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Hydrogen peroxide (H202) has been widely used in various industries, including food production,
pollution control, and textile bleaching. Therefore, it is necessary to determine its content for the sake
of environmental and food safety. Silver nanoparticles (AgNPs) doped carbon nanofibers (CNFs) were
prepared using electrospinning followed by calcination under a N2 atmosphere as a novel
electrocatalyst for the sensitive detection of H202. The composition, structure, and morphology of
CNFs doped with AgNPs (AgCNFs) were characterized using Raman spectroscopy, X-ray diffraction,
and scanning electron microscopy. The electrocatalytic activity of AQCNFs towards H2O> reduction
was evaluated using cyclic voltammetry and amperometry. As determined by electrochemical studies,
the developed electrochemical sensor displayed a broad dynamic range of 0.01-50 mM and a detection
limit of 3 uM (S/N = 3).
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1. INTRODUCTION

Carbonaceous nanomaterials with different dimensions have been extensively employed in
fields such as energy storage and conversion [1, 2], field emission displays [3, 4], theranostics [5, 6],
and sensors [7, 8]. Carbon nanofibers (CNFs) and carbon nanotubes (CNTSs) with one-dimensional
structures have attracted significant interest because of their high aspect ratio of over a few hundreds,
excellent mechanical properties and large surface area. Unlike CNTSs, which are typically composed of
concentric hollow graphene cylinders, the graphene layers in CNFs are not concentric and converge on
the sidewalls, which increases the number of edge locations on the outer walls of CNFs and facilitates
electron transfer of electroactive analytes [9, 10]. In addition, the functionalized surface area of CNFs
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Is higher than that of carbon nanotubes [11].

Electrospinning applies electrostatic force to draw charged threads of polymer solutions or
polymer melts up to nanoscale fibers. In recent years, spinning carbon precursors is a popular method
to fabricate CNFs, which are featured with tiny diameters, tremendous length, high specific surface
area per unit mass [12]. Among the known spinning techniques, electrospinning has the advantages of
low cost, simplicity, efficiency, and high yield in producing CNFs with diameters ranging from tens to
several hundred nanometers [13-15].

Hydrogen peroxide (H202) has been extensively applied in various fields, including food
production [16, 17], pollution control [18, 19], and textile bleaching [20, 21]. Several analytical
techniques have been developed to detect H.O over the past several years including enzyme-based
electrochemistry [22], fluorescence [17, 23], chemiluminescence [24] and spectrophotometry [25].
Compared to these techniques, non-enzymatic electrode-based electrochemical techniques are viewed
as superior because of their simple equipment, low operating expenses, good sensitivity, low detection
limits, and sound reliability [26-28].

Silver nanoparticles (AgNPs) have attracted increasing attention in metal-based nanomaterials
because of their remarkable optical properties, excellent antibacterial activity, high catalytic activity,
and strong surface-enhanced Raman effects [29, 30]. More importantly, AgNPs show good catalytic
activity towards H>O> reduction, which allows the design of non-enzymatic H>O> sensors based on
AgNPs [31, 32]. However, AgNPs tend to aggregate, which would significantly decrease their specific
surface area. Accordingly, several AgNP hybrid materials have been prepared to minimize this
limitation, including Ag-doped zeolitic imidazolate framework-8 nanoparticles [33], Ag-Au bimetallic
nanomaterials [34], and AgNPs-reduced graphene oxide nanocomposites [35].

In this study, electrospinning and calcination were used to synthesize AgNP-doped CNFs
(AgCNFs) for the electrochemical detection of H.O.. During the carbonization process,
polyacrylonitrile (PAN) nanofibers were converted into CNFs, on which AgNPs were deposited. The
temperature effect of the carbonization treatment on the morphology and structure of AQCNFs was
investigated by SEM, XRD and Raman spectra. Furthermore, the analytical performances of AQCNFs
modified glassy carbon electrodes (GCE) were studied in this work by various electrochemical
techniques.

2. MATERIALS AND METHODS

2.1 Materials

PAN (150,000 g mol™t) was purchased from Aladdin Chemical Reagent Co., Ltd (China). N,N-
dimethylformamide (DMF), AgNO3, and H.O: solution (30%) were bought from Sinopharm Chemical
Reagent Co., Ltd (China). Milli-Q water was prepared and used throughout the test.
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2.2 Synthesis of AQCNFs
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Scheme 1. The major steps for the synthesis of AGCNFs.

Scheme 1 shows the primary steps involved during preparation of AgCNFs. First, PAN was
dissolved in a DMF solution (8 wt%) at 60 °C for 3 h with vigorous stirring to prepare the electrospun
precursor. To this solution, 0.05 g AgNO3 was added, and the solution was stirred overnight until a
homogeneous solution was formed. Then, a homemade apparatus was used to perform the
electrospinning. In brief, the electrospun solution was placed into a 10 mL syringe with a 0.5 mm-
diameter stainless spinneret. The distance between the syringe needle and the metal collector was set to
be ~15 cm, and a flow rate of 0.5 mL h™* was maintained during the test. A voltage of 15 kV was
applied to the spinneret, which also served as an electrode. Subsequently, the electrospun fibers were
allowed to dry for 12 h at 60 °C, and then stabilized for 2 h at 280 °C in air. Afterwards, carbonization
was performed at temperatures of 650 °C, 750 °C, and 850 °C respectively at an escalating rate of 3 °C
min~t for 2 h under an N2 flow.

2.3 Apparatus and measurements

The crystal forms of the prepared samples were investigated by X-ray diffraction (XRD,
Rigaku DLMAX-2200, Japan) with Cu K, radiation. Raman spectra were obtained using Raman
microscope (Renishaw inVia, UK) with a 546 nm laser source. The morphology of the synthesized
samples was identified by scanning electron microscope (SEM, JSM-6700F, Japan).

The electrochemical experiments including cyclic voltammetric and amperometric tests were
performed at a CHI 842D electrochemical workstation in a three-electrode electrolyte cell. A bare
GCEor AgCNFs modified GCE (GCE, ® = 3 mm) was used as the working electrode. A saturated
calomel electrode (SCE) and a Pt foil were used as the reference electrode and the counter electrode,
respectively. All electrochemical experiments were performed at ambient temperature.

2.4 Modification of electrodes

Before surface modification, the GCE surface was cleaned with 0.05 pm alumina, washed



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210226 4

successively with water, ethanol and water, and then dried at room temperature. Afterwards, a
homogeneous suspension was obtained by ultrasonically dispersing a certain amount of AQCNFs in 1
mL water. Finally, the suspension was dried under an infrared lamp after being dropped on the surface
of the GCE.

3. RESULTS AND DISCUSSION

3.1 SEM analysis

b % I i
i / >X10,000 1am | X10,000 Tum | . X10,000 Tam

Figure 1. SEM images of AgCNFs carbonized at 650 °C (A), 750 °C (B) and 850 °C (C).

After carbonization in an N2 atmosphere, CNFs were formed from PAN nanofibers, on which
silver ions in the electrospun precursor were reduced to AgNPs. SEM was used to determine the effect
of carbonization temperature on both the morphology and diameter of the polymer fibers. The SEM
images of AgCNFs carbonized at 650 °C (AgCNFs-650, A), 750°C (AgCNFs-750, B), and 850 °C
(AgCNFs-850, C) are shown in Fig. 1. From these images, many large AgNPs can be observed on the
surface of AgCNFs-650. When the temperature was increased to 750 °C, the fiber diameter of
AQCNFs-750 increased slightly. In addition, there are fewer large AgNPs on the surface of AQCNFs-
750 compared to AQCNFs-650. The diameters of AQCNFs-750 are in the range of 200—350 nm, while
AgNPs on AgCNFs-750 possess an average diameter near 70 nm. When the temperature was increased
to 850 °C, the diameter of AgCNFs-850 became smaller compared to that of AQCNFs-750, most likely
due to the burn-off of the CNFs, which resulted in the aggregation of AgNPs and the subsequent
detachment from the surface of AQCNFs-850.

3.2 XRD and Raman spectroscopy characterization

Fig. 2A shows the XRD patterns of synthesized AQCNF-750. Five characteristic peaks at 38.1°,
44.4°,64.4°, 77.4°, and 81.5°, are respectively indexed to (111), (200), (220), (311), and (222) faces of
face-centered cubic (fcc) crystalline Ag, which are almost same as the values reported previously
(JCPDS card No. 04—0783). Therefore, the XRD results support the claim that the silver ions were
reduced to AgNPs by calcination.
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The Raman spectra presented in Fig. 2B display bands at 1348 and 1586 cm™, which
correspond to disordered (D) and graphitic (G) carbon phases at the three different carbonization
temperatures. The D-band indicates that there are defects present in the graphite layer, while the
original graphite features are associated with the G-band. In order to characterize the carbonization
degree of CNFs, the relative intensity ratio of the D-band to the G-band (R-value) was evaluated.
When smaller R-values are obtained, there is a higher amount of graphite clusters present in the sample.
The relationship between the R-value and the domain size of the crystallite portion of graphite is
denoted as La (nm) = 4.4/R. Herein, the R-value and La for AgCNFs-650, AgCNFs-750, and
AgCNFs-850 were calculated to be (1.65, 2.67 nm), (1.19, 3.70 nm), and (1.06, 4.15 nm), respectively.
These values indicate that increasing the carbonization temperature would improve the crystallite
domain size of graphite on the CNF surface.
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Figure 2. (A) XRD pattern of AgCNF-750; (B) Raman spectra of AgCNF-650, AgCNF-750 and
AgCNF-850.

3.3 Electrochemical behavior of AQCNFs/GCE
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Figure 3. CVs of bare GCE and AgCNFs-750/GCE in the presence (a & b) and absence (a’ & b’) of 3
mM H20; in 0.1 M PBS (pH 7) at scan rate of 100 mV s 1.
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The electrocatalytic reduction of H.O, at AQCNFs/GCE was studied by means of cyclic
voltammetry (CV). CV behaviors of bare GCE and AgCNFs-750/GCE in the presence (a & b) and
absence (a’ & b’) of 3 mM H20. in 0.1 M PBS at 100 mV/s are presented in Fig. 3. No evident
reduction peak is displayed on the CV recorded on GCE (a’) and AgCNFs-750/GCE (b”). After adding
3 mM H20: into 0.1 M PBS, no distinct CV peak is observed at bare GCE (a), while the current at
AQCNFs-750/GCE (b) shows a remarkable increase. The electrochemical reaction mechanism can be
described as follows [37, 38]:

H.02 + e~ — OH(ads) + OH™ Q)

H.O, + H* + OH(ads) + e — 20H(ads) + H20 (2

The high specific surface area and electroconductivity of AgNPs and CNFs are responsible for
their excellent electrocatalytic property.

3.4 Optimization of experimental parameters

To obtain optimal electroanalytical performance, some parameters which may affect the current
response of the developed electrochemical sensor were investigated including the amount of AQCNFs-
750 on GCE, the pH of supporting electrolyte and the applied potential.

The amount of AQCNFs-750 on GCE is a key factor to influence the current response. Fig. 4A
displays the electrocatalytic current of AQCNFs-750/GCE to 0.25 mM H0O; at different concentration
of AgCNFs (3—5 mg mL™) in 0.1 M PBS (pH 7.0). The current response enhanced as the
concentration of AGCNFs-750 was increased from 3 to 4 mg mL . Afterwards, the current response
decreased at concentrations greater than 4 mg mL ™. Hence, 4 mg mL ™t AgCNFs-750 was selected to
modify the electrode for amperometric H20- sensing.

The pH of supporting electrolyte has been optimized due to its influence on the current signal
toward H2O- reduction. The electrocatalytic current response in the range of pH 5-9 in 0.25 mM H20:
is shown in Fig. 4B. At first, the response current rose as the pH was increased from 5 to 7. A
maximum current was reached at pH 7, and then it decreased at pH values greater than 7. Therefore, a
pH value of 7 was chosen for subsequent experiments.

The ameropmetric responses were also strongly influenced by the applied potential. Fig. 4C
shows the electrocatalytic currents of 0.25 mM H20: within —0.4 ~—0.8 V in 0.1 M PBS (pH 7.0). The
current response was markedly amplified when the potential was increased from —0.4 V to —0.6 V.
After that, the current response increased relatively slowly from —0.4 V to —0.8 V. Thus, the
subsequent amperometric measurements were performed at —0.6 V.
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Figure 4. Effects of (A) the amount of modified AGCNFs-750 on GCE, (B) pH value and (C) applied
potential on the amperometric response of 0.25 mM H-0Ox.
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3.5 Linearity, selectivity, reproducibility, and stability
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Figure 5. (A) Amperometric response of AgCNFs-750/GCE upon successive additions of different
amount of H2O, to 0.1 M PBS (pH 7) at —0.6 V and the inset shows the response for low
concentrations; (B) The corresponding calibration curve; (C) The stability of AgCNFs-
750/GCE; (D) Amperometric response of 0.1 mM H20, 1 mM glucose, 1 mM Gly, 1 mM Ala,
0.2 mM AA and 0.2 mM DA.

Table 1. Performance comparison of AQCNFs-750/GCE with other H.O> sensors.

Modified electrode Linear range Detection limit Reference
(mM) (1uM)
AgNPLs-graphene 0.02-1 3 [29]
Roughed Ag 0.01-22.5 6 [39]
RUOHCF-MWCNT 0.1-10 4 [40]
AgNPs-MWCNT 0.1-0.9 2.2 [41]
AgNPs-(Ox-pTTBA)-MWCNT 0.01-0.26 0.24 [42]
CNF-PtNPs 0.01-9.38 & 1.9 [43]
9.38-74.38

Ag NPs-porous silicon 0.002-0.5 0.45 [44]
Fe-MOF/rGO 0.005-0.945 0.5 [45]
MnO2-Co304 0.005-1.2 0.8 [46]
Ag-Fe,0s/POM/IIGO 0.003-3 0.2 [47]

AgNPs-CNFs 0.01-50 3 This work
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AQCNFs-750/GCE exhibits a rapid and stable response to H>O> under the optimized conditions,
as presented in Fig. 5A. A linear current response is observed when H>O> concentration lies within the
range of 0.01-50 mM, as shown in Fig. 5B. The corresponding regression equation can be expressed
as: I (uA) = 36.423 + 28.876C (mM) (R? = 0.999) with a detection limit of 3 uM. Performance of the
designed sensor is compared to those of the reported H202 sensors in Table 1 [29, 39-47]. From Table
1, metal/metal oxides such as roughed Ag, AgNPs, PtNPs, Fe>O3 and MnO2-C0304, can be applied as
non-enzymatic elctrocatalysts for H.O> oxidation. In addition, carbon materials, including multi-walled
carbon nanotube (MWCN), graphene and CNFs, could promote the electron transfer between the
electrocatlysts and the substrate. The comparison shows that AgCNFs-750/GCE possesses a low
detection limit as well as a wide linear range.

A biosensor should be able to selectively detect the targeting molecule from an interference
environment. To examine the anti-interference response of AQCNFs-750/GCE, the possible interferents
including glucose (10-fold), glycine (Gly, 10-fold), alanine (Ala, 10-fold), ascorbic acid (AA, 2-fold),
and dopamine (DA, 2-fold) were added into H>O, samples. Fig. 5C shows that glucose, Gly, Ala, DA,
and AA did not obviously affect the performance of the biosensor, indicating the good anti-interference
capability of the proposed biosensor toward H205.

The repeatability was evaluated by detecting a H.O, sample with a modified electrode, which
displays a relative standard deviation (RSD) of 4.3% over nine successive measurements. In addition,
the stability of AQCNFs-750/GCE was also tested over a period of one month. The current response
remains about 92.0% of its initial value. These results suggest that AQCNFs-750/GCE possess good
repeatability and stability.

3.6 Real sample analysis

The practical applicability of AQCNFs-750/GCE was tested by determining H20: in toothpaste.
Briefly, 2.0 g toothpaste was mixed with 10 mL PBS (0.1 M, pH 7), and centrifuged prior to test, and
the H.O2 concentration was determined using the standard addition method. Table 2 shows that
AQCNFs-750 has the potential to detect H.O> in real samples.

Table 2. Determination of H2O. at AgCNFs-750/GCE in toothpaste samples (n = 3).

Toothpaste samples ~ Added (mM) Found (mM)  Recovery (%) RSD (%)

1 1 1.037 103.7 3.4
2 1 1.016 101.6 2.1
3 1 0.982 98.2 2.6

4. CONCLUSIONS

Electrospinning combining calcination was used to synthesize AQCNFs for the non-enzymatic
detection of H.O». Diverse morphologies were obtained by treating AgCNFs at three different
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carbonization temperatures. After carbonization at 750 °C, AgCNFs exhibited superior electrocatalytic
activity towards H2O- because of their high specific surface area and excellent electrical conductivities
of AgNPs and CNFs. In addition, the proposed electrochemical sensor displays wide concentration
range of 0.01-50 mM for H2O> determination. The synthesized AgCNFs have provided a promising
platform for the construction of CNFs-based sensors in the future.
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