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A new method has been developed for measuring local adsorption rates of metal ions at interfaces based on
scanning electrochemical microscopy (SECM). The technique is illustrated with the example of Ag1 binding at
Langmuir phospholipid monolayers formed at the water/air interface. Specifically, an inverted 25 mm diameter
silver disc ultramicroelectrode (UME) was positioned in the subphase of a Langmuir trough, close to a
dipalmitoyl phosphatidic acid (DPPA) monolayer, and used to generate Ag1 via Ag electro-oxidation. The
method involved measuring the transient current–time response at the UME when the electrode was switched to
a potential to electrogenerate Ag1. Since the Ag1/Ag couple is reversible, the response is highly sensitive to local
mass transfer of Ag1 away from the electrode, which, in turn, is governed by the interaction of Ag1 with the
monolayer. The methodology has been used to determine the influence of surface pressure on the adsorption of
Ag1 ions at a phospholipid (dipalmitoyl phosphatidic acid) Langmuir monolayer. It is shown that the capacity
for metal ion adsorption at the monolayer increased as the density of surface adsorption sites increased (by
increasing the surface pressure). A model for mass transport and adsorption in this geometry has been developed
to explain and characterise the adsorption process.

Introduction

The process of metal ion binding at biomaterials (biosorption1)
is of widespread importance and relevance. Notable examples
include (trans-membrane) ion transport,2 the extraction of
toxic metals from industrial effluent,3,4 precious metal reclama-
tion5 and trace metal analysis.6,7 In cell biology, ion transfer
regulates cellular processes8 and the uptake of metal ions into
cells has been shown to be partly due to energy-dependent
transport, but also due to adsorption at particular functional
groups.9 The binding sites for metal ions at cell membrane
surfaces are often quite specific,10,11 with the carboxyl-termi-
nating group representing an important component in the
complexation of metal ions with cell membranes.10–14

The interaction of metal ions with phospholipid assemblies
has been further exemplified through studies at Langmuir
monolayers. Monolayers of phospholipids at the water/air
(W/A) interface are increasingly recognised as sufficiently
realistic models for cell membranes.15–19 Studies conducted at
acidic Langmuir monolayers at the W/A interface have shown
the adsorption process to depend on the ion concentration,20

monolayer composition21 and subphase pH,22 with trends
similar to those found in studies of biological cells.

Adsorption at Langmuir monolayers has largely been de-
duced via physical changes in the monolayer structure, ob-
served through the combination of techniques such as surface
pressure measurements,22,23 Brewster angle microscopy,23

ellipsometry,23 Fourier transform infrared spectroscopy,22

atomic force microscopy,24 Langmuir–Blodgett methods25

and neutron activated analysis.25 However, none of these
studies have provided information on the local kinetics of
ion adsorption. We have thus developed a technique to quan-
titatively determine metal ion uptake kinetics based on the use
of ultramicroelectrodes (UMEs) and scanning electrochemical
microscopy (SECM). Some of the unique features of
UMEs26–28 that make them suitable for measuring fast adsorp-
tion kinetics include high mass transport rates and fast
response time that enables measurements to be made on the
microsecond timescale (or shorter).29,30

In SECM, a UME is placed close to an interface of interest
and used to either perturb and/or monitor a process of inter-
est.31–36 Previous investigations of phospholipid monolayers
and related systems using SECM have included: induced
desorption (SECMID34) processes;37–39 induced transfer (SEC-
MIT40), to measure passive trans-membrane diffusion;41,42

double potential step chronoamperometry to investigate
trans-membrane diffusion.43,44 Several SECM techniques have
also been employed to measure lateral diffusion in Langmuir
monolayers.38,45–47

In the studies herein, we have applied the versatile nature of
SECM48 to study directly silver ion uptake kinetics and
measure the resulting surface coverage at a molecular mono-
layer. Silver ion binding was of interest for three reasons. First,
silver ions have previously been reported to have a high affinity
for cell membranes, with maximum adsorption at pH values
5–6,11,13 which is similar to the conditions employed for the
studies herein. Second, from a technical viewpoint, silver
microwires are readily available and compatible with the
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UME fabrication process. Third, the Ag/Ag1 couple is extre-
mely reversible and, as we demonstrate herein, this property
allows any interaction of Ag1 with a nearby interface to be
determined directly from the current response of an Ag elec-
trode undergoing anodic dissolution to form Ag1.

The experimental approach reported in this paper is to
position a silver UME probe close to the W/A interface (with
a deposited monolayer) in the subphase of a Langmuir trough.
The potential at the UME tip is stepped to a value where the
silver electrode undergoes anodic dissolution, and electrogen-
erated Ag1 diffuses away from the electrode vicinity, ultimately
establishing a steady-state current. For an inert interface, Ag1

diffusion is hindered by the interface. Thus, the current flow
needed to maintain the Ag1 concentration adjacent to the
electrode surface, at the level dictated by the electrode potential
of the reversible Ag/Ag1 couple, is greatly diminished com-
pared to the situation where the probe electrode is in bulk
solution. This scenario is expected for a clean W/A interface
(Fig. 1a). In bulk solution, without the influence of an inter-
face, the generation of Ag1 ions will ultimately form a hemi-
spherical diffusion field (Fig. 1b) resulting in a current ibulk.
The current, ibulk, will be greater than for the case of no uptake
(iinert) in Fig. 1a. In the case where Ag1 ions bind to the
monolayer (Fig. 1c) there will be an initial period of an
enhanced flux of Ag1 away from the UME towards the
monolayer until the surface binding sites become saturated.
At this point, the monolayer will become inert to further
uptake and so there will be a switch to the behaviour for an
inert interface. As we show in this paper through experiment
and theory, the distinct current–time characteristics for these
different cases are diagnostic of the rate and extent of Ag1

binding at the interface.

Theory

The theoretical model for the SECM response is based on a
Langmuirian adsorption process for Ag1 binding at the mono-
layer. It is assumed that only Ag1 ions generated at the
electrode adsorb at the monolayer. This assumption is justified
since the TMA1 cation, used as the subphase supporting
electrolyte, has only a weak binding affinity for the phospho-
lipid.46

A schematic (not to scale) of the simulation domain for the
adsorption of Ag1 ions, generated at a silver UME close to a
monolayer, is shown in Fig. 2. In the presence of an excess of
supporting electrolyte, the transport of Ag1 ions in the solu-
tion can be described as a time-dependent diffusion process.
The equation to be solved appropriate to the axisymmetric
cylindrical geometry of SECM is:

@c

@t
¼ D

@2c

@r2
þ 1

r

@c

@r
þ @

2c

@z2

� �
ð1Þ

where c andD are the concentration and diffusion coefficient of
the Ag1 ions, respectively, r and z are the radial and normal
directions relative to the electrode starting at its centre, and t is
time.
Initially no Ag1 ions are present in solution, therefore we

can write

t ¼ 0,0 r r r rs, 0 r z r d: c ¼ 0 (2)

where rs is the radius of the insulating glass sheath and d is the
distance between the electrode surface and the monolayer
interface. Since the generation of Ag1 is reversible at the
electrode, the boundary conditions at the electrode surface is:

0 r r r a, z ¼ 0, t 4 0: c ¼ cs (3)

where cs is the concentration of Ag1 ions at the electrode
surface and a is the electrode radius.
Since the insulating glass around the electrode is considered

inert to the Ag1 ions,

aor � rs; z ¼ 0; t40 : D
@c

@z

� �
¼ 0 ð4Þ

Further boundary conditions are the null radial flux at the axis
of cylindrical symmetry

r ¼ 0; 0 � z � d; t40 : D
@c

@r

� �
¼ 0 ð5Þ

and the assumption that no Ag1 ions will reach the edge of the
insulating glass of the electrode during the experiment,

r ¼ rs, 0 r z r d, t 4 0: c ¼ 0 (6)

This is a reasonable assumption considering the time interval
of the experiment and that rs E 10a. The boundary condition
at the monolayer is controlled by the binding of Ag1 ions

aN
@y
@t
¼ kacð1� yÞ ð7Þ

0 � r � rs; z ¼ d; t40 : D
@c

@z
¼ kacð1� yÞ ð8Þ

where N is the surface density of the phospholipids of the
monolayer, of which a fraction a is deprotonated, y is the
fraction of deprotonated phospholipids with bound Ag1 ions,
and ka is the kinetic rate constant for the binding process.
This formulation of the kinetic problem assumes that binding
occurs exclusively at anionic sites, which is reasonable, in light
of the results that follow. The adsorption process is treated as

Fig. 1 Schematic (not to scale) comparing diffusion of electrogener-
ated material (Ag1) from an UME to: (a) an inert interface; (b) into
bulk solution; (c) towards an interface where there is uptake of
material. In the case shown, the clean W/A interface is inert (a) and
hinders diffusion, resulting in a lower current (iinert) to maintain the
electrode surface concentration. In (b) Ag1 ions diffuse hemispherically
from the electrode surface and a current ibulk flows. In (c) the lipid
monolayer adsorbs Ag1 ions, so increasing the current with respect
to case (a).

Fig. 2 SECM axis-symmetric cylindrical geometry and coordinate
system used for the simulations, together with the schematic of
dipalmitoyl phosphatidic acid (DPPA).
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irreversible (no desorption), since we are interested in the
initial capture of Ag1 ions at the monolayer. The high excess
of Ag1 generated by the UME ensures that a flux of Ag1 ions
is directed towards the monolayer to drive the binding process.

The value of ka is usually considered to be constant if the
adsorption process follows simple Langmuir kinetics. How-
ever, since the interface is initially negatively charged and the
Ag1 binding neutralises the charge, the value of ka may depend
on the electric potential at the monolayer c0 (with respect to
the bulk solution) through

ka ¼ kia exp(�Fc0/2RT) (9)

where F is the Faraday constant, R is the gas constant and T
is the temperature of the system and kia is an intrinsic rate
constant. Here, the charge density (s), c0 relationship of
the monolayer is assumed to follow the Gouy–Chapman
model,37,49

s ¼ (8ee0RTI)
1/2 sinh(Fc0/2RT) r 0 (10)

where e and e0 are the relative dielectric permittivity and the
dielectric permittivity of the vacuum, respectively, and I is
the ionic strength of the solution, which is assumed to be set by
the supporting electrolyte. We provide a fuller consideration of
some of the issues involved in this formulation in the Appendix
and justify the approach taken.

The value of the surface charge density at the monolayer
depends on the surface density of deprotonated phospholipids,
aN, and on the fraction y of Ag1 bound

s ¼ aNF(y � 1) r 0 (11)

Eqns. (1) to (8) form the system of equations with their
boundary conditions that we need to solve for the simplest
case, with the addition of eqns. (9) to (11) if the adsorption
process is considered potential-dependent. This system was
solved numerically using the Finite Element Method for the
spatial variables and a ‘stiff’ Runge–Kutta method for the
time-dependence. The commercial package Femlabs, and
extension of Matlabs were used to this effect. For the simplest
case (potential independent rate constant), the problem was
also solved using the alternating direction implicit finite differ-
ence method,37 with identical results to the finite element
simulation.

Before proceeding to the numerical simulation of the system,
the equations were cast into dimensionless form using the
variables

t � D

a2
t; R � r

a
; Z � z

a
ð12Þ

C � c

cs
; f � aN

acs
; Ka �

kaa

D
ð13Þ

The diffusion equation then takes the form

@C

@t
¼ @

2C

@R2
þ 1

R

@C

@R
þ @

2C

@Z2
ð14Þ

and the initial condition is

t ¼ 0, 0 r R r Rs, 0 r Z r L: C ¼ 0 (15)

where Rs � rs/a and L � d/a, and the following boundary
conditions apply

0 r R r 1, Z ¼ 0, t 4 0: C ¼ 1 (16)

1oR � Rs; Z ¼ 0; t40:
@C

@Z
¼ 0 ð17Þ

R ¼ 0; 0 � Z � L; t40:
@C

@R
¼ 0 ð18Þ

R ¼ Rs, 0 r Z r L, t 4 0: C ¼ 0 (19)

0 � R � Rs; Z ¼ L; t40:
@C

@Z
¼ KaCð1� yÞ ð20Þ

The time-dependence of y is given by:

f
@y
@t
¼ KaCð1� yÞ ð21Þ

with the following initial condition:

t ¼ 0, 0 r R r Rs: y ¼ 0 (22)

The experimental method involved recording and analysing
the current–time behaviour of the UME probe, following the
potential step to electrogenerate Ag1. Consequently, the
normalised current at the electrode was calculated:

i

i1
¼ p

2

Z 1

0

r
@C

@Z

����
Z¼0

dr ð23Þ

where

iN ¼ 4nFaDcs (24)

is the steady-state current at a disk electrode for a n-electron
transfer process (n ¼ 1 for the anodic dissolution of Ag
forming Ag1).

Theoretical results and discussion

For the simplest case, where the adsorption rate constant is not
potential dependent, the UME current–time behaviour de-
pends on the distance between the electrode and the mono-
layer, L, the kinetic rate constant, Ka, and the fractional
surface concentration of deprotonated phospholipid, f. Fig.
3 shows the normalised current as a function of (normalised)
time for Ka¼ 5 and f¼ 0.1, and different values of the distance
(L ¼ 0.24, 0.32, 0.40, 0.48). The rate constant represents a
moderate value, where an effect of the adsorption on the UME
response is seen, but the process is well below the diffusion
limit. For a typical value of a ¼ 12.5 mm and cs ¼ 10�6 mol
cm�3, the value f ¼ 0.1 represents a surface site density of
about 1.25 � 10�10 mol cm�2. In the initial time interval,
before the electrogenerated Ag1 ions reach the monolayer, the
current values for all cases are equal because the behaviour is
simply governed by the diffusion of Ag1 away from the
electrode over a short distance compared to the tip to mono-
layer separation (predominantly planar diffusion on this time-
scale). Once Ag1 ions reach the monolayer the different cases
deviate from one another, on a timescale governed by the tip to
monolayer diffusion time, which is of the order of the square of
the normalised distance, L2. The interaction of the Ag1 ions

Fig. 3 Normalised current as a function of normalised time for
Ka ¼ 5, f ¼ 0.1, for dimensionless distances L (from bottom to top)
0.24, 0.32, 0.40, and 0.48.
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with the monolayer serves to enhance the flux of Ag1 away
from the electrode compared to the case where there is no
interaction (clean air/water interface), so increasing the current
compared to this inert interface limiting case.

As the monolayer tends towards saturation, the rate of the
adsorption process decreases and this is reflected in a decrease in
the current with time towards the behaviour for an inert inter-
face. Clearly, the shorter the tip to monolayer diffusion time
(closer the distance), the earlier is this limiting case reached. As in
previous studies of interfacial kinetics with SECM,31 the data in
Fig. 3 demonstrate that the current response of the probe
electrode becomes most sensitive to the interfacial process as
the tip-surface distance is decreased. Since the density of surface
sites could be an order of magnitude higher than considered here
for some systems, the data in Fig. 3 highlight the sensitivity of the
method to adsorption processes.

Fig. 4 shows effect of the rate constant, Ka, on the normal-
ised current–time behaviour for f ¼ 0.1 at a dimensionless
distance, L ¼ 0.24 (which corresponds to a typical distance of
3 mm in the experiments reported later, with a¼ 12.5 mm). As for
the data in Fig. 3, the initial current–time behaviour is essen-
tially Cottrellian for all cases, until a time is reached when the
diffusion field propagating from the probe electrode intercepts
the monolayer. Thereafter, the current–time response depends
on Ka. In the initial period, beyond t E 0.015, the larger the
rate constant, the higher is the current since there is an
increased flux of Ag1 away from the electrode as a conse-
quence of the faster adsorption process. However, since the
uptake of Ag1 by the monolayer also depends on the fraction
of the available sites, 1 – y, as the region of the monolayer
directly opposite the electrode tends to saturation, that part of
the interface begins to behave as an inert substrate, and so the
current value decreases. The larger the value of Ka, the faster is
the filling of the binding sites of the monolayer and so the
earlier the tendency towards the behaviour for an inert inter-
face. Thus, a time can be reached where the current for the case
with a larger rate constant may become smaller than that for a
system with a smaller rate constant. This can be seen in Fig. 4,
where the current for the highest value of Ka ¼ 10 crosses the
current for Ka ¼ 1 at t E 0.11. As further time elapses
saturation of the monolayer binding sites is achieved in all
cases and they tend, asymptotically, to behave like the system
with an inert substrate.

The dependence of the system, with respect to the surface
density of adsorption sites, or electrode-surface concentration of
Ag1, is shown in Fig. 5. This presents the normalised current, as
a function of normalised time, for different values of the para-
meter f, for L ¼ 0.24 and Ka ¼ 5. When cs and a are constant, f
represents the initial concentration of surface adsorption sites

(eqn. (13)). It can clearly be seen that the rate of uptake of Ag1

by the monolayer, and thus the normalised current, increases
with f. A longer period is also required for the monolayer to
reach the saturation point the larger the value of f.
Since the current–time behaviour depends on how the sur-

face binding sites are filled with time, it is informative to
examine the y–R–t relation for different values of Ka. The
fraction of Ag1 bound to the monolayer, y, is shown in Fig. 6
for normalised times 0.25, 0.50, 0.75, and 1.00, for f ¼ 0.1 and
L ¼ 0.24 with: (a) Ka ¼ 0.01; (b) Ka ¼ 10. These data show the
significant effect of the kinetic rate constant Ka (note the
different scale for y in (a) and (b)). The adsorption process
initially occurs predominantly in the region of the monolayer
directly opposite the electrode and of similar size to the
electrode radius until the saturation state, y ¼ 1, is reached.
Beyond this point, the adsorption region begins to widen with
time, as can be seen in Fig. 6(b). As sites are filled on the
surface further from the electrode, the concentration gradient
at the electrode becomes less steep, thus explaining the decrease
in current that is seen at medium to long times in current–time
transients, such as those in Figs. 4 and 5. The data in Fig. 6 also
indicate that the adsorption process can be localised by the
SECM method by judicious selection of the timescale of the
experiment.
To highlight the effect that the monolayer surface potential

may have on the adsorption process, Fig. 7 shows the normal-
ised current as a function of normalised time, considering a
simple process of Ka ¼ 5 (solid lines) and a potential-dependent
process with the value of Ki

a chosen so that Ka ¼ 5 when y ¼ 0
(dotted lines), i.e., initially both curves correspond to the same
value of the rate constant. The values of the constant para-
meters used in the latter case were T ¼ 300 K, I ¼ 0.05 M, and
e ¼ 80 (set to the value for pure water). The distance was set to
L ¼ 0.24 and the cases of f ¼ 0.1 (bottom lines) and f ¼ 0.4
(top lines) are considered. The surface density of deprotonated

Fig. 4 Normalised current as a function of normalised time for L ¼
0.24, f ¼ 0.1, and the dimensionless kinetic rate constants Ka (from
bottom to top) 0.01, 0.1, 1, and 10.

Fig. 5 Normalised current as a function of normalised time for L ¼
0.24, Ka ¼ 5, and the dimensionless surface concentration of phospho-
lipids f (from bottom to top) 0.05, 0.1, 0.2, and 0.4.

Fig. 6 Fractional surface coverage of Ag1 at a target interface as a
function of r/a for normalised times (from left to right) of 0.25, 0.50,
0.75 and 1.00. Simulations were run with L ¼ 0.24, f ¼ 0.1, and
Ka ¼ 0.01 (a) and Ka ¼ 10 (b). (Note the difference in the scale.)
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sites aN has been estimated as facs with a ¼ 12.5 mm and cs ¼
10�6 mol cm�3. Initially, the current for both cases is the same,
but as Ag1 ions bind to the monolayer, the negative charge is
neutralised and so the rate constant for the potential-depen-
dent process decreases (see eqns. (9)–(11)). This explains the
lower current of this process, once it deviates from the poten-
tial-independent case. As for the effect of Ka in the potential-
independent process (see above, especially Fig. 4), a higher
value of the rate constant leads to a faster saturation of the
monolayer with Ag1 ions. Thus, when comparing the poten-
tial-dependent and potential-independent cases, a time is
reached where the current for the latter is lower than for the
potential-dependent process (which is slower at intermediate
times).

It is also evident from Fig. 7 that the extent to which the
current–time characteristics for the two models are different
depends largely on the value of aN, which, in turn, governs the
potential of the monolayer. For relatively low aN, it is clear
that the effect of surface charge on the current–time behaviour
is a minor consideration.

Previous SECM studies of adsorption–desorption processes
have involved the analysis of raw current–time data.37,38

However, the current signal is convoluted by both the adsorp-
tion process and diffusion in solution. To essentially remove
diffusional contributions, we suggest that the difference be-
tween the total charge generated at the electrode when adsorp-
tion occurs compared to a clean W/A interface, Qr is
considered. Theoretically, this magnitude can be obtained by
integrating the values of the current difference between the case
with a monolayer, imonolayer, and that with a clean W/A inter-
face, iclean

QrðtÞ ¼
Z 1

0

dt0½imonolayerðt0Þ � icleanðt0Þ� ð25Þ

Since the calculation of Qr implies integration with time, the
treatment of data in this way will also be advantageous in
eliminating some of the noise in experimental transients, as the
noise will partially cancel, with the addition of the current
values at the different times. To determine the sensitivity of Qr

with respect to the parameters of the system, Figs. 8 and 9
show the dependence of the normalised charge difference
Qr/QN, where QN � (a2/D)iN, with Ka and f, respectively.
The dependence of the generated charge difference with respect
to Ka can be seen in Fig. 8, where the values of Qr/QN as a
function of normalised time are shown for L ¼ 0.24 and
f ¼ 0.1, for several values of the dimensionless rate constant,
Ka. Note that the values of Qr/QN do not cross, with respect to

time, for the two higher constants as they did for the normal-
ised current versus time (see Fig. 4). It can be seen that the
difference in generated charge is very sensitive to the rate
constant when the system is far from the diffusion-limit region
(Ka is small), but that some of this sensitivity is lost as the
diffusion-limit is approached by the system. Finally, Fig. 9
shows the values ofQr/QN as a function of normalised time for
L ¼ 0.24, Ka ¼ 5, and different values of f. It can be seen that
the quantity Qr/QN versus time is particularly sensitive to the
value of f.

Experimental section

Materials

Tetramethylammonium nitrate (TMANO3, Z 98%) was pur-
chased from Alfa Aesar. L-a-phosphatidic acid dipalmitoyl
(DPPA, Z 99%) was acquired from Sigma-Aldrich. Methanol
(AnalaR Z 99.8%) and chloroform (HiPerSolv for HPLC
Z 99.8%) were purchased from BDH. All chemicals were used
as received and aqueous solutions were prepared using purified
Milli Q (Millipore Corp.) reagent water, which had a resistivity
Z 18 MO cm.

Apparatus and instrumentation

All electrochemical measurements were carried out in a Lang-
muir trough (Model 611, Nima Technology, Coventry, UK)
shielded within a Faraday cage at ambient temperature (22 �

Fig. 7 Normalised current as a function of normalised time for a
simple (potential-independent) adsorption process with Ka ¼ 5 (solid
line) and a potential-dependent process with Ka ¼ 5 when y ¼ 0 (dotted
line), for L ¼ 0.24 and two values of f: 0.1 (bottom lines) and 0.4
(top lines).

Fig. 8 Normalised charge difference between a system with and
without a monolayer generated at the electrode as a function of
normalised time for L ¼ 0.24, f ¼ 0.1, and the dimensionless kinetic
rate constants Ka (from bottom to top) 0.01, 0.1, 1, and 10.

Fig. 9 Normalised charge difference between the electrode response
for a system with and without adsorption as function of normalised
time for L¼ 0.24 and Ka¼ 5. Dimensionless surface concentrations are
considered of f (from bottom to top) 0.05, 0.1, 0.2, and 0.4.
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1 1C) in an air conditioned room. The submarine UME tip was
a 25 mm diameter Ag disc prepared according to a procedure
described previously.40,50 The UME tip geometry was char-
acterised by a ratio rs/a ¼ 10 (ratio of the diameter of the
surrounding insulating sheath to that of the electrode).51 The
submarine electrode was positioned using a set of x,y,z stages
(M-462, Newport Corp., CA) and a piezoelectric z-positioner
and controller (Models P843.30 and E662, Physik Instrumente,
Waldbronn, Germany). The inverted UME was positioned
with respect to the W/A interface, using a holder comprised
of a glass capillary tube inserted into a Teflon block (Fig. 10).
Current–voltage curves and chronoamperometric data were
acquired using a bipotentiostat fitted with a low current
module (CH instruments, Model 730A, Austin, TX).

Procedures

Langmuir trough and subphase preparation. The trough was
cleaned using a lint-free tissue saturated with chloroform and
then rinsed thoroughly with water. The W/A interface was
swept clean by closing the barriers of the trough and contami-
nants were removed using a water vacuum pump. This proce-
dure was repeated until no rise in surface pressure occurred
during the compression stage. TMANO3 was dissolved in
purified water to serve as a 0.05 M subphase and background
electrolyte. The pH of the subphase was recorded prior to the
experiment.

Ag
1
ion generation and electrochemical measurements. Cur-

rents were measured in a two-electrode system at a 25 mm
diameter silver disc submarine UME, with a chloridised silver
wire acting as a reference electrode. For the generation of silver
ions, a potential step was used to induce the anodic dissolution
of the silver electrode and the resulting current was measured.
The potential of the electrode was initially held at �0.20 V,
where no faradaic processes occurred, for 10 s prior to the
potential step. The current was monitored after the potential
was stepped to 0.16 V, typically for a time period of 0.25 s.
Current values were recorded every 0.0005 s, for the transient
duration.

Distance calibration. As highlighted in ‘Theoretical results
and discussion’, the distance between the UME and interface is
a key variable that needs to be known if kinetic parameters are
to be derived from experimental current–time transients. The

induced transfer of O2 across a clean W/A interface using
SECM, has been demonstrated to be an effective technique
when determining the distance between an UME and the W/A
interface.40 However, the presence of a compressed monolayer
retards oxygen transfer across the W/A interface in a manner
that is highly sensitive to surface pressure.40 In a previous study
we observed that the presence of a DPPA monolayer at the
interface hindered the transfer of O2 as reflected in the current
response.41 We also found that if oxygen reduction measure-
ments were made at the UME, then subsequent silver anodic
dissolution transients showed a non-ideal response, as evident
from behaviour recorded with the probe positioned in bulk
solution and against a clean W/A interface. We tentatively
attribute this to the formation of a silver oxide on the electrode
surface, brought about by the basic conditions (EpH 11).52

To avoid the above complications, the distance from the
interface was determined using the normalised long-time limit-
ing current measured by chronoamperometric transients,
which was then fitted to the theoretical response for the
generation of Ag1 ions at an inert interface. This is reasonable,
based on the theoretical results presented above, which showed
that monolayer sites will become saturated at long times.
The UME was initially positioned in bulk solution and the

transient current response for Ag1 ion generation was mea-
sured. The electrode was then brought towards a clean W/A
interface in a step-wise fashion (step size E 10 mm) using a
micrometer, with a transient for Ag anodic dissolution mea-
sured at each distance, until a change from the bulk response
was measured. From this point, the UME was moved more
accurately using the piezoelectric positioner (step size E 0.5
mm). A wait time (E1 min) between transients was employed to
allow the diffusion of Ag1 ions away from the electrode-
interface region. After recording a series of transients at
numerous distances from the interface, the UME was retracted
to bulk solution to allow for the lipid monolayer to be spread
at the interface.

Langmuir film preparation. A known volume (70 ml) of a 0.9
mg ml�1 DPPA spreading solution, made from a 1 : 4 (v/v)
methanol : chloroform solvent, was evenly presented to the
subphase using a microsyringe (100 ml volume, Hamilton,
Reno, NV). DPPA solutions were prepared on the day of use
and stored at o0 1C. The spreading solvent was allowed to
evaporate for 20 min prior to monolayer compression. Pressure–
area isotherms were obtained by compressing the monolayer at
a continuous speed of 25 cm2 min�1, whilst monitoring the
surface pressure using a Wilhelmy plate.

Ag1 generation at the Langmuir film. For SECM measure-
ments the monolayer was held at pressures of 10, 20 and 30 mN
m�1. At each pressure, the UME was brought towards the
monolayer in the same step-wise method used at the clean W/A
interface. However, it is important to mention that between
each Ag1 generating transient, the electrode was translated
laterally (E3 mm) to a different region of the Langmuir film.
This was done to eliminate any possible effects due to tran-
sients made previously at the lipid monolayer. In addition, care
was taken to avoid contacting the lipid monolayer with the
UME, which was observed to cause electrode blocking. This
could be avoided by monitoring the current recorded at long
times, when adsorption sites are saturated and the monolayer
behaves as an inert interface.

Experimental results and discussion

Ag
1
generation transients at an inert interface

The method proposed required that the current–time response
for Ag1 electrogeneration was well-defined and characterised.

Fig. 10 Schematic of a submarine Ag UME and holder positioned
adjacent to the W/A interface.
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Initial current–time curves for the anodic dissolution of the Ag
UME were thus recorded with the electrode positioned at
different distances from a clean W/A interface. In comparing
experiment with the theoretical simulations, the following
constants were used: D ¼ 1.5 � 10�5 cm2 s�1, a ¼ 12.5 mm,
and rs ¼ 10a.

Fig. 11 shows typical experimental transients and theoretical
fits to the curves, assuming simple hindered diffusion at an
inert interface (i.e. strictly the model outlined herein with a no-
flux boundary condition at the substrate, or eqn. (20) with
Ka ¼ 0). The top curve corresponds to the bulk solution while
the bottom one corresponds to the smallest distance between
the electrode and the interface. The steady-state current in the
bulk solution, iN was the only unknown involved in fitting the
bulk solution current–time transient, and for the case in Fig. 11
this was iN ¼ 6.5 nA. From this value the Ag1 concentration
at the electrode was obtained from eqn. (24), cs ¼ 0.9 mM.
With cs fixed, the distance between the surface of the probe
electrode and the clean interface was used as the fitting para-
meter for the rest of the measurements. The precise distances
used can be found in the caption to Fig. 11, which identifies a
closest distance of 3.0 mm between the electrode and the
interface. The fit between experiment and theory is highly
satisfactory over most of the timescale of the measurements.
At the shortest times, the experimental current is consistently
higher than predicted from the model, and this is attributed in
the main to charging effects. This discrepancy is accounted for
reasonably in the experimental analysis which follows, since
the approach utilised relies on current-difference plots obtained
from transients at the same distance with and without a
monolayer present, to obtain the adsorption charge, Qr as
outlined in ‘Theory’. Thus, the current due to background
processes in each case is effectively eliminated. Nonetheless, it
is important to note that there is excellent agreement between
experiment and theory on a timescale of a few ms and longer
in Fig. 11.

Pressure–area isotherm for a DPPA monolayer

A typical isotherm for a DPPA monolayer is shown in Fig. 12,
from which it is clear that for molecular areas greater than 85
Å2 per molecule the surface pressure is close to zero. As the
area becomes smaller, there is first a transition from a liquid-
expanded to liquid-condensed phase, based on previous similar

deductions on a pH 6 water subphase at 25 1C.53 Further
compression brings the DPPA molecules closer together, caus-
ing the pressure to rise up to a collapse pressure of 47.5 mN
m�1, which is reasonably close to values reported for a DPPA
monolayer on pure water (53 mN m�1).53 The limiting mole-
cular area at the collapse pressure is obtained by extrapolation
of the isotherm to zero pressure and was determined as 44 Å2

per molecule, which is close to previously reported values for
DPPA on pure water at pH 6 (42 � 2 Å2 per molecule).54

The pressure–area isotherm was used to estimate the surface
site density, N, for the SECM measurements. The area per
molecule at surface pressures of 10, 20, and 30 mN m�1, used
for the SECM experiments are 50, 44, and 40 Å2 per mole-
cule, respectively, and the corresponding values of N are
3.3 � 10�10, 3.8 � 10�10, and 4.2 � 10�10 mol cm�2.

Ag
1
generation transients at a DPPA monolayer

Measurements were made at the closest possible distance
(3 mm) from the DPPA monolayer, to ensure that the SECM
technique operated with greatest sensitivity. Fig. 13 shows
typical transients, presented as normalised current (with iN ¼
6.5 nA) as a function of time for a DPPA monolayer at surface
pressures of 10 mN m�1, 20 mN m�1 and 30 mN m�1. The
behaviour for a clean W/A interface is also shown for compar-
ison. It can clearly be seen that at the shortest times (up to ca. 2
ms) the currents recorded in each of the transients coincide.
This is because on this timescale the diffusion field from the tip
electrode does not reach the interface, and so the latter has no
effect on the response. Thereafter, for times up to about 30 ms,
the current with the monolayer present, at all of the pressures
considered, is higher than for the clean W/A interface. The
enhanced current with the lipid monolayer can be attributed to
Ag1 uptake at the monolayer. At times beyond ca. 30 ms, the
behaviour tends towards the response based on hindered
diffusion (clean W/A transient), which can be attributed to
the adsorption sites tending to saturation. The excellent agree-
ment between all of the transients at long times indicates
that they were recorded at essentially the same tip–interface
separation.
To obtain quantitative information on the adsorption pro-

cess, we consider the analysis of data in terms of the quantity
Qr, which is the accumulated charge difference between tran-
sients recorded with and without a monolayer present. The
data from Fig. 13, for the three surface pressures are presented
in this manner in Fig. 14, using the clean W/A interface
transient in Fig. 13 as the reference signal. The data in Fig. 14

Fig. 11 Measured normalised current as a function of time for the
anodic dissolution of an Ag UME positioned at different distances
from a clean W/A interface. The current steady-state current, iN ¼ 6.5
nA was derived from the bulk transient response (top curve). The
fitting of the remaining transients used the distance d as the only
variable, with best fits obtained for (from bottom to top) 3 mm, 5 mm,
7.5 mm, 9 mm, 11 mm, and 13 mm. In all cases, theory is represented by
the solid smooth curves.

Fig. 12 Pressure–area isotherm of dipalmitoyl phosphatidic acid
(DPPA) spread on a 0.05 M tetramethylammonium nitrate aqueous
subphase at pH 6.
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have been fitted to the two models: (a) the simple (potential-
independent) adsorption process; and (b) a potential-depen-
dent adsorption process.

The differences between the three series of measurements are
quite clear when the data are presented in the form of Fig. 14,
allowing us to obtain quantitative data of the uptake of Ag1

ions by the monolayer. To fit the experimental values with the
numerical simulations a fixed distance of 3.0 mm was set, as
estimated by the hindered diffusion theory at the clean W/A
interface. Given that both the rate constant and concentration
of binding sites are variables, in fitting the data, we set a
restriction that the value of the kinetic rate constant should be
used for the three cases and changed the value of the concen-
tration of binding sites. The fits shown in Fig. 14(a) for the
simple potential-independent model, are for Ka ¼ 15 (equiva-
lent to ka ¼ 0.18 cm s�1), which is just below—but distinguish-
able from—the diffusion limit. The fraction of binding sites
obtained from the model was f ¼ 0.055, f ¼ 0.068, and f ¼
0.082, for surface pressures of 10 mN m�1, 20 mN m�1, and 30
mN m�1. Taking into account the change in area per molecule
with surface pressure, this corresponds to a reasonably con-
stant percentage of deprotonated phospholipids of 20 � 2 %,
respectively, under the assumption of a simple (potential-
independent) adsorption process. When a potential-dependent
adsorption process is considered (Fig. 14(b)), the value of the
intrinsic rate constant is estimated as Ki

a ¼ 5 (equivalent to
kia ¼ 0.06 cm s�1), with the same values of the surface density
of adsorption sites as in the potential-independent case. Note
that there is very little difference in the goodness of fits for
a potential-independent and potential-dependent models due
to the low fixed charge concentration at the monolayer.

Conclusions

SECM chronoamperometry has proven an effective technique
for the measurement of silver ion adsorption kinetics at inter-
faces, illustrated through studies of Ag1 binding to a DPPA
Langmuir monolayer. The technique relies on the reversibility
of the Ag/Ag1 redox couple; the current for Ag1 electroge-
neration at an Ag UME is sensitive to the diffusive flux of Ag1

away from the electrode surface which, in turn, is affected by
any interaction of Ag1 with a nearby interface. For Ag1

binding to DPPA, the binding capacity of the monolayer was
found to increase with surface pressure, which served to
increase the density of adsorption sites. The adsorption process
was described reasonably well as an irreversible process, with a

rate constant of 0.18 cm s�1, which was just distinguishable
from the diffusion-controlled case.
There is scope for using this type of approach to study other

adsorption and binding processes, where the adsorbate ion (or
molecule) can be made part of a reversible electrode process.
For example, it might be possible to use the stripping of heavy
metal ions from mercury electrodes to study their interaction
with interfaces. Building on preliminary work on Ag1 ion
adsorption and Ag metal deposition on pyrite,55 we shall
report further, in due course, on the use of this approach to
study the kinetics of metal particle formation at several types of
interfaces.

Appendix

In electrochemical reactions, the evaluation of the surface
concentrations to be used in the kinetic equations needs to
take into account electrical double layer effects; this is known
as the Frumkin correction. When the reaction surface is
uniformly charged, the surface potential (i.e., the potential
drop in the electrical double layer) can be evaluated from the
Gouy–Chapman theory. However, when using the SECM to
study heterogeneous kinetics, it is found in several systems
(e.g., in the protonation of phospholipid monolayers46 or in
redox processes in metallopolymer thin films56) that the surface
charge density is non-uniform. This means that the electric field
is no longer just normal to the surface; it also has a component
parallel to the surface. Moreover, the effect of the electrical
double layer on the surface concentration can no longer be
easily evaluated because the relation between the local surface

Fig. 13 Measured normalised current–time response for the anodic
dissolution of an Ag UME under potential step control, with the UME
positioned 3 mm from the following interfaces: clean W/A interface
(bottom line); and a W/A interface with a phospholipid monolayer at
surface pressures of (from bottom to top) 10 mNm�1, 20 mNm�1, and
30 mN m�1.

Fig. 14 Experimental charge difference, Qr (dotted lines) as a function
of time for a DPPA monolayer at surface pressures of (from bottom to
top) 10 mN m�1, 20 mN m�1, and 30 mN m�1. The best theoretical fits
(solid lines) were obtained as outlined in the text considering either a
simple (potential-independent) adsorption process (a) or a potential-
dependent adsorption process (b).
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charge density and the local surface potential is unknown.
Since a correct procedure to deal with this problem is lacking
(or too complicated), it is often accepted that the Gouy–
Chapman equation can still be used to relate the local surface
charge density and the local surface potential, even though
they vary along the surface and the Gouy–Chapman equation
is strictly valid only for uniformly charged surfaces.37 To the
best of our knowledge, sound arguments that support the
validity of this procedure have not been discussed in the
literature and, therefore, we find it convenient to provide a
validity criterion. Since we have in mind its application to
SECM studies, this is done for a system with cylindrical
symmetry.

The Poisson–Boltzmann equation in the solution adjacent
to the reaction surface in the case of a 1 : 1 supporting electro-
lyte is

1

r

@

@r
r
@j
@r

� �
þ @

2j
@x2
¼ k2 sinhj ðA1Þ

where r is the radial distance to the microelectrode axis, x is the
distance to the reaction surface, j � Fc/RT is the electric
potential in RT/F units, k � [2F2I/ee0RT]

1/2 is the Debye
parameter, and I is the supporting electrolyte molar concen-
tration. The boundary condition at the reaction surface is

@j
@x

����
x¼0
¼ � F

ee0RT
sðrÞ ðA2Þ

where s(r) is the surface charge density, which depends on the
radial position.

If the surface charge density was uniform, the solution
to this electrostatic problem leads to the Gouy–Chapman
equation

js � jðx ¼ 0Þ ¼ 2 arcsin h
sF

2ee0kRT
: ðA3Þ

When the surface charge density is non-uniform, the radial
gradient of the electric potential at the reaction surface can be
approximately estimated as

@j
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x¼0
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dr
¼ 2

ds
dr

d

ds
arcsin h

sF
2ee0kRT

� �

¼ � ds
dr

F

ee0kRT
1

coshðjs=2Þ : ðA4Þ

The Gouy–Chapman equation is expected to be approxi-
mately valid (for non-uniformly charged surfaces) when this
radial gradient is much smaller (in magnitude) than the axial
gradient given by eqn. (A2), that is, when

ds
dr

����
����� s

k

��� ��� ðA5Þ

for cases where cosh(js/2) Z 1. Eqn. (A5) means that the
length scale for the radial variation of the surface charge
density must be larger than the Debye length in solution
(i.e. the reciprocal of the Debye parameter).

The mathematical consistency of this derivation requires
that the first term in the left hand side of eqn. (A1), when
approximately evaluated as (1/r)d(rdjs/dr)/dr, must be much
smaller than the right hand side of this equation. This has been
checked numerically for some functions s(r) and found to be
satisfied when eqn. (A5) is fulfilled.
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