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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• 1.Au nanoparticles and ZnCo-MOF
Derived CPCN integration: Enhances
surface electron transport for superior
performance.

• Flexible electrode: Introduces a flexible
electrode (FCO/Au/CPCN@CC) that
boosts catalytic activity in a limited
space.

• Superior supercapacitor performance:
AC//FCO/Au/CPCN@CC exhibits
excellent power density and capacitance
retention.

• Enhanced characteristics in sodium-ion
batteries: Features high specific
discharge capacity and good stability.

• Strong sodium-ion adsorption: DFT re-
veals impressive sodium-ion adsorption
for FCO/Au/CPCN@CC.
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A B S T R A C T

The three-dimensional conductive porous carbon nanosheets (CPCN) are from the bimetallic metal-organic
framework (MOFs) consisting of organic ligating groups that incorporate zinc and cobalt ions deposited onto
a flexible carbon cloth (CC). Utilizing a hydrothermal approach, iron-cobalt oxide (FCO) nanowires are intri-
cately embedded onto CPCN modified with gold (Au), forming a flexible FCO/Au/CPCN@CC electrode. The
electrochemical characteristics of electrodes are evaluated in 1 M Na2SO4, supercapacitor’s storage capacity is
tested at 4 V using 1 M NaPF6 electrolyte. Among its remarkable attributes are a peak energy density of 291.5 W
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h kg− 1 achieved at a power density of 153.85 W kg− 1, and even at the maximum power density of 1749.9 W
kg− 1, it maintains 144.78 W h kg− 1. Undergoing 10,000 rounds of GCD, the equipment sustains a capacitance
retention of 84.27 %. Moreover, the performance of the FCO/Au/CPCN@CC anode in sodium-ion batteries (SIBs)
is assessed. At 0.1C, the discharge capacity reaches 958 mAh g− 1, and there is almost no loss after the rate cycle.
The Coulomb efficiency surpasses 98 % during 500 cycles at a large C-rate. The integration of Au nanoparticles
onto the CPNC surface enhances the energy storage characteristic of the FCO/Au/CPCN@CC composite material
in both battery and supercapacitor applications.

1. Introduction

Due to the urgency of energy sustainability and environmental pro-
tection, there is a significant requirement for environmentally friendly
energy storage solutions [1–3]. Although rechargeable batteries and
supercapacitors are prevalent in green electrochemical storage, the
advent of new energy vehicles and advanced technologies demand
batteries with enhanced energy storage capabilities [4]. To meet the
increasing demand, integrating supercapacitor electrode technology
into batteries can improve the storage capability [5]. However, current
research on supercapacitor electrodes for battery energy storage is
limited. Using the same electrodematerials has the potential to boost the
performance of both supercapacitors and batteries representing a novel
research direction in energy storage technology. Traditional batteries
often prioritize electrode designs optimized for energy densities, while
potentially neglecting the power output [6]. By incorporating electrodes
catering to supercapacitors (SCs) with excellent charging-discharging
rates, the power density of batteries can be improved [5,7]. Both
supercapacitors and batteries can be integrated to form an energy
storage system (ESS) that maximizes the utility of both power and en-
ergy. The key objective here is to amplify their respective strengths
while minimizing their shortcomings. The energy storage system for
sodium ions (including batteries and supercapacitors) has many ad-
vantages like faster charging speed, suitable for fast response storage
systems and a longer cycle life can meet the needs of long-term storage.
This strategy paves the way for innovative battery technology that
balances the high energy capacity with rapid energy discharging and
recharging, consequently bridging the gap between the two devices [8].

Owing to the high charging and discharging rates, extended lifespan,
as well as transmission power, SCs are among the foremost devices for
energy storage [9–11]. Derived from the underlying charge storage
principles, supercapacitors (SCs) include pseudocapacitors and electric
double-layer capacitors (EDLCs) [12,13]. Because of the rapid and
reversible redox reaction, pseudocapacitors generally possess superior
energy density and specific capacitance than EDLCs [14,15]. The elec-
trode material and structure are paramount in defining the efficacy of
SCs [16,17]. Consequently, recent research on supercapacitors has pri-
marily centered around advancing redox active materials for pseudo-
capacitors with good stability capacitance and high specificity [9].
Electrode materials commonly used in electrochemical energy stores
include transition metal oxygenates, conductive polymers as well as
carbonaceous materials [18–21]. Specifically, transition metal oxides
have been thoroughly explored for their advantageous capacitance
properties, such as their elevated specific capacity, controllable
morphology, and cost-effectiveness [22]. Among the diverse array of
transition metal oxides, iron and cobalt oxides emerge as the preferred
choices for electrodes in supercapacitors, on account of their notable
theoretical specific capacity, cost-effectiveness, together with excellent
stability [23–25]. In particular, Chen et al. [26] disclosed an α-Fe2O3/C
tetsubo-like structure exhibiting a capacity of 391.8 F g− 1 at 1 mA cm− 2.
Co3O4@C nanosheets were prepared by Gong et al. [27], demonstrating
a capacitance of 251 F g− 1 at 1 A g− 1. In spite of that the low electrical
conductivity hindered the practical application of iron and cobalt oxides
[28]. To solve this problem, metal oxides and conductive carbonaceous
materials can be combined [29], and the synergistic interplay between
the components in hybrid materials can enhance the electrochemical

properties [30].
Metal-organic framework (MOFs) are a sort of crystalline porous

materials comprising inorganic metal sites coordinated with organic
chelators. They have the advantage of controllable morphology, thus
allowing the precise synthesis of carbonaceous materials with tailored
structures boasting superior electrical conductivity, adjustable porosity,
vast surface area, and good stability [31]. Hence, bimetallic MOFs have
garnered considerable research interest as a result of their exceptional
electrical conductivity, robust structural stability, and easy synthesis
[32]. Liang et al. [33] have used a hydrothermal method to prepare
NinComMOFs exhibiting a layer-and-channel architecture. The capaci-
tance of Ni1Co1MOF is 1333 F g− 1 at 2 A g− 1 (Ni1Co1MOF//AC pre-
senting a peak energy density of 28 Wh/kg at 444 W kg− 1), It surpasses
the capacitance exhibited by the single-metal MOF (Ni-MOF and
Co-MOF). Lim et al. [34] have synthesized ZnCo2O4 from bimetallic
cobalt-based MOFs. Compared with Co3O4 derived from MOF, the spe-
cific capacity of the bimetallic oxide increases by more than 300 %
besides enhanced stability. Bimetallic MOFs can function as the pre-
cursors/templates for fabricating diverse nanocomposites [35–37].
Similar to bimetallic MOFs, bimetallic oxides and hydroxides have been
demonstrated for their synergistic characteristics in developing elec-
trode materials for charge storage applications. Indeed, these electrode
materials made of heterometallic compositions can exhibit much
improved electrochemical performance over that of single metal com-
pounds. For instance, CPCN derived from MOFs can serve as efficient
materials for producing high-performance electrodes [38,39].

A novel flexible FCO/Au/CPCN@CC electrode has been creatively
created and shown in this ground-breaking study for use in sodium-ion
batteries and supercapacitors. The procedure entails the accurate and
uniform development of iron-cobalt oxide nanowires on flexible
conductive porous carbon nanosheets that have been altered with gold,
as illustrated in Fig. 1. The procedure involves the continuous applica-
tion of ZnCo-MOFs sheets onto the surface of carbon cloth after plasma
treatment, followed by carbonization and etching to create the
CPNC@CC structure. Before actively depositing the material, gold
nanoparticles are applied to the flexible CPCN, which increases the
surface area and improves the assimilation of active chemicals as well as
conductivity [40,41]. The FCO/Au/CPCN@CC electrode demonstrates
superior electrochemical characteristics compared to other electrode
configurations such as FCO/CC, Fe2O3/CPCN@CC, and
FCO/CPCN@CC. These electrodes were all manufactured using a com-
parable approach. The comparison was conducted in a 1 M Na2SO4
environment. An asymmetrical supercapacitor (ASC) is constructed
utilizing FCO/Au/CPCN@CC, active carbon (AC), and 1 M Na2SO4 as
the electrolyte for operation in the 2 V window (AC//F-
CO/Au/CPCN@CC-2V), which showed outstanding operational effi-
ciency. To further demonstrate its capabilities, a flexible ASC with the
identical electrode combination the AC is assembled with 1.0 M NaPF6
for the 4 V window (AC//FCO/Au/CPCN@CC-4V).

Regarding anode materials utilized in SIBs, FCO/Au/CPCN@CC not
only have favorable sodium storage properties but also leverage a large
power density inherent to supercapacitor electrodes. A button battery is
assembled with FCO/CPCN@CC and FCO/Au/CPCN@CC as the work-
ing electrodes, sodium sheet fulfills the role of the auxiliary electrode in
a 1.0 M NaPF6 solvent. The sodium storage characteristics are studied in
a 3 V window. The research demonstrates improved storage capacity in
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SIBs by utilizing the distinctive electrode structure and optimizing the
process.

2. Experiments and approaches

2.1. Materials synthesis

The preparation of FCO/Au/CPCN@CC is illustrated in Fig. 1. A 45
mL solution of deionized (DI) water containing 0.6 mM Zn(NO3)2⋅6H2O
and 1.3 mM Co(NO3)2⋅6H2O was prepared. Subsequently, a 45 mL so-
lution of composed of DI water infused with dissolved 2-methylimida-
zole was introduced into the mixture and stirred magnetically. Soaked
the clean carbon cloth after plasma treatment for 3 h, washed, and dried
to produce ZnCo-MOF@CC. It underwent a 2-h annealing process at
950 ◦C in a nitrogen-filled atmosphere. To eliminate Co2+, Zn2+, and
other contaminants, a second thermal treatment is applied in 6 M HNO3
at 100 ◦C for 24 h, resulting in the fabrication of flexible CPCN@CC.

To modify the flexible CPCN@CC substrate with gold nanoparticles
(AuNPs), a round-bottom flask containing 2 ml of 1.3 mM PVP and 2 ml
of 34.0 mM C6H5Na3O7⋅2H2O together with 96 ml of water was intro-
duced while heated and stirred. When the mixture starts to boil, add 250
μL of 100 mM HAuCl4⋅3H2O and CPCN@CC, and heat for half an hour.
The reaction has concluded, yielding Au/CPCN@CC.

The FCO composite was fabricated on CPCN@CC, CC, and Au/
CPCN@CC hydrothermally. A solution of DI water with ethylene glycol
was stirred after the addition of 1.5 mM Co(No3)3⋅6H2O, 1.5 mM Fe
(NO3)2⋅9H2O, 15 mM urea, and 3.9 mM NH4F. Transfer the mixture to a
reactor containing Au/CPCN@CC, CC, or CPCN@CC and subsequently
heat for approximately 8 h at 120 ◦C. Then the sample is annealed in
350 ◦C air for 2 h to obtain FCO/CC, FCO/CPCN@CC, and FCO/Au/
CPCN@CC. The Fe2O3/CPCN@CC electrode was fabricated following
identical procedures, excluding the inclusion of Co(No3)3⋅6H2O.

2.2. Materials characterization

The electrodes’ morphology, microstructure, as well as constituent
elements were evaluated using scanning electron microscopy (SEM,
Hitachi S-4800, Japan), microstructure, and elemental constitution of
the electrodes, selected-area electron diffraction (SAED, Oxford In-
struments X-MAX 80TLE, England), energy-dispersive X-ray spectros-
copy (EDS, JEOL JEM 2100F, Japan), and transmission electron
microscopy (TEM, JEOL JEM 2100F, Japan, 200 kV). The crystalline
phase was observed by X-ray diffraction (XRD) with RigakuD/max-
2550VB+/PC, and X-ray photoelectron spectroscopy (XPS) with Thermo

Fisher ESCALB 250XI to determine the chemical states and composition.

2.3. Electrochemical assessment

A three-electrode apparatus employing 1 MNa2SO4 was set up on the
CHI660E electrochemical workstation. Five electrode materials were
evaluated for comparison, including FCO/Au/CPCN@CC, FCO/
CPCN@CC, FCO/CC, Fe2O3/CPCN@CC, and Au/CPCN@CC. The refer-
ence electrode was the saturated calomel electrode, while the counter
electrode was comprised of platinum wire. To ascertain the electro-
chemical behavior, Cyclic Voltammetry (CV), Galvanostatic Charging/
Discharging (GCD), and Electrochemical Impedance Spectroscopy (EIS)
measurements were conducted. The asymmetrical supercapacitor device
incorporated both an aqueous system utilizing 1.0 M Na2SO4 solution
and an organic system employing a 1.0 M NaPF6 solution. The sodium-
ion batteries consisted of FCO/Au/CPCN@CC or FCO/CPCN@CC as the
electrode, as a reference electrode, sodium metal foil was employed,
while glass fiber worked as the isolator in 1.0 M NaPF6 solution. The
charging/discharging test was performed in a 3 V voltage window on the
NEWARE BTS battery system under various C-rates (1 C = 1000 mAh
g− 1). CV was executed on the CHI660E electrochemical workstation.

Eqs. (1)–(3) were employed for calculating the specific capacitance
(Cs), energy (E) density, as well as power density (P) of the electrodes
[42]:

cs =
I× Δt
m× ΔV

(1)

E=
C× (ΔV)2

2 * 3.6
(2)

P=
E*3600

Δt
(3)

2.4. Theoretical evaluation

First-principles calculations [43,44] were conducted employing
spin-polarized density-functional theory (DFT) within the framework of
the generalized gradient approximation (GGA) by the
Perdew-Burke-Ernzerhof (PBE) [45]. Projected augmented wave (PAW)
potentials are used to represent ionic nuclei [46,47], and the kinetic
energy cut-off of the valence electrons is 450eV. Using Gaussian fitting,
the occupied width of the Kohn-Sham orbit is 0.1eV. The electronic
energy was considered to have reached equilibrium once the energy
change fell below 10− 5 eV. Similarly, the geometric optimization was

Fig. 1. Schematic illustration of the fabrication of the electrodes.
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deemed to have converged once the force variation was reduced to
below 0.02 eV/Å. Dispersive interactions are illustrated using grime’s
DFT-D3 method [48]. The adsorption energy (Eads) about Na is desig-
nated as:

Eads =ENa/surf – Esurf – ENa(g), (4)

Where ENa/surf signifies the energy associated with the adsorption of Na
onto the surface, Esurf denotes the energy of the surface when it is not
adsorbed, and ENa(g) indicates the energy of an isolated Na molecule
situated in a cube with a side of 20 Å, utilizing a 1 × 1 × 1 Monkhorst-
Pack k-point grid for Brillouin zone sampling.

3. Findings and analysis

3.1. Materials analysis

Fig. 2 together with Fig. S1 are Scanning Electron Microscope (SEM)
micrographs. ZnCo-MOF nanosheets are evenly coated on CC substrate,
as illustrated in Figs. S1(a)–(b). The thickness of the three-dimensional
structure varies between 120 and 170 nm. After high-temperature
annealing, the ZnCo-MOF sheets exhibit a noticeable reduction in
thickness of approximately 50 nm, as shown in Fig. 2(a) and (b). The
formation of the 2D conductive porous carbon nanosheets involves
annealing and carbonization of the MOF nanosheets, followed by
etching to create hollow structures on carbon cloth (Fig. 2(c) and (d)).
The annealing step augments the durability and binding of the MOF
precursor with the CC, ensuring the preservation of the precursor’s
structural integrity following the hydrothermal reaction. High-
temperature annealing repairs the weak bonds or defects in the pre-
cursor structure, resulting in a more stable and robust MOF framework.
Additionally, annealing promotes better adhesion between the MOF and
CC by facilitating molecular interactions and surface diffusion, thereby
enhancing the binding strength and reducing the likelihood of delami-
nation or detachment during subsequent processing. The CPCN@CC
nanocomposite’s specific surface area is augmented due to the thinner

nanosheets and void structures within it. In Fig. 2(e) and (f), gold
nanoparticles with a diameter of approximately 20 nm are deposited on
CPCN@CC. The combination of AuNPs with CPCN enhances the con-
ductivity and contact area. The nanoscale Fe2O3 particles are evenly
dispersed on the CPCN@CC substrate, as shown in Fig. 2(g) and (h). For
experimental validation, iron-cobalt oxide (FCO) is grown directly on
carbon cloth (CC) (Fig. 2(i) and (j)), and the images reveal nanowire
arrays on the carbon fibers with lengths of several micrometers and
diameters ranging from 500 to 700 nm. FCO nanowires are evenly
distributed on the Au/CPCN@CC in Fig. 2(k) and (l). The unique
nanowire structure with CPCN facilitates swift reaction kinetics,
enhancing the efficiency of redox reactions.

Fig. 3(a) displays the X-ray Diffraction (XRD) datas of ZnCo-MOF,
CPCN@CC, Au/CPCN@CC, Fe2O3/CPCN@CC, FCO/CPCN@CC, and
FCO/Au/CPCN@CC. The Co and Zn diffraction peaks seen in the ZnCo-
MOF sample (depicted in black) match the findings reported in prior
literature confirming the successful fabrication of ZnCo-MOF. The
etching process eliminates Zn and Co from the ZnCo-MOF precursors,
thus resulting in the CPCN@CC sample (depicted in red) exhibiting no
observable Co or Zn peaks. The Au peaks in the Au/CPCN@CC (orange)
as well as FCO/Au/CPCN@CC (purple) spectra, located at 64.58◦,
44.39◦, 38.18◦ and, originating from the (220), (200), and (111) lattice
planes of gold, as referenced in the PDF#04–0784 database. Fe2O3/
CPCN@CC (blue), FCO/CPCN@CC (green), and FCO/Au/CPCN@CC
(purple) show peaks of Fe2O3 at 18.00◦, 24.61◦, 35.09◦, 37.87◦, 53.62◦,
56.64◦, 58.83◦, and 64.91◦ associated with the (102), (017), (201),
(0015), (300), (0217), (309), and (226) planes of Fe2O3
(PDF#40–1139), respectively. FCO/CPCN@CC (green) and FCO/Au/
CPCN@CC (purple) exhibit peaks of Co3O4 at 31.27◦, 36.85◦, and
44.81◦, associating with the (220), (311) and (400) crystalline phase of
PDF#42–1467, respectively.

Two distinct peaks are observed in Fig. 3(b), belonging to Au 4f5/2 at
84.1eV and Au 4f3/2 at 87.8eV, which corresponds to earlier research
[49]. The XPS spectrum for Co2p is depicted in Fig. 3(c). 786 eV and
806.92 eV are the two satellite spikes, Co 2p3/2 at 781eV is one of the
two major summits, while Co 2p1/2 at 796.1eV is the other. These

Fig. 2. SEM images: (a, b) ZnCo-MOF after annealing, (c, d) ZnCo-MOF after etching (CPCN@CC), (e, f) Au/CPCN@CC, (g, h) Fe2O3/CPCN@CC, (i, j) FCO/CC, and
(k, l) FCO/Au/CPCN@CC.
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findings suggest the presence of Co2+ and Co3+states in Co3O4 [50,51].
Fe3+ in Fe2O3 has a Fe 2p1/2 summit at 724.9eV, a Fe 2p3/2 summit at
711.2 eV, as well as a satellite summit at 717.5 eV (Fig. 3(d)) [14,16].
Fig. 3(e) shows three distinct component peaks in the O 1s spectrum. The
summit situated at 529.8 eV (OI) matches with lattice oxygen, The
531.8eV peak (OII) correlates with hydroxyl oxygen, and the peak at
533.5 eV (OIII) aligns with physically adsorbed oxygen [49,52,53].
Fig. S8(a) depicts the C1s core-level spectrum of FCO/Au/CPCN@CC,
featuring three prominent peaks corresponding to C=O at 286.7 eV,
C-C/C=C at 284.3 eV, and C-O at 285.6 eV. Additionally, the N1s
core-level (Fig. S8(b)) spectrum exhibits peaks attributed to N-H at
400.4 eV and C=N at 398.9 eV.

The morphology and microstructure of the composite are charac-
terized and analyzed through Transmission Electron Microscopy (TEM)
as shown in Fig. 3(f) and (g). High-resolution TEM reveals a lattice in-
terval of 0.235 nm aligns with the (111) phase of Au, 0.47 and 0.244 nm
accords with the Co3O4 (111) and (311) phase, as well as 0.14 and 0.43
nm for the Fe2O3 (220) and (104) phase, respectively. The SAED dia-
gram (inset in Fig. 3(g)) verifies the successful assembly of the Au par-
ticles and FCO. The EDS elemental maps in Fig. 3(h) and (i) show gold
particles, FCO nanowires, and homogeneous Fe, Co, C, O, and Au dis-
tributions. The results corroborate the fabrication of the materials. The
specific information of the lattice lines, Fast Fourier Transform (FFT)
and Inverse Fast Fourier Transform (IFFT) patterns in Fig. 3(g) is
included in Supporting Information Fig.S10.

3.2. Electrochemical properties

The composite materials’ characteristics were assessed in a 1M
Na2SO4 solution employing a three-electrode setup, which saturated
calomel electrode (Hg/HgCl2/KCl) was the reference electrode and
platinum wire was the counter electrode. In Fig. 4(a) and (b), the

electrochemical features of Fe2O3/CPCN@CC, Au/CPCN@CC, FCO/Au/
CPCN@CC, FCO/CPCN@CC, as well as FCO/CC are similar. However,
The FCO/Au/CPCN@CC exhibits an extended discharge duration, with a
correspondingly larger CV area compared to that of Au/CPCN@CC,
FCO/CPCN@CC, FCO/CC, and Fe2O3/CPCN@CC. The electrochemical
behaviors of the FCO/CPCN@CC and FCO/Au/CPCN@CC electrodes
were analyzed in the frequency range of 0.01–100 kHz using electro-
chemical impedance spectroscopy (EIS) for further assessment of the
electrode materials (Fig. 4(c)). The impedance data were fitted with an
equivalent circuit model using Z-view software. At high frequencies, the
X-intercept indicates the electrolyte resistance (Rs), while the semicircle
corresponds to the charge transfer resistance (Rct). Warburg impedance
(Wo) is used to characterize the diffusion processes of substances within
electrodes or electrolytes. It typically appears as a skewed straight line in
the impedance spectrum, particularly in the low-frequency region.
Additionally, a constant phase element (CPE) is often employed in place
of an ideal capacitor to better represent the non-homogeneous charac-
teristics of the system. The resistance values for both electrodes are
summarized in Table S2. For the FCO/Au/CPCN@CC electrode, the
calculated Rs is 5.18Ω, whereas the Rs for the FCO/CPCN@CC electrode
is 6.52Ω. The lower intrinsic resistance of the FCO/Au/CPCN@CC
electrode suggests it has better conductivity. The FCO/Au/CPCN@CC
electrode demonstrates a lower charge transfer impedance (Rct = 0.42
Ω) compared to the bimetallic FCO/CPCN@CC electrode (Rct = 1.14 Ω).
Hence, the FCO/Au/CPCN@CC electrode outperforms the bimetallic
FCO/CPCN@CC electrode in energy storage processes, exhibiting su-
perior capacitance characteristics and faster electron/ion transport.

Fig. 4(d) gives the Cyclic Voltammetry (CV) data of FCO/Au/
CPCN@CC, revealing consistently similar shapes that gradually increase
with increasing scan speeds, thus demonstrating favorable capacitive
characteristics and outstanding rate performance [54]. Galvanostatic
Charge-Discharge (GCD) data in Fig. 4(e) depicts an almost symmetrical

Fig. 3. (a) XRD spectra of ZnCo-MOF, CPCN@CC, Au/CPCN@CC, Fe2O3/CPCN@CC, FCO/CPCN@CC and FCO/Au/CPCN@CC; XPS spectra of (b) Au 4f, (c) Co 2p,
(d) Fe 2p, and (e) O 1s; (f, g) TEM and HR-TEM images of FCO/Au/CPCN@CC; (h) EDS elemental maps of FCO/Au/CPCN@CC; (i1) EDS Fe map, (i2) EDS Co map,
(i3) EDS C map, (i4) EDS O map, and (i5) EDS Au map.
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triangular structure across various current densities, indicative of the
desired electrochemical capacitive performance and rapid faradaic
redox kinetics. In comparison, the CV curves of FCO/CPCN@CC (Fig. 4
(f)) exhibit a smaller rectangular area at the same scanning speed, while
the GCD curves (Fig. 4(g)) show a shorter charging time at the same
current densities. According to Fig. 4(e) and (g), and Eq. (1), the
capacitance is obtained (Fig. 4(h)). Remarkably, at 0.25 mA cm− 2, the
capacitance of FCO/Au/CPCN@CC is 2570.09 F g− 1, while
FCO/CPCN@CC is only 1335 F g− 1 under identical current density. The
outcomes surpass those of rGO/Co3O4@Fe2O3 (784 F g− 1) [27],
α-Fe2O3/C (391.8 F g− 1) [26], and nanowire FeCo2O4 (1963 F g− 1) [55].
Fig. 4(i) demonstrates the durability of FCO/CPCN@CC as well as
FCO/Au/CPCN@CC through 10000 cycles, and FCO/Au/CPCN@CC
maintains a capacitance retention of 85.94 % surpassing that of 72.75 %
of FCO/CPCN@CC. The SEM images of FCO/Au/CPCN@CC after 10000
cycles are exhibited in Fig. S11. It is clearly shown that the morphology
has changed. However, the composite structure of FCO/Au/CPCN@CC
is still retained, which also proves that the sample has high electro-
chemical stability.

To analyze the energy accumulation process of the FCO/CPCN@CC
and FCO/Au/CPCN@CC electrodes, in conformity with the CV data in
Fig. 5(a), k1 (Fig. 5(b) and (c)) [56] via eq. (5) obtained the
pseudocapacitance:

i(V)
/
v1/2 = k1v1/2 + k2, (5)

The scanning rate is represented by v, while k1 corresponds precisely
to the inclination or gradient of the curves depicted in Fig. 5(b) and (c)
k1v affects the pseudo capacitance current at different voltages. i (V)
signifies the current at a voltage. Fig. 5(d) illustrates the

pseudocapacitance contribution (represented by the pink area). The
percentages of the pseudo-capacitance contribution under various
scanning speeds are consolidated in Fig. 5(e) and (f). Fig. 5(d) displays
the ratio of pseudocapacitance of FCO/CPCN@CC. At 1 mV s− 1, the
proportion of FCO/CPCN@CC is 73.07 %. At 5 mV s− 1, the proportion
reaches 87.45 %. Fig. 5(f) gives the relative contribution of pseudoca-
pacitance for the FCO/Au/CPCN@CC electrode across various scanning
rates. Notably, FCO/Au/CPCN@CC exhibits a greater pseudocapaci-
tance contribution than FCO/CPCN@CC. As an example, FCO/Au/
CPCN@CC exhibits a pseudocapacitance ratio of 93.31 % at 5 mV s− 1,
outperforming FCO/CPCN@CC’s 87.45% ratio under the same scanning
conditions. Fig. 5(g) exhibits the in-situ XRD of FCO/Au/CPCN@CC.

The overall X-ray diffraction peak shape and intensity of character-
istic peaks of the material did not show significant changes, indicating
that FCO/Au/CPCN@CC can maintain its original crystal structure over
such a long period of time, proving its high stability. Simultaneously, it
signifies that the processes taking place in a 1M Na2SO4 solution do not
constitute an oxidation-reduction reaction, but instead, they involve the
surface adsorption and desorption of sodium ions. The enhanced surface
area of FCO/Au/CPCN@CC facilitates increased ion interaction, thereby
improving the efficiency of charge transfer processes during ion inter-
calation. This enlarged interface is pivotal in accelerating the rate of ion
intercalation and refining the charge storage mechanism of FCO/Au/
CPCN@CC, consequently resulting in superior electrochemical perfor-
mance relative to FCO/CPCN@CC.

3.3. FCO-based flexible supercapacitors

To further demonstrate the diverse application potential, asymmetric

Fig. 4. (a) CV curves at 100 mV s− 1 and (b) 0.25 mA cm− 2: GCD curves of Fe2O3/CPCN@CC, FCO/CPCN@CC, FCO/Au/CPCN@CC, FCO/CC and Au/CPCN@CC; (c)
Nyquist plots of FCO/CPCN@CC and FCO/Au/CPCN@CC; (d) CV curves and (e) GCD curves of FCO/Au/CPCN@CC; (f) CV curves and (g) GCD curves of FCO/
CPCN@CC; (h) Specific capacities for different current densities and (i) Cycle stability at a GCD current density of 5 mA cm− 2 of FCO/CPCN@CC and FCO/
Au/CPCN@CC.
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capacitors are constructed. The composite material prepared served as the
negative electrode,while activated carbon (AC)was utilized as thepositive
electrode. Twodifferent electrolytes are used: a 1.0MNa2SO4 solution in 2
V window (AC//FCO/Au/CPCN@CC-2V) for the aqueous supercapacitor
and a 1.0 M NaPF6 organic solution for the 4 V window (AC//FCO/Au/
CPCN@CC-4V) for the organic system supercapacitor. Figs. S2(a)–S2(b)
displays the electrochemical properties of the aqueous asymmetrical
supercapacitor. AC//FCO/Au/CPCN@CC-2V exhibits a notably longer
discharging time, accompanied by a greater CV area in comparison to the
AC//FCO/CPCN@CC-2V. The CV and GCD curves of the AC electrode are
shown in Fig. S12. Fig. 6(a) and (b) exhibit the electrochemical properties
of organic systemsupercapacitors. At the same current density, theCVarea
of AC//FCO/Au/CPCN@CC-4V surpasses that of AC//FCO/CPCN@CC-
4V. Specifically, at 1 mA cm− 2, the discharging duration of AC//FCO/
Au/CPCN@CC-4V is approximately 31.2-fold compared to AC//FCO/
CPCN@CC-4V. In different voltage windows, the GCD and CV data of
AC//FCO/Au/CPCN@CC-2V (Figs. S2(c) and S2(d)) and AC//FCO/Au/
CPCN@CC-4V (Fig. 6(c) and (d)) do not appear to be deformed. This in-
dicates a goodmatchbetween electrodes in the device, therebybroadening
thework voltage. Fig. 6(e) and Fig. S3(a) display the CV data of AC//FCO/
Au/CPCN@CC-2V together with AC//FCO/Au/CPCN@CC-4V under
various scanning speeds. The curves show no distortion even when the

scanning speed reaches 4800mV s− 1, reflecting that the big area and swift
ion diffusion result in the fast charging-discharging properties [57]. The
GCD graphs of AC//FCO/Au/CPCN@CC-2V (Fig. S3(b)) and
AC//FCO/Au/CPCN@CC-4V (Fig. 6(f)) at different current densities have
a triangular shape indicativeof favorable electrochemical properties, rapid
I-V reaction, and high electrochemical reversibility. Fig. S4 presents the
electrochemical test results of AC//FCO/CPCN@CC-4V, AC//F-
CO/Au/CPCN@CC-4V possesses a longer discharge duration and greater
CV area.

Fig. 6(g) shows the analysis of EIS for supercapacitors, the AC//FCO/
CPCN@CC configuration shows an electrolyte resistance (Rs) of 8.21Ω
and a charge transfer resistance (Rct) of 21.8Ω. In contrast, the AC//
FCO/Au/CPCN@CC configuration has lower resistance values, with Rs
at 6.69Ω and Rct at 5.43Ω. As a result, the AC//FCO/Au/CPCN@CC
demonstrates enhanced capacitance properties and enables faster elec-
tron and ion transfer during energy storage. The resistance values are
summarized in Table S2. The stability of the SCs is tested through GCD.
The retention rate of AC//FCO/Au/CPCN@CC-4V is 84.27 % following
10,000 cycles, surpassing that of AC//FCO/CPCN@CC-4V (61.39 %)
without gold NPs. Additionally, the retention rate of AC//FCO/Au/
CPCN@CC-2V is 84.52 % (Fig. S6(a)). These findings showcase the
exceptional cycling capacity of the supercapacitor. Table S1 shows the

Fig. 5. (a) CV curves of FCO/Au/CPCN@CC, inset for FCO/CPCN@CC; (b,c) CV data of 6 groups of FCO/Au/CPCN@CC and (c) FCO/CPCN@CC at different voltages
and k1 calculated by equation (4); (d) Pseudocapacitance of the FCO/Au/CPCN@CC at 5 mV s− 1 (inset for FCO/CPCN@CC); (e) Pseudocapacitance contribution
ratios of FCO/CPCN@CC; (f) Pseudocapacitance contribution ratios of FCO/Au/CPCN@CC; (g) In-situ XRD of the FCO/Au/CPCN@CC.
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power densities, energy densities, as well as specific capacities of AC//
FCO/Au/CPCN@CC-4V at diverse current densities calculated by for-
mulas (1-3). AC//FCO/CPCN@CC-4V displays a maximum specific
capacitance of 131.18 F g− 1 and a peak energy density reaches 291.5 W
h kg− 1 when the power density reaches 153.85 W kg− 1, also at 1749.9
W kg− 1, its energy density maintains at 144.78 W h kg− 1 with a
capacitance of 65.15 F g− 1. Fig. 6(i) illustrates the Ragone plot of AC//
FCO/Au/CPCN@CC-4V. The device delivers better electrochemical
performance compared to previously documented devices, for example,
Co3O4/Fe2O3//Co3O4/Fe2O3 (35.15 W h kg− 1 at 1125 W kg− 1) [58],
Co3O4//Co3O4 (7.9 W h kg− 1 at 450 W kg− 1) [49], Ni-Co oxide//Ni-Co
oxide (11.5 W h kg− 1 at 158 W kg− 1) [59], Co3O4-NF//Co3O4-NF (21.5
W h kg− 1 at 15.8 W kg− 1) [54], Co3O4//AC (44.99 W h kg− 1 at 200 W
kg− 1) [60]. Fig. S5 shows the capacitances of
AC//FCO/Au/CPCN@CC-2V, which reaches 300 F g− 1 at 1 mA cm− 2.
Fig. S6 (b) depicts the Ragone plots of AC//FCO/Au/CPCN@CC-2V. The
maximum energy density of this equipment is 166.67 W h kg− 1, the
maximum power density is 233.81 W kg− 1, its performance surpasses
that of CuO//Fe2O3 (23 W h kg− 1 at 1900 W kg− 1) [61], FeCo2O4//GO
(14.5 W h kg− 1 at 2177 W kg− 1) [62], α-MnO2@CNTs/CC//-
Fe2O3@CNTs/CC (14.5 W h kg− 1 at 2177 W kg− 1) [16], Co3O4-n//AC
(15.5 W h kg− 1 at 658 W kg− 1) [63], and Co3O4/CdO//AC (39.4 W h
kg− 1 at 864.35W kg− 1) [64]. The findings indicate that flexible SCs with
rapid charging capabilities and a broad voltage window exhibit signif-
icant potential for practical applications.

3.4. FCO-based sodium-ion batteries

The unique structure of FCO/Au/CPCN@CC enables a large power
density and stability in supercapacitors. Hence, to comprehensively
investigate the applicability of MOF-derived electrodes in battery

technology and delineate the performance disparities in super-
capacitors, a systematic study is performed within the domain of SIBs.
Fig. 7(a) presents the cycling capabilities under 0.1C. The discharge
capacity of the FCO/Au/CPCN@CC is 950 mAh g− 1 after 50 cycles,
surpassing that of the FCO/CPCN@CC (648 mAh g− 1) electrode. Fig. 7
(b) displays the rate performance of FCO/Au/CPCN@CC in SIBs. The
reversible capacities of FCO/Au/CPCN@CC are recorded at 958, 876,
758, 480, 322, and 260 mAh g− 1 under 0.1, 0.2, 0.3, 1, 2, and 3 C,
respectively. Upon reverting to 0.1C, the capacity is restored to its initial
value, demonstrating outstanding. In contrast, the FCO/CPCN@CC
electrode has smaller discharge capacities of 676, 595, 466, 270,169,
and 112 mAh g− 1 at 0.1, 0.2, 0.3, 1, 2 and 3 C, respectively. These values
are worse than those of the FCO/Au/CPCN@CC electrode, demon-
strating that incorporating Au nanoparticles substantially enhances
electrochemical performance.

To elucidate the redox reaction of the FCO/Au/CPCN@CC-based
SIBs, CV data for the first three laps are attained from the sodium ion
batteries (SIBs) at 0.1 mV s− 1, as shown in Fig. 7(c). The cathodic peaks
occurring at 0.2 V have a relationship with the restoration of Fe3O4 and
Co3O4 to Fe and Co in the first cycle. This reaction, indicative of the Solid
Electrolyte Interphase (SEI) layer formation, is irreversible and the peak
vanishes in subsequent cycles [65]. Two distinct cathode peaks subse-
quently emerge at 0.38 V and 1.45 V due to the conversion of Fe3O4 and
Co3O4 to Fe and Co [66,67]. These findings are in close concordance
with the voltage plateau in GCD curves (Fig. 7(d)). The anodic peaks at
0.45 as well as 1.5 V being consistent across the first and subsequent
cycles indicate reversible oxidation of Fe and Co to Fe3O4 and Co3O4
during charging [68,69]. The alignment of the second and third CV
curves suggests that the constructed battery exhibits excellent stability
and cycling performance [70,71]. The CV profiles and GCD curves of the
SIB utilizing an FCO/CPCN@CC electrode, performed at a scanning rate

Fig. 6. (a) CV curves at 300 mV s− 1 and (b) GCD curves at 1 mA cm− 2 of AC//FCO/CPCN@CC-4V and AC//FCO/Au/CPCN-4V @CC; (c) GCD curves and (d) CV
curves for different upper cut-off voltages; (e) CV curves at different scanning rates and (f) GCD curves at different current densities of AC//FCO/Au/CPCN@CC-4V;
(g) Nyquist plots curves and (h) Long-term cycling performance of AC//FCO/CPCN@CC-4V and AC//FCO/Au/CPCN@CC-4V; (i) Ragone plots of the as-
assembled ASC.
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of 0.1 mV s− 1 and a current density of 0.1C, respectively, are presented
in Figs. S14(a) and (b). Furthermore, the initial Coulombic efficiency
stands at 70.5 %, with the irreversible capacity loss predominantly
growing out of the development of the solid electrolyte interface layer
[72]. Fig. 7(e) illustrates the favorable cycle stability of SIBs. At 1C,
exhibiting a capacity of 480 mAh g− 1 throughout 500 cycles, and the
coulomb efficiency remains above 98 %. Furthermore, the sodium-ion
battery (SIB) can easily power white, red, yellow, and green
light-emitting diodes (LEDs). In the EIS analysis of sodium ion batteries
(Fig. S14(c)), the resistance (Rs) for the FCO/Au/CPCN@CC electrode is
measured at 8.52Ω, while the FCO/CPCN@CC electrode shows a higher
Rs of 9.7Ω. Additionally, the FCO/Au/CPCN@CC electrode exhibits a
lower charge transfer impedance (Rct) of 17.59Ω, compared to the
bimetallic FCO/CPCN@CC electrode, which has an Rct of 26.65Ω. These
results indicate that the FCO/Au/CPCN@CC electrode facilitates more
efficient charge transfer, enhancing the overall performance of the so-
dium ion battery. The CV and GCD plots of FCO/Au/CPCN@CC based
SIB at different scan rates and current densities are shown in Fig.S14 (d)

and (e).
The adsorption energy and density of state are investigated by

Density Functional Theory (DFT) calculation. The electrode’s sodium
ion adsorption model is depicted in Fig. 8(a)–(d). The calculated
adsorption energies in Fig. 8(e) are negative, indicating that the process
is exothermic. The FCO/Au/CPCN@CC electrode has lower adsorption
energy, a stronger adsorption effect, and a more stable structure. Fig. 8
(f) and (g) illustrate the projected density of states (PDOS) for FCO/
CPCN@CC and FCO/Au/CPCN@CC, respectively. Fig. 8(h) represents
the density of states (DOS) diagram. Fe 3d, Co 4d, O 2p, and C 2p pri-
marily influenced the electronic numbers near the Fermi level. In the
FCO/Au/CPCN@CC electrode, the Au 5d orbitals show obvious peaks at
− 0.37 eV, − 1.15 eV, and − 2.3 eV, while the Fe 3d, Co 3d, Au 5d, and O
2p orbitals cross the Fermi level. Compared with FCO/CPCN@CC, FCO/
Au/CPCN@CC exhibits metallic properties due to the gold particles.
Furthermore, it has a greater concentration of electrons close to the
Fermi level thus giving rise to superior conductivity. These character-
istics enhance electron transfer and facilitate rapid reaction kinetics.

Fig. 7. (a) Cycling performance of FCO/CPCN@CC and FCO/Au/CPCN@CC for 50 cycles at 0.1C; (b) Rate performance of FCO/CPCN@CC and FCO/Au/CPCN@CC
at various current densities; (c) CV curves and (d) GCD profiles of the FCO/Au/CPCN@CC; (e) Long-term cycling performance at 1 C.
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4. Conclusion

The FCO/Au/CPCN@CC composite materials were fabricated
through a hydrothermal process. The iron-cobalt oxide nanowires are
intricately anchored on the gold-modified CPCN derived from the
bimetallic MOFs. A three-electrode configuration was evaluated in a 1M
Na2SO4 solution. SCs constructed utilizing a 1M NaPF6 solution exhibit
outstanding electrochemical performance within a 4V voltage range.
The FCO/Au/CPCN@CC electrode shows a stable CV profile at 4800 mV
s− 1, together with a peak energy density of 1090.8 W h kg− 1 at 571.43
W kg− 1 as well as an energy density of 344.89 W h kg− 1 at the maximum
power density of 4000 W kg− 1. Upon 10,000 cycles of GCD, the ratio of
capacitance stands at 84.27 %. FCO/Au/CPCN@CC can also play the
part of efficient anode materials for SIBs, possessing high-speed capa-
bilities and outstanding cyclic endurance. At 0.1C, the discharging ca-
pacity reaches 958 mAh g− 1 and nearly regains its original value after
cycling. Following 500 cycles at 1C, the Coulombic efficiency outstrips
98 %, and the discharge capacity maintains at 480 mAh g− 1. The results
reveal the dual functionalities of FCO/Au/CPCN@CC in both super-
capacitors and SIBs and highlight the immense potential in energy
storage devices.
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Fig. S1. (a, b) SEM images of ZnCo-MOF at different magnifications. 
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Fig. S2. (a) CV curves at 300 mV s-1 and (b) GCD curves at 4 mA cm-2 of AC// 

FCO/CPCN@-2V and AC// FCO/Au/CPCN@CC-2V; (c) CV curves and (d) GCD 

curves with different upper cut-off voltages of AC// FCO/Au/CPCN@CC-2V. 
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Fig. S3. (a) CV curves at different scanning rates and (b) GCD curves at different 

current densities of AC// FCO/Au/CPCN@CC-2V. 
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Fig. S4. (a) CV, (b) GCD curves of AC// FCO/CPCN@CC-4V. 
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Fig. S5. Specific capacitance at different current densities of AC// 
FCO/Au/CPCN@CC-2V.  
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Fig. S6. (a) Long-term performance of AC// FCO/Au/CPCN@CC-2V; (b) Ragone 

plot of the as-assembled ASC. 
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Fig. S7. (a) XRD spectra of ZnCo-MOF and ZnCo-MOF after anneal 
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Fig. S8. XPS spectra of (a) C 1s, (b) N 1s. 
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Fig. S9. (a) EDS elemental maps of FCO/Au/CPCN@CC; EDS C map, EDS N map, 
EDS O map, EDS Co map, EDS Au map, and EDS Fe map. 
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Fig. S10. (a) the lattice line, FFT and IFFT patterns of Au (111); (b) the lattice line, FFT 
and IFFT patterns of Co3O4 (111); (c) the lattice line, FFT and IFFT patterns of Co3O4 

(311); (d) the lattice line, FFT and IFFT patterns of Fe2O3 (220); (e) the lattice line, FFT 
and IFFT patterns of Fe2O3 (104).  
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Fig. S11. SEM images of (a, b, c, d) FCO/Au/CPCN@CC after 10,000 cycles. 
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Fig. S12. (a) CV curves and (b) GCD curves of the AC electrode. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



14 

 

 
Fig. S13. Coulombic efficiency of AC//FCO/Au/CPCN@CC. 
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Fig. S14. (a) CV curves and (b) GCD profiles of FCO/CPCN@CC; (c) Nyquist plots 
curves of FCO/CPCN@CC and FCO/Au/CPCN@CC; (d) CV curves at different 
scanning rates and (e) GCD curves at different current densities of 
FCO/Au/CPCN@CC. 
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Fig. S15. (a) CV curves at 80 mV s-1 and (b) GCD curves at 0.15 mA cm-2 of FCO/CC, 
Au/CPCN@CC, FCO/Au/CPCN@CC, FCO/CPCN@CC, Fe2O3/CPCN@CC in 1M 
KOH solution. 
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Table S1. Specific capacitances, energy densities, and power densities of the hybrid 

asymmetrical supercapacitor at different current densities. 

 

Electrodes 

Current 

Densities 

(mA cm-2) 

Specific 

Capacitances 

(F g−1) 

Energy 

Densities 

(W h kg−1) 

Power 

Densities 

(W h kg−1) 

AC//FCO/Au/CPCN@CC 

AC//FCO/Au/CPCN@CC 

AC//FCO/Au/CPCN@CC 

AC//FCO/Au/CPCN@CC 

AC//FCO/Au/CPCN@CC 

AC//FCO/Au/CPCN@CC 

AC//FCO/Au/CPCN@CC 

1 

2 

3 

4 

5 

6 

7 

131.18 

122.78 

105.28 

92.23 

83.43 

70.5 

65.15 

291.5 

271.51 

233.96 

204.96 

185.4 

156.67 

144.78 

153.85 

306.17 

461.54 

666.24 

909.07 

1200.03 

1749.9 

 

 

 

Table S2. EIS fitting parameters derived from the matching equivalent circuit. 

 

samples Rs(Ω) Rct(Ω) 

Three-electrode system 

FCO/CPCN@CC 6.52 1.14 

FCO/Au/CPCN@CC 5.81 0.42 

Sodium-ion SCs 

AC//FCO/CPCN@CC 8.21 21.8 

AC//FCO/Au/CPCN@CC 6.69 5.43 

Sodium-ion battery 

FCO/CPCN@CC 9.7 26.65 

FCO/Au/CPCN@CC 8.52 17.59 
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Table S3. Specific information on XPS spectra of different elements. 
 

element FWHM eV Area(P) CPS.eV Atomic % 

Co 2.93 34026.39 7.6 

Fe 6.14 17318.31 5.36 

Au 2.83 2396.3 0.99 

C 1.2 16970.22 61.95 

N 2.2 6782.15 1.79 

O 1.58 15723.35 22.31 
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