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A B S T R A C T

In this paper cobalt oxide (Co3O4) nanoparticles were mixed with polyacrylonitrile to prepare Co3O4 doped
carbon nanofiber (CNF) composite by electrospinning and carbonization, which was further used to modify on
carbon ionic liquid electrode (CILE). Hemoglobin (Hb) was immobilized on Co3O4–CNF/CILE surface with
Nafion acted as the protective film to fabricate an electrochemical biosensor (Nafion/Hb/Co3O4–CNF/CILE).
Electrochemical behavior of Hb on the electrode was investigated with a pair of quasi-reversible redox peak
appeared on cyclic voltammogram and electrochemical parameters were calculated. Moreover, this biosensor
had good analytical capabilities for electrocatalytic reduction of different substrates including trichloroacetic
acid, potassium bromate and sodium nitrite with wider detection range from 40.0 to 260.0 mmol L−1, 0.1 to
48.0 mmol L−1 and 1.0 to 12.0 mmol L−1 by cyclic voltammetry, respectively. The proposed method showed
excellent anti-interferences ability with good selectivity and was successful used for quantitative detection of
real samples, which displayed the potential applications to develop into a new analytical device.

1. Introduction

Electrochemical biosensor is based on the changes of electric signal
when the biochemical receptor on the working electrode has selective
response to the analyte. Redox enzyme/protein is usually used as a
chemical selective layer over a highly conductive support material/
matrix, which can transmit biochemical signals to electrical signals
after recognizing the appropriate detection target [1,2]. Hemoglobin
(Hb) is one of the most commonly used redox protein for electro-
chemical investigation [3,4]. However, it is difficult to obtain direct
electron transfer of Hb due to three-dimensional macrostructure of
protein that results in inaccessibility of the electroactive center to
electrode or the strong adsorption on electrode surface [5]. Also, the
unusual alignment of biomolecules on the electrode surface can be one
of the reasons for inhibiting electron transfer between protein and the
electrode [6]. Therefore, a facile electron transfer path between the
biocatalytic reaction and electrode is necessary to establish, which can
improve the functional properties of biosensor as well as to maintain
high electro-activity of protein on the electrode surface. Baghayeri et al.

investigated direct electrochemistry of Hb on carbon material/metal
oxide based nanocomposite for hydrogen peroxide analysis [7–10].
Chen's group studied direct electron transfer of Hb on various nano-
materials modified electrodes [11–16]. Radhakrishnan et al. con-
structed enzymatic biosensor for the electrocatalysis investigation of
hydrogen peroxide and nitrite [17,18].

Recent advances of nanoscience promote the development of na-
nobiosensors with high sensitivity, more precise, excellent selectivity,
fast response and easy operation [19–21]. Modification of the trans-
ducer surface with nanomaterials brings novel and unique properties,
which show the ability to provide an effective and stable platform for
biological sensing [22–24]. Therefore, integration of nanomaterials into
the sensing layer is usually accompanied by fast mass transfer rate with
acceleration of the transduction process [25–27]. Among various na-
nomaterials used, nanofiber (NF) produced by electrospinning has at-
tracted much attentions with its applications in physical or chemical
sensors [22]. Carbon nanofiber (CNF) shows excellent physicochemical
properties including large surface area, high aspect ratio, mechanical
stability, broad chemical modification capacity, biocompatibility, good
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adhesion and superior dispersion, which has been exploited in various
applications [28]. Also, CNF cooperated with conductive and electro-
active support materials can take advantage of synergistic effects to
obtain novel composites [20]. For example, Zhang et al. prepared a
nitrogen-doped carbon nanoparticles-embedded CNFs material by
thermal treatment of electrospinning polypyrrole nanoparticles/poly-
acrylonitrile (PAN) composite nanofibers [29]. Guo et al. prepared
flexible TiCNFs by electrospinning for the fabrication of glucose sensor
[30]. Mondal et al. incorporated Ag nanoparticles with CNFs to im-
prove the electrochemical detection of triglyceride [31]. Zhu et al.
synthesized a 3D CdS@CF networks by solvothermal process, which
was used to construct an immunoassay sensor for photoelectrochemical
bioanalysis [32].

Due to the excellent reversible redox ability, large specific area,
semi-conductivity, great catalytic performance, long service life, good
corrosion resistance and chemical stability [33,34], cobalt oxide na-
noparticles (Co3O4 NPs) have been applied in various fields including
batteries, sensors, catalysts, electronic devices and supercapacitors
[35–38]. However, the semi-conductivity of Co3O4 NPs limits the ap-
plications in electrochemistry, which can be overcame by introducing
highly conductive materials. In this paper, electrospinning Co3O4-PAN
fiber was prepared and further carbonized to get Co3O4–CNF compo-
site, which was acted as the sensitization material for the construction
of electrochemical biosensor. Due to the best electrochemical perfor-
mances of CNF, Co3O4 NPs were doped into CNF to obtain the nano-
composite by using electrospinning with the following carbonization,
which combined the advantages of individual materials used. During
electrospinning Co3O4 NPs can be uniformly dispersed in the PAN so-
lution, which result in the well dispersion of Co3O4 NPs in the following
carbonization with the formation of CNF. Co3O4 NPs exhibit its good
biocompatibility with oxygenal groups present for the interaction of
proteins. The structure of CNF is remained with higher conductivity and
the long distance electron transfer is benefit for the electrochemistry of
redox protein. Therefore the Co3O4–CNF nanocomposite combines the
high electrochemical conductivity and good biocompatibility with
novel synergistic effects for the immobilization of redox protein. The
detailed process was illustrated in Scheme 1, and the fabricated sensor
exhibited excellent stability, reproducibility and sensitivity for the
electrochemical detection of trichloroacetic acid (TCA), potassium
bromate (KBrO3) and sodium nitrite (NaNO2).

2. Experimental

2.1. Materials and reagents

Graphite powder (Shanghai Colloid Chem. Co. Ltd., China), N-hex-
ylpyridinium hexafluorophosphate (HPPF6, Lanzhou Yulu Fine Chem.
Co. Ltd., China), Hb (Sigma-Aldrich. Co. Ltd., USA), Nafion (Du Pont.
Co. Ltd., USA), PAN (J&k Scientific. Co. Ltd., China) and Co3O4 NPs
(average diameter of 50 nm, Nanjing XFNANO Materials Tech. Co. Ltd.,
China) were used as received. All of the reagents were of analytical
grade and phosphate buffer solution (0.1 mol L−1 PBS) were prepared
as the supporting electrolytes, which required deoxygenation before
electrochemical tests.

2.2. Apparatus

CHI 604E electrochemical workstation (Shanghai CH Instrument,
China) was connected with a three-electrode model, which was made
up of Nafion/Hb/Co3O4–CNF/CILE (the working electrode), saturated
calomel electrode (SCE, the reference electrode) and platinum electrode
(the counter electrode). JSM-7100F scanning electron microscope
(JEOL, Japan), Nicolet 6700 FT-IR spectrophotometer (Thermo Fisher
Scientific Inc., USA), TU-1901 double-beam UV–visible spectro-
photometer (Beijing General Instrument Ltd. Co., China), D/Max-2500V
X-ray diffractometer (Rigaku, Japan) with Cu-Kα radiation

(λ=1.54178 Å), raman spectrum (Horiba, France) with a LabRAM HR
system using 532 nm lasers, X-ray photoelectron spectroscopy (AXIS
HIS 165 spectrometer, Kratos Analytical, UK), STA-499F3 Jupiter syn-
chronous thermal analyzer (NETZSCH, Germany), BTF-1200C vacuum
tube furnace (Anhui Kemi Machinery Technology Co. Ltd., China) were
used in the experiments.

2.3. Synthesis of Co3O4–CNF composite

Electrospinning equipment was composed of a DC high voltage
power with adjustable voltage, a syringe with a pump, a spinneret with
a metallic needle and a rotating collection device with a speed reg-
ulator, which was self-constructed in our lab. The Co3O4 blended PAN
fiber was prepared based on references [31,39,40]. Briefly, 2.80 g PAN
was dissolved in 35mLN,N-dimethylformamide with 1 h ultrasonic
oscillation to obtain a 8.00% polymer solution, which was further
mixed with 0.70 g Co3O4 nanoparticles to get an electrospun solution.
Spinning was operated under the electrostatic filed with the voltage as
17.27 kV. The speed of the collecting device was 1450 rpm, and the gap
between metal nozzle and collector was 18 cm. The flow rate of the
syringe pump was 25.00 μLmin−1 and the movement distance between
left and right of the spinneret was 30mm. After 24 h, the precursor fiber
(Co3O4-PAN) was collected on the tin foil.

The programmed temperature method was adopted and Co3O4-PAN
was carbonized in a vacuum tube furnace where nitrogen was con-
tinuously introduced. Briefly, at the first step the temperature was
raised to 300 °C at a rate of 5 °C min−1 and to 800 °C with the rate as
10 °C min−1 at the second step. Then the temperature was maintained
at 800 °C for 2 h completely carbonization. Finally, Co3O4–CNF com-
posite was obtained after annealing.

2.4. Construction of electrochemical biosensor

CILE was prepared according to the previous report [41] and used
as the basic electrode (Φ=4mm), which was polished smooth before
modification. The as-prepared Co3O4–CNF was ultrasonically dispersed
in deionized water to get a solution with the final concentration of
1.2 mgmL−1, which was applied on CILE surface with the volume of
6 μL. After drying in air, 8 μL 15mgmL−1 Hb solution was covered on
Co3O4–CNF/CILE surface and dried naturally. Finally, 6 μL 0.5% Nafion
was spread on Hb/Co3O4–CNF/CILE, which acted as a protective film.
After drying in air, the working electrode (Nafion/Hb/Co3O4–CNF/
CILE) was constructed.

3. Results and discussion

3.1. Characterization of Co3O4–CNF composite

The precursor PAN fiber and its derived CNF were characterized by
SEM with the images shown in Fig. 1A and B, respectively. It could be
seen that the fiber remained its original size and smooth surface
without swelling or condensation after carbonization. The SEM images
of as-prepared Co3O4–CNF were shown in Fig. 1C–E, it could be found
that some bright spots were observed on CNF surface, which were part
of Co3O4 NPs embedded in CNF and the fiber average diameter was
400 nm. Fig. 1F displayed the morphology of Co3O4 NPs used in this
experiment, which was commercial available with the average diameter
of 50 nm. After it was dissolved in PAN polymer solution with fully
ultrasonic and oscillation, a uniform solution could be obtained without
the agglomeration. Therefore at the synthesized Co3O4–CNF nano-
composite, uniform distribution of Co3O4 NPs could be found within
CNF and on the surface of CNF.

Raman spectra of CNF (curve a) and Co3O4–CNF (curve b) were
presented in Fig. 1G with two bands appeared at 1319 cm−1 and
1589 cm−1, which were corresponded to D and G bands of carbon,
respectively. The D/G band intensity ratio (denoted by ID/IG) is
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frequently used to evaluate the graphitic content in carbon samples
[42]. The ID/IG ratio of CNF and Co3O4–CNF were calculated as 1.14
and 1.10, demonstrated that carbon graphitic layer grown and the
spacing between two graphite layers decreased due to the presence of
Co3O4 NPs that induced localized heating during the pyrolysis process,

and then a highly graphitized carbon fiber was produced [31].
Fig. 1H presented FT-IR spectra of CNF (curve a) and Co3O4–CNF

(curve b). The spectrum of CNF had strong peaks at 1105.44 cm−1and
1629.19 cm−1, which were assigned to the vibrations of C–N and C]C/
C]N stretching [43]. After combined with Co3O4 NPs, Co3O4–CNF

Fig. 1. SEM images of (A) PANF, (B) CNF, (C–E) Co3O4–CNF of different magnifications and (F) Co3O4; (G) Raman spectrum of (a) CNF and (b) Co3O4–CNF; (H) FT-IR
of (a) CNF and (b) Co3O4–CNF; (I) XPS survey spectra of Co3O4–CNF; (J) XRD of (a) Co3O4–CNF and (b) Co3O4; (K) TG analysis of Co3O4-PANF; (L) EDS diagram of
Co3O4–CNF; (M) The scanning area of element mapping and element mapping of (N) Co, (O) O and (P) C.
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composite exhibited similar peaks to CNF and the decrease of peak
intensities were resulted from the integrated Co3O4.

XPS can be used to distinguish the elements of composite. The XPS
spectrum of Co3O4–CNF was shown in Fig. 1I, and the dominant peaks
were distinctly indexed as O 1s, N 1s and C 1s regions with the com-
ponent information shown in Table 1. While the content of Co element
was extremely rare and difficult to be observed directly. In addition, the
higher nitrogen content was due to the usage of PAN as the precursor,
which contained abundant nitrogen source and its carbonization was
also carried out under a nitrogen atmosphere.

XRD technique was used to analyze the components information of
Co3O4 NPs and Co3O4–CNF with the data shown in Fig. 1J. All the X-ray
diffraction peaks of Co3O4 NPs (curve b) could be indexed as (111),
(220), (311), (222), (400), (422), (511) and (440) planes, which were
assigned to cubic phase of Co3O4 that in good agreement with standard
JCPDS card number 42–1467. As for Co3O4–CNF composite (curve a),
an obvious peak at 2θ=26.0° was attributed to the (002) reflection
plane derived from carbon, indicating the formation of the graphite
structure. However, no diffraction peak of Co3O4 crystal was emerged
in this XRD pattern, which might be attributed to the relatively low
content of Co3O4. No other impurity phases observed from the XRD
analysis ensured the structural purity of the prepared Co3O4–CNF
composite.

Fig. 1K displayed the thermogravimetric analysis of Co3O4-PANF
with temperature raised to 800 °C in nitrogen atmosphere at a rate of
10 °C min−1. As a result, 50% residual substance was obtained, which
attributed to the thermal decomposition of PAN with partial mass loss.
Because the prepared CNF–Co3O4 composite was the high temperature
carbonized product of Co3O4-PANF in nitrogen at 800 °C, therefore the
residual substance could be inferred as a mixture of carbon material and
Co3O4. Moreover, Fig. 1L showed the EDS diagram of Co3O4–CNF
composite with the elements of C, N, O and Co observed, which was in
consistent with XPS characterization result. In order to clearly confirm
the existence of Co3O4, the element mapping was carried out to check
the distribution of Co element and the results indicated a uniform dis-
tribution of Co element (Fig. 1M to P).

3.2. Electrochemical characterization of Co3O4–CNF modified electrode

EIS can reflect the charge transfer resistance of the modified elec-
trode by measuring the diameter of the semicircle and the obtained
impedance data were fitted to Randles circuit by using the following
elements including charge transfer resistance (Rct), electrolyte solution
resistance (Rs), warburg element (W) and constant phase element
(CPE). As shown in Fig. 2A, Co3O4–CNF/CILE (curve b) exhibited the
smallest resistance (18.8Ω) due to high conductivity of Co3O4–CNF. On
Nafion/CILE the Rct value was increased to 339.8Ω (curve c), sug-
gested that non-conductive Nafion film blocked the electron transfer.
The Rct of Nafion/Hb/CILE further increased to 413.6Ω (curve d),
indicated the presence of biomolecular Hb hindered the electron
transport process. However, the Rct of Nafion/Hb/Co3O4–CNF/CILE
was declined to 38.4Ω (curve a), proved that the modification of highly
conductive Co3O4–CNF could reduce the interface resistance as well as
accelerate the electron transfer of [Fe(CN)6]3-/4-.

Electrochemical responses of different modified electrodes were also
tested by CV with the curves shown in Fig. 2B. On CILE (curve c) a pair

of quasi-reversible redox peaks displayed, and the modification of
Co3O4–CNF on CILE (curve a) resulted in highest current responses of
the redox peaks. However, the redox peak signals on Nafion/Hb/CILE
(curve d) were reduced due to the presence of non-conductive Hb
molecules and Nafion film that slowed the electron transfer rate. The
current responses on Nafion/Hb/Co3O4–CNF/CILE (curve b) was sig-
nificantly increased because Co3O4–CNF could provide a rapid path for
electron transfer.

By using 1.0 mmol L−1 [Fe(CN)6]3-/4−as the redox probe, cyclic
voltammetric responses on Co3O4–CNF/CILE was tested under different
scan rates (υ). Then the linear relationships between redox peak cur-
rents and υ1/2 were obtained as Ipc (μA)=107.29 υ1/2+ 0.78 (n= 15,
γ=0.987) and Ipa (μA)=−90.38 υ1/2 - 2.46 (n=15, γ=0.985).
Based on the Randles-Sevcik equation [44], the effective surface area
(A) of Co3O4–CNF/CILE was calculated as 0.145 cm2. Also the geo-
metric surface area of CILE was calculated from the diameter of glassy
electrode tube with the result as 0.126 cm2. Therefore, the presence of
Co3O4–CNF on the electrode could provide a larger surface area, which
was beneficial to improve the adsorption capacity towards protein.

3.3. Electrochemical behavior of the Hb biosensor

Electrochemical behaviors of Hb on different electrodes were in-
vestigated and shown in Fig. 3A. As expected, neither oxidation nor
reduction peak was observed on Nafion/Co3O4–CNF/CILE (c) and Na-
fion/CILE (d), indicating no electroactive substances existed with stable
background currents. In contrast, a small pair of redox peaks appeared
on Nafion/Hb/CILE (curve c), demonstrated the electron transfer of Hb
was proceeded with slow rate. However, a pair of well-defined redox
peaks with bigger current response appeared on Nafion/Hb/
Co3O4–CNF/CILE (a), which proved that the presence of Co3O4–CNF
was beneficial for fasten the electron transfer of Hb. The cathodic (Epc)
and anodic (Epa) peak potentials of Nafion/Hb/Co3O4–CNF/CILE were
observed at−0.325 V and−0.249 V, respectively. The formal potential
(Eo') was calculated as −0.287 V, which was the typical characteristic
redox peaks of Fe(III)/Fe(II) in heme groups. The redox current ratio
was close to 1.0 and the peak-to-peak potential (ΔEp) was 76mV, re-
vealed a quasi-reversible electron transfer process [45].

The effect of scan rate on the electrochemical responses of Nafion/
Hb/Co3O4–CNF/CILE was investigated with the curves shown in
Fig. 3B. Both the oxidation and reduction peak current increased with
the increase of scan rate in the range of 20–800mV s−1. The linear
regression equations were got as Ipc (μA)=210.53 υ (V s−1)+ 11.59
(n= 17, γ=0.996) and Ipa (μA)=−154.26 υ (V s−1) - 8.53 (n= 17,
γ=0.994), indicated a surface-controlled process. By using equation
Q=nAFγ* [46], the surface coverage of electroactive substance (γ*)
was calculated as 4.73×10−9 mol cm−2, higher than the theoretical
monolayer surface concentration (1.89×10−11 mol cm−2) [47]. The
total amount of Hb on the modified electrode was
1.28×10−8 mol cm−2, therefore 36.95% Hb was involved in the
electrochemical reaction.

The separation of redox peak potentials also increased evenly with
the increase of scan rate, and the linear relationship between redox
peak potentials and lnυ was shown in Fig. 3C. Two regression equations
were obtained as Epc (V)=−0.0568 lnυ (V s−1) - 0.399 (n= 10,
γ=0.991) and Epa (V)= 0.0468 lnυ (V s−1) - 0.151 (n= 10,
γ=0.994) at high scan rate range. According to the Laviron's equation
[48], some relatively parameters such as the electron transfer number
(n), the charge transfer coefficient (α) and the apparent heterogeneous
electron transfer rate constant (ks) were calculated as 0.99, 0.45 and
0.92 s−1, respectively.

The influence of the buffer pH towards the electrochemical behavior
of Hb in different pH PBS from 3.0 to 8.0 was shown in Fig. 3D. Ob-
viously, the redox peak potentials shifted with pH changes, and it was
easy to find the largest current response appeared at pH 5.0. Fig. 3E
exhibited the linear relationship between Eo' and pH with the regression

Table 1
XPS components information of Co3O4–CNF.

Atom Species Peak BE Atomic

C 1s 284.71 eV 83.28%
N 1s 398.13 eV 7.94%
O 1s 532.29 eV 8.62%
Co 2p 789.39 eV 0.16%

H. Xie, et al. Materials Science & Engineering C 107 (2020) 110209

5



equation as Eo' (V)=−0.046 pH - 0.036 (n=5, γ=0.991). This slope
value (−0.046 V pH −1) was smaller than the theoretical value
(−0.059 V pH−1), inferred that the microenvironment slightly influ-
enced Hb in the composite film, and also proved that Hb was involved
in the redox reaction with same amount proton and electron transferred
[49]. The influences of different kinds of buffers on the direct electro-
chemical behaviors of Hb modified electrode were also discussed with
the results shown in Fig. 3F. As expected, in PBS (curve a), Britton-
Robinson (curve b), citric acid-phosphate (curve c) and NaAc-HAc
(curve d) a pair of redox peaks under pH 5.0 could be observed.
However the biggest response appeared in PBS with better reversibility,
which was selected as the supported electrolyte.

3.4. Electrocatalytic investigations

Electrocatalytic performance of Nafion/Hb/Co3O4–CNF/CILE to-
wards TCA was investigated with cyclic voltammograms shown in
Fig. 4A. The reduction peak current (Ipc) increased with TCA con-
centration while the oxidation peak current (Ipa) decreased con-
tinuously until disappeared. The first reduction peak appeared at -
0.296 V and the second at −0.554 V, which were the typical electro-
catalytic results. A good linear relationship between TCA concentration
and the reduction peak current appeared with the detection range of
TCA divided into two sections. As shown in Fig. 4B, the first one was
from 4.0 to 40.0 mmol L−1 and the second from 40.0 to
260.0 mmol L−1 with the regression equations obtained as Iss
(μA)=4.40 C (mmol L−1)+ 28.14 (n= 8, γ=0.991) and Iss
(μA)=1.70 C (mmol L−1)+ 146.40 (n=9, γ=0.991). The detection
limit was 1.33mmol L−1 (3σ).

Nafion/Hb/Co3O4–CNF/CILE was further used to explore the elec-
trocatalytic reduction of KBrO3, which was a stable anion with high
solubility in water. As shown in Fig. 4C, electrochemical responses were
recorded within the concentration range of KBrO3 from 0.1mmol L−1

to 48.0mmol L−1, which displayed that Ipc was increased with the
continuous addition of KBrO3 and Ipa was decreased until disappeared.
The reduction peak appeared at −0.307 V and was constantly shifted
right to - 0.703 V with the reaction proceeded. The linear regression
equation between peak current and KBrO3 concentration (Fig. 4 D) was
obtained as Iss (μA)=17.58 C (mmol L−1)+ 47.93 (n= 13, γ=0.991)
and the detection limit was 0.033mmol L−1 (3σ).

This Hb-based biosensor was also applied for the electrocatalytic
detection of NaNO2 and Fig. 4 E exhibited typical cyclic voltammo-
grams of the reduction process. A new reduction peak appeared at

−0.819 V and the peak current had a linear relationship with the
concentration of NaNO2 in the range of 1.0–12.0 mmol L−1. As shown
in Fig. 4 F, the linear regression equation was got as Iss
(μA)=3.96 C (mmol L−1)+ 16.69 (n= 12, γ=0.992) and the detec-
tion limit was 0.33mmol L−1 (3σ). Moreover, a comparison of analy-
tical parameters for NaNO2 detection was listed in Table 2, which gave
a relative wider linear range and lower detection limit.

Amperometric i-t method was also used for the quantification of
TCA with Nafion/Hb/Co3O4–CNF/CILE and Fig. 5A showed the am-
perometric responses obtained at −0.55 V in pH 5.0 PBS. For every
addition of TCA, there was a rapid increase in the catalytic current and
then stabilized in 6 s. Linear response was achieved in the range from
1.0 mmol L−1 to 15.0mmol L−1 with a sensitivity of
26.90 μAmM−1 cm−2 and 15.0 mmol L−1 to 120.0mmol L−1 with a
sensitivity of 586.90 μAmM−1 cm−2. As shown in Fig. 5B, the regres-
sion equations were calculated as Iss (μA)=5.91 C (mmol L−1) - 0.66
(n= 10, γ=0.992) and Iss (μA)=2.88 C (mmol L−1)+ 54.98 (n= 12,
γ=0.992) with the detection limit as 0.33mmol L−1 (3σ).

3.5. Analytical application

In order to check the practical applications of this Hb modified
electrode, TCA content in the medical facial peel solution (purchased
from Shanghai Ika Biotechnology Co. Ltd, China) and NaNO2 content in
the soak water of pickled vegetables (obtained from the local super-
market, Haikou, China) were determined by cyclic voltammetry and the
recovery was estimated by the standard addition method. The samples
of medical facial peel solution and soak water of pickled vegetables
were diluted for 90 times and 25 times by using pH 5.0 PBS, respec-
tively. As listed in Table 3, the contents of TCA and NaNO2 were de-
tected with the recovery range from 99.90% to 101.80% and
98.00%–101.00%, respectively. The relative standard deviation (RSD)
were evaluated as 0.28%–1.95% and 0.31%–1.26%, which showed a
reliable detection result.

3.6. Stability, reproducibility and selectivity

Cyclic voltammetric response of Nafion/Hb/Co3O4–CNF/CILE in pH
5.0 PBS was decreased for 8.98% after 150 cycles with the comparison
of initial current. After stored at room temperature for 15 days, Nafion/
Hb/Co3O4–CNF/CILE retained 97.64% of the original sensitivity, in-
dicated good stability and easy preservation. Moreover, four times de-
tection of 5.0 mmol L−1 TCA by the modified electrode gave the RSD as

Fig. 2. (A) EIS patterns of Nafion/Hb/Co3O4–CNF/CILE (a), Co3O4–CNF/CILE (b), Nafion/CILE (c) and Nafion/Hb/CILE (d) with frequency from 104 to 0.1 Hz in a
10.0 mmol L−1 [Fe(CN)6]3-/4- and 0.1 mol L−1 KCl mixture solution (Inset was the Randles equivalent circuit); (B) Cyclic voltammograms of Co3O4–CNF/CILE (a),
Nafion/Hb/Co3O4–CNF/CILE (b), CILE (c) and Nafion/Hb/CILE (d) with the scan rate as 100mV s−1 in a 1.0 mmol L−1 K3[Fe(CN)6] and 0.5mol L−1 KCl mixture
solution.
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1.54%, reflected good reproducibility of this modified electrode.
Further, the selectivity of this biosensor towards the

4.0 mmol L−1 TCA was tested by amperometric method at −0.55 V in
the presence of 5.0 mmol L−1 commonly interfering species including L-
aspartic acid, L-valine, L-alanine, citric acid, Ba2+, Ca2+, K+ and glu-
cose in pH 5.0 PBS. However, no significant changes were observed
after the addition of interfering species with the relative error less than
6.0%, and the results were shown in Table S1. Thus, the fabricated
biosensor demonstrated good selectivity.

4. Conclusions

In this work, Co3O4 doped CNF was successfully synthesized, which

appeared as fibrous network with large specific surface area, good
conductivity and multiple active sites. By decoration of Co3O4–CNF on
CILE interface, an interconnected structure with excellent electron
transport capability was formed. After the immobilization of Hb and
Nafion, an electrochemical biosensor was constructed with rapid elec-
tron transfer rate to achieve direct electrochemistry of Hb. This bio-
sensor displayed great electrocatalytic properties towards TCA, NaNO2

and KBrO3, and the proposed method was further used to detect the real
samples with excellent performance.
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Fig. 4. Cyclic voltammograms of Nafion/Hb/Co3O4–CNF/CILE with (A) TCA (from a to m as 4, 10, 20, 40, 60, 80, 100, 120, 140, 170, 200, 230, 260mmol L−1), (C)
KBrO3 (from a to o as 0, 1.4, 4.0, 8.0, 12.0, 16.0, 20.0, 24.0, 28.0, 32.0, 36.0, 40.0, 44.0, 48.0, 49.0 mmol L−1) and (E) NaNO2 (from a to l as 1.0, 1.4, 2.0, 2.6, 3.0,
4.0, 5.0, 6.0, 7.0, 8.0, 10.0, 12.0 mmol L−1) in pH 5.0 PBS at the scan rate of 100mV s−1; The linear relationship between peak currents with (B) TCA, (D) KBrO3 and
(F) NaNO2 concentration.

Table 2
Comparison of analytical performance for NaNO2 detection by various modified electrodes.

Modified electrodes Analytical methods pH Applied potential (V) Detection range (mmol L−1) LOD (mmol L−1) Ref.

Nafion/HRP/WS2/CILE Cyclic voltammetry 3.0 −0.61 V vs. SCE 1.5–4.0 0.20 [50]
CNF/Hemin/GCE Hydrodynamic voltammetry 7.0 +0.3 V vs. Ag/AgCl 5.0–250.0 0.32 [51]
CTS-Hb-CNT-IL/CILE Cyclic voltammetry 7.0 −0.806 vs. SCE 0.4–8.0 0.10 [52]
SA-Mb-IL-Fe2O3/CILE Cyclic voltammetry 7.0 −0.91 V vs. SCE 4.0–100.0 1.30 [53]
Nafion/Mb-SWCNT/GCE Square wave voltammetry 7.0 −0.7 V vs. Ag/AgCl 0.5–5.0 0.95 [54]
Hb-meso-Al2O3-PVA/GCE Amperometry 6.5 −0.8 V vs. SCE 0.2–10.0 0.03 [55]
Nafion/Hb/Co3O4–CNF/CILE Cyclic voltammetry 5.0 −0.819 V vs. SCE 1.0–12.0 0.33 This work
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Table 3
Electrochemical detection of real samples (n= 3).

Sample Marked (mmol L−1) Detected (mmol L−1) Added (mmol L−1) Total (mmol L−1) Recovery (%) RSD (%)

35% Medical facial peel solution 27.17 27.15 10.00 37.33 101.80 1.26
20.00 47.18 99.90 0.86
30.00 57.12 99.90 0.39
40.00 67.12 99.92 0.31

Soak water of pickled vegetables unknown 2.61 1.00 3.59 98.00 0.28
2.00 4.63 101.00 1.09
3.00 5.64 101.00 1.95
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