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The cathodic and anodic potential limits of eleven different ionic liquids were determined at a mercury
hemisphere electrode. Ionic liquids containing the phosphonium cation (tri(n-hexyl)tetradecylphosphonium,
[Piassslt) give the largest potential window, especially when coupled to a trifluorotris(pentafluoroethyl)-
phosphate, [FAP] ™, or bis(trifluoromethanesulfonyl)imide, [NTf,]™, anion.

1. Introduction

Room-temperature ionic liquids (RTILs) are composed
entirely of ions, usually a bulky organic cation and an organic/
inorganic anion, and they exist in the liquid state at or around
298 K. The abundance of charge-carrying ions allows for their
use as solvents without the need for supporting electrolyte, and
the chemical robustness of the ions lead to high thermal and
chemical stability and large electrochemical potential windows
(ca. (4.5 t0 6.0) V). ILs are more environmentally friendly than
volatile organic solvents because of their near-zero volatility,
suggesting that they are an attractive substitute for conventional
solvents for use in electrochemistry.' ™

The combination of different cations and anions has been
shown to influence the properties exhibited by these liquids,
including viscosity, density, conductivity, melting and decom-
position temperatures, and hydrophobicity/hydrophilicity,' ™ and
this has recently been reviewed by O’Mahony et al.” In addition
to the aforementioned properties, it has been reported that the
reduction and oxidation of the cationic and anionic components,
respectively, determine the cathodic and anodic limits observed,® 8
thus establishing a range within which RTILs can be used in
electrochemical applications.

The electrochemical potential window of ionic liquids has
been studied® on a platinum electrode, and a general trend was
observed for the magnitude of the potential window follow-
iIlg the RTIL sequence [Pl4,6,6‘6] |[FAP] > [N6,2,2,2] [INTf,] >
[Cemim][FAP] > [Comim][NTf,] (where [Piyee6]lt = tri(n-
hexyl)tetradecylphosphonium, [Ng22,]" = n-hexyltriethylam-
monium, [Csmim]*™ = 1-hexyl-3-methylimidazolium, [C;mim]*
= l-ethyl-3-methylimidazolium, [FAP]™ = trifluorotris-(penta-
fluoroethyl)phosphate and [NTf,]” = bis(trifluoromethanesulfo-
nyl)imide), suggesting that the size of the potential window is
affected not only by the identity of the cations and anions but
also by the particular combinations of the ionic substituents.

It has been shown that the electrochemical potential window
is also a function of the working electrode; MacFarlane et al.>*'°
and Gongalves and coworkers'' observed that the reductive and
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oxidative decomposition of RTILs is dependent on the electrode
material but did not consider mercury electrodes. Zhang and
Bond'? studied the electrochemical window of numerous ionic
liquids and more conventional solvents on gold, glassy carbon,
and platinum working electrodes, and it was noted (for
[Cymim][BF,]) that the magnitude of the electrochemical
reductive window adheres to the electrode material sequence
of Au ~ GC > Pt. The oxidation window magnitude follows
the order Au > GC =~ Pt.

This present article is a study seeking to develop the work
by MacFarlane et al. and follows on from recent work by
O’Mahony et al.,’> which is a comprehensive examination of
potential windows at platinum electrodes. Herein we report the
fabrication of mercury hemispheres on platinum planar micro-
disc electrodes and assess the accessible electrochemical
potential windows of various RTILs at the mercury droplet.

2. Experimental Section

2.1. Chemical Reagents. Mercury(I) nitrate dihydrate
(Hgo(NOs),, Aldrich, 0.01 M), potassium nitrate (KNOs, Aldrich,
99+ % ACS reagent, 0.10 M), nitric acid (HNO;, Fisher
Scientific, 70 %, 0.15 M), and ferrocene (Fe(CsHs),, Fc, Aldrich,
98 %) were all used as received. n-Hexyltriethylammonium
bis(trifluoromethanesulfonyl)imide, [Ng22,][NTf:], and tri(n-
hexyl)tetradecylphosphonium bis(trifluoromethanesulfonyl)im-
ide, [Py4666][NTf;], were prepared following standard literature
procedures® using n-hexyltriethylammonium bromide ([Ne2.22]-
Br, Aldrich, 99 %) and tri(n-hexyl)tetradecylphosphonium
chloride ([P14666]Cl, Cytec), respectively, for metathesis with
lithium bis(trifluoromethanesulfonyl)imide, Li[NTf,].5'* 1-Eth-
yl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide,
[Comim][NTf,], 1-butyl-3-methylimidazolium bis(trifluoro-
methanesulfonyl)imide, [C4mim][NTf,], N-butyl-N-methylpyr-
rolidinium bis(trifluoromethanesulfonyl)imide, [Cympyrr][NTT,],
and their bromide salt precursors were prepared according to
standard literature procedures.®'* Tri(n-hexyl)tetradecylphos-
phonium trifluorotris(pentafluoroethyl)phosphate, [P14666][FAP],
1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
tetrafluoroborate, [Csmim][BF,], and 1-butyl-3-methylimidazo-
lium bis(trifluoromethanesulfonyl)imide hexafluorophosphate,
[Cymim][PF¢], were kindly donated by Merck KGaA and used
as received. 1-Butyl-3-methylimidazolium trifluoromethane-
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Table 1. Illustrative Water Contents for Vacuum-Dried RTILs
Used in This Study at 298 K*

ionic liquid water content (ppm)
[Ng222][NTf,] 167
[Comim][NTf] 105
[Cympyrr][NTf,] 133
[C4smim][NTf] 144
[C4smim][BF,] 119
[C4ymim][PF;] 268
[C4mim][OTf] 250

“Data taken from work published previously,” obtained from Karl
Fisher titrations.

sulfonate, [Csmim][OTf], was also kindly donated by Merck
KGaA but was first diluted with CH,ClI, before being passed
through a column consisting of alternating layers of neutral
aluminum oxide and silica gel to remove residual acidic
impurities. 1-Butyl-3-methylimidazolium nitrate, [Cymim][NOs],
was synthesized using a method adapted from a previously
published procedure.'” Silver nitrate (AgNO3, 5.36 g, 0.032 M)
and 1-butyl-3-methylimidazolium chloride ([Cymim]Cl, 5.00 g,
0.029 M) were dissolved separately in minimum amounts of
ultrapure water, and [Cymim]Cl was slowly added to the stirred
AgNOj; solution. The resulting solution was stirred overnight
and filtered to remove AgCl precipitate before the residual water
was removed and the RTIL was dried at 70 °C under vacuum
overnight. IL. was then dissolved in 400 mL of dry methanol,
and small amounts of activated charcoal and acidic alumina were
added as seeds for remaining AgCl, and the solution was left
overnight in the freezer. The solution was filtered, and the
process was repeated. Methanol was removed, and IL was dried
under high vacuum conditions. 1-Butyl-3-methylimidazolium
methylsulfate, [C;mim][MeSO,], was prepared according to a
previously published procedure.'® The water contents of the
vacuum-dried RTILs are given in Table 1.

We made a mercury ion solution, from which the mercury
droplet was deposited, by dissolving 0.1403 g mercury(I) nitrate
dihydrate, Hg,(NO3),, 0.2527 g potassium nitrate, KNOs and
0.17 mL of nitric acid, HNO;, in 25 mL of pure water, which
was sonicated until all solid had dissolved.

We made the ferrocene solution used as an internal standard
by dissolving 0.0186 g in 25 mL of acetonitrile.

2.2. Instrumental. A computer-controlled u-Autolab poten-
tiostat (Eco-Chemie, Netherlands) was used to undertake all
electrochemical experiments. A mercury hemisphere was de-

posited from a mercury ion solution onto a planar platinum
microelectrode using chronoamperometric methods. A 15 mL
vial was used as the cell with a 15 mm thick PTFE lid containing
four holes, one for each of the three electrodes (working,
reference, and counter) and one for a nitrogen line. A 10 um
diameter platinum microelectrode was used as the working
electrode with a 0.5 mm diameter silver wire reference electrode
and a coiled platinum counter electrode. Before the mercury
deposition procedure was undertaken, the platinum electrode
was polished using (3.0, 1.0, and 0.1) um diamond spray on
soft lapping pads (Kemet, U.K.), and the mercury solution was
bubbled with nitrogen gas (BOC, Guildford, Surrey, U.K.) for
30 min to remove atmospheric oxygen. We deposited mercury
chronoamperometrically by holding the potential at —0.245 V
for ca. 35 s.

To measure the potential windows of each ionic liquid, a two-
elecrode arrangement was used with a mercury hemisphere on
platinum working electrode and a silver wire (0.5 mm diameter)
quasi-reference electrode. Because of an observed potential shift
as a result of using a quasi-reference, a ferrocene internal
reference was used.'®'*!'” The working electrode was modified
with a plastic collar (section of disposable pipet tip) to form a
cavity, into which 20 uL of RTIL was added with 20 uL of
(i.e., 10 mM) ferrocene solution. The electrodes were housed
in a T-cell (previously reported),'® which allowed the liquid to
be purged under vacuum prior to and during cyclic voltammetric
measurements because oxygen is electroactive in these media."®
Experiments were completed at 298 K in a heated Faraday cage.

3. Results and Discussion

Figure 1 shows the structures of the cations and anions that
make up the RTILs chosen for this study. Many of the liquids
have common cations or anions, which allowed us to determine
the effect of varying certain cations/anions and to see if the
potential window reflects simply the oxidation of the anions or
the reduction of the constituent cations of the RTIL. As will
become apparent below, this is not the case; rather, both the
cation and anion identity influence each potential window.

Prior to investigation of the potential window of each liquid,
the surface of the platinum electrode was renewed by polishing,
and a new mercury droplet was deposited using the method
described in Section 2.2.

Initially, we tested the deposition process by examining the
redox behavior of the blank RTIL [N¢,,][NTf,]. The resulting
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Figure 1. Structure of the cations and anions used in this study.
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Figure 2. Cyclic voltammogram to show the stripping of the Hg droplet
from the Pt microdisk at 100 mV+s™! in [Ng2,,][NTf,]. The charge under
the stripping peak was determined to be 1.24+1077 C. Shown as an inset is
the reductive window of [Ng22,][NTf,] (not to breakdown potential).

Table 2. Cathodic Potential Limits versus FclFc" for Various
RTILs on a Mercury Electrode at Defined Current Densities

RTIL ‘breakdown’ potentials (V)
at defined current densities

ionic liquid 250 uA-cm™2 275 uA-cm™> 320 uA-cm?

[Ne2.22][NTf] —3.508 —3.507

[Comim][NTf;] —2.052 —2.079 —2.124
[P14666][NTE] -3.117 —3.140 ~3.160
[P14.666][FAP] ~3.529 ~3.538 ~3552
[Cqmpyrr][NTF,] —3.191 —3.198 —3.199
[C4ymim][NTf;] —2.455 —2.482 —0.493
[Cymim][BF,] —2.472 —2.494 -2.515
[C4mim][PF] —2.379 —2.423 —2.454
[C4mim][NO;] —1.654 —1.735 —1.886
[C4ymim][OTf] —1.475 —1.496 —1.537
[C4ymim][MeSO,] —2.076 —2.084

cyclic voltammogram in the absence of an internal reference is
shown in Figure 2. The potential was scanned from (0.00 to
—2.10) V and then back to + 2.00 V at 100 mV +s~'. The inset
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Figure 3. Cyclic voltammogram for the reductive window of [Ne,,][NTf,]

on a Hg electrode versus a FclFc™ internal reference, scanned from (—0.50
— —3.50 — + 0.50) V, at 100 mV+s™".
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Figure 4. CV for the redox behavior of [P)4¢66][FAP] scanned from (—0.50
— —3.5—+42.00) V at 100 mV+s~! showing the reductive window (also
shown as an inset) and the stripping peak of the Hg droplet from Pt
microdisk. The oxidation of Fc is shown by the thick line ((—0.50 — +
0.50) V).
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Figure 5. Cyclic voltammetry for (a) the reductive window and (b) the
redox window of [Cymim][BF,] at a mercury electrode versus FclFc™. The
potential was scanned from (—0.50 to —2.50) V and back to (a) + 0.15 V
and (b) + 2.00 V. The scan rate used was 100 mV-s™'.
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Figure 6. (a) Cyclic voltammogram for the reductive window of
[C4mim][NTf,] versus FclFct at 100 mV-+s™' on a mercury hemisphere.
(b) Cyclic voltammogram showing the cathodic and anodic window of
[Csmim][NT£,] at 100 mVes™.

to the Figure shows the reductive window ((0.00 to —2.10) V),
which is essentially the background current related to this
particular ionic liquid, although in this case, the potential is not
at the cathodic limit of the liquid. In the oxidative region, a
sharp peak is observed at ca. + 1.15 V versus Ag, which
corresponds to the “stripping” of the mercury hemisphere from
the planar Pt electrode, (Hg — e~ — !/, Hg,?™h).

The next step in the investigation was to determine the
reductive and oxidative windows of the various ionic liquids.
To allow comparison of the potential limits, we added a
ferrocenelferrocenium (FclFc™) internal standard to the ionic
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Table 3. Anodic Potential Limits versus FclFc" for Various RTILs on a Mercury Electrode at Defined Current Densities

Hg stripping potentials (V) at defined current densities (#A+cm™?) in various RTILs

ionic liquid 300 500 750 1000 1500 2000 3000 4000 5000 6000 7000 8000 9000 10 000
[Ne2221[NTH,] +0.99 +1.028 +1.048 +1.067 +1.088 +1.105 +1.128 +1.141 +1.153 +1.163 +1.171 +1.179 +1.193 +1.236
[Comim][NTHf,] +0.776 +0.825 +0.834 +0.843 +0.846 +0.848 +0.852 +0.855 +0.857 +0.857 +0.859 +0.860 +0.862 + 0.864
[P14,6,66][NTf,] + 1471 +1.579 +1.721 +1.881 +2.478
[P14.666][FAP] +0.750 +0.934 —-1.109 +1.161 +1.231 +1.293 +1.330
[Cympyrr][NTf,]  +0.168 +0.297 +0.313 +0.317 +0.322 +0.324 +0.329 +0.335 +0.344 +0.347 +0353 +0.359 +0.378 +0.406
[C4mim][NTf,] +0.633 +0.638 +0.645 +0.647 +0.647 +0.649 +0.649 +0.651 +0.651 +0.651 +0.651 +0.652 +0.653 +0.654
[Cymim][BF,] + 0455 +0.584 +0.621 +0.636 +0.640 +0.645 +0.648 +0.651 +0.653 +0.654 +0.654 +0.658 + 0.658
[C4smim][PFe] +0.523 +0.535 +0.546 +0.551 +0.559 +0.567 +0.580 +0.627 +0.657 0.709
[C4mim][NO;] +0.150 +0.156 +0.162 +0.168 +0.168 +0.182 +0.190 +0.190 +0.190 +0.197 +0.203 +0.203 +0.203 +0.214
[C4mim][OTH] +0291 +0.322 +0.333 +0.346 +0.355 +0.367 +0.375 +0381 +0385 +0388 +0.388 +0.392 +0.394
[C4smim][MeSO4] +0.213 +0.277 +0302 +0310 +0316 +0.319 +0321 +0323 +0.324 +0.324 +0.325 +0.329

liquid.'®'? First, we investigated the redox behavior of each
liquid on the mercury electrode by scanning from either (0.00
or —0.50) V (depending on the potential of the ferrocene couple)
to a potential where the reduction current, assumed to be due
to the reduction of the cation, begins to increase above the
baseline current. The potential was then scanned back to a point
after the oxidation peak of ferrocene. The cathodic potential
limit was determined at defined current density values, and Table
2 summarizes the results. The potentials quoted are related to
FclFct and therefore correspond to the ‘breakdown’ potential
of the RTIL versus FclFct. Voltammetry was also undertaken
in the absence of a ferrocene internal standard (not shown), and
it was observed that the relative potential limits recorded were
essentially the same as those in the presence of ferrocene. This
suggests that the presence of the peaks relating to the redox
couple had no effect on the solvent breakdown potentials at
the ferrocene concentrations used. An example of the voltam-
mogram observed is shown in Figure 3 for [Ng,,,][NTf,] on a
Hg electrode versus FclFc™ at 100 mV+s~!. From Table 2, the
ionic liquid that gives the largest reductive window 1is
[P14666][FAP], which was also observed by O’Mahony et al.,’
who determined that this RTIL has a redox window of (4.2 to
5.4) V (vs FclFct) on a 10 um diameter platinum electrode.
The reductive limit of [Py4666][FAP] on mercury is comparable
in magnitude to that of [Ng,,][NTf,], both with a reductive
limit larger than 3.50 V versus FclFct. [Cympyrr][NTf,] and
[P14666][NTf,] have reductive windows of greater than 3.00 V
versus FclFc", followed by the [C,mim]* RTILs with potential
windows between (2.48 and 1.48) V versus FclFct, with
[C4ymim][OTf] giving the smallest cathodic limit. A general trend
can be determined: electrochemical reductive limit magnitude
follows the cation sequence [Pi4666]" > [Ne222]" > [Campyrr] ™
> [C,mim]*. The [FAP]~ and [NTf,]” anions give larger
windows than other anions (also observed by Ignat’ev et al.?®)
following the sequence [FAP]™ ~ [NTf,]™ > [BF4]™ > [PF¢]™ >
[OTf]” > [MeSO4]~ > [NO;3]". As previously mentioned, the
reductive limit is presumed to be determined by the reduction
of the cation, so it would be expected that varying the cation of
an ionic liquid with a common anion would provoke a variation
in the reductive potential window depending on the stability of
the cation to reduction. Looking at the cathodic limits of the
liquids studied (Table 2) with the [NTf,]™ anion (at a current
density of 250 uA+cm™2) and various cations, we observe a
1.50 V difference in the reductive potential limit, ranging from
3.51 V versus FclFc™ for [Ng22,]" to 2.05 V versus FelFc™ for
[Comim]*. It should be noted that when looking at the cathodic
limits for ILs with a common cation ([C;mim]™) and varying
the anion, a difference of 1.00 V in the potential window limit
is observed, from 2.47 V versus FclFc" for [BF4]™ to 1.48 V
versus FclFc* for [OTf] ™. This suggests that although the cation
affects the accessible reductive limit, the identity of the anion
also plays a role in the ‘breakdown’ potential of the ionic liquid.

Following this, the oxidative limit was determined for the
same ionic liquids. The potential was cycled from either (0.00
or —0.50) V to a point after the cathodic limit and then cycled
oxidatively to + 2.00 V to show the ferrocene couple and the
stripping of the Hg droplet from the Pt surface. Figure 4 shows
the voltammetry observed for [Pi466][FAP] and 10 mM Fc
at the Hg electrode at 100 mV *s~'. The oxidative window shows
the oxidation of ferrocene, followed by the stripping of Hg from
a potential of ca. + 0.75 V. This method allows determination
of the anodic limit, normally attributed to the oxidation of the
anion, but in this case, the anodic limit of the window is due to
the stripping of Hg from Pt. The stripping peak shown in Figure
4 differs from that observed in Figure 2, as it does for many of
the RTILs in this study, and this is most likely due to an overlap
with the anodic breakdown of the ionic liquid. Figures 5 and 6
show voltammetry for (a) the reductive window versus FclFc*
and (b) the reductive and oxidative window versus FclFc' for
[Cymim][BF,] and [Cymim][NTf;], respectively. Again, differ-
ences in the stripping peak are observed with variation in the
RTIL. The stripping potential/anodic limit of the window was
determined at defined current densities, and Table 3 summarizes
the results obtained when corrected for ferrocene, that is,
stripping potential versus FclFct. In this case, the widest
oxidative limit is achieved by [P4666][NTf,] (> 2.40 V vs
FclFc™ at a current density of 1500 uA-cm™2), with
[Cymim][NOs] giving the smallest oxidative window (ca. 0.17
V vs FclFc™ at 1500 #A-cm™2). Again, a general trend for the
magnitude of the electrochemical oxidative limit is observed
as follows: [Piys66]" > [Ne222]T > [C,mim]T ~ [Cympyrr]™
and [FAP]™ = [NTf,]” > [BF4]™ > [PFs]™ > [MeSO4]™ > [NOs]™
> [OTf]". The anodic “breakdown” is presumed to be due to
the oxidation of the anionic component of the RTIL. Looking
at the anodic potential limits (at a current density of 1500
uA-cm™2) for liquids with the common [NTf,]” anion, a
potential difference of ca. 2.20 V was observed when the cation
was varied between [Piee6]” (248 V vs FclFc™) and
[C4mpyrr]™ (0.32 V vs FclFct). The variation in the anion is
expected to provoke more of a deviation in the accessible
potential window. From Table 3, it is observed that the largest
oxidative window was 0.65 V versus FclFc™ for [C4ymim][NTf,],
and the smallest window was 0.17 V versus FclFc™ for
[Cymim][NOs], that is, a 500 mV difference in the anodic
potential limit for a common cation and various anions. The
results confirm that it is not simply a case of the reduction of
the cation and the oxidation of the anion that determines the
cathodic and anodic potential windows. In this system, it is more
likely that the anodic window is determined by the stripping of
Hg from Pt, the potential of which also varies between ionic
liquids.



4. Conclusions

The potential windows of eleven different ionic liquids have
been determined electrochemically at a mercury hemisphere
electrode. The reductive and oxidative potential limits have been
reported versus the ferrocenelferrocenium (FclFc™) couple, and
it was observed that the phosphonium cation (tri(n-hexyl)tet-
radecylphosphonium, [P4666]7), combined with trifluorot-
ris(pentafluoroethyl)phosphate, [FAP]™, or bis(trifluoromethane-
sulfonyl)imide, [NTf,]", gives the largest potential windows.
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