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Carbon's electrochemistry depends on its type and microstructure, and how these affect the electrode's
electronic density of states. We demonstrate how pyrolysis of electro-mechanically stressed Poly-
acrylonitrile (PAN) nanofibers, infused with carbon nanotubes, will result in a unique graphitic electrode,
which possesses enhanced and multifaceted electrochemical behavior. As corroborated by materials
characterization, the microstructure of the stress-activated pyrolytic carbon (SAPC) characteristically
contains a high proportion of disorders in the forms of edge planes and embedded heterogeneous ni-
trogen atoms. These disorders introduce a range of energy states near the Fermi level, yielding enhanced
kinetics in the as-synthesized SAPC electrodes. A comprehensive electrochemical study of the SAPC
electrode in surface sensitive ([Fe(CN)5]3'/4'), surface insensitive ([IrClG]Z’B'), and adsorption sensitive
(dopamine) redox probes demonstrates 5—14-fold increases in its heterogeneous electron transfer rate
compared to regular PAN-based carbon electrodes. The fast kinetics of SAPC electrodes in adsorption
sensitive analytes translates into its capability for simultaneous detection of dopamine, uric acid, and
ascorbic acid. The results point to a new class of pyrolytic carbon electrodes with an attractive elec-

trocatalytic capacity, geared toward electrochemical sensing platforms.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, carbon has gained growing interest as a material
of choice for a variety of technological applications ranging from
energy storage devices, such as proton exchange membrane (PEM)
fuel cells, to chemical and biological sensors, such as glucose and
pH sensors [1—7]. Carbon's attractive electronic and structural
properties, and superb electrochemical stability, make it especially
suited for contemporary electrochemical applications. The chal-
lenge in using carbon as an electrode material is to fabricate inex-
pensive carbon electrodes with an enduring electrocatalytic
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performance [8—10]. This challenge largely stems from carbon's
unique and variable electronic density of states (DOS) [10,11]. Since
a higher DOS increases the probability of electron transfer between
an electrode and redox system, a low DOS near the fermi level
generally translates to sluggish electrochemical kinetics. For
instance, crystalline graphitic materials, while possessing prized
electronic and mechanical characteristics, are largely made up of
organized basal planes with low electronic DOS near the Fermi
level, giving them subpar electrochemical performance. This phe-
nomenon is also common in glassy carbon (GC), which is far more
disorganized than graphite, but shares a similar electronic structure
around the Fermi energy [10,12—15].

Since electrochemistry is largely an interfacial phenomenon, a
common strategy to enhance carbon's electrochemical kinetics is to
modify its surface by a variety of activation techniques, including
polishing, heat treatment, laser irradiation and electrochemical
pretreatment [10,16—18]. The core of this strategy is to generate
surface and structural defects that introduce new electronic states
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at energy levels around the E° of the redox systems of interest.
Consequently, these defects will function as favorable sites for
electron transfer. Another approach to improve carbon electro-
chemistry is to employ nanocarbon allotropes, namely graphene
and CNTs. While these nanocarbons characteristically exhibit better
electrochemical behavior, they are expensive to synthesize and
their electrochemical behavior depends mainly on their graphitic
edge planes. Therefore, fabrication of efficient electrodes from
these nanocarbons involves processing steps to increase the ratio of
edge to basal planes, or to insert heteroatoms into their graphitic
crystal lattice. Heteroatoms, such as nitrogen, act as electron do-
nors, creating carbon with n-type conductivity and improved
electrochemical performance. While these modifications effec-
tively boost carbon's electrochemical performance, they require
additional, complex post-processing steps and are inherently
transient in nature [19,20].

Here, we report on a pyrolytic carbon with high electrocatalytic
activity, stemming from its graphitized structure that is inherently
rich in nitrogen heteroatoms and edge planes. To develop this py-
rolytic carbon, a polyacrylonitrile (PAN) polymer precursor, natu-
rally rich in nitrogen, is pyrolyzed at low-temperatures to retain
target heteroatoms in its carbon microstructure. Furthermore,
PAN's graphitization is increased beyond its natural propensity by
implementing electrohydrodynamic forces (caused by addition of
MW(CNTs to PAN precursors) and mechanical stresses, which align
PAN molecular chains through the dielectrophoresis and confine-
ment effect [21]. A comprehensive electrochemical and material
characterization showed a correlation between the microstructure
and electrocatalytic performance of the synthesized carbon. Raman
spectroscopy, High Resolution Transmission Electron Microscopy
(HRTEM), and X-ray Photoelectron Spectroscopy (XPS), reveal that
the pyrolytic carbon has a unique graphitized microstructure,
which features abundant edge planes and nitrogen heteroatoms. To
understand the underlying electrochemistry of the pyrolytic car-
bon, SAPC's electrochemical response towards three different redox
systems with varying surface and adsorption sensitivities was
studied. The results demonstrate an overall enhancement in degree
and stability of the pyrolytic carbon's electrochemical kinetics, with
a particularly high capacity for electron transfer with adsorption
sensitive species. This high electrocatalytic performance allows for
simultaneous detection of multiple adsorptive species, such as
dopamine, uric acid, and ascorbic acid.

The implemented synthesis approach eliminates the need for
additional post-processing to functionalize carbon electrodes.
Furthermore, the low-temperature pyrolysis, necessary for reten-
tion of the heteroatoms from the selected organic precursors, re-
duces the cost and time of carbon fabrication. The results of this
study reveal a new class of pyrolytic carbon with a long-lasting,
efficient electrocatalytic capacity that holds promise for electro-
chemical sensing and energy storage applications.

2. Materials and methods
2.1. Electrospinning

Polyacrylonitrile (PAN) (Sigma Aldrich) with a molecular weight
of 150,000 g/mol, N,N-dimethylformamide (DMF) (Sigma Aldrich)
and multi-walled carbon nanotubes (MWCNT) (Sigma Aldrich)
were used to obtain pure PAN mats and PAN-CNT mats via elec-
trospinning. To obtain a solution with a final concentration of 8%
PAN for electrospinning, PAN powder was dissolved in DMF. The
mixture of PAN and DMF was stirred for 24 h at 40° C to ensure
homogeneity. Solution for preparing PAN-CNT mats was obtained
by dispersing MWCNT into DMF by ultrasonicating the mixture for
1 h. This mixture was then stirred for 24 h to avoid agglomeration of

MWCNT. PAN was then added to the mixture and stirred for
another 24 h to obtain a final solution containing 1% MWCNT and
8% PAN.

The pure PAN and PAN-CNT mats were electrospun by applying
a potential of 1.6 kV between a continuously dispensing syringe
(0.25 mL/h) and a rotating, metallic drum collector (rotating at 500
RPM). The mats were removed from the drum after electrospinning
for 4hrs.

2.2. Mechanical treatment and stabilization

Prior to stabilization, PAN-CNT mats were mechanically rolled
using a Dayton roller press to further align the carbon molecular
chains. These PAN-CNT mats were then compressed to 200 kPa and
stabilized at 280 °C for 6 h to obtain mechanically treated PAN-CNT
mats, the precursor to SAPC. Pure PAN mats underwent no me-
chanical treatment and were stabilized at 280°C immediately
following electrospinning.

2.3. Carbonization

The mats were pyrolyzed in an inert, nitrogen gas environment
(flow rate of 9000 sccm) inside a Lindberg Blue M tube furnace. To
increase graphitization and prevent nanoporosity of the carbon, a
two-step pyrolysis process was used. The mats were first heated to
300°C at a rate of 4.5 °C/min and kept at this temperature for an
hour. The temperature was then increased to 1000 °C at 2.5 °C/min
and held at this value for an hour before cooling down to the
ambient temperature.

2.4. Electrochemical characterization

The carbon mats produced though pyrolysis were cut into
smaller pieces (about 3 x 10 mm) for electrochemical character-
ization. Carbon electrodes were fabricated by connecting a thin
copper wire to the mat using conductive carbon paste (Structure
Probe, Inc.). Polydimethylsiloxane (PDMS) (Dow Corning Corpora-
tion) was used to secure the electrode onto a 15 x 20 mm glass
slide, see Fig. 1. Electrochemical tests were carried out using a
Princeton Applied Research VersaSTAT 4 Potentiostat.

The electroactive surface area of the sample was calculated us-
ing electrochemical impedance spectroscopy (EIS). EIS was per-
formed in a blank electrolyte solution of 1X Phosphate Buffered
Saline (PBS) at a frequency of 10,000 Hz—0.1 Hz. An equivalent
circuit [22] was used to fit the resultant Nyquist plot data. The
electroactive surface area was determined using equation (1)

Ic
Aact = @ (1)

where the double-layer specific capacitance, Cy, was determined
by normalizing the capacitance value of the equivalent circuit by
that of the geometric surface area of the electrode. The scan rate (V/
s), v, and the double-layer charging current, I, were obtained using
cyclic voltammetry (CV).

3. Results and discussion
3.1. Material synthesis and characterization

Carbon's electrochemical behavior varies considerably based on
its synthesis method, microstructure, and chemistry. A number of
studies suggest that graphitic edge planes and embedded hetero-
atoms enhance carbon electron transfer due to a higher electronic
DOS at these “defects” [10,11,23,24]. Accordingly, a significant
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Fig. 1. Schematic diagram of the SAPC electrode fabrication process. a) MWCNT-infused PAN solution is electrospun onto a rotating drum. b) PAN-CNT nanofiber mat is thermally
stabilized under compressive stress. c) Processed PAN-CNT nanofiber mats are pyrolyzed under nitrogen flow at 1000 °C. d) Carbonized mats are cut into rectangular electrodes and
are electrically connected by attaching copper wires. e) Scanning electron micrograph of SAPC nanofibers. f) Transmission electron micrograph of SAPC nanofibers.

amount of carbon research has focused on tuning these features to
improve carbon's electrochemical performance [24—26G]. In our
previous work, we demonstrated how inducing molecular align-
ment in organic precursors can influence their carbonization upon
pyrolysis [21]. Based on this method, we introduced a poly-
acrylonitrile (PAN)-based pyrolytic carbon with a uniformly
graphitized structure, which is inherently abundant in edge planes.
Additionally, the proposed synthesis method uses low-temperature
pyrolysis, which retains PAN's nitrogen atoms within the resulting
carbon structure. Therefore, we anticipate that the unique structure
of this pyrolytic carbon, and its propensity for incorporating ni-
trogen heteroatoms, will result in a boosted electrochemical
response.

Following the procedure outlined in our previous work, we use
electrohydrodynamic forces to orient the PAN molecular chains
within the electrospun polymer fibers [21]. The polymer was sub-
sequently stabilized under a compressive stress (to maintain the
alignment of the precursor's chains) and pyrolyzed at 1000°C
(Fig. 1). Detailed characterization of the resulting carbon was then
conducted to investigate the correlation between its electro-
chemical behavior and microstructure. High Resolution Trans-
mission Electron Microscopy (HRTEM) allowed us to visually study
the correlation between the synthesis method and the carbon's
microstructure. Fig. 2a and b demonstrate the microstructures of
untreated PAN-based pyrolytic carbon nanofibers (PNF) and stress
activated PAN-based carbon nanofibers (SAPC), respectively.

A quick examination of the HRTEM micrographs reveals a
remarkable improvement in ordering of pyrolytic carbon when it is
produced from stress-aligned polymer chains. As can be seen in
Fig. 2bi, the mechanically treated carbon displays relatively aligned
carbon planes with wavy fringes. By contrast, the micrograph of
PNF in Fig. 2ai shows far less distinctive features with more circular,
cage-like microstructures commonly seen in amorphous or glass-
like carbons [27,28]. Additionally, the oriented, but short and
wavy fringes of SAPC display a graphitized structure with a high
quantity of edge planes. The abundance of these “disorders” is
associated with higher electronic DOS near the Fermi level, which
translate into enhanced electrochemical transfer kinetics.

Raman Spectroscopy allows for quantifying the degree and
uniformity of graphitization of the material. Averaged Raman

spectra and Raman maps were determined based on 100 spectra
collected across 5 um x 5 pm areas of the PNF mats (Fig. 2 aii and 2
bii). The quality of graphitization can be evaluated by the ratio of
the D peak intensity, centered between 1300 and 1400 cm ™}, to that
of the G peak, located between 1560 and 1600 cm™~ . The G peak is
related to the in-plane bond stretching motion of pairs of sp-hy-
bridized carbon atoms and the D peak is related to the disorder and
deviation from perfect graphitic structure [29]. Hence, the lower
the D to G ratio (Ip/Ig), the higher the level of graphitization within
the carbon. Lorentzian curve fitting [30] was employed to decom-
pose the Raman spectra to its constituent peaks, including D and G
peaks. Analysis of the resolved Raman peaks suggest a substantial
enhancement in the graphitization of PAN-based carbon after
stress-induced molecular alignment, with the average Ip/I¢ drop-
ping from 1.47 to 0.90. Furthermore, this enhancement in graphi-
tization of SAPC electrodes is prevalent throughout the nanofibers
mats, as corroborated by the uniform Raman mapping of the
resulting carbon. This uniform graphitization also translates to
notably higher conductivity in PAN-based carbon fabrics [21].

We also performed Raman and Energy Dispersive X-ray spec-
troscopies on the applied MWCNT to ensure their structural and
compositional quality (Figs. S3 and S4c in supplementary infor-
mation). The results demonstrate the high graphitic quality and
purity of the used MWCNTs. This observation is particularly
important, as the presence of metallic residues in the embedded
MWCNTs could influence the electrochemical characterization of
SAPC, thus making it difficult to establish structure-property re-
lationships for SAPC electrodes.

To investigate the presence of heterogeneous atoms and the
composition of the PAN-based carbons, we employed X-ray
Photoelectron Spectroscopy (XPS). The XPS data reveals the pres-
ence of nitrogen and oxygen in the pyrolytic carbon, with a
composition breakdown of 94.5 + 0.1 at.% carbon, 4.4 + 0.5 at.% ni-
trogen and 1+ 0.3 at.% oxygen (Fig. 2c and d). Using Lorentzian
curve fitting to deconvolute the nitrogen peak, N 1s, a rather unique
distribution of nitrogen groups is found, comprised of 19.2% pyr-
idinic, 57.0% graphitic, and a negligible amount of pyrrolic nitrogen
atoms in the synthesized carbon fibers [19,31,32]. The detected
nitrogen heteroatoms originate from the nitrogen-rich PAN pre-
cursors that endured the low-temperature pyrolysis. The
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Fig. 2. Material characterization of SAPC and untreated PAN-based PNF. High Resolution Transmission Electron Microscopy (HRTEM) of: ai) PNF and bi) SAPC microstructures.
Mapping of Raman spectroscopy Ip/Ig ratio of: aii) PNF, and bii) SAPC. Average Raman spectrum of aiii) PNF and biii) SAPC electrodes. Averages of over 100 collections are used to
represent PNF and SAPC (A excitation = 532 nm). (c) XPS spectrum of the N 1s peak of SAPC. (d) Table of elemental composition of the SAPC as determined by analysis of XPS spectrum.

breakdown of the nitrogen heteroatoms in the synthesized carbon
is of particular interest for its electrochemical performance [19,20].
It is important to note that the nitrogen heteroatoms are inherent
in the as-pyrolyzed carbon, and no additional post-synthesis pro-
cess, such as doping, has to be applied.

3.2. Electrochemical characterization

The presence of disorders in carbon electrodes increases the
electronic states with energy levels that overlap with the E° of the
redox system, thus enhancing electron transfer rates. For electrodes
tested in outer-sphere redox systems (surface sensitive analytes),
the disorders in the underlying microstructure of the carbon affect
the electronic DOS. In the case of inner sphere redox systems
(surface insensitive analytes), the electronic DOS and electron

transfer rate depend on the carbon surface defects and their in-
teractions with the redox systems.

Accordingly, to probe our new carbon material for different
electrochemical behaviors, we study its electrochemical response
in three different redox systems: potassium hexachloroiridate
[IrClg]%3" (surface insensitive), potassium ferricyanide [Fe(CN)g]>/
4 (surface sensitive), and dopamine (adsorption surface sensitive)
[10,11,26]. Cyclic voltammograms in these solutions allowed us to
investigate the electrochemical kinetics of four different electrode
materials (PNF, SAPC, polished Glassy Carbon, and MWCNT) by
determining the heterogeneous electron transfer rate (k°pp), the
ratio between the reduction and oxidation current peaks (Ired/lox)s
and the linearity between the current peaks and the square root of
the scan rate. Figs. 3 and 4 summarize the results.

The k°pp values shown in the electrochemical kinetics table in
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Fig. 3. Electrochemical kinetics of SAPC. Cyclic voltammograms of SAPC, PNF, GC and MWCNT's electrochemical response to aqueous solution of: a) 2 M KCl and 1 mM of K3Fe(CN)g,
b) 2 M KCl and 1 mM of K3lrClg, and c) pH 7.4, 1 mM PBS at and 0.1 mM of dopamine at a scan rate of 100 mV/s. Electrochemical response of SAPC to varying scan rates in aqueous
solutions of d) 2M KCl and 1 mM of KsFe(CN)g, e) 2M KCl and 1 mM of K3lrClg and f) pH 7.4, 1 mM PBS at and 0.1 mM of Dopamine.

Fig. 4d are determined using the Nicholson method, which assumes
the behavior of the carbon electrodes is comparable to that of 2D
planar electrodes. The validity of this assumption is seen in the
collected voltammograms in Fig. 3, which demonstrate a linear
relation between the square root of the scan rate and the peak
current density [11,33]. To study the three different carbon elec-
trodes systematically, we first analyze their electrochemical
behavior within each aqueous redox probe, and then compare their
varying performances across the different probes.

As mentioned earlier, potassium [IrClg]*”>" is an outer-sphere
redox probe. Due to the tunneling of electrons through the elec-
trode surface, the response of carbon electrodes in [IrClg]*/?" is
more susceptible to the underlying carbon microstructure and is
insensitive to the defects and interactions occurring on the surface
[10,11]. Thus, potassium [IrClg]>”*" is a suitable electrochemical
probe for structural analysis of our pyrolytic carbon fibers. As seen
in Fig. 4d, SAPC exhibits an electron transfer rate (k%pp) that is
nearly 8 times greater than that of PNF (0.0461cms™' vs.
0.00586cms!), and nearly two times greater than that of
alumina-polished glassy carbon (0.0461 cms~! vs. 0.0232cms™1),
a standard activated carbon electrode used here as a control. The
enhanced kinetics of SAPC in [IrClg]?/*~ underlines the high pro-
portion of disorders in the form of edge sites within the structure of
the SAPC electrodes. As predicted for surface insensitive analytes,
microstructural defects do more to improve electrochemical ki-
netics than simple mechanical roughening of the electrode surface.

To investigate the effects of surface interactions and defects on
the three pyrolytic carbons, we use [Fe(CN)s]*/*, a benchmark
inner-sphere redox probe with high kinetic sensitivity to the state
of electrode surfaces [10,11,34]. Here, the electron transport Ki-
netics show a similar upward trend, with SAPC electrodes exhib-
iting k°pp values 14 times greater than PNF electrodes (0.114 cm s
vs. 0.00795 cms~!) and 10 times greater than alumina-polished

glassy carbons (0.114cms™! vs. 0.0135cms ™ '). The higher K
values determined in [Fe(CN)s]>/*" (compared to that of [IrClg]*7>")
points to the effectiveness of our carbon synthesis method in
boosting surface features of SAPC, i.e., edge planes and other elec-
troactive sites. Indeed, HRTEM characterization of the carbon
electrode surface corroborates this electrochemical deduction
(Figs. 2-bi and 4a) [21]. The improved surface kinetics of SAPC over
that of mechanically roughened glassy carbon is due to the stable
and persistent nature of the energy states in the surface sites of
SAPC. The coarse nature of the mechanical abrasion used to polish
glassy carbon electrodes produces defects that are electrochemi-
cally unstable and transient [25,35]. On the other hand, the surface
states of SAPC electrodes are forged at the elevated temperatures of
the pyrolysis process and are therefore more resistant to passiv-
ation. This phenomenon is discussed further in the stability analysis
of the electrodes.

Perhaps, the most interesting electrochemical responses is ob-
tained in dopamine redox system, whose complex electrocatalytic
interaction with carbon electrodes offers a variety of insights.
Dopamine is an inner-sphere analyte that is principally sensitive to
adsorption and the state of electrode surface [10,36], and mostly
indifferent to their inner structure. In this context, a dramatic shift
in behavior is observed between the carbon electrodes; for the first
time, the k%, of the amorphous PNF is higher than that of the more
structured GC. Furthermore, the electrochemical kinetics of SAPC
with dopamine marks the largest enhancement from polished
glassy carbon (0.0418cms~! vs. 0.0146cms™!), pointing to
adsorption mechanisms that are active on the surface of PAN based
electrodes. Additionally, the ratio between the reduction and
oxidation current (I;eq/lox) is near unity for SAPC, much higher than
for PNFand GC (0.751 and 0.705, respectively). This discrepancy can
be explained by looking a little closer at the complexity of Dopa-
mine electrochemistry.
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Fig. 4. Enhanced quantity of electroactive sites on SAPC electrode due to its characteristic microstructure and composition. (a) HRTEM imaging of SAPC suggests a high ratio of edge
to basal planes within its microstructure. (b) Depiction of graphitic and pyridinic nitrogen heteroatoms in SAPC lattice. (c) Enhanced heterogeneous electron transfer at electroactive
nitrogen heteroatoms and carbon edge sites in SAPC electrodes. (d) Electrochemical kinetics values of SAPC, PNF, Alumina-Polished glassy carbon and MWCNT in different redox
systems. *The measured k°,, represents the electrochemical response of the MWCNT used in synthesis of SAPC.

The electrooxidized form of Dopamine (Dopamine o-quinone)
can undergo chemical oxidation, which reduces its concentration
by converting it to an electrochemically inert agent [37,38]. An
observed drop in the reduction peak of dopamine reflects this
phenomenon. However, it is believed that adsorption due to ©-7
stacking and interactions between hydrogen groups at edge planes
can favor Dopamine o-quinone's electrochemical reduction over its
chemical oxidation, thus improving its kinetics [32,39,40]. For
carbon electrodes, adsorption sites are mostly located near
graphitic edge planes where heteroatoms are present and provide
the necessary dipole interaction for adsorption to occur. This is
supported by the results of XPS analysis that revealed a significant
quantity of nitrogen heteroatoms on the surface of the PAN-based
electrodes. Though XPS data shows the presence of oxygen
groups as well, prior studies have shown that oxygen concentra-
tions below 7% have negligible effects on the kinetics of dopamine
electro-oxidation [41]. Therefore, the enhanced kinetics of

dopamine are likely caused by the electrocatalytic performance of
the electrodes' nitrogen groups or graphitic edge planes. Overall,
the electrochemical performance displayed by the SAPC is com-
parable to some of the highest performing carbon electrodes
studied to date, including reduced-graphene oxide and laser-
activated GC electrodes [10,42,43]. Fig. 4b and c visualize the dis-
cussed mechanisms contributing to the enhanced electrochemical
kinetics of SAPC electrodes in different redox probes systems.

To investigate the possible influence of embedded MWCNT on
the electrochemical response of SAPC electrodes, we carried out a
set of cyclic voltammetry on pure MWCNT electrodes, fabricated by
standard drop casting method (Fig. 3a—c, and 4d). As it can be seen
from Fig. 3a—c and table in Fig. 4d, the electrochemical perfor-
mance of pure MWCNTs electrodes is significantly subpar
compared to that of SAPC electrodes, with k° 55, sapc 5 to 94 times
larger than k° 5pp, mwenr in different redox probes. The vast dif-
ference between electrochemical responses of MWCNT and SAPC
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electrodes indicates the independence of SAPC electrochemical
performance from that of MWCNT. This observation is also
consistent with the fact that MWCNT are abundant in basal planes
and scarce in electrochemically favored edge planes and hetero-
atoms. The superiority SAPC electrodes over MWCNT electrodes is
particularly evident in surface sensitive species, namely Potassium
Ferricyanide and Dopamine.

Another important aspect of carbon electrodes' performance is
their electrochemical stability. It is anticipated that the robust,
single-step fabrication process for SAPC's will result in a high
electrochemical stability for their electrodes. Additionally,
compared to other nitrogen-doped carbons, SAPC has a rather
unique composition of C-N groups, consisting of primarily graphitic
and pyridinic nitrogen atoms at a ratio of 3:1. Both these nitrogen
groups are highly stable [19,32,44,45]. To evaluate the stability of
SAPC's electrochemical response, cyclic voltammetry was per-
formed with each redox system on SAPC electrodes for 300 cycles
at 100 mV/s (~1.5 h per test). The results of the stability character-
ization are shown in Fig. S1 are extensively discussed in the sup-
plementary documents of this report. The 3-day tests reveal the
SAPC electrodes to be far more stable that than the industry-
standard activated HOPG and GC electrodes, and comparable to
expensive graphene-based electrodes in all three redox probe
systems. Please see the supplementary documents and Fig. S1 for
further discussion on the stability characterization of SAPC.

3.3. Simultaneous electrocatalytic detection of dopamine, uric acid,
and ascorbic acid

The good electrocatalytic behavior of SAPC in adsorption-
sensitive analytes makes this carbon electrode an appealing

candidate for biosensing applications. A particular area of interest
in biochemical sensing is the simultaneous electrochemical
detection of ascorbic acid (AA), uric acid (UA) and dopamine (DA).
AA, UA, and DA are important biomarkers whose concentration
within the body can be directly attributed to health status of the
host [32,40,46,47]. Shifts in the concentration levels of AA, UA, and
DA have been directly linked to neurodegenerative diseases such as
Parkinson's and Alzheimer's, prompting research into the devel-
opment of simple, sensitive, and selective biosensors.

Carbon electrodes traditionally have subpar performance for
simultaneous detection of AA, UA, and DA because the electro-
chemical responses for these analytes generally overlaps [46,47]. As
illustrated in the cyclic voltammograms in Fig. 5, the degree of
separation between the peak potentials of AA, UA, and DA directly
correlates with the heterogenous electron rates, determined in the
earlier sections. For carbons lacking an adequate quantity of strong
adsorption sites (such as glassy carbon) the sluggish electron
transfer kinetics results in a drastic positive shift in oxidation peak
potential for all three species, causing their response to overlap and
become indiscernible. As the surface of carbon is modified to
enhance the adsorption and electron transfer kinetics of the three
species, the individual oxidation peaks of each species undergo a
negative potential shift, differentiating them from each other
(Fig. 5) [32,40,47].

SAPC's superior kinetics is evident from the appearance of the
AA peak at higher scan rates (100 mV/s) during simultaneous
detection (Fig. 5a). This is absent in the PNF's simultaneous
response (Fig. 5b), but is present in its individual response (Fig. 5e).
The disappearance of the AA peak in the simultaneous response of
PNF is due to the slower kinetics, forcing competition among the
three electroactive species for electron transfer at the PNF's active
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sites. This effect becomes noticeably worse at higher concentra-
tions of UA (1 mM), DA (1 mM) and AA (10 mM), since the charge
transfer and transport begins to saturate. The SAPC's superior
electrocatalysis for adsorption sensitive species is further demon-
strated here, as its voltammogram continues to exhibit three
distinct peaks, even at these higher concentrations (Fig. S2). For
both concentrations, SAPCs simultaneous response shows the
peaks of AA, DA, and UA to be located between -2.76 mV and 37 mV,
198 mV and 214 mV, and 316 mV and 337 mV, respectively. This
separation in electrochemical response results in an average dif-
ference of 189 mV between the AA and DA peaks (AEpa.aa), and
120 mV between the DA and UA peaks (AEya.pa). Furthermore,
these peak separations are comparable to those seen in prior
studies on graphene-based electrodes [32,40,47]. The distinguish-
able electrochemical response and lack of interference between the
electroactive species makes SAPC a superior platform for simulta-
neous detection of these bioanalytes.

To further investigate the SAPC's ability for simultaneous
detection of AA, UA, and DA, Differential Pulse Voltammetry (DPV)
was used. DPV is a highly sensitive voltammetric sweep technique
that decouples the background capacitive current from the faradaic
response [48]. DPV was performed in 1 mM PBS buffer (pH 7.4) in a
potential range between -0.2 and 0.6 V vs Ag/AgCl. Each test began
with a PBS solution containing 50 pM AA, 5 tM DA and 5 pM UA. For
this test, the concentration of the target analyte is incrementally
increased while the remaining two analytes' concentrations are
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kept constant.

Fig. 6 demonstrates the results of the DPV test. The correlation
between the current density and the bioanalytes’ concentration is
extracted from their respective peak current density in DPV (insets
of Fig. 6). The linear correlation between the peak current density
and the concentration of the analytes allows us to determine the
sensitivity of the SAPC from the slope of the curve. It was deter-
mined that the SAPC electrode displays sensitivities of
0.189pAcm 2 M1, 1.51 pAcm =2 pM~ 1, and 5.21 pAcm 2 pM ! for
detecting AA, UA, and DA, respectively. The limit of detection (LOD)
can therefore be estimated using equation (2) [49].

30

(2)
where ¢ is the standard deviation of the current signal in a blank
solution and S is the sensitivity. A signal to noise (S/N) of 3 is used
for the calculation. As summarized in Fig. 6d, the calculated
sensitivity and limits of detection are comparable to the highest
values reported to date for graphene-based electrodes [32,40,47]. It
is also important to note that the peak current density of each
electroactive species is not influenced by the addition of the other
two species. The linearity of calibration curves for SAPC allows us to
determine the sensitivity and the LOD for DA, UA and AA analytes.
The appearance of dual linear regions in the peak current of DPV as
a function of the dopamine concentration can be due to the
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saturation of the active sites by DA species (Fig. 6b). At high con-
centrations, this phenomenon is further exacerbated and its effects
can be visually seen by large shifts in the current peak locations of
AA, UA and DA in their respective cyclic voltammograms (Fig. 4).
Consequently, the calibration curve exhibits a bilinear behavior and
can be fitted with two linear regressions. Overall, the similarities
among the electrochemical response of SAPC, graphene nanoflakes
[47] and nitrogen-doped graphene [32,39,40] suggest that the high
sensitivity and rapid kinetics of SAPC originates from a combination
of its abundant edge planes and heteroatoms.

To compare the capacity of the embedded MWCNTSs for simul-
taneous electrochemical detection of AA, UA, and dopamine, we
performed a set of similar cyclic and differential pulse voltammetry
on MWCNT electrodes (Fig. S5). The obtained voltammograms
demonstrate that not only the signal from MWCNT is very low, but
also all three species (AA, DA and UA) have overlapping peaks,
inhibiting MWCNT's ability to differentiate their signals. Such
overlapping is due to MWCNT's sluggish electrochemical kinetics,
which results in a drastic shift in the AA peak location. The
observed lack of selectivity in the carbon nanotube is consistent
with the previous electrochemical characterization of MWCNT
electrodes in dopamine, where SAPC outperforms MWCNT, as
demonstrated by a 31-fold decrease in heterogeneous electron
transfer rate of MWCNT (k° 4pp, Mmwent = 0.00133) compared to that
of SAPC (k° app, sapc = 0.0418) (Figs. 3¢ and 4d). This comparative
study corroborates that the enhanced electrochemical performance
of SAPC stems from its unique microstructure and heteroatoms,
rather than the presence of MWCNTSs in it.

4. Conclusion

In this work, we investigated the correlation between the
microstructure of pyrolytic carbon, its disorders, and electro-
chemical functionality. Using a stress-induced process, we
demonstrated how realignment of PAN molecular chains produces
a uniformly graphitized carbon. The resulting carbon exhibit an
oriented but fragmented lattice structure, as visualized by HRTEM
imaging. Further material characterization with XPS indicates that
the stress activated pyrolytic carbon is innately rich in nitrogen
heteroatoms.

The presence of these chemical and structural disorders in the
SAPC prompted us to perform a comprehensive electrochemical
study with surface insensitive (potassium hexachloroiridate), sur-
face sensitive (potassium ferricyanide), and adsorption sensitive
(dopamine) electroactive species. The electrochemical kinetics
show that SAPC's heterogenous electron transfer rate is 5—14 times
higher than that of standard pyrolytic PAN carbons and 2 to 10
times higher than polished commercial glassy carbon in both the
surface insensitive and sensitive redox probes. The results under-
line the correlation between the enhanced sensitivity of SAPC to-
wards surface sensitive species and the numerous graphitic edges
and nitrogen heteroatoms present in the carbon lattice. The pres-
ence of these “defects” is associated with the quantity of the elec-
troactive sites on the carbon electrodes.

The unique electrocatalytic behavior of SAPC allows for an effi-
cient and simultaneous detection of dopamine (DA), ascorbic acid
(AA), and uric acid (UA), without the need for post-processing of
the pyrolytic carbon. The results demonstrate that SAPC has a
sensitivity and limit of detection for dopamine that compares
favorably with expensive graphene and CNT based sensors. The
capability of SAPC for detecting biomarkers indicates its potential
for biomedical sensing applications. Additionally, SAPC is me-
chanically more robust compared to its graphene-based
counterparts.

It is important to note that the mere presence of heterogeneous

atoms and edge planes in carbon structure does not constitute
enhanced electrochemical behavior, since their effect could be
countered by a low-degree of graphitization in the resulting carbon.
The results reported here suggest that a key concept in carbon's
electrochemistry is the right amount of select “disorders” within a
generally “ordered” framework. The former increases the localized
DOS around the E° of the redox systems of interest, facilitating
heterogeneous electron transfer, and the latter enhances electron
transport within the carbon electrode. The introduced stress-
activation route harnesses the versatility of carbon by producing
a graphitic framework, which features heteroatoms and structural
disorders that are tuned for electrochemical performance.
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