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their unique structural and physical properties; such as
small fiber diameters, large surface area per unit mass,
small pore size, increased porosity and flexibility in sur-
face functionalization.!™ Many different strategies have
been developed for their synthesis and production, with
electrospinning being the most versatile, straightforward,
and cost-effective technique when comparing to others,
such as template synthesis,!® phase separation and self-
assembly.[®! NFs produced by electrospinning have many
unique characteristics, such as high surface-to-mass
(or volume) ratio, ability to form highly porous fibrous
membranes with excellent pore interconnectivity, con-
trollability in fiber diameter, surface morphology and
fibrous structure.’””). NFs are also easy to be
functionalized during the electrospinning process using
metal oxides or nanoparticles, such as nickel oxide, tita-
nium oxide, iron oxide, gold nanoparticles, and reduced
graphene oxide (GO) to produce nanofibers with high
tensile strength, large surface area, enhanced electrical
and catalytic properties.!'®*?! Unlike the conventional
needle-based electrospinning, nozzle-free electrospinning
can be used for large-scale production of nanofibers.!3!
These unique features have provided electrospun NFs
with enormous opportunities to be used in various fields
including tissue engineering scaffolds, filtration, sensors,
and energy storage, affinity membranes and many
others.14-1!

Electrospun NFs have subsequently been introduced
as electrode materials finding applications in energy stor-
age, such as lithium-ion batteries due to their high spe-
cific surface area.l'”*! Various polymeric materials have
been used as backbone polymers, with polyacrylonitrile
(PAN) being the most suitable precursor compared to
pitch- or cellulose-based precursor.?*2!! Carbonization of
the PAN-based NFs can produce high-performance car-
bon fibers with greater carbon yield (>50% of the original
precursor mass).??! Other advantages include improved
mechanical and electrical properties,?*! wide potential
windows, relatively inert electrochemistry, low cost and
good electrocatalytic activity for many redox reac-
tions.?*2%! These properties can be further controlled by
heat treatment cycles during stabilization and carboniza-
tion. Polyacrylic acid (PAA) is a highly water-soluble
anionic polyelectrolyte due to its charged carboxyl side
chains.[®7'2! PAA can improve the processability of acry-
lonitrile while decreasing the cyclization tempera-
ture.l>?°! The negatively charged active site of PAA is
also ideal for cation loading to fabricate highly conduc-
tive films.1*117]

It is important to evaluate the intrinsic electrochemi-
cal properties of carbon nanofibers (CNFs) to explore
their full potential in sensing applications. However,
CNF-based sheets after heat treatment are extremely

fragile and lightweight, rendering the preparation and
evaluation of the CNFs as working electrodes very chal-
lenging without altering its physical conditions and addi-
tional re-treatment. The as-prepared CNFs are normally
ground and dispersed with auxiliary additives (such as
carbon black and binders), which afterward are layered
or coated with reinforced fibers or metal during the elec-
trode fabrication process.”**! However, grinding the
carbonized nanofibers destroys the nanostructure, and
the presence of the additives and reinforcing materials
may lead to undesired chemical reactions!®~*!; hence,
the real sensing capability of the CNFs alone is not
assessable.

In this work, the nozzle-free electrospinning method
was used to fabricate precursor nanofibers (PNFs) from
PAN and co-polymer PAA. PAA acted as a sacrificial poly-
mer allowing the formation of porous CNFs upon the
removal of PAA by heat treatment. Nanoparticles of gold
(AuNPs), iron oxide (I0), or GO were added to the poly-
meric solutions during the electrospinning process to
enhance the electrical properties of the NFs.[?”! Subse-
quently, PNFs or CNFs containing AuNPs, 10, or rGO
were attached to a commercially available screen-printed
carbon electrode (SPCE) using a conductive glue without
any alteration to the physical conditions. The influence of
the conductive glue to the overall electronic conductivity
was evaluated and used as the baseline to compare the
analytical performance of the modified SPCEs containing
different nanoparticles. All of the modified SPCEs were
tested in the presence of hydrogen peroxide (H,O,) or
ferri/ferro cyanide (Fe[CN]¢>~/#") to evaluate their analyti-
cal performance. The performance of the SPCEs modified
with different CNFs was evaluated and compared to PNFs.

2 | MATERIALS AND METHODS
2.1 | Materials
Polyacrylonitrile (PAN, Mw 150,000 g mol™") and

poly(acrylic acid) (PAA, Mw 450,000 g mol ") were pur-
chased from Shandong Jianofu Treasure Industrial
Co. Ltd (China) and Sigma-Aldrich (USA), respectively.
N,N-dimethylformamide 99% (DMF) was purchased from
Alfa-Aesar (USA). Gold nanoparticles (AuNPs, average
particle size 40 nm) in an aqueous solution were vac-
uumed dried and added to the electrospinning polymer
solution. Alternatively, 0.4 g mL™" of iron(III) oxide solid
particles (IO, average size <60 pm) were added to the
electrospinning solution. GO (average size <25 pm) was
synthesized by the modified Tour's method.**! Potassium
ferricyanide (K;Fe[CN]4), hydrogen peroxide (H,0,),
sodium phosphate buffer saline (PBS), potassium
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chloride (KCI) and all other reagents were purchased
from Sigma-Aldrich (USA). 1 mM K;[Fe(CN)s] was used
as a redox probe couple. The screen-printed carbon elec-
trodes (Metrohm Dropsens, DRP C110) purchased from
Metrohm (Switzerland) had carbon working (diameter:
4 mm) and counter electrodes, and Ag as the reference
electrode. PELCO® conductive carbon glue was used to
attach the nanofibers to the SPCE.

2.2 | GO synthesis, purification, and
exfoliation

Modified Tour's method®” was used to synthesize the
graphene oxide (GO). Briefly, acids mixture of sulfuric
acid and phosphoric acid was slowly mixed into the solid
mixture consisting of graphite and potassium permanga-
nate, the reaction temperature was controlled to below
50°C. The solution was stirred in a round bottom flask
placed in a water bath at 50°C for 12 hours. The reaction
mixture was then allowed to cool to room temperature
overnight. Next, the reaction mixture was slowly poured
into a beaker with cold water on an ice bath, with con-
trolled temperature not more than 27°C. H,0O, was then
slowly added to the solution until color changed from
dark purple to light brown. Next, the reaction products
were centrifuged at 4,000 rpm 10 minutes for 10 times
and the heavier phase was collected and diluted in ultra-
pure water between each run. The products of the
centrifuging were dialyzed in ultrapure water. Purified
GO was exfoliated through sonication for 4 hr with soni-
cation power of 150 W. The GO was separated using cen-
trifugation at 4,000 rpm for 10 minutes before
powdering it.

2.3 | Electrospinning of PAA/PAN fibers
Initially, 12 wt% PAA in DMF was dissolved overnight at
150°C/700 rpm. Then, 12 wt% PAN was dissolved in
DMF and stirred at 700 rpm for 3 hr at 80°C. The two
prepared solutions were then mixed at a 7:1 PAN:PAA
w/w ratio and stirred at 180°C for 15-20 min, to prepare
the master solution. Additive solutions were prepared

TABLE 1 Summary of the electrospinning polymer solutions
and blending ratios

Ratio (PAN:
PAA) (w/w)

12% PAN (w/v) (My, = 150,000 g mol™) + 12%  7:1
PAA (W/v) (M, = 450,000 g mol ™)

Polymer blend

Abbreviation: PAN/PAA, polyacrylonitrile/polyacrylic acid.

separately before being added to the master solution
(Tables 1 and 2). To prepare NFs decorated with AuNPs,
15.5 nM of AuNPs in DMF was added to the master solu-
tion, which resulted in 93:7 v/v ratio of (PAN/PAA):
AuNP suspension and the mixture was stirred at 45°C for
10 min before electrospinning. NFs containing 10 were
prepared by adding iron(III) oxide to the master solution,
resulting in 97:3 v/w ratio of (PAN/PAA):10. The suspen-
sion was stirred overnight at 100°C and sonicated for 1 hr
before electrospinning to increase the dispersion of the
IO particles in the suspension. PNFs decorated with GO
were prepared by sonicating 3 wt% of GO in DMF for
overnight before adding to the polymer mixture for
electrospinning. While CNFs incorporated with GO were
prepared by vacuum coating 1 mg mL™" GO solution on
the electrospun nanofibers using a vacuum filtration
apparatus. The excess GO was rinsed in a bath of ultra-
pure water while gently agitating the nanofibers in the
water. The nanofibers and GO were then calcined and
reduced simultaneously in a furnace (heating at 650°C
for 2 hr with a heating rate of 5°C min™" in hydrogen
atmosphere).

A nozzle-free electrospinning device was used to
allow the inclusion of additive particles in the polymer
without the problem of nozzle clogging. The
electrospinning apparatus consisted of a motorized rotat-
ing solid stainless-steel electrode (electrospinning elec-
trode) inside a Teflon bath, where the different solutions
or suspensions were poured. Using a DeWalt (model
D26411) 1,800 W heat gun, the collector electrode was
under constant hot airflow of 450 L min™" at a tempera-
ture of 150°C throughout the electrospinning process.
The distance between the electrospinning electrode and
collector electrode (working distance) was 15cm. A
potential difference of 60 kV DC was applied between
two rotating electrodes (+30 kV on the electrospinning
electrode inside the pool and — 30 kV on the collector
electrode). A cellulose-based paper (commercial baking
paper) was used to collect the fibers. All experiments
were carried out under ambient conditions at a relative

TABLE 2  Summary of the polymer (PAN/PAA)-nanoparticles
ratios used for PNFs production

Ratio (PAN/PAA:

Type of NFs nanoparticles)
1. AuNPs (PAN/PAA/AuNPs) 93:7 (v/v)
II. 10 (PAN/PAA/IO) 97:3 (v/w)
III. GO (PAN/PAA/GO) 97:3 (v/w)

Abbreviation: AuNP, gold nanoparticles; GO, graphene oxide; IO,
iron (IIT) oxide; PAN/PAA, polyacrylonitrile/polyacrylic acid.
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FIGURE 1 A schematic layout of
the nozzle-free electrospinning setup
[Color figure can be viewed at
wileyonlinelibrary.com]
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humidity ranging from 30 to 40%. Figure 1 gives a sche-
matic layout of the electrospinning set-up.

2.4 | Stabilization and carbonization

Both stabilization and carbonization processes were per-
formed using a horizontal tube furnace; Pyrolyser model
OTX—1,200X (MTI Corporation, USA, Richmond, CA)
with a 80 mm internal diameter quartz tube reaction
zone having a length of 500 mm, fitted with a Fe—Cr—Al
alloy heating element. During the process of temperature,
time, heating/cooling rate, and gas atmosphere were
carefully controlled. The electrospun PAN/PAA scaffolds
(with and without additives) were cut into 6 cm X 3 cm
(length x width) mats and clamped on a ceramic tile,
with a gap between the clamps of approximately 6 cm.
The sample was placed in a boat and inserted into the
reaction zone of the tube furnace. The stabilization was
performed at 200°C with a heating rate of 10°C min,
using an air flow rate of 100 mL min~". The sample was
maintained at the final temperature at holding time of
12 hr. Upon completing the stabilization process, the
sample was cooled overnight, followed by carbonization
performed using the same equipment. The reactor was
firstly purged with nitrogen gas for 10-15 min to ensure
that all the O, was removed. The sample was then
ramped to a temperature of 750°C at a heating rate of
10°C min™! using N, (flow rate of 100 mL min~') as the
purge gas. Upon reaching the final temperature, the sam-
ple was held for 60 min prior to the cooling down period.
The changes in weight of the PAN/PAA fibers before and

Electrode

after the processes were recorded using an analytical
balance.

2.5 | Morphological and thermochemical
characterization

A thermogravimetric analyzer (TGA SDTA 851/1600,
Mettler Toledo, USA) was used to observe the thermal sta-
bility of the electrospun fibers. Approximately 10 mg of sam-
ple was inserted in a 150 pL alumina crucible. The crucible
was then inserted in the horizontal furnace and heated to
500 or 900°C at a heating rate of 10°C min~" under purging
dry N, gas at a rate of 100 mL min™". To examine the heat
flux change of the webs before and after stabilization and
carbonization, a differential scanning calorimeter (DSC,
PerkinElmer) was used. The sample was heated to 500°C
with a heating rate of 10°C min~" under purging N, gas.

Attenuated total reflection-Fourier-transform infrared
spectroscopy (ATR-FTIR) (Spectrum One, PerkinElmer)
was used to explore the changes of the functional groups
of the oxidized and carbonized PAN/PAA electrospun
fiber mats. The FTIR spectra were recorded between
4,000 and 400 cm™', averaging three scans. Potassium
bromide (KBr) was ground in a mortar to obtain a homo-
geneous powder was used as the sample matrix and refer-
ence material. For sample analysis, CNFs were crushed
separately in a mortar and mixed with KBr in a propor-
tion of 50/50 (w/w).

Microscopic observations of the PAN/PAA and car-
bonized fibers were conducted using a scanning electron
microscope (SEM, Hitachi SU3500). Electrospun fibers
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were sputter-coated with a thin platinum layer (approxi-
mately 10 nm thickness) using a sputter coater (Polaron
SC7620, Quorum). To compare the fibers prior/post car-
bonization, all micrographs were assessed at X700 magni-
fications. The fiber size distribution was measured by
selecting 100 fibers from the SEM images. The sizes were
determined using image processing software ImageJ Ver-
sion 1.52a1*! and the value was presented as the average.
Energy dispersive spectroscopy (EDS) analysis was per-
formed to confirm the presence of nanoparticles in differ-
ent composite fibers.

2.6 | SPCE characterization and
modification

Before the SPCE modification, an electrode pre-treatment
was carried out via potential cycling from —2.5to +2.5V
versus Ag in 0.05M H,SO, aqueous solution at
0.05 V s™'. This step is crucial to remove any organic con-
taminants, thus, improving the sensitivity and reproduc-
ibility of the readings.***”) The various composite fibers
with the different nanoparticles were trimmed to have a
surface area of about (4 mm?) and glued onto the work-
ing electrode of a treated SPCE using a PELCO® conduc-
tive carbon glue. The modified SPCE preparation process
is depicted in Figure 2.

SPCE treatment

2.7 | Electrochemical measurements

The electrochemical characteristics of the modified SPCEs
(with the CNFs or PNFs that contain AuNPs, 10, or rGO)
were measured by cyclic voltammetry (CV) using a
potentiostat controlled by Nova 2.0 software (Autolab
PGSTAT204, Metrohm Switzerland). Solutions of KzFe(CN)g
and H,0, with different concentrations were prepared by
serial dilution of stock solutions in 0.1 M KCI (pH 7.0) and
0.1 M PBS (pH 7.4), respectively. Around 55 pL of the analyte
solution was dropped on top of the sensing area’s surface,
and CV scans were performed as a function of scan rates
(0.02, 0.04, 0.06, 0.08, 0.1, and 0.2 Vs ™). The selected voltage
windows for K;Fe(CN)g and H,0, were — 0.4 to +0.8 V and
— 0.2 to +1.2 V, respectively, since their redox peaks
appeared within these potential ranges.[ss] It should be noted
that the background correction at different scan rates is con-
sidered at O current when performing data analysis.

3 | RESULTS AND DISCUSSION

3.1 | Thermal stabilities of the
electrospun PAN/PAA fibers

The optimum stabilization temperature was determined
prior to the carbonization. The stabilization process was

CNF

PNF

Conductive
carbon glue

CV in H,S0,
i
I
v
//, ) y
SPCE < =
/ v
E (V)

FIGURE 2 Scheme of the preparation of screen-printed carbon electrode (SPCE) modified electrode. SPCE was treated via potential

cycling in 0.05 M H,SO,. Nanofibers were trimmed and glued onto the working electrode of the treated SPCE using a conductive

carbon glue [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Thermogravimetric analyzer (TGA) thermograms
measured in N, for polyacrylonitrile/polyacrylic acid (PAN/PAA)
precursor nanofibers (PNFs) without additives (a), the PNFs
without additives stabilized for 12 hr (b), the carbonized PAN/PAA
nanofibers with gold nanoparticles (AuNPs) (c), the carbonized
PAN/PAA nanofibers with iron (IIT) oxide (IO) (d), the carbonized
PAN/PAA nanofibers without additives (e), and the carbonized
PAN/PAA nanofibers with graphene oxide (GO) (f)

performed at a controlled temperature of 200°C by using
12 hr of stabilization time. The shrinkage percentage was
controlled between 10.4 and 12.5% (refer to Figures S1
and S2). The long stabilization time was used to ensure
that the PAN/PAA fibers were cyclized.[**! The long sta-
bilization time not only increased the number of ladder
polymers in stabilized nanofibers but also improved the
physical properties of the resulting carbon nanofibers.
Figure 3 shows the thermal stability of the PNFs, and the
stabilized carbonized NFs with and without additives.
There was a slight weight loss of about 3-5% near 100°C
that may be due to the removal of moisture from the
non-carbonized precursor NFs (Figure 3a. The PAN/PAA
PNF material remains stable up to the temperature of
200°C. The untreated sample lost weight over a narrow
temperature range in comparison to the stabilized sample
due to greater formation of ladder-like structures related
to oxidation-based cross-linking.*® The large secondary
weight loss seen beyond this temperature was due to the
removal of the chemical groups formed on the fiber sur-
faces. The unchanged sample weight between 100 and
200°C indicates that no chemical reaction occurred and
can be ascribed by the cyclization process.[24] In the case
of the stabilized nanofibers, it was found that the sample
is stable until approximately 200°C, due to the effect of sta-
bilization under oxygen condition, which is related to the
cyclization of nitrile groups, cross-linking of the chain
molecules and dehydrogenation promote the formation of
the ladder structure from the linear molecule.®” The

ladder structure polymers are more stable in heat than lin-
ear polymers as the special structure prevents them from
melting at higher temperatures.!*”! The heat-treated (stabi-
lized and carbonized) nanofibers were thermally stable up
to 500°C. Such thermal behavior was typically seen in
PAN-based carbon fibers.*** The presence of rGO showed
the highest thermal stability with the minimal weight loss
of about 2.5 wt%. Improvement of nanocomposite thermal
stability was due to the formation of carbonaceous protec-
tive layer that led to a lower rate of heat transfer as well as
mass loss of the polymer.[‘u] In addition, the incorporation
of rGO would constrain the mobility of the polymeric
chains via physical or chemical interfacial bonds, resulted
in prominent thermal stability of the nanofiber.*'#?!

3.2 | ATR-FTIR analysis

FTIR analysis was performed to identify any changes to
the chemical composition of the PAN/PAA NFs before
and after carbonization. There were distinguishable
changes in the characteristic absorption peaks of PAN
and PAA at several locations of the spectrum. Most of the
strong and sharp peaks in the precursor web disappeared
after carbonization, as shown in Figure 4. Notably, the
strong absorption peak located between 2,260 and
2,200 cm™" can be attributed to the characteristic nitrile
(—C=N) groups of PAN. The apparent decrease at the
peak intensity at 2,243 cm™" could be explained by the
reaction of nitrile groups during the cyclization process
to form conjugated C=N groups. Absorption peaks in the
region between 1,300-1,800 cm ~1 could be attributed to
the presence of water molecules.**! Weak absorption
peaks at around 1,600 cm™' present in the CNFs speci-
mens can be assigned to a combined effect of C=N, C=C,
N—H groups,*’! and the peak near 1,400 cm™ to C—H
bonding.[26] The disappearance of the peaks at around
800 and 3,000 cm™! in the CNFs samples shows that the
carbonization process has successfully eliminated all the
=C—H, and C—H bonds present, indicating that the
cross-linking of the chain molecules and dehydrogena-
tion were complete.”®) The DSC thermograms of the
PAN/PAA PNFs, the stabilized, and the carbonized
nanofibers further confirmed the completion of cycliza-
tion during the carbonization process (see Figure S3).

3.3 | Electrospun fiber morphology

The carbonization process can lead to increased mechani-
cal strength.!??! A carbon content of 90% can be expected
in the PAN fibers after carbonization.[**! Figure 5 shows
a series of SEM micrographs of PAN/PAA PNFs and
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FIGURE 4 Fourier-transform CNF/bare
infrared spectroscopy (FTIR) spectra of " CNF/AuNPs
the polyacrylonitrile/polyacrylic acid § ........ —
(PAN/PAA) nanofibers with = < o m— whon iz CNF/IO
nanoparticles of gold, iron oxide, % ~~ CNF/rGO
graphene oxide (GO)/reduced graphene g
oxide (rGO) and control (bare) before E
1 £ PNF/bare
(solid line: precursor nanofibers [PNFs]) 2| o .
L. . 8| 5
and after carb.omzatlon (dotted line: Ele -V WWM/ PNF/AuNPS|
carbon nanofibers [CNFs]) m W
—— PNF/IO
™ PNF/GO

3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400 200 O

CNFs, which illustrate the effect of carbonization on the
morphological appearance of the fibers. The inset shows
the distribution of the average diameter of the filaments
in the fiber examined using an image analyzer software.
The respective fiber diameters are provided in Table 3
below, while the individual size distribution can be found
in Table S1. The fibers maintained their shape after car-
bonization with reduced fiber diameters. The nanoparticles
of AuNPs, IO, or GO/rGO were homogenously dispersed
within the electrospun fiber matrix. Energy dispersive
spectroscopy (EDS) analysis during electron microscopy
confirms the presence of AuNPs, 10, or rGO (see
Figure S4, S5, and S6). The rGO appeared to be semi-
transparent (see Figure 5d2) as it is electron transparent
and stable in the electron beam.[*’! The average diameter
of the bare PNFs was 708 + 265 nm. Thicker fibers were
obtained when PAN/PAA was electrospun with
nanoparticles, yielding 1,418 + 390 nm, 1,129 + 259 nm,
961 + 207 nm for nanofiber composites containing AuNPs,
IO, and rGO, respectively. This finding is in agreement
with Kim et al. in which a 50 nm increase of fiber diameter
was observed after addition of AuNPs to poly (ethylene
oxide).!*! Following carbonization, the fiber diameter of
the bare CNFs was reduced to 455 + 177 nm, while the
NFs containing AuNPs, 10, or rGO were also reduced to
747 + 189, 1,010 + 345, and 428 + 93 nm, respectively.

The reduction in fiber diameter is due to the elimina-
tion of the volatile compounds and shrinkage, attribut-
able to the entropic and chemical shrinkage.*! The
chemical shrinkage is caused by the formation of dense
structures after chemical reactions, while the entropic
shrinkage is caused mainly by the retraction of stretched
polymer chains, which is independent of the heating
rate.*®! The fiber diameter distribution obtained in this
study was considered appropriate to prepare the carbon
NFs, while taking into account the significant reduction
of the diameter during carbonization and of the unifor-
mity of the fibrous meshes after heat-treatment.

Wavenumber (cm-')

3.4 | Electrochemical performance of
SPCE with nanofiber electrodes

3.41 | Effect of the carbon glue on the
redox reaction

The effect of the carbon glue on the charge transferability
of the analytes on the SPCE was assessed by comparing
the electrochemical performances of the SPCE without
modification, and that of the SPCE with a layer of carbon
glue via CV measurements in 2 mM K;Fe(CN)4 or 5 mM
H,0, solutions. Figure 6a indicates that the SPCE with or
without carbon glue shows reversible redox reactions
towards K;Fe(CN)g at ~0.2 and 0.03 V, respectively. How-
ever, SPCE with carbon glue demonstrated less pro-
nounced oxidation and reduction peaks. The
background-subtracted oxidation peak signal at ~0.2 V of
the SPCE with glue is approximately 4.2 times less than
that of the SPCE. In the case for H,O, (Figure 6b), the
SPCE with the carbon glue exhibited a much lower oxi-
dation current of an irreversible redox reaction towards
H,0,. Since there is no apparent oxidation peak, the
H,0, responses of the modified SPCEs were compared
with the oxidation currents at a potential of 1.1 V. The
background-corrected signal at 1.1 V for the SPCE with
carbon glue was found to be approximately 1.8 times
lower than that of the SPCE, indicating that the SPCE
presented a decreased active surface area, electronic
mobility, and electron transfer rate as a result of the addi-
tional layer of carbon glue. A small-signal peak (~1.0 V)
of the oxidation current was observed in the SPCE con-
taining carbon glue from a potential of 0.4 V. This
enhancement was also seen at the same potential
(~1.0 V) in other CV measurements using modified
SPCEs (Figure S7). This enhancement could be attributed
to the reaction between H,0, and other chemicals pre-
sent in the carbon glue, which were ignored in the data
interpretations.
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TABLE 3  Average diameter of PNFs and CNFs decorated
with different particles

Type of nanoparticles PNF (nm)

Bare 709 + 265

AuNPs 1,418 + 391

10 1,129 + 259

GO/rGO 961 + 207

Abbreviation: AuNP, gold nanoparticles; CNF,
GO, graphene oxide; IO,
nanofibers.

iron (III) oxide;
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FIGURE 5
microscope (SEM) images of precursor
nanofibers (PNFs) (al-d1) and

carbonized nanofibers (CNFs) (a2-d2).
The fibers maintained their shape after

Scanning electron

carbonization with reduced fiber
diameter. Nanoparticles of gold, iron
oxide or graphene oxide (GO)/reduced
graphene oxide (rGO) were
homogenously dispersed within the
electrospun fibers matrix

Effect of the carbon glue on the

The effect of the carbon glue used to attach the CNF or

PNF composites to the SPCEs on the electroactivity of

747 + 190
1,010 + 345
428 + 93

carbon nanofibers;
PNF, precursor

the transducer matrix was evaluated by estimating the
electroactive surface area (ESA) of the SPCE and modi-
fied SPCE by the Randles-Sevcik equation!*”"

I,=2.69x10°xn*?x A Cx (D xv)"?
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FIGURE 6 Cyclic voltammograms of screen-printed carbon electrode (SPCE) and SPCE with carbon glue in (a) 2 mM K;Fe(CN),
(background was 0.1 M KCl) and (b) 5 mM H,0, (background was 0.1 M phosphate buffer saline (PBS) (pH 7.4)) and the scan rate was
0.1 V s~%. Addition of carbon glue decreased the oxidation signals for K;Fe(CN)s and H,O, [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 7 Cyclic voltammograms related to the untreated screen-printed carbon electrode (SPCE) (a), treated SPCE (b), treated SPCE
with conductive carbon glue (c), under different scan rates (0.02, 0.04, 0.06, 0.08, 0.1 and 0.2 V s™) in 0.1 M KCI + 2 mM Fe(CN) 3-/% and
the relationship between the oxidation current peaks of the redox species at the electrodes and the square root of corresponding scan rates
(d) [Color figure can be viewed at wileyonlinelibrary.com]
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where I, is the peak current [A], n is the number of elec-
tron transfers per reaction [1 for Fe**/#*], A is the elec-
trochemical surface area [= 7 (0.2)* = 0.126 cm?], C is
the concentration (mol cm™), D is the diffusion constant
[7.6 X 107° cm?® s™'] and v is the scan rate [V s™'].

The SPCE was treated with sulfuric acid to remove its
organic contaminants and to improve the surface electro-
activity before applying the carbon glue. The CV mea-
surements were then performed using 2 mM Fe(CN)s> /4
~ solutions to compare the electrochemical performances
of the NF electrodes. As seen in Figure 7, there was a lin-
ear trend between the square root of the scan rate and
the anodic current peak as a consequence of a reversible
reaction mechanism limited by diffusion!*® for the
treated and untreated SPCE, as well as the treated SPCE
with carbon glue. The electroactive area of the untreated
electrode, with a geometric area of 0.126 cm?®, was esti-
mated as 0.0889 cm? before the treatment. The treated
SPCE had a 5% increase in electroactive area
(ESA = 0.0932 cm?); while the treated SPCE with carbon
glue had a reduction of 85% (ESA = 0.0128 cm?) of its
electroactive area. This observation indicates that the car-
bon glue greatly hinders the interfacial charge transfer.

3.5 | Scan rate dependent study

The dynamic behavior of the modified SPCE was assessed
through CV responses in 5 mM H,0, and 2 mM K;Fe
(CN)¢ at different scan rates ranging from 0.02 to
0.2 Vs~*. Figure 8 shows that the redox current response
for K3;Fe(CN)g is noticeably dependent on the scan rate of
the SPCEs modified with PNFs (Figure 8a-d) and CNFs
(Figure 8e-h). Besides, the current, as well as the peak
potential for K;Fe(CN)y redox peaks, are monotonically
increased with increasing scan rates. Thus, redox reac-
tions of K3Fe(CN)s on the NF electrode are relatively
slow and considerably limited by the scan rate. To further
identify the reaction mechanisms for the modified
SPCEs, the oxidation peaks for the K;Fe(CN)g was plot-
ted versus the scan rate, as illustrated in Figure 8i and j.
The oxidation peak amplitude for K;Fe(CN)s increases
linearly with the square root of the scan rate. The results
indicate that the reactions of K;Fe(CN)y on the nanofiber
electrode follow the typical semi-infinite diffusion mech-
anism.*®! In the case of the SPCE modified with bare
PNFs or CNFs, the electron transfer kinetics were rather
slow during the redox reactions of [Fe(CN)g]>~* with
low anodic current density. However, the SPCE modified
with CNFs decorated with nanoparticles show higher oxi-
dation peaks than that of the equivalent PNF composite,

demonstrating significantly improved responses towards
the K;Fe(CN)y solutions. The SPCE modified with CNF-
rGO showed the most prominent increment, indicating
excellent electron conduction between the surface of the
electrode and the electrolyte solution. Additionally, an
increasing peak separation with the increased scan rates
for all the PNF and CNF electrodes (see Figure S7), show-
ing a quasi-reversible process!*’!. This evidenced that the
PNF and CNF composite electrodes are stable towards
the detection of K;Fe(CN)g. The higher capacitive behav-
ior observed in the CNF composite electrodes than the
corresponding PNF electrodes is due to the carbonization
process that resulted in an increased surface area and car-
bon content of the CNF electrodes.

In contrast, Figure 9 shows that the current response
for H,O, varies slowly between scan rate variations,
which indicates that the oxidation of H,O, on the
nanofiber electrode is quite fast so that a similar reaction
rate is obtained at a different activation rate. A small
peak at the oxidation current (potential ~1.0 V) was
apparent in all the SPCE modified with PNFs (Figure 9a-
d), as a result of the presence of the carbon glue. The
same peak at the oxidation current was less prominent in
the modified SPCE with the CNFs. Figure 9i,j shows the
oxidation currents at the potential of 1.2 V versus the
scan rate. The oxidation peak amplitude for H,O,
increases linearly with the square root of the scan rate,
indicating that the reactions of H,O, on the nanofiber
electrode follow the semi-infinite diffusion mecha-
nism.'**! The SPCE modified with CNFs decorated with
nanoparticles shows higher oxidation peaks than that of
the equivalent PNF composites, indicating significantly
improved responses towards the H,O, solutions. The
SPCE modified with CNF-rGO showed the greatest cur-
rent density among the various modified electrode.

The effect of the different CNF and PNF composites
on the electroactivity of the transducer was further evalu-
ated by quantifying the electroactive surface area of the
SPCEs before and after modification. The electroactive
surface area of the SPCE with carbon glue only is consid-
ered as a baseline for the comparison of the electrochemi-
cal responses among the different CNF and PNF
composites electrodes (Figure 10). The CNF composites
demonstrated higher electroactive area than the PNF
composites, while the bare CNFs and PNFs did not pre-
sent any significant difference. The CNF composites per-
formed better than the equivalent PNFs composites due
to the formation of a ladder structure through the process
of nitrile polymerization following the carbonization step.
This structure offers the advantages of good electrochem-
ical activity and conductivity.**! CNFs containing rGO
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FIGURE 8 CV responses of the precursor nanofibers (PNFs) (a-d) and carbonized nanofibers (e-h) composites towards 2 mM K;Fe
(CN)g (a,e: bare, b,f: iron oxide, c,g: gold nanoparticles, d: GO, h: rGO). Oxidation current peaks for (i) PNFs composites and (j) carbonized
nanofibers composites towards K;Fe(CN)g vs. the square root of scan rate [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Cyclic voltammetry (CV) responses of the precursor nanofibers (PNFs) (a-d) and carbonized nanofibers (e-h) composites
towards 2 mM H,0, (a,e, bare, b,f, iron oxide, c,g, gold nanoparticles, d, GO, h, rGO). Oxidation currents for (i) PNFs composites and
(j) carbonized nanofibers composites towards H,O, at 1.2 V vs. the square root of scan rate [Color figure can be viewed at

wileyonlinelibrary.com]


http://wileyonlinelibrary.com

ooooooooo

Applied Polymer_wiLEy_| ==

TAN ET AL.
0.045
0.04 | ePNF A
ACNF
0.035
- 0.03
t
£ 0.025 1 A
3
w 0.02 o N °
0.015 A -
L J
0.01 4
0.005 | SPCE + Glue
0.0128 cm?
0 4 |
Bare 10 AuNPs rGO

Types of Nanoparticles

FIGURE 10 Electroactive surface area (ESA) of the screen-
printed carbon electrode (SPCEs) modified by carbon nanofibers
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showed the highest improved performance of 2.13 times,
followed by CNF-IO (2 times greater) and CNF-AuNPs
(1.37 times greater) than that of the non-carbonized
counterparts. This indicates that the nanoparticle inclu-
sion can enhance the active surface area of composite
electrodes effectively. The SPCE modified with CNF-rGO
exhibited the most significantly enhanced response
towards K;Fe(CN)s and H,0, solutions due to the
increased reactive surface area and extraordinary electri-
cal conductivity by the graphene incorporation.[24’5°]

The key factors contributing to the electrochemical
properties of an electrode containing nanoparticles are
the sizes and concentrations of the nanoparticles. Even
though CNF-rGO exhibited the highest response incre-
ment among the types of nanoparticles examined in this
study, the effect of nanoparticle content in the nanofiber
composite is required to obtain more significant conclu-
sions. However, a comparison with the previous studies
has shown that the nanoparticle concentrations of rGO
and IO used in the present work are not far from the opti-
mum concentrations, which are 10 **! and 4 wt%,”"
respectively. Low performance of NF-AuNPs found in
this study was attributed to the low concentration of the
AuNPs (nano-molar) in the NFs, compared to other
electrospun nanofiber electrodes that used AuNPs in the
range of micro- or milli-molar.***?! The significantly
improved responses as seen in the CNF composite elec-
trodes are due to the higher surface area of CNFs elec-
trodes that can absorb relatively more target molecules
compared to PNF electrodes. In addition, all the CNF
composite electrodes have good electron transfer ability,
compared to PNF composite electrodes as a result of
higher carbon content. The loaded nanoparticles can
form a sparser conductive network inside the
nanocomposite, which can enhance the electrical

conductivity of the CNFs.**5354 This effect is most
prominent in CNF-rGO that showed the highest ESA
value, indicative of the superior electrochemical activity
and conductivity. Thus, it is possible to infer that carbon-
ized nanofibers containing rGO are a suitable material in
fabricating low cost, high-performance sensor by
electrospinning technology.

CONCLUSIONS

Electrospun PAN/PAA NFs were produced via the
electrospinning process and used as a precursor for pro-
ducing PAN-derived carbon NFs. TGA and DSC results
confirmed the successful stabilization and carbonization
of the PAN NFs. SEM images revealed that the addition
of nanoparticles changes the fiber morphology by
increasing the fiber diameters. Fibers maintained their
shape post-carbonization with a reduced diameter being
apparent with the nanoparticles of AuNPs, 10, or rGO
homogeneously dispersed within the electrospun fiber-
matrix. SPCEs modified with CNF or PNF composites
were successfully developed for the electrochemical
detection of H,0, and (Fe(CN)s>~/7) redox couples.
The influence of the carbon glue was quantified, where
it was observed that the ESA of the SPCE was greatly
reduced post-application of the glue. The incorporation
of nanoparticles into the nanofiber presented increased
electroactive area in the CNFs electrode with CNF-rGO
(~2.13 times), CNF-IO (~2 times) and CNF-AuNPs
(~1.37 times) greater than those of PNFs equivalents.
The modified SPCE with CNF composites showed
enhanced responses towards K;Fe(CN)y, and H,O, solu-
tions, when compared with the modified SPCE with
PNF composites. The CNF-rGO exhibited the most sig-
nificantly improved response, followed by CNF-IO and
CNF-AuNPs. Finally, despite suffering from the inhibi-
tive effect of carbon glue as the charge transfer barrier,
this work provides a simple strategy of utilizing
electrospun produced fibers (CNFs sheet) straightfor-
wardly without complicated fabrication steps involving
advanced machines. This work demonstrates a promis-
ing tool for developing sensing platforms for electro-
chemical detection.
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