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The development of high-performance supercapacitors for energy storage applications is important in the era of
renewable energy. This review article comprehensively analyzes the electrochemical performance of transition
metal-based hollow micro- and nanoparticles, including transition metal oxides (TMOs), transition metal sulfides
(TMSs), transition metal phosphides/phosphates (TMPs), and transition metal selenides (TMSes). The study
focuses on specific capacitance, energy density, power density, and cycling stability. In addition, this study in-
vestigates the impact of various properties of micro- and nanoparticles on the electrochemical performance of
supercapacitors. These properties include morphology, shell thickness, pore size, porosity, crystallinity, metallic
and non-metallic element ratio, and incorporation of conductive materials such as carbon or conductive polymer
into their structures. The analysis finds that TMPs exhibit the highest specific capacitance due to their high
theoretical capacitance. Furthermore, the review also highlights the significance of employing transition metal-
based materials as both anode and cathode to achieve a high energy density. The highest energy density was
observed in the TMSe-based supercapacitor constructed from pseudocapacitive cathode and anode. The study
provides valuable insights into the current research landscape of transition metal-based hollow micro- and
nanoparticles and sheds light on areas that may require further investigation. Ultimately, this review contributes
to the development of high-performance supercapacitors and could aid in realizing their full potential in energy
storage applications.

backup power supplies, and portable electronic devices [12-15,20].
Despite their advantages, the lower energy density of SCs (1-10 Wh

1. Introduction

To ensure stable power output to the grid from renewable sources,
energy storage plays an essential role. Among the various energy storage
technologies being explored, batteries have been widely used for energy
storage due to their high energy density and the ability to provide a
stable power output over a long period of time [1-7]. Batteries have
found their application in various devices such as cellphones, electric
vehicles, and stationary energy storage [8-11]. However, applications
that require high power density and fast charging/discharging rates,
such as backup power supplies and portable electronic devices demand
alternative energy storage technologies [12-15]. Supercapacitors (SCs)
have emerged as a promising option due to their high power densities,
fast charge/discharge rates, and long cycle lives [16-19,94]. SCs are
particularly well-suited for the applications where high power densities
and fast charge/discharge rates are required, such as in electric vehicles,
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kg’l) in comparison to batteries (10-100 Wh kg’l) can restrict the
range of their possible applications [21].

A supercapacitor typically consists of two electrodes separated by an
electrolyte. The electrodes are often made of high-surface-area materials
to store electric charge and the electrolyte facilitates the flow of ions
between the electrodes [22]. SCs can be classified into two categories
based on their charge storage mechanism: electric double layer capaci-
tors (EDLCs) and pseudocapacitors (PCs) [16]. EDLCs store electrical
charge on the electrode/electrolyte interface by creating an electric
double layer [23]. These types of electrodes are mostly made from
carbon-based materials, such as activated carbon and carbon nanotubes,
due to their high specific surface area and good electrical conductivity
[14,24,25]. However, EDLCs have relatively low specific capacitance
and energy density, meaning they can store only a limited amount of
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Table 1
Electrochemical and morphological comparison between TMO hollow nanoparticle-based supercapacitors.
Metal Composition Morphology Specific Capacitance Energy Density Cycling Stability Ref.
Mn MnO, Hollow nanofibers 291.0Fg 'at1.0Ag ! — 90.9% after 5000 cycles at 50.0 mVs~'  [40]
Mn304/1GO Hollow multi-shelled 720.5Fg lat1.0A g  112.0 Wh kg™ ! at 850.0 W 90% after 5000 cycles at 10.0 A g~ * [471
microspheres kg!
\% V505 Hollow nanospheres 7231Fglat1.0Ag ! 1.2Whm 2at40Wm? 37% after 100 cycles at 1.0 mA cm 2 [48]
Ni NiO Hollow double-shelled 473.0F g 'at0.5Ag ! 21.4Whkg 'at375.8 Wkg™!  92.3% after 3000 cycles at 5.0 A g~* [49]
nanospheres
NiO Hollow nanospheres 1058.0Fg 'at2.0Ag! 358Whkg 'at780.0 Wkg !  86% after 3000 cycles at 2.0 A g~ [46]
NiO/NC Hollow nanospheres 1026.0Fg 'at1.0Ag™' 40.2Whkg 'at750.2Wkg™'  90.2% after 10000 cycles at 50.0 mV [29]
S—l
Co C030;4 Hollow multi-shelled nanospheres ~ 688.2Fg'at0.5Ag' — 93.2% after 2000 cycles at 2.0 A g~* [50]
NC@Co30,4 Hollow nanospheres 581.0Fg 'at1.0Ag' 345Whkg 'at753.0Wkg !  100% after 5000 cycles at 5.0 A g~* [51]
Co304/1GO/ Hollow nanospheres 1106.0Fg'at1.0Ag™! 66.7Whkg 'at750.0 Wkg™!  86.7% after 5000 cycles at 5.0 A g~* [52]
CM
Co304@PANI Hollow nanopolyhedra 1301.0Fg 'at1.0Ag™' 41.5Whkg 'at800.0 Wkg™'  83.4% after 5000 cycles at 5.0 A g~* [34]
Zn-Co  ZnCoy04 Hollow microspheres 5680F g 'at1.0Ag™' 27.8Whkg'at158.5Wkg !  178% after 2000 cycles at 1.0 A g~* [53]
Ni-Co NC@NiCo204 Hollow nanocubes 966.2F g lat1.0A gt 41.9Whkg 'at750.4 Wkg™!  73.6% after 5000 cycles at 5.0 A g~* [35]
Co-Ce  C0304~CeO, Hollow nanopolyhedra 1288.3Fg 'at2.5Ag ! 549 Whkg 'at849.9Wkg !  98% after 6000 cycles at 4.0 A g ! [54]
Cu-Co  CuCoy04 Hollow double-shelled 1402.0Fg'at2.0Ag™' 384 Whkg ' at800.0 Wkg™'  94.1% after 5000 cycles at 10.0 Ag™'  [55]
nanospheres
Co-V V-Co0304 Hollow multi-shelled nanospheres ~ 1593.0Fg 'at0.3Ag™'  66.9 Whkg 'at240.0 Wkg ' — [43]
Co3V40g Hollow nanospheres 2376.0Fg'at2.0Ag™' 59.2Whkg'at250.0 Wkg™!  97.3% after 10000 cycles at 20.0 Ag™'  [22]
Mn-Sn  MnO,@SnO, Hollow nanospheres 541.6 Fg lat1.0A gt 18.1 Whkg ! at 403.6 Wkg™!  86% after 2500 cycles at 0.5 A g~* [56]
Mn-Fe  MnFey04/rGO Hollow nanospheres 768.0F g lat8.0Ag ' 281 Whkg 'at750.0 Wkg™!  95% after 4000 cycles at 1.0 A g~* [42]
Zn-Mn  ZnMnyO4 Hollow nanofibers 1026.0Fg 'at2.0Ag™ ! — 100.8% after 5000 cycles at 6.0 A g~ [571

energy per unit weight [14,26]. The specific capacitance C; (F g~1) and
energy density E (Wh kg™ 1) of the SCs is calculated by Eq. (1) and Eq.
(2), respectively,

I x At
G = av (Eq- 1)
Cs x (AV)?
7 ><(346) (Eq 2)

where Q (C) is the quantity of electrical charge, m (g) is the mass of the
electrode, I (A) is the current, At (s) is the discharge time, and AV (V) is
the potential window. On the other hand, PCs stores electric charge via
fast and reversible reduction-oxidation (redox) reactions at the surface
and near the surface of the electrodes which provide higher specific
capacitance and energy density compared to EDLCs [27,28]. PCs elec-
trodes can be constructed from transition metal compounds such as
transition metal oxides (TMOs) [29], transition metal sulfides (TMSs)
[30], transition metal phosphides/phosphates (TMPs) [31], and transi-
tion metal selenide (TMSes) [13] owing to their high theoretical ca-
pacity [13,29-32]. Although transition metal compounds have higher
specific capacitance compared to EDLCs, they exhibit poor electrical
conductivity which limits their electrochemical performance [33]. The
electrical conductivity of transition metal compounds can be enhanced
by compositing them with carbon-based materials and conductive
polymers [34-39,95]. To further improve the electrochemical perfor-
mance (i.e., specific capacitance and cycling stability) of pseudocapa-
citors, researchers have focused on utilizing hollow nanoparticles as a
potential material for supercapacitor electrodes [40]. This is due to their
unique structure, which allows for a high surface area, efficient charge
storage, and accommodation of volume expansion [30,40]. Studies have
shown that hollow nanoparticles can lead to significantly improved
performance of supercapacitors [32,40]. This has prompted researchers
to explore various morphologies of transition metal compounds, such as
hollow nanospheres [22,26,41,42], multi-shelled hollow micro- and
nanospheres [13,43,44], and hollow nanocubes [31,35,45].

This review is essential as it consolidates recent advancements in the
field of transition metal-based hollow micro- and nanoparticles for
supercapacitor applications. By systematically analyzing the electro-
chemical performance of various transition metal compounds, including
oxides, sulfides, phosphides/phosphates, and selenides, the review
provides valuable insights into the potential of these materials. The

emphasis on hollow structures and their impact on supercapacitor per-
formance addresses a critical aspect of material design. This compre-
hensive overview not only informs researchers about the current state of
the field but also identifies gaps and areas for further investigation,
contributing to the advancement of high-performance supercapacitors.

2. Transition metal oxides (TMOs)

TMOs have attracted significant attention as a material for super-
capacitor electrodes due to their high theoretical capacitance, low cost,
and environmentally friendly properties [46]. The data presented in
Table 1 illustrates the comparative electrochemical performance of
various TMO-based hollow nanoparticles. In this study, we investigate
the effect of various factors, including surface area, porosity, synthesis
procedure, and morphologies on the electrochemical performance of the
TMOs, with a specific focus on nickel, cobalt, and manganese oxides due
to their superior electrochemical performance.

2.1. Nickel oxide

Nickel oxide (NiO) has garnered significant attention as a cost-
effective and thermally stable electrode material for supercapacitors,
owing to its thermal stability and theoretical specific capacitance of up
to 2584 F g’l [49]. The electrochemical performance of NiO as an
electrode in supercapacitors is dependent on its surface morphological
features such as surface area [49]. Reddy et al. [46] synthesized highly
porous NiO hollow microspheres using metal-organic framework (MOF)
which demonstrated improved electrical conductivity and ion transport
channels for electrolytes compared to microflower structure, high-
lighting the importance of utilizing hollow morphology to enhance
electrochemical performance [46]. The hollow microspheres exhibited a
surface area of 38.54 m? g™, which was superior to the microflower
structure (23.26 m? g1), further highlighting the significance of using
hollow nanoparticles [46]. The resulting NiO material showed a specific
capacitance of 1058 F g~ which was higher than that of the microflower
(857 F g’l) [46]. In addition, the asymmetric supercapacitor (ASC)
fabricated from NiO and Fe;O3 (noted as NiO||FezO3) displayed an en-
ergy density of 35.8 Wh kg ™! at a power density of 780 W kg ™! with over
93% capacity retention after 5000 cycles [46]. These results demon-
strate the potential of NiO as a cost-effective and stable electrode ma-
terial for supercapacitors where surface morphological features such as
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NiO/NC

Fig. 1. Synthesis procedure of NiO/NC cathode in which the nickel ethylenediaminetetraacetate (Ni-EDTA) precursor undergoes pyrolysis under N, atmosphere and
is subsequently oxidized in air, along with SEM image of NiO/NC. NC anode is prepared by acid etching the Ni/NC. Reprinted from reference [ [29]], Copyright 2022,

with permission from Elsevier [29].

surface area can greatly impact electrochemical performance.
NiO-based materials possess low conductivity which can lead to
limitations in reaction kinetics and structural destruction [29]. To
circumvent this issue, NiO can be embedded into the carbon matrix, as
shown in Fig. 1 [29]. The incorporation of nanoparticles within a carbon
matrix can improve the long-term cycling stability of the electrode
materials as compared to a surface coating of the nanoparticles on a
carbon substrate. This is attributed to the less separation between the
nanoparticles and the carbon matrix [29]. Additionally, nitrogen-doping
of carbon matrix (noted as NC) has been found to be effective in
enhancing the capacitive behavior of carbon-based materials due to the
ability of nitrogen dopants to alter the density of electronic states within
the carbon skeleton, thereby enhancing the electron-accepting proper-
ties of adjacent nanoparticles [35]. It has been demonstrated in several
studies, including the research conducted by Huang et al. [29], where
hollow NiO nanoparticles embedded in nitrogen-doped carbon matrices
(Fig. 1) resulted in a specific capacitance of 1026 F g’1 at1 A g’1 [29].
Additionally, an ASC constructed from NiO/NC||NC exhibited a better
cycle stability of 90.2% after 10000 cycles and achieved a higher energy
density of 40.2 Wh kg™! at a power density of 750.2 W kg™! in com-
parison to previous study [29]. In summary, the research findings sug-
gest that the electrochemical performance of NiO-based supercapacitors
can be significantly improved by incorporating hollow nanoparticles
and embedding them into a nitrogen-doped carbon matrix. These
modifications have shown to increase energy density and cycling sta-
bility, indicating the potential for developing robust and efficient
nickel-based electrode materials for energy storage applications.

2.2. Cobalt oxide

Cobalt oxide compounds, such as Co304, have gained interest as
potential electrode materials for supercapacitors due to their high
theoretical specific capacitance, superior thermal stability, and excep-
tional redox activity [50]. Despite these promising characteristics, there

are still limitations that hinder their widespread application in super-
capacitors [50]. One such limitation is the degradation of microstructure
during charge-discharge cycles, leading to poor cycling stability [50]. To
address this limitation, a promising approach is the synthesis of hollow
multi-shelled structures (HoMSs) in which adjacent shells provide
mutual support and improve cycling stability compared to single-shelled
hollow nanoparticles [50]. Specifically, HoMSs are superior to
single-shelled hollow structures in terms of utilizing the hollow space
inside and maintaining a larger contact area between the electrode and
electrolyte [50]. In this context, Wang et al. [50] synthesized precisely
controlled single- (1 S-), double- (2 S-), triple- (3 S-), and quadruple- (4
S-) HoMSs of Co304 by a sequential templating approach. The 3
S-HoMSs were found to exhibit optimized charge storage capability and
cycling stability [50]. This is attributed to the higher surface area of 3
S-HoMSs (22.9 m> g’l) which surpasses that of 1 S-HoMSs (15.9 m?
g™ 1), 2 S-HoMSs (18.2 m? g™1), and even 4 S-HoMSs (19.5 m? g™ 1),
likely due to thinner shell thickness in 3 S-HoMSs as depicted in Fig. 2
[50]. Additionally, 3 S-HoMSs displayed optimized specific capacitances
of 688.2 F g1 at a current density of 0.5 A g~! with 93.2% cycling
stability after 2000 cycles at 2.0 A g~ ! [50].

Moreover, the incorporation of carbon-based materials has been
shown to enhance the cycling stability of cobalt oxides by providing a
carbonaceous framework that suppresses the agglomeration of nano-
particles, in addition to improving the electrical conductivity [51]. Liu
et al. [51] deposited Co304 on the surface of N-doped carbon hollow
nanospheres (NC@Co304) (Fig. 3A), which exhibited higher specific
capacitance of 581.0 F g ! at a current density of 1.0 A g~ compared to
Co304 nanorods (318.0 F g‘1 at1.0A g‘l) [51]. While this performance
is not superior to HoMSs-Co30y4, it showed an increased cycling stability
(100% after 5000 cycles at 5.0 A g~1) compared to the HoMSs-Co304
(93.2% after 2000 cycles at 2.0 A g~1) [50,51]. In contrast to growing
Co304, Yan et al. immobilized hollow Co304 within reduced graphene
oxide (rGO)/carbon monolith (Co304/rGO/CM) (Fig. 3C) which resul-
ted in higher specific capacitance of 1106.0 F g~! at 1.0 A g™! in

Fig. 2. TEM images of (A) 1 S-HoMSs (B) 2 S-HoMSs (C) 3 S-HoMSs (D) 4 S-HoMSs and their corresponding shell thicknesses. Thinner shell thickness can result in a
higher surface area due to a better ion and electron transport to the surface of inner shells. Reprinted from reference [ [50]], Copyright 2019, with permission from

Springer Nature [50].
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Fig. 3. (A) TEM image and (B) cycling stability of NC@Co304. Reprinted from reference [ [51]], Copyright 2018, with permission from Wiley [51]. (C) TEM image
and (D) cycling stability of Co304/rGO/CM. The growth of Co304 on carbon (NC@Co304) results in a higher cycling stability compared to embedding them in carbon
(Co304/rGO/CM). Reprinted from reference [ [52]], Copyright 2021, with permission from Elsevier [52].
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Fig. 4. (A) Schematic illustration of the electrospinning process used to create hollow MnO, nanofibers. Reprinted from reference [ [40]], Copyright 2018, with
permission from Elsevier [40]. (B) SEM and (C) TEM images of MnO, hollow nanofibers. (D) SEM and (E) TEM images of ZnMn,O4 hollow nanofibers. Reprinted from
reference [ [57]], Copyright 2021, with permission from Elsevier [57].
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Table 2
Electrochemical and morphological comparison between TMS hollow nanoparticle-based supercapacitors.
Metal Composition Morphology Specific Capacitance Energy Density Cycling Stability Ref.
Cu CuS Hollow nanospheres 536.7Fg 'at80Ag ! 16.0 Whkg !at185.4 W 80.5% after 20000 cycles at 2.0 A [65]
kg ! ¢!
Mn Mn30,4~MnS Hollow multi-shelled 744.0Fg'at1.0Ag™!  65.8 Whkg ! at 800.0 W 94.6% after 5000 cycles at 10.0 A [44]
microspheres kg ! g !
Ni NiS; x@C Hollow microspheres 1728.0F g 'at1.0 A 36.9 Wh Kg~! at 750.0 W 75% after 5000 cycles at 50.0 mV [66]
-1 -1 -1
g kg s
Co Co1.xS@NPSC Hollow nanocubes 2206.0Fg lat1.0A 57.8 Wh kg ! at 375.0 W 83.2% after 8000 cycles at 5.0 A [21]
1 -1 -1
g kg g
Ni-Co NiCo,S4 Hollow nanopolyhedra 1382.0F g 'at1.0 A 35.3 Wh kg~ ! at 750.0 W 79% after 10000 cycles at 3.0 A [64]
1 kg ! 1
Hollow nanoarrows 2161.7Fg'at1.0 A 42.5 Wh kg ! at 2684.2 W 84.9% after 10000 cycles at 5.0 A [67]
-1 -1 -1
g kg g
Hollow microspheres 1688.0F g 'at 1.0 A 41.1 Wh kg ! at 400.0 W 62% after 10000 cycles at 5.0 A [68]
-1 -1 -1
g kg g
Hollow microspheres 1870.2F g~ ' at 2.0 A 52.9 Wh kg ™! at 374.9 W 95.9% after 3000 cycles at 2.0 A [69]
1 -1 ~1
g kg g
CoNiSy Hollow nanocubes 2448.0F g lat1.0A 62.2 Whkg ! at 775.0 W 80.8% after 6000 cycles at 8.0 A [70]
-1 -1 -1
g kg g
NiC0,S4—Co0oSg Hollow nanospheres 2180.0Fglat1.0A 96.5 Wh kg~ ! at 800.0 W 85% after 10000 cycles at 5.0 A [71]
-1 -1 -1
g kg g
C@NiCo,S4 Hollow nanospheres 1098.5F g~ at 0.5 A 35.1 Wh kg ™! at 203.5 W 90% after 3000 cycles at 2.0 A g~* [72]
1 -1
g kg
C@NiCo3S4 Hollow nanospheres 1545.0 F g’1 at 2.0 A 34.1 Wh kg’1 at 160.0 W 78.9% after 4000 cycles at 10.0 A [26]
1 -1 -1
g kg g
Ni—-Co NiCo,S4@C Hollow nanoflake 1722.0 F g’1 at 1.0 A 38.3 Wh kg’1 at 800.0 W 91.5% after 5000 cycles at 10.0 A [73]
1 -1 ~1
g kg g
CogSg-NizSy Hollow microspheres 1723.0F g 'at1.0 A 49.5 Wh kg~ ! at 760.0 W 88.5% after 9000 cycles at 4.0 A [61]
1 -1 -1
g kg g
C0oSg@NiC0,04 Hollow nanoneedles 1022.5F g 'at 1.0 A 24.9Whkg 'at222Wkg™!  88.9% after 6000 cyclesat 8Ag™!  [74]
-1
8
Cu—Co CuCo,S4@PANI Hollow nanospheres 1120.0F g 'at1.0 A 44.2 Wh kg~ ! at 1000.0 W 89.2% after 3000 cycles at 10.0 A [75]
1 -1 -1
g kg g
Zn—Co ZnCoyS4 Hollow core-shell nanospheres 1045.3F g 'at 2.0 A 51.7 Wh kg~ ! at 1700.0 W 98.7% after 2000 cycles at 6.0 A [76]
1 -1 -1
g kg g
Mn-Co MnCo0,S4—C0S1,097@C  Hollow double-shelled 1006.0 Fg~'at 1.0 A 51.6 Wh kg~ ! at 800.0 W 87.9% after 10000 cycles at 5.0 A [63]
nanospheres gt kg! gt
V-Co V205@Co03S4 Hollow core-shell nanowire 14936 Fg 'at1.0 A 40.7 Wh kg~ ! at 800.0 W 85.9% after 10000 cycles at 10.0 A [12]
-1 -1 -1
g kg g
Mn-Fe-Co MnFe,04@CoS, Hollow nanocubes 1490.0 F g’1 at 1.0 A 63.8 Wh kg’1 at 850.5 W 88.5% after 10000 cycles at 12.0 A [45]
1 1 1
kg g
Cu-Ni-Co Cu(NiCo0)2S4-NizSy Hollow microflower 1320.0 F g’l at 1.0 A 40.8 Wh kg ! at 785.5 W 85% after 5000 cycles at 15.0 A [771
1 -1 -1
g kg g
Ni-Co-Mo MoS5-NiCosS4@C Hollow urchin-like microspheres 1800.0F g Tat2.0A 53.0 Wh kg 1 at 4200.0 W 90.1% after 10000 cycles at 10.0 A [62]
-1 -1 -1
g kg g
Ni-Co-Mn  NiCoMn-S Hollow yolk-shell microspheres 1360.0 Fg'at1.0 A 49.8 Wh kg~ ! at 1700.0 W 98.2% after 6000 cycles at 10.0 A [78]

Hollow rod-like nanosheets

g—l
2098.2Fg lat1.0 A

-1

8

kg’1
50.0 Wh kg ! at 850.0 W
kgt

-1

8
73.6% after 6000 cycles at 10.0 A

g 1

[30]

comparison to NC@Coz04 (581.0 F g’1 at 1.0 A g’l) [51,52]. Also,
C0304/rGO/CM||AC ASC showed a superior energy density (66.7 Wh
kg~ ! at 750.0 W kg~ 1) compared to NC@Co304||AC (34.5 Wh kg ! at
753.0 W kg™1) [51,52]. However, the cycling stability of Co304/r-
GO/CM||AC (Figs. 3D and 86.7% after 5000 cycles at 5.0 A g~1) was
inferior to that of NC@Co304||AC (Figs. 3B and 100% after 5000 cycles
at 5.0 A g~1), indicating that the growth of Co304 on carbon materials
(NC@Co304) may increase its cycling stability, as opposed to embedding
them (Co304/rGO/CM) [51,52].

In order to attain the full theoretical specific capacitance of 3560 F
g~ ! for cobalt oxide compounds, the integration of conductive polymers,
such as polyaniline (PANI), can be an effective approach [34]. Ren et al.
synthesized hollow Co304@PANI nanocages using a facile
self-sacrificing template method in combination with in-situ polymeri-
zation [34]. While the Co304@PANI nanocages showed improved spe-
cific capacitance (1301.0 F g~ at 1.0 A g™1) and energy density (41.5
Wh kg ™! at 800.0 W kg 1) compared to NC@Co304 (581.0 Fg 1 at 1.0 A
g ! and 34.5 Wh kg™! at 753.0 W kg™)), it exhibited lower cycling
stability of 83.4% after 5000 cycles at 5.0 A g~ in comparison with
carbon-integrated electrodes [34,51]. This can be attributed to the lack
of structural support provided by polymer-integrated electrodes [34,

51]. Another effective approach to enhance specific capacitance is
through the utilization of binary metal oxides [22]. They offer a range of
oxidation states and synergistic interactions between the metal oxides,
resulting in increased electrical conductivity and improved redox ac-
tivity [22]. Studies have been performed investigating the use of bimetal
oxides, including NiCo204 [35], Co3V20g [22], ZnCo204 [53], CuCo204
[55], and CoMny0O4 [58] as potential electrode materials for super-
capacitors. In particular, Co3V20g, a low-cost mixed transition metal
oxide, has been demonstrated to possess a high specific capacitance
[22]. The strong binding strength between vanadium and oxygen pre-
vents the vanadium from reaching a zero oxidation state (metallic va-
nadium) during charge/discharge processes, leading to relatively low
volume changes compared to other metal oxides [22]. These hollow
Co3V20g nanospheres were synthesized via a facile hydrothermal
method [22]. The synthesized nanoparticles exhibited high specific
capacitance and cycling stability. In the same study, the Co3V2Og||AC
ASC was also fabricated, which demonstrated high energy density of
59.2 Wh kg ! at the power density of 250.0 W kg!. Then, incorporating
other transition metals into the cobalt oxide-based supercapacitors can
enhance their electrochemical performance such as specific capacitance.
For instance, Co3V,0g exhibits a specific capacitance of 2376.0 F g * at
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Fig. 5. (A) SEM image and (B) nitrogen adsorption-desorption isotherm (inset is the pore size distribution) of waxberry-like NiCo,S4. Reprinted from reference [
[6811, Copyright 2020, with permission from Elsevier [68]. (C) SEM image and (D) nitrogen adsorption-desorption isotherm (inset is the pore size distribution) of
highly porous NiCo,S,4. Reprinted from reference [ [69]], Copyright 2018, with permission from Elsevier [69].

2.0 A g1, which is significantly higher than that of Co304, which only
exhibits a specific capacitance of 688.2 F g~ 1 at 0.5 A g 1.

2.3. Manganese dioxide

Manganese dioxide (MnO5) is a cost-effective and environmentally
friendly alternative as an electrode material for supercapacitors due to
its high theoretical specific capacitance and stability [40,59]. However,
the poor electrical conductivity and low reaction kinetics of MnO; as a
single metal oxide, limit its practical application in supercapacitors [40].
To address these limitations, various strategies have been proposed,
such as manipulating the morphological properties of MnO, nano-
structures [40,44,60]. One such strategy is the development of hollow
MnO; nanofibers, as a 1D nanostructure, which provides high specific
capacitance due to having a short distance for ion and electron transport
[40]. Xu et al. developed hollow MnO; nanofibers using facile electro-
spinning of carbon nanofibers (Fig. 4A-C), served as a sacrificial tem-
plate, and achieved a specific capacitance of 291.0 F g~! at a current
density of 1.0 A g~! [40]. Additionally, the specific capacitance of
Mn-based SCs can be further improved by synthesizing spinel
zinc-manganese oxide (ZnMny04) nanofibers (Fig. 4D and E) [57]. The
multiple oxidation states of ZnMnyO4 lead to enhance electrochemical
performance compared to single-component TMOs [57]. Yun et al.
synthesized ZnMnyO4 nanofibers with a higher specific capacitance
(1026.0 F g’1 at2.0 A g’l) and superior capacitance retention (100.8%
after 5000 cycles at 6.0 A g~ 1) in comparison with the MnO, nanofibers
(291.0 Fg ' at 1.0 A g1, 90.9% after 5000 cycles at 50 mV s~ ) [57].

3. Transition metal sulfides (TMSs)
TMSs have emerged as highly promising electrode materials for

supercapacitors due to their high theoretical capacitance, high con-
ductivity, high redox activity, low cost, and long lifespan [61-63]. TMSs

exhibit superior electrical conductivity compared to their oxide coun-
terparts due to sulfur’s relatively lower electronegativity, which facili-
tates the ease of electron transport. This increased conductivity is
beneficial in achieving high specific capacitance [64]. Herein, we
explore the factors that impact the electrochemical performance of
TMS-based hollow nanoparticles (Table 2). The primary focus of this
investigation is on the effects of varying conditions on the electro-
chemical performance of the nickel-cobalt sulfide-based and
nickel-cobalt-manganese sulfide-based hollow nanoparticles.

3.1. Nickel-cobalt sulfide

Bimetallic sulfides, such as nickel-cobalt sulfide (NiCo,S; and
CoNiyS4), have exhibited superior electrochemical performance
compared to monometallic sulfides due to the cooperative contribution
of two different ions that provide alterable valences [68]. Furthermore,
the narrow band gap of nickel-cobalt sulfide can accelerate charge/di-
scharge processes and makes it a promising electrode material with high
electrical conductivity [68]. Gao et al. synthesized waxberry-like
NiCo,S4 hollow microspheres (Fig. 5A) which exhibited an average
pore size of 30 nm as determined by nitrogen adsorption-desorption
isotherm (Fig. 5B) [68]. The waxberry-like NiCosS4 nanoparticles
exhibited a specific capacitance of 1688.0 F g~! at a current density of
1.0A g_1 [68]. The ASC composed of NiCo,S4 on an active rice husk
carbon (ARHC) (noted as NiCo,S4|| ARHC) showed an energy density of
41.1 Wh kg™ ! at a power density of 400.0 W kg ™!, and a cycling stability
of 62% after 10000 cycles (~76% after 3000 cycles) at 5.0 A g1 [68]. In
another study, Wei et al. synthesized highly porous NiCo,S4 hollow
microspheres (Fig. 5C) with an average pore size of 12 nm (Fig. 5D)
[69]. Despite the smaller average pore size in comparison to the previ-
ous study, the increased surface porosity and larger surface area led to a
higher specific capacitance of 1870.2 F g~! at a current density of 2.0 A
g~ ! and a superior energy density of 52.9 Wh kg~ at 374.9 W kg ! [69].
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Fig. 6. (A) SEM image of the CoNiyS4 hollow nanocubes with a sulfur content of 3 mmol, (B) XRD pattern, (C) nitrogen adsorption-desorption isotherm, and (D) GCD
curves at a current density of 1 A g~! for CoNi,S, with varying sulfur content. Reprinted from reference [ [70], Copyright 2021, with permission from Elsevier [70].

Also, the cycling stability improved to 95.9% after 3000 cycles at 2.0 A
g~ ! compared to the previous study [69]. The mesoporous structure of
nanoparticles studied here highlights the importance of porosity in
determining the electrochemical performance of NiCoS4-based mate-
rials, as increasing the porosity and creating highly porous structures
can provide more channels for ion and electron diffusion, thus facili-
tating access to the electrode materials and resulting in an increase in
specific capacitance [64,68,69].

The electrochemical performance of nickel-cobalt sulfide materials
can be enhanced by the manipulation of sulfur content in nanoparticles
with the aim of reducing crystallinity [15,70]. High degree of crystal-
linity can lead to a tightly packed structure and result in reduced
porosity and lower electrochemical performance [49]. The relation be-
tween sulfur content and crystallinity can be assessed through analysis
of the diffraction peaks in X-ray diffraction (XRD) pattern where a
weaker XRD peak indicates lower crystallinity [70]. Chen et al. syn-
thesized CoNiS4 hollow nanocubes (Fig. 6A) with different sulfur con-
tent (2.5 mmol, 3.0 mmol, and 3.5 mmol) and optimized their specific
capacitance by reducing the crystallinity through manipulation of the
sulfur content in the nanoparticles (Fig. 6B) [70]. This resulted in a
maximum active surface area for the sample with 3 mmol of sulfur
(Fig. 6C) which exhibited the highest specific capacitance of 2448.0 F
g1 at a current density of 1.0 A g™, as determined by galvanostatic
charge-discharge (GCD) measurements (Fig. 6D) [70]. Also, the calci-
nation temperature has been shown to play a crucial role in the final
performance of the electrode, as it can affect the crystallinity of the
material [70,71]. Han et al. demonstrated that an optimized calcination
temperature for Ni-Co hydroxide can improve the electrochemical
performance of the resulting NiCo2S4—CogSg hollow nanospheres [71]. It
is worth noting that the energy density of the NiCo2S4~CogSg nano-
particles was particularly high, reaching 96.5 Wh kg™! at a power
density of 800.0 W kg~}, in addition to achieving a specific capacitance
of 2180.0 Fg tat 1.0 Ag~! [71].

The poor cycle stability of Ni-Co sulfide electrodes is primarily
attributed to structural degradation, as well as the susceptibility of the
NiCo,S4 electrodes to oxidation in alkaline electrolytes, leading to a

rapid decline in electrical conductivity during prolonged cycling oper-
ations [26,66,72,73]. To address this issue, the hybridization of Ni-Co
sulfides with carbon materials can be utilized [26,72,73]. The addition
of carbonaceous materials not only improves the conductivity of the
composite electrode but also acts as a matrix to support the growth of
NiCo,S4 and inhibit the agglomeration of NiCo2S4 nanoparticles, thus
promoting the long-term stability of the electrode [26]. It is noteworthy
that the method of incorporating carbon into the NiCosS4, such as
adding carbon to the NiCosS4 versus growing NiCo,S4 on a carbon shell,
may have an impact on the electrochemical performance of the resulting
materials [26,72,73]. In a study by Mohamed et al., the incorporation of
carbon into mesoporous NiCosS4 hollow nanoflakes led to an improved
cycling stability of 91.5% after 5000 cycles at 10.0 A g~ and higher
specific capacitance of 1722.0 F g ! at 1.0 A g~ compared to a study by
Liu et al., in which microporous NiCoyS4 was grown on a carbon shell
(C@NiCo02S4) resulting in a specific capacitance of 1098.5 F g_1 at0.5A
g1 and cycling stability of 90% after 3000 cycles at 2.0 A g* [72,73].
The improved performance in the case of carbon-containing NiCosS4
hollow nanoflakes may be attributed to the addition of carbon to the
NiCo,S4 and resulting a mesoporous structure, which provides more
channels for ion and electron diffusion, led to increasing the specific
capacitance and cycling stability [26,72,73].

3.2. Nickel-cobalt-manganese sulfide

Ternary hybrid metal sulfides, which comprise three metal elements,
have been found to exhibit superior electrochemical performance as
electrodes in supercapacitors compared to binary metal sulfides [30,78].
This is attributed to the presence of a stronger synergistic effect, a
greater number of mixed-valence states, and a higher density of
redox-active centers, which are characteristic of the ternary systems [30,
78]. Among the hybrid metal sulfides, Ni-Co based materials have been
identified as particularly promising for high-performance electro-
chemical energy storage [26,64,67-73]. The inclusion of p-type semi-
conductors, such as MnS, which possess high theoretical capacitance
and good conductivity, has been shown to enhance the performance of
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Table 3
Electrochemical and morphological comparison between TMP hollow nanoparticle-based supercapacitors.
Metal Composition Morphology Specific Capacitance Energy Density Cycling Stability Ref.
Fe FeP/PGNPC Hollow nanospheres 696.0Fg lat1.0Ag ! 112.0 Whkg ! at 850.0 W 90% after 5000 cycles at 10.0 A g~* [471
kg !
Ni NiP Hollow microspheres 1625.0F g 'at 1.0 A — 65% after 10000 cycles at 10.0 A g~! [81]
-1
8
NiyP/C Hollow microspheres 1676.0 Fg lat1.0 A 42.7 Wh kg™ ! at 764.2 W 95% after 5000 cycles at 10.0 A g~* [82]
-1 -1
g kg
Co CoP Hollow pompon-like 449.4Fg'at1.0Ag! 222Whkg!at3749W 80.9% after 3000 cycles at 2.0 A g~ [83]
microspheres kg!
Hollow microcubes 560.0F g 'at1.0Ag™! 21.4Whkg!at373.0 W 81.2% after 6000 cycles at 1.0 A g1 [84]
kg !
Ni-Co  NiCoP Hollow nanopolyhedra 1616.0Fg 'at1.0 A 33.3 Wh kg ! at 150.0 W 67.2% after 10000 cyclesat 1.0 Ag™!  [80]
1 -1
g kg
NiCoP Hollow microcubes 12580F g 'at1.0A 43.2 Wh kg ! at 801.6 W 90.1% after 10000 cycles at 40 Ag™!  [79]
1 -1
g kg
NiCoP-C Hollow nanospheres 2599.8 Fg lat1.0 A 54.7 Whkg™! at 794.7 W 90.6% after 10000 cycles at 20.0 Ag™" [85]
1 -1
g kg
NiCoP@NC Hollow nanocubes 1127.0Fg 'at 1.0 A 52.5 Wh kg~ ! at 750.2 W 83.2% after 6000 cycles at 40.0 mV [86]
-1 -1 —1
g kg s
NiCoP-NPC Hollow nanospheres 12005F g lat1.0 A 40.2 Wh kg~ at 800.2 W 81.8% after 5000 cycles at 4.0 A g1 [871
. kg !
NiCo-P/S@CNT/ Hollow nanospheres 1552.4Fg'at1.0 A 33.2 Wh kg~! at 800.0 W 87.1% after 1000 cycles at 3.0 A g ™! [16]
GO gt kg!
NiCoP/PrGO Hollow microspheres 2586.9F g 'at1.0 A 49.7 Wh kg™ ! at 366.0 W 99% after 5000 cycles at 30.0 A g~* [88]
1 -1
g kg
Cu-Ni CuNiP/rGO Hollow nanospheres 2150.0 Fg'at1.0 A 64.0 Wh kg™! at 801.0 W 91.8% after 13000 cyclesat 15.0 Ag™" [89]
1 -1
g kg
Mn-Co  MnCoP Hollow nanocubes 2197.5Fg 'at2.0 A 67.0 Wh kg~ ! at 2550.0 W 93.7% after 6000 cycles at 36.0 mA [31]

-1

g

kg!

sz

TMS materials [78]. However, the aggregation of MnS nanoparticles
during redox reactions remains a significant challenge that limits its
practical application [78]. By incorporating MnS into Ni-Co sulfide
composites, not only can this issue be addressed, but it also increases the
available electrode-electrolyte interface area for charge transfer re-
actions, thereby improving overall electrochemical performance [78].
Wei et al. synthesized yolk-shell structured Ni-Co-Mn sulfide nano-
particles through a solvothermal preparation method [78]. The unique
structure of these particles resulted in a specific capacitance of 1360.0 F

A) Ni-Coglycerate

GO-sheet

Ni-Co carbonate hydroxide/rGo

¢! at a current density of 1 A g~! and an energy density of 49.8 Wh
kg ! at a power density of 1700.0 W kg~ ! [78]. The yolk-shell structure
of these particles was found to effectively accommodate volume
expansion and reduce the diffusion path for electrolyte ions [78]. The
synergistic effect of the rational composition of Ni-Co-Mn sulfide leads
to an improvement in the electrochemical performance of super-
capacitors [78]. Kang et al. demonstrated the effect of different Ni/C-
o/Mn ratios on the electrochemical performance of trimetallic sulfides
through the synthesis of samples by utilizing MOFs [30]. The results
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Fig. 7. (A) Synthesis procedure of NiCoP/PrGO, (B,C) SEM images of NiCoP/PrGO (arrows show the tightly-wrapped NiCoP hollow microspheres in PrGO), and (D)
SEM image of NiCoP/rGO (arrows show the separation between NiCoP hollow microspheres and rGO). Reprinted from reference [ [88]], Copyright 2019, with

permission from Elsevier [88].
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Fig. 8. (A) Schematic illustration of the synthesis route of Ni-Co phosphate hollow nanopolyhedra (B) SEM image of NiCoP (C,D) GCD measurements of NiCoP and
ZIF-67 @Co-Ni-LDH, respectively. Reprinted from reference [ [80]], Copyright 2019, with permission from American Chemical Society [80].

indicated that the electrochemical properties of the samples were
dependent on their composition and the optimized ratio of Ni/Co/Mn in
trimetallic sulfides (NiCoMn-S) has been shown to result in superior
electrochemical performance, owing to the maximum synergistic effect
of the transition metal ions present [30,68]. The NiCoMn-S samples
exhibited a specific capacitance of 2098.2 F g~} at a current density of
1.0 A 7!, and an energy density of 50.0 Wh kg™! at a power density of
850.0 W kg~ ! [30]. Notwithstanding, the ternary metal sulfide-based
supercapacitors are still in their nascent stage of development and
their cycling stability and energy density have not surpassed those of
nickel-cobalt sulfide-based supercapacitors.

4. Transition metal phosphides/phosphates (TMPs)

TMPs are a class of n-type semiconductor materials that exhibit
metal-like properties and ultra-fast electron conductivity, out-
performing transition metal oxides and hydroxides in terms of electrical
conductivity and electrochemical properties [79]. The transition metal
phosphides/phosphates possess several advantages including high
theoretical capacitance, natural abundance, and environmentally
friendly nature [79-81]. Despite their numerous advantages, re-
searchers continue to explore different ways to optimize the electro-
chemical activity and cycle stability of TMPs, working towards realizing
their full potential as a top-performing supercapacitor material. In this
section, we will investigate the unique characteristics of
phosphides/phosphates-based micro- and nanoparticles (Table 3) and
highlight their potential as a valuable material in this field.

4.1. Nickel-cobalt Phosphide/phosphate

The development of high-performance electrode materials has led to
the investigation of various metal phosphides/phosphates, with Ni- and
Co-based phosphides/phosphates emerging as promising candidates
[79]. Ni-based phosphides/phosphates possess high theoretical capaci-
tance but show limitations in terms of cycling stability [79,81]. On the
other hand, Co-based phosphides/phosphates exhibit excellent capaci-
tance rate and cycling stability during charging and discharging cycles,
making them an attractive choice for high-performance electrode ma-
terials [79,80]. As a result, the construction of cobalt-nickel bimetallic
phosphides/phosphates is considered a valuable strategy in the pursuit

of advanced electrode materials [79]. Zhang et al. synthesized NiCoP
hollow microcubes with varying ratios of nickel to cobalt starting ma-
terials (Ni:Co of 1:0, 2:1, 1:1, 1:2, and 0:1) to investigate the impact of
the ratio on the final electrochemical performance [79]. Results showed
that the hollow microcubes with a 2:1 Ni:Co ratio exhibited the highest
specific capacitance of 629.0 C g~ ! (1258.0 F g™ 1) at 1.0 A g~* [79].

The electrochemical performance of TMPs can be improved through
the incorporation of carbon-based materials [85]. Several studies have
demonstrated the utilization of different types of carbon, such as carbon
nanoparticles, N-doped carbon [86], N,P-doped carbon [87], carbon
nanotubes/reduced graphene oxide (CNT/rGO) [16], and P-doped
reduced graphene oxide (PrGO) [88], can enhance the electrochemical
performance of TMPs [88]. Dong et al. synthesized NiCoP/P-doped rGO
(NiCoP/PrGO) hollow microspheres through a hydrothermal treatment
of a mixture of NiCo-based microspheres in graphene oxide (GO) sus-
pension followed by a phosphorization process as it is illustrated in
Fig. 7A [88]. It is noteworthy that the carbonaceous matrix envelops the
particles in the NiCoP/PrGO sample (Fig. 7B and C), while the NiC-
oP/rGO sample which was directly prepared from hollow NiCoP and
rGO does not exhibit an interconnected network (Fig. 7D) [88]. This
highlights the importance of the hydrothermal process in the prepara-
tion of the mixture of NiCo and GO sheets [88]. The NiCoP/PrGO hollow
microspheres exhibit an improved specific capacitance (2586.9 F g~ * at
1.0 A g71) compared to other TMPs not incorporating carbon-based
materials [88].

Ni-Co phosphates have an open framework structure that provides
larger cavities and more active sites, resulting in higher ion/charge
conductivity compared to the tightly packed molecular structure of
Ni-Co phosphides [80]. Additionally, the presence of P-O bonds in
phosphates provides more stable redox couples [80,81]. However, the
synthesis of hollow bimetallic phosphates remains challenging due to
limited control over the synthesis process [80]. Xiao et al. synthesized
Ni-Co phosphates hollow nanopolyhedra through the coating of a spe-
cific type of MOFs (ZIF-67) with nickel-cobalt layered double hydroxides
(ZIF-67 @Co-Ni-LDHs) followed by controllable etching of ZIF-67@-
Co-Ni-LDHs (Fig. 8A and B) [80]. The etching process with NagPO,4 was
shown to enhance the electrochemical performance of the Ni-Co phos-
phates compared to the LDH precursor as it is shown in Fig. 8C and D
[80]. The Ni-Co phosphates nanopolyhedra displayed a high specific
capacitance of 1616.0 F g~! at 1.0 A g~! (Fig. 8C), which was
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Table 4
Electrochemical and morphological comparison between TMSe hollow nanoparticle-based supercapacitors.
Metal Composition Morphology Specific Capacitance Energy Density Cycling Stability Ref.
Ni-Co  NiSe,—CoSe, Hollow microspheres 1234.8Fg 'at1.0Ag™! 53.7Whkg 'at130.2Wkg™!  92.2% after 5000 cyclesat 10.0Ag™"  [90]
Ni-Mn  Ni-Mn-Se Hollow multi-shelled microspheres 2035.2Fg 'at2.0Ag™!  112.6 Wh kg™ ! at 900.8 W 96.1% after 10000 cycles at 32.0 A [13]
Ni-Fe Ni-Fe-Se Hollow double-shelled microspheres 775.2F g 'at20Ag!  kg! gt
Cu-Co  Cu-Co-Se Hollow microspheres 1124.0Fg 'at2.0Ag™ ! 32.4Whkg 'at800.0Wkg !  93.7% after 5000 cyclesat 10.0Ag™ !  [91]
Co-Mo  Co-Mo-Se Hollow double-shelled nanopolyhedra ~ 1320.3Fg 'at2.0Ag™!  45.0 Wh kg™ ! at 2222.0 W 94% after 8000 cycles at 17.0 mA [92]
kg! em ™2
Co-Mo  CoSe,-MoSe; Hollow nanospheres 1907.7Fg 'at1.0Ag? 51.8Whkg 'at799.2Wkg !  93.4% after 10000 cyclesat5.0 Ag™'  [41]
Zn-Co Zn-Co-Se/ Hollow multi-shelled nanospheres 2260.5Fg 'at2.0Ag™'  126.3 Whkg !at902.2 W 91.7% after 12000 cycles at 32.0 A [93]
GO kg! gt
Co-Fe  Co-Fe-Se/rGO  Hollow yolk-double-shelled 879.3Fg 'at2.0Ag !
nanospheres
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Fig. 9. (A) Schematic illustration of the synthesis processes of NiSe,/CoSe, cathode, N,S-rGO aerogel anode, and NiSe,/CoSez||N,S-rGO ASC. (B) SEM image of the
heterostructured NiSe,/CoSe; hollow microspheres. (C) Schematic representation of the phase-boundary effect in heterostructured NiSe,/CoSe,. Reprinted from

reference [ [90]], Copyright 2021, with permission from Elsevier [90].

significantly higher than that of the LDH precursor (Figs. 8D and 460.0 F
g ! at 1.0 A g1) and even higher than the Ni-Co phosphides [79]
(1258.0 F g 1), demonstrating the potential improvement attainable
through the utilization of phosphates [80].

5. Transition metal selenides (TMSes)
Descending the 16th column of the periodic table, TMSes have

exhibited distinctive characteristics such as lower bandgap, higher
concentration of redox sites, and enhanced conductivity in comparison

10

to TMOs and TMSs [90]. Selenide possesses a lower electronegativity
and exhibits a significantly higher conductivity (1 x 107> S m™)
compared to that of oxygen (1 x 107°s m_l) and sulfur (1 x 10 -28g
m™1) [41]. However, the practical application of TMSe is limited by its
low cycling stability resulting from its substantial volume expansion
[41]. To address this challenge, the synthesis of hollow TMSe nano-
particles has been proposed as a potential solution [41]. Despite the
limited research conducted on the TMSe hollow nanoparticles, recent
advances in the field have indicated their potential for being utilized in
the TMSe-based supercapacitor. In this study, we aim to review the
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recent progress made in the electrochemical performance of the hollow
TMSe-based micro- and nanoparticles (Table 4).

5.1. Nickel selenide

Nickel-based selenides possess favorable electrochemical properties,
attributed to the high redox activity of nickel. The electrochemical
properties of Ni-based selenides can be enhanced through the develop-
ment of heterostructures. The presence of phase boundaries within these
heterostructures often leads to an increase in lattice defects and distor-
tions, thereby enhancing interfacial charge transfer and accelerating
electrochemical kinetics. Furthermore, synergistic effects derived from
the chemical bonding of different metal ions are expected to further
enhance the electrochemical properties. Yun et al. synthesized hetero-
structured NiSe,/CoSez hollow microspheres through a one-pot hydro-
thermal method involving Se@Ni-Co-ethylenediamine (Se@Ni-Co-EN)
core-shell, as illustrated in Fig. 9A. The heterostructured NiSe;/CoSes
hollow microspheres (Fig. 9B) exhibited higher specific capacitance
(1234.8F g’1 at1.0 A g’l) compared to the hollow NiSe; microspheres
(1045.4F g’1 at1.0 A g’l) and the hollow CoSe;, microspheres (956.9 F
g 1at 1.0 A g 1), due to the presence of abundant heterogeneous phase
interfaces [90]. The ASC depicted in Fig. 9A, which was constructed
from NiSey/CoSe; cathode and N,S co-doped rGO aerogel anode
(NiSey/CoSe;||N,S-rGO), demonstrated a high energy density of 53.7
Wh kg~ at 130.2 W kg~ [90]. To further prove the superior reaction
kinetics of the hetero-interfaces compared to monometallic selenides,
Yun et al. utilized density functional theory (DFT) calculations [90]. The
results indicated that the difference in averaged electrostatic potential
between NiSe, (—33.87 eV) and CoSe, (—27.46 eV) caused electrons to
migrate from NiSe, to CoSey, leading to a redistribution of interfacial
charges and accumulation of electrons on the CoSe; side (Fig. 9C) [90].
The depletion of electrons on the NiSe, side resulted in a strong
attraction between OH™ ions from KOH electrolyte and NiSe, side on the
phase boundaries (Fig. 9C), and boosted the rate capability [90].
Additionally, the calculation of OH™ ions adsorption energy revealed
that the heterostructured NiSey/CoSes displayed a lower OH™ ions
adsorption energy (—3.33 eV) compared to both NiSe; (—1.61 eV) and
CoSe; (—1.67 eV), further supporting the enhanced reaction kinetics of
the heterogeneous interfaces [90].

In another study, Zardkhoshoui et al. employed structural engi-
neering in heterostructured TMSe to improve the electrochemical
properties of nickel-based selenides [13]. They investigated the effect of
calcination time on the morphology of the hollow microspheres and
found that an increase in the calcination duration resulted in a trans-
formation from a yolk-shell structure to a hollow multi-shell structure,
which led to a large surface area with high porosity. Then, they
compared the synthesized hollow multi-shelled Ni-Mn-Se microspheres
after selenization with Ni-Mn-O, a precursor before selenization, and
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observed that the former (2035.2 F g~! at 2.0 A g™1) exhibited higher
specific capacitance than the latter (1723.8 F g~ ! at 2.0 A g™1), further
demonstrating the superior electrochemical properties of TMSes
compared to TMOs. The energy density of the ASC constructed from
Ni-Mn-Se||AC was measured as 61.2 Wh kg~ ! at 804.6 W kg1, with a
cycling stability of 92.6% after 10000 cycles at 32.0 A g~ 1. It was sug-
gested that the energy density of the ASC could be further improved by
substituting the AC anode with other compounds with higher specific
capacitance since carbon-based negative electrodes have low specific
capacitance and limit the final energy density of ASC. To address this
issue, they synthesized hollow double-shelled nickel-iron selenide mi-
crospheres, which had higher specific capacitance compared to the AC,
and used them as an anode to construct an ASC with the cathode of
Ni-Mn-Se, denoted as Ni-Mn-Se||Ni-Fe-Se. The resulting ASC exhibi-
ted an exceptional energy density of 112.6 Wh kg ™! at 900.8 W kg ! and
a higher cycling stability of 94.4% after 10000 cycles at 32.0 A g~L. This
study highlights the importance of developing both cathode and anode
components in electrochemical energy storage devices and demon-
strates the promising potential of TMSe in enabling the development of
high energy density ASC.

5.2. Cobalt selenide

Cobalt-based selenides have exhibited good electrochemical perfor-
mance and can serve as electrodes in supercapacitors [91]. Different
types of cobalt-based selenides, including nickel-cobalt [90],
copper-cobalt [91], cobalt-molybdenum [41,92], and zinc-cobalt [93]
have been studied. As previously mentioned, the morphology of nano-
particles plays a crucial role in the performance of the synthesized
compounds [41]. Ma et al. prepared CoSep,-MoSes with varying Co:Mo
ratios and demonstrated how the ratio affects the active surface area and
pore volume resulting more ion/electron transfer routes and a larger
contact area between nanoparticles and electrolyte [41]. In their study,
the sample with a Co:Mo ratio of 3:1 exhibited the highest performance,
achieving a high specific capacitance of 1907.7 F g ' at 1 A g7! [41].
This study emphasizes the significance of optimizing the nanoparticle
morphology for achieving high-performance electrodes in super-
capacitors [41].

The morphology of nanoparticles can be also modified by controlling
the heating rate of annealing. Zardkhoshoui et al. demonstrated the
effectiveness of this approach in enhancing the electrochemical perfor-
mance of TMSes [93]. By using a lower heating rate, the authors were
able to allow the elements to diffuse out of the nanoparticles, resulting in
a smooth multi-shelled morphology with increased porosity [93]. They
synthesized hollow multi-shelled zinc-cobalt-selenide nanospheres
wrapped in reduced graphene oxide (rGO) as the cathode to facilitate a
fast electron transport path and prevent nanoparticles from aggregation,
resulting in a high specific capacitance of 2260.5F g ! at 2.0 Ag~! [93].
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Fig. 11. (A) The electrochemical performance of the supercapacitor selected based on the highest energy density among different types of transition-metal com-
pounds. (B) Comparison between an ASC constructed from TMO||TMP with TMO||AC and TMP||AC supercapacitor.
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Fig. 12. Quantitative representation of the extent to which each metal, non-metal, and morphology has been investigated, as derived from the literature studied in

this review.

In addition, they synthesized hollow yolk-double-shelled cobalt-ir-
on-selenide nanospheres in rGO as the anode to create an ASC from
Zn-Co-Se/rGO||Co-Fe-Se/rGO which exhibited an extraordinary en-
ergy density of 126.3 Wh kg~! at 902.2 W kg™! [93]. They concluded
that controlling the heating rate is another effective way to modify the
morphology of nanoparticles and utilizing bimetallic selenides wrapped
in rGO as both cathode and anode can lead to a considerable improve-
ment in the energy density of supercapacitors [93].

6. Outlook

In this comprehensive review, the electrochemical performance of
transition metal-based hollow micro- and nanoparticles was thoroughly
analyzed to determine which type of transition metal-based compound
yields the best results. Fig. 10A shows that the specific capacitance of
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different transition metal compounds is within a similar range, with
TMPs exhibiting the highest specific capacitance due to their high
theoretical capacitance. Nevertheless, a detailed analysis of TMO, TMS,
TMP, and TMSe-based compounds reveals that specific capacitances
exceed 2000 F g~ ! for each material at their maximum performance.

Regarding energy densities, the highest energy density was observed
in the TMSe-based supercapacitor constructed from pseudocapacitive
cathode and anode, as illustrated in Fig. 10B. The second-highest energy
density was achieved in the asymmetric supercapacitors constructed
from TMO-based hollow nanoparticles as cathode and TMP-based hol-
low nanoparticle-based anode. Notably, the highest energy density was
not achieved with a carbon-based anode, but rather by implementing
other materials in the asymmetric electrodes, as evident from the
observation that TMS||AC ASC yielded the lowest energy density.

In order to evaluate the electrochemical performance of transition-
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metal based hollow micro- and nanoparticles further, the best-
performing samples from each group were compared in terms of their
energy density, power density, specific capacitance, and stability, as
presented in Fig. 11A. The TMSe-based hollow nanoparticle demon-
strated the highest energy density, outperforming all other materials.
Notably, the stability of all the materials was similarly high. Further-
more, TMSe-based ASC would still deliver the highest energy density if it
operates at the same power density as TMPs. Conversely, TMO and TMP
delivered the lowest energy density, but TMP had a higher power den-
sity than TMO. In addition, as shown in Fig. 11B, the supercapacitor
constructed from TMO as the anode and TMP as the cathode displayed a
higher energy density even with lower specific capacitance than the
supercapacitors based on TMO or TMP alone, in which active carbon
was the anode. This observation highlights the significance of employing
transition metal-based materials as both anode and cathode to achieve a
high energy density.

Fig. 12 illustrates the distribution of studies across different metals,
non-metals, and morphologies of hollow nanoparticles. The results show
that studies have been conducted on a broad range of transition metals,
with particular attention given to Ni, Co, and bimetallic Ni-Co systems.
There have been several studies investigating the incorporation of car-
bon into the micro- and nanoparticles, with a particular focus on Ni-, Co-
, Mn-, NiCo-, and CoMn-based nanoparticles. However, there are only a
few studies conducted on the use of polyaniline (PANI), indicating a
need for further study in this area. In addition, studies have also focused
on non-metals, particularly O and S. With respect to morphology, hollow
micro- and nanospheres and hollow micro- and nanocubes are the most
studied morphologies followed by hollow multi-shelled micro- and
nanospheres and hollow nanopolyhedra. This analysis offers valuable
insights into the current research landscape of transition metal-based
hollow nanoparticles and sheds light on areas that may require further
investigation.

In conclusion, constructing asymmetric supercapacitors from pseu-
docapacitors (e.g. TMO||TMP) can yield higher energy densities
compared to constructing asymmetric supercapacitors from pseudoca-
pacitor and AC (e.g. TMO||AC). However, more research is needed to
improve the matching of performance between the two electrodes,
which could further enhance the energy density and power density of
supercapacitors. This review provided a comprehensive analysis of the
electrochemical performance of transition metal-based hollow micro-
and nanoparticles, which could aid in the development of high-
performance supercapacitors for various energy storage applications.
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