Electrocapillary Curves for the Hg/Ionic Liquid Interface
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Electrocapillary curves (surface tension Y as a function of the electrode potential E) for a series
of room-temperature ionic liquids (RTILs) were measured using a mercury dropping electrode with
the drop-weight (drop-volume) technique. The curves y = f (E) for the Hg/RTIL interface have one
maximum and may be approximated with a polynomial of sixth-order. There are no ‘humps’ in the
curves. The interfacial tension of the Hg/RTIL system changes with potential £ in a monotonic way.
The second derivative of Y= f (E) leads to a polynomial of fourth order, indicating the capacitance of
the Hg/RTIL interface. The potential of zero charge is within a relatively narrow range. The specific

capacitance at the minimum is of the order 10 uF/cm?.
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1. Introduction

Salts characterized by a low melting point, i. e. lig-
uid at room-temperature or even below, form sys-
tems usually called room-temperature ionic liquids
(RTILSs) or simply ionic liquids (ILs). They may serve
as solvents for chemical reactions as well as elec-
trolytes in electrochemical devices. The first exten-
sively studied RTIL was 1-ethyl-3-methyl-imidazol-
ium tetrachloroaluminate (EtMeImAICly). However,
ILs containing the AICl; ™ anion are easily hydrolyzed.
Non-chloroaluminate RTILs, resistant to moisture,
have been developed and studied extensively during
the last decade [1-4]. Electrochemical double-layer
capacitors (EDLCs), based on carbon materials hav-
ing a very high surface area, have been developed
at the same time as energy-storage devices with very
promising results. Various liquid electrolytes, both
aqueous and non-aqueous, as well as polymer elec-
trolytes have been applied [5—17]. There are also
reports available, which describe attempts to apply
ILs in EDLCs [18—-26]. In [5—26] devices prepared
from different types of activated carbon (AC) are de-
scribed. The specific capacitance of the AC/electrolyte
interface has been expressed versus the carbon to-
tal mass (F/g) or versus the total carbon surface esti-
mated from the BET isotherm (uF/cm?). The wettabil-
ity as a function of the potential is interesting from the
point of view of actuators as well as of carbon-based
double-layer capacitors. The degree of wetting is de-

scribed by the angle at which the liquid/vapor inter-
face meets the solid/liquid interface. The term ‘elec-
trowetting’, in contrast to the term ‘wetting’, is usu-
ally used to describe a system in which the electron-
conducting electrode and ion-conducting fluid (elec-
trolyte) are separated by a layer of an insulating di-
electric material. While the electrowetting concept is
rather related to the three-phase solid-liquid-gas sys-
tem, the electrocapillary curve describes the change
in the two-phase electrode/electrolyte interface. There
are only a few publications about measurements of
the double-layer capacitance at a geometrically de-
fined electrode/electrolyte surface, apart from a pa-
per on ILs based on the chloroaluminate ion [27] and
a work on the specific capacitance for glassy carbon
(GC), mercury and a commercial carbon as electrode
materials, and four ILs based on the 1-ethyl-3-methyl-
imidazolium cation [28]. The differential capacitance
at the electrode/IL interface (Pt, Au) was measured for
18 ILs by directly applying chronoamperometry [29].
The double-layer capacitance at the Pt/IL and Au/IL
interface was at the level of 1—8 uF/cm?. The elec-
trocapillary curve (mercury dropping time as a func-
tion of potential) was measured in 1-ethyl-3-methyl-
imidazolium tetrafluoroborate and 1-propyl-3-methyl-
imidazolium tetrafluoroborate [30,31]. The general
aim of the present work was to determine electrocap-
illary curves at the Hg/IL interface for a number of
room-temperature ILs, using the drop-weight (drop-
volume) technique.
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2. Experimental
2.1. Chemicals

Cryptand 222 (4,7,13,16,21,24-hexaoxa-1,10-diaza-
bicyclo[8.8.8]hexacosane) and silver perchlorate were
obtained from Merck. Ionic liquids (Table 1): diethyl-
methyl-sulfonium bis(trifluoromethanesulfonyl)imide
(Et;MeSNTH,), triethyl sulfonium bis(trifluorometh-
anesulfonyl)imide (Et3SNTf,), 1-ethyl-3-methyl-
imidazolium bis(trifluoromethanesulfonyl)imide (Et-
MeImNTTf;), 1-ethyl-3-methyl-imidazolium triflate
(EtMeImOTY) (all from Iolitech, Germany); 1-ethyl-3-
methyl-imidazolium tetrafluoroborate (EtMeIlmBF,),
1-butyl-3-methyl-imidazolium triflate (BuMeImOTY)
(from Merck); 1-butoxymethyl-imidazolium lactate
(racemate) [C4OmlImLact(DL)], 1-butoxymethyl-
imidazolium L-lactate [C4OmImLact(L)], 1-methyl-
3-H-imidazolium L-lactate [MeHImLact(L)], 1-meth-
yl-3-H-imidazolium lactate (racemate) [MeHImLact
(DL)] (all from the J. Pernak group, Poznan Uni-
versity of Technology, Poznan, Poland [32,33]),
were dried before measurement under vacuum at
ca. 40 °C for 24 h. N-Butyl-N-methyl-pyrrolidin-
ium bromide (BuMePyrrBr) was synthesized from
N-methyl-pyrrolidine (Aldrich) and bromopropane
(Aldrich) in chloroform. BuMePyrrBr was purified by
crystallization in 2-propanol (P.O.Ch., Poland); after
addition of tetrahydrofurane (P.O.Ch.) white crystals
of BuMePyrrBr were precipitated. 1-Butyl-3-methyl-
pyrrolidinium bis(trifluoromethanesulfonyl)imide
(BuMePyrrNTf,) was obtained from BuMePyrrBr by
metathesis with lithium bis(trifluoromethanesulfonyl)
imide (Fluka) in aqueous solution. The IL was dried
under vacuum at 50 °C for 24 h. The water content,
analyzed with a Karl Fischer titrant (Aldrich, Cat.
No: 22,120-1), was below the detection limit.

2.2. Measurements

All tested ILs were deaerated with nitrogen be-
fore measurement. Electrocapillary curves were mea-
sured with a dropping mercury electrode with constant
height of the mercury head. The potential of the mer-
cury electrode was adjusted with the use of an EP20A
potentiostat (Elpan, Poland), using a platinum counter
electrode (1 cm?) and a cryptate reference electrode,
composed of a silver wire immersed in a solution of
AgClOy4 (0.01 M) and cryptand 222 (0.1 M) in ace-
tonitrile: (Ag/Agt 0.01 M, 222 0.1 M, AN). The so-
lution was contained in a glass tube with a glass frit
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Table 1. List of symbols and abbreviations.

R Radius of the mercury drop
Radius of the capillary

b4 Surface tension

q Surface charge density

C Electrical capacitance

d Density

E Potential

Et;MeSNTf, Diethyl-methyl-sulfonium bis(trifluoro-
methanesulfonyl)imide

EtMeImNTf, 1-Ethyl-3-methyl-imidazolium bis(tri-
fluoromethanesulfonyl)imide

BuMeImOTf 1-Butyl-3-methyl-imidazolium triflate

BuMePyrrNTf, 1-Butyl-3-methyl-pyrrolidinium bis(tri-
fluoromethanesulfonyl)imide

OctPyBF4 N-Octyl-pyridinum tetrafluoroborate

Et;SNT1, Triethyl sulfonium bis(trifluoromethane-
sulfonyl)imide

EtMeImOTf 1-Ethyl-3-methyl-imidazolium triflate

EtMeImBF4 1-Ethyl-3-methyl-imidazolium tetra-
fluoroborate

C4OmImLact(DL) 1-Butoxymethyl-imidazolium lactate
(racemate)

C4OmImLact(L) 1-Butoxymethyl-imidazolium L-lactate

MeHImLact(L) 1-Methyl-3-H-imidazolium L-lactate

MeHImLact(DL) 1-Methyl-3-H-imidazolium lactate

(racemate)

at the end. The potential of the electrode is stabilized
by the equilibrium of the Ag™ ion complexation with
cryptand 222, similarly to the potential stabilization
by the ionic product of slightly soluble salts, used in
aqueous electrodes of the second kind [34,35]. The
potential of the (Ag/Ag™ 0.01 M, 222 0.1 M, AN)
electrode, used in this work, is —0.464 V versus the
(Ag/Agt 0.01 M, AN) electrode and —0.177 V ver-
sus the aqueous saturated calomel electrode. The glass
capillary had an outer diameter of 6.04 mm and an in-
ner diameter of 0.0457 mm.

If the mercury drop, spreading out from the inter-
nal bore of the tip (of radius r), is at equilibrium, the
surface tension force F' = 27ry is counterbalanced by
the gravity force F = mg, where m is the mercury drop
mass, g = 9.81 m/s2, and r is the capillary radius. The
displacement force (equal to the weight of the IL dis-
placed by the mercury drop of radius R) acts against
the gravity, and hence the surface tension may be ap-
proximated by the following equation:

2R3

Y ( Hg IL)g 3r f» €))
where dy, and dy, stand for the density of mercury and
of the IL, respectively, f is a correction factor for the

non-ideally spherical shape of the drop and the drop
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residue. The shapes of drops were observed with the
use of a digital camera with 50x magnification. The
drops were measured at least ten times and the mean
value was used to calculate the surface tension at each
potential.

3. Results and Discussion

A typical picture of a mercury drop recorded just
before falling from the capillary is shown in Fig. 1,
indicating a typical diameter of the mercury drop of
ca. 1 mm (R ~ 5-10~% m). The corresponding vol-
ume V, calculated assuming an ideally spherical shape
of the drop, is ca. 5- 1071 m3. The correction factor f
appearing in (1) should be a function of the dimension-
less ratio of the dropping-tip radius to the cube root of
the drop volume (r/ VV) [36]. Hence, the r/ JV ratio
was typically of the order 2.3- 1073 m/v/5-10m3 ~
0.029. The value of the factor f, for a non-wetting lig-
uid such as mercury, may be estimated on the basis
of the experimentally determined f = f(r/~/V) curve,
available in the literature [37]. In a series of experi-
ments, the mercury drop was falling from glass cap-
illaries of different size in nitrogen. The f value in-
creased monotonically with decreasing r/ V'V value
up to f =1 at r/v/V = 0. At such a small r/v/V
value as 0.029, the correction factor f may be ex-
pected to be rather close to unity. Capillary curves
(non-corrected surface tension as a function of the po-
tential) are shown in Fig. 2 [all data expressed versus
the (Ag/Ag™ 0.01 M, 222 0.1 M, AN) reference]. The
curves have a rather regular, classical shape, with one
maximum and without any additional maximum, min-

Fig. 1. Mercury drop just before falling and the scaling rod
(x =0.96 mm).
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Fig. 2. Electrocapillary curves for the Hg/IL interface. The
ILs are numbered as follows: 1, EtyMeSNTTf;; 2, EtsSNTf;
3, EtMelmNTf,; 4, EtMeIlmOTf; 5, EtMelmBFy;
6, BuMeImOTf; 7, BuMePyrrNTf;; 8, OctPyBFy;
9, C4OmImLact(DL); 10, C4OmImLact(L); 11, MeHIm-
Lact(L); 12, MeHImLact(DL).

imum, or hump. The surface tension between the elec-
trolyte and the electron conductor (electrode) at zero
electric field 7y is perturbed to a new y value by apply-
ing a voltage E across the electrode/electrolyte inter-
face and may be approximated by the equation

CE?
Y= T (2)

where C is the capacitance of the electrode/electrolyte
interface, €€y /d, for a dielectric material of thickness d
and permittivity €; &y is the vacuum permittivity. This
is the equation for a parabola, describing a system
characterized by a constant capacitance C of the double
layer, independent of the applied voltage E. However,
the ¥y = f (E) curves are not ideal parabolic and they
are described by an empirical polynomial of the sixth-
order:

i=6 )
y=Y aE'. 3)
i=0
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Surface charge g [uC /cm?]
[4,]

0.5 0 0.5
Potential [V]

Table 2. Potential of the electrocapillary curve maximum [ex-
pressed vs. potential of the (Ag/Ag™ 0.01 M, 222 0.1 M AN)
reference electrode] as well as the corresponding interfacial
tension for the Hg/IL interface. T = 25 °C.

No. IL E [V] Yimax [N/m]
1 Et;MeSNTf, 0.00 0.37
2 Et3SNTf, —0.05 0.37
3 EtMeImNTf, —0.04 0.36
4 EtMeImOTf —0.28 0.36
5 EtMeImBF4 —0.05 0.35
6 BuMeImOTf —0.17 0.34
7 BuMePyrrNTf; —0.03 0.35
8 OctPyBF, —0.05 0.34
9 C4OmImLact(DL) —0.36 0.33
10 C4OmImLact(L) —0.38 0.34
11 MeHImLact(L) —0.30 0.35
12 MeHImLact(DL) —0.30 0.34

Potentials of zero charge (PZC, maximum of curves)
are listed in Table 2. It can be seen that the PZC val-
ues are within a relatively narrow range between ca. 0
and —0.38 V [versus the (Ag/Ag™ 0.01 M, 222 0.1 M,
AN) reference electrode]. The four lactates are charac-
terized by the lowest PZC values (—0.30 to —0.38 V).
Similarly, ILs containing triflate anions show PZC val-
ues at the level of —0.28 and —0.17 V, while the sulf-
onium-based ILs show the highest potentials of PZC
appearance, close to 0 V. This is also characteristic for
the ILs based on lactate anions, namely that the electro-
capillary curves are relatively flat in comparison to the
remaining compounds under study. All this may sug-
gest that anions are mainly responsible for the structure
of the double layer formed at the Hg/IL interface. The
interfacial tension at PZC is at the relatively constant
level of (0.34 £0.03) Nm~!.

The double layer formed at the electrode/electrolyte
interface (both phases contain mobile charges) may
be discussed taking into account two mutual interre-

1 1.5 Fig. 3. Surface charge density for the

Hg/BuMeImOTT interface.

lated aspects: electrical and structural ones. Especially,
the specific adsorption of charged or neutral species
from the liquid solution at the electrode surface may
strongly influence the electric properties of the inter-
face. ILs, being molten salts, consist only of ions as
well as their charged and neutral aggregates. The possi-
ble structural aspects of the electrode/IL electrified in-
terface is difficult to discuss since the common model
of ILs, assuming that the system consists entirely of
ions, causes a conceptual problem regarding the dis-
tinction of individual ionic species present in the sys-
tem. Ions of opposite sign are close and form aggre-
gates, which may be regarded as electrically neutral
species. In addition, one may expect different ion-ion
interactions in different ILs, leading to the formation of
different ionic species (or ionic aggregates). Computer
simulation studies [38] as well as in situ STM experi-
mental investigation [39] of the electrode/IL interface
can be found in the literature. It has been suggested
that the electrode induces crystallinity in adjacent lay-
ers of the molten salt and that the excess charge is due
to anions occupying cationic sites (and vice versa). The
computer simulation of the boundary formed between
molten KCI (above the melting point and near zero
pressure) and rigid, smooth walls (electrode) showed
charge separation [38]. Such a result was obtained both
for a unperturbed system as well as with externally
applied field (107 V/cm). Recently the adsorption of
hexafluorophosphate anions (PFs™) on Au(111) from
a 1-butyl-3-methyl-imidazolium hexafluorophosphate
room-temperature melt was analyzed experimentally
by scanning tunnelling microscopy [39]. The adsorp-
tion of PF¢~ anions was observed. The structure of the
ordered layers changed with the potential of the elec-
trode. Such structural changes within the double layer



A. Lewandowski et al. - The Hg/Ionic Liquid Interface

267

~
o
=)

D
o
=)

50.0 1

40.0 1

30.0 41

20.0 1

10.0 1

Differential capacitance C [pF/cm?]

o
=)

-1 -0.5 0 0.5
Potential £ [V]

1
=Y
w

may be responsible for the deviations of the electro-
capillary curves from the perfect parabolic shape, ob-
tained assuming a constant capacitance of the double
layer [see (1)].

The change in the Hg/IL interfacial tension with the
potential according to the Lipmann relation is equal to
the surface charge density g:

) i=6 )
q:—a—g:—ZialE‘_l. 4)
i=1

The derivative (4) leads to a polynomial of fifth-order.
The charge cumulated at the Hg/IL interface, calcu-
lated from the polynomial, has an almost linear de-
pendence on the potential £. An example is shown in
Fig. 3 for the IL BuMeImOTf. The capacitance may
be calculated as the second derivative, which leads to a
polynomial of fourth-order:

oy = i-
C:_m:—i;z(z—l)ai 2 (5)

An example for a typical curve C = f (E) is shown
in Figure 4. The minimum differential capacitance is of
the order 10 uF/cm?. This is comparable to the value
reported for the Hg/PrMelmBF, interface [31]. It is
difficult to compare the results obtained in the present
work with some other solvent-free systems, since sys-
tematic direct measurements of electrocapillary curves
at the dropping mercury electrode have not been done
in high-temperature ILs due to evaporation of mer-
cury in the temperature ranges of classical salts’ lig-
uidity. However, there are data for high-temperature

1.5 Fig. 4. Differential capacitance for the

Hg/BuMeImOTT interface.

molten metal electrodes, such as Bi, Ag, Tl, Sn, or
Pb, in high-temperature molten salts, such as NaCl or
NaCl +KCl [40]. In these systems the electrocapillary
curves, as well as differential capacitance curves, have
a parabolic shape, and the minimum capacitance is of
the order 20— 75 pF/cm?. In the case of electrode met-
als such as Ag, Tl, and Sn, there is a flat region in the
C = f (E) curve on the more negative potential region.
The origin of this phenomenon has not yet been under-
stood [40]. It has also been established that Cp,;, occurs
close to the potential of zero charge and is rather inde-
pendent of the nature of the electrode metal.

The electrochemical stability window of room-
temperature ILs based on BF;~, NTf,” or OTf~
anions is usually broad, as high as 4-6 V [4].
Imidazolium-based RTILs with lactate anions show a
considerably lower stability range, but still at the level
of 2.3 V [41]. However, the shape of the C = f (E)
curve at higher applied voltages (ca. £1 V) may sug-
gest possible Faradaic reactions which may take place
at the Hg/RTIL interface.

4. Conclusions

1. Electrocapillary curves for a series of room-
temperature ILs show a regular shape with one max-
imum. There are no ‘humps’ in the ¥ = f (E) curves.
The changes of the interfacial tension with potential E
are monotonic and very similar at both sides of the
maximum.

2. Electrocapillary curves can be approximated by
a polynomial of sixth-order.

3. The minimum value of the capacitance C, es-
timated from the C = f (E) curves, is at the
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level of ca. 10 puF/cm?. For comparison, the liter-
ature data for high-temperature molten metal elec-
trodes, such as Bi, Ag, Tl, Sn, or Pb, in high-
temperature molten salts, such as NaCl or NaCl + KCl,
indicates a minimum capacitance of the order of
20-75 uF/em?.
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