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Abstract: Catalytic substrate, which is devoid of expensive noble metals and enzymes for hydrogen
peroxide (H2O2), reduction reactions can be obtained via nitrogen doping of graphite. Here, we
report a facile fabrication method for obtaining such nitrogen doped graphitized carbon using
polyacrylonitrile (PAN) mats and its use in H2O2 sensing. A high degree of graphitization was
obtained with a mechanical treatment of the PAN fibers embedded with carbon nanotubes (CNT)
prior to the pyrolysis step. The electrochemical testing showed a limit of detection (LOD) 0.609 µM
and sensitivity of 2.54 µA cm−2 mM−1. The promising sensing performance of the developed carbon
electrodes can be attributed to the presence of high content of pyridinic and graphitic nitrogens in the
pyrolytic carbons, as confirmed by X-ray photoelectron spectroscopy. The reported results suggest
that, despite their simple fabrication, the hydrogen peroxide sensors developed from pyrolytic carbon
nanofibers are comparable with their sophisticated nitrogen-doped graphene counterparts.

Keywords: hydrogen peroxide sensing; polyacrylonitrile; graphitization; electrospinning; graphitic
nitrogen; pyridinic nitrogen

1. Introduction

Hydrogen peroxide (H2O2) is a common byproduct of many biochemical reactions and is therefore
a common analyte used to indirectly detect cellular signaling, aging mechanism, and various oxidases,
such as glucose oxidase, NADPH oxidase, urate oxidase, and lactate oxidase [1–6]. Though its major
application lies in biosensing, its detection is of high importance in various other fields including
textile industry, the food industry, and paper manufacturing as well [7]. Consequently, the detection of
H2O2 is a major field of research for many sensing related applications.

Various techniques have been employed to achieve sensing of H2O2 such as fluorescence,
colorimetric, and electrochemical methods [1–3]. Among these, electrochemical detection, in general,
has the reputation of having high sensitivity, selectivity, and affordability. However, early experiments
of H2O2 sensing used noble metals, such as platinum and gold as catalytic surface for attaining
high sensitivity, making the electrochemical detection of H2O2 an expensive option [8–10]. This has
eventually led to the use of various carbon allotropes, such as pure graphene, carbon nanotubes, and
graphite for this purpose, which not only circumvents the use of expensive noble metals but also
allows for a non-enzymatic method of sensing [11–15]. Despite the advantages, the performances
of these carbon allotropes are not on par with the existing sensors with noble elements. The main
challenges in the area of carbon based H2O2 sensors include slow kinetics and interferences from
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species, such as ascorbic acid and uric acid, which prompts studies geared toward enhancing carbon
catalytic performance [16].

In recent years, studies on the incorporation of heteroatoms into the carbon lattice have gained
attention for its promise to enhance the catalysis of the modified carbon. The insertion of heteroatoms
into the carbon matrices can tailor the electro-catalytic activity of the material to either enhance or
diminish its electrons density. P-type graphene showed enhanced capability to oxidize, whereas
the presence of n-type showed improved reduction capacity in various carbon allotropes [4–6].
The reducing nature of n-type carbon material, such as NRGC, is found to be highly advantageous
in various applications, such as fuel cell and biosensors [17–20]. In particular, characterization of
electrochemistry of nitrogen-rich graphitic carbons (NRGC) have revealed their potential as catalysts for
various analytes such as hydrogen peroxide, ascorbic acid, dopamine, and uric acid [21]. Furthermore,
NRGC’s enhanced electrocatalysis has been demonstrated to allow for the simultaneous detection of
these analytes within the same solution [22]. Specifically, NRGC’s capacity for H2O2 reduction reaction
is used as one of the standard measure of its catalytic performance [21].

Various techniques have been reported for the synthesis of nitrogen rich graphite, including
doping methods such as chemical vapor deposition (CVD), ball milling, plasma treatment, arc
discharge method, and thermal treatment [12,23,24]. Among these methods, CVD delivers controllable
doping, whereas ball milling is known for its simplicity and scalability. However, CVD incurs
excessive cost and low yield, while ball milling doping is difficult to control and is effective only
at edges [12]. Nitrogen plasma treatment introduces as high as 8 at.% of nitrogen, but often leads
to low electrocatalytic activity due to the damage that it causes on the carbon lattice [25]. Both arc
discharge and thermal treatment methods only results in a very low nitrogen content (~1 at.%) [12].
These doping methods inherently involve multiple processing steps after synthesis of carbon platform.
They often include introducing nitrogen into previously synthesized graphitic carbons by damaging
the graphitic lattice for introducing holes and defects to allow for nitrogen assimilation. The nature of
such a process is cumbersome and costly to control. Alternatively, there has been a growing interest in
single step fabrication of nitrogen rich carbon using electrospun fibers [26]. The main challenge with
this approach is that the microstructure of the resulting electrospun carbon fibers are reported to be
mainly amorphous and glassy-like carbons, causing low conductivity and a reduced sensitivity.

In this study, we report on the H2O2 sensing capability of NRGC synthesized from pyrolysis
of polyacrylonitrile (PAN). Polymer nanofibers are synthesized via electrospinning PAN solution,
infused with multi-walled carbon nanotubes (MWCNTs). The as-spun polymer nanofibers are
then mechanically compressed prior to and during the subsequent thermal stabilization step.
The mechanical stresses introduced in the electrospinning process by the addition of MWCNTs
further align the polymer chains within PAN, enhancing the extent of their graphitization during the
pyrolysis [27]. This synthesis method allows for low-temperature graphitization of the PAN fibers,
which consequently results in a significant amount of nitrogen groups to remain intact within the
carbon microstructure. Raman spectroscopy, Transmission Electron Microscopy (TEM), and X-ray
Photoelectron Spectroscopy (XPS) are conducted to gain insight into the NRGC’s microstructure.
XPS analysis reveals a carbon microstructure with almost exclusively graphitic and pyridinic nitrogen
groups. Electrochemical characterization is then performed to investigate the capacity of the formed
NRGC for hydrogen peroxide reduction. The results signify a unique, cost-effective, and scalable
approach to fabricate NRGC platforms for hydrogen peroxide detection.

2. Materials and Methods

2.1. Preparation of Electrospinning Solution

The Multi-walled carbon nanotubes (MWCNT) were dispersed in N, N-dimethylformamide
(DMF 99.9%, Fisher Chemical, Fair Lawn, NJ, USA) under ultrasonication for 1 h at room temperature
and kept stirring for 24 h to make 1% (w/v) MWCNT-DMF mixture. Pure polyacrylonitrile (PAN,
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M.W. = 150,000 g/mol, Sigma Aldrich, St. Louis, MO, USA) was mixed with MWCNT-DMF to produce
8% (v/v) PAN and 1% (w/v) MWCNT-DMF solution. The solution was then stirred at 40 ◦C for 24 h.

2.2. Synthesis of 8% PAN and 1% CNT Carbon Nanofibers Mats

The Carbon Nanofiber (CNF) mats were prepared via a far-field electrospinning technique
followed by a stress-induced stabilization and carbonization process. The precursor solution was
dispensed via a 1-mL syringe with a 21-gauge needle mounted on a syringe pump at a solution
consumption rate at 0.7 mL/h. The operating electrical potential of 15 kV was applied across the
needle and a target aluminum-foiled drum (8 cm × 8 cm). The electrospinning process was performed
for approximately 1–2 h to produce a mat thickness of approximately 100 µm.

2.3. Stress-Induced Stabilization

Electrospun CNF mats were then manually rolled on Dayton’s DC Speed Control Roller for
10 times repeatedly to give the mat a uniformly-aligned surface prior to its thermal stabilization. Rolled
mats were then mechanically stressed with 200 kPa pressure on a metal compression platform and
were thermally stabilized at 280 ◦C for 6 h. Samples that underwent this stress-induced stabilization
and have the CNT are referred to as Mechanically Treated CNF. The electrodes produced from pure
PAN and processed without the mechanical treatment will be referred from here onward as CNF.

2.4. Pyrolysis

Stabilized nanofiber mats were then pyrolyzed in a tube furnace with a continuous flow of
nitrogen at a rate of 4600 sccm (standard cubic centimeters per minute) during the process. The furnace
was initially heated to 300 ◦C at a ramp rate of 4.5 ◦C/min and dwelled at that temperature for an hour.
Followed by a ramp rate of 3 ◦C/min until it reached 1050 ◦C, the furnace was held at this temperature
for 1 h before cooling to ambient temperature at a rate of 10 ◦C/min.

2.5. Electrochemical Characterization

A Princeton Applied Research VersaSTAT 4 Potentiostat running VersaStudio 2.48.5 was used for
all of the electrochemical experiments. Figure 1 illustrates the CNF fabrication process and subsequent
preparation steps for electrochemical characterization. The CNF mats are cut and then placed onto a
cured sheet of Polydimethylsiloxane (PDMS, Sylgard 184 Silicone Elastomer, Dow Corning Corporation,
Midland, MI, USA) for electrochemical characterization. Copper enamel coated wire is bonded onto
the CNF electrode at the very edge with conductive carbon paint (Structure Probe, Inc., West Cherster,
PA, USA). Two pieces of cured PDMS are then placed on the ends of each CNF electrodes and secured
in place with uncured PDMS. Careful attention was paid to cover the wire bonded area completely with
PDMS. The electrode assemblies are then placed on a hot plate so the PDMS would cure. This PDMS
backbone allows the normally fragile CNF electrodes to be more durable, while the center section
remains free. The geometric area of the CNF electrode is taken from the exposed length (L) and width
(W) dimensions and calculated as a flat electrode.

For electrochemical characterization, a blank electrolyte solution of 1X Phosphate-buffered saline
(PBS) was used. 1X PBS solutions are made by dissolving Disodium phosphate (Na2HPO4, Fisher
Chemical), Monopotassium phosphate (KH2PO4, Sigma Aldrich, S.t. Louis, MO, USA), Sodium
chloride (NaCl, Fisher Chemical) and Potassium chloride (KCl, Sigma Aldrich) in DI water. The target
final concentrations of the 1X PBS was 0.14 M NaCl, 0.0027 M KCl, and 0.010 M PO4

3−. The pH was
adjusted to 7.4 with the addition of HCl or NaOH as necessary. The PBS solution was purged of oxygen
via bubbling of nitrogen gas prior to the test. During the test, nitrogen gas was left flowing in the
headspace above the liquid to help prevent any oxygen from dissolving back into the solution. All of the
electrochemical tests were run while the solution was stirring. A Ag/AgCl electrode in saturated 3 M
KCl solution was used as reference electrode and Glassy Carbon was used as counter electrode for all
the electrochemical tests. Electrochemical Impedance Spectroscopy experiments (EIS) were performed
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in the 1X PBS solution to estimate active surface area from the capacitance of the electrodes [28].
Cyclic Voltammetry tests (CV) were performed in the 1X PBS with and without Hydrogen Peroxide
(H2O2, 30% (w/w), Fisher Chemical). Chronoamperometry (CA) was conducted by incrementally
increasing the concentrations of H2O2 to the final concentration of 2.5 mM. Interference tests were
carried out by conducting chronoamperometry with Ascorbic Acid (AA, Sigma Aldrich), Glucose (Glu,
EMD Millipore, Temecula, CA, USA) and Uric Acid (UA, Sigma Aldrich), as interfering agents.
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electrode for electrochemical characterization (note: Fabrication of untreated mats does not involve
multi-walled carbon nanotubes (MWCNT) and mechanical compression in steps 1 and 3, respectively.)

3. Results

3.1. Raman Spectroscopy

Raman spectroscopy is used as one of the major non-destructive techniques to inspect the degree
of graphitization of a precursor after pyrolysis [29]. Here, we performed the characterization using
a Renishaw InVia Raman Microscope with a 532 nm excitation laser. A four-peak Lorentzian fit was
performed with peak locations occurring at 1220, 1355, 1583, and 1624 cm−1, which correspond to I,
D, G, and D’, respectively [30,31]. Representative spectra of Mechanically Treated CNF and the CNF
samples obtained from pure PAN without any mechanical treatment (CNF) are shown in Figure 2.
We mainly examined the G and D peaks of the spectra, where the G peak (IG) correspond to in-plane
vibration (E2g) and the D peak (ID) is linked to the breathing mode of sp2 atoms due to structural
defects. Subsequently, a ratio (RD/G) between ID and IG is used as a scale of graphitization [32].
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The Raman spectra of CNF and mechanically treated CNF showed two major peaks, D and G,
in the range of 1350–1370 and 1580–1590. The resulted spectra showed a noticeable improvement
in graphitization for mechanically treated CNF sample in comparison with CNF as indicated by the
reduced value of RD/G. The D peak to G peak ratio calculated from deconvoluted Raman spectra
showed a reduction from an approximate value of 1.95 in the case of CNF to 1.0 for Mechanically
Treated CNF. Formation of relatively larger nanocrystallines for mechanically treated CNF as compared
to the CNF specimen is also evident from the sharp G peak in the mechanically treated sample [33].
The increased proportion of D (1355 cm−1) and D’ (1624 cm−1) peaks for untreated material indicate
a high degree of disorders. Furthermore, the presence of peak at 1220 cm−1 shows the presence
of foreign atoms [17]. A high percentage of pyridinic nitrogen could lead to the presence of more
nanoholes inside the graphene layers [34]. On the other hand, the presence of graphitic nitrogen does
not induce such defects (details of various types of nitrogen present in the carbon structure is discussed
further ahead in the article). This, in conjunction with the XPS data showing high content of graphitic
nitrogen, explains the reduced RD/G value in case of mechanically treated CNF.

3.2. High-Resolution Transmission Electron Microscopy (HRTEM)

For further validation of the data obtained through Raman spectroscopy, High-Resolution
Transmission Electron Microscopy (HRTEM) analyses were also conducted. The evaluation of fringes
provides information about the degree of graphitization of the carbon mats. Here, the TEM images of
carbon specimen, taken by FEI’s Titan S/TEM, are provided to comparatively study the microstructures
of pure PAN-based CNF and mechanically treated CNF. The micrographs obtained from the pure PAN
CNF using HRTEM demonstrates randomly oriented pattern, pointing towards the amorphous nature
of the polymer (Figure 3a). On the other hand, the mechanically treated CNF showed crystalline nature
as shown in Figure 3b. The TEM observations are consistent with the Raman spectra obtained from
the mechanically treated CNF specimen.
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3.3. X-ray Photoelectron Spectroscopy (XPS)

In order to obtain the elemental and compositional constituents of the final product of the
pyrolysis, X-ray photoelectron spectroscopy was performed using a Kratos AXIS-SUPRA surface
analysis instrument, equipped with a monochromatic Al Kα X-ray source. Data obtained from XPS
showed that the mechanically treated CNF has 94.5 ± 0.1 at.% carbon, 4.4 ± 0.5 at.% nitrogen and
1 ± 0.3 at.% of oxygen content in it. The component of interest here is the presence of nitrogen, as it has
been reported that nitrogen doped graphene sheets possess an increased H2O2 reduction capability
contrasting pure graphene. Fitting high resolution N 1s XPS peaks shows the presence of pyridinic
nitrogen (pyridinic-N), pyrrolic nitrogen (pyrrolic-N), and graphitic nitrogen (graphitic-N), with a
relatively high content of pyridinic-N (19.2%) and graphitic-N (57%) in the mechanically treated
material. In comparison, CNF without any mechanical treatment has significantly high content of
pyrrolic-N (35.3%) (Figure 4a,b and Table 1).
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Table 1. Nitrogen species based on XPS analysis.

Component (BE) at.% in CNF at.% in Mechanically Treated CNF

Pyridinic-N (398.5 eV) 24.14 19.21
Pyrrolic-N (400.1 eV) 35.29 ~0 *

Graphitic-N (401.3 eV) 30.58 56.97
Oxidized-N (405 eV & 402.6 eV **) 9.99 & ~0 13.97 & 9.85 **

* It appears that there is no pyrrolic-N formed in mechanically treated CNF; ** Another high BE peak is required to
fit N 1s of mechanically treated CNF, which is also attributed to oxidized-N species. Very high resolution XPS might
show evidence of oxidized pyridinic-N and oxidized graphitic-N that previous XPS works could not differentiate
and ascribed generally to “oxidized N”. Other possibility could be “oxidized edge-N”

It has been reported that the presence of pyridinic-N and graphitic-N enhances the catalytic
behavior as it provides extra electron density to the graphitic basal plane [23]. The electron affinity
possessed by nitrogen atoms causes a positive charge enhancement in the adjacent carbon atoms in the
basal plane. This thought to be an adsorption enhancer in graphitic carbon [35]. This, consequently,
aids the electrochemical reduction reaction. Moreover, a side-on adsorption of H2O2 (Yeager model)
is made possible through this N-doping, making its O–O bond relatively weaker as compared to an
edge-on adsorption, which in turn enables easier hydrogen peroxide reduction [36,37].

A high degree of graphitization with graphitic edges can also contribute towards an improved
electrochemical performance. Hence, an increase in the proportion of graphitic-N in the carbon
structure is advantageous. Graphitic-N has a higher thermal stability as compared to the other
types of nitrogen present in the material. Therefore, higher relative concentrations of graphitic
nitrogen are generally observed at higher pyrolysis temperatures [38]. It is important to note that the
overall nitrogen content within the pyrolytic carbon decreases as the pyrolysis temperature increases.
Consequently, we have two competing factors that influence the overall quantity of graphitic nitrogen
in the pyrolytic carbon structure. Here, the application of mechanical treatment in the fabrication of
carbon with relatively low-temperature pyrolysis has resulted in nitrogen content as high as 4.4%, of
which 57% is graphitic nitrogen.

3.4. Electrochemistry

It has been shown that N-doped graphene sheets have higher electrocatalytic capacity for H2O2

reduction as compared to that of pure graphene [21]. This phenomenon is attributed to the presence of
pyridinic-N and graphitic-N sites, which assist H2O2 reduction by weakening the O–O bond [35].

Additionally, it is expected that graphitic carbon structures with edge planes would demonstrate
higher electrocatalytic activity as compared to amorphous carbons. In the previous characterizations,
we demonstrated that our mechanically treated CNFs is inherently rich in graphitic edge planes, and
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possess high concentrations of pyridinic and graphitic nitrogen atoms. Thus, we anticipate that the
synthesized carbons exhibit high propensity for H2O2 sensing owing to enhanced electrocatalytic
reduction of hydrogen peroxide.

Electrochemical Impedance Spectroscopy (EIS) was performed on the carbon electrodes in a blank
solution of 1X PBS (pH 7.4) to determine the electrochemically active surface areas. The results are
shown as Nyquist plots and are presented with an equivalent electrical circuit in Supplementary
Figure S1. The double layer capacitance (Cdl) was determined from fitting the equivalent circuit
model to the Nyquist plots [39]. The active surface area (Aact) of the electrode was calculated using
Equation (1) [28]:

Aact =
Ic

Cdl ∗ v
(1)

Here, Cdl is the double-layer specific capacitance (µF/cm2) and the scan rate is given as v (V/s). Ic

is the double layer charging current, acquired from cyclic voltammetry. The determined active surface
areas were used to normalize the current responses for all of the electrochemical tests.

Cyclic Voltammetry allows us to investigate the aptitude of mechanically treated CNFs for H2O2

reduction. In Figure 5, there are two sets of representative Cyclic Voltammograms (CV) which were run
at 50 mV/s in 1X PBS (pH 7.4) with 2.5 mM of H2O2 (see Figure 5). All of the voltages are compared
against Ag/AgCl. Figure 5a shows a comparison of the CVs of mechanically treated CNF in 1X PBS
with and without the presence of 2.5 mM of H2O2. With the addition of the H2O2, there is a clear
increase in the current response, exhibiting a 300 µA increase at −0.5 V vs. Ag/AgCl. Furthermore, the
treated CNFs exhibit an onset potential of −0.1 V vs. Ag/AgCl, comparable to other nitrogen-doped
graphene based sensors [25]. It is worth noting that there is a peak seen in plain 1X PBS of mechanically
treated CNF, which could be a result of residual amounts of oxygen being reduced. This response will
be further investigated in future works.

The CVs of mechanically treated CNF is compared with that of the electrodes made from Toray
(a type of commercially available graphitic fiber), and untreated pure PAN based CNF (Figure 5b).
Toray exhibited no noticeable increase in current response after the addition of hydrogen peroxide,
indicating little to no electrocatalysis of hydrogen peroxide reduction. Between pure PAN CNFs and
treated PAN CNFs electrodes, treated PAN CNF electrodes demonstrated much larger current response
with the addition of hydrogen peroxide.
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Figure 5. Cyclic voltammograms at 50 mV/s of (a) Mechanically treated CNF run in blank 1X PBS and
in the presence of 1X PBS in the presence of 2.5 mM H2O2; (b) Toray, Mechanically Treated CNF, and
pure PAN CNF electrodes in 1X PBS in the presence of 2.5 mM H2O2.

The reported electrochemical results echo previous studies on NRGC electrocatalysis of hydrogen
peroxide. As seen from the XPS data, pure PAN CNF contains small amounts of pyridinic-N and
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graphitic-N, which contributes to its reduction of hydrogen peroxide. Toray, on the other hand contains
no nitrogen groups due to the high temperatures used for its synthesis and therefore has no reduction
of hydrogen peroxide. Between treated and untreated CNFs, the much larger current response to
hydrogen peroxide could be largely attributed to the higher graphitization seen in the treated CNFs,
which is known to contribute to enhance electron transfer efficiencies.

Chronoamperometry (CA) allows us to determine the sensitivity and limit of detection (LOD)
of mechanically treated CNF as H2O2 sensor as seen by the representative CA graph in Figure 6a.
The CA were performed at −0.5 V vs. Ag/AgCl, the typical potential at which the current density
peaks for the treated PAN electrodes. During the CA, the current was allowed to stabilize before each
subsequent additions of hydrogen peroxide and the concentration versus the current density was then
extracted from the CA and plotted in Figure 6b.
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Figure 6. (a) Chronoamperometry of the Mechanically Treated CNF electrode running at −0.5 V.
Each addition concentration is indicated on the graph and was repeated three times after the initial
indication prior to the next concentration addition. The inset is a zoomed in portion of the main graph;
(b) Concentration vs. Current Density data from the chronoamperometry fitted with linear regression
trend line.

From this Figure 6b, the sensitivity was calculated by the linear regression equation:

I = −2.54C − 0.604, (2)

where C is the concentration in mM and I is the current density in µA cm−2. Here, the slope, and thus
sensitivity, is 2.54 µA cm−2 mM−1 with a correlation coefficient (R2) of 0.9948. The LOD was then
calculated by Equation (3), where a signal to noise ratio of 3 (S/N = 3) was used [40].

LOD =
3σ

S
. (3)

The standard deviation, σ, was taken from the stable signal of a blank solution and S is the linear
regression equation’s slope. The LOD was calculated to be 0.609 µM. An average response time of 4.6 s
was observed after each addition.

In addition, CA was used to investigate the selectivity of the hydrogen peroxide reduction in the
presence of other analytes, namely, Ascorbic Acid (AA), Uric Acid (UA), and Glucose (Glu). Figure 7
demonstrates the representative graph of CA with the resulting current responses after additions of
1 mM H2O2, 0.15 mM AA, 1 mM Glu, 0.5 mM UA, and a second 1 mM H2O2 at the indicated times.
The results indicate that at the working potential of −0.5 V there was little to no response from any of
the tested interfering agents, while there was still a noticeable response from the addition of H2O2.
This signifies the high selectivity of the treated PAN electrodes to hydrogen peroxide reduction.
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1 mM H2O2).

A number of works have reported application of different forms of carbon allotropes as a
basis for H2O2 sensing with platforms such as nitrogen doped carbon nanotubes [41], graphene
platinum nanocomposites [42], and nitrogen-doped graphene nanoribbons [43]. Such studies have
resulted in sensitivities ranging between 0.967–154.78 µA mM−1, and LODs of 0.15 to 90 µM [43,44].
In comparison, the mechanically treated CNF sensors produce a sensitivity of 2.87 µA mM−1 when
multiplied by active surface area. The acquired sensitivity suggests that, in spite of their facile synthesis
route, the electrocatalytic performance of mechanically treated CNF sensors is comparable to that of the
graphene-based sensors with more complex synthesis routes. Furthermore, the mechanically treated
CNF demonstrated high selectivity towards H2O2 in the presence of the common interfering analytes:
Glu, AA and UA. It is important to note that the H2O2 sensors were developed from as-pyrolyzed
CNFs without additional processing. Refinement of the presented synthesis method will potentially
yield additional enhancement in both the carbon graphitization degree and the quantity of nitrogen
groups to further reduce the LOD, and augment the sensitivity of the electrodes.

4. Discussion

Nitrogen-rich graphitic carbons (NRGC) are emerging as an attractive platform for sensing devices.
In particular, the presence of graphitic and pyridinic nitrogen in NRGC can enhance the catalytic
behavior as it increases electron density of the graphitic basal planes. Accordingly, NRGCs have shown
the capability of reducing substrates, such as H2O2, and have shown promise as potential alternatives to
expensive metal-based catalysts such as gold. However, current methodologies for their synthesis such
as nitrogen plasma bombardment, could damage the surface and morphology of the carbon structure.
Here, we demonstrate an alternative synthesis method with which pyrolyzed graphitic substrates
possessing N–C bonds can be produced in a single, facile pyrolysis step. Through the application of
electrospinning technique, polymer fibers mats consisting of polyacrylonitrile (PAN) infused with
carbon nanotubes (CNT) are produced and mechanically treated prior to their pyrolysis. The resulting
pyrolytic carbon microstructure possesses a considerable increase in graphitization as demonstrated
by its characterization using Raman spectroscopy, Transmission Electron Microscopy (TEM), and
X-ray photoelectron spectroscopy (XPS). Furthermore, XPS analysis of the chemical constituents of the
resulting carbon shows a high percentage of pyridinic-N and graphitic-N, which would enhance the
reduction of hydrogen peroxide. Consistently, the mechanically treated CNFs showed a significant
increase in the current response to hydrogen peroxide compared to untreated fiber mats as well as PAN
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based Toray. The treated carbon nanofiber mats were then characterized for their hydrogen peroxide
sensing capability and demonstrated a sensitivity of 2.24 µA mM−1 and an LOD of 0.609 µM. The
reported results suggest that, despite their facile fabrication, the hydrogen peroxide sensors developed
from mechanically treated CNFs compare favorably to sophisticated nitrogen-doped graphene sensors.
Thus, this report points to a cost-effective and scalable strategy for synthesizing nitrogen-rich graphitic
carbons for hydrogen peroxide sensing.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/17/10/2407/s1,
Figure S1: Nyquist Plots of the Electrochemical Impedance Spectroscopy (EIS) for the Toray, Mechanically Treated
CNF, and Pure PAN CNF electrodes. The equivalent electrical circuit is shown in the inset. In equivalent circuit,
Ri represents the internal resistance, Rsf represents the surface resistance, Csf represents the surface Capacitance,
and Rct represents the charge-transfer resistance. The double layer capacitance (Cdl) is modeled as a Constant
Phase Element (CPE) and diffusion affects are represented by the Warburg element (W), Table S1: Double layer
capacitance, Geometric Surface Area, and Active Surface Area of electrodes, Figure S2: Wide XPS spectrum of the
mechanically treated CNF, Figure S3: High resolution O 1s XPS spectra of mechanically treated CNF.

Acknowledgments: This work was funded in part by the National Science Foundation (NSF) grant #1449397.
The authors would also like to thank the UCI National Fuel Cell Research Center (NFCRC) for providing
the Versastat 4 potentiostat system that was used in this study. The authors also thank the UCI’s Chemistry
Department Laser Spectroscopy and the UCI Integrated Nanosystems Research Facility (iNRF) for giving access to
their facilities, materials, and equipment. XPS analysis was performed at the UC Irvine Materials Research Institute
(IMRI) using instrumentation funded in part by the National Science Foundation Major Research Instrumentation
Program under grant no. CHE-1338173. The author D.G. is partially funded by Science and Engineering Research
Board (SERB), India. The author M.G. gratefully acknowledges the support of Fresno State’s Lyles College
of Engineering.

Author Contributions: B.P., S.H, M.G. and D.G. conceived and designed the experiments; B.P. and D.G. performed
the experiments; B.P., I.T. and D.G. analyzed the data; M.M. and M.G. supervised the project; B.P., D.G. and M.G.
wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hanaoka, S.; Lin, J.M.; Yamada, M. Chemiluminescent flow sensor for H2O2 based on the decomposition of
H2O2 catalyzed by cobalt(II)-ethanolamine complex immobilized on resin. Anal. Chim. Acta 2001, 426, 57–64.
[CrossRef]

2. Gomes, A.; Fernandes, E.; Lima, J.L.F.C. Fluorescence probes used for detection of reactive oxygen species.
J. Biochem. Biophys. Methods 2005, 65, 45–80. [CrossRef] [PubMed]

3. Watabe, S.; Sakamoto, Y.; Morikawa, M.; Okada, R.; Miura, T.; Ito, E. Highly sensitive determination
of hydrogen peroxide and glucose by fluorescence correlation spectroscopy. PLoS ONE 2011, 6, e22955.
[CrossRef] [PubMed]

4. Tian, H.; Wang, L.; Sofer, Z.; Pumera, M.; Bonanni, A. Doped graphene for DNA analysis: The electrochemical
signal is strongly influenced by the kind of dopant and the nucleobase structure. Sci. Rep. 2016, 6, 33046.
[CrossRef] [PubMed]

5. Zhang, Y.; Ge, J.; Wang, L.; Wang, D.; Ding, F.; Tao, X.; Chen, W. Manageable N-doped graphene for high
performance oxygen reduction reaction. Sci. Rep. 2013, 3, 2771. [CrossRef] [PubMed]

6. Geng, D.; Chen, Y.; Chen, Y.; Li, Y.; Li, R.; Sun, X.; Ye, S.; Knights, S. High oxygen-reduction activity and
durability of nitrogen-doped graphene. Energy Environ. Sci. 2011, 4, 760–764. [CrossRef]

7. Campos-Martin, J.M.; Blanco-Brieva, G.; Fierro, J.L.G. Hydrogen peroxide synthesis: An outlook beyond the
anthraquinone process. Angew. Chem. Int. Ed. 2006, 45, 6962–6984. [CrossRef] [PubMed]

8. Yang, M.; Qu, F.; Lu, Y.; He, Y.; Shen, G.; Yu, R. Platinum nanowire nanoelectrode array for the fabrication of
biosensors. Biomaterials 2006, 27, 5944–5950. [CrossRef] [PubMed]

9. Gao, X.; He, S.; Zhang, C.; Du, C.; Chen, X.; Xing, W.; Chen, S.; Clayborne, A.; Chen, W. Single crystal
sub-nanometer sized Cu6(SR)6 clusters: Structure, photophysical properties, and electrochemical sensing.
Adv. Sci. 2016, 3, 1600126. [CrossRef] [PubMed]

10. Ju, J.; Chen, W. In situ growth of surfactant-free gold nanoparticles on nitrogen-doped graphene quantum
dots for electrochemical detection of hydrogen peroxide in biological environments. Anal. Chem. 2015, 87,
1903–1910. [CrossRef] [PubMed]

http://www.mdpi.com/1424-8220/17/10/2407/s1
http://dx.doi.org/10.1016/S0003-2670(00)01181-8
http://dx.doi.org/10.1016/j.jbbm.2005.10.003
http://www.ncbi.nlm.nih.gov/pubmed/16297980
http://dx.doi.org/10.1371/journal.pone.0022955
http://www.ncbi.nlm.nih.gov/pubmed/21850246
http://dx.doi.org/10.1038/srep33046
http://www.ncbi.nlm.nih.gov/pubmed/27623951
http://dx.doi.org/10.1038/srep02771
http://www.ncbi.nlm.nih.gov/pubmed/24067782
http://dx.doi.org/10.1039/c0ee00326c
http://dx.doi.org/10.1002/anie.200503779
http://www.ncbi.nlm.nih.gov/pubmed/17039551
http://dx.doi.org/10.1016/j.biomaterials.2006.08.014
http://www.ncbi.nlm.nih.gov/pubmed/16945408
http://dx.doi.org/10.1002/advs.201600126
http://www.ncbi.nlm.nih.gov/pubmed/27981004
http://dx.doi.org/10.1021/ac5041555
http://www.ncbi.nlm.nih.gov/pubmed/25533846


Sensors 2017, 17, 2407 11 of 12

11. Jiang, B.B.; Wei, X.W.; Wu, F.H.; Wu, K.L.; Chen, L.; Yuan, G.Z.; Dong, C.; Ye, Y. A non-enzymatic hydrogen
peroxide sensor based on a glassy carbon electrode modified with cuprous oxide and nitrogen-doped
graphene in a nafion matrix. Microchim. Acta 2014, 181, 1463–1470. [CrossRef]

12. Wang, X.; Sun, G.; Routh, P.; Kim, D.-H.; Huang, W.; Chen, P. Heteroatom-doped graphene materials:
Syntheses, properties and applications. Chem. Soc. Rev. 2014, 43, 7067–7098. [CrossRef] [PubMed]

13. Zhang, C.; Li, L.; Ju, J.; Chen, W. Electrochemical sensor based on graphene-supported tin oxide nanoclusters
for nonenzymatic detection of hydrogen peroxide. Electrochim. Acta 2016, 210, 181–189. [CrossRef]

14. Zhang, R.; Chen, W. Fe3C-functionalized 3D nitrogen-doped carbon structures for electrochemical detection
of hydrogen peroxide. Sci. Bull. 2015, 60, 522–531. [CrossRef]

15. Zhang, R.; Chen, W. Recent advances in graphene-based nanomaterials for fabricating electrochemical
hydrogen peroxide sensors. Biosens. Bioelectron. 2017, 89, 249–268. [CrossRef] [PubMed]

16. Chen, W.; Cai, S.; Ren, Q.-Q.; Wen, W.; Zhao, Y.-D. Recent advances in electrochemical sensing for hydrogen
peroxide: A review. Analyst 2012, 137, 49–58. [CrossRef] [PubMed]

17. Faisal, S.N.; Haque, E.; Noorbehesht, N.; Zhang, W.; Harris, A.T.; Church, T.L.; Minett, A.I. Pyridinic
and graphitic nitrogen-rich graphene for high-performance supercapacitors and metal-free bifunctional
electrocatalysts for ORR and OER. RSC Adv. 2017, 7, 17950–17958. [CrossRef]

18. Liu, M.; He, S.; Chen, W. Co3O4 nanowires supported on 3D N-doped carbon foam as an electrochemical
sensing platform for efficient H2O2 detection. Nanoscale 2014, 6, 11769–11776. [CrossRef] [PubMed]

19. He, S.J.; Zhang, B.Y.; Liu, M.M.; Chen, W. Non-enzymatic hydrogen peroxide electrochemical sensor based on
a three-dimensional MnO2 nanosheets/carbon foam composite. RSC Adv. 2014, 4, 49315–49323. [CrossRef]

20. Liu, M.; Liu, R.; Chen, W. Graphene wrapped Cu2O nanocubes: Non-enzymatic electrochemical sensors
for the detection of glucose and hydrogen peroxide with enhanced stability. Biosens. Bioelectron. 2013, 45,
206–212. [CrossRef] [PubMed]

21. Shao, Y.; Zhang, S.; Engelhard, M.H.; Li, G.; Shao, G.; Wang, Y.; Liu, J.; Aksay, I.A.; Lin, Y. Nitrogen-doped
graphene and its electrochemical applications. J. Mater. Chem. 2010, 20, 7491–7496. [CrossRef]

22. Sheng, Z.-H.; Zheng, X.-Q.; Xu, J.-Y.; Bao, W.-J.; Wang, F.-B.; Xia, X.-H. Electrochemical sensor based on nitrogen
doped graphene: Simultaneous determination of ascorbic acid, dopamine and uric acid. Biosens. Bioelectron.
2012, 34, 125–131. [CrossRef] [PubMed]

23. Yadav, R.; Dixit, C.K. Synthesis, characterization and prospective applications of nitrogen-doped graphene:
A short review. J. Sci. Adv. Mater. Devices 2017, 2, 141–149. [CrossRef]

24. Wang, H.; Maiyalagan, T.; Wang, X. Review on recent progress in nitrogen-doped graphene: Synthesis,
characterization, and its potential applications. ACS Catal. 2012, 2, 781–794. [CrossRef]

25. Wang, Y.; Shao, Y.; Matson, D.W.; Li, J.; Lin, Y. Nitrogen-doped graphene and its biosensing. ACS Nano 2010,
4, 1790–1798. [CrossRef] [PubMed]

26. Zhu, J.; Chen, C.; Lu, Y.; Ge, Y.; Jiang, H.; Fu, K.; Zhang, X. Nitrogen-doped carbon nanofibers derived from
polyacrylonitrile for use as anode material in sodium-ion batteries. Carbon 2015, 94, 189–195. [CrossRef]

27. Ghazinejad, M.; Holmberg, S.; Pilloni, O.; Oropeza-Ramos, L.; Madou, M. Graphitizing non-graphitizable
carbons by stress-induced routes. Sci. Rep. under review.

28. De Leo, M.; Kuhn, A.; Ugo, P. 3D-ensembles of gold nanowires: Preparation, characterization and
electroanalytical peculiarities. Electroanalysis 2007, 19, 227–236. [CrossRef]

29. Ferrari, A.C. Raman spectroscopy of graphene and graphite: Disorder, electron-phonon coupling, doping
and nonadiabatic effects. Solid State Commun. 2007, 143, 47–57. [CrossRef]

30. Cuesta, A.; Dhamelincourt, P.; Laureyns, J.; Martínez-Alonso, A.; Tascón, J.M.D. Raman microprobe studies
on carbon materials. Carbon 1994, 32, 1523–1532. [CrossRef]

31. Maldonado, S.; Morin, S.; Stevenson, K.J. Structure, composition, and chemical reactivity of carbon nanotubes
by selective nitrogen doping. Carbon 2006, 44, 1429–1437. [CrossRef]

32. Tuinstra, F.; Koenig, L.J. Raman spectrum of graphite. J. Chem. Phys. 1970, 53, 1126–1130. [CrossRef]
33. Ferrari, A.C.; Robertson, J. Interpretation of Raman spectra of disordered and amorphous carbon. Phys. Rev. B

2000, 61, 14095–14107. [CrossRef]
34. Li, X.-F.; Lian, K.-Y.; Liu, L.; Wu, Y.; Qiu, Q.; Jiang, J.; Deng, M.; Luo, Y. Unraveling the formation mechanism

of graphitic nitrogen-doping in thermally treated graphene with ammonia. Sci. Rep. 2016, 6, 23495.
[CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00604-014-1232-7
http://dx.doi.org/10.1039/C4CS00141A
http://www.ncbi.nlm.nih.gov/pubmed/24954470
http://dx.doi.org/10.1016/j.electacta.2016.05.151
http://dx.doi.org/10.1007/s11434-015-0740-0
http://dx.doi.org/10.1016/j.bios.2016.01.080
http://www.ncbi.nlm.nih.gov/pubmed/26852831
http://dx.doi.org/10.1039/C1AN15738H
http://www.ncbi.nlm.nih.gov/pubmed/22081036
http://dx.doi.org/10.1039/C7RA01355H
http://dx.doi.org/10.1039/C4NR03043E
http://www.ncbi.nlm.nih.gov/pubmed/25157755
http://dx.doi.org/10.1039/C4RA09007A
http://dx.doi.org/10.1016/j.bios.2013.02.010
http://www.ncbi.nlm.nih.gov/pubmed/23500365
http://dx.doi.org/10.1039/c0jm00782j
http://dx.doi.org/10.1016/j.bios.2012.01.030
http://www.ncbi.nlm.nih.gov/pubmed/22342696
http://dx.doi.org/10.1016/j.jsamd.2017.05.007
http://dx.doi.org/10.1021/cs200652y
http://dx.doi.org/10.1021/nn100315s
http://www.ncbi.nlm.nih.gov/pubmed/20373745
http://dx.doi.org/10.1016/j.carbon.2015.06.076
http://dx.doi.org/10.1002/elan.200603724
http://dx.doi.org/10.1016/j.ssc.2007.03.052
http://dx.doi.org/10.1016/0008-6223(94)90148-1
http://dx.doi.org/10.1016/j.carbon.2005.11.027
http://dx.doi.org/10.1063/1.1674108
http://dx.doi.org/10.1103/PhysRevB.61.14095
http://dx.doi.org/10.1038/srep23495
http://www.ncbi.nlm.nih.gov/pubmed/27002190


Sensors 2017, 17, 2407 12 of 12

35. Wu, P.; Du, P.; Zhang, H.; Cai, C.X. Microscopic effects of the bonding configuration of nitrogen-doped
graphene on its reactivity toward hydrogen peroxide reduction reaction. Phys. Chem. Chem. Phys. 2013, 15,
6920–6928. [CrossRef] [PubMed]

36. Xu, Z.W.; Li, H.J.; Yin, B.; Shu, Y.; Zhao, X.N.; Zhang, D.S.; Zhang, L.J.; Li, K.Z.; Hou, X.H.; Lu, J.H. N-doped
graphene analogue synthesized by pyrolysis of metal tetrapyridinoporphyrazine with high and stable
catalytic activity for oxygen reduction. RSC Adv. 2013, 3, 9344–9351. [CrossRef]

37. Gong, K.; Du, F.; Xia, Z.; Durstock, M.; Dai, L. Nitrogen-doped carbon nanotube arrays with high
electrocatalytic activity for oxygen reduction. Science 2009, 323, 760–764. [CrossRef] [PubMed]

38. Zhu, Q.; Money, S.L.; Russell, A.E.; Thomas, K.M. Determination of the fate of nitrogen functionality
in carbonaceous materials during pyrolysis and combustion using X-ray absorption near edge structure
spectroscopy. Langmuir 1997, 13, 2149–2157. [CrossRef]

39. Cheng, L.; Li, X.-L.; Liu, H.-J.; Xiong, H.-M.; Zhang, P.-W. Carbon-coated Li4Ti5O12 as a high rate electrode
material for Li-ion intercalation. J. Electrochem. Soc. 2007, 154, 692–697. [CrossRef]

40. Mao, X.; Yang, X.; Rutledge, G.C.; Hatton, T.A. Ultrawide-range electrochemical sensing using continuous
electrospun carbon nanofibers with high densities of states. ACS Appl. Mater. Interfaces 2014, 6, 3394–3405.
[CrossRef] [PubMed]

41. Xu, X.; Jiang, S.; Hu, Z.; Liu, S. Nitrogen-doped carbon nanotubes: High electrocatalytic activity toward the
oxidation of hydrogen peroxide and its application for biosensing. ACS Nano 2010, 4, 4292–4298. [CrossRef]
[PubMed]

42. Xu, F.; Deng, M.; Li, G.; Chen, S.; Wang, L. Electrochemical behavior of cuprous oxide-reduced graphene
oxide nanocomposites and their application in nonenzymatic hydrogen peroxide sensing. Electrochim. Acta
2013, 88, 59–65. [CrossRef]

43. Shi, L.; Niu, X.; Liu, T.; Zhao, H.; Lan, M. Electrocatalytic sensing of hydrogen peroxide using a screen
printed carbon electrode modified with nitrogen-doped graphene nanoribbons. Microchim. Acta 2015, 182,
2485–2493. [CrossRef]

44. Penmatsa, V.; Kawarada, H.; Wang, C. Fabrication of carbon nanostructures using photo-nanoimprint
lithography and pyrolysis. J. Micromech. Microeng. 2012, 22, 45024. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/c3cp50900a
http://www.ncbi.nlm.nih.gov/pubmed/23549636
http://dx.doi.org/10.1039/c3ra41294f
http://dx.doi.org/10.1126/science.1168049
http://www.ncbi.nlm.nih.gov/pubmed/19197058
http://dx.doi.org/10.1021/la961027s
http://dx.doi.org/10.1149/1.2736644
http://dx.doi.org/10.1021/am405461j
http://www.ncbi.nlm.nih.gov/pubmed/24547786
http://dx.doi.org/10.1021/nn1010057
http://www.ncbi.nlm.nih.gov/pubmed/20565121
http://dx.doi.org/10.1016/j.electacta.2012.10.070
http://dx.doi.org/10.1007/s00604-015-1605-6
http://dx.doi.org/10.1088/0960-1317/22/4/045024
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preparation of Electrospinning Solution 
	Synthesis of 8% PAN and 1% CNT Carbon Nanofibers Mats 
	Stress-Induced Stabilization 
	Pyrolysis 
	Electrochemical Characterization 

	Results 
	Raman Spectroscopy 
	High-Resolution Transmission Electron Microscopy (HRTEM) 
	X-ray Photoelectron Spectroscopy (XPS) 
	Electrochemistry 

	Discussion 



