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ABSTRACT

Porous carbon derived from metal-organic frameworks (MOFs) represents a novel class of carbonaceous mate-
rials with unique structural characteristics, conductivity, and chemical stability, rendering them suitable for
electrodes in supercapacitors. Herein, a three-dimensional structure of conductive porous carbon nanoflakes
(CPCN) is synthesized based on MOFs composed of organic ligands containing zinc and cobalt. Nanoscale CdSe
particles serving as energy-storage materials are incorporated into CPCN (CdSe/CPCN@CC) to form the flexible
electrode for sodium-ion supercapacitors. The electrochemical properties of CdSe/CC, CdSe/ZnCo-MOF@CC,
Cd/CPCN@CC, and CdSe/CPCN@CC are studied in 1 M NasSO4. The CdSe/CPCN@CC electrode shows an
impressive specific capacitance of 893.52 F g! at a current density of 0.125 mA cm™ and excellent cycling
stability with 80.68% retention after 10,000 cycles in 1.0 M NaySO,4. The asymmetric supercapacitor constructed
with CdSe/CPCN@CC and 1 M NaPFj electrolyte shows a capacitance of 97.8 F g, an energy density of 139.10
Wh kgl, and a power density of 589.82 W kg'! at a current density of 1 mA cm™. In addition, the capacitance
retention is 88.45% after 10,000 cycles. The electrochemical properties of CdSe/CPCN@CC are improved due to
the incorporation of more active materials as well as the synergistic effects of the CdSe nanoparticles and CPCN.
Density-functional theory (DFT) calculations reveal a sodium ion adsorption energy of -1.0692 eV and large DOS
near the Fermi level. More importantly, in spite of severe mechanical bending, the device continues to power an
LED array boding well for flexible and wearable applications.

1. Introduction

interface, while pseudocapacitors store the energy via fast, reversible
Faradaic redox reactions at or near the electrode surface [7-9]. Hybrid

Due to the rapid development of portable electronic devices and
electric vehicles, energy storage devices must meet the increasing de-
mand by low-cost, large-scale, and high-efficiency applications [1,2]. In
particular, supercapacitors (SCs) have garnered considerable attention
due to their favorable charging-discharging characteristics, cycling
stability, high power density, and environmental sustainability [3-5].
Supercapacitors can be classified into three types based on the energy
storage mechanisms: electric double-layer capacitors (EDLCs), pseudo-
capacitors, and hybrid supercapacitors [6]. EDLCs store the energy by
the formation of an electrical double layer at the electrode-electrolyte
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supercapacitors combine the EDLC and pseudocapacitive storage
mechanisms to deliver high energy and power densities [10,11]. The
mechanisms suggest that the quality of pseudocapacitance is a critical
factor in the fabrication of high-capacity supercapacitors, which serve as
a bridge between EDLCs and hybrid supercapacitor systems [12].
Pseudocapacitance arises primarily from surface Faradaic reactions
in which both the active materials and structure of the electrode play
important roles [13]. Among the various pseudocapacitive materials,
carbonaceous materials, conducting polymers, and transition metal
compounds are common electrode materials in electrochemical energy
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Fig. 1. Schematic illustration of the fabrication of the electrodes.

storage systems [14-17]. Transition metal selenides such as MoSey,
GeSey, NiSey, CoSey, and CdSe have attracted much attention recently
due to their excellent electrochemical properties and unique nano-
structures [12,18-20]. Compounds prepared by combining selenium
with transition metals can increase the activation energy of elemental
selenium, reduce the activation voltage during charging, and improve
the stability and lifespan of the electrode [21,22]. Besides, transition
metal selenides possess merits such as high electrical conductivity, earth
abundance, and easy fabrication [12,23]. The specific capacity of AloSes
nanorods prepared on reduced graphene oxide (rGO) nanosheets by
Safdar et al. [24] is 1,138.1 F g’l, and snow-crystal-like NiSe fabricated
by Bekhit et al. using a binder-free and one-step solvothermal approach
shows a high specific capacity of 763.5 F g™! and initial specific capacity
retention of 83% after 3,000 cycles [25]. Since the structure and
morphology of Se-based compounds directly impact the specific capac-
itance, rate capability, cycling life, and safety, the selection of the
appropriate materials and synthesis of the optimal Se-based compounds
are critical for supercapacitor electrodes [26].

Cadmium possesses a relatively high theoretical specific capacitance
of 546 mAh g!, and the stable voltage platform between reduction and
oxidation enables reversible and efficient charging-discharging at fast
charge-transfer rates in conjunction with good conductivity [12,27-29].
Cadmium sulfide (CdS) microspheres synthesized by Rathinamala et al.
using an affordable and energy-saving approach show a specific capac-
itance of 854 F g!. The asymmetric supercapacitor composed of
AC//CdS [30] shows an energy density of 8.4 W h kg and a power
density of 7.56 kW kg at a current density of 20 A gl. Therefore,
Combining Cd and Se elements as the CdSe can fully leverage the ad-
vantages of both elements, enhancing the electrochemical performance
of electrode materials. Furthermore, combining carbonaceous materials
with CdSe can improve the electrical conductivity, mechanical strength,
and stability of energy storage materials and the cycling life and energy
density of electrodes. For example, the conductive porous carbon
nanoflakes (CPCN) derived from metal-organic frameworks (MOFs) are
expected to be efficient electrodes [31,32].

As MOFs are prepared from organic ligands and metal ions, they have
self-assembled and customizable structures that provide significant
specific surface area [33,5] and have become intermediate templates or
precursors for CPCN production [34-36]. In this work, by incorporating
both cobalt and zinc metals, ZnCo-MOFs are deposited uniformly on the

carbon cloth (CC) to form the ZnCo-MOFs@CC electrode with a large
surface area [37,38]. The MOFs are carbonized under high-temperature
inert conditions and then selectively etched to create the porous struc-
ture of CPNC@CC [39-41]. The CdSe nanoparticles are deposited on
CPCN hydrothermally to form CdSe/CNCP@CC, as shown in Fig. 1. The
electrochemical properties are determined in 1 M Na3SO4 and confirmed
by density-functional theory (DFT) calculations. In order to demonstrate
the practical feasibility, an asymmetric supercapacitor (ASCs)
comprising CdSe/CPCN@CC as the negative electrode, carbon cloth
coated with activated carbon (AC@CC) as the positive electrode, and 1
M NaPFg as the electrolyte is constructed and demonstrated for the 3.2 V
window.

2. Materials and methods
2.1. Synthesis of ZnCo-MOF on carbon cloth (CC)

0.388 g of Co(NO3)2-6H20 and 0.1983 g of Zn(NOs3)2-6H;0 were
dissolved in 40 mL of deionized (DI) water, and then 2-methylimidazole
(1.3 g) in 40 mL of DI water was poured slowly into the solution and
stirred magnetically at room temperature. A cleaned carbon cloth was
immersed in the solution for 3 h at room temperature, washed several
times with DI and ethanol, and dried overnight at 60 °C to obtain the
ZnCo-MOF@CC precursor. The precursor was then annealed under N at
700 °C at a rate of two degrees per minute and then kept for 2 h. After
cooling to room temperature, the annealed ZnCo-MOF@CC is hydro-
thermally treated in 6 M HNOs at 90 °C for 24 h to remove Co?*, Zn?,
and by-products to obtain CPCN@CC.

2.2. Preparation of the composite electrode

A solution of 2 mmol CdCl,-6H50 in 50 mL of deionized (DI) water
was prepared, and 2 mmol selenium powder was dissolved in 42 mL of
the ethylenediamine solution and stirred. The two solutions were mixed
and stirred for 15 min and then 14 ml of hydrazine hydrate was added
dropwise. The mixture was transferred to a Teflon-lined stainless-steel
autoclave containing CPCN@CC, sealed, and heated to 180 °C for about
6 h. After the reaction, the autoclave was cooled to room temperature
naturally. The product was washed several times with DI and ethanol
and dried at 60°C in air to form CdSe/CPCN@CC. For comparison, the
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Fig. 2. (a) CV curves, (b) GCD curves and (c) Nyquist plots curves of CC, ZnCo-MOF@CC, and CPCN@CC; (d) Cycling stability of ZnCo-MOF@CC and CPCN@CC; (e)

CV curves and (f) GCD curves of CPCN@CC.

Cd/CPCN@CC electrode was fabricated by the same method but without
selenium powder. The remaining steps for the preparation of the CdSe/
CPCN@CC electrode were the same.

2.3. Materials characterization

The morphology of the materials were characterized by field-
emission scanning electron microscopy (FE-SEM, Hitachi, S-4800,
Japan) and the elemental composition was determined by energy
dispersive X-ray spectroscopy (EDS). The structure was analyzed by X-
ray diffraction (XRD, Rigaku, RINT2000, Japan) and the elemental
composition and chemical states were determined by X-ray photoelec-
tron spectroscopy (XPS, Kratoms Axis Ultra DLD). The transmission
electron micrographs (TEM) were acquired on the JEOL (JEM-2000 FX)
at 200 kV. The content of carbon in prepared material was obtained by
thermogravimetric analysis (TGA) in oxygen from 50 to 800°C. The
Galvanostatic Intermittent Titration Technique (GITT) profile of CdSe/
CPCN@CC was obtained by applying a series of current pulses at 0.15
mA g for 20 min followed by a 1 h relaxation process.

2.4. Electrochemical measurements

The CHI660E electrochemical workstation was utilized to conduct
the three-electrode assessment in 1 M NaSOj4. In this study, six working
electrodes were tested for comparison, including CdSe/CPCN@CC, Cd/
CPCN@CC, CPCN@CC, ZnCo-MOF@CC, CdSe/CC, and CC. The refer-
ence and counter electrodes were the saturated calomel electrode and
platinum wire, respectively. The electrochemical properties were
determined by cyclic voltammetry (CV), charging-discharging analysis
(GCD), and electrochemical impedance spectroscopy (EIS). The com-
posite electrodes were used as the positive electrode, while the negative
electrode was fabricated by casting a slurry consisting of 80 wt% acti-
vated carbon, 10 wt% acetylene black, and 10 wt% Poly tetra fluoro-
ethylene (PTFE) onto a nickel foam substrate, followed by drying at 80
°C. Both the positive and negative electrodes were cut into pieces with a
diameter of 12 mm and then combined with the electrolyte and sepa-
rator to form the supercapacitor. The electrolyte was 1 M NaPFg with the
EC: PCratio of 1:1 (vol%) with 5.0% FEC and the CR2032 coin-type cells

were assembled to investigate the sodium storage properties using the
CHI660E electrochemical workstation. The cells were assembled in a
glove box (Mikrouna Super 1220/750/900, China) filled with argon,
and the concentrations of Oy and H»0 in the glovebox were below 0.1
ppm. All the electrochemical tests were performed at room temperature.

2.5. Computation

Density-functional theory (DFT) calculations were performed to
elucidate the Na™ storage mechanism. According to the experimental
results, a model was constructed for growing Cd and CdSe on the porous
carbon substrate (Fig. S1). First-principles calculations [42,43] were
performed based on the spin-polarization density-functional theory
(DFT) within the generalized gradient approximation (GGA) using the
Perdew-Burke-Ernzerhof (PBE) [44] formulation. The projected
augmented wave (PAW) potentials [45,46] described the ionic cores and
took valence electrons into account using a plane wave basis set with a
kinetic energy cutoff of 520 eV. Partial occupancies of the Kohn-Sham
orbitals were allowed using the Gaussian smearing method with a
width of 0.05 eV. The electronic energy was considered self-consistent
when the energy change was smaller than 107> eV, and geometric
optimization was considered convergent when the energy change was
smaller than 0.05 eV A=, The adsorption energies (Eads) were calcu-
lated as follows:

Ews = ad/sub — Eaq — Esub; (1)

where E,q/sub, Ead, and Egy, are the total energies of the optimized
adsorbate/substrate system, adsorbate in the gas phase, and clean sub-
strate, respectively.

3. Results and discussion

Fig. 1 depicts the schematic of the synthesis of CdSe/CPCN@CC, and
the ZnCo-MOF precursor is prepared by the sol-gel method as shown in
Fig. 1. The precursor is annealed and etched to form stable porous
nanosheets of CPCCN@CC. The color changes from purple-blue to black
after annealing indicating uniform deposition of ZnCo-MOF on CC, and
the black color confirms complete carbonization of the MOF forming
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Fig. 3. SEM images of (a,b) ZnCo-MOF, (c,d) ZnCo-MOF after annealing, (e,f) ZnCo-MOF after atching (CPCN@CC), (g,h) CdSe/CPCN@CC, (i,j) Cd/CC, (k,)
Cd/CPCN@CC.

Fig. 4. (a) XRD spectra of ZnCo-MOF, CPCN@CC, Cd/CPCN@CC, and CdSe/CPCN@CC; XPS spectra of (b) Cd 3d of CdSe, (c) Se 3d of CdSe and (d) TEM image and
HR-TEM image and SAED pattern of CdSe/CPCN composite; (f) (f1)total EDS element mapping and the corresponding EDS mappings of C (f2), Cd (f3), Se (f4)

elements of CdSe/CPCN composite; Sodium ion adsorption model of (g) Cd/CPCN composite and (h) CdSe/CPCN composite; (i) absorption energy of Cd/CPCN@CC
and CdSe/CPCN@CC.
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Fig. 5. (a) CV curves (b) GCD curves and (c) Nyquist plots curves of CdSe/CC, CdSe/ZnCo-MOF@CC, Cd/CPCN@CC and CdSe/CPCN@CC; (d) CV curves and (e)
GCD curves of CdSe/CPCN@CC; (f) Specific capacity at different current densities and (g) Long-term performance under a GCD current density of 6 mA cm™2 of Cd/
CPCN@CC and CdSe/CPCN@CC; (h) leakage current and (i) self-discharge performance of CdSe/CPCN@CC.

ZnCo/Carbon@CC. Zn and Co in the carbonized MOF dissolve during
acid etching to form the conductive porous carbon nanosheets. The
CdSe/CPCN@CC composite is synthesized by a hydrothermal method
with CPCN@CC as the substrate and CdCly-6H20 and selenium powder
as the actants.

CV, GCD, and EIS are performed using a three-electrode system in 1.0
M NaySOy4 as the electrolyte. Fig. 2(a)-(c) show that CPCN@CC has a
longer discharging time, larger CV area, smaller contact resistance, and
higher ion diffusion efficiency than CC and ZnCo-MOF@CC. The sta-
bility of CPCN@CC and ZnCo-MOF are presented in Fig. 2(d). The
retention rate of ZnCo-MOF@CC is 71.43% after 10,000 charging and
discharging cycles, while CPCCN@CC shows higher retention of 86.72%
due to the robust carbon structure and efficient ion diffusion. Fig. 2(e)
shows the CV curves of CPCN@CC between 50 mV s and 500 mV s
revealing a rectangular shape with an increasing trend as the scanning
rate increases, showing good reaction kinetics [47,48]. Fig. 2(f) displays
the GCD results of CPCN@CC from 0.25 mA cm™? to 6 mA cm2 The
curve have an isosceles triangular shape with good symmetry indicative
of high Coulombic efficiency and good reversibility.

Fig. 3(a) and (b) depict the SEM images of ZnCo-MOF at different
magnifications. The ZnCo-MOF sheets are grown evenly and orderly on
the carbon cloth, and the 3D structure has a thickness of 120~170 nm
and length of 1.5 pm. Fig. 3(c) and (d) show that the thickness of ZnCo-
MOF is about 50 nm after annealing in Np. The reduced MOF sheet
thickness caused by precursor decomposition during calcination results
in lower electrical resistance due to the shorter transport distance for
electrons and ions. Moreover, annealing enhances both the stability and
adhesion of the MOF precursor to CC, since the precursor structure re-
mains stable after the hydrothermal reaction. Fig. 3(e) and (f) show that
etching produces porous structure on the carbon surface derived from
MOFs, thereby increasing the surface area of the CPCN@CC nano-
composite. Fig. 3(g) and (h) reveal a uniform distribution of CdSe

nanoparticles on the MOF sheets with an average particle diameter of
180-260 nm. The nanoscale CdSe particles in combination with CPCN
improve the contact area and conductivity, and the loading capacity of
CdSe per unit area increases. In comparison, Fig. 3(i) and (j) show that
on Cd/CC, Cd nanorods about 200-500 nm in length are clustered on the
surface of the carbon cloth. Fig. 3(k) and (1) confirm the smaller loading
of Cd without the nanoscale structure.

Fig. 4(a) presents the XRD patterns of ZnCo-MOF, CPCN@CC, Cd/
CPCN@CC, and CdSe/CPCN@CC. The diffraction peaks of Co and Zn
from ZnCo-MOF (black) are in good agreement with previous reports
[31,49,50], corroborating synthesis of ZnCo-MOF. The Co and Zn peaks
are not observed from CPCN@CC (red) due to the removal of Co and Zn
from the ZnCo-MOF precursor. Cd/CPCN@CC (green) shows peaks at
31.83°, 34.74°, and 38.35° corresponding to the (002), (100), and (101)
planes of Cd (PDF#05-0674). CdSe/CPCN@CC (blue) shows peaks CdSe
at 23.90°, 25.35°, 41.97°, 45.79°, and 49.67° associated with the (100),
(002), (110), (103), and (112) planes of CdSe (PDF#08-0459). As
shown in Fig. 4(b), the two peaks in the Cd 3d spectrum at 412.8 eV and
405.27 eV confirm the presence of Cd [12,50,51]. The peak at 54-55 eV
in Fig. 4(c) belongs to Se 3d, and that at 58-60 eV is related to SeOx from
surface oxidation [12,52]. As shown in Fig. S2, EDS shows the presence
of Cd, Se, and C.

Fig. 4(d) shows the morphology of the CPCN carbon nanosheets and
CdSe nanoparticles, and the nanoparticle sizes are consistent with those
observed by SEM. Fig. 4(e) reveals the (002), (101), and (110) planes
with d-spacings of 3.52 A, 3.28 A, and 2.14 A, respectively. The selected-
area electron diffraction (SAED) pattern (Fig. 4(h)) of CdSe/CPCN@CC
shows concentric rings indicative of the polycrystalline nature with the
corresponding (101) and (110) planes at the ring diameter. The
elemental maps in (f2)—(f4) of Fig. 4(f) indicate uniform distributions of
cadmium, selenium, and carbon. Fig. S3 displays that the weight per-
centages of the carbon in CdSe/CPCN@CC was estimated to be 91.7%,
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Fig. 6. (a) CV curves of Cd/CPCN@CC; (b) 6 selected sets of CV data obtained at different voltages for the calculation of k; by Eq. (5); (c) Pseudocapacitance of the

Cd/CPCN@CC at 4 mV s%; (d) Pseudocapacitance contribution ratios.

based on the chemical reaction between CdSe and O with the genera-
tion of CdO and SeOs. This is consistent with the data obtained by EDS
data (C: 91.4%, Se:4.4%, Cd:4.2%). Fig. 4(g) and (h) present the
adsorption models of Cd and CdSe for sodium ions on the conductive
porous carbon structure. The calculated sodium adsorption energies
(Eaq) of Cd/CPCN and CdSe/CPCN are -0.3691 eV and -1.0692 eV,
respectively (Fig. 4(i)). Compared with the composite structure of Cd,
CdSe has a lower E,q, higher adsorption capacity, and faster Na ion
storage kinetics.

Fig. 5(a) and (b) show that the electrochemical properties of CdSe/
CC, CdSe/ZnCo-MOF@CC, Cd/CPCN@CC, and CdSe/CPCN@CC are
comparable. However, CdSe/CPCN@CC displays a larger CV area and
longer discharging time than CdSe/CC, CdSe/ZnCo-MOF@CC, and Cd/
CPCN@CC. The discharging time of CdSe/CPCN@CC at a current den-
sity of 0.25 mA cem?is 1,595 s, but CdSe/CC, CdSe/ZnCo-MOF@CC and
Cd/CPCN@CC show discharging times of only 12 s, 61s, and 684.4 s,
respectively. Based on the mass difference before and after deposition,
the CdSe loading of the CdSe/CPCN@CC composite is calculated to be
2.4 mg cm. According to Fig. 5(b) and Eq. (2), the specific capacity of
CdSe/CPCN@CC is 854.63 F g at a current density of 0.25 mA cm™,
which is approximately five times greater than that of Cd/CPCN@CC
(168.89 F g’l). The porous frame and materials play important roles in
the performance of supercapacitors. Fig. 5(c) reveals that CdSe/
CPCN@CC has the smallest radius in the high-frequency region and
smaller charge transfer resistance. Furthermore, CdSe/CPCN@CC shows
the largest slope in the low-frequency region, suggesting excellent
diffusion ability.

The electron transfer process of CdSe during charging and dis-
charging is described as follows [53]:

CdSe +2Na"+2e~—Cd + Na,Se and

Cd +3Na"+3e”—Na;Cd.

The specific capacitance (Cs) can be calculated by Eq. (2), and the
energy (E) and power (P) density can be determined by Egs. (3) and (4)
[54]:

Ix At

Cs — 2

T mxAv 2
C x (AV)?

E= """
2« 36 3)
E % 3600

P = B @

where Cs (F g'l) is the specific capacitance, I (A) is the current density
during charging and discharging, At (s) is the discharging time, m (g) is
the mass of the active substance in the electrode, and AV (V) is the
pressure drop in the test. As shown in Fig. 5(d), the CV curves of CdSe/
CPCN@CC has a rectangular shape and increase gradually as the scan-
ning rates go up from 50 mV s to 500 mV s'. The CV curves all show a
similar shape, indicating that the CdSe/CPCN@CC electrodes remain
stable during the cycles [55]. Fig. S4 shows that at the same scanning
rate, the area under the CV curve of CdSe/CPCN@CC is larger than that
of Cd/CPCN@CC, indicating a stronger charge storage capacity [56].
Fig. 5(e) shows the GCD curve of CdSe/CPCN@CC from 0.25 mA cm ™2
to 6.0 mA cm 2. It exhibits a similar isosceles triangular shape with good
symmetry. The voltage and current of CdSe/CPCN@CC are linear during
discharging, suggesting good reversibility and high Coulombic effi-
ciency. Fig. S5 shows that the discharging time of CdSe/CPCN@CC is
longer than that of Cd/CPCN@CC at the same current density consistent
with CV. Fig. 5(f) illustrates the relationship between the specific ca-
pacity and current density of both Cd/CPCN@CC and CdSe/CPCN@CC.
The specific capacitances of CdSe/CPCN@CC are 893.52 F g}, 854.63 F
g, 851.85F g}, 766.67 F g, 689.26 F g}, and 623.71 F g! at current
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Fig. 7. (a) CV curves of CdSe/CPCN@CC; (b) 6 selected sets of CV data obtained at different voltages for the calculation of k; by Eq. (5); (c) Pseudocapacitance of the

CdSe/CPCN@CC at 4 mV s%; (d) Pseudocapacitance contribution ratios.

densities of 0.125 mA cm™2, 0.25 mA cm2, 0.5 mA cm2, 1 mA ecm?, 2 mA
em, and 4 mA em™, respectively. In comparison, Cd/CPCN@CC shows
capacitances of 176 F g, 168.89 Fg !, 168.62F g1, 159.11 F g}, 149.69
F g, and 141.51 F g! at current densities of 0.125 mA cm2, 0.25 mA
em?, 0.5 mA em?, 1 mA cm™, 2 mA em?, and 4 mA cm’?, respectively.

Fig. 5(g) illustrates the stability of Cd/CPCN@CC and CdSe/
CPCN@CC for 10,000 GCD cycles showing capacitance retention of
80.68% for CdSe/CPCN@CC, which is better than 72.43% of Cd/
CPCN@CC. The leakage current and self-discharging are important
factors for electrodes. The CdSe/CPCN@CC electrode is first charged to
0.9 V and maintained at this voltage for 6 h to measure the leakage
current, as shown in Fig. 5(h). The leakage current decreases rapidly
from 12.74 mA to 0.87 mA within 0.25 h but stabilizes at 0.18 mA due to
a smaller amount of impurities and few shuttle reactions [57]. To
monitor the self-discharging of CdSe/CPCN@CC, measurements are
made under open circuit conditions for 24 h [4,58]. Owing to the
leakage current, the potential decreases gradually with time, and it is an
especially significant drop in the first 2 h. As shown in Fig. 5(i), the
potential-time curves indicate a stable output potential of 0.76 V after 2
h and a good self-discharge rate remaining at around 0.76 V after 24 h.

To explore the mechanism of Cd/CPCN@CC and CdSe/CPCN@CC,
the pseudocapacitances are calculated from the CV plots in Figs. 6(a)
and 7(a) and by calculating k; (Figs. 6(b) and 7(b)) [59] by Eq. (5):

i(v
iv) l) =1V + ko, 5)
V2

where i(V) is the CV current at the selected voltage (V), v is the scanning
rate, k; is equal to the slope of each curve in Figs. 6(a) and 7(a), and the
current for the pseudocapacitance at different voltages is determined by
k;v. Taking kv as the ordinate and the corresponding voltage as the
abscissa, the pseudocapacitance (red area) is shown in Figs. 6(c) and 7
(c) and the relative pseudo-capacitance contributions at different scan-
ning rates are summarized in Figs. 6(d) and 7(d). The pseudo-
capacitance ratio of Cd/CPCN@CC calculated from the CV data is
76.79% when the scanning rate is 1 mV s, and 88.52% when the
scanning rate is 5 mV s. The pseudocapacitance of CdSe/CPCN@CC
can be derived from Fig. 7(c). The proportion of pseudocapacitance
contribution of CdSe/CPCN@CC at each scanning rate between 1 mV s
and 5 mV s is summarized in Fig. 7(d). CdSe/CPCN@CC shows larger
pseudocapacitance contributions than Cd/CPCN@CC. For example, at a

Fig. 8. (a) PDOS of Cd/CPCN@CC; (b) PDOS of CdSe/CPCN@CC ; (c) TDOS of Cd/CPCN@CC and CdSe/CPCN@CC.
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Fig. 9. (a) CV curves at 300 mV s and (b) GCD curves at 4 mA cm™ of AC//CdSe/CPCN@CC and AC//Cd/CPCN@CC; (¢) CVcurves and (d) GCD curves with
different upper cut-off voltages, (e) CV curves acquired at different scanning rates and (f) GCD curves for different current densities of AC//CdSe/CPCN@CC; (g)
Long-term performance of AC//CdSe/CPCN@CC and AC//Cd/CPCN@CG; (h) GITT curve and the corresponding Na™ diffusion coefficient of AC//CdSe/CPCN@CC;
(i) A flexible supercapacitor device is bended at different angles and two of these devices are connected in parallel to provide power supply for programmable

LED arrays.

scanning rate of 4 mV s, the pseudocapacitance contribution of CdSe/
CPCN@CC is 90.33% which is higher than that of Cd/CPCN@CC
(87.02%). Hence, the CdSe/CPCN@CC electrode has better pseudoca-
pacitance characteristics.

We further investigated the projected density of states (PDOS) and
total density of states (TDOS) of Cd/CPCN@CC and CdSe/CPCN@CC
and the results are presented in Fig. 8(a)-(c). Fig. 8(a) illustrates that
both the C 2p and Cd 4d orbitals intersect the Fermi level. Additionally,
there is a peak in the Cd 5s orbital at 0.72 eV, while the C 2p orbital
shows peaks at -0.8 eV and 2.03 eV. Therefore, the states near the Fermi
level are influenced by the C 2p and Cd 5s states. Fig. 8(b) shows the Se
4p and Cd 5s orbitals cross the Fermi level. There are a Se 4p peak at
-1.62 eV, a splitting peak of Cd 5s at 0.16 eV, and a C 2p peak at 1.85 eV.
The states near the Fermi level are mainly Se 4p, C 2p, and Cd 5s. Fig. 8
(c) exhibits the TDOS of the two materials. Compared with previous
reports [60], when CdSe is combined with porous carbon, the bandgap
decreases, the Fermi level moves down, and the hole concentration in-
creases, thereby improving the conductivity. Moreover, the number of
electrons near the Fermi level is larger, consequently facilitating elec-
tron transport and enabling fast reaction kinetics. These results explain
why CdSe/CPCN@CC delivers enhanced electrochemical performance.

The hybrid asymmetric supercapacitor is assembled in the 1 M NaPFg
electrolyte with either CdSe/CPCN@CC (AC//CdSe/CPCN@CC) or Cd/
CPCN@CC (AC//Cd/CPCN@CC) as the positive electrode and the active
carbon-based nickel foam as the negative electrode. Fig. 9(a) and (b)
show the electrochemical characteristics of the asymmetric super-
capacitor. The CV area of AC//CdSe/CPCN@CC is larger than that of
AC//Cd/CPCN@CC for the same current density. At the current density

is 4 mA cm?, the discharging time of AC//CdSe/CPCN@CC is almost 3.5
times longer than that of AC//Cd/CPCN@CC. The CV and GCD curves of
AC//CdSe/CPCN@CC obtained in different potential windows are pre-
sented in Fig. 9(c) and (d). In the voltage window of 0-3.2V, there are no
obvious changes in the curves, indicating that the positive and negative
electrodes match well to broaden the working potential. For compari-
son, the GCD and CV curves of AC//Cd/CPCN@CC in different potential
windows are exhibited in Figs. S6 and S7. As shown in Fig. 9(e), the CV
curves of AC//CdSe/CPCN@CC obtained at different scanning rates
from 75 mV s to 4,800 mV s show that the device can withstand a
high scanning rate of 4,800 mV s! without distortion. All curves have
the same shape, and the current density increases with the increase of
scanning speed, indicating that the CdSe/CPCN@CC complex has
excellent speed and stability [61,62].

The GCD curves acquired at different current densities (Fig. 9(f))
show a triangular shape, so the device has good electrochemical char-
acteristics, fast I-V response, and excellent electrochemical reversibility.

The CV and GCD data of AC//Cd/CPCN@CC are presented in Figs. S8
and 9. AC//CdSe/CPCN@CC shows a longer discharging time and larger
CV area than AC//Cd/CPCN@CC. Based on Egs. (2)-(4), at a current
density of 4 mA cm™, AC//Cd/CPCN@CC has a capacitance of 17.25F g°
1 energy density of 24.53 Wh kg, and power density of 2264.31W kg™..
On the other hand, AC//CdSe/CPCN@CC composite shows a capaci-
tance of 62.3 F g}, an energy density of 88.61 Wh kg, and a power
density of 2,359.44 W kg'! under the same conditions. The capacitance
of AC//CdSe/CPCN@CC is 97.8 F g}, energy density is 139.10Wh kg™,
and power density is 589.82W kg™ at 1 mA cm2. The specific capacity,
energy densities and power densities of AC//CdSe/CPCN@CC under
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Table 1
Comparison of the as-assembled supercapacitors with those reported in the literature.
Electrodes Potential Window Specific Capacitance (F Energy Density (Wh Power Density (W Capacitive Refs.
(\2) gh kg™ kg™ Retention
3DG/CoSe,-SnSey// 1.5 38 11.89 749.9 91.9%@3000cycles [63]
AC
Coyp.gsSe -16h//AC 1.8V — 44.2 888.9 91.9%@6500cycles [64]
CoSe//AC 1.5V — 17.6 684 95.5%@2000cycles [65]
CdSe@Pbs// 1v — 16.14 288 79%@5000 cycles [66]
CdSe@Pbs
CdSe/CPCN@CC//AC 4v 62.3 88.61 2359.44 88.45%@10000 this
cycles work
Cd/CPCN@CC//AC 4V 17.25 24.53 2264.31 66.64%@10000 this
cycles work

different current densities are shown in Table S1. A higher energy
density is achieved in comparison with previous results (Table 1), for
example, 3DG/CoSey-SnSey//AC (specific capacitance 38 F g and
11.89 Wh kg'1 at a power density of 749.9 W kg'1 ) [63], Cog.gsSe
-16h//AC (41.8 Whkg ! at 750 Wkg™ ) [64], CoSe//AC (17.6 Whkg™ at
684 W kg'!) [65], and CdSe@PbS//CdSe@Pbs (16.14 Wh kg! at 288 W
kgl [66].

According to the EIS results in Fig. S10, AC//CdSe/CPCN@CC has
the smallest arc radius and largest slope in the low-frequency region,
implying lower impedance and higher ion mobility in agreement with
the results obtained by CV and GCD. Fig. 9(g) shows the cycling stability
of the supercapacitor. After 10,000 cycles, the AC//CdSe/CPCN@CC
supercapacitor retains 88.45% of its initial specific capacitance, whereas
the AC//Cd/CPCN@CC supercapacitor retains only 66.64% of the initial
capacitance. The diffusion coefficient of Na* was measured by the GITT
and calculated according to the simplified formula [67]

412 (AE,\?
b= ;(AE,) ©®

where 7 is the relaxation time (s), AEg is the change of potential (V)
caused by the current pulse, and AE; is the change of potential (V) during
constant current discharge without iR drop. L is the sodium ion diffusion
path length (cm), which can be simply expressed as the electrode
thickness. The GITT profile and corresponding Na™ diffusion coefficient
are shown in Fig. 9(h), the Dya. values mainly concentrate in 10 cm? s
!, which is considered to be relatively high for Na* diffusion, further
explaining the rapid reaction kinetics and excellent energy storage
performance of the composites. Fig. 9(i) demonstrates that the
replacement of foam nickel with carbon cloth as the negative electrode
in the device improves the flexibility. The supercapacitor can withstand
large mechanical deformation such as large bending angles. An LED
array (11*44) can be powered by two flexible devices in series after
charging at a large current for a few seconds. The device thus has large
potential in flexible and wearable applications.

4. Conclusion

Nanoscale CdSe nanoparticles are fabricated on conductive porous
carbon nanoflakes (CPCN) derived from ZnCo-MOFs to form flexible
electrodes for high-performance sodium-ion supercapacitors. The CdSe
nanoparticles in the 3D CPCN structure prevent fragmentation and ag-
gregation of the nanoparticles while enhancing electron transfer and
Na* diffusion. DFT calculations reveal that the CdSe/CPCN composite
enhances the adsorption of sodium ions as well as the conductivity of the
electrode. The CdSe/CPCN composite is fabricated on carbon cloth to
form a flexible electrode for supercapacitors. Electrochemical assess-
ment utilizing a three-electrode system reveals remarkable pseudoca-
pacitive features, fast I-V response, and excellent reversibility. The
hybrid device is highly durable, being able to withstand a high scanning
rate of 4800 mV s!. Moreover, it shows energy densities of 139.10 Wh
kg ! and 72.36 Wh kg™! at power densities of 589.82 W kg™ and 4,128.31

W kg!, respectively. The flexible supercapacitor can withstand large
mechanical deformation such as large bending angles, and an LED array
can be powered by two flexible devices in series after charging at a large
current for a few seconds. The results suggest that the CdSe/CPCN@CC
electrode has large potential in energy storage applications.
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Fig. S1. Structural models of Cd/CPCN@CC and CdSe/CPCN@CC.



Fig. S2. EDS Survey spectrum of CdSe/CPCN@CC.



Fig. S3. TGA curve of CdSe/CPCN@CC.



Fig. S4. CV curves of Cd/CPCN@CC.



Fig. S5. GCD curves of Cd/CPCN@CC.



Fig. S6. GCD curves of AC//Cd/CPCN@CC at 6 mA cm™ with different upper cut-off

voltages.



Fig. S7. CV curves of AC//Cd/CPCN@CC at 100 mV s with different upper cut-off

voltages



Fig. S8. CV curves of AC//Cd/CPCN@CC.



Fig. S9. GCD curves of AC//Cd/CPCN@CC.
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Fig. S10. Nyquist plots curves of AC//CdSe/CPCN@CC and AC//Cd/CPCN@CC.
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Table S1. Specific capacitances,

energy densities,

AC//CdSe/CPCN@CC under different current densities.

and power densities of

Current Specific Energy )
. . . Power Density
Electrodes Density Capacitance Density (Wh kg™
mAem?)  (Fg')  (Whkg) :

AC//CdSe/CPCN@CC 1 97.80 139.10 589.82
AC//CdSe/CPCN@CC 2 75.33 107.14 1179.48
AC//CdSe/CPCN@CC 3 66.42 94.47 1769.36
AC//CdSe/CPCN@CC 4 62.30 88.61 2359.44
AC//Cd/CPCN@CC 4 17.25 24.53 2264.31
AC//CdSe/CPCN@CC 5 58.05 82.56 2948.57
AC//CdSe/CPCN@CC 6 56.31 75.86 3748.96
AC//CdSe/CPCN@CC 7 50.88 72.36 4128.31

12



	CdSe-nanoparticles-regulated synthesis of ZnCo-MOFs derived conductive porous carbon nanoflakes on carbon cloth for flexibl ...
	1 Introduction
	2 Materials and methods
	2.1 Synthesis of ZnCo-MOF on carbon cloth (CC)
	2.2 Preparation of the composite electrode
	2.3 Materials characterization
	2.4 Electrochemical measurements
	2.5 Computation

	3 Results and discussion
	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Supplementary materials
	References


