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	 The glucose electrooxidation reaction at NiOx nanoparticles loaded on a nitrogen-doped carbon 
nanofiber (N-CNF)-modified glassy carbon electrode (NiOx@N-CNF/GCE) in an alkaline medium 
was studied.  The N-CNF was produced by an electrospinning technique to acquire a large surface 
area.  The produced electrode was characterized by X-ray diffraction (XRD) and scanning electron 
microscopy (SEM) coupled with energy-dispersive X-ray (EDX) analysis.  The electrocatalytic 
properties of this electrode towards glucose oxidation were tested by cyclic voltammetry and linear 
sweep voltammetry (LSV).  The NiOx@N-CNF/GCE catalytic activity towards glucose oxidation 
in an alkaline medium was found to be excellent in terms of measured glucose concentration and 
electrode stability.  It showed high reproducibility and stability towards glucose oxidation with 
activity retention even after 100 cycles of continuous potential scanning.  In addition, NiOx@
N-CNF/GCE showed a good linear behavior of glucose concentration detection in the concentration 
range between 0.0 and 10.0 mM, which highlights its ability to be used as a nonenzymatic glucose 
biosensor.

1.	 Introduction

	 Glucose electrooxidation reaction has attracted research attention recently owing to its importance 
in many beneficial applications such as fuel cells (FCs) and nonenzymatic sensors.(1–3)  Many 
research efforts are currently focused on developing efficient biosensors for glucose nonenzymatic 
direct oxidation.  Initially, precious metals, e.g., Au and Pt, were considered the main catalysts 
for the electrocatalytic oxidation of glucose in an alkaline medium because of their low oxidation 
potential as well as high current densities.(4–7)  However, these electrodes suffer from carbonaceous 
poisoning during the oxidation process, which results in the blocking of the active site available 
for the reaction.(4–7)  Recently, research has been devoted to using nonprecious transition metal 
oxides such as NiOx, CoOx, and MnOx as alternative catalysts for glucose oxidation in an alkaline 
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medium(1–3,8,9)  Among the aforementioned transition metal oxides, NiOx is considered one of the 
most promising catalysts for glucose oxidation owing to its extremely high activity and stability as 
well as easy preparation in many structures.(1,3) 
	 Although tremendous effort has been devoted to replacing the conventional carbon black 
support materials in many electrochemical technologies, e.g., polymer electrolyte membrane fuel 
cells (PEMFCs) and supercapacitors with large-surface-area carbon materials such as reduced 
graphene oxide, CNFs, and carbon nanotubes,(1,2,9–13) few studies were focused on the use of 
CNFs for nonenzymatic glucose electrooxidation.(14)  In this regard, N-CNFs are produced 
from affordable nitrogen-containing polymeric materials with high molecular weights by 
electrospinning techniques followed by graphitization.  As N-CNFs have an enormous tendency 
to conduct electricity, they can be used as a support for loading different metal oxide nanoparticles 
(electrocatalysts)(10–13) for the electrocatalysis of different reactions.  In addition, using N-CNFs, 
which have a large surface area, enhances the dispersion and prevents the aggregation of the 
deposited metal oxide nanoparticles, as well as improves both the stability and electrocatalytic 
activity of such nanoparticles.(10–13)  
	 Although few researchers studied NiOx/CNF electrodes as nonenzymatic sensors for 
glucose,(14–19) in this work, a nitrogen-doped carbon nanofiber (N-CNF) that is loaded with 
NiOx nanoparticles on a glassy carbon electrode (NiOx@N-CNF/GCE) was investigated.  
The electrocatalytic activity of the prepared electrode was investigated as a nonprecious and 
nonenzymatic glucose oxidation electrocatalytic activity in an alkaline medium.  The NiOx@
N-CNF was prepared by mixing a nickel nitrate solution with an N-CNF followed by calcination 
in argon atmosphere.  The prepared electocatalyst was characterized by cyclic voltammetry, linear 
sweep voltammetry (LSV), X-ray diffraction (XRD), and scanning electron microscopy (SEM) 
coupled with energy-dispersive X-ray (EDX) analysis for the mapping of the electrode surface in 
addition to Brunauer–Emmett–Teller (BET) analysis for surface area measurements.

2.	 Experimental Methods

	 All chemicals used in this study were of analytical grade and purchased from Sigma-Aldrich.  
The deionized water from a Milli-Q water purification system with a resistivity of 18.6 MΩ was 
used to prepare all aqueous solutions.  The NiOx@N-CNF has been produced recently according 
to methods developed by our research team.(11,12)  Briefly, 10 g of polyacryonitrile (PAN) was 
dissolved in 100 mL of dimethyl dimethylformamide (DMF) at room temperature and the mixture 
was stirred to form a uniform precursor suspension.  The uniform suspension was then introduced 
into the electrospinning apparatus shown in Fig. 1 to produce the proposed PAN fibers at a 
potential of 20 kV at a distance of 15 cm between the needle and the collector drum with a flow 
rate of 0.5 mL h−1.  
	 The nanofiber was then dried at 50 °C under vacuum and stabilized at 270 °C in air for 2 h.  
N-CNFs were then prepared by the carbonization of the CNFs by heat treatment at 800 °C for 5 h 
in high-purity nitrogen atmosphere.(11,12)  The stabilization step was carried out to form a ladder-
shaped structure that can handle elevated temperatures during the carbonization process.  
	 To achieve 10 wt% loading of nickel oxide on N-CNFs, appropriate amounts of Ni(NO3)2∙6H2O 
and CNFs were mixed in deionized water.  The solution pH was adjusted to 8 using a 1 M NaOH 
solution, and the mixture was stirred continuously for 3 h.  The resulting material was filtered, 
rinsed several times with deionized water, and dried overnight in an oven at 80 °C, then calcined 
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at 400 °C for 2 h.(11,12)  Note that, in contrast to what was performed in this work, Liu et al. 
electrospun Ni acetate with the PAN rather than loading after the carbonization process.(14)

	 The electrode was prepared by dispersing 4 mg of a NiOx@N-CNF in 1% Nafion (diluted from 
5% Nafion using isopropanol) with the aid of a sonicator for 2 h.  Then, 5 μl of the prepared ink 
was cast on a GCE with an apparent surface area of 0.071 cm2 and left to dry for 1 h.(11,12)  All 
electrochemical measurements were performed using a Gamry potentiostat and a Pyrex 50 mL 
electrochemical cell using a saturated calomel electrode (SCE) as a reference electrode and a Pt 
wire as a counter electrode.  The working electrode was the NiOx@N-CNF/GCE.  Electrochemical 
characterizations included cyclic voltametry and LSV in N2-deaerated 0.5 M NaOH solutions with 
different glucose concentrations ranging from 0 to 20 mM.  
	 A JSM-7100 F thermal field-emission SEM (FE-SEM) system was used to document the 
morphology of the as-prepared NiOx@N-CNF.  This system was equipped with an EDX 
spectrometer unit to map the surface of the electrode.  
	 A Bruker D8 Advance X-ray diffractometer with Cu Kα radiation was used to  identify the 
crystal structure and measure the average particle size.  Furthermore, the surface area of the 
produced N-CNF was evaluated via H2 adsorption/desorption, which was determined over the 
pressure range of 0–25 bar at ambient and liquid N2 (77 K) using a Quantachrome Autosorb-1 
system.

3.	 Results and Discussion

	 Figure 2 shows a SEM micrograph of electrospun PAN nanofibers obtained after preparation 
and before calcination.  The nanofibers were distributed randomly.  The nanofiber lengths ranging 
from few hundreds of nanometers to several micrometers were distributed normally.  In addition, 
the nanofiber diameters were around 100 nm.  The nanofibers were straight and their surface was 
smooth as can be seen in the same micrographs.  The nanofibers were then stabilized in air for 2 h 
at 270 °C followed by carbonization at 800 °C for 5 h.
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Fig. 1.	 (Color online) Electrospinning equipment used to prepare polymeric fibers.
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	 Figure 3 shows a SEM micrograph of the N-CNF after carbonization.  The carbon content was 
increased to 90 wt% or higher as shown by EDX analysis as carbon fiber filaments were formed.  
The increase in carbon content was due to the evolution of many gases, e.g., N2, and HCN.
	 After stabilization and carbonization, NiOx was loaded and a calcination process was run at 400 
°C for 2 h.  This calcination process was designed to increase the nanoparticles’ crystallinity in 
order to enhance the composite’s electrocatalytic activity towards glucose oxidation.
	 Figure 4 shows the NiOx nanoparticles before and after being loaded on the N-CNF and 
calcined at 400 °C.  The TEM and SEM images show that the particles exist in clusters of 100 nm 
size with particles of 10 nm each, which have a cubic shape structure.  Note that a parallel study 
was conducted and that the shape of the NiOx nanoparticles and the calcination temperature were 
determined to affect the electrocatalytic properties significantly.
	 Figure 5 shows the XRD pattern of the N-CNF.  The primary equatorial peak at 2θ = 16.8° 
corresponds to a d-spacing of 5.25 Å, while the second reflection at 2θ = 29.5° corresponds to a 
d-spacing of 3.05 Å.  The peaks at 29.5 and 44° for the CNFs (carbonized at 800 °C) indicate (002) 
and (101) layers of hexagonal structures of graphite, respectively.(11,20)

	 The surface area measurements proved that the surface area of the N-CNF was reduced from 
378 to almost 90 m2g−1 after loading it with NiOx.  The reason for this might be the preferential 
deposition at the pores’ edges.
	 Cyclic voltammograms (CVs) were taken in the absence and presence of glucose in an alkaline 
medium to study the glucose oxidation reaction at the as-prepared NiOx@N-CNF/GCE.  Figure 6 
shows CVs of the NiOx@N-CNF/GCE in the absence of glucose (curve a) and the presence of 20 
mM glucose in 0.5 M NaOH (b) at a scan rate of 100 mV s−1.  The CV of the NiOx@N-CNF in the 
absence of glucose (a) reveals the well-defined redox waves of Ni(II)/Ni(III) transformation in an 
alkaline medium at around 0.4 V, which leads to the formation of NiOOH(3,21) according to

	 Ni(OH)2 + OH− ↔ NiOOH + H2O + e−.	 (1)

	 From the Ni 2p region (Fig. 7), it can be seen clearly that the oxidation state of nickel is +2 of 
type Ni(OH)2.(22)  The Ni 2p1/2 and Ni 2p3/2 spin-orbit coupling appears at 874.21 and 856.57 eV, 

Fig. 2.	 SEM micrograph of the PAN nanofibers 
before calcination.

Fig. 3.	 SEM micrograph of N-CNF after calcination 
at 800 °C.
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Fig. 4.	 SEM micrographs of NiOx@N-CNF.
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Fig. 5.	 (Color online) XRD scanning of N-CNF after calcination.

Fig. 6.	 (Color online) CVs of NiOx@N-CNF/GCE 
in 0.5 M NaOH without (a, black) and with (b, red) 
20 mM glucose at scan rate of 100 mV s−1.

Fig. 7.	 High-resolution XPS spectrum of Ni 2p 
region.
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respectively, of 17.64 eV spacing.  The other spectral lines in the Ni region are due shake-up lines 
associated with Ni.  In the presence of glucose (curve b), a notable increase in current and a well-
defined peak for glucose oxidation were obtained.(3,20)  According to the literature, it was reported 
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that the adsorbed glucose molecules undergo oxidation at the electrode surface at a potential that 
coincides with the transformation of Ni2+/Ni3+.  This results in a reduction in the number of glucose 
adsorption active sites, whose overall rate tends to decrease, in addition to the poisoning effect of 
the products and/or intermediates of the glucose oxidation reaction.(3,23)  This explains why, in the 
forward scan, the anodic current passes through a maximum.  Note that the glucose electrocatalytic 
oxidation reaction occurs during the scan in the forward (less noble to more noble) direction as 
well as during the backward one.  The glucose oxidation reaction occurs in the backward scan but 
without the same extent as that in the forwarded one, where a small reduction peak was observed 
during the scan in the more-to-less noble direction.  The latter is attributed to the reduction of the 
remaining NiOOH.(3,20,21)  Hence, the mechanism of GLO at the NiOx@N-CNF/GC electrode can 
be described as(3,20,21)

	 Ni2+ ↔ Ni3+ + e−,	 (2)

	 Ni3+ + glucose ↔ Ni2+ + products.	 (3)

	 Figure 8(a) shows the effect of scan rate on the CVs of the NiO@N-CNF/GCE in 0.5 M NaOH.  
Note that gradual increases in both anodic and cathodic peak currents were measured as the 
potential scan rate increased.  Moreover, Fig. 8(b) shows the variation in peak current (I) with 
the scan rate (υ).  A linear relationship between the peak current and the scan rate was obtained, 
indicating that the transformation process is a surface redox reaction.(3)

	 On the other hand, Fig. 9 presents the CVs of the NiOx@N-CNF/GCE in 0.5 M NaOH 
containing 20 mM glucose at various scan rates ranging from 10 to 500 mV s−1.  Note that the 
potentials of the oxidation peaks shifted towards more positive values with increasing scan rate, 
and that the peak current of glucose oxidation increased gradually.  A linear relationship was found 
between the current of the oxidation peak and the square root of the scan rate, which confirms a 
diffusion-controlled process for the glucose electrochemical redox reaction at the electrode surface.(3)

	 The stability of the prepared electrodes towards the proposed reaction, which is an important 
issue, was explored.  Figure 10 shows the repetitive CVs (black is cycle # 1, red is cycle # 50, and 
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Fig. 8.	 (Color online) (a) Effect of scan rate on the CVs of NiOx@N-CNF/GCE electrode in 0.5 M NaOH and (b) 
anodic and cathodic current peaks of the NiOx vs scan rate.
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Fig. 9.	 (Color online) (a) CVs of NiOx@N-CNF/GCE at different scan rates in 0.5 M NaOH containing 20 mM 
glucose and (b) relationship between square root of scan rate and the anodic peak current, where data were taken 
from Fig. 9(a).
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Fig. 10.	 (Color online) Repetitive CVs (black is cycle # 1, red is cycle # 50, and green is cycle # 100) of the 
NiOx@N-CNF/GCE in 0.5 M NaOH containing 20 mM glucose at a scan rate of 100 mV s−1.
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green is cycle # 100) of the NiOx@N-CNF/GCE in 0.5 M NaOH containing 20 mM glucose at a 
scan rate of 100 mV s−1.  The NiOx@N-CNF/GCE electrode showed an extremely high stability 
with continuous cycling without current fading even at the cycle 100.  However, a notable positive 
shift in onset potential was observed, which may be attributed to the diminishing of the β-NiOOH 
phase (the active phase for glucose oxidation in an alkaline medium) with repetitive cycling.(3)

3.1	 Detection of glucose at NiOx@CNF/GCE

	 The calibration curve for glucose detection in 0.5 M NaOH at the NiOx@N-CNF/GCE was 
performed by LSV.  Figure 11 shows the LSV responses of standard additions of 50 µl of 0.5 
M glucose to 50 ml of 0.5 M NaOH.  The peak current of glucose increased linearly with the 
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incremental concentration of glucose in the range from 0.0 to 10.0 mM.  The linear relationship 
between glucose concentration and the anodic peak current values of glucose oxidation can be 
described [Fig. 11(b)] with the linear regression equation Ip (µA) = 35.83 + 0.997C (mM) in the 
linear range of 0.5 to 5 mM with the correlation coefficient (r2) = 0.9978, and with the regression 
equation Ip (µA) = 42.18 + 1.392C (mM) in the linear range of 5.5 to 10 mM with the correlation 
coefficient (r2) = 0.9977.(6)  Note that the electrode performance was very reproducible regardless 
of the glucose concentration, which makes this electrode very suitable for real applications.

4.	 Conclusions

	 A simple method for the fabrication of a NiOx@N-CNF electrocatalyst was introduced.  The 
prepared NiOx@N-CNF/GCE electrode showed a good catalytic activity and high stability towards 
glucose electrooxidation in an alkaline medium.  In addition, the NiO@N-CNF/GCE revealed 
potential to be used as a nonenzymatic glucose sensor in an alkaline medium in the analyte 
concentration range of 0.1–10 mM.
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