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Abstract Novel composite films consisting of nitrogen-doped
multi-walled carbon nanotubes (N-MWCNTs) were fabricated
bymeans of chemical vapor deposition technique and decorated
with gold (AuNP) and iridium (IrNP) nanoparticles possessing
diameters of 12.5 and 2.7 nm, respectively. The electrochemical
responses of fabricated composite films, further denoted as N-
MWCNTs/MNPs (M: Au and Ir), toward ferrocyanide/ferricya-
nide, [Fe(CN)6]

3−/4− redoxcouplewasprobedbymeansof cyclic
voltammetry and electrochemical impedance spectroscopy tech-
niques. The findings demonstrate that both N-MWCNT/MNP
compositefilmsexhibitgreaterelectrochemicalresponseandsen-
sitivity toward [Fe(CN)6]

3−/4− compared to unmodified N-
MWCNTs. The results verify that the N-MWCNT/MNP com-
posite films are extremely promising for application in electro-
chemical sensing.

Keywords Electrochemical analysis . Ferrocyanide/
ferricyanide . Gold nanoparticles . Iridium nanoparticles .

Nitrogen-dopedmulti-walled carbon nanotubes

Introduction

Sensors based on multi-walled carbon nanotubes (MWCNTs)
were extensively applied in electrochemical analysis because

of their great electrochemically active area, high electrical
conductivity, extremely high reactivity and selectivity, and
enhanced chemical stability [1–4]. Furthermore, MWCNTs
exhibit improved electric transport properties as well as elec-
trocatalytic properties and are capable to reduce the
overpotentials and thereby to improve the currents of redox
systems [5–7]. In addition, MWCNTs display high sensitivity
and detection capability, and consequently, they improve the
reaction rate and amplify the stability and reproducibility of
electrode’s response [8].

Our research activities were currently involved in fabrica-
tion of composite films consisting of MWCNTs and their ap-
plication in electrochemical analysis [9–13]. In the present
manuscript, we report our recent studies on electrochemical
response of nitrogen-doped multi-walled carbon nanotubes
(N-MWCNTs) modified with gold and iridium nanoparticles,
further denoted as N-MWCNTs/MNPs (M: Au and Ir), toward
ferrocyanide/ferricyanide, [Fe(CN)6]

3−/4− redox system. The
N-MWCNTs were grown direct on oxidized porous silicon
wafer upon decomposition of acetonitrile in presence of cata-
lyst and were decorated with AuNPs and IrNPs possessing
diameters of 12.5 and 2.7 nm, respectively. In the present
manuscript, we are going to demonstrate that the decoration
of N-MWCNTs with metal nanoparticles improves signifi-
cantly their electrocatalytic reactivity and sensitivity.

Experiment

Chemicals and solutions

Potassium hexacyanoferrate(III) (99.0 %), potassium
hexacyanoferrate(II) trihydrate (98.5%), and potassium chloride
(99.0 %) were purchased from Sigma-Aldrich, while
tetrachloroauric(III) acid trihydrate (>99.5 %) and iridium(III)
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chloridehydrate (>99.9%)wereobtained fromCarlRothGmbH
and Alfa Aesar GmbH, respectively. All chemicals were used as
received without further purification. For the electrochemistry
measurements, a stock solution of K3Fe(CN)6/K4Fe(CN)6
(1.0 × 10−3 mol L−1) was prepared by dissolving appropriate
amounts of both compounds in 1.0mol L−1KCl. The stock solu-
tion was prepared immediately prior the electrochemistry mea-
surements using double-distilled water having specific conduc-
tivity of 0.50μS cm−1. Themeasured solutions in the concentra-
tionrangeof3.2×10−5–3.2×10−4molL−1wereprepareddirectly
in electrochemical cell with progressive addition of appropriate
volume of stock solution in 1.0mol L−1 KCl.

Instrumentation

All electrochemistry measurements were performed on electro-
chemical working station Zahner (IM6/6EX, Germany). The re-
sultswereanalyzedbymeansofThalessoftware(version4.15).A
three-electrode system, consisting of N-MWCNT/MNP (M: Au
and Ir) working electrode, platinum auxiliary electrode, and Ag/
AgCl (saturated KCl) reference electrode, was used for electro-
chemistry measurements. The electrochemical impedance spec-
trawererecordedinthefrequencyrangefrom0.1Hzto100kHzat
the half-wave potential of studied redox system [Fe(CN)6]

3−/4−

(0.281V vs. Ag/AgCl). Details regarding electrochemistrymea-
surements were reported in previous published article [14]. The
morphology and elemental composition of N-MWCNT/MNP
(M:Au and Ir) composite filmswere examined using a scanning
electron microscope (Zeiss Ultra with an Oxford instruments
EDX detector) equipped with an energy dispersive X-ray
spectrometer.

Fabrication of N-MWCNT/MNP (M: Au and Ir)
composite films

TheN-MWCNTswere synthesized bymeans of chemical vapor
deposition technique onto oxidized porous silicon wafer using
acetonitrile as carbon and nitrogen source materials in the pres-
ence of ferrocene as catalyst [15, 16]. The scheme of pyrolysis
apparatus and experimental details were already reported in pre-
vious published articles [17–20]. Colloidal noble AuNPs and
IrNPspossessingdiametersof12.5and2.7nm,respectively,were
fabricated using the photochemical segmented flow technique
[21, 22]. A representative scheme of apparatus used for fabrica-
tion ofMNPs is shown in Fig. 1. The setupwas build up of three

PC-controlled syringe pumps, PTFE tubingwith an inner diame-
ter of 0.5mm, standard fluid connectors, and one four-port man-
ifold (bothmade of polyether ether ketone). The segmented flow
technique is suitable formicrocontinuous-flow synthesis of plas-
monicnanoparticleswithhighsizehomogeneityandfor tuningof
nanoparticle properties. It causes a narrow residence time distri-
bution for all volume elements of the reactant mixture under the
UVrayandahighreproducibilityof the fluidmotion in this range.
AllnobleMNPswerepreparedusingthecorrespondingmetalsalt
solutions with concentration of 1.0 mM. The salt solution was
mixed with the polyvinylpyrrolidone/photoinitiator solution
(PVP/PI) in a four-port manifold and segmented with
perfluoromethyldecalin (PP9). The PVP/PI solution was previ-
ously prepared fromPVP solution (2wt%) and 2-hydroxy-4′-(2-
hydroxyethoxy)-2-methylpropiophenone solution (3.0 mM).
The nucleation starts with the irradiation of the segments in the
photoinitiation element (2mm length of the focus and irradiation
time of 135 ms). The N-MWCNT films were decorated with
metal nanoparticles according to following procedure: the N-
MWCNT films were immersed in aqueous solution of sodium
citrate (2.5 mM) and left in solution for about 10 min. After this
treatment, the films were dried in the air for ~2 h at the room
temperature. Afterward, the fabricated colloidal solutions of
AuNPs and IrNPs were dropped onto treated N-MWCNT films
using a micropipette and let for drying under room conditions.
Finally, the composite filmswere carefully washedwith distilled
water and dried in the air for ~24 h. For the construction of N-
MWCNT/MNP (M: Au and Ir) working electrodes, the films
wereconnectedtocopperwirebyusingsilverconductingcoating.
Once the silver coating was dried (~24 h), the silver conducting
part of films was fully covered with varnish protective coating.
Once the protective coating was dried (~12 h), the films were
ready to be used as working electrodes for the electrochemistry
measurements.

Results and discussion

Scanning electron microscopy analysis
of N-MWCNTs/MNPs (M: Au and Ir)

The SEM technique was used to observe directly the morphol-
ogy of synthesized N-MWCNTs as well as to investigate the
surface of N-MWCNT/MNP (M: Au and Ir) composite films.
The low-magnification SEM images exhibit that the surface of

Fig. 1 Scheme of apparatus used
for the fabrication of AuNPs and
IrNPs
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N-MWCNT film is quite homogeneous, and the high-
magnification SEM micrographs exhibit that the packing or-
ganization, and thus the arrangement of aligned carbon nano-
tubes on oxidized silicon substrate, is quite enhanced. This
observation is attributed to the bamboo-shaped configuration
of carbon nanotubes that contain nitrogen incorporated into
their structure [23]. The SEM micrographs taken for N-
MWCNTs/MNPs reveal that the deposited metal nanoparti-
cles are dispersed homogenously onto the surface of N-
MWCNTs and that only slight agglomeration of metal nano-
particles occurs. SEM/EDX analysis of selected AuNPs or
IrNPs deposited on N-MWCNTs confirms that these nanopar-
ticles consist of gold and iridium. Representative SEM images
taken for N-MWCNT/MNP (M: Au and Ir) composite films
are shown in Fig. 2. In these SEM micrographs, the metal
nanoparticles can be seen as large bright cyclic particles.

Electrochemical response of N-MWCNTs/MNPs (M: Au
and Ir) toward [Fe(CN)6]

3−/4−

In order to investigate the effect of metal nanoparticles on
electrocatalytic activity of carbon nanotubes, the electrochem-
ical response of N-MWCNT/MNP (M: Au and Ir) composite
f i l m s t o w a r d [ F e ( CN ) 6 ]

3 − / 4 − r e d o x s y s t em
(1.0 × 10−3 mol L−1) in aqueous 1.0 M KCl solution was
initially tested in large scan rate range (0.02–0.14 V s−1).
Representative cyclic voltammetries (CVs) recorded for
[Fe(CN)6]

3−/4− on N-MWCNTs/AuNPs at various scan rates
are presented in Fig. 3a. For comparison reasons, a CV

recorded for 1.0 × 10−3 mol L−1 [Fe(CN)6]
3−/4− (1.0 mol L−1

KCl) on unmodified N-MWCNT film at the scan rate of
0.02 V s−1 is also included in Fig. 3a. The variation of oxida-
tion peak current with the square root of scan rate is shown in
Fig. 3b. CVs recorded for [Fe(CN)6]

3−/4− on N-MWCNTs/
IrNPs at various scan rates are similar to those obtained for
N-MWCNTs/AuNPs and therefore are omitted. The estimated
electrochemical parameters [Fe(CN)6]

3−/4− on N-MWCNTs/
MNPs (M: Au and Ir) are reported in Table 1. As it can be
seen in CVs shown in Fig. 3a, the studied redox system
[Fe(CN)6]

3−/4− exhibits a pair of quite reversible redox peaks
with anodic and cathodic peak potential separation of
ΔEp ≈ 0.057 V (v = 0.02 V s−1), which is very close to that
expected for one-electron reversible redox process
(ΔEp = 0.064 V), and smaller compared to that obtained on
unmodified N-MWCNT film (ΔEp ≈ 0.083 V, v = 0.02 V s−1;
Fig. 3a) [24]. Consequently, the heterogeneous electron trans-
fer rate constant of ks ≈ 7.2 × 10−2 cm s−1, determined for
[Fe(CN)6]

3−/4− on N-MWCNTs/AuNPs by means of electro-
chemical absolute rate relation [25], appears to be significant-
ly greater compared to that estimated for same redox system
on unmodified N-MWCNTs (ks ≈ 5.1 × 10−3 cm s−1) [24]. In
addition, the anodic and cathodic peak potential separation of
ΔEp ≈ 0.066 V (v = 0.02 V s−1) estimated for [Fe(CN)6]

3−/4−

on N-MWCNTs/IrNPs appear to be greater compared to N-
MWCNTs/AuNPs but nevertheless smaller compared to un-
modified N-MWCNTs. Thus, the kinetic parameter of k-
s = 3.8 × 10−2 cm s−1 estimated for [Fe(CN)6]

3−/4− on N-
MWCNTs/IrNPs lies within ks values obtained for N-

Fig. 2 SEM micrographs of N-
MWCNT/AuNP (a, b) and N-
MWCNT/IrNP (c, d) composite
film taken with accelerating
voltage of 3 kVand magnification
factors of 1.7 × 104 (a), 7.6 × 104

(b), 4.0 × 104 (c), and 10 × 104 (d)
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MWCNTs/AuNPs andN-MWCNTs. The findings exhibit that
the modification of N-MWCNTs with metal nanoparticles re-
sults to enhanced electrochemical response [26]. However, it
must be mentioned that for the determination of ks of

[Fe(CN)6]
3−/4− by means of electrochemical absolute rate re-

lation, the effect of uncompensated resistance was considered
as negligible, something that is, in fact, not correct. Namely,
the analysis of extracted CV data exhibited concentration
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Fig. 3 a CVs recorded for
1.0 × 10−3 mol L−1 [Fe(CN)6]

3−/4−

(1.0 mol L−1 KCl) on N-
MWCNTs/AuNPs at
v1 = 0.02 V s−1, v2 = 0.04 V s−1,
v3 = 0.06 V s−1, v4 = 0.08 V s−1,
v5 = 0.10 V s−1, and
v6 = 0.14 V s−1. CV recorded for
1.0 × 10−3 mol L−1 [Fe(CN)6]

3−/4−

(1.0 mol L−1 KCl) on N-
MWCNTs is included (dotted
line). b Variation of oxidation
peak current density with square
root of scan rate

Table 1 Electrochemical
parameters determined for
[Fe(CN)6]

3−/4− (1.0 MKCl) on N-
MWCNT/MNP (M: Au and Ir)
films at the scan rate of 0.02 V s−1

Composite film E1/2 (V) ΔEp (V) ks (cm s−1) Rct (Ω) LOD (μM) S (A M−1 cm−2)

N-MWCNTsa 0.280 0.083 5.1 × 10–3c 58 0.341 0.464
6.2 × 10–3d

N-MWCNTs/AuNPsb 0.281 0.057 7.2 × 10–2c 2 0.130 0.886
8.0 × 10–2d

N-MWCNTs/IrNPsb 0.282 0.062 3.8 × 10–2c 10 0.170 0.752
2.0 × 10–2d

N-MWCNTs/RhNPsa 0.232 0.603

N-MWCNTs/PdNPsa 0.185 0.696

N-MWCNTs/PtNPsa 0.157 0.766

N-MWCNTs/AgNPsa 0.138 0.836

GC/MWCNTs/TiO2
e 1.10

CPE/BMPTFBf 100

CPE/SDSg 100

GCMh 30

Detection limits for other electrode materials reported in literature are also included for comparison reasons
[34–37]
a Data taken from our previously published article [24]
b Data from present work
c ks values determined from electrochemical absolute rate relation, ψ = (Do/DR)

a/2 ks(nπFvDo/RT)
−1/2 , where ψ is

the kinetic parameter, a is the charge transfer coefficient (a ≈ 0.5), Do and DR are the diffusion coefficients of
oxidized and reduced species, respectively (Do ≈ DR), and n is the number of electrons involved in the redox
reaction (n = 1) [32]
d ks values determined from EIS according to relation, Rct = RT/n2F2Aksc, where Rct is the charge transfer
resistance, A is the active surface area, and c is the concentration of redox system [33]
e Glassy carbon electrode modified with titanium dioxide and MWCNTs [34]f Carbon paste electrode modified
with 1-butyl-4-methylpyridinium tetrafluoroborate [35]
g Carbon paste electrode modified with sodium dodecyl sulfate [36]
h Glass capillary ultra-microelectrode [37]
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dependency of ΔEp, demonstrating that residual uncompen-
sated solution resistance affects the ΔEp values and conse-
quently the ks values. Furthermore, it is well known that the
electrochemical absolute rate relation is limited to planar dif-
fusion onto flat electrodes, something that is not in agreement
with the present work, in which carbon nanotube-based com-
posite film with relative hard and rough surface was used for
electrochemistry measurements. Consequently, for better ac-
curacy, the ks values of [Fe(CN)6]

3−/4− onN-MWCNTs/MNPs
(M: Au and Ir) were estimated by means of electrochemical
impedance spectroscopy technique and are reported in next
paragraphs.

CVs recorded for [Fe(CN)6]
3−/4− on N-MWCNTs/MNPs

(M: Au and Ir) exhibit that the peak current ratio of reverse
and forward scans is equal to unity and is independent of scan
rate, indicating that there are no parallel chemical reactions
that are coupled to electrochemical process. Similarly, the ox-
idative and reductive peak currents are constant for numerous
cycles, indicating that there are no chemical reactions coupled
to electron transfer process and confirming that [Fe(CN)6]

3−/4−

is stable in time frame of experiment and that the charge trans-
fer process occurring on N-MWCNT/MNP (M: Au and Ir)
f i lms is revers ible . The half-wave potent ia ls of
E1/2 = 0.281 V (vs. Ag/AgCl) and E1/2 = 0.282 (vs. Ag/
AgCl) estimated for [Fe(CN)6]

3−/4− redox system on N-
MWCNT/AuNP and N-MWCNT/IrNP films, respectively,
are similar within experimental error to that measured on un-
modified N-MWCNT film (E1/2 = 0.280 V vs. Ag/AgCl) [24].
Furthermore, the anodic peak current was found to vary line-
arly with the square root of scan rate in studied range of 0.02–
0.14 V s−1, demonstrating that [Fe(CN)6]

3−/4− is diffusion
controlled on N-MWCNTs/MNPs (M: Au and Ir; Fig. 3b). It
is very interesting that an improvement of film’s current re-
sponse occurs upon modification of N-MWCNTs with metal

nanoparticles. For instance, the current response of N-
MWCNTs/AuNPs toward [Fe(CN)6]

3−/4− appears to be
around four times greater compared to that of unmodified N-
MWCNTs under the same experimental conditions (Fig. 3a).
Consequently, it is obvious that the presence of metal nano-
particles onto N-MWCNT film’s surface enhances its electro-
catalytic activity and improves significantly its electrochemi-
cal response. The enhanced electrocatalytic ability of N-
MWCNTs/MNPs (M: Au and Ir) is attributed to metal nano-
particles that act as electron antennae that efficiently funnel
electrons between the electrode and electrolyte [27].

For the estimation of lower limit of detection of [Fe(CN)6]
3

−/4− on N-MWCNTs/MNPs (M: Au and Ir) composite films,
CVs for various concentrations of [Fe(CN)6]

3−/4− in concen-
tration range from ~3.0 × 10−5 to ~3.0 × 10−4 mol L−1 were
recorded at the scan rate of 0.02 V s−1 (Figs. 4a and 5a). The
electrochemical response of N-MWCNTs/MNPs (M: Au and
Ir) toward [Fe(CN)6]

3−/4− plotted as oxidation peak current
density vs. concentration of electroactive compound appears
to be linear in investigated concentration range (Figs. 4b and
5b). From the linear concentration-current calibration curve,
the detection limit and sensitivity values of 0.130 μM and
0.886 A M−1 cm−2, respectively, were estimated for N-
MWCNTs/AuNPs toward [Fe(CN)6]

3−/4−. With similar man-
ner, the detection limit and sensitivity values of 0.170 μM and
0.752 A M−1 cm−2, respectively, were obtained for N-
MWCNTs/IrNPs toward [Fe(CN)6]

3−/4−. These values are
compared with those obtained for unmodified N-MWCNT
film as well as for other novel composite films reported in
literature in Table 1. From this comparison, it can be clearly
seen that the detection ability and sensitivity of N-MWCNTs
enhance significantly upon modification with metal nanopar-
ticles. In addition, our novel N-MWCNT/AuNP film exhibits
slightly greater detection ability toward [Fe(CN)6]

3−/4−
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Fig. 4 a CVs recorded on N-
MWCNTs/AuNPs for
c1 = 1.18 × 10−4 mol L−1,
c2 = 1.67 × 10−4 mol L−1,
c3 = 2.11 × 10−4 mol L−1,
c4 = 2.50 × 10−4 mol L−1,
c5 = 2.86 × 10−4 mol L−1, and
c6 = 3.18 × 10−4 mol L−1

[Fe(CN)6]
3−/4− (1.0 mol L−1 KCl)

at v = 0.02 V s−1. b Variation of
oxidation peak current density
with concentration of [Fe(CN)6]

3

−/4−
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compared to N-MWCNTs/IrNPs. Moreover, both novel N-
MWCNTs/MNPs (M: Au and Ir) demonstrate significantly
enhanced response toward [Fe(CN)6]

3−/4− compared to other
novel electrode materials reported in literature (Table 1).

It would be very interesting to compare the lower limit of
detection of N-MWCNTs/MNPs (M: Au and Ir) toward
[Fe(CN)6]

3−/4− with those estimated for N-MWCNTs modi-
fied with other metal nanoparticles, such as RhNPs, PdNPs,
PtNPs, and AgNPs, previously published in literature [24].
Consequently, the detection limit of N-MWCNTs/MNPs (M:
Au and Ir) toward [Fe(CN)6]

3−/4− is presented graphically
along with those reported in literature for N-MWCNTs/
RhNPs [24], N-MWCNTs/PdNPs [24], N-MWCNTs/PtNPs
[24], and N-MWCNTs/AgNPs [24] in histogram in Fig. 6a.
From this comparison, it can be clearly seen that the lower
limit of detection of composite films toward [Fe(CN)6]

3−/4−

decreases with the following order: N-MWCNTs/RhNPs > N-

MWCNTs/PdNPs > N-MWCNTs/IrNPs > N-MWCNTs/
PtNPs > N-MWCNTs/AgNPs > N-MWCNTs/AuNPs. These
findings exhibit the greater ability of AuNPs to improve the
sensitivity and electrocatalytic activity of N-MWCNTs. A cor-
relation of lower limit of detection of modified N-MWCNTs/
MNPs (where M: Au, Ir, Rh, Pd, Pt, and Ag) films with the
electron density of corresponding metal nanoparticles can be
also extracted. Figure 6b displays the dependence of lower
limits of detection of N-MWCNTs/AuNPs, N-MWCNTs/
IrNPs, N-MWCNTs/RhNPs, N-MWCNTs/PdNPs, N-
MWCNTs/PtNPs, and N-MWCNTs/AgNPs toward
[Fe(CN)6]

3−/4− on energy of onset of density of electron state
(DOS) of corresponding metal nanoparticles reported in liter-
ature by Smith et al. [28, 29]. It must be mentioned that the
onset energies of DOS were calculated from the model band
structures and the zero of energy corresponds to the Fermi
level. In Fig. 6b, it can be clearly seen that the detection ability,
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and thus the sensitivity of composite film, is related to onset
energy of DOS ofmetal nanoparticles. Namely, there is a trend
of decreasing of detection limit with the decrease of onset
energy of DOS. Thus, the smallest onset energy of DOS of
AuNPs (3.2 eV) leads to the lowest detection limit (the
greatest sensitivity), while the greatest onset energy of DOS
of RhNPs (8.3 eV) results to the highest detection limit (the
lowest sensitivity).

The electrochemical behavior of [Fe(CN)6]
3−/4− redox sys-

tem on N-MWCNTs/MNPs (M: Au and Ir) was further inves-
tigated by means of electrochemical impedance spectroscopy
technique. Namely, EIS spectra were recorded for [Fe(CN)6]

3

−/4− redox system on N-MWCNT/MNP (M: Au and Ir) com-
posite films at the half-wave potential studied redox system
(0.281 V vs. Ag/AgCl) in the frequency range of 0.1 Hz–
100 kHz. Representative EIS spectra recorded for
1.0 × 10−3 mol L−1 [Fe(CN)6]

3−/4− (1.0 mol L−1 KCl) on N-
MWCNTs/MNPs (M: Au and Ir) are shown in Fig. 7. The EIS
spectra were simulated by means of Nyquist circuit for esti-
mating the charge transfer resistance, which is parameter that
controls the electron transfer kinetics of redox system at elec-
trode interface and represents the barrier for electron transfer
(the hindering behavior of interface properties of electrode)
[30]. The Nyquist circuit, which can represented as (Rs +
(Cdl/(Rct + Zw))), consists of solution resistance (Rs), double-
layer capacitance (Cdl) (constant phase element was used in-
stead of capacitor), charge transfer resistance (Rct), and
Warburg diffusion impedance (Zw) (inset in Fig. 7). The esti-
mated Rct values for [Fe(CN)6]

3−/4− on N-MWCNTs/MNPs
(M: Au and Ir) are included in Table 1 along with that obtained
for [Fe(CN)6]

3−/4− on unmodified N-MWCNTs [24]. The
findings demonstrate that the modification of N-MWCNTs
with metal nanoparticles leads to lower charge transfer resis-
tance, and thus to less barrier for electron transfer, resulting
therefore to faster kinetics of redox process occurring on these

particular films (it is well known that the heterogeneous
charge transfer rate varies inversely with charge transfer resis-
tance) [31]. Namely, upon modification of N-MWCNTs with
AuNPs and IrNPs, the charge transfer resistance decreases for
about ~90 and ~80 %, respectively, resulting to an improve-
ment of kinetic of electrochemical process. For better accura-
cy, the kinetic parameter ks was estimated using the charge
transfer resistance obtained by means of electrochemical im-
pedance spectroscopy. As was expected, significantly greater
ks values of [Fe(CN)6]

3−/4− were estimated on N-MWCNT/
AuNP (ks ≈ 8.0 × 10−2 cm s−1) and N-MWCNT/IrNP (k-
s ≈ 2.0 × 10−2 cm s−1) films compared to that determined on
unmodified N-MWCNTs (ks ≈ 6.2 × 10−3 cm s−1) [24]. This
finding demonstrates the greater electrocatalytic activity of N-
MWCNTs modified with metal nanopartices. It is also obvi-
ous that the kinetic of [Fe(CN)6]

3−/4− redox system on N-
MWCNTs/AuNPs appears to be faster compared to that on
N-MWCNTs/IrNPs. Furthermore, the ks values determined
from charge transfer resistance differ slightly with those esti-
mated bymeans of electrochemical absolute rate relation. This
disagreement is attributed to the greater inaccuracy of calcu-
lating ks by means of absolute rate relation since the uncom-
pensated resistance effect is not negligible. Considering that ks
calculated by means of impedance spectroscopy is more truth-
ful compared to that estimated by means of electrochemical
absolute rate relation, it can be concluded that the kinetics of
[Fe(CN)6]

3−/4− on N-MWCNTs/AuNPs is more than 10 times
faster compared to that on unmodified N-MWCNTs and about
4 times faster compared to that on N-MWCNTs/IrNPs. It is
obvious that the decoration of N-MWCNTs with metal nano-
particles results to lower barrier for electron transfer and there-
fore, to faster kinetics of redox process occurring on compos-
ite film. The extracted results exhibit the importance of mod-
ifying N-MWCNTs with metal nanoparticles (especially
AuNPs) for the improvement of their electrocatalytic activity.
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1.0 × 10−3 mol L−1 [Fe(CN)6]

3−/4−

(1.0 mol L−1 KCl) on N-
MWCNTs/AuNPs (a) and N-
MWCNTs/IrNPs (b) at the
potential of 0.281 V (vs. Ag/
AgCl) in the frequency range of
0.1 Hz–100 kHz. Inset is
equivalent electrical circuit (Rs +
(Cdl/(Rct + Zw))) used for
simulation of EIS spectra
(software Thales, version 4.15)
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The repeatability and reproducibility of N-MWCNT/MNP
(M: Au and Ir) composite films were evaluated by means of
CV technique. The reproducibility of method was studied by
measuring the electrochemical response of five different N-
MWCNT/MNP (M: Au and Ir) films toward [Fe(CN)6]

3−/4−.
In all cases, the reproducibility was estimated in the range of
2.5–3.5 %. Furthermore, the repeatability of the method was
studied by monitoring the current response of the same N-
MWCNT/MNP (M: Au and Ir) film toward [Fe(CN)6]

3−/4−

for 10 different successive measurements. The repeatability
of less than 3.0 % estimated for N-MWCNT/MNP (M: Au
and Ir) composite films can be considered quite acceptable.
These findings demonstrate that N-MWCNT/MNP (M: Au
and Ir) films have quite good repeatability and reproducibility
toward [Fe(CN)6]

3−/4−.

Conclusions

The electrochemical response of N-MWCNTs/MNPs (M: Au
and Ir) toward [Fe(CN)6]

3−/4− was investigated in aqueous
KCl solution in large scan rate and concentration ranges.
The findings demonstrate that [Fe(CN)6]

3−/4− appears to be
reversible and diffusion controlled on N-MWCNT/MNP (M:
Au and Ir) composite films. The electrode’s electrochemical
response as well as the kinetic of electron transfer for
[Fe(CN)6]

3−/4− become significantly faster upon modification
of N-MWCNTs with metal nanoparticles. In addition, the de-
tection ability of decorated N-MWCNTs/MNPs (M: Au and
Ir) toward [Fe(CN)6]

3−/4− appears to be more than two times
greater compared to that of unmodified N-MWCNTs. The
results of present work demonstrate the improvement of sen-
sitivity and electrocatalytic activity of N-MWCNTs upon
modification with metal nanoparticles.
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