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Abstract

Homogeneous redox catalysis within electrochemically supported microdroplets immobilised on an electrode surface and
bathed by an immiscible electrolyte solution is characterised using finite difference numerical methods, after conformal
transformation of the physical problem. This is shown to be a challenging environment to simulate and model, not least due
to the confinement of the heterogeneous electron transfer to the droplet/support/electrolyte boundary, and hence leading to
acute convergent/divergent diffusion regimes. Reactivity at the triple phase boundary underpins both the spatial and tem-
poral non-uniformity of the reacting droplet environment. Crucially, through comparison with experimental data reported
in the literature, it is demonstrated that there is no droplet-induced acceleration of the redox catalytic reaction. Reasons for
this discrepancy with literature are suggested. It is recommended that any inference of reaction rate acceleration through
increased rate constants in microdroplets on surfaces be re-examined, lest the multi-dimensional dynamics at the three-phase
boundary are unaccounted.
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Background

Cellular compartmentalisation causes a plethora of impor-
tant biological chemical reactions to take place within con-
fined and spatially organised systems [1]. Microdroplet reac-
tors (liquid reactors of, at most, microlitre volumes) have
been considered to act as crude mimics to these systems,
and the ease by which they may be created either through
droplet ensembles [2] or as single entities [3] has encour-
aged a flurry of activity in analytical and industrial chemis-
try over the last 25 years [4—6]. Interleaved with advances in
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micro-fabrication techniques and methods to enable single
microdroplets to be probed has been the increasing recog-
nition of the functional importance played by protein-rich
droplets (biomolecular condensates or membraneless com-
partments, stress granules, P-bodies and the nucleolus) in
biological processes, such as their wetting on membranes for
intracellular organisation [7, 8], and in driving spontaneous
redox reactions in living cells [9]. Concurrently, the exciting
and remarkable discovery that a variety of reactions within
microdroplets exhibit accelerated reaction rates resulting
from increased rate constants, compared with bulk solution
[10], has led to a plethora of mechanistic studies designed
to unravel the physicochemical rationales underpinning such
phenomena [11-14], and the creative exploration of the lim-
its of what might be achieved.

Droplet environments are confined, volumetric spaces.
For spherical droplets, the volume is proportional to the cube
of the radius, so that millimetric droplets are micro/nanolitre
reactors; micrometric droplets have volumes on the order of
several femtolitres, and nanometric droplets, such as those
generated using liquid nanotechnology, can [15] occupy a
few yoctolitres. Since the hydrated proton in water is thought
to occupy a volume of approximately 1.1 yL in the bulk state
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[16], the possibility of partially solvated species (“hetero-
geneous water”) in nanometric space can account for unu-
sual reactivity [17-19]. Additionally, there is an interplay
between surface and bulk reactivity [20]—species close to,
or at, the fluid/fluid interface, which marks the boundary
between a liquid droplet and its surrounding liquid or gase-
ous bathing environment, can give rise to heterogeneous or
interfacial reactivity that is markedly different to that which
occurs homogeneously in bulk solution [21-23]. Further-
more, the influence of perturbations of electrical, magnetic,
gravitational or acoustic fields in the environment bathing
the droplet may also lead to alterations in reactivity within
droplets [24].

For droplets confined to surfaces and bathed by fluids,
the droplet geometry is impacted by the line tension [25]—
the energy per unit length of the three-phase boundary that
forms the base circumference of the droplet—where the
solid electrode meets both the liquid droplet and the bathing
fluid [26, 27], and its E6tvos number (Bond number)—the
ratio of gravitational forces to surface tension. For droplets
of mass less than ca. 1 mg [28], gravitational and buoy-
ancy forces can be neglected, so that the droplets take up the
shape of a sessile, spherical cap; larger droplet masses tend
to exhibit distortion, either through a flattening of the surface
[29] or via buoyant uplift to afford pear-shaped deposits, as
has been visualised for the case of large dodecane droplets
on surfaces bathed by a denser fluid [30].

Electrochemistry within droplets, where the surface is
an electrode, has been examined for the last half-century,
pioneered by Marken, where droplets were either generated
in the bulk of a solution using acoustic emulsification of a
liquid/liquid interface and transported to an electrode sur-
face [6, 31-35], or directly formed on an electrode surface
through solvent evaporation of a liquid material contained
in an aliquot of volatile solvent pipetted onto the electrode
[6, 20, 35-47]. The latter type of experiment involving drop-
let-modified electrodes was inspired by work developed by
Scholz on particle and droplet electrochemistry [48, 49] and
the biphasic droplet systems developed by Wendt [50] and
Nakatani [51]. In such experiments, the external electric
field is exquisitely controlled by the potentiostatic instru-
mentation, enabling both Faradaic reactivity and electrowet-
ting [52] to be modulated. However, mass transport to the
electrode surface (both inside and outside of the droplet) is
not uniform, owing to the occurrence of a singularity at the
triple phase junction. This is also the case when the droplets
contain sufficient supporting electrolyte so that heterogene-
ous electron transfer can take place across the basal contact-
ing plane between the sessile droplet and the electrode [53].
Accordingly, the quantitative inference of homogeneous rate
constants resulting from reactivity following heterogeneous
electron transfer at the solid surface needs to account for
the droplet-confined, acute convergent/divergent transport
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regime at the triple phase boundary, which is akin to the
familiar “edge effect” at microelectrodes [54]. Whilst this is
notoriously difficult to model, methods to simulate diffusive
[26, 27,29, 30, 50, 51, 53, 55-62] and convective [63] mass
transport have, nevertheless, been developed using finite
difference, finite element and boundary element methods.
These have indicated that numerical simulation techniques
require a very dense mesh/number of nodes close to the sin-
gularity, which causes lengthy computations, and due care
and attention must be given to ensuring accurate conver-
gence of the numerical simulation.

In recent work [64—67], redox catalytic rate constants
inside electroactive droplets have been quantified either
from thin film chronoamperometry or through comparison
of experimental data with numerical simulations developed
using a commercial finite element package. Surprisingly,
these have demonstrated that even in micrometric and mil-
limetric droplet environments (where the volume of the
droplets is up to 18 orders of magnitude larger than the vol-
ume occupied by a single, fully hydrated proton), larger rate
constants are observed compared with those measured under
semi-infinite conditions [65], and that, for enzyme reactions,
the homogeneous rate constant increases as droplet size
decreases [64, 67]. Such rate constant measurements have
relied on their extraction from experimental voltammetric
data through numerical simulation. Given that electro-
chemically mediated homogeneous (photo)redox reactions
(EC’ processes) are extensively employed for a sustainable
industrial future (such as in solar fuel cells, carbon dioxide
conversion and wastewater remediation) [68—70], in point-
of-practice healthcare technologies (such as blood glucose
measurement) [71-73], and in understanding the redox
chemistry within compartmentalised biology, the occurrence
of reaction rate acceleration is of major significance. A key
question underpinning the inference of reaction accelera-
tion in droplet environments is whether the models used are
suitable for the highly challenging situations where a triple
phase boundary exists.

In this work, we seek to address this question through
exploring the classical mechanism for electrochemically
induced redox catalysis (EC’ reaction) within single, sup-
ported, electroactive oil droplets immobilised on an elec-
trode surface and bathed by an inert aqueous electrolyte,
so as to explore the impact that both homogeneous reaction
kinetics and droplet contact angle have on diffusion-only vol-
tammetry with these droplets, and how these compare with
semi-infinite, one-dimensional systems, viz. those in which
planar diffusion regimes occur, and, where relevant, when
there is exhaustive consumption of the substrate in a very
thin layer. In the Supporting Information (SI), we provide
an overview of the EC’ reaction through the examination of
the voltammetric relationships through their kinetic zones
(S1), paying particular attention to the zones important for
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the design and development of electrochemical manufac-
ture processes and (bio)sensors. We then (S2-S5) outline the
models employed in this work, using the seminal conformal
transformation developed by Amatore et al. [61]. We focus
the remainder of this paper on the discussion of the results
from five kinetic zones and subsequently examine experi-
mental data, reported in the literature [65], pertaining to the
droplet version of a mechanism we have previously studied
at both planar electrodes and at droplet-modified electrodes,
viz. the oxidation of sulphydryl species by an electro-gener-
ated oxidant [74-85]. We demonstrate, unequivocally, that
no droplet-induced reaction rate acceleration takes place
in aqueous, microlitre droplets of ferrocyanide containing
L-cysteine immobilised on a glassy carbon electrode and
bathed by a 1,2-dichloroethane electrolyte.

Results and discussion

We first examine the voltammetry corresponding to the EC’
reaction occurring within the confined environment of an
electrochemically supported spherical cap droplet (of basal
radius a=0.5 mm) immobilised on an electrode surface
and bathed by a fluid containing reference and counter elec-
trodes. The contact angle, 6, of the droplet is set to one of
three cases @ =Y4n, V2r or 34x, so that we consider the effects
of small droplets with acute convergent/divergent diffusion
regimes (6 =Ymn), larger hemispherical droplets (6 ="2n),
and even larger, partially non-wetting droplets (6 =3%mx). The
droplets are sufficiently small and are electrochemically sup-
ported, so that transport within the droplets is considered to
be only through diffusion (see S2).
As outlined in S1 and S2, the EC’ mechanism is:

P—e 20

ket 9]
+ — P+ Products
O+M P + Prod

where P is the reduced form of the mediator, Q is the oxi-
dised form and M is the substrate (analyte). We assume that
ion transfers across the droplet/fluid interface, resulting from
the conservation of electroneutrality within the droplet, are
rapid. Thus, the only heterogeneous reaction that is of inter-
est is the electrode process for the inter-conversion of the
mediator species, which occurs with formal potential E”
and Bulter-Volmer kinetics (parameterised by the standard
heterogeneous rate constant, k, and the transfer coefficient,
a). In this work, we set @ ="2. Additionally, for the first part,
we assume that all species have equal diffusion coefficients
setat Dp=Dqy=Dy = 1073 cm? s~!. The only homogeneous
reaction is that for redox catalysis, and we consider the rate
constant for this reaction (kg) to take up one of two values:

-1 -1

one close to the diffusion limit, ke = 10° M~ ! s7!, or one

typical for the mediated reaction of hydrogen sulphide or
sulphydryl thiols in aqueous solution at neutral pH [74-85],
viz. kger=10° M~ s™1. This enables the Damkohler number
(the kinetic factor that is the ratio of the voltammetric time-
scale to the homogeneous reaction timescale), 4 = %k&, cg,
in which R is the molar gas constant, T is the absolute tem-
perature, F'is the Faraday constant, v is the voltammetric
sweep rate and c¢p’ is the bulk solution concentration of the
reduced form of the mediator, to vary over 12 orders of mag-

nitude. As indicated in S2, the dimensionless scan rate, 52,

a B
Vo, V &r
which is allowed to vary over the range 10° < s < 10°. The
excess factor—the ratio of the bulk concentrations of the

substroate (M) to the reduced form of the mediator (P),
y = 2,—”{, takes one of two values: y=10° or 10°. This curtails
o

is the inverse of the Fourier number, with s =

the kinetic zones that are considered herein, as explained in
S1 and S2.

We assume further that the electrode kinetics for the one-
electron transformation of the mediator couple are fast vis-
a-vis the mass transport, so that voltammograms are gener-
ated under conditions where the Nernst equilibrium law
dictates the concentrations of the two mediator forms at the
electrode surface. This requires that the average mass trans-
fer coefficient, E, to be smaller than the standard heteroge-
neous rate constant, viz. E < k, The mass transfer coefficient
can be estimated from the transport-limiting current (ij;,,)
through the relationship i, = FSC(I)JE, where S is the elec-
trode area exposed to the electroactive species, i.e. for a
droplet, S = za?. As illustrated in previous work [53], for
droplets, quasi-steady-state voltammograms are only
observed when cylindrical diffusion dominates the transport
regime, which occurs when s~ 100, see Fig. 1. In these cases,
recognising that the limiting dimensionless current, yy;,, is

given by v, = —=2— the condition for electrochemical
2zFDpac,

reversibility of a redox couple confined within a droplet is:

D
Zllllim 713 < ks (2)

Thus, systems comprising smaller droplets and/or larger
diffusion coefficients tend towards electron transfer-limited
behaviour. As illustrated in Fig. 1, the dimensionless limit-
ing current is a function of the contact angle—for the three
cases considered, the inverse power law,
Wy, = 5.64 x 102079980 holds, with a coefficient of deter-
mination, R?>0.999, Clearly, the greatest mass transfer rate
occurs for the most partially wetting droplet. This is expected
since that case affords the most acute convergent/divergent
diffusion regime. For the droplets modelled in the first part
of this work, Dpz 107> cm? s~! with @=0.5 mm, so that
electrochemical reversibility is expected provided the het-
erogeneous rate constant is larger than 0.29 cm s™! (for
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Fig. 1 Quasi-steady-state LSVs corresponding to the electrochemi-
cally reversible oxidation of the mediator in the absence of the sub-
strate, with s=10.%, at 0="Y4r, Yor or %n (see key). Data reproduced
from reference [53]

0="Yam), 0.14 cm s~! (for ="4m) or 9.8 x 1072 cm s~! (for
0="%mn). Thus, setting k;=3.1 cm s™' in the simulations
described below satisfies this condition for both the droplet
scenarios and for those involving semi-infinite diffusion,
since the Matsuda-Ayabe parameter [86],
A= —/—= = K4 15 for all scan rates considered.
Thus, we first examine the case when the excess factor is
unity, enabling an exploration of the split-wave total cataly-
sis (KT2) and general kinetics (KG*) zones [87], and sub-
sequently examine that when the substrate concentration is
1000 times that of the mediator: the pure kinetics (K), the
no substrate consumption (KS) and kinetics diffusion (KD)
zones [87]. In order that we can generalise the results, we
report potentials (E), currents (i) and concentrations (cj) in
dimensionless f‘orm,

F 0 i . Cj
e=L(E-E")y=-——:j=
RT( >’ v ZITFDPGL'g’] c

Vviz

K

R

The total catalysis (KT) and general kinetics (KG¥)
zones

For semi-infinite, planar diffusion, the kinetic zone dia-
gram [87] for fast electrode kinetics and equal diffusion
coefficients indicates that, when the excess factor is unity
(the substrate and mediator concentrations are identical),
the voltammetric waveshape changes from the KT2 (total
catalysis with two peaks) to the KG* (general kinetics)
zone when the Damkohler number (4) becomes smaller
than ~ 100. For the droplet case, when the size of the
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droplet is comparable with that of the planar depletion
region, viza ~ 4 /DP%, the dimensionless scan rate, 52, is
on the order of unity. This corresponds to an exhaustive
electrolysis scenario [53]. Figure 2 depicts this case for
reversible electrode kinetics (k,=3.1 cm s™!) where s=1
and y = 1, with A corresponding to 1.25 x 108, This unusu-
ally large value of the kinetic parameter corresponds to a
homogeneous redox catalytic reaction that approaches the
diffusion limit, kg =1.0x 10° M~! s7! for a droplet of
radius ¢ =0.5 mm with all species having diffusion coef-
ficients Dp=1.0x 107> cm* s~!. The normalised cumula-
tive fraction of the charge passed per equivalent of the
mediator catalyst, %, where Q is the relative amount of

charge transferred to that corresponding to exhaustive con-
sumption of the mediator is shown in Fig. 2b. Whilst this
exhibits the expected trend of two waves, the simulations
are accurate for the first wave but are > 90% converged for
the second wave. The linear sweep voltammograms
(LSVs) presented in Fig. 2a correspond to droplets of the
same basal radius (a), with different contact angles
(0="Vam, Yon and %m: red, blue and yellow traces), so that
the droplet volume increases with contact angle. Also
illustrated in Fig. 2a are the corresponding LSVs for the
planar diffusion (black traces, see S1 and S4) case and for
the very thin film scenario (see S5; magenta, cyan and
green traces). These data exhibit several features. First, in
all cases, two peaks are observed as expected for the KT2
region: the first corresponds to the mediated, irreversible
oxidation of the substrate M, which takes place at a poten-
tial less negative of the P/Q redox potential (¢ =0), with
the second, close to £ =0, corresponding to the oxidation
of the regenerated reduced form of the mediator at the
electrode surface. In all cases, the first waveshape is
skewed, as expected: the homogeneous reaction is so fast
that it is controlled by diffusion of the substrate (M). In
contrast, the second exhibits Gaussian characteristics, as
anticipated for the exhaustive consumption of the regener-
ated mediator P. Correspondingly, the first wave gives rise
to greater currents than the second.

Second, considering the droplet voltammograms, as the
contact angle increases, the peak currents of the first wave
increase and shift to more negative potentials. In contrast,
the second wave essentially retains its position, albeit with
increased current, reflecting the size of the droplet deposit.
Recognising that, particularly for the largest contact angle
considered, the simulation of the second wave is not com-
pletely converged, it is apparent that the second waves for
the smaller contact angles considered (8= Y%nr and Y2m)
are effectively modelled by very thin layer behaviour: the
magenta and cyan lines almost follow the red and blue lines,
respectively. This is in line with our earlier work [53], in
which s=1 corresponds to thin layer behaviour. However,



Journal of Solid State Electrochemistry

strikingly, the depletion regime within the droplets is non-
uniform both across the electrode surface and droplet vol-
ume: the concentration profiles of the reduced mediator, spe-
cies P, taken at =10, depicted in Fig. 2c demonstrate the
rdle played by the convergent/divergent diffusion regime at
the triple phase boundary. For the largest droplet considered
(0=3%m), there is a greater opportunity for diffusive mass
transport to occur; convergent diffusion in this regime to
the three-phase boundary still takes place, but its effect is
weaker, as evident by the linearization of the depletion zone
close to the electrode surface in Fig. 2c(iii). This results in
the second wave of the yellow trace almost overlapping with
that corresponding to planar diffusion in Fig. 2a.

The characteristics of the first peak follow a mix of
behaviour corresponding to thin film and planar diffusion.
For example, as with the thin film model, the peak current
increases with droplet size, with the fast, homogeneous
kinetics causing a more facile oxidative electrode reaction.
But the potential at which this takes place is more positive
compared with the location, €, = —In(4), predicted by the
thin film model, and the oxidation becomes increasingly
more difficult as the droplet becomes larger (corresponding
to increased contact angle). Yet, for the smallest droplet con-
sidered (0 ='4n), the peak potential of the first wave
approaches that anticipated for planar diffusion in the KT2
region, vizep — 0.409 — %In(fs The peak currents for the
three cases considered exhibit a quadratic relationship
(R?>=1) with contact angle: v, = 0.1536% — 0.2176 + 0.160.
Thus, the peak current matches with that expected for planar
diffusion, viz.y, = 0.305sy, only when 6=1.91 (104°).
Thus, the first wave cannot be modelled as either one-dimen-
sional diffusion or as a thin film—a result that derives from
the convergent/divergent diffusion regime at the triple phase
boundary.

As the diffusion depletion layer becomes smaller than
the size of the droplet (s > 1), the voltammetric peaks shift
towards more positive potentials and become larger, as
illustrated in Fig. 3 for s =10 and s=100. Although the
planar diffusion case suggests that these conditions corre-
spond to the KT2 zone, the contact angle controls the rela-
tive size of the depletion zone vis-a-vis that of the droplet,
and this can cause the catalytic and redox peaks to overlap,
as seen in Fig. 3b for s=100 and y=1. The concentra-
tion profiles in Fig. 3¢ corresponding to these conditions
demonstrate that the substrate (M) is consumed by a small
amount of the mediator in regions that are only close to the
electrode surface. The relative size of the depletion zone
to the droplet height controls the transition of the LSV
waveshape from the KT2 to the KG* regions: the larger
this diffusion zone is compared with the droplet height,
the more linear the substrate depletion region is, enabling
the contact angle to cause a transition from the KT2 to

the KG* region. Yet, despite the linear concentration pro-
files, the voltammetric characteristics do not correspond to
those for planar diffusion. Moreover, it is noteworthy that
although these conditions correspond to the KG* region
in the classical kinetic zone diagram for the EC’ reaction
[87], a split-wave is observed in the planar diffusion simu-
lation, indicative of the KT2 region.

This kinetic zone shift is also marked by the voltammo-
grams changing over from an increase in peak current with
contact angle, to one where the peak current decreases as
the droplet size (contact angle) is increased. This effect is
a manifestation of the significance of convergent diffusion
(transport) to the three-phase boundary over exhaustive
depletion of the substrate (M). This is particularly seen in
Fig. 3d, when s =1000 and y = l—conditions that are in the
general kinetics (KG*) zone.

Thus, when the excess factor is unity, the total catalysis
KT2 regime is still marked by two waves, which cannot be
singly considered through the thin wave or planar diffusion
models. The droplet geometry (space) and experimental
timescale dictate the relative degree to which exhaustion
and diffusion interplay, which can lead to a zone-crossover
as the contact angle changes.

The pure kinetics (K), no substrate consumption (KS)
and kinetic diffusion (KD) zones

We next turn attention to the case when the excess factor
is larger (y= 103), for fast electrode kinetics, with a bimo-
lecular rate constant for the redox catalytic reaction kept at
1.0x 10> M~! s~! for the simulations (fully converged) with
droplets of basal radius and contact angle as in the previous
zones.

Under these conditions, when s=1, the peak currents
are larger than the corresponding case when y=1, and the
peak potentials are shifted more positively. Nevertheless,
the peak currents increase with contact angle (droplet size).
However, as before, the contact angle can cause the voltam-
metric behaviour to shift from thin film characteristics to
those that illustrate a diffusive characteristic (see Fig. 4a).
Nevertheless, the currents are smaller than those given by
merely planar diffusion. These voltammograms occupy the
pure kinetics (K) zone [87], where there is a degree of sub-
strate depletion close to the electrode surface.

When the parameter s is increased to 10 and 100 (Fig. 4b
and d, respectively), the voltammetry shifts from the K
zone to the KS zone, as only a minimal amount of sub-
strate is depleted close to the electrode. This gives rise to
the quasi-steady-state (Fig. 4b) and sigmoidal (Fig. 4d) vol-
tammograms illustrated. As expected for the case where the
transport regime is important, the currents decrease with
increasing contact angle (drop volume). However, depletion
close to the three-phase boundary is highly significant, with
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Fig.2 The KT2 zone of the EC’ @
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responding to planar diffusion 0.6
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b Cumulative plots of the nor- =

malised integrated charge for the 0.3
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the reduced form of the mediator N (
(P) is depleted at the end of the (_)30 20  -10

LSV (¢=10) for droplets of §="Y4n
(i), Yer (i) and %= (iii)
(b)

the extent of this being larger as the contact angle becomes
smaller—see the concentration profiles shown in Fig. 4c.
In KS zone (Fig. 4d), the observed limiting cur-
rent is a fraction of that expected for planar dif-
fusion, viz.yy, =f\/W, where 0<f<1 and fits
to f=0.04806% —0.3100 +0.940, with R?>=1
for s =100, y=10° and A=1.25x 1072, Thus, as
0 — 0,yy;, = 0.940 = 1, enabling the one-dimensional
diffusion result to be reproduced. It is thus apparent that,
if transport within the droplet were to be mistakenly ana-
lysed as due to planar diffusion, the apparent rate constant
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would be a factor of 1/f larger than its true value, all other
things being equal. Hence, a system with a true rate constant
of 1.0x 10°> M~! s7! would appear, in a droplet of #=2.27
(130°), to be mistakenly reported as 2.1 x 10> M~! s~ This
interpreted larger rate constant would afford an inference of
an accelerated reaction rate in the droplet compared with
that analysed using macroelectrode voltammetry in a semi-
infinite solution. Likewise, if it is incorrectly assumed that
the dimensionless limiting current for the droplet, y;,,,, is
constant as the droplet size (a) changes at constant contact
angle, the analysis would suggest kg, i, giving rise to the
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interpretation that as the droplet size decreases, the homoge-
neous rate constant increases, in spite of the smaller droplet
causing a change in the relative contribution of transient
versus exhaustive electrolysis: the Fourier number increases
as drop size decreases.

When the dimensionless scan rate increases further so
that s=1000, the voltammograms are no longer sigmoidal
(Fig. 4e). The kinetic parameter, A =1.25 X 107, is so small
that the conditions move from the KS zone to the kinetic dif-
fusion (KD) zone, where the substrate concentration is not
depleted significantly. Although this is again off-the-scale
of the conventional kinetic zone diagram [87], the observed
peak currents are, nevertheless, smaller than the planar dif-
fusion case and decrease with contact angle (droplet size),
indicating the occurrence of a cylindrical diffusion regime
caused by the three-phase boundary.

Thus, in the case where the excess factor is very much
larger than unity (the substrate concentration is larger than
that of the mediator), the classical conditions for electroanal-
ysis of the substrate, the two-dimensional transport regimes
are all important, except at the longest of experimental time-
scales. Yet, still, there is significant non-uniform depletion
of the substrate and redox mediator across the electrode and
over the droplet volume.

We next turn to the comparison of the EC’ droplet model
with the experimental data reported recently [65] for the
oxidation of L-cysteine by ferricyanide at pH 6.3-6.5.

Redox catalytic oxidation of L-cysteine

by ferricyanide inside microlitre droplets:
comparison of experimental data with the EC’
droplet model

For approximately 25 years, we have been interested in the
redox catalytic oxidation of H,S and sulphydryl thiols by a
variety of electro-generated mediators—all with slightly dif-
ferent formal potentials [73] and stability, in aqueous solution,
biphasic systems and in biological media [74—85]. In all cases,
the oxidation proceeds by a heterogeneous electron transfer at
the electrode surface, such as the oxidation of ferrocyanide to
ferricyanide, followed by a rate-limiting homogeneous elec-
tron transfer reaction. Both the protonated and deprotonated
forms of H,S or the sulphydryl thiol compete to be oxidised by
the oxidised form of the mediator. S6 outlines the mechanism,
which gives rise to the rate law:

dcp
ar = keﬁCQCRSH,O 3)

where cpgy o is the concentration of L-cysteine in the as-
prepared solution, which comprises both protonated and
deprotonated thiol moiety, the ratio of which depends on the
solution pH. The effective bimolecular rate constant is

Cr++k )

k K
therefore pH-dependent, k,; = - 2 and is

K, +cy+

derived in S6. It contains the bimolecu1a3r rate constants for
the protonated and deprotonated sulphydryl thiol, as well as
the acidity constant for the equilibrium deprotonation of the
thiol moiety: pK,;~10.5 at 293 K [88].

Based on voltammetric and steady-state (channel flow)
data obtained in 0.1 M borate buffer solutions with 0.5 M KCI
at pH > 8, we have estimated [74] that the rate constant for the
oxidation of the protonated thiol to be kyonaea=2-3+1.0x 1
0°M~!s7!, whilst that for the deprotonated thiol is Kdeprotonated
=2.5+1.0x10* M~! s7! at a temperature of 293 +2 K. As
expected, the protonated form is oxidised more slowly than
the deprotonated species. Similar results were reported for
the oxidation of hydrogen sulphide and bisulphide in aque-
ous media by the hydroxymethylferricenium ion over the
range 6.0 <pH <9.0, With ko onyea=375+42 M ™' 57" and
Kaeprotonaiea = 2230 £ 116 M~" s~ [85]; other studies using
tuned redox potential exhibited similar results [80, 81], and
the rate constants for ferricenium-based mediators with H,S/
HS™ appear to be in agreement with observations for ferri-
cyanide redox catalysis with H,S/HS™ [85].

A recent work [65] studied the redox catalytic oxidation
of L-cysteine (RSH) by electrochemically generated ferricya-
nide inside individual aqueous droplets of volume~ 1.0 pL
and buffered at pH 6.3-6.5, supported with 0.5 M KCI.
The substrate, L-cysteine, was in excess: y=10. The single
droplets were immobilised on a glassy carbon electrode and
bathed by an immiscible polar organic electrolyte, 0.5 M
"Bu,NClO, in 1,2-dichloroethane, DCE [65]. At the pH con-
sidered, the sulphydryl moiety in the L-cysteine side chain
is protonated, and accordingly, it was reported that the rate
constant for the reaction is low (490+ 128 M~! s™!). This
was shown to be significantly different to that inferred from
voltammetry in aqueous solutions not confined to droplets
(309 +89 M~! s7!) [65, 66]. To rationalise the apparent
reaction rate acceleration inside the droplet, the authors
suggested that some of the L-cysteine, which is above its
isoelectric point, adsorbs, at high coverage, at the fluid/fluid
interface, and its heterogeneous redox catalytic oxidation at
that site takes place [65, 66].

For solutions at pH 6.3, based on the literature data
[74], it is expected that the second-order rate constant
for the reaction between ferricyanide and L-cysteine is
2.3+1.0x10° M~! s~!. This value is larger than that esti-
mated in reference [65]. Nevertheless, we chose to extract a
rate constant from the droplet voltammograms presented in
reference [65], see Fig. 5.

Using the individual droplet photographs in reference
[65], together with the dimensions of the basal contacting
diameter (2a) and the widest part of the droplet (2r,), the
droplet dimensions were estimated assuming a spherical cap
model to be a~0.5 mm and z~ 1.0 mm (see Table 1), using
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Fig.3 The KT2 zone of the (a)
EC’ mechanism in droplets for s

(b)

=10,y =1,A=1.25x 105, (a),
which can transition to the KG*
zone, depending on the contact
angle for s = 100, y = 1, A =
1.25 x 10%, (b). Panel (c) illus-
trates the concentration profiles
for the depletion of the substrate
(M) at the end of the LSV (e
= 10) for droplets of 0 = Yam,
(i); Yam, (ii); and 3, (iii). The
minimal depletion and diffu-
sive nature of the KG* zone

| 50
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the trigonometric equations relating the radius of the circular
base contact (@), with the height of the spherical cap (/) and
the radius of the sphere (r,) reported elsewhere [53]. These
enabled the contact angle for the aqueous droplet on the
glassy carbon electrode and bathed by the organic solvent to
be estimated as 6~2.28 (~130°) and a droplet volume
of ~1.0 pL, in agreement with that of the aqueous solution
carefully pipetted onto the electrode surface in reference
[65]. Further, the contact angle calculated using the infer-
ences made above compares favourably with that reported
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for 1,2-dichloroethane droplets on a glass surface surrounded

by water 2(149140) [89]. Moreover, the E6tvos number,
Apgr
Eo = 4

P where the difference between aqueous and
LL

organic solvent densities, Ap=0.33 g mL~! [89], the gravi-
tational acceleration is 9.8 m s~2, and the tension at the lig-
uid/liquid interface, y;; =28 mN m2 [89], is calculated to
be less than unity. This indicates that, despite the aqueous
phase being less dense than the surrounding organic solvent,
buoyancy effects in the “skyward” facing droplets do not
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Fig.4 Droplet LSVs corre-
sponding to the K (panels a and
b), KS (panel d) and KD (panel
e) kinetic zones. In (a), s =1,y
=103, A= 125;in (b), s = 10,
y=10°A=1.25;in(d),s =
100,y =10°,A=1.25x 10
in(e),s=10%y=10%,1=125
x 10™*. Panel (c) illustrates the
concentration profiles for the
depletion of the substrate (M) at
the end of the LSVs (¢ = 10) in
(b) for droplets of 0 = Ym, (i);
Vam, (ii); and %, (iii)
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distort the shape and testify to the veracity of the spherical
cap assumption.

Voltammetric data across the whole waveshape,
extracted manually from the figures reported in reference
[65], were normalised by the droplet size (a) and composi-
tion (cOP=O.5 mM; cOM=5.0 mM), assuming a tempera-
ture of 293 K and ferrocyanide diffusion coefficient of
Dp=4.6X 107% ¢cm? s~! [90], which is in agreement with
that employed in our previous work (4.9x 1076 cm? s71)
[74]. Dimensionless potentials were informed by reference
[65] as E*~0.20 V vs. Ag/AgCl, see Table 1. Given that
ferrocyanide voltammetry on glassy carbon exhibits quasi-
reversible electrode kinetics [91], we employed the aver-
age of the range quoted in reference [91] for the value of
the standard heterogeneous rate constant, k,=0.035 cm s7h
maintaining the symmetry factor a =%2. In this way, single
voltammograms for scan rates of 100 mV s~! could be read-
ily computed (Ae = 10"%), with the diffusion coefficients for
ferricyanide, DQ= 5.1%107% cm?s~! [90] and L-cysteine,
Dy=2.5% 1073 cm? s~! [74] taken from previous work. The
value of the bimolecular rate constant, k., was iterated until
a good fit was determined, by eye, g.v. Figure 5a. In keep-
ing with the notion that buoyancy within the system can be
neglected, together with the small experimental timescale
% < 0.3s, natural convection inside the droplets resulting
from the differential densification coefficients of ferri/fer-
rocyanide was neglected [92].

The fitted values of the rate constant in the
droplets are detailed in Table 1, and average at
kge=1.0£0.3% 10> M~ s, which is in agreement with
that expected from semi-infinite voltammetric measure-
ments: there is no apparent significant difference in the
bimolecular rate constant for homogeneous electron trans-
fer between ferricyanide and L-cysteine in microlitre drop-
let and semi-infinite solution. This means that no reaction
rate acceleration takes place as a result from this confined
chemistry. Whilst this result might have been anticipated
given the large volumetric size of the droplet, it is, however,
a direct contrast with the interpretation of the data reported
in reference [65].

The concentration profile for the depletion of L-cysteine
(see Fig. 5b) indicates the importance of cylindrical diffu-
sion driven by the singularity at the triple phase boundary,
yet it does not require the adsorption of L-cysteine at the
liquid/liquid interface, nor does it necessitate an additional
heterogeneous electron transfer thereat. Nevertheless, it is
insightful to enquire as to why the experimental data from
reference [65] affords an analysis here that is different from
that reported in reference [65].
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Fig.5 (a) LSVs (scan rate of 0.1 V s-1) corresponding to the oxida-
tion of an aqueous ferrocyanide/L-cysteine droplet immobilised on
a glassy carbon electrode when immersed into a solution of 0.5 M
tetrabutylammonium perchlorate in 1,2 dichloroethane. The composi-
tion of the aqueous droplet was 0.5 mM potassium ferrocyanide, 5.0
mM L-cysteine, 50 mM phosphate buffer solution at pH 6.3, and 0.5
mM potassium chloride. Experimental data, manually extracted from
voltammograms published in reference [65] and its supplementary
information, are illustrated as points. These data are adapted with
permission from reference [65]; copyright 2014 American Chemi-
cal Society. Key: red circles: Fig. S2g; blue squares: Fig. S2i; green
five-pointed stars: Fig. 3; yellow six-pointed stars: Fig. S2c; magenta
triangles: Fig. S2k; black diamonds: Fig. S2e. Simulated LSVs that
best-fit the experimental data are indicated as solid lines (see text and
Table 1 for parameters). (b) Concentration profile corresponding to
the end of the oxidation, illustrating the depletion in the normalised
concentration of L-cysteine for the LSV in (a) in green
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Table.1 Analysis of Figure reference [65] a/mm himm 4 Vrople L EV ovs. Agl 1073 k!
experimental data erm P AgCl M-l s
reference [65]; see Fig. 5
Fig. 3 0.49 1.02 2.63 0.94 0.19 1.1
Fig. S2¢ 0.55 1.02 2.58 1.03 0.19 0.8
Fig. S2e 0.34 1.09 2.82 0.87 0.21 1.0
Fig. S2g 0.48 1.07 2.67 1.02 0.20 1.4
Fig. S2i 0.50 1.02 2.63 0.95 0.20 1.2
Fig. S2k 0.53 1.07 2.62 1.11 0.19 0.7
Arithmetic mean 0.48 1.05 2.66 0.99 0.20 1.0
Standard deviation 0.07 0.03 0.09 0.08 0.01 0.3

First, whilst it is plausible that L-cysteine above its iso-
electric point may behave as a surfactant, there is limited
evidence that supports its adsorption at the liquid/liquid
interface. The reactive transformation of adsorbed L-cysteine
might be expected to give rise to a surface tension gradient
at the liquid/liquid interface, which would incur Marangoni
transport [53]—effects that have not been reported to have
been observed. This might have been in part due to the low
concentration of L-cysteine employed (5.0 mM), or possible
replacement by the insoluble product (L-cystine) accumulat-
ing at the liquid/liquid interface.

Second, we have considered the droplets to be of a spheri-
cal cap geometry, and the calculated droplet volume
(~ 1.0 pL) matches that reported to have been placed on the
electrode surface during experimentation (1.0 pL). In con-
trast, in reference [65], the assumption is of an oblate ellip-
soid cap that has a contact radius of 0.49 mm, widest dimen-
sion of 0.63 mm, height above the electrode surface of
0.73 mm and height above the widest point of 0.45 mm.
Thus, treating the missing ellipsoidal cap of semi-axes
b=0.63 mm and ¢=0.45 mm, height,
h=2¢—0.73=0.17 mm, the volume of droplet considered
[93], Viarop = Veltipsoia = Veap = gﬂbzc - nbz{ %c —(c—h)+ (L;—’;)S }, is
32% smaller (~0.68 pL) than that reported to have been
used.

Third, in reference [65], Dp:DQz 6.5x107% cm? s~ !,
which is slightly smaller than the geometric mean of the dif-
fusion coefficients for ferri/ferrocyanide at 298 K [90], with
Dy=1.0x 10~ cm? s~'. However, as indicated earlier, all
three diffusion coefficients are different in this work. Moreo-
ver, we fix the electrode kinetics for the mediator redox cou-
ple as on the quasi-reversible/reversible cusp (0.035 cm s™)
irrespective of whether the reaction takes place in a con-
fined environment (the mass transfer coefficient inside the
droplet is estimated as being ca. 0.05 cm s~!). However, in
reference [65], the electrode kinetics are reported as being
(comfortably) reversible in both semi-infinite solution
(0.1 cm s™1) and when restricted inside an aqueous droplet
(1.0 cm s71), albeit with apparent faster electrode kinetics

when the electrode surface is exposed to both the aqueous
droplet and the 1,2-dichloroethane electrolyte, despite the
ferro/ferricyanide redox couple being known to be sensitive
to pre-exposure of the electrode to organic solvents [94].
Last, it is curious that the concentration profile in Fig. 5b
exhibits similarity with that reported in Fig. 4 of reference
[65]. In our system, the homogeneous reaction takes place
only inside the droplet and affords a substrate depletion
geometry that is similar to that reported in reference [65]
where mediated oxidation of both homogenous and hetero-
geneous forms of the substrate occurs. Our calculations have
relied on the modelling of the triple phase boundary using a
two-dimensional conformal map of the diffusion space [53,
61] using finite difference methods (g.v. S2 and S3), whilst
reference [65] employs the adaptive triangulation mesh in
a commercial finite element software package. Although
the form of the Laplacian in reference [65] is not explicitly
identified as being two-dimensional cylindrical space, when
that software package employs finite element calculations
using a conformal map for the diffusion of species inside a
droplet [89], the simulations match up with those we have
previously reported [53]. This suggests that, the earlier points
notwithstanding, the simulations made in reference [65] were
scuppered by the difficulties in the triangulation mesh in
accurately describing the flux at the triple phase boundary.
As we elaborated in the “Background” section, the accurate
modelling of the dynamics at that singularity is notoriously
difficult to achieve; adsorption at the liquid/liquid interface is
then viewed as an artificial recourse to overcome that issue.

Conclusions

In this paper, we have characterised homogeneous redox
catalysis within electrochemically supported microdro-
plets immobilised on an electrode surface and bathed by
an immiscible electrolyte solution. Linear sweep voltam-
mograms corresponding to five kinetic zones have been
illustrated, even under conditions when acute reaction
fronts develop. Whilst droplet exhaustion takes place, the
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voltammetry cannot be described by simple thin layer or
semi-infinite diffusion systems, since both the restricted
geometry, coupled with the reactivity at the triple phase
junction, cause subtle nuances that are compounded by the
droplet volume and contact angle: droplet systems afford
both spatial and temporal non-uniform depletion zones.

In contrast with literature reports, we have demon-
strated that, if convergent mass transport at the three-phase
boundary is taken into consideration, the redox catalytic
rate constant inside the droplet matches that observed at
planar electrodes: there is no droplet-induced accelera-
tion of the redox catalytic reaction. Whilst a number of
reasons have been provided to explain this discrepancy,
we recognise that there is a potential problem in using
triangulation meshes in finite element simulations—these
do not appear to map out accurately the reactivity at the
three-phase junction. This is a profound result, which may
have significant quantitative methodological implications
for inferences based on numerical simulations wherever
such constrained singularities, or menisci, exist, such as in
polymer electrolyte fuel cells and electrolysers, molten salt
electrometallurgy, electroanalytical pin-prick blood tests,
chemical exchange within both geological fluid inclusions
and during biological intercellular fusion events, as well
as in imaging techniques such as scanning electrochemical
cell microscopy (SECCM) [95], and in other, non-elec-
trochemical methods, where reaction rate acceleration in
droplets on surfaces has been reported.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10008-025-06283-4.

Acknowledgements We are grateful to two anonymous reviewers who
have helped improve the manuscript and its presentation.

Funding This work was funded by the Engineering and Physical Sci-
ences Research Council (grant number EP/G020833/1) and The Uni-
versity of Hull.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer

References

1. Mason AF, Yewdall NA, Welzen PLW, Shao J, van Stevendaal M,
van Hest JCM, Williams DS, Abdelmohsen LKEA (2019) Mim-
icking cellular compartmentalisation in a hierarchical protocell
through spontaneous spatial organisation. ACS Cent Sci 5:1360

2. Zhang M, Ettelaine R, Dong L, Li X, Li T, Zheng X, Binks BP,
Yong H (2022) Pickering emulsion droplet-based biomimetic
microreactors for continuous flow cascade reactions. Nature Com-
mun 13:475

3. Kaminski TS, Gartecki P (2017) Controlled droplet microfluidic
systems for multistep chemical and biological assays. Chem Soc
Rev 46:6210

4. LaCour RA, Heindel JP, Zhao R, Head-Gordon T (2025) The role
of interfaces and charge for chemical reactivity in microdroplets.
J Am Chem Soc 147:6299

5. Zeng Y, Khor JW, van Neel TL, Tu W-C, Berthier J, Thongpang
S, Berthier E, Theberge AB (2023) Miniaturising chemistry and
biology using droplets in open systems. Nat Rev Chem 17:439

6. Marken F, Wadhawan JD (2019) Multiphase methods in organic
synthesis. Acc Chem Res 52:3325

7. Kusumaatmaja H, May Al, Knorr RL (2021) Intracellular wetting
mediates contact between liquid compartments and membrane-
bound organelles. J Cell Biol 220:€202103175

8. Brasnett C, Kiani A, Sami S, Otto S, Marrink SJ (2024) Capturing
chemical reactions inside biomolecular condensates with reactive
Martini simulations. Commun Chem 7:151

9. Dai Y, Chamberlayne CF, Messina MS, Chang CJ, Zare RN, You
L, Chilkoti A (2023) Interface of biomolecular condensates modu-
lates redox reactions. Chem 9:1594

10. Girod M, Moyano E, Campbell DI, Cooks RG (2011) Acceler-
ated bimolecular reactions in microdroplets studied by desorption
electrospray ionisation mass spectrometry. Chem Sci 2:501

11. Yan X, Bain RM, Cooks RG (2016) Organic reactions in micro-
droplets: reaction acceleration revealed by mass spectrometry.
Angew Chem Int Edn 55:12960

12. WeiZ, LiY, Cooks RG, Yan X (2020) Accelerated reaction kinet-
ics in microdroplets: overview and recent developments. Annu
Rev Phys Chem 71:31

13. Banerjee S, Gnanamani E, Yan X, Zare RN (2017) Can all bulk-
phase reactions be accelerated in microdroplets? Analyst 142:1399

14. Rovelli G, Jacobs MI, Willis MD, Raof RJ, Prophet A, Wilson
KR (2020) A critical analysis of electrospray techniques for the
determination of accelerated rates and mechanisms of chemical
reactions in droplets. Chem Sci 11:13026

15. Halls JE, Altalhi AA, de Abreu FC, Goulart MOF, Wadhawan
JD (2012) Concentration-dependent diffusion coefficients of zert-
butylferrocene within dodecyltrimethylammonium chloride/brine
liquid crystals. Electrochem Commun 17:41

16. Bonin J, Costentin C, Louault C, Robert M, Saveant J-M (2011)
Water (in water) as an intrinsically efficient proton acceptor in
concerted proton electron transfers. J] Am Chem Soc 133:6668

17. Halls JE, Wadhawan JD (2012) Photogalvanic cells based on lyo-
tropic nanosystems: towards the use of liquid nanotechnology for
personalised energy sources. Energy Environ Sci 5:6541

18 Bardez E, Monnier E, Baleur B (1985) Dynamics of excited-state
reactions in reversed micelles. II. Proton transfer involving various
fluorescent probes according to their sites of solubilisation. J Phys
Chem 89:5031

19. Gutman M, Huppert D, Nachliel E (1982) Kinetic studies of pro-
ton transfer in the microenvironment of a binding site. Eur J Bio-
chem 121:637

20. Schroder U, Compton RG, Marken F, Bull SD, Davies SG, Gil-
mour S (2001) Electrochemically driven ion insertion processes


https://doi.org/10.1007/s10008-025-06283-4
http://creativecommons.org/licenses/by/4.0/

Journal of Solid State Electrochemistry

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

across liquid/liquid boundaries: neutral versus ionic redox liquids.
J Phys Chem B 105:1344

Wadhawan JD, Wain AJ, Kirkham AN, Walton DJ, Wood B,
France RR, Bull SD, Compton RG (2003) Electrocatalytic reac-
tions mediated by N, N, N’, N’-tetraalkyl-1,4-phenylenediamine
redox liquid microdroplet-modified electrodes: chemical and pho-
tochemical reactions in, and at the surface of, femtolitre droplets.
J Am Chem Soc 125:11418

Gschwend GC, Olaya A, Peljo P, Girault HH (2020) Structure and
reactivity of the polarised liquid/liquid interface: what we know
and what we do not. Curr Opinion Electrochem 19:137

Ding Z, Quinn BM, Bard AJ (2001) Kinetics of heterogeneous
electron transfer at liquid/liquid interfaces as studied by SECM. J
Phys Chem B 105:6367

Liu H (2000) Science and Engineering of Droplets: Fundamentals
and Applications, Noyes Publications, New Jersey and William
Andrew Publishing, LLC, New York, USA

Law BM, McBride SP, Wang JY, Wi HS, Paneru G, Betelu S,
Ushijima B, Takata Y, Flanders B, Bresme F, Matsubara H, Tok-
iue T, Aratona M (2017) Line tension and its influence on droplets
and particles at surfaces. Prog Surf Sci 92:1

Deng Y, Wang D, Xiao W, Jin X, Hu X, Chen GZ (2005) Electro-
chemistry at conductor/insulator/electrolyte three-phase interlines:
a thin layer model. J Phys Chem B 109:14043

O’Hayre R, Barnett DM, Prinz FB (2005) The triple phase bound-
ary: a mathematical model and experimental investigations for
fuel cells. J Electrochem Soc 152:A439

Pickett RG, Bexon R (1977) The evaporation of sessile or pendant
drops in still air. J Colloid Interf Sci 61:336

Ball JC, Marken F, Qiu FL, Wadhawan JD, Blythe AN, Schroder
U, Compton RG, Bull SD, Davies SG (2000) Voltammetry of
electroactive oil droplets II: comparison of experimental and
simulation data for coupled ion and electron insertion processes
and evidence for microscale convection. Electroanalysis 12:1017
Newland JC, Unwin PR, Macpherson JV (2014) Investigation of
molecular partitioning between non-polar oil droplets and aque-
ous solution using double potential-step chronoamperometry. Phys
Chem Chem Phys 16:10456

Marken F, Compton RG (1988) Sonoelectrochemically modified
electrodes: ultrasound assisted electrode cleaning, conditioning
and product trapping in 1-octanol/water emulsion systems. Elec-
trochim Acta 43:2157

Marken F, Compton RG, Bull SD, Davies SG (1997) Ultrasound-
assisted electrochemical reduction of emulsions in aqueous media.
Chem Commun 995.

Akkermans RP, Roberts SL, Marken F, Coles BA, Wilkins SJ,
Cooper JA, Woodhouse KE, Compton RG (1999) Methylene
green voltammetry in aqueous solution: studies using thermal,
microwave, laser or ultrasonic activation at platinum electrodes.
J Phys Chem B 103:9987

Wadhawan JD, Marken F, Compton RG (2001) Sono-emulsion
electrosynthesis: electrode-insenstive Kolbe reactions. Chem
Commun 87.

Watkins JD, Bull SD, Marken F (2009) Ultrasound mobilisation
of liquid/liquid/solid triple phase boundary redox systems. J Phys
Chem C 113:15629

Marken F, Webster RD, Bull SD, Davies SG (1997) Redox pro-
cesses in microdroplets studied by voltammetry, microscopy and
ESR spectroscopy: oxidation of N, N, N’, N’-tetrahexyl-para-
phenylenediamine deposited on solid electrode surfaces and
immersed in aqueous electrolyte solution. J Electroanal Chem
437:209

Marken F, Compton RG, Goeting CH, Foord JS, Bull SD, Davies
SG (1998) Anion detection by electro-insertion into N, N, N’,
N’-tetrahexylphenylenediamine (THPD) microdroplets studied by
voltammetry, EQCM and SEM techniques. Electroanalysis 10:821

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52

53.

54.

. Marken F, Blythe A, Compton RG, Bull SD, Davies SG (1999)

Sulphide accumulation and sensing based on electrochemical pro-
cesses in microdroplets of N’-[4-(dihexylamino)phenyl]-N',N* N*-
trihexyl-1,4-phenylenediamine. Chem Commun 1823.

Marken F, Blythe AN, Wadhawan JD, Compton RG, Bull SD,
Aplin RT, Davies SG (2001) Voltammetry of electroactive liquid
redox systems: anion insertion and chemical reactions in micro-
droplets of para-tetrakis(6-methoxyhexyl)phenylenediamine,
para- and meta-tetrahexylphenylenediamine. J Solid State Elec-
trochem 5:17

Marken F, Compton RG, Goeting CH, Foord JS, Bull SD, Davies
SG (2001) Fast electrochemical triple interface processes at
boron-doped diamond electrodes. J Solid State Electrochem 5:88
Wadhawan JD, Compton RG, Marken F, Bull SD, Davies SG
(2001) Photoelectrochemcially driven processes at the N, N, N’,
N’-tetrahexylphenylenediamine microdroplet/electrode aqueous
triple interface. J Solid State Electrochem 5:301

Wadhawan JD, Schroder U, Neudeck A, Wilkins SJ, Compton RG,
Marken F, Consorti CS, de Souza RF, Dupont J (2000) Ionic lig-
uid modified electrodes: unusual partitioning and diffusion effects
of Fe(CN)¢*>"* in droplet and thin layer deposits of 1-methyl-
3-(2,6-(S)-dimethylocten-2-yl)-imidazolium tetrafluoroborate. J
Electroanal Chem 493:75

Marken F, Hayman CM, Page PCB (2002) Chromate and dichro-
mate electro-insertion processes into a N, N, N’, N’-tetraoctylphe-
nylenediamine redox liquid. Electrochem Commun 4:462
Marken F, Hayman CM, Page PCB (2002) Phosphate and arsenate
electro-insertion processes into a N, N, N’, N’-tetraoctylphenylen-
ediamine redox liquid. Electroanalysis 14:172

Stott SJ, McKenzie KJ, Mortimer RJ, Hayman CM, Buckley BR,
Page PCB, Marken F, Shul G, Opatto M (2004) Liquid/liquid ion-
transfer processes at the dioctylphosphoric acid (N, N-didodecyl-
N’, N’-diethylphenylenediamine)/water (electrolyte) interface at
graphite and mesoporous T;O2 substrates. Anal Chem 76:5364
Vagin MY, Karyakin AA, Vuorema A, Sillanapdd M, Meadows
H, del Campo FJ, Cortina-Puig M, Page PCB, Chan YH, Marken
F (2010) Coupled triple phase boundary processes: liquid/liquid
generator-collector electrodes. Electrochem Commun 12:455
Collins AM, Zhang XH, Scragg JJ, Blanchard GJ, Marken F
(2010) Triple-phase boundary photovoltammetry: resolving rho-
damine B reactivity in 4-(3-phenylpropyl)-pyridine microdroplets.
ChemPhysChem 11:2862

Scholz F, Schroder U, Gulaboski R, Doménech-Carbd A (2015)
Electrochemistry of immobilised particles and droplets: experi-
ments with three-phase electrodes, 2™ edn., Springer, Heidelberg.
Scholz F, Kormorsky-Lovrié g, Lovri¢ M (2000) A new access to
Gibbs energies of transfer of ions across liquid/liquid interfaces
and a new method to study electrochemical processes at well-
defined three-phase junctions. Electrochem Commun 2:112
Feess H, Wendt H (1980) Performance of electrolysis with two-
phase electrolyte: the trickle electrode for the electrochemical
conversion of substances with low solubility in aqueous electro-
lytes with special respect to electrochemical extraction processes.
J Chem Tech Biotechnol 30:297

Terui N, Nakatani K, Kitamura N (2000) Kinetic analysis of elec-
trochemically induced ion transfer across a single microdroplet/
water interface. J Electroanal Chem 494:41

Monroe CW, Daikhin LI, Urbakh M, Kornyshev AA (2006) Prin-
ciples of electrowetting with two immiscible electrolytic solutions.
J Phys Condens Matter 18:2837

Varley TS, Lawrence NS, Wadhawan JD (2025) Electrochemical
goniometry: keystone reactivity at the three-phase boundary. J
Solid State Electrochem 29:3

Amatore C (1998) Ultramicroélectrodes: leurs propriétés fon-
damentales et leur utilisation comme synapse semi-artificielles,
L’Actualité Chimique.

@ Springer



Journal of Solid State Electrochemistry

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Lovri¢ M (1999) Diffusion from a three-phase junction into a
hemispherical droplet. Electrochem Commun 1:207

Fulian Q, Ball JC, Marken F, Compton RG, Fisher AC (2000)
Voltammetry of electroactive oil droplets, I: numerical modelling
for three mechanistic models using the dual reciprocity finite ele-
ment method. Electroanalysis 12:1012

Myland JC, Oldham KB (2000) Modelling reversible cyclic vol-
tammetry at the one-dimensional junction established by three
phases: an organic liquid containing a neutral electroactive solute,
an aqueous electrolyte solution and an electronic conductor. Elec-
trochem Commun 2:541

Tasakorn P, Chen J, Aoki K (2002) Voltammetry of a single oil
droplet on a large electrode. J Electroanal Chem 533:119

Aoki K, Tasakorn P, Chen J (2003) Electrode reactions at sub-
micron oil/water/electrode interfaces. J Electroanal Chem 542:51
Lovri¢ M, Scholz F (2003) Modelling cyclic voltammograms of
simultaneous electron and ion transfer reactions at a conic film
three-phase electrode. J Electroanal Chem 540:89

Amatore C, Oleinick A, Svir I (2005) Diffusion within nanomet-
ric and micrometric spherical-type domains limited by nanomet-
ric ring or pore active interfaces: Part I — conformal mapping
approach. J Electroanal Chem 575:103

Davies TJ, Garner AC, Davies SG, Compton RG (2005) Insights
into the role of the liquid/liquid interface in biphasic reactions: the
reaction of vitamin B, (aq) with vicinal dibromides (oil). ChemP-
hysChem 6:2633

Aoki K, Satoh M, Chen J, Nishiumi T (2006) Convection caused
by three-phase boundary reactions. J Electroanal Chem 595:103
Vannoy KJ, Lee I, Sode K, Dick JE (2021) Electrochemical quan-
tification of accelerated FADGDH rates in aqueous nanodroplets.
Proc Nat Acad Sci 118:2025726118

Vannoy KJ, Dick JE (2022) Oxidation of L-cysteine by electro-
generated hexacyanoferrate(I1I) in microliter droplets. Langmuir
38:11892

Vannoy KJ, Edwards MQ, Renault C, Dick JE (2024) An elec-
trochemical perspective on reaction acceleration in droplets.
Annu Rev Phys Chem 17:149

Krushinski LE, Herchenbach PJ, Dick JE (2024) The gas/lig-
uid interface eclipses the liquid/liquid interface for glucose
oxidase rate acceleration in microdroplets. Proc Natl Acad Sci
121:e2416353121

Savéant J-M (2008) Molecular catalysis of electrochemical reac-
tions: mechanistic aspects. Chem Rev 108:2348

Archer MD (1975) Comment récupérer 1’énergie solaire par les
reactions chimiques, L’Actualité Chimique, 17.

Costentin C, Robert M (2023) Catalyse moléculaire par tranfert
d’électron: quelques enjeux fondamentaux, L’Acutualité Chim-
ique, 26.

Lawrence NS, Deo RP, Wang J (2004) Biocatalytic carbon paste
sensors based on a mediator pasting liquid. Anal Chem 76:3735
Cass AEG, Davis G, Francis GD, Hill HAO, Aston WJ, Hig-
gins 1J, Plotkin EV, Scott LDL, Turner APF (1984) Ferrocene-
mediated enzyme electrode for amperometric determination of
D-glucose. Anal Chem 56:667

Bourdillon C, Demaille C, Moiroux J, Savéant J-M (1993) New
insights into the enzymatic catalysis of the oxidation of D-glu-
cose by native and recombinant glucose oxidae mediated by
electrochemically generated one-electron redox co-substrates.
J Am Chem Soc 115:1

Nekrassova O, Allen GD, Lawrence NS, Jiang L, Jones TGJ,
Compton RG (2002) The oxidation of L-cysteine by aqueous
ferricyanide: a kinetic study using boron-doped diamond elec-
trode voltammetry. Electroanalysis 14:1464

Lawrence NS, Thompson M, Prado C, Jiang L, Jones TGJ, Compton
RG (2002) Amperometric detection of sulphide at a boron-doped

Springer

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

diamond electrode: the electrocatalytic reaction of sulphide with
ferricyanide in aqueous solution. Electroanalysis 14:499
Nekrassova O, Kershaw J, Wadhawan JD, Lawrence NS, Comp-
ton RG (2004) Oxidation of L-cysteine by electro-generated
octacyanomolybdate(V). Phys Chem Chem Phys 6:1316
Lawrence NS (2006) Amperometric detection of sulphide: an elec-
trocatalytic reaction with ferrocenecarboxylate. Electroanalysis
18:1658

Robinson KL, Lawrence NS (2006) Sulfide sensing via dif-
ferential counter ion diffusion rates through redox-modulated
poly(vinylferrocene) microparticles. Electrochem Commun 8:1055
Robinson KL, Lawrence NS (2006) A vinylanthracene and vinyl-
ferrocene-containing copolymer: a new dual pH/sulphide sensor.
Electroanalysis 18:677

Lawrence NS, Tustin G, Faulkner M, Jones TGJ (2006) Ferrocene
sulfonates as electrocatalysts for sulphide detection. Electrochim
Acta 52:499

Banks CE, Yashina AS, Tustin G, Lafitte VGH, Jones TGJ, Law-
rence NS (2007) Exploring alkylated ferrocene sulfonates as elec-
trocatalysts for sulphide detection. Electroanalysis 19:2518
Horn JJ, Watson A, Lewis M, McCreedy T, Wadhawan JD (2008)
Reaction between L-cysteine and 10-methylphenothiazine cation
radical released from droplet-modified electrodes. Electrochem
Commun 10:1384

Song P, Fisher AC, Wadhawan JD, Cooper JJ, Ward HJ, Lawrence
NS (2016) A mechanistic study of the EC’ mechanism: the split
wave in cyclic voltammetry and square wave voltammetry. RSC
Adv 6:70237

Song P, Ma H, Meng L, Wang Y, Nguyen HV, Lawrence NS,
Fisher AC (2017) Fourier transform large amplitude alternating
current voltammetry investigations of split wave phenomena in
electrocatalytic mechanisms. Phys Chem Chem Phys 19:24304
Ward HJ, Ward RA, Lawrence NS, Wadhawan JD (2021) Unrav-
elling the occurrence of mediator-blood protein interactions via
the redox catalysis of the physiological gasotransmitter hydrogen
sulphide. ChemistrySelect 6:10059

Matsuda H, Ayabe Y (1955) Zir theorie der Randles-Sevcikschen
kathodenstrahl-polarographie. Z Elektrochem 59:494

Savéant J-M, Su KB (1984) Homogeneous redox catalysis of
electrochemical reactions, VI: zone diagram representation of
the kinetic regimes. J Electroanal Chem 171:341

Perrin DD (1965) Dissociation constants of organic bases in aque-
ous solution, [IUPAC Analytical Chemistry Division Commission
on Electroanalytical Chemistry, Butterworths, London

Rana A, Renault C, Dick JE (2024) Understanding dynamic vol-
tammetry in a dissolving microdroplet. Analyst 149:3939

Tam V, Wainright J (2024) J Electrochem Soc 171:020545
Montenegro MI (1994) Applications of microelectrodes in kinet-
ics, in R. G. Compton, G. Hancock (eds.), Res Chem Kin 2:1
Elsevier, Amsterdam.

Novev JK, Compton RG (2018) Natural convection effects in elec-
trochemical systems. Curr Opinion Electrochem 7:118

See, for example, https://www.vcalc.com/wiki/ellipsoid-cap-vol-
ume. Accessed 17 Sept 2024

Xiong L, Batchelor-McAuley C, Ward KR, Downing C, Hart-
shorne RS, Lawrence NS, Compton RG (2011) Voltammetry at
graphite electrodes: the oxidation of hexacyanoferrate(Il) (fer-
rocyanide) does not exhibit pure outer-sphere electron transfer
kinetics and is sensitive to pre-exposure of the electrode to organic
solvents. J Electroanal Chem 66:144

Williams CG, Edwards MA, Colley AL, Macpherson JV, Unwin PR
(2009) Scanning micropipette contact method for high-resolution
imaging of electrode surface redox activity. Anal Chem 81:2486

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://www.vcalc.com/wiki/ellipsoid-cap-volume
https://www.vcalc.com/wiki/ellipsoid-cap-volume

	Are redox catalytic reaction rates accelerated in microdroplets on electrode surfaces?
	Abstract
	Background
	Results and discussion
	The total catalysis (KT) and general kinetics (KG*) zones
	The pure kinetics (K), no substrate consumption (KS) and kinetic diffusion (KD) zones
	Redox catalytic oxidation of l-cysteine by ferricyanide inside microlitre droplets: comparison of experimental data with the EC’ droplet model

	Conclusions
	Acknowledgements 
	References


