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Abstract—Phosphorus-doped MnCo,S, hollow spheres with a heterogeneous, nanosheet-assembled archi-
tecture were synthesized via a simple gas—liquid diffusion method under ambient conditions, in contrast to
conventional hydrothermal and gas-phase phosphating techniques. Ammonia diffusion into a homogeneous
manganese—cobalt sulfate solution led to the formation of well-dispersed hollow spheres with lamellar struc-
tures, promoting efficient electron transport and enhanced electrochemical activity. Phosphorus atoms par-
tially substituted sulfur in the lattice, generating abundant vacancies that improved conductivity and charge
transfer kinetics. The resulting electrode exhibited a high specific capacity 0f 928.2 Cg~'at 1 A g~! and excel-
lent cycling stability, retaining 93.8% of its capacity after 10 000 cycles. A hybrid supercapacitor was assembled
using the phosphorus-doped MnCo,S, as the cathode and activated carbon as the anode in 6 M KOH elec-
trolyte. The device delivered a specific capacity of 225.6 C g at 1 A g, retained 75.5% capacity at 30 A g™/,
and achieved a high energy density of 55.8 Wh kg~! with a power density up to 24453.6 W kg~!, demonstrating

excellent rate performance and long-term stability.
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INTRODUCTION

Growing concern about environmental issues and
the rapid use of fossil fuels drives the development of
efficient, clean energy storage devices [1, 2]. Presently,
most primary energy consumption is derived from non-
renewable fossil fuels (e.g., gas, coal, and oil), which
contributes to a rise in pollution and, ultimately, a dete-
rioration in health. Energy storage devices, for instance
supercapacitors and batteries, are essential for effec-
tively utilizing inexpensive renewable and clean energy
sources [3—5]. The supercapacitor has the advantage of
providing long cycle life (350000 cycles), high power
density, and being low-cost and environmentally
friendly [6, 7]. Although the supercapacitor has a
high-power density, it still requires a higher energy
density and stability level to become a practical power
source [8—11]. To increase their energy density, hybrid
supercapacitors (HSCs) provide a perfect solution.
These hybrid supercapacitors are distinguished in the
energy storage field due to their unique features, com-
bining the energy density of faradaic electrodes with
the long lifetime and high-power density of non-fara-
daic electrodes in a device [12—16].

Specifically, a battery type electrode can facilitate a
higher capacity via a fast-reversible redox reaction

853

[17—21]. By contrast, an electrode with a pseudoca-
pacitive or capacitive structure could provide a wider
voltage window and a higher power output. Hence,
high-efficiency energy storage depends heavily not
only on the configuration engineering of the device
but also on the ingredients and rational structures of its
electrode materials. Several hybrid supercapacitors
have been constructed using transition metal-based
materials as positive electrodes, including hydroxides,
oxides, sulfides, etc. [16, 22, 23].

Diverse metals have been used to purify water and
air, as well as to produce nanosensors, gas sensors, and
energy storage devices [24—26]. Various transition
metals particularly transition metal sulfides (TMSs),
have emerged as promising battery-type electrodes for
hybrid supercapacitors (owing to their multiple
valence states, reversible faradaic redox activity, tun-
able composition, and substantial theoretical capaci-
tance/capacity Transition metal sulfides have gained
considerable attention as alternative battery-type elec-
trodes for HSCs due to their numerous valence states,
availability of faradaic redox reactions, adjustable
composition, and substantial theoretical capaci-
tance/capacity) [27—30]. The above achievements
have inspired extensive efforts to synthesize and design



854

hybrid metal sulfides that serve as electrodes for super-
capacitors. Several hollow structures binary hybrid
metal sulfides have been investigated for electrode
materials in supercapacitors, including Zn—Ni sul-
fides, Ni—Mn sulfides, Co—Ni sulfides, and Cu—Ni
sulfides [31—34]. Liu et al. have recently synthesized a
hierarchical heterostructured CoySg—NiCo,S, core-shell
nanoneedle electrode material that delivers at 1 A g~!
specific capacitance of 337.78 mA h g~'. According to
Wang et al, a three-dimensional (3D) hybrid nickel-
cobalt sulfide was synthesized wrapped in a thin car-
bon layer with a high area capacity of 856.6 Cg~' ata
current density of 1 A g~! [35, 36].

Nevertheless, the low intrinsic conductivity of
TMSs and their propensity to restack indefinitely
result in slow charge/ion transfer and insufficient elec-
troactive sites, contributing considerably to their poor
electrochemical characteristics [37—39]. As a result, a
variety of strategies have been developed to solve the
problems discussed above, including elemental dop-
ing, defect engineering, hybrids with conductive mate-
rials, etc. [40—42]. For this reason, many proposals
have been made regarding various metallic, nonmetal-
lic, metalloid and nanomaterials as semiconductors
through doping for the design of energy storage
devices [43—45]. In this regard, dual-ligand modifica-
tion approaches are essential to improve the electro-
chemical characteristics of electrode materials [46,
47]. By benefitting from the synergistic effect in
M-—S/X and regulating ion-covalent properties, the
specific electronic structure, improved chemical
activity, and greater conductivity could be achieved to
promote redox reactions. Hence, a more feasible and
simple method of fabricating sulfide electrodes with
porous features and dual-ligands has proven highly
popular in controlling their electronic structure, pro-
viding significant energy storage capability, and intro-
ducing dual-reactive sites [46, 48].

By recombining different transition metal sulfides,
heterogeneous structures can be formed, optimizing
electron/migration paths, leading to significantly
enhanced electrochemical energy storage and provid-
ing access to all surface active sites [49, 50]. In partic-
ular, because of the perfect synergy between Mn and
Co, nickel-cobalt sulfide has a higher capacitance
than other binary metal sulfides [51, 52]. A recent study
reported the development of MnS,—CoS, nanosheets
with rich lattice interfaces and widespread nanopores by
Wau et al. This unique structure impressively enhances
the ion diffusion rate and shortens the electron trans-
port path. Moreover, the synergistic effect between the
bimetals contributes to the electrochemical perfor-
mance, resulting in a high specific capacitance of
1158 Fglat 1 A g ! [53, 54]. Guan et al. developed
structurally controllable nanostructures of MnCo,S,,
characterized by large specific surface areas (SSA) and
a layered structure. With this unique structure,
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MnCo,S, has a specific capacitance of 938 F g~! at
20 A g~ ! and a retention rate of 95% at 10 A g~ ! [55].

Generally, morphology and nanostructure have a
considerable influence on electrochemical perfor-
mance. Developing electrode materials with the effec-
tive morphology and nanostructure is one of the most
promising ways of increasing electrochemical effi-
ciency [56—59]. Many studies have shown that 3D
hollow structures are highly stable due to their ability
to buffer volume expansion, prevent structural distor-
tion, accommodate mechanical strain, and enhance
cycling performance. Moreover, a hollow interior may
also be considered an ion buffering container, which
can ensure ion supply and reduce ion transport paths
during redox reactions. For these reasons, ligands have
been used as a template for preparing hollow sphere
structures. Moreover, structural engineering has
emphasized the importance of enhancing the internal
structure of materials in order to take advantage of the
great advantage of hollow sphere structures. Several
modified hollow sphere structures have been fabri-
cated, including multi-shell layered structures, sin-
gle/double yolk shell layered structures, and urchin-
like structures [59—61].

Nevertheless, electrochemical performance heav-
ily depends on electrode-electrolyte contact area and
the number of exposed active sites, both of which can
be improved by increasing the SSA of the electrode.
Therefore, the specific area is the most important
aspect of improving the electrochemical performance.
In light of this, substantial research has investigated
various methods for preparing complex hollow archi-
tectures [62—64]. A self-templating approach is one of
the more relevant strategies for complex hollow archi-
tectures, considering their large-scale synthesis, cost-
effectiveness, and ease of synthesis [65]. Currently, the
hydrothermal method is generally used for the mor-
phology control of nanostructures, in which the
ligands play a vital role.

It is still possible to enhance the stability of metal
sulfide electrodes as well as increase their capacity,
which is a significant challenge for a wide range of
supercapacitors [66]. Generally, a well-tuned nano-
structure can support more reaction sites, reduce ion
diffusion paths, and decrease electrochemical strain
[23, 67]. In order to achieve high energy density, het-
eroatom doping is an effective method for optimizing
the internal electronic structure of materials [68].
There is a lone pair of electrons on the 3p and 34 orbit-
als of a P atom, which enables it to absorb electrons
from metal atoms. Therefore, the P dopant is capable
of advantageously controlling both surface charge
states and local charge density, thereby enhancing the
electrochemical performance of the doped sample.
Liu et al. reported a phosphorus-doped Co;0, com-

posite, exhibiting a high specific capacitance of 984 F g~!
(1 mA cm™?) and ultrahigh cycle life [69]. Chu success-
fully prepared P-doped NiCo,0, nanowires on nickel
Vol. 19
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foam substrates. It demonstrated outstanding specific
capacitance of 2747.8 F g7! (1 A g7!) and remarkable
rate capability. NiCo,0, electrodes doped with P are
significantly more conductive due to the abundance of
oxygen vacancies and the introduction of the P ele-
ment [70].

According to Wen and colleagues, P-doped CoS, is
an extremely stable and active electrocatalyst for
hydrogen evolution. Due to this, it is anticipated that
adding sulfur to CoP will enhance cycling stability
and, therefore, the overall performance of the super-
capacitor [71].

Based on the above considerations, we have
designed a novel process to promote metal sulfide sta-
bility via thermal phosphodation. In the first step, the
MnCo,S, hollow spheres (MCSHSs) were synthe-
sized by a two-step gas-liquid diffusion method, fol-
lowed by a sulfurization treatment. Then, through this
phosphorization process, the heteroatom P was doped
into MCSHSs by thermal decomposition of
NaH,PO,. By developing this electrode material, we
intend to: (i) create porous hollow sphere structures
that promote fast ion diffusion, (ii) enhance electro-
chemical performance by providing hollow sphere
structures with high SSA, and (iii) further enhance
overall electrode conductivity. By using PH3 gas in the
phosphating process, heterogeneous MCSHS struc-
tures were efficiently introduced with P atoms. In par-
ticular, the three-electrode cell containing the
nanosheet-assembled heterogeneous phosphorus-
doped MnCo,S, hollow spheres (P—MCS-HSs ) elec-
trode showed a capacitive improvement by sulfidiza-
tion. Ultimately, a P-MCS-HSs electrode was used to
test an assembled SC device.

EXPERIMENTAL
Preparation of Primary Material

In beaker A, a solution of CoSO,7H,0 (3.0 mmol)
and MnSO,-6H,0 (1.5 mmol) was prepared by dissolv-
ing them in 50 mL of deionized water to obtain a red
solution. Approximately 15 mL of concentrated
ammonia (25%) was added to 50 mL deionized water
in beaker B, which was then transferred to the above
20 L sealed container and left for several minutes until
precipitation was observed [72]. After the precipitation
had been collected, it was washed in absolute ethanol
and DI water, respectively, and dried overnight in a
vacuum oven at 80°C. Then, the precipitation was
under heat treatment at the rate of 2°C/ min at 350°C
to yield the MCOSs.

Preparation of MnCo,S, Hollow Spheres

In a tube furnace, MCO powder was placed in a
ceramic boat. The sulfur powder was placed in another
ceramic boat at the upstream side of the furnace. The
sample was then heated to 350°C under N, gas at
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5°C/min. Following the cooling process in the fur-
nace, samples of MCSHSs were collected.

Preparation of Phosphorus-Doped
MnCo,S, Hollow Spheres

In the quartz boat, 175 mg of NaH,PO, were placed
near the gas inlet. A sample of 10 mg of MCSHSs was
placed on the opposite side of the quartz boat. NaH,PO,
and MCS were heated to 300°C in N, atmosphere at a
rate of 2°C/10 min. As a result of cooling to room tem-
perature, P-MCS-HSs electrode material was obtained.

Characterizations

X-ray diffraction was used to examine the compo-
sition and phase structure of the prepared samples
(XRD, PW3040/60) using Cu Ko radiation (A =
1.54178 A). By using field emission scanning electron
microscopy (FE-SEM, TESCAN; Mira III LMU;
Czech Republic) and transmission electron micros-
copy (TEM; Philips CM200 instrument) with an
accelerating voltage of 200 kV, the morphology and
microstructures of the as-prepared products were
investigated. In addition, energy dispersive spectrom-
etry (EDS) was employed to determine the distribu-
tion of elements in the prepared sample. X-ray photo-
electron spectroscopy (XPS; Thermo Scientific;
ESCALAB 250Xi Mg X-ray source) determines the
elemental composition and superficial electronic
states of electrode materials (Thermo Scientific,
ESCALAB 250Xi Mg X-ray source). According to the
BET (Brunauer—Emmett—Teller) and BJH (Barrett—
Joyner—Halenda) models, the textural features of the
as-prepared materials were estimated (Micromeritics
ASAP 2010).

Electrochemical Tests

The three-electrode configuration used Pt foil as
the counter electrode, 6 M KOH as the electrolyte,
and Ag/AgCl as the reference electrode. An electrode
was prepared by mixing acetylene black, polyvi-
nylidene fluoride with methyl 2-pyrrolidone, and as
prepared material in a mortar in the optimal mass ratio
of 1:1:8. Asa next step, The prepared paste was uni-
formly applied to nickel foam (1 by 1 cm), which was
then dried for 15 h at 70°C. In the following steps, a
hydraulic press was used to apply a pressure of 10 MP.
The active substance loading was approximately
4.0 mg cm~2. Anode (AC) fabrication was carried out
according to a similar procedure. The EIS, GCD, and
CV profiles were acquired at room temperature using
a PGSTAT 204 (Echo Chemie, Netherlands). Based
on the GCD plot, the specific capacity values of elec-
trodes were determined as follows [73]:

C,(C/g) = (1

No.4 2025
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200 nm

Fig. 1. (a, b) FESEM image of the MCOSs.

Using the formula (1), C, displays the specific
capacitance (C g~!), m indicates the mass of the active
electrode (g), dt signifies the discharge duration (s),
Vindicates the voltage window (V), and [ signifies the
discharge current (A).

Moreover, the Coulombic Efficiency (CE) of the
P—MCS-HSs and hybrid supercapacitor was deter-
mined utilizing the formula (2) [74]:

CE=1. )
I
In formula (2), ¢. and ¢, indicate the times of charge
and discharge, respectively.

Designing of Apparatus

An aqueous hybrid supercapacitor apparatus
(P—MCS-HSs/NF(+)IAC/NF)(—)) was constructed to
investigate the potential application of the P-MCS-HSs
electrode. An apparatus was constructed using nickel
foam (NF) coated with P—MCS-HSs cathode elec-
trode and AC anode electrode, a cellulose paper sepa-
rates the two electrodes in order to minimize short cir-
cuits. To obtain maximum electrochemical perfor-
mance, electrodes were soaked in KOH before
construction to achieve highest electrochemical per-
formance. Finally, a hot sealer sealed the electrodes
and cellulose paper in a non-conductive bag. A proper
balance will be required before constructing the fabri-
cated apparatus to ensure high efficiency. The mass
ratio of optimized P-MCS-HS to AC was calculated
according to the charge balance principle (Q+ = Q—)
following the calculation formula (3) [73]:

m, _ C_AV_
m C

- s+

) 3)
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where AV (V), m (g), C(Fg™'), and C, (C g7") indicate
the voltage window, the mass of electrode materials,
specific capacitance, and specific capacity, respec-
tively. It should note that + denotes cathode material,
whereas—denotes anode material. Using Eq. (3), it
can be determined that the mass ratio between
P—MCS-HS and AC s 1: 5.7. Similarly, the mass load-
ings of P-MCS-HS and AC are 4 and 23.25 mg, respec-
tively. As a result of formulas (4) and (5), the energy den-
sity (E, W h kg~!) and power density (P, W kg!) of as-
made P—-MCS-HSs /NF(+)IAC/NF)(—) were calcu-
lated [75]:

Ij Vdt \
E(Wh/kg) = ———,
(W h/kg) e (4)
P(W/kg) = £ x3600. (5)
At
RESULTS AND DISCUSSION
Characterization

We first synthesized MnCo,S, hollow spheres
(MCSHSs) by the three-stage gas-liquid diffusion
method at room pressure and temperature, followed
by a sulfurization treatment. Then, through this phos-
phorization process, the heteroatom P was doped into
MCSHSs by thermal decomposition of NaH,PO,.
Due to the heterogeneous nanosheet-assembly struc-
ture of P-MCS-HSs, ions are able to migrate effec-
tively to the deep regions of the electrodes. As a result,
the P—-MCS-HSs electrode exhibits significant capac-
ity storage and performance. To determine the mor-
phology of the electrode materials, FE-SEM and
TEM images were collected of the as-fabricated prod-
ucts, asshown in Figs. 1 and 2. According to Fig. 1, the
MCOSs product exhibits a hollow sphere morphology
Vol. 19
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Fig. 2. (a, b) FE-SEM images of the MCSHSs. (c, d) FE-SEM images of the P-MCS-HSs. (e, f) TEM images of the MCSHSs.
(g, h) TEM images of the P-MCS-HSs. (i—m) EDX mapping of the P-MCS-HSs.

comprised of self-assembled nanosheets with rela-
tively rough surfaces. Following the sulfurization
treatment, MCOSs were converted into MCSHSs,
and the morphologies of the as-prepared MCSHSs
samples are shown in Figs. 2a, 2b. As shown in the FE-
SEM images, MCSHSs exhibit a spherical-like mor-
phology and a hollow sphere structure composed of
nanosheets that are achieved through MCOSs sulfida-
tion. According to the corresponding TEM images
(Figs. 2e, 2f), the surface of each nanosphere was cov-
ered by numerous ultrathin and disordered
nanosheets, which displayed highly porous properties
as well as hierarchical and open structures. This results
in a greater contact area for the active material and a
faster ion transfer path, increasing electrochemical
performance. Figures 2c, 2d displays the FE-SEM
images of the P—MCS-HS sample. The FE-SEM
image indicates that P-MCS-HSs inherit the spherical
morphology of the MCSHSs structure. P-MCS-HSs
morphology appears collapsed, which may be caused
by gradual cracks in the sheet structure during phos-
phorization. As a result, the shape of this MCSHS
might be favorable to the penetration of PH; and the
reaction between MCSHS and PH; during the phos-
phorization process. In addition, the P—MCS-HSs
nanostructure obtained by phosphorization treatment
preserves the hollow sphere structure. There are many

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 19

intertwined small nanosheets on the surface, which
may result from phosphide formation. However, the
nanosheets of P-MCS become considerably thicker
than the MCSHSs structure.

Moreover, a hollow sphere doped with phosphorus
also has a more compact structure, which in turn
accelerates ion diffusion, has a greater surface area for
charge transfer, and exposes more sites for electrical
activity. Meanwhile, the growth of P—MCS-HSs
exhibits remarkable integrity and uniformity. The het-
erostructure provides an optimal pathway for electron
migration and further exposes active reaction sites.
TEM was used to further investigate the inherent
properties of the products as made. P—-MCS-HSs
sample images (Figs. 2g, 2h) showed hollow nano-
spheres with a highly porous texture, suggesting the
sheet structure may have cracked slowly during phos-
phorization. With such unique structural features, a
large number of active sites could be provided, and
electrolytes could be effectively absorbed, thereby
enhancing the super capacitive properties of the
P—MCS-HSs sample. The elemental distribution in
P—MCS-HSs was analyzed through elemental map-
ping, as depicted in Figs. 2i—2m. The observed results
indicate that the Co, Mn, S, and P elements are uni-
formly distributed entirely the area, inferring the effi-
cient formation of P—MCS-HSs structures.

No.4 2025
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Fig. 3. (a) XRD pattern of the P-MCS-HSs. (b) BET and BJH of the P-MCS-HSs and MCSHS. (c) S 2p XPS spectra of the
P—MCS-HS:s. (d) Co 2p XPS spectra of the P-MCS-HSs. (e) Mn 2p XPS spectra of the P-MCS-HSs. (f) P 2p XPS spectra of

the P-MCS-HSs.

The phase structure of the P—MCS-HSs sample
was determined by X-ray diffraction (XRD) in Fig. 3a
Diffraction peaks are well indexed to spinel MnCo,S,
and MnCoP in the XRD pattern. These samples pres-
ent major diffraction peaks at 16.3°, 27.2°, 31°, 31.5°,
and 36.5°, corresponding to planes (111), (220), (311),
(222), and (400) (JCPDS no. 73—1703) [76]. As well,
the diffraction peaks 43.2°, 47.3°, 56.9°, 31.5°, and
59.2° correspond to the standard peaks of MnCoP
(JCPDS no. 042-0932) [8, 77]. To investigate the
porosity and surface area of P—MCS-HS and

MCSHS samples, BJH and BET analyses were con-
ducted. Based on the adsorption—desorption graphs of
both materials, type IV isotherms with obvious hyster-
esis loops were observed, confirming their meso-
porous nature. Consequently, the P—-MCS-HSs sam-
ple possessed a specific surface area of 224.6 m? g~!,
higher than the MCSHS sample (SSA of 134.2 m? g™ ").
The BJH test was used to estimate the features of the
pore size distributions of both samples (inset of Fig. 3b)
[78]. Supercapacitors with their mesoporous proper-
ties and such a large SSA can boost ion-electron trans-

Table 1. Comparison between the supercapacitor made in this work and other supercapacitors

Three-electrode system Energy Power
Material specific . Rate capability density, | density, |References
capacitance/C g-! cycle retention Whkeg! | Wke!
NiCoP 697.3at1 Ag™! 50000, 90.2% | 91.1% at 20 A g~! 35.6 838.7 [100]
NiCoMn-S 66lat1 Ag! 1000, 86.4% 66.56% at S0 Ag~!| 42.1 750 [28]
Mn-CoP/NF 455.7at0.5A g! 20000, 89% 77.4% at 10 A g~ 14.82 312 [101]
Ni,P/Ni/C 2571at1Ag™! 5000, 84.3% 60.5% at 10 A g™! 25.4 750 [102]
Ni—Co—P/PO,/C 635.7at1 Ag! 5000, 77.3% 62.7% at 30 A g~! 37.59 800 [103]
Ni—Mn—S@NiCo,S, | 939, at1 Ag™! 5000, 90.3% 69.2% at 20 A g~ 59.1 344.8 [104]
Ni—Co phosphide 650.5at 1 Ag™! 1000, 85% 51% at 1 Ag™! 49.4 11.7 [105]
Ni,P/Co0;0,/NCQDs | 828at1Ag™! 6000, 90.5% 83.9% at 20 A g~! 53.5 772.9 [106]
P—MCS-HSs 9282at1 Ag! 10000, 93.8% | 70.4% at 30 A g~! 55.8 810.3 This work
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B Vol. 19 No.4 2025
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port kinetics, increase their energy and power densi-
ties, and enhance their longevity [52].

This XPS analysis was conducted to determine in
more detail the surface species and chemical states of the
P—MCS-HSs, as illustrated in Figs. 3c—3f. The S 2p
characteristic peak of P-MCS-HSs is fitted to two
peaks at 163.6 and 164.9 eV, which correspond to
S2p;, and S 2p,,, respectively (Fig. 3¢) [77]. The

characteristic peak at 169.0 eV is due to SOf[ species,
which manifests in the slight oxidation of the
P—MCS-HSs surface. Figure 3d shows the Co 2p XPS
spectrum of P—MCS-HSs. There are characteristic
peaks at 782.9 and 781.6 €V, corresponding to Co 2p;,

of the Co?* and Co?* species, respectively. Following
the literature, two oxidation states are observed, Co>*

and Co?" [79]. According to Fig. 3e the Mn 2p spec-
trum displays two Mn 2p, , and Mn 2p; , peaks, which

may be deconvoluted into fitting peaks for Mn*" (cen-
tered at 641.1 and 652.7 €V) and Mn3** (centered at
643.1 and 655.2 eV) [80, 81]. The P 2p spectrum
(Fig. 3f) reveals that the two peaks at 129.4 and 129.9
eV correspond to P 2p3/2 and P 2p1/2, respectively,
confirming the successful formation of the M—P bond
(M = Mn and Co) [82, 83]. Further characteristic
peak at 135.2 eV is attributed to the P—O bond of
P—MCS-HSs, which results from the surface oxida-
tion of Mn- and Co—P exposed to air. As a result of
exposure to air, Mn— and Co—P surfaces oxidize,
resulting in the characteristic peak at 135.2 eV [8, 83].

Electrochemical Tests

Firstly, we analyze electrode performance as a
supercapacitor in the three-electrode cell to determine
the suitability of the as-produced materials for use in
hybrid supercapacitors. Moreover, the specific con-
ductivity of KOH has been demonstrated to be higher
at a 6 M concentration than at lower concentrations
which is more suitable for enhancing the performance
of supercapacitors [84, 85]. As shown in Fig. 4a, the
CVs were measured at 50 mV/s for MCOSs, MCSHSs,
and P—MCS-HSs electrodes in an operating voltage
window (0—0.60) V vs. Ag/AgCl. As can be seen from
the CV plots, the area integrated is arranged in the fol-
lowing order: P-MCS-HSs > MCSHSs > MCOSs.
Figure 4B illustrates a similar result for P-MCS-HSs,
which has a longer discharge time than MCSHSs and
MCOSs, suggesting a better supercapacitor perfor-
mance. As shown in Figs. 4a, 4b, the CV (50 mV s7!)
and GCD (1 A g~!) comparison curves for samples are
shown. The P—MCS-HSs electrode displays a larger
CV area and a longer discharge time in the GCD plot,
indicating a higher capacity. Figure 4C illustrates the
comparison of the capacity values of these electrodes
at 1 A g~!. P-MCS-HSs electrode delivered the high-
est capacity of these electrodes with 928.2 C g~!, com-
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pared with 874 C g~! for MCSHSs, and 415 C g~! for
MCOSs at 1 A g~! (Fig. 4c).

As-made electrode CV profiles exhibit noticeable
peaks corresponding to reduction and oxidation, sug-
gesting battery-type faradaic behavior resulting from
electron exchange during redox reactions [86, 87]. Fol-

lowing equations can be used to explain redox reactions
related to P-MCS-HSs electrode |8, 76, 88, 89].

MnCoS, + OH + H,0
<> MnSOH + 2CoSOH +e¢,

CoSOH +OH ¢ CoSO+H,0 +e’, )

(6)

CoP,(OH)+ OH < CoP,O+H,O+e¢, 8)
MnCoP + 20H™
< MnP,_,,(OH) + CoP,(OH) + 2¢ ,

)

CoP,(OH)+OH <> CoP,O+H,0 +e". (10)

Meanwhile, the peak current and electroactive area
of the CV plot for the P-MCS-HSs electrode are
more significant than those of other electrodes, which
confirms the high capacity of the electrode after P
doping by thermal decomposition of NaH,PO,. The
P—MCS-HSs demonstrate higher capacity perfor-
mance because of their unique properties, such as
highly porous networks, excellent SSA, and high con-
ductivity [90]. As a result of the doping of heteroatom
P in the electrode, the defect degree is increased, in
turn enhancing the reaction sites and faster pseudoca-
pacitance activity of the electrode [91, 92]. Incorpo-
rating P atoms into MCSHS crystalline structure can
regulate electrode material properties, create more
active sites where electrolyte ions can contact each
other, and relieve the strain on the P—-MCS-HSs elec-
trode during long cycles by ensuring superior struc-
tural stability and fast electron transfer [93].

The EIS test was also performed to determine the
origin of the excellent super capacitive performance of
P—MCS-HSs and MCSHS. As shown in Fig. 4d, the
Nyquist plots are displayed for P—-MCS-HSs and
MCSHS electrodes. Z-view software was used to fit
the EIS data. Further, the equivalent circuit model is
displayed in Fig. 4d (inset). The charge transfer resis-
tance R, is related to the semicircle examined in the
high-frequency zone in the equivalent circuit. The
intersection of the high-frequency zone with the hori-
zontal axis indicates the R, (internal resistance), which
depends upon the intrinsic resistance of the substrate,
the ionic resistance of the electrolyte, and the contact
resistance of the electrode interface and NF current
collector. It is worth noting that the element R,, pos-
sesses Warburg resistance, which facilitates ion diffu-
sion during the electrochemical reaction. The
P—MCS-HSs electrode showed a vertical line with a
higher slope, indicating a fast charge transfer kinetics
and lower diffusion resistance than other electrodes
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[94]. The P—MCS-HSs electrode presents ultra-low
R, and R, values of 0.23 and 0.62 Ohm, respectively,
which are considerably smaller than that of MCSHS
(R,=0.68 Ohm; R,=0.92 Ohm). P—-MCS-HSs elec-
trode have low R, and R, values, suggesting a higher
electrical conductivity and faster reaction kinetics. In
addition, CV profiles of P-MCS-HSs electrode were
analyzed in detail by varying sweep speeds from 10 to
100 mV s~!, as shown in Fig. 4e. As the P-MCS-HSs
electrode shows detectable redox peaks from the
beginning, these peaks show no signs of disappearing
even at high sweep speeds, corroborating its effective
reversibility.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

In addition, by increasing the sweep speed from 10
to 100 mV s~!, it has been observed that both the
cathodic and anodic peaks shift toward lower poten-
tials, which can be attributed to the polarization of
P—MCS-HSs electrode. From the CV plots, the reac-
tion kinetics of the MCS-HSs electrode are further
investigated. According to the power law (I = auvb),
two distinct charge storage mechanisms are responsi-
ble for the total charge storage of the CV profile, the
capacitive-type and diffusion-type mechanisms.
These two mechanisms are described by the sweep
speed (V) and peak current density (i) correlation [49].
A b value close to 1.0 indicates that a capacitive storage
process contributes to the electrochemical reaction,
Vol. 19
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itive contributions and diffusion-controlled contributions of P—MCS-HSs electrode at various scan rates from 10 to 100 mVs™ .

while b values near 0.50 indicate that diffusion storage
drives the electrochemical reaction. As shown in Fig. 4f,
the peak current density is plotted against a sweep
speed, and the b values obtained for oxidation (anodic)
and reduction (cathodic) peaks are 0.5248 and 0.5278,
respectively. As the b values of P-MCS-HSs are higher
than 0.50, it can be concluded that P—MCS-HSs
exhibited both surface- and diffusion-controlled redox
reactions.

The GCD curves for the MCSHSs and MCOSs
electrodes from 1 to 30 A g~! are shown in Figs. 5a, 5b.
Figure 6a shows the GCD plots of P-MCS-HSs elec-
trode measured in the voltage window (0.0 to +0.60) V
vs. Ag/AgCl at various current densities (1, 3, 5, 10, 20,
and 30 A g™"). It can be seen from Fig. 6a that the elec-
trode shows a highly symmetric GCD shape, implying
impressive coulombic efficiency due to the reversible
faradaic reactions during the charge-discharge cycle.
All GCD plots also indicate a very small IR drop, which
indicates excellent ionic transport, rate capability, and
conductivity, due to their excellent coulombic effi-
ciency. The estimated capacities of the P—MCS-HSs
electrode are presented in comparison with those of
the MCSHSs and MCOSs electrodes at different cur-
rent densities (1, 3, 5, 10, 20, and 30 A g7 '), as indi-
cated by the GCD plots. The P-MCS-HSs exhibited
capacity values of 928.2, 901, 862.4, 806.3, 746.3, and
654.3Cg'atl,3,5, 10,20, and 30 Ag~!, respectively,
which were greater than MCSHSs and MCOSs elec-
trodes. MCSHSs electrodes demonstrated capacities
of 874, 850.25, 800, 700.25, 650, and 610.7 C g ' at 1,
3,5, 10, 20, and 30 A g !, respectively. Accordingly,
MCOSs exhibited 415, 395, 370, 345.25, 295, and
228.25 C g~ ! capacities at 1, 3, 5, 10, 20, and 30 A g,
respectively. As a result, the P-MCS-HSs electrode has
a rate capability of 70.4%, which is significantly better
than MCSHSs (69%) and MCOSs (55%) (Fig. 6b). To
characterize super capacitive electrodes for actual
applications, durability is important. In this way, as-
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prepared electrodes were tested up to 10000 charge/dis-
charge cycles (at 10 A g7!). In Fig. 6c, P-MCS-HSs
electrode demonstrates 93.8% capacity retention and
Coulombic efficiency reach about 92.2%, revealing
excellent electrochemical reversibility and long-cycle
durability.

The P—MCS-HSs electrode capacitance contribu-
tions are shown in Fig. 6D for sweep speeds ranging
from 10 to 100 mV s~! the P-MCS-HSs electrode
shows a diffusion-controlled contribution of 74.1% at
10 mVs~!, declining to 13.4% at 100 mVs~!. Asa result,
it can be concluded that the charge storage behavior of
the P-MCS-HSs electrode is dependent on the diffu-
sion-controlled transport process. It is expected that the
P—MCS-HSs electrode shows excellent capacitive con-
tributions and accelerates the electrode kinetics due to
incorporating P in the porous network of the MCSHS
electrode, resulting in enhanced charge storage.

It is evident from Fig. 7 that the P-MCS-HSs mor-
phology retains its original structure after 10000 GCD
cycles. Thus, P-MCS-HSs nanostructures are suc-
cessfully prevented from degradation by graphene lay-
ers, resulting in superior longevity. All of the above
features of supercapacitors can be summarized as fol-
lows: (1) P-MCS-HSs nanostructures provide both a
large number of electroactive sites and facilitate the
diffusion of the KOH electrolyte into the interior,
thereby enhancing the electrolyte/electrode contact
area for charge storage, (2) P elements introduced into
the MCSHSs structure play a vital role in enhancing
the conductivity as well as electrochemical stability of
the materials, reactions and synergetic effect of the
two components ensure their outstanding perfor-
mance [95], (3) MCSHSs crystalline structure can be
regulated by the incorporation of P atoms, providing
more active sites for electrolytes to contact, and allevi-
ating the strain on the P-MCS-HSs electrode during
a long cycle, resulting in rapid electron transfer and
improved structural stability. With all the above elec-
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Fig. 6. (a) GCD curves of the MCSHSs at various current densities from 1 to 30 A/g. (b) GCD curves of the MCOSs at various
current densities from 1 to 30 A/g.

trochemical characteristics, the P—MCS-HSs elec-
trode demonstrated outstanding super capacitive per-
formance superior to formerly published transition
metal sulfides and transition metal phosphides-based
materials. According to Figs. 8a, 8b electrochemical
tests were conducted on the AC electrode. According
to the electrode, the capacitancesat 1, 3, 5, 10, 20, and
30 A g! were 185, 182.3, 178, 167.4, 152.3, and
137.2 F g1, respectively.

In order to verify that P-MCS-HSs is functional as
the supercapacitor electrode in actual devices,
P—MCS-HSs/NF cathode electrode, cellulose paper
separator, and AC electrode anode electrode combi-
nations were used to construct a hybrid supercapacitor
device (denoted P—-MCS-HSs /NF(+H)IAC/NF)(—))).
It is crucial to determine an appropriate working volt-
age for P-MCS-HSs /NF(+)IAC/NF)(—) appara-
tuses. Figure 9a presents the CV plots scanned at
60 mV s~! for both AC/NF and P-MCS-HSs/NF
electrodes, illustrating that two electrodes run in the
voltage windows of —1.0—0 and 0— to +0.60 V, respec-
tively.

Fig. 7. FE-SEM images of the P—MCS-HSs after As a result, a cell voltage of 1.60 V is suitable for
10000 GCD cycles. P—MCS-HSs/NF(+)IAC/NF)(—) apparatuses. In
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order to further confirm the stability of the P—MCS-
HSs/NF(+)IAC/NF)(—) apparatus, CV curves are
measured under several voltage cells at 5 mV s~!, as
shown in Fig. 9b. According to Fig. 9b, when the volt-
age cell expanded to 1.6 V, polarization occurred on
the related curve, reflecting that the suitable cell volt-
age of P-MCS-HSs/NF(+)IAC/NF)(—) is 0—1.60 V.
Based on these findings, 1.60 V is considered to be an
appropriate voltage for conducting electrochemical
measurements in cells.

Also, the effect of increasing sweep speed on CV
shape is shown in Fig. 9c. All profiles have similar
shapes, indicating satisfactory rate capability. More-
over, all CVs retained the reciprocal contributions
from both faradic and non-faradic performances, as
shown in the obtained profiles, which was confirmed
by the faradic contribution of P—MCS-HSs/NF(+)
and the capacitive contribution of AC/NF electrodes.
The GCD plots of P-MCS-HSs/NF(+)IAC/NF)(—)
from 1 to 30 A g~! are shown in Fig. 9d. They possess
relatively symmetrical characteristics, indicating rea-
sonable coulombic efficiency and outstanding electro-
chemical reversibility behavior for this apparatus,
which are reflected in Fig. 9d. It has been calculated
that P-MCS-HSs /NF(+)IAC/NF)(—) has specific
capacities of 255.6, 243.2, 224.5, 201.4, 187.3, and
176.2 Cg'at1, 3, 5, 10, 20, and 30 A g~!, respectively,
demonstrating 68.93% retention of capability (Fig. 9¢).
Our results indicate that our apparatus has a highly
stabilized capacity retention capability. Hybrid super-
capacitors must also be evaluated in order to deter-
mine their cyclic lifespan. As a result, the cyclic lon-
gevity of P-MCS-HSs/NF(HIAC/NF)(—) at 10 Ag™!
was evaluated with 10 000 uninterrupted GCD cycles
(Fig. 9f). This P—MCS-HSs/NF(+H)IAC/NF)(—)
demonstrates a capacity retention of 95.5% and a cou-
lombic efficiency of 90%, demonstrating good cyclic
longevity and electrochemical reversibility. Moreover,
Fig. 9g illustrates the structure of the P—MCS-
HSs/NF(+H)IAC/NF)(—) apparatus. The P—MCS-
HSs/NF(+H)IAC/NF)(—) devices were connected in
series to light up the red light-emitting diodes (LEDs)
(Figs. 9i, 9j).

Figure 9k shows that the Ragone diagram illus-
trates the relationship between power and energy den-
sity. P—MCS-HSs/NF(+)IAC/NF)(—) obtained a
power density of 810.3 W kg~! at an energy density of
55.8 Wh kg~!. The apparatus also delivered a power
density of 24453.6 W kg~ ! at 30 A g~! with an energy
density of 38.26 W h kg~!. Following Fig. 9k the pro-
posed apparatus possesses higher energy densities than
previously reported transition metal phosphide-based
and transition metal sulfide-based supercapacitors
[96—99].
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CONCLUSIONS

To summarize, MCOSs hollow spheres were suc-
cessfully synthesized using a gas-liquid diffusion strat-
egy. The morphology and surface characterization show
a hollow sphere-like structure with several nanoporous
sheets. A high-performance supercapacitor is attributed
to the presence of two redox couple pairs and P doping.
Moreover, P-doped material reduces strain during
redox reactions and provides more reaction sites,
thereby increasing pseudo capacitance and electrical
activity. The Phosphorus-doped MnCo,S, electrode
material combines the benefits of transition metal sul-
fides with the merits of 3D porous network heterostruc-
ture, demonstrating substantial specific surface area and
superior theoretical specific capacitance. Therefore, the
specific capacity of this electrode can reach 928.2 C g~!
at 1 A g7! and still preserve the initial specific capaci-
tance of 93.8% after 10000 cycles. The assembled
P—MCS-HSs/NF(+)IAC/NF)(—) apparatus exhibits
an ultra-high energy density of 55.8 Wh kg~! at a power
density of 810.3 W kg~!. Additionally, it shows superb
cyclic stability, with a durability rate of 95.5% after
10000 cycles. By using this method, a feasible synthe-
sis method for preparing composite electrode materi-
als for supercapacitors can be developed.
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