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In this paper, bimetallic Co-Ni selenide@polypyrrole core—shell nanotubes on nickel foam
(CoNiosSe@PPy/NF) were synthesized according to a two-step hydrothermal reaction and an
electrodeposition process. It was developed to be an electrode material for supercapacitors. This
economical CoNio.sSe @PPY/NF electrode was highly conductive, and its specific areal capacitance at
5 mA cm2was as high as 13.27 F cm™. In addition, it showed good cycling stability. After 1000 cycles
at 30 mA cm, CoNio4Se@PPy/NF retained 92.63% of its capacitance. It was suggested that its
superior electrochemical properties were due to its great specific capacitance as well as to the electrical
conductivities obtained from the synergy between selenide and polypyrrole and the unique structure of
the core—shell and nanotubes. The above results showed that the CoNio4Se@PPy core—shell nanotube
composite material was a promising electrode material for supercapacitors.

Keywords: cobalt-nickel selenide, polypyrrole, core—shell structure, electrode material,
supercapacitors

1. INTRODUCTION

As a promising energy storage system, supercapacitors have received considerable attention
because they have excellent power density, quick charge—discharge speed, and superior cycling
performance [1-4]. During the past decade, many transition metal oxides have become electrode
materials in pseudosupercapacitors [4], but the poor electrical conductivities for most transition metal
oxides seriously impede their practical applications [5-8]. In recent years, transition metal selenides
have shown promising potential due to their high electrical conductivity [9-12]. Among these
transition metal selenides, nickel cobalt selenides have been thought to be electrode materials with
great application potential due to their high capacitance. For example, C. Xia synthesized
nanostructured ternary nickel cobalt selenides, whose areal capacitance at 4 mA cm™ was 2.33 F cm™
[13]. W. An synthesized a Nio.9Co192Ses material with a coral-like nanostructure, which had an areal
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capacitance at 2 mA cm of 6.43 F cm™ [14]. Although the nickel cobalt selenides have shown initial
success as electrode materials for pseudocapacitors, their capacitance still needs to be improved.

It has been established that the electrochemical performance of a material largely depends on
its composition, structure, and morphology. Through a rational structural design, the electrochemical
performance of a material can be greatly improved [15]. Nanotube structures have many advantages,
such as short electron transport paths and large specific surface areas, which can increase storage
capacity [5,15,16]. The electrochemical performance of a material can be largely improved by
combining advantages from different components to promote a synergistic effect between them [17,18].
As an electrode material for supercapacitors polypyrrole (PPy) has many significant advantages, such
as high conductivity, superior specific capacitance, excellent mechanical properties and
biocompatibility [19,20]. Although bimetallic Co—Ni selenide and PPy have been studied individually,
to date, there has been no research that has combined bimetallic Co—Ni selenide with PPy as an
electrode material for supercapacitors. Due to its unique core-shell nanotube structure, which can
increase the specific surface area and synergistic effect [15], the sample shows satisfactory
electrochemical performance.

In this paper, bimetallic Co—Ni selenide@polypyrrole core-shell nanotubes on nickel foam
(CoNio4Se@PPy/NF) are synthesized, its areal capacitance at 5 mA cm reaches 13.27 F cm?. It
shows an exceptional capacitance retention of 92.63% after 1000 cycles at 30 mA cm,

2. EXPERIMENTAL SECTION

2.1. Materials

Ni(NO3)2-6H20, Co(NO3)2:-6H20, urea, NHsF, Se powder, NaBH4, NaClOas, pyrrole, and
sodium dodecyl sulfate (SDS) were of research purity and purchased from Aladdin Ltd. (Shanghai,
China).

2.2. Preparation of the Co—Ni bimetallic precursor onto the Ni foam

Cut a 1cm x 1cm piece of Ni foam. Then the Ni foam piece is cleaned with HCI solution (3 M)
for 3 min in ultrasound. Deionized water and ethanol are used to wash it. Finally, it is dyied [14].

Dissolve 1 mmol Ni(NO3).2:6H20, 2 mmol Co(NOz3)2-6H20, 8 mmol NH4F, and 10 mmol urea
into 60 mL deionized water. Stir it until it dissolves completely. Then transfer the solution and the
processed Ni foam to a 100-mL autoclave,. Keep the reaction for 8 h at 120 °C, and then let it cool
down [15]. After that, the product is washed with deionized water as well as ethanol. Dry it within a
vacuum oven for 8 h at 60 °C, and then the precursor is obtained.

2.3. Synthesis of the CoNio.4Se on Ni foam

Dissolve Se powder (0.059 g) and NaBH4 (0.065 g) into 20 mL deionized water [21]. Stir it
until it dissolves. Transfer the solution and the as-prepared Co—Ni bimetallic precursor into a 50-mL
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autoclave. Keep the reaction for 8 h at 140 °C and then let it cool. After that, use deionized water and
ethanol to carefully wash the product. Follow that by drying the product in a vacuum oven for 12 h at
60 °C.

2.4. Synthesis of CoNio4Se@PPy/NF

The electrodeposition was completed via a potentiostatic deposition. Weigh 0.4898 g NaClOg,
0.3355 g pyrrole, and 1.6298 g sodium dodecyl sulfate (SDS) and then dissolve them in 50 mL
deionized water. Stir the solution until dissolved [22]. The as-prepared CoNio4Se is the working
electrode. A saturated calomel electrode (SCE) is used as the reference electrode, while a Pt wire is
adopted as the counter electrode. The as-prepared solution serves as the electrolyte. Set the voltage to
0.8 V and set the time to 30 s. After that, deionized water and ethanol are used to wash the
CoNio4Se@PPy/NF and then the electrode is dried in a vacuum oven for 12 h at 60 °C.

2.5. Physical Characterization

Powder X-ray diffraction (XRD, D8-Focus, BrukerAxs, Germany) (A = 0.15418 nm, 8° min!
at 20°-80°); high resolution transmission electron microscopy (HRTEM, JEM-2100 F, JEOL, Japan)
with energy dispersive X-ray spectroscopy (EDS) elemental mapping; field emission scanning electron
microscopy (FESEM, S-4800, Hitachi, Japan); and X-ray photoelectron spectroscopy (XPS, PHI-5000
VersaProbe) were used for characterization.

2.6. Electrochemical determinations

Electrochemical tests, such as electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV), and galvanostatic charge-discharge (GCD) tests, were performed using a CHI6G60E
electrochemical workstation. The as-prepared products, a saturated Hg/HgO electrode, a 1 cm x 1 cm
Pt sheet , and a KOH solution (3 M) served as the working electrode, reference electrode, counter
electrode, and electrolyte, respectively. The potential window was set at 0-0.8 V, and for the GCD
tests, it was set to 0-0.5 V. The EIS frequency range was 100 kHz-0.01 Hz with an amplitude of 5 mV
[22].

3. RESULTS AND DISCUSSION

Scheme 1 presents the synthesis of CoNio.4Se@PPy nanotubes on a nickel foam. First, the Co-
Ni precursor nanowires were grown on the nickel foam through a hydrothermal reaction. After that, a
selenization reaction was carried out on the Co-Ni precursor by a hydrothermal method to synthesize
the CoNio.4Se nanotubes. Finally, the surfaces of the CoNio.4Se nanotubes were covered by a PPy shell
via electrodeposition. The sample morphology was observed through SEM, as shown in Figure 1la—d.
Figure la shows that the morphology of the Co-Ni bimetallic precursor consisted of nanowires with
smooth surfaces. The SEM image of CoNio4Se in Figure 1b shows nanotubes with rough surfaces.
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This could be explained as follows. The selenization reaction could be considered an anion diffusion
mechanism. When the selenization reaction took place on the surface of the Co-Ni precursor
nanowires, Se’” ions rapidly reacted with Co?** and Ni?* ions on the nanowire surfaces, while
suppressing the outward spreading of the Co?* and Ni?* ions due to internal diffusion.

Hydrothermal
¥

Ni foam Ni-Co bimetallic precursor

Selenization

Electrodeposition
_ [ ——

CoNi, ,Se @PPy CoNij ,Se
Scheme 1. Schematic illustration of formation of CoNio.4Se@PPy nanotubes on Ni foam.

The difference in the diffusion speed of the anions and cations gradually created internal voids
and formed a tubular structure [10]. Thus, nanotubes were finally formed. The morphology of the
obtained CoNio4Se@PPy is shown in Figure 1c and Figure 1d. It was found from the figures that a
PPy layer covered the surface of the CoNio.4Se nanotubes, confirming that the PPy shell was evenly
coated onto the CoNio.4Se nanotube surface, thus forming the unique core-shell nanotube structure.

Furthermore, detailed nanostructures of the CoNio4Se@PPy nanotubes were investigated by
TEM, as shown in Figure le—f. The TEM image in Figure le demonstrates that the surface of the
CoNio4Se nanotubes are coated by PPy to form a core-shell structure, which is consistent with the
SEM observations. The core-shell nanotube structure as an electrode material for supercapacitors
demonstrated the following advantages: 1) Each nanotube showed direct growth onto the nickel foam
substrate, which directly contributed to the electrochemical capacity; 2) The nanotube structure
shortened the length of the ion and electron transport paths, increasing the transport speed of ions and
electrons and improving the electrochemical storage capacity; and 3) By forming a nanotube structure
with a shell on the surface, the specific surface area was largely increased. This allowed the material to
expose more active sites, which promoted charge transport and ion diffusion; the above made it easier
for redox reactions to occur and to generate capacitance [15,23-27]. In addition, the lattice spacing
calculated according to the high-resolution TEM (HRTEM) images (Figure 1f) was 0.271 nm, which
corresponded to the (1 0 1) plane in the CoNio4Se@PPy XRD spectrum (Figure 2).
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Figure 1. SEM images for (a) the Co-Ni bimetallic precursor; (b)CoNio.4Se; (c-d) CoNiosSe@PPYy; (e)
TEM images of CoNio.sSe@PPy; (f) HRTEM images of CoNio.4Se@ppy.

The XRD pattern of the final CoNio4Se@PPy product is shown in Figure 2. As shown in the
pattern, three strong diffraction peaks resulting from the Ni foam support were located at 26=44.51°,
51.85° and 76.37°. Because of its low crystallinity, other diffraction peaks were very weak. It could be
considered that the low crystallinity could increase the electron transfer speed [28-31]. The peaks at
26=33.01°, 44.55°, 50.08°, 59.82°, 61.29°, 69.25°, and 70.84° were ascribed to the (1 0 1), (1 0 2), (1
10),(103),(201),(202)and (2 04) planes of CoNiSe> (JCPDS No. 70-2851),respectively, which

was consistent with the HRTEM analysis.
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Figure 2 XRD patterns of CoNio.4Se@PPy
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Figure 3a shows the EDX spectra of the synthesized CoNiosSe@PPy, which reveals the
elemental ratio of Co:Ni:Se is approximately 1:0.4:1. The EDX mapping images of Co, Ni, Se, C and
N in Figure 3b show that the elements were distributed uniformly, suggesting that the
CoNio4Se@PPy/NF compound was synthesized successfully.
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Figure 3. (a)EDX analysis of the of CoNio4Se@PPy;(b) mapping images of CoNio4Se@PPy
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Figure 4. XPS spectra of CoNi.4Se@PPy

XPS was used for the analysis of the elemental composition and valence of CoNio4Se@PPy.
The XPS spectrum, as shown in Figure 4a, indicated that Co, Ni, Se, N, and C existed, which
conformed to the EDX results. For the Co 2p spectra observed in Figure 4b, two main peaks were
observed for Co 2p12 and Co 2ps3» at 793.2 and 778.5 eV, respectively. In addition, two shakeup
satellite peaks were detected at 797.9 and 782.1eV, which indicated the existence of Co?* [32]. In
Figure 4c, the Ni 2p12 and Ni 2pz2 peaks were observed at 874.1 and 856.1 eV, respectively, while the
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shakeup satellite peaks were observed at 879.3 and 861.5 eV. The Ni 2ps2 peak was divided into 3
bands. The peaks detected at 853.3 eV (Ni 2psi2) and 871.05 eV(Ni 2py2) originated from Ni* ions.
The peaks at 874.1 eV (Ni 2pi) and 856.1 eV (Ni 2psz2) were originated from Ni®* ions [33,34].
Figure 4d shows Se 3d XPS spectra. The peaks that were detected at 53.5 and 54.5 eV were attributed
to Se 3ds2 as well as Se 3ds2, respectively, while the peak detected at 58.4 eV was indexed to SeOx
[35]. The N 1s XPS spectrum is shown in Figure 4e . Three peaks at 397.8, 399.4 and 401.1 eV could
be detected within the N 1s spectrum. The intense peak detected at 397.8 eV was associated with an
imine-like (=N-) structure, while that detected at 399.4 eV was correlated with a neutral moiety of
nitrogen (-NH-) within polypyrrole. In addition, a low-intensity peak detected at 401.3 eV was
associated with a positively charged nitrogen (—-NH*—) [36]. The C 1s spectrum shown in Figure 4f
could be divided into three peaks at 284.6, 285.7 and 288.3 eV, which were indexed to the C-C, C-N
and C=0, respectively [22]. These results demonstrated that the synthetic composite material was
CoNio4Se@PPy.
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Figure 5. CV curves of (a) Co-Ni precursor, CoNiosSe and CoNio4Se@PPy at 5 mV s?; (b)
CoNio4Se@PPy at different scan rates. GCD curves of (c) Co-Ni precursor, CoNigsSe and
CoNio4Se@PPy collected at 5 mA cm?; (d) CoNio4Se@PPy at different current density. () the
specific capacitances of Co-Ni precursor, CoNiosSe and CoNio4Se@PPy at different current
density; (f) cycling performance of CoNio.4Se@PPy.

EIS, GCD and CV analyses were employed to determine the electrochemical performances of
the Co-Ni precursor, CoNio4Se, and CoNio4sSe@PPy. The CV curves of the Co—Ni precursor,
CoNio4Se and CoNiosSe@PPy at 5 mV s are displayed in Figure 5a. Clearly, the CV area for
CoNio4Se@PPy was the largest, and the integrated CV area of CoNio.4Se was larger than that of the
Co-Ni precursor. This result suggested that the specific capacitance of the CoNig4Se@PPy electrode
was the highest, and the specific capacitance of CoNig4Se was higher than that of the Co-Ni precursor.
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To investigate the electrochemical properties of CoNigsSe@PPy, CV curves of
CoNio.sSe@PPy were recorded under distinct scanning speeds, as shown in Figure 5b. Pairs of redox
peaks were observed in all these curves, which demonstrated that there were Faradaic reactions and
that they had a strong pseudocapacitive nature [37-39]. The reactions can be illustrated by the
following equations.

CoNio4Se + 1.4H>0 + 0.702 — Co(OH). + 0.4Ni(OH)2 + Se

Co(OH). + 30H" <> 3C002+ 3H0 + e~

Ni(OH). + OH™ < NiOOH+ H20 + e~ [10]

The current response increased with increasing scanning speed from 5 to 20 mV s, and the
shape of the CV curve showed little change, indicating its superior electrochemical performance. Even
when the direction of the scanning potential changed, the current exhibited a fast response
characteristic, which indicated high reversibility. It was also seen that, as the scanning speed increased,
the current also proportionally increased at the same potential, and the redox peaks remained
symmetrical at different scan rates, which indicated that the electrode material had relatively small
resistance and superior rate capability.

The GCD curves for the three electrodes at 5 mA cm are displayed in Figure 5c. It was clear
that the discharging time of the CoNio.4sSe@PPy electrode was the longest, which indicated that the
CoNio4Se@PPy electrode had the highest capacitance. Moreover, the CoNio4Se electrode had a higher
capacitance than that of the Co-Ni precursor because the discharging time of CoNigsSe was longer
than that of the Co-Ni precursor. This was consistent with the CV results. This could be explained as
follows: 1) Selenide had good electrical conductivity. Through the use of a transition metal selenide
instead of a transition metal oxide, the electrical conductivity of the material was greatly improved,
which made the specific capacitance of the material significantly increased. 2) Because of the PPy
shell, the electrical conductivity of the material was further enhanced, creating a conductive path for
electrons, which could improve the capacitance [40]; 3) PPy could carry out redox reactions on its own
to generate considerable capacitance. Thus, the PPy shell greatly increased the specific capacitance of
the material. 4) By combining a transition metal selenide and PPy, the synergistic effect between the
different materials positively improved the electrochemical performance [23].

Figure 5d shows the GCD curves of CoNio4Se@PPy in a range of current densities from 5 to
50 mA cm. Good symmetry was observed from the discharge and charge curves in Figure 5d, which
indicated the high electrochemical reversibility of the CoNio.4Se@PPy electrode. Based on the formula
Cs=(IxAt)/(SxAV), the specific areal capacitances of the three electrodes are presented in Figure 5e.
The CoNio.4Se@PPy electrode displayed a specific capacitance that was much higher than those of the
others. Furthermore, it also revealed the favourable rate performance of CoNio.sSe@PPy. Furthermore,
in a current study, the highest specific capacitance at 5 mA cm was 13.27 F cm™, which was higher
than that of previously reported Co-Ni oxides. The comparison is shown in Table 1. The cycling
performance of CoNio.sSe@PPy was analysed for 1000 cycles at 30 mA c¢cm, as shown in Figure 5f.
The specific capacitance was still at 7.70 F cm following 1000 cycles, which was approximately
about 92.63% of the initial capacitance 8.29F cm™.The result meant CoNio.4Se@PPy had good cycling
stability.
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Table 1. Comparison of the CoNio4Se@PPy and previous reported Co-Ni oxides.

: Specific Current Density (mA
Material P 2 2 Y { Reference
Capacitance(F cm™) cm™)
hi .
|erarch|cally'porous 132 1 a1
C0304/C nanowire arrays
mesoporous NiC0204
3.51 1.8 42
nanosheets
single-crystalline NiCo20
ngie-crysialiing FIt-025 3.12 111 43
nanoneedle arrays
Co(OH)2/HNNF 3.17 5 44
hierarchical Nio.25C00.75(OH
025C0075(OH): 9.59 5 45
nanoarrays
nanostructured terr_1ary nickel 233 4 13
cobalt selenides
Nio.9C01.92Se4 6.43 2 14
CoNio.4Se@PPy 13.27 5 This work

~_
g T —s— Co-Ni precursor
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1 /'I d
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Figure 6. EIS plots of Co-Ni precursor ,CoNio.4Se and CoNig.4Se@PPy

To explore the impedance characteristics of the three electrodes, EIS was employed. Nyquist
plots of the Co-Ni precursor, CoNio4Se and CoNio.4Se@PPy are shown in Figure 6. Within the high
frequency region, the CoNiosSe@PPy electrode had the smallest semicircle diameter, and the
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semicircle diameter of CoNio4Se was smaller than that of the Co-Ni precursor, which indicated that the
CoNio.sSe@PPy electrode had the smallest charge transfer resistance and that of the CoNio4Se was
smaller than that of the Co-Ni precursor during the electrochemical process. This meant that the redox
reaction was more likely to take place on the surface of CoNio.4sSe@PPy. Furthermore, for the EIS line
slope within the low frequency region, CoNio.4Se@PPy was the largest, and CoNio4Se was larger than
the Co-Ni precursor, which also indicated that the ion diffusion resistance of CoNig4Se@PPy was the
lowest, and the ion diffusion resistance of CoNio4Se was lower than that of the Co-Ni precursor. This
meant that the Faradaic charge transfer was faster during the electrochemical process with
CoNio.sSe@PPy. The results suggested that the electrical conductivity of the material was effectively
increased because of selenization, and the electrical conductivity rapidly increased again after being
coated with the PPy shell. By analysing the electrochemical measurements, it was confirmed that
CoNio4Se@PPy showed better capacitance characteristics due to the PPy shell.

4. CONCLUSIONS

In conclusion, CoNio4Se@PPy core—shell nanotubes on nickel foam were successfully
synthesized as electrode materials for supercapacitors by combining Co-Ni selenide and PPy. The
cobalt and nickel provided high capacitance. Selenium effectively improved the electrical conductivity
of the material. PPy further provided enhanced electrical conductivity, faster electronic transition, and
increased pseudocapacitance. Additionally, a rational structural design successfully enhanced the
electrochemical performance of CoNio4Se@PPy. The nanotube structure provided a large specific
surface area and short electron and ion transmission paths. The unique core—shell structure not only
combined the advantages of the CoNio.4Se core and PPy shell, but also provided a positive influence on
capacitance by demonstrating a synergistic effect between CoNiosSe and PPy. Consequently,
CoNio4Se@PPy/NF exhibited a high areal specific capacitance of 13.27 F cm™? at 5 mA cm?, in
addition, it had a good cycling performance, and the capacitance retention was 92.63% after 1000
cycles at 30 mA cm? Because of its low price, environmental friendliness, and superior
electrochemical performance, the CoNiosSe@PPy/NF core—shell nanotubes show considerable
potential as an electrochemical storage material.
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