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Abstract

In this paper, we developed a sequential chemical etching and selenization processes to synthesize
Co-MoSex double-shelled hollow nanocages (CMS-DSHNCs) as high performance electrode
materials for supercapacitor applications. Co-MoOx yolk-shelled hollow nanocages were firstly
synthesized using a solvothermal process through facile ion-exchange reactions between zeolitic
imidazolate framework-67 (ZIF-67) and MoO4? ions. By applying a solvothermal temperature of
160 °C in the presence of SeOs® and subsequently annealing strategy, CMS-DSHNCs were
successfully synthesized with a yolk-shell hierarchically hollow and porous morphology of mixed
metal selenides. The CMS-DSHNCs exhibit superior electrochemical properties as electrode
materials for supercapacitor: e.g., a specific capacity of 1029.8 C g at 2 A g (3.089 C cm™ at 6
mA cm?), a rate capability of ~76.14%, a capacity retention at 50 A g%, and a good cycle stability

(95.2% capacity retention over 8000 cycles). A hybrid supercapacitor was constructed using the
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CMS-DSHNC:s as the cathode and activated carbon (AC) as the anode in a solution of 3 M KOH,
and achieved a high specific energy of 45 Wh kg™!, and a specific power up to 2222 W kg ! with a
good cycling stability of 94% after 8000 cycles.

Keywords: Capacitive-type electrode, double-shelled and hollow nanocages, Co-MoSey,

asymmetric supercapacitor.

Introduction

Renewable and sustainable energy technologies are of prominent importance to cope with the
overwhelming global environment changes and energy crisis. [1-3] Development of innovative
energy storage technologies and identification of renewable and efficient energy resources are
crucial to alleviate the huge energy demands worldwide.[4-6] Supercapacitors (SCs) have been
regarded as one of the most desirable candidates for next-generation energy storage systems owing
to their high power density, long cycle life, fast charge/discharge rates, and good durability.[7-9]
Nevertheless, the practical applications of SCs are limited due to their unfavorable energy densities,
even though they could achieve high power densities.[10-14] Hence, it is crucial to increase their
energy densities without reducing their power densities through various methods, such as
expanding the voltage window and boosting the specific capacities using various high performance
electrodes. [15, 16]

Recently, transition metal dichalcogenides (TMDs) have received notable considerations as new
types of Faradaic capacitive-type electrode materials owing to their superior properties, such as
multiple oxidation states, metallic-like conductivities, sheet-like architectures, and broad-range cell
potentials. [17, 18] Some of these TMDs, including MoSe2, Coo.g5Se, MnSez, MoS,/NiS and NiS;
with their unique 2D nanostructures, have been considered as favorable materials for the SCs. [19-
22] In particular, MoSe> possesses graphene-like nanosheet structures with narrow bandgaps, and
the Mo ions cause the changes of oxidation states from +2 to +6, thus providing extra pseudo-

capacitance abilities. [23-25]
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Besides their chemical compositions, electrochemical performance of the SCs is also dependent
upon nanostructures and morphologies of the electrode materials. [26-29] Recently, numerous
efforts have been devoted to derive advanced electrode materials with controlled
compositions/architectures using new design strategies such as metal-organic frameworks (MOFs)
as precursors. [30, 31] MOFs have many good characteristics such as tailored morphology, hollow
features, and facile transformation characteristics. They have been broadly applied as precursors of
diverse nanostructured materials for energy storage applications, which may be impractical to
achieve using the other methods. [32, 33] To this end, ZIF-67 (one of the typical Co-based MOFs)
was employed as both sacrificial template and metal precursor in constructing well-defined hollow
structures. [34-36] For example, CoNi>S4 nanocages, ZIF-67@Co-Ni LDH phosphate nanocages,
carbon nanotubes/ZIF-67 CoS nanocages, nanoporous Coz0s hollow polyhedrons, have been
produced by using ZIF-67 as templates or precursors. [29, 37-39]

Nevertheless, these reported ZIF-67-derived materials have relatively simple configurations and
microstructures.[35, 40, 41] Electrode materials with their hierarchically designed porous
nanostructures can have more active interfacial sites and offer superior durability. As it is well-
known [42-44], ion-exchange is one of the efficient approaches for transforming different
compositions and structures of nanomaterials. Due to the inherent chemical instability of many
MOFs, it is highly possible to control the conversion of simple MOFs into complex MOF-derived
nanomaterials (including both of their chemical compositions and architectures) via ion-exchange
reactions. [37, 45, 46] Furthermore, hollow structures with complex shapes, including multi-shell
or yolk-shell structures, have recently received tremendous consideration for energy-related
applications [47, 48] Particularly, multi-shelled hollow nanostructures can afford more contact
areas of electrode/electrolyte, shorter charge transport channels, and more exposed active species,
if compared with those of the conventionally hollow nanostructures, and thus they can result in fast
Faradic redox reactions during electrochemical processes. [49-51] Additionally, the structural
robustness of electrodes can be improved due to the interconnection of shells, which can achieve a
longer life-span of the electrodes compared to the conventional yolk-shell and single-shelled
counterparts. [52, 53] Therefore, we believe that a ZIF-67-derived system with multi-shelled

structures and tailored molybdenum selenide compositions are highly profitable for the electrode



materials of SCs. Despite the advances in this field, there are few facile synthesis strategies and

techniques for MOF-derived hybrid multi-shelled hollow architectures.

Motivated by the above new ideas, herein, we developed a facile MOF-assisted approach to
construct Co-MoSex double-shelled hollow nanocages (CMS-DSHNCs) for supercapacitor
applications. Figure 1 exhibits the schematic design and preparation processes of the CMS-
DSHNC:Ss. In the first step, the ZIF-67 structure, used as a Co resource and a self-sacrifice template,
is transformed into Co-MoOx via an ion-exchange reaction between ZIF-67 nano-polyhedron and
MoO4% ions. A yolk-shell structure can then be formed using an anion-exchange process (Figure
1), during which MoO4? ions are produced from ammonium heptamolybdate and then replace the
2-methylimidazole anions, thus forming the CoMoOx shell. Concurrently, the consistent
consumption of the ZIF-67 core leads to a space between the remaining core and the newly formed
CoMoOx shell. The H* ions originated from the hydrolysis process will continuously etch the ZIF-
67 to release Co ions, which are then diffused outward and co-precipitated with Mo ions, thus
forming hollow structures within the CoMoOx shell structures. [42, 54-56] At this stage, the outer
shell is quite rough, and the inner shell has a hollow structure due to the reactions of MoO4% and
Co?*, which can afford more active sites and reduce the charge transfer pathways (see Fig. 1). By
heating up the thermal solvent in the presence of SeOs?, the Co-MoOx can be transformed into
CoMoSex DSHNCs, in which the SeOs? ions are reduced to Se?” and Mo®* in MoQ4? is transformed
into Mo** (stage IIl) (Fig. 1). Crystallinity of Co-MoSex can be enhanced after the high temperature
post-annealing and crystalline phases (e.g., CoSez and MoSe) are formed. The outer shell of the
Co-MoSeyx crystals comprises numerous pores and nanoparticles. Benefiting from their well-
defined double-shelled porous structures, multiple elemental compositions, and significantly
increased surface areas, the designed CMS-DSHNCs could achieve a much larger storage capacity
with a rate capability comparable to those of the Co-MoOx yolk-shelled hollow nanocages (CMO-
YSHNCs).

EXPERIMENTAL

Materials and Synthesis



All chemicals used in this study were purchased from Sigma-Aldrich and Merck corporations.
These include cobalt nitrate hexahydrate (Co(NOs3).:6H20), sodium selenite (Na>SeOg), hydrazine
monohydrate ammonium heptamolybdate tetrahydrate ((NHs)sMo07024), ethanol (C.HsOH), 2
methylimidazole(C4HsN2) and potassium hydroxide (KOH). The bare nickel foam substrate was
purchased from LATECH (Singapore).

Figure 1 illustrates the fabrication procedures of CMO-YSHNCs. The ZIF-67 sample was first
synthesized using a facile precipitation method at room temperature and then used as the precursor.
Using a hydrothermal reaction, the ZIF-67 structure was transformed into Co-MoOx via an ion-
exchange reaction between ZIF-67 nano-polyhedron and MoO4? ions (Figure 1). A yolk-shell
structure was then formed using an anion-exchange process. By heating up the thermal solvent in
the presence of SeO3>, the Co-MoOx can be transformed into CoMoSex DSHNCs, in which the
SeOs? ions are reduced to Se? and Mo®* in MoO4? is transformed into Mo**. Crystallinity of Co-

MoSex can be enhanced using a high temperature post-annealing (Figure 1).

Synthesis of ZIF-67. ZIF-67 particles were produced based on a method reported in Ref. [57].
Components of 2-methylimidazole (16.0 mmol) and Co(NO3)2-6H20 (8.00 mmol) were poured into
two separated bottles with 200 mL of methanol under stirring for 10 min, which produced a pink
and a transparent solutions, respectively. Afterwards, the pink solution was poured into the
transparent solution under stirring for about 20 min, and then aged for 12 hrs. The collected purple
precipitate was washed three times with absolute ethanol, followed by being dried at 60 °C under a
vacuum for 12 h.

Synthesis of CoMoSex DSHNCs. The synthesized ZIF-67 (100 mg) and NaSeOs (200 mg) were
dissolved into 50 mL of ethanol. Ammonium heptamolybdate ((NH4)sM07024) (158 mg)) dispersed
in 8 mL of deionized water was poured into the above prepared solution for about 5 min under
magnetic stirring. N2Hs-H20 (1 mL) was added inside under stirring for about 20 min to obtain a
homogeneous solution, which was heated at 60 °C for 1 h and then 160 °C for 6 h in a sealed Teflon
autoclave. After centrifugated at 5000 rpm for 4 min with ethanol and dried at 60 °C for overnight,
the obtained CoMoSex DSHNCs were collected and then annealed at 300 °C for 2 h in Na.



Synthesis of CoMoOx. The synthesized ZIF-67 (100 mg) was dissolved into 50 mL of ethanol.
Subsequently, 158 mg of ammonium heptamolybdate, dispersed in 8 mL of deionized water, was
mixed into the above solution for 10 min under magnetic stirring. Afterwards, N2Hs-H20 (1 mL)
was added inside under continuous stirring for 20 min. Then the solution was heated at 60 °C for 1
h in a sealed Teflon autoclave. The obtained CMO-YSHNCSs were collected by centrifugating at
5000 rpm for 4 min, washed with water and dried at 70 °C for 24 hrs. Eventually, the CMO-
YSHNCs were annealed at 300 °C for 2 h in N».

Material characterization

To characterize electron states of the Co-MoSex DSHNCs, X-ray photoelectron spectroscope (XPS,
VG ESCALAB 250Xi MKII) with a Mg Ka X-ray source was used. Crystalline structures of the
prepared materials were investigated using X-ray diffraction (XRD, Philip X'Pert) method with Cu
Ka radiation. Morphology of the materials was characterized using a transmission electron
microscope (TEM, Philips CM200) and a field-emission scanning electron microscope (FESEM:
TESCAN Mira HHILMU), attached with an energy dispersive X-ray spectrometer (EDX). Pore size
distribution, specific surface area, and total pore volume of the electrode materials were measured
from N2 adsorption-desorption experiments utilizing a Micromeritics ASAP-2010 instrument (at
77 K) by the Brunauer—Emmett—Teller (BET) method.

Electrochemical characterization

Electrochemical tests of the as-fabricated electrodes were performed employing a typical three-
electrode cell, in which an Ag/AgCl and a Pt electrode were applied as the reference electrode and
the counter electrode, respectively. The working electrode was made through pasting a mixture of
as-fabricated nanocomposite, polyvinyl alcohol (PVA) and acetylene black, with their weight ratio
of 85:10:5 in N-methyl pyrrolidone (NMP), onto a nickel foam (NF) electrode. The mass weight of
the material was ~4 mg-cm for each electrode. According to the charge-discharge (CD) curves,

the specific electrode capacity, Cn, was measured from the formula (1) [58]:

_IxAt

Cn = m [C g_l] 1)




where At is the discharge time (s), m is the total mass of electrode material (g), and I is the

discharge current (A).

An asymmetric supercapacitor device of DSHNCs-CMS (+)//AC(-) was fabricated employing Co-
MoSex (positive electrode), activated carbon (AC, which is negative electrode), in 3 M KOH with
a cellulosic paper (as a separator). To obtain a good performance of the asymmetric device, the
mass ratio of the positive/negative electrode materials was optimized to be ~0.28. The total mass
loading of the two electrodes was measured as 18 mg cm?, utilizing the following formula:

m, C *AV_

—t

m C,*AvV,

)

In the above equation, m+/m. describes the mass ratio of two electroactive materials, and C./C+ and
AV_/AV. display the ratios of capacitances and voltage range for the anode and cathode materials,

respectively.

The specific power (Ps), specific energy (Es), and specific capacitances (Cs) were then measured
based on the Equations of (3) to (6), in which dt is the discharge time (s), v is the potential window

(v), m is the total mass of active material (g), and I is the discharge current (A) of our devices.

t
Edischarge =1 ftif V.dt (3)
E _ Edischarge 4
s,discharge — Mgy 3.6 ( )
_ 2 Es,discharge
€= ©)
E
P = A_Lf (6)

Results and discussion

Figure 2 shows the FESEM images, which reveal the morphological evolution of the as-prepared
samples. As exhibited in Figs. 2a and 2b, the ZIF-67 nano-polyhedrons have a uniform size
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distribution, dense structure, and smooth surface, which are consistent with those reports in
literature [40, 59]. After reacted with MoO4?, these ZIF-67 nano-polyhedrons are transformed into
the Co-MoOx YSHNCs (Figs. 2c-2e). These FESEM images of the as-prepared Co-MoOx YSHNCs
reveal that the uniform nano-polyhedrons morphology can be well preserved, and the surface of
Co-MoOx YSHNCs is much rougher, and significantly shrunk compared to that of ZIF-67, with
many tiny particles grown on the shell. These significant changes of morphologies during the ion-
exchange reactions are similar to those reported in Ref. [60, 61]. TEM images shown in Fig. 2f
indicates that the Co-MoOx YSHNCs have been converted into a hollow structure. Furthermore,
the SEM and the elemental mapping images clearly show the uniform distributions of Co, Mo, and
O elements throughout the Co-MoOx YSHNCSs (Fig. 2j) [46].

With the increase of solvothermal reaction temperature from 60 °C to 160 °C, the FESEM images
shown in Figs. 3a and 3b show that the nanoscale polyhedron morphology of ZIF-67 is preserved.
The surfaces of Co-MoSey are rougher and coarser because the randomly distributed nanoparticles
are adhered onto the surfaces of the polyhedrons when the Co-MoOx reacts with Na;SeOs. During
the selenization process, numerous agglomerated nanoparticles are produced on the surfaces of
porous structures. The structure shrinks during the high temperature selenization process, thus
forming numerous surface pores. Such a porous architecture can enhance ion-transport kinetics,

generating high rate capability and capacity of the SCs.

TEM images of the Co-MoSex sample (Figs. 3c and 3d) show the highly porous texture of the outer
and inner shells with double-shelled hollow nanocages structures. Such unique structures with
porous nature could provide abundant active sites and effective infiltration of electrolyte, thus
enhancing the electrochemical properties of the Co-MoSex samples. A magnified TEM image of
the Co-MoSey (Figs. 3c and 3d) shows that both its inner and outer shells possess a polyhedron
shape [62, 63]. Porous nanoparticle-assembled hollow nanocages enhance the penetration of the
electrolytes into both exterior and interior spaces of the hollow nanocages, and form effective ion
diffusion pathways through increased electroactive areas. This structure can also effectively inhibit
the aggregation of nanoparticles during the electrochemical reactions. SEM and the elemental
mapping images (Figure 3e) display uniform distributions of Co, Mo, and Se elements throughout

the nanocages-based Co-MoSex double-shelled hollow nanocages.



Fig. 4a shows the crystalline phases of the prepared samples, obtained from XRD analysis. The
main diffraction peaks of Co-MoSex at 34.1°, 37.8°, 47.7°, 51.7°, and 56.8° are corresponding to
the planes of cubic CoSe> (PDF No. 088-1712). The other peaks located at 13.6°, 31.4°, 34.4°,
37.8°, 47.4°, 55.8°, 57.8°, 56.9°, and 62.4° are assigned to the planes of hexagonal MoSe, (PDF
No. 077-1715). The pattern of Co-MoOx exhibits indistinct diffraction peaks with considerable
noise, indicating its poor crystallinity. The visible peaks at 28.5°, 32.2°, 40.3°, 52.7°, and 61.2° are
assigned to those of the CoMoO4 (PDF No. 073-1331). Furthermore, no extra peaks of other phases
in the XRD patterns of Co-MoSex suggests the complete transformation from Co-MoOx to Co-
MoSex. The XRD pattern of the synthesized ZIF-67 is shown in Fig. Sl, and the results are same
with those of the ZIF-67 crystals reported in literature [38, 64, 65].

EDX spectrum of the Co-MoOx (Fig. 4b) confirms the existence of Co, Mo, and O elements and
their atomic percentages are 32.8%, 15.41%, and 51.79%, respectively. EDX spectrum of the Co-
MoSex displays that the atomic percentages of Co, Mo, and Se elements are 26.4%, 21.5%, and
52.1%, respectively (Fig. 4c). Meanwhile, EDX spectra of ZIF-67 shown in Figure 3d reveal that
the percentages of Co, C, N, and O atoms are 15.35%, 49.1%, 34.8%, and 0.7%, respectively (Fig.
4d).

For the XPS spectrum of Co 2p, the peaks at 793.1 eV (Co 2p12) and 778.1 eV (Co 2p32) are the
characteristic peaks of Co?*. The peaks located at 796 eV (Co 2pu2 band) and 780.6 eV (Co 2pss
band) are assigned to those of the Co%*[66]. The satellite peaks at 798.5 eV (Co 2p12 band) and
782.8 eV (Co 2ps;2 band) are assigned to those of the Co?" [67, 68]. Results clearly show the
coexistence of cobalt selenide, oxide, or hydroxide near the surface. For high-resolution Mo 3d
spectrum (Fig. 2(d)), the two main peaks at 228 eV and 232 eV with a spin—orbit splitting energy
of 3.3 eV are attributed to Mo 3d3/2 and 3d 5/2 of the Co-MoSex, respectively, and two other fitting
peaks at 230.4 and 233.5 eV are assigned to those of Mo 3ds2 and Mo 3ds2 of Mo*®[69, 70]. The
Se 3d XPS spectrum represents the main peaks at 55 and 54 eV, which are the two orbital peaks of
Se? 3ds2 and Se? 3dsp, respectively. This prove the presence of two oxidized chemical states for
the Se element and the existence of Se? in the Co-MoSex. The extra peak situated at 59.1 eV is
associated to the SeOx, which is the high oxide state of Se [71]. In addition, XPS analysis shows
that Co-MoSex has lower binding energies for both Mo and Co than those of Co-Mo-Se and Cu-



Co-Sex hollow spheres reported in literature [72, 73], indicating the higher electron concentrations

for the transition metals in the outer orbits of the MSex phase (Fig. 4e).

Surface areas of the prepared samples determined from N2 adsorption-desorption isotherms are
presented in Fig. 4f. The corresponding readings of Co-MoSex and Co-MoOx are estimated to be
98 m? gt and 64 m? g1, respectively. The large surface areas of the Co-MoOx and Co-MoSex are
associated to their porous structures with an increase in the number of active sites, which is useful
for improving the electron transfer kinetics. Moreover, the porous nature of the Co-MoSex sample
provides effective channels for ions-electron transport kinetics. Clearly, Co-MoSeyx has a larger
surface area, which is beneficial for providing more electrolyte adsorption sites and shortened
diffusion distances of charges. Besides, the pore distribution of prepared samples acquired by the
BJH shows that Co-MoSex and Co-MoOx have a wide pore distribution in the mesoporous range.
The large surface area of Co-MoSex with a tailored mesoporous structure contribute to the enhanced

electrochemical performance.

Electrochemical properties

Electrochemical performance of the electrodes was evaluated using a three-electrode cell through
cyclic voltammetry (CV) and galvanostatic charge discharge (GCD) measurements in 3.0 M KOH.
Fig. 5a shows the obtained CV curves of Ni foam, Zif-67, Co-MoSex DSHNCs and CMO-YSHNCs
tested at a constant scan rate of 50 mV s in the wide potential range of -0.3 to ~0.7 V (vs. Ag/AgCl

electrode).

The CV curves display a non-rectangular shape which demonstrates the Faradaic nature of the
electrode materials and exhibits that the charge storage mechanism of CoMoSex is due to the
Faradaic redox reactions. The curve consists of 0.26 V and -0.06 V (reduction) and redox peaks at
0.36 V (oxidation). This shows that the reversible redox reaction between different valence states
of Mo (i.e., exchange Mo®* and Mo** and vice versa, and Co?* and Co®") are overlapped with each
other and connected with OH™ ions [70, 71, 74-76].

CoMoSex + 20H" — MoSeOH + CoSeOH + 2¢e” 1)

CoSexOH+ OH — Co0SexO + H20 + & 2
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MoSe; + OH" — MoSe2.20H + 2¢” (3)

The higher redox peak and larger CV integral area of the CMS-DSHNCSs electrode indicate their
larger specific capacities and faster reaction Kinetics in comparisons with those of the CMO-
YSHNCs. This is due to a combination of double-shelled hollow structures, tailored cobalt-
molybdenum selenide compositions, and the increased conductivity of the Co-MoSex. The CV
curves of CMO-YSHNCs and CMS-DSHNCs electrodes at scan rates from 10 to 50 mV s are
presented in Figs. 5b and 5c. Both the areas of CV curves and current densities are continuously
increased with the increase of the scan rate, indicating the reversible characteristics and superior
capacitive behavior of the electrodes. Furthermore, the shapes of the curves do not show significant
changes, and the redox peaks are slightly shifted to higher or lower potentials, even at higher scan
rates. These indicate that the Co-MoSex has rapid ionic and electronic transfer and rate capabilities.
The high capacity values with a remarkable rate performance of the CMS-DSHNCs are associated
with the hollow double-shell structure, which increases the surface area, magnifies the electrical
conductivity, and increases the pseudo-capacitance of the CMS-DSHNCs electrode. For the Co-
MoSex structure, the hollow structure increases the surface areas and provides more electroactive
sites, and the porous nanoparticles on the surface of the CMS-DSHNCSs can increase both the

electron and ion transportations.

To examine the charge storage kinetics, the calibration curves for the oxidative/reductive peak
currents versus the square root of scan rate (v2) were obtained, and the diffusion-controlled charge
storage mechanism of the CMS-DSHNC:s electrode can be obtained. We applied the equation of

the power-law:
logip = loga + b log(v) 4)

where iy represents the peak current, » is the scan rates, a is a constant, and b is the power-law
exponent. The value of b from the CV curves can be obtained from the slope of the linear fit of the
curve of log (v) versus log (ip), as represented in Fig. 5e. When the b value is ~1, it means that the
electrode shows a capacitive-type nature, whereas when the b value is 0.50, the behavior of the
electrode is similar to that of the battery-type one. From the faradaic peak current values of CMS-
DSHNCs electrode, the b values for the reductive and oxidative peaks are 0.888 and 0.874,

respectively, which indicate that it has a capacitive-type behavior.
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Fig. 5f shows the GCD curves of the Co-MoSex and CMO-YSHNCs measured at a fixed current
density of 2 Ag™* with a potential range of -0.2 to 0.58 V (vs. Ag/AgCI). The nonlinear behaviors
of the GCD curves at all the current densities demonstrate the faradaic redox reactions of this
electrode material, which is in a good agreement with the CV curves. The GCD curves of the CMS-
DSHNCs electrode at difference current densities from 2 to 50 Ag™ are shown in Fig. 5g. For the
CMS-DSHNC:s electrode, the obtained specific capacities are 1029.8, 1002.2, 973.8, 900, 852.65,
830.1 and 784.1 C g* with the current densities of 2, 4, 8, 12, 16, 20 and 50 A g, respectively.
The CMS-DSHNC:Ss electrode shows symmetric characteristics, demonstrating its reasonably good
Coulombic efficiency. The CMO-YSHNCs electrodes exhibit the corresponding values of 809,
728.5, 620, 560.1, 522.3, 495.2 and 452.3 C g%, respectively, as represented in Fig. 5h. The above
results suggest that the CMS-DSHNCs electrode shows higher specific capacities at the different

current densities and excellent electrochemical performance.

The CMS-DSHNCs electrode has a specific capacity of 1029.8 C g* (3.84 C cm™) at 2 A g which
is higher than that of the CMO-YSHNCSs electrode (809 C g at 2 Ag™?). By increasing the current
density to 50 A g, the CMS-DSHNCs electrode maintains 76.14% of its initial specific capacity
at the 2 A g%, indicating its better rate capability than that of the CMO-YSHNCs electrode (with
only 55.87 % as shown in Fig. 5i). The higher rate capability of the CMS-DSHNC:s electrode is
mainly attributed to its hierarchically porous structures of double-shelled architecture, in which the
outer shell comprises numerous pores and nanoparticles. Such designed structures enable efficient

pathways for fast diffusion of ions and expose more reactive sites for the faradaic reactions.

Cyclability is one of the critical requirements for high-performance SCs. The cycling performance
of the CMS-DSHNCs and CMO-YSHNCs electrodes was evaluated by repeating charge-discharge
cycles at a current density of 2 A g%, and the results are exhibited in Fig. 5j. About 4.8% and 9.6 %
loss in specific capacities of the CMS-DSHNCs and CMO-Y SHNCs electrodes were obtained after
8000 successive cycles for electrodes, indicating its good kinetic reversibility and superior cycling
stability.

EIS was further performed to gain insights into electrical conductivity and reaction kinetics of the
CMS-DSHNCs and CMO-Y SHNC:s electrodes, and the obtained results are shown in Fig. 5k. The
Nyquist plots show a slightly lower internal resistance for the CMS-DSHNCs electrode (0.32 Q)
than that of the CMO-YSHNCs (0.41 Q) electrode, demonstrating the lower interfacial contact
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resistance and a lower electrolyte resistance of the CMS-DSHNCs. The lower R of the CMS-
DSHNCs electrode proves its faster electron transfer kinetics. In the low-frequency region, the
appearance of a linear line with a much larger slope suggests a lower ion migration/diffusion
resistance (Warburg) for the CMS-DSHNCs electrode. These results prove the superior
electrochemical efficiency of the CMS-DSHNCs electrode, which is consistent with the GCD and
CV results. To further check the long term performance of the Co-MoSex and Co-Mox electrodes,
the EIS profiles were also plotted after the repeatability tests, and the results are shown in Fig.
S2(A) (in the Supporting Information El). There are no noticeable changes in the Rs and Rct values

for the electrodes after 8000 cycles, suggesting a good stability of both the electrodes.

The good electrochemical efficiency of the CMS-DSHNCs electrode are attributed to the following

reasons:

(1) The unique architecture of the CMS-DSHNCs reduce the charge-transfer resistance, and ensure

a fast electron transport kinetics to the nickel foam substrate, thus intensifying the rate capability;

(2) The unique porous texture and numerous nanoparticles on the surface of the CMS-DSHNCs
sample reduce the diffusion pathways for the ion/ electron transport and enhance the concentration

of the active sites;

(3) The presence of selenium in the CMS-DSHNC:Ss structure enhances its interior conductivity and

structural stability.

Electrochemical performance of CMS-DSHNC:s (+)//AC (-) device

To confirm the practical applications of the supercapacitors developed in this work, we
manufactured a hybrid supercapacitor utilizing Co-MoSey electrode as the positive electrode, and
the activated carbon as the desired negative electrode. Fig. 5a shows the CV curves of the Co-
MoSex and AC electrodes at 30 mV s, Figs. 5b and 5¢ illustrate the CV and GCD profiles measured
at various scan rates and current densities for the assembled CMS-DSHNCs (+)//AC (-) device. The
CV curves show a quasi-rectangular shape with a pair of broad redox peaks with minor deviations
at high scan rates over the potential range 0 and 1.6 V. By increasing the potential window from 1

to 1.6 V, the capacity of the device is increased. As the result, the energy density has been increased
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with increasing operating voltage. The overall CV curves display combined faradaic properties and
electrical double-layer capacitive due to the contributions from Co-MoSex and AC electrodes. The
specific capacitances of the CMS-DSHNCSs (+)//AC (-) asymmetric supercapacitor are 125, 111.2,
96, 80 and 78.6 Fg™ at current densities of 1, 2, 4, 16 and 32 Ag™, respectively.

As can be seen in Fig. 6d, the device can maintain 62.8% of its initial capacitance after the current
density is increased from 1 to 32 A g. The Ragone plot shown in Fig. 6e demonstrates that the
CMS-DSHNCs (+)/IAC (-) device has an excellent performance compared to many results of
similar devices reports in literature (see Table 1). It is worthwhile to mention that the CMS-
DSHNCs (+)//AC (-) device still show an energy density of 45 Wh kg™ at a high power density of
2222 W kg. To manifest the practical performance of the Co-MoSex//AC device, two CMS-
DSHNCs (+)//AC (-) devices are connected in series and then employed to successfully power a

green light-emitting diode (LED) for more than 30 mins (see inset of Fig. 6e).

Fig. 6f displays the long-term cycling performance of the CMS-DSHNCs (+)//AC (-) device at a
current density of 34 mA cm. Results reveal that the CMS-DSHNCs (+)//AC (-) device maintains
94% of its initial capacitance after 8000 cycles, suggesting its superior cycling stability. Moreover,
FE-SEM and TEM images of the cycling-tested electrodes were obtained to investigate any changes
in the structure of CMS-DSHNC samples after 8000 cycles. The FE-SEM image (Fig. 6f inset)
shows that nanoparticles can be observed on the surfaces of the nanocages, and the shapes of the
double-shelled hollow nanocages have not been severely damaged, indicating the superior
morphological durability of the CMS-DSHNCs sample. Meanwhile, the TEM image (Fig. 6f inset)
shows that the morphology of CMS-DSHNCs after the durability test is similar to that before the

durability test, and no notable aggregation among particles can be seen.

EIS analysis was further conducted to study the kinetic behaviors of two electrode systems. Fig.
S2. shows the Nyquist plot of CMS-DSHNCs (+)//AC (-) device before and after 8000 cycle. The
results from the EIS analysis show small values of Rct (1.2) and Rs (0.72), which prove that the

CMS-DSHNCs maintain fast ion-electron transport kinetics throughout the whole redox process.
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Conclusions

In summary, we have for the first time reported Co-MoSex double-shelled hollow nanocages (CMS-
DSHNCSs) electrode by a facile and efficacious MOF-assisted strategy. Thanks to the desired
morphological features of hierarchical hollow architectures, the synergistic effects of the
components, and the significant role of the Se element, which leads to simplified ion/electron
charge transfer and boosting reaction kinetics, the CMS-DSHNCs electrode delivered a desirable
specific capacity of 1029.8 C g* at 2 A g* (3.089 C cm™ at 6 mA cm™), a rate capability with
76.14% capacity retention at 50 A g, and long-term stability with 94% of the initial capacity
retained after 8000 cycles at 10 A g*. The ASC device constructed with the CMS-DSHNCs and
AC electrodes delivered a high energy density of 45 Wh kg at a power density of 2222 W kg™t and
prominent durability. Utilizing the reasonable energy/power densities, the as-fabricated CMS-
DSHNCSs (+)//AC (-) devices were utilized to power a red LED. Thus, in view of the enormous
variation of MOFs with different compositions and morphologies, the method developed here may
open up a novel and innovative approach to manipulating the structure of classical MOFs for

splendid energy storage applications.
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Figure 1: Schematic illustrations of structures and preparation process of CMS-DSHNC:Ss.
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200nm

Figure 2: FESEM images of (a,b) ZIF-67 nanocages, (c-e) CMO-YSHNCs, (f) TEM images of the CMO-YSHNCs,
and (j) SEM and the corresponding elemental mappings of CMO-YSHNCs.
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Figure 3: FESEM images of (a,b) the CMS-DSHNCs, (c-d) TEM images of the CMS-DSHNCs, and (e)

SEM and corresponding elemental mappings of the CMS-DSHNCs.
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Figure 4: (@) XRD patterns of the CMO-YSHNCs and CMS-DSHNCs, (b) EDX spectrum of the CMO-YSHNCs, (c)
EDX spectrum of the CMS-DSHNCs, and (d) EDX spectrum of the Zif-67. (e) XPS spectra of Co 2p and Mo 2p, and
Se 2p of the CMS-DSHNCs sample, (f) N2 adsorption—desorption isotherms of the CMO-YSHNCs and CMS-DSHNCs

samples, and its corresponding BJH pore size distribution curves (inset).
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Figure 5. Electrochemical characterizations of as-prepared the CMS-DSHNC:s electrode in a three-electrode
system. (a) CV of the Ni foam, ZIF-67 nanocages, CMO-YSHNCs, and CMS-DSHNCs electrodes at a scan
rate of 50 mV s in aqueous 3.0 M KOH electrolyte. (b) CV curves of the CMO-YSHNCs electrode at

various scan rates in aqueous 3.0 M KOH electrolyte. (c) CV curves of CMS-DSHNCs electrode at various

scan rates in aqueous 3.0 M KOH electrolyte. (d) Linear plot of anodic/ cathodic peak current as a function

of the square root of scan rate. (e)Linear plot of logarithm of peak current as a function of the logarithm of
scan rate. (f) GCD plots of the CMO-YSHNCs and CMS-DSHNCs electrodes at 2 A g*. (g) GCD plots of
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the CMS-DSHNC:s electrode at various current densities. (h) GCD plots of the Co-MoOy YSHNCs electrode
at various current densities. (i) Rate capability of the CMO-YSHNCs and CMS-DSHNC:s electrodes. (j) The
durability of the CMO-YSHNCs and CMS-DSHNCSs electrodes at a current density of 8 mA cm2.(k) Nyquist
plots of the CMO-YSHNCs and CMS-DSHNCs electrodes.
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Figure 6: Electrochemical characterizations of CMS-DSHNCs (+)//AC (-) asymmetric supercapacitors. (a) CV curves
of AC and CMS-DSHNC:s electrodes at a scan rate of 30 mV s in a half-cell system. (b) CVs of the prepared CMS-
DSHNCs (+)//AC (-) asymmetric device at different scan rates. (c) GCD plots of the asymmetric device at different
current densities. (d) Rate capability of the device. () Comparison between Ragone plot of CMS-DSHNCs (+)//AC (-

) device with previously reported devices (the inset depicts the real application of two devices in series that can light

up the red LED). (f) The durability of the device after 8000 CD cycles at a high current density of 17 mA cm2.
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Material Three-electrode system Synthesis route Two- electrode system Refs.
Specific capacitance Cycle Specific capacitance Cycle retention  E Max P
at current density retention at current density (WhKgl) (WKg?
Snoa3Nige7Sez2/nanosheets 2346 mA hg?l 1.0 mAcm  99.6%,10000  Hydrothermal 2112.6 mAhg?, at2.0 mAcm-  96.41%, 10000  90.3 631 [77]
NiSe—G/nanohybrids 1280 F g1, 1 Ag* 98%, 2500 Hydrothermal 141 Fgt, at 1 Ag? 84.4%, 3000 50.1 816 [78]
NiSe@MoSez/nanosheet 223 F g, 1 Ag? 80%, 5000 Hydrothermal 715 Fg?, at1 Ag* 91.4%, 5000 32.6 415 [79]
CoSe/nanosheets 70.6mAhglat1 Ag? 52.8%, 20000  Hydrothermal - 95.4%, 20000 18.6 750 [80]
CoWOQ, Derived ZIF-67 1395 Fgt, .5 Ag? 89.00%, 3000  Hydrothermal 81Fg?,at1Ag? 89.00%, 3000 29.0 404 [81]
/ Hollow Flower-like
CoNiSez/microspheres 183.4mAhgt 1 Ag? 99.2%, 3000  Hydrothermal 577.4F gl atlAg? 97.02%, 3000 80.2 1000 [82]
ZIF-67 derived Co304 2988Fgtat05AQg? 82%, 1000 Hydrothermal - - - - [83]
[carbon
aerogel/nanosheets
NiCo2S4/hollow sphere 18702F g tat2.0Ag-1  91%, 3000 Hydrothermal 169.4F gt at0.5Ag? 95.9% ,3000 52.9 374 [27]
NiCo2Se4@carbon 1394Fgtat.5AQg? 80%,10000 Hydrothermal 721Fgtat05A g™t 81%,10000 101 749 [84]
Microspheres
CoSx/Ni-Co LDH 1562 F gt at1Ag? 85.18%, 5000  Reflux condition - 94.56%, 10000 35.8 800 [40]
/nanocages
Co-MoSex/DSHNCs 1029.8Cgtat2 Ag? 95.2%, 8000  Hydrothermal 125Fgtat1Ag? 94%, 8000 45 2222 This
work
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https://www.sciencedirect.com/topics/chemistry/nanosheet
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