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In Situ Determination of the Water Content of Ionic Liquids
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This study examines the applicability of electrochemical methods to the in situ determination of the water content in proton-conducting
ionic liquids (PILs). Two proton-conducting ionic liquids with different acidities and hygroscopicities of the cations, sulfoethylmethy-
lammonium trifluoromethanesulfonate, [2-Sema][TfO] and N,N-diethylmethylammonium trifluoromethanesulfonate, [Dema][TfO],
were used. At first, PIL water electrolytes with known water concentrations ([2-Sema][TfO]: 0.64-6.1 wt%, [Dema][TfO]: 0.18-99.5
wt%) were prepared. Then, the influence of the water content on the electrochemical properties, namely the electrical conductivity,
charge of hydrogen oxidation, charge of Pt oxide reduction and onset potential of Pt oxidation, were investigated. The four parameters
were plotted as a function of the water concentration and fitted by exponential, linear or asymptotic functions. These fits serve as
calibration curves that can be used to determine the actual water concentration by measuring one or more of the four parameters
investigated. It was found that the measurement of specific ion conductivity is a fast and simple method across a wide range of water
concentrations. The evaluation of the Pt oxide reduction charge from cyclic voltammograms is more time-consuming, but provides
higher accuracy at low water concentrations, although the accuracy also depends on the nature of the ionic liquid.
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Ionic liquids (ILs) are known for their promising features, such
as a wide electrochemical window, non-inflammability, a negligible
vapor pressure and high chemical / thermal stabilities. These proper-
ties enable ILs to be used as polar solvents or electrolytes. Depending
on the field of application, the presence of liquid or gaseous water in
contact with ILs may or may not be desirable. Electrochemical appli-
cations, which demand practically anhydrous electrolytes include, for
instance, lithium batteries,1,2 electrochemical supercapacitors,3,4 so-
lar cells,5,6 field-effect double-layer transistors7,8 and electrochemical
synthesis.9,10 For other applications, the presence of water is either un-
avoidable (e.g., fuel cells11–27) or even desirable (humidity sensors28

or drying agents29–32).
Regardless of whether the presence of water in ionic liquids is

intended or not, residual amounts of it must be taken into account
for the following reasons: (i) water is a common impurity, which is
already present after IL synthesis; and (ii) most of the ionic liquids are
strongly hygroscopic, i.e., they uptake water during operation. Some
experimental and theoretical studies on the influence of environmen-
tal water (vapor) on the hygroscopicity and water sorption of ionic
liquids can be found in the literature.33–40 This means that even if one
succeeded in preparing a virtually water-free IL, it would be diffi-
cult to prevent absorption of water under the operating conditions of
most applications. In any case, the presence of water changes the IL’s
physicochemical properties. This includes an increase in the electrical
conductivity and a decrease in viscosity, a narrowing of the electro-
chemical window, hydrolysis, thermal decomposition and a change of
reactivity and solvating ability.

While there is plenty of literature available on the bulk properties
of binary mixtures of ionic liquids and water (see e.g., Merkel et al.41),
studies of the influence of small or residual water concentrations on
the electrochemical behavior of the system metal/IL + H2O are fairly
scarce.27,42,43 Walsh et al. studied the oxygen reduction reaction (ORR)
on polycrystalline Pt electrodes in [Dema][TfO].42 They observed
an increase of water content of up to ≈ 0.7 wt% caused by ORR,
indicating an ORR process via a 4-electron reduction. In a second
publication, Walsh et al. investigated the formation of Pt oxides in
ionic liquids via trace water oxidation, taking the hydrazine oxidation
reaction as a probe of the reactivity of the Pt oxide layers.43 According
to the findings of Walsh et al., multiple layers of oxide form at elevated
temperatures and potentials. The strong effect of temperature on the
thickness of the Pt oxide layers corresponds to the results of our recent
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publication, in which we investigated the electrochemical properties
of 2-sulfoethylammonium trifluoromethanesulfonate ([2-SEA][TfO])
and concluded that the adsorption of water is particularly pronounced
at elevated temperatures.27

Motobayashi et al.44 studied water adsorption on Au electrodes
in 1-butyl-3-methyl-imidazolium bis(trifluoromethanesulfonyl)imide
([BMIM][TFSI]) by using combined spectroscopic and electrochem-
ical measurements. They confirmed the simulation results of Feng
et al.,45 especially the strong adsorption of water at high po-
tentials. Zhong et al.46 investigated the interface of Au(111) and
1-butyl-1-methyl-pyrrolidinium bis-(trifluoromethylsulfonyl)-imide
([BMP][TFSI]) by means of AFM. An increase in the bulk water
content leads to an increased adsorption of water and a weakening of
the interaction between the ions and the gold surface. Recently, Friedl
et al.47 studied the double layer properties of the interface Au (111)
and [BMP][TFSI] by means of impedance spectroscopy and cyclic
voltammograms. They confirmed the increase of water adsorption
with increasing potential and the higher affinity of water molecules to
the anions. As a main effect of the increasing water adsorption, Friedl
et al. found an increase in the double layer capacitance at potentials
higher than the potential of zero charge (p.z.c.). The surface charge
(zero, positive or negative) strongly affects both the adsorption of ions
and water molecules.

As is mentioned in our most recent publication,48 extensive mea-
surements of the equilibrium water vapor partial pressure over each
PIL as a function of water content and temperature would be nec-
essary to maintain the water concentration at a constant level. This
would include a setup with a controlled humidifier and dryer unit.
However, these efforts would not ensure a sufficiently fast or even a
correct adjustment of the water content: In the case of [2-Sema][TfO],
especially at low water content, water removal is very difficult because
of the high hygroscopicity. Even though the adjustment is difficult,
knowledge of the water content is essential. In the present work, elec-
trochemical in situ methods, namely conductivity measurements and
cyclic voltammetry, are used to measure four different parameters
(electrical conductivity, the charge of hydrogen oxidation, the charge
of Pt oxide reduction and the onset potential of Pt oxidation) on the
basis of the water’s concentration. Calibration curves are established
and the applicability and practicability of the methods is discussed.

Because the applicability of the methods may also depend on the
chemical properties of the ionic liquid, the influence of the cation
in the proton-conducting ionic liquid on the calculation of the water
content was investigated as well. The proton-conducting ionic liquids
(PILs) used here are 2-sulfoethylmethylammonium trifluoromethane-
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Figure 1. Molecular structure of the ionic liquids, [2-Sema][TfO] and
[Dema][TfO].

sulfonate, [2-Sema][TfO], and N,N-diethylmethylammonium trifluo-
romethanesulfonate [Dema][TfO]. The molecular structures of both
PILs are shown in Fig. 1. They were chosen because the chem-
ical properties of the corresponding bases of the acidic cations,
i.e., N-methyltaurine and N,N-diethylmethylamine, differ signifi-
cantly. Like the homologue, taurine,27 N-methyltaurine or 2-
methylaminoethansulfonic acid is a zwitter ion that exists in a tau-
tomeric form and acts both as a proton donor and acceptor:

(CH3) H2N+ − (CH2)2 − SO3H

� (CH3) H2N+ − (CH2)2 − SO3
− + H+

pKs,1 = 0.94 ± 0.5049 [1a]

(CH3) H2N+ − (CH2)2 − SO3
−

� (CH3) HN − (CH2)2 − SO3
− + H+

pKs,2 = 10.16 ± 0.1049 [1b]

In contrast, N,N-diethylmethylamine only acts as a proton accep-
tor:

(CH2)2H2N+ − (CH2)2 � (CH2)2HN − (CH2)2 + H+

pKs,1 = 10.55 ± 0.25 50 [2]

In the presence of the super acid trifluoromethanesulfonic acid
under anhydrous conditions, both compounds only exist in protonated
form. If the pKa values of (CH3)H2N+ − (CH2)2 − SO3H (0.94) and
(CH2)2H2N+ − (CH2)2 (10.55) are compared, it can be seen that the
[2-Sema] cation is strongly acidic, whereas the [Dema] cation only
behaves like a very weak acid.

Another difference in the cations is in the number of binding sites
that may form hydrogen bonds: In the case of the [2-Sema] cation,
five sites (2 x N-H + 2 x S = O + 1 x S-OH) are potentially available,
whereas the [Dema] cation has only one N-H site that may form a
hydrogen bond. In this study the influence of cation acidity and the
ability of forming H bonds is shown and the effect of the bulk water
uptake on the presence of water in the double layer and the structure
of the double layer is discussed.

Experimental

Electrolytes: [2-Sema][TfO], [Dema][TfO] and binary mixtures
with water.—[2-Sema][TfO] was prepared by slowly adding triflu-
oromethanesulfonic acid (reagent grade, 98%, Sigma Aldrich) to 2-
methylaminoethansulfonic acid (N-methyltaurine, ≥ 99%, Sigma Life
Science). A more detailed description of the preparation process can be
found elsewhere.48 Coulometric Karl-Fischer titration (852 Titrando /
Metrohm company) yielded a water content of 6400 ppm (0.64 wt%).

[Dema][TfO] (CAS No.: 945715-39-9), with a nominal purity of
> 98 wt%, was purchased from IoLiTec-Ionic Liquids Technologies
GmbH. The water content, measured by Karl Fischer titration, is
1800 ppm (0.18 wt%). No further purification was performed. The
molecular structures of both PILs are shown in Fig. 1.

Binary mixtures of water and the ionic liquids were prepared by
adding appropriate amounts of pure water (Milli-Q). In the case of [2-
Sema][TfO], the water content was varied in a range of 0.64-6.1 wt%,
similarly to water concentrations in high temperature fuel cells (HT-
PEFC) based on phosphoric acid.51 For the example of [Dema][TfO],
a larger range of 0.18-99.5 wt% of water content was used to bridge
the gap between low and high water concentrations, i.e., between
ionic liquid application conditions and diluted aqueous electrolytes.
Because of either evaporation or uptake of water during the electro-
chemical experiments, the water content of all the electrolytes was de-
termined immediately after recording the last, relevant cyclic voltam-
mogram. This was done by either in situ conductivity measurements
([2-Sema][TfO]) or coulometric Karl Fischer titration ([Dema][TfO]).
In the former case, a calibration curve was used that was established
by measuring the specific conductivity of [2-Sema][TfO] electrolytes
with different water contents (see below).

Electrochemical measurements.—Measuring conditions, cells
and electrodes.—The electrochemical measurements were performed
at ambient pressure and either a temperature of 25◦C ([Dema][TfO]),
or 90◦C ([2-Sema][TfO], [Dema][TfO])). 1 h before and during the
complete series of measurements, the gas compartment over the PIL
/ water electrolytes was purged with dry nitrogen (99.999%), using a
SGT Super Clean Triple Filter by MasCom Technologies GmbH.

The in-house measuring cell and heating unit specially designed
for the electrochemical characterization of small volumes (up to 7 ml)
of ionic liquids was described in detail in our recent publications.27,48

It consists of a cylindrical Pt crucible (∅ = 20 mm, height = 30 mm)
as an electrolyte vessel and counter electrode, a 7 mm-long Pt wire
working electrode with a diameter of 1 mm (99.95%, Goodfellow
GmbH) and a self-prepared palladium-hydrogen electrode made of
a 1 mm Pd wire (99.95%, Goodfellow GmbH). By means of the
hydrogen desorption charge obtained from cyclic voltammetry (25◦C
/ 0.5 M HClO4), a roughness factor of 1.23 and an actual Pt electrode
surface of 0.28 cm2 was determined.

Measuring devices.—The electrochemical experiments were car-
ried out by means of a “Zennium” electrochemical workstation (ZAH-
NER Elektrik GmbH). The nitrogen flow rate of 5 ml/min. was ad-
justed using a Brooks mass flow controller (model “5850S”). The
temperature was set by an in-house-designed heating unit described
in Wippermann et al.27

Cyclic voltammograms (CVs).—IR-corrected CVs were recorded
with a scan rate of 100 mV/s across a potential range of 0–1.6 V
(RHE). After 10 cycles, stationary voltammograms were obtained.
The 10th cycle of each CV was analyzed regarding the charges of
hydrogen desorption / PtOx reduction and the Pt oxidation currents.
The double layer charging currents in the potential range of about 0.4 -
0.6 V were taken as baselines for determining the HUPD peak charges.

Conductivity measurements.—Firstly, the cell constant as a func-
tion of electrolyte volume was determined by impedance measure-
ments with 0.1 M KCL solutions. Then, binary mixtures of [2-
Sema][TfO] and water were prepared with well-established water
concentrations determined by Karl-Fischer titration (cH2O = 0.5 – 5.6
wt%). Finally, the ohmic resistance of these binary mixtures was mea-
sured by means of impedance spectroscopy. The AC amplitude was
found to be either 10 mV (T > 50◦C) or 20 mV (T < 50◦C). The
temperature was increased in increments of 5◦C from 30 to 100◦C
and vice versa. The hysteresis of the corresponding heating and cool-
ing cycles was very small, indicating a negligible change of water
concentration. By means of the cell constant, calibration curves of the
specific ion conductivity vs. water content could be established for the
different temperatures. As mentioned above, these calibration curves
were used to determine the actual water content of [2-Sema][TfO].

Water uptake experiment.—The water uptake of [Dema][TfO] and
[2-Sema][TfO] was examined by exposing both PILs in open glass
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Figure 2. Water uptake experiment with [2-Sema][TfO] and [Dema][TfO],
ambient conditions.

vessels to ambient atmosphere (T = 21.5◦C ± 0.4◦C, RH = 48.6% ±
2.8%, pH2O = 1241 Pa ± 77 Pa) over a period of 2862 h and measuring
the weight at regular intervals. For a better comparison, the same
starting volumes (≈ 6 ml) and volume-to-surface ratios (≈ 1.2 cm)
were chosen. It should, however, be noted that the starting values
of the water content were different, as described in the Electrolytes’
section.

Results and Discussion

Water uptake of the ionic liquids.—The water uptake of
[Dema][TfO] and [2-Sema][TfO] over a period of 2862 h is compared
in Fig. 2. Asymptotic fits reveal the limiting values (see indicated val-
ues at red lines) that are close to a molar fraction of 50 mol% H2O
for [Dema][TfO] and 85.7 mol% H2O for [2-Sema][TfO]. These val-
ues correspond to molar ratios H2O: PIL of 1:1 ([Dema][TfO]) and
6:1 ([Dema][TfO]), which qualitatively reflects the larger number of
binding sites for forming hydrogen bridges in the [2-Sema] cation (2
x N-H + 2 x S = O + 1 x S-OH) compared to the [Dema] cation (1 x
N-H). However, a quantitative correlation is not possible because the
detailed (dynamic) structure of the PIL/water mixtures is not known.
In any case, [2-Sema][TfO] behaves in a much more hygroscopic
manner than [Dema][TfO], with a four times higher water absorption
rate (≈ 27 wt% vs. ≈ 7 wt%).

The following parameters may influence the thermodynamics and
kinetics of water uptake of ionic liquids as well: (i) hydrophili-
city/hydrophobicity (e.g., number of polar groups, length of the alkyl
chain, etc.); (ii) extensive parameters like the surface/volume ratio of
the ionic liquid or the filling level of IL in the measuring vessel; (iii)
operation/ambient conditions like temperature and relative humidity,
which affect the difference in water partial pressure over the ionic
liquid and in the ambient air. Whereas the conditions described in (ii)
and (iii) are identical for [Dema][TfO] and [2-Sema][TfO], those of (i)
are obviously different: [2-Sema][TfO] is more hydrophilic (less hy-
drophobic) than [Dema][TfO], because in comparison to the [Dema]
cation, the [2-Sema] cation contains two polar groups (R-SO3H and
R-NH2

+) instead of one (R-NH+), but only one ethyl group instead
of two.

Influence of the water content on a [2-Sema][TfO] electrolyte.—
Measurements of specific conductivity.—Fig. 3 shows the specific con-
ductivity of [2-Sema][TfO] as a function of the water content in a
temperature range of 30 – 100◦C. The measured values can be well
approximated with an exponential fit or, in a semi-logarithmic plot,
with a linear function (see inset picture). This can be explained by
reference to the following factors:

(i) The specific conductivities and viscosities of neat [2-
Sema][TfO] are quite similar to those of its homologue, 2-

Figure 3. Specific ion conductivity of [2-Sema][TfO]/water electrolytes, cH2O
= 0.5 − 5.6 wt%, T = 30 – 100◦C; inset picture shows semi-logarithmic plots
of the conductivity data.

sulfoethylammonium triflate, [2-Sea][TfO], which have been recently
published.48 A strong coupling between these parameters can be ob-
served, i.e. in a Walden plot the slope is close to one. In contrast
to neat H3PO4, autoprotolysis should not occur in this type of PILs.
A re-protonation of [TfO]− is unprobable because of a difference of
∼10 orders of magnitude in acidity between triflic acid (comparable to
HClO4) and the [Sema]+ cation (comparable to alkane sulfonic acids).
Based on these considerations, a pure vehicular mechanism for proton
transport in neat [2-Sema][TfO] with [2-Sema]+ as the only proton
carrier is highly probable.

This may be different in the case of increasing water content. Due
to the high acidity of the [Sema]+ cation, protons will be transferred
from [2-Sema]+ to H2O by forming H3O+. The H3O+ cations are
(most likely) much more mobile than the bigger [Sema]+ cations.
Thus, the increasing conductivity with increasing water content can
be explained by an increasing concentration of the more mobile pro-
tonic charge carrier H3O+ in competition with the slower [Sema]+,
but still maintaining a vehicular mechanism. On the other hand, due
to the comparable acidity of [Sema]+ and H3O+ a cooperative mecha-
nism between [Sema]+, H3O+, taurine and H2O can be (principially)
assumed. The Vogel-Fulcher-Tamman plots (not shown here) reveal
a decrease in the activation energy of the ion transport from 48 kJ
mol−1 (0.4 wt% H2O) to 41 kJ mol−1 (5.6 wt% H2O) at T = 100◦C
(see inset picture). The comparable small decrease of 15% suggests
that the vehicular transport by H3O+ may predominate and a cooper-
ative mechanism between [Sema]+, H3O+, taurine and H2O may play
only a minor role.

(ii) As was discovered by Nickerson et al.,52 who performed
a combination of experimental and molecular dynamics studies of
[BMIM][I], in water mixtures, the viscosity decreases exponentially
with the amount of water. Because of the strong coupling of viscosity
and conductivity, the latter increases exponentially.52

For very low water contents of 1 wt% or less in mixtures of water
and imidazolium-based ionic liquids like EMIM-BF4 and EMIM-ES,
Vila et al.53 provided another physical explanation of the increase of
specific conductivity with the water content: the addition of water
should decrease the surface tension of the IL/water mixture and in-
crease the diffusion coefficient of the charge carriers. They derived an
equation, where the specific conductivity is a function of the inverse
square root of the water concentration5.3 By using the equation of Vila
et al., the specific conductivities plotted in Fig. 3 could be fitted very
well for water concentrations less than 2 wt%. As expected, Vila’s
equation failed to describe the increase of conductivity at water con-
tents higher than 2 wt%. In the range of 0 to 6 wt% of water, the best
fit was obtained with an exponential function. However, it should be
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Figure 4. Cyclic voltammograms of Pt in [2-Sema][TfO]/water electrolytes,
always the last cycle of 10 CVs represented, dU/dt = 100 mVs−1, cH2O = 0.7
− 6.1 wt%, T = 90◦C.

kept in mind, that a plot of the specific conductivity of an IL/water
mixture in the whole range of the mole fraction of water (0 – 1) resem-
bles a bell-shaped curve (see e.g. Vila et al.53), where the exponential
function fits the left side of the curve.

If the ionic conductivity of a mixture of [2-Sema][TfO] and water
at a certain temperature is known, the actual water concentration of
[2-Sema][TfO] can be easily extracted from the linear regression of
the semi-logarithmic plots logσ vs. cH2O, as shown in the inset picture
in Fig. 3.

Cyclic voltammograms.—Fig. 4 shows cyclic voltammograms for
mixtures of [2-Sema][TfO]-water with water concentrations up to 6
wt% at 90◦C. Because a detailed description of the main features of
this diagram has already been presented elsewhere,48 only a brief sur-
vey of the most important features and effects is given in the following:
Similar to CVs obtained with diluted acids, roughly three potential
regions, including Hupd, double layer and Ox chemisorption/Pt oxi-
dation, can be distinguished. The second reduction peak, observed at
low water concentrations (0.7 / 1.2 wt%) at an electrode potential of
about 0.45 V, is ascribed to a PtOx reduction mechanism via [2-Sema]
cations, whereas the ‘common’ reduction process at about 0.8 V is
assumed to proceed without any involvement of [2-Sema]+.48 The
most important effects caused by an increasing water concentration
are indicated by the dashed arrows: (i) an increase of Hupd charge, QH;
(ii) a decrease of the onset potential of Pt oxidation, U@PtOx = 50μAcm−2 ;
and (iii) an increase of PtOx reduction charge, QPtOx-Red. A detailed
analysis of these effects is given below.

HUPD charge.—At first, the total charge obtained from the hydro-
gen desorption peaks, QT, was analyzed. QT is the sum of the hydrogen
desorption charge, QH, and the anion (cation) ad-/desorption charge,
QA/C. In the potential range of 0.4 – 0.6 V, the double layer charging
current, QC, can be identified and subtracted as described in the Ex-
perimental part. QC tends to increase with the water content, which
can be explained by an increase of the dielectric constant and a de-
crease in the thickness of the double layer. More detailed information
can be found in our recent study of the double layer properties of the
interface Pt/[2-Sema][TfO].48

At potentials close to 0 V (RHE), not only atomic hydrogen, but
also molecular hydrogen is formed. The latter one makes an addi-
tional contribution to the total charge. QT was calculated in the HUPD

potential range (0 to ≈ 0.3-0.4 V (RHE)) and plotted against water
content (Fig. 5). A fairly linear plot is obtained, with a slope of 56
μC cm−2/wt% and an intercept of about 19 μC cm−2. An obvious
reason for the latter result is the charge of ion ad-/desorption as an
intrinsic element of QT. Another possible explanation becomes appar-

Figure 5. Hydrogen desorption charge densities, calculated from Fig. 4.

ent when considering the possible hydrogen desorption (and adsorp-
tion) processes, which could proceed via either H2O or unprotonated
methyltaurine (B):

Pt−Had + H2O ⇔ Pt + H3O+ + e− [3a]

Pt−Had + B ⇔ Pt + BH+ + e− [3b]

At small water contents, reaction (3b) should become dominant. If
this is the case, reaction (3b) makes an additional contribution to the
hydrogen desorption charge even in absence of water. Thus, the Hupd

charge in the water free ionic liquid must be higher than zero, as can
be seen in Fig. 5.

The highest QT values measured here exceed the theoretical value
of a monolayer of atomic hydrogen on Pt (210 μCcm−2) by about
60%. Clearly, the evolution and oxidation of molecular hydrogen
plays a significant role, at least for water concentrations higher than
3 wt%. This is not surprising, as the low potential limit of the cyclic
voltammograms is 0 V instead of 50 mV vs. RHE. 50 mV is the
generally accepted value of the low potential limit for diluted aqueous
electrolytes when determining the electrochemically-active surface
of Pt electrodes. This value represents a compromise between the
avoidance of molecular hydrogen formation (lower potential limit
not too low) and a determination of Hupd charge to the fullest extent
possible (lower potential limit not too high). However, it should be
kept in mind that if the water content becomes small, the Hupd region
shifts to more negative potentials (see Fig. 4) and the lower potential
limit must be adapted accordingly. In other words, the lower potential
limit of a cyclic voltammogram must be evaluated for each water
concentration, which seems to be a rather tedious and impractical
procedure. For this reason, it may be more practical to use a constant
lower potential limit for the whole range of water concentrations.
However, this method must be used with caution for two reasons: (i)
at very low water concentrations, the lower potential limit may be too
high and only a part of the full HUPD charge can be detected; (ii) at
higher water concentrations, the evolution and oxidation of molecular
hydrogen overlaps the oxidation of the adsorbed hydrogen atoms.

When the QT has been determined, the actual water concentration
of [2-Sema][TfO] can be calculated from the linear regression of QT

vs. cH2O.

Onset potential of Pt oxidation / charge of PtOx reduction.—In
contrast to the hydrogen adsorption / desorption processes, Pt oxida-
tion and thus PtOx reduction cannot take place without the presence
of water. In the case of a current density of 50 μA cm−2, the onset
potential of Pt oxidation vs. water concentration is shown in Fig. 6
(left axis). The exponential decrease of U@PtOx = 50μAcm−2 with the in-
creasing bulk water content suggests a strong increase in the water
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Figure 6. Onset potential of Pt oxidation at 50 μA cm−2 and PtOx
reduction charge, calculated from Fig. 4; inset picture shows molar
ratio [2-Sema][TfO]/water.

coverage on the Pt surface at water concentrations of less than 2 wt%
and a smaller increase in the presence of higher water contents. Be-
cause the water coverage correlates with the bulk water concentration,
the decay of U@PtOx = 50μAcm−2 follows approximately the curve of the
molar ratio of [2-Sema][TfO]: H2O in the bulk electrolyte (see inset
picture in Fig. 6).

Because the formation of Pt oxide is closely linked to the coverage
of water molecules on the Pt surface and the relative increase of the
molar water concentration gets smaller with increasing water content,
it is not surprising that, compared to the PtOx onset potential, the PtOx

reduction charge has an inverse relationship with the water content
(right axis in Fig. 6). The Pt oxidation current in the passive region is
virtually independent of the water concentration (in the range inves-
tigated) and the upper potential is identical for all CVs. Hence, the
overall charge of Pt oxidation/reduction must inversely correlate with
the onset potential of Pt oxidation. The asymptotic behavior suggests
the formation of a PtOx film with more or less constant thickness,
even at low water concentrations of about 5–6 wt%. This means that
with regard to Pt oxidation, [2-Sema][TfO] with a water content of
only 6 wt% behaves similarly to aqueous acidic solutions, where com-
parable onset potentials of Pt oxidation and Pt oxidation currents are
obtained. Moreover, the similar behavior suggests that [2-Sema][TfO]
(partly) desorbs and a thin PtOx layer is formed, corresponding to the
mechanism known from aqueous solutions. The asymptotic value of
about 530 μC cm−2 can be interpreted as a monolayer of Pt oxide,
where a theoretical charge of 440 μC cm−2 would be expected if only
PtO would form.43 At very low water contents (< 2 wt%), the PtOx

reduction charge drops steeply down to a theoretical value of zero if
the ionic liquid is anhydrous. As can be seen in Fig. 6, the changes in
both the PtOx onset potential and PtOx reduction charge are particu-
larly high in the presence of low or even residual amounts of water.
Hence, these methods are especially sensitive for determining small
water concentrations.

Influence of the water content on a [Dema][TfO] electrolyte.—In
the case of [Dema][TfO], the influence of water concentration in PIL-
water mixtures was varied across a wide range of concentrations, from
0.18-99.5 wt%, representing the full range from a virtually water-free
ionic liquid (0.18 wt%), PIL-water mixtures under HTPEFC operat-
ing conditions (up to ≈ 9 wt%) and concentrated aqueous solutions
to diluted aqueous solutions. Moreover, cyclic voltammograms were
recorded at different temperatures of 25◦C and 90◦C (see Fig. 7a/7b).

Cyclic voltammograms.—The basic features of the cyclic voltam-
mograms shown in Fig. 7 are similar to those presented in Fig. 4 for
[2-Sema][TfO]. However, there is an important difference: in order
to achieve similar effects, much higher bulk water concentrations are

required in the case of [Dema][TfO] compared to [2-Sema][TfO]. For
example, a peak current density of PtOx reduction of about -300 μA
cm−2 is obtained with ≈ 6 wt% of water in case of a [2-Sema][TfO]-
water mixture (Fig. 4), but requires ≈ 42 wt% of water in a mixture
with [Dema][TfO] (Fig. 7b). In the same way, the second reduction

Figure 7. Cyclic voltammograms of Pt in [Dema][TfO]/water electrolytes,
always the last cycle of 10 CVs represented; for the sake of clarity, only
selected CVs are shown; dU/dt = 100 mVs−1; a. T = 25◦C, cH2O = 0.2 – 99.0
wt%; b. T = 90◦C, cH2O = 0.2 – 92.1 wt%.
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Figure 8. Hydrogen desorption charge densities, calculated from CVs partly
shown in Fig. 7; inset picture shows a comparison of HUPD charges for [2-
Sema][TfO] and [Dema][TfO] at 90◦C.

peak of around 0.4 V vanishes at water contents higher than 1.2 wt% in
the case of [2-Sema][TfO] (Fig. 4), compared to a much higher water
concentration of more than 17 wt% for [Dema][TfO] (Fig. 7b). In light
of the foregoing discussion, these results suggest a much higher water
content / coverage in the double layer of the Pt/[2-Sema][TfO] inter-
face compared to that of the Pt/[Dema][TfO] interface. It is therefore
reasonable to assume that for small water concentrations relevant for
HTPEFC operation, the double layer with [Dema][TfO] is more sim-
ilar to the ordered structure of a water-free ionic liquid, whereas the
double layer with [2-Sema][TfO] more resembles a hydrogen-bonded
network of ions and water (see also former publication48).

A comparison of Fig. 7a/b shows that the increase of temperature
from 25◦C to 90◦C causes a doubling of the current densities. At the
same time, the ratio of the Pt oxidation and PtOx reduction charges
increases. This result suggests a strong thermal activation of faradaic
processes that do not contribute to Pt oxide formation, such as Pt
corrosion, oxygen evolution and oxidation of impurities present in
the ionic liquid (purity of [Dema][TfO] ≥ 98wt%, see experimental
part). At elevated temperatures and high water concentrations, the Pt
oxidation current decreases. This effect could be explained by the
dilution of impurities and/or a reduced corrosion rate of Pt because of
a lower acid concentration, similar to the results reported by Furuya
et al.54

HUPD charge.—Fig. 8 shows plots of the total charge QT obtained
from the hydrogen desorption peaks vs. water concentration for tem-
peratures of 25◦C and 90◦C. The error bars indicate the mean standard
deviation of five calculations of QT for each water concentration. For
small water concentrations, the increase of QT can be roughly ap-
proximated by a linear function, similar to the result shown in Fig.
5. However, at medium water contents of up to 40–50 wt%, both
curves show asymptotic behavior, with limiting values clearly below
the charge of 210 μC cm−2 which corresponds to a monolayer of
hydrogen. This means that in contrast to [2-Sema][TfO], the forma-
tion and oxidation of molecular hydrogen seems to be less important.
Otherwise, much higher charge densities would be obtained (com-
pare, e.g., Fig. 5). However, at water concentrations higher than 50
wt%, QT increases further and the ratio of the charges of adsorption
and desorption of hydrogen increase. Both results suggest a growing
influence of the oxidation of molecular hydrogen. This can be easily
explained by a lower coverage of ions in diluted aqueous solutions
and thus a less inhibiting effect of the HUPD processes.

The inset picture shows a comparison of the QT values at 90◦C and
low water concentrations for [2-Sema][TfO] (data taken from Fig. 5)
and [Dema][TfO]. It is evident that for a given water concentration

the HUPD charge in presence of [2-Sema][TfO] is significantly higher,
which means a faster HUPD process in presence of the strongly acidic
[2-Sema] cations (pKa = 0.94) compared to the weakly acidic [Dema]
cations (pKa = 10.55). The considerable increase of the HUPD charge
with increasing water content for both proton conducting ionic liquids
suggests that water plays a key role in the HUPD reaction, which, con-
versely, means that the cations of both ionic liquids do not (directly)
supply H+ for the HUPD reaction. Thus, reaction (3b) is less impor-
tant or even negligible. It should be kept in mind, that the residual
charge QT in water-free ionic liquids could be explained solely by
ion adsorption. Because the [Dema] cation is a much weaker pro-
ton donor than the [2-Sema] cation, the concentration of H3O+ in
[Dema][TfO]/water mixtures should be much lower than that in [2-
Sema][TfO]/water mixtures. If we assume, that reaction (3a) proceeds
much faster than reaction (3b), this would explain the higher HUPD

charge in [2-Sema][TfO]/water mixtures. Moreover, the stronger hy-
groscopicity of [2-Sema][TfO] compared to [Dema][TfO], including
a larger number of binding sites for forming hydrogen bridges, may
increase the water content of the double layer and thus support reaction
(3a). However, a detailed investigation of the double layer structure
including the water content has not been done so far and is beyond
the scope of this work.

The asymptotic QT value at water concentrations higher than 50
wt% and a temperature of 25◦C (127 μC cm−2) is about one third
higher than the value at 90◦C (95 μC cm−2). This tendency corre-
sponds to measurements carried out with diluted acid electrolytes.55,56

However, in the latter case the effect was found to be higher. For exam-
ple, Zolfaghari et al. found a similar decrease of QT of about 30% on
Pt(100) in 0.5 M H2SO4, but in a much smaller temperature range of
20 to 55◦C.55 They attributed their result to a temperature-dependent
decrease of HUPD and anion surface coverages due to lateral repulsive
interactions. In our case, the adsorption of both anions and cations
must be considered. The co-sorption of anions and cations would
probably decrease the lateral repulsive forces and reduce the effect of
temperature, as observed here.

A precise determination of small water concentrations in
[Dema][TfO] on the basis of the HUPD charge, especially at elevated
temperatures, appears to be difficult to achieve for the following rea-
sons: (i) weakly-pronounced hydrogen adsorption/desorption peaks
leading to large relative errors of QT; (ii) a complex overlap of hydro-
gen, anion and cation adsorption; (iii) an additional charge because of
the formation and oxidation of molecular hydrogen.

Onset potential of Pt oxidation.—Fig. 9 shows the onset potential
of Pt oxidation for [Dema][TfO]-water mixtures for temperatures of
25◦C and 90◦C. The exponential decay at low water concentrations
can be explained in the same way as that observed for [2-Sema][TfO]-
water mixtures (see Fig. 6). The inset picture demonstrates that a vari-
ation of the current density chosen for the determination of the onset
potential obviously changes the calibration (exponential fit) curves
quantitatively, but the shape remains the same. At high water con-
centrations of > 90 wt%, the onset potential decreases more quickly,
leading to s-shaped curves over the entire concentration range of the
water. The quick decrease in the onset potential can be interpreted
by a decrease in ion coverage and corresponding increase in water
coverage on the Pt surface. This interpretation is supported by results
obtained by Zolfaghari et al.57 For aqueous sulfuric acid, they found
a saturation coverage for the adsorption of HSO4

− und SO4
2− ions

between 0.001-0.01 M H2SO4. For [Dema][TfO]-water electrolytes,
these values correspond to water concentrations of about 99.5-95
wt%. This means that, starting from the highest water concentration,
the coverage of [Dema] and [TfO] ions follows the increasing bulk
ion concentration when the water concentration decreases. At water
contents lower than 90 wt%, the saturation coverage of both the ions
and water molecules is achieved and the onset potential increases
only slightly in a broad range of water concentration in which water
is present. If the water content falls below 20 wt% (77 mol%), the
ion and water concentrations have the same order of magnitude and
the water coverage depends on the bulk water concentration, i.e., it
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Figure 9. Onset potential of Pt oxidation at 50 μA cm−2, calculated from
CVs partly shown in Fig. 7; inset picture shows onset potentials at different
current densities and low water concentrations (T = 90◦C).

exponentially decreases. Correspondingly, the onset potential starts
to increase exponentially. The lower onset potential of Pt oxidation
for 90◦C compared to the values at 25◦C indicates that the Pt oxida-
tion/reduction process becomes more reversible as the temperature is
increased.

On the whole, it can be stated that the method of onset potential of
Pt oxidation seems to be especially sensitive in the range of low water
contents, where the onset potential changes significantly, i.e., cH2O

< 2 wt% for [2SEMA][TfO] and cH2O < 10 wt% for [Dema][TfO].
For the example of [Dema][TfO]-water mixtures, it was shown that
in a broad range of water concentration (≈ 10–90 wt%), the onset
potential changes only slightly. Here, the method seems to be less
sensitive and thus more inaccurate.

Charge of PtOx reduction.—The charge of PtOx reduction in
[Dema][TfO]-water electrolytes is shown in Fig. 10. Unlike the linear
plot in Fig. 6, the water concentration is shown on a logarithmic scale.
This representation makes it easier to recognize the two steps that are
obtained at an elevated temperature of 90◦C, whereas at 25◦C, only
one step is observed. The interpretation of the first step and corre-
sponding limiting charge calculated by asymptotic fits is similar to

Figure 10. PtOx reduction charge, calculated from CVs partly shown in
Fig. 7.

that described for the Pt oxide layers formed in the presence of [2-
Sema][TfO]: a monolayer of Pt oxide is generated, corresponding to
a limiting charge of about 500 μC cm−2. These values are reached at
≈ 10 wt% (90◦C) and ≈ 100 wt% (25◦C) of water concentration, i.e.,
two and twenty times higher than the value of about 5 wt% in case of
[2-Sema][TfO]. This result fits very well to the observation that higher
bulk water concentrations are required in the case of [Dema][TfO] to
obtain similar effects.

For [Dema][TfO]-water electrolytes at 90◦C and high water con-
centrations, a second step occurs that corresponds to a limiting re-
duction charge of approximately 700 μC cm−2. This result suggests
further growth of the oxide film, exceeding one monolayer. Walsh
et al.43 studied the system Pt / [Dema][TfO] and found multiple
layers of oxides at elevated temperatures. Unlike our own measure-
ments, these multilayers were observed even at trace water contents
of 240 ppm; however, at a much higher potential limit of 2 V (in this
work: 1.6 V). Obviously, additional activation energy is required to
form 3D layers of Pt oxide. At the same time, a sufficient concentra-
tion of bulk water must be available near the Pt surface to generate
sufficiently high coverages of water.

Another aspect is the influence of the cations and the anions on
the PtOx formation and reduction. With increasing bulk ion concen-
tration, the ion coverage should increase, while the coverage of water
molecules should decrease, leading to the lower coverage of oxide
species and to a thinner PtOx film, respectively. However, according
to Furuya et al.,54 anions like CF3SO3

−, HSO4
− and SO4

2− more or
less completely desorb when PtOx is formed. Nevertheless, even the
desorbed ions have an indirect influence on oxide formation, in partic-
ular on place-exchange processes, because they change the electrical
field in the double layer and/or oxide film (‘long-range electrostatic
interactions’).58 Such an effect could also be caused by [Dema] cations
and [TfO] anions. The question of how exactly these ions would affect
the electrical field cannot be answered on the basis of what has been
discussed so far and should be subject to further investigation.

The high sensitivity of the PtOx reduction charge with regard to
small changes in the low water contents may be used to precisely
determine small concentrations of residual water or even trace water.
It is reasonable to assume that this applies not only to [2-Sema][TfO]
and [Dema][TfO] in particular, but also to ionic liquids in general.
Alongside the high sensitivity at low water concentrations, the analysis
of the PtOx reduction charge offers some further advantages compared
to the other methods: (i) because water molecules are mandatory for
Pt oxidation, the fit curves always start at the origin, which improves
the accuracy of the fitting procedure; (ii) in contrast to the calculation
of the HUPD charge at constant lower potential limit, the full PtOx

reduction charge is always determined from cyclic voltammograms;
(iii) provided that the ionic liquid is chemically-stable and there is no
significant oxygen evolution, there is no overlap of disturbing charges
originating from faradaic reactions.

Conclusions

The vast majority of proton-conducting ionic liquids (PILs) are
strongly hygroscopic electrolytes which, depending on the difference
of water vapor partial pressure over the ionic liquid and ambient air,
absorb or release water during electrochemical experiments. Because
the water content has a significant influence on the physico-chemical
properties of PILs, knowledge of the actual water concentration is
essential. For practical reasons, simple, common in situ methods such
as conductivity measurements and cyclic voltammetry are preferred.

The goal of this work was to prove the applicability of these tech-
niques. The accuracy of the methods is discussed on a qualitative level.
Quantitative data regarding the precision of the methods would require
further studies, including a larger number of ionic liquids. However,
in order to cover a wider range of physico-chemical properties, we
used two PILs with very different acidities and hygroscopicities: the
[2-Sema] cation of [2-Sema][TfO], a novel PIL recently published,48

is much more acidic and hygroscopic compared to the [Dema] cation
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of [Dema][TfO], a PIL that is well-known from the literature (see e.g.
Lee et al.20).

The measurement of specific ion conductivity, σ, is the quickest
and easiest method for determining the water concentration in situ. In
the best case, a single frequency impedance measurement for only a
few seconds is sufficient to determine the specific ion conductivity and
thus the actual water concentration. Moreover, the semi-logarithmic
plot of σ vs. water concentration can be well-approximated by a linear
calibration curve. However, because of the exponential increase of
σ with the water concentration, the smallest change in specific ion
conductivity and thus the lowest accuracy will be obtained at very
small water concentrations.

By contrast, the recording and analysis of cyclic voltammograms
is more time-consuming, but the evaluated parameters are especially
sensitive to low water concentrations. The plots of the charge of hydro-
gen oxidation, the charge of Pt oxide reduction and the onset potential
of Pt oxidation can be well approximated by asymptotic and/or expo-
nential functions. The most accurate results should be obtained by the
evaluation of the PtOx reduction peak. Unlike the charge of hydrogen
oxidation and the onset potential of Pt oxidation, the fit curves always
start at the origin. Further advantages over the charge of hydrogen
oxidation include: (i) determination of the full PtOx reduction charge;
and (ii) no overlap of disturbing charges due to faradaic processes.

The accuracy of the determination of the water concentration also
depends on the nature of the ionic liquid. This becomes particularly
evident at water contents lower than 1 wt%: for [2-Sema][TfO], pro-
nounced PtOx reduction peaks are observed, whereas in the case of
[Dema][TfO], the reduction peaks appear less significant. Moreover,
the biggest change of the PtOx reduction charge occurs below 10 wt%
in the case of [Dema][TfO], but below 2 wt% for [2-Sema][TfO].
Both effects result in a higher accuracy of determination of small
water concentrations for [2-Sema][TfO]. The results suggest that in
the presence of strongly hygroscopic PILs like [2-Sema][TfO], which
have the potential to form extensive hydrogen-bonded networks, wa-
ter coverage on the Pt surface seems to be higher and the oxidation
of Pt less inhibited. In any case, the results obtained so far indicate
different double layer structures in the presence of [2-Sema][TfO] and
[Dema][TfO], a topic that requires further study.

In conclusion, it can be stated that the measurement of specific ion
conductivity is the most favorable in situ method over a wide range
of water concentrations, but is not very accurate with small amounts
of water. In the latter case, the evaluation of cyclic voltammograms,
especially the analysis of the PtOx reduction peak, is the method of
choice. However, the significance of the reduction peaks at small wa-
ter concentrations also depends on the nature of the ionic liquid. A
combination of the methods presented in this work would further im-
prove the accuracy of the in situ determination of water concentrations
in ionic liquids.
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