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Abstract Boron-doped multi-walled carbon nanotubes
(B-MWCNTs) were deposited on oxidized silicon sub-
strate via decomposition of ethanol and boric acid in the
presence of the catalyst ferrocene by means of chemical
vapor deposition in a thickness of typically 900 nm.
The B-MWCNTs were characterized using Raman spec-
troscopy and scanning electron microscopy and trans-
mission electron microscopy in combination with energy
dispersive X-ray spectroscopy. The deposited B-
MWCNTs were electrochemically characterized using
the ferrocyanide/ferricyanide redox system by means of
cyclic voltammetry and electrochemical impedance spec-
troscopy. The response of B-MWCNTs towards oxida-
tion of dopamine (DA), uric acid (UA), and ascorbic
acid (AA) was studied. DA, UA and AA can be deter-
mined at working potentials of typically 0.267, 0.412,
and 0.127 V (vs. Ag/AgCl) with detection limits of
0.11, 0.65, and 1.21 uM, respectively.
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Introduction

Multi-walled carbon nanotubes (MWCNTs) were widely used
in electroanalysis due to their marvellous electrical, chemical,
and mechanical properties [1]. MWCNTs were extensively
used for fabrication of electrodes and electrochemical devices
because they can improve the response and sensitivity of sen-
sors due to their large surface area and their high electrical
conductivity [2]. In addition, MWCNTs are considered as
promising materials for future nanoelectronics and field-
emission displays since their application as conducting or
electron emitting devices improves their performance and si-
multaneously reduces significantly their size. Thus, consider-
able efforts were made to precisely control and enhance the
conductivity of MWCNTs for such applications [3]. The con-
ductivity of MWCNTSs depends on their intrinsic structure,
chirality, defects, and tube conformation that are directly re-
lated to the fabrication process. In addition, the electronic
properties of MWCNTs are strongly connected to their
delocalised electron system, and thus, the chemical modifica-
tion of MWCNTs influences their electronic properties. Con-
sequently, with the proper choice of type of modification, the
electronic properties of MWCNTs can be purposely adjusted.
The unique morphology of MWCNTs permits their modifica-
tion, with wide variety of possible approaches, and thereby the
variation of their physical and electronic properties. For in-
stance, the possibility of attaching functional groups to the
carbon nanotube surface allows the combination of properties
of nanotubes and attached group. Currently, oxygen-
containing functional groups, such as carboxylic, carbonyl,
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and hydroxy groups that are usually obtained by chemical
oxidation of nanotubes are widely used to enhance the surface
energy and facilitate the binding sites [4]. Unfortunately, the
oxygen-functional groups starkly worsen the electrical prop-
erties, the thermal/mechanical stability, and the carrier mobil-
ity of MWCNTs since such functionalization leads to defects
that reduce the crystallinity and electrical conductivity of
MWCNTs [5].

The doping of MWCNTs with heteroatoms became the
main focus in recent MWCNTSs research, since it leads to
powerful controllability of electrical and chemical properties
of MWCNTs [6]. Consequently, there is a great interest for
developing new techniques for production of doped
MWCNTs that incorporate into their structure heteroatoms,
such as boron, phosphorus, or nitrogen to act as acceptors or
electron donors. According to literature reports, the nitrogen-
doping can effectively enhance the surface energy and reac-
tivity of graphitic carbons with the minimum loss of material
properties [7]. Besides, by controlling the chiral indices, the
doping of nanotubes with boron can be attempted that results
to lowering of Fermi level into the valence band [8, 9]. It was
observed that the boron-doping improves the field emission
properties, when compared to either pristine or nitrogen-
doped MWCNTs, and thus increases the binding energies of
carboxyl groups in carbon nanotubes [10, 11]. It is, therefore,
not surprising that many scientists have already fabricated
boron-doped nanotubes with decomposition of numerous bo-
ron source materials using various methods, such as catalytic
pyrolysis, electric arc discharge, diffusion and solid state re-
action, substitution and solid state reaction, spark plasma
sintering, and laser vaporization (Table S1, ESM). However,
among these methods, spray pyrolysis has the advantage of
producing high yields of very clean boron-doped carbon
nanotubes without amorphous carbon.

The present work reports on fabrication of boron-doped
multi-walled carbon nanotubes (B-MWCNTs) onto silicon/
silicon oxide substrate by means of chemical vapour deposi-
tion technique. The B-MWCNTs were fabricated using ethyl
alcohol as carbon source material, boric acid as boron precur-
sor, and ferrocene as catalyst. The B-MWCNTs were charac-
terized using Raman spectroscopy as well as by means of
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) in combination with energy disper-
sive X-ray spectroscopy (EDX). The electrochemical charac-
terization of B-MWCNTs was carried out using the standard
redox system ferrocyanide/ferricyanide, [Fe(CN)g]*”* in
aqueous KCl solution (1.0 M) by means of cyclic voltamme-
try (CV) and electrochemical impedance spectroscopy (EIS)
techniques. Furthermore, the electrochemical response of B-
MWCNTs towards oxidation of dopamine (DA) and uric acid
(UA) was carried out in phosphate buffer solution (pH 7.0).
The interference of ascorbic acid (AA) in analysis of DA and
UA was also probed.
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Many publications dealing with carbon nanotubes-based
sensors were already reported in literature. In those articles,
the particular structure of carbon nanotubes and their unique
properties that make them very attractive for the design of
electrochemical biosensors were explored. For instance, an
extensive review regarding the various electrochemical
methods including numerous carbon-based composite films
that can be applied for analysis of dopamine and other neuro-
transmitters was already reported by Sanghavi et al. [12]. In
addition, a review article covering recent progress made on
non-enzymatic electrochemical sensors that were widely used
for determination of uric acid was recently reported by Chen
et al. [13]. Furthermore, a review manuscript that summarizes
the most relevant contributions in the last years in develop-
ment of electrochemical sensors based on carbon nanotubes
was reported by Rivas et al. [14]. In this article, the different
strategies for constructing carbon nanotubes-based electro-
chemical sensors, their analytical performance, and future
prospects were discussed. To the best of our knowledge, al-
though many publications dealing with various types of doped
carbon nanotubes appear in literature, carbon nanotubes
doped with boron was not previously studied as electrode
material in electrochemical sensing. Consequently, the present
research work provides results on electrochemical analysis of
fairly interesting biomolecules such as AA, DA, and UA onto
B-MWCNTs.

Experimental
Materials and reagents

Boric acid (>99.5 %), ethyl alcohol (>99.5 %), ferrocene
(>98.0 %), potassium hexacyanoferrate(Ill), (>99.0 %),
potassium hexacyanoferrate(Il) trihydrate, (>98.5 %), do-
pamine (>99.0 %), and potassium chloride (>99.0 %) were
purchased from Sigma-Aldrich (www.sigmaaldrich.com),
while L(+)-ascorbic acid (>99.7 %) and uric acid (>98.
0 %) were purchased from Merck (www.merck.de) and
Fluka (www.sigmaaldrich.com), respectively. All
chemicals were used as received without any further
purification. For electrochemistry measurements, a stock
solution of K3Fe(CN)g/K4Fe(CN)g binary mixture with
concentration of 1.0x107> M was prepared by dissolving
the appropriate amounts of salts in 1.0 M KCIl aqueous
solution. The stock solution of [Fe(CN)g]>”* was
prepared immediately prior the electrochemical
experiments by using distilled water. The measured
solutions of [Fe(CN)s]*”* in the concentration range of
0.032-0.211 mM, were prepared directly in
electrochemical cell with progressive addition of
appropriate volume of stock solution in aqueous KClI
solution (1.0 M). The solutions of DA, UA, and AA of
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desired concentration were prepared immediately prior to
measurements directly in electrochemical cell with
addition of proper volumes of stock solutions of
biomolecules into phosphate buffer solution (pH 7.0).
The electrochemistry measurements were performed at
pH 7.0 since this pH value is very close to the
physiological pH (pH 7.365). Furthermore, it was verified
that at pH 7.0 the voltammetric response of B-MWCNTSs
film towards oxidation of DA, UA, and AA is quite en-
hanced. The electrochemistry measurements were carried
out at the room temperature.

Fabrication of B-MWCNTs

The growth of B-MWCNTs onto silicon/silicon oxide sub-
strate was carried out successfully by means of chemical va-
pour deposition technique with decomposition of ethyl alco-
hol (carbon source material) and boric acid (boron source
material) in the presence of ferrocene (catalyst). For the spray
pyrolysis process, boric acid dissolved in absolute ethyl alco-
hol containing ferrocene (1.0 wt.%) was used. The concentra-
tion of boric acid was fixed at 1.0 wt.%, since high quality
carbon nanotubes were obtained using such experimental con-
ditions. For the growth process, the boric acid/ethyl alcohol/
ferrocene ternary mixture was introduced to the furnace at the
temperature of 850 °C through a syringe with flow rate of
0.17 mL min_'. The growth processing time was fixed at
about 30 min, and thus, a total volume of 5 mL of boric
acid/ethyl alcohol/ferrocene ternary mixture was sprayed into
furnace for the production of B-MWCNTs. It must be men-
tioned that less amount of sprayed solution (ca. 3 mL) leads to
B-MWCNTs of lower quality. The B-MWCNTs-based films
used as working electrodes for electrochemistry measure-
ments were prepared according to following procedure: the
fabricated B-MWCNTs films were initially connected to plat-
inum wire by using silver conducting coating, and once the
silver coating was dried, the silver conducting part of B-
MWCNTs films was fully covered with varnish protective
coating.

Instrumentations

The electrochemical measurements were carried out on elec-
trochemical working station Zahner (IM6/6EX, Germany)
(www.zahner.de) and the obtained data were analyzed by
means of Thales software (version 4.15). A three electrode
system consisting of B-MWCNTs-based working electrode,
platinum plate counter electrode, and silver/silver chloride
(saturated KCl) reference electrode was used for the electro-
chemistry 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)¢]*7* (E|»,=+0.270 V vs. Ag/AgCl). All

electrochemistry measurements were carried out at the room
temperature. All solutions were deoxygenated by purging
with high-purity nitrogen for at least 10 m prior to measure-
ments. The morphology and elemental composition of B-
MWCNTs were examined by transmission electron micro-
scope, TEM (FEI Titan operating at 300kv, images acquired
using TEM and elemental analysis aquired using STEM)
(www.fei.com), and scanning electron microscope, SEM
(Zeiss Ultra with an Oxford instruments EDX detector)
equipped with an energy dispersive X-ray spectrometer,
EDX (www.zeiss.com). Raman spectra of B-MWCNTs were
acquired with a inVia microprobe spectrometer (Renishow,
Gloucestershire, UK) (www.renishaw.com), which was
coupled to a Leica confocal microscope. A Laser excitation
light of the length 0f 488 nm (2.54 eV) was used. Main Raman
features characteristic to sp>-carbon materials were fitted
using Lorentzian curves.

Results and discussion
SEM/EDX and TEM analysis

Representative SEM and TEM images of fabricated B-
MWCNTs composite film are shown in Fig. 1 and
Fig. S1 (ESM), respectively. Furthermore, representative
EDX spectra recorded for B-MWCNTs film are shown
in Figs. S2-S5 (ESM). The SEM micrographs (Fig. 1)
exhibit the presence of quite straight bundle of carbon
nanotubes, which are obviously shorter compared to
undoped pristine MWCNTs. Namely, well-aligned tiny
B-MWCNTs, which are distributed homogenously onto
the surface of silicon/silicon oxide substrate, were ob-
served. The SEM images show that the samples are
quite clean and almost free of amorphous carbon. The
upper part of the B-MWCNTs holds cyclical-like struc-
ture with diameter in the range of 100-150 nm, while
the side-walls of B-MWCNTs possess defects from
which additional B-MWCNTs can be grown. Conse-
quently, great amount of aligned B-MWCNTs possess
the so-called “Y-shape” structure. Such behaviour was
someway expected, since according to previous litera-
ture reports, the growing of carbon nanotubes in the
presence of boron source materials results to defects
along the axis of nanotubes [15]. Specifically, the mod-
ification of carbon nanotube’s structure with boron re-
duces the local hexagonal symmetry resulting therefore
to defects in the structure of nanotubes. In addition,
onto the surface of B-MWCNTs film numerous
nanoadducts (nanoclusters) consisting of numerous B-
MWCNTs having a so-called “star-shaped” form and
possessing diameter in the range of 400-900 nm, can
be also recognized in SEM images.
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Fig. 1 SEM micrographs of B-

MWCNTs composite film taken

with accelerating voltage of

3.0 kV and magnification factors
in the range of 5.0x10°-6.0x 10*

The TEM micrographs (Fig. S1, ESM) reveal that the
B-MWCNTs possess either cylinder-shaped or cone-
shaped structure. In addition, the B-MWCNTs seem to
be significantly shorter compared to either pristine
MWCNTs or other types of MWCNTs (phosphorus-
doped nanotubes, P-MWCNTs; nitrogen-doped nano-
tubes, N-MWCNTs) and possess uniform distribution
in length and diameter. Besides, the B-MWCNTs appear
to have smaller diameter compared to pristine
MWCNTs. Specifically, according to TEM images, the
length of B-MWCNTs lies in the range from 800 to
900 nm, while their inner and outer diameter was esti-
mated at 30 and 50 nm, respectively.

The EDX spectra recorded by means of EDX system at-
tached to SEM instrument (Figs. S2-S5, ESM) clearly show
the presence of boron in the samples along with carbon, oxy-
gen, and iron (catalysts residue). We have to mention that from
EDX analysis copper, which arises from the sample support
grid of TEM, was also identified. According to EDX analysis
the upper- and inner-part of B-MWCNTs seem to be highly
boron doped, while the walls of nanotubes consist exclusively
of carbon. It is very interesting to mention that boron is de-
tected always along with oxygen indicating that the upper-

@ Springer

and inner-part of nanotubes is consisting mostly of boron ox-
ide nanoparticles. The presence of iron nanoparticles at the
tips and inside the tubes was also recognized. In this point
we have to remark that, it is probable that some small amounts
of boron, which are incorporated into the structure of nano-
tubes, cannot be detected by means of EDX, since the detector
is not adequately sensitive for boron element.

Raman spectroscopy

In Fig. 2a, Raman spectra recorded for B-MWCNTs (p-type
dopant) are compared with those recorded for P-MWCNTs,
N-MWCNTs (n-type dopants), and pristine MWCNTs. The
parameters of the main Raman features are presented
in Table 1. Three Raman modes, G, G’ and D, which
are common features of majority of the sp>-bonded car-
bon systems can be clearly seen in the samples probed.
Additionally, the combination mode D+G in B-
MWCNTSs that appears at ~2920 cm ' indicates large
amount of defects on this particular film as a conse-
quence of boron atoms that substitute the carbon atoms,
as well as some topological defects. The Ip/lg intensity
ratio of the B-MWCNTs was found to be almost twice
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Fig. 2 a Raman spectra of a b
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as large as in the pristine MWCNTs. Using the proce-
dure described in literature [16] the average distance
between defects in the B-MWCNTs was estimated to
9.1 nm. Slight upshift of the G-line is observed in the
B-MWCNTs and the P-MWCNTs with respect to the
undoped tubules. The blue shift of the G-line indicates
that boron and phosphorus atoms substitute carbon
atoms in tubule walls inject holes and electrons into
the valence and conduction band of nanotubes, respec-
tively. When the energy of creation of the electron—hole
pair is less than energy of the G-band (about 0.2 eV),
electron—phonon interaction between phonons and elec-
trons near the Fermi level leads to the phonon harden-
ing [17]. On the other hand, significant downshift of the
G-line is observed in the N-MWCNTs. The strong red-
shift of the G-band cannot be explained by donor dop-
ing and there should be other mechanisms responsible
for such behavior, such as tensile strain [18]. The dif-
ference in the behavior of the N-MWCNTs and P-
MWCNTs is probably also due to the properties of

MWCNTs-Material

phosphorus- and nitrogen-doping states. The substitution
of carbon atoms by nitrogen atoms create additional
band lying beneath the conduction band, causing the
N-MWCNTs to become metallic. On the other hand,
the phosphorus doping states are strongly localized and
do not contribute to the conductivity of the carbon
nanotubes [19]. This finding is confirmed by the com-
parison of the /g./I5 ratio, which depends strongly on
the charge carrier concentration (Fig. 2b) [20]. The
highest value of the /5:/Ig ratio is observed for N-
MWCNTs. In the pristine MWCNTs and B-MWCNTs
the Ig-/Ig values was found to be intermediate, whereas
the lowest value of the Ig./Ig is observed for P-
MWCNTs.

Electrochemical response of B-MWCNTSs towards
[Fe(CN)6]3'/ “ redox system

Representative CVs recorded for [Fe(CN)s]>”* (1.0 M KCl)
on B-MWCNTs composite film at the scan rate of 0.02 Vs~

Table 1  Positions of D, G, and G’ Raman bands, and Ip//g and I/l ratios of pristine MWCNTs, P-MWCNTs, N-MWCNTs, and B-MWCNTs

Material ~ —1 ~ —1 ~ 1 ID/[G ]G’/]G
Up/cm Vg /cm Uy /em

MWCNTs? 1364.3+0.5 1588.14+0.15 2708+1 0.547+0.007 0.147+0.002

P-MWCNTs® 1366.4+0.5 1588.83+0.16 2697+2 0.580+0.008 0.074+0.001

N-MWCNTs® 1357.7+0.4 1584.01+0.18 2712.0+0.4 0.651+0.011 0.560+0.021

B-MWCNTs? 1357.6+0.4 1589.53+0.25 2728+18 1.038+0.020 0.168+0.003

# Pristine MWCNTs [21]

® Phosphorus-doped MWCNTSs [21]
“Nitrogen-doped MWCNTs [21]
9Boron-doped MWCNTs (this work)
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showing the effect of the change of concentration of redox
system in the concentration range of 0.032—0.211 are shown
in Fig. 3a. The change of the anodic current response of B-
MWCNTs with the variation of the concentration of
[Fe(CN)g]*”* is presented graphically in Fig. 3b. The estimat-
ed electrochemical parameters obtained for various concentra-
tions of [Fe(CN)s]*”* on B-MWCNTS film are presented in
Table S2 (ESM). As it can be seen in CVs shown in Fig. 3a, on
B-MWCNTs a pair of well-defined reversible redox waves
lying at about £,°*~0.31 V (vs. Ag/AgCl) and E,"*~0.22 V
(vs. Ag/AgCl) can be observed during the anodic and cathodic
scans, respectively, corresponding to the one-electron transfer
process involving the redox system [Fe(CN)¢]*”*". The half-
wave potential of [Fe(CN)s]>"* on B-MWCNTS film, estimat-
ed as the average value of oxidation and reduction potentials,
lies at about £,,~0.270 V (vs. Ag/AgCl) and is almost similar
within experimental error to that measured on either pristine
MWCNTs (E1,=0.271 V vs. Ag/AgCl), [21] P-MWCNTs
(E12=0.271 V vs. Ag/AgCl), [21] and N-MWCNTs (£~
0.271 V vs. Ag/AgCl) [21] composite films. This finding con-
firms that the £/, value for reversible redox systems is inde-
pendent on working electrode’s material. The recorded CVs
illustrate that the investigated redox system [Fe(CN),]® e ap-
pears to be reversible on B-MWCNTs film. Namely, the CVs
recorded for [Fe(CN)s]>”* on B-MWCNTs are quite symmet-
ric and the peak current ratio of reverse and forward scans is
equal to unity, and is independent of the scan rate. This be-
havior demonstrates that there are no parallel chemical reac-
tions coupled to electrochemical process since such reactions
would significantly alter the ratio of peak currents. Further-
more, the oxidative and reductive peak currents are essentially
constant for several cycles. Namely, no loss of electro-activity
was observed for recording continuously 50 cycles. This find-
ing demonstrates that there are no chemical reactions coupled
to electron transfer and that the involved electro-active species

Fig. 3 a Representative CVs a

are stable in time frame of experiment confirming that the
charge-transfer process occurring on B-MWCNTSs film is re-
versible. It must be mentioned that similar behavior was ob-
served for [Fe(CN)e]>”* on pristine MWCNTs, P-MWCNTS,
and N-MWCNTs films [21].

The effect of variation of scan rate on peak current of
[Fe(CN)s]>"* on BAMWCNTS film shows that the oxidation
current varies linearly with the square root of scan rate indi-
cating that the electrochemical process occurring on B-
MWCNTs is diffusion controlled (Fig. S6, ESM). The last
result is another evidence of the reversibility of investigated
[F e(CN)é]3 s system on B-MWCNTs film. It must be men-
tioned that similarly the studied redox system [Fe(CN)q]>"+
appears to be diffusion controlled onto pristine MWCNTs, P-
MWCNTs, and N-MWCNTs films [21].

The values of anodic and cathodic peak potential separa-
tion (AE,=E,”*-E,™) estimated for [Fe(CN)]’”* on B-
MWCNTs film appear to be slightly dependent on concentra-
tion (AE, increases slightly with concentration). Namely, the
AE, values vary from 0.077 to 0.121 V in the concentration
range of 0.032—-0.211 mM, and appear to be greater compared
to ideal AE,, value of AE;=0.059 V that is indicative of re-
versible one-electron transfer redox process. It must be men-
tioned that the observed slight dependence of AE,, on concen-
tration of redox system can be attributed to uncompensated
resistance effect. Solak et al. [22] reported that the “observed”
AE, value for given redox system is the sum of “corrected”
AE, value and the term 2i,R,,, where i, is either the oxidation
or reduction peak current and R, the uncompensated resis-
tance of electrochemical cell. Consequently, the corrected
AE, value can be graphically estimated as intercept of the plot
of “observed” AE, versus i, (with slope 2R,). As an example,
the plot showing the variation of AL, with the oxidation peak
current of [Fe(CN)s]*”* in concentration range of 0.032—
0.211 mM on B-MWCNTs film is presented in Fig. S7a

b

recorded for various
concentrations of [Fe(CN)g]
(1.0 M KCl) on B-MWCNTs
composite film at the scan rate of
0.02 V-s'. The CVs from inner to
outer correspond to
concentrations: 0.032 mM (c)),
0.062 mM (c,), 0.091 mM (c3),
0.143 mM (cy), 0.167 mM (cs),
and 0.211 mM (cg); b Effect of
concentration on oxidation peak
current density of [Fe(CN)s]>"*
(1.0 M KCI) on B-MWCNTs
composite film
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(ESM). The “corrected” AE, values corresponding to “no
effect” of concentration of electroactive species are presented
graphically in Fig. S7b (ESM) and are also included in
Table S2 (ESM) along with the “observed” AE,, values for
comparison reasons. As it can be seen, the “corrected” AE,
values vary slightly with the concentration of redox system.
Furthermore, the “corrected” AE, values are very close (with-
in experimental error) to theoretical AE, value (AE,=
0.059 V) indicating that the redox system is rather reversible
onto B-MWCNTs. Besides, it can be clearly seen that the
“corrected” AE, values of [F e(CN)]*”* on B-MWCNTSs ap-
pear to be significantly smaller (18-46 %) compared to the
corresponding “observed” AE, values. Considering that the
charge-transfer rate for redox system is estimated from the
AE, values by means of electrochemical absolute rate rela-
tion, this finding demonstrates the great incorrectness of ki-
netic parameters that would have resulted from the interpreta-
tion of “observed” AE,, values.

The heterogeneous electron transfer rate constant (k)
values were estimated by means of electrochemical absolute
rate relation that is based on degree of peak separation be-
tween the forward and reverse scans. Namely, in order to
determine the heterogeneous electron transfer rate constants
of [Fe(CN)]*”* on BAMWCNTSs the procedure suggested by
Nicholson [23] was applied, which relates ks with the
“corrected” AE, through a working curve of dimensionless
kinetic parameter 1. The k; values determined for various
concentrations of [Fe(CN)g]>”* (in the range of 0.032—
0.211 mM) on B-MWCNTs film are included in Table S2
(ESM). As it can be seen in Table S2 (ESM), the k value
changes only slightly with the concentration of [Fe(CN)¢]>”
. For comparison reasons, the mean k; value of [Fe(CN)e >+
on B-MWCNTs is reported in Table 2, along with the litera-
ture k, values measured for the same redox system on pristine
MWCNTs, P-MWCNTs, and N-MWCNTs films [21]. The
findings demonstrate that the kinetics of redox process taking
place onto B-MWCNTs film is more than two times faster
(~130 % faster) compared to that occurring onto pristine

MWCNTs. Furthermore, the charge-transfer kinetics of
[Fe(CN)]*"* onto B-MWCNTs film appears to be slower
(~22 % slower) compared to that taking place on N-
MWCNTs, and faster (~40 % faster) compared to that occur-
ring on P-MWCNTs. Specifically, as it can be seen in Table 2,
the kinetic parameter kg of [Fe(CN)s]>"* on MWCNTs com-
posite films tends to increase with the following order: pristine
MWCNTs<P-MWCNTs<B-MWCNTs<N-MWCNTs. The-
se findings exhibit that the doping of nanotubes with boron
improves the kinetics of redox process occurring onto carbon
nanotubes. However, according to these results, the doping of
carbon nanotubes with boron oxide cannot compete the
nitrogen-doping of nanotubes that improves even more the
charge-transfer kinetics of the process occurring onto carbon
nanotubes.

For estimating the detection ability and sensitivity of B-
MWCNTs film towards [Fe(CN)¢]>”* the variation of oxida-
tion peak current with the concentration of redox system was
studied. The findings demonstrate that B-MWCNTs exhibits
linear voltammetric response towards [Fe(CN)¢]>”* in the in-
vestigated concentration range of 0.032—-0.211 mM (Fig. 3b).
From the linear concentration-current curve the detection limit
and sensitivity of B-MWCNTs towards [Fe(CN)6]>"* were
estimated to be 0.68 uM and 0.512 A-M'-cm ™, respective-
ly. It must be mentioned that the limit of detection was esti-
mated for the concentration of [Fe(CN)g]*”* that provides
three times the ratio of analyte current to noise signal (S/N=
3). For comparison reasons, the detection limit and sensitivity
of B-MWCNTSs towards [Fe(CN)s]*"* are included in Table 2
along with those reported in literature for pristine MWCNTs,
P-MWCNTs, and N-MWCNTs films towards the same redox
system [21]. As is can be recognized in Table 2, the detection
limit of various types of MWCNTs towards [Fe(CN)g]*"+
tends to decrease with the following order: pristine
MWCNTs>P-MWCNTs>B-MWCNTs>N-MWCNTs. Spe-
cifically, the detection ability of carbon nanotubes doped with
boron appears to be about 57 and 32 % greater compared to
that of pristine MWCNTs and P-MWCNTs, respectively,

Table2 Half-wave potential (£ ,), heterogeneous electron-transfer rate constant (k;), charge-transfer resistance (R.), lower limit of detection (LOD),
and sensitivity (S) for [Fe(CN)g]*”* (1.0 M KCI) on pristine MWCNTs, P-MWCNTs, N-MWCNTs, and B-MWCNTs composite films

Parameter MWCNTs® P-MWCNTs" N-MWCNTs* B-MWCNTs*
Eip/V 0.271 0.271 0.271 0.270

k/ 1073 cm-s ™ 9 15 27 21

R/ Q 50 35 17 23

LOD / uyM 1.57 1.00 0.47 0.68
S/AM " -em™ 0.423 0.499 0.540 0.512

# Pristine MWCNTs [21]

® Phosphorus-doped MWCNTSs [21]
“Nitrogen-doped MWCNTs [21]
9Boron-doped MWCNTs (this work)
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while their detection ability seems to be about 45 % poorer
compared to that of N-MWCNTs. These findings confirm the
particularly enhanced electrocatalytic activity of carbon nano-
tubes that incorporate nitrogen atoms into their structure. This
behavior can be explained through the extra valence electrons
of dopant material that occupy the carbon nanotubes conduc-
tion band and shift the Fermi level toward the conduction band
improving the conductivity of nanotubes and enhancing their
electrochemical response [24]. It is not surprising that the
sensitivity of MWCNTs composite films towards
[Fe(CN)s]>"* tends likewise to increase with the order: pris-
tine MWCNTs<P-MWCNTs<B-MWCNTs<N-MWCNTs
(Table 2). It is very interesting that with the same order in-
creases the kinetic parameter &g of [Fe(CN)6]>"*, indicating
that the modification of carbon nanotubes with phosphorus,
boron, and nitrogen improves progressively their electrocata-
lytic properties.

It would be very interesting to compare the lower limit of
detection of B-MWCNTSs towards [Fe(CN)6]3'/ + with those
reported in literature for other electrodes. Perenlei et al. [25]
reported that the detection limits of glassy carbon electrode
modified with MWCNTSs and titanium dioxide towards
[Fe(CN)s]>"* estimated at the scan rates of 0.10 V-s™' and
0.005 V-s ' are LOD=48.6 uM and LOD=1.10 uM, respec-
tively. These literature LOD values appear to be poorer com-
pared to that estimated in present work for B-MWCNTs film
towards the same redox system at the scan rate of 0.02 V-5~
(LOD=0.68 uM). Additionally, Pandurangachar et al. [26]
reported that the detection limit of carbon paste electrode
modified with 1-butyl 4-methylpyridinium tetrafluoro borate
towards [Fe(CN)g]>”* is about LOD=100 pM that is notice-
ably poorer compared to that estimated for B-MWCNTs to-
wards the same redox system (LOD=0.68 uM). Besides, the
detection limit of carbon paste electrode modified with sodi-
um dodecyl sulphate towards [Fe(CN)]*”* of about LOD=
100 uM, reported by Niranjana et al., [27] appears to be also
significantly poorer compared to that obtained for B-
MWCNTs towards [Fe(CN)]*"* (LOD=0.68 uM). In addi-
tion, Hirano et al. [28] reported that a glass capillary ultra-
microelectrode has detection limit of LOD=30 uM towards
[Fe(CN)s]>"* that is also remarkably poorer compared to that
estimated for B-MWCNTSs towards [Fe(CN)s]*"* (LOD=
0.68 uM). This comparison demonstrates that the detection
ability of B-MWCNTs film appears to be significantly greater
compared to other composite films reported in literature
exhibiting the excellent electrocatalytic performance of B-
MWCNTs: film.

The electrochemical behavior of redox system [Fe(CN)q]*”
“on B-MWCNTs film was further investigated by means of
EIS technique. A representative EIS spectrum, recorded for
0.211 mM [Fe(CN)s]*”™* (1.0 M KCI) on B-MWCNTs, is
displayed in Fig. 4a. The EIS spectra recorded for various
concentrations of [Fe(CN)g]>”* (in the range of 0.032—

4
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0.211 mM) on B-MWCNTs are reported in Fig. S8 (ESM).
In recorded EIS spectra, which are graphically displayed as
Nyquist plots, the complex impedance of studied redox sys-
tem is presented as the sum of real and imaginary impedance
components. The type of recorded EIS spectra reveals that the
impedance is controlled by interfacial electron transfer at high
frequencies, while at low frequencies the Warburg impedance
is generated. Namely, the EIS spectra at high frequencies in-
clude a part of small depressed semicircle that is almost invis-
ible and corresponds to electron-transfer limiting process, and
a linear part at middle and low frequencies that results from
the diffusion limiting step of electrochemical process. These
findings imply that the B-MWCNTs film exhibits in general
great electrical conductivity or low internal resistance includ-
ing polarization impedance. The absence of semicircle in
complex impedance plane can be explained by means of high
ionic conductivity at electrode/electrolyte interface and indi-
cates the excellent electrochemical quality of B-MWCNTs
film. It is interesting that in EIS spectra recorded for the same
redox system on pristine MWCNTs a semicircle with large
diameter can be recognized indicating that onto this particular
film the charge-transfer process is the rate determining step.
The recorded impedance spectra were satisfactorily fitted to
the equivalent electrical circuit (Rs+(Cqy/(Rei+Zyw))) (software
Thales, version 4.15) (Fig. S9, ESM). The elements of elec-
trical circuit are explained as follows: R, is the Ohmic resis-
tance of electrolyte, R the charge-transfer resistance, Cy the
double-layer capacitance, and Z,, the Warburg diffusion im-
pedance. The electrical circuit used was found to fit satisfac-
torily the impedance data over the entire investigated frequen-
cy range of 0.1 Hz-100 kHz. The mean and maximum mod-
ified impedance errors resulted from simulation process were
estimated in all cases to be less than 0.2 and 4.0 %, respec-
tively, which can be considered quite acceptable. In order to
obtain satisfactory reproduction of experimental impedance
data, the capacitor was replaced by constant phase element.
The explanation for the presence of constant phase element is
the microscopic roughness of surface of B-MWCNTs film that
causes an inhomogeneous distribution in solution resistance
and double-layer capacitance. The most suitable impedance
parameter for further evaluation of electrochemical features
and interfacial properties of B-MWCNTs film is the charge
transfer resistance (R,). This impedance parameter is connect-
ed to charge-transfer kinetics of redox system at electrode
interface and represents the barrier for electron-transfer pro-
cess occurring onto electrode’s surface. Specifically, R.; rep-
resents the hindering behavior of interface properties of elec-
trode and it can be estimated from diameter of capacitive
semicircle that appears in Nyquist plots in the high-
frequency region of EIS spectrum. The R, values estimated
for various concentrations of [Fe(CN)]*”* on B-MWCNTs
are included in Table S2 (ESM). In addition, the variation of
R with the concentration of [Fe(CN)]*”* in the range of
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0.032-0.211 mM is presented graphically in Fig. 4b. As it can
be seen in Fig. 4b, the change of concentration of [Fe(CN)e]*”
“ affects slightly the film’s impedance behavior. Namely, the
findings demonstrate that the charge-transfer resistance, and
thus the barrier for electron-transfer, tends to increase margin-
ally with rising concentration of [Fe(CN)s]>”*. This observa-
tion is probably connected to interruption of electron-transfer
process caused by uncompensated resistance effect that be-
comes more significant with the increase of concentration of
electroactive compound. The greatest R, value estimated
for 0.211 mM [Fe(CN)¢]*”* on B-MWCNTs is included
in Table 2 along with the R, values obtained for
[Fe(CN)s]*"* on pristine MWCNTs, P-MWCNTs, and
N-MWCNTs for comparison reasons [21]. As it can be
seen, the R values, and consequently the barrier for elec-
tron transfer, tend to decrease with the following order:
MWCNTs>P-MWCNTs>B-MWCNTs>N-MWCNTs.
The results demonstrate that the modification of carbon
nanotubes with various elements diminishes the barrier
for electron transfer and improves the kinetic of redox
process occurring on surface of carbon nanotubes. Never-
theless, within various different doping elements studied,
nitrogen seems to improve better the electrocatalytic ac-
tivity of carbon nanotubes. The impedance results are in
absolute agreement with the kinetic parameter &, achieved
from CV data (Table 2). Namely, the ks value of
[Fe(CN)e]*"* on pristine and various modified MWCNTs
tends to increase with the order: MWCNTs<P-MWCNTs
<B-MWCNTs<N-MWCNTs, confirming that the charge-
transfer resistance is inversely proportional to exchange
current, and thus, to heterogeneous electron-transfer rate
constant. Furthermore, it is very interesting that with the
same order, the detection capability of pristine and doped
MWCNTs films towards [Fe(CN)s]*”* tends to increase,
demonstrating that the diminishing of barrier for electron

Concentration / mM

transfer leads to an improvement of electrode’s detection
ability.

For better interpretation of the variation of electrochemical
parameters of pristine and various doped-MWCNTs, the
charge-transfer resistance, the rate of electron transfer, the
lower limit of detection, and the sensitivity of MWCNTs films
towards [Fe(CN)s]*”* are presented graphically in histograms
shown in Fig. 5. From these histograms, it can be clearly seen
that within the films fabricated, the N-MWCNTs film pos-
sesses the smallest charge-transfer resistance, the greatest rate
for electron transfer, the lowest limit of detection, and thus the
highest sensitivity towards [Fe(CN)e]*”*. In addition, among
the films tested, the pristine MWCNTs film reveals the
slowest charge-transfer kinetic, the greatest barrier for electron
transfer, and consequently the lowest detection ability. The B-
MWCNTs composite film produced in present work lies elec-
trochemically within N-MWCNTs and P-MWCNTs.

Application of B-MWCNTs in electrochemical sensing
of AA

The response of B-MWCNTs film towards oxidation of mol-
ecules with biological interest, such as DA and UA was tested
in phosphate buffer solution at pH 7.0. The influence of AA as
interfering material was additionally studied since high doses
of AA can interfere with the electrochemical analysis of DA
and UA. Representative CVs recorded for AA, DA, and UA
(phosphate buffer solution, pH 7.0) on B-MWCNTs are
shown in Fig. 6a. As it can be seen in CV shown in Fig. 6a
the irreversible oxidation of AA onto B-MWCNTSs occurs at
about +0.127 V (vs. Ag/AgCl). It is well known that AA can
be electrochemically oxidized to dehydro-L-ascorbic acid
[29]. The findings demonstrate that the ability of B-
MWCNTs to diminish the overpotential of AA is comparable
to that of N-MWCNTs and greater compared to P-MWCNTs
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and pristine MWCNTs. Specifically, the oxidation
overpotential of AA onto B-MWCNTs (+0.127 V vs. Ag/
AgCl) appears to be about 5 mV more anodic (positive) com-
pared to that measured onto N-MWCNTs (+0.122 V vs. Ag/

AgCl) [30]. Furthermore, the oxidation potential of AA on B-
MWCNTs (+0.127 V vs. Ag/AgCl) seems to be about 221 and
259 mV less anodic (positive) compared to that measured onto
P-MWCNTs (+0.348 V vs. Ag/AgCl) [31] and pristine
MWCNTs (+0.386 V vs. Ag/AgCl), [30] respectively. These
findings demonstrate the tendency of carbon nanotubes doped
with boron to lower the overpotential of AA. From CVs
shown in Fig. 6a it can be observed that the response of B-
MWCNTs towards oxidation of AA is somehow restricted.
Namely, it can be seen that for the same concentration of
biomolecules the peak current response of B-MWCNTSs to-
wards oxidation of AA appears to be significantly lesser (more
than 40 % lesser) compared to that for DA and UA. Thus, the
lower limit of detection of B-MWCNTs towards oxidation of
AA estimated at about 1.21 uM appears to be significantly
poorer compared to those of DA and UA (see next
paragraphs).

Application of B-MWCNTs: in electrochemical sensing
of DA

In CV shown in Fig. 6a it can be seen that the irrevers-
ible oxidation peak of DA onto B-MWCNTs occurs at
about +0.267 V (vs. Ag/AgCl), which lies about
140 mV more anodic compared to oxidation peak of
AA. As was already suggested, the oxidation of DA
can be characterized as two-electron transfer process
that leads to formation of dopamine-o-quinone [32]. In
order to estimate the lower limit of detection of B-
MWCNTs towards oxidation of DA, various concentra-
tions of DA were measured in the range of 0.062—
0.250 mM. Representative CVs recorded for various
concentrations of DA on B-MWCNTs (phosphate buffer

Fig. 6 a CVs recorded for AA a b
(0.250 mM), DA (0.250 mM),
and UA (0.250 mM) on B- UA UA
MWCNTs composite film at the o i o DA i
scan rate of 0.02 V-s~' (phosphate 'E DA 'E i
buffer solution, pH 7.0); b CVs ) 3]
recorded for AA/DA/UA ternary < < AA
mixtures on B-MWCNTs \1 AA \:' '
composite film at the scan rate of = ' >
0.02 Vs~ (phosphate buffer '%' ﬁ
solution, pH 7.0). The CVs from - c
inner to outer correspond to AA/ % %
DA/UA ratios of 1:1:1 and 2:1:1 - =
c
o g
5 5
=
(&} (&)
20 uA ] 20pAT
T T T T T T T T T T T T T T T T T T T T T T
0,3 00 03 06 09 1,2 03 00 03 06 09 1,2
Potential / V Potential / V

@ Springer



Boron-doped carbon nanotubes as electrode material in biosensing

45

solution, pH 7.0) at the scan rate of 0.02 V-s ' are

shown in Fig. S10a (ESM). From the linear variation
of oxidation peak current of DA with the concentration
(Fig. Slla, ESM), the detection limit of B-MWCNTs
towards oxidation of DA was estimated to be
0.11 uM. The limit of detection of B-MWCNTs towards
DA appears to be about 11 times lower (better) com-
pared to that obtained for the same composite film to-
wards AA.

Application of B-MWCNTs in electrochemical sensing
of UA

The CV recorded for UA reveals that the irreversible
oxidation peak of UA onto B-MWCNTs appears at
about +0.412 V (vs. Ag/AgCl) (Fig. 6a) that lies about
285 and 145 mV more anodic (positive) compared to
oxidation peaks of AA and DA, respectively. Previous
published studies suggested that the oxidation peak can
be attributed to primary two electron oxidation of UA to
uric acid diimine [33]. It is remarkable that the oxida-
tion peak separation between AA-DA and DA-UA cou-
ples is nearly the same (about 140 mV). In order to
estimate the lower limit of detection of B-MWCNTs
towards oxidation of UA various concentrations of UA
in range of 0.062—0.250 mM were measured. Represen-
tative CVs recorded for various concentrations of UA
on B-MWCNTs (phosphate buffer solution, pH 7.0) at
the scan rate of 0.02 Vs ' are shown in Fig. S10b
(ESM). From the linear variation of oxidation peak cur-
rent of UA with the concentration (Fig. S11b, ESM), the
detection limit of B-MWCNTs towards oxidation of UA
was estimated to be 0.65 uM. The findings demonstrate
that the limit of detection of B-MWCNTS towards

oxidation of UA appears to be about 6 times greater
compared to that obtained for DA and about 2 times
lower compared to that measured for AA.

Application of B-MWCNTs in electrochemical sensing
of AA, DA, and UA

The narrow response of B-MWCNTs towards AA and the
diminishing of its oxidation overpotential on this particular
film do not minimize the strong interference of AA in simul-
taneous voltammetric analysis with DA and UA. Consequent-
ly, in CVs recorded for AA/DA/UA ternary mixtures the re-
dox waves of AA and DA overlap each other hindering, thus,
their simultaneous analysis (Fig. 6b). The findings exhibit that
the AA oxidation wave interferes with DA and likewise the
oxidation wave of DA hinders the analysis of AA. We have to
mention that analogous results were obtained on N-MWCNTs
composite film [30]. Nevertheless, the AA/UA and DA/UA
binary systems can be simultaneously analyzed on B-
MWCNTs composite film since their electrochemical waves
do not overlap each other. Specifically, in CVs recorded for
AA/UA (1:1) and DA/UA (1:1) binary systems well-separated
oxidation waves were recognized with peak potential separa-
tions of 280 and 144 mV, respectively that permit their simul-
taneous analysis in single measurement (Fig. 7). It is interest-
ing that well separated redox waves can be still observed in
AA/UA and DA/UA binary systems even if the concentration
of AA and DA is 10 times higher compared to that UA
(Fig. 7). However, with further increase of concentration of
AA and DA up to 100 times higher compared to that of UA,
an overlapping of oxidation peaks of biomolecules occurs
hindering therefore their simultaneous analysis in single mea-
surement. As an example, CVs recorded for various ratios of

Fig. 7 CVs recorded for AA/JUA a b
a and DA/UA b binary mixtures
on B-MWCNTSs composite film at UA
the scan rate of 0.02 Vs~ o~ U+A N D*A {
(phosphate buffer solution, E =
pH 7.0). The CVs from inner to o o
outer correspond to AA/UA and < <:L
DA/UA ratios of 1:1 and 10:1 \1 AA -
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AA/UA and DA/UA binary systems are shown in Figs. S12
and S13 (ESM), respectively.

The repeatability and reproducibility of B-MWCNTs were
evaluated by means of CV technique. The reproducibility of
the method was studied by measuring the electrochemical
response of five different B-MWCNTs films towards oxida-
tion of biomolecules. In all cases, reproducibility of less than
3.5 % was estimated. Furthermore, the repeatability of the
method was studied by monitoring the current response of
the same B-MWCNTs film towards oxidation of biomolecules
for 10 different successive measurements. In all cases, repeat-
ability of less than 3.2 % was estimated for B-MWCNTs that
can be considered quite acceptable. The findings demonstrate
that B-MWCNTs film has quite good repeatability and repro-
ducibility towards the studied biomolecules.

For comparison reasons the detection limits for B-
MWCNTs towards oxidation of DA, UA, and AA are reported
along with those published in literature for pristine MWCNTs,
P-MWCNTs, and N-MWCNTs films in Table 3. In addition,
the limits of detection of pristine MWCNTs, P-MWCNTs, B-
MWCNTs, and N-MWCNTSs towards oxidation of DA and
UA are presented graphically in histograms in Fig. S14
(ESM) [30, 31, 34, 35]. Furthermore, a comprehensive com-
parison of detection limits of B-MWCNTs and other compos-
ite films reported in literature towards oxidation of DA, UA,
and AA is shown in Table S3 (ESM). From histograms shown
in Fig. S14 (ESM) it can be clearly seen that the detection
ability of carbon nanotubes doped with various elements to-
wards oxidation of DA and UA tends to enhance with the
following order: MWCNTs<P-MWCNTs<B-MWCNTs<N-
MWCNTs. The results demonstrate that the doping of carbon
nanotubes with boron improves the sensitivity of carbon nano-
tubes compared to either undoped nanotubes or phosphorus-
doped nanotubes, but however the electrocatalytic properties
of nitrogen-doped carbon nanotubes appear to be slightly
more enhanced. Nevertheless, the B-MWCNTSs composite

Table 3 Comparison of

low limits of detection Electrodes LOD / uM

(LOD) (S/N=3) of

pristine MWCNTs, P- DA UA AA

MWCNTs, N-

MWCNTs, and B- B-MWCNTs 0.11% 0.65% 1.21%

MWCNTs composite P-MWCNTs  0.19° 0.80° 1.12°

films towards oxidation c d d

of DA, UA. and AA N-MWCNTs  0.03 0.54f 0.97f
MWCNTs 0.30° 1.00 8.00

(phosphate buffer
solution, pH 7.0)

# Boron-doped MWCNTs (this work)
® Phosphorus-doped MWCNTSs [31]
“Nitrogen-doped MWCNTs [34]

4 Nitrogen-doped MWCNTSs [30]

¢ Pristine MWCNTSs [34]

"MWCNTs modified with iron(II) thiocy-
anate complex [35]

@ Springer

film appears to be more sensitive compared to other films
reported in literature (Table S3, ESM). It is very interesting
that in some cases the detection ability of B-MWCNTs to-
wards the studied redox systems appears to be ten times great-
er compared to other composite films. The findings demon-
strate that B-MWCNTs is quite promising material for further
applications in electrochemical sensing.

Conclusions

The presence research work reports on fabrication of B-
MWCNTs on Si/SiO, substrate with decomposition of ethyl
alcohol and boric acid in the presence of catalyst by means of
spray pyrolysis. The B-MWCNTSs were characterized using
SEM/EDX and TEM as well as by means of Raman spectros-
copy. SEM images show that B-MWCNTs are ““Y-shaped”
and their upper-part holds cyclical-like structure. TEM images
reveal that the B-MWCNTS possess cylinder-shaped or cone-
shaped structure and are smaller in length and diameter com-
pared to pristine MWCNTs. EDX analysis demonstrate that
the upper- and inner-part of nanotubes contains boron oxide
nanoparticles, while the walls of nanotubes consist exclusive-
ly of carbon. Raman spectroscopy analysis exhibits that the
ratio of D/G intensities is significantly greater in B-MWCNTs
compared to pristine MWCNTs, P-MWCNTs, and N-
MWCNTs. Electrochemical studies reveal that B-MWCNTSs
film is quite suitable for analysis of AA, DA, and UA with
limits of detection at 1.21, 0.11, and 0.57 uM, respectively.
The interference of AA in analysis of UA and DA was tested.
The findings show that AA does not interfere with UA, but
nevertheless considerable interference of AA in analysis of
DA was recognized. B-MWCNTs appear to be more sensitive
compared to other materials reported in literature and thus it
can be considered as promising material for future applica-
tions in electrochemical sensing.
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