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Abstract Phosphorus-doped multi-walled carbon nanotubes
(P-MWCNTs) were grown onto oxidized silicon substrate
with decomposition of cyclohexane (CyH) and
triphenylphosphine (TPP) in the presence of ferrocene
(FeCp,) by means of chemical vapor deposition technique.
For the fabrication, the mass percent of TPP in CyH/TPP/
FeCp, ternary mixture was varied from 0.5 % to 2.0 % wt.,
while the mass percent of FeCp, was fixed to either 2.0 % or
5.0 % wt. The P-MWCNTs were characterized using scanning
and transmission electron microscopy in combination with
energy-dispersive X-ray spectroscopy as well as using Raman
spectroscopy. The electrochemical response of P-MWCNTSs
towards ferrocyanide/ferricyanide [Fe(CN)s]*”* was studied
by means of cyclic voltammetry and electrochemical imped-
ance spectroscopy. Application of P-MWCNTs for electro-
chemical analysis of ascorbic acid (AA), dopamine (DA), and
uric acid (UA) was successfully carried out, and limits of
detection of 1.12 uM, 0.19 uM, and 0.80 uM were estimated,
respectively. The findings demonstrate that P-MWCNTs are a
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quite promising material for applications in electrochemical
sensing.
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Introduction

Multi-walled carbon nanotubes (MWCNTs) are considered
very promising and attractive nanomaterials for various appli-
cations in electroanalysis due to their marvelous electrical,
chemical, and mechanical properties [1]. Thus, MWCNTs
were extensively used for the construction of composite elec-
trodes and precise electrochemical devices since they enhance
the kinetic of redox processes and improve the sensitivity of
sensing systems due to their large surface area and their high
electrical conductivity [2, 3]. According to literature reports,
novel composite electrodes based on MWCNTs were already
extensively applied with great electrochemical performance
for the analysis of various redox systems of great interest
[4-6].

The warp of carbon nanotubes modifies the chemically
inert graphite surface and permits the incorporation of ele-
ments in their structure. Accordingly, the inclusion of non-
carbon atoms into the hexagonal network of carbon nanotubes
modifies the electronic and chemical properties due to varia-
tions in electronic structure [7]. It is remarkable that the doped
sites within carbon nanotubes modify significantly their
chemical reactivity, thereby broadening the spectrum of their
possible applications, especially in the field of electrochemical
sensing. Nitrogen that is known to have low doping levels in
bulk graphite can be easily incorporated into the structure of
carbon nanotubes by substitution. Nitrogen acts as an electron
donor in carbon nanotubes, since it has five valence electrons,
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causing a shift in the Fermi level to the conduction bands, and
therefore making all nitrogen-doped tubes metallic, regardless
of their geometry. As was already reported in literature, nitro-
gen can be incorporated within carbon nanotubes in pyridine-
like fashion [8]. Phosphorus can be also effectively incorpo-
rated into carbon nanotubes either as single substitution dop-
ant [9] or as co-dopant along with nitrogen [10]. Theoretical
investigations showed that both phosphorus and phosphorus-
nitrogen defects are characterized by the presence of highly
localized state close to the Fermi level, a promising evidence
for notorious chemical reactivity and great electrochemical
sensing capability [11].

The aim of the present work is the production of
phosphorus-doped carbon nanotubes, their electron micro-
scopic, Raman spectroscopic, and electrochemical characteri-
zation and their application in electrochemical sensing.
Phosphorus-doped multi-walled carbon nanotubes (P-
MWCNTs) were fabricated by means of chemical vapor de-
position (CVD) technique with decomposition of cyclohexane
(CyH) and triphenylphosphine (TPP) onto oxidized silicon
substrate in the presence of ferrocene (FeCp,). For the fabri-
cation of P-MWCNTs, four different compositions of TPP/
CyH/FeCp, ternary mixtures were used. The P-MWCNTs
films were characterized by means of scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM)
in combination with energy-dispersive X-ray spectroscopy
(EDX) as well as with Raman spectroscopy. Furthermore,
the electrochemical response of P-MWCNTs towards the stan-
dard redox system ferrocyanide/ferricyanide [Fe(CN)¢]>"*
was studied in aqueous potassium chloride solution by means
of cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) techniques. Application of P-MWCNTSs for
electrochemical analysis of ascorbic acid (AA), dopamine
(DA), and uric acid (UA) in phosphate buffer solution
(pH 7.0) was also carried out.

Experimental
Chemicals and solutions

Triphenylphosphine (>99 %), cyclohexane (>99 %), ferro-
cene (>98 %), potassium hexacyanoferrate(IIl), (>99.0 %),
potassium hexacyanoferrate(Il) trihydrate, (>98.5 %), do-
pamine (>99.0 %), and potassium chloride (>99.0 %) were
purchased from Sigma-Aldrich, while L(+)-ascorbic acid
(99.7 %) and uric acid (>98 %) were purchased from
Merck and Fluka, respectively. All chemicals were used
as received without any further purification. For the elec-
trochemistry measurements, a stock solution of
K3Fe(CN)g/K4Fe(CN)g binary mixture with concentration
of 1.0x1072 M was prepared by dissolving the appropriate
amounts of salts in 1.0 M KCl aqueous solution. The stock
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solution of [Fe(CN)¢]>”* was prepared immediately prior
the electrochemical experiments by using high-quality dis-
tilled water. The measured solutions of [Fe(CN)g]® " in
concentration range of 0.099-0.990 mM, were prepared
directly in electrochemical cell with progressive addition
of appropriate volume of stock solution in 1.0 M aqueous
KCl1 solution. The solutions of AA, DA, and UA of the
desired concentration were prepared immediately prior to
the electrochemical experiments by using phosphate buffer
solution (pH 7.0). The electrochemistry experiments were
carried out at the room temperature.

Fabrication of P-MWCNTs composite films

The growth of P-MWCNTs onto silicon/silicon oxide sub-
strate was carried out successfully by means of CVD tech-
nique with decomposition of CyH (carbon source material)
and TPP (phosphorus source material) in the presence of
FeCp, (catalyst). The mass percent of TPP and FeCp, in
TPP/CyH/FeCp, ternary mixture was varied in order to find
the optimum experimental conditions for the production of
high quality phosphor-doped carbon nanotubes. Specifically,
the mass percent of TPP in the TPP/CyH/FeCp, ternary mix-
ture was varied in the range of 0.5-2.0 % wt., while the mass
percent of FeCp, was fixed to either 2.0 % or 5.0 % wt.
(Table S1; Supporting Information). For the growth process,
the TPP/CyH/FeCp, ternary mixture was introduced to the
furnace at the temperature of 900 °C through a syringe with a
flow rate of 0.17 mL min™' (the growth processing time was
fixed at about 18 min). In case of P-MWCNTs film fabricated
with the smallest mass percent of TPP (0.5 % wt. TPP), three
different pyrolysis experiments were carried out in order to
produce electrochemically active samples by spraying 3, 4 and
5 mL of TPP/CyH/FeCp, ternary mixture (growing times of
about 18, 24, and 29 min, respectively). It is quite interesting
that the P-MWCNTs films fabricated by spraying 3 and 4 mL
of ternary mixture exhibited rather disturbed CVs and thus
they could not be used for sensing purposes (Fig. S1;
Supporting Information). The scheme of CVD apparatus and
experimental details concerning the pyrolysis technique were
already reported in previous published articles [12, 13]. The P-
MWCNTs-based working electrodes for electrochemistry
measurements were prepared as follows: the fabricated P-
MWCNTs films were initially connected to platinum wire
by using silver conducting coating, and once the silver coating
was dried, the silver conducting part of P-MWCNTSs compos-
ite films was fully covered with varnish protective coating
[14].

Instrumentation

The electrochemical measurements were carried out on
electrochemical working station Zahner (IM6/6EX,
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Germany) and the obtained data were analyzed by means
of Thales software (version 4.15). A three electrode system
consisting of P-MWCNTs-based working electrode, plati-
num plate counter electrode, silver/silver chloride (saturat-
ed KCl) reference electrode was used for electrochemistry
measurements. The electrochemical impedance spectra
were recorded in the frequency range from 0.1 Hz to
100 kHz at the half-wave potential of studied redox system
[Fe(CN)6*"* (E1»=10.275 V vs. Ag/AgCl). All electro-
chemistry measurements were carried out at the room
temperature. All solutions were deoxygenated by purging
with high-purity nitrogen for ten minutes prior to measure-
ment. More details regarding the electrochemistry mea-
surements were already reported in previous published
articles [15—17]. The morphology and elemental composi-
tion of various produced P-MWCNTs films were examined
by transmission electron microscope (FEI Titan operating
at 300kv, images acquired using TEM and elemental anal-
ysis aquired using STEM), and scanning electron micro-
scope (Zeiss Ultra with an oxford instruments EDX detec-
tor) equipped with an energy dispersive X-ray spectrome-
ter [18]. Raman spectra of various P-MWCNTs films were
recorded using inVia microprobe spectrometer (Renishow,
Gloucestershire, UK) coupled to Leica confocal micro-
scope. Laser excitation light of the length of 488 nm and
power of about 20 mW was used. The diameter of the laser
spot was about 1 um. The main Raman modes character-
istic to sp?-carbon materials were fitted using Lorentzian
curves.

Results and discussion

Scanning electron microscopic and transmission electron
microscopic analysis

Representative SEM and TEM images of various fabricat-
ed P-MWCNTs composite films are shown in Figs. 1 and
2, respectively. Furthermore, representative EDX spectra
recorded for the various P-MWCNTs composite films are
shown in Figs. S2-S5 (Supporting Information). The P-
MWCNTs-1 and P-MWCNTs-4 films contain carbon
nanotubes that are highly phosphorus-iron doped and are
quite long. Especially in P-MWCNTs-1 film sole carbon
nanotubes can be clearly recognized in TEM micrographs
having length in the range of 2.0-4.0 um and inner and
outer diameter of about 20 and 40 nm, respectively. The
structure of carbon nanotubes in P-MWCNTs-1 and P-
MWCNTs-4 samples consist of “closed” room-spaces di-
vided with numerous carbon nanowalls that are either
empty of completely filled with iron-phosphorus nanopar-
ticles. The structure of these nanotubes is similar in some

way to that of the nitrogen-doped nanotubes, which they
possess the so-called bamboo-shaped structure. It must be
mentioned, however, that the structure of the carbon nano-
tubes breaks down at the end of the longer tubes. Accord-
ing to published work of Jourdain et al. [19], the bamboo
morphology appears to be correlated with the diameter of
the catalytic nanoparticles. The TEM/EDX analysis of P-
MWCNTs-1 and P-MWCNTs-4 confirms that the nano-
tubes are filled with iron-phosphorus nanoparticles. In P-
MWCNTs-2 and P-MWCNTs-3 composite films sole car-
bon nanotubes cannot be clearly recognized and the most
of the species that can be seen are great adducts (clusters)
of carbon nanotubes that cannot be parted to single nano-
tubes upon sonication. The P-MWCNTs-2 and P-
MWCNTs-3 films consist mostly of aggregates of carbon
nanotubes that are also highly phosphorus-iron doped. In
the P-MWCNTs-2 and P-MWCNTs-3 films phosphorus-
iron nanoparticles, which are wrapped with numerous
layers of graphitic carbon, can be also seen in TEM im-
ages. These wrapped with nanotubes phosphorus-iron
nanoparticles, which look like “onions”, probably resulted
from demolished structure of carbon nanotubes. It is very
interesting to mention that according to EDX analysis the
overall phosphorus incorporated into carbon nanotubes
was between 1-2 % wt. for all studied P-MWCNTs com-
posite films, independently of mass percent of TPP used
for the production of P-MWCNTs. Larrude et al. [20]
performed X-ray photoelectron spectroscopy (XPS) stud-
ies of P-MWCNTs produced by means of spray pyrolysis
using TPP/FeCp, in toluene. The XPS findings demon-
strated the chemical environment of phosphorus atoms
and confirmed the presence of substitutional phosphorus
in the structure of carbon nanotubes. Furthermore, Cruz-
Silva et al. [10] reported that the most of metallic nanopar-
ticles in P-MWCNTs produced with pyrolysis of TPP/
FeCp, are primarily composed of iron and phosphorus
(iron phosphide nanoparticles) and only small amount of
metallic particles covered by amorphous carbon do not
contain phosphorus (these are either iron or iron carbide
nanoparticles). Cruz-Silva et al. [10] using ab initio calcu-
lations have shown that phosphorus can exist as dopant
(along with nitrogen) within the carbon nanotubes walls.

Raman spectroscopic analysis

Raman spectra recorded for P-MWCNTs are shown in Fig. 3.
Three main Raman features, G, G’, and D, characteristic to the
sp°-bonded carbons, were fitted with a Lorentzian peak shape.
The results of the fitting procedure are compared in Table 1.
Strong correlation between the position of the Raman peaks
and concentration of TPP in the nanotube growth precursor is
observed. The finding demonstrate that the peaks red-shifted
with the increase of concentration of TPP. The red-shift of the
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Fig. 1 SEM micrographs of P-
MWCNTs-1 (a,b), P-MWCNTSs-
2 (¢,d), P-MWCNTs-3 (e,f), and
P-MWCNTs-4 (g,h) composite
films taken with accelerating
voltage of 3 kV and magnification
factors in the range of 1.0x 10—
9.0x10*

—

Raman bands is probably induced by softening of the force
constants and donor doping [21]. However at the concentra-
tion of 2 % downshift disappeared. In the recorded spectra,
relatively strong disorder induced D-mode appears. It has been
shown that, the relative intensity of D and G lines, as well as
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G’ and G lines is a measure of disorder and number of
graphene layers in low dimensional carbons [22-25]. Intensity
ratio of D and G bands, Iy/Ig, attained the lowest value in
carbon nanotubes grown at the concentration of TPP of 1 %.
Using procedure described in our previous published
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Fig. 2 TEM micrographs of P-
MWCNTs-1 (a-¢), P-MWCNTs-
2 (d-f), P-MWCNTSs-3 (g-i), and
P-MWCNTs-4 (j-1) composite
films

manuscript [26], the average distance between defects can be
estimated to 14+1 nm and 12+1 nm for carbon nanotubes
grown with 0.5 % and 1 % of TPP, respectively. It is interest-
ing to mention that the increased concentration of FeCp, in
growth precursor of P-MWCNTs-1 relative to P-MWCNTs-2
does not influence the shape of main Raman features, dem-
onstrating, therefore, that the degree of defects in P-
MWCNTs-1 and P-MWCNTs-2 films is comparable. On the
other hand, higher content of adducts in P-MWCNTs-2 film is
clearly seen in SEM and TEM images. This concerns also the
sample P-MWCNTs-3, where tubular sp® carbon structures
are almost not visible. It leads us to the conclusion, that excess

of TPP relative to FeCp, can supress the MWCNTs growth
and does not cause the higher concentration of phosphorus in
sp>-bonded carbon tubules. This observation can be probably
related to the poisoning of metallic catalyst particles, and
consequently, to the declining of their catalytic activity with
increasing of TPP concentration [19, 27].

Electrochemical characterization and application in sensing
The potential application of fabricated novel P-MWCNTs

films as electrode materials was tested with standard tech-
niques such as CVand EIS. CVs recorded for [Fe(CN)g]*"*
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Fig. 3 Raman spectra recorded
for P-MWCNTs-1 (a), P-
MWCNTs-2 (b), -MWCNTs-3
(¢), and P-MWCNTs-4 (d) com-
posite films

Raman intensity / a.u.

(b)

(c)

(d)

——
1200

(1.0 M KCl) on various P-MWCNTs composite films at the
scan rate of 0.02 V s~ ' showing the effect of variation of
concentration of redox system in the range of 0.099-
0.990 mM are shown in Fig. 4. The change of oxidation
current of redox system [Fe(CN)g]*"* with the variation of
its concentration on various P-MWCNTs films is presented
graphically in Fig. S6 (Supporting Information). The esti-
mated electrochemical and kinetic parameters of
[Fe(CN)e]*"* on various P-MWCNTs composite films are
presented in Table 2. The CVs recorded on P-MWCNTs
films are quite symmetric and consist of two well-defined
reversible anodic and cathodic waves lying at about E,”*~
0.32 V (vs. Ag/AgCl) and Ep'ed:0.22 V (vs. Ag/AgCl),
respectively, which correspond to the one-electron transfer
process involving the standard redox system [Fe(CN)g]*"*".
The half-wave potential of [Fe(CN)e]>”* on P-MWCNTs
films lies at about £;,,~0.275 V (vs. Ag/AgCl) and is
independent on electrode’s material, something that is ex-
pectable for reversible redox systems. The CVs recorded on
P-MWCNTs are quite symmetric, and thus, the peak current
ratio of oxidation and reduction peaks is equal to unity and
is independent of scan rate demonstrating that there are no

——
1600

— T — T T 7 — T
2000 2400 2800 3200

Raman shift / cm”

parallel chemical reactions coupled to the electrochemical
process. In addition, the oxidative and reductive peak cur-
rents are essentially constant after recording several cycles
(no loss of electroactivity was observed for recording con-
tinuously 50 cycles). This finding demonstrates that there
are no chemical reactions coupled to electron transfer and
that the redox system [Fe(CN)¢]*"* is stable in the time
frame of experiment confirming that the charge-transfer
process occurring on novel P-MWCNTs films is reversible.
The effect of variation of scan rate on oxidation peak
current of [Fe(CN)6]3'/ 4 shows a linear variation of peak
current with the square root of scan rate indicating that the
electrochemical process occurring onto novel P-MWCNTSs
films is diffusion controlled. This finding is another evi-
dence of the reversibility of investigated [Fe(CN)g]*™*
redox couple onto novel P-MWCNTSs composite films. As
an example, representative CVs recorded for [Fe(CN)¢]> "+
at various scan rates (in the range of 0.02-0.12 V s~ ') on P-
MWCNTs-1 film along with the variation of oxidation
current of [Fe(CN)]® 4 with the square root of scan rate
are shown in Fig. S7 (Supporting Information). The values
of anodic and cathodic peak potential separation (AE,=

Table 1 Positions of D, G, and

G’ Raman bands, intensity ratios Material Dlem™ G/em™ G'em™! In/lg Ag/Ag
of D and G bands (/p/Ig), and
lntegral lntenSIty ratios of G and P-MWCNTs-1 1355.0+0.8 1579.3+£0.4 2707.9+0.7 0.66+0.03 0.58+0.03
G bands (4g+/Ag) for P- P-MWCNTs-2 1355.0+0.8 1579.3+0.4 2707.9+0.7 0.66+0.03 0.58+0.03
MWCNTs-1, P-MWCNTs-2, P- P-MWCNTs-3 1352.6=0.6 1572.140.3 2701.5+0.6 0.53+0.2 0.65+0.02
MWCNTs-3, and P-MWCNTs-4

P-MWCNTs-4 1355.0+0.6 1576.7+0.3 2704.5+0.6 0.68+0.2 0.39+0.02

composite films
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Fig. 4 CVs recorded for various
concentrations of [Fe(CN)(,]3’/ +
(1.0 M KCl) on P-MWCNTs-1
(a), -MWCNTs-2 (b), P-
MWCNTs-3 (c), and P-
MWCNTs-4 (d) composite films
at the scan rate of 0.02 V-s~'. The
CVs (from inner to outer)
correspond to the following
concentrations: ¢;=0.099 mM,;
¢,=0.196 mM; ¢3=0.291 mM;
¢4=0.415 mM; ¢5=0.506 mM,;
¢c6=0.595 mM; ¢;=0.712 mM;
¢g=0.797 mM; ¢9=0.909 mM;
6’10:0.990 mM

Current / pA

Current / pA

0.0 I 012 I 014
Potential / V

016 I OI.O I 0'.2 I OI.4 I OI.6
Potential / V

(c)

Current / A

50 uA|

Current / pA

Epox—Epred) obtained for [Fe(CN)g]*”* on various P-
MWCNTs films appear to be strongly dependent on work-
ing electrode’s material as well as on concentration of redox
system (the AE, values tend to increase slightly with the
increase of concentration). Furthermore, the AE,, values are
greater compared to the ideal value of AE,=0.059 V [28],
which is indicative of reversible one-electron transfer redox
process. Since the peak separation due to electron transfer
kinetics must be constant with the concentration of redox

00 02 04
Potential / V

0.6 00 02 04 06
Potential / V

system (at a given scan rate), the increase in peak potential
separation with the rise in concentration of redox system
(and thus with the increase of oxidation and reduction peak
currents) can be attributed to uncompensated resistance
effect. Solak et al. [29] reported that the “observed” AE,
value for redox system is the sum of the “corrected” AE,
value and the term 2i,R,, where i, is the oxidation or
reduction peak current and R, represents the uncompensat-
ed resistance. Consequently, the corrected AE,, value can

@ Springer



898

J Solid State Electrochem (2015) 19:891-905

Table 2 Anodic peak potential

(E,™), cathodic peak potential Parameters P-MWCNTs-1 P-MWCNTs-2 P-MWCNTs-3 P-MWCNTs-4

(Epred), half-wave potential (1),

observed (AEpObS) and corrected EPOX/V 0.321 0.333 0.357 0.326

(AE,™") anodic and cathodic ES9v 0.231 0213 0.194 0.228

peak potenpal separation, anqdlc Eyp/V 0276 0273 0276 0277

and cathodic peak current ratio obs

(ipo)(/ipred)’ heterogeneous electron AE,SIV 0.090 0.120 0.163 0.098

transfer rate constant (k,), charge AE,S NV 0.073 0.091 0.119 0.079

transfer resistance (R.y), lower ipOX/ipred/A 1.01 1.01 1.01 0.99

limit of detection (LOD), and 3

sensitivity () for PAMWCNTs-1, k/107" cm-s 7.36 3.64 1.55 5.72

P-MWCNTs-2, P-MWCNTSs-3, R/ 13 142 895 46

and P-MWCNTs-4 composite LOD/uM 0.60 0.65 0.83 0.63
3-/4-

films towards [Fe(CN)e] S/AM " em 2 0.301 0278 0.184 0.289

(1.0 M KCI)

be graphically estimated as the intercept of the plot of
observed AE, versus i, (with slope 2R,). As an example,
representative plots showing the variation of AE, with the
oxidation current of [Fe(CN)s]*”* in the concentration
range of 0.099-0.990 mM on two different P-MWCNTs
composite films are presented in Fig. S8 (Supporting Infor-
mation). The corrected AE, values corresponding to “no
effect” of concentration of electroactive species are includ-
ed in Table 2 along with the observed AE, values for
comparison reasons. As it can be observed in Table 2, the
corrected AE, values of [Fe(CN)s]*”* on P-MWCNTs-1,
P-MWCNTs-2, P-MWCNTs-3, and P-MWCNTs-4 films
appear to be smaller for about 18 %, 24 %, 27 %, and
19 %, respectively, compared to the corresponding ob-
served AE, values. This finding demonstrates the great
incorrectness of kinetic parameters that would result from
the interpretation of the observed AE, values. Based on the
degree of the peak potential separation between the forward
and reverse scans (the corrected AE), values), the heteroge-
neous electron transfer rate constants (k) can be estimated
by means of electrochemical absolute rate relation. Namely,
in order to determine the heterogeneous electron transfer
rate constants of [Fe(CN)g]>"* system on P-MWCNTs
films, the procedure suggested by Nicholson [30], which
relates ks with AE, through a working curve of dimension-
less kinetic parameter 1, was applied. For the determina-
tion of kg, the diffusion coefficient of [Fe(CN)e]*"* was
taken as D=7.2x10"% cm?'s ' [31]. The determined k
values of [Fe(CN)g]*>”* on various fabricated P-MWCNTs
films are included in Table 2. The findings demonstrate
slight differences of kinetic of redox process involving
[Fe(CN)s]*”* on various P-MWCNTs composite films.
Specifically, the rate for electron transfer of [Fe(CN)g]>"*
on P-MWCNTs films tends to increase with the following
order: P-MWCNTs-3<P-MWCNTs-2<P-MWCNTs-4<P-
MWCNTs-1. The findings demonstrate that the P-
MWCNTs-1 and P-MWCNTs-4 composite films,
consisting of long and sole “bamboo-shaped” carbon
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nanotubes, approve somehow the electron transfer kinetic
of [Fe(CN)¢]*”* system. In contrast, on P-MWCNTs-2 and
P-MWCNTs-3 films, consisting of clustered nanotubes, the
electron-transfer kinetic appears to be slower.

In order to estimate the detection ability and sensitivity
of various P-MWCNTs composite films towards
[Fe(CN)e]*"*, the variation of oxidation peak current with
the concentration of redox system was considered. The
findings demonstrate that the fabricated novel P-
MWCNTs films exhibit linear current response towards
[Fe(CN)6]3’/4' in the investigated concentration range of
0.099-0.990 mM (Fig. S6; Supporting Information). From
the linear concentration-current calibration curves, the
lower limits of detection as well as the sensitivities of
novel P-MWCNTs films towards [Fe(CN)g]*”* were esti-
mated and are included in Table 2. The findings exhibit
that the sensitivity and detection ability of novel films tend
to enhance with the following order: P-MWCNTs-3<P-
MWCNTs-2<P-MWCNTs-4<P-MWCNTs-1. It is very in-
teresting that with the same order, the kinetic of electron
transfer reaction increases. This finding exhibits an im-
provement of sensitivity of P-MWCNTs films consisting
of sole non-clustered carbon nanotubes. It would be very
interesting to compare the lower limit of detection of P-
MWCNTs films towards [Fe(CN)s]*”* with those reported
in literature for other novel composite films. This compar-
ison, which is presented in Table S2 (Supporting Informa-
tion), shows clearly that the P-MWCNTSs composite films
exhibit greater detection capability towards the redox cou-
ple [Fe(CN)g]* "+ compared to other novel films reported
in literature. These findings exhibit the excellent electro-
catalytic performance of P-MWCNTs composite films.
Furthermore, it is remarkable that the phosphorus-doping
appears to improve the detection ability of carbon nano-
tubes towards [Fe(CN)e]>"*". As it can be seen in Table S2
(Supporting Information), the detection ability of carbon
nanotubes which incorporate phosphorus into their struc-
ture appears to be about 47-62 % greater compared to that
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of pristine un-doped carbon nanotubes. Nevertheless, it
must be mentioned that the phosphorus doping of carbon
nanotubes cannot compete the nitrogen doping of the tubes
that improves even more the detection ability of carbon
nanotubes towards [Fe(CN)g]*"* (an improvement of de-
tection limit of about 70 % is observed upon nitrogen
doping of nanotubes). These findings confirm the particu-
larly enhanced electrocatalytic properties of carbon nano-
tubes that incorporate nitrogen atoms into their structure
[32, 33]. According to literature reports, the extra valence
electrons of dopant material occupy the carbon nanotubes

conduction band and shift the Fermi level towards the
conduction band improving the conductivity of carbon
nanotubes and enhancing their electrochemical response
[34].

The electrochemical behavior of redox system
[Fe(CN)6]*"* on novel P-MWCNTs films was further in-
vestigated by means of EIS technique. Representative EIS
spectra recorded for [Fe(CN)s]>”* on various P-MWCNTs
composite films in the frequency range of 0.10 Hz-
100 kHz are displayed in Fig. 5. In EIS spectra, which
are displayed as Nyquist plots, the complex impedance of

Fig. 5 EIS spectra recorded for
0.099 mM [Fe(CN)s]*"* (1.0 M 0.14 4 (a) 0.14 (b)
KCl) on P-MWCNTs-1 (a), P- ] 1
MWCNTSs-2 (b), -MWCNTs-3 i i
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recorded at the half-wave poten- —~ 0.10 1 ° 01H : 0.104
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studied system is presented as the sum of the real and the
imaginary impedance components (impedance values in x-
and y-axis, respectively). The recorded EIS spectra reveal
that the impedance is controlled by the interfacial electron
transfer at high frequencies, while at low frequencies, the
Warburg impedance is generated. Thus, the EIS spectra
include a semicircle at high frequencies, corresponding to
the electron transfer limiting process, and a linear part
(with large angle with respect to real impedance axis or
almost parallel to imaginary impedance axis) at low fre-
quencies resulting from the diffusion limiting step of the
electrochemical process. According to theory, the straight
line interprets a faster mass transfer-limited process due to
electron flow from electrode surface to the bulk solution
(occurring at lower frequencies), whereas, the semicircular
portion describes a relatively slower charge transfer-
limited process (taking place at higher frequencies).
Among P-MWCNTs composite films studied, P-
MWCNTs-2, P-MWCNTs-3, and P-MWCNTs-4 exhibit
in their Nyquist plots an obvious semicircle (its diameter
differs for each P-MWCNTs film) in the high-frequency
region of the impedance spectra and a straight line in the
low-frequency region. However, the Nyquist plot of P-
MWCNTs-1 exhibits a depressed very small semicircle
(with small diameter) that is almost invisible and a linear
(straight) ion diffusion portion having the greatest slope
compared to the other novel P-MWCNTs composite films
studied (the slope of the liner portion is actually very close
to the slope of the imaginary impedance axis). These
findings imply that among the films studied, P-
MWCNTs-1 exhibits the greatest conductivity or the low-
est internal resistance including polarization impedance.
According to literature, the absence of semicircle in the
complex impedance plane was explained by means of high
ionic conductivity at the electrode/electrolyte interface
[35]. These findings indicate that the electrochemical qual-
ity of P-MWCNTs-1 appears to be better. The extracted
impedance data were satisfactorily fitted to the Randles
equivalent electrical circuit (Rs+(Cq/(Ret+Zy))) (software
Thales, version 4.15). The Randles circuit is used frequent-
ly as equivalent electrical model to interpret experimental
EIS spectra and includes an uncompensated solution resis-
tance (R,) connected in series to a parallel combination of
double-layer capacitance (Cq;) and charge transfer resis-
tance at the electrode/solution interface (R) in series with
Warburg diffusion impedance (Z,,) [36]. The electrical
circuit used for simulation was found to fit satisfactorily
the impedance data. The mean and maximum modified
impedance errors resulted from the simulation process
were estimated in all cases to be less than 0.3 % and
2.5 %, respectively, which can be considered quite accept-
able. It must be mentioned that to obtain acceptable repro-
duction of experimental impedance data, the capacitor was
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replaced by constant phase element. The explanation for
the presence of constant phase element is the microscopic
roughness of the surface of carbon nanotube-based films
that causes an inhomogeneous distribution in solution re-
sistance and double-layer capacitance. As it can be seen in
Fig. 5, the intercept between the impedance spectrum and
the real impedance axis was very small (between 3 and 6
Q) for all investigated composite films. The small intercept
demonstrates that the series resistance (R,), which includes
the electrolyte solution resistance and the contact resis-
tance at the interface of active material/current collector,
was quite small for all different P-MWCNTs composite
films studied.

The most suitable impedance parameter for further
evaluation of the electrochemical features and for study-
ing the interfacial properties of P-MWCNTs composite
films is the charge transfer resistance (R.). This imped-
ance parameter controls the electron transfer kinetics of
redox system at electrode interface and represents the
barrier for the electron transfer process occurring onto
electrode’s surface [37]. In other words, R represents
the hindering behavior of interface properties of the elec-
trode and it can be estimated from the diameter of capac-
itive semicircle in Nyquist plots (in high frequencies) by
extrapolating the semicircle to the real impedance axis
[38].

The absence of semicircle in Nyquist plot of P-MWCNTs-1
demonstrates that the charge transfer resistance of this partic-
ular film is the smallest among the P-MWCNTs composite
films studied. For this particular film, the phase angle in-
creases continuously with the decrease of frequency (the
straight line is almost parallel to imaginary impedance axis)
indicating that the kinetic and charge transfer are no longer
rate-determining steps, while the mass transfer (capacitance)
remains the dominant component of impedance of the system.
In contrast to P-MWCNTs-1, on other composite films such as
P-MWCNTs-2, P-MWCNTs-3, and P-MWCNTs-4, semicir-
cles can be obviously seen with different diameters indicating
that onto these films, the charge transfer process is the rate
determining step.

The R, values estimated for [Fe(CN)g]*”* on various
P-MWCNTs films resulted from the simulation of exper-
imental impedance data are included in Table 2 for com-
parison reasons. The findings demonstrate that the R
values, and thus the barrier for electron transfer, tend to
decrease with the following order: P-MWCNTs-3>P-
MWCNTs-2>P-MWCNTs-4>P-MWCNTs-1. The imped-
ance results are in absolute agreement with those extract-
ed from CV studies. Namely, the kinetic parameter k;
estimated for [Fe(CN)¢]*”* on various P-MWCNTs com-
posite films tends to increase with the same order: P-
MWCNTs-3<P-MWCNTs-2<P-MWCNTs-4<P-
MWCNTs-1, confirming that the charge transfer
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resistance is inversely proportional to the exchange cur-
rent and, thus, to the heterogeneous electron-transfer rate
constant of redox system [39]. As was already reported
above, with the same order, the detection ability of the P-
MWCNTSs composite films towards [Fe(CN)]* 7+ tends to
increase. The charge transfer resistance, the rate of elec-
tron transfer, the lower limit of detection, and the sensi-
tivity of various P-MWCNTs composite films towards
[Fe(CN)e]>”"* are presented graphically in histograms
shown in Fig. 6. From the histograms, it can be clearly
seen that within the films fabricated, the P-MWCNTs-1

film possesses the smallest charge transfer resistance, the
greatest rate for electron transfer, the lowest limit of
detection, and, consequently, the highest sensitivity to-
wards [Fe(CN)6]3'/ 4 In addition, within the P-MWCNTSs
films tested, P-MWCNTs-3 reveals the slowest charge
transfer kinetic, the greatest barrier for electron
transfer,and, consequently, the lowest detection ability.
By considering the results extracted from SEM and
TEM analysis, it can be concluded that the P-MWCNTs
films consisting of long and sole carbon nanotubes exhibit
faster response and greater sensitivity compared to those

Fig. 6 Histograms showing the -
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Fig. 7 CVs recorded for AA (a),
DA (b), UA (c), and AA/UA bi-
nary mixtures (d) on P-
MWCNTs-1 composite film Vv
(PBS, pH 7.0). The CVs shown in 5
a, b, and ¢ (from inner to outer)
were recorded at the scan rates of
v=0.02 V-5, 1,=0.04 V-5,
v;=0.06 V-s ', 1,=0.08 Vs,
and vs=0.10 V-s !, while the
CVs shown in d (from inner to
outer) were recorded with
AA:UA concentration ratios of
1:1 (¢1), 1:2 (¢3), and 1:3 (c3) at
the scan rate of v;=0.02 Vs
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containing clustered carbon nanotubes. The results obtain-
ed are quite promising and clearly demonstrate that the
novel P-MWCNTs are suitable to be used as electrodes in
electrochemical sensing.

The response of P-MWCNTs-1 film towards oxidation
of molecules with biological interest, such as AA,UA, and
DA, was tested in phosphate buffer solutions (PBS) at
pH 7.0 in the concentration range of 0.030-0.238 mM

@ Springer

and the scan rate range of 20-100 mV s~ '. Representative
CVs recorded at various scan rates for AA, DA, and UA
are shown in Figs. 7a—c. The electrochemistry measure-
ments were performed at pH 7.0 since it is very close to the
physiological pH (pH 7.365). Furthermore, it was verified
that at pH 7.0, the voltammetric response of the P-
MWCNTs-1 film towards oxidation of AA, UA, and DA
appears to be enhanced. From the recorded CVs, it can be
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Table 3 Lower limit of detections (LOD) of pristine MWCNTs, P-
MWCNTs, and N-MWCNTs composite films towards oxidation of AA,
DA, and UA (PBS, pH 7.0)

Analyte LOD/uM
MWCNTs P-MWCNTs N-MWCNTs

AA 1.40%/8.0° 1.12 0.97¢

DA 0.3040.2° 0.19 0.034

UA 1.0° 0.80 0.54°

aRef, [42]

®Ref. [43]

°Ref. [40]

9Ref. [13]

seen that the oxidation of AA, DA, and UA onto P-
MWCNTs-1 occurs at about +0.348 V, +0.409 V, and +
0.554 V (vs. Ag/AgCl), respectively. The findings demon-
strate that the oxidation overpotential of AA onto P-
MWCNTs appears to be about ~226 mV more anodic
(more positive) compared to that measured onto N-
MWCNTs (+0.122 V vs. Ag/AgCl) and about 38 mV less
anodic (less positive) compared to that measured onto
pristine MWCNTs (+0.386 V vs. Ag/AgCl) [40]. It is
interesting to mention that the overpotential of AA mea-
sured onto P-MWCNTs is significantly less anodic com-
pared to that measured on conventional platinum electrode.
The results clearly indicate that there is slight diminishing
of overpotential of AA onto P-MWCNTs compared to that
measured onto pristine MWCNTs. However, P-MWCNTSs
cannot compete the great diminishing of overpotential of
AA that occurs onto N-MWCNTs. This finding confirms
once more the improved ability of carbon nanotubes that
incorporate nitrogen into their structure to lower the
overpotential of redox systems [41]. Consequently, since
the oxidation potential of DA lies very close to that of AA
(the oxidation potential of DA is about 61 mV more pos-
itive compared to that of AA), there is strong interference
of DA in voltammetric detection of AA and, likewise, there
is an interference of AA in the detection of DA. However,
since the potential difference between the oxidation waves
of AA and UA is relative large (greater than 200 mV), their
simultaneous voltammetric analysis can be carried out onto
P-MWCNTs-1 composite film, but only in the absence of
DA. Thus, in CVs recorded for AA/UA binary system with
concentration ratios 1:1, 1:2, and 1:3, the oxidation waves
of AA and UA are well separated (~210 mV) permitting
therefore their simultaneous analysis (Fig. 7d). The lower
limits of detection estimated for P-MWCNTs towards ox-
idation of AA, DA, and UA are reported for comparison
reasons along with those obtained on pristine and nitrogen-
doped MWCNTs in Table 3. An extensive comparison of
limits of detection obtained in the present work for P-

MWCNTs towards AA, DA, and UA with those reported
in literature for other novel composite films is shown in
Figure S3 (Supporting Information). As it can be seen, the
detection ability of the films towards oxidation of studied
biomolecules tends to enhance with the following order:
MWCNTs<P-MWCNTs<N-MWCNTs demonstrating that
the phosphorus doping improves the sensitivity of the
carbon nanotubes; however, the electrocatalytic properties
of nitrogen-doped nanotubes appear to be slightly more
improved. Furthermore, P-MWCNTs appears to be signif-
icantly more sensitive compared to other novel composite
films reported in literature demonstrating that P-MWCNTs
is quite a promising material for further applications in
electrochemical biosensing.

Conclusions

In the present work, P-MWCNTs were fabricated on silicon/
silicon oxide substrate with decomposition of CyH and TPP in
the presence of FeCp,. For the fabrication process, the mass
percent of TPP in TPP/CyH/FeCp, ternary mixture was varied
from 0.5 % to 2.0 % wt., while that of FeCp, was fixed to
either 2 % or 5 % wt. The novel P-MWCNTs films were
characterized by means of SEM and TEM in combination
with EDX and by Raman spectroscopy. In addition, the P-
MWCNTs composite films were electrochemically investigat-
ed with respect to their response to [Fe(CN)6]3’/4’ (KCl,
1.0 M). The electron microscopy analysis demonstrate that
the P-MWCNT films include nanotubes that possess two
different types of configuration, namely, they consist of either
sole and long carbon nanotubes or nanotubes adducts
(clusters) along with nanotube “onions”. The structure of P-
MWCNTs is somehow analogous to the bamboo-shaped
structure of nitrogen-doped MWCNTSs. Electrochemical stud-
ies reveal that the films consisting of non-clustered sole car-
bon nanotubes exhibit slightly faster response and enhanced
sensitivity towards [Fe(CN)]* 1 compared to those contain
adducts (clusters) of carbon nanotubes. The P-MWCNTs
films were found to be suitable for the analysis of AA, DA,
and UA with limits of detection of 1.12, 0.19, and 0.80 uM,
respectively. The findings exhibit that P-MWCNTS is a quite
capable material for applications in electrochemical sensing.
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