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A novel composite electrode material consisting of tangled fibrous polyacrylonitrile-based hierarchically-struc-
tured nanocomposites has been produced by wet-spinning, carbonized and decorated with a carbon nano-
architecture by microwave plasma-enhanced chemical vapor deposition and investigated as a metal-free
electrode for the enhanced electrochemical detection of acetaminophen. Surprisingly, the hierarchical fiber ar-
chitecture is the result of the synergistic action between surface etching, by the Hy plasma, and nanostructure
formation, by the C- and CH- radicals, which significantly affect the porosity and electrochemical performance.
Moreover, by simultaneously conducting fiber carbonization and surface functionalization, it is possible to
dramatically reduce the manufacturing time and to confer an 18-fold increase of the acetaminophen detection
sensitivity, due to the sp?-C defect-rich overgrown nanostructure, which represents a preferable site for the drug
adsorption, as supported by the molecular dynamics simulation results. Because of the excellent performance,
and the simple and scalable production method, the prepared composite is a promising candidate as a metal-free

electrochemical sensor.

1. Introduction

Carbon functionalized nanofibers are effortlessly approachable and
are characterized by a large surface area, as well as good electrical
conductivity and chemical stability, which has made them desirable for
many energy and environmental-related applications, for example as
electrocatalysts, for energy storage, the detection of metals and bio-
molecules, and the adsorption of gases and water pollutants. Moreover,
the ease of incorporating heteroatoms or nanostructures allows facile
fiber functionalization and remarkable enhancement and tuning of the
original properties.

Generally, the fabrication of polyacrylonitrile (PAN)-based carbon
fiber involves three steps. Firstly, after the spinning process, the fiber
must undergo stabilization. This step is usually conducted in air, at a low
heating rate, and controlled temperature. Linear polymeric chains are
converted into more complex and stable structures, through dehydra-
tion, cross-linking, cleavage of the nitrile triple bond, and transforming
to C=N group by cyclization, which leads to the formation of the
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aromatic ladder structure. This whole process is critical to obtaining
precursor fibers that are ready to withstand the high temperatures
encountered during the next step [1]. Secondly, the carbonization pro-
cess occurs in an inert atmosphere (such as N3), in which all heteroatoms
are removed as gases, which leads to the formation of haphazardly
folded carbon sheets [2]. Thirdly, heat treatment up to 2500 K in inert
gases improves the orientation of the basal planes and the stiffness of the
fibers [3]. In order to increase the fiber-specific surface area, many
authors have coated, grown, or decorated the surface of the spun
PAN-fiber with complexes nanostructures. Nitrogen-doped carbon
nanofibers were prepared by carbonizing electrospun poly-
acrylonitrile@polyaniline core-shell nanofibers, to obtain a rough sur-
face, and decorated with CuO nanoparticles by a solvothermal method
for the detection of glucose. The amperometric responses showed good
selectivity to glucose in the presence of interfering species, such as
ascorbic and uric acids [4]. In another work, CoMn-based zeolitic imi-
dazolate framework nanosheets were grown over electrospun poly-
acrylonitrile fibers and used as an electrochemical sensor for the
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detection of a-synuclein oligomers. The derived aptasensor exhibited an
ultralow detection limit of 0.87 fg mL ™! over a linear range of 1 fg mL™!
to 0.2 ng mL~! [5]. Similarly, Yang and co-authors, synthesized carbon
nanofibers decorated with Pt nanoparticles via electrospinning. The
nanoparticles, characterized by a radius of ~8.8 nm, were evenly
dispersed in the fiber and they were formed during the PAN carbon-
ization process, proving the possibility of simplifying the fiber pro-
duction/functionalization method [6]. An improvement of the electrical
conductivity, graphitization degree and sensitivity toward triglyceride
detection, by embedding Ag nanoparticles, was also found by Mondal
et al. [7]. While the fiber decoration with nanoparticles generally led to
enhanced sensitivity, the synthesis process, together with the use of
specific reagents, added complexity and raised the cost of the prepared
composite. A few examples of the development of metal-free advanced
sensing electrodes can be found in the literature [8]. Zheng et al.
fabricated a carbon-only sensor based on a
polyaniline-polyacrylonitrile-graphene composite for the determination
of phenolic compounds in water [9]. Similarly, Ozoemena et al.
encapsulated onion-like carbons into carbon nanofiber for the electro-
catalytic detection of dopamine, reaching a limit of detection (LOD) of
1.23 uM [10].

The growth of diamonds on carbon fibers is a topic of current in-
terest, due to their wide potential windows, and this has been investi-
gated by a few authors. Micro and nanodiamond films were grown on
carbon fibers by Almeida and coworkers by Hot Filament Chemical
Vapor Deposition (HF-CVD) after seeding in a solution of nanodiamond
powder [11]. On the other hand, two-dimensional carbon nano-
structures, such as carbon nanowalls (CNWs) have attracted recent
attention due to the high surface area and charge mobility, and fast
electron transfer, making them perfect candidates as electrochemical
sensors [12-14]. Li et al. grew CNW on electrospun PAN fibers by CVD
without the assistance of any metallic catalysts and found that
MPECVD-carbonized PAN fibers do not exhibit any significant change in
the fiber diameter compared to furnace-carbonized ones [15]. Hsu et al.
investigated the growth of CNWs on carbon nanotubes by a single pro-
cess after stabilization and carbonization of the PAN fibers, finding a
10-fold increase of the specific surface area [16].

In our study, for the first time, a metal-free carbon-based fibrous
electrode has been created by combining wet-spinning and CVD tech-
niques, in order to overcome the transition from low-volume/high-cost
to high-volume/low-cost composite development. We have proposed
novel fabrication method based on carbon-on-carbon approach resulting
in sustainable, disposable and facile electrodes optimized for electro-
chemistry. The polyacrylonitrile-based diamondized hierarchically-
porous fibrous nanocomposites (HiDiPAN) were created in two steps:
firstly, by simply controlling the solvent mass transfer during phase
inversion in the wet-spinning phase, and secondly by tuning the gas
phase composition within the CVD process. Fabricated HiDiPAN elec-
trodes revealed high kinetics and electrochemical performance
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demonstrated here by acetaminophen and diclofenac detection, showing
that the PAN fiber sponge-like surfaces reached one order of magnitude
improvement in the LOD and 18-fold higher sensitivity.

2. Materials and methods

Polyacrylonitrile (PAN) with 150,000 molecular weight was pur-
chased from Aldrich. Dimethylformamide (DMF, pure p.a.), potassium
ferricyanide K3[Fe(CN)g] and K4[Fe(CN)g]le3H20 were acquired from
POCH (Poland). A stock phosphate solution (PS, 0.1 M) was obtained by
mixing 8.7331 g of K;HPO4 and 125 pL of 85% H3PO4 in a 500 ml
volumetric flask. All solutions were prepared with deionized water.

2.1. PAN fibrous sponge-like electrodes preparation

A schematic representation of the PAN fibrous sponge-like fabrica-
tion is displayed in Fig. 1. The hierarchical structure of PAN electrodes
reveals maze-like pores looking similarly to the sponges. In that manner
electrodes mimic multicellular organisms sponges having bodies filled
with pores and channels permitting water to flow through them. In our
case, the electrolyte penetrates those pores, thus the specific area of the
samples is much larger than geometrical one.

PAN was dissolved in a concentration of 10%wt in DMF, under
discontinuous stirring for 12 h at 60 °C, and left to rest for 24 h. Once a
homogeneous solution was obtained, it was transferred to a syringe and
spun through a water coagulation bath, using an in-house-made appa-
ratus (schematic and documentation have been made available online).
The syringe pump flow rate was set at 0.5 mL min~}, using a 0.91 mm
needle diameter. Then, the wet-spun PAN fibers were entangled and
confined in a 15 x 10 mm aluminum mold and stabilized at 260 °C for 3
h, (heating rate 1 °C min™!) to undergo cyclization, cross-linking, and
dehydrogenation. The temperature was chosen based on the TGA
results.

2.2. Porization and diamondization

While, in a conventional method, stabilized PAN may undergo
carbonization in a furnace at a temperature up to 1700 °C in the
presence of an inert atmosphere, in this study, to remove most of the
non-carbon atoms, with a heating rate in the order of tens of degrees per
minute, we performed carbonization and the subsequent surface func-
tionalization directly in the MPECVD chamber (Seki Technotron, 2.45
GHz, 1.5 kW). The sample holder was heated to 650 °C, and a 20 min-
long hydrogen plasma treatment was used to partially etch the amor-
phous carbon. In the case of the Hy sample, the plasma treatment was
protracted for the whole duration of the process. For all of the other
samples, a different gas mixture of Hy, CH4 and BoHg was used to grow
the nanostructure to functionalize the fiber surface, with a total pressure
of 40 Torr and microwave power of 1100 W. The role of diborane gas

4. Fiber functionalization
by MPECVD

3. Fiber stabilization
under pressure

260°C, air

1h  ~10h

single-step MPECVD

carbonization ~ 12h

CVD functionalizationt

Fig. 1. Schematic of PAN fiber composite fabrication.
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was to enhance the re-nucleation and twinning surface process of the
CVD-grown graphene stacks. While in our previous study, we reported
the importance of Ny, together with the other gases to improve the CNW
growth [13], in this study, the stabilized PAN fiber contains nitrogen
which is eliminated during the carbonization process.

2.3. Electrode morphological characterization techniques

Scanning electron microscopy (SEM) was performed by a Phenom XL
using a 15 kV beam accelerating voltage, working in low vacuum mode.
Raman scattering was measured upon excitation by a HeNe 633 nm
laser; the spectral resolution was equal to 2 cm ! in the range of
200-3500 cm~! with an integration time of 5 s (20 averages); the
diffraction grating had 300 lines mm~2. Three spectra were acquired for
each sample in different spots. The baseline was subtracted, and the data
was normalized and fitted. Thermogravimetric analysis (TGA, Mettler
Toledo TGA/SDTA 851) was performed on the wet-spun PAN (in air,
25-250°C, 2°Cmin 1) and after stabilization (in N, 25-1000 °C, 10 °C
min ).

2.4. Electrode electrochemical characterization setups

The electrochemical performance of the carbon sponge electrodes
was investigated by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) using a VMP-300 BioLogic galvanostat-
potentiostat (France) under the EC-lab software. All electrochemical
investigations were carried out in a three-electrode cell system after
bubbling the solution with argon. The carbon sponge electrode, a plat-
inum wire and an Ag/AgCl/3 M KCl electrode were used as the working
electrode (WE), auxiliary electrode (AE), and reference electrode (RE),
respectively. The mass of the working electrode (WE) was from 15.5 mg
to 22 mg. The electrochemical measurements were recorded in 1 mM Fe
[(CN)5]3'/ 4= (1:1) with 0.05 mol dm~2 of phosphate solution (PS) as
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supporting electrolyte. The scan rate applied for cyclic voltammetry
(CV) was equal to 100 mVs~.. Differential pulse voltammograms were
obtained under the following conditions: the potential ranging from 0 to
0.8 V (vs. Ag/AgCl/3.0 M KCl), a 100 ms pulse width, a 50 mV pulse
height, a step time of 500 ms, and a scan rate of 16 mV s~L. The EIS were
recorded at open circuit potential across the frequency from 0.01 Hz to
100 kHz. The peak-to-peak amplitude was equal to 10 mV. Specificity,
reproducibility, and stability of the carbon sponge electrodes were
calculated [17].

2.5. Molecular dynamics simulation

The molecular dynamics simulations (MDS) were perfomed in
QuantumATK software from Synopsys using the TremoloX engine. The
Reactive Force Field (ReaxFF) method was utilized, with force field
description in accordance with work of Liu et al. [18]. The simulation
was firstly subjected to geometry optimization using Limited Memory
Broyden-Fletcher—Goldfarb-Shanno algorithm [19]. The modeled sys-
tem was optimized below 0.05 eV/A for Force tolerance, and 0.1 GPa for
Stress error tolerance. Molecular dynamics simulations were done with
1fs step, and for 50ps, using Berendsen thermostat [20]. The reservoir
temperature was set to 300 °K.

3. Results and discussion
3.1. Electrode characterization

3.1.1. Morphological and molecular characterization

Fig. 2a reports a SEM image of the stabilized PAN fiber. After im-
mersion of the polymeric solution in the coagulation bath, the mass
transfer between the solvent and nonsolvent is responsible for polymer
precipitation and fiber formation. Due to the instantaneous demixing, a
finely porous layer is formed on the surface (Fig. 2a, inset) and a tree-

Fig. 2. (a) Stabilized PAN fiber; (insert) magnification of the fiber surface porosity. (b) PAN fiber subjected to a 20 min H, plasma, (c) PAN fiber covered by CVD with
hybrid carbon nanostructures. Micrographs of the PAN hybrid composites obtained by CVD using (d) 1:100, (e) 1:25, and (f) 1:12 CH4:H, gas mixing ratios.
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like macrovoid structure in the fiber bulk (Figs. S1, S2).

The temperature at which the stabilization was performed was
chosen based on the TGA analysis. In particular, from Fig. S3 it is
possible to observe that no oxidation occurs before 240 °C, with a total
mass loss equal to 1.8%, which is attributed to the loss of adsorbed
water. The same sample was then heated up to 1000 °C in Ny and the
TGA and DTG curves were recorded (Fig. S4). Here, the carbonization
took place, which includes a two-step degradation process. A large
exothermic peak was found at 308 °C (starting at 303 °C), corresponding
to a 25.6% mass loss which was probably due to the cyclization of the
nitrile groups and the C-C dissociation in the main chain [21,22]. At the
end of this step, a further step of weight loss occurs in nitrogen, starting
at around 520 °C, confirming the dissociation of the C-C bond [23]. After
900 °C, 17% of the initial mass is left. Experimentally, it is possible to
observe the fiber thinning and shrinking after the heat-treatment
process.

During the CVD deposition, fiber etching and carbon nucleation
occur simultaneously. The Hy plasma is mainly responsible for the fiber
etching of the outer surface, resulting in the exposure of the inner fiber
structure (Fig. 2b). The presence of hierarchically organized cavities is
due to the solvent diffusion away from the fiber in the coagulation bath.
The subsequent introduction of CH, into the reactor and formation of C-
and CH- radicals that, by limiting the Hy-induced etching, favor the
growth of different carbon nanostructures. Fig. 2¢ reports the formation
of an outer diamond-like shell around the fiber. Indeed, by varying the
CH4:H; gas ratio, it is possible to tune the nanostructure morphology
[13], ranging from BDD-like (HiDiPAN-1:100, Fig. 2d) to CNW-like
(HiDiPAN-1:12, Fig. 2f), through its intermediate (HiDiPAN-1:25
Fig. 2e). In particular, it is possible to appreciate two different aspects:
firstly, how the excess of C- and CH- produces a more uniform coating of
the fiber, limiting the outer fiber etching and, secondly, the introduction
of a maze-like porosity due to the formation of carbon nanowalls.

The Raman spectra displayed in Fig. 3 revealed the characteristic G
and D bands at (1573 + 11) em ™! and (1325 + 5) cm_l, respectively. In
particular, it could be noticed that these peaks are much sharper with
increasing CHy4 content in the gas mixture and that the relative intensity
ratio of the D peak to the G peak — I(D)/I(G) - varies accordingly.

Raman spectrum decomposition was performed taking into consid-
eration the five Raman peaks in the 1200-1700 cm ™! spectral range and
the three in the 2200-3200 cm™! interval (Fig. 3, insert). The G band
(generally reported at ~1580 cm!) is related to an ideal graphene
lattice since it is associated with the doubly degenerate and in-plane
transverse phonon mode. It is known that the position of the G peak
and its FWHM are sensitive to doping, defects and strain, which increase
with increasing disorder due to the quantum confinement effect [24].
Thus, in our study, it is possible to observe an apparent decrease of the
defects (Fig. 4a) with the increasing CH4:Hy gas feed ratio during the

PAN fiber
1633 nm
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Fig. 3. Raman modes observed in the differently prepared PAN-based com-
posites in the spectral region from 1000 to 3250 cm ™! excited at 632.8 nm. The
decomposition of the Raman spectra of sample 1:25 into 5 components (G, D,
D’, D and D*) for the 1200-1700 cm ! range and into 3 features (2D, D+D”,
D+D") for the 220-3200 cm ™ range, using Lorentzian fitting.
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1(G) ratio. (c) I(2D)/I(G) ratio as a function of the CH4:H, ratio.

CVD process. This aspect can be explained by the faster formation of a
new spZrich carbon layer on the composite surface, due to the higher
concentration of CH radicals. The A(D)/A(G) varies widely from 1.5 to
6.7, exhibiting a monotonous evolution when moving from the highest
to the lowest CH4:Hj, ratios (Fig. 4b).

The D’ peak (1605 c¢m 1) is noticeable as a shoulder peak of the G
peak, and it has been reported in the literature that the I(D)/I(D’) ratio
can be usefully used to identify the nature of the defects. Indeed, with an
average I(D)/I(D’) ratio of ~6.5, it is possible to suppose that vacancy-
type defects are predominant, or it may be due to the presence of
nitrogen-dopants [25] originating from the PAN fiber. Interestingly, it
has been reported that the 2D band (2630 cm’l) decreases in intensity
with the increasing defect density [26], and in the current study, it
emerges with the increasing CH4 content, and it is absent for the
Hy-treated PAN fiber, since the substrate can be considered amorphous
(Fig. 4d), and it reaches a plateau for a CH4:Hj ratio greater than 0.04.
Similarly, the disappearance of the D* band (1190 cm_l), ahead of the
D peak, with increasing CH4 content, suggests the elimination of
oxygen-containing groups [27], since its presence has been related to a
disordered graphitic lattice in soot samples, provided by the existence of
sp° bonds [28]. Moreover, the absence of the 2D peak in the only-Hy--
treated sample also supports the hypothesis of the presence of oxygen-
ated functional groups together with the abundance of amorphous
carbon, related to the carbonized PAN fiber itself. The appearance of the
2D band with the introduction of CHy4 in the gas mixture and the shift of
its maxima position indicates an increase of the spz-C content [29]. The
characteristic diamond peak positioned at 1332 cm™ was not clearly
observed due to the strong Raman signal generated by sp2-C, especially
for the employed wavelength. Nevertheless, analogous nanostructures
were previously studied at silicon wafers revealing diamond exciton
sharp peak at 289.0 eV, the other specific feature of a dip at 302.5 eV in
EELS and characteristic diamond-phase ascribed SAED patterns [30,31].

3.1.2. Electrochemical performance

The surface character and electron transfer behavior of the fabri-
cated electrodes were investigated by electrochemical cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS).

The CV measurements were conducted at different scan rates (5, 10,
20, 50, 100, 150, 200, 300, 400 mV-s~ ). The characterization of elec-
trochemical processes in terms of the rate-limiting step (diffusion or


http://mostwiedzy.pl

A\ MOST

M. Pierpaoli et al.

adsorption) at surface of the PAN-based composite electrodes were
carried out. For electrochemically reversible electron transfer processes
involving freely diffusing redox species, the Randles-Sevcik Equation
describe the dependence of the peak current on scan rate and reveals
that plots of current versus square root of scan rate should be linear [32,
33]. Fig. 5 shows anodic and cathodic currents of the faradaic process
increase linearly with square root of scan rate which is consistent with
diffusion limitation of redox processes. Also peak to peak separation for
low scan rate (5 mV s~ 1) is not equal to zero and is close to 57 + 2 mV,
69 + 4 mV, 57 + 2 mV and 47 + 3 mV for HiDiPAN-1:12, HiDi-
PAN-1:25, HiDiPAN-1:100, Hj-treated composite electrodes respec-
tively, which proves the occurring single-electrode redox processes
limited by diffusion.

Fig. 6a shows a comparison of the CV curves for the different elec-
trodes in a solution of 1 mM K3[Fe(CN)gl/K4[Fe(CN)g] in the weight
ratio 1:1, in 0.05 M PS water solution at a scan rate of 100 mVs L.

Well-defined redox peaks were observed at 0.289 V (HiDiPAN-1:12
electrode), 0.407 V (HiDiPAN-1:25 electrode), and 0.455 V (HiDiPAN-
1:100 electrode). Much less pronounced peaks were seen for the
hydrogen-treated PAN-based samples on which no surface decoration
occurred. This demonstrates non-uniform surface and complex reactions
with different kinetics occurring on the fiber surface. The peak-to-peak
separations (AEp) are 92 £ 5 mV, 351 + 15 mV, 252 + 11 mV, 145 +
12 mV for the HiDiPAN-1:12, HiDiPAN-1:25, HiDiPAN-1:100 and Hj-
treated composite electrodes, respectively. As shown in Fig. 6a, a pair of
redox peaks with an AEp of 92 mV was observed at the HiDiPAN-1:12
electrode, whereas at the HiDiPAN-1:25 and HiDiPAN-1:100 elec-
trodes, the AEp increased to 407 mV and 455 mV, respectively, with
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decreasing sp>-C content. The lower peak-to-peak separation for the
HiDiPAN-1:12 electrode suggests faster electron-transfer kinetics as
compared to the HiDiPAN-1:25 and HiDiPAN-1:100 electrodes. This is
due to the easier adsorption of electroactive ions by the sp? carbon [34].
The higher peak current magnitudes values for the 1:25 composite
electrode could be related to its characteristic morphology: differently to
the 1:12 composite, the micropores are still evident and they are easily
accessible by the electrolyte, however, it possesses a higher surface area
and lower electrode material resistance compared to the 1:100 sample.
EIS can provide a more detailed study of the processes that occur at the
electrode/electrolyte interfaces. The interface can be modeled by an
equivalent circuit, which includes the ohmic resistance of the electrolyte
(R;), the Warburg impedance (Z,), the charge-transfer resistance (Rey),
and electrochemical double-layer capacitance (Cq) [35]. Fig. 6b pre-
sents the Nyquist plots obtained for the carbon composite electrodes,
which were fitted based on the equivalent circuit (Fig. 6b, inset) using
the EIS Spectrum Analyser software. The resulting Nyquist diagram in-
cludes a semicircular part and a linear part. The semicircular part at
higher frequencies corresponds to the charge-transfer resistance (Rcy)
and the resistance of the pores (R,). Two time constants are shown in the
Bode plot (Fig. 6¢). The linear part (Fig. 6d) at lower frequencies is
related to the diffusion process. Therefore the equivalent circuit includes
the ohmic resistance of the electrolyte (Rg) in series with two-time
constants (R and C in parallel), including pore resistance and constant
phase element in-place capacitance because of the heterogeneous
character of the material (Rp, CPEp) and the charge transfer process
between the electrolyte/electrode interphase and the constant phase
element (R, CPEq)), and the Warburg element [35]. Table 1 displays the
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Fig. 6. (a) Cyclic voltammograms and (b-d) — Impedance spectra of PAN-based composite electrodes measured in a 0.05 M PS with 1 mM K3[Fe(CN)g]/K4[Fe(CN)g]

in a weight ratio of 1:1, vs. Ag/AgCl in 3 M KCL

Table 1

Summary of electrochemical parameters obtained by CV (Ia, Ic, AEp, Ea, at 100
mV s 1) and EIS (R, R, at open circuit voltage) of all PAN-based composite
electrodes in a 0.05 M PS solution with 1 mM K3[Fe(CN)g]/K4[Fe(CN)g] in a
weight ratio of 1:1, vs. Ag/AgCl in 3M KCl.

Material I, I. AE, E, E. Ret R,
(mA)  (mA) mv) (@mV) (mV) (Ohm)  (Ohm)
PAN/H, 547  -348 145 439 294 18 £ 5+
+8 +3 +£12  +£32  £16 07 0.3
HiDiPAN- 342  -363 252 455 203 166+  80+7
1:100 +£3 +3 £11 £11  £14 9
HiDiPAN- 523  -48.6 351 407 66+ 23+3 34x2
1:25 +4 +3 +£15 +£18 11
HiDiPAN- 256  -260 92+ 289 197 37+7 21+2
1:12 +2 +1 5 +£13  £12
electrochemical parameters obtained by fitting of EIS. The

HiDiPAN-1:25 and the HiDiPAN-1:12 are characterized by a lower Rt
compared to the HiDiPAN-1:100.

The lowest R of the hydrogen-treated PAN fiber is due to the sig-
nificant structural disorder, rich in defects which are beneficial for
accelerating electron transfer between the electrode and species in so-
lution. However, the disadvantage of this material is the higher anode
current than the cathode current, which indicates irreversible reactions
taking place on the surface of the material (Fig. 6a). It can also be seen
that the CVD-grown layer on the surface of the carbon material increases
the pore resistance R, together with the development of a more complex
porosity (Table 1). In addition, the Bode plots illustrate the

complementary EIS data, in which the smallest impedance modulus at
high frequencies is presented by the 1:12 composite electrode and at low
frequencies for the 1:25 composite electrode, as shown in Fig. 3c. It
shows the lowest phase angle for the HiDiPAN-1:12, i.e., -53°, while for
the HiDiPAN-1:100 electrode this value is at about -10°, as shown in
Fig. 3(c), so a more capacitive behavior is recorded for the HiDiPAN-
1:12 composite electrode.

3.2. Acetaminophen detection

The HiDiPAN electrodes were applied to detect acetaminophen in a
0.1 M PS. The differential pulse voltammetry (DPV) technique was
employed to characterize the electrodes due to its excellent background
suppression and higher sensitivity than the cyclic voltammetry (CV)
technique. The HiDiPAN-1:12 is considered as optimal for acetamino-
phen determination in this work. In Fig. 7 was observed one well-
separated peak at 0.38 V in the concentration range from 6 to 150 uM.

At the same acetaminophen concentration, the oxidization peak
current measured by the PAN treated only by Hy plasma is lower than
the CVD-grown electrodes and possesses higher background currents.
This may be due to the lower active surface area of the electrode ma-
terial compared to the PAN composites containing nanowalls [36,37].
The current response of acetaminophen oxidation during DPV increases
with the amount of carbon sp? in the sponge electrode structure (HiDi-
PAN-1:100 < HiDiPAN-1:25 < HiDiPAN-1:12). This is due to the easier
adsorption to the sp2 carbon structure and thus detection. Fig. 8a-d
show the calibration curves for the HIDiPAN composite electrodes. From
the slopes of linear calibration curves, the sensitivities were calculated.
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Fig. 7. (a) DPV determination of acetaminophen at PAN-composite (CH4:H,
1:12) electrode in mixtures containing acetaminophen in the concentration
range from 6 to 150 pM in PS, 0.1 M.

It can be seen that the electrode with the highest amount of sp?
carbon (CNW), i.e. the 1:12 composite electrode, has the best sensitivity
(the highest slope of the calibration curve) [37]. The high sensitivity of
the electrode can be attributed to the fact that acetaminophen easily
adsorbs on the p-electron-rich graphene surface via n-n interactions [38,
39]. In particular, the benzene ring of acetaminophen and the
one-dimensional planar carbon structure can also accumulate acet-
aminophen molecules and thus enhance the detection performance, as
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an adsorption-controlled process [40]. For the HiDiPAN-1:12 composite,
two linear behaviors can be seen, ranging from 6 to 100 uM and between
100 and 250 uM, while for the HiDiPAN-1:25 and HiDiPAN-1:100, the
calibration curves exhibit two different response areas depending on the
acetaminophen concentration. This phenomenon may be related to the
participation of different materials in the structure of the electrode,
which influences various phenomena taking place on the electrode (e.g.
minor or greater impact of adsorption and diffusion) [41]. The lower the
CH4:H; ratio in the composite synthesis process, the greater the acet-
aminophen detection range, but the lower the sensitivity of the electrode
(Fig. 8a—d). In the case of the Hy-treated PAN-based electrode, in the
absence of an overgrown carbon nanostructure, only one linear range is
present. In the case of HiDiPAN-1:100, this is in the range of 25-250 pM,
but with an order of magnitude lower sensitivity than the HiDiPAN-1:12
electrode. The sensitivity decreases with the decreasing CHy4 feed. The
weakest sensitivity is that of the Hy plasma-treated electrode.

The limit of detection (LOD) was calculated by the method that uses
the equations containing the standard deviation (c) of the estimated
quantity (net signal) where s is the slope of the calibration curve [42]:
LOD = 3.3 o/s. The limits of detection were equal to 19 pM, 42 pM, 98
pM and 159 pM of acetaminophen for composites fabricated in CH4:Hy
ratios 1:12, 1:25; 1:100 and pure Hp, respectively. A possible explana-
tion for the better performance of the nanowall-decorated electrode may
not only be the increased specific surface area, but also the change of the
acetaminophen oxidation mechanism, by shifting from a one-proton and
two-electron to a two-proton and two-electron process [34].

In order to correlate the electrochemical with the Raman results, it is
worth highlighting the dual function of CVD plasma, governed by Ha-
plasma etching and CH-radical nanostructure formation. In presence of
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Fig. 8. Calibration curves corresponding to the acetaminophen analysis by (a) Ha, (b) CH4:H, 1:100, (c) CH4:H, 1:25, (d) CH4:Hy 1:12, PAN-based compos-

ite electrodes.
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Ho-plasma only, the outer amorphous carbon is etched, exposing the
PAN turbostratic structure, rich in the edge-terrace surface, while, with
the CHy introduction, the crystallite grows in size, resulting in basal-
plane rich surface (HiDiPAN-1:100). With increasing CH4 concentra-
tion, the formation of a microsized-roughness, led to the increase of the
surface area, with also the formation of edge terraces (HiDiPAN-1:25),
becoming then predominant and rich in edge planes (HiDiPAN-1:12),
due to the peculiar maze-like graphene stacks formation (Fig. 9a). This
aspect is shown in Fig. 9b, by the A(D)/A(D’) ratio. It is recognized that
the D and D’ peak intensities increase with the increasing amount of
defects. The D’ transition has been observed in graphene with defects
caused by inductively coupled plasma [43], Ar ion bombardment [44],
and in defective graphite during compression/decompression cycles
[45]. Its origin has been related to graphene layers that have a graphite
layer only on one side [46] and it has been assigned to the lattice vi-
bration analogous to that of the G band. To differentiate between
different defect types, the relative peak intensity, expressed as the ratio
of the integrated area of the D and D’ bands, has been preferred because
the area under the band represents the probability of the whole scat-
tering process [43-45]. The ratio has been found to grow from 5.5 to 7.9
with increasing CHy4 content. The electrochemical activity of the basal
plane and edge plane of graphite substantially differs: due to the
prominent presence of edges terraces and planes in the HiDiPAN-0 and
HiDiPAN-1:12 samples, the R;, is lower and the heterogeneous electron
transfer is faster (Fig. 9b), which is in agreement with the findings of
Velicky et al. [47]. It has been reported that the introduction of defects
to carbon nanomaterials may result in an improvement of the sensing
performance [39,48]. It is known that the FWHM(G) always increases
with the increasing disorder because this parameter is sensitive to all
types of defects, either in the sp? rings or chains, and it is inversely
dependent on the crystallite size (for 2 < La < 10 nm) [46]. For these
reasons, in our study, the edge-rich composites, characterized by a low
degree of disorder and large crystallite size possess a lower acetamino-
phen LOD and higher sensitivity.

3.3. Stability, specificity and reproducibility, of the hierarchically-porous
sponge electrodes

To evaluate the stability of the HiDiPAN electrodes, DPV was per-
formed at various time interval since its immersion in the analyte so-
lution. Results are reported in Table 2. The current response of
acetaminophen for 75 uM concentration showed changes from 2.1% for
HiDiPAN-1:12 till 5.3% for Hs- treated PAN composite. An RSD lower
than 5% has been found for the composites subjected to CVD-growth.

Sensor reproducibility has been evaluated by performing detection
experiments using the synthesized PAN-based composite electrodes in
different time periods. A signal reproducibility of 90% was achieved.

A crucial challenge in applicability of sensors is their ability to sense
analytes in the presence of other coexisting compounds. For examining
the discrimination ability of the PAN-based composite materials, the
current responses of diclofenac and acetaminophen were compared in
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Fig. 9. (a) Schematic of the different surfaces occurring in the different com-
posites. (b) Correlation between the defect type, as described by the A(D)/A(D’)
ratio, R, and acetaminophen sensitivity.
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Table 2
The stability evaluated using: Hy, CH4:H, (1:100), CH4:H; (1:25), CH4:H» (1:12),
PAN-based composite electrodes.

Electrode material Current response (uA) RSD (%)
10 min 20 min 30 min

PAN/H, 111.7 124 116 5.3

HiDiPAN-1:100 200 208 214 3.4

HiDiPAN-1:25 421 439 399 4.8

HiDiPAN-1:12 617.6 635 644 2.1

the presence of different compounds in wastewater (Figs. 10, and S6).

Moreover, it can also be seen that the higher amount of BCNW in the
structure of sensor material, the lower the oxidation potential of the
analytes is recorded. Calibration curves were also made for the detection
of diclofenac (Fig. S7), which allows to conclude that the material can
also be used to detect of diclofenac.

3.4. Molecular dynamics simulation

Molecular dynamics simulation was performed to investigate how
the acetaminophen is preferably adsorbed on the surface of the elec-
trode. Modeled systems were calculated starting from three basic con-
figurations, in which acetaminophen is found on the side of a HiDiPAN-
1:12 nanowall-like structure, with oxygen termination (Fig. 11a), on top
with oxygen termination (Fig. 11d), and top with hydrogen termination
(Fig. 11g). MDS results showed that the most energetically favorable
configuration is the one where acetaminophen is on top of the oxygen-
terminated nanostructure (Fig. 11d, f). In particular, in this configura-
tion, are observed hydrogen bonds and the mean distance between
molecule and nanostructure is shortest, equal to 2.80 A, with an
adsorption energy of -33 kcal/mol. The second most favorable config-
uration is the one with acetaminophen on the side of the nanostructure,
with O-termination (Fig. 11a—c). The adsorption energy was estimated
equal to -12.94 kcal/mol and the mean distance between surface and
molecule is 3.25 A. Moreover, the above-mentioned configuration is the
least stable and acetaminophen slides down the wall-like nanostructure.
Interestingly, it was also found that the length of the vertical carbon wall
is not influencing acetaminophen behavior, including the sliding
behavior on side of structure.

0.480V 0.730V a 0470V 0.765V b
T T T T

40
35 | Ho CHg:H,
35 1:100
230 <
= — 30
— 25
'3 25
20 = : : : :
0 03 06 09 0 03 06 09
E (V) E (V)
0.466V_0.741V c 0384V 0652V d
40 { CH,:H, I 60 CH4H, X
1:25 ! 1:12 1 !
35, : \ !
= 1 <
330 ER |
25 50
20 +— : : .
0 03 06 09 0 03 06 09
E (V) E (V)

Fig. 10. Differential pulse voltammetry curves of acetaminophen and diclofe-
nac in wastewater recorded using: (a) Ha, (b) CH4:Hs 1:100, (c) CH4:H, 1:25,
(d) CH4:H, 1:12, PAN-based composite electrodes.
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In the last configuration (Fig. 11g-i), where acetaminophen is on the
top of the hydrogen-terminated nanostructure, the adsorption energy is
equal to + 36.64 kcal/mol, meaning that the molecule is repelled from
the top edges of the graphene stacks. According to the simulations,
acetaminophen is more likely to be attracted by the O-terminated carbon
nanostructures grown on the HiDiPAN-1:12. The other configurations
are also possible but with a much lower probability due to smaller
adsorption energy. A summary of obtained results can be seen in Table 3.

According to the literature, the oxidation mechanism of paracetamol
can be considered a one- or two- proton mechanism and it was exten-
sively investigated in the literature. In the latter one, the electric system
was exchanged with p-n conjugation (paracetamol) and n-& conjugation
(product), resulting in a product having a lower energy level compared
to the reactant [34]. Thus, the higher the presence of sp>-bonded carbon
atoms, as horizontally-aligned graphene sheets [39] or as
vertically-aligned graphene stacks [34], the higher the formed n—n
interaction with the product molecules. In our study, this aspect is well
reflected by the electrode increasing sensitivity of acetaminophen with
increasing sp?-C content, as highlighted by the Raman spectroscopy
results and by the acetaminophen oxidation peak shift for a higher CHy4:
Hp gas feed ratio. So, the reactant was easier to be oxidized, and the
over-potential of paracetamol became lower than that on the bare
Hy-treated composite with a shifting of 96 mV.

4. Conclusions

In this study, we prepared a metal-free carbon nanostructured
fibrous electrode starting from PAN. We replaced the time-consuming
carbonization phase with a single-step CVD process with a total dura-
tion of 40 minutes, in which we decorated the electrode surface with
boron-doped carbon nanostructures, by simply varying the feed gas
composition. The plasma has the function of shaping the fiber
morphology, by etching the amorphous carbon on the fiber surface and
growing a new carbon interface.

Acetaminophen detection sensitivity increases with the increasing
CH4:Hj; ratio during CVD nanostructure growth, while the linear interval
range decreases. The best result, in terms of high sensitivity and low
LOD, is represented by the vertically-aligned graphene stacks-decorated
PAN composite. We attribute such improvement of the sensing perfor-
mance to the MPECVD-grown nanoarchitecture. From a chemical
perspective, the higher content of sp?-C, jointly with the preferable
presence of vacancy-like defects, favors the interaction with the analyte,
resulting in an 18-fold increase of the sensitivity (compared to the fiber’s
turbostratic structure), while, from a physical and morphological
perspective, the developed active surface and the existence of a purely
diffusion-controlled process results in a low barrier to electron transfer,
as shown by the lowest (92 mV) peak-to-peak separation. Moreover,
molecular dynamics simulations support the hypothesis that the acet-
aminophen is preferably adsorbed on the top of the oxygen-terminated
vertically-aligned graphene stacks, present in the HiDiPAN-1:12
composite.

Further studies are intended to investigate how to enhance the
selectivity and sensitivity by tuning the defects and by heteroatom-
doping, in order to develop rapid and inexpensive composite sensors.
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