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Ionic liquids, salts in the liquid state, are typically a family of
molten salts solely comprised of cations and anions with a low
melting point below 100 °C. The unique physicochemical prop-
erties of ionic liquids such as low vapor pressure, non-volatility,
good thermal stability, high ionic conductivity and a wide elec-
trochemical window make ionic liquids an alternative to conven-
tional organic and aqueous electrolytes.' Meanwhile, almost
unlimited variations of ionic liquids can be synthesized by
combining numerous kinds of cations and anions. These features
of ionic liquids have enabled the implementation of various
technologies, and particularly the redox chemistry of various
metals in ionic liquids has been utilized in such applications as
electrodeposition, electrowinning, cementation, corrosion, metal-
air batteries and redox batteries.>"® Recently, some unusual find-
ings where a less noble metal is deposited on a more noble metal
by electroless deposition, that is, a galvanic displacement reaction,
have been reported.”™ As Lahiri et al. pointed out, these kinds of
galvanic displacement reactions could be triggered by forming
metal ion complexes with the anions of ionic liquids, making the
redox potentials in ionic liquids different to those of metal
complexes in aqueous solution."

An electrochemical series in an aqueous system has been
well established, and is available in the form of a standard
electrode potential database.' Standard electrode potential is
defined as the measure of the individual potential of reversible
electrodes at a standard state with ions at an effective concen-
tration of 1 M at the pressure of 1 atm, and is usually measured
or calculated at 25 °C. Similarly, the galvanic series was also
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An electrochemical series of pyrrolidinium-based ionic liquids is established by designing a redox system
where only one kind of anion is present in the electrolyte and metal ions are supplied by anodic
dissolution. This is the first report where an electrochemical series is established in pure ionic liquids.

established for the determination of the nobility of metals in
saltwater.®® In contrast, there is no universal electrochemical
series in the case of ionic liquids. Because the combination of
metal and ionic liquid is very selective for the specific purpose
of the aforementioned applications where the redox chemistry
of metals in ionic liquids is utilized,'® Abbott et al.'s electro-
chemical series for deep eutectic solvents would be the only
report of its kind."” They established an electrochemical series
of various redox couples in ethaline that is the 1 : 2 mixture of
choline chloride and ethylene glycol. Although their approach
was systematic and extensive, there would be some limitations
in that ethaline was not a pure compound but a mixture and
adopted metal salts consisted of various unspecified anions.
Because the metal-ion speciation in this case is complex and
inconsistent, it would be desirable to make a redox system as
simple as possible. Therefore, we design a redox system where
only one kind of anion is present in electrolyte and metal ions
are supplied by anodic dissolution for the establishment of an
electrochemical series in ionic liquids. In this study, an attempt
to build the electrochemical series of various metals is made in
pyrrolidinium-based ionic liquids by using a ferrocene/
ferrocenium (Fc/Fc') internal reference at room temperature.

The schematic structure of the cation and anions consti-
tuting two ionic liquids (1-butyl-1-methylpyrrolidinium bis(tri-
fluoromethylsulfonyl)imide and 1-butyl-1-methylpyrrolidinium
bis(fluorosulfonyl)imide) adopted for this study is presented in
Scheme 1. 1-Butyl-1-methylpyrrolidinium cation has a few
different abbreviations (BMPyr, BMP or Py, ,) in literature. Two
kinds of anions (bis(fluorosulfonyl)imide and bis(tri-
fluoromethylsulfonyl)imide) also have various abbreviations
where we prefer to use Nf, (rather than FSA) for bis(-
fluorosulfonyl)imide, and NTf, (rather than TFSI, Tf,N, and
TFSA) for bis(trifluoromethylsulfonyl)imide.

Fig. 1 shows a comparison of electrochemical window of
[BMPyr] [NTf,] and [BMPyr] [Nf,] ionic liquids in neat condition.
The cathodic and anodic electrochemical limit is commonly
defined at the voltage where a specific current density is
reached. The cutoff current density is usually and arbitrarily
selected from 0.1 to 1.0 mA cm >.'® [BMPyr] [NTf,] exhibits
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Scheme 1 Schematic structures of (a) 1-butyl-1-methylpyrrolidinium
[BMPyrl*, (b) bis(fluorosulfonyllimide [Nf,]~, and (c) bis(tri-
fluoromethylsulfonyl)imide [NTf,] .

cathodic stability limit and anodic stability limit up to —3.5 and
2.4 V, respectively, and consequently the electrochemical
window is 5.9 V. [BMPyr] [Nf,] exhibits cathodic stability limit at
—2.5 V and anodic stability limit at 2.8 V, showing the electro-
chemical window of 5.3 V. No marked reduction or oxidation
currents of the electrolytes were detected within this range. All
potentials reported herein are displayed on the Fe/Fe' potential
basis, of which stability during storage or cyclic voltammetry in
the ionic liquids were confirmed in Fig. S1.7 Particularly,
[BMPyr] [NTf,] exhibits more negative cathodic stability limit
than [BMPyr| [Nf,] whereas [BMPyr] [Nf,] displays a little more
extended anodic stability limit than [BMPyr] [NTf,]. In general,
the electrochemical window of ionic liquids depends on cation/
anion combination, water content, and other factors. The
decomposition of corresponding cations and anions of ionic
liquids affects cathodic and anodic limits, respectively.">*

6| — [BMPyr] [NTf)
—— [BMPyr] [Nf)]
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o
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Fig. 1 Electrochemical window of [BMPyr] [NTf,] and [BMPyr] [Nf,]
(gold working electrode in neat condition at a scan rate of 10 mV s * at
room temperature).
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Considering that [BMPyr] [NTf,] and [BMPyr| [Nf,] have the
same cation, it is surprising that there is a definite difference in
cathodic stability. However, Ong et al. have demonstrated that
the cathodic stability is influenced not by cation alone but by
the combination of cation and anion.'®

Metal ions are usually introduced to ionic liquids by dissoci-
ating metal salts such as metal chloride.>"” Because the solubility
of metal salts in ionic liquids is generally much lower than that in
aqueous solutions, as high as 1 M of metal ion concentration
cannot be achieved for measuring standard electrode potential.
Therefore, we applied an anodic dissolution to the preparation of
a designated concentration of metal ions in the ionic liquids.”>*
Once a linear sweep voltammetry is conducted for a specific couple
of metal and ionic liquid, the required amount of metal ions for
a designated concentration (0.1 mM) is calculated based on Fara-
day's law and the corresponding upper limit of dissolution
potential is determined. Fig. 2 shows the linear sweep voltammetry
(LSV) for five metals in [BMPyr] [NTf,] and [BMPyr] [Nf,] at room
temperature. All of the metals used as working electrodes can be
electrochemically oxidized in [BMPyr] [NTf,] and [BMPyr] [Nf,].
More anodic currents were observed in [BMPyr] [Nf,] than [BMPyr]
[NTf,] because Nf, anion based ionic liquids have a higher
conductivity and lower viscosity than NTf, anion based
compounds.® The amount of dissolved metals required for
0.1 mM concentration and their corresponding dissolution
potential are calculated based on Faraday's law (ESIf) and Fig. 2,
and tabulated in Table 1.
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Fig. 2 Anodic linear sweep voltammetry of five metals in (a) [BMPyr]
[NTf,] and (b) [BMPyr] [Nf,].
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To calculate the upper limit of dissolution potential, we need to
assign the number of mole of transferred electrons in each redox
reaction appearing in Faraday's law. Previous reports investigating
the redox behaviors of Ag, Cu, Sn, In, and Zn in [BMPyr] [NTf,] or
[BMPyr] [Nf,] were referred to for assigning the number of elec-
trons, especially for metals having more than an oxidation state
such as Cu and Sn.**?* As the upper limit of dissolution potential
for each metal is indicated by arrows in Fig. 2, the arrows are
located on initial uphill sections or plateaus of the current density.
An assumption made for the calculation in Table 1 is that all
anodic currents before the upper limit of dissolution potential
generate metal ions in the ionic liquids. Because ionic liquids are
a non-aqueous medium with low oxygen content but extremely
high concentrations of cations and anions, it is expected that
unfavorable formation of oxide film that prevents dissolution of
metals are prevented under the circumstance of negligible oxygen
and moisture level in a glove box.>® As Abbott et al. analyzed the
anodic dissolution behaviors of various metals, a sudden decrease
in current following an anodic peak would be characteristic of
passivation layer formation in ionic liquids.? All of the arrows in
Fig. 2 appear before reaching the downhill sections of current
density, which are clearly shown for Ag in both ionic liquids and
Cu in [BMPyr] [Nf,], or the onset potential of anodic decomposi-
tion of the ionic liquids (2.4 V for [BMPyr] [NTf,] and 2.8 V for
[BMPyr] [Nf,]). The assumption of 0.1 mM concentration herein is
based on 100% faradaic efficiency, and otherwise, the actual
concentration could be monitored by a technique such as UV-vis
absorption spectroscopy and adjusted to 0.1 mM by trial and
error, which is set aside for future study.”** Incidentally, an effort
was made to increase the metal ion concentration more than
0.1 mM by extending the upper limit of dissolution potential,
which became unsuccessful, because most metals particularly in
[BMPyr] [NTf,] soon reach the onset potential of anodic decom-
position of ionic liquids. Meanwhile, an attempt to establish
a more comprehensive electrochemical series was also made by
dissolving other kinds of metals than the five presented metals
electrochemically. Because some metals showed high open circuit
potential (OCP) or otherwise large anodic overpotential, the upper
limit of dissolution potential for 0.1 mM went beyond the onset
potential of anodic decomposition of the ionic liquids.

Once a situation where a metal is in contact with a desig-
nated concentration of metal ions is set up, the achievement of
an equilibrium state is hinted at by monitoring OCP with time.

Table 1 The amount of dissolved metals and their corresponding
upper limit of dissolution potential for 0.1 mM concentration

Dissolution potential (V vs. Fc/
Fc')

Amount of dissolved

Element metals (ug) [BMPyr] [NTf,] [BMPyr] [Nf,]
Ag 21.6 0.8 0.5

Cu 12.7 1.9 0.3

Sn 23.7 1.4 0.7

In 23.0 0.9 0

Zn 13.1 2.2 1.7
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Although OCP after the anodic dissolution process became
somewhat stabilized, a lack of consistency was observed, which
made us resort to a corrosion potential measurement during
cathodic potentiodynamic polarization for estimating redox
potential as a practical and reproducible measure. Fig. S27
shows the potentiodynamic polarization of the five metals in
[BMPyr| [NTf,] and [BMPyr] [Nf,] where 0.1 mM of each metal
dissolved. The thermodynamic activity of the metals in the ionic
liquids is compared by measuring the corrosion potential. In
[BMPyr] [NTf,], the corrosion potential is in the order of Ag (0.14
V) >In (0 V) > Cu (—0.07 V) > Sn (—0.22 V) > Zn (—0.48 V),
suggesting that Ag is the most noble metal while Zn is the most
reactive in this ionic liquid. The similar corrosion potential
order is found in [BMPyr] [Nf,] in the order of Ag (0.49 V) > Cu
(0.01 V) > In (—0.42 V) > Sn (—0.47 V) > Zn (—0.49 V) except for
the reversal of order between Cu and In.

An electrochemical series in the ionic liquids can be estab-
lished from formal potential, which incorporates an activity
coefficient. Although the usage of formal potential is correct in
this instance, the formal potential is almost equal to the stan-
dard electrode potential considering that the activity coefficient
is close to unity when solution concentration is very low. The
formal potential was evaluated from the corrosion potential
values obtained in Fig. S27 by using Nernst equation as follows:

R Y L y
where E, is the corrosion potential, E; is the formal potential, 7 is
the number of mole of transferred electrons assuming normal
oxidation states (1 for Ag and Cu, 2 for Sn and Zn, and 3 for In), F is
the Faraday constant (96 485 C mol '), and ; is the concentration of
solution (0.1 mM). Fig. 3 compares the formal potentials of Ag, Cu,
Sn, In, and Zn in the ionic liquids and aqueous solutions where
standard hydrogen reference electrode is converted to Fc/Fc' refer-
ence electrode scale.® Overall, the order of redox activity is main-
tained regardless of the kinds of solvents with an exception that the
reversal of electrochemical series between Sn and In is observed in
the ionic liquids, more notably in [BMPyr] [NTf,]. The absolute
values of formal potential are all different depending on the
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Fig. 3 Formal potentials of five metals in the ionic liquids and aqueous
solution.
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electrolyte systems, and the formal potentials of some metals such
as Ag and In are fairly different in the two pyrrolidinium-based ionic
liquids of which anions have similar structures. The formal poten-
tials of Ag, Cu, Sn, In, and Zn from Abbott et al.'s electrochemical
series in ethaline are directly compared in Fig. S31 on the same Fc/
Fc' reference electrode basis. The absolute values of formal poten-
tials in ethaline appear to shift much from those in [BMPyr] [NTf,]
and [BMPyr] [Nf;], taking the relatively smaller variation of formal
potentials in between similarly structured [BMPyr| [NTf,] and
[BMPyr] [Nf,] into consideration. Noteworthy is the fact that the
order of overall redox activity is also maintained in ethaline
including the reversal of electrochemical series between Sn and In.

Conclusions

We first report the quantitative evaluation of electrochemical
series in pure ionic liquids. The electrochemical series in
pyrrolidinium-based ionic liquids is established by designing
a redox system where only one kind of anion is present in the
electrolyte and metal ions are supplied by anodic dissolution.
There is the inversion of redox activity between a couple of
metals in the electrochemical series in the ionic liquids.
Therefore, the unusual galvanic displacement reaction where
a less noble metal is deposited on a more noble metal in ionic
liquids can be explained by the quantitative electrochemical
series in ionic liquids. It is also worth mentioning that the
extension of electrochemical series is limited by the amount of
electrochemically dissolved metal ions and the onset potential
of anodic decomposition of ionic liquids.
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