial dependent interaction of ILs with different substrates. 
The features observed within their electrochemical stability 
window can be attributed to a variety of processes, such as 
adsorption [19, 20] or reductive decomposition of anions 
[21, 22]. These electrochemical features can overlap with 
those induced by impurities, such as residual halide and 
alkali metal ions, originating from the IL synthesis [23], 
residual oxygen [7, 24, 25], or residual water [26, 27], or a 
combination of both [28, 29]. Interestingly, it was observed 
that current–voltage transients of an IL can be nearly fea-
tureless within the electrochemical stability window if the 
experiment is performed under vacuum conditions or in a 
purified Ar atmosphere [24].

Studying the influence of residual water in ILs is an 
important aspect since water has a tremendous impact on 
electrocatalytic reactions [30], such as the oxygen reduction 
reaction (ORR) [27], or metal deposition [31, 32]. Addition-
ally, residual water can lead to unwanted side reactions or a 
decrease of the electrochemical stability window of the IL 
[30, 33–35]. The uptake of water depends on the particular 
IL and occurs in contact with water or even the surrounding 
atmosphere. It has been shown that this is the case for both 
hydrophilic and hydrophobic ILs [1, 36].

Thus, in order to improve the reproducibility of the 
obtained system behaviour when using ILs as electrolytes, 
purification steps that reduce the amount of water, oxygen 
and other volatile compounds seem mandatory. This can, 
for example, be achieved by a combination of heat and vac-
uum treatments [28, 37–39]. Another purification method 
involves binding of the impurities to a solid phase such 
as activated carbon [40] or a molecular sieve [31, 41, 42]. 
Molecular sieves are made of zeolites and their pore dimen-
sions determine their selectivity in removing certain types 
of differently-sized impurities [43]. For instance, detailed 
studies revealed that molecular sieves of 3−4 Å pore size 
are well-suited for removing water [30, 31, 41]. However, 
even if molecular sieves are thought to be rather clean and 
able to remove water from the ILs, it should be noted that 
they might also introduce new unwanted impurities by ion 
exchange into the IL [44].

Overall, the electrochemical behaviour of a certain IL 
on a specific electrode material is often hard to reproduce 
since the synthesis and purification of these chemicals is 
rather tedious. For example, it has been shown that even 
different batches of an IL can behave differently, as illus-
trated by a set of cyclic voltammograms (CVs) extracted 
from the literature in Fig. 1 [45–48]. All CVs show the elec-
trochemical behaviour of N-butyl-N-methylpyrrolidinium 
bis(trifluoromethane)sulfonimide ([BMPyr][TFSI]) on a 
Au(111) electrode. For comparison, the different curves 
were adjusted to a specific peak, which is explained in more 
detail in the data evaluation section of the SI. Fig. 1d) shows 
two curves from the same publication, but with different 
potential limits. A similar behaviour is observed by compar-
ing CVs recorded in [MPPip][TFSI] from the same supplier 
on Au(111) published by our group within the last five years 
(see SI Figure S1) [39, 49].

To understand these differences in more detail, in this 
work, we revisited the electrochemical properties of the 
very same electrolyte used previously ([MPPip][TFSI]) on 
Au(111), where both the IL and the electrode have been sub-
ject to extensive studies at our institute, thus allowing also a 
good comparison with these former studies. Due to its broad 
electrochemical stability window, this electrolyte was also 
used in former studies related to metal deposition [39, 49, 
51]. Using cyclic voltammetry, we systematically studied 
the electrochemical behaviour of different batches of the 
same IL, purchased on different dates from different suppli-
ers. Hereby, the well-defined Au(111) single crystal serves 
as a probe to determine the quality of the IL. For unambigu-
ous interpretation of the data, all measurements were con-
ducted in the potential region where the electrode is stable, 
i.e., no irreversible structrual changes are observed. In par-
ticular, we explored how the CVs changed by varying the 
lower potential limit and after recording multiple potential 
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cycles with the same potential limits. Similar experiments 
were performed with ILs pretreated in different ways, i.e., 
drying the IL in a vacuum and at elevated temperatures, 
adding molecular sieves after this procedure, or by increas-
ing the water content, which inevitably also introduces trace 
amounts of oxygen. The role of other possible contaminants 
originating from the manufacturing process or from the 
addition of the molecular sieve is discussed as well.

2  Experimental

2.1  Materials

Five separate batches of the IL [MPPip][TFSI] were pur-
chased from two suppliers with a stated purity of either 99% 
or 99.9%. Details about the origin, purity, and purchase date 
are given in Table 1. Ultrapure water (18.2 MΩcm) from a 
Sartorius Arium Pro water system was used for cleaning the 
electrochemical equipment. The water added to the ILs was 
also taken from this system. The working electrode consists 
of a Au(111) single crystal with a diameter of 12 mm pur-
chased from MaTecK.

2.2  Electrolyte Preparation

Batches 3, 4 and 5 were used as received, without any 
further purification steps unless explicitly specified. In 
contrast, batches 1 and 2 were always vacuum-dried. The 
drying process of the ILs under vacuum were done with a 
rotary vane pump at the minimal pressure of 10−3 mbar 
and 60 ◦C overnight, while stirring the electrolyte. In some 
experiments, a molecular sieve (4 Å, Merck) was added 
to the IL prior to the purification with vacuum and heat 
treatment, as described before. Details about the water con-
tent and preparation procedure of each measurement are 
summarised in Tables S2–3 of the SI. The ILs were pre-
pared in an MBRAUN LABStar glove box with a N2 (5.0, 
MTI IndustrieGase AG) atmosphere (O2 and H2O content  
≤ 0.5 ppm).Only the addition of water was done under 
atmospheric conditions. After water addition, the vial with 
the IL was exposed to vacuum with a rotary vane pump 
at the minimal pressure of 10−3 mbar for 3–5 cycles of 
approximately 30 s and consecutive flushed with N2 (5.0, 
MTI IndustrieGase AG) to deaerate the electrolyte. All 
water contents were determined by Karl-Fischer-titration 
using a Karl-Fischer coulometer 851 Titrando by Metrohm.

2.3  Sample Preparation

The disc-shaped Au(111) single crystal (MaTecK, 12 mm 
diameter) was annealed in air in a muffle furnace (Carbolite 
CWF 1200) for at least 2 h at 960 ◦C before each experiment 
and cooled in air, which was shown to yield clean and flat 
electrode surfaces [39, 51].

2.4  Electrochemical Setup

All electrochemical measurements were carried out in an 
MBRAUN LABStar glove box with a N2 (5.0, MTI Indus-
trieGase AG) atmosphere (O2 and H2O content ≤ 0.5 ppm). 
A home-built electrochemical cell made from Kel–F and 

Table 1  Summary of the supplier (1–Iolitec, 2–Solvionic), date of pur-
chase, and purity of the different batches.
ID Supplier Purchased Purity (%)
Batch 1 1 11.2017 99
Batch 2 1 09.2020 99
Batch 3 1 05.2021 99
Batch 4 2 06.2021 99.9
Batch 5 1 08.2022 99
Measurements with batch 5 are only shown in the SI. Information 
about the halide content and the synthesis (provided by the supplier) 
is given in the SI (Table S1)

Fig. 1  Different published CVs for Au(111) recorded in [BMPyr]
[TFSI] with 10 mVs−1. All CVs were digitized, using the Python 
module svgdigitizer [50]. The curves were extracted from the work of 
(a) Atkin et al. [45], (b) Gasparotto et al. [46], (c) Rudnev et al. [47], 
and (d) Wen et al. [48].
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as batch 3. Similar trends were also observed for the other 
batches, which are indicated in the text and are depicted 
accordingly in the supporting information. The trends 
shown in this study are representative for several measure-
ments that were performed in the same way. Comparing the 
individual measurements showed negligible variations in 
the observed features. Note that all cyclic voltammetry mea-
surements shown in this study were performed in a poten-
tial window in which the Au electrode does not undergo 
irreversible restructuring of the surface. Thus, all changes 
observed in the voltammetric traces should be related to the 
interaction of the electrode with the electrolyte and possible 
changes of the electrolyte.

3.1  Dependence on Batch Number

The electrochemical properties of Au(111) in four differ-
ent batches of the same IL (see Table 1) were studied by 
cyclic voltammetry. For each measurement, the first CV is 
shown in Fig. 2, where the starting potential was always 
set to 0.5 V, scanning to negative potentials first, with a 
scan rate of 5 mV s−1. The lower and upper potential limits 
(LPL and UPL) were set to −1.5 V and 1.7 V. All potentials 
in this work were referenced versus the Zn/Zn[TFSI]2 
redox-couple. Consecutive potential cycles lead to subtle 

designed for small amounts of electrolyte was used. The 
cell was sealed with an O-ring on the electrode, whose inner 
diameter of 1.1cm2 defined the available electrochemi-
cal active surface area. A Zn wire (5N, MaTecK) being in 
contact with a saturated solution of Zn[TFSI]2 (99.5%, 
Solvionic) in [MPPip][TFSI] (99%, IoLiTec) served as a 
homemade reference electrode. A detailed description of the 
preparation of such electrodes and their long-time stability 
can be found in Ref [52]. The reference electrode has an 
electrode potential of −0.65 V vs. the Fc/Fc+ redox-couple 
and the shift in the potential is lower than 23 mV h−1. A Pt 
wire (99.99%, MaTecK) was used as counter electrode. The 
potentials of the electrodes were controlled with a Zahner 
IM6 potentiostat operated with the Thales Z software.

3  Results

First, the general electrochemical behaviour of the different 
batches of [MPPip][TFSI] in contact with a Au(111) single 
crystal will be discussed, illustrating the dependence of the 
observed cyclic voltammetry peaks on the applied poten-
tial limits. Next, the influence of the different pretreatments 
as well as the water content, will be shown. Note that, in 
this manuscript, we mainly show results for the IL denoted 

Fig. 2  CVs for Au(111) recorded in different batches of [MPPip]
[TFSI]. In each case, the first potential cycle is shown. Additional 
potential cycles can be found in Figure S2 in the SI. The CVs were 
recorded at a scan rate of 5 mV s−1. The starting potential was set 
to 0.5 V, scanning to negative potentials first. Grey curves show the 

current density scaled by a factor of five. For details on the peaks and 
the categorisation of batches 1 (a) and 3 (c) into the electrochemical 
behaviour of type I and batches 2 (b) and 4 (d) of type II, we refer to 
the text.
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significantly. In the case of type II, the total charge passed is 
lower compared to that of type I, but still larger than that for 
a single electron transfer per surface atom. The charges are 
also higher than that expected for a process involving two 
electrons, such as the formation of an atomic oxygen layer 
by water dissociation. Larger charges could indicate bulk 
or near-surface oxidation, which would lead to significant 
electrode restructuring during continuous potential cycling. 
This process is, however, rather unlikely on Au(111) under 
these conditions. Thus, for both types, an electrocatalytic 
process is expected to occur concomitantly with the surface 
redox processes, which will be discussed below.

Comparing the batch supplier and stated purity of the 
ILs (see Table 1), with the results shown in Fig. 2, we find 
that the electrochemical behaviour of both types can be 
observed (i) with batches supplied from a single supplier 
and (ii) independent from the stated purity. Hence, neither 
the purity nor the supplier is considered to be at the origin 
of the different behaviours observed in Fig. 2. Nevertheless, 
it is very interesting that the electrochemical behaviour of 
all investigated batches can be categorized into these two 
distinct types.

3.2  Impact of the LPL

To correlate the peaks in the negative-going scan with those 
in the positive-going scan for both types (batches 3 and 4 
in Fig. 2), we recorded a series of CVs in a set of window 
opening experiments, where the UPL was fixed at 1.7 V 
and the LPL was decreased from 0.0 V (grey) to −0.5 V 
(blue), −1.0 V (red), and −1.5 V (black), as illustrated in 
Fig. 3. The first potential cycle between 0.0 V and 1.7 V 
is denoted as initial CV. Note that for this initial CV the 
potential was scanned in the positive direction, while for all 
other CVs, the potential was scanned to negative potentials 
with respect to the starting potential. In this potential win-
dow, the scan direction barely has an influence. For each 
potential window, two consecutive CVs were recorded, of 
which only the first is shown. The second potential cycles 
in comparison to the first for each potential window are 
shown in Figure S3. In addition, after decreasing the LPL 
and recording two potential cycles, the LPL was again set to 
0.0 V (the potential window of the initial CV), recording a 
minimum of two potential cycles until the deviations from 
the initial CV become insignificant. The corresponding CVs 
in the potential window of the initial CV are shown in Fig-
ure S4b. Since the initial CVs look almost identical after 
each experimental step, we infer that the initial composition 
of the electrolyte in the region close to the electrode can be 
restored after the excursion to lower potential limits. How-
ever, in some cases, several potential cycles are needed to 

changes in some peaks of the CVs, as illustrated in Fig-
ure S2, showing the first and fifth potential cycles. The 
key peaks described below can be resolved in all potential 
cycles. In addition, the cathodic current density decreases 
with increasing number of potential cycles.

Comparing the first potential cycles recorded with the 
different batches reveals significant differences in the elec-
trochemical behaviour of the individual batches. Neverthe-
less, the behaviour of batches 1 and 3 (Fig. 2a, c), as well as 
that of batches 2 and 4 (Fig. 2b, d), are rather similar and are 
henceforth denoted as type I (left column) and type II (right 
column), respectively.

Specifically, the CVs for type I show three distinct peaks, 
i.e., in the negative-going scan peaks C1 (−0.45 V) and C3 
(−0.9 V), and in the positive-going scan peak A1 (0.4 V). In 
some measurements, an additional less pronounced peak A2 
is observed at −0.5 V in the positive-going scan. In the case 
of type II, the current density in the CVs is much lower com-
pared to that in the CVs with type I. For better comparison 
and visibility of the features, a rescaled CV (factor five) is 
shown as a grey curve in Fig. 2b, d. In the CVs with type II, 
additional peaks can be observed in the negative-going scan 
direction, i.e., peaks C2 (−0.6 V) and C4 (−1.4 V). In the 
positive-going scan, peak A2 (−0.5 V) is more pronounced 
and observed in every measurement. The peaks C1 and A1 
from type I are still clearly visible, even though the current 
density of the peaks is about five times lower. The intensity 
of peak C3 from type I is also much lower and it is not well 
resolved.

To distinguish between surface redox processes and pos-
sible electrocatalytic reactions, we determined the total 
charge passed in both scan directions for regions with posi-
tive and negative current densities. The corresponding val-
ues for batches 3 and 4 (from Fig. 2c, d) are summarized 
in Table 2. Considering that one electron is transferred per 
surface atom and that a reconstructed Au(111) surface con-
sists of 1.4×1015 atoms per cm2, one would expect a charge 
of 222 µC cm−2. However, a single molecule from the IL 
is larger than a Au atom on the surface and hence covers 
several sites. Consequently, the total charge for monolayer 
adsorption is lower compared to the case where adsorbates 
cover every single surface atom.

In type I, the total charge passed in regions with nega-
tive current density exceeds the charge of 222 µC cm−2 

Table 2  Total charge passed in regions with negative current densities 
(cathodic) and positive current densities (anodic) in the first potential 
cycle of type I in Fig. 2c (batch 3) and type II in Fig. 2d (batch 4).

Type Charge/μC cm−2

Type I Cathodic −3060
Type I Anodic 1260
Type II Cathodic −1200
Type II Anodic 505
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consecutive potential cycles. Likewise, the current 
density at potentials positive of peak A1 decreases with 
every potential cycle and approximates to its initial 
value. The lower the LPL, the more potential cycles are 
required in the initial potential range to revert the CV 
to its initial state.

(iii)	peak C1 decreases with every subsequent potential 
cycle when the LPL is below −0.5 V.

(iv)	With a LPL of −1.5 V, in the CVs that show type II a 
broad feature appears at potentials positive of peak A1 
in the positive-going scan (indicated by a star symbol 
in Fig. 3). Additionally, it was observed that the cur-
rent density in the peak pair C2/A2 in type II (Fig. 3b) 
decreases with every potential cycle.

Despite the differences between type I and II, most trends of 
the window opening experiment are observed in both cases.

restore the initial behaviour, indicating that this process is 
determined by kinetics and/or diffusion within this region.

A detailed description of the wide range of large and 
subtle changes in CVs occurring with different LPLs can 
be found in the SI. The most important aspects are the 
following: 

(i)	 The positive-going scan of both types does not show any 
significant features as long as the LPL is not exceeding 
0.0 V.

(ii)	 peak A1 appears once the LPL is extended into peak 
C1 and increases further by lowering the LPL beyond 
peak C1. Simultaneously, the current density increases 
for potentials more positive than that of peak A1. The 
CVs within the initial potential window of 0.0 V to 
1.7 V, recorded in-between, still show a small hump 
at the position of peak A1 which decreases during 

Fig. 3  CVs for Au(111) recorded in [MPPip][TFSI] of both types 
shown in Fig. 2, with (a) batch 3 and (b) batch 4. The LPL was 
decreased from 0.0 V (grey) to −0.5 V (blue), −1.0 V (red), and  
−1.5 V (black) while the UPL was constantly set at 1.7 V. The insets 

show a magnification of the low current region of the CV recorded 
with a LPL of 0.0 V. For clarity, only the first of two CVs, recorded 
with the respective LPL, are shown. The coloured arrows indicate 
which features increase or decrease with each lowering of the LPL.
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measurements, by drying the IL in vacuum (10−3 mbar) at 
80 ◦C overnight (t ≥ 12 h) or (ii) reduced to less than 5 ppm 
by addition of a 4 Å molecular sieve prior to treating the IL 
with the procedure in (i). Figure 4 shows a comparison of 
the CVs obtained by both purification methods (solid lines) 
in a and b, compared to the measurements performed with 
the as-received IL (dashed lines). The experimental proce-
dure was identical to that presented in Fig. 3, where the LPL 
was gradually decreased. The data for both pretreatments 
indicate that the removal of water has only minor effects on 
the different peaks. All peaks remain at the same potential. 
After the pretreatment with heat and vacuum, only peak C1 
decreases to some extent. Nevertheless, this effect is small. 
Previous reports showed that in some cases this treatment 
even leads to an increase in all observed peaks [31]. Pre-
treating the IL in addition with a molecular sieve, leads in 
all measurements to an overall decrease of peak A1, for all 
investigated lower potential limits. Decreasing the LPL to 
even more negative values after the treatment with a molec-
ular sieve, results in more significant changes in both scan 
directions for batches 3 and 4, as shown in the supporting 
information in Figure S6–7.

It should also be mentioned that after the molecular 
sieve treatment, two small peaks in the negative-going 
scan (−1.4 V, −1.5 V) and one in the positive-going 
scan (−1.3 V) appear (marked by stars in Fig. 4b). Since 
the positions of these peaks are rather similar to those 
observed in measurements where Na was explicitly depos-
ited from the same IL (type I) on a Au(111) surface [51], 
these might indeed be related to Na, whose origin could 
be multi-fold, including possible ion exchange of Na from 
the molecular sieve with cations of the IL. A similar effect 
has been reported previously, however, for an IL in con-
tact with a molecular sieve at elevated temperatures [44]. 
On the other hand, in an experiment where Na[TFSI] was 
added with a concentration of 5 mM, not all of the here-
reported peaks (especially those at potentials larger than 
0.5 V) were observed and it was concluded that Na is not 
responsible for the newly observed features after the treat-
ment of the IL with a molecular sieve [31]. In addition, 
these Na impurities might interact with the trace amounts 
of water in the systems, an aspect that would require fur-
ther investigations. Finally, the addition of a molecular 
sieve to batches showing type II also has a significant 
impact on the electrochemical properties, as illustrated in 
the SI (Fig. S7). In that case, the peak-pair C2/A2 disap-
pears almost completely, while the other features that are 
apparent in the CV recorded in the IL without any pre-
treatment does not change significantly. Possible reasons 
for the change in C2/A2 are discussed below.

3.3  Influence of Water

3.3.1  Water Removal

To reduce the water content, the ILs were usually pretreated 
by vacuum-drying and/or the addition of a molecular sieve 
[26, 31]. Other contaminants could be metal or halide impu-
rities originating from the manufacturing process or the 
pretreatment [23]. Thus, in this section we focus on the 
influence of small amounts of water, studying the effects of 
different water amounts on the electrochemical properties 
of the system.

The batches of the IL presented in this study were, 
according to the supplier and confirmed by our Karl-Fischer 
measurements, delivered with a water content in the range 
of 5–100 ppm (see Table S1–2 in the SI). In this section, 
we illustrate the effect of reducing the water content for 
batch 3 (type I). This batch had an initial water content of 
100 ppm, which was (i) reduced to 20–50 ppm in different 

Fig. 4  CVs for Au(111) recorded in [MPPip][TFSI] (batch 3– type I)  
at a scan rate of 5 mV s−1, where the IL was pretreated (a) by dry-
ing in vacuum overnight (50 ppm residual H2O), or (b) by drying 
at vacuum overnight after addition of a 4 Å molecular sieve(<5 
ppm residual H2O). The LPL was gradually decreased from 0.0 V 
to −0.5 V, −1.0 V, and −1.5 V. The UPL was kept constant at 1.7 V. 
A more detailed description of the experimental procedure can be 
found in the text to Fig. 3. Each CV represents the first potential 
cycle recorded within the respective potential windows. The dotted 
lines show the same experiment with the same batch without any 
purification steps (shown in Fig. 3).

 

1 3

1916



Topics in Catalysis (2025) 68:1910–1923

higher compared to those recorded in the as-received ILs. 
The size of peak A2 also decreases, and its size is almost 
identical to that in the CV for the as-received IL after five 
potential cycles.

Comparing both types, it is apparent that the processes 
of peaks C1 and C2 occur at similar potentials. Since the 
peaks are only separated by ca. 0.1 V, and hence overlap, 
the actual size of the individual peaks can not be inferred. 
We assume that peak C2 in batch 4 (Fig. 5b) is indeed a 
combination of the processes related to peaks C1 and C2. 
First, we have shown above, that peak C2 is related to peak 
A2 in the positive-going scan, and thus peak A2 will possi-
bly only increase when peak C2 increases. Second, a similar 
experiment performed with batch 2 (see Figure S7a in the 
SI) also shows a peak pair C2/A2 in the CV without addi-
tional water. Upon the addition of water, the current density 
of both peaks C1 and C2 increases in this case, where peak 
C2 is clearly separated from peak C1. Based on these results 
we are confident that the intensity of both peaks C1 and C2 
increases with the addition of water to the IL.

Figure 6 shows the evolution of the CV for Au(111) in the 
IL with a water content of 450 ppm (higher content than in 
the previous experiment), recorded after different times of 
storage of the IL in the glove box (from 12 h to five days). 
Note that each of these measurements was performed in a 
freshly prepared cell with electrolyte freshly taken at the 
respective time from the same container, which was stored 
in the glovebox. With Karl-Fischer titration, we found that 
the water content in the stored IL was constant over the 
investigated time. First, by comparing the CVs measured 
here (having 450 ppm water) with those containing 270 ppm 
water (Fig. 5), we did not observe a significant increase of 
peak C1. On the contrary, the peak is smaller than in the 
measurement with 270 ppm water. This could already show 
a first effect of storage time since the measurement in Fig. 5 
was recorded directly after adding the water to the IL. The 
most notable observation is that peak C1 decreases with 
increasing storage time, while peak C3 increases. After five 
days, the CV looks almost identical to the CV recorded in 
the as-received IL with a water content of less than 75 ppm.

3.4  Discussion

Based on our results, we identified two different elec-
trochemical behaviours for [MPPip][TFSI] on Au(111), 
reflected by different peaks and current densities in differ-
ent potential regions. In the following, the role and possible 
type of impurities are discussed, primarily focusing on the 
influence of water and the impurities introduced in the sys-
tem by its removal or addition.

3.3.2  Water Addition

Next, we discuss the effect of adding water to the as-received 
IL on the electrochemical properties. Here, approximately 
150–200 ppm water was added to batches 3 and 4, resulting 
in total water contents of 270 ppm and 170 ppm, respec-
tively. The 1st (black solid line) and 5th CV (red solid line) 
are shown in Fig. 5. The CVs for the as-received batches 
(without additional water) are shown for comparison (dot-
ted lines).

Although there are obvious issues of adding water to the 
hydrophobic ionic liquid, some distinct changes could be 
observed. For type I, especially in the first potential cycle, 
peak C1 is significantly larger when adding water to the 
system, while peak C3 is almost not visible. After several 
potential cycles, the current density of peak C1 decreased 
but is still larger than that in the as-received electrolyte. 
Peak C3 in turn emerges as an individual feature in consecu-
tive potential cycles.

For type II, the peaks C2, C4 and A2 increased with 
water addition. Additionally, the current density positive of 
peak A1 is higher and some broad peaks become visible in 
this potential range. In the following potential cycles, the 
peaks C2 and C4 decrease, but the current densities are still 

Fig. 5  CVs for Au(111) in [MPPip][TFSI] of (a) batch 3 and (b) batch 
4 with approx. 150 ppm water added. The 1st potential cycle of each 
experiment is shown in black and the 5th potential cycle in red. The 
dashed lines show the CVs for the corresponding batches without addi-
tional water.
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on the surface, thus taking part in the adlayer formation on 
the surface, which can result in additional peaks in the CV 
(when the process involves a charge transfer process). Sec-
ondly, the impurities could also be continuously converted 
catalytically, which results in a current that adds to the cur-
rents related to the surface redox process of adlayer forma-
tion. We assume that a combination of both effects takes 
place on the electrode surface, since (i) we observe different 
peaks in both behaviours and (ii) based on our evaluation 
of the charges passed in regions with negative or positive 
currents, it is clear that the observed current densities are 
not only related to surface ad- and desorption processes (the 
total charges exceed those of monolayer adsorbate layer 
formation).

In general, the most common impurities are residual 
atmospheric oxygen and water [26, 28]. Other possible con-
taminants that remain in the IL from the synthesis are metal 
and halide ions, or organic solvents [23, 53–55]. Metal ion 
contamination can lead to additional features in a CV, which 
are related to their deposition and/or dissolution [23]. Fol-
lowing, we will thus discuss the role of different types of 
impurities.

Whether or not trace metals are present in the IL, which 
can be deposited on the surface, can for example be studied 
by in-situ scanning tunnelling microscopy (STM), which 
allows depicting structural changes of the surface upon their 
deposition [23]. In a former in-situ STM study using the 
same batches of as-received ILs used in the present work, 
we could not find evidence of metal deposition [51].

The presence of residual halides has been shown to 
decrease the stability of the IL at high positive potentials at 
the anode [54, 56]. For the ILs used in this work the suppli-
ers stated a halide content below 100 ppm for all batches. We 
did not verify the stability of the ILs at high decomposition 
potentials, to elucidate a possible difference in halide con-
tent in the different batches. Thus, its impact still remains 
unknown in our case. Additionally, the IL could contain dif-
ferent organic impurities as well as residues from the reac-
tants and byproducts in the ionic liquid’s synthesis, which 
could equally influence the electrochemical behaviour.

Considering that the ILs contain different impurities, one 
can derive the following conclusions to rationalise the dif-
ferences between type I and II. (i) The peaks C1, C3 and 
A1 observed in type I are related to an impurity which is 
present in a higher concentration in the batches with type 
I than in batches of type II. The presence of these species 
could block the surface for other processes, such as those 
observed with type II in peaks C2/A2 and C4. (ii) Likewise, 
an impurity inducing the processes related to peaks C2 and 
C4 could block the surface for the processes related to peaks 
C1, C3, and A1.

3.4.1  Batch Differences

From studying five batches of the same IL ([MPPip]
[TFSI]) from two suppliers and different purchase dates, 
we observed two distinctly different electrochemical behav-
iours in the CVs recorded on Au(111). This result does not 
rule out that other batches from the same or even other sup-
pliers might behave differently. We suggest that impurities 
are at the origin of the observed differences, which can con-
tribute in different ways to the electrochemical behaviour 
of the system. First, the impurities themselves can adsorb 

Fig. 6  Effect of storage time after water addition in air on the CV for 
Au(111) in [MPPip][TFSI] of batch 3 with 450 ppm water. The CVs 
were recorded (a) 12 h, (b) 2 d, and (c) 5 d after the water addition. 
Note that all measurements were performed in a freshly prepared cell 
with fresh electrolyte taken from an IL stored for the denoted amount 
of time in the glove box. The dotted lines indicate the same measure-
ment without water addition and the scan rate was 5 mV s−1.  
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ppm to 400 ppm), the first potential cycles showed a very 
similar behaviour. However, storing the IL in a glove box 
for several hours or even days, leads to a gradual decrease of 
peak C1 of type I (see Fig. 6) even though the water content 
remained unchanged. Therefore, peak C1 must be induced 
by another species that appeared in the IL along with water. 
A likely candidate is O2 since the water added to the IL was 
not deaerated beforehand. We assume that in the glove box, 
O2 will gradually be released from the IL. With an IL con-
taining 400 ppm water, this process took two to five days. A 
big difference was already observed after 12 h. In general, 
it was suggested that the overall solubility of O2 and other 
hardly polarisable gases in ILs is rather low, [60–62] which 
favours the diffusion of O2 from the electrolyte into the 
glovebox. The solubility of O2 can, however, change in the 
presence of other species, which was, for example, shown 
for the co-solvation with CO2 in [HMIm][TFSI] (1-hexyl-
3-methylimidazolium bis(trifluoromethane)sulfonimide) 
[63]. Further measurements would be required to gain more 
fundamental insights into such co-solvation effects.

The time-dependence on the IL storage, is an important 
result as it indicates that the reproducibility of the electro-
chemical measurements strongly depend on how fast the 
experiments are performed or how long the chemicals are 
stored in the glove box before use (to be in equilibrium with 
the glove box atmosphere). A more detailed possible role of 
O2 on the CV will be discussed below.

Finally, note that even though the water itself might not 
have a measurable impact on the CV recorded in the as-
received IL, it has been shown to play an important role in 
other processes. Examples are metal deposition [31, 32] or 
electrocatalytic reactions, such as the oxidation of organic 
molecules [30], and the ORR [27].

3.4.3  Residual Oxygen

To understand the role of residual oxygen in our measure-
ments, we briefly describe the key aspects of the ORR in ILs 
on various substrates [7, 25, 64, 65]. Different reaction path-
ways are proposed in the literature [24, 29, 66]. We consider 
the following pathway for ORR in an initially neutral envi-
ronment where O2 is reduced to form a super-oxide radical 
in a first electron transfer step (Eq. 1) and a peroxide ion in 
a second electron transfer step (Eq. 2) [24, 25, 66].

O2 + e− −→ O−∗
2 � (1)

O−∗
2 + e− −→ O2−

2 � (2)

In the presence of water, O2 supposedly reacts with H2O to 
form H2O2 and/or hydroxide ions (Eqs. 3, 4, 5, 6) [25, 29].

3.4.2  Influence of Water

The role of water on the electrochemical properties of an 
IL in contact with an electrode, in general, has been studied 
previously [26, 27, 30, 33–35]. These studies often focus 
on the distribution of water at the solid 33, 34] and on the 
electrochemical stability window of the IL [27, 35]. A few 
of the latter studies did show the emergence of features 
similar to peaks C1 or C3 in type I observed in the present 
work [26, 29]. To address the influence of water, we briefly 
comment on the different water sources in such measure-
ments and how they would impact the overall behaviour. 
A less commonly addressed origin is the native water film 
that develops on an electrode surface following its prepara-
tion, typically occurring during the transfer of the electrode 
to the electrochemical cell, often located within a glove 
box [41]. In this case, the amount of water on the surface 
should be rather similar for all experiments. Assuming that 
the water reacts on the substrate when a potential is applied, 
the related current response should possibly be small and 
only be visible within the first potential cycle. This phenom-
enon could, at least to some extent, rationalise the observed 
changes of the CV within the first potential cycles in our 
experiments (see Figure S2).

However, commonly water is already present in the as-
received ILs, and thus has to be removed carefully [57, 
58]. Approaches to reduce the amount of water in the ILs 
used in the present work have been suggested previously, 
which involve drying and heating in vacuum, followed by 
treating the IL with a molecular sieve [31, 41]. Our results 
indicate that using heating and vacuum alone on the herein 
studied IL, has no significant impact on the electrochemi-
cal properties, even though the water content decreases. 
Regarding the addition of a molecular sieve, there exist 
contradictory conclusions on the most suitable pore size 
(3 Å [41] vs. 4 Å [31] – used in this work and Ref. 31). 
We assume that the ability to remove water also depends 
on the batch and supplier of the molecular sieve. Our mea-
surements revealed additional peaks in the CVs when a 
molecular sieve was involved in the drying process. Spe-
cifically, we assume that these peaks are related to Na, 
based on the positions of the peaks in the CV, which are 
similar to those noted during Na deposition on Au(111) 
from the same IL in a previous work [51]. Additional XPS 
measurements confirmed the presence of Na in the IL [59], 
whose origin might be related to various sources.

Reducing the amount of water in the IL has no significant 
effect on the electrochemical properties. In contrast, water 
addition led to an increase of the cathodic peaks C1 for type 
I and peaks C2 and C4 for type II (see Fig. 5) (though we 
speculated that peak C1 overlaps with peak C2 in type II). We 
found that independent of the amount of water added (100 
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In total, we suggest that the cathodic peaks, which change 
over time with consecutive potential cycling or the time an 
electrolyte is stored in the glove box, result from different 
contents of residual water and oxygen in the IL. The fact that 
we observe different peaks, both in the negative and positive 
going scan in different batches of the same IL, is most likely 
related to different types of impurities remaining in the IL 
from the manufacturing process. Whether or not the impu-
rity adsorbs on the surface or changes the local structure of 
the IL in the double-layer region above the electrode cannot 
be inferred from our data. Nevertheless, it seems to play 
an essential role in the potential region where the reduc-
tion of residual O2 in the presence of water takes place and 
presumably also in the type of product which forms under 
these circumstances.

4  Conclusion

In this work, we studied the electrochemical properties of 
different batches of [MPPip][TFSI] with Au(111) in a poten-
tial region where the Au(111) electrode did not restructure 
irreversibly. It was shown that the reproducibility of the 
results strongly depends on the manufacturer, purchase 
date and pretreatment of the IL. We were able to catego-
rise the ILs into two distinctly different electrochemical 
behaviours, which are likely a result of specific types of still 
unknown impurities. It seems that one of the impurities can 
be removed to some extent by a molecular sieve. However, 
this procedure also seems to introduce Na (with the herein-
used molecular sieve) as another impurity in the system. In 
contrast to the common understanding, water, which is dis-
cussed to be a native impurity in ILs, does not seem to have 
a significant impact on the electrochemical properties. The 
changes observed upon the addition of water were attributed 
to residual O2, which has been introduced into the system 
along with the water. The unknown impurities, in turn, have 
an impact on the potential region where water and O2 are 
catalytically converted. The magnitude of the currents for 
these conversion reactions possibly strongly depends on the 
water/O2 ratio. An important aspect is also that it takes quite 
some time for O2 to be released from the IL in the glove 
box, and hence, the reproducibility also strongly depends on 
the time of preparation and measurement. We only showed 
results for one specific IL. However, it can be expected that 
similar phenomena can be observed for other ILs as well 
as in other complex electrolytes. In total, our work illus-
trates the complexity of studying the redox properties of 
ILs, especially with well-defined electrodes, which are, 
however, mandatory to derive a clearer picture of interfacial 
processes.

O2 + 2H2O + 2e− −→ H2O2 + 2OH−� (3)

O2 + 2H2O + 4e− −→ 4OH−� (4)

O2 + H2O + e− −→ HO∗
2 + OH−� (5)

2HO∗
2 −→ O2 + H2O2� (6)

For the interpretation of our results, we suggest that the 
reaction of residual O2 with H2O is the dominant reaction 
pathway. Depending on the batch of electrolytes, these pro-
cesses occur for type I in peak C1 and for type II in peaks 
C1 and C2. According to Katayama et al. [25], possible 
products formed within these peaks are reoxidized in the 
subsequent positive-going scan for type I in peak A1 and for 
type II in peaks A2 and A1. Considering that the catalytic 
reaction (no charge transfer) in Eq. 6 (suggested by Kata-
yama et al.) takes place, it is expected that the reduction 
peaks are larger than the oxidation peaks. This is indeed the 
case in our experiments and is apparent by the high charge 
passed in the cathodic current regime compared to the 
anodic current regime (see Table 2). Interestingly, the size of 
peak A1 in the positive-going scan decreases only slightly, 
while peak C1 in the negative-going scan decreases signifi-
cantly when O2 is consumed during continuous potential 
cycling or removed over time from the electrolyte. Thus, 
the peak must be related to a specific reaction. We suggest 
that peak A1 is related to the oxidation of OH−. To verify 
this assumption, we recorded CVs in [MPPip][TFSI] (type 
I, batch 3) containing 0.4 M H[TFSI], which is shown in 
the SI (Figure S8). The addition of H[TFSI] significantly 
reduces the size of peak A1, which is possibly caused by a 
decrease of the OH− concentration due to the recombina-
tion with the H+ ions. Another explanation is the reaction 
of H+ ions with O2 to form hydrogen peroxide as proposed 
by Switzer et al. and Yuan et al. and given in Eq. 7 [65, 66]. 
This reaction contributes to the charge during the negative-
going scan, but since no OH− is formed, the charge in peak 
A1 is smaller.

O2 + 2H+ + 2e− −→ H2O2� (7)

The peak C3 observed in type I and peak C4 in type II could 
be related to the reduction of water to form H2 (Eq. 8) [28, 
67].

2H2O + 2e− −→ H2 + 2OH−� (8)

This reaction leads to the formation of additional OH−. The 
OH− in turn will be oxidised in peak A1 in the positive-
going scan, which indeed leads to an increase of that peak 
(see Fig. 3).
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