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Abstract: The preparation of composite carbon nanomaterials is one of the methods for improving
the electrochemical performance of carbon-based electrode materials for supercapacitors. However,
traditional preparation methods are complicated and time-consuming, and the binder also leads to
an increase in impedance and a decrease in specific capacitance. Therefore, in this work, we reduced
Ni-Cu nanoparticles on the surface of nitrogen-doped carbon nanofibers (CNFs) by employing
an electrostatic spinning method combined with pre-oxidation and annealing treatments. At the
same time, Ni-Cu nanoparticles were vulcanized to Ni-Cu-S nanoparticles without destroying the
structure of the CNFs. The area-specific capacitance of the CNFs/Ni—Cu-5-300 electrode reaches
1208 mF cm~2 at a current density of 1 mA cm~2, and the electrode has a good cycling stability with
a capacitance retention rate of 76.5% after 5000 cycles. As a self-supporting electrode, this electrode
can avoid the problem of the poor adhesion of electrode materials and the low utilization of active
materials due to the inactivity of the binder and conductive agent in conventional collector electrodes,
so it has excellent potential for application.

Keywords: supercapacitors; electrostatic spinning; nitrogen-doped carbon nanofibers; electrochemical
properties; nanocomposites

1. Introduction

The consumption of fossil fuels has increased dramatically in recent decades, which has
resulted in the rapid growth of environmental pollution and the energy crisis. People are
looking for more useful, abundant, clean, and renewable energy resources to replace fossil
energy [1,2]. Among the different renewable energy storage systems, electrochemical energy
storage systems are the most attractive [3-5], because of their high efficiency, reasonable cost,
and flexible capacity. Supercapacitors (SCs) have attracted a lot of attention from worldwide
researchers in recent years because they are considered to be a potential alternative electrical
energy storage technology that is closely related to rechargeable batteries and can further
complement the energy storage abilities of a system. Meanwhile, supercapacitors are a new
generation of electrochemical energy storage devices. In the past decade, supercapacitor
technology has realized its great application potential in commercial-scale energy storage
systems. Compared with conventional rechargeable batteries, SCs have short charge
and discharge times and long cycle life, and they are lightweight and environmentally
friendly [6,7]. The chemical properties of SCs mainly depend on their electrode materials [8],
and SCs can be divided into two categories: electrostatic double-layer capacitors (EDLCs)
and pseudocapacitive capacitors (PCs) [9,10]. The former can achieve capacity storage
by accumulating different electrostatic charges at the electrode and electrolyte interfaces,
while the latter option relies on rapid reversible redox processes occurring on or near the
surface of the electrode material. However, carbon-based EDLCs can only achieve very low
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energy densities of 3-5 Wh kg~! [11]. Heteroatom doping (such as N, P, and S) is one of
the effective ways of improving the performance of carbon-based EDLCs. Doping N into
carbon nanofibers (CNFs) can effectively improve electrical conductivity and modulate
the electronic structure of the carbon matrix, which is beneficial for improving the ion
exchange at active sites. Wang et al. [12] prepared nitrogen-doped mesoporous carbon
nanotubes via the hard template method. The resulting nitrogen-doped mesoporous
carbon nanotubes had a large specific surface area (1037 m? g~!) and were uniformly
nitrogen-doped, with a device energy density of 11.6~8.8 Wh kg~ ! and a power density of
6261 W kg~ ! instead of 313 W kg !, which is superior to most of the porous carbon-based
symmetric supercapacitors.

Meanwhile, transition metal compounds can be used as electrode materials for SCs [13-15],
and they have a high specific surface area as well, which always contributes to the good
electrochemical performance of supercapacitors. For example, ternary nickel-copper—sulfide
has rich redox reactions and active sites. Yu Cheng et al. [16] prepared uniform and dense Ni-
Cu films on the nickel foam surface using typical filter cathode vacuum arc technology, and the
electrode was electrochemically vulcanized, which provided a specific capacity of 19752 C g~*
at 0.5 mA cm~?; the capacitance retention rate was 76.8% after 3000 cycles at 10 mA cm~2. Dai
et al. [17] successfully designed Sn-Ni-Co-S nano-arrays with a three-dimensional spherical
structure on nickel foam using a thermal solvent, and the unique spherical structure provided
a larger specific surface area. In addition, the efficient synergy among Sn, Ni, and Co elements
greatly improved the redox reaction capability of the electrode materials. As a result, the
5n-Ni-Co-S composite exhibited excellent performance in the three-electrode system with a
specific capacitance as high as 18.6 F cm~2 at a current density of 5 mA cm 2.

Nevertheless, the synthesis of transition metal compounds is usually carried out via the
hydrothermal method, which has the disadvantages of complexity, is time-consuming, and
is unable to be directly compounded with porous carbon materials. Thus, there is an urgent
need to devise a simple and economical way of strongly coupling transition metal compounds
with CNFs. Electrostatic spinning is a simple and effective technique for preparing polymer
nanofibers under high pressure [18]. The uniqueness of electrospinning technology lies in
its applicability in fabricating materials from various organic polymers while incorporating
inorganic metal oxides, CNFs, graphene, and other nanomaterials or nanomaterial precur-
sors [19-23]. W. Luoa and H. Xue [24] successfully prepared hybrid nickel-cobalt-oxygen-
embedded CNF (nickel-cobalt-oxygen—CNF) nanocomposites using a one-step electrostatic
spinning method and heat treatment. The hybridized (nickel-cobalt-oxygen—-CNFs) nanocom-
posites exhibited good supercapacitance performance with a specific capacitance of 836 F g~
and retention of 80.9% after 2000 cycles. In addition, electrospinning technology is more
attractive and promising for practical applications due to its ease of operation, environmental
friendliness, and large-scale production capacity [18,25-29].

In this paper, a method for the preparation of electrode materials based on nitrogen-
doped CNFs and transition metal compounds using electrospinning technology is proposed;
i.e., the electrodes are pre-oxidized at low temperatures to reduce Ni-Cu nanoparticles
on the surface of carbon nanofibers. Sublimated sulfur was used as the sulfur source to
transform the Ni-Cu nanoparticles into Ni-Cu-S nanoparticles without destroying the
nanofiber’s structure. It is also worth noting that the Ni-Cu-S/CNF electrodes are self-
supported films without the use of binders or conductive agents such as polyvinylidene
fluoride (PVDF) and polyvinyl alcohol (PVA), which usually reduce the extra volume/mass
and produce almost no charge co-absorption. In the presence of Ni-Cu-S, the electrodes
exhibited good stability and electrochemical activity, while the CNF electrodes showed
a significant increase in specific surface area as well as good cycling stability.

2. Experimental Section
2.1. Chemicals and Materials

Polyacrylonitrile (PAN, Mw 149,000~151,000; Shanghai Aladdin Biochemical Technology
Co., Ltd., Shanghai, China), polyvinyl pyrrolidone (PVP, Mw 1,300,000; Shanghai Aladdin
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Biochemical Technology Co., Ltd., China), nickel nitrate hexahydrate (Ni(NO3),-6H,O, Mw
290.785, analytically pure; Chengdu Cologne Co., Chengdu, China), copper nitrate trihydrate
(Cu(NO3),:3Hp0, Mw 241.6, analytically pure; Chengdu Cologne Co., China), sulfur powder
(S, -325 items; Alfa Aesar Chemical Co., Shanghai, China), and N,N-dimethylformamide
(DMEF; Tianjin Lianlong Bohua Pharmaceutical Chemical Co., Tianjin, China) all formed part
of the experimental process.

2.2. Material Characterization Instruments and Equipment

The microscopic morphology of the prepared materials was observed using a field
emission scanning electron microscopy (FE-SEM, Hitachi 5-4800; Hitachi, Tokyo, Japan)
and a transmission electron microscopy (TEM, Tecnai G2 F30, 300 kV; FEI, US). The phys-
ical structures of the materials were characterized using an X-ray diffractometer (XRD,
Rigaku D/MAX-2400, Co K&, A = 0.1541056 nm). The elements and chemical states in
the samples were tested and analyzed using a multifunctional X-ray photoelectron spec-
trometer (XPS, PHI-5702, Mg KR excitation source with an excitation energy of 1253.6 eV;
Physical Electronics Co., Dallas, TX, USA). The specific surface area and pore structure
of the materials were tested and analyzed with a BET physical adsorption tester (Mike
ASAP-2460, with a degassing temperature of 300 °C degassing time of 12 h, adsorption gas
of Nj; Micromeritics, Shanghai, China).

2.3. Preparation of the CNFs/Ni-Cu and CNFs/Ni-Cu-S Electrodes

CNFs/Ni-Cu electrodes were prepared with electrospinning technology (Figure 1).
Initially, 1.5 g of PAN and 0.5 g of PVP were weighed and dissolved into 15 mL of DMF,
and stirred at 1100 r min~! on a constant temperature magnetic stirrer at 60 °C for 2 h
until light yellow solutions were formed Then, 150 mg of Ni(NO3),-6H,0O and 150 mg of
Cu(NO3)-3H,0, 300 mg of Ni(NO3),-6H,0 and 300 mg of Cu(NO3),-3H,0, and 450 mg of
Ni(NOg3),-6H,0O and 450 mg of Cu(NO3);-3H,0 were taken and added to 5 mL of DMF and
stirred on a magnetic stirrer until completely dissolved to obtain different concentrations of
green solutions. The two prepared solutions were mixed and stirred thoroughly to obtain
spinning solutions, which were named as Ni-Cu-150, Ni-Cu-300, and Ni-Cu—450.

Pre-oxidation

Calcination

Precursor
nanofiber

CNFs / Ni-Cu CNFs/Ni-Cu-S

Figure 1. Schematic diagram of the preparation process of Ni-Cu-S/CNFs.

The prepared two solutions were mixed and stirred thoroughly to obtain the spinning
solution. Then, electrospinning was performed at a flow rate of 0.6 mL h~! at a voltage of
14 kV to obtain nanofibers. Subsequently, the achieved homogeneous polymer nanofibers
were stabilized at 230 °C for 2 h in air atmosphere, and then calcined at 800 °C for 2 h in an
argon atmosphere, during which the polymer nanofibers were carbonized into N-doped
CNFs and Ni-Cu were produced via reduction corresponding to different concentrations
of CNFs/Ni-Cu-150, CNFs/Ni—-Cu-300, and CNFs/Ni—-Cu-450. The reduced Ni-Cu
was then sulfurized in a sulfur atmosphere at 550 °C for 2 h to obtain CNFs/Ni-Cu-S
nanoparticles (Table 1), and the carbon nanofiber structure remained intact, benefitting from
the synergistic effect of the one-dimensional structural features of Ni-Cu-S and N-doped
carbon nanofibers.
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Table 1. Samples obtained by different extra concentration for CNFS/Ni-Cu-S.

Pre-Oxidation Carbonization Vulcanization Ni(NO3),-6H,O Cu(NO3),-3H,0
Sample Temperature Temperature Temperature Addition Amount Addition Amount
[°Cl [°C] [°C] [mg] [mg]
NCS/CNFs-150 230 800 550 150 150
NCS/CNFs-300 230 800 550 300 300
NCS/CNFs-450 230 800 550 450 450

2.4. Electrochemical Measurements

Electrochemical performances were carried out on a CHI 760E electrochemical work-
station (Shanghai Chenhua Instruments Co., Ltd., Shanghai, China) with a three-electrode
system. The synthesized electrodes (CNFs/Ni-Cu and CNFs/Ni-Cu-S) were used as
working electrodes. The Pt sheet and Hg/HgO were used as counter and reference elec-
trodes, respectively. The electrochemical activities of the electrodes prepared for both
CNFs/Ni-Cu and CNFs/Ni-Cu-S electrodes with an area of 1 cm? were evaluated by
cyclic voltammetry (CV), constant current charge and discharge (GCD), and electrochemi-
cal impedance spectroscopy (EIS). Both electrodes were tested in a 1 M KOH electrolyte,
and the CV measurements were performed at different scan rates in the potential range of
—0.8 V-0 V with a scan range of 1-25 mV s~!. GCD tests were performed in the potential
range of —0.8 V-0 V with a current density range of 1-10 mA cm 2. The area capacitance
(C, mF cm~2) was calculated using the following equation:

IAt
- 1
¢ SAV M)
where I (A) is the constant discharge current; At (s) is the discharge time; S (cm?) is the area
of active substance; and AV (V) is the voltage window in which the electrode operates.

3. Results and Discussion
3.1. Material Characterization

The structures of the CNFs/Ni-Cu were analyzed by XRD, and as shown by Figure 2a,
43.8°,50.9°, and 74.7° of the (111), (200), and (220) planes of Cugg;Nig 19 JCPDS NO.47-
1406) are observed, respectively, which are consistent with the data measured by high-
resolution transmission electron microscopy (HRTEM). The XRD pattern also has a distinct
carbon peak. With an increase in the spinning solution concentration, the diffraction peak
of Cupg1Nig19 becomes more and more obvious. As can be seen from Figure 2b, the
characteristic XRD peaks of the CNFs/Ni—Cu-5-300 sample are evident at 31.4°, 35.2°,
38.7°,45.0°, and 55.9° corresponding to the (002), (021), (112), (022), and (222) crystal planes
of CuNi3Sg (JCPDS NO. 98-062-8552), respectively. The (111) crystal plane located at 27.1° is
consistent with the crystal plane spacing measured with the TEM [16,30]. Figure 2b shows
the appearance of additional, non-characteristic peaks, which is due to the introduction
of the elemental S through S vapor vulcanization during our preparation, the attachment
of S monomers to the material, and the impurities and contaminants introduced by the
preparation process.
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Figure 2. XRD images of (a) CNFs/Ni-Cu-150, CNFs/Ni-Cu-300, and CNFs/Ni-Cu—450 and
(b) CNFs/Ni—Cu-5-300.

The carbonized samples maintained the nanofiber structures obtained by the spinning.
The prepared nanoparticles were spherical with an average diameter of between 150
and 400 nm. According to the low-magnification plot S1, S2, it can be analyzed that the
nanoparticle distribution concentration increased with the addition of salt. The samples
exhibited no obvious agglomeration behavior and the distribution was relatively uniform
despite gradient concentrations. As shown in Figure 3a,b, the structure of the Ni-Cu-S
nanoparticles remains intact and the particle size did not change much after sulfidation.
But many folds appeared on the surface, which were caused by the sulfidation reaction of
Cuyg.81Nip 19 obtained by carbonization reduction with sublimated sulfur vapor at 550 °C to
achieve CuNi3Sg. After sulfidation, these nanoparticles were tightly bound to CNFs and
had a significantly higher specific surface area. The open three-dimensional structure is
more beneficial to the efficient transport of electrons and ions between the electrode and
electrolyte; thus, the electrochemical performance of the electrodes has been effectively
improved. Figure 3c—e are the HRTEM images of CNFs/Ni-Cu-300 and CNFs/Ni—Cu-
5-300, where visible stripes can be observed. A lattice spacing of 0.338 nm was observed
from Figure 3¢, corresponding to the (220) crystal plane of the CNFs/Ni-Cu-300 sample.
On the other hand, the lattice fringe spacing of 0.341 nm, corresponding to the (111) crystal
plane of CuNi3Sg, is consistent with the XRD results. Figure 3d shows the mapping plot
of C, N, Ni, Cu, and S elements in the sample, from which it can be seen that C and N are
uniformly distributed on the carbon nanofibers, while Ni, Cu, and S are distributed on the
nanoparticles. It can be found that during the sulfidation process, the sublimated sulfur
did not enter the pores of the carbon nanofibers, but only reacted with the nanoparticles.
The cross-sections of CNFs/Ni—-Cu-S samples were characterized by SEM, and it can be
seen from the S3 that the thicknesses of CNFs/Ni—-Cu-5S-150, CNFs/Ni—-Cu-5-300, and
CNFs/Ni-Cu-5-450 electrodes were 121.4 pm, 131.8 um, and 134.9 um, respectively, with
a maximum difference of 13.5 pm. In subsequent electrochemical tests, the area capacitance
method was used to calculate the area specific capacity of the electrodes, and for the self-
supporting electrodes, the thickness proximity allows a more accurate comparison of the
area specific capacity of these electrodes.

The CNFs/Ni—Cu-5-300 sample was subjected to XPS testing to characterize its
elemental composition and chemical states. The characteristic peaks appearing in the
full XPS spectrum of CNFs/Ni-Cu-300 correspond to the elements of C, N, O, and Nj,
respectively (56). Figure 4a is the full XPS spectrum of the CNFs/Ni—Cu-5-300 sample,
where the elements C, N, Ni, Cu, and S correspond to their characteristic peaks, respectively.
The appearance of O originates from the adsorption of O in the air. Three distinct, fitted
peaks at 284.8 eV, 285.4 eV, and 288.1 eV can be seen in Figure 4b, representing carbon-
carbon single bond (C-C), carbon-nitrogen bond (C-N), and carbon-oxygen single bond
(C-0O) [31], respectively. In Figure 4c, two different fitted peaks of the N 1s spectra at 400.3 eV
and 398.7 eV for pyrrole nitrogen and pyridine nitrogen are presented, respectively [32]. The
Ni 2p, Cu 2p, and S 2p fine spectra were decomposed into two self-selected orbitals using a
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Gaussian fit, as shown in Figure 4d—f. The S 2p,/, energy level is related to the binding
energy of Ni-S and Cu-S bond, while the S 2p3/, energy level can prove the presence of
sulfur ions in a low coordination state on the surface [33,34]. The XPS results show that the
Ni-Cu-S-300 is composed of Ni**, Cu?*, and S?>~ [35]. Based on the XPS test results, the
integral calculated the elemental composition ratio of C, N, Cu, Ni, and S in CNFs/Ni-Cu-
5-300, as shown in Figure 4g, in which C is the main component with 72.70%. The contents
of N, Cu, and Ni elements are 8.46%, 8.40%, and 8.79%, respectively, and similar results are
observed for the elemental composition ratio of CNFs/Ni-Cu-300 (Figure Sé6e); notably,
the samples were sulfurized to introduce 1.65% of S. Figure 5a shows the adsorption—
desorption curve of the CNFs/Ni—Cu-5-300 sample in N, which implies the porous
structure of the material is a typical type IV microporous structure [36]. The specific
surface area was 371.063 m? g ! and the pore volume was 0.149 cm® g1, respectively. By
comparing the specific surface area and pore structure between the CNFs/Ni-Cu-5-300
and CNFs/Ni—Cu-300 in Table 2, it can be seen that there are more ion adsorption sites in
the CNFs/Ni—-Cu-5-300.

b

Figure 3. (a) SEM image of CNFs/Ni-Cu-300; (b) SEM image of CNFs/Ni-Cu-5-300; (c) TEM image of
CNFs/Ni-Cu-300; (d) mapping image of CNFs/Ni-Cu-S-300; (e) TEM image of CNFs/Ni-Cu-5-300.

Table 2. Specific surface area and pore structure of CNFs/Ni-Cu-300 and CNFs/Ni-Cu-5-300.

BJH Desorption BJH Desorption Average BJH Desorption
S BET Surface Area Cumulative Total Pore Volume Cumulative rag Median Pore
ample 2.1 3.1 Pore Diameter .
(m* g—1) Surface Area (cm® g—1) Volume (am) Diameter
(m? g-1) (em® g-1) (nm)
CNFs/Ni-Cu-300 42.609 24.359 0.008 0.059 6.065 9.762
CNFs/Ni-Cu-5-300 371.063 54.281 0.149 0.086 2.562 6.361




Energies 2024, 17, 1449

7 of 15
(a) (b) (©)
cis C1s N 1s
z 2 2
P P P
= = =
S S S
= = =
il cl il
e S
2 N . \ . : N \ P S R R S
1200 1000 800 600 400 200 0 300 295 290 285 280 275 410 408 406 404 402 400 398 396 394 392 390

Binding Energy / eV

Binding Energy / eV

Binding Energy / eV

(d)

Intensity / a.u.

.
(S
Ni 2p ©[ Ccu2p O s2p
. 3
= &
s >
z £
- =
£ z
= -
-
" " " " " L L N N N N N L L " N N N N " " L
880 875 870 865 860 855 850 845 955 950 945 940 935 930 925 920 170 168 166 164 162 160 158 156
Binding Energy / eV Binding Energy / eV Binding Energy / eV
S: 1.65%
(® 4
Cu:
8.40%
N:8.46%

C: 72.70%

CNFs/Ni-Cu-5-300

Figure 4. (a—f) XPS images of CNFs/Ni-Cu-5-300: full spectrum (a), fine spectrum of C 1s (b), N 1s
(c), Ni2p (d), Cu 2p (e), S 2p (f), and (g) elemental composition ratio of CNFs-Ni-Cu-S-300 samples.

(@) (b)”
160 b 9— CNFs/Ni-Cu-S o —a— CNFs/Ni-Cu-S
o
| of |
~ 150 | i h
- 2| - \
-] | ‘o040 | @
S0 p - iy
oy @ g \
< o = Qe
2 » «_ 30 | \
5130 F oD g 2
2 a%” g \
= RS9 ~ e
= 00-0-0-353 500 S0t \
5120- J_‘jjj,;.agua s Y
B 027373 Z 9
G 2 )
> 10 j"ﬂ 10 F %,
9 %9
9o 0-0—4—q
JUTIN S oF 89 —o—0|
L L L L L L L L
0.0 0.2 04 0.6 0.8 1.0 10° 10! 10°
Relative pressure/ P/P; Pore diameter / nm

Figure 5. (a) N, adsorption—-desorption curves and (b) pore size distribution of CNFs/Ni-Cu-S-

300 samples.



Energies 2024, 17, 1449

8 of 15

3.2. Electrochemical Performance

Figure 6a shows the CV curves for the CNFs/Ni—Cu-5S-150 electrode with scanning
rates of 5-25 mV s~ 1, and it can be seen that the overall CV curve of this electrode is shuttle-
shaped without obvious redox peaks due to the low content of Ni-Cu-S nanoparticles,
indicating that it is mainly a surface-controlled diffusion process. Figure 6b shows the
CV curves for the CNFs/Ni-Cu-5-300 electrode with scanning rates of 5-25 mV s~L.
Compared with the CNFs/Ni—Cu-5-150 electrode, with the increase in scanning rate, the
redox peak current improves, and the cathode peak shifts to lower potentials, with the
anode peak shifting to higher potentials, indicating significant pseudo-capacitance behavior.
Figure 6¢c shows the CV curves of the CNFs/Ni-Cu-5-450 electrode with scanning rates of
5-25 mV s~ 1. With the increase in the Ni-Cu-S particle concentration, the redox peak of
this electrode is more obvious, but its area is much smaller than that of the CNFs/Ni—-Cu-—
5-300 electrode. As shown in the SEM images, the fracture of the carbon nanofiber was
serious; hence, the conductivity was suppressed. Figure 6d shows the GCD curves of the
CNFs/Ni-Cu-5-150 electrode with current densities of 1-10 A g~!; consistent with the
CV curve display, no redox peaks appeared which is the standard capacitance behavior.
Figure 6e shows the GCD curves of the CNFs/Ni—Cu-5-300 electrode with current densities
of 1-10 A g~ !; the redox peak appeared at the same peak position as the CV curve. The
curve shape is basically symmetrical, which represents the excellent reversibility of the
electrode’s redox reaction, and its capacity is roughly calculated by the GCD curve, which is
the best of the three. Figure 6f shows the GCD curves of the CNFs/Ni-Cu-5-450 electrode
with the current densities 1-10 A g~!, and its redox peak is more obvious than the former,
indicating that the electrode mainly works with pseudo-capacitive behavior operation. The
reduced conductivity affects its surface diffusion, leading to its capacity reduction [37,38].
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Figure 6. Electrochemical testing of CNFs/Ni-Cu-S samples, (a,d) CNFs/Ni-Cu-5-150, (b,e) CNFs/Ni-
Cu-5-300, (c,f) CNFs/Ni—Cu-5-450.

The electrochemical properties of the samples under varying gradient concentrations of
the CNFs/Ni-Cu-S were compared, and Figure 7a shows the CV curves of the CNFs/Ni-
Cu-5-150, CNFs/Ni—Cu-5-300, and CNFs/Ni—Cu-5-450 electrodes at a same scan rate of
5mV s~l. At this scan rate, the area of CNFs/Ni—-Cu-S-150 is the smallest relative to other
two electrodes, and since its capacitive behavior is mainly controlled by surface diffusion, the
polarization effect was not obvious when the voltage is close to —1V and 0 V. The overall shape
is almost a rectangular, which could be attributed to typical double-layer supercapacitors. The



Energies 2024, 17, 1449

9of 15

CNFs/Ni-Cu-5-300 has the largest area, with the redox peak appearing around —0.3 V, and
the relevant electrochemical reactions can be described as follows:

CuNi3(S)s + OH™ <> CuNi3(S2),OH +e~ 2)
(@ (byos
—— CNFs/Ni-Cu-5-150 —— CNFs/Ni-Cu-5-150
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Figure 7. CNFs/Ni-Cu-5-150, CNFs/Ni-Cu-5-300, and CNFs/Ni—Cu-5-450 electrodes at (a) CV
curves for a scan rate of 5mV s~1, (b) CV curves for a scan rate of 25 mV s~ !, (¢) GCD curves for a
current density of 1 mA cm~2, and (d) GCD curves for a current density of 10 mA cm 2.

Similarly, the same reaction occurs at the CNFs/Ni-Cu-5-450 electrode, so the peak
positions are very close when the reaction occurs, and since there are more Ni-Cu-S
nanoparticles on the CNFs/Ni—Cu-5-450 electrode, their redox peaks are slightly stronger.
At a scan rate of 25 mV s 1, the higher the content of Ni-Cu-S nanoparticles, the less
pronounced the polarization effect (Figure 7b). The redox peaks of the CNFs/Ni-Cu-5-300
electrode were significantly shifted. However, the area of the CNFs/Ni-Cu-5-300 electrode
was still the largest among the three, indicating that its multiplicative performance was
better than other two electrodes. Furthermore, the GCD curves of three electrodes were
analyzed. Figure 7c shows the GCD curves of the corresponding electrodes at a current
density of 1 mA cm 2. Both the CNFs/Ni—Cu-S-300 and CNFs/Ni-Cu-5-450 electrodes
showed more obvious redox peaks which were consistent with the peak positions of the
CV curves, and the capacitance of the CNFs/Ni-Cu-S-300 electrode was 1208 mF cm 2,
which presented a more obvious pseudo-capacitance behavior. Figure 7d shows that the
capacitance of the CNFs/Ni-Cu-5-300 electrode was higher than the CNFs/Ni-Cu-5-150
and CNFs/Ni—Cu-5-450 electrodes, and the former is due to fewer nanoparticles, while
the latter is because too many nanoparticles destroy the one-dimensional carbon nanofiber
structure, resulting in a decrease in ion exchange rate. The GCD curves of the CNFs/Ni-Cu-
S-450 electrodes at a current density of 10 mA cm~2 show that the capacitance capacity of all
three devices decreases more obviously when the current density increases to 10 mA cm™2.
In comparison, it seems that the capacity of the CNFs/Ni—-Cu-5-300 electrode remains
at a high level after the current density increases, partly because the density of Ni-Cu-5
nanoparticles is in the middle and has just reached equilibrium, and on the other hand, it is
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also because the electrode is a self-supporting electrode and the loss of active material is
not too serious.

Figure 8a shows the comparative EIS of the CNFs/Ni-Cu-S samples. In the low
frequency range, the linear slope of the CNFs/Ni—Cu-5-150 electrode is higher than that of
the other two, indicating that the CNFs/Ni-Cu-5-150 electrode exhibits lower diffusion
resistance and faster ion transfer rate. The semicircle of the CNFs/Ni-Cu-5-300 electrode
in the high frequency range is smaller than that of the remaining two electrodes (Figure 8a),
indicating that the CNFs/Ni-Cu-5-300 electrode displays lower charge transfer resistance
(Ret). In addition, the equivalent series resistance (Rs) of the CNFs/Ni-Cu-S-150 electrode
and the CNFs/Ni—Cu-5-300 electrode are very close to each other and are 4.50 () and
4.77 (), respectively.

~
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Figure 8. Comparison of the electrochemical properties of CNFs/Ni-Cu-S samples: (a) EIS curves;
(b) calculated specific capacitance at different current densities; (c) 5000 charge/discharge cycles at a
current density of 10 mA cm™2.

The trend of the sample specific capacity with current density is provided in Figure 8b,
which is based on the GCD curves in Figure 6d—f. At current densities of 1, 2, 4, 6,
8, and 10 mA cm 2, the specific capacities of the CNFs/Ni-Cu-5-150 electrode were
calculated to be 656.0, 511.4, 384.0, 310.2, 260.0, and 223.7 mF cm~2, respectively. The
specific capacities of the CNFs/Ni—Cu-5-300 electrode were 1208.0, 1000.0, 828.0, 682.8,
563.2, and 492.0 mF cm 2. The specific capacities of the CNFs/Ni-Cu-S-450 electrode were
725.0,534.6,410.4, 319.2, 256.3 and 201.2 mF cm—2. The CNFs/Ni-Cu-S-300 capacitance
retention is 40.7%, indicating that this energy storage mechanism is somewhat affected at
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high current densities when the Faraday reaction is dominant. Figure 8c is a cycling stability
test with three electrodes subjected to a current density of 10 mA cm~2 for 5000 cycles.
After 5000 cycles, the CNFs/Ni—Cu-S-150 electrode, CNFs/Ni-Cu-5-300 electrode, and
CNFs/Ni—-Cu-5-450 electrode were 68.3%, 76.5%, and 65.7% of initial capacity, respectively.
The CNFs/Ni—Cu-5-300 electrode maintains the highest capacitance retention and the most
stable electrochemical performance after 5000 cycles. The CNFs/Ni-Cu-5-300 electrode
and CNFs/Ni-Cu-5-450 electrode are highly symmetrical GCD curves, and reversible
redox reactions can occur stably. All electrodes have high cycling stability after multiple
cycles, and it can be deduced from the SEM diagram in the previous section that the lower
content of Ni-Cu nanoparticles in the CNFs/Ni-Cu-S-150 electrode led to the defect being
amplified after several cycles and the structure not being stable enough, which led to the
decrease in cycling stability.

Figure 9a,b show the CV curves of both electrodes at scan rates of 5 mV s~! and
25mV s~ ! and it can be seen that the voltage window of the two electrodes after sulfidation
expands from —0.8 V-0 V to —1 V-0 V. Observing the redox reaction of the electrodes with
both electrolytes at 1 M KOH, it can be seen that the CNFs/Ni-Cu-5-300 electrode has
more redox peaks than the CNFs/Ni-Cu-300 electrode, which improves the voltage window.
Comparing the CV areas of the two electrodes, the CNFs/Ni-Cu-5-300 electrode basically
completely contains the CNFs/Ni-Cu-300 electrode, and the area is nearly twice that of
the latter. Figure 9c compares the EIS curves of both electrodes. The CNFs/Ni-Cu-S-300
electrode has a smaller semicircle in the low frequency region, indicating a smaller charge
transfer resistance [39,40]. The intersection point of the CNFs/Ni-Cu-5-300 electrode and
the real axis is further forward, and its equivalent series resistance (Rs.) is also smaller.
The linear slope of the CNFs/Ni—-Cu-5-300 electrode in the low frequency region is larger
than that of the CNFs/Ni—Cu-300 electrode, indicating that the diffusion resistance of the
former is also smaller, so the ion transfer performance of the CNFs/Ni—-Cu-5S-300 electrode is
better than the CNFs/Ni—Cu-300 electrode. As shown in Figure 9d,e, the GCD curves of the
two electrodes were compared at current densities of 1 mA cm~2 and 10 mA cm~2 The ca-
pacity of the CNFs/Ni—Cu-S-300 electrode was higher than the CNFs/Ni-Cu-300 electrode
whether at the high or low current density, and both electrodes had good symmetry and
excellent reversibility of the redox reaction. The CNFs/Ni-Cu-5-300 electrode’s multiplicity
performance is better than that of the CNFs/Ni-Cu-300 electrode.

The summary of the specific capacity of the two electrodes can be seen in Figure 9f. The
CNFs/Ni—Cu-5-300 electrode is higher than the CNFs/Ni—Cu-300 electrode in terms of
capacity and multiplicity performance, and the graph allows a more intuitive comparison
of these. The cycling stability of the electrodes was tested (Figure 9), and the specific
capacity of the CNFs/Ni—Cu-5-300 electrode was 76.5% of initial capacity for 5000 cycles
at a current density of 10 mA cm~2, which is caused by the fact that the samples are
obtained via reductive vulcanization, and the active material falls off after many cycles.
The specific capacity of the CNFs/Ni—Cu-300 electrode was 160% of initial capacity, due
to the difference in the energy storage mechanisms between electrodes at high currents.
The CNFs/Ni-Cu-300 electrodes require a long time for activation to involve the pore
structure inside the material in the reaction, but are very unstable during cycling, whereas
CNFs/Ni-Cu-5-300 electrodes have high cycling stability. Furthermore, comparison with
reported electrodes with similar material systems (as shown in Table 3) shows that our
electrode, i.e., CNFs/Ni-Cu-5-300, has good specific capacity and cycling stability.



Energies 2024, 17, 1449

12 0f 15

0.03 50
(a) — owenicwann | (b) —— CNFs/Ni-Cu-300 (c) —— Ni-Cu-300
ootk = CNEMNECaSS00 0.02 —— CNFs/Ni-Cu-S-300 0] —NiCus-300
< < 0.01
z e E
5 = <
e 5 000 2
5 000t 5 N 20
'] 3 001 '
0.02 10
-0.01 -0.03— . . . . . * 0
12 1.0 08 0.6 -04 02 0.0 12 -1.0 08 0.6 04 -02 0.0 0 20 40 60 80 100
Potential (vs. Hg/HgO)/ V Potential (vs. Hg/HgO)/ V Z'/ohm
(d) (e)
- — o 1400
> 00 — CNFsNiCu-300 [0 57 g1 ——CNFsNi-Cu300 fo 5 > (f) = Bl CNFs/Ni-Cu-300
é —— CNFs/Ni-Cu-S-300 é é —— CNFs/Ni-Cu-S-300 é I-: 1200 Il CNFs/Ni-Cu-S-300
o0 =Y L 4 o0 -
2 w2 0.2 0.0 = 3 1000
2} R ) =
==l 02T T 04 0.2 T g 800
% s @ @ ‘2
¢ g £ ES 2 600
= 04> =-06 04 = &
= s 8 K] S 400
2 £ I
2 -0.6 8 e -0.8 1-0.6 e S 200
S 1) o 1=}
£ A~ =¥ =9
-1.0 . - - - - -0.8 -1.0 -0.8 @®o0
500 1000 1500 2000 2500 3000 0 20 40 60 80 100 L L
Time / s Time /s Current density / mA cm™
(g) 240 120
o 200 100
£
S X
2 SN
>
Bl o CNFs/Ni-Cu-S-300 r80 o
3 @  CNFs/Ni-Cu-300 2
2 =
<
= 120 N L60 o
] 2
g 2
a £
3] =}
o 80 L 40 =
] s
8 o
=3
7] 40 F 20
e

'l L 0
2000 4000

Cycle number

Figure 9. Comparison of CNFs/Ni-Cu-5-300 electrode and CNFs/Ni—Cu-300 electrode: CV at
5mV s~ ! (a) and 25 mV s~ (b); EIS (c); GCD at 1 mA cm 2 (d) and 10 mA cm 2 (e); rate performance
(f); cyclic stability at 10 mA cm~2 (g).

Table 3. Capacitances and cycling stabilities of the electrode with the similar material systems.

Electrode Materials Electrolyte C/Current Density Capacity Retention Rate/Cycle Number
NiCo,04-CNFs [24] 6 M KOH 836Fg~/5Ag7! 80.9% /2000 cycles
CNFs@Ni(OH), /NiO [41] 3 M KOH 695Fg 1/1Ag™! 77%/2000 cycles
NiCo0,S4@CNFs [42] 3 M KOH 527.8Fg~/02A g™} 90%/3000 cycles
NiCo,S,/GA [43] 3 M KOH 70434F g 1/1A g™ 80.3%/1500 cycles
MXene/CNF-PANI [44] 3 M H,S0, 327Fg~1/3mA cm™2 84.1%/3000 cycles
CNFs/Ni-Cu-5-300 (This work) 1M KOH 1208 mF cm~2/1 mA cm—2 76.5%/5000 cycles

4. Conclusions

In this work, N-doped CNFs compounded with Ni-Cu-S nanoparticles were pre-
pared by electrospinning. By doping with N elements, the electrical conductivity of CNFs
was improved while ensuring a good structure. After successfully sulfurizing the Ni-
Cu nanoparticles attached to surfaces of CNFs without destroying their structure, the
electrochemical performance of CNFs/Ni-Cu-S was successfully enhanced. The area
specific capacitance of the CNFs/Ni-Cu-S-300 electrode reached 1208 mF cm~2 at a cur-
rent density of 1 mA cm~2, and the capacitance capacity is 76.5% of initial capacity after
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5000 cycles, which presents an excellent cycling stability. In addition, since the electrode is
self-supporting, it avoids the problems of poor adhesion of electrode materials and low
utilization of active materials due to an inactive binder and conductive agent, which is a
great advantage compared with conventional collectors.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/en17061449/s1, Figure S1: SEM images of CNFs/Ni-Cu-150, CNFs/Ni-Cu-
300 and CNFs/Ni-Cu-450; Figure S2: SEM images of CNFs/Ni-Cu-5-150, CNFs/Ni-Cu-5-300, and
CNFs/Ni-Cu-5-450; Figure S3: SEM cross-sections of CNFs/Ni-Cu-5-150, CNFs/Ni-Cu-5-300, and
CNFs/Ni-Cu-5-450; Figure S4: TEM of CNFs/Ni-Cu-300 with element mapping maps; Figure S5:
XPS full spectrum of CNFs/Ni-Cu-300; Figure S6: Fine spectra of elements of CNFs/Ni-Cu-300 and
elemental composition ratio of CNFs-Ni-Cu-300; Figure S7: (a) N, adsorption—desorption curves of
CNFs/Ni-Cu-300, (b) pore size distribution of CNFs/Ni-Cu-300; Figure S8: Electrochemical testing of
CNFs/Ni-Cu samples.
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