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The electrochemical oxygen reduction reaction is vital for applications such as fuel cells, metal air batteries and for
oxygen gas sensing. Oxygen undergoes a l-electron reduction process in dry ionic liquids (ILs) to form the electrogenerated
superoxide ion that is solvated and stabilized by IL cations. In this work, the oxygen/superoxide (0,/0,°") redox couple has been
used to understand the effect of mixing ILs with different cations in the context of developing designer electrolytes for oxygen
sensing, by employing cyclic voltammetry at both gold and platinum electrodes. Different cations with a range of sizes, geometries
and aromatic/aliphatic character were studied with a common bis(trifluoromethylsulfonyl)imide ([NTf,]”) anion.
Diethylmethylsulfonium ([S,,,]*), N-butyl-N-methylpyrrolidinum ([C,mpyrr]*) and tetradecyltrihexylphosphonium ([P4¢66]")
cations were mixed with a common 1-butyl-3-methylimidazolium ([C,mim]*) cation at mole fractions (x) of [Cymim]* of 0, 0.2,
0.4, 0.6, 0.8, and 1. Both the redox kinetics and thermodynamics were found to be highly dependent on the cation structure and the
electrode material used. Large deviations from “ideal” mixtures were observed for mixtures of [C,mim][NTf,] with
[C,mpyrr][NTf,] on gold electrodes, suggesting a much higher amount of [C,mim]* ions near the electrode surface despite the
large excess of [C,mpyrr]* in the bulk. The electrical double layer structure was probed for a mixture of
[C,mim]y,[C,mpyrr]os[NTf,] using atomic force microscopy measurements on Au, revealing that the first layer was more like
[Cymim][NTf,] than [C,mpyrr][NTf,]. Unusually fast kinetics for O,/0,*” in mixtures of [C,mim]* with [Py4444]" were also
observed in the electrochemistry results, which warrants further follow-up studies to elucidate this promising behavior. Overall, it is
important to understand the effect on the kinetic and thermodynamic properties of electrochemical reactions when mixing solvents,
to aid in the creation of designer electrolytes with favorable properties for their intended application.
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The vast number of cation—anion combinations and the
ease with which many ion analogues can be synthesized lead to
a large number of unique ionic liquids, resulting in them being
referred to as “designer solvents”.”®” This number is even

Room temperature ionic liquids—abbreviated to ionic liquids
(ILs) in this work—are defined as liquids entirely composed of
ions with melting points below 25 °C." The combination of

fluid behavior and purely ionic composition gives ILs intrinsic August 7, 2022

electrical conductivity, which along with other beneficial September 17, 2022
properties, including significant electrochemical and thermal September 19, 2022
stability,”’ negligible volatility” and chemical tuneability, September 26, 2022

makes them ideal candidates as electrolytes for various

electrochemical applications.™
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greater when more than one ionic liquid is mixed together to
form a mixed IL electrolyte. A high degree of tuneability in the
physicochemical®>"*7*"'°~'7 and electrochemical®'*>%**~*°
properties of IL electrolytes has been demonstrated by “binary
mixing”, defined as the mixing of two constituent ILs with a
common ion. For example, the molar volume and enthalpy of
mixtures of hexafluorophosphate ([PF¢]”) and tetrafluorobo-
rate ([BF,]”) ions with a common 1-butyl-3-methylimidazo-
lium ([C4mim]*) cation showed a near-linear relationship with
increasing mole fraction (x) of [C,;mim][PF] in the mixture.”®
Similarly, a linear trend between the logarithm of conductivity
and mole fraction of N-methyl-N-propylpyrrolidinium bis-
(fluorosulfonyl)imide ([C;mpyrr][FSI]) with the correspond-
ing pyrrolidinium bis(trifluoromethylsulfonyl)imide
([Cympyrr][NTf,]) was reported.” Evidently, it may be
possible to develop task-specific electrolytes by imparting the
desirable properties of one IL to a mixture by carefully
choosing the IL structures. However, not all IL mixtures follow
ideal, linear trends, especially where the mixed ions differ
significantly in size.”' Therefore, more investigations are
required to understand the interactions between mixed ILs
and why this may result in less predictable changes to the
physical and electrochemical properties.

Molecular dynamics (MD) simulations and electrochemical
impedance spectroscopy (EIS) techniques have been used to
probe the relationship between bulk com})osition and
differential capacitance of binary IL mixtures.””*>*”*® This
knowledge informs the development of more effective
electrical double layer capacitors or supercapacitors. For
example, mixtures of tris(pentafluoroethyl)trifluorophosphate
([FAP]™) and [PF4]” with a common [C,mim]* cation
resulted in enhanced capacitance at positive potentials
compared to the constituent ILs when the mole fraction of
[C,mim][PF] was 0.2.>* This was attributed to a combination
of: (1) the smaller [PF¢]™ anions displacing some of the larger
[FAP]™ anions, and (2) filling of the “voids” between [FAP]~
ions with [PF4]~ ions. This behavior resulted in the formation
of a more compressed electrical double layer (EDL), hence
increasing the charge density. This demonstrates that the
composition of the EDL is modifiable and is linked to the
competing interactions of the ions in the mixture, both with
each other and with the electrode surface at different applied
potentials. Further exploration of these interactions in both the
EDL and in the bulk of IL mixtures will aid in developing
specialized electrolytes for supercapacitors and other electro-
chemical applications.

One application where mixed ILs have not yet been
investigated in detail is for voltammetric/amperometric
sensing. In this context, understanding the kinetics and
thermodynamics of a redox reaction of a dissolved species
(which we term an “analyte”) is integral to developing a robust
and fit-for-purpose sensor with a chosen bias potential. The
oxygen-superoxide redox couple (eq 1) is known to have
highly variable voltammetric behavior in aprotic room
temperature ILs,””~>* making it an ideal analyte for studying
changes to the redox kinetics when mixing ILs.

0, +e = 0; (1)

Upon generation, the negatively charged superoxide (0,*”)
anion is expected to be solvated by the positively charged IL
cation.”® Cations will be present in at least the first (Stern)
layer of the EDL during oxygen reduction upon the application
of a negative bias potential,%’?’7 so are expected to have the
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most influence on the electrochemical behavior of the oxygen/
superoxide redox couple, as we reported previously.”® The
different voltammetric behavior of the O,/0,°” redox couple is
exemplified by comparing the behavior of imidazolium cations
with tetraalkylphosphonium ([P,,,,,,,.]*) cations. The O,/
0,°” redox couple in [Cymim][NTf,] has significantly faster
kinetics compared to that in [Pyy46] [NTf,],>* making
[C,mim][NTf,] a much more favorable electrolyte for sensing
because of the lower applied (‘bias’) potential required.
However, since oxygen gas sensors need to work in a wide
range of environments with different humidities, the influence
of humidity on the reduction potentials needs to be carefully
considered.

We previously demonstrated that the [Py, 464]" cation
resulted in a more stable current response under humidified
conditions for the oxygen reduction reaction, compared to
smaller cations like [C,mim]", because of the large alkyl chains
on the phosphonium which exclude water from the electrode—
electrolyte interface.”® The hydrophobic nature of the
[Pi4666)" cation minimized the effect of moisture on the
follow-up chemical reactions of superoxide with water (eq
2)*"** and effectively prevented further follow-up chemical
and electrochemical reactions that typically occur in aqueous-
based solvents and other water saturated ILs (eqs 3 and
4)393839 1f mixing the two ILs [C,mim][NTf,] and
[P14666] [NTE,] imparted the desirable qualities of both ILs
(i.e., faster kinetics and better hydrophobicity), it may progress
toward the development of a sensitive and robust electrolyte
for sensing oxygen gas under ambient conditions.

205" + H,0 —» O, + HO,- + OH™ (2)
0, + 2H" + 2¢” — H,0, (3)
0, + 4H' + 4e” > H,0 (4)

The effect of mixing on the macroscopic properties of IL
electrolytes is important for informing the development of
task-specific electrolytes for a desired application. Yet, the
microscopic changes in interactions between ions in the bulk
electrolyte and at the electrode interface are the driving force
for many of these macroscopic changes. To develop an
insightful understanding of the mixing phenomenon on ILs, it
is important to consider the relationship between formation of
the EDL at the electrolyte—electrode interface and the role of
the EDL in larger-scale properties like heterogeneous redox
kinetics and redox potentials. In this work, we attempt to
address this by using cyclic voltammetry (CV) to investigate
the changes to the peak-to-peak separation (AE,) and
midpoint potential (E,;4) of the 0,/0,"” redox couple at
different IL compositions in binary mixtures of ILs. AE, is used
here to represent the redox kinetics because the heterogeneous
rate constant (ko) is inversely proportional to AE, via a
dimensionless kinetic parameter (Y), as proposed by
Nicholson.*”*" Similarly, the E,q is used to infer the formal
potential (E’) of a redox couple under nonstandard
conditions.”” When E_ is subtracted from the applied potential
(Epp), as presented in the Butler—Volmer expression (E,,, —
E), this is analogous to the activation energy (E,) in the
Arrhenius equation.”” To rationalize the electrochemical
behavior observed in the mixtures, the structure of the
electrode—electrolyte interface is also probed for one IL
binary mixture using atomic force microscopy (AFM) to
examine the physical nature and ion structuring of the EDL.
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All ILs were obtained from commercial suppliers at the highest purity
possible. 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide ([Cymim][NT£], 99.5%, Ionic Liquids Technologies (IoLi-
Tec), Heilbron, Germany), diethylmethylsulfonium bis-
(trifluoromethylsulfonyl)imide ([S,,,][NTf], 99%, IoLiTec), N-
butyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
([Cympyrr][NT£,], 99.5%, IoLiTec) , and trihexyltetradecylph-
sphonium bis(trifluoromethylsulfonyl)imide ([P,4446][NT£,], >98%,
IoLiTec) were used as received. The chemical structures of the IL
anions employed in this work are presented in Figure 1. Ultrapure

NP4 NN
[C,mim]* [S,,,]"
C|:14H29
\/\>N+ C.H /JrP("”CeHm
6113 CeHis
[C,mpyrr] [P 14.6@0]
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Figure 1. Molecular structures and abbreviations of the IL ijons
investigated in this work.

water with a resistivity of 182 MQ cm prepared by a Milli-Q
laboratory water purification system (Millipore, North Ryde, NSW,
Australia) was used for washing thin-film electrodes (TFEs) prior to
use. Acetone (for HPLC, >99.0%, Chromasolv, Seelze, Germany),
acetonitrile (99.8%, Merck, Bayswater, VIC, Australia), ethanol (99%,
Merck) and ferrocene (98%, Merck) were used as received. A stock
solution of aqueous sulfuric acid (0.5 M) was prepared using
ultrapure water from a 95—98 wt % sulfuric acid solution (Ajax
Finechem, WA, Australia) and used for the electrochemical activation
of the TFEs. High-purity oxygen gas (>99.5%) and high-purity
nitrogen gas (>99.99%) were purchased from BOC Gases (Welsh-
pool, WA, Australia).

Binary mixtures of [Cymim][NTf,] with [S,,,][NTf,], [C,mpyrr]-
[NTf,] and [Py,644] [NTf,] were prepared gravimetrically from the
pure ILs and mixed thoroughly in a glass vial at room temperature
using a stirrer bar at 400 rpm for >20 min prior to each experiment.
The following (approximate) compositions were used for the
mixtures: [Cymim]y[Z]0,[NTf,], [Cymim]os[Z]o4[NTH,],
[Cymim]o4[Z]o6[NTE] and [Cymim]o,[Z]os[NTE]. Here, [Z]
represents the aliphatic cation in the mixture (either [S,,,]"
[Cympyrr]* or [Pyy446]"), and the subscript numbers represent the
mole fraction of the cation.
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CV measurements were performed using a PGSTAT101 Autolab
potentiostat (Metrohm, Gladesville, NSW, Australia) interfaced with a
computer with NOVA 2.15 software. All electrochemical experiments
were performed inside an aluminum Faraday cage to minimize
electromagnetic interference at laboratory room temperature (21 + 1
°C). The TFEs (MicruX Technologies, Oviedo, Spain) consisted of a
1 mm diameter disk working electrode (WE), a counter electrode
(CE), and a reference electrode (RE) deposited on a Pyrex substrate,
with all three electrodes consisting of the same metal, either gold or
platinum. The TFEs were electrically connected to the potentiostat
using a connector made in-house from an IC test clip (Pomona
Electronics, Everett, WA, USA) with wires soldered to the gold-plated
connections. The WE was electrochemically activated prior to each
experiment by CV cycling in a 0.5 M sulfuric acid solution between
—0.80 and 0.70 V at 1 V s™' for ca. 200 cycles, or until the CVs
converged. The activated electrodes were then washed with ultrapure
water and then acetone before drying under a nitrogen stream.

2 pL of the pure IL or the IL mixture was dropcasted to cover all
three electrodes on the TFE and purged under a nitrogen stream for
ca. 30 min at a flow rate of 1 L min™" to remove dissolved gases and
impurities. Once a reproducible blank CV was obtained, pure oxygen
gas was introduced into the arm of a modified T-cell, as previously
reported by our research group.** The flow rate was set to 1 L min™",
and the system was left for 15 min to equilibrate prior to running any
CV scans. CV scans were then performed to ensure the gas was
properly saturated. If the CV scans were not reproducible after this
equilibration time, then the system was given another 10 min to
equilibrate and was monitored by CV following this second
equilibration period. However, the initial 1S min was typically
sufficient to achieve equilibration because of the small volume of
electrolyte and high gas flow rate employed. All experiments were
repeated at least in triplicate with all data points presented
representing the average of the triplicate experiments. The error
bars (if presented) represent one standard deviation of the triplicate
experiments.

To account for the instability of the gold and platinum quasi-REs
on the TFEs, ferrocene (ca. 3 mM) was used as an internal standard
so that the potential of the redox couple could be fairly compared
across each experiment and between both electrode materials. Fc in
acetonitrile (3 mM) was added to the ILs in situ, and the acetonitrile
was allowed to evaporate. The potential of the CVs for the oxygen
reduction reaction was then shifted such that the midpoint of the
ferrocene/ferrocenium (Fc/Fc*) redox couple was at 0 V. This was
carried out for all cyclic voltammograms in this work to ensure a fixed
and stable reference potential scale.

Interfacial normal force measurements were acquired continuously
using a Veeco (NY, USA) NanoScope IV Multimode AFM with an
EV scanner in contact mode. All experiments were performed at room
temperature (21 °C) in a sealed, insulated box to exclude external
vibrations and minimize temperature variations. The force profiles
presented had a vertical (normal to the surface/electrolyte interface)
scan size of 50 nm at a scan rate of 0.2 Hz. The atomically smooth
Au(111) surface (a gold film of 300 nm thickness on mica, Georg
Albert PVD — Beschichtungen), AFM probe (NSC36, Micromasch,
Estonia; cantilever force constant of 0.8 + 0.1 N m™') and AFM fluid
cell were cleaned with ultrapure water and ethanol, then dried under a
nitrogen stream. The Au(111) surface and AFM probe were also
cleaned with UV-ozone for 15 min prior to use. A WaveNano
potentiostat (Pine Research, NC, USA) was used to measure the
open-circuit potential (OCP) and to apply a negative potential (—1 V
vs OCP) to the Au(111) surface prior to force profile measurements.
All experiments were completed in duplicate on different areas of the
surface.

https://doi.org/10.1021/acsphyschemau.2c00035
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The ILs [C,mim][NTL], [S,,,][NTE], [C,mpyrr][NTE,]
and [Py4446][NTf,] were selected as solvents to study the
voltammetry of the oxygen/superoxide redox couple in the
pure ILs and in binary IL mixtures. [C4ymim]* was chosen as
the main cation for all mixtures studied to focus on the effects
of mixing an ion with delocalized charge (aromatic) with ions
with point charges (aliphatic). The aliphatic series of cations
([Sy21]7) [Cympyrr]* and [Py4664]7) reflect an increase in
cation size and amphiphilicity ([S,,,]* < [Cympyrr]" <
[Pii666]"). [INTf,]™ was chosen as a common anion due to its
reasonably high hydrophobicity, good chemical and electro-
chemical stability and its reduced interactions with cations
relative to other common IL anions.""*® Mole fractions (x) of
ca. 0, 0.2, 0.4, 0.6, 0.8, and 1 in the mixtures are explored.

CV was performed on both platinum and gold TFEs to
examine the behavior of the oxygen/superoxide (0,/0,%")
redox couple on different electrode surfaces. It is already well-
known that the electrode material can influence the electro-
chemical windows**™** and electrochemical properties of
dissolved analytes, and oxygen reduction has been widely
characterized on different electrodes in various pure
[Lg 30:32:38/49,50

3.1.1. Voltammetry for Oxygen Reduction in the Pure
ILs. CVs for the O,/0,° redox couple on gold and platinum
TFEs in the four pure ILs are presented in Figure 2. The peak-
to-peak separations (AEP) for the O,/0,°” redox couple for
both electrode surfaces are given in Table 1, and follow the
trend:

[Cympyrr|[NTH,] < [S,,,][NTE,] < [Cymim][NTE,] < [Py g6l [NTE]
(%)

This trend suggests that the superoxide radical is reasonably
well solvated by the pyrrolidinium and sulfonium cations
because of their relatively accessible point charges, whereas the
imidazolium cation has a delocalized charge which makes the
solvation of superoxide more difficult. The very wide AE,
values in the phosphonium IL represent the difficulty for the
superoxide to access the positive charge on the central
phosphorus atom because it is quite well shielded by the
long and flexible carbon chains. Marcus theory predicts that
the heterogeneous rate constants will be much slower if there
are significant changes in the solvation of the superoxide
radical compared to oxygen,”” which is demonstrated here for
the phosphonium IL.

The AE, values obtained in this work are in good agreement
with those reported by other groups on conventional
macrodisk electrodes (summarized in Table S1 in the
Supporting Information).””*” We note that different types of
electrode surfaces, such as single crystal vs polycrystalline
surfaces, can also affect the redox kinetics, in addition to the
cleanliness of the electrode,” so some degree of variability is
expected even with the same electrode material. The
voltammetric wave shapes appear to be similar on both
electrodes, with a consistently wider AEP on platinum
compared to gold. The more “sluggish” kinetics at platinum
electrodes is %uite well documented for the reduction of
oxygen in ILs.>"!

A notable feature in the CVs in Figure 2 is the smaller
reverse peak for superoxide oxidation in the imidazolium IL
compared to the other ILs. This is believed to be caused by the
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Figure 2. Typical cyclic voltammograms at 100 mVs™" for the O,/
0,°” redox couple (reduction of saturated oxygen) in the four pure
ILs: [Cymim][NT£,] (red), [SZ,Z,I][Nsz] (blue), [Cympyrr][NT£]
(green) and [Py, 444][NTf,] (purple) on (a) gold and (b) platinum
TFEs.

Table 1. Peak-to-peak separations (AEP) for the 0,/0,°”
redox couple in ILs measured on Au and Pt TFE surfaces at
a scan rate of 100 mV s

viscosity”  AE, on Au TFE®  AE, on Pt TFE"
ionic liquid (n/cP (mV) (mV)
[Cymim][NT%,] 52° 320 (+5) 478 (£10)
[S,,,1][NTE] 50° 240 (+8) 362 (£10)
[C4mpyrr][NT5,] 89° 147 (+6) 317 (+19)
[Pryses) [NTE] 450° 785 (£74) 1049 (+6)

“Dynamic viscosity measured at ~293 K and standard pressure (~1
atm). “Note: Error bars represent one standard deviation of three
repeat measurements.

presence of an acidic hydrogen in the C(2) position of the
imidazolium ring, which makes [C,mim]* more prone to
nucleophilic attack by the reactive superoxide species®
compared to the aliphatic cations, [Cympyrr]*, [S,,,]" and
[P14666] " Subsequently, the shapes of the CVs for 0,/0,°” in
[C,mim][NTf,] are not fully chemically reversible, although
they are still reversible enough on the voltammetric time scale
to observe a visible superoxide peak. While this chemical
reactivity is important to consider, it is not believed to affect

https://doi.org/10.1021/acsphyschemau.2c00035
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the analysis of the electrochemical parameters (peak-to-peak
separation and reduction potential) that will be used to draw
the conclusions in this study.

3.1.2. Redox Kinetics for Oxygen/Superoxide in
[C4mim][NTf,1/[S, 1 1INTf,] Mixtures. The voltammetry of
the 0,/0,” redox couple in [Cymim],[S,, ], [NTf]
mixtures at different mole fractions is presented in Figure 3
(Figure 3a on Au, Figure 3b on Pt). On both surfaces, the
oxygen reduction peak potential shifts to more negative values
as more imidazolium ions are added to the mixture; however,
the superoxide oxidation peak potential remains relatively
stable. Figure 3¢ shows quantitively how the AE, values change
upon mixing. The values for the pure ILs (mole fractions of 0
and 1) are also included in the plot and are used to draw linear
dashed lines that show the expected behavior that represents
“ideal” mixing. If the experimental AE, values lie along the
dashed line, this indicates that the distribution of ions near the
electrode surface (ie, in the EDL) closely reflects the
composition of the mixed ions in the bulk.

As seen in Figure 3c, the AE, values vary on both Au and Pt
electrodes with as a higher mole fraction of [C,mim]" is added
to the mixture. On a gold surface, the behavior approximately
follows the ideal mixing line, with some values slightly higher
or lower than the ideal mixture. However, on the Pt surface,
the experimental AE, values for the mixtures consistently lie
below the ideal mixing line, demonstrating kinetics closer to
the sulfonium IL than the imidazolium IL. This behavior
suggests a higher occupation of sulfonium ions near the Pt
electrode surface compared to the bulk. This is rationalized by
the negatively biased electrode surface (both Pt and Au) being
highly accessible to the charge center of the sulfonium cation
due to its trigonal pyramidal geometry, which should result in
strong Coulombic interactions between the cation and surface.
The geometry allows the [S,,,]" cation to pack quite
effectively at the EDL on both Pt and Au, especially compared
to more bulkier cations with less accessible charges, cf.
pyrrolidinium and phosphonium, which will be discussed later.
In contrast, the imidazolium ion is known to have specific
adsorption interactions with gold through electrostatic
interactions between the metal d-orbital and the z-bonds of
the imidazolium ring which causes the ring to lie parallel to the
surface.”>*° Interactions of imidazolium cations are less well-
known on a Pt surface; hence, the interactions of Pt with
[S,,,1]" will likely be stronger than with [C,mim]*. Overall, the
mixtures on Au more closely resemble the ideal bulk
composition, representing a balance in the strong interactions
of the two ions (sulfonium and imidazolium) with the surface.
However, on Pt, slightly more sulfonium ions are likely to be
present in the EDL compared to the bulk.

3.1.3. Redox Kinetics for Oxygen/Superoxide in
[C,mim][NTf,]/[C;mpyrrl[NTf,] Mixtures. Cyclic voltam-
metry for the O0,/0,°" redox couple in
[Cymim],[C,mpyrr],_,[NTf,] mixtures at different mole
fractions is presented in Figure 4 (Figure 4a on Au, Figure
4b on Pt). Upon visual inspection, the CV behavior and
waveshapes on Au (Figure 4a) appear to be closer to that of
the pure imidazolium IL for all the mixtures studied. However,
on Pt (Figure 4b), there is a more gradual change in the
superoxide oxidation peak potential with changing composi-
tion. The peak-to-peak separations (AE,) are plotted for the
pure ILs and the different mixtures in Figure 4c as a function of
increasing mole fraction of [C,mim]* in the mixture, with the
dashed line representing the “ideal” mixture values. On Pt, the
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Figure 3. CVs for the 0,/0,°” redox couple in
[Cymim],[S,,,],—[NTf,] mixtures (red, green, blue and pink solid
lines) with the neat ILs overlaid ([C,mim][NTf,], black dashed line;
[S,2,][NT£,], gray dashed line) at (a) gold and (b) platinum TEFEs.
The average AE, for each IL and IL mixture is presented in (c) for
both electrode materials (platinum, gray squares; gold, yellow
squares). The error bars represent one standard deviation of triplicate
experiments. The linear function representing a weighted average of
the AE, of the two neat ILs (black dashed line in (c)) is included for
clarity. See Table S2 in the Supporting Information for the
quantitative data extracted from the plots.

change in the kinetics approximately follows the ideal line,
suggesting that the EDL comprises of similar compositions of
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Figure 4. CVs of the 0,/0,°" redox couple in
[Cymim],[C,mpyrr],_,[NTf,] mixtures (red, green, blue and pink
solid lines) with the neat ILs overlaid ([C,mim][NTf,], black dashed
line; [Cympyrr][NTf,], gray dashed line) at (a) gold and (b)
platinum TFEs. The average AE, for each IL and IL mixture is
presented in (c) for both electrode materials (platinum, gray circles;
gold, yellow circles). The error bars represent one standard deviation
of triplicate experiments. The linear function representing a weighted
average of the AE, of the two neat ILs (black dashed line in (c)) is
included for clarity. See Table S3 in the Supporting Information for
the quantitative data extracted from the plots.

ions as in the bulk. However, the behavior on Au significantly
deviates from ideal, especially at lower mole fractions of
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[Cymim]*. For example, at x = 0.2, the AE, was >60 mV
higher than the “ideal” mixture of the constituent ILs,
suggesting that the redox kinetics are much more like pure
[C,mim][NTf,] than [C,mpyrr][NTf,], despite containing
four times the number of pyrrolidinium cations in the bulk
mixture. This suggests that the cation layers at the interface are
likely composed mostly of [C,mim]*, despite the dispropor-
tionate amount of [C,mpyrr]* in the bulk.

As mentioned for the [C,mim],[S,,,],_[NTf,] mixtures,
imidazolium cations are known to have strong interactions
with gold surfaces.”* >® However, for pyrrolidinium cations,
contrary findings on the extent of specific adsorption have been
reported. X-ray photoelectron spectroscopy of ultrathin IL
layers on a Au(111) surface demonstrated that for both
[Cymim][NTf,] and [Cgmim][NTT%,], the imidazolium cation
was oriented parallel to the interface, while the pyrrolidinium
cation of [C,mpyrr][NTf,] was likely oriented perpendicular
to the interface with the alkyl chain pointing away from the
surface.””*® Based on this, it would be expected that
imidazolium cations have stronger electrostatic interactions
with the surface because the delocalized charge should be
drawn closer to the surface than the point charge of
pyrrolidinium. In contrast, the innermost layer of the
[Cympyrr][NTf,]/Au(111) interface when investigated by
AFM was more compact and required higher rupture forces to
puncture than the correspondingg layer of the [C,mim][NT%,]/
Au(111) interfacial structure.”” The authors concluded that
the localized charge of the pyrrolidinium cation accounted for
stronger electrostatic interactions with the gold surface,
resulting in the higher rupture forces and a more condensed
structure.

While the electrochemical results can give some indications
on the structuring at the interface, it is important to note that
the composition of the innermost (Stern) layer at the interface
may not fully define the redox kinetics. This is because the
electron tunnelling distance between an analyte and the
electrode surface is likely to be on the order of several nm,">*
which is significantly larger than the size of an individual IL
ion. Consequently, the height and composition of the entire
EDL is likely to be multiple ion layers thick and the
combination of these layers could account for changes in the
redox kinetics. Previous research found that the [C,mim]-
[NTf,]/Au(111) interfacial structure was shorter (2.8 nm)
than that of [C,mpyrr][NTf]/Au(111) (3.8 nm),”” which
may suggest that the negative surface charge of gold is screened
more effectively by the more compact EDL of [C,mim][NTf,]
at the gold interface. Given the complex nature of the factors
determining the structure of the interface between ILs and
metal electrodes, investigation of the interfacial structure of
[Cymim],[C,mpyrr]y[NTf,]/Au(111) by AFM will be
performed later (see section 3.2) to investigate the significant
deviation from “ideal” redox kinetics in this mixture suggested
from the CV.

3.1.4. Redox Kinetics for Oxygen/Superoxide in
[C4mim][NTF,1/[P146,66][NTf,] Mixtures. The voltammetry
of the 0,/0,"" redox couple in [Cymim] [P,4¢6];—[NTE]
mixtures at different mole fractions is presented in Figure 5
(Figure Sa on Au, Figure Sb on Pt). This mixture
demonstrated the greatest deviation from “ideal” and showed
different characteristics to those observed for the other
mixtures. We note that unusual electrochemical behavior in
ILs with the [Py 446]" cation has been observed by our
research group previously.”"*> The voltammetric wave shapes
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Figure 5. CVs of the 0,/0,°" redox couple in

[Cymim],[Pyy666)1-.[NTE,] mixtures (red, green, blue and pink
solid lines) with the neat ILs overlaid ([C,mim][NTf,], black dashed
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TFEs. The average AE, for each IL and IL mixture is presented in (c)
for both electrode materials (platinum, gray circles; gold, yellow
circles). The error bars represent one standard deviation of triplicate
experiments. The linear function representing a weighted average of
the AE, of the two neat ILs (black dashed line in (c)) is included for
clarity. See Table S4 in the Supporting Information for the
quantitative data extracted from the plots.
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on both Au and Pt surfaces changed significantly as [C,mim]*
was added to the mixture. Notably, at some mixtures (e.g., x =
0.22), the appearance of two reduction peaks were observed
intermittently (see discussion in the Supporting Information),
which could correspond to the reductions of the oxygen and
superoxide, respectively;33 however, the behavior is unclear
and often inconsistent. In this case, the best estimate was made
by measuring the peak potentials using a peak that was clearly
visible. It is noted that the broader nature of the peak at high
[P14666]" compositions also makes measurement of the peak
potentials more prone to errors.

Figure Sc shows how the peak-to-peak separations change
with increasing mole fraction in the mixture. On Au, AEP
roughly follows the ideal mixing line, with a slight tendency for
the kinetics to be closer to pure [Cymim][NTf,] at mole
fractions from 0.4 to 0.8. We note that the value for x = 0.2
may be skewed because of the split peak nature of the CV and
the difficulty to measure an accurate AE,. The trend on Au is
similar to that reported for the other mixtures, with stronger
specific adsorption of [C,mim]" at the gold surface compared
to the phosphonium cation. However, the behavior on the Pt
electrode is very unexpected, because the kinetics actually
appear much faster in the mixture (at x = 0.4, 0.6 and 0.8) than
in pure [C,mim][NTf,] (320 mV) or pure [P, 446l [NTH]
(784 mV). It is noted that these experiments were highly
reproducible and repeated multiple times with the same
results. Although the reason for this behavior is not clear, the
decrease in AE, of [Cymim] [Py 466)1-[NTE,] mixtures
compared to pure [C,mim][NTf,] could be a promising step
toward developing an oxygen sensing electrolyte with favorable
kinetics, but one that is more robust against atmospheric
humidity. Further follow-up studies with these mixtures are
planned in the future to elucidate the unusual behavior
occurring.

3.1.5. Thermodynamic Reduction Potentials for Oxy-
gen/Superoxide in IL Mixtures. The midpoint potentials
(Emiq) of the O,/0,°” redox couple were calculated from the
average of the oxygen reduction potential and superoxide
oxidation potential. E_ ;4 was used rather than the reduction
peak potential to account for the widely different kinetics of
the redox couple in the different ILs. The potentials were
measured relative to the ferrocene/ferrocene redox couple, as
described in the Experimental Section, because the quasi-
reference electrode potential on the TFE surface may shift
during experiments. Ferrocene is often used for reference
potential calibration in ILs.”*** Figure 6 shows the plots of
E,.i4 as a function of increasing mole fraction of [C,mim]* (x)
in mixtures with (a) [S,,,]", (b) [Cympyrr]" and (c)
[Pi466s]" cations. For the sulfonium mixture (Figure 6a),
the midpoint potentials are relatively similar in the pure ILs,
with a difference of only ~20 mV on Pt and ~60 mV on Au
between pure [C,mim][NTf,] and pure [S,,,][NTL]. So,
while the E,_ 4 at different mole fractions looks quite variable in
Figure 6a, these differences are relatively small compared to the
other mixtures. Generally, the trends appear to be relatively
linear (taking into account the error bars), with a slight
tendency toward more [S,,,]" character on the gold and more
[C,mim]* character on Pt, consistent with the discussion for
AE, in Figure 3.

For the [C,mim],[C,mpyrr],_,[NTf,] mixtures (Figure
6b), the E, ;4 potentials of the pure ILs vary by ~110 mV on
Pt and ~100 mV on Au. With more [C,mim]* in the mixture,
E,.iq decreases closer to the value in the pure [C,mim][NTf,].
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quantitative data.

On the Pt surface, the trend almost follows the “ideal” mixing
line (within experimental variation), but on Au, there is a
significantly higher character of [C,mim][NTf,] even at low
mole fractions of [C,mim]*. This is entirely consistent with the
results in Figure 4, where it was suggested that the strong
interactions of Au with [C,mim]* causes a much higher
occupation of [Cymim]* near the surface even with a high
excess of [Cympyrr]* in the bulk. This mixture will be studied
using AFM force curves to try to elucidate the behavior
occurring by relating it to the ion structuring at the electrode.

The E_,;q potentials measured in
[C,mim],[P4666)1-<[NTf,] mixtures are shown in Figure
6¢. This mixture showed the largest differences in thermody-
namics between the two pure ILs, with a difference in E_;4 of
~330 mV on Pt and ~280 on Au. The trend in E_;y with
varying mole fraction almost follows the “ideal” line on Pt,
except for the outlier at x = 0.4 that shows a much more
negative reduction potential than expected. The large error
bars represent the inconsistency in results observed for this
mixture, probably due to the large and bulky chains of the
[P14666) " cation forming different structures in the EDL each
time a negative bias is applied. Large and bulky amphiphilic
ions such as [Py466]" can induce self-assembly through
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solvophobic interactions, resulting in quite ordered nanostruc-
tures at charged surfaces,”> whereas [C,mim]* cations lie
mostly parallel to a gold/platinum surfaces,”” 3007 forming
alternating layers of cations-anions-cations-anions, with some
“overscreening” of the electrode charge.68 When more
[Pi466s]" cations are present in the bulk (x < 0.50), there
may be a transition from an EDL with the typical alternating
layers of ions, to an interfacial structure with alternating layers
driven by nanosegregration. However, the presence of
[C,mim]" in the EDL might influence this transition because
the butyl chain can interact with the apolar domain in
[P14666]") exhibiting a structure between fully dispersed and
fully continuous microphases.”” The transitional structure may
result in competition between the development of the
interfacial nanostructure and the noncovalent interactions of
phosphonium cations with superoxide (previously discussed)
which could result in a higher thermodynamic energy barrier to
electron transfer and inconsistencies in double layer formation.
However, the exact cause of the E ;4 vs x behavior is hard to
discern through electrochemical means alone and would
benefit from simulation data and more insights into the
interfacial structure of the [C,mim][P,¢¢¢]1_[NTE]
mixtures at these applied potentials.
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Based on the electrochemistry results that showed the most
obvious deviations from “ideal” mixing, the IL mixture
[C,mim]y,[C,mpyrr],s[NTf,] was chosen for further analysis
of its interfacial structure by AFM at a gold surface. The force—
separation profiles for this mixture, and for the two pure ILs, at
a Au(111) interface are presented in Figure 7a at the OCP and
in Figure 7b at a bias potential of —1 V. It is noted that the
innermost layers of all force—separation profiles measured by
AFM typically showed nonvertical steps, indicating that these
layers are slightly compressible. Widths are estimated by taking
the width measurement at the force value halfway along the
step, i.e., the median force value of the compressible layer. As
indicated by the dashed lines in Figure 7a, the interfacial
structure of the mixture demonstrated characteristic features of
both the constituent ILs at the OCP, while under a negative
bias potential of —1 V (Figure 7b), the structure of the mixture
contained more unique features compared to the pure ILs.
At the OCP, the innermost layer of the mixture had a width
of 0.47 nm, between that of the corresponding layers of neat
[C,mim][NTf,] (0.34 nm) and neat [C,mpyrr][NTf,] (0.67
nm). This indicated that the layer closest to the interface may
be enriched with [C,mim]* in the mixture despite being much
less prevalent in the bulk liquid. The length of the interfacial
measurable by AFM for
[Cymim],[C,mpyrr];s[NTE,] was 2.6 nm, which was almost
identical to the length measured for pure [C,mim][NT£,] (2.5
nm) and much less than that shown for pure [C,mpyrr][NTf,]
(3.5 nm). The values for the pure ILs closely match those
previously reported for [C,mim][NTf,] and [C,mpyrr][NTf,]
on a Au(111) surface.”” However, the force required to
rupture the innermost layers of the mixture and pure
[C,mpyrr][NTf,] was almost identical at 3.4 nN and 3.6
nN, respectively. The lower rupture force relative to [C,mim]-
[NTf,] indicates that this innermost ion layer is less tightly
bound in the mixture due to competing interactions
introduced because of the presence of two different cations.
With no applied potential across the interface, the interfacial
structure of the mixture [C,mim],,[C mpyrr]ys[NTf,]
appears as an intermediate between the two constituent ILs,
possessing characteristics in the force—separation profiles of

structure

523

both ILs despite significant differences in the concentration of
the mixed cations.

Under a negative applied potential of —1 V, similar to the
midpoint potential for O,/0,°” at a gold electrode in Figure
3b, the interface for this mixture demonstrates characteristics
unlike the constituent ILs, which likely contributes to the
nonideal kinetic and thermodynamic behavior observed. The
innermost layer of the interface for the pure ILs was slightly
wider and required less force to be penetrated than that of the
mixture. Furthermore, the EDL structure for the mixture
extended a somewhat shorter distance from the interface (2.3
nm) compared to [C,mim][NTf,] (2.6 nm) and [C,mpyrr]-
[NT£,] (2.5 nm). Recalling that the AE, of the electrolytes
follows the trend:

[Cympyrr][NTf,] < [Cymim],o[C,mpyrr], 5 [NTE,] < [C,mim][NTf,]

(6)

Comparing the redox kinetics of the pure ILs with
characteristics of their respective force—separation profiles
suggests that the AE, of an mixed IL electrolyte should
decrease with shorter EDL structures and with smaller rupture
forces for ion layers closest to the interface ([C,mpyrr][NT£,],
3.3 nN; [Cymim][NT£], 5.1 nN). Consequently, the shorter
EDL structure observed for the mixture should result in faster
kinetics than the neat ILs because the electron tunnelling
occurring during a redox reaction transverses a smaller
ordered, dense structure. In contrast, the greater rupture
forces shown for the inner layers of the EDL in the mixture
(6.1 nN) compared to the pure ILs would cause slower
kinetics because the electrons must tunnel through a more
ordered structure to reach the electrode surface. The two
rigidly adhered layers closest to the interface of the mixture
appear to offset much of the faster kinetics that would be
expected of the mixture because of its much shorter interfacial
structure. In summary, the force—separation profiles for the
examined ILs and IL mixture demonstrate that the higher
rupture force observed in the innermost layers of the mixture,
relative to the pure ILs, may account for the slower than “ideal”
kinetics observed for O,/0,°” in this mixture despite it having
a more compact structure normal to the interface.
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Cyclic voltammetry of the O,/0,°” redox couple in mixtures
of ILs was used to evaluate the redox kinetics and
thermodynamics, using the peak-to-peak separation (AE,)
and the midpoint potential (E,4), respectively. Three different
mixtures were examined, [C,mim][S,, ], [NTf,],
[Cymim],[Cympyrr],_,[NTf,] and
[Cymim],[P14666]1-.[NTf,], on both gold and platinum
electrodes. The behavior of the mixtures was found to be
dependent on the constituent ILs and the nature of the metal
(Au or Pt) at the electrode—electrolyte interface. Factors
including ion geometry, specific adsorption interactions
between ions and metals and interfacial nanostructuring were
found to influence the prevalence of the mixed ions in the EDL
and the resulting redox kinetics or thermodynamics. The
strong imidazolium-like characteristics in pyrrolidinium-
imidazolium mixtures at low imidazolium mole fractions was
supported by AFM results that showed a much higher
proportion of [Cymim]* compared to [C,mpyrr]" near the
electrode surface. The behavior in the phosphonium mixtures
warrants follow-up studies to investigate the behavior
occurring. Overall, understanding the effects of mixing ILs
on the electrochemical properties of dissolved analytes is
important and can aid in developing the optimum electrolyte
material for electrochemical sensing and other electrochemical
applications.
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Tables of peak-to-peak separations on Au and Pt
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