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Abstract

Designing advanced functional electrode materials with a tunable structure and multiphase/composition comprising a sin-
gle metal via a one-step synthesis process for supercapacitor applications is challenging. Here, a dual-phase cobalt sulfide/
cobalt oxyhydroxide (Co,_S/HC00O,) hexagonal nanostructure on iron metal-organic framework (MIL-88A) derived iron
carbide (Fe;C) integrated porous carbon nanofibers (PCNFs) is synthesized using a wet-chemical curing technique. MIL-
88A is integrated by a physical blending process into a PAN/PMMA polymer matrix during the PCNFs preparation process.
The integrated MIL-88A-derived iron carbide nanomaterial contributes to improving the electrochemical performance of
electrode materials by lowering the inherent resistance. The optimal (Co,_,S/HC00,)-1@Fe,C/PCNFs electrode exhibits a
high specific capacitance of 1724 F g~' at 1 A g~! with an improved rate capability and exceptional cycling stability with
89.8% retention even after 10,000 cycles. These excellent electrochemical capabilities are predominantly attributed to the
double-phase hybrid composites, which have a variety of abundant sites, a large active surface area, rapid electron and ion
transport capability, and strong structural stability. A Co,_ ,S/HCo0O,-1@Fe;C/PCNFs//Fe,0;/NPC@PCNFs asymmetric
supercapacitor (ASC) demonstrates excellent electrochemical energy storage behavior, with a maximum energy density of
65.68 Wh kg~! at a power density of 752.7 W kg~ and excellent cycling stability (90.3% capacitance retention after 10,000
charge-discharge cycles at a constant current density of 20 A g=!). These electrochemical results indicate that this ASC
outperforms previously reported asymmetric supercapacitors, showing that the heterophasic electrode (Co,_,S/HC00,)-1@
Fe,C/PCNFs has the potential to be applied in supercapacitor devices.

Keywords Porous carbon nanofibers (PCNFs) - Metal-organic frameworks (MOFs) - MIL-88A - Cobalt sulfide/
oxyhydroxide - Energy storage - Asymmetric supercapacitors (ASCs)

1 Introduction cells, supercapacitors, and lithium-ion batteries [1-3]. The
development of advanced energy storage systems plays a
In recent years, there has been a growing demand for effi-  crucial role in achieving a sustainable energy future and

cient and sustainable energy storage systems to meet the  addressing the challenges associated with energy storage,
increasing energy needs for various applications via solar  including efficiency, cost, and environmental impact [4-6].
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Therefore, nowadays researchers are focused to investigate
and optimize the performance of energy storage devices
such as solar cells, supercapacitors, fuel cells, air batteries,
and lithium-ion batteries to contribute to the advancement
of clean and efficient energy for future technologies [7, 8].
Among various energy storage systems, supercapacitors
(SCs) are emerging as a type of energy storage technology
due to their high levels of safety, rapid charge-discharge
rate, prolonged cycle life, high power density, and excellent
cycling stability [9, 10]. However, their low energy density
and commercial problems are major barriers to their wide-
spread practical application [11-13]. As a result, research
scientists are focusing on developing advanced and cost-
effective electrode materials with unique nanostructures
and morphologies that can store a great amount of energy
and are very useful for a wide range of applications, includ-
ing electric vehicles (EVs) [14, 15]. Currently, binder-free
strategies are being used for the preparation of electrodes
to reduce active material exfoliation. This is because bind-
ers increase the dead mass of active materials and dimin-
ish the overall electrochemical performance [16—18]. The
development of binder-free advanced functional electrode
materials with good electrochemical performance is also
a challenging issue for next-generation supercapacitor
applications [19-21]. In recent years, electrospun carbon
nanofibers have garnered considerable attention as poten-
tial candidates for constructing functional binder-free elec-
trode materials [22-26]. However, these materials must
possess a high surface area, high electrical conductivity,
robust electrochemical stability, and open porosity to serve
as high-performance electrode materials [27-29]. Electro-
spun porous carbon nanofibers (PCNFs) have the potential
to possess the aforementioned characteristics [30, 31]. As
well, several attempts are being used to enhance the overall
electrochemical energy storage performance of electrospun
carbon nanofiber-based electrodes [31, 32]. The integra-
tion of various additives, such as transitional metal oxides/
phosphides/sulfides/selenides, conductive polymers,
MXenes, and nanomaterials derived from metal-organic
frameworks (MOFs), is a convenient approach for enhanc-
ing the overall performance of electrode materials [32-36].
Specifically, the integration of nanomaterials derived from
metal-organic frameworks (MOFs) is the most remark-
able and beneficial technique [37-39]. Typically, MOFs
are nanomaterials with a high surface area and numerous
nanopores in which metal ions or clusters are bound inside
a specific framework of organic ligands [40, 41]. The high
surface area and pores with active metal nodes of MOF-
derived nanomaterials increase the electrochemical activ-
ity, mechanical stability, and ionic conductivity of carbon
nanofibers, which also lowers the interfacial resistance
of carbon nanofiber-based electrodes [42-44]. Further-
more, MOF-derived nanomaterial-embedded PCNFs have
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improved electrolyte diffusion rates, leading to enhanced
overall electrochemical performance [45, 46].

Electrode materials based on transition metals and their
derivatives have ideal faradaic performance and exhibit high
electrochemical performance [47]. Therefore, pseudoca-
pacitive materials, including metal oxides [48], hydroxides
[49], oxyhydroxides [50], phosphides [32, 51], and sulfides
[52], are being utilized to prepare electrode materials for
energy applications. Among these, transition metal sulfides
(TMSs) are advanced functional electrode materials for
supercapacitors. TMSs have received the most attention
among the various electrode materials because of their
more abundant redox sites, higher conductivity, and higher
theoretical capacitance than those of other electrode materi-
als [53-55]. However, a low specific capacitance and short
cycle life are typical drawbacks of metal sulfides, rendering
them unsuitable for use in high-performance supercapaci-
tors [56]. The integration of TMSs with conductive carbona-
ceous materials such as porous carbon fibers is the best way
to prepare stable advanced functional electrode materials
with improved capacitance and energy density for superca-
pacitor applications [46]. However, only the surface region
materials actively participate in the faradaic mechanism even
after hybridization with conductive carbon-based materials
[57]. As a result, it is essential to research optimal func-
tional materials and then precisely tune and design their
microstructures utilizing distinctive components [58].To
increase the usage of bulk pseudocapacitive materials and
improve the efficiency of charge and ion transfer, several
techniques are being employed to engineer single-metal
heterophasic nanomaterials with controlled morphology on
low-resistivity substrates [59]. Multiphasic nanomaterials
provide more redox sites for ion and electron movement,
which can increase the surface electrochemical behavior for
improved electrochemical performance. Therefore, design-
ing and engineering nanomaterials with unique nanostruc-
tures on MOF-derived nanomaterial-integrated porous car-
bon nanofibers as a low-resistivity substrate is an effective
method for enhancing electrochemical performance [60, 61].

This work first involves the hydrothermal synthesis of
MIL-88A, followed by the blending of the synthesized MIL-
88A nanoparticles with a PAN/PMMA polymer solution. A
high-voltage electrospinning technique is then employed to
prepare nanofiber mats. MIL-88 A-integrated nanofibers via
low-temperature stabilization and high-temperature carboni-
zation processes are employed to generate Fe;C/PCNFs. The
double-phase (Co,_S/HCo00,) is designed on the surface of
Fe;C/PCNFs by a one-step chemical curing process under
fixed temperature and pressure. To date, this sort of hybrid
composite has not been reported for energy applications. The
low-electronegative sulfur present in the prepared electrode
(Co,_,S/HC00,)-1@Fe;C/PCNFs enhances the redox sites
and improves conductivity. The nonstoichiometric cobalt
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oxyhydroxide (HCoO,) present in the engineered phase
has a greater amount of cobalt in the Co>* oxidation state
[62]. Therefore, the optimal electrode (Co, ,S/HC00,)-1@
Fe,C/PCNFs exhibits low internal resistance and excellent
cycling life with remarkable specific capacitance. Moreover,
we combine (Co;_S/HC00,)-1@Fe;C/PCNFs and Fe,O5/
NPC@PCNFs as a positive and negative electrode, respec-
tively, to construct an asymmetric supercapacitor (ASC)
((Co, S/HC00,)-1@Fe;C/PCNFs//Fe,0,/NPC@PCNFs)
to offer a sustainable energy option. The details of the nega-
tive electrode material (Fe,O;/NPC@PCNFs) preparation
method and the electrochemical data are presented in our
previously published work [63]. The fabricated ASC device
exhibits remarkable cyclic stability, high specific capacity,
and high energy density. The double-phase nanomateri-
als (Co,S/HCo0O,) and integrated nanoporous materials
(Fe;C derived from MIL-88A into PCNFs) create stable
active sites for charge and ion transfer within the advanced
electrode materials. Similarly, the porosity of the advanced
electrode materials (Co,_,S/HC00,)-1@Fe;C/PCNFs slows
the movement of electrolytes within the electrode and acts as
electrolyte reservoirs to increase the charge storage capacity
during the electrochemical reaction between the electrode
and electrolyte.

2 Experimental

The required materials and preparation of MIL-88A are
explained in the Supporting Information file in Sections 1.1
and 1.2.

2.1 Preparation of the Fe;C-integrated porous
carbon nanofibers (Fe;C/PCNFs)

PAN and PMMA in mass ratios (90:10) were dissolved in
DMF and stirred for 6 h at room temperature to make the
spinning solution. After that, a certain amount of MIL-88A
was blended in the PAN/PMMA matrix with the help of
a magnetic stirrer. Then, under the typical conditions (an
applied voltage of 17 kV, a distance between the needle and
collector of 15 cm, and a solution feeding rate of 1 mL. h‘l),
the electrospinning of the prepared solution was carried
out to prepare the MIL-88A/PAN/PMMA nanofiber mat.
The MIL-88A/PAN/PMMA nanofiber mat was initially
vacuum-dried at 60 °C for 12 h. The resulting MIL-88A/
PAN/PMMA nanofiber mat was then stabilized at 250 °C
at a rate of 2 °C min~! for 1 h and carbonized at 900 °C at a
rate of 1 °C min™" for 1 h under an N, atmosphere. Finally, a
black MIL-88A-derived Fe;C-integrated nanofiber mat was
developed. The synthesized products were labeled as Fe;C/
PCNFs. Similarly, PCNFs were prepared by electrospinning

of 90:10 PAN and PMMA solution using same conditions
of Fe;C/PCNFs.

2.2 Synthesis of Co,_,S/HCoO,@Fe;C/PCNFs

The synthesized Fe;C/PCNFs mat was treated hydro-
thermally in a 50-mL Teflon tube containing 1 mmol
Co(NO;),.6H,0 and 1 mmol NH,N,S in a 40 mL ammo-
niated solution. The ammoniated solution was prepared
by mixing liquid ammonia and distilled water in an equal
ratio. The autoclave was heated to 150 °C for 10 h. After
naturally cooling to room temperature, the nanomateri-
als containing Fe;C/PCNFs mat were taken out from the
Teflon tube, washed, and vacuum dried for 12 h at 60 °C.
The resulting product was labeled as (Co,_ ,S/HC00,)-1@
Fe;C/PCNFs. For comparison, different concentrations of
Co(NO;),.6H,0, such as 0.5 and 1.5 mmol, were used, and
the corresponding products were labeled as(Co,_S/HC00O,)-
0.5@Fe;C/PCNFs and (Co,_,S/HC00,)-1.5@Fe;C/PCNFs,
respectively. Furthermore, Co,; ,S/HCoO,@PCNFs were
prepared using the same conditions as those for (Co,_S/
HCo00,)-1@ Fe;C/PCNFs, but instead of the Fe;C/PCNFs
mat, the PCNFs mat was used.

2.3 Electrochemical measurements

All electrochemical measurements, including cyclic vol-
tammetry (CV), galvanostatic charge-discharge (GCD),
and electrochemical impedance spectroscopy (EIS) test were
recorded at room temperature in an electrochemical work-
station using the VersaSTAT-4 instrument in both 3- and
2-electrode systems. In the 3-electrode system, the working
electrode consisted of the prepared materials, while the ref-
erence electrode was Hg/HgO, and the counter electrode was
a platinum mesh. For all electrochemical characterization, a
3 M KOH solution was utilized as the electrolyte. Detailed
information regarding the electrochemical measurements
and mass/charge balancing during the fabrication of the ASC
for the 2-electrode system can be found in Section 1.4 of the
supporting information file.

3 Results and discussion
3.1 Synthesis and morphological analysis

The synthesis process of the (Co, ,S/HC00,)-1@Fe;C/
PCNFs double-phase hexagonal nanomaterials is dem-
onstrated in Fig. 1, and the in-depth experimental details
regarding the synthesis are discussed in Sections 1 and 2
in the supporting information file and manuscript, respec-
tively. The rice grain-shaped MIL-88A (Fig. S1(a, b))
nanomaterials are prepared by a hydrothermal process. The
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Fig. 1 Schematic diagram of the
fabrication process of positive
electrode materials for the ASC
device

thermally decomposable polymethyl methacrylate (PMMA)
at high temperature is used to generate the pores and rough-
ness of the polyacrylonitrile (PAN) nanofiber surface, as
shown in Fig. Slc, facilitating the sustainable growth of
Co,_S/HCo0O, on the outer surface. Figure S1d shows
the TEM images of the prepared Fe;C/PCNFs, in which
a large amount of MIL-88A-derived Fe;C nanomaterial is
distributed within the porous carbon nanofiber. The inte-
grated Fe,;C derived from MIL-88A in the porous carbon
nanofibers provides a much higher, continuous, and fast
electronic conductivity (Table S1:measurement of conduc-
tivity) and enhances the intrinsic electrochemical activi-
ties of the electrode materials by shortening the pathways
for improved faradaic reactions at the electrolyte-electrode
surface. The large organic ligands thiourea and ammonia
solution are used during a one-step solvothermal process
to engineer a double-phase (Co,,S/HCo00O,) on the sur-
face of the substrate (Fe;C/PCNFs). The FE-SEM images
of (Co,_S/HC00,)-0.5@Fe;C/PCNFs, (Co,_ ,S/HC00,)-
1.5@Fe;C/PCNFs, Co, ,S/HCoO,@PCNFs, and (Co, S/
HCo00,)-1@Fe;C/PCNFs are displayed in Fig. S2 (sup-
porting information file) and Fig. 2. Among the prepared
electrode materials, (Co,_,S/HC00,)-1@Fe;C/PCNFs is
selected for detailed studies due to the uniform growth of
Co,_,S/HCo00O, nanomaterials on Fe;C/PCNFs.

The FE-SEM images of (Co, ,S/HC00,)-1@Fe;C/
PCNFs) shown in Fig. 2a—c demonstrate the intimate con-
tact between the hexagonal Co,_ ,S/HCoO, nanomaterials
and the Fe;C/PCNFs, improving the overall stability and
facilitating the kinetics of ions and electrons at the elec-
trode/electrolyte interface. The EDX analysis (Fig. 2d) and
elemental mapping analysis (Fig. 2e, e, €,, ;) demon-
strate the uniform distribution of C, O, S, and Co on the
outer surface of Fe;C/PCNFs.

The phase compositions and successful synthesis of
the electrode material are verified by using X-ray diffrac-
tion (XRD). The XRD pattern of the prepared MIL-88A
nanomaterials is displayed in Fig. S3a. The large peak at
approximately 24° (Fig. S3b) corresponds to the graphitic
carbon plane (002) of the carbonized PCNFs. However, this
peak is observed to be narrower and sharper in the XRD
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Fe,C/PCNFs @Fe;C/PCNFs  ASC device
pattern of Fe;C/PCNFs, which is due to the formation of
Fe,C from integrating MIL88A into the PCNFs matrix dur-
ing carbonization. The specific peaks corresponding to Fe;C
are observed in the XRD analysis (Fig. S3b), indicating the
high level of integrated MIL-88A is converted into Fe;C
by a high-temperature thermal treatment process. The XRD
pattern of the (Co,_,S/HC00,)-1@Fe,C/PCNFs is presented
in Fig. 2f. The observed diffraction peaks at 30.51°, 35.17°,
46.70°, 54.20°, and 62.32°, corresponding to the hexagonal
Co,_,S (PDF#42-0826) planes (100), (101), (102), (100),
(110), (110), and (103), respectively. Similarly, the (003),
(101), (012), (006), (110), and (113) planes of hexagonal
HCoO, (PDF#73-0497) are represented by diffraction peaks
at20.2,37.01, 38.9,41.1, 65.4, and 69.2°, respectively. The
XRD graphs of the (Co,_ ,S/HC00,)-0.5@Fe;C/PCNFs,
(Co,_S/HC00,)-1.5@Fe;C/PCNFs, and Co,_ ,S/HCoO,@
PCNFs, as presented in Fig. S3c (in the Supporting Informa-
tion file), exhibit the similar characteristic peak of hexagonal
Co,_S and particular hexagonal HCoO,. The TEM images
presented in Fig. 2g—i exhibit the interconnected structure
of Co, ,S/HCoO, nanomaterials on the surface of Fe;C/
PCNFs, which is consistent with the structure observed in
the FE-SEM image. The presence of various lattice phases
of two different compounds, which can efficiently facilitate
charge transfer, is confirmed by the HR-TEM image. The
HR-TEM image of (Co,_,S/HC00,)-1@Fe;C/PCNFs dem-
onstrated in Fig. 2j shows lattice fringes with interlayer dis-
tances of 0.29 and 0.19 nm, which correspond to the Co,_,S
(100) and (102) planes (Fig. 2j,, j,), respectively, while
the lattice spacings of 0.18 and 0.43 nm correspond to the
HCoO, (015) and (003) planes (Fig. 2j3, j4), respectively.
The XRD and TEM findings confirm that the synthesized
(Co,_,S/HC00,)-1@Fe;C/PCNFs contains both Co,_,S and
HCo0O,, suggesting the efficient synthesis of double-phase
nanomaterials on the Fe;C/PCNFs surface.

The performance of metal-based electrodes is greatly
influenced by their surface chemistry because the nuclea-
tion process that occurs during the fabrication of electrode
materials is surface-dominated. The X-ray photoelectron
spectroscopy (XPS) general survey scan indicates the pres-
ence of oxygen, sulfur, and cobalt in the nanoparticles on
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Fig.2 Morphological characterizations of (Co,;_  S/HC00,)-1@Fe;C/
PCNFs. a, b, ¢ FE-SEM images at different magnifications, d EDX
analysis, and e, e, e, e; color mapping for elemental analysis. f-i

the Fe;C/PCNFs surface (Fig. 3a), which is analogous to the
results obtained from the EDX analysis and color mapping
of FE-SEM. As shown in Fig. 3b, the XPS Co 2p spectra
of (Co,_S/HC00,)-1@Fe;C/PCNFs exhibits two spin-orbit
doublets, Co 2ps,, and Co 2p,,,, with low energy peak of
781.8 eV and a high energy peak of 797.9 eV, respectively.

XRD patterns and TEM images of (Co,_,S/HC00,)-1@Fe;C/PCNFs,
respectively, and j HR-TEM and IFFT images (j;, j,, j3. j4) used for
calculating the d-spacing of the synthesized materials

The satellite peaks at 785.5 and 802.4 eV correspond to
the binding energy of Co**, and the low-intensity peak
at 778.1 eV indicates that there is an increase in the elec-
tron density of S, and Co atoms can accept electrons from
S atoms, demonstrating the specific chemical interaction
between S and Co [64]. The peaks observed at 161.83 eV
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Fig.3 a XPS survey spectrum of (Co; S/HC0O,)-1@Fe;C/PCNFs
at low-resolution, deconvoluted high-resolution XPS b Co 2p, ¢ S
2p, d O 1s, and e C 1s spectra of (Co,_,S/HC0O,)-1@Fe;C/PCNFs.

and 163.05 eV in the high-resolution scan of the fitted S
2p spectra (Fig. 3c) indicate the presence of a Co—S bond
and that there are relatively more S atoms than Co present
in Co_S [65]. Furthermore, the emergence of a satellite
peak at 169.94 eV is attributed to high valance owing to the
surface oxidation of sulfur [66]. The XPS spectra obtained
for O 1s (Fig. 3d) have two deconvoluted peaks at 531.8 and
531.3 eV, indicating the formation of the M—OH bond and
S—O bond related to sulfate groups. The observed split peak
at 532.85 eV corresponds to the adsorbed oxygen atom on
the surface [67]. The high-resolution C 1s scan (Fig. 3e)
shows prominent peaks of C—C and C—O-C at 284.3 eV and
285.6 eV, as well as a decrease in the intensity of the peaks
of C=C-0 at 288.3 eV [68]. Furthermore, the XPS meas-
urements of Fe;C/PCNFs and pristine PCNFs are presented
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Relative pressure (P/P,)

Relative pressure (P/P,)

f Raman spectra of (Co;_ S/HC00,)-1@Fe;C/PCNFs, Fe;C/PCNFs,
and PCNFs, and g, h BET isotherms of Fe;C/PCNFs and (Co;,S/
HCo00,)-1@Fe;C/PCNFs

in Fig. S4 of the supporting information file. The high-
resolution spectrum of Fe 2p (Fig. S4b) shows peaks at
710.1 eV and 723.6 €V, corresponding to the Fe 2p;,, and
Fe 2p,, states of Fe;C, respectively. These XPS measure-
ments confirm the integration of Fe;C within the interlayer
of PCNFs [69]. These findings, which are in good agreement
with the XRD and TEM analyses, confirm the successful
formation of (Co,_,S/HC00,) on the Fe;C/PCNFs surface.

Furthermore, Raman spectroscopy is used for the PCNFs,
Fe;C/PCNFs, and (Co,_,S/HC00,)-1@Fe;C/PCNFs to char-
acterize the detailed bonding structure of these carbon nano-
materials. As shown in Fig. 3f, the two prominent Raman
peaks observed for all of the samples are at~ 1352 and
1583 cm™!, which are associated with graphitic (G band)
and disordered (D band) carbon, respectively. The I,/I; band
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intensity ratio of Fe;C/PCNFs (1.036) is higher than that
of PCNFs (1.014), indicating that the integration of MIL-
88A-derived Fe,;C introduced more defects in PCNFs. These
findings indicate that the Fe;C/PCNFs composite exhibits
the highest degree of microstructure order and achieves a
more graphitic structure, resulting in enhanced electrical
conductivity compared to the PCNFs matrix. The Ip/Ig
band intensity ratio of Co,_,S/HC0O,@Fe;C/PCNFs (1.025)
remains comparable to that of Fe;C/PCNFs even after a
significant amount of Co,_,S and HCoO, nanomaterials are
attached to the Fe;C/PCNFs surface. Furthermore, nitrogen
adsorption-desorption (BET analysis) is used to investigate
the specific surface area and porosity of the Fe;C/PCNFs
and (Co,_,S/HC00,)-1@Fe;C/PCNFs electrode materials.
As shown in Fig. 3g, h, both as-prepared samples exhibit a
typical adsorption-desorption isotherm. The BET surface
area of Fe;C/PCNFs is 231.5 cm? g~!, which is much higher
than the value of 61.2 cm? g~! for the (Co,_ S/HC00,)-1@
Fe;C/PCNFs electrode material. The decrease in specific
surface area after the growth of Co, ,S/HC0oO, nanomate-
rials indicates the good and uniform distribution of nano-
materials on the surface of Fe;C/PCNFs. The BJH model
was used to determine the average pore size of the (Co,_S/
HCo00,)-1@Fe;C/PCNFs electrode materials, which is
mostly in the 5.8 ~16.7 nm range (Fig. S5). The BET tex-
ture properties of the Fe;C/PCNFs and (Co;_,S/HC00,)-1@
Fe;C/PCNFs are summarized in Table S2. The accessible
surface area and pore distribution allow for an improved

contact area between the electrode material and electrolyte,
resulting in abundant active sites and promoting ion penetra-
tion and diffusion [70, 71].

3.2 Electrochemical performance of the prepared
electrodes in a 3-electrode system

The overall electrochemical performance of (Co, S/
HCo00,)-0.5@Fe;C/PCNFs, (Co, ,S/HC00,)-1@Fe;C/
PCNFs, (Co,_,S/HC00,)-1.5@Fe;C/PCNFs, and Co,_,S/
HCoO,@PCNFs is tested using a platinum electrode as the
counter electrode and Hg/HgO as the reference electrode
(potential window: 0—0.5 V vs. Hg/HgO), and high-ionic-
conductivity KOH as the electrolyte. The cyclic voltam-
metry (CV) curves and galvanostatic charge-discharge
(GCD) curves of all as-prepared electrodes at 50 mV s~!
and 3 A g~! respectively, are shown in Fig. 4a, b. The
(Co,.,S/HC00,)-1@Fe;C/PCNFs electrode material has
a more rectangular CV curve with a larger integrated area
than the (Co,_,S/HC00,)-0.5@Fe;C/PCNFs and (Co,_,S/
HCo00,)-1.5@Fe;C/PCNFs electrode materials. The
specific capacitance of the synthesized electrode mate-
rials is calculated using Eq. S1 (supporting information
file). As shown in Fig. 4c, the (Co,_,S/HC00,)-1@Fe;C/
PCNFs has a capacitance of 1559 F g=' at 3 A g~!, which
is 1.52 and 1.73 times greater than that of the (Co,_,S/
HCo00,)-0.5@Fe,C/PCNFs and (Co, ,S/HC00,)-1.5@
Fe;C/PCNFs, respectively. The high capacitance of the

Fig.4 A comparative study of (a) 8. (Co,SIHCo0,)-1@Fe,CIPCNFs (b)oJ J—(ce,.S/HCo0,)-1@Fe,CIPCNFs
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prepared electrode material is due to the uniform inter-
connection of nanomaterials on the substrate materials.
Similarly, the capacitance of (Co, ,S/HC00,)-1@Fe,C/
PCNFs is 1.23 times greater than that of Co,; ,S/HCoO, @
PCNFs due to the presence of Fe;C derived from integrat-
ing MIL-88A in the carbon nanofiber matrix. Figures S6,
S7, and S8 display the CV curves at different scan rates,
the GCD curves at different current densities, and the spe-
cific capacitance values at different current densities of
the (Co,_,S/HC00,)-0.5@Fe;C/PCNFs, (Co,_S/HCo00,)-
1.5@Fe;C/PCNFs, and Co,_ ,S/HCoO, @PCNFs. The spe-
cific capacitances of all the electrodes along with their
rate performance, which is calculated using the integrated
area under the GCD discharge curve, are listed in Table S3
(supporting information file). The electrode material
(Co,_,S/HC00,)-1@Fe;C/PCNFs also demonstrates the
best rate performance even at high current density with
high capacitance retentions. EIS is performed under open-
circuit conditions from 10° to 0.5 Hz to study the enhanced
electrochemical behavior of all the as-synthesized elec-
trode materials. The fitted Nyquist plots of all synthesized
electrodes, as shown in Fig. 4d, demonstrate a straight
line in low-frequency regions and a semicircle in high-
frequency regions. The shape and diameter of the semicir-
cle in the high-frequency curve represent the charge trans-
fer resistance (R_) and the bulk resistance (R,) of the elec-
trodes, respectively. The (Co,;_,S/HC00,)-1@Fe;C/PCNFs
electrode displays a vertical line with a large slope in the
low-frequency region and a semicircle with a small diam-
eter in the high-frequency region. This indicates that the
integrated MIL-88A-derived Fe;C optimized the capaci-
tive behavior of the electrode for improved electrochemi-
cal activity. The values of R, and R, of all prepared elec-
trode materials are summarized in Table S4 (supporting
information file). Based on the comparative analysis, we
select (Co,_,S/HC00,)-1@Fe;C/PCNFs as the optimum
electrode material compared to other prepared electrodes
for further electrochemical experiments.

Figure 5a shows the CV profile of (Co, ,S/HC00,)-1@
Fe;C/PCNFs within a 0 to 0.5 V potential window at vari-
ous scan rates. The rectangular CV profiles with a pair of
broad redox peaks imply an enhanced reversible faradaic
reaction with a lesser degree of capacitive behavior and
less resistance. The broad redox peaks observed on both
anodic and cathodic sides suggest that the energy storage
mechanism is mostly dependent on redox processes. In
the (Co,_S/HC00,)-1@Fe;C/PCNFs electrode, the Co;_ S
hexagonal phase and the HCoO, phase are both electroac-
tive species that contribute to energy storage in the alka-
line electrolyte. Reversible redox reactions of Co**/Co*/
Co™ are responsible for the redox peaks in the CV curves.
The electrochemical redox reactions that occur during the
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charge storage process in an alkaline electrolyte can be
described by the following reactions [72]:

Co;_xS + OH™ « Co;_xSOH + e~
Co;_xSOH + OH™ < Co;_xSO + e~

As the scan rate increases, the reduction and oxidation
peaks of the (Co,_,S/HC00,)-1@Fe;C/PCNFs electrode
shift towards their respective cathodic and anodic sides.
Importantly, the shape of the curve remains unchanged. This
observation highlights the electrode’s remarkable capabil-
ity for current charge-discharge cycling and the excellent
reversibility of the redox reaction. Figure 5b demonstrates
the GCD curves of (Co,_,S/HC00,)-1@Fe,C/PCNFs at dif-
ferent current densities within a fixed potential range of 0 to
0.5 V. The almost symmetric GCD curves of Co,_ ,S/HCoO,
indicate a high charge-discharge coulombic efficiency and
low polarization. As illustrated in Fig. Sc, the specific capac-
itance is determined to be 1724 F g™!, 1559 F g7!, 1336 F
g7 !, 1189 F ¢!, and 1019 F g~! at current densities of 1 A
g 3Ag,5Ag,7A ¢!, and 10 A g~!. The decrease in
the specific capacitance of electrode materials with increas-
ing current density is related to more difficult electrolyte
penetration and diffusion, the inadequate faradic reaction of
active materials, and the resistance at high current densities.
Furthermore, it can be observed that (Co,_ ,S/HC00,)-1@
Fe,C/PCNFs still has a respectable rate capability and cou-
lombic efficiency. The electrode (Co,_,S/HC00,)-1@Fe;C/
PCNFs retains approximately 59.1% of its capacitance and
has 91.6% coulombic efficiency at 10 A g~ .

The cyclic GCD stability test (shown in Fig. 5d) is
used to investigate the lifespan and stability of (Co,_S/
HCo00,)-1@Fe;C/PCNFs. After 10,000 GCD stability
cycles, the electrode (Co, ,S/HCo00,)-1@Fe;C/PCNFs
retains 86.7% capacitance and 91.3% coulombic efficiency.
Interestingly, the specific capacitance of the (Co,_ S/
HCo00,)-1@Fe;C/PCNFs electrode is on par with that of
previously reported transition metal-sulfide and hydroxide-
based electrodes (Table S5, supporting information file).
The post-electrochemical characterization studies confirm
the robust stability of the electrode material. Examination
of the FE-SEM images of (Co,_,S/HC00,)-1@Fe,C/PCNFs
electrodes after the electrochemical test (Fig. S9) reveals
preserved morphologies without noticeable deformations.
The good cycle stability with significant capacitance is
due to the uniform growth and highly interconnected hex-
agonal porous nanostructure of the Fe;C-integrated porous
carbon nanofibers (Fe;C/PCNFs). The integrated MIL-88A-
derived Fe;C considerably boosts the electrical conductivity



Advanced Composites and Hybrid Materials (2023) 6:179 Page9of16 179
(a) —10mV s’ Co, 4xS/HC00,)-1@Fe,C/IPCNFs (b) (Co,,S/HC0O,)-1@Fe,C/PCNFs —1Ag"’
10— 20mvs 6 0.5+ —3Ag"
o 84—30mvs? ot o L
< g]—somvs" SR < 0.4- —7Ag"
2,170 g T 10A g’
=41 _100mvs @
S 21 > 0.31 f
§2 M /
.21 5 024
= c
3 4. ]
o el
6. - S 0.1 /
s 0.0
00 01 02 03 04 0.5 0 250 500 750 1000 1250 1500
(c) Potential (V) vs. Hg/HgO 100 (d) Time (s)
o 0,
—~1800{ @O @@ g R A s S0% 3SR 00
o ﬁt 803—300 RIS 3
!‘:’ ﬁ“ L X ;?. .............. s
31500 s " 70 3 = 80 .305
€ 1200 o, 160 & = s
- ™ ot 60 4 - 60 ©
e Tk pS0E 2 &
a 900 4 --+#¢-- Specific capacitance (F g*') o P 40 4 o
1 --@-- Coulombic efficiency (%) 40 E S L 40 %
f'g 600 - -305520. £ E
7] 202 = o
2 300 2038 o — Bl -
n 100 & 0 126 _ 211875 212000 (&)
(] Time (s)
0 —rTr—rTrTr—TrTrTr 0 -20 ¥ T T T 0
01 2 3 45 6 7 8 9101 0 2000 4000 6000 8000 10000
(E) Current density (A g-') (f) Cycle number
0.84 9 Ancdic Diffusion controlled
' @ Cathodic 100 Il Capacitive controlled
0.7
= 0.64 b=0.4979 380
$ 0.5 R?=0.9987 , b=05173 =
E ’ R“=0.9994 2 60
0 0.41 3
= T
5) 0.3 *g- 40
0.2 (&)
20
0.1+
BUD L L Ll L] Ll L 0
1.0 1.2 1.4 1.6 1.8 2.0 10 20 30 50 70 100

log (v, scan rate )

Fig.5 Electrochemical characterization of (Co,_ S/HC00,)-1@Fe;C/
PCNFs. a, b CV and GCD curves recorded at various scan rates and
current densities, respectively, ¢ specific capacitance and coulom-
bic efficiency as a function of current density, d specific capacitance

of the composite electrode, resulting in the high current
responsiveness of the electrode and contributing to the
enhancement of the electrode material life cycle. Fig. S10
depicts the Nyquist plots of the (Co,_,S/HC002)-1@Fe;C/

Scan rate (mV s)

and coulombic efficiency as a function of cycle number (inset: initial
and final 10 cycles of 10,000 charge-discharge cycles), e fitting plots
between log (i) current and log (v) scan rate at various peak currents,
and f normalized capacitance contribution at various scan rates

PCNFs electrode before and after the cycling stability test.
Before the cycling stability test, the R, and R, values of the
electrode material are 2.12 and 1.92, respectively. After the
stability test, the R, and R, values slightly increase to 2.44
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and 2.08, respectively, indicating stability with consistent
conductivity. Furthermore, owing to the high current den-
sity employed, the minor increase in intrinsic resistance of
the electrode is due to an increase in diffusion route length
caused by the repetitive cycling effect.

The kinetics and energy storage mechanism of the
(Co,.(S/HC00,)-1@Fe;C/PCNFs cathode are explored
further using the power-law equation as presented in sec-
tion 1.5 of the supporting information file. When the b value
is 0.5, the electrode reaction is controlled by diffusion; how-
ever, when the b value is 1, the capacitive surface reaction
dominates the electrode reaction. Figure Se shows that the b
values for the (Co,_,S/HC00,)-1@Fe;C/PCNFs oxidization
and reduction peaks are 0.49 and 0.51, respectively, indicat-
ing a rapid diffusion-controlled charge storage mechanism.
In addition, by using the Dunn approach presented in Sec-
tion 1.5 of the supporting information file, the contributions
of potential-dependent capacitive and diffusion-controlled
processes to the total charge storage are also determined. As
shown in Fig. 51, the capacitive and diffusion contribution is
calculated to be 51.6% and 48.4%, respectively, of the total
charge stored at a 10 mV s™! scan rate. This demonstrates
that both diffusion and surface capacitive processes play sig-
nificant roles in controlling the charge storage mechanism.
Furthermore, the observed relatively fast kinetics during
charging and discharging suggest efficient energy storage
and release. The capacitive contribution gradually increases
to 77.1% and the diffusion contribution gradually decreases
t0 22.9% at a high scan rate of 100 mV s~!. The percentage
contribution of the diffusion process diminishes as the scan
rate increases due to the limited time for the insertion of ions
into the crystal lattice of the nanomaterials.

Based on the obtained results, an increased amount of
Co?* is highly beneficial for achieving improved electro-
chemical performance. The theoretical specific capacitance
can be calculated using the formula: Cp,=(nXF)/(M X V),
where n, F, M, and V signifies the number of electrons trans-
ferred in the electrochemical process, Faraday constant,
molar mass of the electroactive material, and operating
voltage window, respectively. The theoretical capacitance
of metal ions is primarily influenced by the mean number
of electrons transferred during the redox reaction, assum-
ing a constant molar mass and operating window. For Co-
based compounds, Co** ions can lose two electrons and be
oxidized to Co** (n=2). However, in the case of HCoO,,
cobalt ions lose only one electron and are converted from
Co’* to Co** (n=1). Consequently, the Co, ,S compounds
incorporated in the electrode material possess the ability to
release two electrons, leading to a significantly higher theo-
retical capacitance compared to the corresponding HCoO,
compounds. Furthermore, as the Co content increases, the
theoretical capacitance of Co,_,S/HCoO, compounds gradu-
ally increases. However, it is crucial to consider the impact
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of the physical characteristics of the nanomaterial arrays on
the practical utilization of this theoretical capacity. The role
of uniform and highly interconnected arrays on synthesized
electrode is crucial in enhancing the surface area, which in
turn enables efficient and improved electrochemical perfor-
mance. These arrays provide additional active sites for redox
reactions, facilitate proper insertion of electrolyte ions into
the nanomaterial’s pores, and promote enhanced mobility of
electrons during the electrochemical process. Optimizing the
physical attributes of nanomaterial arrays enables maximum
utilization of the theoretical capacity and enhances the over-
all electrochemical performance [56].

3.2.1 Electrochemical performance of the asymmetric
supercapacitor ((Co,.,S/HCo0,)-1@Fe;C/PCNFs//
Fe,0;/NPC@PCNFs)

To further examine the practical use of the (Co, S/
HCo00,)-1@Fe;C/PCNFs electrode, an asymmetric super-
capacitor (ASC) is constructed using (Co, ,S/HC00,)-1@
Fe;C/PCNFs and Fe,O;/NPC@PCNFs as the anode and
cathode, respectively. The electrochemical performance of
Fe,O;/NPC@PCNFs (anode) is presented in our previous
work [63]. At 1 A g7!, Fe,0,/NPC@PCNFs has a maxi-
mum specific capacitance of 249 F g~!. To achieve the best
electrochemical performance of the ASC device, it is cru-
cial to balance the mass/charge between the cathode and
anode during the fabrication process. The mass/charge bal-
ance is determined using Eq. S2 (supporting information
file). The estimated optimal mass ratio between (Co,_S/
HCo00,)-1@Fe;C/PCNFs and Fe,0;/NPC@PCNFs is esti-
mated to be 1:3.46. Similarly, to optimize the stable voltage,
a CV (Fig. S11a) test of the fabricated device is performed
in different voltage ranges at a scan rate of 30 mV s~!. The
CV curve shape is unchanged and almost overlaps when
the voltage increases from 1.0 to 1.5 V. Furthermore, the
noticeable dramatic increase in current density in the CV
curve at high voltages ranging from O to 1.6 V is due to elec-
trolyte decomposition/water splitting, which is not good for
the device’s long-term stability and ideal cell performance.
This fact suggests that the fabricated ASC device can func-
tion consistently in the 1.5 V voltage window. The individual
CV curves of the cathode (Co,_,S/HC00,-1@Fe;C/PCNFs)
and anode (Fe,0;/NPC@PCNFs) at 30 mV s~! are shown in
Fig. 6a. The rate capability of the ASC device is evaluated
by cyclic voltammetry at different scan rates within the opti-
mized voltage range (0 to 1.5 V). As illustrated in Fig. 6b,
the observed narrow rectangular curve in the low voltage
range and broad curve with a distinct redox peak and broad-
ening of the redox peak in the high voltage range are due
to the efficacious assembly of (Co, ,S/HCo00,)-1@Fe,;C/
PCNFs and Fe,O,/NPC@PCNFs in the ASC device. With
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Fig. 6 a Individual CV curves of the cathode and anode at 30 mV s~

b, ¢ CV and GCD curves of the ASC recorded at various scan rates
and different current densities, respectively, d specific capacitance and
coulombic efficiency of the ASC device at different current densities,

an increasing scan rate from 10 to 100 mV s~!, the shape of
the CV is preserved without noticeable distortion, suggest-
ing the superb rate capability and rapid reaction kinetics of
the fabricated hybrid ASC device.

The specific capacitance, energy density, power den-
sity, and coulombic efficiency of the ASC are determined
by analyzing the galvanostatic discharge curves using

e capacitance retention and coulombic efficiency of the ASC device
over 10,000 GCD cycles (inset: initial and final 10 cycles of 10,000
charge-discharge cycles), and f EIS plots of the ASC device before and
after 10,000 GCD cycles with an inset equivalent circuit diagram

Eqgs. S3, S4, S5, and S6, as provided in the Supporting
information file. These calculations allow for a compre-
hensive evaluation of the electrochemical performance
and energy storage capabilities of the ASC. The charge/
discharge curves of the ASC at different current densi-
ties within the fixed voltage range, as depicted in Fig. 6c,
exhibit nearly symmetric behavior. This indicates excellent
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reversibility and high coulombic efficiency of the device.
The specific capacitance of the ASC is calculated to be
210 F g~! at a current density of 1 A g~!, demonstrating
its favorable energy storage performance. Furthermore, the
device retains approximately 52.76% of its initial capaci-
tance even at a higher current density of 10 A g7, as
shown in Fig. 6d. These findings highlight the remarkable
capacitance retention capability of the ASC under vary-
ing current densities. At a constant current density of 3 A
g~!, the GCD curves depicted in Fig. S11b exhibit a range
from 0.5 to 1.0 V. These curves demonstrate exceptional
overlap and exemplify high coulombic efficiency. The
execution of a GCD stability test is crucial for evaluating
the long-term cycle life and durability of ASC devices,
ensuring their suitability for real-world applications. The
initial and final 10 cycles of the cyclic stability test of the
ASC at 10 A g~! are depicted in the inset in Fig. 6e. As
shown in Fig. 6e, the assembled electrode materials have
outstanding as well as impressive cycling performance,
retaining almost 90.3% of the initial capacitance with
remarkable coulombic efficiency after 10,000 continuous
charge-discharge cycles at a current density of 20 A g~!.
The EIS test is performed to determine how the fabricated
asymmetric supercapacitor device with aqueous electro-
lyte maintains excellent electrical contact with the least
amount of ionic resistance suitable for practical applica-
tions. Figure 6f reveals the typical Nyquist plot before and
after the cycling stability test. Before the stability test,
the fabricated symmetric supercapacitor device exhibits
R, and R, values of ~2.51 and 2.98 Q, respectively. After
10,000 cycles, the device’s R, and R, values increase to

(a ?g @ Co-S@CNF-CNT-3//C@CNF-CNT-3
=60 © PCFINiCo,s /CF
‘o 504+ CF-10C0,0,/ICF
40 @ Nicosiceiac %
§ « NCS/NCOHI//Carbon o
< 230 C0,S,@CNT/ICNF//ICNTICNF
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g w— CoS/N-doped CDs//rGO/N-dopd CDs
3 20 49— This work
> s
2
1™
2
W 10+ Q
1 10 100 1000

Power density (W kg™")

3.45 and 4.07 Q, respectively. However, the slope of the
straight line remains nearly the same, indicating that the
electrode materials exhibit excellent stability. The remark-
able increase in the R, and R values of the electrode
material is due to the partial dissolution of Co,_,S/HCo0O,,
which facilitates rapid ion transport and inhibits the active
sites for the faradaic response, resulting in an increase in
the semicircle diameter at higher frequencies. The Bode
plot in Fig. S11c provides evidence of the favorable elec-
trochemical performance of the fabricated ASC device by
demonstrating its low internal resistance, which is indica-
tive of quick ionic diffusion and a partial ideal capacitive
behavior or redox nature of ASC [2, 29].

The Ragone plot presented in Fig. 7a depicts the relation-
ship between energy density (E) and power density (P) of
the (Co,_S/HC00,)-1@Fe;C/PCNFs//Fe,0,/NPC@PCNFs
ASC device, providing an evaluation of its practical perfor-
mance. The fabricated device demonstrates exceptional per-
formance, with a maximum energy density of 65.68 Whkg ™
and a power density of 752.7 W kg™! at a current density of
1 A g~!. Furthermore, it achieves a maximum power density
of 7575.94 W kg~! with an energy density of 34.63 Whkg™!
at a current density of 10 A g~!. These values surpass those
reported in previous ASC devices, as presented in Table 1.
The practical application potential of the device is exempli-
fied by successfully illuminating a red light-emitting diode
(LED) using two fabricated devices connected in series, as
depicted in Fig. 7b. Additionally, it is evident that the mor-
phology, variety of active sites achieved through double-
phase engineering, and low resistivity of the electrode mate-
rials significantly impact the performance of the ASC.

Fig.7 a Ragone plot of the (Co,_,S/HC00O,)-1@Fe;C/PCNFs//Fe,0;/NPC@PCNFs with identical ASC devices and b digital photography of a

red LED illuminated by two ASC devices connected in series
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Table 1 Comparison of identical ASCs with (Co, ,S/HC00,)-1@Fe;C/PCNFs//Fe,0;/NPC@PCNFs in a 2-electrode system
S.N. 2-electrode ASC devices Electrolyte Maximum energy Maximum power density Capacitance retention Ref.
density (Wh kg™!) @ (W kg™ @ energy (after n cycles)
power density (W kg™')  density (Wh kg™")
1. Co-S@CNF-CNT-3//C@ 3MKOH 103 @320at04Ag™' 8000 @ 7.56at 10 Ag™"  96.9% after 10,000 cycles [73]
CNF-CNT-3 at5Ag!
2. PCF//NiCo,S,/CF 2MKOH  28.8 @ 878.3 NA 92% after 5000 cycles @  [74]
10Ag™!
3. CF-10Co0;0,//CF IMKOH 44 @ 350 NA NA [75]
. NiCoS/CC//AC 2MKOH 40 @ 379 NA NA [76]
5. NCS/NCOH//Carbon 0.1 MKOH 34.1@ 282.7 2827 @ 16.5 109% after 16,000 cycles [77]
@ 0.667 A g
6. CoySg@CNT/CNF//CNT/ 2MKOH 58 @ 1000 16700@ 38 93% after 10,000 cycles  [78]
CNF @5Ag!
7. CoS,/C hybrids/PCNFs ~ IM H,SO, 15.0 @ 413 8300 @ 6 80% after 2000 cycles @  [79]
05Ag™!
8. CoS/N-doped CDs// BMKOH  36.6 @ 800 16000 @ 25.6 85.9% after 10,000 cycles [80]
rGO/N-doped CDs at 10 A g7t
11. (Co.,S/HC00,)-1@ M KOH 65.68 @ 752.7 7575.94 @ 34.63 90.3% after 10,000 cycles This work
Fe;C/PCNFs//Fe,O5/ at20A g!
NPC@PCNFs

CNFs carbon nanofibers, NC-CNT a-Ni;3Co,,;(OH),-carbon nanotube, NCS/NCOH composite 4Ni(OH),-NiOOH/Ni;S,, NCF N-doped carbon

foam, CF carbon fiber, PVA polyvinyl alcohol

4 Conclusions

MIL-88A-integrated PCNFs are used as a substrate for the
growth of Co, ,S/HCoO,. The in situ chemical curing pro-
cess is applied for the successful growth of hexagonal Co, S/
HCoO, on Fe;C/PCNFs. The prepared electrode materials,
(Co,_S/HC00,)-1@Fe;C/PCNFs, exhibit excellent electro-
chemical properties, including fast ion and electron transport,
abundant electroactive sites, a large surface area, high electro-
chemical activity, and good electrical conductivity, enabling
effective electrochemical energy storage through reversible
faradaic redox reactions. As a result, the (Co,_,S/HC00,)-1@
Fe;C/PCNEFs electrode demonstrates a high specific capaci-
tance value of 1724 F g~! at a current density of 1 A g™!
and retains 59.1% of its capacitance even at a high current
density of 10 A g™'. The (Co, ,S/HC00,)-1@Fe;C/PCNFs
electrode material, featuring highly and uniformly connected
hexagonal-structured double-phase nanoporous materials,
demonstrates excellent rate capability and remarkable cyclic
stability, maintaining 89.8% capacity retention over 10,000
cycles. The remarkable electrochemical performance of
(Co,_,S/HC00,)-1@Fe;C/PCNFs is highly beneficial for the
fabrication of ASCs, with a mass ratio of positive and nega-
tive electrode materials of 1:3.45, even though the negative
electrode (Fe,O,/NPC@PCNFs) shows a Cs of 249 F g_1 at
1 A g7!. The as-fabricated ASC device (Co, ,S/HC00,)-1@
Fe;C/PCNFs//Fe,0;/NPC@PCNFs) achieves a high energy
density of 65.68 Whkg~! at 752.7 W kg™" at 1.5 V cell volt-
age, as well as an excellent cycling performance of 90.3%

capacitance retention over 10,000 cycles. As a result, this
study is likely to inspire the creation of advanced functional
electrode materials with improved performance for asymmet-
ric supercapacitor applications.
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