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Transition metal oxides have attracted growing attention for application in energy storage and
conversion technologies. In particular, spinel-based materials, such as ZnCo,O,4, exhibit structures
suitable for performing as multifunctional electrodes in energy devices. In fact, great efforts have been
dedicated to the design of micro- and nanomaterials based on ZnCo,0,4, using different synthesis
approaches and controlled conditions. Consequently, interesting morphologies and structures have
been recently obtained, exhibiting outstanding electrochemical performance. Hence, in this review we
report a comprehensive survey of the progress of multifunctional ZnCo,04-based materials, focusing on

Received 5th May 2022, the development of supercapacitor devices and batteries. The top 10 electrode materials for each

Accepted 2nd October 2022 application are highlighted, including key findings in the development of slurry-cast or binder-free
electrodes. In addition, the main strategies in the design of ZnCo,04-based electrocatalysts for the

oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) are reviewed, including
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1. Introduction

Clean, sustainable and efficient technologies for energy pro-
duction, conversion, and storage are becoming crucial for the
energy crisis which is confronting the world. In this regard, the
development of new electrode materials may play a primary
role, impacting the performance of these energy systems.'
Therefore, materials chemistry is becoming the key to the
design of systems that can overcome the current challenges
of our modern society. Among the emerging challenges, one
can highlight the development of electrode materials capable of
using solar energy and/or electricity to promote the oxygen
evolution reaction (OER) and the hydrogen evolution reaction
(HER) by electrochemical and/or photochemical water-splitting
processes, respectively. This corresponds to the conversion of
renewable energy into a high-energy-content chemical species,
approaching the ultimate clean energy resource due to the zero
emission of carbonaceous species.> Another challenging step is
how to store energy more efficiently, especially in a faster way,
e.g., by assembling devices with high energy and power density.
This is the case of hybrid supercapacitors (HSCs) combining
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electrocatalysts capable of performing tetra-electron oxygen reduction reactions (ORRs).

the outstanding power density of supercapacitive materials
with the high-energy density of battery-type materials.’

Among the emerging materials recently studied, transition
metal oxides (TMOs) deserve special consideration because of
their rich redox chemistry and abundant density of active sites,
in addition to their low cost, environmental friendliness, and
excellent electrochemical performance.*® In fact, special atten-
tion has been given to spinel materials with a bimetallic oxide
structure of the typical chemical formula AB,O,. Spinels consist
of cation A, typically charged as 2+, in tetrahedral sites (Tq), and
cation B charged as 3+ occupying octahedral sites (Oy).® The
interest in this type of material is justified by its higher
electrochemical activity, electrical conductivity, and more
abundant redox reactions, compared with monometallic oxides
of the types A;04 and B;0,.”®

It is also important to mention that among various spinel-
type oxides, structures based on bimetallic cobaltite (MCo0,0,,
where M = Mg, Ni, Zn, Cu, Fe, and Mn) have been most widely
reported,” as recently summarized in several review articles.
In particular, one can highlight the use of nickel cobaltite
spinel (NiCo,0,) in different applications such as in super-
capacitors,”'® batteries'' and sensors.'” Similarly, Goncalves
et al.® summarized the main advances in MnCo,O,-based
materials for energy applications and the main strategies used
for the design of these materials, including HSCs, LIBs and
MABsS, as well as the advancements achieved as electrocatalysts
for water-splitting, more specifically for the HER and OER.
Similarly, Wu and colleagues™® highlighted the current research
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progress regarding synthetic strategies for MgCo,0,-based
electrode materials and their applications in supercapacitors,
Li-ion batteries, Mg-ion batteries, and some other rechargeable
ion batteries. J. Sun, C. Xu & H. Chen'* reviewed the synthesis
of CuCo,0,-based electrode materials and their applications in
supercapacitors, while Gao et al'® briefly summarized the
recent applications of FeCo,0, (and CoFe,0,) in energy storage
and conversion, as well as the current understanding of the
mechanisms and especially the relevance of morphologies and
structures and composites to the electrochemical performance.

As shown above, several review articles show the progress
made for Mg, Mn, Fe, Cu and especially Ni cobaltite. However,
to our knowledge, more than 800 papers report the syntheses
and/or use of ZnCo,0, spinel for various applications, including
sensor, and energy conversion and storage applications. Its multi-
functionality and excellent electrochemical properties are closely
related to its structure which presents a regular spinel structure
where Zn** only replaces Co** in the Ty sites in Co;0y, leaving the
Co® content in the O, sites unchanged, while Ni and Mn mainly
occupy Oy, sites in NiCo,0, and MnCo,0,.* In fact, the effect of
the oxidation state and cation distribution in the spinel on the
electrocatalytic activity for the OER in an alkaline solution has
been studied, and a comparison of the electrochemical and
physicochemical behavior of MCo,0, (where M = Mn, Fe, Co,
Ni, and Zn) was made by M. Harada, F. Kotegawa, & M. Kuwa.®
Interestingly, their catalytic activity for the OER follows the order:
ZnCo,0, > NiCo,0, > FeCo,0, > C03;0, > MnCo,0,. According
to the authors, the active sites for the OER are M>" species in the
octahedral site, and their activities are significantly dependent on
the Co**/Co*" and M**/M*" content ratios in the octahedral site as
demonstrated according to XPS and in situ X-ray absorption fine
structure (XAFS) measurements, demonstrating the importance of
the presence of Zn>" ions in ZnCo,0,."® Complementarily, ZnCo,O,4
is a promising energy storage material which shows advantageous
properties, including low cost, low-toxicity, different morphologies,
high electrical conductivity,"”*® and high theoretical capacity in
comparison with unitary ZnO and CoO and binary Co;0,."”

Inspired by the above considerations, and despite being the
second most reported cobaltite, as far as we know, there is no
review work summarizing recent progress in ZnCo,O, in energy
applications. Therefore, in this review article we focus on
ZnCo,0, and its composites as electrode materials for energy
technologies, including the main strategies used for the design
(Scheme 1) of HSCs, LIBs and MABs, as well as the advance-
ments as electrocatalysts for water-splitting (HER and OER) and
the ORR. The pros and cons of using this spinel in the different
devices are critically discussed, encompassing the perspectives
and possible future directions.

2. Water-splitting and electrochemical
energy storage systems
2.1. Water-splitting

Electrocatalytic water-splitting is an effective way to produce
hydrogen with high purity.>* The overall reaction includes two
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Scheme 1 Applications of ZnCo,0,4-based materials. Reproduced with
permission.® Copyright © 2018, The Author(s). Creative Commons CC
BY license. Reproduced with permission.?° Copyright Royal Society of
Chemistry, 2017. Reproduced with permission.?* Copyright: © 2021 by the
authors. Licensee MDPI, Basel, Switzerland (CC BY).

half reactions, e.g., HER and OER, taking place, respectively, at
the cathode and the anode,* as shown in Fig. 1A. In addition,
the water splitting reactions are dependent on the pH, as
expected for reactions involving protons,> as demonstrated
by the equations presented in Fig. 1B. For instance, for the
HER, there are two main steps on the electrode surface,
described by the Volmer-Heyrovsky and Volmer-Tafel mechan-
isms proposed for acidic and basic solutions®* (Fig. 1C). On the
other hand, the OER is a more complex, requiring a high energy
to overcome the sluggish kinetic barrier associated with the
four-electron transfer process, and involves a larger over-
potential®® (Fig. 1C).

The electrocatalytic performance is usually measured by linear
sweep voltammetry (LSV), cyclic voltammetry (CV)*® and electro-
chemical chrono-methods where several parameters are used to
classify catalysts according to their performance, and even to
unravel the reaction mechanisms. Among the electrochemical
activity criteria, the overpotential (i), Tafel slope and stability are
the most used ones to study the performance of electrocatalysts
based on metal oxides/hydroxides.

The overpotential () is one of the essential criteria to
evaluate the activity of electrocatalysts. It represents the differ-
ence between the potentials for achieving a specific current
density and the onset potential to start the reaction (HER =0V
and OER = 1.23 V).?® Generally, the overpotentials at a current
density of 10 mA cm™? (1,,) are used to compare the electro-
catalytic activity between different catalysts. This corresponds
to the equivalent efficiency of 12.3% for photoelectrochemical
water splitting.>® In practice, a catalyst providing an overpoten-
tial in the range of 300-400 mV is considered to be an excellent

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A) Scheme of a conventional water electrolyzer. (B) Water splitting reactions under acidic and alkaline conditions. (C) Proposed mechanisms of

the HER and OER in an acidic aqueous solution. Reproduced with permission.?® Copyright Marketplace™, Royal Society of Chemistry.

catalyst for the OER.>”*® However, 11, has a great influence on
the loading mass even considering the same geometrical area;
thus it cannot be the only criterion to evaluate the activity.®
In this regard, Tafel analysis provides additional information to
understand the reaction kinetics and mechanism, such as the
magnitude of the slope, which helps in establishing the rate-
determining step and the response sensitivity.>” For instance,
Tafel slopes of 120, 40 and 30 mV dec ' were observed,
respectively, for the Volmer, Heyrovsky and Tafel determining
rate steps. The smaller value of the Tafel slope means a faster
electron-transfer kinetics of the electrocatalyst.>*>*>°

In addition to low overpotential and Tafel slope values,
a good electrocatalyst should also be stable for long periods
of time, under operating conditions. This evaluation can be
performed by different techniques, including continuous CV
cycling and LSV. The measurements allow comparing the over-
potentials before and after cycling.”® Another way to obtain
information about the stability of electrocatalysts is by galvano-
static or potentiostatic electrolysis, registering the variation of
potential or current density.”®

In summary, the overpotential (), Tafel slope and stability
are the main criteria to categorize electrocatalysts based on
ZnCo,0,, for the OER and HER.

2.2. Electrochemical energy storage systems

In an effort to overcome past limitations, recent years have seen
intense research efforts in energy storage areas, such as fuel

© 2022 The Author(s). Published by the Royal Society of Chemistry

cells, capacitors, supercapacitors, and batteries. Electrochemi-
cal energy storage systems (EESSs) play a critical role in renew-
able energy integration applications. They serve as energy
sources to provide power supply and/or energy buffers to
improve efficiency and the overall economy. This has triggered
intensive research efforts in the past three decades, which have
resulted in the advent of modern EESSs such as batteries and
supercapacitors.”?3!

2.2.1. Supercapacitor materials and devices. An important
point that should be clarified in the initial evaluation of
electrode materials is whether their electrochemical data
correspond to a battery or a supercapacitor. Electrodes with a
capacitor-like behavior present cyclic voltammograms (CVs)
and linear potential responses during constant-current dischar-
ging (Fig. 2A-C). In contrast, the battery-type electrode presents
CVs with defined oxidative and reductive peaks (Fig. 2G and H)
and flat (plateau) galvanostatic charge/discharge (GCD) profiles
(Fig. 2I). One criterion that could help the identification of the
electrode’s nature is the analysis of current versus scan rate
curves. For battery-type materials, the peak current (i) will be
proportional to the square root of the scanning rate (i ~ v*/?),
whereas for a capacitor-like electrode the current will be
proportional to the scan rate (i ~ v).*?

Distinct from conventional capacitors, supercapacitors store
charges electrochemically but show high-energy density com-
pared to the former, with high rate capability and excellent
cycling stability. According to their charge storage mechanisms,

Energy Adv,, 2022,1, 793-841 | 795
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Fig. 2

Illustrative cyclic voltammograms (A, B, D, E, G and H) and the corresponding GCD curves (C, F and 1) for different types of energy-storage

materials. Electrochemical double-layer capacitors: CV profile (A) and the corresponding discharge curve (C). A pseudocapacitive electrode could present an

electrochemical response of one, or a mix, of the following categories

. (B and C) surface redox materials and (D—F) intercalation-type materials.

Electrochemical profiles in (G-I) correspond to battery-like materials. Reproduced with permission.> Copyright © 2018 American Chemical Society.

supercapacitors are divided into two categories, namely, electro-
chemical double-layer capacitors (EDLCs) and pseudo-
capacitors.®® In EDLCs, the electrochemical behavior is due to
the storage of charges at the electrode/electrolyte interface by
establishing electrochemical double layers through a non-
faradaic process (Fig. 2A and C.a). In pseudocapacitors, the
electrochemical behavior in terms of current is neither totally
capacitive nor entirely faradaic (like batteries). These electrodes
present fast and reversible oxidation/reduction reactions through
either intercalation or surface ion processes and quasi-rectangular
CVs and quasi-linear GCD curves.*® In surface-redox pseudo-
capacitors, the charge storage is mostly assigned to the charge
transfers occurring at the surface of the material. As can be seen
in Fig. 2B and C.b, the CV and the GCD characteristics for surface-
redox pseudocapacitors present the linear dependency of the
charge storage over the entire potential window, storing charges
through surface faradaic and double layer mechanisms.
Intercalation-type materials involve the core of the electrode
materials and are expressed by the intercalation of charges
between layers or in channels originating from the faradaic
reaction and lack of phase changes during cycling (Fig. 2D-F).>*

EDLCs can reach fast charging/discharging rates and high
cycling stability. However, the energy density of this type of
material is relatively low, due to the deficient contact at the

796 | Energy Adv, 2022, 1, 793-841

electrode/electrolyte interface. On the other hand, the capaci-
tance of pseudocapacitors is attributed to the fast and rever-
sible redox process of materials, such as some transition metal
oxides/hydroxides and conducting polymers. Hence, pseudo-
capacitors can provide higher specific capacitance but present
lower power density,” due to the low conductivity of pseudo-
capacitive materials. In this way, one strategy to increase the
performance of electrodes is the preparation of nanocompo-
sites containing carbon structures.*®

The configuration of conventional supercapacitors is based on
button cells or spiral-wound designs, which are composed of
two collectors, two electrodes, and a separator, all soaked in
electrolyte.”” Distinct from the case of conventional supercapaci-
tors, the development of materials in smart configurations (films,
fibers, and micro-scale supercapacitors) has increased, aiming for
the construction of thin, flexible, and even foldable devices. Thin-
film electrodes are prepared with a layer of active material with its
thickness varying from nanometers to micrometers, resulting in
short charge and ion transport distances, and thus promoting fast
physical or chemical processes during charge storage.*® Fiber
supercapacitors are commonly designed like 1D wires with dia-
meters varying from micrometers to millimeters and constructed
based on parallel, twisted, coaxial, or woven structures.*® Micro-
supercapacitors generally consist of a vertical structure composed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of two electrodes and electrolyte sandwiched in the middle of
both or, in the case of the in-plane interdigital device architecture,
electrodes are separated by an insulated gap, with no need
for separators in the construction of the device. The electrolyte
is subsequently deposited on the top of devices to guarantee
ion transport between electrodes. The total size of micro-
supercapacitors could be in the order of millimeters.>**°

2.2.2. Rechargeable batteries. Unlike capacitors and super-
capacitors, battery cells have high specific capacity values and
high volumetric and gravimetric energy density values. In
battery electrodes, during charging, ions are deintercalated
(extracted) from the cathode and diffuse into the anode via
the electrolyte medium, which is a conductor for ions and an
insulator for the electrons generated at the cathode, while the
electrons reach the anode via an external circuit, whereas
discharging reverses this process. This is followed by faradaic
charge transfer processes to generate the energy capacity (mA h
kg™ ). Thus, the specific capacity obtained in battery electrodes
is limited by solid-state ion diffusion, exhibiting relatively poor
kinetics; however, the use of the entire bulk of the electrode for
charge storage leads to very high energy density.>**'™*3

Among a number of different energy storage technologies,
metal-ion batteries, in particular lithium-ion batteries (LIBs), have
recently been accepted as the leading candidate for commercial
EESSs. LIBs, as the main power source, dominate the portable
device market due to their high energy density, high output
voltage, long life and environmentally friendly operation.™** 1t is
important to mention that many review works already published
highlighting recent progress,*>™” issues and challenges facing
rechargeable LIBs,"® as well as rechargeable sodium-ion batteries
(SIBs) as potential alternatives to current LIBs,*® which can be used
to obtain more detailed information about these EESSs.

On the other hand, metal-air batteries (MABs) are a family
of electrochemical cells powered by metal oxidation and oxygen
reduction; in this system oxygen is used as the active cathode
material. This oxygen is obtained from air, which diffuses into
the electrolyte from the atmosphere and undergoes reduction
at the cathode, exhibiting a great advantage regarding theore-
tical energy density, which is about 3-30 times higher than
those of commercial LIBs.”™

In typical continuum-based models, the cathode material is
considered as a porous medium and the structure is repre-
sented by several parameters, such as porosity, permeability,
and tortuosity.>® In addition, it is necessary to design oxygen
electrode catalysts with special structures for use in MABs to
overcome the sluggish kinetics of the oxygen reduction reaction
(ORR) and the oxygen evolution reaction (OER).>*™>

3. ZnCo,0,4-based materials for
energy storage applications

3.1. ZnCo,0,4-based electrode materials for supercapacitive
applications

One of the best electrochemical performances is observed for
RuO, as a supercapacitor electrode material, exhibiting a high

© 2022 The Author(s). Published by the Royal Society of Chemistry
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specific capacitance of 1580 F g~ '. However, because of its
high cost and element scarcity, it becomes necessary to seek
environmentally friendly and low-cost alternative electrode
materials. Recently, transition metal oxides (TMOs) such as
MnO,, NiO, and Co;0, have been studied as promising elec-
trode materials for supercapacitor applications,*® especially
those based on doped-Co;0,. The bimetallic oxide ZnCo,0,
has recently attracted much attention because of its excellent
electrochemical properties, with lower activation energy, higher
conductivity and electroactivity in comparison with pristine
Co;0,. It also exhibits high theoretical capacitance (2604 F g™ ),
and is environmentally compatible and a cost-effective and abun-
dant material. In addition, ZnCo,O, presents a p-type semi-
conducting nature, which influences the electrical conductivity
of the material, and shares the same Coz;0, spinel crystal struc-
ture. The replacement of Co®>" ions with Zn>" ions, with Zn
occupying the tetrahedral sites and Co occupying the octahedral
sites, results in much richer redox reactions. However, ZnCo,0O,
has the disadvantage of exhibiting an intrinsically poor electrical
conductivity, involving large volume changes through the charge/
discharge processes. This leads to some intrinsic electrical insula-
tion, showing rapidly fading capacitance at higher current den-
sities and during charge/discharge cycles, thus usually presenting
low rate-capability and cycling stability.>”>®

Therefore, to overcome these limitations, rational design
of suitable electrode materials is imperative, since the electro-
chemical performance strongly depends on their mechanical
properties. To surpass the limitations of ZnCo,0O,-based elec-
trodes for supercapacitor applications, it is important to seek
for an optimized morphology that can provide high active
surface area, short lengths and high rates of ion and electron
diffusion. Plenty of redox sites should be available. For this
reason, pristine ZnCo,O, has been synthesized as micro-
particles,”® microsheets,*® microspheres,®'** microflowers,®>*®
nanoparticles (NPs),°”*® nanocubes,®® nanosheets,””” nano-
plates,>® nanoflowers,”* nanorods,”> nanospheres,”® and nano-
tubes”’ to produce slurry-cast supercapacitive electrodes (Table 1).

Other strategies rely on the production of hybrid materials,
such as composites and core@shell structures, which will
be discussed later, and/or combining the morphology design
and hybrid materials engineering with binder-free and self-
supporting architectures. The use of binders to produce slurry-
cast electrodes for supercapacitor applications significantly
reduces the electronic conductivity, limits the active material
availability, hinders the ion-diffusion, and increases the mass
density as ‘“‘dead-mass”. Additionally, after repetitive redox
reactions, the material can lose the integrity and/or peel-off
from the substrate, reducing the capacitance retention through
several charge/discharge cycles. Therefore, the above-mentioned
downsides can be resolved by the growth of ZnCo,0, electroactive
materials directly on the surfaces of electrode substrates, such as
nickel foam (NF), carbon foam (CF) and carbon cloth (CC). These
strategies not only avoid “dead-mass” but also greatly improve the
electroactive surface area, and offer fast electron transportation
and short ion diffusion paths. In addition, these strategies will
decrease the resistance between the electroactive material and

Energy Adv, 2022,1,793-841 | 797
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current collector, provide efficient ion-diffusion channels, ensure
excellent mechanical strength, enhance the electrical conductivity
and accommodate the volume changes through cycling. There-
fore, the challenge to fabricating highly efficient binder-free
electrode materials capable of storing rapidly larger amounts of
energy, at low cost, can be solved by using ZnCo,0,-modified
electrodes. Hence, binder-free electrodes based on pristine
ZnCo,0, nanorods,”®”® nanobelts,®® nanoribbons,®* nano-
flowers,®? nanoflakes,®*®* nanosheets,®**° nanomuscles,”® nano-
wires,®>°! nanoleaves,”® nanocubes,” micro-urchins,’**> and
nanoneedles®® were also reviewed for supercapacitor applications
(Table 2) and will be discussed along with slurry-cast electrodes
according to their morphology.

3.1.1. Pristine ZnCo,0, electrode materials. The micro/
nano-structured ZnCo,0, electrode materials discussed in this
review article have been prepared via different synthetic strate-
gies and, therefore, present distinct electrochemical perfor-
mances according to their morphologies in both slurry-cast
and binder-free electrodes. As expected, in general, less bulky
morphologies with higher surface area and lower thickness
present higher supercapacitive performance, due to the
improved availability of active sites and thus the reduced
amount of “dead-mass” of ZnCo,0,. Furthermore, the produc-
tion of 2D, 1D, hollow and/or porous pristine ZnCo,0O, struc-
tures is another important factor, increasing the surface area
and cycle stability. It allowed enhancing even further the active
site availability and specific surface area and mass ratio,
resulting in high charge/discharge capacitances even at high
current densities.

In the case of Co;04-based materials, the direct comparison
between different MCo,0, materials can only be understood by
further analyzing their morphologies instead of just their
composition, as reported by Merabet et al.>° (M = Zn, Ni, Mn,
and Cu) and Alqahtani et al.® (M = Zn, Ni, Mn, Cu, and Fe).
Both author groups synthesized sphere-like ZnCo,0, micropar-
ticles for slurry-cast electrodes, but different morphologies were
obtained for other MCo,0, species, impacting their perfor-
mance. Since their sphere-like ZnCo,0, microparticles pre-
sented bulkier morphologies and lower electroactive surface,
they exhibited the lowest electrochemical performance, deliver-
ing158 Fg 'at5mvVs '*and 126 Fg 'at1Ag %

Notwithstanding, there are some structural strategies that
can be applied to optimize 3D ZnCo,0, morphologies for slurry-
cast electrodes, e.g., nanocubes (434 F g~ " at 5 mV s~ '),* sphere-
like NPs (843 F g~ " at 1 A g~ ")*” and rod-like NPs (135 F g~ " at
1 A g7 ").”° However, even though nanocubes® and sphere-like
NPs®” presented cycling stability (97% after 5000 cycles) and
relatively good specific capacitance in comparison to bulk
microspheres®® and nanorods,” they showed poor rate cap-
ability. Nonetheless, the overall stability can be further
enhanced by producing hollow (78.89 mA h g ' at 1 A g™ ')®
and porous microspheres (460 Fg ' at1Ag '* and 420 Fg "
at 0.5 A g '7°). Differently from bulk and smooth micro-
particles®® (Fig. 3A), which presented 75% of their initial
specific capacitance after 1000 cycles, the initial specific capa-
city of hollow ZnCo,0, microspheres®® (Fig. 3B) increased to

83,84
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145% after 2000 cycles, while porous microspheres®® (Fig. 3C)
delivered 165% of their initial specific capacitance after 1000
cycles. These results suggest that porous and hollow particles
show superior cycling performance due to the facile mass
transfer from the interconnected structure of NPs and the
void/space in between the particles, alleviating the strain effects
of the volume changes during charge/discharge processes.
As for binder-free electrodes, there are ZnCo,0, connected
nanomuscle network microstructures uniformly grown onto
NF (1156.3 F g " at 1 A g "),°° which originate from agglomer-
ated nanosheets and present a highly porous 3D structure. This
can partially buffer the strain effect through the charge-dis-
charge processes, improve the specific surface area and active
site availability, and lower the interior resistance, facilitating
electron transfer and resulting in such high specific capacitance.

Aside from 3D ZnCo,0, NPs, the literature has reported a
series of 2D-structured ZnCo,0O,4, such as micro-** and nano-
sheets,”7%7%% nanoplates,”® nanoflakes,*** nanoleaves,”
nanobelts,*® nanoribbons,*! and those based on radial growth
of nanosheets, i.e., micro-*>*® and nanoflowers.”**? In addition,
there are 1D-structured ZnCo,0O,, such as urchin-like micro-
spheres,® nanorods”’®”® and nanotubes.” Two-dimensional
sheet-like morphologies are known to be generally more suitable
than traditional bulk (3D) materials for supercapacitor applica-
tions, once they present high specific surface area, higher surface
area-to-volume ratios, and shorter ion transportation channels
due to their greatly reduced thickness in one dimension, thus
improving the availability of electroactive sites for redox
reactions, electrical conductivity, cycling stability and ion-
diffusion rates.>*%%7%73

All sheet-like ZnCo,0, materials for slurry-cast electrodes
encountered in this review had superior capacitance retention
through cycling in comparison to bulk spherical and cubic
ZnCo,0, nanoparticles due to their more stable morphology.
However, they also presented some limitations in rate capability,
with a significant decrease in specific capacitance at increasing
current density. Presumably, the electrolyte ions have insufficient
time to diffuse into the electrode material and to access the active
sites at higher scan rates. Even though the highest specific
capacitance between slurry-cast electrodes of 835.26 F g~ ' at
1 A g ' was achieved by mesoporous ZnCo,0, nanosheets
produced by Xiao et al.”® (Fig. 4A), similar results were achieved
with porous Zn; 36C0; 6,0, nanoplates (805.3 Fg 'at1Ag "),>°
as well as with mesoporous ZnCo,04 nanosheets (3.3 F cm™ > at
1.01 mA cm ™ %) and porous ZnCo,0, nanosheets (3.07 F cm ™ > at
1.04 mA cm ?).”> In fact, these results are attributed to
their porosity and nanosized morphology. Smooth ZnCo,0,
nanosheets”! delivered only 290.5 F g ' at 0.5 A ¢! and
ZnCo,0, microsheets®® delivered the poorest areal capacitance
(16.13 mF cm ™2 at 10 pA cm ™ ?) among all materials, along with
rather low rate-capability, owing to their inferior specific
surface area and the lower availability of electroactive sites,
especially at higher current densities.

When assembled in binder-free electrodes, on the other
hand, sheet-like ZnCo,0, materials present superb specific
capacitance, rate capability and cycling stability and are quite
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Fig. 3 (A) SEM image of bulk ZnCo,Q,4 microparticles. Reproduced with permission.>® Copyright © 2018 Elsevier Ltd and Techna Group S.r.l. All rights
reserved. (B) SEM image of hollow ZnCo,O,4 microspheres. Reproduced with permission.®? Copyright © 2018 Elsevier Ltd. All rights reserved. (C) SEM
image of porous ZnCo,0O4 microspheres. Reproduced with permission.® Copyright © 2018, Springer-Verlag GmbH Germany, part of Springer Nature.

2 pm

Fig. 4 (A) SEM image of mesoporous ZnCo,O4 nanosheets. Reproduced with permission.” Copyright © 2017, Springer-Verlag GmbH Germany, part of
Springer Nature. (B) FESEM image of ultra-thin ZnCo,O4 curved nanosheets/NF. Reproduced with permission.8> Copyright © 2019 Elsevier Ltd. All rights
reserved. (C) SEM image of porous ZnCo,0, nanoribbons/NF. Reproduced with permission.8! Copyright © 2017 Elsevier Ltd. All rights reserved. (D) SEM
image of porous ZnCo,O,4 microflowers. Reproduced with permission.®® Copyright © 2019 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

(E and F) SEM images of ZnCo,0, nanoflowers/NF. Reproduced with permission.82 Copyright © 2017 Elsevier Ltd. All rights reserved.

competitive.*>#18378%92 Nanosheets are the most studied 2D

morphology of ZnCo,0,,%®® featuring porous nanosheet net-
works on NF (3.19 F cm > at 2 mA cm ?),%® intertwined
nanosheet arrays on CC (1750 F g~ at 1.5 A ¢ ")¥ and NF
(400 F g " at 1 A g 1),®® ultra-thin curved nanosheet arrays on
NF (1848.9 F g ' at 5 A g )* (Fig. 4B). These materials
presented high rate-capabilities and cycling stabilities, besides
porous nanosheet networks on NF,*® with a capacitance reten-
tion of 72.5% after 2500 cycles. Such good rate capabilities are
achieved owing to the nanosheet array arrangements with
adequate space between individual nanosheets, composed of
many NPs and pores®**%% or intertwined nanosheets,®” which
facilitates the transport path for ion-diffusion in charge/
discharge processes.

Other binder-free electrodes based on 2D ZnCo,0, materials
were also produced in recent years, i.e. nanobelts (1197.14 Fg~*
at 2 A g "),* nanoribbons (1957.7 F g~ ' at 3 mA cm 2),*"

© 2022 The Author(s). Published by the Royal Society of Chemistry

flake-like nanostructures (~41 mA h g ' at 2 A cm ?),*
nanoflakes (1170 F g~ ' at 2 A g~ "),* nanoleaves (1700 F g~
at 1 A g "),°*> and porous Al, 5Zn, ;C0,0,4 nanosheet arrays on
NF (~1200 Fg ' at 20 A g™ ).%°

ZnCo,0, nanobelt-decorated CC®® had a similar structure to
interconnected nanosheets and thus provided similar perfor-
mance to ZnCo,0, nanosheet materials,?*®® while flake-like
ZnCo,0, nanostructures on CC,* leaf-like ZnCo,0, nanostruc-
tures on NF°> and Al,5Zn, sC0,0, nanosheet arrays on NF*°
presented poor rate capabilities despite their high cycling
stabilities. The trimetallic oxide-based electrode delivered
slightly better performance than pristine ZnCo,O, micro-
urchin arrays on NF produced in the same work (approximately
1000 F g ' at 20 A g ') due to the incorporation of a third
metallic center that can enhance even further the ZnCo,0,
electrochemical behavior. The leaf-like ZnCo,0, nanostruc-
tures on NF°? delivered high initial specific capacitance, due

Energy Adv., 2022,1, 793-841 | 801
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to their high specific surface area and electroactive site avail-
ability, but limited morphology for fast ion-diffusion. The poor
specific capacity of flake-like ZnCo,0, nanostructures on CC%*
seems to be caused by their smooth surface and low specific
surface area.

On the other hand, porous ZnCo,0, nanoribbon arrays on
NF®' (Fig. 4C) not only delivered the highest specific capaci-
tance among binder-free 2D ZnCo,04-modified electrodes, but
also demonstrated a good rate capability of 61.7% upon a
20-fold current density increase. In this case, good cycling
stability was noticed, maintaining 84% of the initial specific
capacitance after 3000 cycles, attributed to the appropriately
spaced and highly porous nanoribbon arrays, which provided
multiple and facile channels for fast ion-diffusion.

Compared with 2D nanomaterials based on radial growth
of nanosheets, i.e., micro-°>°® and nanoflowers,”* slurry-cast
electrodes presented even better rate capability, high specific
capacitance and cycling stability. Mesoporous ZnCo,0, micro-
flowers®® (680 F g~ ' at 1 A g~ "), porous ZnCo,04 microflowers®®
(689 Fg " at 1 A g~ ') and porous Zn, sCo, s0,_; nanoflowers”
(763.32 F ¢ ' at 1 A g*") (Fig. 4D) presented 89.4% (0.35 to
1Ag"), 81.3% (1 to 15 A g7*) and 55.31% (1 to 30 A g™ )
capacitance retention, respectively.

Micro- and nanoflower NPs combine the benefits of strongly
interconnected sheet-like structures with a highly porous and
hierarchical structure. They also present high specific surface
area, promoting reduced mechanical stress. This arises from
the huge volumetric expansion during the charge/discharge
processes, facilitating electrolyte penetration and ion diffusion
into the electroactive material. There is a high availability of
electroactive sites even at high current densities and numerous
charge/discharge cycles. The binder-free electrode with radial
growth of ZnCo,0, nanoflowers on an NF electrode®” (Fig. 4E

View Article Online
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and F) delivered 1657 F g~ " at 1 A g~ ', and was designed along
with a flake-like ZnCo,0,-modified NF electrode, which deliv-
ered 1803 F ¢ ' at 1 A g~ '. They presented, respectively, ~45%
and ~ 33.3% rate capability at 16 A g~ *, which makes ZnCo,0,4
nanoflowers on the NF electrode a better candidate for super-
capacitive applications even though they still present low
specific capacitance retention at higher current densities. Pre-
sumably, nanoflower structures are more stable under high
current conditions and repeated charge/discharge cycles. The
abundance of ion-diffusion channels can improve the electro-
lyte and electron transport. However, it is still very limited, and
the parallelly grown structures can be more suitable for binder-
free electrodes in comparison to those radially grown.

There are also some recent works about pristine 1D struc-
tured ZnCo,0,. These structures can have some advantages,
exhibiting optimal specific surface area and material mass
ratios which are only surpassed by typical 0D materials, such
as quantum-dots. In this case, it is important to mention their
extremely reduced length in two dimensions, shorter ion diffu-
sion lengths and facile electrical transport exclusively in the
axial direction. Also relevant are 