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The redox and interactive behaviour of flavin adenine dinucleotide (FAD)
with a ruthenium (Ru)-modified glassy carbon electrode (GCE) was
investigated. The electron-transfer kinetics on the Ru-modified GCE gives
an apparent electron-transfer coefficient, �app of 0.56, and an apparent
heterogeneous electron transfer rate constant, kapp of 2.32 s

�1, respectively.
The cyclic voltammetry (CV) complemented by alternating cyclic voltam-
metry (ACV) shows reduction of FAD to be a quasi-reversible reaction
involving FAD adsorption. The adsorption of FAD on the Ru-modified
GCE fits a Langmuir adsorption isotherm. The large apparent negative
Gibbs energy of adsorption �Gads (�38.2 kJmol�1) of FAD onto the
Ru-modified GCE confirmed a strong chemical adsorption of FAD on the
surface. The deposited Ru islands block surface sites for FAD adsorption
and the electron-transfer communication between FAD and the electrode
surface does not significantly improve with a deposited Ru monolayer.

Keywords: flavin adenine dinucleotied (FAD); Ru-modified glassy carbon
electrode; adsorptive thermodynamics; electron-transfer kinetics

1. Introduction

Flavin adenine dinucleotide (FAD) is a derivative of vitamin B2 (VB2) with the
7,8-diethylisoalloxazine structure (Scheme 1(a)) and is an important coenzyme for
many oxidoreductases [1]. To develop an enzyme-electrode for electrochemical
biosensors and enzymatically based technological processes, the direct interaction of
FAD with various conducting and semi-conducting materials, such as carbon
nanotubes, mercury, platinum, graphite, etc., has been investigated [1–9]. Several
approaches on electrode modification, such as covalent coupling and irreversible
adsorption, have improved the effectiveness of electron-transfer communication
between FAD and electrode [10–14]. However, such modified electrodes lack long-
term stability and durability because the modification layer is lost when oxidation/
reduction reaction occurs [15]. Therefore, it is of interest to design a metal-modified
electrode with long-term stability and high efficiency in electron-transfer for
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enzymatically based technological processes. In this work, a glassy carbon electrode

(GCE) was chosen being one of the most commonly used electrodes in

electrochemical biosensors. Ruthenium (Ru) was chosen because it forms an

H–Ru bond of an intermediate strength, ensuring high coverage with hydrogen at

low over potentials allowing it to desorb using little energy [15,16].

Previously, studies on the interaction of FAD with a GCE considered FAD

adsorption thermodynamics and kinetics and the electroreduction mechanism [17].

The interactive behaviour and the electron-transfer kinetics of FAD at

a Ru-modified GCE are discussed here. The difference in FAD interactive behaviour

between the FAD/GCE and FAD/Ru-modified GCE is compared using various

electrochemical techniques, and considers the possibility of designing a flavoenzyme

electrode for enzymatically based technological processes.

2. Experimental part

2.1. Chemicals and reagents

Electrochemical studies used a 0.05M phosphate buffer, pH¼ 7.0 (if otherwise not

stated). The buffer was prepared by dissolving monobasic KH2PO4 (Sigma, P-5379)

in ultra-pure de-ionised water (resistivity 18.2M� cm) and adding 0.10M sodium

hydroxide (APC Chemical Inc.) to adjust pH. Stock solutions of FAD (disodium

salt, purity 98%, Sigma 146-14-5) were prepared in a separate container by

dissolving a correct amount of the reagent in the supporting electrolyte (phosphate

buffer). The chemicals were not further purified.
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Scheme 1. (a) Flavin adenine dinucleotide (FAD). (b) FAD redox process involving the
isoalloxazine moiety.
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2.2. Electrochemical cell, electrodes and instruments

A standard three-electrode, two-compartment 50mL electrochemical cell was used.

The counter electrode was a large-area platinum electrode of high purity (99.99%,

Johnson–Matthey), which was degreased by refluxing in acetone, sealed in soft glass,

electrochemically cleaned by potential cycling in 0.5M sulphuric acid, and stored in

98% sulphuric acid. During the measurement, the counter electrode was separated

from the main cell compartment by a glass frit. The reference electrode was a saturated

calomel electrode (SCE), to which all potentials are referred. The working electrode

was a GCE (BAS Instruments Ltd, Geometric area, A¼ 0.2826 cm2). Before each

experiment, the GCE was polished with diamond paste down to 0.03 mm gradation,

followed by rinsing with de-ionised water, ethanol and cleaning in an ultrasonic bath

for 5min in order to remove polishing residues. The electrode was then

electrochemically pretreated (activated) in 0.5M sulphuric acid by potentiodynamic

cyclic polarisation (100 cycles) between �1.4 and 1.9V at a scan rate of 100mV s�1.

While not in use, all the glassware was stored in 98% sulphuric acid.
Electrochemical techniques of cyclic voltammetry (CV), differential pulse

voltammetry (DPV), alternating cyclic voltammetry (ACV) and Chronopoten

tiometry (CE) were employed using an Autolab potentiostat/galvanostat/frequency_

response_analyser (Ecochemie), PGSTAT30, controlled by the GPES/FRA v.4.9.5

software. A sub-monolayer of Ru was potentiostatically deposited onto the prepared

GCE at �0.2V versus SCE from a 1mM RuCl3 solution in 0.5M H2SO4.
All the measurements were in an oxygen-free solution, achieved by continuously

purging the electrochemical cell with argon gas (99.998% pure) prior the experiment.

Measurements were made in a quiescent solution: the inert atmosphere was

maintained by saturating the cell above the electrolyte with argon at a room

temperature of 22� 1�C. Before measurements in a FAD-containing electrolyte, the

background response of the electrode was first recorded in phosphate buffer.

3. Results and discussion

3.1. Deposition of Ru on the GCE

Prior to Ru electrodeposition, the surface of the two-dimensional GCE was polished

with a diamond paste down to 0.03 mm, followed by degreasing with ethanol in an

ultra-sound bath and electrochemical activation in 0.5M H2SO4 by potentiodynamic

polarisation between �1.4 and 1.9V for 40 cycles with scan rate of 100mV s�1.

A sub-monolayer of Ru was potentiostatically deposited onto the prepared GCE

from a 1mM RuCl3 solution in 0.5M H2SO4 at �0.2V for different time period as

shown in the inset in Figure 1.
Figure 1 shows cyclic voltammograms of the electrode recorded in 0.5M

phosphate buffer. Two anodic peaks correspond to desorption of hydrogen adsorbed

on Ru sites of the electrode (A1), and oxidation of metallic Ru to RuOH (A2), in

agreement with literature [15,18,19]. In the reverse scan, two weak cathodic peaks

were recorded, corresponding to the reduction of Ru-oxides formed (C2), and

adsorption of hydrogen on Ru sites of the electrode (C1). The Ru coverage

was roughly estimated by measuring the oxidation charge of the Ru sub-

monolayer [after subtraction for the double-layer charge in the potential range of
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�0.23 to 0.20V (86.3 mCcm�2)]. Assuming the reaction of Ru to RuOH
(RuþH2O!RuOHþHþþ e�) to give peak A2 [20,21], and with the charge to

form a monolayer of RuOH as 249 mCcm�2 [18,19], the value of the degree of

deposition was estimated.
For comparison, cyclic voltammograms of the bare GCE (a) and Ru-modified

GCE (b) recorded in phosphate buffer in the potential range of �0.7 to �0.2V are

shown in Figure 2. The well-defined cyclic voltammogram peak recorded at ca

� 0.5V in a FAD containing solution using the Ru-modifed GCE
(curve (c), Figure 2) gives the FAD/FADH2 redox reaction for the exchange of

two electrons and two hydrogens per FAD molecule (Scheme 1(b)). The electron-

transfer mechanism will be discussed later.

3.2. Redox and interactive behaviour of FAD at a Ru-modified GCE surface

3.2.1. Cyclic voltammetry

A set of cyclic voltammograms of a Ru-modified GCE in phosphate buffer pH¼ 7.0

containing 50 mM of FAD at scan rates were recorded (Figure 3). Obviously, the
separation between the cathodic and anodic peaks, �Ep, increases with an increase in

scan rate (�), and the plot of �Ep versus � shows a linear relationship (�Ep¼

0.105�þ 0.038,R2
¼ 0.9922), revealing the reduction of FAD on a Ru-modified GCE

to be a quasi-reversible reaction.

−0.8 −0.6 −0.4 −0.2 0.0 0.2 0.4 0.6
−500

−400

−300

−200

−100

0

100

200

300

j (
μA

cm
−2

)

E / V vs. SCE

A2

C1

C2

A1

0 80 160 240 320
−100

−80

−60

−40

−20

0

i (
μA

)

t / s

Figure 1. Cyclic voltammograms of Ru-modified GCE in 0.5M phosphate buffer
solution pH 7.0. Scan rates, �¼ 100mV s�1. Temperature, T¼ 295K. Inset: Chrono
potentiometry for electrochemical deposition of Ru on GCE. Pretreatment procedure: first
conditioning potential¼ 0.66V, duration time¼ 5 s. Measurement: interval time¼ 1 s,
potential¼�0.2V.
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Figure 2. Cyclic voltammograms of (a) bare GCE in 0.5M phosphate buffer solution pH 7.0;
(b) Ru-modified GCE in 0.5M phosphate buffer solution pH 7.0; (c) Ru-modified GCE in
phosphate buffer containing 100mM FAD. Scan rates, �¼ 100mV s�1. Temperature,
T¼ 295K.
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Figure 3. Cyclic voltammograms of a Ru-modified GCE in phosphate buffer pH¼ 7.0
containing 50mM of FAD recorded at scan rates of �¼ 40, 80, 150, 200, 300, 400mV s�1 (from
inner to outer).
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The quasi-reversibility could be related to the rate of electron-transfer process

between the electrode surface and the FAD/FADH2 molecules, or to sluggish mass

transport of FAD molecules either in the bulk electrolyte or on the electrode surface.

Whether the FAD reduction is surface-controlled or mass-transport-controlled

process depends on how the cathodic and anodic peak current of the CVs react to the

corresponding scan rate in various concentration of FAD (e.g. 10, 50 and 100 mM)

(Figure 4). The graph shows both the cathodic and anodic peak current vary linearly

with scan rate (�). Therefore, both the FAD reduction and FADH2 oxidation are

surface-controlled (adsorptive) process instead of mass-transport process in the

dilute solution. The results from alternating cyclic voltammetry (ACV) complement

this conclusion as is discussed later (Section 3.2.2).
Figure 4 shows that adsorption of FAD on the Ru-modified GCE is one reaction

step in the reaction mechanism. Consequently, the dependence of the peak current on

the concentration of FAD bulk solution should display an isotherm-like shape.

Therefore, to investigate the isotherm of FAD adsorption on the Ru-modified GCE,

CV measurement were made for a wide FAD concentration range at a constant scan

rate (�), and the corresponding results are presented in Figure 5. The set of CVs

shows that an increase in FAD concentration in the bulk solution increases the peak

current in both anodic (not shown) and cathodic scan: the graph shows a classic

adsorptive behaviour. The surface concentration of adsorbed FAD, �(mol cm�2),

was calculated by integrating the area (i.e. charge) under the cathodic peak and using

the well-known Faraday equation: Q¼ nFA� [22].
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Figure 4. Dependence of the anodic (semi-solid symbols) and cathodic (solid symbols) peak
current on the applied scan rate in various FAD concentrations: 10, 50, 100 mM. Data
obtained from the cyclic voltammograms presented in Figure 3 and others non-presented
voltammograms and the solid line is the linear fit.
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The adsorption isotherm is obtained from the condition of equality of

electrochemical potentials for bulk and adsorbed FAD species at equilibrium [22]:

��Ai ¼ �
�b
i ,

where the superscripts A and b refer to adsorbed i and bulk i, respectively.
In this case, using the calculated surface concentration values, the dependence of

the surface concentration of adsorbed FAD molecules on equilibrium FAD-bulk

concentration shows an isotherm-type behaviour (Figure 5(a)), and the adsorption

process was modelled by a suitable adsorption isotherm. Several isotherm, such as

the logarithmic Temkin isotherm, the Langmuir isotherm and the Frumkin isotherm

have been tested, and the Langmuir isotherm [23] [Equation (1)] gave the best

agreement between the experimental and model values as shown in the inset (a) in

Figure 5. It means the adsorption process satisfied all assumptions of the Langmuir

isotherm: (a) no interactions between the absorbed species on the electrode surface;

(b) no heterogeneity of the surface; and (c) at high bulk activities, saturation

coverage of the electrode by adsorbate (e.g. to form a monolayer) of amount �max.

�i ¼
�maxBadsc

1þ Badsc
: ð1Þ

By rewriting Equation (1) to yield the linearised form (Equation (2)) as below:

c

�i
¼

1

�maxBads
þ

c

�max
, ð2Þ
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Figure 5. Cyclic voltammograms of Ru-modified GCE in phosphate buffer pH 7.0 containing
various concentrations of FAD: (1) 20, (2) 40, (3) 60, (4) 80, (5) 100mM. Scan rate,
�¼ 100mV s�1; first condition potential¼ 0V; equilibrium time¼ 5 s. Temperature,
T¼ 295K. Inset: (a) Dependence of the surface concentration of FAD on the corresponding
equilibrium concentration of FAD. Inset (b) Linearised Langmuir adsorption isotherm.
The symbols represent the experimental data and the line is the modelled Langmuir isotherm.
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where �i (mol dm�2) is the FAD surface concentration at the corresponding

equilibrium concentration of FAD in the bulk solution c (mol L�1¼M), �max is the

surface concentration at the maximum (saturated) FAD surface coverage and the

parameter Bads (M
�1), the adsorption affinity constant, reflects the affinity of FAD

towards GCE surface adsorption sites at a constant temperature.
Consequently, if the adsorption of FAD on the Ru-modified GCE surface fits the

Langmuir isotherm, a plot of c/�i versus c should yield a straight line: the plotted c/�i

versus c is linear (mean correlation coefficient, R2
¼ 0.997) [Inset (b)], and the

dependence shows an isotherm-type behaviour and a Langmuir isotherm (line) well

describes the adsorption process of FAD on the surface. The adsorption affinity

constant, Bads, is derived from the slope and the intercept to be 1.11� 105M�1 and

correspondingly, the Gibbs free energy is calculated to be 38.3 kJmol�1 based on the

following equation:

Bads ¼
1

55:5
exp
��Gads

RT

� �
, ð3Þ

where R (Jmol�1K�1) is the gas constant, T (K) is the temperature, �Gads (Jmol�1)

is the Gibbs energy of adsorption and 55.5 is the molar concentration of a solvent

(water in this case, mol dm�3).

3.2.2. Alternating cyclic voltammetry

Alternating cyclic voltammetry (ACV) investigated the interaction of FAD on

Ru-modified GCE for various concentrations and many potentials. The resulting

differential capacitance against applied potential curves was obtained using the

following equation [15] (Figure 6):

C ¼ I=ð2�fAÞ, ð4Þ

where C (F cm�2) is the capacitance; I (A) is the current; f (Hz) is the frequency; A

(cm�2) is the electrode area.
The C–E curves obtained at various concentrations of FAD indicate a decrease

with increasing of FAD bulk concentration in the double-layer capacitance with

respect to the capacitance of the supporting electrolyte. The capacitance curves in the

electrochemical double-layer region (ca from �0.2 to �0.35V) clearly show that

a small amount of FAD (e.g. 10 mM) in the supporting electrolyte gives a significant

decrease in capacitance. The measured capacitance further decreases with an increase

in FAD bulk solution concentration, direct evidence of the adsorption of FAD on

the Ru-GCE electrode surface.
The apparent FAD surface coverage at a constant potential (�i) was calculated

from capacitance curves. Knowing that �i ¼ �i=�max, the Langmuir isotherm

[Equation (2)] can be further rearranged into the linearised form Equation (5):

c

�i
¼

1

Bads
þ c: ð5Þ

The FAD adsorption data from Figure 6 taken in the double-layer region, �0.20,

�0.25, �0.30, �0.35V, are presented in Figure 7. The plotted curves of c/� versus c at
different potentials are linear, giving an overall mean slope of 1.0015 and a mean
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correlation coefficient of R2
¼ 0.9785. Such excellent agreement shows the Langmuir

isotherm describes the adsorption of FAD on to the Ru-modified GCE surface very

well. From the slope, an average adsorption affinity constant of 1.08� 105M�1 is

calculated. Correspondingly, the apparent Gibbs energy of adsorption of FAD onto

the Ru-modified GCE is �Gads¼�38.2 kJmol�1, in excellent agreement with the

values obtained from CV measurements, where Bads¼ 1.11� 105M�1 and

�Gads¼�38.3 kJmol�1.

3.3. Electron-transfer kinetics of FAD at a Ru-modified GCE surface

The oxidative/reductive reaction of FAD at a Ru-modified GCE is under quasi-

reversible reaction. A series differential pulse voltammograms obtained in various

concentrations was fitted by a kinetic model for quasi-reversible electrochemical

reaction using General Purpose Electrochemcial software [24], and the detailed

information for fit and simulation procedure accounting for a heterogeneous kinetics

has been explained by A.J. Bard [22]. During the simulation, parameters in terms of

the reaction mechanism and number of exchanged electrons were set firstly according

to the reaction mechanism, and the apparent electron-transfer coefficient would be

given by an iterative algorithm until the experimental i-E curve is fully fitted by the

simulated one.
An excellent agreement between the simulated and experimental voltammograms

was obtained for DPV data at different concentrations, 10, 30 and 50 mM. The mean

value of the apparent electron-transfer coefficient is calculated to be 0.56� 0.04.
The electrochemical response (the voltammetric i-E curve) for the electrode

reaction is affected significantly by the adsorption of oxidant (O) or reductant (R).
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Figure 6. Alternating cyclic voltammograms of Ru-modified GCE recorded in phosphate
buffer pH¼ 7.0 containing various concentration of FAD: (1): 0mM, (2): 10mM, (3): 30mM,
(4): 50 mM, (5): 100 mM. Modulation time¼ 0.16 s; modulation amplitude¼ 0.005 Vrms; step
potential¼ 0.003V; phase¼ 0�; scan rate, �¼ 0.005V s�1; frequency¼ 25Hz.
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The theoretical treatments applying cyclic voltammetric methods to the study of

surface processes are being discussed in the literature [22,25]. The treatments for the

general case of a quasi-reversible reaction involving the adsorption isotherm for both

O and R have been discussed and the peak values are given by the followings

equation [22]:

Ep � E0 ¼
RT

�appnF
ln

RTkapp
�nF�

� �
, ð6Þ

where E0 (V) is the formal potential, �app is the electron-transfer coefficient and kapp
(s�1) is the apparent heterogeneous electron-transfer rate constant for the surface

electron transfer.
Using CV data at various scan rates in different FAD concentrations at pH 7.0,

yielded a formal FAD reduction potential value of E0 ¼�0.484V. The apparent

electron transfer coefficient and heterogeneous electron transfer rate constant can be

calculated from the scan-dependent CVs using Equation (6). Figure 8 shows the

difference between cathodic peak potential and formal FAD reduction potential

(Ep – E0) in 100 mM FAD to be proportional to the logarithm of scan rate (ln �).
From the slope of the line an apparent electron-transfer coefficient value of

�app¼ 0.56 was calculated, which is the same as obtained by the fitting procedure.

0 20 40 60 80 100

0

20

40

60

80

100

120

c
x

q−1
(μ

M
)

c
x

q−1
(μ

M
)

c
x

q−1
(μ

M
)

c
x

q−1
(μ

M
)

0

20

40

60

80

100

120

0

20

40

60

80

100

120

0

20

40

60

80

100

120

cFAD ( μM)

cFAD ( μM)

cFAD ( μM)

cFAD ( μM)

0 20 40 60 80 100

0 20 40 60 80 100 0 20 40 60 80 100

at −0.30 V at −0.35 V

at −0.25 V at −0.20 V
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The intercept gave an apparent heterogeneous electron transfer rate constant of

kapp¼ 2.32 s�1.

3.4. Comparison of the electrochemical behaviour of FAD with a bare GCE and

a Ru-modified GCE

Comparable studies of the electrochemical behaviour of FAD with a bare GCE and

the Ru-modified GCE were performed. Figure 9 shows the CV recorded in

phosphate buffer pH 7.0 containing 100 mM FAD at the bare GCE (curve (a)) to be

basically similar to that at the Ru-modified GCE (curve (b)). However, the cathodic

(or anodic) peak current of Ru-modified GCE in 100 mM FAD is less than that of

GCE under the same experimental condition.
The kinetics of FAD electro-reduction at both the bare GCE and the

Ru-modified GCE were found to be adsorption-controlled process, thus the faradic

current in CV reflects the surface concentration of attached FAD based on the

Nernst equation [22]:

i ¼
n2F2�A�

4RT
, ð7Þ

where n is the number of electrons involved in the redox reaction, F is the Faraday

constant, A (cm2) is the surface area of the electrode, � (mol cm�2) is the FAD

surface concentration, i (A) is the peak current, � (V s�1) is the scan rate, R

(Jmol�1K�1) is the gas constant and T (K) is the absolute temperature.
Therefore, the equilibrium surface concentration of FAD at the Ru-modified

GCE in a specific concentration of bulk solution is less than that at the bare GCE
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−0.08
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−0.02

−0.01

0.00

E
pc

−E
' (

V
)

ln(ν) (Vs−1)

Figure 8. Dependence of the difference between cathodic peak potential and formal FAD
reduction potential (Ep�E0) on the logarithm of scan rate (ln �). The symbols represent the
experimental data and the line is the linear fitting data.
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surface. It is confirmed by the recorded CVs of Ru-modified GCE with different
deposition degree of Ru. When the bare GCE was potentiostatically deposited on the
electrode surface for different time period, the different deposition degree of
Ru-submonolayer was obtained correspondingly. As shown in Figure 10, the
cathodic peak current of Ru-modified GCE in 100 mM FAD solution decreases to 90
from 136.31 mAcm�2 when the deposition degree of Ru on GCE increases to 22 from
0%. In addition, the equilibrium surface concentration of FAD (�, mol cm�2) on the
Ru-modified GCE, with different deposition degree of Ru-submonolayer, was
calculated from the scan-dependent CVs in same bulk solution using the Nernst
equation. The inset in Figure 10 and Table 1 clearly show that the equilibrium
surface concentration of FAD decreases linearly with increasing of deposition degree
of Ru on the GCE. This further proves that the deposited Ru islands might block
partial surface sites for FAD adsorption.

The Gibbs free energy of FAD adsorption on the Ru-modified GCE surface with
22.2% Ru deposition (�38.3 kJmol�1) is lower than that of bare GCE surface
(�39.7 kJmol�1), and the apparent electron-transfer coefficient and apparent
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)

(a)
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Figure 9. Cyclic voltammograms of (a) the bare GCE and (b) the Ru-modified GCE in
phosphate buffer pH¼ 7.0 containing 100mM of FAD recorded at scan rates of
v¼ 100mV s�1.
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heterogeneous electron transfer rate constant of kapp¼ 2.32 s�1 and �app¼ 0.56
between the Ru-modified GCE and FAD are higher than that between the bare GCE
and FAD where kapp¼ 1.4 s�1 and �app¼ 0.41. It can be concluded that the stronger
adsorption of FAD on GCE surface occurs, the slower electron transfer.

The size distribution of Ru islands on a GCE is between ca 10 and 40 nm [15].
The adenine ring of FAD directly attached onto GCE surface with a flat orientation
and the area of adenine ring is ca 50–60 Å2 [26]. The possible process for adsorption
and the reduction and oxidation of FAD on the Ru-modified GCE is that FAD
molecules adsorbs on spots left empty by Ru islands because the adsorption of FAD
on a metallic solid electrode surface is weak; the effective adsorption occurs at the
interface between FAD and GCE surface, not on the interface between FAD and Ru
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Figure 10. Normalised cyclic voltammograms of Ru-modified GCE with different deposition
degree of Ru-submonolayer: (a) 0, (b) 16.9, (c) 20.4, (d) 22.2% recorded in 0.05M phosphate
buffer containing 100 mM FAD. Scan rate, �¼ 100mV s�1. Inset: Dependence of the surface
concentration of FAD on the deposition degree of Ru-submonolayer obtained from CV with
various scan rates.

Table 1. The equilibrium surface coverage of FAD on Ru-modified GCE
with different deposition degree of Ru-submonolayer in 100 mM FAD bulk
solution.

Deposition time
(minute)

Deposition degree
of Ru (%) Ipc (mAcm�2) �� 10�10 (mol cm�2)

0 0 136.31 5.74
5 16.9 125.73 3.77
10 20.4 95.75 2.19
25 22.2 90.13 2.02
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sites on the electrode surface. Meanwhile, the electron transfer between FAD
molecules and the electrode surface (i.e. reduction step) is enhanced by the presence
of deposited Ru because it yields hydrogen using little energy after adsorbing
hydrogen at a low cathodic over-potential.

4. Conclusions

The interactive behaviour of FAD with a Ru-modified GCE was studied using CV,
DPV and ACV. The reduction of FAD at a Ru-modified GCE surface is a quasi-
reversible and surface-controlled process: the FAD adsorption is the rate
determining step in the overall reaction mechanism. The adsorption process was
described using the Langmuir adsorption isotherm, and the agreement between the
Langmuir isotherm and experimental data is excellent for the whole electrochemical
double-layer potential region. The apparent negative Gibbs energy of adsorption
of FAD onto the Ru-modified GCE of �Gads¼�38.2 kJmol�1 is obtained for both
CV and ACV technique. This is less than that for FAD on the bare GCE,
�Gads¼�39.7 kJmol�1. The apparent electron-transfer coefficient and apparent
heterogeneous electron transfer rate constant of kapp¼ 2.32 s�1 and �app¼ 0.56
between the Ru-modified GCE and FAD are higher than that between FAD and
bare GCE. The results show that the deposited Ru islands does not significantly help
the electron-transfer between FAD molecules and the electrode surface. Under the
same experimental condition, the surface concentration of FAD on the electrode
surface decreases with increase in deposition degree of Ru, therefore the effective
adsorption occurs on the interface between FAD and GCE surface rather than
between FAD and Ru sites on the electrode surface: the deposited Ru islands block
functional surface for the adsorption of FAD on the electrode surface.
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