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Abstract
Electrochemical nonenzymatic biosensors with no immobilization and degradation problem, have
recently attracted growing attention due to stability and reproducibility. Here, a comparative study was
conducted to precisely evaluate the nonenzymatic glucose sensing of pure/oxidized Ni, Co, and their
bimetal nanostructures grown on electrospun carbon nano�bers (ECNFs). This method provides a low-
cost free stand electrode. The prepared nanostructures with superb physiochemical features exhibited
sensitivity (from 66.28 to 610.6 μA mM−1 cm−2), linear range of 2-10 mM, limit of detection in the range of
1 mM, and response time (<5 s), besides outstanding selectivity and applicability for glucose detection in
the human serum. Regarding Co-C and Ni-C phase diagrams, solid-state diffusion phenomena, and
rearrangement of dissolved C atoms after migration from metal particles was discussed. This study
undoubtedly provides new prospects on nonenzymatic biosensing performance of mono-metal, bimetal,
and oxide compounds of Ni and Co elements, which is useful for the fabrication of biomolecules
detecting devices.

1. Introduction
Electrochemical biosensors are a major  group of biosensors including considerable applications due to
their high sensitivity, ease of construction, and low cost [1,2]. These biosensors are categorized into two
types of enzymatic and nonenzymatic. Enzymatic biosensors have advantages such as excellent
selectivity, fast performance, and good catalytic activity, all of which improve the sensitivity of the
sensor [3]. Despite the stated merits, recent research has often focused on enzyme-free biosensors due to
the complexity of the enzyme immobilization method, thermal and chemical instability, high expense of
enzymes, and the dependence of sensor sensitivity on temperature, pH, and humidity [4].

One of the essential parameters in the performance of biosensors is the sensitivity of the electrode
employed in the design of the sensor. In recent years, electrodes of carbon-based nanomaterials such as
carbon nanotubes, graphene, and carbon nano�bers (CNFs) have been applied as substrates and
protectors to increase the electrical conductivity of biosensor electrodes [5–7]. The presence of
conductive carbon nanomaterials accompanied with a very high speci�c surface area facilitates charge
transfer and rapid electron transfer, which in turn increases the sensitivity of biosensor [8,9].

Among carbon materials, carbon nano�bers as one-dimensional carbon nanomaterials and carbon-
nano�bers-based nanocomposites have recently been used in supercapacitors [10], fuel cells [11],
catalyst protectors [12], and gas sensors [13]. Since they can be employed simultaneously both as a
transducer which relays the electrochemical signal and as a highly porous matrix for further loading of
nanoparticles. Furthermore, compared to other carbon nanomaterials, carbon nano�bers can be used
directly as an electrode without any binders, which increases the electrical conductivity of the
electrodes [14].
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Recently, electrospinning has been recognized as a simple and economical technique for making one-
dimensional polymer-based ECNFs with diameters ranging from tens nanometers to several
microns [15]. Among the various precursors employed to produce ECNFs, polyacrylonitrile (PAN) has been
used as a common polymer due to its easy carbonization process and high carbon yield [16]. The
electrospinning process can also be utilized to prepare metallic nanoparticles (N.P.s) / ECNF composites.
This can be done by spinning PAN nano�bers containing metal precursors and subsequently a heat
treatment process for electrocatalytic applications. NPs / ECNF composites, prepared through
electrospinning method, enjoy high mechanical strength, and the N.P.s are uniformly dispersed in and on
the surface of ECNFs [17]. The presence of metal N.P.s can increase the arrangement of �bers in ECNF
and the degree of ECNF graphitization. Among the transition metals, elements such as nickel (Ni), iron
(Fe), cobalt (Co), platinum (Pt), molybdenum (Mo), chromium (Cr), and boron (B) are far effective in
catalytic graphitization [18,19]. Furthermore, Ni and Co have displayed superior electrocatalytic properties
in biosensor applications. Hence, decorating the pure/oxidized Ni, Co, and their bimetal complex on the
surface of ECNFs can be an appropriate candidate in the electrode construction of electrochemical
biosensors.

The normal blood glucose concentration range is 3-8 mM [20]. The rise of diabetes has caused concern in
the global community and has prompted researchers to carry out research on the development of glucose
biosensors with high sensitivity and speed of diagnosis [21]. In order to progress in the nonenzymatic
glucose biosensors with high sensitivity and reproducibility, many investigations have been made on
different nanomaterials [22]. The electrocatalytic activity toward oxidation of glucose has shown on
some noble metals such as Pt and Au. However, these metals are expensive. Furthermore, the surfaces of
noble metals are quickly fouling by adsorbed interfering intermediates, and chlorine ions in blood. This
causes interference in the sensitivity and performance of biosensors [23]. In order to solve the toxicity
problem of noble metals, various transition metals and metal oxides, such as Ni [24], NiO [25], CuO [7],
Co3O4 [26] and their alloys, such as Pd–Ni [9], and NiCo2O4 [27] have been investigated in many papers.

In this study, the homogenous PAN solutions with different concentrations of Ni and Co salt precursors
were prepared and electrospun to acquire PAN nano�bers and then, they were subjected
to stabilization and carbonization heat treatments. Then the resulting nanocomposites were used directly
and with no binders in the manufacture of nonenzymatic glucose biosensors as free-standing electrodes.
The in�uence of catalyst content and carbonization time (Tc) parameters on the performances of
manufactured biosensors electrode was evaluated. 

2. Experimental
2.1. Materials 

PAN (average Mw = 80 000, Purchased from Polyacryle co.) was used as the polymer precursor, and N, N-
dimethylformamide (DMF, Purchased from Aldrich) was employed as the solvent to prepare the ECNFs
matrix solution. Cobalt (II) acetate Tetra hydrate (CoAc, Purchased by Aldrich) and Nickel (II)
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acetylacetonate (Ni (acac) 2, Purchased from Aldrich) were utilized as the metal precursors
of monometal, bimetal and oxide compounds of Ni and Co elements. Glucose, NaOH ascorbic acid (A.A.),
uric acid (U.A.), and dopamine (DA) were purchased from Mojallali Industrial Chemical Complex Co.
(Iran). All other reagents were of analytical grade and used without further puri�cation. Double distilled
water was used for the preparation of all solutions.

2.2. Preparation of pure ECNF

1.2 g of PAN was dissolved in 8.8 g of DMF at room temperature for two hr under magnetic stirring. The
mixture was transferred to a plastic capillary and electrospun on a spinning machine (Fanavaran nano-
meghyas Co.) with a high voltage at 11.5 kV and the collector-to-needle distance at 10 cm to collect a
non-woven mat polymer nano�bers on an aluminum foil �xed collector. Then electrospun nano�bers
were stabilized at 230 °C for one hr in an air furnace. Thereafter, stabilized PAN nano�bers were
carbonized at 1000 °C for �ve hr in a nitrogen atmosphere of a tube furnace and pure ECNF was
synthesized.

2.3. Preparation of Ni and Ni oxide (NiO) decorated ECNF

In a typical process, 1.2 g of PAN was dissolved in 8.8 g of DMF at room temperature for two hr under
magnetic stirring. Then, 0.5 g of Ni (acac) 2 was added to the top solution and stirred again for 24 h on
the magnetic stirrer. The mixture was transferred to a plastic capillary and electrospun on a spinning
machine with a high voltage at 11.5 kV and the collector-to-needle distance at 10 cm. Then electrospun
nano�bers were stabilized at 230 °C for one hr in an air furnace. Thereafter, stabilized PAN nano�bers
containing Ni salts precursors were carbonized at 1000 °C for �ve hrs in a nitrogen atmosphere of a tube
furnace. Finally, Ni/ ECNF nanocomposites were synthesized. In an effort to identify an optimized
composition, different amounts of Ni (acac) 2 was added into the �xed amount of PAN precursor, namely,
0.2, 0.35, and 0.5 g, for 1.2 g of PAN. The �nal products were labeled as 0.2 Ni/ ECNF-5h, 0.35 Ni/ ECNF-
5h, and 0.5 Ni/ ECNF-5h, respectively. Also, to identify the optimum Tc, times of 1, 3 and 5 hrs at a
constant temperature (1000 °C) and a constant amount of 0.5 g of salt, were selected in a nitrogen gas
tube furnace. On the basis of the different Tc, the �nal products were labeled as 0.5 Ni/ ECNF-1h, 0.5 Ni/
ECNF-3h, and 0.5 Ni/ ECNF-5h.

Furthermore, the carbonized 0.5 Ni/ ECNF-5h was post-heat treated at 300 °C for 15 min in air to
precipitate NiO/ ECNF.

2.4. Preparation of Co and Co oxide (Co3O4) decorated ECNF

1.2 g of PAN was dissolved in 8.8 g of DMF at room temperature for two hr under magnetic stirring. Then,
0.5 g of CoAc was added to the top solution and stirred again for 24 h on the magnetic stirrer. The
mixture was transferred to a plastic capillary and electrospun on a spinning machine with a high voltage
at 11.5 kV and the collector-to-needle distance at 10 cm. Then electrospun nano�bers were stabilized at
230 °C for 1 h in an air furnace. Thereafter, stabilized PAN nano�bers containing Co salts precursors were
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carbonized at 800 °C for 5 h in a nitrogen atmosphere of a tube furnace.  Different amounts of CoAc was
added into the �xed amount of PAN precursor, namely, 0.2, 0.35, and 0.5 g, for 1.2 g of PAN to identify an
optimized composition, The �nal products were labeled as 0.2 Co/ ECNF-5h, 0.35 Co/ ECNF-5h, and 0.5
Co/ ECNF-5h, respectively. Besides, Different times of 1, 3 and 5 hr at a constant temperature (800 °C)
and a constant amount of 0.5 g of salt, were selected in a nitrogen gas tube furnace to identify the
optimum tc,. On the basis of the different tc, the �nal products were labeled as 0.5 Co/ ECNF-1h, 0.5 Co/
ECNF-3h, and 0.5 Co/ ECNF-5h.

Furthermore, to precipitate Co3O4/ ECNF, the carbonized 0.5 Co/ ECNF-5h was post-heat treated at 300 °C
for 15 min in air.

2.5. Preparation of bimetallic Ni/Co decorated ECNF

 1.2 g of PAN was dissolved in 8.8 g of DMF at room temperature for 2 hr under magnetic stirring. Then,
0.5 g of Mixture of Ni (acac) 2 / CoAc was added to the top solution and stirred again for 24 hr on the
magnetic stirrer. The mixture was transferred to a plastic capillary and electrospun on a spinning
machine with a high voltage at 11.5 kV and the collector-to-needle distance at 10 cm . Then electrospun
nano�bers were stabilized at 230 °C for 1 hr in an air furnace. Thereafter, stabilized PAN nano�bers
containing Ni/Co salts precursor were carbonized at 800 °C for 5 h in a nitrogen atmosphere of a tube
furnace, respectively. Finally, bimetallic Ni-Co / ECNF nanocomposites were synthesized. In an effort to
identify an optimized composition, different ratios of mixture of Ni (acac) 2 / CoAc were added into the
�xed amount of PAN precursor, namely, 0.05/ 0.45, 0.15/ 0.35, 0.25/ 0.25, 0.35/ 0.15, and 0.45/ 0.05 g for
1.2 g of PAN. The �nal products were labeled as Ni10Co90/ ECNF-5h, Ni30Co70/ ECNF-5h, Ni50Co50/
ECNF5h, Ni70Co30/ ECNF-5h, and Ni90Co10/ ECNF-5h, respectively.

Furthermore, in order to precipitate NiCo2O4/ ECNF, the carbonized Ni70Co30/ ECNF-5h was post-heat
treated at 300 °C for 15 min in air.

Higher amounts of CoAc or Ni (acac) 2 resulted in di�culties in electrospinning; thus, no further attempts
were made to increase the metal precursor’s content.  

2.6. Preparation of biosensor electrodes

The working electrode with dimensions of 1cm×1.5cm was directly prepared by free-standing pure ECNF,
Ni/ ECNF, NiO/ECNF, Co/ ECNF, Co3O4/ ECNF, Ni-Co/ ECNF, and NiCo2O4/ ECNF. No binder was employed
and the electrode was implanted between two pieces of stainless steel while a part of it was exposed to
electrolyte solution.

2.7. Morphological and structural characterizations 

The microstructures and morphologies of the materials were studied on a �eld emission scanning
electron microscope (FESEM, Mira 3-XMU, TESCAN Co.). The crystal structure was evaluated on an X-ray
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diffraction (XRD) system (microanalyzerxmf-104) with Cu Kα radiation. Raman spectroscopy (Takram
P50C0R10, Teksan) with a laser wavelength of 532 nm was used to characterize the degree of
graphitization of electrodes. Thermogravimetric analysis (TGA) was conducted in the air over a
temperature range of 50−800 °C with a heating rate of 10 °C min-1 using a STA 504. Nitrogen
adsorption/desorption isotherms were obtained on a Belsorp mini II analyzer at 77 K. The speci�c surface
areas were determined using the Brunauer−Emmett−Teller (BET) method. The electrical conductivity of
samples was measured based on the two -point probe methods (2602A system source meter, keithley) at
room temperature.

2.8. Electrochemical Measurements 

All electrochemical measurements were performed in a beaker-type three-electrode system in 25cc of 0.1
M NaOH aqueous electrolyte at room temperature. A platinum plate and a saturated Ag/AgCl electrode
were utilized as the counter electrode and reference electrode, respectively. The prepared electrodes were
tested using a cyclic voltammetry (CV) method, chronoamperometric technique (I-t), and electrochemical
impedance spectroscopy (EIS) technique on an Autolab PG STAT204N. The CV measurements were
made at a potential window of 0.2-0.8 V at different scanning rates. EIS was performed at open circuit
potential (OCP) with a frequency range from 10-2 - 105 Hz and an alternating current (A.C.) voltage
amplitude of 5mV in 0.1 M KCl solution containing 5mM [Fe (C.N.)6]3-/4-.

3. Results And Discussion
3.1. Structure characterizations of Co/ ECNF, Ni/ ECNF and Ni-Co / ECNF nanocomposites

With a combination of electrospinning and heat treatment techniques, metal N.P.s formed in-situ and
grew on the surface of ECNFs. The mechanism of N.P.s formation at temperatures of about 250 ° C to
500 ° C, the metal salts ligand was thermally decomposed and pure metal remained. At temperatures of
650 to 1000 ° C, the ECNFs were formed from electrospun polymer nano�bers. As well, at high
temperatures, metal N.P.s diffused from bulk of ECNFs to the surface due to the existence of metal
concentration gradient between the bulk and ECNFs surface [28,29].

Fig. 1A-C showed FESEM images of Ni/ ECNF carbonized at T=1000°C and t=5hr, with different mass
percentages of primary Ni precursor, i.e., 0.2 Ni/ ECNF, 0.35 Ni/ ECNF, and 0.5 Ni/ ECNF. Also, Fig. 1D-F
displayed FESEM images of Co/ ECNF carbonized at T=800°C and t=5hr, with different mass percentages
of primary Co precursor, i.e., 0.2 Co/ ECNF, 0.35 Co/ ECNF, and 0.5 Co/ ECNF. Furthermore, Fig. 1E and 1S
displayed FESEM images of bimetallic Ni-Co/ ECNF carbonized at T=800°C and t=5hr. In all
nanocomposites, metal N.P.s were uniformly dispersed on the surface of the ECNF with a narrow size
distribution. When the percentage of metal salts precursor in the primary solution increased, the �ber
diameters was smaller due to the lower carbon content in the nanocomposite. In all nanocomposites,
ECNFs had a uniform bead-free morphology with diameters of about 200-400 nm and lengths of tens of
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micrometers. Moreover, the loading percentage of N.P.s on ECNF surface increased with increasing the
percentage of salt in the primary solution.

It was also found that the tc parameter affected the metal N.P. sizes. For this purpose, 0.5 Ni/ ECNF and
0.5 Co/ ECNF nanocomposites were carbonized for 1, 3, and 5 hr. FESEM images and histograms of the
size distribution of Ni and Co N.P.s on the surface of ECNF are shown in Figure S2 and S3, that the Ni
particle sizes were 116.3 ± 4.3, 56.25 ± 3.6, 35.3 ± 3.1 nm respectively, for 0.5 Ni/ ECNF-1h, 0.5 Ni/ ECNF-
3h and 0.5 Ni/ ECNF-5h. Also, for 0.5 Co/ ECNF-1h, 0.5 Co/ ECNF-3h and 0.5 Co/ ECNF-5h,  the Co particle
sizes were 52.8 ± 4.8, 48.05 ± 4.7, 46 ± 3.4 nm, respectively. It was observed that with increasing tc, the
size of Co and Ni N.P.s decreased. It was also seen that all the N.P.s had a narrow-size distribution at
different carbonization times. Also, with increasing tc from 1 to 5 h, due to increased nucleation and
growth, the percentage of loading or the number of N.P.s on the surface of ECNFs increased. 

Energy-dispersive X-ray spectroscopy (EDX) was applied to investigate compositions of Ni/ ECNF, Co/
ECNF, and Ni-Co/ ECNF nanocomposites. According to Figure 2A, the EDX spectrum of Ni/ ECNF
con�rmed the presence of C, Ni, N, and O elements. The presence of C, Co, N, and O elements in Co/ ECNF
and presence of C, Ni, Co, N, and O elements in Ni-Co/ ECNF was also shown in Figure S2 A and B.

In addition, the weight percentages of C, Ni, O, and N elements in the 0.5 Ni/ ECNF-5h were 71.83, 16.42,
2.77, and 8.98 wt. %, respectively. The weight percentages of C, Co, O, and N elements were obtained in
0.5 Co/ECNF-5h nanocomposite of 66.35, 15.72, 4.48, and 13.45 wt. %, respectively. Also, weight
percentages of C, Ni, Co, O, and N elements were obtained in Ni70Co30 / ECNF-5h of 65.61, 12.77, 5.81,
3.27 and 12.54 wt. %, respectively. The presence of nitrogen peak in the EDX spectrum was due to the
presence of some nitrogen atoms on the surface of the �nal ECNFs, probably because PAN was used as
the precursor for the synthesis of ECNFs [30].

Figures 2(B- C) and Fig. S4 (C-G) illustrated the map images of 0.5 Ni/ ECNFs, 0.5 Co/ ECNFs and
Ni70Co30/ ECNF-5h nanocomposites. It was seen that the C, Ni, and Co elements were uniformly
dispersed and present in the nanocomposites.

The XRD pattern of the monometallic Ni/ ECNF and Co/ ECNF nanocomposites and bimetallic Ni-Co/
ECNF nanocomposites are demonstrated in Figure 2D. We used XRD to further con�rm the formation of
the N.P.s and to investigate the crystalline structure of nanocomposites. The diffraction peaks with 2θ
value of 26.52°, 23.0° and 26.14° in the Ni/ ECNF, Co/ ECNF and Ni-Co/ ECNF correspond to the (0 0 2)
plane of the graphite structure in ECNF. For Ni/ ECNF, three sharp diffraction peaks at 2θ values of 44.5°,
51.8° and 76.4°  were observed, corresponding to the (1 1 1), (2 0 0) and (2 2 0) crystalline planes of fcc
Ni, respectively [31]. For Co/ ECNF, three sharp diffraction peaks at 2θ values of 44.4°, 51.4°, and 76.0°,
corresponding to the (1 1 1), (2 0 0), and (2 2 0) crystalline planes of fcc Co, respectively [32]. Also, for
bimetallic Ni-Co/ ECNF nanocomposite, three sharp diffraction peaks at 2θ values of 44.96°, 52.49°, and
76.83°, corresponding to the (1 1 1), (2 0 0), and (2 2 0) crystalline planes of fcc phase, respectively [33].
These results indicate that metal precursors have been completely converted into elemental metals.
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Moreover, compared to Co/ ECNF, the diffraction peak of (0 02) plane in Ni/ ECNF nanocomposite has
been shifted to 2θ of higher level indicating that the crystallinity percentage of carbon in Ni/ ECNF is
higher than that of Co/ ECNF.

TGA was performed in air at a heating rate of 10 °C/min from 50-800 °C     to study thermal stability and
the percentage of metal N.P.s loading into the ECNF structure. According to Fig. 2E, a major weight loss
was shown in the range of 350 to 450°C, which was related to the oxidation process of carbon
nano�bers. The decomposition temperature of 0.5 Ni/ ECNF-5h nanocomposite was higher than that of
0.5 Co/ ECNF-5h nanocomposite. It was also seen that 0.5 Ni/ ECNF-5h and 0.5 Co/ ECNF-5h
nanocomposites exhibited major weight loss at lower temperatures than that of pure ECNFs, possibly due
to the higher thermal conductivity of ECNFs containing metal particles caused lower temperature
degradation. However, it was also observed that the slope of the major weight loss in nanocomposites
was lower than that of pure ECNFs. The percentages of Ni, Co and Ni/Co N.P.s loadings in the 0.5 Ni/
ECNF-5h, 0.5 Co/ ECNF-5h and Ni70Co30/ ECNF-5h nanocomposites were 41.4, 18.8 and 25.5 wt. %,
respectively. 

Raman spectroscopy was used to study the microstructure of CNFs containing metal more closely and to
study the graphite structure and degree of graphitization of nano�bers. Carbon materials generally
displayed two common peaks in Raman spectroscopy, known as D and G band peaks. The D band was
associated with disorder due to structural defects in carbon, and the G band was related to the stretching
vibrations of the ordered sp2 bonding carbon atoms in the graphitic layers, as seen in Figure 3 A-C [34,35].
Figures S 5 demonstrated the Raman spectra of Ni/ ECNF and Co/ ECNF and the effect of metal
precursors percentage and tc on the intensities of D and G peaks. Also, Figures S 5 showed Raman
spectra of bimetallic Ni-Co nanocomposites with different percentages of Ni and Co precursors.

In Table 1, the Raman spectroscopy results of Ni/ ECNF and Co/ ECNF nanocomposites were presented.
I.D. (intensity of D band peak), I.G. (intensity of G band peak), ID/IG ratio (R ratio), the degree of
graphitization, and the average crystallite size (La) were calculated. The degree of graphitization was

estimated by the intensity The average crystallite size was estimated
through the following equation: in which 𝜆 is the wavelength of laser [37]

According to Tables 1, with increasing metal salt precursor percentages from 0.2 to 0.5 g in both Ni/
ECNF and Co/ ECNF nanocomposites, the R ratio value decreased, and the degree of graphitization and
the average crystallite size increased. This indicated that the structural order and crystallinity percentage
of ECNFs increased [38].  It was also observed that with increasing tc, the crystallinity percentage of
nanocomposites increased. The higher the degree of graphitization and the crystallinity percentage of the
ECNFs, the greater the electrical conductivity and the better the substrate for biosensor application [39]. In
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addition, it is important to note that the R ratio values for Ni-containing composites were lower than those
of Co-containing composites, indicating that Ni metal had a higher ability to graphitize ECNFs.

Table 1 : D and G peaks intensity, R ratios, degree of graphitization, and estimated La values of Ni/ ECNF
and Co/ ECNF nanocomposites with different tc and metal salt precursor contents.

Raman data of bimetallic nanocomposites are presented in Table S1. It is observed that with increasing
the amount of Ni precursor in the initial solution, the value of R ratio decreases, and the degree of
graphitization increases, as shown for Ni70Co30/ ECNF-5h sample, with the maximum degree of carbon
graphitization. Afterward, the degree of graphitization decreases with a further rise of Ni precursor in the
solution.

At the carbonization stage, the metallic precursor was converted to metallic N.P.s, which acted as
catalysts to crystallize amorphous carbon and create hexagonal graphite structures [40]. Graphitization
around the metal N.P.s occurs during the heat treatment involved the dissolution of amorphous carbon
into catalyst particles, followed by the precipitation of graphitic carbon[19,41]. The presence of graphite
not only increased the electrical conductivity of the ECNFs substrate, which increased the sensitivity of
the biosensor but also prevented the N.P.s from being separated from ECNFs matrix [42].

The testing voltage ranged from 0 V to 1V for conductivity assessment on Keithley instrument. The
measurement was done for 5 times under the same conditions. The average I -V curve is shown in Fig.
S6. The values of conductance, thickness and electrical conductivity of nanocomposites are given in
Table 2 and Table S2. According to Table 2, it was observed that with increasing the percentage of the
metal precursors in the composition, the electrical conductivity of the nanocomposite increased. In fact,
as the metal catalyst content in the nanocomposite system increased, the degree of graphitization of
ECNFs increased, and the   graphite structure became more arranged [43]. Also, according to Table 2,
increasing the tc had a signi�cant effect on the electrical conductivity of the samples. Time parameter
was another in�uential parameter on the degree of carbon graphitization in a way that the longer the tc,
the more structural order in carbon, and the higher the degree of graphitization and electrical conductivity
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of ECNFs. At the same tc and at the same percentage of metal salts precursor in the two Ni/ ECNF and
Co/ ECNF nanocomposites, it was observed that the electrical conductivity of the Ni-based
nanocomposite was higher than that of Co-based nanocomposite due to the higher Ni catalyst
graphitization ability in the substrate of ECNFs. Furthermore, according to Table S2, with increasing the
percentage of Ni in the bimetallic system, the electrical conductivity of the electrode increases, so that for
Ni70Co30/ ECNF-5h, with the combination of Ni (acac) 2 / CoAc: 0.35 / 0.15 g, the highest electrical
conductivity was obtained. Therefore, the results of electrical conductivity were in agreement with the
results of Raman spectroscopy.

Table 2 :  Electrical Conductivities of Ni/ ECNF and Co/ ECNF Nanocomposites with different tc and metal
salt precursor contents.

Sample name Conductance=1/R
(S)

Thickness of samples
(µm)

Electrical conductivity
(S/cm)

0.5 Ni/ ECNF-1h 0.016 75 2.13

0.5 Ni/ ECNF-3h 0.064 60 10.66

0.5 Ni/ ECNF-5h 0.076 64 11.87

0.35 Ni/ ECNF-
5h

0.052 72 7.22

0.2 Ni/ ECNF-5h 0.037 61 6.06

0.5 Co/ ECNF-1h 0.0084 62 1.35

0.5 Co/ ECNF-3h 0.0094 65 1.45

0.5 Co/ ECNF-5h 0.046 68 6.76

0.35 Co/ ECNF-
5h

0.036 66 5.45

0.2 Co/ ECNF-5h 0.01 63 1.59

The nitrogen adsorption/desorption isotherms are shown in Figure S7, and the BET speci�c surface areas
of Ni/ ECNF and Co/ ECNF nanocomposites, and pure ECNFs were summarized in Table 3. It was
observed that the speci�c surface area of the metal-containing nano�bers were higher than those of the
pure nano�bers, which was due to the exhaled gases from the thermal decomposition of the metal
precursor ligand. Moreover, through increasing the metal salt precursor content in nanocomposites, the
speci�c surface area increased [44]. The higher surface area facilitated ion penetration between the
electrode and the electrolyte and facilitated electron transfer rate, which had a favorable effect on the
biosensor sensitivity.

Table 3 : Speci�c surface areas of pure ECNF and nanocomposites of Ni/ ECNF and Co/ ECNF prepared
with different metal salt precursor contents.
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3.2. Electrochemical measurements and Electrocatalytic oxidation of glucose 

All electrodes were prepared free standing without the need for a binder and GCE in order to bring the
electrode to the actual glucometer strips and to be employed in practical applications. 

In order to investigate the electrochemical properties of the electrodes, CV analysis was performed with
the potential range from 0.2 to 0.8 V in 0.1 M NaOH aqueous solution in absence (black line) and
presence (red line) of 4 mM glucose at a scan rate of 50 mVs-1. According to Fig. 4(B-D) (black line), a
pair of redox peaks was observed in the potential range of 0.25 - 0.65V, corresponding to the reversible
redox reactions of Ni(II)/Ni(III) and Co(II)/Co(III) redox couple in the alkaline media [24,45]. In addition, in
comparison with Co/ ECNF electrode, the Ni/ ECNF electrode showed lower anodic peak potentials and
higher anodic peak current. It re�ects easier electron transfer kinetics and facilitated Ni(II)/Ni(III) redox
processes of Ni/ ECNF than Co/ ECNF due to the higher electrical conductivity and higher speci�c surface
area of Ni/ ECNF nanocomposite. Also, as shown in Fig. 4 A (black line), it was observed that pure ECNFs
exhibited no redox peak during the scan potential. Therefore, Ni and Co acted as excellent
electrocatalysts in nanocomposites. 

After the addition of 4mM glucose into the 0.1 M NaOH solution, it was observed that for the pure ECNF,
no oxidation and reduction peak was perceived and CV curves show the same behavior in the absence
and presence of glucose. This indicated that pure ECNF had no electrocatalytic activity toward the
glucose oxidation reaction. For 0.5 Ni/ ECNF-5h, 0.5 Co/ ECNF-5h and Ni70Co30/ ECNF-
5h nanocomposites, a pair of oxidation and reduction peak was observed in the potential range of 0.65
and 0.25 V, respectively, corresponding to the redox pair of Ni (II)/Ni (III) and Co (II)/Co (III) formed in the
alkaline media. After the addition of 4mM glucose into the 0.1 M NaOH solution, it was observed that the
anodic peak current of 0.5 Ni/ ECNF-5h, 0.5 Co/ ECNF-5h and Ni70Co30/ ECNF-5h electrodes increased at
ca. 0.55, 0.6 and 0.65V respectively, indicating that the Ni and Co N.P.s on the surface of the ECNFs were
capable of catalyzing the glucose oxidation reaction. It was also observed that the anodic peak current of
Co/ ECNF nanocomposites was lower than that of Ni/ ECNF nanocomposites. This result suggested that
Ni/ ECNF was much more sensitive than Co/ ECNF to changes in glucose concentration.
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Furthermore, to investigate the effect of tc on electrochemical properties, the CV analysis was conducted
on Ni/ ECNF electrodes synthesized with different tc of 1, 3, and 5 h. As shown in Figure 4 E, with
increasing tc from 1 to 5 h, the anodic peak potential decreased and anodic peak current increased due to
the increased electrical conductivity with increasing tc. This result also held true for Co/ ECNF
nanocomposites (the data are not shown here).

Figure 4F illustrated the effect of glucose concentration on the anodic peak current of Ni/ ECNF
nanocomposites in the CV. It was observed that the anodic peak current increased with an increase in
glucose concentration, indicating high electrode sensitivity in glucose oxidation reaction. EIS technique
was also performed to better understand the electrochemical properties of 0.5 Ni/ ECNF-5h, 0.5 Co/
ECNF-5h and Ni70Co30/ ECNF-5h nanocomposites, and the Nyquist plots are displayed in Fig. 5A. The
electron transfer resistance (Rct), known as the electron transfer kinetics at the electrode interface, was
measured using EIS. The Rct value of 0.5 Ni/ ECNF-5h electrode was smaller than that of the 0.5 Co/
ECNF-5h electrode, indicating easier electron transfer kinetics and higher electron transfer rate during
redox processes in the Ni/ ECNF composite. Also, Rct value of Ni70Co30/ ECNF-5h electrode was smaller
than that of the 0.5 Co/ ECNF-5h electrode. Therefore, the impedance test results con�rmed the results of
CV study. The effect of scanning rate on the oxidation response of 2.0 mM glucose in aqueous solution
of 0.1M NaOH was investigated via CV analysis. According to Fig. 5B, the anodic peak current increased
with increasing scan rate in the range of 10 to 200 mVs-1. Also, the anodic peak currents were
proportional to the square root of the scan rate (Fig. 5C). This indicates that the glucose oxidation
reaction at the electrode interface was a diffusion controlled process well corresponded to the EIS results.

3. 3. Amperometric sensing of glucose at the electrodes

The convenient production method and low-cost of free-standing electrodes, without the need for a
glassy carbon electrode and binders and, together with high electrocatalytic performance, converted
N.P.s/ ECNFs nanocomposites into electrodes with a suitable electrochemical sensing for amperometric
detection of glucose. Initially, the effect of applied potential on the current response was investigated to
achieve the highest current responses. As shown in Figure 5D, for 0.5 Ni/ ECNF-5h nanocomposite with
potential variations ranging from 0.25 to 0.65V, the maximum current response was obtained at a
potential of 0.5V. Whereas, for 0.5 Co/ ECNF-5h and Ni70Co30/ ECNF-5h nanocomposites, this maximum
current occurred at a potential of 0.6V and 0.55V, respectively (Fig. 5 D).  Therefore, the values of 0.5, 0.6
and 0.55V for Ni/ ECNF, Co/ ECNF and Ni-Co/ ECNF nanocomposites were selected as optimum applied
potentials for amperometric experiments of glucose, respectively. Hence, the chronoamprometric analysis
was conducted on Ni/ ECNF, Co/ ECNF and Ni-Co/ ECNF free-standing electrodes with different
percentages of the metallic salt precursor (in the same tc of 5 h). 

Figure 6A displayed the chronoamperometric responses of Ni/ ECNF nanocomposites with different
percentages of metal salt precursor, namely 0.2 Ni/ ECNF-5h, 0.35 Ni/ ECNF-5h, and 0.5 Ni/ ECNF-5h after
sequential addition of glucose solutions with constant concentrations of 2 mM in the each time of



Page 13/29

injection. It was observed that as the percentage of metal salt precursor increased, the amperometric
current response increased. The calibration plot of the samples in Figure 6B demonstrated that as the
catalyst percentage in the nanocomposite increased, the slope of the calibration curve, was increased. It
is obtained due to the increased electrical conductivity and speci�c surface area resulting in the
biosensor sensitivity to glucose,. Therefore, the highest sensitivity, i.e., 610.6 μA mM−1 cm−2, was found
for 0.5 Ni/ ECNF-5h. Also, all the electrodes in the range of 2 - 10 mM showed a linear response to
glucose concentration changes. Figure 6C also illustrated the chronoamperometric responses of Co/
ECNF nanocomposites with different percentages of cobalt metal salts. Again, by increasing the Co
precursor value to 0.5g, the current response and sensitivity of the biosensor increased. The calibration
plot of these samples in Figure 6D demonstrated that the highest sensitivity value for the sample was 0.5
Co/ ECNF-5h with a value of 236.85 μA mM−1 cm−2. The linear range of 2 - 10 mM was also obtained for
all samples. It is also worth noting that at the same percentage of salt precursor, the current response and
the sensitivity of Ni/ ECNF nanocomposite was much higher than that of the Co/ ECNF nanocomposite. It
indicates that Ni catalyst had a higher ability in comparison with Co to graphitize carbon. The results of
the chronoamprometric test con�rmed the results of Raman test and electrical conductivity. In addition,
Ni catalysts probably had higher electrocatalytic properties toward the glucose oxidation reaction.

The chronoamprometric diagram of bimetallic Ni and Co nanocomposites is also illustrated in Figure 6E.
It can be observed that with increasing the amount of Ni precursor in bimetallic Ni-Co nanocomposites.
The sensitivity of the resulting biosensor is increased so that it reaches its maximum value at Ni70Co30/

ECNF-5h electrode (498.53 μA mM−1 cm−2). As well, it is important to mention that the sensitivity
of Ni70Co30/ ECNF-5h bimetal biosensor is nearly twice that of 0.5 Co/ ECNF-5h monometal
biosensor. Moreover, the chronoamprometric analysis was also conducted on samples of NiO/ ECNF,
Co3O4/ ECNF and NiCo2O4/ ECNF. According to Figure 7A, the sample of NiO/ ECNF exhibited lower
current responses and sensitivity than that of 0.5 Ni/ ECNF-5h. In fact, it can be mentioned that Ni/ ECNF
nanocomposites had higher electrocatalytic properties than NiO/ ECNF toward glucose oxidation
reaction. Furthermore, the result of chronoamperometric test of 0.5 Co/ ECNF-5h and Co3O4/ ECNF
samples in Figure 7C revealed that the Co3O4/ ECNF sample had higher electrocatalytic properties toward
glucose and was more sensitive than 0.5 Co/ ECNF-5h sample.

Moreover, in order to compare the sensor performance of Ni70Co30/ ECNF-5h with NiCo2O4/ ECNF, the
chronoamprometric test of the samples is demonstrated in Figure 7E. According to Figure 7F, the slope of
the calibration curve and the sensitivity of NiCo2O4/ ECNF were assessed higher than that of Ni70Co30 /
ECNF-5h. The results of the sensitivity, linear range, and detection limit of the electrodes were
summarized in Table 4.

Table 4 : Values of Sensitivity, linear range and detection limit of manufactured electrodes.
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The performance of the biosensors developed in this study was compared with similar nonenzymatic
glucose biosensors. As shown in Table 5, it is clearly evident that, in the present investigation, the carbon-
based electrodes included a high sensitivity and a wide linear range. The good performance of the
electrodes can be attributed to the excellent electrocatalytic properties of Ni and Co N.P.s besides the
enhanced electrical conductivity of ECNFs due to the addition of these catalysts.

Table 5 : Comparison of the performance of our proposed biosensors with other nonenzymatic glucose
biosensors based on carbon nanomaterials and metal-based nanoparticles.
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a Ni nanoparticle-loaded carbon nano�bers paste.

b indium tin oxide.

c ordered mesoporous carbon.

3. 4. Selectivity of electrodes

In the real human blood sample, there are some electrochemically active and other oxidizable
interferences such as A.A., U.A., and DA which may interfere. Therefore, selectivity is one of the key
factors in evaluating the performance of nonenzymatic glucose biosensors. Typically, the normal
physiological level of glucose in the blood is about 3 - 8 mM, while the concentration of the
aforementioned interfering agents is about 0.1 mM [52]. In addition, the chronoamperometric test of
electrodes was performed in 0.1 M NaOH solution by successive addition of interfering species and
glucose. As shown in Figure 8, none of the electrodes exhibited a signi�cant current response to the
interfering agents. Therefore, all electrodes had excellent selectivity for the detection of glucose in the
presence of potential disturbing agents. Good selectivity may be due to the use of lower applied
potentials, which could be resulted from higher electrical conductivity and easier electron transfer of
ECNF-based nanocomposites.

3. 5. Stability, reproducibility and real samples measurement of the biosensor

The electrodes were stored at room temperature for 5 weeks and amperometric test was carried out to
investigate the long-term stability. There was no signi�cant change in the biosensor current response. The
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high stability of the biosensor was due to the presence of ECNFs matrix and encapsulation of the N.P.s,
which prevented the N.P.s from being separated from the ECNFs matrix. Moreover, reproducibility was
evaluated for 3 different electrodes in 4 mM glucose, in which the relative standard deviation (RSD) was
3.24%.  In addition, the developed electrode was tested to determine the glucose concentration of human
serum samples. Thus, 100 µl of the serum sample was added to 25 ml of 0.1 M NaOH solution and the
current response was measured. The glucose concentration measured by the electrode was 4.6 mM,
which was close to the data obtained by a commercial glucometer (4.47 mM).

Conclusions
Nanocomposites of ECNF decorated with different Ni/Co complexes were in-situ prepared
using electrospinning of polymer and metal precursors. Then the thermal treatment process was
performed to decrease metals and carbonize PAN nano�bers. Ultimately free-standing electrodes were
conveniently and successfully made with no need for binders. FESEM and XRD techniques were applied
to study morphology and crystalline structure of the synthesized nanocomposites. The metal-based N.P.s
were uniformly dispersed on the surface of ECNFs. Raman spectroscopy and electrical conductivity
techniques were employed to investigate the structure of nanocomposites, graphitization degree, and
electrodes’ conductivity. The prepared electrodes were also tested using a CV method and
chronoamperometric technique. Free-standing electrodes of monometal, bimetal, and oxide compounds
of Ni and Co elements grown on ECNFs exhibited a pair of redox peaks in the alkaline electrolyte solution.
0.5 Ni/ ECNF-5h, 0.5 Co/ ECNF-5h, NiO/ ECNF, Co3O4/ ECNF, Ni70Co30/ ECNF-5h and NiCo2O4/ ECNF non-
enzymatic glucose biosensors exhibited excellent performance towards the glucose oxidation reaction.
The use of electrodes in real human blood samples was also successfully investigated. Low detection
limit, wide linear range, high sensitivity, good selectivity, and favorable reproducibility of the prepared
glucose biosensors, convenient manufacturing method, and low cost, all together converted such
electrodes to a �ne and promising candidate for producing nonenzymatic biosensors for glucose
diagnosis. 
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Figure 1

FESEM images of (A) 0.2 Ni/ ECNF-5h; (B) 0.35 Ni/ ECNF-5h; (C) 0.5 Ni/ ECNF-5h; (D) 0.2 Co/ ECNF-5h (E)
0.35 Co/ ECNF-5h; (F) 0.5 Co/ ECNF-5h; (G) Ni70Co30/ ECNF-5h.
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Figure 2

(A) EDX spectra of 0.5 Ni/ ECNF-5h. (B and C) map images of C and Ni elements in 0.5 Ni/ ECNF-5h. (D)
XRD pattern of the Ni/ ECNF, Co/ ECNF and Ni-Co/ ECNF nanocomposites. (E) TGA curves for pure ECNF,
and nanocomposites of 0.5 Ni/ ECNF-5h, 0.5 Co/ ECNF-5h and Ni70Co30/ ECNF-5h.
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Figure 3

Raman spectra of (A) 0.5 Ni/ ECNF-5h, 0.5 Co/ ECNF-5h and Ni70Co30/ ECNF-5h nanocomposites.
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Figure 4

CVs of the (A) pure ECNF, (B) 0.5 Ni/ ECNF-5h, (C) 0.5 Co/ ECNF-5h (D) Ni70Co30/ ECNF-5h electrodes in
the absence (dark line) and presence of 4.0 mM (red line) glucose, (E) Ni/ ECNF electrodes with different
carbonization times in the absence of glucose, (F) effect of glucose concentration on the anodic peak
current for 0.5 Ni/ ECNF-5h electrode in 0.1M NaOH solution at a scan rate of 50 mV s-1.
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Figure 5

(A) Nyquist plots of 0.5 Ni/ ECNF-5h, 0.5 Co/ ECNF-5h and Ni70Co30/ ECNF-5h electrodes in 0.1 M KCl
solution containing 5mM [Fe (CN)6]3-/4-. (B) CVs of 2.0 mM glucose at electrode with different scan rates
ranging from 10 - 200 mV s-1 in 0.1 M NaOH, (C) the calibration curve of current vs square root of the
scan rate, (D) Effects of applied potential on the amperometric response of the 0.5 Ni/ ECNF-5h, 0.5 Co/
ECNF-5h and Ni70Co30/ ECNF-5h biosensors to 4.0 mM glucose in 0.1 M NaOH.
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Figure 6

(A), (C) and (E) Current-time responses of the Ni/ ECNF, Co/ ECNF and Ni-Co/ ECNF biosensors upon
successive addition of 2.0 mM glucose to 0.1 M NaOH solution at applied potential of +0.5, +0.6 and
+0.55 V vs. Ag/AgCl. (B), (D) and (F) calibration curves of the Ni/ ECNF, Co/ ECNF and Ni-Co/ ECNF
biosensors for glucose detection.



Page 28/29

Figure 7

Comparison of Current-time responses of the (A) NiO/ ECNF with 0.5 Ni/ ECNF-5h biosensors, (C) Co3O4/
ECNF with Co/ ECNF-5h biosensors and (E) NiCo2O4/ ECNF with Ni70Co30/ ECNF-5h biosensors upon
successive addition of 2.0 mM glucose to 0.1 M NaOH solution at applied potential of +0.5, +0.6 and
+0.55 V vs. Ag/AgCl, respectively. (B), (D) and (F) calibration curves of the electrodes for glucose
detection.
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Figure 8

The amperometric response of electrode to successive injections of 1.0 and 2.0 mM glucose and 0.1 mM
interferents of U.A., A.A., and DA in 0.1 M NaOH solution.
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