el 4

. & Science
ELSEVIER Press

Available online at www.sciencedirect.com

“s.“ ScienceDirect

Trans. Nonferrous Met. Soc. China 33(2023) 24712482

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Preparation of hollow core-shelled MnCoSe,/MnO@nitrogen-doped
carbon composite by multiple interfaces coupling and
its electrochemical properties

Ji ZHOU!, Li-na ZHANG?, Bin-bin LIU', Cai-xia XU', Hong LIU'?

1. Institute for Advanced Interdisciplinary Research (iAIR), University of Jinan, Jinan 250022, China;
2. Shandong Provincial Key Laboratory of Preparation and Measurement of Building Materials,
University of Jinan, Jinan 250022, China;

3. State Key Laboratory of Crystal Materials, Shandong University, Jinan 250100, China

Received 8 March 2022; accepted 13 June 2022

Abstract: Hollow MnCoSe,/MnO nanospheres wrapped with nitrogen-doped carbon shell (MnCoSe,/MnO@N-C) were
prepared via a simple solvothermal and selenization strategy followed by the carbon coating procedure. Benefitting
from the multiple interfaces coupling between MnCoSe, and MnO and unique hollow core-shell architecture,
MnCoSe/MnO@N-C composites possess high specific capacitance and superior rate capability, even at a high current
density of 5 A/g, the MnCoSe,/MnO@N-C can operate steadily for 20000 cycles with 84.6% of initial specific
capacitance maintained. An asymmetric supercapacitor device assembled by MnCoSe,/MnO@N-C and active carbon
depicts a high energy density of 11.2 W-h/kg at a power density of 810 W/kg and a long cycle life with 84.0% of the

initial specific capacitance retained after 20000 cycles.
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1 Introduction

Considerable research has been conducted
to search for eco-friendly and highly-efficient
electrochemical energy storage systems [1-5].
Supercapacitors, as one class of promising and
competitive devices, have drawn widespread focus
thanks to numerous advantages of high power
density, superior rate capability, long cycle life as
well as clean features [6,7]. Supercapacitors are
mainly classified into electric double-layer
capacitors (EDLCs) through physical adsorption
and pseudocapacitors based on reversible Faradaic
redox reaction in accordance to the charge storage
mechanisms [8,9]. The latter delivers higher
specific capacitances compared to EDLCs [8,10].

Consequently, continuous efforts have been devoted
to developing various kinds of pseudocapacitive
electrode  materials for high performance
supercapacitors.

In recent years, transition metal oxides have
been deeply explored as efficient redox-active
electrode materials for electrochemical super-
capacitors [7,11—13], yet their inferior electronic
conductivity and stability hinder their practical
applications [8,14]. Transition metal selenides
owned much lower resistance due to higher
electronic conductivity of Se (1x1073S/m) [14,15],
which perform evident advantages as cathode
materials for supercapacitors [16—19]. Of note,
bimetallic selenides can further modify the
respective electronic conductivity and generate
the multiple redox reactions, thus synergistically
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enhancing the rate capacity [8,20—22]. Co-based
selenides have won the special concern due to
their higher intrinsic conductivity and splendid
electrochemical properties [20]. Moreover, Mn-based
selenides possess theoretically high conductivity
but are often neglected as promising electrode
material for energy storage [23]. As stated above, it
is inspired to engineering MnCo-based selenides
with the aim to further boost their charge storage
performances in supercapacitors.

Besides the optimization of active components,
nanostructure design is also an efficient way to
alleviate the particle pulverization and structural
destruction during charge—discharge process [22,24].
Among various nanostructures, the hollow
nanostructure with abundant electrochemical active
sites and large specific surface area can shorten the
ion/electron diffusion lengths as well as mitigate the
structural change [22,24—26]. In addition, coating
highly conductive carbon-based material has been
proved to be highly valid in preventing the
structural pulverization [27]. Particularly, nitrogen-
doped carbon is preferable to generating rich
defects, enhancing the electronic conductivity, as
well as improving the specific capacitance and
cycling stability, accordingly resulting in optimized
electrochemical performance [28,29].

Motivated by the statements above, we focus
on the preparation of N-doped carbon wrapped
hollow MnCoSe,/MnO nanospheres via a facile
hydrothermal process to obtain hollow MnCo,04
nanospheres as the precursor followed by an
incomplete selenization strategy and encapsulation
of one protective carbon shell. Intercrossing
MnCoSe, and MnO phases can generate rich
interfaces and modify the electron structure, which
is beneficial to providing multiple redox reactions
and improving the mass transport. The hollow
sphere configuration with high specific surface area
can reduce the ion/electron diffusion pathway and
relieve the structural destroy during the long-term
charge storage process. Furthermore, the N-doped
carbon layer wrapped on the surface of
MnCoSe,/MnO as a robust protective shell can not
only improve the electrical conductivity but also
strengthen the structure stability. As is expected,
MnCoSe/MnO@N-C electrode exhibits high
specific capacitance, excellent rate capability, and
superior cycling performances. The asymmetric

supercapacitor (ASC) device assembled by
MnCoSe,/MnO@N-C and active carbon (AC)
displays high energy density, outstanding rate
capability, and exceptional cycling stability. Owing
to the great performances and convenient
preparation, MnCoSe,/MnO@N-C electrode shows
substantial application potential as an advanced
cathode material for supercapacitors.

2 Experimental

2.1 Sample preparation
2.1.1 Synthesis of MnCo0,04 hollow spheres

In the typical preparation, 0.3 g polyvinyl
pyrrolidone (PVP, K30) was dispersed into 38 mL
ethylene glycol (EG) under rigorous stirring.
Subsequently, 498.16 mg Co(CH3COO),-4H,O and
245.09 mg Mn(CH3COO),-4H,O were dissolved
into the above solution and refluxed at 170 °C for
1h to obtain purple viscous solution and then
directly transferred into a Teflon-lined stainless
steel autoclave at 155 °C for 10 h. Finally, the dark
purple precipitate was separated by filtration,
washed with ethanol and dried at 60 °C. All the
reagents were of analytical purity and used without
further purification.
2.1.2 Synthesis of MnCoSe./MnO hollow spheres

55.48 mg SeO, was dispersed into 15 mL EG
solution and then 5 mL N;H4-H,O was added to
obtain a homogeneous red solution. After that,
39 mg MnCo,04 obtained above was dispersed in
the red solution with continuous stirring and then
transferred into autoclave and further kept at 140 °C
for 10 h. The resulting black product was collected
via centrifugation, and finally dried in the vacuum
at 60 °C.
2.1.3 Synthesis of MnCoSe/MnO@N-C composites

60 mg MnCoSe/MnO sample was dispersed
into 30 mL HCl/tris-buffer solution under ultra-
sonication followed by the addition of 20 mg
dopamine hydrochloride by stirring for another 24 h.
The products were centrifuged and dried at 60 °C.
Subsequently, the black solid was calcined at
600 °C for 2 h with a heating rate of 5 °C/min under
Ar atmosphere.

2.2 Material characterization
The crystal structures of all samples were
studied via powder X-ray diffraction (XRD)
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(Bruker D8, CuK,). The chemical state was
analyzed by X-ray photoelectron spectroscopy
(XPS) (ESCALAB 250). Raman data were recorded
by Raman spectrometer (HORIBA Jobin YvonT-
64000) under an excitation wavelength of 532 nm.
The morphologies of the samples were characterized
electron microscope (TEM)
(JEM—-2100F) and scanning electron microscope
(SEM) (JEOL JSM—6700) with an X-sight energy
dispersive X-ray spectrometer (EDS) (Oxford INCA)
for the compositional analysis.

via transmission

2.3 Electrode preparation and electrochemical

tests

The working electrodes were fabricated by
mixing 80 wt.% MnCoSe/MnO@N-C (MnCoSe,/
MnO or MnCo0,04), 10 wt.% Super P, and 10 wt.%
polyvinylidene fluoride (PVDF) with an appropriate
amount of N-methy-1-2-pyrrolidine solvent. The
slurry was then coated onto a nickel foam current
collector with the mass loading at about 8 mg/cm?,
and dried overnight at 80 °C followed by being
pressed at 10.0 MPa for several seconds. The
electrochemical performances were tested on the
electrochemical workstation (CHI 760E). In the
three-electrode system, 6 mol/L KOH was utilized
as the electrolyte with a Pt foil as the counter
electrode and a Hg/HgO electrode as the reference
electrode. The cyclic voltammetry (CV) and
galvanostatic charge—discharge (GCD) tests were
implemented in the potential window of 0—0.55 V.
Electrochemistry impedance spectroscopy (EIS)
was recorded in the frequency range from 0.01 to
100 kHz. In addition, two-electrode asymmetric
device was constructed by using AC coated on the
nickel foam as the negative electrode, filter paper as
the separator, and 1 mol/L KOH solution as the
electrolyte, respectively. The mass loading values of
the MnCoSe/MnO@N-C and AC electrodes in
the asymmetric device were kept at 6.2 and
2.24 mg/cm?, respectively, in accordance with the
charge balance theory (Q+=0-) [9]:

O=CAVm

00006 Refluxing

COOOOQ© Solvothermal

reaction MnCo,0,

. Selenization

where Q is the quantity of electric charge, C is the
specific capacitance, AV is the potential window,
and m is the mass loading. The calculation formulas
of specific capacitance, energy density, and power
density are given in Eqs. S(1)—(3), respectively in
Supplementary Materials (SM).

3 Results and discussion

3.1 Morphology and structure

The preparation process of hollow MnCoSe,/
MnO@N-C nanosphere is illustrated in Fig. 1. First,
PVP acts as the soft template with the strong
coordination ability towards Co?* and Mn?', and
solid MnCo-glycolate sphere was produced upon
refluxing at 170°C for 1h. According to the
well-known Ostwald ripening process [30,31], the
solid sphere eventually evolves into the hollow
spherical MnCo,0;4 precursor after the solvothermal
reaction. After that, the hollow MnCoSe,/MnO
sphere was obtained through incomplete selenization.
Eventually, the coating with polydopamine and
carbonizing at 600 °C resulted in the hollow
MnCoSe/MnO@N-C nanosphere. EDS data of all
samples are provided in Fig. S1 in SM. In the
MnCo,04 precursor (Fig. S1(a)), the atomic ratio of
Mn and Co was 17.1: 33.8, almost closing to 1:2.
After selenization (Fig. S1(b)), the atomic ratio of
Mn, Co, and Se is about 9.9:19.6:55.9, indicating
that the bimetallic ratio is well maintained and the
selenide is successfully prepared. After carbon
coating (Fig. S1(c)), the atomic ratio of Mn,
Co, and Se maintained at 12.9:25.56:48.76,
demonstrating that carbonization process does not
change the initial constituents of the product.

The structural evolution from MnCo0,04
precursor to hollow MnCoSe,/MnO@N-C nano-
sphere was investigated by SEM. The uniform
hollow MnCo,0s nanosphere precursor has an
average diameter of 400—500 nm with a smooth
surface as displayed in Fig. 2(a). After a simple
selenization process, the resulting sample well
maintains the initial hollow spherical morphology
with the same diameter as demonstrated by the

Carbon coating

MnCoSe /MnO MnCoSe /MnO@N-C

Fig. 1 Schematic illustration for synthesis of hollow MnCoSe./MnO@N-C nanospheres
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broken opening (Fig. 2(b)). After carbonization as
displayed in Fig. 2(c), the hollow spherical
morphology is well preserved, and the carbon layer
in situ grows onto the MnCoSe/MnO. From
the TEM image as displayed in Figs. 2(d, e), the
obvious difference between the bright interior and
black backbone demonstrates the formation of
well-distributed hollow architecture, which is
consistent with the SEM observations. Moreover,
the HRTEM image in Fig. 2(f) presents the clearly
visible well-ordered lattice fringes. Figure 2(fi)
shows the part of HRTEM image marked with box
fi in Fig.2(f), in which the lattice interplanar
spacing of 0.19 nm can be assigned to (220) crystal
planes of MnSe [23]. The clear lattice spacing of
0.27 nm in Fig. 2(f;) is characteristic of the (101)
plane of hexagonal CoSe structure [32] and the
interplanar spacing of 0.22 nm in Fig. 2(f3) is
ascribed to the (200) crystal planes of MnO [11].
From Fig.2(g), it can be observed that the
amorphous carbon layer with a thickness around
15nm was uniformly coated on the surface of
MnCoSe/MnO nanosphere. Moreover, the well-
distribution of Mn, Co, Se, O, C, and N elements
(Figs. 2(gi—ge)) further confirms the successful
synthesis of MnCoSe,/MnO@N-C.

XRD was employed to analyze the evolution
of the crystal structure and composition from

hollow MnCo,04 precursor to MnCoSe,/MnO@N-C
composite. As shown in Fig. 3(a), the diffraction
peaks at 26 values of 30.63°, 36.14°, 43.79°, 58.10°,
and 63.79° can be ascribed to the (220), (311),
(400), (511), and (440) crystal planes of the face
centered cubic (fcc) structured MnCo,O; precursor,
respectively [31]. After selenization reaction, a set
of discerned diffraction peaks at 26 values of
around 33.14°, 44.69°, and 50.36° can be attributed
to (101), (102), and (110) planes of hexagonal CoSe,
respectively [32]. Meanwhile, the diffraction peaks
at 20 values of 32.89°, 46.94°, and 58.73° can be
assigned to (200), (220), and (222) planes of cubic
a-MnSe, respectively [23,33]. The additional
diffraction peaks located at 34.85°, 40.34°, 58.67°
and 70.18° matched well with the (111), (200),
(220), and (311) planes of fcc structured MnO,
respectively [16]. Upon further coating the carbon
shell on MnCoSe/MnO, the position of these
diffraction peaks have almost no change, indicating
the controlled synthesis for MnCoSe,/MnO@N-C.
Raman spectrum was further utilized to analyze the
components of MnCoSe,/MnO@N-C. Figure 3(b)
exhibits two broad peaks at ~1350 and ~1580 cm™!
that can be assigned to the induced band (D band)
and crystalline graphite band (G band) of carbon
layer, representing the disordered structure and
defects and the sp? vibration of ordered graphite
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Fig. 2 SEM images of MnCo0,04 (a), MnCoSe,/MnO (b), MnCoSe./MnO@N-C (c); TEM images (d, ¢) and HRTEM
images (f, fi—f3) of MnCoSe/MnO@N-C; TEM element mapping of selected area of MnCoSe./MnO@N-C (g), Mn

(g1), Co (g2), Se (g3), O (g4), C (gs), and N (g¢) elements
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crystals, respectively [34]. Besides, the intensity
ratio of D band to G band (/p/lc) is approximately
1.01, demonstrating the disordered nature of the
encapsulated carbon layer with high graphitization
degree and abundant structural defects [35,36].
These rich defects in carbon shell could interact
with the aqueous electrolytes via oxygen bonds,
leading to the capacitance enhancement [36].

XPS was further executed to detect the surface
elemental composition and chemical states of the
hollow MnCoSe,/MnO@N-C. The survey spectrum
(Fig. S2 in SM) displays the existence of Mn, Co,

2475

Se, O, N, and C elements in hollow MnCoSe,/
MnO@N-C. In Fig.4(a), the Mn 2p spectrum
possesses two main peaks of Mn 2p;» at 641.6 eV
and Mn 2pi» at 653.6 eV, and the fitted peaks at
641.6, 644.3, and 646.9 ¢V prove the existence
of Mn?*, Mn?, and Mn*" valence states,
respectively [33,37]. In Co 2p core level region
(Fig. 4(b)), the two strong peaks at around
780.5 and 796.2 eV can be assigned into the
spin-orbital doublets of Co 2p3» and Co 2pi» with
shake-up satellites at 785.8 and 803.7¢V,
respectively [32,38,39]. The two peaks at 54.5 and

@ MnCoSe,/MnO@N-C
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Fig. 3 XRD patterns of MnCo,04, MnCoSe./MnO, and MnCoSe,/MnO@N-C composite (a), and Raman spectrum of

MnCoSe/MnO@N-C composite (b)
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59.9 eV in Fig. 4(c) can be put down to the 3ds»
and 3ds;» of Se, respectively, corresponding to the
typical metal-selenitum bonds as reported
previously [32]. The O 1s spectrum (Fig. 4(d))
shows three types contributions of O-containing
species (marked as O; at 530.0 eV, O, at 531.3 ¢V,
and O; at 533.1eV), which belongs to the
metal-oxygen bonds, OH species on the
surfaces of MnCoSe/MnO@N-C, and oxygen
vacancies, respectively [14,40]. C 1s core level
region (Fig. 4(e)) can be separated into three peaks
at 284.8, 285.8, and 288.6 eV, which can be
assigned to the C—C/C=C, C—0O, and C=0,
respectively. In addition, the peak intensity of
C—C/C=C bond is much stronger than that of
C—O and C=0 bonds, further illustrating the
disordered feature of carbon in MnCoSe,/
MnO@N-C [22,24]. The two peaks at 398.6 and
400.5 eV (Fig. 4(f)) stem from the pyridinic N and
pyrrolic N, respectively [22,34]. Additionally, the
prepared MnCoSe,/MnO sample (Fig. S3 in SM)
also exhibited the characteristic peaks for the
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electronic state similar to the MnCoSe,/MnO@N-C.
Experimental observations above can further
demonstrate that N-doped carbon shell wrapped
MnCoSe/MnO composite is successfully prepared
by one simple procedure.

3.2 Electrochemical properties of MnCoSe,/

MnO@N-C composite

The capacitive behaviors of MnCoSe,/MnO@N-
C were first tested by CV method at scan rates
from 5 to 200 mV/s. As shown in Fig. 5(a), a couple
of reversible redox peaks at 0.15 and 0.4 V indicate
the typical characteristic of battery-type electrode
for MnCoSe/MnO@N-C, where the possible
faradaic redox reactions can be depicted as the
redox couple Mn*/Mn**/Mn*" and Co*"/Co**/Co*,
respectively [11,20]. As the scan rate increases, the
anodic peaks shift to more positive position and the
cathodic peak undergoes more negative shifts due to
the growing polarization at higher scan rates [23].
The CV curve still maintains its initial shape even
at 200 mV/s, suggesting a brilliant rate capability
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Fig. 5§ Electrochemical performance of MnCoSe,/MnO@N-C electrode: (a) CV curves at various scan rates; (b, c) GCD

curves and specific capacitances at different current densities, respectively; (d) Nyquist plots; (e) Cycling stability at
5 A/g; (f=h) XPS patterns of MnCoSe./MnO@N-C after 20000 cycles for Mn 2p, Co 2p, and O 1s, respectively
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of MnCoSe,/ MnO@N-C material. For comparison,
MnCoSe,/MnO material was applied to CV
tests under the same scan rates (Fig. S4(a) in SM),
which shows smaller redox current densities and
integral area than MnCoSe,/MnO@N-C electrode.
Figures 5(b) and S4(b) respectively display the
GCD curves of MnCoSe,/MnO@N-C and MnCoSe./
MnO electrodes at different current densities.
The observed non-linear charge—discharge curves
further manifest their pseudocapacitive behavior as
displayed in the CV observations. The specific
capacity of MnCoSe/MnO@N-C is 193.1, 186.5,
180.4, 176.0, 166.4, 149.2, and 126.6 F/g at the
current densities of 0.5, 1, 2, 3, 5, 10 and 20 A/g,
respectively, which are dramatically larger than
those of MnCoSe,/MnO (Fig. 5(c)). About 65.6% of
the capacitance for MnCoSe/MnO@N-C was
reserved when the current density increased from
0.5 to 20 A/g, while it was only 47.6% for MnCoSe./
MnO, further demonstrating the superior rate
capability of MnCoSe,/MnO@N-C. The specific
capacity decay with the increase of current density
should be attributed to the insufficient participation
of active material in the redox reaction during the
shortened charge—discharge process [41,42]. In
addition, the CV curves and specific capacity of
MnCo,04 are shown in Figs. S5(a—c). It is evident
that its charge storage performances were much
worse than those of MnCoSe/MnO@N-C and
MnCoSe/MnO electrodes. Table S1 in SM shows
the performance comparison of MnCoSe,/
MnO@N-C electrode with other selenide materials
previously reported. It can be concluded that
MnCoSe/MnO@N-C possesses better specific
capacitance. The elevated capacitive performances
of MnCoSe./MnO@N-C could be ascribed to the
following Firstly, Se higher
electronic conductivity than O. Meanwhile, the
formation of bimetallic selenides can regulate the
intrinsic conductivity and provide multiple redox
reaction. Moreover, the MnCoSe, and MnO phases
could produce the synergetic effect for the rapid
charge storage as a result of rich grain interface.
Finally, the coated highly conductive N-doped
carbon layer could generate the
pseudocapacitance between the N-containing
functional groups and electrolyte ions [34], and
facilitate the rapid electron transfer, thereby
improving the electrochemical performances of

reasons. owns

extra

MnCoSe,/MnO@N-C.

The EIS data of MnCoSe/MnO and
MnCoSe/MnO@N-C electrodes are given in
Fig. 5(d). In general, the semicircle in high
frequency region can be assigned to the charge
transfer resistance (R.) [42]. There are almost no
obvious semicircles in both electrode materials,
which illustrate the relatively quite small charge
transfer resistances for metal selenide. The inset in
Fig. 5(d) also provides the equivalent circuit mode.
Here, the R, W, and Ca represent the electrolyte
resistance, Warburg impedance, and double-electric
layer capacitance, respectively. As is expected, the
R and R values of MnCoSe,/MnO@N-C (0.83 and
0.47 Q) are smaller than those of MnCoSe,/MnO
(0.99 and 0.58 Q). Based on the EIS data, it is
conclusive that MnCoSe/MnO@N-C electrode
owns much more electrochemical active sites and
remarkable electrical conductivity. Figure 5(e)
exhibits the long-term cycling stability of both
electrodes during the continuous charge—discharge
processes at 5 A/g. By comparison, MnCoSe,/
MnO@N-C exhibits superior cycling stability with
84.6% of its initial specific capacitance retained
after 20000 cycles, while MnCoSe,/MnO kept only
73.7%. Herein, the slight fluctuation of the specific
capacitance is regarded to stem from the structural
deformation and activation process of electrode
material induced by the repeated charge and
discharge at relatively high current density [41,42].
Moreover, the slight dissolution of the electrode
material in the KOH electrolyte during the
prolonged cycling also causes a part of capacity
decay [41]. MnCoSe/MnO@N-C electrode also
performs high coulombic efficiency (CE) around
100% over continuous tests, suggesting its excellent
cycling stability. Figures S5(d, e) in SM show the
corresponding data of the MnCo0,04, which were
much unsatisfactory. The results above have
elucidated again the superiority of the
MnCoSe,/MnO@N-C composite as one cathode
material as compared to the MnCoSe/MnO and
MHC0204.

We further characterize the structural evolution
of MnCoSe/MnO@N-C after long term cycling. As
shown in Figs. S6(a, b) in SM, the original hollow
nanosphere structure well preserved after 20000
cycles, proving its good structural stability.
Figures S6(c—f) in SM reveal the corresponding
elements mapping images, where Mn, Co, and O
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elements present uniform distribution, but the
content of Se element significantly decreased
compared to that for pre-cycling. XRD and XPS
were further conducted to investigate the phase
composition and chemical state of MnCoSe,/
MnO@N-C after the cycling process. As shown in
Fig. S7 in SM, no peaks of CoSe and MnSe were
detected, indicating the disappearance of selenides.
All the peaks can be finely indexed to the mixed
phases of CoOOOH, MnOOH, and Mn30s, which are
consistent with the previous literature [43—45]. For
Mn 2p signals in Fig. 5(f), the peak intensity of
Mn?" increased after durability measurement, while
that of the Mn?*" greatly decreased. The Co 2ps»
(Fig. 5(g)) shows a well-resolved peak at 780.1 eV,
which can be assigned to the Co(Ill) species, and
the much weak satellite signals confirm the absence
of Co(Il) species. The O 1s spectrum in Fig. 5(h)
shifts to a lower binding energy, and the intensity of
M—O bond increased in contrast to that of the
fresh MnCoSe,/MnO@N-C. The XPS data of the
remaining elements are shown in Fig. S8 in SM,
where the Se 3d signal is extremely weak after
cycling test, which is in accordance with the
observation of the EDS analysis in Fig. S9 in SM
and elements mapping data mentioned above. The
XRD and XPS results demonstrated that the
MnCoSe/MnO@N-C sample converted to the
corresponding oxides/ hydroxides through the phase
transformation reactions induced by the repeated
charge and discharge cycles [43—45].

3.3 Electrochemical properties of ASC based on

MnCoSe/MnO@N-C

ASC devices were further assembled to
estimate the practical application potential of
MnCoSe/MnO@N-C material. Owing to the
expanded working potential window, ASC devices
own much higher storage capacitance compared
with symmetric supercapacitors [8,42]. The ASC
device was assembled in the 1mol/L KOH
electrolyte with the cellulose paper as a separator,
the MnCoSe/MnO@N-C as a positive electrode,
and AC as a negative electrode (denoted as
MnCoSe/MnO@N-C//AC). The electrochemical
performance of AC is shown in Fig. S10 in SM,
which exhibits a typical EDLC behavior within a
working potential range from —1.0 to 0 V. In order
to find a stable voltage window to achieve the
optimal performance of MnCoSe./MnO@N-C//AC

device, diverse potential windows were measured
at the same scan rate of 20 mV/s (Fig. 6(a)). It
is obvious that the MnCoSe/MnO@N-C//AC
remained stable at the working potential of 0—1.6 V.
Therefore, the CV tests of the ASC device was
conducted at various scan rates in the potential
range from 0 to 1.6 V. As displayed in Fig. 6(b), the
CV curves have almost identical shapes at diverse
scan rates, revealing the excellent rate performance
and strong charge storage reversibility for the
MnCoSe,/MnO@N-C//AC. In addition, unlike the
electrochemical behaviors of the electrode in half
cells, the MnCoSe/MnO@N-C// AC ASC clearly

presents the mutual contributions from both
pseudocapacitance and EDLC.
The GCD profiles of the MnCoSe/

MnO@N-C//AC ASC device at different current
densities in Fig. 6(c) reveal no any significant
voltage drop, implying its lower intrinsic resistance.
The specific capacitance of the MnCoSe,/MnO@N-
C//AC ASC is 35.2, 34.1, 32.8, 29.8, 26.9, 23.54,
and 18.5 F/g at the current density of 0.3, 0.5, 1, 2,
3, 5 and 10 A/g, respectively (Fig. 6(d)). The
capacity retention at 10 A/g is up to 53% compared
to that at 0.3 A/g, indicating the excellent rate
performance of the as-constructed MnCoSe./
MnO@N-C//AC ASC. The long-term cycling
stability was further evaluated at 3 A/g. As depicted
in Fig. 6(e), the MnCoSe,/MnO@N-C//AC displays
a quite stable energy output with high capacity
retention of about 84.0% after continuous cycling
up to 20000 cycles along with the high coulombic
efficiencies around 100%. The as-made MnCoSe,/
MnO@C//AC device possesses superior energy
density and cycling stability compared to some
devices constructed by other metal selenide-based
electrode materials [10,17,46—50] as summarized in
Table 1, which forcefully supports the practical
applications of hybrid material with good
electrochemical stability. The EIS data of
MnCoSe,/MnO@N-C//AC ASC before and after
the 20000 cycles are shown in Fig. 6(f). These
results have once more confirmed the superior
electrochemical energy storage abilities and robust
structural durability for the as-made MnCoSe,/
MnO@N-C electrode. To demonstrate the prospects
of MnCoSe,/MnO@N-C clectrodes for practical
applications, two fully charged MnCoSe,/MnO@N-
C//AC devices were assembled in series to light up
LEDs of different colors and operate 18 red LEDs
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Fig. 6 Electrochemical performance of MnCoSe/MnO@N-C//AC ASC device: (a) CV curves at 20 mV/s within
different potential windows; (b) CV curves at various scan rates; (¢, d) GCD curves and specific capacitances at

different current densities, respectively; (e) Cycling stability at 3 A/g; (f) EIS data; (g, h) LED lighting driven by two

ASC devices assembled in series

Table 1 Comparison of electrochemical performances of MnCoSe,/MnO@C//AC device and other devices constructed

by metal selenide-based materials

Material Energy density Power density ~ Retention/%  Cycle number Ref.

a-MnSe 2.08 W-h/kg 25 Wikg 103.4 2000 [10]

CoSe>@PPy 0.08 mW-h/cm? 0.42 mW/cm? 80.1 15000 [17]

MnSe/NiC0,04 12.46 W-h/kg 69.99 Wikg 86.0 5000 [46]

G-MnSe; 1.84 mW-h/cm? 19.9 mW/em? 75.0 4500 [47]

LasSes 1.6 W-h/kg 960 W/kg 80.0 1000 [48]

(NiCo)os5Se 12.5 W-h/kg 112.5 W/kg 85.0 10000 [49]

Coo.s5Se 14.2 W-h/kg 400 W/kg 93.8 5000 [50]

MnCoSe,/MnO@N-C 11.2 W-h/kg 810 W/kg 84.0 20000 This work

assembled into a UJN symbol as shown in storage performances with high reversible

Figs. 6(g, h). Accordingly, the MnCoSe,/MnO@N-
C//AC ASC device shows promising application
potential as the rechargeable microelectronic

devices.
MnCoSe/MnO@N-C exhibits superior charge

capacitance and prolonged cycling stability. It is
considered that its outstanding electrochemical
performances benefit from the carefully designed
unique composition and structure. On the one hand,
the interface coupling between bimetallic selenides
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and oxide composites can share and combine
their individual electronic features together to
provide multiple redox activity, boost electronic
conductivity, and improve the rate performances in
the charge storage process. On the other hand, the
large internal voids in the nanospheres can furnish
abundant active sites and shorten the ion/electron
delivery path, thereby achieving large capacity and
high rate performance. In addition, the robust
protective N-doped carbon shell coated on the
surface of the MnCoSe,/MnO can not only further
enhance its electrical conductivity but also help to
relieve the structural damage and strengthen the
structure stability during the repeated charge and
discharge processes, thus ensuring the enhanced
cycling stability.

4 Conclusions

(1) The uniform hollow MnCoSe,/MnO@N-C
nanospheres with the rich specific surface area and
robust protective carbon shell were easily prepared.

(2) MnCoSe/MnO@N-C shows extraordinary
charge storage performances in terms of high
specific capacitance, remarkable cycling stability,
and outstanding rate capability due to the unique
structural merits and the enhanced electronic
conductivity.

(3) The as-constructed ASC device possesses
high power and energy density, exceptional rate
capability, and excellent cycling stability.

(4) With the advantages of these impressive
performances, the as-prepared MnCoSe//MnO@N-C
holds prospective application potential as a cathode
candidate for electrochemical energy storage.
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