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The electrochemical behavior of a modified electrode obtained by immobilization
of single-walled carbon nanotubes onto a graphite electrode modified with a new pheno-
thiazine derivative, bis-phenothiazin-3-yl methane (BPhM), G/BPhM-CNT, has been
evaluated and compared with BPhM adsorbed on graphite electrode (G/BPhM). The
G/BPhM-CNT electrode presents improved performances for NADH electrocatalytic ox-
idation in comparison with G/BPhM electrode, expressed by: (i) a significant increase of
electrocatalytic rate constant (kobs,[NADH] � 0) for NADH oxidation (856.32 L mol–1 s–1

for G/BPhM-CNT and 51.63 L mol–1 s–1 for G/BPhM, in phosphate buffer, pH 7);
(ii) the obtained amperometric sensors for NADH detection present increase sensitivity
(S � 6.9 mA L mol–1 for G/BPhM-CNT and S � 0.55 mA L mol–1 for G/BPhM, pH 7).
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Introduction

Carbon nanotubes (CNTs) have attracted much
attention due to their high chemical stability, high
surface area, unique electronic properties, and rela-
tively good mechanical properties. The physical
and chemical properties of CNTs make them a good
nano-structured material for different applications
in a wide range of technological fields including
chemistry, biology, medicine, electronics, materials
and engineering.1–3 When compared with other
forms of carbon electrodes such as graphite and
bare glassy carbon electrodes, the modified elec-
trodes based on CNTs show better performance,
better conductivity and the ability to promote
electron-transfer reactions. Due to the material
structure (channels inherently exist in the tubes),
the electronic structure, and the topological defects
present on the tube surface, they are successfully
used as electrode material in electrochemical reac-
tions.4–6

The reported electrodes based on CNTs were
usually prepared by casting the CNTs solution onto
the electrode surface (binder free) or by dispersing
CNTs in a binder, such as N,N-dimethylformamide,
Teflon, and Nafion, to form a CNTs electrode (with
binder).7–9 CNTs intermingled with other nano-
materials (such as nano Au particles, nano ZrO2,
etc.) were used to modify conventional electrodes.
These materials provide a synergic effect that leads
to the improvement in the response of modified
electrodes.10

A wide variety of applications of electrodes
based on CNTs for detection of bioorganic and in-
organic compounds such as: NADH, neurotrans-
mitters,11,12 proteins, nucleic acids, carbohydrates,
micromolecules7 and biomacromolecules9 has al-
ready been reported.

The electrochemical detection of NADH is of
considerable interest,13 since there are a large num-
ber of dehydrogenases that require this co-factor for
their enzymatic reaction. Consequently, consider-
able effort has been devoted to the goal of identify-
ing new electrode materials or mediators to allow
the stable determination of NADH at low over-
potentials.

CNTs modified electrodes exhibited an acceler-
ated electron transfer of NADH along with
minimization of surface fouling and decrease of
overpotential. Several mediators for NADH detec-
tion have been reported in the literature, including
quinones, oxometalates, ruthenium complexes,14

quinonoid redox dyes, for example indamines,
phenazines, phenoxazines and phenothiazines.13–16

These redox mediators are very efficient as electron
shuttles for NADH oxidation but are not always
suitable for long-term monitoring of reactions in-
volving NADH, because of their poor stability.
Some are highly soluble; others lose sensitivity af-
ter deposition on electrodes or are too pH-depend-
ent.14–16

Phenothiazine derivatives can be successfully
used as modifiers of electrode surfaces due to some
of their characteristics: they are insoluble in water
and can be easily adsorbed on graphite surface;
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they present good kinetic parameters for hetero-
genous electron transfer and for NADH electro-
catalytic oxidation and can be used as redox media-
tors in transducers for amperometric biosensors.

In this context, the paper presents a new type
of modified electrode for NADH detection obtained
by immobilization of single-walled carbon nano-
tubes onto a graphite electrode modified with a new
phenothiazine derivative (bis-phenothiazin-3-yl
methane) which was proved to be a more efficient
mediator for NADH oxidation than other phenothi-
azine derivatives.17 The electrochemical behavior of
the electrode in different experimental conditions
(scan rates and pH values), the electrochemical sta-
bility and the electrocatalytic behavior towards
NADH oxidation were tested using cyclic voltam-
metry (CV) and rotating disk electrode measure-
ments. The analytical and kinetic performances of
obtained amperometric sensors for NADH detection
were determined, using amperometry. The charac-
teristics of this type of modified electrode were
compared with those of a simple graphite electrode
modified with the same phenothiazine derivative.

Experimental conditions

Materials

Bis-phenothiazin-3-yl methane (BPhM) was a
gift from Dr. Castelia Cristea, Department of Orga-
nic Chemistry, “Babes-Bolyai” University Cluj-Na-
poca, (Romania). BPhM was synthesized as previ-
ously reported17 and its structure is shown in
Scheme 1.

Nicotinamide adenine dinucleotide, reduced
form (NADH) as disodium salt, dimethyl sulfoxide
(DMSO) 99.6 % and carbon nanotubes, sin-
gle-walled were purchased from Sigma (St. Louis,
MO, USA) and K2HPO4 · 2H2O and KH2PO4 · H2O
from Merck (Darmstadt, Germany). All other re-
agents were of analytical grade and used as re-
ceived. The supporting electrolyte was a 0.1 mol L–1

phosphate buffer solution.

Electrode preparation

A spectrographic graphite rod (Ringsdorff-Werke,
GmbH, Bonn-Bad Godesberg, Germany), of ~ 3 mm
diameter, was wet polished on fine (grit 400 and

600) emery paper (Buehler, Lake Bluff, Ill., USA).
Then, a graphite piece of suitable length was care-
fully washed with deionized water, dried, and fi-
nally press-fitted into a PTFE holder in order to ob-
tain a graphite electrode having, in contact with the
solution, a flat circular surface area of ~ 0.071 cm2.

The modified graphite electrodes (G/BPhM)
were obtained by spreading onto the electrode sur-
face 20 �L of 5 mmol L–1 phenothiazine derivative
solution in dimethylsulfoxide, and leaving them for
one hour at room temperature to evaporate the sol-
vent. Before immersion in the test solution, the
modified electrodes were carefully washed with
deionized water. For each electrode, the surface
concentration (G, mol cm–2) was estimated from the
peak areas, recorded during the CV measurements
at low scan rate (v < 10 mV s–1), corrected for the
background current.18,19

The CNTs were immobilized onto the G/BPhM
electrode by using water as the dispersing agent.
The casting solution was prepared by introducing
1 mg of CNTs into 200 �L of deionized water. A
20 �L aliquot of this sonicated solution was placed
directly onto the G/BPhM surface and left to dry,
after which the electrode was ready for use.15 In this
way, the G/BPhM-CNT electrode was obtained.

All presented results are the average of at least
3 identically prepared electrodes, if not otherwise
mentioned.

Physical-chemical and electrochemical
measurements

Microstructural characterization of the samples
was performed with a scanning electronic micro-
scope (SEM) JSM 5600 LV type (JEOL Company)
equipped with EDX spectrometer (Oxford Instru-
ments) for qualitative and quantitative micro-
analysis radiation X. The dried samples were mea-
sured both in the fracture and the polished surface.
The fractured section was coated with a thin layer
of gold.

Electrochemical experiments were carried out
using a typical three-electrode electrochemical cell.
The modified electrode was used as working elec-
trode, a platinum ring as counter electrode and an
Ag|AgCl/KClsat as reference electrode.

Cyclic voltammetry experiments were per-
formed on a PC-controlled electrochemical analyzer
(Autolab-PGSTAT 10, EcoChemie, Utrecht, The
Netherlands).

Steady state amperometric measurements at
different rotating speeds of the working electrode
were performed using an EG&G rotator (Radiome-
ter) and the same spectrographic graphite as disk
material. The current–time data were collected us-
ing the above-mentioned electrochemical analyzer.
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S c h e m e 1 – Structural formula of bis-phenothiazin-3-yl
methane17



Batch amperometric measurements at different
NADH concentrations were carried out at an ap-
plied potential of �100 mV vs. Ag|AgCl/KClsat,
under magnetic stirring, using 0.1 mol L–1 phos-
phate buffer solution as supporting electrolyte. The
current-time data were collected using the
above-mentioned electrochemical analyzer.

The pH of the phosphate buffer solutions was
adjusted using NaOH or H3PO4 and a pH-meter
(HI255, Hanna Instruments, Romania), with a com-
bined glass electrode.

Results and discussions

Characterization of modified electrodes

Firstly, in order to check the presence of CNTs
on G/BPhM-CNT surface, the G/BPhM-CNT,
G/BPhM and G electrodes were characterized using
SEM (Figs. 1a, 1b, and 1c, respectively). The CNTs
are found to be dispersed fairly well on the surface
of the G/BPhM-CNT modified electrode (Fig. 1a).
The inset of Fig. 1a shows magnified image of the
CNTs, the length and the typical diameter of the
single-walled CNTs.

The electrochemical behavior of G/BPhM-CNT
was investigated by cyclic voltammetry (Fig. 2). A
clearly defined peak pair corresponding to a
quasi-reversible surface immobilized redox couple,
with a formal standard potential, E0’, of –93 mV vs.
Ag|AgCl/KClsat for G/BPhM-CNT, and E0’ of –56
mV vs. Ag|AgCl/KClsat for G/BPhM, respectively,
was observed. The oxidation peak was attributed to
the formation of stable radical cation generated by
the phenothiazine structural units present in the mo-
lecular structure.20 It can be observed that the
G/BPhM-CNT modified electrodes exhibit a nega-
tive shift of the anodic peak potential and increased
current signal towards G/BPhM, which is specific
for CNTs modified electrodes.14

Cyclic voltammetric measurements were per-
formed in a wide range of potential scan rates (from
v � 0.01 to 1.28 V s–1), when the electrodes were in
contact with phosphate buffer solutions of different
pH values (from 5 to 9). The slopes of the log-log
peak current – potential scan rate dependence were
close to one for both G/BPhM and G/BPhM-CNT
electrodes (results not shown), indicating kinetically
controlled charge transfer and confirming that the
mediator is immobilized on the electrode surface.

From the dependence of the peak potentials on
the potential scan rate (Fig. 3), the heterogeneous
electron-transfer rate constants (ks, s

–1), for the re-
dox process corresponding to G/BPhM-CNT elec-
trode, were estimated (Table 1) using the Laviron
treatment.21 As can be seen, irrespective of the pH

values, the transfer coefficients (�) are close to
0.5–0.6 and the ks values are ~1.3–1.4 s–1 for
G/BPhM-CNT electrode, suggesting that the reac-
tion pathway and the charge transfer rate remain
unchanged in the investigated pH range. Also, there
are no significant differences for � and ks values,
corresponding to G/BPhM and G/BPhM-CNT elec-
trodes. However, the ks value for G/BPhM is higher
than those prepared in same way, but using smaller
quantities of phenothiazine solution (0.7 s–1).17

As expected for N-unsubstituted phenothiazine
derivatives22 (Fig. 4), the standard formal potential
(E0’, estimated as the average of the cathodic and
the anodic peak potentials from the cyclic
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F i g . 1 – SEM micrographs of G/BPhM-CNT (a), G/BPhM
(b) modified electrodes and G (c) electrodes



voltammograms recorded in the pH range from 1 to
9) changes with pH (61 mV/�pH), as predicted for
a redox process involving an equal number of pro-
tons and electrons, within experimental errors.

The electrochemical stability of G/BPhM and
G/BPhM-CNT was studied by performing repeti-
tive measurements of cyclic voltammetry, in phos-
phate buffer solutions of pH 5, 7 and 9, at potential
scan rate of v � 50 mV s–1. As can be observed
from Fig. 5, both electrodes present a good stability,
proved by small variation of surface concentration
during 25 cycles, while the shape of the voltammo-
grams remained invariant (results not shown).

NADH oxidation at G/BPhM and
G/BPhM-CNT electrodes

The cyclic voltammograms recorded in phos-
phate buffer (pH 7) at G/BPhM and G/BPhM-CNT
electrodes, in absence and in presence of different
concentrations of NADH (Figs. 6a and b), revealed a
good electrocatalytic activity for NADH oxidation. It
can be observed the beneficial influence of CNTs on
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F i g . 2 – Cyclic voltammograms for G/BPhM-CNT (––) and
G/BPhM (---) modified electrodes. Experimental conditions:
starting potential, –800 mV vs. Ag|AgCl/KClsat; scan rate, 5 mV s–1;
supporting electrolyte, 0.1 mol L–1 phosphate buffer, pH 7.

F i g . 3 – Dependence of (Ep – E0’) on the logarithm of the
scan rate for a G/BPhM-CNT electrode. Experimental condi-
tions: starting potential, –800 mV vs. Ag|AgCl/KClsat; support-
ing electrolyte, 0.1 mol L–1 phosphate buffer.

F i g . 4 – Variation of E0’with pH for G/BPhM-CNT. Experi-
mental conditions: starting potential, –800 mV vs.
Ag|AgCl/KClsat; potential scan rate, 50 mV s–1; supporting
electrolyte, 0.1 mol L–1 phosphate buffer.

T a b l e 1 – Kinetic parameters for the heterogeneous elec-

tron-transfer at G/BPhM-CNT modified elec-

trode. Experimental conditions: as in Fig. 3.

Electrode pH � ks/s
–1 R/no. of exp.

points
G/mol cm–1

G/BPhM 7 0.64 1.50 0.996/7 0.994/9 1.28 · 10–8

G/BPhM-CNT

5 0.53 1.31 0.997/8 0.984/9 2.98 · 10–8

7 0.62 1.46 0.993/7 0.991/8 3.00 · 10–8

9 0.59 1.41 0.996/7 0.993/5 1.81 · 10–8



electrocatalytic oxidation of NADH, reflected in an
increase of the catalytic current and decrease of the
oxidation potentials, in comparison with the
G/BPhM electrode. The effect was attributed to the
presence of edge plane graphite sites within the walls
and at the ends of carbon nanotubes.15

The electrocatalytic efficiency, estimated as the
( ) ( )

( )

[ ] [ ]

[

I I

I

peak NADH mmol L peak NADH

peak NADH

� �� �
2 01

]�0

ratio, at an

applied potential of �100 mV vs. Ag|AgCl/KClsat,
was 117 % for G/BPhM-CNT and 77 % for
G/BPhM. These values are higher in comparison
with those recorded for graphite electrodes modi-
fied with other phenothiazine derivatives (e.g.
3,7-di(m-aminophenyl)-10-ethyl-phenothiazine).23

In order to determine the optimal applied po-
tential, measurements of catalytic current at differ-
ent applied potentials were performed by using
amperometry. As can be observed from Fig. 7, the
optimal value of applied potential was �100 mV
vs. Ag|AgCl/KClsat and this value was used for all
further measurements. This value of applied poten-
tial is well placed in comparison with other values
used for NADH detection based on modified elec-
trodes with carbon nanotubes, reported in the litera-
ture (–100 � 630 mV).2,14,24–32 The marked de-
crease in the overvoltage for the NADH oxidation
can facilitate convenient low potential stable detec-
tion of different analytes using NAD�-dependent
dehydrogenase biosensors.

In order to confirm the effect of CNTs on the
reaction kinetics between NADH and phenothiazine
derivative, the electrocatalytic rate constant was es-
timated, using rotating disk electrode experiments,
at different rotation speeds and NADH concentra-
tions.13 From Koutecky-Levich plot of I–1 vs. �–1/2
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F i g . 5 – Dependence of surface concentration on cycling time
for G/BPhM-CNT and G/BPhM. Experimental conditions: start-
ing potential, –800 mV vs. Ag|AgCl/KClsat; potential scan rate,
50 mV s–1; supporting electrolyte, 0.1 mol L–1 phosphate buffer.

F i g . 6 – Electrocatalytic activity of (a) G/BPhM and
(b) G/BPhM-CNT electrodes for NADH oxidation, in absence
and in presence of different NADH concentrations. Experimen-
tal conditions: starting potential, –800 mV vs. Ag|AgCl/KClsat;
scan rate, 5 mV s–1; supporting electrolyte, 0.1 mol L–1 phos-
phate buffer (pH 7.0).



for different NADH concentrations (Fig. 8a), the
electrocatalytic rate constant (kobs) was estimated
for both G/BPhM and G/BPhM-CNT. Using the
dependences of kobs

–1 vs. [NADH] (Fig. 8b), the
kobs,[NADH] � 0 were calculated by extrapolating the
plots to [NADH] � 0 (Table 2). Thus, the values
of kobs, [NADH] � 0 in phosphate buffer pH 7 were
51.63 L mol–1 s–1 for G/BPhM and 856.32 L mol–1 s–1

for G/BPhM-CNT, and are proving one more the
CNTs effect on reaction rate enhancement in NADH
oxidation. The kobs,[NADH] � 0 value for G/BPhM is
smaller than that obtained for graphite electrode
modified with another phenothiazine derivative,
16H,18H-dibenzo[c,1]-7,9-dithia-16,18-diazapenta-
cene, (189 L mol–1 s–1)33 but the significant increase
of kobs in the presence of CNTs proves that the
nanotubes strongly improve the performances of
mediators used for NADH oxidation.
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F i g . 7 – Effect of the applied potential on the electro-
catalytic current recorded at G/BPhM-CNT electrode, in pres-
ence of 0.1 mmol L–1 NADH. Experimental conditions: sup-
porting electrolyte, 0.1 mol L–1 phosphate buffer (pH 7.0); ro-
tation speed, n � 500 min–1.

F i g . 8 – Koutecky-Levich plots (a) and variation of kobs with
NADH concentration (b) for G/BPhM electrode. Experimental
conditions: applied potential, �100 mV vs. Ag|AgCl/KClsat;
supporting electrolyte, 0.1 mol L–1 phosphate buffer, pH 7.

T a b l e 2 – Electrocatalytic parameters corresponding to the G/BPhM and G/BPhM-CNT modified electrodes. Experimental con-
ditions: applied potential, +100 mV vs. Ag|AgCl/KClsat; supporting electrolyte, 0.1 mol L–1 phosphate buffer.

Electrode pH G/mol cm–2 k+2/s
–1 KM/mmol L–1 kobs,[NADH]=0/L mol–1 s–1

G/BPhM 7 3.2 · 10–9 1.75 33.89 51.63

G/BPhM-CNT

6 1.9 · 10–8 0.011 0.004 2946.15

7 1.5 · 10–8 0.074 0.087 856.32

8 6.5 · 10–8 0.027 0.019 145.16



Amperometric sensors for NADH

Amperometric measurements using the rotating
disk electrode were carried out in order to study con-
centration dependences for NADH electrocatalytic
process. Successive additions of NADH to the solu-
tion were made in order to obtain the dependences of
the anodic electrocatalytic current on the NADH
concentration. By fitting the amperometric calibra-
tion curve to the Michaelis-Menten equation, for
G/BPhM and G/BPhM-CNT (Fig. 9), the kinetic and
electroanalytical parameters were determinated (Ta-
ble 3). A very fast current response (less than 10 s to
reach the steady-state current) after each NADH ad-
dition was observed. The electroanalytical parame-
ters are improved by using the CNTs (the sensitivity
increases, and the detection limits, calculated consid-
ering the signal/noise ratio equal to 3, decrease).
These detection limits for NADH are comparable
with those presented in literature.19,34 It should be
mentioned that the performances of NADH sensors

based on G/BPhM-CNT electrodes were obtained at
pH 6 and decrease when the pH of supporting elec-
trolyte increases.

Preliminary investigations indicate that the ob-
tained sensor can be used as transducer for ampero-
metric biosensors based on NAD�-dehydrogenases,
for the detection of some chemical species in real
samples (e.g. glucose, ethanol, etc.).

Conclusions

The results detailed above have assessed the abil-
ity of coupling CNTs with a new phenothiazine deriv-
ative, as a means of improving performances for
NADH electrocatalytic oxidation: promoting low po-
tential and high electrocatalytic rate constants
kobs,[NADH] � 0. The electrode based on CNTs was found
to be stable and can be used as amperometric sensor
with improved characteristics for NADH detection.
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L i s t o f s y m b o l s

E � potential, V

I � current intensity, �A

ks � heterogeneous electron transfer rate constant, s–1

� � transfer coefficient

v � scan rate, V s–1

G � surface concentration, mol cm–2

kobs, [NADH] � 0 � electrocatalytic rate constant for NADH
oxidation, L mol–1 s–1

k�2 � second order rate constant, s–1

KM � Michaelis-Menten constant, mmol L–1

n � rotation speed, min–1

R2
� correlation coefficient

S � sensitivity, mA L mol–1

t � time, s

� � angular velocity, s–1
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F i g . 9 – Calibration curve for NADH of G/BPhM-CNT
electrode. Experimental conditions: applied potential, �100 mV
vs. Ag|AgCl/KClsat; supporting electrolyte, 0.1 mol L–1 phos-
phate buffer; rotation speed, n � 500 min–1.

T a b l e 3 – Electroanalytical parameters corresponding to obtained modified electrodes. Experimental conditions: as in Fig. 8.

Electrode pH detection limit/�mol L–1 linear domain/mol L–1 S/mA L mol–1 Chi2 R2

G/BPhM 7 50 5 · 10–4–10–2 0.55 � 0.002 1.3 · 10–14 0.996

G/BPhM-CNT

6 8 10–5–10–3 8.3 � 0.9 5.6 · 10–14 0.998

7 10 10–5–10–3 6.9 � 0.6 36.9 · 10–14 0.989

8 16 5 · 10–5–10–3 5.6 � 0.9 4.1 · 10–14 0.992

9 34 2 · 10–5–10–3 2.6 � 0.7 3.0 · 10–14 0.989
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