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ABSTRACT: In spite of excellent electrochemical properties, nitrogen-doped carbon nanofibers (NCNFs) have rarely been
studied in the field of electroanalysis. In this work, we investigated the electrochemical properties and biosensing performance of
NCNFs prepared by a newly proposed approach. The as-obtained NCNFs present a unique free-standing structure with high
flexibility which could be convenient for electrode modification. Electrochemical measurements of typical redox species including
[Ru(NH;), 3%, [Fe(CN)s]*~/*, [Fe(H,0),)*"/**, and dopamine indicate that the NCNFs have a larger surface area and faster
electron transfer rate compared with carbon nanofibers (CNFs). The presence of high content of pyrrolic-N and abundant
defective sites in NCNFs leads to an obvious positive shift of peak potential for oxygen reduction at NCNFs relative to that
obtained at CNFs. The unique structure and properties greatly enhance the electrochemical performance of NCNFs. The glucose
biosensor based on glucose oxidase/NCNFs shows linear ranges of 0.2—1.2 mM at —0.42 V and 0.05—3 mM at 0.40 V both with
high stability. These results suggest that the NCNFs could be a convenient and stable platform for electrochemical biosensors.
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1. INTRODUCTION

Carbon materials are widely employed for the electrochemical
analysis of biomolecules and catalyst support owing to their
advantageous properties, including low cost, wide potential
window, and high stability.' > Among these studies, many
reports aimed at the construction of state-of-the-art electro-
chemical biosensors with excellent electroanalytical perform-
ance.® ' However, the relatively inert electrochemical activity
and poor biocompatibility of pristine carbon nanomaterials
have limited their applications, and many methods are
developed to solve these issues.”' "

Doping the heteroatom into the nanomaterials has been
verified to be a feasible approach for the modulation of host
properties.'”'* As for carbons, the inclusion of electron-
accepting nitrogen atoms, which could form valence bonds with
adjacent carbon atoms and improve their electron-donor ability,
may enhance the properties of bulk carbon nanomaterials, such
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as electrocatalytic activity toward oxygen reduction reac-
tion.">”"” More recently, nitrogen-doped carbon nanomaterials
are extensively investigated in biosensors for their favorable
biocompatibility and sensitivity."* "> For example, Kamata et
al. have synthesized a novel nitrogen-doped carbon film via
electron cyclotron resonance sputtering which could be used
for the highly sensitive biosensing of DNA bases.*' The major
forms of these nanomaterials are powder and flake; however,
nitrogen-doped carbon nanomaterials with free-standing
structure could be more attractive in the fabrication of
biosensors for their unique electrochemical properties and
excellent processability. In fact, previous studies demonstrate
that the free-standing films, such as the graphene—TiO, hybrid
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paper, and mesoporous carbon thin films could provide a
continuous electron transport framework with lower ion
transport resistance, shorter electrolyte diffusion length, and
higher active material-to-substrate mass ratios in comparison
with conventional nanomaterials.”*”** Unfortunately, the
investigation of free-standing nanomaterials in electroanalysis
has been seriously limited by the relatively complex preparation
procedures.

Electrospun carbon nanofibers (CNFs) have been consid-
ered as an ideal platform for electrochemical measurements
owing to the free-standing structure and low background
noise.”> Additionally, the preparation of CNFs via electro-
spinning combined with thermal treatment is simple and
efficient. Nevertheless, nitrogen-doped CNFs (NCNFs) are
usually prepared via chemical vapor deposition or post-
treatment under a flow of ammonia (NH;) which may need
high skill and fine manipulation.”**” In addition, there are
rarely reports concerning the application of NCNFs in
electrochemical analysis despite their promising development.
Hence, it is desirable to develop a simple method to prepare
NCNFs for the investigations in biosensors.

Herein, we developed a simple strategy for the production of
electrospun free-standing NCNF film and further studied the
electrochemical properties of NCNFs. The obtained NCNFs
exhibit an average diameter of 146 nm with rough surface
according to SEM and TEM. XPS results reveal that 42 at. % of
nitrogen is in the form of pyrrolic-N for NCNFs, much higher
than that for CNFs. A high content of pyrrolic-N combined
with abundant defective sites leads to the fast electron transfer
rate and high oxygen reduction activity at NCNFs. For the
unique free-standing structure and high flexibility of NCNF
film, the NCNEF-based glucose biosensor could be conveniently
fabricated, which exhibits fast response and high stability

toward glucose detection.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. Polyacrylonitrile (PAN, average M,,
150 000), ammonium iron(II) sulfate hexahydrate (>98%), hexaami-
neruthenium chloride (>98%), glucose oxidase (GOx, from Aspergillus
niger, 185 units mg™'), glucose (>99.5%), dopamine hydrochloride
(DA), uric acid (UA, >99%), and ascorbic acid (AA, >99%) were
purchased from Sigma-Aldrich. Potassium ferricyanide (>99.5%) and
dimethylfomamide (DMF, >99.5%) were obtained from Beijing
Chemical Co. (China).

2.2. Apparatus. The scanning electron microscopy (SEM) images
were obtained using a PHILIPS XL-30 ESEM with an accelerating
voltage of 20 kV. The transmission electron microscopy (TEM)
images and high-resolution TEM (HRTEM) were acquired on a
TECNAI G2 with the accelerating voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) was performed on a Thermo
ESCALAB 250 with Al Ka radiation (pass energy, 20.0 eV; energy step
size. 1.0 €V; total acq. time: 1 min 0.1 s). Raman spectra were
performed on Renishaw RM-1000 with a laser excitation of 514.5 nm.
Electrochemical impedance spectroscopy (EIS) was performed on an
AUTOLAB PGSTAT302N in 5§ mM [Fe(CN)]>~/*~ with 0.5 M KCI
as supporting electrolyte within the frequency range of 0.01—10° Hz.
All other electrochemical measurements were performed on a CHI
832C electrochemical workstation (Shanghai, China).

2.3. Preparation of NCNFs. The NCNFs were prepared by the
carbonization of electrospun PAN nanofibers, and the preparation
process of PAN nanofibers was similar to our previous work." Briefly,
10 wt % PAN solution was prepared by dissolving 0.5229 g of PAN in
DMF as the electrospun solution. The electrospinning process was
carried out in the electric fields of 100 kV/m with a flow rate of 1.0
mL/h. Stabilization and carbonization were performed by the
following steps: (1) stabilized at 300 °C for 60 min in air, (2) heated
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to 900 °C and kept for 120 min in nitrogen, (3) cooled to room
temperature in nitrogen. The entire thermal treatment procedure was
performed with a heating rate of 10 °C/min. An enclosed device
comprised by two combustion boats was employed as the reactor for
PAN nanofibers to increase the resident time of tail gas in it during the
high-temperature process. The pristine CNFs were prepared via the
same procedure in one combustion boat except the first step which
was stabilized in air.

2.4. Fabrication of GOx/NCNF-Modified Electrodes. The
NCNF film was cut to a disk shape with a diameter of 2 mm and
directly adhered to the surface of the glassy carbon electrode
(NCNFs/GCE). Amounts of 2 uL of GOx solution (2 mg/mL) and
1 uL of 0.5 wt % nafion solution were casted successively on the
surface of NCNFs/GCE and then dried at 4 °C. Finally, the modified
electrode was immersed in PBS to remove the loosely adsorbed GOx
and was stored at 4 °C under dry conditions.

3. RESULTS AND DISCUSSION

3.1. Characterization of NCNF Films. Scanning electron
microscopy (SEM) and high-resolution transmission electron
microscopy (HRTEM) were employed to characterize the
NCNF films. As shown in Figure 1A,B, NCNFs exhibited a

Figure 1. SEM (A), TEM (B), and HRTEM (C) of NCNFs and the
photograph of disk-shaped NCNF film (D).

rough surface with an average diameter of 146 nm (n = 20,
RSD = 9.5%). Compared with CNFs, obvious morphology
changes were observed on NCNFs which displayed smaller
diameter and rougher surface (Figure S1A, Supporting
Information). These results could be ascribed to the fact that
the tail gas, mainly NH; would etch the surface of the
nanofibers and introduce the N atoms into the carbon during
the thermal treatment.”® Nano-order structures were also
observed in the HRTEM image of NCNFs according to Figure
1C. More importantly, NCNFs intercrossed each other and led
to the formation of free-standing porous film with high
flexibility, and the NCNF film could be easily cut to the disk
shape for the modification of the electrode (Figure 1D).

It is accepted extensively that the introduction of
heteroatoms into the carbon nanomaterials would yield more
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Figure 2. Raman spectrum (A) and XPS spectrum (B) of CNFs and NCNFs and the N 1s spectra of CNFs (C) and NCNFs (D).
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Figure 3. CVs of CNFs/GCE and NCNFs/GCE in 1.0 mM [Fe(H,0)4]**/?* in 0.1 M HCIO, (A), 0.1 mM DA in 0.1 M HCIO, (B), 1.0 mM
[Fe(CN)4]*~* in 1.0 M KCI (C), and 1.0 mM [Ru(NH,)¢]**/** in 1.0 M KCl (D), respectively. Scan rate: 50 mV s,

defective sites on the surface.?® In this work, the Raman results
demonstrated that the I/I; value of NCNFs (Ip/Ig = 1.942)
was larger than that of CNFs (Ip/I; = 1.850), indicating more
defective sites on NCNFs which is in agreement with previous
reports (Figure 2A). X-ray photoelectron spectra (XPS) results
reveal that the content of nitrogen in NCNFs is smaller than
that in CNFs (Figure 2B). However, previous studies
demonstrate that the properties of nitrogen-doped carbons,
such as catalytic activity, were not directly related to the
nitrogen content.”” The form of N in NCNFs and CNFs was
further investigated by N 1s XPS (Figure 2C,D). Generally, the
N doped in the carbons is always in the form of pyridinic-N
(398.7 + 0.3 V), pyrrolic-N (400.4 + 0.3 eV), and graphitic-N
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(401.4 + 0.3 eV).273° According to the N 1s XPS, the content
of pyrrolic-N (at. %) in NCNFs and CNFs is 42% and 23%,
respectively. It is worthy to note that carbons with pyrrolic-N at
the edges of graphene layers would show higher charge
mobility and better donor—acceptor properties than pyridinic-
N and graphitic-N.*' Hence, NCNFs may be expected to
display a better electrochemical performance relative to CNFs.

For the electrode modification, the NCNF film was cut to
the disk shape with the diameter of 2 mm and directly adhered
to the surface of the glassy carbon electrode (NCNFs/GCE).
Apparently, the modification process of NCNF film is rather
simple, and more importantly this could efficiently improve the
reproducibility of electrochemical performance at NCNF-based
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Figure 4. Cyclic voltammograms of CNFs/GCE (A) and NCNFs/GCE (B) in nitrogen-saturated, air-saturated, and oxygen-saturated 0.1 M PBS

-1

(pH 7.0), respectively. Scan rate: S0 mV s,

0.8
(A)
< 12
=
T -1.6-
0
=
o 20
2.4
0 50 100 150 200
Time /s

glucose

(B) o m[ |

glucose DAAA UA
\ |

100 150 200 250
Time/s

0 50

Figure §. Current—time response curves for successive addition of 0.1 M glucose into the stirred 0.1 M PBS (pH 7.0) under —0.42 V at GOx/
NCNFs/GCE. Inset: calibration curves for glucose obtained at GOx/NCNFs/GCE (A). Current—time response curves for addition of 0.4 mM
glucose, 1 mM DA, 1 mM AA, 1 mM UA, and 0.4 mM glucose into the stirred 0.1 M PBS (pH 7.0) under —0.42 V at the GOx/NCNFs/GCE(B).

biosensors. To evaluate the electrochemical activity of NCNFs
and CNFs, cyclic voltammograms were applied to the redox
species  [Ru(NH;,)s]*"/*, [Fe(CN)]>*", [Fe(H,0)¢]*"*,
and DA at CNFs/GCE and NCNFs/GCE. Figure 3A shows
the cyclic voltammograms of [Fe(H,0)s]**/*" at CNFs/GCE
and NCNFs/GCE. Previous reports reveal that the redox
species of [Fe(H,0)s]*"/*" is sensitive to the presence of
surface oxides on the carbon electrode.>* The peak separation
(AEP) is 85 mV at NCNFs/GCE which is much smaller than
the value obtained at CNFs/GCE (AEP = 208 mV), indicating
a faster electron transfer rate for [Fe(H,0)4]*"/>" at NCNFs/
GCE. The reason could be attributed to a higher amount of
surface oxides at NCNFs.*> As shown in Figure 3B, the value of
AEP for DA also showed an obvious decrease at NCNFs/GCE
compared with that at CNFs/GCE. This result could be
explained by the rough surface of NCNFs which leads to a
larger surface area in comparison with CNFs since the
adsorption of DA onto the electrode surface is essential for
fast electron transfer. The AE, values observed for [Fe-
(CN)¢]*/* (Figure 3C), which is reported to be sensitive to
the surface state, and [Ru(NH,)s]**/**, which is an outer-
sphere-type redox species (Figure 3D), were almost unchanged
at CNFs/GCE and NCNFs/GCE." On the basis of the results
above, NCNFs have a rapid electron transfer rate for the redox
probes sensitive to the surface oxide and area.”®

Previous investigations demonstrate the excellent electro-
catalytic performance of nitrogen-doped carbon nanomaterials
toward oxygen reduction.'” Here, we also estimated the oxygen
reduction activity at NCNFs and CNFs. Figure 4 shows the
cyclic voltammograms of CNFs/GCE (A) and NCNFs/GCE
(B) in nitrogen-saturated (blue curve), air-saturated (black
curve), and oxygen-saturated (red curve) 0.1 M PBS solution
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(pH 7.0). The CNFs/GCE and NCNFs/GCE both showed
obvious electrocatalytic performance toward oxygen reduction.
However, the peak for the oxygen reduction is located at
—0.034 V for NCNFs/GCE in oxygen-saturated PBS solution
and at —0.330 V for CNFs/GCE. Apparently, NCNFs display
higher electrocatalytic activity for the oxygen reduction in
comparison with CNFs, which could be attributed to the
nitrogen doping and abundant surface defective sites.**

3.2. Electrochemical Performance of GOx/NCNFs/GCE.
The electrochemical performance of GOx/NCNFs/GCE in
nitrogen-saturated 0.1 M PBS (pH 7.0) was investigated. A pair
of well-defined redox peaks located at —0.400 and —0.445 V
was observed at GOx/NCNFs/GCE (Figure S2, Supporting
Information). Although previous reports propose that the
voltammetric peaks may be attributed to the redox of flavin
adenine dinucleotide rather than the direct electron transfer
between GOx and electrode, the small peak separation (AE, =
0.045 V) infers a fast electron transfer rate at NCNFs.>>%¢

The Nyquist plots were measured employing [Fe-
(CN)gJ>"* as the electrochemical probe. As shown in Figure
S3 (Supporting Information), the electron transfer resistance at
NCNFs/GCE (curve b) was much smaller than that at GCE
(curve a), suggesting an outstanding electron transfer activity of
NCNFs. Due to the fact that GOx absorbed on the GCE would
block the electron exchange between the electrochemical probe
and the electrode, a significant increase of resistance was
observed on the GOx/GCE (not shown here). However, GOx/
NCNFs/GCE (curve c, Figure S3, Supporting Information)
exhibited a small resistance for the enhancement of the electron
transfer from the NCNFs.

3.3. Glucose Biosensing. Due to their high electrocatalytic
activity toward oxygen reduction reaction, the NCNFs could be
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Figure 6. Current—time response curves for the successive addition of 0.1 M glucose into the stirred 0.1 M PBS (pH 7.0) with the working potential
of 0.40 V at GOx/NCNFs/GCE (A). Inset: Calibration curves for glucose obtained at GOx/NCNFs/GCE. The current—time response curves for

the successive addition of glucose (B).

suitable for the fabrication of a glucose biosensor. Figure 5
presents the amperometric response of the GOx/NCNFs/GCE
obtained through injecting sequentially at regular intervals into
the continuously stirred PBS (pH 7.0) with an applied
electrode potential of —0.42 V. The steady-state current
attained 95% within 3 s after the addition of glucose, indicating
a fast electron transfer rate and quick response. The inset of
Figure 5 illustrates the calibration curve of the response current
against the glucose concentration. The performance of this
biosensor is shown as follows: linear response range from 0.2 to
1.2 mM with a correlation coefficient of 0.998 and a limit of
detection of 0.06 mM (S/N = 3). The as-prepared biosensor
exhibits better detection performance compared with the
porous CNF/ionic liquid/chitosan composite and MWCNT-
coated electrospun gold fibers.3”38 Besides, the GOx/NCNFs/
GCE showed high stability toward the glucose with a relative
standard deviation (RSD) of 8.2% for six continuous assays.
The influence of interfering species on this biosensor was also
measured which shows that 1 mM DA, UA, or AA showed no
interference glucose detection, indicating a high selectivity
(Figure SB).

The NCNF was also found to exhibit high catalytic activity
for H,0, oxidation (not shown here). To further study the
analysis performance of NCNFs, we performed the glucose
detection at GOx/NCNFs/GCE with the applied electrode
potential of 0.40 V. As shown in Figure 6A, the amperometric
response of GOx/NCNFs/GCE was obtained through
injecting sequentially at regular intervals into the continuously
stirred 0.1 M PBS (pH 7.0). The linear range for the glucose
detection was 0.05—3 mM with a correlation coefficient of
0.998, and the detection limit was 0.015 mM (S/N = 3). It
displayed high stability toward glucose with a RSD of 4.5% for
10 continuous assays of 0.1 mM glucose (Figure 6B). However,
the selectivity toward glucose at 0.40 V at GOx/NCNFs/GCE
is relatively poor such that the addition of 0.25 uM AA and UA
would affect the detection of 0.5 mM glucose (not shown
here). This result, on the other hand, reveals the high
electrocatalytic activity of NCNFs.

4. CONCLUSION

In summary, we have proposed a novel method for the simple
but efficient preparation of NCNF film and further explored the
electrochemical performance of the obtained nanomaterials.
The resultant NCNF film exhibits good processabilty
originating from the unique free-standing structure and high
flexibility. Electrochemical measurements demonstrated that
the NCNFs have a fast electron transfer rate and high
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electrocatalytic activity toward oxygen reduction, which could
be attributed to the presence of abundant defective sites and
high content of pyrrolic-N on the surface of NCNFs according
to the Raman and XPS results. Due to the excellent mechanical
and electrochemical properties, the NCNEF-based biosensor
could be constructed conveniently and realize the glucose
detection with high sensitivity and stability. Our work suggests
that the free-standing NCNF film could be a suitable platform
for high-performance electrochemical biosensors.
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