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Abstract
Contact angles of liquid, spherical cap droplets immobilised on an electrode surface and bathed by a fluid are important, 
quantifiable measures of the liquid/fluid interfacial tension. Optical goniometry, even if computer assisted, suffers when the 
contact angle is 10° or less. In this work, an alternative method of measurement is considered: electrochemical techniques 
(voltammetry and chronoamperometry), which rely on the transport of material from within the droplet to the conductive 
surface. As a result of the reactions that take place at the triple phase boundary, these are demonstrated to provide informa-
tion on the size and the shape of the droplet, including its contact angle, for the cases when the droplets have a redox analyte 
and either have a supporting electrolyte, or not. The voltammetric behaviour is seen to change from exhaustive, thin film 
characteristics, to quasi-steady-state signals as the droplet becomes bigger, or the scan rate becomes larger, or diffusion of the 
redox material inside the droplet becomes slower. One of the surprising outcomes is that there is a zone of planar diffusion 
only in the case of the supported droplets, with both the droplet size and its contact angle determining whether this is seen 
at conventional combinations of scan rates and diffusion coefficients. Experimental data are provided which emphasize key 
features pertaining to the nature of the redox system and illustrate the facile nature of the contact angle estimation process, 
albeit to within 10% uncertainty.
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Introduction

The accurate measurement of contact angles (θ) of liquid 
droplets supported on a surface and bathed by a fluid is 
an important method for the estimation of the liquid/fluid 
interfacial tension [1, 2]. Since spreading is driven by the 
difference in the adhesive work between the liquid and the 
solid substrate, and the cohesive work required to pull the 
liquid apart, the contact angle describes the tendency of the 
liquid to wet the solid substrate and spread [3]. When the 
contact angle is zero (viz. θ = 0), the liquid fully wets the 
surface, spreading to form a molecularly thin film over the 
surface; in the exactly opposite scenario, θ = π (180°), full 

dewetting takes place, and there is no spreading of the liquid 
droplet over the surface—the droplet retains its spherical 
nature in what is experimentally realised as “the lotus effect” 
[4]. Partial wetting occurs when 0 < 𝜃 <

𝜋

2
, and partial non-

wetting takes place when 𝜋
2
≤ 𝜃 < 𝜋 . In these last two cases, 

the shape of the droplet is often considered to be that of a 
spherical cap [5]. However, experimentally, contact angle 
goniometry through direct visualisation becomes difficult 
for 𝜃 <

𝜋

18
 (10°). On top of this, it is well-known that static 

droplet goniometry is often plagued by effects due to solid 
or liquid contamination, and surface heterogeneity/porosity, 
which can lead to contact angle pinning [1, 2]. Accordingly, 
it is desirable to identify alternative methods for the infer-
ence of contact angles.

Electrochemical approaches for the determination of the 
size and shape of liquid droplet deposits on electrode sur-
faces surrounded by liquid or gaseous media have long been 
developed [6–10]. These revolve around the notion that the 
electrochemical timescale can be used as a Polykleitos-type 
canon, since the spatial extent of the depletion zone close 
to the electrode surface is a function of the mass transfer 
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coefficient, which itself depends on the experimental time-
scale: In chronoamperometry, there is an explicit depend-
ence; in voltammetry, this occurs indirectly through the 
voltage sweep rate. However, although various efforts have 
been made to model voltammetry of redox compounds in 
single, or arrays of, droplets on surfaces [11–20], there have 
been limited successful comparisons with relevant experi-
ments. This is solely due to the complexity of the system, 
despite its axiosymmetry enabling consideration of the prob-
lem in two, rather than three, dimensions. First, there are 
issues associated with the restricted, two-dimensional spatial 
nature of the droplet. Second, whilst transport within the 
droplet can be through diffusion, there are opportunities for 
ion transfer to couple with electron transfer so that transport 
of gegen (counter) ions in the surrounding fluid may also 
need to be accounted. Third, the developing charge in the 
droplet through faradaic reaction requires ionic phase trans-
fer to maintain droplet electroneutrality, which might cause 
the consideration of increased capacitance in the droplet, 
together with opportunities for transport through migration, 
and ohmic losses. Fourth, for the case of a liquid droplet 
surrounded by a liquid electrolyte, there are possibilities for 
ion pairing effects [21, 22], the strength of which may be 
as extreme so as to form a precipitate (in the case of redox 
compounds dissolved in the droplet), or a new phase (in 
the case of a redox liquid). Such effects can manifest as a 
density gradient of redox species inside the droplet, leading 
to a need to consider natural convection within the droplet. 
Fifth, for the case of redox surfactants, the concentration 
gradient resulting from electrolysis can lead to a gradient 
in the surface tension at the liquid/liquid interface. This 
can cause Marangoni convection, which may extend into 
the droplet deposit. Last, there are effects due to an infinite 
current density at the point at which all three phases (solid 
surface, liquid droplet and bathing fluid) intersect, owing 
to the mathematical singularity that exists at that point of 
contact. This base circumference of the droplet is the three-
phase boundary, frequently referred to as the “triple phase 
junction”, or the “triple interface”.

The importance of reactivity at the triple phase bound-
ary has been long recognised, with a variety of direct and 
inferred evidence gathered through optical observations 
[23–26], precipitation effects [27, 28], footprints from metal 
deposition [29–31], concentration profilometry [32] and 
monitoring the changes that take place with increasing the 
size of the contact line [6, 14, 33, 34], etc.—the references 
do not form an exhaustive list. Moreover, whilst concern 
has been expressed by some regarding the occurrence of 
ohmic losses in the vicinity of the growing electrolytic 
depletion layer inside the droplet [6, 15, 18, 34], and rec-
ognises the need for electrolytes to partition into the drop-
let from the aqueous phase, other work indicates that there 
is a dominance of behaviour at the three-phase boundary 

without the requirement for electrolyte partitioning effects 
to take place [13, 14]. Nevertheless, the consensus is that the 
electrochemical signature is a function of the droplet size, 
shape and the mechanism of the electron transfer reaction. 
As mentioned earlier, the latter is often described as involv-
ing a coupled electron/ion phase transfer process [35], due 
to the macroscopic need to preserve the electroneutrality of 
the droplet.

However, electrochemical methods to investigate droplet 
contact angles are limited by the occurrence of electric field  
effects that induce electrowetting phenomena [36, 37]. Nev-
ertheless, there is a range of droplet systems for which elec-
trowetting does not cause a visible change in the contact  
angle of droplets (“contact angle saturation”). As demon-
strated experimentally, such effects, although not always 
saturation, can occur around the point of zero charge for the 
solid/liquid/liquid system [36–40].

In this paper, we examine both chronoamperometry and 
voltammetry at electroactive droplet-modified electrodes 
in order to ascertain whether these techniques are able to 
estimate the contact angles of droplets on surfaces. We uti-
lise experimental systems and limit the potential window to 
those for which there is no change in the contact angle upon 
the imposition of an electric field—the droplets are static, 
so that we can monitor diffusive mass transport contained 
therein. We do not consider effects outside the droplet. 
Whilst we have studied liquid nanosystems that span a volu-
metric range of ten orders of magnitude (from a few tens of 
yoctolitres [41] to a few tens of femtolitres [42, 43] in previ-
ous work, we keep the experiments reported herein confined 
to a few hundred nanolitres, as these are easier to prepare 
and visualise experimentally, and we do not have to consider 
species in non-bulk solvation, as in previous work [44].

Theory

We are interested in the diffusive transport of electroactive 
species inside a single, sessile liquid droplet resting on a 
conductive surface, with both the uncovered parts of the 
surface and the cupola of the droplet bathed by a fluid, as 
illustrated in Fig. 1. In the experimental work described,  
this fluid is an aqueous solution of much larger volume 
than the droplet itself so that the droplet is considered to 
be under isothermal operation. We ignore both any joule 
heating of the electrode/droplet/electrolyte interface during 
electrolysis [45], and the contributions from the heat of the 
overall electrolysis reaction (the sum of the two electrode 
reactions). Likewise, because we use dilute concentrations 
of redox species solubilised in small droplets that face sky-
wards, we assume interfacial tension effects dominate grav-
ity effects [46], and that natural convection driven by density 
differences in the oxidised and reduced forms of the redox 
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species is also negligible [47–49]. This is important since 
the timescales used experimentally are at least one order 
of magnitude larger than those normally used in electro-
analytical chemistry to avoid natural convection effects, and 
evidence for the occurrence of convection at the three-phase  
boundary has been reported [14, 50]. In the Results and Dis-
cussion section, we will return to this assumption.

Droplet geometry

The droplet is assumed to take up a spherical cap shape, with 
the dimensions given in Fig. 1. The radius of the equivalent 
sphere is  rd, with the contact line radius (which corresponds 
to that of the circular base of the droplet) being a, and with 
h as the maximum height that the droplet extends above the 
surface. Although Fig. 1 illustrates the case corresponding 
to the droplet partially wetting the surface, the equations 
of the circles describing the liquid/liquid interface for both 
partially wetting and partially non-wetting droplets are the 
same, since the two-dimensional co-ordinates of the circle 
origin are identical (0,h-rd):

where x refers to the r-direction and y the z-direction. The 
IUPAC definition of the droplet contact angle, θ, is [51] “the 
angle between two of the interfaces at the three-phase line of 
contact”, which, as illustrated in Fig. 1, is given in this work 
as the angle between the droplet and the fluid, extended  
from the conductive surface from within the droplet. This 
is identical to the angle subtended at the circle origin to the 
point at which the drop height is maximum and the three-
phase boundary. We recognise the recommended good prac-
tice of undertaking analysis of droplet contact angles in the 
cosine [52], but choose to report experimental data in radian 
or degrees, for ease of mental visualisation.

(1)x2 +
[
y −

(
h − rd

)]2
= r2

d

Equation (1) can be normalised either through the effective 
spherical radius of the droplet,  rd, or by the radius of the base 
circle of the droplet, a:

in which X =
x

rd
;Y =

y

rd
;R =

x

a
;Z =

y

a
. Since we are interested  

in understanding what occurs at the conductive surface, in 
this work, we normalise with respect to the radius of the base 
circle, Eq. (2b). Whilst it is trivial to show that the param-
eters h and a are readily deduced from knowledge of the 
sphere radius and contact angle,

practical measurements are easiest if the contact angle is 
estimated from the diameter of the base circle and the height 
extended by the droplet above the surface. The ratio between 
these two variables is a function of the contact angle:

The volume  (Vcap) and lateral surface area  (Acap) of the ses-
sile droplet are readily deduced to be as follows:

(2a)Y =
h

rd
− 1 ±

√
1 − X2

(2b)Z =
h − rd

a
±

√
r2
d

a2
− R2

(3a)rd =
a2 + h2

2h

(3b)h = rd(1 − cos �)

(3c)a = rdsin �

(3d)h = a(csc � − cot �)

z
r

Fig. 1  Illustration of the droplet-modified electrode considered in 
this work. The droplet is considered to be a spherical cap, of contact 
radius, a, and height above the electrode surface, h. The liquid/fluid 
interface exists at the cupola perimeter, and the contact angle, marked 

as θ, corresponds to the angle subtended by the liquid/fluid interface 
at the solid surface. The cylindrical, two-dimensional co-ordinate 
regime (r,z) that is used in this work is illustrated
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Equations (3) and (4) are important for defining the param-
eters a and h when comparing responses of constant volume 
droplets at variable contact angle.

Following Lebedev and Sliverman [53], capitalising on the  
axiosymmetry of the droplet, Amatore et al. [19] proposed the  
use a conformal transformation of cylindrical co-ordinates 
(r,z), normalised by the radius of the circular disc in contact  
with the electrode, into bipolar co-ordinates (ξ,η), a two-
dimensional form of toroidal co-ordinates, so as to map the 
semi-infinite space of the entire electrode/droplet/solution 
system (-∞ ≤ r ≤ ∞, 0 ≤ z ≤ ∞) into closed, rectangular space 
(-1 ≤ ξ ≤ 1, -1 ≤ η ≤ 1):

This transformation accounts for the space that exists both 
with the droplet (“inner domain”) and that bathing the drop 
(“outer domain”), as evident from the reported back-transfor-
mations [19]:

in which the negative sign in Eq. (6a) refers to the inner 
domain, whilst the positive sign refers to the outer domain  
[19]. These co-ordinate transformations enable the key bound-
aries of the physical model to be identified. Thus, the symme-
try axis (reflection plane) of the system through the droplet,  
R = 0,0 ≤ Z ≤ ∞, is transformed to −1 ≤ � ≤ 1, � = 0 , the 

(4a)

Vcap =
�

6
h
(
h2 + 3a2

)

=
�

3
r3
d
(1 − cos �)2(2 + cos �)

=
�

3
a3(1 − cos �)2(2 + cos �)csc3�

=
�

3
a3
sin �(2 + cos �)

(1 + cos �)2

(4b)

Acap

= 2�rdh = 2�r2
d
(1 − cos �) =

2�a2(1 − cos �)csc2 � =
2�a2

(1 + cos �)

(5a)R =
r

a
= −

sinh
{

�

2
tan

(
�

2
�

)}

cosh
{

�

2
tan

(
�

2
�

)}
− sin

(
�

2
�

)

(5b)Z =
z

a
=

cos
(

�

2
�

)

cosh
{

�

2
tan

(
�

2
�

)}
− sin

(
�

2
�

)

(6a)� =
2

�
tan−1

(
2Z

1 − R2 − Z2

)
∓ 1

(6b)� =
2

�
tan−1

�

−
2

�
ln

�√
(1 − R2 − Z2)2 + 4Z2

(1 − R)2 + Z2

��

bulk solution, taken as ∀R,Z → ∞ corresponds to the single  
point located at � = 1, � = 0 ; the curved liquid/liquid interface  
occurs at � =

2

�
� − 1,−1 ≤ � ≤ 1 and is represented by a verti-

cal line that separates the droplet and the aqueous domains.  
This is advantageous as it readily enables for a change in the 
contact angle of the droplet from partial wetting (θ < π/2) to  
partial non-wetting (θ ≥ π/2) to be readily computed using  
finite difference grids, without having to adapt the grid siz-
ing and discretisation pattern to account for a curved bound-
ary. The electrode surface can be fully or partially covered  
by the oil droplet. As noted by Amatore et al. [19], the por-
tion of the electrode surface that is covered by the droplet,  
R ≤ 1, Z = 0 , is located at � = −1,−1 ≤ � ≤ 1 , with the bare  
electrode and insulation that are exposed to the aqueous solu-
tion at R > 1, Z = 0 occurring at 2

�
� − 1 ≤ � ≤ 1, � = −1 ,  

2

�
� − 1 ≤ � ≤ 1, � = 1 and at � = 1,−1 ≤ � ≤ 1, � ≠ 0 . 

Importantly, the three-phase boundary—the circular point of 
contact between the solid electrode and the two liquids, occurs  
at −1 ≤ � ≤ 2

�
� − 1, � = −1 and −1 ≤ � ≤ 2

�
� − 1, � = 1 

from within droplet. Thus, in this formulation, inasmuch as 
the transform provides a discontinuity at η =  ± 1, it enables 
the three-phase boundary to be modelled as a thin volume 
torus, with a wedge-type cross-section, so that in practice, 
ηmin = -0.86 affords an error that can be considered to be neg-
ligible [19].

We recognise that this is a versatile system and can account 
for the case where the electrode is not fully covered by the 
droplet, through defining the cut-off points for the electrode 
and its housing insulation.

Transport equations and boundary conditions

Transport within the droplet is assumed to occur through dif-
fusion of the redox analyte only. Accordingly, Fick’s second 
law expressed in terms of cylindrical co-ordinates:

in which c = c

c0
 is the concentration of the redox species (C) 

normalised by its initial value,  c0, and � =
Dt

a2
 is the reduced 

time variable—the Fourier number for mass transport, with 
D being the diffusion coefficient of the redox species, and t 
the real time, needs to be transformed into the toroidal space 
of Eq. (5). Changing the variables results in the following 
expressions, which enable the conversion of transport equa-
tions from (R,Z) space into [ ξ,η] co-ordinates.

(7)�c

��
=

�2c

�R2
+

1

R

�c

�R
+

�2c

�Z2

(8a)

�

�R
= −

2

�
cos

(
�

2
�

)
sinh

{
�

2
tan

(
�

2
�

)}
�

��

+
4

�2
cos

2

(
�

2
�

)[
sin

(
�

2
�

)
cosh

{
�

2
tan

(
�

2
�

)}
− 1

]
�

��
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Hence, considering �
2

�R2
=

�

�R

(
�

�R

)
 and �

2

�Z2
=

�

�Z

(
�

�Z

)
 , the 

two-dimensional Laplacian operator in cylindrical co-ordi-
nates is reformulated as given in Eq. (9):

where,

(8b)

�

�Z
= −

2

�

[
sin

(
�

2
�

)
cosh

{
�

2
tan

(
�

2
�

)}
− 1

]

�

��
−

4

�2
cos

2

(
�

2
�

)
cos

(
�

2
�

)
sinh

{
�

2
tan

(
�

2
�

)}
�

��

(9)

�2

�R2
+

1

R

�

�R
+

�2

�Z2
= Δ

(
�2

��2
+ �

�2

��2
− �

�

��

)

+ Λ

(

�
�

��
− �

�

��

)

�2

4
Δ =

[
cosh

{
�

2
tan

(
�

2
�

)}
− sin

(
�

2
�

)]2

�2

4
� = cos

4

(
�

2
�

)

�

2
� = sin(��)cos2

(
�

2
�

)

Λ =
√
Δ

� = cos
(
�

2
�

)

�

2
� = cos

2

(
�

2
�

)

[
sin

(
�

2
�

)
coth

{
�

2
tan

(
�

2
�

)}

−csch
{
�

2
tan

(
�

2
�

)}]

In order to test the expression for the operator given in 
Eq. (9), the problem of transport-limited current at a micro-
disc electrode was considered, for a contact angle of zero 
[54]. This outputted the anticipated results: after a small, 
short-time artefact, the Aoki-Osteryoung [55] and Shoup-
Szabo [56] equations (with numerical correction to account 
for the differences in the definitions of the normalised time 
variables) were followed for their relevant time domains 
(data not shown).

We are interested in both the chronoamperometric and 
voltammetric response when a liquid droplet is either 
electrochemically supported, or unsupported, and, in 
both cases, bathed by a fully electrochemically supported 
liquid solution, and in how these change with contact 
angle. Accordingly, we capitalise on the axiosymmetry 
of the system (around Z = 0, and equivalently, η = 0) and 
only simulate transport in the droplet, viz. in the domain 
−1 ≤ � ≤ 2

�
� − 1,−0.86 ≤ � ≤ 0 (see Fig. 2), which corre-

sponds to the space that has already been considered by 
Amatore and co-workers [19]. This means that we make 
the assumption that transport of counter ions in the aqueous 
phase and their phase transfer kinetics do not affect the elec-
trochemical response. As in the earlier work by Compton 
and co-workers on hemispherical droplets [13, 14], we make  
two further assumptions: first, of electrochemical reversibil-
ity of the electrode reaction, treated as A − e− ⇆ B  (viz.  
fast electrode kinetics), and, second, that the diffusion coef-
ficients of species A and B are equal. Additionally, we only 
consider the forward voltammetric potential sweep, cor-
responding to the oxidation of species A (treated so that its  
dimensionless concentration is c).

In the case of the chronoamperometry experiments, the 
transport equation is as follows:

whilst for linear sweep voltammetry, it is given as follows:

(10a)

�c

��
= Δ

(
�2c

��2
+ �

�2c

��2
− �

�c

��

)

+ Λ

(

�
�c

��
− �

�c

��

)

Fig. 2  The spatial domain simu-
lated in this work in R,Z space 
(left) and in transformed space 
(right). Note that the symmetry 
axis is the reflection plane, for 
the other half of the droplet, and 
the line at η = -0.86 marks the 
start of the wedge-type torus 
that defines the outer-most 
surface of three-phase boundary 
volume that faces towards the 
bulk of the droplet
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i n  w h i ch  t h e  a  d i m e n s i o n a l  p o t e n t i a l  i s 
� =

F

RT

(
E − E0�

)
=

F

RT

(
E − E0�

)
+

F

RT
vt , where F is the 

Faraday constant (96,485.3 C  mol−1), R is the molar gas 
constant (8.3145 J  mol−1  K−1), T is the absolute temperature, 
E is the applied potential difference, Ei is the starting poten-
tial so that the dimensionless starting potential, 
u = �i =

F

RT

(
E − E0�

)
 , and E0’ is the formal potential for the 

A/B redox couple. The normalised spatio-temporal variable 
p is given by p = a

√
Fv

DRT
 , where v is the voltage scan rate, 

so that  p2 represents the reduced scan rate, p2 = d�

d�
 , and 1

p2
 

is the voltammetric Fourier number.
The relevant boundary conditions for each of the four cases 

considered are outlined in Table 1. Note that in this work, in 
contrast to earlier hemispherical models [13], we treat sup-
ported droplets with an active three-phase boundary.

Current evaluation

The current comprises contributions from both the main elec-
trode situated at ξ = -1, -0.86 ≤ η ≤ 0, and that at the three-phase 
boundary, which is located at -1 ≤ ξ ≤ (2/π)θ-1, η = -0.86. In 
the case of the unsupported droplet, the contribution from the 
former is zero, owing to the Neumann boundary condition that 
is imposed there. Thus, in general, the total current (i) flowing 
is given by the following:

where j is the flux of material to the electrode surface and 
S is the area of the active interface, and the subscripts main 
and tpb refer to the main electrode and the three-phase 
boundary, respectively.

For cases I and III, where the droplet is unsupported, S is 
the curved surface area of the wedge-type torus volume, for 
which the length is effectively the circumference of the droplet 
(2πa), and the curved width is the sector length  (rringθ) that is 
dependent on the contact angle and length of the three-phase 
boundary  (rring). The latter is determined by the hemispherical 
nature of the active interface, and it is readily demonstrable 
that [19] rring ≈ a

||
||
csch

{
�

2
tan

(
�

2
�min

)}||
||
 , viz. a constant that 

depends on both the base size of the droplet, and the minimum 
value of η for an acceptable error. The ratio  rring/a affords to 
ηmin = -0.86 corresponds to a three-phase boundary width that is  
merely ca. 2‰ of droplet basal radius. This is a value that is 

(10b)
p
2 �c
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)
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very similar to that employed by Fisher et al. for boundary 
method simulations of the triple phase junction at hemispheri-
cal droplets [13]. Thus, in real space, for droplets that have 
a ~ 0.1 mm, setting ηmin = -0.86 corresponds to a maximum 
three-phase boundary width of 0.2 μm; likewise, setting 
a ~ 0.5 mm affords a maximum three-phase boundary width 
of ~ 0.9 μm. These values are smaller than those inferred exper-
imentally by Compton et al. through electrochemical deposi-
tion of metals in and array of unsupported water droplets 
(~ 2 μm) for the first case [30], or by Chen and Sato [57], who 
approximated the observed steady-state voltammetry of fer-
rocene in single, unsupported polymeric oil droplets as though 
being derived from microband electrode, of width ~ 9–18 μm 
in the second case. This difference is not an issue, since the 
electrolysis timescales impact on the observed effective widths, 
whilst the region of space that is the singularity will be much 
smaller. Hence, dStbp = 2�a2

|
|
|
|
csch

{
�

2
tan

(
�

2
�min

)}|
|
|
|
d� . 

Owing to the nature of the mapping transform used in Eq. (5), 
the perpendicular flux of material to the arc that forms the 
beginning of three-phase boundary volume occurs in two-

dimensions, jtpb = −
Dc0

a

√(
�c

�R

)2
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+
(
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�Z

)2

tpb
 . Thus, for 

Cases I and III, using the expressions given in Eq. (8), the 
dimensionless current at the three-phase boundary, ψtpb, is 
given by Eq. (12) below:

where the integral has been taken from θ = 0 to θ. The cur-
rent at the three-phase boundary thus is proportional to the 
product of the contact line size (2πa) and the contact angle 
(θ) of the droplet, in addition to the diffusivity and con-
centration of the redox species contained within the liquid 
droplet. Thus, for unsupported droplets, Eq. (12) replaces 
Eq. (11) to express the total dimensionless current (ψ). Note 
that this model is different to that proposed by Fisher and co-
workers [13], since the boundary condition imposed at the 
liquid/liquid in their model is one-dimensional in cylindrical 
co-ordinates, whilst it is two-dimensional in this work. This 
means that qualitative and not quantitative wave-shape com-
parisons may be made between voltammograms produced 
from these two approaches.

For Cases II and IV, the electrode reaction takes place at 
both the three-phase boundary and the main electrode. Thus, 
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since the contact area is S
main

= �a2 , and the perpendicular 
flux of material to the electrode is j

main
= −D

(
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z=0
 , the 

current through the main surface is identical to that at a 
microdisc electrode, viz. jmain = −D

(
�C

�z

)

z=0
 RdR. Thus, 

since we curtail the main electrode at η = ηmin = -0.86, under 
the transformation given in Eq. (5), and using Eq. (8), the 
dimensionless current at the main electrode is given by 
Eq. (13) below:

This expression is independent of the contact angle, but 
depends on the contact line size, together with the diffusivity 
and concentration of the redox species contained within the 
droplet. Thus, for supported droplets, Eq. (11) is replaced 
by Eq. (14), to yield a total current that is dependent on both 
the size and, thanks to the three-phase boundary effect, the 
shape of the spherically capped droplet:

in which � =
i

2�FDac0
 . Note that this is different to the model 

reported by Fisher and co-workers [13], where the three-
phase boundary maintained a no-flux boundary condition 
whilst faradaic reactions occurred at the main electrode.

Hence, it would appear that, in both chronoamperometric 
and voltammetric experiments, the observed total current 
at a single liquid droplet that is either supported or unsup-
ported should suffice to afford an electrochemical gonio-
metric measurement.

Fractional conversion of the droplets

The charge (q) passed during the electrolysis of oil droplets 
is an alternative route to droplet goniometry, since, for a 
one-electron exhaustive electrolysis, Faraday’s laws and 
Eq. (4) afford q
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fractional extent of the electrochemical conversion of the 
droplet, Ω =

q

q0

 , also depends on the droplet contact angle, 
as well as the integral of the current/time or current/voltage 
curves. The monitoring of these not only provides a useful 
validation of the simulation [58], but can be used experimen-
tally to ascertain the inference of multi-electron reactions 
occurring within the droplets [43, 59–65], or redox catalysis 
at the liquid/liquid interface [25, 42, 66–74]. Thus, for 
chronoamperometry:
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and for linear sweep voltammetry:

These expressions are valid, irrespective of whether the 
droplet is electrochemically supported or unsupported. Fur-
ther, Eq. (15b) indicates that, all other things being constant, 
thin layer voltammetric behaviour takes place at smaller 
voltage scan rates, as observed experimentally [14, 21, 23, 
29, 30, 75–87].

Computational methods

Numerical simulation was undertaken via program encoding 
in GNU FORTRAN using the freely available gfortran com-
piler, with double-precision variables. These were executed 
on a MacBook Air computer running with a 1.3 GHz Intel 
Core i5 processor, with 4 GB of DDR3 RAM at 1600 MHz 
speed. These simulations employed a finite difference spatial 
grid involving 100 × 100 nodes, using centred differences for 
spatial terms and forward differences for temporal gradients. 
The Peaceman-Rachford alternating direction implicit method 
was used to solve the transport equations [88]. Instabilities 
in the simulations resulting from this method [89] were, in 
most cases, overcome through the use of small time/potential 
increments, but keeping them as large as possible to reduce 
simulation time, and without adversely affecting numerical 
convergence. Currents were calculated through trapezoidal 
quadrature. Note that in Cases I and III, we followed the rec-
ommended practice [19] of averaging the reduced current over 
the entire length of the three-phase boundary arc.

For chronoamperometric transients, an expanding tempo-
ral grid was employed [90], after an initial uniform time step, 
so as to assist in reducing the oscillations of the method and 
improve simulation timescales. For unsupported droplets 
(Case I), transients were calculated for a reduced timescale 
τ = 10, with the initial time step being dτ0 =  10–6 and used 
up to a threshold time τ0 =  10–3, after which time step expan-
sion occurred with the expansion factor being ω = 5 ×  10–5. 
For supported droplets (Case III), a similar process was 
used, but with the following parameters: τ = 1, dτ0 =  10–9, 
τ0 =  10–6 and ω = 5 ×  10–5. In contrast, the potential change 
was maintained uniformly at Δε =  10–4 in all voltammetric 
simulations, with a dimensionless potential range of 20.

Single simulations of chronoamperometry transients took 
ca. 650 s for Case I, and 1200 s for Case II; single linear 
sweep voltammograms took ca. 1000 s computing time for 
both Case III and Case IV. Data were imported using Matlab 
R2019b (Mathworks) for graphical processing.
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(1 + cos �)2
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Theoretical results and discussion

Chronoamperometric transients for the oxidation of sup-
ported and unsupported droplets (Cases I and II) are illus-
trated in Fig. 3 at three different contact angles, correspond-
ing to partially wetting (θ = π/4), hemispherical (θ = π/2) and 
partially non-wetting (θ = 3π/4) droplets. The data for Case 
I match-up with those reported previously [19], verifying 
the quality of the simulation. In all cases, after a very short 
transient artefact (up to ca. τ =  10–5), the current decays in 
the manner anticipated for diffusion, with a gradient that 
is independent of the contact angle. Eventually, typically 
around τ = 1 (for unsupported droplets), or sooner (for sup-
ported droplets), the effects of the restricted environment 
result in the current rapid tailing off, resulting in exhaustive 
electrolysis. As expected, for a fixed electrolysis time, the 
more wetting the droplet is, the greater is the degree of oxi-
dation, and the sooner is the occurrence of the rapid decay 
in current.

This general picture is more dramatic in the case of the 
supported droplets (Case II) compared with the unsupported 
droplets (Case I), for which the currents are higher, owing 
to the large surface area where the heterogeneous oxida-
tion can take place. In these supported droplets, the initial 
current decay is Cottrellian, and independent of the droplet 

Fig. 3  Chronoamperometric transients corresponding to transport-
limited electrolysis at an electrode modified with a single droplet that 
contains (Case II, solid lines), and does not include (Case I, dashed 
lines) supporting electrolyte. The results from three contact angles, 
corresponding to partially wetting droplets (θ = 45°, blue), partially 
non-wetting droplets (θ = 135°, black) and hemispherical droplets 
(θ = 90°, red), are given
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contact angle; in contrast, the same initial decay is sub-
Cottrellian for the unsupported droplets and, owing to the 
reaction occurring at the three-phase boundary depends on 
the contact angle. As a result, the concentration profiles cor-
responding to the depletion zone are markedly different for 
the two cases (see Fig. 4). In Case I (unsupported droplets), 
the depletion zone radiates from the three-phase boundary, 
covering the whole droplet, so that the curvature of the con-
centration profiles are centred the geometry of the three-
phase boundary. In unsupported, wetting droplets, seemingly 
one-dimensional (radial) electrolysis takes place, starting at 
the three-phase boundary [17]. In contrast, in Case II (sup-
ported droplets), the greater extent of electrolysis from the 
surface, together with the radial effect of the three-phase 
boundary, manifests as an “upturned collar” marking the 
depletion zone around the base of the droplet, for supported, 
wetting droplets: The curvature of the droplets is centred on 
the droplet apex (see Fig. 4). Note that for non-wetting drop-
lets, the effect of convergence at the three-phase boundary 
singularity causes a downturn in the concentration profiles 
close to the electrode surface, when the state-of-conversion 
of the droplet is ca. 50%.

It follows that potential step chronoamperometry is able 
to provide information that discerns different droplet contact 
angles. However, exhaustive electrolysis for supported drop-
lets (Case II) is required (corresponding to timescales τ ≥ -2) 
for this to be achieved. For a millimetric droplet (a = 1 mm), 
and a typical redox analyte (D ~  10–5  cm2  s−1), this is a time-
scale of ca. 10 s, which is reasonable for electrochemical 
experiments. However, for unsupported droplets (Case I), 
there is no need for a minimum electrolysis timescale. In spite 
of this distinction between these two cases, these transients, 
nevertheless, directly evidence the potential for electrochemi-
cal goniometry. We next explore droplet voltammetry.

Figure 5 depicts linear sweep voltammograms correspond-
ing spanning eight orders of magnitude in the dimension-
less scan rate, viz. 0.1 ≤ p ≤  106, for both unsupported and 
supported droplets (Cases III and IV, respectively) for the 
three different contact angles considered for chronoamper-
ometry. These illustrate the expected variation between 
thin film and diffusive effects that arise from the geometric 
restriction: Similar effects have been noted by Andrieux and 
Saveant [91] and Aoki et al. [92] for restricted planar diffu-
sion. Whilst Laviron [93] and Shi and Anson [94] studied the 
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Fig. 4  Concentration profiles marking the depletion zones of spe-
cies A after the chronoamperometric transients depicted in Fig.  3. 
The upper panels correspond to unsupported droplets (Case I); the 
lower panels correspond to supported droplets (Case II). Panels on 
the left-hand side correspond to partially wetting droplets (θ = 45°); 
those in the middle are for hemispherical droplets (θ = 90°); the right-
hand side illustrate partially non-wetting droplets (θ = 135°). Note 

that the reduced timescale is different for Case I (τ = 10) and Case II 
(τ = 1), causing the extent of electrolysis to be different in each case: 
Case I (unsupported droplets; upper panels), Ω = 95.5% (θ = 45°), 
Ω = 95.0% (θ = 90°) and Ω = 80.3% (θ = 135°); Case II (supported 
droplets, lower panels): Ω = 98.9% (θ = 45°), Ω = 97.7% (θ = 90°) and 
Ω = 45.1% (θ = 135°). In all six examples, the numerical simulation 
grid employed (black circles) is overlaid by the concentration profiles
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thin layer response of adsorbed species and supported liquid 
films, respectively, Amatore et al. [95, 96] demonstrated the 
behavioural transitions from thin film to planar diffusion and 
ultimately steady-state through Dahms-Ruff diffusion over an 
adsorbed dendrimer, spherical cap in shape.

As expected from the chronoamperometric transients 
reported in Fig. 3, larger currents are observed when the 
droplets are supported (Case IV) c.f. unsupported (Case 
III) (see Fig. 6). However, the trend in maximum cur-
rent with contact angle is different for these cases: When 
the droplet is unsupported (Case III), an increased con-
tact angle (increased droplet dewetting) gives rise to an 
increased current maximum, over all timescales. In con-
trast, when the droplet is supported (Case IV), this is 
only true for small values of p < 10. Above this value, a 
decreased contact angle (increased droplet wetting) gives 
rise to an increased current maximum. This crossover is 
also anticipated, based on the chronoamperometric results 
illustrated in Fig. 3, and occurs because of a change in the 
transport regime, as will be discussed later.

Nevertheless, in all cases, the increase in current with 
dimensionless scan rate occurs smoothly. The voltammet-
ric shape changes can be explained through the compari-
son between the diffusion layer thickness and the droplet 
size. As illustrated in Fig. 6, at low values of p (p < 1), thin 
film (TF) behaviour occurs as the size of the diffusion 
layer, ∼

√
Dt =

�
DRT

Fv

 , is more massive compared with 
the size of the droplet, a. This causes the occurrence of the 
characteristic bell-shaped voltammograms, centred at the 
formal potential for the redox couple, ε = 0. These curves 
give peak currents that are proportional to the voltage scan 
rate. Increasing the value of p to unity, for which the dif-
fusion layer size is comparable with the droplet size, 
causes the voltammetric peak to shift towards more posi-
tive values, whilst retaining its thin layer waveshape.

For supported droplets (Case IV), further increases in p 
cause the waveshape to start to resemble that for planar dif-
fusion (PD). In this region, typically for which 
�p

p
∼ 0.2232; �p ∼ 1.11; �p − �p∕2 ∼ 2.20 , an approximation 

(a)

(b)

(c)

Fig. 5  Dimensionless linear sweep voltammograms for unsupported 
(Case III, red dot-dashed lines) and supported (Case IV, blue dotted 
lines) droplets, corresponding to contact angles of a θ = 45°, b θ = 90° 

and c θ = 135°. In each case, the dimensionless scan rate, p, is in the 
range 0.1 ≤ p ≤  106, which increases in the direction left-to-right
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of the Randles-Ševčík equation is upheld. This regime does 
not occur for unsupported droplets (Case III). Instead, and 
as for supported droplets (Case IV) beyond the planar diffu-
sion zone, additional increases in the value of p cause cylin-
drical diffusion (CD) in the droplets to occur, which leads 
to a zone in which the concentration profiles are at quasi-
steady-state (QS).

Thus, the TF zone is characterised by the peak current 
increasing proportionally with scan rate, and the peak poten-
tial shifting towards higher oxidation potentials as the scan 
rate increases. In the PD zone, the peak potential is approxi-
mately independent of the scan rate (with �p ∼ 1.11 ), and the 
peak current is directly proportional to the square-root of the 
scan rate. The CD zone enables supported (Case IV) and 
unsupported (Case III) droplets to be distinguished: In the 
former, the peak potential increases with scan rate and is a 
function of the contact angle, whilst it decreases with 
increasing sweep rate for the latter, irrespective of the con-
tact angle. For both cases, �p

p

 decreases with increasing p. 
The QS region is marked by almost steady voltammograms, 
which are better described through their half-wave potential 

rather than their peak potential. In all zones, and for both 
cases, the three different contact angles are able to be 
uniquely identified, since the effect of changing the contact 
angle is merely to shift behaviour from one zone to the next, 
as evident from Fig. 6.

The occurrence of sigmoidal voltammograms at high val-
ues of p is commensurate with the previous results reported 
by Fulian et al. [13]. They are also in line with those reported 
by Myland and Oldham [15], who modelled droplets as a 
cones. High values of p occur whenever the voltage scan 
rate is large, and/or the droplet size is large, and/or the dif-
fusion coefficient of the redox analyte is small. Such phe-
nomena have been reported from experiments: Chen and 
Sato [57] employed viscous droplets to illustrate stead-state 
voltammograms; Compton et al. [14] reported voltammetric 
waveshapes changing from thin film, to diffusive, and then 
to quasi-steady-state as droplet deposits increased in size: 
a droplet of radius a ~ 1 cm at ambient temperature gives 
p ~ 20,000 for a scan rate of 0.1 V  s−1 and diffusion coef-
ficient of  10–6  cm2  s−1, although gravity will distort such 
large droplets.

Fig. 6  Plots illustrating the change in characteristic voltammetric 
parameters with reduced sweep rate. The upper panels correspond to 
unsupported droplets (Case III); the lower panels depict the behav-
iour of supported droplets (Case IV). In all six cases, the results from 

three contact angles, corresponding to partially wetting droplets 
(θ = 45°, blue), partially non-wetting droplets (θ = 135°, black) and 
hemispherical droplets (θ = 90°, red), are given. The dashed lines are 
provided, so as to guide the eye
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Thus, having illustrated how contact angles impact on 
both chronoamperometric transients and voltammetric 
waveshapes for reversible electrode reactions, we next 
assess whether it is possible to infer contact angles from 
experimental data. Accordingly, we chose to employ a 
strategy of (1) estimation of contact angles from visual 
measurements; (2) comparison of the observed experi-
mental current/time or current/potential data with the 
theory described in this section; (3) calculation of the dif-
fusion coefficient of the redox species from (2) for the 
contact angle determined in (1); and (4) identification as to 
whether the diffusion coefficient obtained from (3) agrees 
with that known for the redox analyte in the bulk organic 
phase. This strategy is identical to knowing the diffusion 
coefficient and blindly determining the droplet contact 
angle from the electroanalytical data.

Experimental

Chemical reagents

Aqueous solutions were prepared using purified water 
with a resistivity greater than 18 M Ω cm obtained from 
an Elgastat system (Vivendi). Benzonitrile (Sigma-Aldrich) 
and nitrobenzene (Alfa Æsar) were purchased in > 99% 
purity and used as received. The electrolytes used, potas-
sium chloride (Sigma-Aldrich) and tetra-n-butylammonium 
perchlorate (Fluka), were purchased in the highest commer-
cially available grade. The redox reagent employed was 
N,N,N’,N’-tetraphenyl-para-phenylenediamine (TPPD, 
1,4-bis(diphenylamino)benzene, Sigma-Aldrich), and used 
as received.

Instrumentation

Electrochemical measurements were undertaken on a com-
mercial potentiostat (Autolab PGSTAT 30, Eco-Chemie). 
A three electrode set-up was employed for all experiments, 
with a 3.0 mm (diameter) glassy carbon working electrode 
(BAS), a platinum or nickel spiral counter electrode and a 
saturated calomel reference electrode (SCE, Radiometer). 
The working electrode was polished with a 0.3 μm alumina 
slurry (Presi) on a wetted, napped polishing cloth and rinsed 
thoroughly with water prior to experimentation. All experi-
ments were conducted at a temperature of 20 ± 3 °C. Drop-
let-modified electrodes were illuminated with a flexible light 
source (Prior Scientific) so that the video footage could be 
captured using an Olympus PV10-CB video microscope and 
recorded directly to a computer via Intervideo WindDVD 
Creator 2 software.

Methodology

Only supported droplets were considered. Both aqueous 
(containing 0.1 M KCl) and organic (containing 0.1 M 
nBu4NClO4) phases were mutually saturated for at least 
12 h prior to experimentation. A bespoke electrochemical 
cell allowing for the working electrode to be positioned fac-
ing upwards was employed (see Fig. 7). The cell was filled 
with aqueous solutions prior to positioning a sub-microlitre 
organic droplet on the electrode surface via delivery through 
a fine soda glass capillary (prepared through controlled 
expansion of a molten Pasteur pipette), using a syringe pump 
and a three-dimensional micropositioner (Narishige). Image 
analysis of the liquid/liquid interface was undertaken manu-
ally from frames within the recorded video footage, compar-
ing individual points with the equation of a truncated sphere. 
The error in the contact angle from these measurements was 
estimated as being ca. 5°, viz. approximately five times that 
obtained through commercial microscope goniometry.

Experimental design

A number of choices of organic phase and redox analyte were 
informed by preliminary experimentation or the literature, 
with the criteria being: (1) a redox compound that is solu-
ble in an organic solvent, but insoluble in the aqueous phase; 
(2) the redox transformed material being also soluble in the 
organic solvent, and not expelled into the aqueous phase either 
through direct electrode reaction or partitioning; (3) the redox 
compound should not readily adsorb onto a glassy carbon 
electrode, but should, if possible, be electrochromic so that 
the optical fingerprinting the depletion zone is achievable; 
(4) the one-electron transformed redox material should be sta-
ble, and not decay into another species; (5) the organic phase 
should be easy to work with, so that separation after saturation 
with water is facile; and (6) the organic liquid droplet should 
be static throughout the redox transformation. A number of 
analytes, solvents and electrolytes were considered includ-
ing tert-butylferrocene, bis(iso-propylcyclopentadienyl)iron, 
β-carotene and 5,10,15,20-tetraphenyl-21H,23H-porphine 
cobalt(II), together with dichloromethane and benzonitrile and 
tetra-n-butylammonium tetrafluoroborate. These were, for the 
main, ruled out, owing to a violation of at least one of the six 
rules: for example, oxidation of bis(iso-propylcyclopentadi-
enyl)iron in nitrobenzene with tetrafluoroborate electrolytes 
led to precipitation outside the droplet, whilst changing the 
electrolyte anion to perchlorate caused in-droplet precipita-
tion. In a different case, the oxidation of tert-butylferrocene 
in dichloromethane with tetrafluoroborate electrolytes ena-
bled the observation of electrochemically induced Maran-
goni effects (concentration gradient induced surface tension 
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effects). Benzonitrile was kept as a solvent for TPPD, even 
though it was found to partially violate rule (5) in terms of 
ease of separation: Mixing benzonitrile and aqueous electro-
lytes created a suspension, which took ca. 60 min to settle. 
Accordingly, experiments were undertaken using TPPD and 
either nitrobenzene or benzonitrile solvents. The prior use of 
liquid phenylenediamines (of concentrations ~ 2 M) for study-
ing droplet voltammetry encouraged the use of variable con-
centrations of TPPD to be used up to ca. 10 mM.

The electrolytes were chosen to provide an ideally polar-
ised liquid/liquid interface (no exchange of ions between the 
two phases) in the absence of the faradaic reaction of the dis-
solved redox species. As a result, nBu4NClO4 was chosen for 
the organic phase, and KCl for the aqueous phase. Both electro-
lytes were kept at a concentration of 0.1 M. The use of chloride 
in the aqueous phase enables a robust assessment of criterion 
(2), since this anion is strongly hydrated, and only those electro-
generated cations that are sufficiently hydrophobic will not be 
ejected from the organic phase.

The timescale employed for chronoamperometric experi-
ments was selected based on the time taken for diffusion 
across the longest electrode/droplet boundary distance for 
a millimetric-sized, hemispherical droplet. Estimates of 

diffusion coefficient were made for TPPD in both nitroben-
zene and benzonitrile using the Wilke–Chang method [97], 
affording values of 6.5 ×  10–6   cm2   s–6  (in nitrobenzene) 
and 9.4 ×  10–6  cm2  s–1(in benzonitrile), reflecting the rela-
tive viscosities of the two solvents. Although these values 
are of the order of magnitude expected [98], these esti-
mates were confirmed through measurements made (not 
shown) using cyclic voltammetry at a 3.0 mm (diameter) 
glassy carbon electrode immersed in neat organic solvent 
(nitrobenzene or benzonitrile) containing 0.1 M nBu4N-
ClO4 and 1.58 mM (nitrobenzene) or 0.94 mM (benzoni-
trile) TPPD, with a graphite rod counter electrode and silver 
wire quasi-reference electrode. These revealed that the one-
electron electrode reaction at 0.1 V  s−1 is on the reversible/
quasi-reversible cusp, with a peak-to-peak separation of 
109 ± 3 mV (nitrobenzene) or 92 ± 10 mV (benzonitrile). 
Accordingly, approximating for electrochemical reversibil-
ity, the Randles-Ševčík equation yielded diffusion coeffi-
cients for TPPD as being 2.1 ×  10–6  cm2  s−1 (nitrobenzene) 
and 3.4 ×  10–6  cm2  s−1 (benzonitrile). Whilst the order of 
the diffusion coefficients is the same as expected from the 
solvent viscosities, and of the correct order of magnitude, 
the difference in the values likely arises from, amongst other 

Fig. 7  Schematic diagram of the inverted working electrode arrangement employed in the experimental work reported herein
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things, the assumption of fast electrode kinetics. Thus, treat-
ing the diffusion coefficient as ~ 5 ×  10–6  cm2  s−1, and using 
a droplet size of ~ 0.8 mm, the Einstein–Smoluchowski 
relationship for chronoamperometry, � =

√
�Dt , in which 

� and t correspond to the characteristic length and time, 
respectively, affords an exhaustive electrolysis time of ca. 
410 s. Thus, a chronoamperometric timescale of 500 s was 
selected so that as much of the available material within the 
droplet could be electrolysed. We note that this timescale is 
typically longer than that normally considered to preclude 
effects due to natural convection, and thus, it additionally 
serves to investigate its occurrence: Aoki has reported this 
for ferrocene oxidation in a nitrobenzene droplet [50]. Dick 
has claimed that there is limited evidence for this in water 
droplets bathed by 1,2-dichloroethane [99].

Results and discussion

Figure 8 depicts a supported (0.1 M nBu4NClO4) droplet of 
nitrobenzene containing ca. 10 mM TPPD freshly immobilised 
on the surface of a glassy carbon electrode and bathed by a 0.1 M 
aqueous KCl solution (pH ~ 6.5) at a potential of 0.0 V vs. SCE. 
This millimetric droplet partially wets the electrode surface, to 
afford a contact angle of ca. 57 ± 5°. As described first by Aoki 
and co-workers [33], this contact angle is very much different to 
that of a pure nitrobenzene droplet (ca. 90–95°), owing to elec-
tric potential effects, described by Kornyshev [36, 37]. At con-
stant droplet volume, the interfacial tension acts to minimise the 
extent of the liquid/liquid interface, whilst the potential serves to 
maximise it. From Eq. (4), this reduction in contact angle due to 
the presence of the electrolyte causes an ca. 10% increase in the 
area of the liquid/liquid interface.

As illustrated in Figs. 9 and 10, the one-electron chrono-
amperometric transients (corresponding to ca. 70% drop-
let exhaustion) and the voltammetry are well-defined and 
reproducible. There is minimal change in the voltammetric 
waveshape after a double potential-step chronoamperometric 
experiment, apart from a small shift towards more positive 

potentials. This droplet shape is static upon electrochemical 
oxidation, as demonstrated in a repeat experiment (Fig. 10), for 
which the droplet base radius remained as a = 0.81 ± 0.05 mm, 
the droplet height and h = 0.38 ± 0.05 mm, giving rise to a con-
tact angle of 51 ± 5°, irrespective of the extent of electrolysis 
of the droplet. This demonstrates that although different indi-
vidual droplets have slightly different geometries, the droplets 
are not pinned: their contact angles appear to be equivalent, 
within experimental error.

Moreover, since there is little effect of the electrolytic 
oxidation process on the droplet contact angle, we suggest 
that, in these experiments, the electrode potential is always 
positive of the point-of-zero charge. Thus, any extra charge 
developed in the droplet through the occurrence of the fara-
daic reaction (producing the  TPPD+• radical cation) is bal-
anced by the concerted release of nBu4N+ cations from the 
droplet to the aqueous phase. In this manner, the total num-
ber of ions inside the droplet remains constant, viz.:

in which NB refers to the nitrobenzene phase. The preferred 
expulsion of nBu4N+ rather than  TPPD+• is anticipated 
based on the Gibbs transfer energies across the liquid/liquid 
interface [25, 39, 77].

The occurrence of the small shift in the voltammetry 
after a double potential-step experiment (Fig. 10) is poten-
tially due to effects resulting from deprotonation/protona-
tion equilibria (since the cation radical may have a differ-
ent  pKBH+ to the parent), or to ion association effects, or 
to adsorption. Accordingly, experiments were undertaken 
in more dilute droplets, as illustrated in Figs. 11 and 12. 
Again, well-defined signals were obtained at TPPD concen-
trations of ca. 1.0 mM and 0.1 mM. In these experiments, 
the dilution causes a reduction in the mole fraction of the 
droplet that is oxidised, as observed through the transfor-
mation of shape the cumulative charge transients: from a 
“rolling” step to afford a plateau in Fig. 9, to the “sawtooth” 

(16)
TPPD(NB) − e−+nBu4N

+(NB) + CIO−
4
(NB)

⇄ TPPD⋅+(NB) + CIO−
4
(NB)+nBu4N

+(aq)

Fig. 8  Photograph (left) of a droplet of nitrobenzene containing 
TPPD (9.7 mM) and nBu4NClO4 (0.1 M) immobilised on the surface 
of a glassy carbon electrode and surrounded by a 0.1 M aqueous KCl 
solution. The electrode potential is 0.0 V vs. SCE. The plot (right) is 
of the co-ordinates of the liquid/liquid interface (red points) extracted 

manually, with the blue line being the equation of the circle that was 
altered to afford the best fit through minimisation of the standard 
mean absolute deviation between the experimental points and the the-
oretical line. The droplet volume was estimated as 463 ± 17 nL



Journal of Solid State Electrochemistry 

shapes in Fig. 11. However, these diluted droplets give rise 
to minimal shifts in the voltammetry before and the single, 
double pulse experiments. Moreover, no adsorption peaks 
are observable. These indicate that little, if any, change in 
the drop shape or contact angle occurs. However, as shown 
in Fig. 12, further potential-step excursions causes the vol-
tammograms to change shape drastically, consistent with an 
adsorption process occurring at the electrode surface (at ca. 
0.2 V vs. SCE), and with the resulting voltammetric peak 
shift in the main wave, consistent with a possible ion asso-
ciation effect.

Comparison of experimental transients and voltammet-
ric waveshape with the supported models developed in this 
work (see Fig. 13) reveal a reasonable agreement across the 
range of TPPD concentrations considered. The deviations 
between experiment and theory are likely due to the individual 

variations in the droplet size estimations from the multiple 
experiments, together with the treatment of the voltammgrams 
as electrochemically reversible. Non-ideal effects may also 
play a role [14]. The diffusion coefficients derived from the 
experimental data (voltammetry and chronoamperometry), 
3.5 ± 1.2 ×  10–6  cm2  s−1, are as expected for TPPD in nitroben-
zene (see “Experimental” section).

Given the chronoamperometric timescale considered, this 
agreement in diffusion coefficients suggests that natural con-
vection within the droplet does not play a significant role 
within these experiments. This must mean that the densities 
of the reactants and products are very similar and further 
point to limited ion association.

It follows that, experimentally, electrochemical goniome-
try can be estimated from the flowing currents, provided that 
the diffusion coefficient of the redox analyte used is known. 

Fig. 9  Transient electrochemi-
cal behaviour of the droplet 
illustrated in Fig. 8: a chrono-
amperometry, with the potential 
of the working electrode 
stepped from 0.0 V (10 s) to 
0.8 V vs. SCE; b cumulative 
charge passed, obtained through 
integration of the current/time 
transient. All experimental 
conditions identical to those 
reported in Fig. 8

Fig. 10  Left: cyclic voltammograms (scan rate of 0.1  V  s.−1) cor-
responding to the one-electron oxidation of TPPD for the droplet in 
Figure A. The black line was recorded before undertaking the dou-
ble potential-step (DPS) experiment illustrated in Fig.  9; the red 
line reports the results after the recording of Fig.  9. Right: Droplet 

profile from a repeat experiment, conditions are the same as those 
reported in Figs. 8 and 9: the position of the liquid/liquid interface, 
and how it varies with time under chronoamperometric oxidation (at 
0.8 V vs. SCE) is illustrated using black crosses (t = 0 s), blue circles 
(t = 250 s) and red triangles (t = 500 s)
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In order to confirm this, experiments were undertaken 
using benzonitrile as the solvent, since this solvent affords 
a higher diffusion coefficient for TPPD. Figure 14 depicts a 

supported (0.1 M nBu4NClO4) droplet of benzonitrile con-
taining ca. 9 mM TPPD freshly immobilised on the surface 
of a glassy carbon electrode and bathed by a 0.1 M aqueous 

Fig. 11  Transient behaviour of 
diluted TPPD in nitrobenzene 
droplets containing 0.1 M 
nBu4NClO4 bathed by 0.1 M 
aqueous KCl. Transients were 
recorded as reported in Fig. 9. 
The TPPD concentration was 
0.97 mM (upper panel) and 
97 μM (lower panel). Both the 
chronoamperometric transient 
(a) and the cumulative inte-
grated charge (b) are reported

Fig. 12  Cyclic voltammograms 
(scan rate of 0.1 V  s−1) cor-
responding to the one-electron 
oxidation of TPPD droplets in 
Fig. 11, with a TPPD concen-
tration of 0.97 mM (left) and 
97 μM (right). The black lines 
were recorded before undertak-
ing the double potential-step 
(DPS) experiment illustrated in 
Fig. 11; the red line reports the 
results after the recording of 
Fig. 11; the blue and the green 
voltammograms were recorded 
after one and two further double 
potential-step excursions
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KCl solution (pH ~ 6.5) 0.0 V vs. SCE. This system affords 
a similar contact angle to that of nitrobenzene (54 ± 5°), 
albeit with a slightly larger size (a = 1.00 ± 0.03  mm, 
h = 0.51 ± 0.02 mm). These sizes did not vary significantly 
during a pulsed oxidation (see Fig. 14).

Likewise, the amperometric transients and voltammo-
grams are well-defined (Fig. 15), with the former affording 
a greater extent (ca. 80%) of electrolysis in the same time 
period compared with the nitrobenzene case. This is sug-
gestive of faster transport rates in the benzonitrile droplets, 
as expected.

At ca. 10 mM TPPD concentration, although freshly 
immobilised droplets gave rise to little changes in the 

voltammetric waveshape on redox cycling over ten scans at 
0.1 V  s−1 (data not shown), a small shift occurred in the vol-
tammograms taken before and after a double, double poten-
tial-step experiment (see Fig. 15). As with the nitrobenzene 
case, this shift reduced on diluting the droplets (see Figs. 16 
and 17), with analogous changes occurring in the shape of 
the cumulative, integrated charge transients. Note that, in 
the case of the benzonitrile droplets, the experimental time-
scale for each step in potential was doubled for the case of 
the most diluted droplets (see Fig. 16).

In contrast with the nitrobenzene droplets, the occur-
rence of adsorption to the electrode is more apparent in the 
voltammetry, through both a small adsorption wave (at ca. 
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Fig. 13  Comparison between theory and experiment for the one-
electron oxidation of TPPD in supported benzonitrile droplets on 
glassy carbon using chronoamperometry (left) and voltammetry 
(right). Owing to the differences in droplet sizes, theoretical lines 
(black) were generated assuming a = 0.81  mm and h = 0.38  mm, 
yielding a contact angle of ca. 50° (cosθ = 0.639). For voltammetry, 
the diffusion coefficient employed was 2.1 ×  10–6   cm2   s−1, giving 
rise to p = 141.2. Experimental data correspond to TPPD concen-
trations of 9.7  mM (red circles), 0.97  mM (blue squares and green 
inverted triangles) and 97  μM (yellow triangles) for chronoamper-

ometry (left) and voltammetry (right). The diffusion coefficient used 
for the fitting process was 3.5 ± 1.2 ×  10–6   cm2  s.−1, with the formal 
potential being 0.62 ± 0.02  V  vs.  SCE. For ease of viewing, only 
selected points in the range 0.12–413 s (for chronoamperometry) or 
0.08  –  0.77  V  vs.  SCE (for voltammetry) are depicted. The sample 
size of the measurements for the chronoampermetric experiments, 
n, is 3  (c0 = 9.7 mM) and 4  (c0 = 0.97 mM and 97 μM); for voltam-
metric experiments, these are n = 1  (c0 = 9.7 mM and 97 μM) and 2 
 (c0 = 0.97 mM)

Fig. 14  Left: Photograph of a benzonitrile droplet containing TPPD 
(9.21 mM) and.nBu4NClO4 (0.1 M) immobilised onto a glassy carbon 
electrode surrounded by water containing KCl (0.1 M). Middle: plot 
of the co-ordinates of the liquid/liquid interface (red points) extracted 
manually, with the blue line being the equation of the circle that 
was altered to afford the best fit through minimisation of the stand-

ard mean absolute deviation between the experimental points and the 
theoretical line. The droplet volume was estimated as 961 ± 28  nL. 
Right: Droplet profile of the position of the liquid/liquid interface, 
and how it varies with time under chronoamperometric oxidation (at 
0.8 V vs. SCE) is illustrated using black crosses (t = 0 s), blue circles 
(t = 250 s) and red triangles (t = 500 s)
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0.2 V vs. SCE) and the non-systematic variations in the peak 
current between before and after pulsing (see Fig. 17).

There is good agreement between experimental drop-
let chronoamperometry with theory (see Fig. 18), giving 
rise to a diffusion coefficient for TPPD in benzonitrile of 
3.4 ×  10–6  cm2  s−1, which is in agreement with that deter-
mined experimentally (see “Experimental” section). Com-
pared with the nitrobenzene droplets, the lower degree of var-
iation in the data likely stems from a mixture of factors: First, 
there is less variation in the droplet sizes (a = 1.00 ± 0.03 mm, 
h = 0.51 ± 0.02 mm); second, fewer repeat measurements 
were made. Nevertheless, Figs. 13 and 18 evidence proof-
of-concept for electrochemical goniometry.

This approach to spherical cap goniometry relies on the 
knowledge of the diffusion coefficient of the redox analyte 
within the droplet and the base radius of the droplet, since, 
through Eq. (3), the contact angle and other size parameters 
are related. Likewise, through the definitions of the reduced 
current and time (potential) variables, experimental data can 
be reformulated in an iterative fitting process. We note that it 
is only through the dependency of the current on the contact 
angle that occurs at the three-phase boundary that electro-
chemical goniometry is achievable.

Inasmuch as the above process is useful, an equally impor-
tant determination is the size and shape of droplet deposits 
on electrodes, for which the only the contact angle is known. 
Here, theory (Fig. 6) can play a role through the voltammetry 
of a redox compound within the droplets. We note further 
that this approach can be extended to afford a distribution of 
droplet sizes that complements the inverse-space methods 
employed by Compton and co-workers [70, 100].

To explore this in practice, we consider the voltammetric 
curves of a supported TPPD/benzonitrile droplet of unknown 
size. This system gives an oxidative peak current that is 
more positive than that for nitrobenzene (Fig. 19), likely 

reflecting the difference in the ion transfer thermodynamics 
of the tetra-n-butylammonium cation across the liquid/liquid 
interface [6, 80, 101], in accordance with Eq. (16). Never-
theless, this peak current is directly proportional to the 
square root of the voltage sweep rate—a characteristic that 
is synonymous with diffusion control under the timescale 
considered (sweep rates of between 0.01 and 0.5 V  s−1, cor-
responding to electrochemical timescales of between 50 ms 

Fig. 15  Left: transient electrochemical behaviour of the droplet pho-
tographed in Fig.  14: a chronoamperometry, with the potential of 
the working electrode stepped from 0.0  V (10  s) to 0.8  V vs. SCE; 
b cumulative charge passed, obtained through integration of the 
current/time transient. Right: cyclic voltammograms (scan rate of 

0.1 V   s−1) corresponding to the one-electron oxidation of TPPD for 
the droplet photographed in Fig.  14. The black line was recorded 
before undertaking a double, double potential-step experiment; the 
red line reports the results afterwards

Fig. 16  Transient behaviour of TPPD in benzonitrile droplets contain-
ing 0.1 M nBu4NClO4 bathed by 0.1 M aqueous KCl. Transients were 
recorded as reported in Fig. 15. The TPPD concentration was 1.84 mM 
(upper panel) and 0.37 mM (lower panel). Both the chronoamperomet-
ric transient (a) and the cumulative integrated charge (b) are reported
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and ca. 2.5 s). However, both the oxidative peak potential 
 (Ep) and the half-peak width  (Ep-Ep/2) shift towards more 
positive values by ca. 40 and 24 mV  decade−1, respectively.
Fixing the contact angle as θ = 54.0° (cosθ = 0.943) allows 
for simulations using reduced variables close to the PD (pla-
nar diffusion) regime (see Fig.  20). This regime is 

characterised by �p

p
∼ 0.2232; �p ∼ 1.11; �p − �p∕2 ∼ 2.20 . As 

can be seen from Fig. 20, these characteristics, which hold 
for semi-infinite space, are altered by the restricted environ-
ment of the droplet. Accordingly, we employ the average 
value of �p

p

 for which 𝜓p

p

> 0.200 , viz. for 20 ≤ p ≤ 200. This 
gives the equivalent of the Randles-Ševčík equation for this 
restricted environment:

from which the experimental plot of oxidative peak current 
against the square-root of the scan rate directly provides a 
droplet base radius, a = 0.62 ± 0.01 mm, and From Eq. (3), 
h = 0.32 ± 0.01 mm, values which are approximately as 
expected. It is noticeable that the experimental variations 
of both the oxidative peak potentials and half-peak widths 
are larger than those of determined through simulation—
this is likely due to either ohmic drop or effects resulting 
from the electrode kinetics; the former are not considered 
in this work, whilst the latter are assumed to be fast in the 
simulations.

In returning to the theme promoted in the Introduction, 
we have seen that both voltammetric and chronoamperomet-
ric methods can be used for estimating the contact angle of 
the droplet on a conductive surface, bathed by an appropri-
ate electrolyte solution. However, as indicated, this requires 
knowledge of the basal radius of the droplet, the concentra-
tion of the electroactive species within the droplet and its 
diffusion coefficient, together with chronoamperometric or 
voltammetric measurements. This empowers the algorithm 
given in Fig. 21 to output the contact angle through, for 
example, a least-squares fit between experiment and theory.

As pointed out by a Reviewer, it is important to cri-
tique this proposed method and quantify the realistic 
uncertainty in the resulting contact angle. To do this, we 

(17)
�
p

p

= 0.2064 ± 0.0037

Fig. 17  Cyclic voltammograms 
(scan rate of 0.1 V  s−1) cor-
responding to the one-electron 
oxidation of TPPD droplets in 
Fig. 16, with a TPPD concen-
tration of 1.84 mM (left) and 
0.37 mM (right). The black 
lines were recorded before 
undertaking the double poten-
tial-step (DPS) experiment illus-
trated in Fig. 16; the red line 
reports the results afterwards

Fig. 18  Comparison between theory and experiment for the one-elec-
tron oxidation of TPPD in supported benzonitrile droplets on glassy 
carbon using chronoamperometry. The theoretical line (black) was 
generated assuming a = 1.00  mm and h = 0.51  mm, yielding a con-
tact angle of ca.  54° (cosθ = 0.943). Experimental data correspond 
to TPPD concentrations of 9.21  mM (red circles), 1.84  mM (blue 
squares) and 0.37  mM (yellow triangles). The diffusion coefficient 
used for the fitting process was 3.4 ×  10–6  cm2  s−1. For ease of view-
ing, only selected points in the range 0.3–440  s are depicted. Only 
one sample per TPPD concentration was recorded
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need to consider the relative uncertainties in each of the 
measured variables. Thus, for currents, we use a relative 
error of 5%, since this is the error in the determination 
of the peak or plateau current that is used classically for 
constructing kinetic zone diagrams [102]. For droplet 
size, since this is obtained through photography, we, and 
others [99], typically use the visible diameter of the elec-
trode as a scale (3.0 mm), giving a relative uncertainty of 
(100 × 0.05/3.0) ~ 2%. It is also important to recognise that 
any pinning of the contact angle will impact on this param-
eter so that multiple experiments with a fresh droplet each 

time should be undertaken. The relative uncertainty in the 
diffusion coefficient is as much as ~ 10% (Wilke–Chang 
approximation), or ~ 1% (viz. 100 × 0.05/5.0, for measure-
ments accurate to two significant figures). Measurement 
uncertainty in the concentration of redox analyte is a func-
tion of the tolerance of the glassware used and the balance 
employed: for 25 mL of solution, with a 1.0 mM concentra-
tion of analyte (of molar mass 500 g  mol−1), a four-figure 
balance affords an uncertainty of 0.4% in the mass, and a 
0.1% or 0.2% uncertainty in the glassware used to make the 
solution. This gives a relative error in concentration of ca. 

Fig. 19  a Cyclic voltammograms, at a glassy carbon electrode, at 
various scan rates, in the range 0.01–0.5 V  s−1, of a benzonitrile drop-
let containing 10.96  mM TPPD and 0.1  M nBu4NClO4, surrounded 
by a 0.1 M aqueous KCl electrolyte; b plot of oxidative peak current 

with the square-root of the scan rate; c variation of the peak oxida-
tive current with scan rate; d dependence of the half-peak width on 
the experimental timescale. In (b)–(d), m refers to the gradient of the 
straight line, with R2 being the coefficient of determination
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1%. Hence, the overall uncertainty [103] in the estimation 
of the dimensionless current is between 9 and 18%. As 
indicated in Eqs. (12) and (14), this is the uncertainty in 
the contact angle. The uncertainty in the Fourier number 
(for both chronoamperometry and voltammetry) is approxi-
mately the same 5–14%. Thus, to a best realistic estima-
tion, the error in the contact angle determined through 
Fig. 21 is ~ 10%. Although this is typically larger than those 
from commercial goniometry systems, we note that it can 

reduce, by almost half, if careful and skilful practice is 
employed for measuring currents, determining electrode 
size and preparing solutions of the electroactive species.

Conclusions

In this work, we have seen that electrochemical tools and 
techniques can be utilised for monitoring the size and shape 
of liquid droplets covering a conductive surface and bathed 
by a different, immiscible liquid. This has been verified 
through experimental measurements for two different drop-
let solvents bathed by aqueous solution. The reactivity at the 
triple phase boundary empowers a quantitative relationship 
between the contact angle and the observed current. How-
ever, practical systems need to be designed carefully, so as to 
ensure that transport within the droplet is well defined, and 
there are no opportunities for chemical instabilities to arise 
that may affect the transport regime. In the experimental 
systems considered, limited effects due to ion association 
and natural convection have been observed.

Despite the restricted nature of the droplet-modified elec-
trode, a key feature of the reactivity is that when the droplets 
contain a level of supporting electrolyte, there is a zone 
(p ~ 10–100) in which planar diffusion occurs. This causes the 
confined environment of the droplet to behave as though it is 
semi-infinite space above the circular disc of the droplet base. 
This is a profound change, since defined relationships between 
current and scan rate (in voltammetry) or time (in chronoamper-
ometry) exist, and their experimental observation is a function 

of the droplet volume, p =
3

√
3

�
V
cap

√
Fv

RT

3

√
(1+cos�)2

sin�(2+cos�)
 , Thus, 

for a droplet of just sub-microlitre volume (e.g. 920 nL) filled 
with an aqueous electrolyte and immobilised on a glassy carbon 
electrode under ambient conditions, the contact angle of 127° 

Fig. 20  Left: Simulated voltammograms for an electrochemically 
supported liquid droplet on an electrode surface with contact angle 
θ = 54.0° (cosθ = 0.943) containing a redox compound of known dif-
fusion coefficient, with (from top to bottom) p = 300, 200, 175, 150, 

125, 100, 75, 50, 35, 20 and 10, M: variation of ψp/p against p illus-
trating the approximately planar diffusion region for 20 ≤ p ≤ 200. 
Right: variation of the oxidative peak potential (red circles) and half-
peak width (blue squares) with timescale

Prepare droplet
on electrode

bathed by solution

Measure i/t,
or i/E with v

Measure a,
know D, c0, E0

Convert to
reduced variables;

fit to theory

Fig. 21  Flow diagram illustrating the proposed algorithm for electro-
chemical goniometry
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and analyte diffusion coefficient of 5 ×  10–6  cm2  s−1, which are 
typical conditions [99], voltammetry within the very limited, 
but typical [99], range of sweep rates from 0.01 V  s−1 to 
1 V  s−1, is essentially in the planar diffusion zone. This is why 
finite element simulations in two-dimensional space, but using 
one-dimensional equations for transport and flux [20], appear 
to work for the voltammetry of such droplets; we note that the 
use of the classical analytical expressions for one-dimensional 
transport would be both faster for analysis, and more accurate, 
[104] assuming diffusion-only transport occurs.
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