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A brief overview of the literature relating to electrochemical studies and processes undertaken in supercritical
fluids is presented. This review mostly concerns carbon dioxide and hydrofluorocarbons, given the accessibility
of their supercritical states, and does not consider the emerging body of research in expanded phase
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1. Introduction As alternative solvents for electrochemical processes, SCFs remain an

Supercritical fluids (SCFs) are obtained when a compound surpasses
its critical temperature (T¢) and pressure (Pc). At this point the fluid dis-
plays intermediate properties between a gas and a liquid, producing a
unique medium with many of the advantages of both states of matter.
Beyond the critical point the SCF density varies considerably with just
small changes in the pressure or temperature. Due to this tunability
and their unique physical properties, SCFs have featured heavily in a
number of industrial processes, and more recently, gained interest in
green chemistry processes in the replacement of organic solvents. The
physical properties and industrial applications of SCFs have been exten-
sively reviewed elsewhere [1,2].
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emerging field, despite 30 years of investigation. The predominant elec-
trochemical application of SCFs to-date has been in electrodeposition, a
subject comprehensively reviewed recently [3]. The electrochemistry of
SCFs is overall a complex subject however, with complications arising
from pressurised reactor designs, low dielectric constants and poor sol-
ubility of supporting electrolytes. Nonetheless highly desirable attri-
butes for electrochemical systems such as the simple separation of
reagents and products along with the vastly improved mass transport
of dissolved species to the electrode surface can be found in SCFs, moti-
vating research efforts. The supercritical properties of the most com-
monly used SCFs in electrochemistry are listed in Table 1. CO, and
hydrofluorocarbons are evidently far more accessible than NH3 and
H,0. The latter has clearly limited the use of H,O under supercritical
conditions as it adds further complications in the electrochemical reac-
tor design, whereas the low critical density of ammonia has limited its
use. The following sections consider the main SCFs of electrochemical
interest.
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Table 1

Physical properties of supercritical solvents used in electrochemical studies. Dielectric constant depends on pressure and temperature but all values indicated are under supercritical

conditions.
Solvent Critical T (K) Critical P (MPa) Critical density (g/cm™3) Dielectric constant (&) Ref
CO, 304.3 73 0.486 1.18-1.8 [3]
HCF;3 299.3 48 0.525 4.38-6.08 [35]
CF5CHF, 339.33 36 0.571 3.09-9.72 [45]
CF3CHoF 374.2 41 0512 4.55-6.57 [45]
CH,F, 3513 5.8 0424 297-4.17 [45]
CHCIF, 369.3 5.0 0.522 231-3.11 [26]
NH; 405.5 11.2 0.24 3.0-8.0 [46]
H,0 667 221 0322 <5 [43]
SO, 157.5 7.9 0525 Unavailable [40]
CH5;CN 547.7 4.8 0.237 45-18 [47]

2. Supercritical carbon dioxide (scCO,)

As a low cost, abundant and easy-to-handle SCF, with a readily at-
tainable critical point, CO, is often promoted as a green solvent [1,2].
For electrochemical studies however, it is not ideal, because of its low
dielectric constant (¢ < 1.8). The range of solutes is therefore limited,
especially for ionic species, with even conventional organic solvent elec-
trolytes proving insoluble in the supercritical phase [4,5]. Consequently
scCO,, electrochemical research has predominantly focussed on over-
coming low conductivity issues. The earliest report of CO, as an electro-
chemical medium dates back to 1981 [6] for the electrodeposition of
silver, though poor conductivity and ion-solvation properties limited in-
terest in scCO-. Later publications focused on fundamental aspects of
scCO, with the aim to overcome the low solubility of ionic species.
These approaches primarily concerned the implementation of micro-
electrode systems, the use of highly hydrophobic electrolytes, and the
addition of polar co-solvents.

The first studies exclusively using scCO, as solvent were in the late
1980s by Wightman et al. [7-9] Using water as a co-solvent and a micro-
electrode arrangement the group found that water aided the solvation
of electrolyte ["Hex4N]"[PFg]~ and allowed for a defined ferrocene
(Fc/Fc™) redox wave to be observed. Water was necessary to obtain
an electrochemical signal with 0.64 M without electrolyte giving rise
to an uncharacteristic reverse peak [7]. This was postulated to be due
to the deposition of insoluble Fc™ salt on the electrode surface. Addition
of electrolyte reduced the intensity of this reverse wave and conven-
tional, reversible redox voltammetry for Fc was observed with 0.13 M
added water (Fig. 1a). Wightman and Michael later studied the direct
modification of the microelectrode surface with a conductive ionic poly-
mer membrane (Nafion), providing a conductive interface with which
the dissolved Fc could interact [10]. Further developments lead to the
appearance of surface modified electrodes that even allowed for studies
of metallocenes without a polar co-solvent [11]. Water-in-scCO, emul-
sions were also proven to raise the conductivity of the supercritical
phase to obtain well defined voltammograms (Fig. 1b) [12], allowing
their use in the electrochemical deposition of ZnO mesocrystals [13],
electroplating of copper [14] and nickel [15], and electropolymerization
of pyrrole in the presence of a surfactant [16]. The conductivity of the
films obtained was comparable to films prepared in conventional sol-
vents, but with a fine, homogeneous morphology unlike the uneven,
nodular structure of the conventionally synthesised films.

In the 1990s Abbott et al. showed that very hydrophobic electrolytes,
especially the class of the tetraalkylammonium tetraarylborate salts,
could be dissolved in scCO, to a limited extent without a polar modifier
[4,5]. Voltammetry could be obtained, but analysis of data was difficult
due to complications arising from strong adsorption processes [17].
The latter publication was also the first attempt to achieve macroscale
voltammetry in this resistive medium. Abbott and Harper's comprehen-
sive study highlighted the importance of solvent density on the solubil-
ity of the electrolyte with conductivity increasing from 10~ to 10~
S cm™~ ! over the 313-343 K temperature range at 10 MPa. At 30 MPa

it was an order of magnitude higher. The authors attributed the better
conductivity to improved solvation properties under conditions where
greater fluid densities are obtained. Bulky, hydrophobic electrolytes
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Fig. 1.a) Fc (200 uM) in scCO, containing 0.13 M water at 80 °C and 8.9 MPa. Scan rate
of 100 mV s~ ! using a Nafion-coated Pt microelectrode (50 pm). b) Fc (2 mM) in
water-in-scCO, emulsion at 38 °C and 121.6 MPa. Pt microelectrode (50 pm), scan
rate of 200 mV s~ . ¢) DMFc (500 uM) in scCO,/CH3CN (30 vol.%) at 40 °C and
10 MPa with 10 mM ["DecsN]"[B(CsFs)4]~ electrolyte, Au electrode (1 mm), scan
rate of 25 mV s~ ..

Figures (a) and (b) reprinted with permission from [9] and [12] Copyright 2014
American Chemical Society. Figure (c) reproduced from [21] with permission from
the PCCP Owner Societies.
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have since been commonplace in scCO, electrochemistry, with recent
advances focusing on the halogenation of the ions. An extensive study
by Bartlett et al. evaluated the conductivity of a series of electrolytes
and determined that cation fluorination has little effect but for the
anion it was crucial [18]. Specifically BARF anions, fluorinated deriva-
tives of [BArs]~, were the most soluble and conductive in a mixed
scCOy/acetonitrile fluid [18].

An alternative strategy proposed to enhance the ionic conductivity of
the scCO, is to add a highly polar and miscible co-solvent. To-date meth-
anol [18,19], dimethylformamide [20] or acetonitrile [18,21] has been
employed. Organic co-solvents form a single phase with scCO, and con-
siderably improve the solubility of ionic species. This mixed solvent
phase has been largely documented in the field electrodeposition [3,18,
22], with Bartlett et al. recently reviving interest in SCFs as electroplating
media. Their research efforts have demonstrated that the unique mass
transport properties and lack of surface tension in supercritical media per-
mit the formation of well-defined nano-structured electrodeposits [3].
Other electrochemically driven reactions of interest studied in this
mixed solvent phase are electrocarboxylation of benzyl chloride [23]
and conducting polymer synthesis [24,25].

Well-defined cyclic voltammograms of metallocenes show en-
hanced diffusion to the electrode due to the low viscosity of the medi-
um. This was particularly noted in a recent publication by Toghill et al.
[21] in which macroscale voltammetry of decamethylferrocene
(DMFc) was undertaken in a scCO,/acetonitrile medium. At moderately
fast scan rates the DMFc voltammetric signal transitioned from macro-
scale peak shape to a steady state profile (Fig. 1c). Computer simulations
and experimental data suggested that a 60 pm thick layer of acetonitrile
coated the electrode, which was supplemented by DMFc in the scCO,
when the diffusion layer exceeded the thin layer. The results were rem-
iniscent of Wightman's, in which a film of water coated the microelec-
trode surface to impart improved conductivity [7,8].

3. Hydrofluorocarbon supercritical fluids

Despite the relatively mild conditions necessary for producing pure
scCO,, (vide supra), its low dielectric constant remains a significant ob-
stacle for its use in electrochemistry. To overcome this issue, halogenat-
ed SCFs have been proposed as a viable alternative to CO, (Table 1).
Amongst the first examples reported, Olsen and Tallman initially de-
scribed the voltammetry of Fc in CHCIF, under sub- and supercritical
conditions [26]. The Fc/Fc redox couple was found to behave reversibly
in this SCF at platinum microelectrodes with small concentrations of
["BusN]T[BF4]~ as supporting electrolyte. Further conductivity mea-
surements revealed an inverse relationship between the fluid density
and ion-pairing processes. Thus, at low densities (near the critical
point), ion-pair formation is favoured and leads to more pronounced
ohmic distortion of the voltammetric signals due to increased medium
resistance [27]. Similar behaviour is observed for CHF; where high
ion-pair formation, especially in the low-density region, affects the
voltammetric measurements due to increased resistivity and restricted
ion migration processes [28,29].

Other readily accessible supercritical solvents with higher dielectric
constants, CH,F, and CF;CH,F, were later investigated by Abbott et al.
[30] These solvents were demonstrated to be suitable electrochemical
media, allowing the dissolution of ["BusN]"[ClO4] ™ as supporting elec-
trolyte to concentrations up to 0.1 M. More importantly, an impressive
anodic potential window of over 9 V was found for CF3CH;F, allowing
for the oxidation of Xe and Cs™. Continued investigations on the effect
of dissolved electrolytes on the viscosity of supercritical electrolyte solu-
tions showed that ionic solvation leads to a significant restructuring of
the solvent, causing an increase as high as 32-fold in the viscosity of
CHF; [31]. Conductivity data for CH,F, and CF3CH,F has also shown
the existence of a linear relationship between the logarithm of the in-
verse of the ion association constant and the inverse of the dielectric
constant. More importantly, a linear relationship was observed between

the logarithm of the association constant and the density of the SCF [32].
The influence of ion-pair formation was also tested by the electrochem-
ical oxidation of various ferrocene derivatives. The results indicated that
deviations from the Nernstian ideal behaviour can be explained by a de-
crease in the activity coefficient of the electroactive species at high pres-
sures [33].

Based on these important findings, halogenated supercritical sol-
vents have found applications mainly in electropolymerization and
electrodeposition processes. Thus, Atobe et al. reported the use of super-
critical CHF; for the oxidative polymerization of pyrrole and thiophene
[34], whilst Bartlett et al. have extended their electrodeposition studies
to fluorinated supercritical media [3,35]. Furthermore, the utilisation of
scHFCs as media for CO, reduction has been considered with promising
results from the unique fluid [36].

4. Other supercritical fluids

In a series of publications by Bard et al. in the 1980s [37-40] more
polar and less accessible SCFs such as water, ammonia and acetonitrile
(Table 1) were assessed as electrochemical media. Supercritical NHs,
with its appreciable cathodic potential window [37,41], was the first
SCF to be employed for the electrodeposition of silver [42]. This medium
produced needle-like dendritic deposits, quite distinct from those
formed in the dense liquid phase. An electrochemical study of quinoline
and acridine ions to ascertain mechanistic data was also undertaken.
The low density and viscosity of scNH3 impede its ability to solvate
ionic species however, despite an appreciable dielectric constant.

Supercritical water solutions also undergo large changes in its phys-
ical properties with pressure-volume-temperature (PVT) variations
due to the loss of hydrogen bonding in the supercritical state. As an elec-
trochemical medium, scH,0 has the highest T¢ and Pc making it a very
difficult medium to work with. It is also highly corrosive and readily ox-
idized and reduced. These difficulties were such that Bard et al. revisited
this system in 1997, devising corrosion-resistant apparatus to obtain
voltammetric data of hydroquinone and iodine [43].

Bard's group also explored supercritical acetonitrile as part of the
SCF series [44]. Despite possessing a moderate P the high T (Table 1)
early attempts at studying scCH3CN were problematic. Nonetheless,
Cabrera and Bard [44] studied several compounds in the medium, and
found Fc and DMFc to be particularly suited as redox probes. Further
work relating to these alternative SCFs has not been undertaken since
this comprehensive series.

5. Conclusions

Despite 30 years of research, electrochemistry in SCFs remains in its
infancy. Whilst limitations in scCO, have been overcome to some ex-
tent, using an organic co-solvent to improve conductivity and solvation
of electrolytes remains necessary. The move towards HFCs is promising,
as co-solvents are no longer necessary, and reaction conditions, most
importantly the temperature, remain accessible. Complex ion-pairing
in the scHFCs may impede progress however. The potential for using
these SCFs as solvents for highly oxidative processes, particularly in
CO,, utilisation research, is anticipated to gain momentum. Overall, it
is a field of slow progress with a lot of potential.
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