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Supercapacitors (SCs) can bridge the gap between batteries and conventional capacitors, playing a critical
role as an efficient electrochemical storage device in intermittent renewable energy sources. Transition
metal-based electrode materials have been investigated extensively as a class of electrode materials for
SC application, but they have some limitations due to the sluggish ion/electron diffusion and inferior
electronic conductivity, restricting their electrochemical performances towards energy storage.
Developing advanced transition metal-based electrode materials is crucial for high energy density along
with high specific power and fast charging/discharging rates towards high performance SCs. In this
review, we highlight the state-of-the-art of transition metal-based electrode materials (transition metal
oxides and their composites, transition metal sulfides and their composites, and transition metal
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Accepted 15th September 2020 phosphides and their composites), focusing on specific morphologies, components, and power
characteristics. We also provide future prospects for transition metal-based electrode materials for SCs
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1. Introduction

SCs are significantly competitive for harvesting applications in
portable electronics, hybrid electric vehicles, and large indus-
trial equipment energy storage because of their high power
density (>10 kW kg™'), rapid charge and discharge (a few
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in vast applications for future energy storage and conversion.

seconds), high-prolonged cycle life (>100 times battery life) and
service safety."™ Owing to their merits relative to batteries, SCs
fill the gap between batteries and conventional solid state and
electrolytic capacitors, playing a critical role in the large-scale
deployment of intermittent renewable energy sources.>™®
Recently, transition metal-based electrode materials have been
widely studied for achieving low-cost, fast charge-discharge
processes, high powerful performance and long cycle life for
SCs.”™ However, the main challenges for transition metal-
based electrode materials are their low energy density, high
internal resistance at the material interfaces, poor mechanical

Dr  Xiangkang  Meng s
a professor of Materials Science
at the National Laboratory of
Solid-State Microstructures,
Nanjing University. His research
is concerned with the prepara-

tion, microstructure and
mechanical properties of nano-
metallic materials, which

includes controllable fabrication
of metallic  nanoparticles,
microstructure  evolution  of
metallic films, size effects on the
mechanical behavior of metallic films, and thermodynamic and
molecular dynamic models for the size-dependent behavior of
metallic nanowires, nanorods, and nanoparticles.

This journal is © The Royal Society of Chemistry 2020


http://crossmark.crossref.org/dialog/?doi=10.1039/d0na00573h&domain=pdf&date_stamp=2020-12-10
http://orcid.org/0000-0002-1387-081X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00573h
https://rsc.66557.net/en/journals/journal/NA
https://rsc.66557.net/en/journals/journal/NA?issueid=NA002012

Open Access Article. Published on 17 September 2020. Downloaded on 7/15/2025 11:36:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Composition Design Synthesis

Supercapacitors

Transition metal sulfides
and their composites

Transition metal oxides
and their composites

Transition metal phosphides
and their composites

Scheme 1 Transition metal-based electrode materials focusing on
their composition, design, and synthesis.

durability, and controversial environmental concerns.”**

Notable improvement in the performance of transition metal-
based oxides, sulfides and phosphides has been demonstrated
in recent years due to the understanding of their charge storage
mechanisms, discovery of advanced nanostructured electrode
materials as well as the design of new hybrid systems
combining faradaic and capacitive electrodes.’**” Many strate-
gies were proposed to boost the performance of transition
metal-based electrode materials: firstly, considerable research
has been developed to design and synthesize nanostructured
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transition metal-based electrode materials with large specific
surface areas and porous structures, which could expose more
electroactive sites for the redox reactions, and provide large
contact area between the electrodes and electrolyte.'®*?° Hier-
archically porous nanostructures provide not only more active
sites but also fast electrode/electrolyte interaction and ion
transport/electron interchange, and thus lead to enhancement
in power density and rate capability.”** Furthermore, the
synergistic effect between multi-valence metal cations was
explored based on the understanding of the mechanism of
charge storage. The compositional synergy of the composite can
afford facile ion and charge transfer in the electrode, which
assures richer redox reactions.””?* In addition, tremendous
efforts have been made to design various ternary and quater-
nary transition metal-based electrodes, which have been shown
to possess distinguished advantages such as metallic conduc-
tivity, richer redox reaction sites, and electrochemical stability
compared with monometallic oxides.”**° Finally, powdered
electrode materials are mechanically unstable and their
conductivity is typically too low for rapid charging-discharging.
Due to the short diffusion distance of electrolytes into elec-
trodes, only the surface of the material effectively contributes to
the total capacitance. Designing additive-free electrode mate-
rials, directly growing on conducting porous substrates (e.g.
foam Ni), not only improves the conductivity and richness in
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Fig.1 Fabrication of the 3D metal/oxide nanocone array electrode. (A) Schematic diagram of the fabrication process of the 3D flexible nanocone
array electrode. (B) Opticalimage of an as-prepared 3D Au/MnO, nanocone array electrode. Performance testing of a full SC consisting of the 3D
Au/MnO, nanocone array positive electrode and a CCG negative electrode. (C) CV curves of the full SC at various scan rates in 1 M NaySOy,. (D)

Corresponding specific capacitance as a function of scan rates.®*
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accessible electroactive sites, but also contributes to the
stability of the nanostructure.®**

In the present paper, we give a mini-review of the state-of-
the-art of transition metal-based electrode materials, such as
transition metal oxides, hydroxides and their composites,
transition metal sulfides and their composites, and transition
metal phosphides and their composites, focusing on their
design and synthesis (Scheme 1). More importantly, their elec-
trochemical performances are also discussed by virtue of the
effects of morphology, structure, and composition of transition
metal-based materials, and the current challenges and
prospective analysis are outlined for transition metal-based
electrode materials used in SCs.

2. Transition metal oxides as
electrode materials

Transition metal oxides hold promise for achieving high levels
of energy storage, especially for SC electrode materials,
featuring low cost, environmentally benign nature, and high
theoretical capacitance.’®**' The strategies in building the
structure of transition metal oxides such as designing particular
nanoarchitectures, combining oxide composites with multiple
oxidation states, and multiple transition metal oxides, demon-
strate transition metal oxides as an advanced electrode material
for high-energy and high-power density electrochemical storage
devices.

2.1. Transition metal oxides (M,0,) and their composites

Pseudo-capacitive oxides of transition metals (Ni,*** Co,****
Fe,'®674% Mn,*>*° efc.) are widely explored because of their high
theoretical capacitances, low cost, and reversible faradaic redox
reactions, leading to higher specific capacitances compared to
carbonaceous materials based on an electrical double-layer
charge storage mechanism.>** Although transition metal
oxides exhibit good electrochemical activities, their conductivity
is typically low resulting in an obvious decrease in rate capa-
bility. Thus, their real practical capacitances are far from
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theoretical expectations because of their intrinsically low elec-
tronic and ionic conductivities.*® Recently, considerable strate-
gies have been explored to tune their nanostructures, such as
introducing transition metal oxides into a conducting
substrate,”*” doping of the metals to increase the conductivity
and redox activity,”*® and combining oxide composites with
multiple oxidation states.**°

Combining oxide composites featuring multiple oxidation
states with a conducting substrate to enhance electrical
conductivity has been widely used as the most efficient
approach to improve energy densities. Taking MnO,-based
composites as an example, the pseudo-capacitance of MnO,
originates from the fast, reversible successive surface redox
reactions between Mn*" and Mn*".%°-%3 Thus, the maximum and
minimum values of the polarization potential are controlled by
the irreversible reactions of Mn** being oxidized to Mn’* and
Mn*" being reduced to Mn>", respectively. Great progress has
been made in MnO,-based composites; for example, Qiu et al.
reported a hybrid 3D Au/MnO, nanocone array electrode using
imprinting and soft-printing technologies® (Fig. 1). The array
exhibits advanced advantages, including a number of active
sites, high electrode surface area, and ease of electrolyte
permeation. Most importantly, the Au/MnO, composite
contains complicated phases (Mn3;0,4, MnOOH), which promote
proton migration in manganese oxide by hopping between the
H,0 and OH sites, improving the ion conductivity. The hybrid
Au/MnO, electrode achieved remarkable electrochemical
performance, a specific mass capacitance of 840.3 F g ! at
a current density of 2 A g~', which is superior to those of most
reported SCs.

To enhance the ultrafast electron and ion transport at high
mass loadings of MnO,, Liu et al. designed porous carbon fiber
(PCF) with uniform mesopores of 11.7 nm as a lightweight,
flexible, binder-free, and conductive-additive-free support for
ultrathin MnO,.** PCFs with uniform mesopores are superior
carbon supports for addressing the high mass loading and fast
charge transport. For MnO,-coated PCFs with mass loadings
approaching 7 mg em ™2, the gravimetric and areal capacitances
of MnO, (~50% of total mass) reach 1148 F g ', which

© Electron
@ lon

Fig. 2 Schematic illustration of the synthesis of PCF and PCF@MnO,. (a) PAN-b-PMMA block copolymer is spun into a polymer fiber mat.
(Magnified view) PAN (blue) and PMMA (red) in the block copolymer fiber microphase separate into a bicontinuous network structure. Via thermal
oxidation, PAN is crosslinked to ensure a high yield of conductive carbon network. (b) Upon pyrolysis, the polymer fibers are converted to porous
carbon fibers (PCFs, black) with continuous and uniform mesopores (white channels), which afford high loadings of transition metal oxides. (c)
The PCFs are loaded with MnO, (magenta) to become PCF@MnO, through a solution-based redox deposition reaction. (Magnified view) The
continuous carbon fiber matrix and the partially filled mesoporous channels provide effective expressways for electron conduction and ion
diffusion, respectively.®®
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outperform most other MnO,-based electrodes at similar load-
ings (Fig. 2).

Although a huge number of research studies have been
devoted to hybrid SC electrode materials, achieving nano-
architectures and composites with multiple oxidation states for
advanced electrode materials is a daunting task. Recently, our
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Monolayer Mn,0,/MnO,
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group developed a novel Mn;0,/MnO, hierarchical nano-
architecture/N-doped graphene (NG) composite as an advanced
SC electrode material® (Fig. 3a). The Mn;0,/MnO, particles
consist of monolayer standing MnO,-nanosheet covered Mn;0,
octahedra; they are closely anchored, well dispersed in the NG
networks. The 3D conductive network of NG providing an open
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(a) Schematic illustration of the synthetic process of Mnz04/MnO,-NG and the specific nanostructure of MnzO, octahedra, Mnz04/MnO,

particles, and Mnz04/MnO,-NG. Digital photographs of glass bottles with bare MnzO4 and Mns04/MnQO, suspensions are also presented. (b)
GCD curves of the Mnz04/MnO5-NG, Mn304/MnO,, and pure NG electrodes. (c) The corresponding specific capacitances of the three types of
electrodes as a function of current density. (d) EIS curves with the insets showing magnified semicircles and electrochemical equivalent circuits,
and (e) the capacitance retention of the MnzO4/MnO,-NG and Mnz04/MnO; electrodes over 10 000 cycles at 10 A g*1 with the inset showing
the 4000" to 6000™ cycle.®®
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pathway for electron/ion transport together with closely bimetallic oxides such as M,N;O, with M/N being Zn,***” Ni,*7°
touching Mn;0,/MnO, assures both enhanced conductivityand Mn,” Co,”>”* or Cu” possess high specific capacitances due to
strong component synergy, thus promoting the electrode reac- their better electrical conductivity and higher active redox sites,
tion kinetics. This work is an advancement in the particularly as well as mechanical and thermal stability compared to their
important research fields of energy materials for high perfor- corresponding single component counterparts. For example,
mance SCs, the as-prepared Mn;0,/MnO,-NG exhibiting a high  NiCo,0,, which exhibits two orders of magnitude higher elec-
specific capacitance of 739 F g~ ' at 0.5 A g ', excellent rate trical conductivity’® than nickel or cobalt oxides,** and iron
capability, and 93.4% capacitance retention over 10 000 cycles oxides*® provides excellent electrochemical performance,

(Fig. 3b-e). therefore Fe-Co oxide (FeCo,04) should be an even better
material since it offers richer redox reactions than the single
2.2. Ternary transition metal oxides (M,N,0) and their components. Sethi M. et al. reported the facile solvothermal
composites synthesis of a porous graphene-NiFe,O, (PGNF) nano-
composite,” which displayed an impressive specific capaci-

As mentioned above, although transition metal oxides exhibit
good electrochemical activities, they demonstrate inferior
electrical conductivity and low rate capability. As such,

tance value of 1465.0 F g~ " at a scan rate of 5 mV s~ ' along with
a high capacitance retention of 94% after 10 000 discharge
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Fig. 4 (a) Schematic illustration of the onion-like structure formation process. TEM images of the (b) Cu—Co precursor and the obtained
products after calcination of the precursors to different temperatures: (c) 350 °C, (d) 400 °C, (e) 500 °C. Evaluation of the electrochemical
performance of the ON-CCO electrode in a three-electrode cell. (f) CV curves of the ON-CCO electrode at different scan rates. (g and h) CD
curves of the ON-CCO electrode at various current densities. (i) Rate capability of the ON-CCO electrode. (j) Long-term cycling stability of the
ON-CCO electrode at a current density of 10 A g~ Insets show the SEM and TEM images of the electrode after cycling. (k) Nyquist plot of the
ON-CCO electrode with its equivalent circuit (inset) used to fit the experimental data.”®
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cycles. The excellent performance is attributed to the synergic
effect between the porous graphene and bimetallic oxidation
and connotes their robust application for supercapacitors. Zhu
X. X. et al. fabricated the three-dimensional hierarchical self-
supported NiO/Co;0,@C/CoS, hybrid electrode, in which NiO/
Co30,4 nanosheets are in situ grown on a nickel foam substrate
and combined with CoS, nanospheres through a carbon
medium.” The porous structure of the NiO/Co;0,@C nano-
sheets and CoS, nanospheres contributes to the high electro-
chemical performance. Most recently, Chu et al. reported
phosphorus doped NiCo,0, (P-NCO) featuring rich oxygen
vacancies synthesized by a hydrothermal treatment, followed by
phosphatization in a tube furnace.” The novel structure of
NiCo,0, (P-NCO) with greatly improved electrical conductivity
shows an ultrahigh specific capacitance of 2747.8 Fg " at 1 A
¢ " and significant rate performance. Ensafi et al. synthesized
onion-like nanoporous CuCo,0, hollow spheres (ON-CCO)
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derived from bimetal-organic frameworks with a high surface
area of 63 m”> ¢~ ' and more than six thin shells” (Fig. 4). The
ON-CCO electrode presented the desired electrochemical
performance with high reversibility, fast kinetics, low internal
resistance, and an ultrahigh specific capacitance. Although
binary transition metal oxides show higher energy density than
monometallic oxides due to the higher capacity of binary tran-
sition metal oxides compared to monometallic oxides, transi-
tion metal oxides still suffer from the intrinsic drawback of poor
conductivity, leading to low rate capabilities and power density.

3. Transition metal sulfides as
electrode materials
Transition metal sulfides as a new class of pseudo-capacitive

materials have been extensively studied because of their capa-
bilities to provide high energy density.'*'"'>%% Bimetallic

e P
With NH,F o®
15h 7 o mmm 2 h
Slow anisotropic Growth of
-
growth tiny needles
Compound | (i

Around hole
in the center ».\\\\
y \

——
Anion exchange

Partial replacement
Composite structure

Fig. 5 Schematic illustrating the formation process of NiCo,S, HPHTMSs constructed with well-interwoven NTs. In the presence of NH4F,
a slow anisotropic growth leads to compound | of composition NiCo,(OH),(COs),(HCOz3),, while the product is already compound Il of
composition NiCo,(OH)3(COs3)y 5 after only 0.5 h and its morphology is spherical with a rough NW-covering without NH4F. The nanostructure
and composition change with time are presented in detail during the first ion-exchange process from compound | to compound Il. The second
anion-exchange results in the formation of compound lll, NiCo,S4 HPHTMSs. The insets illustrate local magnifications of several interwoven
NWs and sulfide NTs. A wire-interwoven network structure is also presented in a steel mesh with strong mechanical stability.*®
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sulfides show superior electrochemical characteristics over
their oxide counterparts and exhibit enhanced electrical
conductivity by two orders of magnitude and a greatly improved
redox reaction 14184787

3.1. Binary transition metal sulfides (M,N,S;)

Most binary metal sulfide nanostructures have been recon-
structed from their corresponding metal oxide/hydroxide
precursors by applying the hydrothermal method followed by
an anion exchange, based on the mechanism of the Kirkendall
effect that offers the potential growth of tunable morphologies,
such as nanoparticles,®*® nanowires,’”** nanotubes,”*** and
nanosheets.®**® Kirkendall effect is a well-known phenomenon
resulting from the mutual diffusion process of chemical
constituents through an interface, featuring the difference in
the atomic diffusion coefficients of chemical constituents.
Because of the unbalanced diffusion rates between the two
chemical constituents, vacancies will be introduced near the
interface of the faster diffusing chemical constituent, leading to
a change in the position of the initial interface during the
diffusion process. Vacancies gather together gradually to form
cavities and finally evolve into a hollow structure.®” Liu, T et al.
reported NiCoS nanosheet arrays on carbon cloth as super-
capacitor electrodes. The unique structure possessed abundant
accessible active sites, and hence presented enhanced electro-
chemical performance.

In our previous work, we reported complex hierarchical
structures by achieving novel hierarchically porous hexagonal
micro-sheets constructed with well-interwoven nanotube
networks using a controllable top-down, two-step anion-
exchange technique®® (Fig. 5). We applied a first anion-exchange
step to achieve nanowire woven hexagons with uniform distri-
bution, followed by the transformation of the nanowires to
MCo,S, nanotubes via a second anion-exchange process. The
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formation mechanism of the unique nanowire woven hexagonal
architecture, ion-induced anisotropic growth and time-depen-
dent anion-exchange reaction kinetics were investigated in
depth. We also confirmed that the two-step anion-exchange
method is a powerful and general method to synthesize other
MCo,S, with a nanotube-interwoven three-dimensional porous
architecture. Owing to the well-defined morphology, large
porosity, and low resistance, the NiCo,S, electrode exhibits
a higher capacitance of 1780 F g " at 1 A g~ ' and superior rate
capability compared to most reported NiCo,S, nanostructures
with different morphologies as well as 92.4% capacity retention
after 10 000 charge-discharge cycles. An asymmetric solid state
SC using NiCo,S, as the positive electrode and N-doped gra-
phene film as the negative electrode achieves outstanding cycle
ability and higher energy density than similar devices.

Based on the Kirkendall effect, Yang et al. reported a hybrid
architecture of edge site-enriched nickel-cobalt sulfide (Ni-Co-
S) nanoparticles supported on graphene frameworks via an in
situ chemical conversion method® (Fig. 6). The edge site-
enriched nanostructure was fabricated by an etching-like effort
of the S>~ ions by a Kirkendall effect-involved anion exchange
reaction. The as-prepared Ni-Co-S/G hybrid electrodes possess
a high specific capacitance of 1492 F g~ ' at the current density
of 1 A g™, superior rate capability of 96% when the current
density is increased to 50 A g~ *, and excellent electrochemical
stabilities. Furthermore, a two-electrode asymmetric SC made
of the Ni-Co-S/G hybrids and porous carbon nanosheets shows
a high energy density and power density, indicative of their
potential as a promising candidate material for high-perfor-
mance SCs. Collectively, these results demonstrate the great
potential of this anion-exchange technique during the Kirken-
dall process in engineering the structures of nanoscale elec-
trode materials for enhanced SC performance. However, the
Kirkendall process is lack of the in-depth investigation. For

Edge sites

Etching-like effort of
the $* ions from TAA

Ni-Co-S/G hybrids

Bulky sphere

¢ ¢

B-Ni-Co-S/G hybrids

Fig. 6 Schematic illustrations of the in situ formation of the integrated edge site-enriched Ni—Co—-S/G hybrid architectures (Strategy I), fabri-
cated by the Kirkendall effect-involved anion exchange reaction of the NiCo-precursor on graphene with abundant S2~ ions derived from TAA.
The B—Ni—Co-S/G hybrids were directly fabricated via a one-step hydrothermal method (Strategy I1).°
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example, the difference of the atomic diffusion coefficients of
chemical constituents. Theoretical analysis by atomistic simu-
lation studies should be investigated. We believe that the
current and future studies could significantly broaden the
application of the Kirkendall effect in the rational design of
nanoscale structures, produce practically important electrode
materials with enhanced activity and stability, and thus impact
broad areas of application such as energy conversion and
storage.

3.2. Binary transition metal sulfide composites

Binary transition metal sulfide composites are composed of
binary transition metal sulfides with oxides,'* hydroxides,**

(@
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sulfides,'®*™** etc. The oxides, hydroxides, and sulfides take
place different electrochemical redox reactions, which enrich
the species of electrochemical redox reactions for achieving
higher capacity and rate performance. Recently, extensive
efforts have been devoted to the synthesis of binary transition
metal sulfide composites for electrochemical energy storage.'*
As a representative example, our group fabricated a multicom-
ponent hierarchical zinc cobalt sulfide (ZCS) hollow nanotube
array wrapped with interlaced ultrathin Ni(OH), nanoflakes for
high-performance electrodes.'* The schematic is depicted in
Fig. 7. ZCS exhibits a unique pentagonal cross-section and
a rough surface that facilitates the deposition of Ni(OH),
interlaced nanoflakes with a thickness of 7.5 nm (wrapping the
ZCS hollow nanotubes), while the tubes are separated well apart
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Fig. 7

(a) Schematic illustration of the fabrication of hollow ZCS NAs and ZCS/Ni(OH), HHNA electrodes on Ni foam by a stepwise synthesis

approach. Schematic illustration of (b) two hybrid electrodes assembled into symmetric SCs with a KOH-PVA gel-electrolyte separator, (c) CV
curves of ZCS/Ni(OH),//ZCS/Ni(OH), symmetric SCs at different scan rates, (d) GCD curves of hybrid symmetric SCs at different current
densities, (e) cycling stability and coulombic efficiency of the hybrid symmetric SCs over 10 000 cycles with the inset showing the CD curves of
the initial and last few cycles, and (f) an LED light illuminated with three symmetric SCs connected in series.1°¢
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Fig. 8 (a) Schematic illustration of the formation process of PNWCHAs, the difference in the ion-exchange mechanisms results in different
nanostructures. (b) Schematic illustrations of the assembled structure of a solid-state asymmetric SC with the PNWCHAs as the positive elec-
trode and PNGF hydrogel film as the negative electrode. (c) The open-circuit voltage of the asymmetric SC. (d) CV curves at various scan rates
and (e) GCD curves at different current densities of the NiCoP—CoP//PNGF ASC. (f) Ragone plots of the ASC in comparison to previous reports.
(g) Charge—discharge cycling of the ASC at a high current density of 20 A g~ with the inset showing the initial and last five cycles.24
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and the interlaced flakes also maintain a certain distance
between each other. The hierarchically porous ZCS/Ni(OH),
electrode demonstrates a high specific capacitance of 2156 F
g " and excellent cycling stability with 94% retention over 3000
cycles. This is attributed to enhanced redox reactions, the direct
growth of arrays on 3D porous foam for fast electron transport,
and the increased availability of electrochemical active sites
provided by the ultrathin Ni(OH), flakes which also sustain the
stability of the electrode by sacrificing themselves during long
charge/discharge cycles. Additionally, symmetric SCs are
assembled to achieve a high energy density of 74.93 W h kg ™"
and exhibit superior cycling stability over 10 000 cycles.

4. Transition metal phosphides

Transition metal phosphides featuring metalloid characteris-
tics and excellent electrical conductivity have shown excellent
performances and great potential as a class of electrode mate-
rials for SC applications.'”** Compared with transition metal-
based compounds such as oxides/hydroxides/sulfides, transi-
tion metal phosphides are kinetically favorable for fast electron
transport*****?* for achieving high power densities of SCs. In
our previous work, we prepared novel phosphide composites
(Ni,Co;_,Py) with  well-defined hexagonal thin-plate
morphology and a hieratically porous but robust three dimen-
sional network constructed by inter-welding porous nanowires,
which are achieved by top-down etching, followed by phos-
phorylation treatment'** (Fig. 8). Benefiting from the enhanced
electron/ion transfer, increased availability of active sites/
interfaces, rich mixed valences of metals and phosphorus, and
strong componential synergy, the optimized NiCoP-CoP
showed a specific capacitance reaching 1969 F g, much higher
than those of Ni-Co-based sulfides and other similar phos-
phides. When an asymmetric SC was fabricated, the NiCoP-CoP
composite as the positive electrode exhibited a remarkable
cycling stability with 93% retention after 5000 cycles at § A g,
which is mainly attributed to such an architecture that allowed
strong mechanical stability and effectively buffered the strain/
volume expansion during fast faradaic reactions. By taking
advantage of state-of-the-art electrode materials and structural
engineering, the proposed device will achieve higher perfor-
mance and hold great promise in vast applications for future
miniaturized electronics.

5. Summary and outlook

In this mini review, we summarized a number of research studies
on transition metal-based materials, such as transition metal
oxides and their composites, transition metal sulfides and their
composites, and transition metal phosphides and their compos-
ites towards high performance SC application. Due to the high
theoretical capacity, low cost and high activity, transition metal-
based compounds are proposed as more promising candidates for
electrochemical applications compared with carbon materials
(active carbon, biochar, graphene, etc.). However, the wide appli-
cation of transition metal oxides is limited by their intrinsically low
electrical conductivity. To address the electrical conductivity
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problem, binary metal oxides and their composites were designed
and synthesized by introducing a second transition metal and
other compounds. Transition metal sulfides derived from oxides/
hydroxides by sulfuration treatment are considered as promising
electrodes for SCs. Furthermore, transition metal sulfides with
rational design nanoarchitectures would effectively contribute to
the large contact surface area of the electrode and electrolyte with
sufficient electrochemical redox reactions, resulting in enhance-
ment of the performance. Additionally, transition metal phos-
phides with high electronic conductivity as a new class of material
were developed. Transition metal phosphides feature fast ion/
electron diffusion/transport pathways to improve the thermody-
namic and kinetic properties of electrochemical reactions for high
performance. Although considerable efforts have been devoted to
transition metal oxides/sulfides/phosphides and their composites,
research on understanding the formation mechanism of their
architecture and the reaction mechanism at the nanoscale or
atomic scale is still a great challenge.

The future development trend of transition metal-based
materials to meet the needs of increasing energy demand is
proposed: firstly, an understanding of the formation mecha-
nism of the nanoarchitecture and the charge storage mecha-
nism is urgently required for the development of new types of
electrode materials. For example, the charge storage mecha-
nism of transition metal-based materials shows similar
behavior to that of batteries rather than a pseudo-capacitive
mechanism, however, it is usually considered as the pseudo-
capacitive charge storage mechanism. Note that computational
analysis and simulation methods in the atomic scale will be
greatly helpful to comprehensively understand the formation
mechanism of novel nanoarchitectures and the charge storage
mechanism in depth. A good understanding of the mechanism
can be a great guide to design next generation materials to
increase the energy density of SC material systems. Secondly,
the purpose of further development of SCs is for practical
commercial applications instead of limiting to lab-scale inves-
tigation. However, it is still a great challenge to meet the
requirement of high-energy storage for commercial applica-
tions. In addition, the accompanying important issues of large-
scale fabrication by a facile synthesis method, cost-effective-
ness, and environmental friendliness should be emphasized.
Finally, developing and applying new machine-learning
methods in material design would be an efficient strategy to
achieve the screening of new and high performance capacitive-
type electrode materials. Compared with machine-learning
methods, traditional experiments or computational modelling
is usually time-consuming and inefficient. Thus, building the
structure-property relationship by machine-learning is neces-
sary to provide insight into the parameters that affect the
properties of materials, thereby making predictions for material
discovery, rational design, and fabrication of the desired elec-
trode materials.
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