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According to recent findings, the steady shear viscosity of the ionic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([Emim][Tf2N]) decreases significantly under the influence of electric
potential. This implies a causal connection between nanoscale ordering at the electrified interface and a

macroscopic change of transport properties. To study this phenomenon in more detail, we reproduced
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the above-mentioned measurements; however, we find no evidence that the viscosity of [Emim][Tf2N] is
a function of electric potential. Additionally, our results show that steady shear measurements can lead to
artifacts that, at first glance, may appear to be potential-induced changes in viscosity. We demonstrate

that the artifacts result from a sliding electrical contact at the working electrode of the electrochemical
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1 Introduction

Room-temperature ionic liquids (IL) are molten salts consisting
of two or more ionic species. Due to a large number of possible
ion combinations, their physiochemical properties can be
tuned widely. Consequently, they are often seen as designer
solvents with an inherent potential to replace a variety of
ecologically harmful liquids; still, high biodegradability and
low ecotoxicity are yet to be demonstrated for most ILs."™
Research on ILs is currently conducted for various applications
such as batteries,”” gas sensing and capturing,®*'® metal
deposition'" and lubrication technology."* For these applications,
IL transport properties, ie., viscosity, diffusion coefficient and
thermal/electrical conductivity, are important selection criteria.
Thus, a major area of research is dedicated to designing and
predicting these properties,"*™® and their partial interdependence
has been demonstrated repeatedly.’”>" In consequence, controlling
one of these properties may provide the means to influence others -
and constitute a route towards in situ control of IL-based systems.
In theory, in situ changes of IL properties can result from
modifications of the ion orientation/distribution within the
bulk and/or at a solid-liquid interface,”” usually due to external
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cell and we suggest to consider our findings for future viscosity measurements of ionic liquids.

electric potential. The former is expected to influence the
transport properties of the liquid significantly; yet experimental
proof of potential-induced long-range ordering in the bulk
structure has not been reported so far.® In contrast to that,
ordering in close proximity to the solid-liquid interface has
been demonstrated in several empirical studies. Recently,
Hjalmarsson et al** have gained quantitative insights into
the composition of the electrical double layer at a charged
solid-liquid interface, and they show that the ratio of anions
and cations can be altered by a change in electric potential.
Before that, similar observations have been made by Hayes
et al.*®?*® and Mezger et al.,>’*® and a number of nanofriction
experiments further support their findings.>*!

Accordingly, potential-induced structuring of ILs at solid-
liquid interfaces is well documented in the literature. However,
a causal connection between the formation of nanoscale inter-
facial layers and a macroscopic change of transport properties
has been reported only recently. Based on experiments with
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([Emim][Tf2N]), Dold et al.** claim that external electric potential
can decrease the steady shear viscosity of [Emim][Tf2N] by as
much as 15 to 20%. They attribute their findings to a change in
flow behavior close to a charged surface of their cone-on-plate
rheometer, but they provide little detail on the process dynamics
and the repeatability of their measurements.

To investigate these aspects in more detail, we reproduced
the steady shear viscosity measurements by Dold et al.** Additionally,
we measured the complex viscosity of [Emim]|[Tf2N] in oscillation
mode, which allows for a reduction in calibration overhead
and measurement uncertainty. In the following, we present
our findings together with a discussion of the measurement
approach.
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Fig. 1 Chemical structure of [Emim][Tf2N].

2 Methods

2.1 Materials

IL of type [Emim][Tf2N] was bought from Ionic Liquids Technology
GmbH (IoLiTec) and was used as delivered. According to the
supplier, the IL’s purity is greater 99.9% and the water content
64 ppm. Fig. 1 shows the chemical structure of the IL. Mineral oil
of type Mineral Oil heavy by Sigma-Aldrich was used as a reference
to identify systematic errors in the test setup and procedure.

2.2 Experimental setup

The experimental setup was devised based on the system of
Dold et al.** A rheometer of type DHR3 manufactured by TA
Instruments was set up in a cone-on-plate viscometer configuration.
During the experiments, the rotating stainless steel plate (diameter
20 mm, cone angle 0°) was connected to a potentiostat and served
as the working electrode (WE) of the electrochemical system.
Counter (CE) and pseudo-reference (RE) electrode (both copper)
were located at the bottom plate of the rheometer. Detailed
information on the electrode design is provided in the ESL¥

Measurements were performed both in rotation and oscillation
mode. For the rotational measurements, Dold et al.>* provide no
information on the electrical connection to the rotating steel plate
(WE). Common technical solutions are sliding connectors as well
as conductive liquids, although the latter may pose challenges in
the context of IL.§ Thus, we contacted the WE using a sliding
stranded copper wire. For comparison, a single-strand steel wire
was used in later experiments. In oscillation mode, a single-strand
copper wire was statically attached to the WE (no sliding). Other
electrodes were contacted using soldering in both cases.

The electrical setup was driven by a CheapStat potentiostat.**
Control measurements were carried out using a homebuilt
potentiostat. The potential difference between WE and CE was
measured in situ using an Agilent 34420A Micro-Ohm Meter and
all potentials are stated as measured. The notation “WE = CE”
refers to the potential difference measured from WE to CE, i.e.,
the latter is connected to the ground potential. During the
experiments, all electric potentials were set to be within the
electrochemical window of the system.?” For polished electro-
des, the open circuit potential (OCP) was measured to be in the
order of 0.2 V.

Prior to all measurements, electrodes were cleaned with
acetone in an ultrasonic bath for 30 minutes, hand-cleaned
with 2-propanol and dried in air.

i See Table ESI-1} for a detailed comparison with the setup of Dold et al.
§ The electrical resistance of the conductive liquid would need to be small in
comparison to that of the IL.
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2.3 Experimental procedure, instrument readings

For the rotational measurements, a sample of liquid was applied
to the bottom plate of the rheometer and the top plate was
lowered to a gap height of 0.5 mm. Liquid was added/removed as
required until the transition between the liquid’s meniscus and
the top plate was found to be smooth. After that, the following
procedure was carried out at a shear rate of 300 s—* (largest plate
radius) and a bottom-plate temperature of 25 °C (room temperature
~ 22 °C): (1) measure initial dynamic viscosity #;,, at OCP in rotation
mode, (2) bring sliding wire in contact with rotating plate, (3) rotate
plate until the wire-induced friction torque reaches a steady-state
level, (4) measure dynamic viscosity at different electric potentials,
(5) detach sliding wire from plate, (6) measure dynamic viscosity
Nfin At OCP.

A comparison of steps (1) and (6) can reveal permanent
changes in viscosity that could be an indication of IL degradation
due to electric potential. Also, a drift of OCP between steps (1)
and (6) may indicate chemical reactions at one of the electrodes.

Step (3) is crucial to the accuracy of the measurements
because the setup only allows to measure a relative change in
viscosity. This is a consequence of the sliding electrical contact
to the WE that induces a friction torque on the rotating plate.
Since the viscosity is directly calculated from the torque T that
is required to rotate the plate,** T needs to be resolved into a
viscosity-induced factor T, and a friction-induced factor T in
order to correct for the wire friction - especially in the case of
low-viscosity liquids (T¢ >» T,). Hence, the dynamic (shear)
viscosity 7 is calculated as

2T -Ty) 2h(T,) .
T oA qoe 1T (1)

where & is the gap height between the plates, r is the plate
radius and  is the angular velocity of the plate. The uncorrected
measurement output of the instrument (the signal that contains
both T, and T) will be referred to as #° in the following; the
component of #° that can be attributed to the wire friction will be
referred to as the friction-torque-equivalent dynamic viscosity #;
and was in the order of 60 to 220 mPa s if not stated otherwise.

The wire-induced friction torque varies with time (due to
run-in), sliding speed and magnitude of normal (wire) force,
and it needs to be monitored continuously. Because of that, all
rotational measurements were carried out over a period of at
least 90 s and it was found that a timespan of around 3 min
should be given for the signal to return to a steady-state level
between consecutive test runs.

In case of the oscillation measurements, the small spring
force exerted by the electrical connection to the WE proved to
have negligible impact on the measured torque. Therefore, no
correction for wire-induced losses was required (3° = 1, 7y = 0),
which allows to omit step (3) of the above procedure and to
present the results as measured. Since the steady shear viscosity
cannot be measured in oscillation mode, the complex viscosity
n* was measured instead. The oscillation parameters were
chosen according to the Cox-Merz rule which is expected to
hold true for Newtonian fluids.*> Accordingly, it is assumed that
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n(7) = n*(w), where 7 and w are the (maximum) shear rate in
rotational mode and the angular frequency in oscillation mode.
The oscillation amplitude was ramped linearly to identify stable
operation points.

3 Results

3.1 Rotation measurements at open circuit potential

Table 1 shows the results for the initial and final viscosity
measurements (step (1) and (6), see above procedure) at OCP.
All measurements were repeated at least three times. As can be
seen, no persistent change in the dynamic viscosity is observed
between step (1) and (6), hence the signal shows no indication
for IL degradation or viscosity changes due to water uptake. The
measurement error can be attributed to slight fluctuations in
room temperature and meniscus geometry. Although our results
generally agree with literature®>*” and supplier data, we cannot
explain the wide discrepancy between our findings and those of
Dold et al.,*> who measured the dynamic viscosity of [Emim][Tf2N]
to be in the order of 600 mPa s - a difference of factor 18.

3.2 Rotation measurements with applied potential

As described above, a sample of [Emim][Tf2N] was applied to
the rheometer and the viscosity reading 7° was recorded under
the influence of electric potential. Depending on the sliding
wire material, the viscosity signal was allowed to stabilize
during an initial run-in period of varying duration.q Afterwards,
it can be seen that the application of negative electric potential
leads to a decrease in the viscosity reading ° (Fig. 2 and 3) that
is quickly recovered once the external potential is no longer
enforced (Fig. 3). The magnitude of change is found to be
positively correlated with the magnitude of negative potential,
and no change in the viscosity reading is observed for positive
potentials in the case of a copper wire sliding connection. One
measurement (see Fig. 3) shows a decrease in the viscosity
reading by up to 38 mPa s, which is greater than the viscosity of
[Emim][Tf2N] at OCP. This means that if the change in the
viscosity reading was caused by an actual change in liquid
viscosity, the viscosity of [Emim][Tf2N] would need to decrease
to a negative value once potential is applied.

In contrast to these observations, rotation measurements
with dielectric mineral oil show no effect of electric potential on
the viscosity reading in the range of £1650 mV.

Additional sample measurements of the relationship between
electric potential and current indicate that the system behaves
like an IL double-layer capacitor in the case of [Emim][Tf2N].>*
Measurements of the electric current at the sliding wire con-
nection show an initial peak current (in the order of =1 mA)
once potential of £1650 mV is applied. After that, a slow
current decay to a constant value (about +£0.05 mA) is observed,
which we assume to be caused by interface relaxation processes
and Faradaic currents as reported by Zeng et al.*® for other ILs with
imidazolium cations and bis(trifluoromethylsulfonyl)imide anions.

9 See Section 4.2 for more information on the effect of run-in time and sliding
wire material.
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Table 1 Results of initial () and final (ng,) viscosity measurements at
25 °C and OCP compared to literature data (). All data are rounded to the
nearest integer number; the n-value reported for [Emim][Tf2N] was
measured for a water content of 30 ppm by Makino et al.*®

Liquid Nin (MPa s) Nin (MPa s) Mie (mPa s)
[Emim][Tf2N] 3341 33+1 33
Mineral oil heavy 142 £ 1 142 £1 n/a
+5 : : : : :
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Fig. 2 Change in viscosity reading n° for different electric potentials. All
potentials were applied from t = 60 s to t = 360 s and the results were
obtained during one consecutive test run. flch is between 106 and 118 mPa s
for all experiments.
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Fig. 3 Viscosity reading (—) and potential (O) over test time. Potential

of —1650 mV was applied from t = 60 s to t = 180 s. The average drop in
the viscosity reading is 38 mPa s, the viscosity of [Emim][Tf2N] at OCP is
33+ 1mPas, n,, =2l6mPas.

Moreover, small-scale material deposition between electrodes (anode
to cathode, for both copper/steel depending on polarity) could
further contribute to the net current. Consequently, significant
electric current flow occurs at the sliding wire connection over the
entire duration of the measurements. Once the potential is no longer
enforced, the open electric circuit leads to a slow decay (leakage) of
the potential difference between WE and CE as shown in Fig. 3.||

3.3 Oscillation measurements with applied potential

To investigate if potential-induced changes in the viscosity
reading can be observed in oscillation mode, the complex

| Therefore, current flow at the sliding wire occurs only while external potential is
applied, and the leakage current does not flow through the wire since the circuit
is not closed during discharge.
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Fig. 4 Viscosity measurements of [Emim][Tf2N] in oscillation mode at
OCP and —1650 mV. Potential was applied over the entire duration of the
measurement. For oscillation amplitudes > 0.03 rad the complex viscosity
is constant within 33 + 1.5 mPa s independent of the external electric
potential.

viscosity n* of [Emim][Tf2N] was measured at OCP and
—1650 mV. As can be seen in Fig. 4, identical values (n* =
33 mPa s) are obtained in both cases and no influence of
electric potential is found.

4 Discussion
4.1 Change in friction torque vs. change in viscosity

The above experiments demonstrate that applying electric
potential in rotational viscosity measurements of [Emim][Tf2N]
can cause a systematic decrease in the instrument’s viscosity
reading #°. Repeatability is poor when comparing different test
runs (Fig. 2 and 3) and the viscosity reading is observed to drop
by more than the baseline viscosity of [Emim][Tf2N]. Moreover,
no evidence is found that the viscosity of [Emim][Tf2N] is a
function of electric potential in oscillation mode. Thus, we
conclude that the observed changes in the viscosity reading are
caused by a measurement artifact rather than a change in IL
properties.

We propose that the structure of the material transfer film
between sliding wire and rotating plate is altered by electric
current flow, which leads to a reduction in sliding friction at the
contact point. The underlying electro-tribological mechanism is
described in much detail in Section 4.2 based on the work of
Braunovic, Myshkin and Belyi.*' ™ It follows that the decrease
in the viscosity reading can be attributed to a decrease in the
friction-induced torque Ty rather than the viscosity-induced
torque T, (see eqn (1)).

To demonstrate the effect of electric current on the friction
torque at the sliding-wire connection, the experimental setup
was adapted as shown in Fig. ESI-2.F An air gap of 0.5 mm was
set between top and bottom plate, the top plate was left to
rotate in ambient air at a maximum shear rate of 300 s~ and
was contacted with a sliding wire (steel). To close the electric
circuit, a second sliding wire (steel) was brought into contact
with the rotating plate and the induced friction torque was
adjusted to be of similar magnitude compared to the above
experiments (2 x 170 mPa s). When potential is applied to this
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Fig. 5 Change in friction-torque-equivalent viscosity ;1; due to electric
potential from t = 30 sto t = 123 s, n;.ocp ~ 320 mPa s. The reduction in
friction torque is caused by an immediate decrease of the sliding friction
coefficient at the electrical connection to the WE. The presence of a
second sliding wire and absence of IL leads to an overall increase in signal
noise.

system, the viscosity reading is observed to decrease by 15 to
20% as can be seen in Fig. 5. Here, both the magnitude of
change as well as the curve progression agree well with the
findings in Fig. 2 and 3.**

In the measurements with [Emim|[Tf2N], the electric current
originates from the instantaneous potential step at the IL
capacitor. Hence, it is expected to be linked to the capacitance
of the system. In consequence, although the above findings
should be seen as qualitative rather than quantitative, the
underlying mechanism can be expected to apply likewise for
more sophisticated setups and to be (qualitatively) similar for a
range of electrode materials. Because of that, we suggest to
measure the electro-rheological properties of IL in oscillation
mode, which allows to avoid the above artifacts and to signifi-
cantly reduce the calibration overhead.

4.2 Influence wire material

Although our results for stranded copper wires and single-
strand steel wires are in general agreement, some differences
between these two setups were observed. When the sliding
electrical contact to the WE was made using a stranded copper
wire, a distinct pattern was found during all experiments.
Initially, after a sample of [Emim][Tf2N] was applied to the
rheometer and the viscosity reading #° was recorded under the
influence of electric potential, no changes in the viscosity
reading were observed for both positive and negative potentials
as shown in Fig. ESI-3.1 However, as the rheometer was left to
shear the sample continuously at a shear rate of 300 s* for several
hours (sliding wire attached, no potential applied), artifacts started
to appear as a reaction to external electric potential. It was found
that changes in the viscosity reading #° (i.e., measurement
artifacts) were only observed for long run-in times (6 h+) and
the magnitude of the artifact increased with run-in time.

** Note that, for convenience, the potential-induced changes in the friction
torque are reported in units of viscosity although no liquid is present in the case
of Fig. 5.
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Table 2 A schematic representation of the findings of Belyi, Konchits and
Savkin®=43 for copper-containing composite-metal brushes

Run-in state Resistance brush (+/—)

No run-in High/high
Film system formed Medium/medium high
Film removed by neg. brush —/low

In experiments with sliding copper brushes, Belyi, Konchits
and Savkin*® find that the current state of run-in has significant
influence on the electrical contact resistance of metal-containing
brushes. In the case of (copper and silver) metal-polymer brushes
sliding against a copper collector ring, they link their findings to
the formation of a Cu,O transfer film system between the
contacting bodies. Without this system, the contact resistance
is found to be comparably high independent of the brush
polarity. Once the system was formed, however, the electrical
resistance reduces for both brush polarities. In their experiments,
a larger decrease can be observed for cathodic (—) brushes
compared to anodic (+) brushes. A simplified summary of this
process is presented in Table 2.

An explanation for these observations is found in the semi-
conductive nature of the transfer film system, which changes as
a function of run-in time: (1) In the beginning, when an intact
Cu,O-layer is found beneath the transfer film, current is mostly
transferred by first passing the transfer layer and then by
“fritting”’** the underlying Cu,O-layer. (2) During later stages,
when the Cu,O-layer is damaged or partially removed due to
wear, the current is transferred through a double layer of
transfer film material and exposed patches of Cu base material.
Comparing these two pathways, it becomes evident that in the
first case (Cu,O-transfer-film-layer), the overall resistance is
comparably high as the fritting process constitutes an additional
resistance that needs to be overcome. Compared to that, less
Cu,0 is present in the second case and the resistance of the
contact depends mostly on the resistance of the transfer film
itself. It follows that the lowest contact resistance can be achieved
by (1) initial removal of high resistance Cu,O boundary layers
during run-in and (2) subsequent exposure of Cu-patches by
removal of the transfer films.*

Belyi et al. show that step (2) can be achieved by the
application of external electric potential, since a cathodic (—)
brush “tends to clean the counterface of foreign particles”.*?
Consequently, the magnitude of current at a given contact
increases immediately if the potential is switched from its open
circuit value to a negative potential, given that the initial Cu,O-
layer was damaged during run-in.

As a result, a low resistance pathway through the sliding
contact is established. However, the reduction in contact resistance
does not yet explain the reduction in the sliding friction coefficient
observed in our experiments. To explain this “lubricating action of
electric current”,** Braunovic, Konchits and Savkin argue that
the passage of current at the sliding contact leads to an increase
in contact temperature together with material weakening and
subsequent surface modification. In their experiments, they
find a significant and immediate decrease in friction coefficient
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for a cathodic (—) brush under passage of current,*” and the
results closely resemble those shown in Fig. 2. In addition to
that, they underline that the observations are independent
of the brush-collector material configuration, i.e., similar
effects can be observed if collector and brush material are
switched.*'

Thus, in our case of a stranded copper wire sliding against a
rotating steel plate, we assume that long run-in times are
required in order to remove the oxide layer on the Cu-wire
by slow wear under low contact pressure. By that, patches of
non-oxidized Cu are exposed and immediately covered by a
protective transfer layer. When applying an external potential,
the cathodic (—) brush helps to remove parts of the transfer
film, which in turn changes the friction coefficient and lowers
the contact resistance to that of the exposed Cu-surface. As a
result, significant current passes the contact, which may result
in additional heat generation. This may lead to small-scale
material decay and related changes in the tribological behavior.

Due to a lack of transfer film and exposed Cu, we assume
that the above process does not occur after short run-in times.
Thus, although the resistance of the sliding contact is low
enough for current to pass in early stages of the experiment,
the tribological interface does not change significantly during
current passage since no transfer film was formed yet.

Finally, once the circuit is opened and the external potential
is no longer enforced, the current at the sliding contact no
longer flows. As a result, the friction coefficient slowly recovers
to its initial value as the transfer film reforms.

In the case of the sliding steel wire, a different trend was
observed in our experiments: at the beginning of the experiment
(no run-in required), the artifacts were well reproducible, but
soon seemed to fade with increasing run-in time and contact
oxidation. Also, in contrast to observations with the copper wire,
the artifacts were well reproducible for both positive and
negative potentials, but again solely dependent on the magnitude
of the final external potential.

In the case of the steel wire, advancing contact oxidation can
be expected to increase the electrical resistance of the contact
with time.** Experimental observations confirm that black wear
debris accumulates on the sliding track if the steel wire slides
against the plate, while the copper wire only leaves polishing
marks and a thin transfer film due to the low contact pressure.
In addition to that, for the setup shown in Fig. ESI-2,} application
of potential leads to no current flow at the steel sliding contact for
run-in times of more than one hour.

In consequence, current-induced artifacts can only be observed
during the run-in phase for the steel-steel sliding contact. The
process evolution can be described as follows: during the initial
severe wear process, protective boundary layers are removed,
which allows for the formation of highly conductive metal-
to-metal contacts. Because stable transfer films cannot form
during run-in, they have minor impact on the contact resistance
of the sliding contact. Hence, the magnitude of electric current
flow is similar for positive and negative potentials, which causes
the friction coefficient to change by the same magnitude
for both polarities. Again, the decrease in sliding friction may be
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attributed to both the removal of particles as well as heat generation.
As the contact resistance increases with advancing contact
oxidation, the electric current (for a given potential) vanishes
and artifacts can no longer be observed.

5 Conclusions

Based on our analysis, we reach the following conclusions:

e No evidence is found that the viscosity of [Emim][Tf2N] -
as measured in a cone-on-plate rheometer - is a function of
electric potential within the given potential range.

e All observed potential-induced changes in the instrument’s
viscosity reading can be fully attributed to a measurement
artifact. The artifact results from an electric current that passes
the sliding-wire connection to the working electrode. The current
is caused by an instantaneous potential step at the IL double-
layer capacitor and occurs well within the electrochemical
window of the cell.

e No artifacts are observed in oscillation mode. Thus, we
suggest to measure the viscosity of ILs in oscillation mode if a
sliding connection to the rotating plate cannot be avoided.
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