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Abstract: This study reports on the electrochemical characterisation of 

dioleoyl phospatidylcholine (DOPC) bilayer structures on a negatively 

polarised mercury (Hg) electrode. The bilayers are stable on the Hg 

surface between -1.0  and -1.3 V applied potential. The  experimental 

approaches were:- (i) Rapid cyclic voltammetry to "fingerprint" the 

bilayers, (ii) Potential step experiments to record Zn2+ reduction and, 

(ii) Electrochemical impedance. The results show the following. Both the 

specific  capacitance (5 microF cm-2) and the specific resistance  of the 

bilayer are higher and lower respectively than that of a defect-free free 

standing DOPC bilayer. This  indicates the presence of  water and ions  

in the bilayer within an applied  negative field. The bilayer's 

resistance to  electrolyte  movement decreases with increase in negative 

potential to a minimum at - 1.3 V. The DOPC bilayer is less permeable to 

Zn2+ ions compared to the DOPC monolayer coated electrode at applied 

negative potentials and its permeability to Zn2+ increases with an 

increase in  negative applied potential. The specific  capacitance of  

the bilayer increases to about 7.5 microF cm-2 with increase in applied 

negative potential showing   the increasing significance  of water in the 

bilayer commensurate with its  increased permeability to ions.  

Adsorption of SiO2 nanoparticles on the bilayer surface  causes a step 

negative potential  shift in the anodic capacitance current bilayer 

reformation peak indicating an acceleration of the bilayer reformation 

process. 
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Stable DOPC bilayers can be deposited on Hg between  -0.9 and -1.3 V 
 
Bilayer specific capacitance increases  from 5 to 7.5 F cm-2 between  -1.0 to -1.3 V 
 
Extra capacitative element identified with movement of  electrolyte  in bilayer pores 
 
Resistance decreases and  Zn2+ permeability increases between -1.0  and -1.3 V 
 
SiO2 adsorbs on bilayer and accelerates bilayer reformation on anodic scan 
 

 

Research Highlights



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

 1 

Phospholipid bilayers at the  mercury (Hg)/water interface 

Ashi Rashida, Alexandre Vakurov and Andrew Nelson*  

apresent address, University of Engineering and Technology, Lahore, Pakistan. 

*corresponding author, a.l.nelson@leeds.ac.uk 

School of Chemistry, University of Leeds, Woodhouse Lane, LS9 2JT, Leeds, UK 

 

Abstract 

This study reports on the electrochemical characterisation of dioleoyl phospatidylcholine (DOPC) 

bilayer structures on a negatively polarised mercury (Hg) electrode. The bilayers are stable on the 

Hg surface between -1.0  and -1.3 V applied potential. The  experimental approaches were:- (i) 

Rapid cyclic voltammetry to “fingerprint” the bilayers, (ii) Potential step experiments to record Zn2+ 

reduction and, (ii) Electrochemical impedance. The results show the following. Both the specific  

capacitance (5 F cm-2) and the specific resistance  of the bilayer are higher and lower respectively 

than that of a defect-free free standing DOPC bilayer. This  indicates the presence of  water and 

ions  in the bilayer within an applied  negative field. The bilayer’s resistance to  electrolyte  

movement decreases with increase in negative potential to a minimum at -1.3 V. The DOPC bilayer 

is less permeable to Zn2+ ions compared to the DOPC monolayer coated electrode at applied 

negative potentials and its permeability to Zn2+ increases with an increase in  negative applied 

potential. The specific  capacitance of  the bilayer increases to about 7.5 F cm-2 with increase in 

applied negative potential showing   the increasing significance  of water in the bilayer 

commensurate with its  increased permeability to ions.  Adsorption of SiO2 nanoparticles on the 

bilayer surface  causes a step negative potential  shift in the anodic capacitance current bilayer 

reformation peak indicating an acceleration of the bilayer reformation process. 

Keywords,  DOPC bilayers; Hg; negative applied potential; Zn2+ chronoamperometry; 

electrochemical impedance. 
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1. Introduction 

Model lipid bilayers have been investigated extensively over the past few decades to develop an 

understanding of the properties and function of biomembranes. These model lipid bilayers vary 

from free standing vesicles [1] to   free-standing bilayers [2]  to bilayers supported on various solid 

substrates such as gold [3,4] and mica [5,6] directly or via linkers. Using mercury (Hg) as a 

substrate, tethered lipid bilayers have been developed and investigated using different tethering 

materials such as alkanethiols [7-13], polymers [14] and peptides [15]. Only monolayers of 

phospholipid adsorb on Hg at potentials around the position of zero charge (PZC) of ~ -0.4 V vs 

Ag/AgCl [16]. The potential dependent  formation of a dioleoyl phosphatidylcholine (DOPC) 

bilayer on the surface of Hg at the electrolyte interface has been reported recently at applied 

potentials more negative than  -0.9 to -1.0 V due to favourable energetics [17] and is consistent with 

physicochemical and thermodynamic predictions [18,19]. This DOPC bilayer on Hg was 

characterised  using rapid cyclic voltammetry (RCV) and atomic force microscopy (AFM) [17].  

Using  RCV, the DOPC bilayer on Hg has been shown to exhibit a constant low capacitance region 

from -1.0 V to -1.3 V followed by a sharp, well-defined cathodic capacitance current peak due to 

the breakdown of the bilayer at about -1.3 V. A reverse anodic process  is represented by an anodic 

capacitance current peak showing marked hysteresis [17]. These bilayers are stable in the potential 

domain from -1.0 V to -1.3 V and are unstable at more positive potentials  than -0.9 V due to a 

spontaneous  conversion to a monolayer. AFM studies have shown that the thickness of the bilayer 

is 6.5  to 7 nm with 95 % coverage in voltage range from -1.0 V to -1.35 V decreasing to 2.5 to 3 

nm  following the cathodic capacitance current peak at higher negative potentials without a change 

in coverage [17]. The reverse process is observed by the AFM study as bilayer reformation.   

 

This present investigation  aims to characterise these bilayers electrochemically in a more detailed 

manner using Zn2+ reduction at, and electrochemical impedance of, the  bilayer coated Hg surface. 

This is the first study to our knowledge which  reports on the electrochemical characterisation of a 
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DOPC bilayer structure directly and non-covalently supported on the surface of the Hg electrode. 

Non-covalently bound bilayers are a significant advance to tethered bilayers since they more closely 

represent the biomembrane structure  with  symmetrical conformation  allowing free mobility of the 

phospholipid on the ultra-smooth Hg. 

 

2. Experimental 

2.1. Materials and methods 

The electrolyte, KCl (0.1 mol dm-3) was prepared from KCl (Fisher Chemicals Ltd.) calcined at 600 

oC in a muffle furnace and dissolved in 18.2 M MilliQ water containing 0.001 mol dm-3 phosphate 

at pH 7.4 and was used in all the experiments except for the Zn2+ reduction studies where phosphate 

was not added to avoid precipitation of Zn (II) in the electrolyte solution. For  the Zn2+ reduction 

experiments,  ZnCl2 (Sigma Aldrich) was employed to prepare a 0.2 mol dm-3 stock solution using 

18.2 M MilliQ water. The electrolyte solution was purged with argon gas for 15 to 20 minutes 

prior to experiment. After deaeration, a blanket of argon gas was maintained above the fully 

deaerated solution to avoid penetration of any oxygen into the solution during all experiments. A 

DOPC solution (Avanti Lipid) of 2.54 mmol dm-3 was prepared in pentane (HPLC grade, Fisher 

Scientific Chemicals Ltd.) in a clean glass vial and was stored at -20 oC. A glass syringe was used to 

transfer the lipid solution to the electrolyte surface in the electrochemical cell. 15 L of this stock 

DOPC solution was spread  at the argon-electrolyte interface in the electrochemical cell [20,21]. A 

period of about 5 to10 minutes was required for the pentane to evaporate.  A Kemula-type (Polish 

Academy of Sciences, Warsaw,Poland)  hanging Hg drop electrode (HMDE) was used for the 

experiments  and was lowered through the lipid-electrolyte surface slowly allowing DOPC 

deposition.  Accordingly it was  coated with a fresh DOPC layer prior to each series of experiments. 

The electrochemical cell, counter and reference electrodes and all other glass apparatus were treated 

and  washed with piranha solution between experiments to remove organic contamination. The 
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apparatus and the electrodes were then rinsed with MilliQ water to remove any piranha residue 

since the presence of trace piranha in the electrolyte can damage the lipid. 

 

2.2. Electrochemical set-up 

The experiments were performed in a standard three electrode cell using a Ag/AgCl electrode as 

reference electrode with a porous sintered glass frit separating the inner 3.5 mol dm-3 solution of 

reference electrode from the outer electrolyte solution and a Pt rod as a counter electrode.  All 

potentials in the text are referred to the potential of this  electrode. The electrochemical apparatus 

was contained in a Faraday cage.  RCV measurements were carried out with a PGSTAT 30 Autolab 

potentiostat (Ecochemie, Utrecht, Netherlands) interfaced to a PowerLab 4/25 signal generator (AD 

Instruments Ltd.) controlled by Scope software. The potential step measurements were carried out 

using the Autolab system, GPES (General purpose electrochemical software) with PGSTAT 30 and 

controlled with Autolab software. The integrity of the DOPC bilayer was checked at the beginning 

and end of each experiment by RCV. The Autolab system frequency response analyser (FRA) with 

PGSTAT 30 was used for the impedance measurements. The impedance data were transformed to 

the complex capacitance plane and fitted to an analytical  model as described below. 

 

2.3. Electrochemical techniques 

2.3.1. Rapid cyclic voltammetry (RCV) 

RCV was used as the technique to characterise the DOPC bilayers on Hg and to probe the 

properties of the bilayer by recording a fast scan "fingerprint" at a scan rate () of 40 Vs-1. The 

following  scanning programme was used. A  RCV triangular waveform was generated whereby the 

applied voltage excursion was taken  from  -1.25 to -1.6 V followed by a  return to -0.9 V and  then  

to -1.25 V where a short waiting period corresponding to the time of the sawtooth excursion was 

maintained. Bilayers can be formed in two ways:- (a)  conversion of a phospholipid monolayer 

supported on a HMDE electrode to a bilayer by decreasing the area of electrode and, (b) direct 
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deposition from electrolyte surface,  scanning  the HMDE between  potentials between -0.9  and -

1.6 V at 40 Vs-1. To fully characterise a DOPC bilayer,  a DOPC monolayer was deposited on an 

electrode of  > 0.02  cm2  area within the potential scanning regime of -0.2 to -1.6 V. Subsequently, 

the potential scanning  programme was switched to -0.9 V to -1.6 V.  In this potential domain, the 

monolayer exhibited the phase transitions characterised by the capacitive current peaks on the 

voltammogram [22,23] of a monolayer (see Figure 1(a)). The area of the HMDE is then decreased 

in a controlled fashion to ~ 55% of its initial value.  The evidence for this decreased area electrode 

supporting  an “equilibrium” bilayer structure is discussed in the results section.  In the bulk of the 

experiments, the HMDE was lowered through the DOPC layer at the electrolyte surface scanning 

the HMDE between  potentials -0.9  and -1.6 V at 40 Vs-1.   Subsequent RCV using the potential 

programme described above  established  the characteristic RCV scan of a bilayer on Hg (Figure 

1(b)). All RCV currents were normalised to electrode area 0.0088 cm2. 

 

2.3.2. Potential step experiments 

Potential step experiments were carried out  to investigate the interference of the  DOPC bilayer 

supported on HMDE to the  Zn2+/Zn(Hg) electrode process at different applied negative potentials. 

The basic principle of the Zn2+ reduction experiments is that  the suppression of the electrochemical 

reduction of Zn2+ by the DOPC bilayer is due to  the lower  permeability of the DOPC layer coating  

and thus restricted access of   Zn2+ ions to the Hg surface. The following procedure was used. 

Following de-aeration of the electrolyte, the DOPC bilayer was deposited on the electrode surface 

and a “fingerprint” RCV  was recorded.  Subsequently 25 L  of the stock  Zn2+ solution was added 

to  25 mL of electrolyte and   stirred  for 30 s to  give 0.2 mmol dm-3 Zn2+ concentration.  Potential 

pulses   were initiated from -0.85 V (at the base of the Zn2+ reduction wave)  to potentials from -1.2   

to -1.5 V and the corresponding current transients were recorded in quiescent solution and current  

sampled at 30 ms to construct sampled current voltammograms. The standard redox potential of the  

Zn2+/Zn(Hg)  couple is -0.97 V [24] and transients were therefore  recorded in the limiting current 
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region of Zn2+ reduction. After the pulsing programme had been performed, an RCV scan was 

recorded to ensure that the phospholipid bilayer had not degraded during the experiment.  Identical 

experiments were performed at a DOPC  monolayer  coated and uncoated Hg electrode. All currents 

regardless of electrode area were normalised to an electrode area of 0.0088 cm2.  The current 

transients (I(t)) from potential step experiments at  uncoated Hg in the presence of Zn2+ in solution  

were fitted to the Cottrell equation [24]; 

I(t) = nFAD1/2 c / 1/2 t1/2                                       [1] 

where n is the number of electrons transferred in the redox reaction, F is the Faraday’s constant 

(96500 coulomb mol-1), A is the area of electrode, c is the concentration of Zn2+ in electrolyte 

solution, D is the  diffusion constant of Zn2+ and t the time since pulse initiation. The slope of the 

Cottrell plots was used to calculate the diffusion constant of Zn2+. In addition,  a kinetic analysis of 

the reduction of  Zn2+ to Zn (Hg) at the bilayer coated electrode was performed using the equations 

defining an irreversible reduction of an electroactive species at a planar [25] electrode and the rate 

constant (kf) was determined using the following equation; 

I(t) = nFAkf c exp (kf 
2 t/D)  erfc (kf t

1/2/D1/2)                                                   (2) 

where kf  represents  a heterogeneous rate constant characterising the irreversible reduction of Zn2+. 

Because of the restricted access of Zn2+ to the Hg surface caused by  a DOPC bilayer, we identify kf 

with  the permeability of the Zn2+ in the bilayer coated  electrode. 

 

2.3.3. Electrochemical impedance 

Impedance (Z) versus frequency (f) measurements were carried out at the HMDE electrode coated 

with DOPC bilayer using frequencies logarithmically distributed from 65,000 to 0.1 Hz, with ac 

amplitude (ǻV)  0.005V  at potentials from -1.0 to -1.5 V. The experimental conditions for the 

measurement of impedance were used exactly as described previously [26]. The impedance data 

were transformed to the complex capacitance plane  and were expressed as imaginary (-C’’sp = Y’-

1
sp)  and real  (C’sp =  Y’’-1

sp) specific capacitance which are the respective imaginary and real 
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capacitance values (-C’’ and C’) divided by the electrode area and are experimental values 

calculated from the experimental impedance measurements. Note that Y’’ and Y’  are the imaginary 

and real admittance values respectively and is the angular frequency which equals 2f.  The 

values of  -C’’sp  which are plotted against C’sp in the complex capacitance plane for all values of 

frequency [26] always yield a single semicircle corresponding to the resistance-capacitance (RC) 

element with no frequency dispersion for a series RC circuit containing an ideal capacitor.  Indeed 

when a DOPC monolayer is supported on a Hg electrode it behaves as a simple capacitor at the 

position of zero charge (PZC) of Hg [26].   Any imperfections in the monolayer  following 

interactions with adsorbed/penetrated compounds [26,27] and ions  [28]  and phase transitions 

[20,26]  appear  as an extra capacitative  element in the complex capacitance plot [20,26-28].  In 

this study, the results of the impedance measurements are therefore considered in terms of the 

properties of the phospholipid bilayer as compared to the DOPC monolayer which are already well 

known [20,26-28].  

 

2.3.4. Impedance model 

The impedance data of DOPC coated electrodes were fitted using IGOR (Wavemetrics) to eqn [3]  

below in the same way as described previously [20,26-28].  

Y = 1/ {R + [(i)


 ((Qs-Q)/1 + (i)


) + Q]-1}                                             [3] 

where Y is admittance, R is the uncompensated solution resistance,  is relaxation time constant of 

the additional capacitative element. represents the  distribution of values of  around the most 

probable value (= or < 1) and  ȕ is a coefficient which is equal or < 1 and has been shown to be 

inversely related to the homogeneity of the lipid layers [20,26-28]. Qs and Q are constant  phase 

element  (CPE) constants, Qs-Q is the CPE constant for the additional low frequency or capacitative 

element. All data obtained  from  the bilayer  impedance  experiments were fitted to eqn (3). The six 

parameters: Q, Qs-Q, Į, ȕ and  were obtained from the subsequent curve fitting of the -C’’sp  and 

C’sp versus log Ȧ plots respectively. The mean of the extracted coefficients or fit parameters (, , 
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Qs-Q, Q and ) are used to calculate values for -C’’sp   and C’sp   at respective frequency values 

which  are  then plotted as fits to the experimental -C’’sp   versus  C’sp   plots.  The capacitance 

values: Cs - C and C are derived from  Qs-Q  and Q according to Sluyter’s equation [29 ] as before 

[30] as follows: 

C = [Q R (1-)] 1/                            [4] 

Cs Ȃ C = (Qs-Q) 
1-)                                                           [5] 

C  is identified as the  zero frequency capacitance (ZFC) of the bilayer and Cs-C is the capacitance 

of the  additional low frequency capacitative element. The errors stated for these coefficients are 

treated according to the error propagation rule for a mean function.  Note that eqn (5) is  derived 

from eqn  (4) treating the capacitance of the additional capacitative element in the same way as the 

double layer capacitance.  Following the extraction of the value of the additional capacitative 

element (Cs-C) of the data, the resistance of this element can be obtained [30] since Rm/=(Cs-C).  

This resistance relates to the displacement of charge during the relaxation of the element.  In this 

paper the specific resistance Rsp is defined as Rm  multiplied by the electrode area. Figure 2 shows 

the equivalent circuit representing eqn [3] with symbols as described above containing the 

equivalent circuit for a dielectric relaxation [31] and  Constant Phase Element Qs replacing 

capacitor. 

 

3. Results  

3.1. Bilayer formation 

A DOPC monolayer assembled on Hg electrode displays two distinctive capacitance current peaks 

1 and 2 at -0.94 and -1.0 V respectively in response to the  application of a negatively increasing 

applied potential (Figure 1(a)).  These capacity current peaks represent two consecutive phase 

transitions occurring in the monolayer. The capacitance current peak 1 relates  to  electrolyte 

ingression into the monolayer and capacitance current peak 2  corresponds to  the transformation of 
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a porous monolayer to bilayer patches as established both experimentally and theoretically  in 

previous  work [17-20]. Further broad capacitance current peaks 3 and  4 which occur at higher 

negative potentials (-1.25 to -1.3V respectively)  are shown to lead to  structures with a thickness 

three times of that of a monolayer which indicate the formation of semi-liposomal conformations 

[17]. These structures collapse to a monolayer at more negative potentials. The appearance of the 

RCV capacitance current  peaks characteristic of the DOPC monolayer during a negative potential 

excursion from -0.9 and -1.6 V indicates the presence of  a monolayer (Figure 1(a)). As a result, it 

should be possible to stabilise a  continuous bilayer on the Hg surface in the potential region 

negative to that characterising capacitance current peak 2.   Indeed, a decrease in the monolayer 

coated electrode area  initiates bilayer formation  which is marked by a progressive suppression of 

capacitance current  peaks 1 and  2 leading to a complete suppression of these two capacitance 

current peaks and the formation of a flat low capacitance region at these potentials and a fusion  of 

the capacitance current peaks 3 and 4 (Figure 1(b)).  

 

In the  RCV of the bilayer, the cathodic capacitance current  peak  in the bilayer RCV  is reversed  

on the anodic scan but  with considerable hysteresis (Figure 1(b)).  From the previous paper [17]   

the cathodic capacitance current peak is shown to  indicate a breakdown of the bilayer structure and 

the anodic capacitance peak current corresponds to bilayer reformation.  Figure 3(a) displays the 

effect of gradual and consistent decrease in electrode area on the area normalised capacitance  

current  at -1.07 V during the transformation of the DOPC monolayer to bilayer on the surface of 

HMDE. The area normalised capacitance current decreases to a minimum which also corresponds 

to the lowest permeability to Zn2+ reduction current (Figure 3(b)) and presumably represents   the  

most ordered  DOPC bilayer  configuration.  We call this the “equilibrium” bilayer conformation.  

The DOPC bilayer, for which the area of the electrode is decreased by 0.55 of the initial electrode 

area (Figure 3(b)), exhibited this  lowest, area normalised,  capacitance current value.  This was the 

procedure used to characterise the formation of a  bilayer.  Subsequent to these experiments, the 
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electrode was expanded back to the original area to observe any changes in the monolayer due to 

loss of lipid to the capillary walls or electrolyte solution due to contraction of the lipid coated 

electrode. It can be seen from Figure 1(a) that the capacitance current-potential plots before (red) 

and after (green) the changes to the electrode area are  identical showing that the lipid remains 

intact  on the electrode surface during the course of experiments. Later experiments showed that 

direct deposition of a bilayer on the electrode  is possible by lowering the electrode through the 

DOPC on the electrolyte surface when the electrode is scanned at  potentials between -0.9  and -1.6 

V at 40 Vs-1.  This bilayer was characterised by RCV as above.  This  second method of deposition 

was employed during the bulk of the bilayer experiments. 

 

3.2. Zn2+ reduction 

The DOPC monolayer on a Hg electrode has been found to be conductive  to ions in the potential 

range of -0.9 to -1.6 V [32].  The reduction of Zn2+ at the uncoated Hg electrode surface exhibited 

Cottrellian behaviour as a linear fit to I(t)  vs t-1/2 plots (Figure 4(a)). The diffusion constants for the 

diffusion of Zn2+ ion from bulk of electrolyte solution to the uncoated Hg is calculated from the 

slope of the plots at -1.1 V as ~ 6.4 x 10-6 cm2 s-1. This value is lower than  the value of 6.73 x 10-6 

[33] and 7.03 [34] cm2 s-1   but is used in all the kinetic analysis in this paper. Figure 4(b) shows the 

sampled current voltammograms of  Zn2+ at 30 ms for the bilayer deposited on Hg. For uncoated 

Hg, the current remains effectively constant at potentials -1.1 to -1.6 V varying between -2.5 to 3.0 

A.  The Zn2+ reduction current at a DOPC monolayer coated electrode is lower  and is 1.75 A at -

1.1 V increasing between potentials -1.5 and -1.6 V to the reduction current at an uncoated 

electrode. The Zn2+ reduction current at the DOPC bilayer coated electrode is  predictably  less (1.2  

A) compared to the uncoated Hg and DOPC monolayer coated Hg electrode at potentials -1.1  to -

1.2 V (Figure 4 (b)). An increase in Zn2+ reduction  current at the bilayer coated electrode occurs  

between potentials  -1.2 to -1.3 V and indicates an increase in permeability of the DOPC bilayer  to 

Zn2+.  
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The current for Zn2+ reduction at the bilayer surface is decreased due to the covered surface 

introducing a kinetic element into the electron transfer  process. Since  the Zn2+/Zn(Hg) exchange 

process at the uncoated Hg surface in 0.1 mol dm-3 ionic strength is relatively facile (standard 

heterogenous rate constant, k0, =2.3 x 10-2 cm s-1 [35]), this kinetic element in the reduction relates 

to the permeability of  Zn2+ in the bilayer. The current-time (I(t) vs t) data for the DOPC bilayer is 

fitted to the equation of   an irreversible reduction of an electroactive species at a planar electrode 

described in eqn (2). Electrode planarity is assumed due to the short time scales (0.4 s) of the 

transients.  Fig 5 shows the  I(t) vs t  transients of the DOPC bilayer at the applied potentials  (-1.1 

to -1.5 V)  together with the corresponding fits to eqn [2].  Qualitatively it can be seen that with 

increase in negative potential, a current increase is noted at medium to longer times of the transient  

and this is shown in the sampled-current voltammograms at 30 ms into the pulse in Fig 4(b). In 

addition it can be also observed that the model described by eqn [2] does not fit  the I(t) vs t 

dependence at less negative potentials (-1.1 and -1.2 V) at short time scales (<30 ms) but the fit to 

the current transient is improved for the whole transient at more negative potentials (-1.3 to -1.5 V).  

Nonetheless an irreversible rate constant for Zn2+ reduction at  the bilayer  coated electrode  was 

extracted from the fits and is plotted against potential  and discussed later in this paper. The initial 

spike in Zn2+ reduction at less negative potentials can be related to a relaxation of bilayer structure 

from more permeable to less permeable state following the initiation of the pulse at -0.85 V.                    

 

3.3. Impedance studies 

The model described in eqn [3] is applied to the impedance data derived from the “equilibrium”  

DOPC bilayer  on Hg at different potentials consistent with the existence of bilayer. This model is 

fitted to the  -C’’sp and C’sp versus log  plots in the complex capacitance plane  as displayed in 

Figure 6. The  high frequency semicircle corresponds to the RC charging process of  the DOPC 

bilayer on Hg [20,26-28]. The second semicircle becomes increasingly resolved and significant 
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(Figure 6) as the applied  negative potential is increased.  Figures 7(a) and 7(b) summarise the 

variation in  and respectively extracted from the fitting of experimental impedance data to eqn 

[3] for the DOPC bilayer with changes in applied potential. An increase in the  value to close to 1 

on increasing the applied negative potential indicates an increase in significance of the relaxation 

with a time constant, , which decreases  from 550, 52, 10 to 11 ms, at -1.0, -1.1, -1.2 and -1.3 V 

respectively with minimum dispersion in value. The  relatively  low time constant and  its discrete 

value ( ~ 1) is  characteristic of ionic/water movement and non-Debye type relaxations within the 

bilayer [28,31].  We identify therefore  the additional capacitative element as representing the 

movement of electrolyte   in the bilayer and Rm as the bilayer resistance to this movement. For any 

movements or changes involving lipid molecules, values would be more dispersed with  

significantly less than 1 and  less than 1 to indicate structural changes.   Indeed a third lower  

frequency relaxation is evident at  -1.3 V (see Figure 6) and coincides with the onset of the 

capacitance current peak representative of the bilayer breakdown process. The   value remains 

almost constant or increases only slightly  with an  increase of  the negative potential to -1.3 V.  At 

more negative potentials, a step decrease in  can be related to the onset of the capacitance current 

peak representative of the bilayer breakdown process and consequent increase in roughness.   Csp 

which is the zero frequency capacitance (ZFC) [26-28] is nearly constant at ~5 F cm-2  between 

the potential -1.0 and -1.1 V and  increases to ~7.5 F cm-2 at -1.25 V (Figure 7(c)).    

 

Figure 8(a) displays the value of the bilayer specific resistance Rsp derived from the impedance 

analysis which can be compared with the  kf for Zn2+ reduction (see Figure 8(b)) at the bilayer 

coated electrode both plotted versus potential. Notably the membrane resistance, Rsp,  to electrolyte 

decreases with increase in applied negative potential but at -1.3 V which characterises the onset of 

the bilayer breakdown process the  value of Rsp increases presumably because a denser monolayer is 

formed as shown by the AFM study [17].   kf which in reality is a record of the permeability of the 

bilayer to Zn2+ ions at longer time scales (> 20-30 ms)  also increases  from potentials -1.2 to -1.3 V  
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indicating an increase in bilayer permeability to Zn2+  but  levels off and decreases somewhat from -

1.4 to –1.5 V. 

 

3.4. Interaction of SiO2 particles with the DOPC bilayer.  

Figure 9 displays the RCV capacitance current - potential plots of the DOPC bilayer on Hg in the 

presence and absence of 0.00125 % of Ludox SM-30  14 nm [36,37]  amorphous  silica 

nanoparticles in the electrolyte solution at different exposure times.  The  DOPC bilayer/SiO2 

interactions result in the suppression of the capacitance  current  peak on  the cathodic scan in 

addition to a split and then  step negative shift of capacitance current peak on  the anodic scan. The 

shift in capacitance peak on the anodic scan to higher negative potentials indicates the shortening of 

the onset of the reverse process and a decrease in the hysteresis between the cathodic and anodic 

processes.  

  

4. Discussion 

The lowest value of  specific capacitance of the DOPC bilayer on Hg  is 5 F cm-2.   The specific 

capacitance of a DOPC monolayer on Hg is 1.80 F cm-2 [32] which roughly corresponds to the  

defect-free monolayer apolar fraction  thickness [38] of 1.4 nm and relative permittivity of lipid 

apolar fraction of  3 [39].  As a result the specific capacitance of a defect-free bilayer  on Hg should 

be 0.9 F cm-2.  If the bilayer is supported on an ultra-thin  layer of electrolyte,  the total specific 

capacitance  which is the combination of two capacitors in series will be less than the lowest value 

of  specific capacitance i.e < 0.9 F cm-2.   The increased value of Csp  of the DOPC bilayer 

indicates that at these negative applied potentials the total  specific capacitance is the the sum of 

two specific  capacitances in parallel. Indeed the specific capacitance of a water layer of  thickness 

of the hydrophobic region of a bilayer of 2.8 nm and of relative permittivity 78 [40]  is ~25 F cm-2.  

The  previous AFM study [17] showed a bilayer structure at these potentials  to have ~ 95% 

coverage thus a linear combination of 5% of 25  F cm-2   and 95%  of 0.9 F cm-2   gives a specific 
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capacitance of the bilayer on Hg as  2.1 F cm-2  which is less than half of that observed.  This 

could be due to errors in the previous coverage estimation [17] and also in the extrapolation of the 

capacitance model to molecular dimensions.  Indeed other studies of  specific capacitances of non-

covalently metal  supported bilayers   show values of 9 [41] for dimyristoyl phosphatidylserine 

(DMPS), of 3  [42]  for dimyristoyl phosphatidylethanolamine (DMPE)  and, of 8 [43] F cm-2   for 

DMPC-cholesterol;  bilayers on gold. In any case the capacitance results in this paper  indicate that 

the bilayer contains water and ions  with higher mean relative permittivity than the lipid apolar 

fraction.  The increase in Csp from 5 to 7.5 F cm-2  from -1.1V to -1.3V indicates an increase of 

electrolyte in the layer  with increase in applied negative potential. 

 

The lowest value of Rsp  at -1.1 V of  104.8  cm2  for the bilayer on Hg is somewhat lower than that 

recorded for lipid bilayers of  > 105 [ 44]  and 106 to 108  [45]  cm2 and in this study this decreases 

exponentially  by two orders of magnitude with increase in applied negative potential.  The 

presence of electrolyte in the bilayer is confirmed by a finite increased permeability to Zn2+   which 

increases with increase in applied negative potential.  This is commensurate with an increase in Csp 

and decrease in Rsp with increase in applied negative potential.  Clearly water and electrolyte ions 

are drawn into the bilayer with increase in negative potential.  At the potential characterising the 

cathodic capacitance peak current which represents the collapse of bilayer to monolayer, there are 

definite changes such as decrease in permeability to Zn2+, increase in resistance to electrolyte and  a 

perturbation in the bilayer capacitance.  With reference to the anodic capacitance peak current and 

the  effect of the LUDOX SM30 SiO2 nanoparticles on it’s potential,  it is already established that 

these nanoparticles adsorb on the polar heads of DOPC mono- and bilayers [36,37].   This 

adsorption of  SiO2 on the  layer surface must stabilise the layer structure  and lower the activation 

energy of the transition state in bilayer reformation. Such a process would accelerate the bilayer 

reformation process and decrease the hysteresis between the bilayer breakdown and bilayer 

reformation current peaks as well as increasing the stability of the bilayer. 
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The structure of the bilayer with incorporated electrolyte is of interest. Burgess [46] has recorded 

that in the  DMPC-cholesterol bilayer on gold electrodes,  the  water content increases with 

increased applied negative potential.  In Burgess’ study [46] the bilayer is supported on a bed of 

positive counter ions.  Indeed Burgess’ paper showed that with increasing charge density, water and 

ions accumulated next to the electrode with the result that the lipid film at first swelled up and then  

lifted off the electrode at very negative charge density.  More recent studies of DMPC-cholesterol  

bilayers on gold [47]  indicated that water  penetrated deeply into the bilayers at intermediate charge 

densities of  ~ 10 C  cm-2  and multimers of water molecules were detected in the bilayer. The 

previous modelling investigation of phospholipid  on a metal  electrode [18,19] proposed the bilayer 

rested on a bed of positive ions at negative applied potentials  and at increasing charge density  

water and ions penetrated the layer with an accumulation of counterions on the electrode.  

 

In the case of DOPC bilayers on Hg it was shown directly  by AFM  there were random physical 

defects in the bilayer [17] which led to 95% coverage.    However the bilayer thickness remained 

constant with increasing applied field and at -1.3 V, the bilayer film collapsed to a monolayer  with 

very much  higher density. The containment of electrolyte in defined pores in the bilayer within an 

electric field at potentials up to -1.3 V  is consistent with this and such structures have been 

simulated [48,49] and experimentally demonstrated in electric field  [49] previously.  The 

impedance analysis of the bilayer  in this study shows a well ordered potential activated  movement  

of  electrolyte in  the layer representing the well defined additional capacitative element. Clearly 

further work needs to be done to define the structure more precisely. In order to use these bilayers 

as a unique biomembrane model, methods can be developed through the addition of for example 

cholesterol to decrease the permeability of these bilayers to water and ions so that protein ion 

channels can be incorporated in the systems.  The bilayers can also be deposited on the wafer-in-
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flow cell platform [50]  and used as a sensing element with bilayer spanning protein recognition 

elements. 

 

5.  Conclusion 

1. DOPC bilayers on Hg are stable between potentials -1.0 and -1.3 V  and show a  

characteristic capacitive current peak at ~ -1.3 V due  to a bilayer breakdown which is 

reversed anodically with considerable hysteresis. This hysteresis is significantly decreased in a 

stepwise manner through adsorption of SiO2 nanoparticles on the bilayer surface which stabilise the 

bilayer. 

2. The bilayers on Hg are significantly less permeable to Zn2+ at less negative potentials between -

1.1 to -1.2 V compared to a  monolayer and uncoated Hg electrode but their permeability increases 

at higher negative potentials between -1.3 to -1.4 V. 

3. Impedance analysis of the bilayer shows an additional capacitative element which becomes 

resolved with increase in applied negative potential.   This additional capacitative element can be 

identified with electrolyte movement in the bilayer.  

4. Measurements of bilayer specific capacitance  are 5 increasing to 7.5 F cm-2 at -1.3 V indicating 

the presence of water and ions within the layer.  Bilayer specific resistance decreases exponentially 

with increase in applied negative potential to a minimum at -1.3 V showing an increase in the 

bilayer permeability to electrolyte. 

5. Earlier direct characterisation using AFM force-distance analysis and the present voltammetric 

and impedance analysis point to the bilayers containing pores allowing for electrolyte permeability 

within electric field.  

 

6. Acknowledgements. 
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Figure captions. 

Figure 1  

Capacitance current (-I) versus potential (-E) plots of DOPC coated HMDE in 0.1 mol dm-3 KCl 

with 0.001 mol dm-3   phosphate buffer (pH 7.4) measured by RCV at 40 Vs-1; (a)  in potential 

range -0.2 to -1.6 V (black) and -0.9 to -1.6 V prior to (red) decreasing the electrode area to form 

bilayer and following (green) increasing the electrode area to restore monolayer, and  (b) in 

potential range -0.9 to -1.6 V for the bilayer configuration. All currents normalised to electrode area 

0.0088 cm2. 

 

Figure 2 

Equivalent circuit representing eqn [3] where Rm is resistance of bilayer on electrode. 

Figure 3  

(a) Cathodic capacitance current (-I) versus experimental electrode area (A) plots measured by RCV 

at 40 V s-1 at -1.07 V in 0.1 mol dm-3 KCl with  0.001 mol dm-3 phosphate buffer (pH 7.4) and  (b) 

Zn2+ reduction current versus experimental  electrode area  sampled at 30 ms following potential 

pulse from -0.9 to -1.1V at DOPC bilayer on HMDE  in same electrolyte as (a) without phosphate 

buffer.  All currents normalised to electrode area 0.0088 cm2. 

 

Figure 4 

(a) Plot of  -I vs t-1/2 of  Zn2+ reduction transient following pulse from -0.85 to -1.1V at  uncoated 

HMDE and, (b) Sampled current voltammograms at 30 ms  derived from Zn2+  reduction transients 

following pulse from -0.85 to,  -1.1 to -1.6  V at uncoated HMDE (black filled circle) and  DOPC 
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monolayer (blue open triangle) and DOPC bilayer (red filled triangle) coated HMDE  in 0.1 mol 

dm-3 KCl containing 0.2 mmol dm-3 Zn(II).  All currents normalised to electrode area 0.0088 cm2. 

 

Figure 5 

Zn2+ reduction current transients following voltage pulse from -0.85V  to potentials shown in each  

figure at  DOPC bilayer coated HMDE (red) with corresponding fits (black) to eqn [2] in 0.1 mol 

dm-3 KCl containing 0.2 mmol dm-3 Zn(II).  

 

Figure 6 

Impedance data transformed to complex capacitance plane derived from impedance measurements 

at  DOPC bilayer coated  HMDE  in 0.1 mol dm-3 KCl with 0.001 mol dm-3 phosphate buffer (pH 

7.4)  at potentials indicated on the diagrams of imaginary versus real specific capacitance. Data are 

represented by cross and eqn [3] fits are the solid red lines.   

 

Figure 7 

(a) (b)  and (c) Csp values derived from, fits to complex capacitance  data using eqn [3] for the 

DOPC bilayer on Hg as a function of the potential and, eqn [4] for extraction of Csp values. 

 

Figure 8 

(a) Heterogenous rate constant  (kf) of Zn2+ reduction at  DOPC bilayer on HMDE in 0.1 mol dm-3 

KCl with 0.2 mmol dm-3 Zn2+ derived from fits of eqn [2] to transients in Figure 5  and  (b) Specific 

bilayer resistance (Rsp), derived   from  and (Cs-C)  extracted from fits to complex capacitance data  

in Figure 5 using, eqns [3] and [5] respectively,  plotted as a function of potential. 

 

Figure 9 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

 24 

Capacitance current (-I) versus potential (-E) plots measured by RCV at 40 Vs-1 in potential range -

0.9 to -1.6 V of DOPC bilayers deposited on HMDE in 0.1 mol dm-3 KCl with 0.001 mol dm-3  

phosphate buffer  at pH 7.4  without (black) and with  0.0012 % of Ludox SM-30 silica 

nanoparticles (14 nm diameter) after 45 s (blue) and 200 s (red) exposure time. All currents 

normalised to electrode area 0.0088 cm2. 

 

 

 


