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Abstract: A flexible CoNi@CNF electrochemical catalyst was developed using coaxial electrostatic
spinning technology. The distribution and content of CoNi alloy nanoparticles on the surface of
carbon fibers were adjusted by regulating the feed speed ratio of the outer and inner axes of coaxial
electrostatic spinning. The results indicate that the content of the CoNi alloy distributed on the
carbon fiber surface increased from 26.7 wt.% to 38.4 wt.% with an increase in the feed speed of the
inner axis. However, the excessive precipitation of the CoNi alloy on the carbon fiber surface leads
to the segregation of the internal CoNi alloy, which is unfavorable for the exposure of active sites
during the electrolytic reaction. The best electrocatalytic performance of the composite was achieved
when the rate of the outer axis feed speed was constant (3 mm/h) and the rate of the inner axis was
1.5 mm/h. The initial oxygen reduction potential and half-slope potential were 0.99 V and 0.92 V
(VS RHE), respectively. The diffusion-limited current density was 6.31 mA/cm~2 and the current
strength retention was 95.2% after the 20,000 s timed current test.

Keywords: CoNi alloy; carbon nanofiber; coaxial electrospinning; oxygen reduction reactions

1. Introduction

As the energy crisis and environmental pollution intensify, the need for developing
green electrochemical energy storage and sustainable energy conversion technologies
is gradually increasing [1-4]. Fuel cells have been proved to be promising candidate
batteries due to their remarkably theoretical energy density and lack of pollution during use.
Nevertheless, their cathodic oxygen reduction reaction (ORR) rate response is extremely
low, which significantly limits the production of oxygen reduction active species and
reduces their energy conversion efficiency [5-8]. In addition, the high cost, low storage and
low durability of platinum and other precious metals as catalyst materials dramatically
limit the commercial utility of fuel cells [9]. Therefore, the process of developing low-cost,
stable active, non-precious metal catalysts for catalytic cathodic oxygen reduction reactions
is beneficial to promote the development of fuel cells, thus making it possible to apply
them commercially on a large scale [10-12].

Among the different types of candidate materials, most of the studies on non-Platinum
catalysts have focused on transition metal and carbon materials for morphology modula-
tion as well as heteroatom doping [13,14]. On the one hand, nano-sized crystal structures
of transition metals are constructed to improve the catalytic activity, and on the other hand,
heteroatom-doped carbon materials are used to improve the stability [15-17]. Alloying
and hybridization strategies are the main approaches to improve the performance of tran-
sition metal catalysts. Alloyed materials with combinations of two or more metals give
the materials better electrocatalytic properties due to their increased real surface area and
intrinsic activity [18,19]. Hybridization utilizes the inherent activity of transition metals
and the excellent conductivity, easy surface functionalization and great stability of carbon

Catalysts 2023, 13, 890. https:/ /doi.org/10.3390/ catal13050890

https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal13050890
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://doi.org/10.3390/catal13050890
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13050890?type=check_update&version=3

Catalysts 2023, 13, 890

2 of 14

materials to further improve the electrocatalytic activity [20-23]. Bimetallic alloy nanoparti-
cles (e.g., FeNi, FeCo, MnNi and NiCo) are also active for electrocatalytic reactions because
the electronic properties of individual atoms are significantly influenced by neighboring
atoms. Among them, nickel and cobalt are abundant on Earth and have promising ap-
plications in bimetallic alloys due to their abundant valence changes and high catalytic
activity. Javier et al. [24] synthesized C1N1 material and introduced TM atoms, denoted
as TM@CNx, where TM is either Fe, Co, Cu, Ni or Mn and x is the C/N atomic ratio
of the resulting material. Compared to the electrocatalyst performance with commercial
benchmark catalysts (Pt/C and IrO), the results showed that the Co@CNx is the most
promising for HER due to the high catalytic performance of a single CoNx atom, and the
EHER is —0.27 V, close to the commercial Pt/C electrocatalyst. Fu et al. [25] reported NiCo
alloy-anchored N-doped CNF heterogeneous catalysts (NiCo@N-C) prepared by simple
electrostatic spinning and heat treatment. The loading of NiCo alloy nanoparticles could
be well adjusted by varying the content of nickel and cobalt salts. Carbon nanofibers (CNF)
stand out from other carbon material carriers due to their distinctive one-dimensional
structure that facilitates electron transport and mass diffusion. Moreover, nanofibers can
give the material good flexibility and tensile ability due to their large aspect ratio, which
improves the resistance of the material. Additionally, the larger specific surface area of
one-dimensional nanostructures facilitates the exposure of more active sites [26-30]. Thus,
nanofiber-based carriers can confer enhanced activity, selectivity, durability, and stability to
immobilized catalysts. Li et al. [31] synthesized the structure of Ni3Co nanoparticles modi-
fied with layered porous N-CNTs grafted onto CNF membrane (Ni; 5Cop5@N-CNT/NFs).
The optimized catalysts have a low OER overpotential of 243 mV for 10 mA cm~2 overpo-
tential. Lu et al. [32] embedded RuNi nanoparticles into N-CNFs to obtain RulNil-NCNFs,
which also demonstrated excellent OER performance with a low overpotential of 290 mV
at 10 mA cm~2. Liu et al. [33] synthesized a trimetallic FeCoNi-N/CNF electrocatalyst that
exhibited good electrocatalytic ORR activity and stability in 0.5 M H,SOj. Lei et al. [34]
prepared a CoFe-Co@PNC bifunctional oxygen electrocatalyst by annealed SiO, coated
zeolite imidazolate framework-67 (ZIF-67) encapsulate Fe ions. The overpotential of OER is
only 320 mV at 0 mA-cm~2, and the half-wave potential of ORR is 0.887 V. Chen et al. [35]
designed and constructed nitrogen-doped carbon-coupled FeNi3 intermetallic compounds
(FeNiz@NC) by a super facile method. It exhibits an ultralow overpotential (Eover) of
277 mV at 10 mA /cm? for OER, and a high half-wave potential (E; /2) of 0.86 V for ORR
which outperform commercial Pt/C electrocatalysts. It is known that electrocatalytic reac-
tions are essentially surface-based reactions, so good dispersion of bimetallic alloy particles
on the surface of the carbon substrate is the key to determine the high catalytic activity
of the surface [24]. However, most of the alloy nanoparticles are inlaid inside the carbon
nanofibers, which may prolong the electron transfer pathway on the one hand and may be
disadvantageous for the exposure of active sites on the other hand [36,37]. Therefore, the
development of a new technique allowing the growth of alloy particles toward the outside
of carbon fibers is attractive for improving the efficiency of oxygen reduction reactive
substances as well as energy conversion in the ORR process.

To solve the above problem, we propose a novel strategy to adjust the distribution of
CoNi alloy nanoparticles embedded in CNF. Here, we used coaxial electrostatic spinning
and subsequent heat treatment to prepare CoNi/CNF composites, where the outer axis
solution was a mixture of Co and Ni salts with polyacrylonitrile (PAN), and the inner axis
was a pure PAN solution. By keeping the coaxial electrostatic spinning outer axis feed
speed constant (3 mm/h) and by adjusting the feed speed of the inner axis, the gradient
distribution structure of CoNi alloy particles on the carbon fiber from inside to outside was
studied, so that a larger number of alloy particles were distributed on the surface of the
carbon fiber to study the electrocatalytic activity and stability.
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2. Results and Discussion
2.1. Structural and Morphological Characterizations

In the current study, we provide a facile method to manufacture CoNi/CNF materials
through coaxial electrospinning technology. The synthesis process of the CoNi/CNF
composite was illustrated in Figure 1. First, polyacrylonitrile ((C3sH3N) n, PAN, 0.8 g) was
added to N, N-dimethylformamide (C3H7;NO DMEF, 10 mL) and stirred magnetically at
80 °C for 16 h to obtain the inner axis solution. Subsequently, 0.8 g PAN, 2.0 mmol cobalt
acetate tetrahydrate(C4H;4C0oOg) and nickel acetate tetrahydrate (C4H;4NiOg) (Co/Ni
atomic ratio of 2:1) were dissolved in 10 mL of DMF with continuous stirring for 16 h to
obtain the outer axis solution. Then, the obtained viscous solution was transferred into
syringe for electrospinning. The distance between the needle and the receiving device was
15 cm, the voltage was set to 17 kV, and the drum speed was 300 r/min. The solution feed
speed was fixed at 3 mm/h on the outer axis and 1 mm/h, 1.5 mm/h and 3 mm/h on the
inner axis, respectively. After the spinning completed, the obtained fabric were warmed
up to 220 °C for 1 h under an air atmosphere at 2 °C min~! for pre-oxidation, and then
carbonization temperature was set at 700 °C and held for 2 h under an N, atmosphere to
achieve the final CoNi/CNFs, respectively, recorded as 3-1, 3-1.5, 3-3.

220C

Figure 1. Schematic illustration for the synthesis process of CoNi/CNFs.

The phase composition of the three samples was analyzed using X-ray diffraction
XRD, as shown in Figure 2. All samples exhibited similar XRD patterns, and a total of four
peaks were identified (Figure 2a). The broad diffraction peak at 25° corresponds to the (002)
crystal plane of graphitic carbon, and the remaining three distinct diffraction peaks at 44.4°,
51.6° and 76.2° correspond to the (111), (200) and (220) crystal planes of the CoNi alloy
according to Co (PDF#15-0806) and Ni (PDF#04-0850) [38], respectively, as face-centered
cubic (fcc) structure. It is noteworthy that the synthesized materials have both Co and Ni
diffraction peaks shifted to the middle of the metal Co and Ni standard cards, indicating
the formation of CoNi alloy nanoparticles [39,40]. Based on the XRD data, the average
grain size of the CoNi alloy was calculated by the Scherrer equation, and the results are
shown in Figure 2b. The grain size decreases with the decrease in the ratio between the
outer and inner axis feed speed. This is because CoNi salt is ejected from the outer axis
solution during the electrostatic spinning process, and the inner axis solution is pure PAN,
so when the feed speed of the inner axis is changed, it can effectively form the structure of
gradient distribution of the CoNi alloy on carbon fiber, and as the feed speed of the inner
axis increases, more CoNi alloy tends to be distributed on the surface, and there is a certain
reduction in grain size [41].

The surface morphology and microstructure of CoNi/CNF catalysts was revealed by
the SEM and TEM images, as shown in Figure 3. The SEM and TEM images indicate that
the CoNi/CNF composite was composed of fibers with particle-like material. According
to the XRD analysis, this nanoparticle-like material is the CoNi alloy. In addition, these
one-dimensional nanofibers form a continuous three-dimensional network structure, and
this special structure not only provides rapid channels for electron transport during the
electrocatalytic reaction, but also facilitates the enhanced structural modulation of the
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CoNi/CNF composites and the overall structural stability during the electrocatalytic pro-
cess [42]. By further observing the high magnification SEM (Figure 3(al—c1)), it can be seen
that the number of CoNi alloys distributed on the fibers increases greatly when the inner
axis feed speed increases from 1 mm/h to 3 mm/h.
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Figure 2. (a) XRD patterns and (b) average crystallite size of the prepared CoNi/CNFs.

Figure 3. SEM and TEM images of the prepared CoNi/CNFs added with different feed speeds of the
inner shaft: (a0-a2) 1 mm/h: 3-1, (b0-b2) 1.5 mmol: 3-1.5, and (c0-c2) 3 mmol: 3-3.

As observed in the TEM images (Figure 3(a2—c2)), the fiber diameter is approximately
250 nm and the size of the CoNi alloy particles on the fiber is refined from 15 nm to
approximately 10 nm and the number is significantly increased. It is noteworthy that with
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the increase in the internal axis feeding speed, these CoNi alloys are not just distributed on
the surface of the carbon fibers, but are semi-embedded, which is an essential contribution
to improve the stability in the electrocatalytic process. However, as the internal axis feed
speed increases to 3 mm/h, the CoNi alloys distributed on the fiber surface precipitate
further outward and there is some reduction in the size of the alloys, while the interior
shows biased aggregation (Figure 3(c1,c2)).

In order to investigate the distribution of elements on the surface of carbon fibers,
energy-dispersive X-ray (EDS) was used to analyze the Co and Ni content on the surface
of carbon nanofibers. The four pictures are C, N, Co, and Ni elements, from which it
can be observed that N is evenly divided. Cloth in the whole carbon nanofiber, Co, Ni
elements are distributed on the granular matter. Further low, high-resolution transmission
electron microscopy (HRTEM) maps show lattice stripes of 0.204 nm and 0.177 nm for
the nanoparticles embedded in carbon nanofibers, which are close to the (111) crystal
plane (0.1772 nm, PDF#15-0806) and (200) crystal plane (0.1762 nm, PDF#4) of metallic Co
or metallic Ni, respectively (Figure 4b,c), which further identifies the granular material
distributed on the carbon fibers as the CoNi alloy. Furthermore, it is noteworthy that the
embedded CoNi alloy nanoparticles are surrounded by a graphitic carbon layer with a
graphitic carbon lattice stripe of 0.36 nm for the (002) crystal plane. Moreover, it has been
shown that the graphitic layer structure is also active in the electrocatalytic process and
facilitates the structural stability during the reaction.

Figure 4. (a) HADDF-STEM image and elemental mappings of Co, Ni, N, and S, (b,c) HRTEM images
of sample. (purple arrows are CoNi alloy (111), bule arrows are Graphitic layers (002), orange arrow
is CoNi alloy (200)).
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Figure 5a is the Raman spectrum of the prepared CoNi/CNFs. There are two peaks
centered at 1350 cm~! and 1578 cm™1, which are attributed to the D band and the G
band of C atom crystal characteristic peaks [43-49]. The IG/(ID + IG) value an usually be
used to evaluate the graphitization degree of carbon materials, and a larger IG/(ID + IG)
value represents the higher degree of graphitization [50]. As shown in Figure 5b, the
graphitization increases with the increase in the internal axis advancement rate. The
gradient distribution structure of the CoNi alloy on carbon nanofibers is conducive to the
improvement of graphitization. When the inner axis feed speed is 1 mm/h, a larger number
of particles of the CoNi alloy are distributed in carbon fibers because they are surrounded
by carbon, which is not conducive to catalytic graphitization. With the increase in the
internal axial feed speed, more CoNi alloy particles appear on the surface of the carbon
fiber, which leads to a larger catalytic graphitization volume, so the graphitization degree
is improved to a certain extent.
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Figure 5. (a) Raman patterns and (b) graphitization degree of the prepared CoNi/CNFs with different
feed speeds of the inner shaft. (black curves represent the original data. blue curves represent the
automatically generated green curves represent D band of C atom crystal characteristic, red curves
represent G band of C atom crystal characteristic).

In order to gain further insight into the surface elemental composition and chemical
valence of the designed CoNi/CNF catalysts, the samples synthesized at different internal
axis feed speeds were tested and characterized using XPS. The split-peak fits of Co2p and
Ni2p are presented in Figure 6a—f. From the figures, it can be observed that for Co2p, there
are two main peaks in the Co2p3/2 range centered at 781.0 eV, corresponding to Co® and
Co?*, centered at 778.4 eV and 781.0 eV, respectively. Meanwhile, the two peaks in the
Co2pl/2 range centered at 793.7 eV, centered at 780.0 eV and 793.7 eV, also correspond
to Co and Co?*. For Ni2p, there are two main peaks in the Ni2p3/2 range centered at
854.7 eV, centered at 853.2 eV and 855.2 eV, corresponding to Ni’ and Ni?*, respectively,
while two peaks in the Ni2p1/2 range centered at 872.2 eV, centered at 870.5 eV and 872.3 eV,
corresponding to Ni® and Ni?* [51-55]. The Cls orbital (Figure 6g) is deconvolved into
three peaks, with large peaks concentrated in 284.7 eV, ascribed to graphitic carbon. The
peak at 285.8 eV can be attributed to the C-N bond. The peak at 288.9 eV can be attributed
to the C=0 bond, The N1s orbital (Figure 6h) is deconvolved into two peaks, the stronger
of which can be attributed to pyridine nitrogen and graphite nitrogen at 398.2 eV and
400.97 eV.
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Figure 6. High-resolution XPS spectra of CoNi/CNFs with different feed speeds of the inner shaft:
(a,b) 3-1: Co2p, Ni2p; (c,d) 3-1.5: Co2p, Ni2p; (e,f) 3-3: Co2p, Ni2; (g) 3-1, 3-1.5, 3-3: Cls, (black
curves represent the original data. yellow curves represent the automatically generated. blue curves
represent C-N, red curves represent C-C, purple curves represent C=0.) (h) 3-1, 3-1.5, 3-3: N1s. (black
curves represent the original data. pink curves represent the automatically generated. green curves
represent pyridine nitrogen, red curves represent graphite nitrogen.).
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It is noteworthy that no metallic Co and Ni were detected when the internal axis feed
speed was 1 mm/h. This may be due to the fact that most of the CoNi alloy particles grew
inside the carbon fibers, so more Co?* and Ni?* plasma states were detected on the surface
(Figure 6a,b). With the increase in the internal axis feed speed, the CoNi alloy particles grew
to the outside of the carbon nanofiber, and the volume of CoNi alloy particles increased, so
the XPS spectra of Co2p and Ni2p showed the appearance of Co? and Ni° (Figure 6¢,d),
which means that the metallic CoNi distributed on the surface of the carbon fiber increased.
When the feed speed of the inner axis was increased to 3 mm/h, Co? was converted to
Co?* because a large number of particles analyzed on the surface of carbon fiber were
partially oxidized in the air (Figure 6e,f). The coexistence of Co% NiY, Co%* and Ni%*, as
the active sites in the electrocatalytic reaction process, is beneficial to the improvement of
electrocatalytic performance [56—60].

2.2. Electrochemical Evaluation of CoNi/CNFs for ORR

The oxygen reduction (ORR) electrocatalytic activity of all CoNi/CNF catalysts syn-
thesized with different internal axis advance rates were evaluated in an O,-saturated 0.1 M
KOH solution using a rotating ring disc electrode (RRDE) and compared with a 20% com-
mercial Pt/C catalyst [61]. Firstly, linear scanning voltammograms (LSVs) of the samples
were collected, and as revealed in Figure 7a. Unexpectedly, the inner axis feed speed
of 1.5 mm/h exhibited good ORR activity with good onset potential (0.99 V), half-wave
potential (0.92 V) (vs. RHE) and maximum limiting current density (6.31 mA/ cm™~2), better
than the feed speed 3-1 (0.96 V, 0.88 V, 5.48 mA /cm—?) and feed speed 3-3 (0.98 V, 091V,
6.00 mA /cm~2), and better than 20% commercial Pt/C (0.99 V, 0.89 V, 5.17 mA /cm~2). The
excellent oxygen reduction (ORR) performance of the samples synthesized at an endoaxial
feed speed of 1.5 mm/h is attributed to their favorable microstructure. The small grain
size and large number of CoNi alloys mosaic inside and on the surface of the carbon fibers,
which can increase the number of active sites for electrocatalytic reactions, resulting in
outstanding electrocatalytic ability. Therefore, only the appropriate rate of internal and
external axis advancement can form this special structure. When the internal axis feed
speed is overly low (3-1), the formed CoNi alloy particles are continuously wrapped by
the carbon fiber, making it difficult to expose the CoNi alloy particles to the fiber surface,
which is not conducive to participate in the electrocatalytic reaction; when the internal
axis advancement rate is too large (3-3), the CoNi alloy particles tend to grow on the fiber
surface. The distribution of excessive alloy particles on the fiber surface makes the transport
path blocked and the electrocatalytic performance slightly decreased. During the ORR
process, the synthesized samples were tested by rotating the ring-disk electrode (RRDE)
and the ring and disk currents were collected to calculate the electron transfer number
(n) and the percentage of hydrogen peroxide (H;O,%) to uncover the reaction path of
electrocatalytic oxygen reduction, as shown in Figure 7b. In the potential range between
0.3 and 0.8 V, the samples synthesized with 3-1.5 and 3-3 outer-internal axis advancement
rates exhibit similar electron transfer numbers (n) and hydrogen peroxide percentages
(H20,2%) in the tested range, with electron transfer numbers around 3.97 and hydrogen
peroxide percentages around 5%, outperforming the samples synthesized with 3-1 outer-
internal axis advancement rates. The oxygen was directly generated to OH™ by 4e™ transfer,
and there were fewer intermediate reaction courses, showing superior ORR selectivity and
efficient 4e~ transfer mechanism. The high and stable electron transfer values suggest
that the ORR process follows an approximate four-electron pathway over a wide range
of potentials [1,62]. Next, to further demonstrate the catalytic pathway of electrocatalytic
oxygen reduction, LSV curves and corresponding Koutecky-Levich (K-L) curves were
tested for CoNi/CNF catalysts with external and internal axis feed speed of 3-1.5 synthesis
at different rotational speeds (400 rpm, 625 rpm, 900 rpm, 1225 rpm, 1600 rpm) as shown in
Figure 7c. The Koutecky-Levich (K-L) curves at different potentials inserted in Figure 7c
exhibit parallel linear correlation plots indicating the first-order reaction kinetics to oxygen
dissolved in the electrolyte, suggesting that the electron transfer rate is independent of the
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potential. Based on the K-L equation, the electron transfer number (n) was determined to be
3.98, indicating the dominance of the four-electron pathway in the ORR, further validating
that the ORR is a four-electron transfer pathway, suggesting significant electron transfer
efficiency, which is consistent with the rotating ring-disk electrode test [63].
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Figure 7. Comparison of ORR performances of CoNi/CNF electrodes and commercial Pt/C catalyst:
(a) LSV patterns of the prepared CoNi/CNFs with different feed speeds of the inner shaft and Pt/C,
(b) n and H,O, % patterns of the prepared CoNi/CNFs with different feed speeds of the inner shaft
and Pt/C, (c) LSV curves collected under different rotation speeds and K-L plots for the 3-1.5 sample,
(d) the comparison of methanol resistance of 3-1.5 samples and Pt/C, (e) the comparison of the
stability of 3-1 sample and Pt/C, and (f) LSV curve after 5000 CV cycles of 3-1 sample.

In addition, methanol resistance usually has a non-underestimated impact on the
practical application of fuel cells since methanol permeation from the anode to the cathode
reduces the electrocatalytic activity as well as the overall efficiency of the fuel cell. To
evaluate the methanol resistance of the synthesized catalysts, the samples synthesized at
an external internal axis feed speed 3-1.5 and 20% commercial Pt/C were placed in an
oxygen-saturated 0.1 M KOH solution, and a constant potential of 0.6 V (vs. RHE) was
applied to test the change in the chronoamperometric current before and after the addition
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of 3 M methanol [64]. The test results, Figure 7d, show that the CoNi/CNFs (3-1.5) samples
showed no significant variation in the relative current intensity of the chronoamperes after
the injection of methanol into the electrolyte. It indicates that they are well tolerated for
methanol. In contrast, the relative current intensity of 20% of commercial Pt/C decreased
significantly after the addition of methanol, leaving only approximately 60%. As compared
to Pt/C, CoNi/CNFs (3-1.5) showed excellent tolerance to methanol.

Under fuel cell treatment of methanol resistance, stability is also an essential indicator
to evaluate the goodness of the catalyst. To examine the stability of the synthesized samples,
the LSV curves before and after cycling of the synthesized samples at an external internal
axis feed speed of 3-1.5 were tested and compared with 20% commercial Pt/C. Figure 7e,f
shows the stability comparison between 3-1.5 samples and Pt/C and the LSV curves before
and after 5000 CV cycles. Figure 7e shows the long time timed current response for 20,000 s
at a constant potential of 0.6 V (vs RHE) at 1600 rpm. Figure 7f shows the variation in
LSV curve from before the cycle after 5000 turns of linear voltammetric cycling (CV) scan.
The results show that the relative current intensities of synthesized CoNi/CNFs with
an outer-inner axis feed speed of 3-1.5 remain around 95.2% at 20,000 s long run, while
those of 20% commercial Pt/C catalysts remain only around 74.5%. This indicates that the
CoNi/CNFs have excellent stability and are much better than the 20% commercial Pt/C.
Figure 7f shows the difference of LSV curves after 5000 turns of linear voltammetric cycling
(CV) scan compared to before cycling. The results show that after 5000 cycles, the LSV
curves of the synthesized CoNi/CNFs with an external and internal axis feed speed of
3-1.5 almost coincide with the LSV curves before cycling, again confirming the outstanding
stability of the catalyst.

The value of Cdl was obtained through calculation, as shown in Figure 8a. The Cdl val-
ues of 3-1, 3-1.5 and 3.3 electrodes were 1.56 m F-cm ™2, 3.81 m F-cm™2 and 4.80 m F-cm™2.
Charge transport also has a key influence on electrocatalytic performance. The samples
synthesized by an electrochemical impedance spectroscopy (EIS) technique at frequencies
ranging from 0.1 to 10,000 Hz were characterized for interfacial reactions and electrode
kinetics for samples synthesized with different external endo-axial propulsion rates, and
Nyquist plots of composite EIS are shown in Figure 8b. It can be seen from the figure that all
samples have a small charge transfer resistance (Rct). The impedance data were subjected
to the equivalent electrical. The charge transfer resistance of the samples synthesized at 3-1,
3-1.5, and 3-3 of the outer and inner axis propulsion rates is 55.86%. The charge transfer
resistances of the samples synthesized at 3-1, 3-1.5 and 3-3 of the outer and inner axes were
55.86 (1, 36.13 (2 and 47.69 (), respectively, indicating that the gradient distribution was fa-
vorable to the charge Moreover, the electrochemical impedance of the samples synthesized
at 3-1.5 is significantly lower for the outer and inner axes. According to the morphological
structure, the large number and small size of CoNi alloys are uniformly semi-embedded in
carbon fibers, which is favorable for charge transfer. The CoNi alloy with a high number
and a small size is uniformly semi-embedded in the carbon fibers, which facilitates charge
transport and thus corresponds to higher oxygen reduction efficiency.
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Figure 8. Comparison of the prepared CoNi/CNFs with different propulsion rate of the inner shaft:
(a) Cdl and (b) EIS.
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3. Experimental
3.1. Chemicals and Reagents

Polyacrylonitrile ((C3H3N) n, Aldrich, M.W. 150000), N, N-dimethylformamide
(C3H7NO, A.R)), cobalt acetate tetrahydrate (C4H14CoOg, A.R.), nickel acetate tetrahy-
drate (C4H14NiOg, A.R.), and potassium hydroxide (KOH, A.R.) were purchased from
Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai, China) with no further pu-
rification. Nafion solution (5%) and platinum on activated carbon (20 wt.% Pt/C) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Highly purified water (>18 M(Q) cm
resistivity) was provided using a PALL PURELAB Plus system.

3.2. Materials Characterization

The crystallinity of the as-fabricated products was investigated by XRD patterns, which
were carried out on an X-ray diffractometer (Rigaku D/max 2200 PC) with CuKo radiation
(A = 1.5406 A). The morphology was examined by Field emission scanning electron micro-
scope (FE-SEM, Hitachi 54800, Tokyo, Japan). Transmission electron microscope (TEM)
measurements were carried out using a FEI Tecnai G2 F20 from FEI Company (Hillsboro,
OR, USA) at an acceleration voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) spec-
tra were acquired by AXIS SUPRA from Shimadzu, Kyoto, Japan with a monochromatic Al
Ko radiation. Raman spectra were collected using a Raman Spectrometer (Renishaw inVia,
Gloucestershire, UK) with a 785 nm laser under ambient conditions.

3.3. Electrochemical ORR Measurements

The prepared composites were tested electrochemically using a Pine Dual Constant
Potentiostat (Pine, Durham, NC, USA,) with AFMSRCE electrodes, rotating disc elec-
trodes (RDE) and ring disc electrodes (RRDE). The catalyst-covered glassy carbon electrode
was used as the working electrode, the platinum wire and saturated glycury electrode
(SCE) were used as the comparison electrode and reference electrode, respectively. The
electrolyte was 0.1 M KOH solution, and oxygen was passed through to saturation be-
fore the electrochemical test. All potentials were corrected according to the equation
EVS RHE = EVS SCE + 0.2415 + 0.059.

Working electrodes were prepared for electrochemical tests according to the following
process. 5 mg of CoNi/CNFs was ultrasonically dispersed in a mixed solution, which
contained 5 pL isopropanol and 5 uL Nafion solution. Then, 3 uL of the dispersed catalyst
ink was dropped onto the center of the polished glassy carbon electrode (2 mm in diameter),
and the working electrode was successfully modified after drying. The loading of the cata-
lyst on the glassy carbon electrode surface was 0.37 mg cm~2. Meanwhile, the comparison
experiment used 20 wt.% of Pt/C. In this paper, the parameters are set as follows: the
sweep speed is 50 mV s, the scanning range is 0.3-0.8V (vs. RHE), and the rotating disc
electrode speeds are 400 rpm, 625 rpm, 900 rpm, 1225 rpm, 1600 rpm, respectively. In the
comparison of catalyst activity, the polarization curve at 1600 rpm was uniformly used in
this paper. ORR polarization curves at different rotational speeds were used to study the
kinetic process of catalytic reactions. Before each test, O, was injected into the electrolyte
for 30 min to saturate the solution.

4. Conclusions
In this work, we draw the following conclusions:

(1) Flexible CoNi@CNF electrochemical catalysts were successfully synthesized by a
coaxial electrostatic spinning technique, and the gradient distribution of the CoNi
alloy on carbon fibers was achieved by changing the propulsion rate of the inner axis,
which proved that the inner axis feeding speed is an effective method to regulate the
distribution of the CoNi alloy on carbon fibers.

(2) While keeping the feed speed (3 mm/h) of the outer axis (mixture of Co and Ni salts)
constant, the CoNi alloy tended to be distributed on the carbon fiber toward the
surface as the feed speed (1 mm/h, 1.5 mm/h, and 3 mm/h) of the inner axis (pure
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PAN solution) increased. When the internal axis feed speed was 1 mm/h, there was
almost no distribution of CoNi alloy particles on the surface of the carbon fiber; when
the internal axis feed speed was 1.5 mm/h, the CoNi alloy showed a semi-mosaic
structure on the carbon fiber; when the internal axis feed speed was further increased
to 3 mm/h, the CoNi alloy particles precipitated from the surface of the carbon fiber
and the internal segregation phenomenon appeared, which was not conducive to the
exposure of the active sites.

(3) The 3-1.5 sample has the optimum oxygen reduction onset potential and half-slope
potential of 0.99 V and 0.92 V (vs. RHE), respectively, with a diffusion limit cur-
rent density of 6.31 mA/cm~2. The current strength retention rate is 95.2% after
the 20,000 s timed current test. This outstanding performance is attributed to the
abundance and small size of the CoNi alloy distributed on the exterior of the car-
bon fiber, which exposes more active material and facilitates charge transport, thus
corresponding to a higher oxygen reduction efficiency.
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