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Abstract: Salts of hexacyanoferrate II/III anions have been widely used as redox couple probe
molecules to determine the characteristics of electrode surfaces. Examples include the assessment of
electrocatalysts for energy applications and electrocatalysts for the detection of biological or chemical
species, as well as the determination of electrochemically active surface areas. An examination of the
electrochemical literature, based largely on cyclic voltammetric investigations, reveals a wide range of
peak separation and/or heterogeneous electron transfer rate constants, classified sometimes as inner
or outer sphere electron transfer processes. Originally developed for the mechanistic interpretation
of inorganic transition metal compounds in solution, this terminology has since been extended to
account for heterogeneous electron transfer occurring at electrodes. In the case of the hexacyanoferrate
II/III anions, there can be a number of reasons why it sometimes behaves as an outer sphere probe
and at other times displays inner sphere electron transfer characteristics. After examining some
of the structural and chemical properties of the hexacyanoferrate II/III species, the methods used
to determine such classifications are described. The most common method involves measuring
peak-to-peak separation in a cyclic voltammogram to ascertain a heterogeneous rate constant, but
it has inherent flaws. This paper reviews the reasons for the classification disparity, including the
effects of various oxygen surface species, the influence of organic surface films, the nature of the
cation counter-ion, surface adsorption and surface hydrophilicity/hydrophobicity. Other surface
interactions may also take place, such as those occurring with Au corrosion or pH effects. These can
impact the electrical double layer and thus may affect the electron transfer process. Consequently, it
is recommended that hexacyanoferrate II/III should be considered a multi-sphere or alternatively a
surface-sensitive electron transfer species.

Keywords: hexacyanoferrate II/III; ferrocyanide/ferricyanide; inner/outer sphere; multi-sphere
electron transfer; cyclic voltammetry; Nicholson analysis; surface sensitive/insensitive

1. Introduction

The origin of the inner and outer sphere systems applied to redox events in homo-
geneous solutions is well-known [1]. Initially applied to homogeneous electron transfer
reactions of octahedral transition metal complexes, significant contributions were made by
the Nobel-Prize winners R A Marcus and H Taube, amongst others [2]. The outer sphere
electron transfer (OSET) mechanism was invoked when two transition metal complexes in
solution participating in an electron transfer (ET) reaction undergo ligand exchange reac-
tions much more slowly than they participate in the ET process. In this case, the solvent co-
ordination spheres are essentially maintained throughout the electron donor/acceptor elec-
tron transfer process. This OSET was the initial focus of the early Marcus ET theory [3–7]. In
contrast, the inner sphere electron transfer (ISET) process frequently involves an exchange
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of a ligand, along with the electron transfer. In this case, an ion or molecule in a bridged
ligand donor/acceptor is generally involved in an intermediate state.

This terminology has also been applied to electron transfer processes occurring at
electrode surfaces where it is referred to as a heterogeneous electron transfer (HET) reac-
tion [3–6]. Normally, in the ISET case involving a transition metal complex, a central metal
atom or a bridging molecule or ion or even a ligand in a reactant or product molecule is
envisaged as being in intimate contact with the electrode surface. Electron transfer occurs
directly between the reactant/product and the electrode surface [3,5,6]. ISET processes
are frequently involved in redox reactions of technological importance, such as the re-
duction of hydrogen ions and the oxygen reduction reaction in hydrogen-based fuel cells,
the reduction of copper ions in copper electrodeposition, the reduction of carbon dioxide
and the oxidation of ammonia and oxidation of alcohols in direct alcohol fuel cells [3].
In contrast, OSET occurs when the ET takes place between a reactant molecule and an
electrode surface through an intervening layer of solvent (the Inner Helmholtz Plane, IHP).
The reactant or product species is therefore located outside the solvent layer immediately
adjacent to an electrode surface. Electron transfer then occurs via a tunnelling process or an
electron hopping process between the reactant or product, often depicted as being located
in the Outer Helmholtz Plane (OHP) in the Electrical Double Layer (EDL) and the electrode
surface adjacent to the IHP [3,5].

It is worthy of note, however, that the terms inner sphere (ISET) and outer sphere
(OSET) are not universally adopted in the electrochemical literature. Although some
electrochemistry textbooks use these terms [3–7], many others do not. The comparatively
unusual nature of the OSET case is highlighted in a textbook by Schmickler and Santos who
only mention two well-characterised OSET reactions in aqueous solutions; the Ruthenium
II/III hexaammine trichloride and Fe II/III redox systems [6].

Weaver and Anson popularised the inner and outer sphere terminology by noting
the effect of an added adsorbent anion in a redox reaction involving chromium ions [8,9].
In their view, in OSET processes, traditional electrochemical models apply as the rate-
determining step is electron transfer (ET), which is usually interpreted by the Butler–Volmer
approach, although sometimes more complex Marcus–Hush ET kinetic models have been
considered. In the case of the inner sphere (ISET) mechanism, however, there could be a
range of rate determining processes happening, such as slow kinetics of ligand exchange at
the electrode surface, or possibly surface adsorption. This may lead to a different or even a
mixed rate determining step [4].

In many electrochemical studies, well characterised OSET redox systems, such as
those utilising ruthenium II/III hexaammine cations (Ru(NH3)6

2+/3+) in aqueous solutions
or ferrocene (Fc0/+) in non-aqueous solvents, can serve as valuable redox probes, especially
in many electrochemical processes involved in the energy and environmental fields. An
example is the determination of the electrochemically active (electro-active) surface area
of an electrode, (ECSA or EASA), which requires fast electron transfer (i.e., a reversible
process) and a redox system limited purely by diffusion control [10–12]. For a simple one-
electron transfer process such as that involving hexacyanoferrate II/III anions commonly
used approaches, include cyclic voltammetry (in conjunction with the Randles–Ševčík
equation) and chronoamperometry (utilising the Cottrell equation). These can be adapted
to determine the EASA, provided the diffusion coefficients of the reactants are accurately
known [3,13]. For such OSET couples exhibiting fast heterogeneous electron transfer rates,
there is generally little difference in the redox behaviour either before or after modification
of the electrode surface. This lack of surface influence on the ET rate can thus be used as
a criterion for the assignment of an OSET process. In general, however, there is a lack of
criteria clearly defining or separating ISET from OSET in the literature.

In order to assess the efficacy of new electrode materials (such as 2D graphene or
graphitic sp2 nanomaterials) or modified electrodes (containing electrocatalysts), the hexa-
cyanoferrate II/III redox couple has frequently been employed as a probe [14]. Potassium
hexacyanoferrate (II/III), which is a single electron transfer couple may display quasi-
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reversible behaviour indicative of a small heterogeneous rate constant. Often at an unmodi-
fied electrode such as those utilising carbon-based materials, the apparent heterogeneous
rate constant could be slow (significantly less than 2 × 10−2 cm s−1 [3]). After surface
modification or treatment, however, the rate generally increases, thus supporting the reason
for the treatment of the electrode. This quasi-reversibility has attracted the use of the term
inner sphere; characteristics of which are said to include the following:

(a) The electron transfer is often affected by the presence of oxygen and/or surface oxides
or other carbon-oxygen species such as carbonyl groups or carboxylates/carboxylic
acids (depending upon pH). Examples, including studies involving highly oriented
pyrolytic graphite (HOPG), indicated that a greater quantity of edges in the electrode
generally increased the apparent heterogeneous electron transfer, HET rate measured
in terms of the rate constant, k0 [15]. Smaller Graphene flakes also seemed to increase
k0 [16] In addition, a greater surface oxygen concentration in one study involving
nanohorns also produced higher k0 values [17]

(b) The electron transfer is frequently affected by pretreatment of the electrode. For
example, exposure of HOPG to organic solvents caused a decrease in HET rate,
k0 [18], whereas laser scribing graphene had the opposite effect and enhanced the
HET rate [19].

(c) The hexacyanoferrate II/III redox couple tends to adsorb on many electrode sur-
faces [20]. With continuous voltammetry the current for ferrocyanide oxidation
decreases due to the occurrence of adsorption, prior to Prussian Blue formation [21]
Another report described how adsorption of hexacyanoferrate was detected at a Pt
ultramicroelectrode [22].

OSET systems are impervious to the three effects mentioned above and it is often
considered that hexacyanoferrate II/III is an example of such a redox probe [23,24] For
example, two articles published in the Journal of Chemical Education promulgated the notion
that electron transfer in hexacyanoferrate is uniquely an OSET process [25,26]. This has
led to some confusion, especially for those new to the field of electrochemistry. In practice,
many articles in the electrochemical literature utilise two different types of redox couple
probes, one classified as an “inner sphere” (ISET) probe and the other an “outer sphere”
(OSET) probe such in order to identify such effects [3–5]. It is interesting to note that
hexacyanoferrate II/III redox probes have been ascribed to both categories over the years
as outlined below.

The aim of this article is to call into question whether the ISET/OSET mechanism ter-
minology should be employed for such heterogeneous electron transfer reactions, especially
those involving hexacyanoferrate II/III ions, as the use of the terms ISET/OSET merely
causes confusion. An investigation of the literature was conducted, with suggestions that
the heterogeneous electrochemical surface reactions involving the hexacyanoferrate II/III
redox species may utilise either ISET or OSET processes, depending on the conditions
employed in the electrochemical study being undertaken. This makes a definitive assign-
ment of hexacyanoferrate II/III redox species to either an ISET or an OSET problematic
in practice. The novelty behind this review is the presentation of evidence currently scat-
tered throughout the literature, which will be of benefit to experienced electrochemists
and at the same time will provide guidance for less experienced electrochemists. Careful
consideration should be given to the continued use of the ISET/OSET classification system
when reporting electrochemical results utilising hexacyanoferrate II/III redox species. A
new alternative classification system for future use with this often-used redox species is
recommended for adoption in this paper.

2. Hexacyanoferrate II/III Redox Probes

Figure 1 shows a cyclic voltammogram (CV) initially involving potassium hexacyano-
ferrate II oxidation in 0.1 M KCl supporting electrolyte, followed by potassium hexacyano-
ferrate III reduction on the reverse scan, conducted on a vacuum heat-treated commercial
screen-printed carbon electrode (SPCE) [27]. It can be seen that the peak-to-peak separation
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(peak separation) value, ∆Ep of 400 mV is much greater than the ideal value of 57/n mV
to 60.5/n mV, predicted theoretically for a reversible single electron transfer reaction (i.e.,
57 mV–60.5 mV, with n = 1) [3]. It should be noted that the ∆Ep value obtained when con-
ducting such a cyclic voltammetric investigation depends upon the upper reverse potential
employed with the limit being 57/n mV, although in practice it is typically 58/n or 59/n mV
at 25 ◦C. The ∆Ep apparent in Figure 1 is indicative of a very slow HET rate (i.e., a very small
k0 value, certainly much less than 0.02 cm s−1). According to the well-known Matsuda and
Ayabe criteria, assuming a diffusion coefficient D of approximately 10−5 cm2 s−1 and with
typical scan rates, v ranging between 0.02 V/s and 1.0 V/s, reversible kinetics yields k0

values above about 0.04–0.3 cm s−1 [3]. It should be noted that this approach to the determi-
nation of k0 is dependent upon the factor 0.3v1/2, which is clearly a function of the scan rate
measured in V/s [3,4]. On the other hand, quasi-reversible kinetics measured in this scan
rate range generally possess k0 values of between about 2.8 × 10−6 and 4.2 × 10−2 cm s−1.
For this range of scan rates, irreversible kinetics are indicated by very small values of k0,
less than approximately 8.5 × 10−7 to 2.8 × 10−6 cm s−1. For the hexacyanoferrate II/III
redox couple, a k0 value of 0.1 cm s−1 is listed for the HET k0 value. This is in the reversible
kinetics range, although the electrolyte and electrode are not given [5].
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Figure 1. Cyclic voltammogram recorded in 5 mM potassium ferrocyanide in aerated 0.1 M KCl 
supporting electrolyte at a vacuum heat-treated screen-printed carbon electrode (SPCE) obtained at 
a scan rate of 0.05 Vs−1. The counter electrode was carbon ink and an external saturated calomel 
electrode served as a reference electrode [27]. 

Large peak separations for what is notionally an OSET redox probe (hexacyanofer-
rate II/III) such as that displayed in Figure 1, may be due to a combination of factors. The 
small heterogeneous rate constant, k0 may be due to adsorption or de-solvation effects at 

Figure 1. Cyclic voltammogram recorded in 5 mM potassium ferrocyanide in aerated 0.1 M KCl
supporting electrolyte at a vacuum heat-treated screen-printed carbon electrode (SPCE) obtained at
a scan rate of 0.05 Vs−1. The counter electrode was carbon ink and an external saturated calomel
electrode served as a reference electrode [27].

Large peak separations for what is notionally an OSET redox probe (hexacyanoferrate
II/III) such as that displayed in Figure 1, may be due to a combination of factors. The
small heterogeneous rate constant, k0 may be due to adsorption or de-solvation effects
at the electrode surface [3,28]. Often this may occur in combination with other effects,
such as high inherent internal resistance within the electrode material (such as a carbon
paste or a screen-printed carbon electrode) and/or the presence of uncompensated solution
resistance. Similar effects have been observed by others on screen-printed carbon electrodes
SPCE [29,30]. Furthermore, in Figure 1, the ipa/ipc peak ratio is evidently not 1.0 (i.e., it is
most likely <1.0 even after background correction), which is indicative of adsorption of
the reduced species Fe(CN)6

4−. It is thus clearly not a reversible cyclic voltammogram but
instead typifies a quasi-reversible system. It should also be noted that the first portion of the
CV curve displayed in Figure 1 near −0.5 V (vs Ag/AgCl) shows a significant cathodic cur-
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rent, possibly due to the occurrence of the oxygen reduction reaction (ORR) in this aerated
electrolyte, where the formation of hydroxide and/or other oxygen-containing species (e.g.,
superoxide anion) invariably happens, effectively modifying the SPCE electrode surface.

In contrast, Figure 2 (left-hand side), taken from the literature shows a near-ideally
reversible CV behaviour, with a ∆Ep of nearly 60 mV and a peak cathodic/anodic cur-
rent (ipc/ipa) ratio of approximately 1.0. [31]. In this example, a surface treatment was
applied to a carbon electrode (termed a GUITAR electrode, with the acronym representing
a pseudo-graphite nanocrystalline graphite-like hydrogenated amorphous carbon compris-
ing 85% sp2 and 15% sp3 carbons). On ageing in air, however, a HOPG electrode (whose
CV is presented on the right-hand side of Figure 2) shows a much wider peak separation
value ∆Ep of 221 mV, which indicates that the HOPG electrode is not stable in air and a
time-dependent behaviour occurs.
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pm for Fe2+ and 55 pm for Fe3+ in these transition metal octahedral compounds, respec-
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Figure 2. Cyclic voltammograms obtained for the one electron reduction of ferricyanide ions in
aerated 0.1 M KCl at 50 mV/s in N-doped amorphous carbon (left) and (right) in Highly Oriented
Pyrolytic Graphite (HOPG) showing a range of ∆Ep values [31].

The examples presented in Figures 1 and 2 show the wide variation in the electrochemi-
cal behaviour of the hexacyanoferrate II/III redox system determined by cyclic voltammetry
where the following redox couple occurs: [32]

[Fe(CN)6]3− + e−
 [Fe(CN)6]4− E0′ = 0.3610 ± 0.0005 V (NHE) (1)

No bonds are either broken or formed in this simple one ET reaction, so it is a useful
model reaction for the investigation of electrode surfaces. The central iron in each an-
ion undergoes minimal change in radius as a result of this redox couple reaction (radii
are 61 pm for Fe2+ and 55 pm for Fe3+ in these transition metal octahedral compounds,
respectively) [33].

Potassium hexacyanoferrate II/III (also referred to as potassium ferrocyanide/potassium
ferricyanide and with an IUPAC name of potassium hexacyanidoferrate II/III) is frequently
employed as a standard couple or probe in electrochemical investigations. The two oxida-
tion states of the redox couple are thought to be stable and the compounds are inexpensive,
relatively non-toxic, water-soluble, and readily accessible. Consequently, they are widely
used in research and undergraduate laboratories.

Both hexacyanoferrate II/III have similar chemical structures, which accounts for their
physical and electrochemical characteristics. The hexacyanoferrate II or ferrocyanide anion
([Fe(CN)6

4−]) contains a central Fe2+ cation in a low spin d6 configuration bound singlet
ground state (S = 0) with 6 strongly stabilised cyanide ions in an octahedral configuration
(Oh molecular structure). It has an electronic configuration of:
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1s(a1g)22p(t1u)6(σ(eg))4(3d(t2g))6(σCN*(eg))0(πCN*(t2g))0

Comprising 6 electrons in three 3d orbitals, labelled t2g [34–36]. These paired spins
mean that the hexacyanoferrate II anion, as commonly found in potassium hexacyanoferrate
II, is diamagnetic. Like most transition metal complexes containing ligands with π-bonds,
ligand–metal bonding consists of both σ-donation and π-back-donation within the valence
band. The former emanates from the mixing of the occupied ligand and partly occupied or
unoccupied metal orbitals resulting in electron density redistribution from ligand to metal.
The π back-donation arises from electronic mixing between the occupied orbitals of the
metal and the ligand’s unoccupied orbitals. Specifically in this compound, the electronic
charge is transferred from the highest occupied lone pair orbitals of the CN− to the empty
Fe2+ σ*(eg) orbitals, whilst in π-back-donation, Fe2+ 3d(t2g) electrons are moved into the
lowest unoccupied antibonding π* ligand orbitals.

For the other redox partner, hexacyanoferrate III (ferricyanide anion, [Fe(CN)6]3−) the
σ-donation is strengthened slightly, while the π back-donation is diminished [35]. Also
containing a central iron cation (Fe3+), this anion exists in a low spin d5 configuration
(S = 1/2) with five electrons in three degenerate t2g orbitals resulting in a weak Jahn–
Teller distortion to D4h symmetry [36]. It is also paramagnetic and has a weaker ligand
field stabilisation energy than its hexacyanoferrate II counterpart [37]. With a similar
electronic structure, it has one less d orbital electron in the three 3d orbitals, labelled (t2g)5.
Consequently, it would be expected to display similar bonding characteristics. In fact,
cyano ligands are amongst the strongest identified in the spectrochemical series [38].

The oxidation of hexacyanoferrate II to hexacyanoferrate III species and the reverse
reduction reaction (formation of hexacyanoferrate II from hexacyanoferrate III), described
in Equation (1) above, does not seem to involve large structural changes [4,6]. This is borne
out by a small change in the Fe-C bond length of 2.6 pm, which was reported on reduction
of [Fe(CN)6

3−] to [Fe(CN)6
4−] indicative of a small Jahn–Teller distortion effect (Fe-C being

191.3 pm in Fe(CN)6
4− and for Fe(CN)6

3− four Fe-C bonds of 191.6 pm with two being
193.9 pm in length) [39]. The bond angles are invariant (117.9◦) [40]. There are, however,
subtle differences between the two anions in water [41]. Both molecular dynamic MD
computational and 2D IR experimental results indicated that the frequency correlation
function relaxes more slowly in the case of the ferrocyanide ion, probably due to stronger
hydrogen bonding occurring in this more highly charged anion (4-), which is probably
kosmotropic. This is manifest in the small differences in the diffusion coefficients exhibited
by the two anions; with D0 of 7.2 × 10−6 cm2/s for the hexacyanoferrate III anion whilst
there is a lower DR of 6.4 × 10−6 cm2/s for the hexacyanoferrate II anion [42]

Potassium hexacyanoferrate III and its hexacyanoferrate II counterpart are precursors
to the formation of Prussian Blue (PB, K[FeIII[FeII(CN)6]), an intensely blue-coloured
pigment used in paints and once used in the creation of blueprints. This complex compound
forms in the presence of ferric ions and hexacyanoferrate II salts, respectively, or with
ferrous ions and hexacyanoferrate III salts [43]. During storage in aerated conditions,
aqueous solutions of hexacyanoferrate II can degrade over time and they are also known to
be unstable in light [44]. Thus, care should be taken to ensure that long-term exposure to
both oxygen and light is kept to a minimum when preparing aqueous solutions comprising
these compounds for carrying out electrochemical investigations.

Table 1 gives some examples of the peak separation values ∆Ep and the heterogeneous
rate constants k0 both of which show wide variation in values using the ferro/ferricyanide
redox probe. Inspection of this table reveals the use of a diverse set of electrode surfaces,
supporting electrolytes and the presence (or absence) of oxygen in these studies. It should
be emphasised that this is by no means a comprehensive listing, but it clearly demonstrates
that there exists a wide range of both ∆Ep and k0 values reported in the literature for the
hexacyanoferrate II/III couple.
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Table 1. Table of a variety of electrode materials at which hexacyanoferrate II/III was employed as a
model redox probe where k0 is the apparent heterogeneous rate constant in cm s−1 and ∆Ep is the
peak-to-peak separation in mV. The various authors assign the mechanism to be inner sphere (ISET)
or outer sphere (OSET).

Electrode Material Year Assignment Attributes k0 cm/s
and ∆Ep/mV Deoxy-Genated *

Supporting
Electrolyte/
Scan Rate

Reference

Nanosized graphite sheets
in a carbon film 2018 Inner k0 = 0.026–0.09

71 < ∆Ep < 145
Yes 1 M KCl

0.1 V/s [15]

Boron doped carbon
electrodes (500–8000 ppm) 2017 Inner

k0 = 3.75 × 10−5–
2.07 × 10−2

59 < ∆Ep < 87
No 1 M KCl

0.025–0.3 V/s [45]

Au nanocatalyst on ITO 2016 Outer --- No PBS pH 7.4
0.02 V/s [46]

Reduced graphene
oxide/Nafion composite 2019 Outer 28 < ∆Ep < 133 Yes 0.1M KCl

0.1–0.4 V/s [47]

HOPG with droplet
cell configuration 2015 Outer k0 > 0.46 ± 0.03 No 0.1 M KCl

2–10 V/s [48]

Graphite and graphene
flakes with different flake

sizes in nujol
2018 Inner

k0 = 6.04 × 10−5–
1.93 × 10−3

105 < ∆Ep < 833
Yes 0.1 M KCl

0.1 V/s [16]

Thin graphene layer
on Au 2016 Outer k0 =

4 × 10−4–1.4 × 10−2 No 0.1 M KNO3
0.1 V/s [23]

Single walled nanohorns 2019 Inner k0 = 5.59 × 10−2

∆Ep = 71
Yes 0.1 M KCl

0.25–0.3 V/s [17]

BDD 2004 Outer k0 = 2 × 10−5–4 × 10−4

930 < ∆Ep < 1420
No 0.5 M H2SO4

0.1 V/s [49]

Diamond graphite
composite 2003 Outer 120 < ∆Ep < 430 No 0.5 M H2SO4

0.1 V/s [24]

BDD 1999 Inner 70 < ∆Ep < 198 Yes

1 M KCl and 50 mM
phosphate Buffer

pH 7.2
0.1 V/s

[50]

Pt ultramicro-electrodes 2002 ---

adsorbed
hexacyanoferrate-

steady state
voltammetry

Yes 0.1 M KCl
0.01 V/s [22]

Carbon silicon films 2017 Inner k0 = 5.4 × 10−3 No 0.1 M KCl
0.05 V/s [51]

Carbon black/
chitosan composite 2015 Inner 63.4 < ∆Ep < 452 No 0.1 M KCl

0.05 V/s [52]

Pt nanofluidic
recycling cell 2014 Outer

Based on power spectral
density data,

Hexammine Ru(III)
adsorbed more than
hexacyano-ferrate III

No - [20]

Laser scribed graphene 2014 Inner
k0 = 2.373 × 10−2 to

3.3 × 10−4

59 < ∆Ep < 176
No 0 M KCl

0.01 V/s [19]

Pencil Graphite Electrode 2012 - 75 < ∆Ep < 741 Yes 1 M KCl
0.1 V/s [53]

GC, PGE, HOPG 2010 - 80 < ∆Ep < 220 Yes 0 M KCl
0.1 V/s [54]

BDD, GC, SPCE 2003 - k0 = 1.67 × 10−5

–5.5 × 10−2 No 1 M KCl [29]

HOPG with oxygenated
edge planes 2006 Inner

Basal plane
227 < ∆Ep < 596

Edge plane
89 < ∆Ep < 137

Yes 0.1 M KCl
0.1 V/s [55]
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Table 1. Cont.

Electrode Material Year Assignment Attributes k0 cm/s
and ∆Ep/mV Deoxy-Genated *

Supporting
Electrolyte/
Scan Rate

Reference

Basal plane HOPG with
10–20% Edge planes 2011 Inner

Organic solvent affects
k0 = ~0.02 (without

MeCN),
4 × 10−5 (NaCl),
4 × 10−6 (KCl)

8.5 × 10−3 (CsCl)

Yes
0.1 M salts

(NaCl, KCl, CsCl)
0.1 V/s

[18]

Nanotubes on carbon
screen printed electrodes 2014 Inner

Graphite k0 =
5.76 × 10−3

SWCNT k0 =
10.7 × 10−3

MWCNT k0 =
7.5 × 10−3

Yes 0.1 M KCl
0.05–0.1 V/s [56]

GC Electrodes with
lipid layers 2002 Outer - No

20 mM NaNO3 and
3 mM CaCl2

0.1 V/s
[57]

SWCNT on GC 2008 - Thin layer behaviour No 0.1 M KCl
0.01–0.7 V/s [58]

Graphene paste
Graphite paste 2013 Inner ∆Ep = 153.8

∆Ep = 393.1 Yes 0.1 M KCl
0.1 V/s [59]

Laser scribed graphene
on chip 2016 Inner

k0 = 0.115 (LSG)
k0 = 0.282 (Pt/LSG)

∆Ep = 86 (LSG)
∆Ep = 71 Pt LSG)

No 0.1 M KCl
0.05–0.15V/s [60]

Inkjet carbon-graphite ink 2008 Outer

∆Ep = 136 ± 14
(Direct Write)

k0 = 2.4 × 10−3

∆Ep = 153 ± 8
(Screen Printed)
k0 = 1.9 × 10−3

No 1 M KCl
0.01–0.1 V/s [61]

Boron doped carbon 2002 Inner ∆Ep = 673–716 No 0 M KCl
0.1 V/s [62]

Graphene on Au coated
Si (SECM) 2016 Outer k0 = 4.0 × 10−4–

1.4 × 10−2 No 0.1 MKNO3
0.1 V/s [23]

HOPG (EPPG/BPPG)
Graphene Graphite 2011 Inner

∆Ep = 60 (EPPG)
∆Ep = 242 (BPPG)
∆Ep = 192 (HOPG

/graphene)
∆Ep = 66

(HOPG/Graphite)

No 1 M KCl
0.1 V/s [63]

Graphene 2017 Inner ∆Ep = 400–900 No 0.1 M KNO3
0.025 V/s [64]

N-doped Pyrolytic
Carbon 2013 Inner

∆Ep = 71.7
k0 = 4.4 × 10−2 Yes 1 M KCl

0.1 V/s [65]

Pyrolytic Carbon 2010 -
∆Ep = 80

k0 = 1.3 × 10−2 Yes 1 M KCl
0.1 V/s [66]

HOPG and Graphene 2010 Outer

∆Ep = 67 (HOPG
edge plane)

∆Ep = 238 (HOPG
basal plane)

∆Ep = 122 (HOPG
+ Graphene)

No 1 M KCl
0.1 V/s [67]

Diamond/graphite 2003 Outer 120 < ∆Ep430 No 0.5 M H2SO4
0.1 V/s [24]

SPCE 2009 Outer 98 < ∆Ep < 466 No 1 M KCl
0.1 V/s [30]

Screen Printed SWCNT 2013 Outer
k0 = 1.1 × 10−3 (SPCE)

k0 = 1.4 × 10−3

(with SWCNT)
No 0.1 M KCl

0.01–0.4 V/s [68]
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Table 1. Cont.

Electrode Material Year Assignment Attributes k0 cm/s
and ∆Ep/mV Deoxy-Genated *

Supporting
Electrolyte/
Scan Rate

Reference

Q-graphene 2012 Inner
68 < ∆Ep < 432

4.66 × 10−3 < k0

< 1.86 × 10−2
Yes 1 M KCl

0.05 V/s [69]

Multilayer graphene,
BPPG, EPPG 2014 Inner - Yes 1 M KCl

0.05 V/s [70]

Graphene 2014 Inner

98 < ∆Ep < 190 (EPPG
and BPPG)
∆Ep = 1148

(m-Graphene)
∆Ep = 1243

(q-Graphene)

Yes 0.1 M KCl
0.1 V/s [71]

BDD and amide and
carboxyl Graphene

nanoflakes
2014 -

∆Ep = 65 (BDD)
109 < ∆Ep < 250 (c-GNF)

∆Ep = 70 (a-GNF)
Yes

0.01–1.0 M KCl and
0.1 M K2HPO4

0.05 V/s
[72]

PGE 2008 - ∆Ep = 90–450 Yes 1 M KCl
0.1 V/s [73]

Iridium 1999 -
∆Ep = 74.4

k0 = 7.2 × 10−2 No 1 M KNO3
3.5 V/s [74]

Pt and GC 2013 Outer

∆Ep = 66 (Pt),
∆Ep = 86 (GC)

k0 = 4.1 × 10−2(Pt)
k0 = 1.2 × 10−2 (GC)

No 1.0 M KCl
0.2 V/s [26]

GC 2014 -
87 < ∆Ep < 172

k0 = 5 × 10−3 to
8 × 10−3

No 1.0 M KCl
0.89–1.0 V/s [75]

Pt 2022 -
71 < ∆Ep < 135
1 mM–100 mM

Fe(CN)6
3−/Fe(CN)6

4−
No 0.1 M K2SO4

0.01 V/s [76]

Note: GC = Glassy Carbon, PGE = Pencil Graphite Electrode, HOPG = Highly Oriented Pyrolytic Graphite,
SWCNT = Single Walled Carbon Nanotube, ITO = Indium Tin Oxide, BDD = Boron Doped Diamond,
SPCE = Screen Printed Carbon Electrode, PBS = Phosphate Buffer Solution, MeCN = acetonitrile, EPPG = Edge
Plane Pyrolytic Graphite. * Unless deoxygenation was explicitly described in the paper, it was assumed not to
have been performed.

Further examples listing a similarly disparate range of heterogeneous rate constant
values are also given in papers by Huang et al. [77] and Unwin et al. [78]. From Table 1, it
can be seen that for some cases designated as outer sphere, (OSET) the values for k0 are
quite small with ∆Ep typically larger than the 57–62 mV range for a near-reversible electron
transfer process. This implies that the hexacyanoferrate II/III system is quite often a quasi-
reversible one in view of the slow HET rates. Poor repeatability (i.e., inherent variation
between results obtained from carrying out the same experiment repeatedly) and poor
reproducibility, with significant variations reported for the same electrode materials, are
however problematic. As a result, other redox probes are now more often favoured [10,78].

Table 1 illustrates the extent of confusion regarding the hexacyanoferrate II/III system
in the literature. In some cases, oxygen was removed from the electrolyte, generally yielding
lower ∆Ep values and simultaneously faster HET rate constants k0. While the range of
potentials scanned in a cyclic voltammogram may not extend to allow oxygen reduction, it
is still possible that the presence of oxygen may affect the redox couple and/or the electrode
surface, as illustrated in Figure 1. This is especially true with carbon surfaces, through the
formation of various carbon-oxygen species, or with the occurrence of surface-adsorbed
oxygen [14,29,78]. Such species can either electrostatically repel hexacyanoferrate II/III
anions ([Fe(CN)6]3−/[Fe(CN)6]4−) or may block access to the electrode surface. In contrast,
negatively charged carbon-oxygen functional groups can attract positively charged redox
probes, such as ruthenium II/III hexaammine trichloride, a commonly used OSET redox
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probe. In fact, the presence of oxygen is known to affect the voltammetry of ferrocene
carboxylate for example [79] as well as that of the hexacyanoferrate II/III couple [50,55].

One problem frequently encountered with the designation of an ISET or OSET process
is the lack of clarity on the experimental classification approach undertaken in the work. In
some early work conducted on various chromium aquo and chromium ammino complexes
the logarithm of the apparent measured rate constant kapp (at a known bulk concentration
Cb where kapp = i/FCb) vs. potential, E yielded straight line plots over two decades [8,9].
These studies were conducted in deaerated sodium perchlorate electrolytes on hanging
mercury drop electrodes. When used together with iodide anions, which are known to
adsorb onto mercury electrode surfaces, this was suggested as a method for distinguishing
between an ISET or an OSET process. In the presence of iodide anions, distinct deviations
from the linear log kapp vs. E plots occurred; trending upwards in the case of an OSET
and downwards in the ISET system. In the OSET case, this was ascribed to Coulombic
enhancement of the reactant concentration in the Outer Helmholtz Plane (OHP) of the
Electrical Double Layer (EDL), for fluoro, sulphate and aquo ligands. For the ISET case
however, involving chloro, bromo, azido, nitrate and thiocyanate ligands, an additional
unspecified kinetic factor (possibly an adsorption effect) was implicated. In addition, the
measured transfer coefficient α, obtained from a Tafel plot analysis, was higher in the OSET
case (between 0.56 and 0.58) and lower in the ISET case (ranging from 0.35 to 0.43). It
should be pointed out though, that this experimental classification was for a very different
series of transition metal complexes than the hexacyanoferrate II/III case and mercury was
used as the electrode, whose behaviour can be different from other electrodes, such as those
based on carbon.

Transfer coefficients arising from Tafel slope analysis conducted on Au and Pt elec-
trodes using hexacyanoferrate III anions were reported by Torres [25]. A reduction transfer
coefficient αred of 0.606 on Au and a hexacyanoferrate II oxidation transfer coefficient βox of
0.378 (combining to yield a transfer coefficient sum of 1.084, quite near the expected value
of 1.0 for a simple one electron transfer). Experiments were conducted in a deoxygenated
1 M NaNO3 electrolyte on a Au rotating disk electrode (RDE) operating at 2500 rpm, at a
slow sweep rate of 3 mV/s. Similarly on a Pt RDE electrode, αred was determined to be
0.631 and βox was 0.363 (with a combined total of 0.994). Furthermore, both electrodes
displayed similar exchange current density i0 values (201 µAcm−2 on Au and 266 µAcm−2

on Pt), indicative of very little interaction with the electrode surface. Relatively small peak
separation (∆Ep) values of 66 mV were obtained from CV curves on Au electrodes and a
similar ∆Ep of 65 mV was found on Pt electrodes under identical conditions, demonstrat-
ing relatively fast near-reversible kinetics in both these conditions. This behaviour was
assigned to an OSET process. Comparison with another redox probe system (Fe(III)/Fe(II)
in 1 M H2SO4) indicated very different behaviour. Markedly lower αred values were found
(0.27 and 0.34 for Au and Pt, respectively) along with very different i0 values of 6 µAcm−2

for Au and 100 µAcm−2 for Pt. Together with large peak separation ∆Ep values of 426 mV
and 126 mV, this latter redox couple was considered to be an ISET process, rather than an
OSET system.

Analyses based on Butler–Volmer kinetics, such as the determination of Tafel slopes
and thereby transfer coefficients are not, however, thought to be appropriate for ISET
processes, as linear plots are invariably difficult to obtain for these ET systems [3,6]. In
fact, a curved Tafel plot is presented in the textbook by Albery for the hexacyanoferrate
II/III redox couple quoting data reported by Frumkin et al. on Hg and thallium amalgam
electrodes [80].

The commonly held view is that OSET processes are most often considered to be fast ET
processes with inherently fast kinetics (high k0 values) [25,26]. Here, it is assumed that the
redox molecules come sufficiently near the electrode surface for electrons to hop or tunnel
across a monolayer of solvent (the IHP of the EDL), but the ionic species (hexacyanoferrate
II/III) do not directly interact with the electrode surface itself. In such OSET situations,
redox probes are thought to be influenced only by the electronic structure of the electrode
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surface. For ISET processes, however, inner-sphere probes are influenced not only by
the electrode’s electronic structure but also by the surface itself, which can interact with
the reactant, intermediate, and/or product. For the ISET case surface functional groups,
adsorption sites, and defects can all affect the surface chemistry and may inhibit the ET
process, resulting in diminished HET k0 values [10].

With this in mind, the designation of an ISET or an OSET process is sometimes based
on a Nicholson analysis, which is frequently conducted for quasi-reversible ET reactions
with peak separations larger than about 62 mV, but invariably less than 212 mV [81]. By
adjusting a cyclic voltammogram’s scan rate, it may be feasible to estimate the redox
reaction’s kinetics, moving it from a region where the Nicholson analysis is not appropriate
to one in which the kinetics then fall into the quasi-reversible domain and thus become
amenable to this analysis [26]. The Nicholson approach enables the determination of HET
rates (k0 values) through the experimental measurement of ∆Ep from cyclic voltammograms
in conjunction with the expression:

ψ = k0[(πDOnvF)/(RT)]−1/2
(

DR
DO

)−α/2
(2)

where ψ is a kinetic parameter tabulated by Nicholson, DO is the diffusion coefficient
of the hexacyanoferrate III anion (7.2 × 10−6 cm2/s) DR the diffusion coefficient for the
hexacyanoferrate II anion (6.4 × 10−6 cm2/s) [42], n is the number of electrons transferred
(1 for hexacyanoferrate II/III), v is the scan rate (in V/s) and π, F, R, and T all have their
usual meanings. The transfer coefficient α is usually taken to be 0.5. This equation predicts
that the peak separation value ∆Ep will increase with the scan rate. Equation (2) can then
be simplified for the hexacyanoferrate II/III by using the values of DO and DR to yield
the expression

ψ = k0[(πDOvF)/(RT)]−1/2(1.030) (3)

Lavagnini et al. plotted the Nicholson tabulated data and developed the following
equation relating the peak separation ∆Ep value measured in a CV curve to the kinetic
parameter ψ as follows [82]:

ψ =
[
−0.6288 + 0.0021

(
∆Ep

)]
/
[
1− 0.017

(
∆Ep

)]
(4)

Another equation relating ln ψ to the ln ∆Ep, was also proposed by Swaddle [83]

lnψ = 3.69− 1.161ln
(
∆Ep − 59

)
(5)

By either measuring a value of ψ from the plotted curve of Nicholson’s tabulation and
using Equation (1), or by plotting ψ versus v −1/2 the slope [(πDOF)/(RT)]−1/2

(
DR
DO

)
−α⁄2

for a number of scan rates v in conjunction with Equation (2), k0 may be determined.
For very low values of k0 when ∆Ep exceeds 212 mV, Lavagnini et al. developed an

extended equation for the direct determination of the HET rate constant [82]

k0 = [2.18(αDπnF/RT)
1
2 ]exp[−

(
α2nF
RT

)
.∆Ep] (6)

There are, however, a number of problems with this approach [84,85]. Although
uncompensated resistance Ru can be accounted for by using potential feedback and/or a
Luggin probe for the reference electrode, often this is not carried out in practice thereby
influencing the currents/potentials measured. Another contribution not always accounted
for by many using the Nicholson approach is the non-faradaic current due to capacitance
Cdl arising from electrical double-layer charging. This is especially true at faster scan
rates, such as 0.1 V/s. Like the Ru, it can be accounted for experimentally, in this case by
conducting a separate experiment under identical conditions with the hexacyanoferrate
II/III species absent. The background current may then be determined and subtracted
from a comparable experiment carried out in the presence of the hexacyanoferrate II/III
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species. Like the Ru compensation adjustment, this is, however, not always carried out in
many studies.

Another effect arises from variations in values of the transfer coefficient α, used in
both the Butler–Volmer and the Marcus–Hush electrode kinetics approaches, which may
deviate from 0.5 as discussed earlier [6,86]. An accurate assessment of the formal potential
E0 is also required in order to account for variations between experimental runs. Ultimately
these factors can cause significant changes in the values of k0 obtained by the Nicholson
analysis. More accurate values can be determined by using computer simulations in
packages including DigiSim, KISSA, COMSOL Multiphysics, DigiElch, and MECSim to
obtain the best-fit curves and thus determine accurate values for each parameter (Cdl, Ru, E0,
α, and hence k0) [87]. Most of these models are based on Butler–Volmer kinetics, although
Marcus–Hush theory which takes into account the dynamics and solvent re-organisation of
the ET process may further enhance this modelling approach in some cases [3,5,6].

While the majority of authors in Table 1 assign the ISET regime to the hexacyanoferrate
II/III couple, others attribute the behaviour to the OSET mechanism. The assignment of the
OSET is quite often promulgated in the literature, including the two articles referred to pre-
viously, which were both published in a popular journal for novice electrochemists [25,26].
Typically, OSET is most often associated with the display of near-reversible voltammetry
(i.e., small ∆Ep near 60 mV) exhibiting relatively fast k0 values, whereas ISET generally
involves much slower quasi-reversible kinetics. It seems that some researchers may have
been unaware of this distinction and instead based their classification on the presumption
of OSET from the literature, without specific reference to their own results. Even though
Table 1 is by no means a comprehensive listing, it does highlight the variation in the assign-
ment of ISET or OSET in the literature to the hexacyanoferrate II/III redox couple and the
variability of both ∆Ep and k0 results for this commonly used redox couple system.

This is an illustration of the “pathologicaly variable” hexacyanoferrate II/III redox
system, with quasi-reversible ET behaviour being representative of slower HET kinetics [87].
Bond et al. confirmed this by carrying out a series of repeated measurements of the electrode
kinetics of the hexacyanoferrate II/III redox system on a freshly prepared glassy carbon
(GC) electrode using an ac voltammetry method [87]. In spite of meticulous electrode
preparation involving careful polishing and a rigorous cleaning routine performed between
ten repeated experiments, a wide variation in the HET rate was reported. Meticulous
analysis was carried out by performing 10 separate experiments on a carefully cleaned GC
electrode surface. The extent of the variation is presented in Table 2. These experiments
were conducted in a deaerated 3 M KCl electrolyte with a Luggin capillary and a Ag/AgCl
(3 M) reference electrode. It was found that k0 values on the same GC sample ranged
between 5.5× 10−3 cm s−1 and 1.9× 10−2 cm s−1 representing a nearly four-fold difference.
Results from a similar study performed by the same group are also listed in Table 2 [88].

Table 2. Parameters obtained from a series of 10 experiments using ac voltammetry in conjunction
with sophisticated modelling methods in the hexacyanoferrate III reduction reaction [87,88].

k0/cm s−1 α E0/mV (NHE) Ru/Ω Reference

Range (N = 10) 0.0055–0.019 0.50–0.54 417–423 4–8 [87]

Average (Range) 0.010 (0.002-0.018) 0.52 420 15.2 [88]

These results were ascribed to the occurrence of an ISET system for the hexacyano-
ferrate II/III couple in preference to an OSET process on the GC electrodes. This “patho-
logically variable” redox couple involves ET on a heterogeneous GC electrode surface
comprising microscopically different regions, which are sufficiently near each other to
approximate mass transport by planar diffusion (i.e., with overlapping diffusion layers),
resulting in quasi-reversible electrode kinetic behaviour. In order to overcome these issues,
Bond et al. later adopted a more stringent approach through the use of ac voltammetry
in conjunction with advanced computer modelling techniques involving Bayesian statis-
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tics [89,90]. Relationships between the parameters typically used to classify the ISET or
OSET processes were investigated using a Butler–Volmer ET model.

As described earlier HET reactions displaying irreversible kinetics have extremely
small rate constants, k0 often less than ~1 × 10−6 cm s−1, which fall outside the quasi-
reversible range appropriate for the Nicholson analysis. Instead, for widely separated
peaks in CVs sometimes having ∆Ep values larger than ~400 mV, another approach must
be employed. Such analysis yields transfer coefficients α, which are obtained via use of the
following expressions [3,49].

|Ep − E p
2
| = 1.857

[
RT
αF

]
=

47.7
α

(7)

where Ep is the peak potential, Ep/2 is the half-peak potential and

Ep = E′+
RT
αF

(
0.78− ln k0− ln

(
DαnF/RT)1/2

)
− RT

2αF
ln v (8)

where E′ is the formal potential, n is the number of electrons transferred (1 if referring to the
hexacyanoferrate II/III system) and v is the scan rate. By estimating α from Equation (7) and
then substituting it in Equation (8), along with the known value of D for each anion, enables
the determination of values of k0. One such analysis performed using hexacyanoferrate
II/III in 0.5 M H2SO4 on various BDD electrodes, including some anodically polarised in
acids, produced very low transfer coefficients (α values of only 0.2–0.3) and small HET rate
constants k0 ranging from 2 × 10−5 cm s−1 to 40 × 10−5 cm s−1 [49].

3. Discussion

Clearly there are a number of factors that can influence the measured ∆Ep values
evaluated from cyclic voltammetry, leading to wide variations in HET k0 values, which
in turn can be interpreted as ISET or as OSET processes. It is interesting to note that
much of the older literature tends to suggest that the hexacyanoferrate II/III couple is
an OSET process, although this view seems to be changing, as more examples of the
influence of the electrode surface, indicative of ISET are found. This is especially true for
carbon-based electrodes, which may possess a range of different surface functional groups,
including carbonyls, carboxylic acids (or carboxylates), anhydride groups, epoxides, and
peroxy groups, esters as well as sometimes even phenol and quinone groups, amongst
others [17,44,55,91,92] Furthermore, microstructural defects such as missing carbon atoms,
dangling bonds, metallic impurities, and folds in thin graphene sheets can also occur,
which may affect the HET process. Adsorbed oxygen may also play a role in an ET process
occurring on such electrode surfaces as described earlier [93,94].

3.1. The Influence of Functional Groups and Microstructural Features on Carbon Electrodes
Electron Transfer Properties

Some functional groups appear to promote electron transfer, which has been reported
for example with hexacyanoferrate III reductions conducted on single-walled carbon nan-
otubes SWCNT [95]. In this case, nanotubes aligned with exposed ends on cysteamine-
modified gold electrodes exhibited quite small ∆Ep values of 72–80 mV and relatively fast
ET kinetics. Much larger ∆Ep values and thus slower kinetics were measured, however, on
randomly dispersed SWCNTs, ranging from an initial value of 204 mV, 2 h after preparation
dropping to 94 mV after 6 h and then increasing again to 146 mV after 8 h. The formation
of carboxylic acids and quinones at the SWCNT ends, detected by XPS was thought respon-
sible for the increased ET rate in the aligned SWCNT case. This result has, however, been
called into question, as the process used to produce the SWCNTs resulted in an increased
number of shorter nanotubes, most likely possessing an enhanced number of more active
edge plane sites, thereby enhancing the HET kinetics [94].

Carbon-based materials are heterogeneous in nature and can behave in an anisotropic
fashion [44]. Their utilisation in electrochemical studies has been explored in numerous



Electrochem 2023, 4 326

studies. Carbon-based electrodes, whether graphite, graphene, highly oriented pyrolytic
graphite (HOPG), Boron Doped Diamond (BDD), or other C-electrode (e.g., carbon paste,
carbon fibre, screen printed carbon or pencil graphite), may contain carbon in different
forms. Most commonly graphite consists of covalently bound carbon in a planar lamel-
lar sp2 hybridised hexagonal lattice, which stacks on top of each other due to the weak
attractive van der Waals forces to form a three-dimensional lattice comprising basal planes.
The ends may contain sp3 hybridised edge planes. Diamond is another carbon allotrope
that comprises sp3 hybridised carbon. Small rolled-up sheets of graphene can form carbon
nanotubes while larger structures include fullerenes. These microstructural and nanos-
tructural features may possess very different ET characteristics. It is generally held that
basal planes are far less reactive than edge planes, which occur at the end of a carbon
sheet or tube, although it has been demonstrated that this is not always the case. For
example, freshly cleaved HOPG surfaces can produce highly reactive basal plane surfaces
displaying fast, near-reversible ET kinetics as detected by small ∆Ep values [96]. Over
time, however, exposure to atmospheric oxygen can slow the ET reaction, as indicated by
the observation of larger ∆Ep values, which ranged from an initial 227 mV on the HOPG
electrode to 596 mV after 2 h in a hexacyanoferrate II/III solution in 0.1 M KCl (see also
Figure 2). In comparison, edge planes exhibited a narrower set of ∆Ep values between
89 mV and 137 mV, although for a much longer time period (up to 24 h). A more gradual
increase in ∆Ep with atmospheric exposure was evident in addition to faster HET kinetics
overall. It was also reported that multi-walled carbon nanotubes (MWCNT) deposited
on the HOPG electrodes exhibited faster kinetics with a steady ∆Ep figure of 66 mV over
the same period of time in a 0.05 M KCl and 0.05 M NaHSO4 supporting electrolyte [55].
Larger ∆Ep values were also noted as consecutive scans were carried out, again indicating
that the reaction slowed over time, due to the formation of reaction products which then
blocked further ET processes. Fast reversible kinetics were found for the MWCNTs for a
range of redox probes including the hexacyanoferrate II/III couple. As both the innate ∆Ep
values and the rate of decrease in the measured rate constants were much larger for the
hexacyanoferrate II/III couple than found on other known redox couples, believed to be
outer sphere in nature (e.g., [Ru(NH3)6]2−/3−, [Ir(Cl)6]3−/4−), it was suggested that the
hexacyanoferrate II/III redox couple, long thought to be an OSET in nature, was, in fact, an
ISET process, at least on some carbon-based electrode surfaces [18].

In a recent paper, the upper limit of the standard heterogeneous ET rate (k0) of the
hexacyanoferrate II/III redox mediator on carbon basal planes was estimated to be very
slow, of the order of 10−9−10−7 cm s−1 [97]. Under certain conditions, however, basal
planes of HOPG may well possess an intrinsic ET activity, resulting in far higher k0 values,
notably in planes containing defects, although edges are generally considered more ac-
tive [98,99]. Graphite, which consists of multilayered graphene, is considered a non-metal
or a “semimetal” possessing a small valence band/conduction band overlap (of the order
of 60 meV) with a parabolic-shaped dependence of the density of electronic states (DOS)
energy on either side of the Fermi level (EF). In electrolyte solutions, the DOS is generally
low enough for it to exhibit a space charge-dominated capacitance response. Consequently,
defects such as dangling bonds, metallic impurities, and surface groups can increase the
surface DOS, thereby enhancing the ET process, especially near the DOS minimum at the
EF. In contrast, oxygenated surface groups can contribute to electrostatic (Coulombic)
repulsion and cause the opposite effect as discussed above [100].

In practice, the electrochemical response on graphitic surfaces may vary considerably,
even for surfaces prepared using the same method. As a result, many researchers have
employed HOPG, with some high-quality examples having a typical spacing of 1−10 µm
between single crystal domains which is advantageous for OSET redox systems, which
are also dependent on the DOS of the electrode and the electronic coupling between the
electrode and redox mediator. These are also insensitive to the presence of specific surface
groups, as is the case for ISET systems. An outer-sphere redox mediator, therefore, serves
as a direct probe of the surface DOS of graphite, without being sensitive to its surface
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chemistry. This has, however, been called into question [48]. It was asserted that since
the DOS of the semimetallic graphite is orders of magnitude higher than that of the redox
species, any variation in the DOS is likely to be less important. A useful analysis was offered
by McCreery and McDermott, who concluded that the three main factors influencing the ET
rate are the redox mechanism, surface DOS, and the presence of edge planes [44] Another
important factor is the contamination of graphitic surfaces upon exposure to ambient
conditions which can rapidly decrease the ET rate by several orders of magnitude [18].

3.2. An Alternative Classification System

According to McCreery redox probes on carbon electrodes can be classified into three cat-
egories: (i) insensitive to carbon surface termination effects (e.g., FcMeOH, [Ru(NH3)6]3+/2+);
(ii) surface-sensitive and can interact with specific oxygen functionalities (e.g., Fe3+/2+

which can interact with carbonyl, –C=O groups); and (iii) surface sensitive, but do not
seem to interact with specific oxygen-containing groups [44]. The hexacyanoferrate II/III
anions appear to fit into the third category and generally favour ISET, but the effect of
adsorption can vary and can be very unpredictable [10]. Other ISET redox couple probes
include dopamine, ascorbic acid, oxygen, and NADH, all of which are known to adsorb
directly onto electrode surfaces. In contrast, it is believed that OSET redox couple species,
are not surface-sensitive and do not generally adsorb onto electrode surfaces. Examples
listed by McCreery and later by Banks et al. include Ru(NH3)6

2+/3+, Ferrocene (Fc0/+),
IrCl62−/3−, methyl viologen (MV+/2+), methylene blue (MB), chlorpromazine (CPZ0/+),
and Co(phen)2+/3+ [10,44]. Species undergoing OSET processes are unusual and, for exam-
ple, only two are mentioned in one textbook; Ru(NH3)6

2+/3+ and Fe II/III (in the absence
of chloride ions) [6]. It appears many researchers since then may have simply assumed that
the hexacyanoferrate II/III redox couple always undergoes an OSET process [7,23,24,55].

3.3. The Effect of Surface Films on Glassy Carbon Elecrtodes

Glassy carbon (GC) electrodes are commonly used in many electrochemical investiga-
tions. For example, one report of cyclic voltammetry conducted at 50 mV/s on bare GC
electrodes in a solution containing 1 mM K3Fe(CN)6 and 1 M KCl showed reversible redox
peaks [101]. For an oxidised GC electrode, however, (treated at 2.0 V (vs Ag/AgCl) for
600 s), the peak currents were much reduced and a less pronounced diffusional tail was
evident in the resultant CV curve. CVs conducted on oxidised GC electrodes displayed a
more steady state-like character with a limiting current plateau, thought to arise from the
presence of an oxide surface or barrier layer with numerous small “micro holes” or fissures
acting to allow only restricted solution access to the electrode surface. The formation of
a blue/green colour in the electrolyte possibly indicates the presence of Prussian Blue or
a similar compound (e.g., Berlin Green), although the authors ascribed this to a “carbon
oxide” film.

Using a GC electrode, Noel and Anantharman carried out a series of cyclic voltammet-
ric studies on the hexacyanoferrate II/III redox system in a variety of deaerated electrolytes
including sulphates (H2SO4, Na2SO4) chlorides (NaCI, KCI) and sodium salts (NaOH,
NaH2PO4, Na2C2O4, and trisodium citrate) [102]. Depending upon the scan rate, they
observed ∆Ep values ranging from 85 mV to 180 mV, yielding reasonably close HET k0

values between 1.6 × 10−3 and 3.1 × 10−3 cm s−1 in deaerated 0.1 N Na2SO4. (which
is equivalent to 0.05 M Na2SO4.). In their detailed study, a number of different effects
including surface preparation procedure (polishing and cleaning), pH variation, use of heat
treatments, and chemical and electrochemical surface treatments (surface activation) were
evaluated. Their results indicated that anodic polarisation activated the GC surface yielding
reproducible results. Furthermore, rate constants obtained through the use of Nicholson’s
method differed markedly (in deaerated 0.1 N NaCl) for the oxidation of hexacyanoferrate
II (39.1 × 10−3 cm s−1) and the reduction of hexacyanoferrate III (1.3 × 10−3 cm s−1). This
was attributed to the presence of different surface states of the glassy carbon at the starting
potential of each scan. A GC surface consists of bare carbon as well as oxidised functional
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groups (such as carbonyl, carboxylate, and quinone) and reduced functional groups (in-
cluding –COH, –CH2OH, hydroquinone), which can influence electrode activity. Anions
were also found to have a substantial effect on both the measured rate constants and the
limiting currents. In particular chloride ions displayed a special activating effect, which was
thought to be due to the occurrence of adsorption and mediated electron transfer processes
through bridging ligand interactions, indicative of an ISET process. It was concluded that
within certain specified potential limits GC seems to have good activity in deaerated acidic,
neutral and alkaline media when used with the hexacyanoferrate II/III redox system.

3.4. Boron-Doped Diamond Electrodes

Another commonly used carbon electrode system is Boron-Doped Diamond (BDD)
which contains some sp3 hybridised carbon. Using a similar strategy, Granger and Swain
investigated the hexacyanoferrate II/III kinetics on anodised and hydrogenated BDD [50].
Quasi-reversible kinetics were reported in deoxygenated pH 7.2 buffered 1 M KCl solution.
An initial ∆Ep value of 70 mV measured at 50 mV/s increased to 198 mV after oxidation
of the BDD was carried out in 1 M H2SO4. Following acid washing and hydrogen plasma
surface treatment, however, the ∆Ep dropped back to 84 mV suggesting that ET for hexa-
cyanoferrate II/III is sensitive to the presence of surface carbon-oxygen functionalities and
probably involves sites associated with the hydrogen-terminated portions of the surface.
At pH 7.2 oxygen functional groups are likely to be deprotonated and hence negatively
charged, which would be expected to repel the highly charged hexacyanoferrate II/III
species, increasing the electron tunnelling distance and thus reducing the rate of electron
transfer. Further investigations conducted at low pH (1.8) showed, however, that the
inhibition of the HET kinetics was not due exclusively to electrostatic repulsions. The
results from the surface treatments conducted in the study also ruled out the influence
of adventitious nondiamond carbon phases as the sole sites for electron transfer. It was
therefore concluded that diminished hexacyanoferrate II/III kinetics was due to a site-
blocking effect arising from the presence of the oxygenated carbon species which could
be regenerated following acid washing and plasma hydrogenation treatments, leaving
hydrogen-terminated surface moieties.

3.5. Graphene Electrodes

In recent years, 2D graphene has aroused a lot of interest in the electrochemical commu-
nity. One recent review outlines the use of heteroatom-doped graphene to further improve
the performance of this material in a wide range of applications in the energy conversion
and storage technologies areas [103] [There are numerous reports in the literature concern-
ing the use of graphene as a highly conductive and even electrocatalytic electrode material,
assessed with the aid of the hexacyanoferrate II/III redox probe [63,104–107]. Using potas-
sium hexacyanoferrate III as a redox probe, amongst others, the electrochemical activity
of SWCNTs, pristine graphene oxide (GO) nanosheets, chemically and electrochemically
reduced GO nanosheets was explored using cyclic voltammetry (conducted at 50 mV/s in
0.1 M KCl) [108]. As expected, a large peak-to-peak separation ∆Ep value of ca. 247 mV was
obtained on the GO nanosheets indicative of a slow HET rate, significantly greater than the
∆Ep value of 90 mV obtained on a GC electrode. This was ascribed to the poor conductivity
of the GO material and the repulsion of the hexacyanoferrate III by negatively charged
surface oxygen species. Both the chemically reduced and electrochemically reduced mate-
rials showed remarkably lower ∆Ep values (~90 mV and ~80 mV, respectively), although
both were larger than the value found on the SWCNT (∆Ep of 73 mV). Two reasons were
given for this; reduced electrostatic interactions with the hexacyanoferrate II/III species
and enhanced conductivity within the reduced GO nanosheets through the reforming of π
bonds in the carbon network of the nanosheets.

Fast ET rates were detected in multilayer graphene nanoflake films and in reduced
graphene sheet films (rGSF) using the hexacyanoferrate II/III couple [109,110] In the
former case, the ∆Ep values varied between 61.5 and 93.2 mV at scan rates varying between
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10 mV/s and 400 mV/s, indicative of essentially reversible kinetics. It was stated that
these hexacyanoferrate II/III ET reactions proceeded via an ISET pathway and that they
appeared to be sensitive to surface chemistry and microstructure, as well as the density of
electronic states near the Fermi potential. In the latter case, similar low ∆Ep values ranging
between 65 mV and 68 mV in 1 M KCl at 100 mV/s suggestive of fast HET kinetics were
found, giving kapp values of 4.9 × 10−2 cm s−1 for the rGSF and 2.9 × 10−2 cm s−1 for a
standard GC, respectively.

Studies carried out on Graphene nanoflakes (GNF) of diameter ca. 30 nm were char-
acterised electrochemically after being drop cast onto a boron-doped diamond (BDD)
electrode. The flakes were edge-terminated with carboxylic acid (–COOH) or amide func-
tionalities [72] and their reactivity was investigated using hexacyanoferrate II/III amongst
other redox probes. A marked difference in response was observed at a BDD electrode
modified with COOH-terminated GNF in comparison to an unmodified BDD and an
amide-terminated GNF electrode. The BDD electrode displayed reasonably consistent ∆Ep
values of about 65 ± 2 mV in 0.5 mM hexacyanoferrate III in 0. 1 M Phosphate buffer
solution (PBS) ranging from pH 4.6 to 9.2, indicative of near reversible ET kinetics. On a
COOH-terminated GNF electrode, the ∆Ep values were found to be pH dependent, increas-
ing as the pH decreased from ∆Ep of 109 mV (pH 7) to ∆Ep 250 mV (pH 4.6) with slower
kinetics at lower pH attributed to a change in the nature of the redox species, formation
of an adsorbed film or an interaction with the electrode surface. Further work conducted
in different ionic strength solutions (0.01 M, 0.1 M, and 1 M KCl at pH ~6) revealed that
the COOH-terminated GNF behaved differently at the lower KCl concentrations. Un-
like the BDD and amide-GNF electrodes, which both showed near reversible kinetics in
all solutions, in the COOH-GNF case the ∆Ep value increased considerably displaying
a near sigmoidal voltammetric plot as expected from an electrode with pinholes in an
insulating surface film or as in an array of microelectrodes, somewhat reminiscent of the
result reported by Khoo et al. [101]. The addition of KOH brought the pH up to 8.5 and
returned the ensuing voltammogram to a more conventional shape, although the ∆Ep was
still large, 231 ± 21 mV. This indicated that solution acidity and electrolyte concentration
were both important factors in determining the behaviour of the hexacyanoferrate II/III
couple which was believed to be the inner sphere in nature. Such effects as disruption
of ion-pairing with solution cations, a propensity to lose cyano ligands, formation of ag-
gregates, which are possible intermediates to Prussian Blue film formation and acid-base
equilibria involving interaction with the COOH-GNF leading to protonation of the nitrogen
of the cyanide ligands (to possibly form [H(Fe(CN)6)3−]) were all proffered as explanations
for the hexacyanoferrate III behaviour. Moreover, at low electrolyte concentrations, the
interaction between the electrode and the hexacyanoferrate III will be more significant, as
screening by solution ions in the double layer will be less effective. Further work using
spectroelectrochemical methods indicated that the hexacyanoferrate III redox reaction
was much less influenced by the presence of GNF in D2O solvent, thus highlighting the
role played by readily available protons from both the COOH-GNF and the electrolyte in
destabilising the hexacyanoferrate II/III redox couple [110]. The addition of GNF in the
solution led to an additional, very intense cyanide stretch IR band, which was attributed
to the formation of a new, non-soluble species. No evidence, however, of a new cyano
species in the IR spectrum was found when D2O was used as the solvent. It was suggested
then that the instability of hexacyanoferrate II/III anions may be caused by protonation
and subsequent decomposition in the aqueous case. The formation of a precipitate from
solutions of [Fe(CN)6]3− and [Fe(CN)6]4− in the presence of GNF was concluded from
ATR-FTIR spectroscopy, but was found not to occur when D2O was used as the solvent.
In general, GNF had much less influence on the redox reaction in D2O, highlighting the
key role played by readily available protons at the graphene nanoflake edge. This calls into
question the notion that both hexacyanoferrate II/III species are stable under a wide range
of conditions, as was pointed out by McCreery [44]
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More recent work conducted by Banks et al. on graphite and graphene flakes included
an investigation utilising the hexacyanoferrate II/III redox probe [16]. Considered an inner
sphere probe by the authors and using an EPPG as a comparison (with an ∆Ep of 133 mV),
graphitic paste electrodes consisting of different flake sizes (with lateral size from 0.5 µm
to 1390 µm) displayed ∆Ep values ranging from 106 mV up to 833 mV and HET k0 values
ranging from 1.93 × 10−3 cm s−1 to 6.04 × 10−5 cm s−1. Cyclic voltammograms were
recorded in deoxygenated 0.1 M KCl at 100 mV/s. The findings correlated with the number
of available edge plane like-sites/defects and the faster kinetics of the smaller lateral flake
sizes implicated the role of surface structure in terms of oxygenated species in determining
the ET kinetics. Five graphene paste electrodes were also examined and showed a similar
trend with ∆Ep decreasing from 300 mV to 98 mV as the lateral flake size decreased
from 9.4 µm to 1.3 µm with a concomitant increase in HET k0 from 4.4 × 10−5 cm s−1 to
2.71 × 10−3 cm s−1. This indicated that the basal-to-edge plane ratio played an important
role in determining the ET kinetics. It was thought that oxygenated species and ligands on
the electrode surface may have influenced the observed electrochemical response, unlike the
case for outer-sphere probes, which are dependent only on the electronic density of states.
As pointed out by Unwin et al., there “has been debate about the potential limitation and
reliability of ferricyanide and ferrocyanide redox mediator as kinetic probes for graphene
type materials” [111].

In another paper, the Fermi level on graphene was examined using Raman Spec-
troscopy in conjunction with cyclic voltammetry to provide information on the presence
(or absence) of adsorbed atoms or molecules [64]. Three electroactive redox probes with
different electrode interaction mechanisms were employed in this study, including potas-
sium hexacyanoferrate II/III. The adsorption state was probed by analysing the G-peak
position in the in situ Raman spectrum conducted during the electrochemical experiments.
Evidence for the existence of an adsorption state during redox reactions at graphene for
hexacyanoferrate II/III was observed with a clear positive shift in the G-peak position. It
was also discovered that the OSET redox species FcMeOH and the ISET hexacyanoferrate
II/III interacted differently with the graphene. In the former case, after cycling in FcMeOH
there was no difference in the voltammogram. However, in the latter redox species, the
G-peak position curve indicated that both hexacyanoferrate II/III anions were adsorbed.
Adsorption mostly took place on the less ET reactive basal plane surfaces, while local
reactive (edge plane) sites largely determined the electrochemical behaviour. Additional
effects of the adsorbed species on the graphene surface were also detected, where a slight
change in the electrochemical behaviour was ascribed to changes in graphene charge carrier
density and surface passivation.

3.6. Highly Oriented Pyrolytic Graphite Electrodes

A further complication involving the use of hexacyanoferrate II/III as a redox probe,
this time on HOPG was described by [18]. The exposure of basal plane and edge plane
surfaces to organic solvents (acetonitrile, chloroform, or dimethylformamide) arising from
either electrode cleaning or through surface modification during deposition of other ma-
terials (e.g., carbon nanotubes), passivated the surface making it surface sensitive. Fol-
lowing such treatment, cyclic voltammetry conducted in 0.1 M solutions of NaCl, KCl,
and CsCl yielded a range of diminished HET k0 values from 4 × 10−6 cm s−1 (KCl) up to
8.5 × 10−3 cm s−1 (CsCl). These values are indicative of bridging ion complex formation
prior to electron transfer at the electrode surface. In comparison, a pristine sample showed
fast kinetics with a k0 of ~0.02 cm s−1. The occurrence of an ISET process influenced by
cation size and cation adsorption attributes was implicated in this observation.

In fact, it has long been known that cations present in the supporting electrolyte,
generally in concentrations far in excess of the hexacyanoferrate II/III and its attendant
counter ion, can affect the reaction rate of an ET process [112–115]. Measured HET rates tend
to increase when electrolytes comprising cations descending the group 1 alkali metal series
from Li down to Cs are employed [50,102,116,117]. More recent studies have confirmed this
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finding. For example, Swain et al. investigated the hexacyanoferrate II/III ET rates on BDD
thin film electrodes which were treated to remove any adventitious nondiamond sp2 carbon
surface impurity by a two-step acid-based chemical treatment, followed by a hydrogen
microwave plasma treatment [118]. This effectively replaced many terminal surface oxygen
species with hydrogen, making the surface more hydrophobic. The results indicated that the
apparent rate constant kapp increased in order from Li+ < Na+ < K+ < Cs+, although this was
less than that obtained for other electrodes such as GC and Au. This trend was attributed
to a decrease in the hydration sphere surrounding the cation which occurred as the cation
became larger, with the largest kapp of 1.35 × 10−2 cm s−1 being found for CsCl. This redox
system was classified as an ISET as the kapp showed high sensitivity to surface chemistry
and microstructure, as well as surface condition. In addition, values of kapp increased with
the concentration of electrolyte ascribed to the diminution of the diffuse layer thickness.
Using Tafel plots, transfer coefficients α were evaluated and ranged between 0.52 and
0.55, (similar to those obtained by Bond et al. [87,88]) at temperatures between 25 ◦C and
65 ◦C whilst the exchange current densities i0 increased in the order LiCl < NaCl < KCl.
These results seemed to indicate the occurrence of an interfacial/double-layer structure of
hydrogen-terminated BDD electrodes that was fundamentally different from that formed
on sp2 carbon electrodes such as graphene. It was speculated that hydrogen-terminated
electrodes are more hydrophobic, meaning that the arrangement of the surface water
molecules is probably different from that taking place in the more hydrophilic oxygen-
terminated sp2 electrodes. Hydration of hydrophobic surfaces is generally thought to be
lower and hydrogen bonding maximised, resulting in a slightly lower potential gradient φ2
at the plane of closest approach (IHP in the EDL), which occurs in the following expression
(for an oxidation reaction):

k0
app = k0 exp[

(α− z)F∅2

RT
] (9)

where k0 is the true standard rate constant in the absence of a double layer effect, α is the
transfer coefficient, n is the number of electrons transferred (in this case 1) and z is the
formal charge on the analyte (3- and 4- for [Fe(CN)6]3− and [Fe(CN)6]4−, respectively) and
the remaining symbols have their usual meanings. Equation (9) is the Frumkin-corrected
apparent rate constant which accounts for double-layer concentration effects [3,6,119].

For an sp3 hybridised diamond carbon, the HET rate could be lower than that of an
sp2 carbon electrode under identical conditions, as the water layer at such sp3 IHP surfaces
is likely to be expanded and thus less dense. It is also probably more ordered in an attempt
to maximize hydrogen bonding. If this occurs, for example, at hydrophobic diamond
surfaces, then this might cause a slightly lower potential gradient, φ2, at the plane of closest
approach than would occur at an sp2 carbon electrode under the same conditions, thereby
altering the heterogeneous ET rate constant k0.

3.7. Gold Electrodes

Gold electrodes can also sometimes be problematic when used with hexacyanoferrate
II/III and there is some evidence that cyano species emanating from hexacyanoferrate
II/III can react with gold, effectively corroding the gold, albeit over an extended period of
time [120]. Further studies using Electrochemical Impedance Spectroscopy confirmed that
the charge transfer resistance RCT changed over time, and it was concluded that the gold
electrode reacted with the cyano groups from the hexacyanoferrate II/III redox couple over
a period of almost 12 h [121,122]. This is perhaps not surprising given that cyanide is used
as a lixiviant in the hydrometallurgical extraction of Au from its ores. Further evidence
for this was given by Hua et al. who reported that the Au(CN)2

− anion formed through a
competitive reaction with the hexacyanoferrate II/III redox species [123].
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3.8. The Role of Spectator Cations

Another recent paper reported the role of alkali metal spectator cations in modifying
the rate of heterogeneous ET for the hexacyanoferrate II/III redox pair on Pt and Au op-
erating in aqueous conditions [77]. Approaches used included electrochemical methods,
such as cyclic voltammetry with rotating disc electrodes and Tafel plots, which enabled
the determination of exchange current densities. In addition, molecular dynamics sim-
ulations and in situ surface-enhanced infrared absorption spectroscopy (SEIRAS) were
also employed. These authors considered the hexacyanoferrate II/III redox couple to be a
simple OSET reaction whereby the kinetics were determined largely by noncovalent elec-
trostatic interactions emanating from the surrounding electrolyte solution. Their analysis
utilised the Marcus−Hush (MH) theory in preference to the phenomenological Butler–
Volmer approach. The exchange current density i0 increased in the presence of larger
structure-breaking ions in the order of Li+ < Na+ < K+ < Rb+ < Cs+ which was subsequently
correlated with a reduction in the solvent reorganisation energy λ decreasing from 0.59 eV
to 0.23 eV in the reverse order; Li+ > Na+ > K+ > Rb+ > Cs+. This would suggest an increase
of 44 times for the exchange current density i0 assuming a low HAB (electronic coupling
factor due to electronic mixing) of ~0.025 eV, which is typical for the redox reactions of
such transition-metal complexes. The authors claimed this was in reasonable agreement
with the experimental exchange current density (i0) measurements, which gave a 113 times
increase in its value. The increased i0 and reduced reorganisation energy λ found for the
hexacyanoferrate II/III redox species was attributed to having an increased number of
cations and decreased number of water molecules at the electrified interface. Overall, more
cations of lower charge density such as the larger Cs+ ions were thought to be present in
the solvation shell of the bulky [Fe(CN)6]3− and [Fe(CN)6]4− anions in comparison to the
situation with smaller Li+ ions, both in the bulk solution and at the electrified interface.
The authors concluded that weaker hydrogen bonds ensued with larger cations, conse-
quently lowering the effective interfacial static dielectric constant, which was considered
to be a solvent–anion structure breaker. At the other end of the scale, smaller high-charge
density cations such as Li+ form stronger hydrogen bonds, making them solvent-anion
structure-maker species. Thus, the association of spectator ions with [Fe(CN)6]3− and
[Fe(CN)6]4− redox centres are thought to influence the energetics of the hexacyanoferrate
II/III activated complexes in the transition state, leading to faster rates for systems with
the less hydrated large cations such as Cs+. By using the Marcus-Hush formalism, the
solvent reorganisation energy of heterogeneous electron-transfer reactions decreases as the
redox centres move nearer the electrode surface. This is supported by models based on the
dielectric continuum theory, predicting a decrease in the electron-transfer reorganisation
energy with decreasing distance between the redox centre and the electrode surface further
supported by classical molecular dynamics (MD) simulation calculations. Evidence for this
claim was based on SEIRAS measurements, which showed an increasing fraction of weakly
H-bonded water molecules (in the order of Li+ < K+ < Cs+) and a decreasing fraction of
strongly H-bonded water molecules (in the order of Li+ > K+ > Cs+). Furthermore, it is
contended that the cation-dependent properties of the interfacial solvation environment
also extend to the static dielectric constant, which is much lower than that of the bulk water
(78) and decreases from Li+ (18) to Cs+ (3). In addition, this argument is in agreement
with the predicted reaction entropy using the Born model and the experimental results
meaning that a hydrophobic interface with weakly H-bound water exhibits lower dielectric
constants than the hydrophilic surfaces. The authors pointed out that this may have broader
implications for the role of structure-making/breaking spectator ions on redox reactions
involving hexacyanoferrate II/III species in concentrated electrolytes and ionic liquids.

Dating back to the 1980s, studies have demonstrated that the adsorption of hexa-
cyanoferrate II/III species on metal electrodes is considered an important step in the HET
reaction [124]. Ion-pairing with alkali-metal cations may stabilise certain surface-adsorbate
orientations, which accounts for the spectra of the adsorbed species observed by Raman
and infrared spectroscopies and the behaviour of the spectra with changes in cation and
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with electrode potential. Although this simple model did not account for large changes in
electronic structure which must occur upon adsorption and which must be important in
determining the kinetics of the redox reaction, this led to a qualitative understanding of
the nature of such intramolecular interactions. Similar cation-dependent kinetic behaviour
was later determined using a RDE assembly on both Au and Pt electrodes [125]. It was
suggested that the cation-dependent kinetics of hexacyanoferrate II/III redox species are
unlikely to be derived from the positively charged interface, indicative of an ISET process
because Pt is likely to have less positive charge than Au near the equilibrium potential of
[Fe(CN)6]3− and [Fe(CN)6]4−, which is around 0.9 V(vs RHE) due to the higher potential
of zero charge of 0.72 V (vs RHE) on Pt, than 0.62 V (vs RHE) on Au.

3.9. The Potential of Zero Charge

It is well known that anion participation in the Electrical Double Layer (EDL) structure
can also be important [102,126]. This is especially true for oxidation reactions, such as
the oxidation of hexacyanoferrate II to hexacyanoferrate III (ferrocyanide to ferricyanide,
[Fe(CN)6]4− to [Fe(CN)6]3−) since they usually occur at potentials more positive than the
Potential of Zero Charge (PZC). Anions can be attracted to or repelled from the EDL by
the surface charging process, and they may also assume different conformations on the
electrode surface [127]. For example, kosmotropic anions (strongly hydrated anions), such
as high charge density sulphate, phosphate, and most probably both hexacyanoferrate
anions are known to strongly interact with surfaces [41,64], thereby altering the PZC. This
PZC shift normally causes an increase in the oxidation potential, thus making the oxidation
process less favourable [39,40]. Strong surface interactions such as these may also block
some catalytic sites resulting in a diminution of the overall current [127].

Over the years, the hexacyanoferrate II/III redox system has been investigated both
below the PZC at negative charge densities, where the double layer effect is pronounced,
and above the PZC at positive charge densities, where the electron transfer kinetics are
often rapid. Experimental data have shown clearly that the reactant interacts strongly
with alkali metal cations forming ion pairs so that the charge on the reacting species
transported through the double layer is effectively negative [112,114]. Calculations based
on double-layer data for the Hg/0.1 M NaF interface allowed estimates of the apparent
transfer coefficient αa to be made, assuming that the true value of α was independent
of electrode potential for this single ET reaction [40]. Starting at negative potentials the
value of αa was found initially to be less than 0.4 and decreased slightly as the electrode
potential approached the PZC to a value nearer 0.2. This was interpreted by considering
the ET reaction site to be located further away from the electrode surface in the diffuse
layer of the EDL. In the vicinity of the PZC, however, the value of αa increased rapidly,
reaching a value close to 1.0 before falling again to about 0.6 as the potential became more
positive. This trend was in broad general agreement with experimental data. Complex
potential-dependent transfer coefficient behaviour is predicted by Marcus–Hush theory for
HET reactions. Based on this work, it was concluded that charge distribution within the
reactant and product of a simple one-electron transfer reaction is an important feature of
understanding double-layer effects for transition metal complexes. This may also lead to
significant variation in the measured apparent transfer coefficient with electrode potential,
giving rise to curved Tafel plots, typical of the occurrence of ISET processes.

Hexacyanoferrate II/III anions are quite large bulky inorganic ions with high charge
densities. It is estimated that the ferricyanide ion’s diameter is about 620 pm, which
is larger than many other common anions, such as sulphate (516 pm) and phosphate
(476 pm) [40,128]. Quantum chemical calculations indicated that for the ferricyanide anion
the negative charge emanates to a large extent from the nitrogen atoms in the cyano ligands,
with only a small positive charge attributable to the central iron atom [40]. Calculations
were carried out for both anions using a simple geometrical approximation assuming that
each cyano ligand was represented as two contiguous hard spheres, one for the carbon and
the other for nitrogen, whose radius was assumed to be equal to its covalent value, to 75 pm.
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Then, assuming that the complex is in the electrical double layer, the distance of the centre of
this atom from the electrode surface was estimated to be 310 pm. The next carbon atom was
located 428 pm from the interface with the central Fe ion at 620 pm. The effective charge for
both anions was negative, even at positive surface charge densities, but was much larger at
negative charge densities than at positive values with the [Fe(CN)6]4− possessing a larger
negative charge density than its Fe(CN)6

3− counterpart. The explanation for this was based
on the notion that the inner layer was thicker when Na+ was the counter ion (it is more
highly hydrated than other comparable bulkier alkali metal cations further down the series)
so that more of the reactant charge was likely to be in this region where the electrostatic
potential is high. Moreover, their calculations showed that for Fe(CN)6

4− the central Fe
ion’s effective charge became less positive. Some changes were also identified in the charge
on the ligands and in the length of the Fe-C bond, which was 192 pm for the Fe(CN)6

3−

and 194 pm for the Fe(CN)6
4−.

3.10. Surface Modulation

Modulation of the electrochemical kinetics of several OSET mediators, including hexa-
cyanoferrate II/III by Au metal electrodes, beneath a continuous double-layer graphene
surface was described by Hui et al. [23]. Graphene was deposited by chemical vapor
deposition onto the Au surface. Significant enhancements in the rate of electron transfer
were determined using a Scanning Electrochemical Microscope (SECM) instrument. On Au,
quoting literature values both hexacyanoferrate II and hexacyanoferrate III anions exhibited
a standard rate constant k0 value of 3 × 10−2 cm/s. This was larger than the slower kinetics
on graphene which displayed standard rate constant k0 values of 9.5 × 10−4 cm/s (hexa-
cyanoferrate II) and 1.9 × 10−3 cm/s (hexacyanoferrate III). These values were, however,
much less than that reported on the OSET reactant ferrocene, which exhibited fast kinetics
with a standard rate constant k0 value of 1 cm/s on Pt. The results indicated a strong
influence of electrode surface; the order of reactivity decreased from Au > graphene/Au
> bare graphene. The measured heterogeneous rate constant k0 values were reported to
be 1.4 × 10−2 cm/s, 2.4 × 10−3 cm/s, and 4.0 × 10−4 cm/s, respectively. Thus, the hexa-
cyanoferrate II oxidation reaction determined on graphene/Au was six times faster than
on graphene. This enhancement was attributed to the existence of an increased electronic
density of states due to an electron-donating effect from the underlying metallic substrate,
which also enhanced the electron density of states and the Fermi level of graphene.

Generally, OSET reactions are considered to proceed through direct tunnelling or
perhaps hopping of electrons between redox species and the electrode surface. They do
not involve an intimate interaction between a reactant or product and an electrode surface
nor an adsorbed or catalytic intermediate species [3,4]. Hui et al. noted that according
to microscopic theories of electron transfer, such as the Marcus–Hush theory, overlap
between the electrode and reactant wave functions, as well as the DOS of the electrode,
can influence the electrochemical rate constant leading to differences between electrode
materials for the same ET reaction [97]. For example, it is known that CVD-graphene
electrodes can exhibit significant kinetic limitations in comparison to their metal counter-
parts [71,129,130]. In addition, the number of graphene layers [100,131] and the presence
of defects [47,111,129–131], can also influence their electronic properties. Alternative expla-
nations including contributions from sub-surface Au through pinholes and doping effects
from Au were also considered but were dismissed based on experimental evidence.

3.11. Treated Boron-Doped Diamond

On Boron-Doped Diamond (BDD) electrodes, the removal of carbon-oxygen surface
species (such as carboxyl groups) through acid washing and hydrogen plasma treatment
was reported to be an effective way to lower ∆Ep and increase the HET rate constant, k0 [50].
In this case an ISET mechanism was proposed. Anodic polarisation of BDD electrodes
substantially increased ∆Ep from initial values of 70 mV (vs SCE) up to 198 mV (vs SCE)
in 1 M KCl and 50 mM phosphate buffer pH 7.2, reducing back to 84 mV after the re-
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hydrogenation treatment. The anodisation effect was initially ascribed to the electrostatic
repulsion of the highly negatively charged hexacyanoferrate II/II species by negatively
charged surface oxygen species, thereby increasing the electron tunnelling distance and
reducing the electron transfer rate. Another negatively charged redox couple IrCl62−/3−

which is known to undergo OSET, possesses an E0 near the valence band of BDD (0.6 V (vs
SCE)), however, showed similar behaviour. Its ∆Ep values remained virtually unchanged
at both pH 1.8 and pH 7.2 after initial scans, then anodic polarisation, and finally, re-
hydrogenation treatments. It was concluded that rather than hexacyanoferrate II/III being
influenced by surface charge repulsion from carbon-oxygen groups, the redox couple
was subject instead to site-blocking effects through a specific surface interaction with
hydrogen-terminated carbons which carbon-oxygen groups prevented, resulting in an
ISET process.

3.12. Spectroscopic Studies and Adsorption

As long ago as 1985, Fleischmann et al. demonstrated the adsorption of hexacyano-
ferrate II/III with Surface Enhanced Raman spectroscopy [124] and SNIFTIRS confirmed
that during the cyclic voltammetry cyanide dissociated from hexacyanoferrate II/III dur-
ing its redox reaction [125,132,133] It has been suggested that irreversible adsorption of a
“soluble” form of Prussian Blue (PB), bound to the electrode surface through the nitrogen
of the CN group occurred on a platinum electrode in the hexacyanoferrate II/III redox
couple in 0.5 M K2SO4 at neutral pH [134]. PB formed on the electrode surface only when
hexacyanoferrate II (i.e., ferrocyanide but not ferricyanide) was used as the reactant and
this was thought to occur initially at low potentials. By increasing the potential during
the CV scan, the hexacyanoferrate II in the solution was oxidised, whereas the more stable
adsorbed hexacyanoferrate II was not. The hexacyanoferrate III thus generated in solution,
close to the electrode surface, then reacted with the adsorbed hexacyanoferrate II to form
a thin PB layer. When, however, hexacyanoferrate III was used as the substrate, a stable
adsorbed layer was thought improbable as the electrode surface would be expected to
catalyse its reduction or perhaps decomposition. The formation of a thin porous film of PB
via an adsorbed layer of hexacyanoferrate II enabling electron transport would also explain
why the PB layer remained thin.

Another spectroelectrochemical investigation also conducted on Pt, but in 1 M KCl
was reported by Pharr and Griffiths [135]. Initially, a soluble polymeric hexacyanoferrate
compound was thought to form during a CV scan, but only if wide potential limits were
used (−0.33 V(vs SCE) to 0.80 V(vs SCE)). It was also found that ∆Ep increased from an
initial value of 145 mV to 270 mV after 6 h, indicative of quasi-reversible (slow) kinetics.
They attributed this to the formation of soluble mixed valency ferro/ferricyano compounds
such as Prussian Blue (PB) or Berlin Green (BG), which adsorb strongly at positive poten-
tials (0.02 V (vs SCE) to 0.42 V (vs SCE)). Such ferric-ferrocyanide and ferrous-ferricyanide
complexes can easily desorb or dissolve into solution as hexacyanoferrate III. Some ferro-
cyanide and to a lesser extent ferricyanide remained adsorbed however, thereby hindering
electron transfer and thus lowering the observed HET rate constant (k0).

More recently, another spectroelectrochemical investigation conducted on thin
(2–10 nm) Pt films formed through sputter coating onto silicon ATR wafers was reported [136].
Using attenuated total reflectance-surface enhanced infrared absorption spectroscopy (ATR-
SEIRAS), this work confirmed the production of adsorbed hexacyanoferrate II/III inter-
mediates similar to PB under both anodic and cathodic polarisation conditions in 1 M KCl
electrolyte. At large oxidation potentials, evidence was also found for the formation of
cyanoplatinate complexes, which were ascribed to electrode degradation processes. The
results were interpreted in terms of an ISET process occurring for the hexacyanoferrate
II/III redox couple under such conditions.
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3.13. Outer Sphere and Ion Pairing

It is perhaps somewhat surprising that many molecules assigned as OSET redox
probes including FcA−, Fe(CN)6

3−, Ru(NH3)6
3+

, and Fc(MeOH)2 appear to adsorb re-
versibly on Pt electrode surfaces, the strongest adsorption being reported for the cationic
Ru(NH3)6

2+/3+ species [20]. This ruthenium hexaammine compound is often considered
the archetypal OSET redox probe and this result provides further evidence for the im-
portance of ion-pairing linking the redox reactant to an electrode surface. It does raise
an interesting question, however. For what is widely regarded as the pre-eminent OSET
species Ru(NH3)6

3+, how is it that it is adsorbed directly onto a Pt electrode surface when
according to the conventional view electron transfer happens when it is instead located at
or near the OHP and is separated from the surface by a solvent molecule? For an OSET pro-
cess, a tunnelling mechanism is usually invoked, but an electron transfer with a molecule
in intimate contact with an electrode surface must surely be more rapid. This brings into
question the conventional view that in the OSET case, the electroreactant is outside the
solvent layer adjacent to the electrode surface [3].

Problems associated with the adsorption of ions from a supporting electrolyte, thereby
promoting the ISET route, can be circumvented by employing higher levels of ferro/
ferricyanide than normal and dispensing with added (supporting) electrolyte [84]. High
charge densities and high ionic strength capabilities make both the hexacyanoferrate II/III
anions suitable for this approach. In this study, three macrodisk electrodes (3 mm in
diamater) along with 12 µm (platinum and glassy carbon) and 10 µm (gold) microdisk
electrodes were employed and cyclic voltammetry was conducted in the absence of oxygen,
in order to minimise oxygen interference. The results indicated that higher concentrations
of hexacyanoferrate II/III (50 mM to 100 mM) in the absence of added 1 M KCl, yielded
near reversible voltammograms. Performed at 20 mV/s, the voltammograms were broadly
similar to those obtained using conventional conditions (1 mM to 5 mM concentrations
in the presence of 1 M KCl). Further, refinement through the application of a correction
for the uncompensated resistance showed very good agreement between simulated and
experimentally measured CV curves. A slight difference between the hexacyanoferrate
II/III anions was apparent, however, on the GC and Au electrodes. Oxidation of the
former species led to voltammetric curves more closely aligned with those using the KCl
electrolyte than the latter anions based on the reduction reaction. This was attributed to the
migration of the hexacyanoferrate II anion to the electrode, which was less pronounced
in the reduction of hexacyanoferrate III conducted at lower potentials. More variation
was noticeable with the platinum electrode due to adsorption or surface passivation ef-
fects. Slight differences between experimental and simulated results at higher magnitude
potentials in 50 mM solutions in the absence of an additional electrolyte were thought
to arise from density gradients occurring within the nernst (depletion) layer close to the
electrode surface, leading to an additional convective mass transport component, which
was not accounted for in the simulations. At faster scan rates above 100 mV/s, this was
less of a concern, although uncompensated resistance effects became more prominent as
currents became larger. Distorted cyclic voltammetric curves were found when lower
[Fe(CN)6]3− and [Fe(CN)6]4− concentrations (5 mM and 0.5 mM) were used without added
electrolyte. Diminished reduction currents at potentials more negative than the potential of
zero charges were also observed and attributed to the electrostatic repulsion of the reactant
hexacyanoferrate III anion. Such a situation is less likely to occur in the presence of a
compact double layer formed in the presence of a higher electrolyte concentration with
other charged species in abundance. Once again, the platinum electrode showed a higher
susceptibility to variation than the other electrodes. For the hexacyanoferrate III anion
reduction process carried out at low concentrations in an unsupported electrolyte, less
change was found, although the currents were reduced on both GC and Au electrodes,
possibly due to surface passivation and double-layer effects (Frumkin effect). On Pt, these
effects were even more pronounced with its cyclic voltammogram mostly devoid of peaks.
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On microelectrodes, good steady-state voltammetry was measured at 50 mM concentrations
in the absence of KCl electrolyte but was not apparent at lower concentrations.

In summary, high hexacyanoferrate II/III concentrations (~50 mM) appeared to over-
come some of the problems associated with diffuse double-layer effects occurring at low
anion concentrations and with macrodisk electrode surface areas. Faster potential sweep
rates minimised electrode blockage and passivating phenomena that can plague voltam-
metric studies at microelectrodes.

3.14. The Effect of Hydrophilicity and Hydrophobicity

The effect of decreased hydrophilicity (or enhanced hydrophobicity) on hexacyanofer-
rate II/III cyclic voltammograms is evident in Figure 3, where some ∆Ep values increased
upon exposure to atmospheric oxygen over extended periods of time [31]. At the same
time, an increase in the contact angle of the amorphous carbon-based electrode surface
occurred indicative of the existence of a more hydrophobic (less hydrophilic) surface. This
shows that although near-reversible voltammograms suggestive of OSET were initially
recorded, they gradually became more quasi-reversible over time, especially in the case of
HOPG illustrated on the right-hand side of Figure 3C, where ∆Ep progressively increased
from 67 mV up to 221 mV during the course of the experiment. This example suggests that
freshly prepared, more hydrophilic surfaces such as nitrogen-doped HOPG promote faster
HET reactions (OSET), while less hydrophilic (i.e., more hydrophobic) surfaces displayed
lower k0 values, reminiscent of quasi-reversible kinetics. Similar trends were also reported
in another study by Duesberg et al. who demonstrated that increased hydrophilicity of a
pyrolytic carbon surface through the application of an ammonia plasma treatment, resulted
in a significantly enhanced HET k0 of 4.4 × 10−2 cm s−1 [65]. It is interesting to compare
this with the treated BDD case presented earlier [50], where hydrogenated (deoxygenated)
surfaces enhanced the HET rates.
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Figure 3. Cyclic voltammograms carried out on various surfaces ranging from a nitrogen-doped
amorphous carbon (A), to an amorphous carbon (B) and a HOPG (C) showing changes in peak
separations ∆Ep over time. Results were obtained in 1 mM hexacyanoferrate II/III in 0.1 M KCl at a
scan rate of 50 mV/s in aerated (oxygenated) solutions [31].

These studies, along with others, strongly suggest that the electrode surface energy
and the adjacent water structure in the IHP can affect the EDL and hence alter the HET
reaction kinetics. The flux of redox reactants such as hexacyanoferrate III ([Fe(CN)6]3−)
or hexacyanoferrate II ([Fe(CN)6]4−) to an electrode surface can also depend upon the
thickness of the diffuse double layer and the depletion layer [3,127]. Typically, a diffuse
EDL thickness will decrease as the concentration of an electrolyte is increased, causing a
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larger potential drop. A higher electric field is therefore experienced by a redox probe as
indicated by Equation (5) earlier [137].

3.15. Assessment of Electrochemically Active Surface Area

Given its low cost, ready availability, and well-documented properties (such as well-
characterised diffusion coefficient values), it is perhaps not surprising that hexacyanoferrate
II/III has been widely used to determine the electroactive surface area EASA, also known
as the electrochemically active surface area ECSA, of many electrode surfaces. Assessment
of EASA requires the use of a redox couple possessing fast ET kinetics and hence low
(near-reversible) ∆Ep values [138]. An example of such a probe is Ru(NH3)6

2+/3+. Unlike
the hexacyanoferrate II/III redox couple, this ruthenium-based redox system does not
appear to show any changes in its electron transfer rates arising from surface chemistry
effects. Consequently, it is entirely dependent upon an electrode’s electronic structure
(Density of States (DOS)) and the redox probe molecule’s Fermi level, enabling accurate
estimations of the actual electroactive surface area to be achieved [10]. It is often considered
a model OSET redox couple.

Materials investigated using the EASA approach include both metallic and non-metals
such as carbon-based materials ranging in size from small nanosized electrocatalysts up
to macro-scale electrodes. However, examples abound in the literature of the use of
hexacyanoferrate II/III use for this purpose [139–144]. Concerns highlighted in the above
discussion serve as a warning regarding the use of this couple in such an application. Ideally
in order for either the commonly used Randles–Ševčík cyclic voltammetric approach or the
chronoamperometric method utilising the Cottrell equation, a redox probe species should
behave in a well-established highly reproducible manner [3,10,138]. Another approach that
is sometimes used to elucidate the EASA/ECSA is to utilise the double layer capacitance
(Cdl) expression using the expression:

Cdl =
Aεε0

d
(10)

For example, the EASA of a porous nitrogen-doped carbon electrode was calculated
using this double-layer capacitor model in conjunction with hexacyanoferrate II/III where
ε is the electrolyte dielectric constant, ε0 is the dielectric constant of a vacuum, d is the
effective thickness of the double layer (charge separation distance) and A is the EASA [144].
Capacitance values can be obtained from cyclic voltammetric or more usually electrochemi-
cal impedance spectroscopic investigations, utilising an equivalent circuit model approach
to determine Cdl values.

In all cases involving the estimation of EASA/ECSA, a redox probe system should
undergo entirely diffusion-controlled electron transfer without any surface interactions
interfering with the ET process. Unfortunately, this is not always the case with hexacyano-
ferrate II/III redox couple as highlighted in this report.

3.16. ISET and OSET Terminology

After reviewing the literature, it appears that except in some exceptional circum-
stances, the hexacyanoferrate II/III redox couple generally falls into the category of an ISET
system. However, it does raise the question of whether such terminology (ISET/OSET)
is appropriate. While the terminology was first applied to transition metal complexes in
solution, it has also been applied to organic compounds [145]. Although this terminology
has become more widespread in recent years, many of the issues surrounding its use, such
as classification based on experimental validation are seldom addressed. A recent attempt
to classify OSET and ISET processes is discussed in a recent textbook, which describes
the outer sphere ferrocene probe in aprotic solvents, which is essentially independent of
electrode materials, both metallic (Pt and Au) and non-metallic (C) [3]. In this text, a chapter
mentions OSET and ISET classification systems based on ionisation potentials (energies)
and electron affinities, but the hexacyanoferrate II/III system ([Fe(CN)6]3−/[Fe(CN)6]4−) is
not addressed.
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For the hexacyanoferrate II/III to be an OSET process, an adiabatic electron transfer
would be favoured with low ∆G values and fast kinetics [3,144]. In contrast, for many ISET
processes, including the technologically important hydrogen ion reduction reaction, it is
well-known that exchange current densities i0 may vary enormously (over many orders
of magnitude), which is ascribed to the differing electrode surface adsorption energies of
hydrogen atom intermediates. A similar situation arises with the oxygen reduction reaction.
Both reduction processes are thus labelled as inner sphere (ISET) processes, together
with many other technologically important electrochemical reactions involving alcohol
oxidation, CO2 reduction, oxidation of NH3, hydrogen peroxide oxidation/reduction,
electrodeposition, and gas evolution [3].

Perhaps a better description of electron transfer in the hexacyanoferrate II/III system
is that essentially it occurs on a surface-sensitive electrode in a quasi-reversible manner in
the Inner Helmholtz Plane (IHP) of the EDL. Conversely, the well-known Ru(NH3)6

2+/3+

redox probe is considered to be a surface-insensitive ET system, which generally acts in
a reversible (or near reversible) ET manner in the Outer Helmholtz Plane (OHP) of the
EDL. This is usually depicted in EDL diagrams in which the OSET case is represented
by a transition metal complex oriented such that electron transfer occurs through an
intervening solvent molecule on the electrode surface, electron transfer taking place through
a tunnelling mechanism [3,4,6]. In the ISET case, however, ET is normally envisaged
occurring through a bridging ligand involving a reactant, intermediate, or product that is
in direct contact with the electrode surface [3,4,6].

Outer-sphere redox mediators are deemed to be surface insensitive, as the HET rate
constant k0 is not influenced by (i) the presence of surface carbon-oxygen species on
carbon electrodes, (ii) the existence of a surface coating of a monolayer film of uncharged
adsorbates, or (iii) specific adsorption to surface groups/sites [44]. Thus, in OSET, there is
no chemical interaction or catalytic mechanism involving an adsorption process involving
the surface or a surface group. These systems often have low reorganisation energies λ,
the electrode merely serving as a source or sink of electrons. OSET systems are, therefore,
sensitive only to the electronic structure of the electrode material due to its electronic
DOS distribution.

For inner sphere redox mediators, such as hexacyanoferrate II/III, which are surface-
sensitive, k0 is strongly influenced by the electrode surface chemistry and microstructure
through specific electrocatalytic interactions [44]. These may be inhibited if the surface
contains adsorbates or impurities. Such ISET processes can also depend strongly on the
presence (or absence) of specific oxygenated species, which may give rise to either beneficial
or detrimental effects. They are normally affected by the surface state/structure and/or
require a specific surface interaction, being catalysed (or inhibited) by specific interactions
with surface functional groups (adsorption sites) rather than the electronic DOS. These ISET
systems generally have higher reorganisation energies λ as described in the Marcus-Hush
ET formulation.

3.17. Inner and Outer Sphere Reorganisation Energies

There is unfortunately also some confusion in the electrochemical literature caused by
the use of the terms inner sphere and outer sphere when referring to reorganisation energies,
λ [3]. Specifically, this addresses the inner sphere and outer sphere components of the
reorganisation energy λ, defined in the Marcus–Hush formulation of ET kinetics [3,5–7,144].
The first component, the inner sphere reorganisation energy λi involves fluctuations of
bond lengths and possibly bond angles and refers to the distortion of the inner coordination
shell in the transition state. Any such changes involving the cyano ligands in the hexa-
cyanoferrate II/III transition state are, however, likely to be minimal. The other component,
the outer sphere reorganisation energy λo, arises from electrical fluctuations of charge distri-
bution, which results in the rearrangement of solvent dipoles between the reactant and the
transition state, causing changes within the surrounding solvent sheath. These effects occur
during transition state formation, but unlike the ISET and OST reaction processes do not
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specifically refer to the reaction location in the vicinity of the electrode surface [3,6,86]. In
comparison, for homogeneous electron transfer reactions, the inner sphere reorganisation
energy essentially corresponds to the vibrational distortion of the donor–acceptor complex,
while the outer sphere component corresponds to solvent rearrangement, which often
dominates [146].

It has been pointed out [3] that even if there is not a strong interaction with an electrode
(i.e., an OSET process takes place) the kinetics of the ET reaction can still be dependent on
the electrode material for a number of reasons; including (a) double-layer effects (b) the
effect of the metal on the structure on the IHP (hydrophobicity) and (c) the effect of the
energy and distribution of electronic states (DOS) in the electrode.

Recently, Seri [147] determined the HET k0 to be 5.0 × 10−2 cm s−1 in a hexacyano-
ferrate II to III oxidation study utilising a Pt electrode in deaerated 1 M KCl. Using a
differential form of the Tafel equation, the anodic transfer αa was estimated to be 0.51, very
close to 0.5. In another recent study, employing a similar procedure, Roth et al. conducted
a careful investigation of the reduction of ferricyanide on Au [148]. A cathodic transfer
coefficient αc of 0.40 was obtained in this study and a lower HET k0 figure, estimated to be
5.9 × 10−3 cm s−1 was measured in 0.1 M KCl. This was derived from the expression relat-
ing the exchange current density i0 to the HET rate constant k0 (Equation (11)), although
this figure is based on the Au electrodes’s geometric area and is likely to be an upper limit,
as the EASA/ESCA is in fact probably larger, thereby reducing both i0 and k0

i0= Fk0
(

C(1−α)
ox Cα

red

)
(11)

Both of these kinetic studies were conducted on metallic electrodes (Pt and Au), yield-
ing transfer coefficients (α) close to 0.5, as expected for a simple one electron transfer process.

In contrast, Fletcher suggested the occurrence of an EĈ mechanism on carbon fibre
random array microelectrodes (RAM) for the reduction of hexacyanoferrate III [149]. A
cathodic (reduction) transfer coefficient αc of 1 was ascertained from a Tafel slope, bc of 61.7
mV/decade, emanating from a CV carried out at 20 mV/s in deaerated 0.5 M KNO3. The
Tafel plot was linear over two orders of magnitude, demonstrating no dependence of the
transfer coefficient αc on potential, as predicted from the Marcus–Hush formulation of ET
processes in the situation where the reorganisation energy λ is significant (possibly above
~100 kJ mol−1 or ~1 eV). In this case, if the Tafel slope was indeed curved, then the potential
dependence of the transfer coefficient would arise from the following relationship:

α =
1
2
+

F
(

E− E0′
)

4λ
+

∆w
2λ

(12)

where the term ∆w is the work term difference between reactants and products, as a result
of changes in free energies associated with the respective equilibrium constants [145].
To account for this linear Tafel plot, a two-step EĈ mechanism was suggested to take
place on the carbon microelectrodes. It is possible that this may involve adsorption of the
hexacyanoferrate III or even carbon surface-based ion-pairing involving K+ in the second
rate-determining step [150] as indicated in the following scheme: [102].

K+ + Fe(CN)6
3−
 [K.Fe(CN)6]2− (C) (13)

[K.Fe(CN)6]2− + e−
 [K.Fe(CN)6]3− E (14)

[K.Fe(CN)6]3− → [Fe(CN)6
4−]aq + K+ Ĉ (15)

where the number of electrons involved in the electrochemical step E is 1 (i.e., np = 1), the
number in the rate determining step Ĉ is 0 (nq = 0) and the number of electrons involved in
any following steps is also 0 (nr = 0). This leads to the following description of the transfer
coefficient for the cathodic reduction given by Equation (16)

αc = np + nqβ = 1 (16)
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where β is the symmetry factor (normally 0.5), which in turn is represented by the expres-
sion (for a reduction reaction) in the Marcus–Hush ET treatment as:

β =
1
2

[
1− Fη

2λm

]
(17)

Then, the resultant Tafel slope bc is given by

bc =
∂η

∂log i
=

2.303RT
∝c F

= 59.2 mV/decade (18)

Here, the overpotential η, is defined as the difference between the applied potential
E and the equilibrium potential Eeq.This result is consistent with the notion that a one-
electron transfer electrochemical step occurs (labelled E), which is then followed by a
rate-determining chemical step (denoted by Ĉ). For many organic reactants, the latter
process is often a rearrangement (or in the case of hexacyanoferrate II/III, possibly a
carbon electrode surface process involving ion-pairing [102]). Comparable Tafel slopes
were also measured for other OSET redox species; potassium hexachloroiridate III (bc of
59.9 mV/decade) and ferrocene in butyltrimethylammonium bis(trifluoromethylsulfonyl)
imide (bc value of 63.5 mV/decade), indicating that all shared a similar EĈ mechanism on
the RAM electrodes. Furthermore, in contrast to the older Frumkin work, which showed
a curved Tafel plot on Hg [80] these Tafel plots were all remarkably linear, displaying
linearity over at least two orders of current magnitude.

3.18. Future Perspectives

Finally, it should be noted that the future exploration of hexacyanoferrate behaviour
in non-aqueous or even mixed electrolytes could well provide a useful way to discriminate
between the ISET and OSET processes. Solvents such as (room temperature) ionic liquids
((RT)ILs), deep eutectic solvents (DES), and even possibly mixtures of the two, could
provide useful information as their higher viscosities and lower hexacyanoferrate II/III
species ([Fe(CN)6]4− and [Fe(CN)6]3−) diffusion coefficients may well provide valuable
insights into their ET mechanisms. In one study, HET rate constants for hexacyanoferrate
II/III in the DES Ethaline on a GC electrode was reported, and a comparison was made
with several RTILs, in addition to conventional aqueous and acetonitrile solvents [151]. In
this work, special attention was given to accounting for ohmic drop effects in the higher-
viscosity solvents. The rate constants measured in the DES ethaline were about half that
measured in conventional solvents. For the RTILs investigated in this work, the rate
constants were even lower (typically by around two orders of magnitude). The results were
interpreted in terms of the solvent relaxation time described in the Marcus–Hush ET theory
for an adiabatic electron transfer process. In this case, where the inner sphere structures of
the hexacyanoferrate II/III are very similar, the solvent reorganisation in the outer sphere
component dominated the activation energy of the ET process.

The hexacyanoferrate II/III redox couple was also examined on Au, Pt, and GC
electrodes in twelve ILs and in three chloride-containing DES (ethaline, propaline, and
glyceline) [152]. In the latter solvents, peak separations were between 70 and 90 mV, giving
HET rate constants ranging from 1.39 to 7.6 × 10−4 cm s−1 compared to a far higher (order
of magnitude) value of 1.3 × 10−3 cm s−1 in an aqueous solution. The DES exhibited
a rate constant almost 10 times higher than in the IL 1-n-butyl-1-methylpyrrolodinium
bis(trifluoromethylsulfonyl)imide. In some less viscous ILs ∆Ep, values of 70–80 mV were
measured at slow scan rates (<20 mV/s) with rate constants of approximately 10−4 cm s−1

whereas Ils with viscosities greater than 0.5 Pas displayed rate constants an order of
magnitude lower. As in many aqueous electrolytes, adsorption was found to ensue on
some electrodes, notably Au, and in some instances on Pt and GC as well. It was also
reported that under atmospheric conditions slow oxidation or reduction processes took
place over periods of time longer than a few hours. Provided, however, a freshly prepared
hexacyanoferrate II/III solution was used within this time period, it was generally thought
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stable enough to be used as a redox probe, although solubility issues were apparent
in some hydrophobic RTILs. The authors concluded that with a few exceptions, the
hexacyanoferrate II/III was stable enough to be employed as a redox probe in such solvents.
By varying the ions present in these solvents and other conditions, (such as electrode
material) these results suggest that they would serve as useful media for the exploration of
ISET or OSET processes involved in the hexacyanoferrate II/III redox system.

In another recent report, the hexacyanoferrate II/III couple serving as a model redox
probe was examined in a range of potassium fluoride concentrations up to 17 M [153]. Such
highly concentrated “water-in-salt” electrolytes are of potential interest in future energy
storage devices. On freshly cleaved HOPG electrodes a number of observations were made.
Firstly the PZC dropped from 0.1 V(vs Ag/AgCl) at 1 M KF to−0.4 V (vs Ag/AgCl) at 17 M
KF. An increased level of hydrophobicity was also determined at higher KF concentrations,
with contact angles ranging from 63.8◦ at 0.5 M KF to 94.4◦ at 17 M KF). In the presence of
10 mM K3Fe(CN)6 at 0.5 M KF, large ∆Ep values ranging from 220 mV to 292.5 mV were
measured over scan rates from 10 mV/s to 1 V/s, indicative of quasi-reversible kinetics.
When higher KF concentrations were used ∆Ep dropped to 116.4 mV for 1 M KF and down
to 100.6 mV for 5 M KF at a scan rate of 10 mV/s. The peak separation then dropped
even further to 81 mV at 10 M KF (the water-in-salt regime). In addition, the equilibrium
and formal potentials changed, moving in a positive manner as the KF concentration was
raised. Another notable effect was the lowering of the diffusion coefficients to 1.94 × 10−7

cm2 s−1 at 10 M KF to 1.24 × 10−7 cm2 s−1 at 17 M KF which are similar values to those
of RTILs. Under such conditions, the Nicholson analysis described above is no longer
applicable, although at lower concentrations in 0.5 M KF, the HET k0 was ~2 × 10−4 cm s−1

and at 5 M KF k0 was ~4 × 10−3 cm s−1 indicative of the ET being more reversible at higher
concentrations. A bridge mechanism was suggested to account for this as promulgated
by Peter et al. [154]. In this case, the reduced hexacyanoferrate II anion forms part of an
ion pair with the alkali metal cation (K+), and ET occurs through binding with another
cation, which is more readily available at such KF concentrations. Furthermore, at the
highest levels of KF, the HET k0 was ~1 × 10−3 cm s−1, possibly due to an additional anion
(fluoride) binding effect.

4. Conclusions and Recommendations

This review indicates that there has been considerable ambiguity about the potential
limitations and reliability of hexacyanoferrate II/III redox mediators as kinetic probes,
especially for carbon electrode materials such as graphite and graphene. Therefore, there
now exists a number of reasons for discontinuing the inner/outer sphere (ISET/OSET)
terminology for heterogeneous electron transfer when referring to the hexacyanoferrate
II/III redox couple as follows:

(a) The ISET/OSET terminology originally referred to specific ligand exchange reactions
for octahedral transition metal complexes systems in homogeneous solution-based
reactions. In this situation, the solvent can play a significant role through the solvent
reorganisation energy term, λ in the Marcus–Hush ET treatment. The use of the
terms inner sphere and outer sphere when referring to this reorganisation energy
only adds to the confusion. In the original inorganic chemistry literature, there is no
mention of adsorption or reference to an electrode surface chemistry, i.e., HET kinetics,
although Marcus and Hush later extended it to include an electrode surface as a
reactant. At present, in the electrochemical literature, its use has even been extended
to organic compounds.

(b) The terminology is redundant, as the terms “surface-sensitive” and “surface-insensitive”
can adequately differentiate between simple ET processes and ET processes that are
coupled with chemical kinetic reactions, typically displaying slow electron transfer
and possibly involving adsorption processes. This gives a better description of the
location of the electron transfer reactions and the role of the electrode surface in the
ET process.
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(c) As a result, it is suggested that serious consideration be given to the use of the
term “surface-sensitive” when considering the hexacyanoferrate II/III species in
order to better describe inner sphere behaviour. The hexacyanoferrate II/III anion
is one such example of this type of surface-sensitive redox system, whereas the
Ru(NH3)2+/3+ cation species can be considered as an example of a surface-insensitive
redox couple probe.

(d) Although hexacyanoferrate II/III is useful as a redox couple or probe, the exper-
imenter must appreciate the influence of such surface interactions, double-layer
structural alterations due to the presence of cations and/or anions and other effects
(e.g., solvent effects influencing the outer sphere reorganisation energy and other
Marcus–Hush parameters).

(e) Considerable care needs to be taken when assessing EASA (ECSA) using the hexa-
cyanoferrate II/III redox probe molecules and it is probably, therefore, better to use
other redox couples such as Ru(NH3)6

3+ or Fc0/+ depending upon the solvent and
probe solubility.

(f) Added redundant terminology introduces confusion, particularly to novice electro-
chemists. Although hexacyanoferrate II/III is, under certain conditions most probably
an outer sphere anion (OSET) reactant, more often it behaves as an inner sphere anion
(ISET) reactant, especially in the case of carbon-based electrode materials.

(g) Consequently, consideration should also be given to the use of the term multi-sphere
electron transfer (MSET) redox probe, specifically for the hexacyanoferrate II/III re-
dox couple. This may denote either OSET or ISET characteristics, depending upon
both electrode structure and surface/interfacial chemistry proceeding at the elec-
trode/electrolyte boundary.

(h) There is a need for an unequivocal method for the classification of redox probes such
as the hexacyanoferrate II/III system. At present, this does not appear to be the
case and there is a distinct lack of a clearly defined categorisation methodology for
redox couples. Although fast ET processes are generally thought to undergo OSET,
while slow ones typically suggest ISET, this is not always the case especially where
adsorption or intermediate species are involved.

(i) For this reason, it is recommended that more than one type of redox probe be em-
ployed. When carrying out electrochemical studies, especially those involving carbon
electrode surfaces. In aqueous electrolytes hexacyanoferrate II/III and Ru(NH3)6Cl3
are quite often used in order to distinguish between different ET processes usually rep-
resenting ISET and OSET processes, respectively, on carbon-based electrode surfaces.

In conclusion, there is a strong argument to be made to dispense with the inner/outer
sphere (ISET/OSET) terminology in electrochemistry, certainly as applied to the hexacyano-
ferrate II/III redox couple. Its continued use may give rise to confusion and is often a poor
description of the nature of many surface electron transfer processes. In practice, a wide va-
riety of factors can influence the ET process, which is dependent on supporting electrolyte
cations, the presence (or absence) of surface oxides and adsorbates, electrode surface energy
effects (hydrophobic/hydrophilic effecting the solvent/surface interactions), double layer
potential effects (Frumkin correction) and solvent reorganisation effects. In the case of the
ISET process, this may well lead to curved Tafel slopes, with potential-dependent transfer
coefficient influencing the observed logarithm current/potential behaviour. Thus, it is
clear that the observation of differing responses when using varied inner- and outer-sphere
redox probes allows insight to be deduced regarding the state of the surface structure of
the electrode material in question.
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113. Kůta, J.; Yeager, E. The influence of cations on the electrode kinetics of ferricyanide-ferrocyanide system on the rotating gold
electrode. J. Electroanal. Chem. Interfacial. Electrochem. 1975, 59, 110–112. [CrossRef]

114. Bindra, P.; Gerischer, H.; Peter, L.M. The dependence of the rate of the Fe(CN)6
3−/Fe(CN)6

4− couple on ionic strength in
concentrated solutions. J. Electroanal. Chem. Interfacial. Electrochem. 1974, 57, 435–438. [CrossRef]

115. Campbell, S.A.; Peter, L.M. The effect of [K+] on the heterogeneous rate constant for the [Fe(CN)6]3−/[Fe(CN)6]4− redox couple
investigated by a.c. impedance spectroscope. J. Electroanal. Chem. 1994, 364, 257–260. [CrossRef]

116. Kawiak, J.; Kulesza, P.J.; Galus, Z. A search for conditions permitting model behavior of the Fe(CN)6
3−/4− system. J. Electroanal.

Chem. Interfacial. Electrochem 1987, 226, 305–314. [CrossRef]
117. Goldstein, E.L.; Van de Mark, M.R. Electrode cleaning and anion effects on ks for K3Fe(CN)6 couple. Electrochim. Acta 1982,

27, 1079–1085. [CrossRef]
118. Kim, D.Y.; Wang, J.; Yang, J.; Kim, H.W.; Swain, G.M. Electrolyte and Temperature Effects on the Electron Transfer Kinetics of

Fe(CN)6
−3/−4 at Boron-Doped Diamond Thin Film Electrodes. J. Phys. Chem. C 2011, 115, 10026–10032. [CrossRef]

119. McLean, J.D.; Timnick, A. Frumkin Double-Layer Corrections Applied to the Heterogeneous Rate Constants for Cd(ll) Evaluated
by Alternating Current Polarography. Anal. Chem. 1967, 39, 1669–1671. [CrossRef]

120. Schrattenecker, J.D.; Heer, R.; Melnik, E.; Maier, T.; Fafilek, G.; Hainberger, R. Hexaammineruthenium (II)/(III) as alternative
redox-probe to Hexacyanoferrate (II)/(III) for stable impedimetric biosensing with gold electrodes. Biosens. Bioelect. 2019,
127, 25–30. [CrossRef]

121. Lazar, J.; Schnelting, C.; Slavcheva, E.; Schnakenberg, U. Hampering of the Stability of Gold Electrodes by Ferri-/Ferrocyanide
Redox Couple Electrolytes during Electrochemical Impedance Spectroscopy. Anal. Chem. 2016, 88, 682–687. [CrossRef]

122. Dijksma, M.; Boukamp, B.A.; Kamp, B.; van Bennekom, W.P. Effect of Hexacyanoferrate(II/III) on Self-Assembled Monolayers of
Thioctic Acid and 11-Mercaptoundecanoic Acid on Gold. Langmuir 2002, 18, 3105–3112. [CrossRef]

123. Hua, X.; Xia, H.-L.; Long, Y.-T. Revisiting a classical redox process on a gold electrode by operando ToF-SIMS: Where does the
gold go? Chem. Sci. 2019, 10, 6215–6219. [CrossRef]

124. Fleischmann, M.; Graves, P.R.; Robinson, J. The raman spectroscopy of the ferricyanide/ferrocyanide system at gold, β-palladium
hydride and platinum electrodes. J. Electroanal. Chem. Interf. Electrochem. 1985, 182, 87–98. [CrossRef]

125. Korzeniewski, C.; Severson, V.M.W.; Schmidt, P.P.; Pons, S.; Fleischmann, M. Theoretical Analysis of the Vibrational Spectra of
Ferricyanide and Ferrocyanide Adsorbed on Metal Electrodes. J. Phys. Chem. 1987, 91, 5568–5573. [CrossRef]
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