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Trace detection of oxygen – ionic liquids in gas sensor design
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a b s t r a c t

This paper presents a novel electrochemical membrane sensor on basis of ionic liquids for trace analysis
of oxygen in gaseous atmospheres. The faradaic response currents for the reduction of oxygen which
were obtained by multiple-potential-step-chronoamperometry could be used for real time detection of
oxygen down to concentrations of 30 ppm. The theoretical limit of detection was 5 ppm. The simple,
non-expensive sensors varied in electrolyte composition and demonstrated a high sensitivity, a rapid
response time and an excellent reproducibility at room temperature. Some of them were continuously
used for at least one week and first results promise good long term stability. Voltammetric, impedance
and oxygen detection studies at temperatures up to 200 1C (in the presence and absence of humidity and
CO2) revealed also the limitations of certain ionic liquids for some electrochemical high temperature
applications.

Application areas of the developed sensors are control and analysis processes of non oxidative and
oxygen free atmospheres.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

A highly sensitive oxygen sensor is a key parameter of many
process-control systems. They are needed to monitor flammable or
explosive gas mixtures, to control strictly inert gas atmospheres in
semiconductor, nuclear or life science industries as well as to
ensure efficient combustion. In the latter case, they must be able to
operate at different elevated temperatures. Gas sensors in general
very often measure the change of resistance of a metal oxide
surface or they work as field effect transistors [1–8]. As the surface
conductivity is influenced not only by temperature but easily by
several gases these sensors often need an analyte separation and,
hence, serve as gas detectors e.g. in gas chromatography devices.
Another popular metal oxide sensor is the oxygen sensitive
lambda sensor. Its working temperature is, however, in the range
of several hundred centigrades and should be kept at a constant
level. An alternative to measure the oxygen content of some gas at
lower temperatures is the Clark electrode. Yet, the temperature
range of this sensor is fixed between 0 and 100 1C because of the
aqueous electrolyte.

Ionic liquids (IL), ionic compounds that have melting points of
100 1C or below, show a high chemical stability, a relatively wide
potential window and a good ionic conductivity. Furthermore, they
have a negligible vapour pressure even at elevated temperatures, as
a result of which they are considered to be uninflammable (for a
ll rights reserved.
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review see Ref. [9–11]). Hence, in electrochemistry ILs have been
assesed as an interesting, save and temperature stable electrolyte over
the last decade. Moreover, specific gas solubilities of ILs are different
from liquid to liquid. In comparison to the classical Clark electrode, it
is on account of the great number of cations and anions that ILs
suggest great promise for an improvement of sensor selectivity and
reduction of any cross-sensitivities (apart from an enhanced applic-
ability at higher temperatures because of the thermal stability of
the ILs).

A number of papers have been published within the recent
years describing diffusion, solubility and general electrochemical
behaviour of oxygen in different ILs [12–26]. The electrochemical
investigations went hand in hand with the development and
characterisation of potential oxygen sensors using ILs as electro-
lyte and microdisk electrodes [13,14], classical membrane [27] or
membrane free [28–30] designs. Wang et al. elucidated the strong
influence of water on a IL-membrane sensor and used steady state
as well as transient currents for evaluating different sorts of
calibration plots [31,32]. Another oxygen sensitive amperometric
IL-sensor which based on the principles of the Clark electrode was
presented by Wang et al. [27] Most measurements were per-
formed at room temperature between 10 and 100 vol% oxygen. (Jin
et al. presented a rare high-temperature sensor to detect organic
vapours, by depositing thin IL-films on a quartz crystal micro-
balance and relating weight dependent frequency changes to
dissolution of the vapours into the IL [33].)

The Clark type sensor showed a limit of detection of 0.28 vol%,
but to our knowledge there have not been any voltammetric
quantifications in the ppm-range and/or at elevated temperatures.
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The general idea of this paper is to use temperature-stable and
non-volatile ionic liquids as electrolytes in order to develop an
oxygen sensor for application in the range of ppm concentrations
which might be also able to measure in temperature ranges greater
than 100 1C.
2. Experimental

2.1. Reagents

The following ILs were purchased from Iolitec, Germany: 1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM
NTf2), 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide (HMIM NTf2), 1-methyl-3-octylimidazolium bis(trifluoro-
methylsulfonyl)imide (OMIM NTf2) and trihexyl-(tetradecyl)
phosphonium bis(trifluoromethylsulfonyl)imide (P6,6,6,14 NTf2).
1-Hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluoropho-
sphate (HMIM FAP), 1-ethyl-3-methylimidazolium tetracyanoborate
(EMIM TCB), 1-butyl-3-methylimidazolium tetracyanoborate (BMIM
TCB) and 1-hexyl-3-methylimidazolium tetracyanoborate (HMIM
TCB) were produced by the Merck Company, Germany. All chemicals
were used without further purification (specification of the supplier:
water (KF)o100 ppm, halideso100 ppm). Sulphuric acid was pur-
chased from Roth, Germany, and diluted using Milli-Q water.

2.2. Electrochemical system

Cyclic voltammograms (CVs) were recorded on a VMP 3 (BioLogic)
instrument using a standard three electrode cell comprised of a glassy
carbon (GC) electrode (Metrohm) as working electrode, Pt-wire as
counter electrode and a Pt or a silverchloride covered Ag-wire as quasi
reference electrode. In case of using Pt-working electrodes, the work-
ing electrode was a Pt-disk sealed in soft glass (0.5 mm diameter).
A Pt-wire, wrapped around the glass of the working electrode, was
used as the counter-electrode [34]. The working electrode was
polished with 6, 1 and 0.5 μm diamond paste (Buehler) and activated
by potential cycling in 0.5 mol/L sulphuric acid. The conductivities of
the ionic liquids were measured by the standard complex impedance
method, using the same VMP 3 potentiostat in the frequency range
from 0.5 Hz to 60 kHz. A conventional sealed diptype electrode
(Metrohm, Germany) was employed. The cell constants were about
0.8 cm�1, calibrated with a 0.1 mM KCl aqueous solution. Voltam-
metric and impedance measurements were made during controlled
slow heating from 20 to 220 1C in a classical electrochemical cell under
a blanket of argon or, if mentioned, in an argon-filled glove box (Braun,
O2 and H2Oo5 ppm) in Ar-atmosphere.

2.3. Sensor preparation

The sandwich type membrane gas sensor consisted of two
different alumina microfiltration membranes (Kerafol, poredia-
meter: 80 nm, thickness: 2 mm and Innocermic, porediameter:
400 nm, thickness: 1 mm, d50: 3 μm) separated by a Pt or Au
working electrode respectively, a counter and reference electrode
of the same metal (see Fig. 1). All electrodes were made of 99.99%
metal foils (1.5�15.0�0.025 mm, Goodfellow, UK) or flattened
Fig. 1. Schematic drawing of a typical membrane sensor. WE: working electrode;
RE: reference electrode; CE: counter electrode.
metal wires of a diameter of 0.5 mm. The less than millimeter-
sized gap between the two membranes was filled with electrolyte
after fixation of the membrane-electrode arrangement by chemi-
cal inert glass colour (Wolbring, Germany), which was baked at
700 1C for 15 min.

2.4. Apparatus

The sensor was fixed in a ½″ tube of stainless steel acting as test
chamber inside a tube furnace (Horst, Germany). Mass flow
controllers by MKS Instruments Deutschland GmbH, Germany,
maintained a constant and controlled gas release and adjusted
defined gas concentrations. They were connected with the test
chamber by means of ¼″ tubings of stainless steel (Swagelog,
Germany) which were heated by heating bands (Mohr & Co.,
Germany). A controlled humidification was allowed by an alter-
native bypass through a membrane gas humidifier (Perma Pure,
MH-070, 48″ by Ansyco, Germany). The gas stream (argon 5.0
(carrier gas); oxygen 6.0 and CO2 4.5 by Westfalen, Germany) was
finally lead into a wash bottle filled with silicone oil in order to
prevent gas getting into the device from outside. The gas composi-
tion was controlled online by a mass spectrometer (Pfeiffer, QMG
700, Germany) referring all signals to the main signal of the carrier
gas.
3. Results and discussion

3.1. Electrochemical and thermal characterisation

Many ILs are hygroscopic. As the electrolyte of a sensor is in
permanent equilibration with the surrounding humidity, swelling
and, therefore, leaking effects could be the consequence. Further-
more, absorbed moisture changes the electrochemical window
and the viscosity of the IL, which in turn affects the diffusional
transport and results in irreproducible currents [14]. Hence,
hydrophobic ILs containing NTf2, TCB or FAP anions, which tend
to be highly fluid, thermal and hydrolytic stable [35–39] are
promising electrolyte candidates.

Electrochemical stability of several ILs was determined using
cyclic voltammetry at Pt-electrodes vs. Pt-quasi reference elec-
trode (Pt-QRE) in a temperature range between 20 1C and 220 1C.
The scans were always recorded first in anodic direction. Fig. 2
shows the dependency of the potential window of OMIM NTf2 on
the temperature. In comparison to cyclic voltammograms (CVs) of
the same IL recorded at GC electrodes (see Fig. 2a) the correspond-
ing CVs recorded at Pt-electrodes (Fig. 2b) show a smaller
potential window especially at elevated temperatures. At 120 1C,
the electrochemical window showed a range of 2.65 V using Pt-
electrodes and 3.88 V using GC electrodes. As the irreversible
reduction of the organic cations is apparently promoted at higher
temperatures, the cathodic limit decreases at both the GC and Pt-
electrodes. On the other hand, the anodic limit, at which a
decomposition of the anions is generally observed, remains rather
stable at the GC but decreases at the Pt-electrodes. (A good part of
literature concerning oxygen reduction in ILs is based upon
measurements by means of GC electrodes. Therefore, the herewith
presented results offer a good possibility to compare the totally
different properties of these two electrode materials with each
other and with literature data. However, as fixation and luting of
the sensor were conducted by means of chemically inert glass
colour at temperatures of several hundred degrees centigrade, it
was not possible to use GC as sensor electrode material.)

A general trend of a smaller potential window at higher
temperatures could be observed in all ILs. Moreover, it could be
confirmed that the electrochemical window is strongly affected by



N. Baltes et al. / Talanta 116 (2013) 474–481476
impurities [40] especially water [41–44]. Additional peaks and
shoulders appearing in the CV at higher temperatures as well as
brownish films on top of the electrode surface indicate that many
ILs start to react irreversibly at Pt-electrodes, especially in the
presence of traces of water. Owing to this a series of CVs at
different temperatures might become hardly reproducible without
purification of the electrode and the IL.

Conductivity measurements between 20 and 220 1C (presented
in Fig. A in the additional information) show a drastic (10-fold)
enhancement of the conductivity. Especially the ILs consisting of
the small TCB anion are characterised by a comparatively high
conductivity (EMIM-TCB: 20–220 1C; 10–130 mS cm�1).

Hence, it has to be considered from case to case, in dependency
on the temperature, the electrochemical window, the electrode
material and the redox potential of the analyte which IL might be
most suitable to serve as electrolyte under the given circum-
stances. Here, basic studies were performed using HMIM FAP,
EMIM TCB, EMIM NTf2 and P6,6,6,14 NTf2, since they all showed no
noticeable voltammetric features in the absence of oxygen when
fully purged under vacuum.

3.2. Oxygen detection

Several cyclic voltammetric experiments dealing with oxygen
reduction in various ILs have already been described in literature.
They gave first informations about oxygen solubilities, diffusion
and charge transfer coefficients or activation energies for diffusion
of oxygen. Most of them have been performed by means of GC
electrodes in dry ILs after sparging with oxygen[16,45–47]. An
extensive comparison between experimental results at Pt, Au and
GC ultramicroelectrodes (UMEs) and theoretical data has been
carried out in Comptons group [15,21–24].

In such works, the UMEs as well as the reference electrode
were covered by an IL drop and positioned in a gas stream. The
limiting current measured at the UMEs showed a linear behaviour
in dependence of the concentration which was usually in the
range of 10–100 vol%.

In this paper we present measurements in the ppm range
obtained by a sandwich like membrane sensor containing either
Au-or Pt-electrodes. All sensors were handled under normal lab
conditions and finally enclosed in a gas pipe in order to measure in
gas streams of different compositions or temperatures.

Typical CVs recorded by means of an IL-membrane-sensor
differ very much from the classical CV obtained directly in the IL.
Diffusional transport through the membrane as well as the simple
Fig. 2. CVs in OMIM NTf2 recorded with (a) a GC and (b) a Pt-disk electrode under Ar
fact that the completely enclosed electrodes cannot be repolished
and purified after electrode poisoning reactions must be taken into
account. A common CV recorded in oxygen saturated HMIM FAP
by means of a classical, fresh polished Pt-electrode showed an
irreversible cathodic peak at �1.53 V which is caused by the
reduction of oxygen to superoxide as well as an anodic peak at
about �0.99 V (see Fig. B in the supplementary data). The peak
seperation of 540 mV is generally assigned to different diffusion
coefficients of the neutral oxygen species (fast diffusion) and the
charged superoxide anion (slow diffusion). This effect might be
particular noticeable in imidazolium ILs because of strong ion-
pairing between superoxide and imidazolium ions [21,23,25].

A corresponding CV obtained using a Pt-membrane-sensor
(filled with HMIM FAP) is exemplified in Fig. 3a. Here, the sensor
was placed in a gas stream of argon (dotted line) or a mixture of
argon and 0.1% oxygen (straight line). The beginning of an ill-
defined reduction wave, starting at �0.6 V was detected in the
presence of oxygen. In the absence of oxygen only a normal
background current of the ionic liquid is observed. The vertex
potentials were carefully chosen, in order to prevent any electrode
poisoning reactions since more negative potentials result in a
reductive decomposition of the IL. The (electro-)chemical irrever-
sibility of the O2/O2

� couple can be attributed to trace impurities
[13,45], to a reaction of the IL-cations with the superoxide radicals
leading to the corresponding imidazolone [47] (or phosphorus
ylide [24] in case of phosphonium cations) or to electrochemical
(thermal) decomposition products [48] in the IL that may react
with the freshly generated superoxide.

Fig. 3b shows multiple-potential-step-chronoamperometric
(MPSC) measurements at different oxygen concentrations. The
Pt-sensor-electrode was alternately polarised at 0 V, a potential
corresponding to the passage of no Faradaic current (data not
shown), and �1.35 V, a potential appropriate to reduce oxygen but
not sufficiently negative to poison the electrode. Obviously, the
absolute reducing current depends strongly on the amount of
oxygen in the gas stream. The sensor showed a response time
between 15 and 20 se when switching between the different
oxygen concentrations (see also Fig. C in the additional informa-
tions. The first sharp peak in Fig. C is assigned to the adjustment of
the mass flow controllers. We further assume that the transition
between the first and the second (final) current plateau arise
because of the developing steady state diffusion current).

Fig. 4a is another demonstration for the correlation of the oxygen
concentration of the gas stream and the absolute reducing currents
which were measured by an Au-membrane-sensor filled with HMIM
atmosphere. The active radius was 1 mm and 0.25 mm, respectively, v- 50 mV/s.



Fig. 4. (a) Current values of a MPSC measurement recorded 20 s after the electrode potential was stepped to an oxygen reducing potential (see circular markings in Fig. 3b) in
dependency of the time. The currents were measured by means of an Au-membrane-sensor. (a) T: 29 1C; E1¼0 V (20 s); E2¼�1.35 V (20 s) vs. Au-QRE; sensor electrolyte:
HMIM FAP. Pre-adjusted oxygen concentration in ppm: (A) 40; (B) 60; (C) 80; (D) 120; (E) 160; (F) 200 and (G) 400. Argon flow rate: 5 L/min. (b) Calibration plot: each
datapoint represents the mean average of 20–40 measured values shown in (a) in dependency of the oxygen concentration. The error bars express the standard deviation
and the straight lines the corresponding theoretical fits. Data were collected from continuous MPSC measurements in varying ppm concentrations of oxygen.

Fig. 3. (a) CVs of a Pt-membrane-sensor (T: 25 1C; sensor electrolyte: HMIM FAP; argon flow rate: 5 L/min) at different oxygen concentrations: 0% oxygen (dotted line) and
0.1% oxygen (straight line). v- 50 mV/s. (b) Chronoamperometrical sensor responses measured at different oxygen concentrations. Same experimental conditions as in (a).
The electrode potential was alternately set to E1¼0 V (20 s, current data not shown) and E2¼�1.35 V (20 s) vs. Pt-QRE. The circles indicate the current values used for the
MPSC measurements presented hereafter.
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FAP at room temperature. Here, only the current values recorded 20 s
after a negative potential step are plotted against the total time of the
experiment while changing the oxygen concentration stepwise from
40 to 400 ppm (and vice versa).

Regardless of the different heterogeneous rate constants of the
oxygen reduction at gold or platinum electrodes, [22,23,49] there
is not a considerable difference between the results of both sorts
of sensors. Both electrode materials show a similar dependency
between reductive current and oxygen concentration while a too
strong polarisation leads to the same poisoning effects. Except of a
slight hysteresis the sensor showed reproducible results after
several cycles of increasing/decreasing the oxygen concentration.
The scattering of the currents in Fig. 4a was indeed so small that
the standard deviation of the mean of the currents related to the
oxygen content for the time being was negligible. Hence, the
resulting calibration plot in Fig. 4b demonstrates excellent sensi-
tivity of the IL-membrane-sensor sufficient for practical use at
ambient temperature. As could be expected, it was not linear
because the interactions between solvent, electrode surface and
redox active species (resulting in possible follow up reactions)
change slightly with the analyte concentration, especially in
ranges of mere traces of oxygen. The corresponding limit of
detection (LOD) for oxygen, based on a signal three times greater
than that of the baseline noise (0.005 μA), was 30 ppm. The
exponential fit of the calibration has the following equation:

IredðmAÞ ¼�0:225mAþ 0:130 expf�0:0038CðO2Þg

where C(O2) is the concentration of oxygen (in ppm) in oxygen–
argon mixture gas. Fig. D in the additional informations shows
another MPSC measurement at room temperature of an Au-
membrane-sensor filled with EMIM TCB (including calibration
plot). Here, the LOD was 5 ppm (baseline noise: 0.01 μA).
3.3. Cross sensitivity – H2O

The reduction of oxygen starts with a one-electron transfer
resulting in a superoxide radical anion:

O2 þ e�⇌O2
� ð2Þ
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Savéant et al. described thoroughly several reaction paths of
superoxide radical anions reacting with possible Broenstedt acids
(including protic solvents). According to their theoretical studies in
organic solvents they suggested a subsequent disproportionation
mechanism yielding hydrogen peroxide via a two-electron transfer
[50].

O2 þ 2e� þ 2HA⇌H2O2 þ 2A� ð3Þ
As previously reported, the mechanism for the reaction of

superoxide in ILs in the presence of slight protic impurities and/
or water is thought to proceed in the same way. [24,25,45] As the
overall reaction mechanism changes from a one to a two-electron
transfer, the cathodic peak current is consequently expected to be
larger in the presence of water than that under dry conditions. It
has to be considered, however, that water affects the properties of
ILs in several ways, resulting in a reduction of the electrochemical
window, a decreasing viscosity and an enhancement of the mass
transport of analyte to the electrode surface [51]. Hence, it is not
only the mechanism of the oxygen reduction which changes in the
presence of water, but also the diffusion coefficients of the
participating species. Taking into account any possible side reac-
tions of the superoxide with the cations of the IL itself it is not
surprising that the reductive currents might become hardly
reproducible in the presence of water [31,32,45].

Fig. 5a shows CVs of a Pt-electrode in HMIM FAP in a dry and a
water saturated oxygen atmosphere. As expected the cathodic
peak current increased nearly twice in the humid oxygen atmo-
sphere. The peak observed on the reverse scan may be attributed
to the reoxidation of either HO2 or H2O2. Analogue MPSC experi-
ments of an Au-membrane-sensor filled with HMIM FAP in
humidified argon–oxygen atmosphere are presented in Fig. 5b.
Here, too, the oxygen dependent faradaic response current
increased in the presence of humidity. It is not obvious, however,
that the currents became less reproducible at the same time. So
far, it was not possible to work with a membrane-sensor under
humid conditions for more than two days.

3.4. Cross sensitivity – CO2

Electrochemical reactions in ILs can be strongly influenced by
CO2. Barosse-Antle et al. demonstrated successfully that the mere
presence of CO2 is sufficient to decrease the diffusional and
rotational activation energy of ferrocene in EMIM NTf2 (resulting
in an enhancement of the oxidation current of 110%) [52]. Indeed,
Fig. 5. (a) CVs of a Pt-disk electrode (r: 0.25 mm) in HMIM FAP under a blanket of dry oxy
(b) Current values of a MPSCmeasurement in dependency of the time (experimental conditio
of different humidities. T: 23 1C.
the impact of CO2 on the oxygen reduction depends strongly on
the temperature, the concentration of oxygen and CO2 as well as
on the IL serving as electrolyte.

Fig. 6a presents CVs of a Pt-electrode in HMIM FAP under a
blanket of argon (dotted line), oxygen–argon (50:50, dashed line)
and oxygen-CO2 (50:50, straight line). Meanwhile the CV indicated
an irreversible one electron transfer in the presence of argon and
oxygen according to Eq. (2), the mechanism changed completely in
the presence of CO2. Here, the cathodic peak current values
increased twice, whereas the anodic peak vanished completely.
It is commonly accepted that this behaviour can be explained by
switching from the one electron reduction of oxygen to the overall
two electron process for the reaction of superoxide with CO2 [53].

O2 þ 2e� þ CO2⇌C2O
2�
6 ð4Þ

Depending on the IL, Buzzeo et al. suggested an ECE or a
disproportionation mechanism, i.e. the electrogenerated superoxide
anion reacts with CO2 [49]. Chemical follow-up reactions of the
resulting CO4 radical anion with CO2 and superoxide (yielding
peroxodicarbonate) finally lead to an encreased number of trans-
ferred electrons accompanied by an irreversible reaction mechanism.

Fig. 6b is another demonstration of a MPSC experiment using
an Au-membrane-sensor filled with HMIM FAP. Again, the sensor
reply was stable and reproducible in the absence of CO2 (first and
second variation cycle). Switching the oxygen concentration in the
presence of 2800 ppm CO2 altered the situation distinctly, i.e. the
reductive currents increased in accordance with the CVs shown in
Fig. 6a and a strong hysteresis appeared.

An influence of CO2 upon any oxygen reducing currents was
also noticed using Pt-sensor-electrodes. Fig. E in the supplemen-
tary data shows MPSC results of a Pt-membrane-sensor filled with
EMIM NTf2. Analogue to Fig. 6b any variation of the oxygen
concentration in the absence of CO2 resulted once more in a
reproducible and strictly oxygen dependent current signal. As soon
as the carrier gas contained even mere traces of CO2 the current
augmented drastically. Changing the CO2 concentration from 180
to 2800 ppm (at a constant oxygen concentration of 40 ppm),
however, did not alter the current noticeably and resulted in a
constant current plateau.

Whereas the oxygen reduction is distinctly influenced by humid-
ity and CO2 because of changes of the solvents properties as well as
the reaction mechanism, further complications are to be anticipated
in the presence of hydrogen sulphide and sulphur dioxide owing to a
gen (dotted line) and of water saturated oxygen (straight line); T: 25 1C; v- 350 mV/s.
ns and oxygen concentrations see Fig. 4a). The currents were measured in a gas stream



Fig. 6. (a) CVs of a Pt-disk electrode (r: 0.25 mm) in HMIM FAP under a blanket of argon (dotted line), of oxygen:argon 50:50 (dashed line) and of oxygen:CO2 50:50 (straight
line); v- 50 mV/s, T: 22 1C. (b) Current values of a MPSC measurement in dependency of the time (experimental conditions see Fig. 4a). The variation of the oxygen content
started in the absence of CO2 (first and second variation cycle). The final variation cycle was recorded under the same conditions as cycle one and two in the presence of
2800 ppm CO2.

Fig. 7. Current values of a MPSC measurement in dependency of the time (see
Fig. 4) – recorded over a period of 8 days. The currents were measured by means of
a Pt-membrane-sensor. T: 23 1C; E1¼0 V (20 s); E2¼-1.35 V (20 s); sensor electro-
lyte: EMIM NTf2. Black line: current of the EMIM NTf2 membrane-sensor,
x-symbols: signal of a controlling mass spectrometer.
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similar redox potential of these two analytes and oxygen itself
[54–56]. Up to now no satisfactory solution can be offered to exclude
these cross sensitivities.

3.5. Long-term behaviour

A closer look at Fig. 4a reveals a very slight drift of the sensor
signal. Such a drift appears occasionally if the sensor was not
polarised long enough. Most of the times, it took the sensor
electrodes about 18 h to reach a constant state of electrochemical
equilibrium (because of adsorption layers, traces of oxygen in the
membrane etc.) so that the values of the current signal remained
constant. Long-time investigations, however, look positively
encouraging. The black line in Fig. 7 represents the reducing
currents recorded over a week in a MPSC experiment by the same
sensor which was used in Fig. E (supplementary data). A corre-
sponding current reply of the secondary electron multiplier of a
reference mass spectrometer (MS) is displayed by a line of
x-symbols. The IL-sensor current agreed well with the MS-
control signal confirming the pre-adjusted gas contents. It shows
a constant oxygen concentration of 193725 ppm (set point:
160 ppm) interrupted three times by a concentration shift towards
71716, 113711 and 71716 ppm (set points: 80, 120 and
80 ppm). An analogue positive shift of the upper concentration
can also be found in the MS data. A reason for such a deviation
might be a lower flow rate of the carrier gas (1 L/min) which
enables an intrusion of traces of oxygen. Nevertheless, the sensor
signal turned out to be rather stable apart from three bulges after
increasing the oxygen concentration which look like a temporal
damping effect. Moreover, both signals show periodical deviations
over the first 5 days. This can be explained easily by the night
and day oscillations of the surrounding temperature (which
influences the IL's conductivity and the pressure in the gas mixing
device) and is another hint for the strong sensitivity of the IL-
membrane-sensor.

3.6. Thermal behaviour

Meanwhile the sensor signal for any sensor filled with EMIM
NTf2, EMIM TCB and HMIM FAP was rather reproducible at room
temperature, the situation changed completely using P6,6,6,14 NTf2
as electrolyte. Because of the thermal stability at higher tempera-
tures of the phosphonium IL, latter would have been an extremely
interesting candidate for high temperature applications. We
assume a high viscosity and an apparent disadvantageous wetting
behaviour being responsible for very low sensor currents, which
were extremely susceptible for electrical noise – even at room
temperature.

Fig. F in the supporting data shows the results of an MPSC
measurement at 126 1C obtained by the same HMIM FAP filled
sensor used for the measurement presented in Fig. 4a. Again, the
sensor current depends strongly on the oxygen concentration. As
the viscosity decreases at elevated temperatures the absolute
currents are slightly higher compared to those measured at room
temperature. Voltammographic measurements of the sensor at
room temperature and 126 1C (data not shown) showed a slight
positive shift of the reduction potentials which is most likely due
to a faster kinetics at elevated temperatures. The MPSC measure-
ments were recorded, therefore, at �1.2 V (instead of �1.35 V like
at room temperature). Thus, the sensor potential should be
adjusted in dependence of the temperature in order to avoid a
falsification of the sensor results and a possible destruction of the



Fig. 8. Current values of a MPSC measurement of two Au-membrane-sensors in
dependency of the time (see Fig. 4a). Sensor electrolyte: HMIM FAP; same
experimental conditions as before. T: 163 1C; E1¼0 V (20 s); E2¼�0.9 V (20 s).
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IL. Furthermore, a characteristical hysteresis-behaviour made a
modelling of a calibration curve very difficult. Fig. 8 represents
analogue results obtained by another Au-membrane-sensor (filled
with HMIM FAP, too) at 163 1C. As the currents were easily affected
by electrical noise the results were smoothed using a percentile
Q.5 filter. If an alternating oxygen concentration is applied to the
sensor its reducing current traced out a loop again. An explanation
for such a hysteresis-behaviour might be surface reactions which
take place in particular at higher oxygen concentrations and
temperatures causing electrode poisoning reactions and passivat-
ing adlayers which apparently disappear when the oxygen con-
centration is decreased again.
4. Conclusion

We have successfully developed amperometric oxygen sensors
based on IL-supported ceramic membranes for trace analysis.
The sensors are easily constructed and yield a detection limit as
low as 5 ppm at 25 1C, a high sensitivity and a rapid response time.
The present IL-based sensors can be continuously used for at
least one week with the operation of multiple-potential-step-
chronoamperometry. At elevated temperatures, it was still possi-
ble to detect oxygen in the ppm range, but the sensors suffered
strongly from hysteresis and irreproducible behaviour – probably
because of electrode poisoning reactions.

Further investigations in the presence of humidity and CO2

proved significant but hardly predictable cross sensitivities, as a
result of which the sensor currents usually increased and became
less reproducible. Apparently, these interferences originate in a
mechanistic change of the oxygen reduction.

Electrochemical investigations of various ILs between 20 and
220 1C demonstrated a superior conductivity of TCB based ILs
compared to their NTf2 and FAP based analogues. Apart from the
conductivity, the potential window is of crucial importance,
though. Voltammetric characterisations in the same temperature
range underlined the catalytic activity of Pt-electrodes compared
to GC-electrodes and showed potential windows, all of which
tended to be very susceptible to temperature. According to these
results, the application of ILs (as sensor electrolytes) at elevated
temperatures is often limited and depends on the electrode
material, the gas solubility and the redox potential of the analyte
in question.

All in all, first investigations indicate that the new sensor-
concept can be applied to the trace analysis of oxygen (and
presumably other target gases) at room temperature under con-
sideration of possible cross sensitivities. High temperature appli-
cations, however, might require the development of new electrode
materials. Further research on this contribution would be of value
and is in hand.
Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.talanta.2013.07.001.
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