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Abstract

This article provides an overview of solution-based methods for the controllable synthesis of
metal oxides and their applications for electrochemical energy storage. Typical solution
synthesis strategies are summarized and the detailed chemical reactions are elaborated for
several common nanostructured transition metal oxides and their composites. The merits and
demerits of these synthesis methods and some important considerations are discussed in
association with their electrochemical performance. We also propose the basic guideline for
designing advanced nanostructure electrode materials, and the future research trend in the

development of high power and energy density electrochemical energy storage devices.
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1. Introduction

Energy is the eternal pursuit of human kind and plays an important role in the development
of human civilization and advancement of modern technology. Energy storage, an important
intermediate step towards the subsequent versatile and efficient energy applications, has
received great attention both in academy and industry. Among various energy storage
systems, electrochemical energy storage (EES) devices (such as batteries and supercapacitors)
have been extensively studied and considered to be one of the most promising green energy
storage systems for the sustainable energy supply in near future, due to their high efficiency,
versatility, and flexibility.

In the past decades, a dramatic expansion of EES research has been driven to meet the
increasing demand of modern electronics, transportation and smart grid. Batteries and
supercapacitors are two dominating types of EES devices, which consist of four parts: a
positive electrode, a negative electrode, a separator, and an electrolyte. Noticeably, lithium
ion batteries (LIBs) are the most important and widely used rechargeable batteries with
advantages of high working voltage, high capacity and long cycling life. Meanwhile,
supercapacitors have matured significantly over the last decade and emerged with the
potential to facilitate major advances in energy storage due to their unique characteristics of
high power density, long cycling life and fast recharge capability. Supercapacitors have an
important role in complementing batteries in the energy storage field. EES is realized by
electrochemical processes associated with electron and ion transports. During a discharge
process, electrochemical reactions take place at the electrodes and the generated electrons
flow through an external circuit to drive external loads. During the charge process, an
external voltage is applied to store electrons at the electrodes by reversible electrochemical
reactions. The performance of EES systems, both batteries and supercapacitors, is mainly

determined by the electrode materials, which are the core parts and the key to high
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performance. Advanced electrode materials play a decisive role in the efficient and versatile
use of energy. Therefore, the development of EES techniques is largely attributed to the
innovation and advance of electrode materials with tailored structure and high reactivity.

To date, various active materials have been studied for EES systems as anode or cathode
materials including metal (Sn),1 metal sulfides (NiS, CoS, etc.),2 metal oxides (NiO, Co30s4,
MnO,, CuO, etc.),”” metal hydroxides (Ni(OH),, Co(OH),, etc.),” > ° carbon materials
(carbon nanotube, graphene, etc.),g’ ? metal hydrides (ABs type),10 metal carbides (TiC, TaC,

etc.),” ' metal nitrides (MoN, TiN, TaN, etc.)," > '* conducting polymers (polyaniline,

2,13, 14 15,16 17-19

polypyrrole, polythiophene, etc.), sulphur, and silicon, and so on. Among all
these explored electrode materials, transition metal oxides are important classes of
semiconductors with wide applications in EES systems due to their unique electrochemical
reactivity. With the rapid development of materials design strategies and synthesis techniques,
great progress has been achieved in fabrication of transition metal oxides with bespoke
nanostructures and enhanced electrochemical performance. Nanostructured transition metal
oxides have been proven to exhibit superior electrochemical performances to the bulk
counterparts because of their novel properties associated with decreased size, unique shape,
and defective nature. The nanoscale structure can effectively improve electrochemical
reaction efficiency and utilization of active materials with improved energy and power
densities. Up to now, lots of chemical and physical methodologies have been developed to
prepare nanostructured transition metal oxides for EES applications. Compared to physical
techniques, solution chemical synthesis method (or called “soft approach™) is a facile and
alternative synthetic strategy for the preparation of advanced transition metal oxides with
desirable morphology and improved performance. Solution-based synthesis methods are a big
and rich family including hydrothermal (HT) synthesis method, solvothermal (ST) synthesis

method, electro-deposition (ED) method, chemical bath deposition (CBD) method,

electrophoretic deposition (EPD) method, sol-gel method, direct chemical precipitation (CP)
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method, microwave synthesis (MS) method, and so on. The above solution-based synthetic
methods do not need expensive equipment and high vacuum, and are usually easy to process
and conducted under mild conditions with lower temperature. Different solution-based
synthetic methods have their own advantages and disadvantages, and sometimes they can be
complementary to each other or cooperate with each to fabricate advanced nanomaterials.

In this Featured Article, we spot the recent progress in solution-based synthetic methods
for designing and fabricating nanostructured electrode materials of typical transition metal
oxides (e.g., nickel oxide, cobalt oxide, iron oxide, copper oxide, manganese oxide, vanadium
oxide, tungsten oxide, and their composites) for applications in LIBs and supercapacitors. We
focus on the detailed solution synthesis details and their corresponding reaction mechanisms.
Furthermore, we will address the structural and morphological advantages of solution-
synthesized nanostructured transition metal oxides and their composites for EES applications.
Finally, we summarize and compare the merits and demerits of different solution-based
methods and propose general rules on how to design and fabricate high-performance

electrode EES materials.

2. NiO and NiO-based composites

Nickel oxide is a classic example of transition metal materials with wide applications in
electrochromics, catalysis, chemical sensor and EES. It can be used as an anode material for
LIBs or a cathode material for supercapacitors. Pure NiO is an insulator with a bulk band gap
of ~3.4 eV. It crystallizes in the rock-salt structure (cubic crystal structure, JCPDS 4-0835)
with a lattice constant of 0.417 nm and a high-spin anti-ferromagnetic spin structure at low
temperatures. Lots of NiO nanostructures (such as nanowires, nanoflakes, nanobowls and
nanospheres) have been prepared by different solution-based synthesis methods and applied
as active materials for EES with enhanced electrochemical performance.

2.1 Chemical bath deposition of NiO and NiO-based composites

Page 4 of 97
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The CBD method was first proposed by Nagayama et al., who used this technique to
prepare SiO, films on silicon wafers about 25 years ago.”’. The CBD method involves
immersion of a substrate in an aqueous solution containing a precursor species. Then the
desired oxide/hydroxide precipitates preferentially on the substrate surface and produces a
conformal film. The CBD method is an advantageous technique due to its low cost, low
temperature and also convenient for large-scale deposition, especially suitable for the
preparation of uniform oxide film samples. This method usually needs strong chemical
oxidant or reducing agent to drive reactions to take place. The flatness of the final sample is
even related with the fluid mechanics of the reaction solution.

Our group pioneered a facile modified CBD method for the synthesis of polycrystalline
NiO nanoflake arrays and investigated their electrochromics, LIBs and supercapacitor
performances.”’*® The obtained NiO nanoflakes have diameters of 10-20 nm and grow
vertically to the substrates. The nanoflakes are interconnected with each other forming a
highly porous network with pore diameter of 30-300 nm (Figure 1). In our case, the
electrolyte consists of nickel sulfate, ammonia and potassium persulfate. The precursor
reactions for the growth of NiO nanoflake arrays via CBD could be simply represented as
follows:*"*

Ni[(H20)sx(NH3)s]** + 20H™ <> Ni(OH), + (6-x)H,0 + xNHj (2.1)
2Ni(OH), + S;0¢*” + 20H™ + H,0 — 2NiOOH-H,0 + 280> + 2H,0  (2.2)

During the annealing process:
NiOOH-H,0 — e~ — Ni(OH),+ OH" (2.3)

Ni(OH),—»NiO + H,O (2.4)
It is noteworthy that potassium persulfate here plays an important role in the formation of
the NiO nanoflake arrays. Potassium persulfate acts as an oxidant to drive the whole reaction
and facilitate the heterogeneous nucleation in the supersaturated solution. Without potassium

persulfate, no NiO nanoflake arrays will be formed on the substrates. Other persulfates (such
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as Na,S,0g and (NH4),S,08) have similar functions. Impressively, the CBD-NiO nanoflakes
can be formed on arbitrary substrates including ITO, FTO, Ti foil, graphite, carbon cloth,
nickel foam, and so on. More importantly, this CBD process is very high efficiency, only
needs several minutes to finish the whole deposition process.

Based on the above CBD method, we fabricated hierarchically porous NiO films by the
combination of CBD method and polystyrene sphere template.”” The obtained NiO films
show a multilayer architecture with a substructure of NiO monolayer hollow-sphere array and
a superstructure of porous net-like NiO nanoflakes. These hierarchically porous NiO films
exhibit enhanced supercapacitor performances with higher capacitances (309 F g 'at 1 A g
and 221 F g ' at 40 A g") than the dense counterparts (121 Fg ' at 1 A g ' and 99 F g" at 40
A g ') and improved cycling stability. In addition, Yan et al.” prepared NiO hollow spheres
powder samples by a similar CBD method and reported a capacitance of 346 F g_1 atl A g_l.
The reactions of NiO for supercapacitos are given as below:*’

NiO + OH — e <> NiOOH (2.5)

It is accepted that NiO is a p-type semiconductor whose conductivity is not good and
kinetically unfavourable for high-rate capability. In order to further improve the
pseudocapacitive performances of CBD-NiO nanoflake arrays, we adopted graphene to
modify the conductivity of NiO to fabricate Graphene/NiO composite film by the
combination of CBD and electrophoretic method, and improved capacitive performance was
demonstrated in this composite film due to the conductivity modification by graphene.”® In
addition, Wu et al. modified the CBD-NiO nanoflakes by Ag nanoparticles, and verified that
the introduction of Ag nanoparticles could effectively accelerate the electron transfer of the
CBD-NiO nanoflakes leading to enhanced performance.”® Meanwhile, the CBD-NiO
nanoflakes are used to decorate other active material to form high-performance composite
cathode materials for supercapacitors. We assembled the CBD-NiO nanoflake on porous

C0304 nanowire core to form Co3;04/NiO core/shell nanowire arrays, which exhibited
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noticeable supercapacitor performance with high specific capacitance of 853 F g’ at2 A g™
after 6000 cycles owing to the unique porous core/shell nanowire array architecture.’’ Similar
pseudocapacitive enhancement is also observed in the TiO,/CBD-NiO core/shell nanorod
arrays reported by Wu et al..”?

NiO is one of promising anodes of LIBs with a theoretic capacity of 718 mAh gfl. It has
been proved that the electrochemical reaction mechanism of Li with transition metal oxides
differs from the classical mechanisms, which are based either on reversible

insertion/deinsertion of lithium into host structures or on lithium alloying reactions. The

electrochemical reaction mechanism of Li with NiO in LIBs can be described as follows:*

NiO +2 Li" + 2¢” <> Li;O + Ni (2.6)
2Li<>2Li" +2¢” (2.7)
NiO + 2 Li ¢« Li,O +Ni (Overall) (2.8)

Nevertheless, its practical application is restrained by the poor cycling stability resulting
from the large specific volume change causing pulverization and deterioration of active
materials during cycling. The above CBD-NiO nanoflake arrays are also applied as anode
materials for LIBs, but their LIBs performance, especially the cycling performance, is not
satisfactory.”* In order to improve their LIBs performance, our group used nanoporous and
composite design strategies to deposit highly conductive layers (such as polyaniline, PEDOT,

23,25,26,33 41y the surface of CBD-NiO nanoflake to form

Ag, Co doping, and sputtered-Ni)
conductive composite arrays and enhanced LIBs performances were demonstrated in these
systems. Meanwhile, Xia et al. reported a bio-template (lotus pollen grains) to prepare CBD-
NiO/C composite nanoflake powder with high LIBs performance. These conductive layers
can not only provide fast electron transportation path, but also act as a buffer layer to
accommodate the strain caused by the lithium ion intercalation/deintercalation and alleviate
the structure degradation caused by volume expansion during the cycling process. Expect for

the outer decoration of conductive layers for CBD-NiO nanoflake, some other efforts have

been directed at the search for hybrid materials such as ZnO/CBD-NiO,34 and Fe,03/CBD-

7



Nanoscale

NiO core/shell nanoarrays as anode for LIBs.”> Some effective synergistic effects have been
proven in these composite arrays such as enhanced mechanical stability and increased
reaction surface area.

In addition to the above CBD method, there is another CBD method for the deposition of
NiO, quite different from the former. Some researchers call it ammonia-evaporation method,
but we believe that it still belongs to CBD.*® In this CBD, the reaction solution is always very
easy, just ammonia and nickel nitrate. This CBD reaction occurs at about 80-90 °C, and
finally forming sandwich-like NiO triangular prism nanoarrays with side length of 500 nm
after heat treatment (Figure 2).””** The involved reactions may be expressed as follows.*®

NH;" + OH < NH;-H,O (2.9
Ni[(H20)6x(NH3),]*" + 20H™ <> Ni(OH), + (6-x)H,0 + xNH; (2.10)
After slow evaporation of ammonia, single-crystalline Ni(OH), triangular prism

nanoarrays precursors are formed. During annealing process:

Ni(OH),—NiO + H,0 (2.11)

The NiO triangular prisms prepared by this CBD method have much bigger or larger size
than those of the previous CBD method. It should be noticed that the quality of this NiO
product is highly related with the position of substrates in the solution. The substrate should
be 1-2 mm away from the bottom of reaction vessel. Otherwise, the film will not be uniform
and homogeneous. Interestingly, the obtained NiO triangular prism is quasi-crystalline nature
(Figure 2), and presents a capacity of 400 mAhg ' after 50 cycles at 2 C for LIBs, and a

specific capacitance of 348 F g ' at 2A g™" after 4000 cycles for supercapacitors. ***'

2.2 Hydrothermal synthesis and solvothermal synthesis of NiO and NiO-based

composites
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Hydrothermal synthesis is one of the most popular solution-based synthesis method and
has been widely used for the synthesis of various transition metal oxides with specific size
and morphology since the pioneering works from 1960s to 1980s. HT method is conducted in
a sealed reaction container with the water as the reaction medium and the reaction
temperature is usually above 100 °C. A high pressure will self-develop and increase with the
reaction temperature. The pressure in the autoclaves is also associated with other parameters
such as the percentage fill of the vessel and any dissolved salts. It should be mentioned that
the concept of HT has been extrapolated to non-aqueous systems, called slovothermal
synthesis (ST), in which organic solvent is used as the reaction medium instead of water.
HT/ST is easy to control and only needs simple reaction equipment such as oven and
autoclaves.

To date, the HT+ST papers account for ~30 % in all the published papers of solution
synthesis of NiO for EES applications. The HT/ST usually needs nickel sources and
precipitants to work together to drive the whole reaction to take place. Nickel nitrate, nickel
chloride and nickel acetate are the most used nickel sources. The most popular precipitants
are urea [CO(NH;),] and hexamethylenetetramine (HMT), respectively, because they have
low hydrolysis temperature (<100 °C) and relatively controllable hydrolysis rate. The
precipitants provide OH™ or C,04>, CO;” for the deposition of Ni-precursors [such as
Ni(OH),, Niy(OH),COj3; and NiC,04], which convert into NiO after annealing.

First, we introduce a typical and facile HT method for the synthesis of NiO nanoflake
arrays. Previously, several research groups reported a similar HT method by using Ni(NO3),
or NiCl, as the nickel source, urea as the precipitant, NH4F as the growth promoter.®”*’ The

HT reactions can be illustrated as follows:

Ni*" + xF = [NiF,]*?" (2.12)
H,NCoNH, + H,0— 2NHj; + CO, (2.13)
CO,+H,0 —» COs* +2H" (2.14)
NH;3-H,0 — NH," + OH™ (2.15)
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[NiF,]*?" + (1-0.5y)CO3* + yOH™ + nH,0 —Ni(OH),(CO5) (1_0.5,nH,0 +xF~ (2.16)
During annealing process:
2Ni(OH)y(CO3)(1_0,5y)'nH20 +0.50, = 2NiO + (2n+y)H,0 + (2-y)CO;, 2.17)

The final NiO samples are nanoflake arrays vertical to the substrates and flower-like
nanoflake power in the solution. The as-prepared NiO nanoflakes are single-crystalline nature.
NH4F is acted as growth promoter to improve the growth density of nanoflakes and prompt
the formation of basic nickel carbonate hydroxide precursor. Without NH4F, the load weight
of NiO nanoflakes on the substrates will be much less, and the involved specific reactions are

different, given as follows:*"**

H,NCoNH; + H,O —2NH; + CO; (2.18)
NH;-H,0 — NH,4 + OH" (2.19)
CO,+H,0 » COs> +2H" (2.20)
INiZ* +2C05% + 20H - Niy(OH),O; (32D
During the annealing process:
Niy(OH),CO3 — 2NiO + H,O + CO; (2.22)

When the precipitant changes from urea to HMT,”* the hydrolysis reaction will be
(CH)6N4+ 10H,0 — 6HCHO+ 40H™ + 4NH," (2.23)

Ni** + 20H — Ni(OH), (2.24)

During the annealing process:

Ni(OH),—NiO + H,O (2.25)

All the obtained NiO products by this HT method are nanoflakes or powders made up of
nanoflakes. These nanoflake arrays show good LIBs performance with capacities of above
400 mAh gf1 after 50 cycles at 0.3 A gf1 and can deliver a capacitance of 300-500 F g1 at2
A g after 3000 cycles as cathode materials of supercapacitors.’**! * In addition, several
graphene/NiO, C/NiO, Ni/NiO composites have been reported via the above HT method to
42,43, 4547

achieve enhanced electrochemical performance.

10
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Except for the above common precipitants, some other precipitants such as ammonia,
NaOH, glycine, n-butylamine, N-methyl pyrrolidone, L-lysine, L-arginine, ethanolamine and
butanol are also used to prepare NiO sampls composed of nanoflakes.*” *“>° As for the
organic precipitants, they have specific or even more complex reaction mechanisms, which
are not studied in detail in these papers. Among these NiO products, the powder samples are
prone to exhibit sphere structures (Figure 3) due to the self-assembly of NiO nanoflakes. The
electrochemical results reveal that the powder samples have inferior performance to film
samples, both for supercapacitor and LIBs applications, due to the fact the powder active
materials need to be mixed with carbon and polymer binders and compressed into pellets.
This process risks negating the benefits associated with the reduced particle size and
introduces supplementary, undesirable interfaces.

It is noticed that the morphology of NiO is highly related with that of precursors. If the
precursors are hydroxides or oxyhydroxides, the final morphology of NiO will be nanoflakes.
If the precursors are materials like oxalate which is prone to form nanowires, the final NiO
products will keep the structure of nanowires. It is observed that the as-prepared NiO samples
always show nanoflake structures or spheres composed of nanoflakes when the precursor is
nickel hydroxide or oxyhydroxide. This phenomenon is mainly due to its typical crystal
structure of hydroxide or oxyhydroxide precursor. It is well accepted that the brucite crystals
(M(OH), or MOOH, M=Mg, Ca, Ni, Co, and etc.) have a layered structure of the Cdl;, type,
which shows weak interaction between layers and the strong binding within the layered
planes.”® *’ Neighboring layers are bound together by weak van der Waal forces. Therefore
its (001) plane is stable, and the brucite crystal is prone to form two-dimensional nanoflakes.
Then, these nanoflakes self-assemble with each other to form hollow spheres. The NiO
preserves their morphology and show nanoflake structure. This phenomenon will change if

the precursor is nickel oxalate. Su et al. used another precipitant (K,C,04) to prepare

11
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mesoporous NiO nanowire by a modified HT method.”® The specific reactions are shown as
follows:*®
NiCl, + K»C,04-2H,0 —NiC,04-2H,0 + 2KCl (2.26)
NiC,04-2H,0 + O; — 2NiO + 4CO; + 2H,0 (2.27)
The mesoporous NiO nanowires exhibit a capacitance of 348 F g as electrodes in
supercapacitors and a capacity of 1280 mAh gf1 after 100 cycles for LIBs.”® It is reasonable

that the precipitant can affect the morphology of final NiO samples. The specific mechanism

is still not clear and speculated that the C,04 plays an important role in the nanowire growth.

In view of the success of HT, scientific researchers extend the HT to the organic field,
namely called solvothermal synthesis (ST). Nickel sources are dissolved in the organic
solvent such as glycerol, ethylene glycol and ethanol to react and form NiO after annealing.sg'
62 The organic solvent will decompose under high temperature and release precipitant ions to
trigger reactions. To date, the detailed mechanisms of ST-NiO have not been studied well,
and it is still hidden in the fog. Similarly, NiO nanoflake arrays and nanospheres composed of
nanoflakes are obtained in the ST systems and show improved LIBs and supercapacitor
performance.59'62
2.3 Electrochemical synthesis of NiO and NiO-based composites

Among the existing solution synthetic approaches to film materials, electrochemical
techniques show unique principles and flexibility in the control of the structure and
morphology of samples. Generally, two kinds of electrochemical synthesis methods are
adopted to prepare nanostructured transition metal oxides, namely ED and electrophoretic
deposition (EPD). ED is always involved with redox reactions related to electron transfer and
phase change. ED is believed to be an ideal method for the fabrication of nanostructured
films with various morphologies, because it occurs from the electrode surface and different

morphologies of the materials can be obtained via the precise choice of deposition solution

and conditions. ED provides the fabrication of films or coatings rather than powders, which is

12
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required for a number of applications in batteries, and supercapacitors. Meanwhile, EPD
technique, another electrochemical synthesis method, is an economical and versatile
processing technique with many advantages in the preparation of films from suspensions,
such as high deposition rate and throughput, good uniformity and controlled thickness of the
obtained films, and simplicity of scaling up.

According to the reaction mechanism, the ED is classified into two types: anodic ED and
cathodic ED. Several ED-NiO nanostructures have been reported and applied for EES. Here,
we introduce pioneering works of Wu et al. about the anodic ED method for the synthesis of
NiO nanoflake arrays and composites in the mixed solution of NiSO4, Na,SOs, and

CH3COONa. The involved reactions can be simply illustrated as follows:®’

CH;COO™ + H,0 <> OH™ + CH3;COOH (2.28)
Ni*" + 20H™ — Ni(OH), (2.29)
Ni(OH), — ¢ +OH «> NiOOH + H,0 (2.30)

During the annealing process:
NiOOH-H,0 — e — Ni(OH),+ OH" (2.31)
Ni(OH),—»NiO + H,O (2.32)

This anodic ED method can be applicable for lots of substrates such as nickel foam,
stainless steel, FTO and ITO. The deposited NiO film has an interconnecting network is made
up of flaky nickel oxides of 15-20 nm. Wu and his co-workers also used this anodic ED
method to fabricate macroporous NiO bowl-like arrays, NiO/Ni(OH), and NiO/C composites
and investigated their LIBs and supercapacitor performances.®*®® The obtained NiO
nanoflakes exhibit a very high capacity of ~990 mAh g™ at 15 C as anode of LIBs,* and a
capacitance of ~170 F g at 1 A g' as cathode of supercapacitors.®® The low supercapacitor
performance is because that the samples are grown on flat stainless steel substrates, which is

not an ideal substrate as good as nickel foam. The NiO bowl-like arrays show better

13
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supercapacitor performances than the unmodified ED counterparts.®® Moreover, the modified
composites NiO/Ni(OH), and NiO/C show further improved supercapacitor performances
with a capacitance over 500 F g™'.°> ¢ Inspired by these works, Wu et al. prepared TiO,/NiO
core/shell nanorod arrays (Figure 4) on carbon cloth and delivered a capacitance of 611 F g

at2 A g'¥

As for the cathodic ED of NiO, the nickel source is usually Ni(NO;), and the reactions are

shown as follows:®
NO; + H,O +2¢ -»NO, +20H (2.33)

Ni*" + 20H™ — Ni(OH), (2.34)

During the annealing process:

Ni(OH),—NiO + H,O (2.35)

In this electrochemical reduction process, metallic Ni cannot form because the reaction
potential of Ni**/Ni is much more negative than that of NO*/NO*.*” Yuan et al. prepared
hierarchically ordered porous nickel oxide array film by the cathodic ED through monolayer
polystyrene spheres template and reported a capacity of 518 mAh gf1 at 1C for LIBs. It is
noticed that the NiO directly prepared by cathodic ED usually shows a dense film structure,
not a porous structure.”” Some other NiO nanostructures and composites such as nanocorn,
Ni/NiO core/shell and randomly porous NiO are fabricated by another cathodic ED, in which
Ni nanostructures forms first and then are converted into NiO during annealing in air.”0"?
These NiO samples converted from Ni exhibit good high rate capability with a capacity of
436 mAh gf1 at 20 C for LIBs as well as high capacitance above 1000 F gf1 for
supercapacitors.”’’?

Meanwhile, Wu et al. developed a EDP method to prepare NiO films via Ni(OH), sol in

isopropyl alcohol solution.” ™ No redox reactions occur in the EDP process, just electrostatic

14
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effect to absorb the active material on the surface of substrates. The EDP-NiO films are
composed of nanoparticles and exhibit a peudocapacitive capacitance of ~180 F g™
2.4 Chemical precipitation synthesis of NiO and NiO-based composites

Chemical precipitation (CP) is an old and simple method, easy to process and especially
suitable for large-scale synthesis of powder samples. CP occurs if the concentration of one
solid is above the solubility limit in the host solid, due to rapid quenching or ion implantation,
and the temperature is high enough that diffusion can lead to segregation into precipitates.
Precipitation in solids is routinely used to synthesize large-scale micro/nano-size materials.
CP is widely used to prepare nanoscale transition metal oxides, also reflected in the synthesis
of NiO for EES. Similar to HT method, the CP also needs nickel sources and precipitants,
and the precipitation process usually occurs fast. The reaction rate is very fast, sometimes, the
whole reaction only needs several minutes. The operation process of CP is conducted at room
temperature and does not need high temperature. Nevertheless, it is difficult for CP to
precisely control the morphology of metal oxides due to the fast precipitation. The CP papers
account for ~20 % in all the published papers of solution synthesis of NiO for EES
applications.

Compared to other solution synthesis methods, the reactions in the CP is much easier. The
adopted precipitant is common reagent such ammonia, KOH and NaOH. The whole reactions

can be shown as below: ">

Ni*" + 20H™ — Ni(OH), (2.36)

During the annealing process:

Ni(OH),—»NiO + H,0 (2.37)

Lots of NiO nanostructures such as nanoplates, nanoparticles, nanospheres, nanclusters
have been prepared by the CP method and applied for EES. " *™ However, the pure
nanosize CP-NiO samples do not show very good electrochemical performance, no matter in
LIBs or supercapacitors. Hence, researchers combine other conductive scaffolds with CP-

15
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NiO to construct new NiO composites with enhanced EES performance. A series of
composites (such as graphene/NiO, C/NiO, Ni/NiO) have been prepared by the co-chemical
precipitation method,”” ™" ***% and high capacitance (300-800 F g') and capacity (500-1000
mAh g ') are demonstrated in these composite systems.

2.5 Sol-gel and Microwave synthesis of NiO and NiO-based composites

The name sol-gel derives from the fact that micro particles or molecules in a solution (sols)
agglomerate and under controlled conditions eventually link together to form a coherent
network (gel). There are two generic variations of the sol-gel technique. One is called the
colloidal method, and the other is called the polymeric (or alkoxide) route. The differences
between the two stem from the types of starting materials (precursors) that are used. Both
routes involve suspending or dissolving the precursor(s) in a suitable liquid, usually water for
the colloidal route and alcohol for the polymeric route. The precursor is then activated by the
addition of an acid (such as hydrochloric acid) or a base (such as potassium hydroxide). The
activated precursors react together to form a network. The network grows and ages with time
and temperature until it is the size of the container. At this point the viscosity of the liquid
increases at an exponential rate until gelation occurs, that is, no more flow is observed. Many
different industries could benefit from adopting sol-gel because of its versatility in fabricating
a wide range of materials with different properties. Current examples are found in the
construction, electronics, communications, automotive and EES.

To date, there are only a few reports about the sol-gel method for the synthesis of NiO and
NiO-based composites for EES applications. Previously, our group used NiCl,, HCI and
formaldehyde to form NiCl,/resorcinol-formaldehyde (RF) gel and finally obtained NiO
hollow spheres after heat treatment (Figure 5).° This sol-gel process belongs to polymeric (or
alkoxide) route. The as-prepared NiO hollow spheres present a high reversible LIBs capacity
of 635 mAh g™ at 200 mA g . Kim et al. prepared NiO nanostructures with three distinct

morphologies by a sol—gel method and their morphology-dependent supercapacitor properties
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were exploited.gl They used Ni(NOs),, Ni(CH3COO),, hexamethylene tetramine and
ammonia as the starting materials and utilized different control reagent to fabricate three NiO
nanostructures (flower-like, slice-like and particle-like NiO). Their sol-gel method is a typical
colloidal route. These NiO samples can deliver a capacitance of 480 F g™ at 0.5 A g™ for
supercapacitors. Meanwhile, Liu et al. reported a NiO/NiC0,04/Co3;04 composite via a sol-
gel method by using Ni(NO;),, CoCl,, and propylene oxide. The composite shows a high
specific capacitance (1717 F g_l) and enhanced rate capability.92

Microwave synthesis (MS) has become the method of choice for many chemists and
biochemists for a multitude of reactions for one reason: it simply works better. Reactions that
took hours, or even days, to complete can now be performed in minutes with better yields and
cleaner chemistries. In many of the published examples, microwave heating has been shown
to dramatically reduce reaction times, increase product yields and enhance product purities by
reducing unwanted side reactions compared to conventional heating methods. The advantages
of this enabling technology have, more recently, also been exploited in the context of
multistep total synthesis of transition metal oxides. MS is suitable for large-scale synthesis of
powder products.

According to the published papers about MS process of nanostructured NiO, notice the
fact that the MS method can be regarded as a modified solution synthesis method built on the
traditional CP method. First, a precipitation is formed by simply mixing precipitants
(ammonia or sodium hydroxide) and nickel sources. Then transfer the precipitation into a
microwave oven to go deep reaction to obtain NiO nanostructures such as nanospheres,
nanoflakes, nanoplates, nanoparticles.”””” These MS-NiO nanostructures show a capacity of

884 mAh g and a pseudocapacitane of (277-585 F g ').%% 949697

3. Cobalt oxides and cobalt oxides-based composites
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Cobalt oxides (Co3;04 and CoO) have attracted great attention for EES due to their
excellent electrochemical reactivity and redox reversibility since the pioneering works of
Tarason’s group and Conway et al.>* Cos30y is a black antiferromagnetic solid with a band
gap of ~2.0 V. As a mixed valence compound, its formula is sometimes written as
Co"Co"™,0,, which adopts the normal spinel structure, with Co*" ions in tetrahedral
interstices and Co®" ions in the octahedral interstices of the cubic close-packed lattice of
oxide anions. The spinel Co3O4 is a magnetic semiconductor with a lattice constant a=0.808
nm (JCPDS 42-1467). The other interesting cobalt oxide is CoO (cobalt monoxide), which
has rock salt structure (NaCl structure, JCPDS 09-0402) consists of two interpenetrating fcc
sublattices of Co”" and O*~ with a lattice constant of 0.426 nm and a band gap of ~2.6 V. The
CoO is not stable in the air and will be oxidized into the thermodynamically favoured
form—Co304. In view of their high capacity (LIBs: the theoretical capacity of Co;04 and CoO
is 890 mAh gf1 and 718 mAh gfl, respectively) and capacitance (Supercapacitors: a
theoretical capacitance of >2000 F g_l), the cobalt oxides (Co3;04 and CoO) have been
extensively studied as active materials for EES. Numerous nanostructured cobalt oxides (such
as nanowires, nanoflakes, nanocage, nanorods, nanoparticles nanobowls and nanospheres)
have been prepared by different solution-based synthesis methods and enhanced
electrochemical performances have been demonstrated in these systems.

3.1 Hydrothermal synthesis and solvothermal synthesis of cobalt oxides and cobalt
oxides-based composites

Among all the solution-based synthetic routes for the synthesis of cobalt oxides for EES,
HT is the most popular solution synthesis method and the published HT papers account for
~40 % in all the published solution-based literature. Combined with our works, we introduce
one of the most fascinating HT methods for the preparation of cobalt oxides (Co3;04 and CoO)

nanowire arrays and their composite materials. In our case, we used Co(NOs), (can also be
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CoS0O4 or CoCly), NH4F and urea as the starting materials and the whole reactions were

conducted at 110-120 °C. The involved HT reactions can be illustrated as follows:*! %410

Co*" + xF = [CoF,]*?" (3.1)
H,NCoNH, + H,0— 2NHj3 + CO, (3.2)
CO,+H,0 - COs* +2H" (3.3)
NH;3-H,0 — NH,; + OH™ (3.4

2[CoF,]*? + CO5* + 20H™ + nH,0O —Co0(OH),CO5-nH,0 +2xF~  (3.5)

The Co03;04 and CoO nanowires can be formed after heat treatment under different
atmospheres: Co30;4 in air and CoO in pure argon or nitrogen. If the argon is just normal, not
high-purity, the final product will also be Co30O4 nanowires. The different reactions in the
annealing process are as follows:

During the annealing process for Co;04 nanowires:**'

3C0,(OH),CO3-nH,0 + O,— 2Co0304 + (3n+3)H,0 +3CO, (3.6)
During annealing process for CoO nanowires: ' 1!
Co02(0OH),CO3-nH,0— 2Co0 + CO; +(n+1)H,0O (3.7)

The cobalt oxides (Co3O4 or CoO) nanowires show sharp tips and have an average
diameter of ~80 nm, length up to around 5-25 um (Figure 6). The length of nanowires could
be easily controlled by the growth time. The as-prepared Co3;O4 or CoO nanowires consist of
numerous interconnected nanoparticles and presents a rough appearance with a large quantity
of mesoporous structure, which is ascribed to the successive release and loss of CO, and H,O

102-105

during the thermal decomposition of Co,(OH),CO; precursor, which is single

o 103
crystalline in nature.

The above HT-cobalt oxides can be grown on almost all the substrates including ITO, FTO,
glass slide, nickel foam, carbon cloth, Ti foil, nickel foil, copper foil and stainless steel and so

on.? 31 98101103106 1 the HT solution, the powder products can be collected and are some
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interesting cobalt oxides (Co3;04 or CoO) nanostructures (such as balls, spheres and hexapods)

197119 The NH,F in the above HT method is acted as the growth

assembled by nanowires.
promoter to improve the growth density of nanowires and prompt the formation of basic
cobalt carbonate hydroxide precursor. Another problem to be noticed is that the reaction time
also has great influence on the morphology of samples. When the time is less than 3 h, the
products may not be nanowires, but nanoflakes. This special change is still under
investigation.

The as-prepared HT-Co304 and HT-CoO nanowire arrays are well characterized as
electrode materials for LIBs and supercapcitors. For supercapacitors application, the cobalt
oxides (Co304 and CoO) undergo reversible redox reactions in the alkaline electrolyte. The
reactions for Co3;QOj in supercapacitors are illustrated as follows;*® 106 111-113

Co0304 + OH + H,0 <> 3CoOOH+ ¢ (3.8)
CoOOH + OH «<>Co00,+H,0+e™ (3.9)
The electrochemical reactions for CoO are expressed d as follows:*' 1114115

CoO + OH <> CoOOH+ ¢~ (3.10)

CoOOH + OH «<Co00,+H,0+e~  (3.11)

These cobalt oxides (Co3;04 or CoO) nanowire arrays exhibit noticeable pseudocapacitive
performances with high capacitance of 754 F g 'at2 A g 'and 610 F g ' at 40 A g ' as well
as excellent cycling stability.'® ' 1% Generally, two redox peaks will be found in the CV
curves of cobalt oxides (Co304 or CoO) nanowire array, namely, CoOOH and CoO, will be
formed at high oxidation potentials. CoOOH has been detected and confirmed, but CoOs,
sometimes, is considered as a virtual state, or not stable.

For LIBs application, the cobalt oxides (Co3;04 and CoO) can reversibly react with Li ion
to store electrochemical energy and show promising applications as anode materials. The
corresponding simplified reactions are expressed as follows:

Reactions for Co;04 with Li ion:!16

20



Page 21 of 97

Nanoscale

Co304 + 8 Li" + 8¢~ <> 4Li,O + 3 Co (3.12)

8 Li<>8Li" + 8¢ (3.13)
Co0304 + 8 Li «> 4L1,0 + 3 Co (Overall) (3.13)

Reactions for CoO with Li ion:* '

CoO +2 Li" +2¢”«> LiO + Co (3.14)

2Li<>2Li" +2e” (3.15)
CoO + 2 Li «» Li,O + Co (Overall) (3.16)

The as-prepared HT-Co3;04 and HT-CoO nanowire arrays as anode of LIBs show high
capacity more than 800 mAh g’ (1167 mAh g™' at 0.5C and 903 mAh g' at 1 C).'%10>-10%
"9 The enhanced EES performance is due to the unique one-dimensional (1D) architecture,
which provides fast diffusion paths for ions and facilitates the electron and ion transfer on the
cobalt oxide/electrolyte interfaces. Moreover, the 1D nanowire array can accommodate the
volume expansion and restrain the pulverization and deterioration of Co304/CoO during the
repeated cycling process, resulting in enhanced cycling stability. Inspired by these interesting
and fascinating results, new composites based on the HT-Co3;04 and HT-CoO nanowires have
emerged and show noticeable and enhanced EES performance than the bare cobalt oxide
nanowires. We developed several HT-Co3;04 and HT-CoO based core/shell nanowire arrays
(e.g., Co304/C, C0304/Mn0O;, Co304/NiO and Co3;04/Co(OH),, CoO/Ni(OH),, CoO/TiO,,
C0304/Fe,05)™ 31 26 98- 100-102 118 504 demonstrated their enhanced LIBs and supercapacitor
performances with higher capacity and capacitances (even two times larger than the
unmodified counterparts), and excellent cycling stability. Similar enhanced results have also
been proven in other advanced composite nanowires such as Mo-decorated Co30Os,
Co304@Pt@Mn0O;, Co0304@NiC0,04, Co304@Ni(OH);, Co0oS//Co3;04@Ru0, and
CoO@Polypyrrole.'* "1 The high capacity/capacitance and cycling stability in the
core/shell systems are believed to benefit from the the unique architecture including the

porous cobalt oxides core nanowire, nanostructured shell and ordered array configuration. (1)
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The highly porous system shortens the transportation/diffusion path for both electrons and
ions, thus leading to faster kinetics and high-rate capability; (2) High surface area of the
mesoporous nanowire arrays favors the efficient contact between active materials and
electrolytes, providing more active sites for electrochemical reactions; (3) The porous
core/shell nanowire array architecture possess favorably morphological stability, which helps
to alleviate the structure damage caused by volume expansion during the cycling process. In
short, these characteristics would lead to fast ion/electron transfer, sufficient contact between
active materials and electrolyte, and enhanced flexibility, finally resulting in enhanced
electrochemical performance. In addition, we found that the active material deposited on 3D
porous substrates (such as nickel foam) shows better electrochemical performance than their
counterparts on the flat substrate, due to the fact that the 3D porous substrates provide higher
active surface area and inner space for fast ion/electron transfer and higher energy conversion
efficiency.

Notice that the cobalt oxides (Co3O4 or CoO) nanowires can also be prepared without

NH4F, but the obtained nanowires are much thinner and prone to be bending. The reactions of

precursor are shown as follows:''% 124127
H>NCoNH; + H,O —2NH; + CO; (3.17)
NH3-H,O — NHy + OH™ (3.18)
CO,+H,0 —» CO;* +2H" (3.19)

200> +2C0: + 20H — Cox(OH),CO;  (3-20)

It is noteworthy that the chemical formula of Coy(OH),CO;3 precursor is complex,
sometimes it will contain the anions in the cobalt source (e. g., CI", SO4~ and NO;*"). Lot of
cobalt oxides nanostructures (e.g., nanorod, echinus-like, emongrass-like, chrysanthemum-
like, nanosphere, nanowire, nanoflake, nanoplate, nanocube, nanonet) and composites
(Co304/graphene and Co304/carbon), 107 111, 124, 126-137 14 Ve been fabricated by the HT method

only with urea and cobalt sources, and showed high LIBs capacity of (700-100 mAh g *),'""
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124,130, 131

and delivered large specific capacitances (500—1124 F g') at high charge/discharge

112,125, 127129 " Byen so, researchers prefer the first HT method with NH4F because the

rate.
quality of the final cobalt oxides samples is much higher with better structural control and

adhesion on the substrates and higher active materials load.

When the precipitant is hexamethylenetetramine (HMT), the reactions and precursor will

be different, shown as follows.'** ¥
(CH,)¢N4+ 10H,0 — 6HCHO+ 40H + 4NH," (3.21)
Co?" +20H — Co(OH), (3:22)
During the annealing process:
In air: 6Co(OH), + O,— 2Co0304 + 6H,0 (3.23)
In argon: Co(OH), — CoO + H,0 (3.24)

If the precipitant is ammonia or NaOH, the reactions of precursor are much easier as

follow. 133, 140-142

NH;3-H,0 <> NH; + OH™ (3.25)

or NaOH — Na" + OH~ (3.26)

Co* + 20H —> Co(OH)s (3.27)

When the precipitant is oxalate, (NH,),C,04, the reactions of precursor are as follow.'®

C02+ + (NH4)2C204—)COC204' + 2NH4+ (328)

Meanwhile, some other organic precipitants (e.g., ethylene glycol, ethanol, L-arginine,
polyethylene glycol, lysine) are also used for the preparation of nanostructured cobalt oxides

109, 117, 144-149

(nanoparticel, nanoflake, nanowire, nanosphere), and composites with graphene

and carbon.'” '*° The specific reactions associated with the hydrolysis of these organic
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precipitants, are still not clear and under investigation. Additionally, some HT reactions just
utilize the hydrolysis of cobalt source such as Co(NO;), at high temperature to form
precursor.”" ' This HT is always used to prepare composite materials, particularly with

graphene or carbon.

After analysing the HT-cobalt oxides papers, we found that the HT-cobalt oxides (Co3O4
and CoO) nanowire arrays are very popular with researches and can be easily fabricated in
controllable manner, which could not be realized by other solution synthesis method.
Moreover, the obtained porous HT-cobalt oxides (Co304 and CoO) nanowire arrays exhibit
good EES performance with high capacitance/capacity. Additionally, they are good templates
or scaffolds for constructing new high-performance core/shell nanoarrays or composites.
Nowadays, in order to further improve the EES performance, great efforts are focusing on the
modification of HT-cobalt oxides (Co304 and CoO) nanowires by introducing graphene,
metal, carbon nanotube and conducting polymers to get composite materials with new or
improved functions. The introduction of conductive backbone or coating can improve the
conductivity of the bare nanowires leading to enhanced electrochemical properties.

Solvothermal synthesis (ST) is the twin brother of HT. The literature of ST for the
synthesis of cobalt oxides (Co3;04 and CoO) nanostructures is not as much as that of HT.
Several cobalt oxides (Co3;04 and CoQO) nanostructures (such as nanocapsules, nanosheets,
nanpsheres and nanoflower) have been obtained in the organic solvents including methanol,
ethanol and ethylene glycol."”*"'* Detailed reactions have not been studied and shown in
these papers. The EES performances of the ST-cobalt oxides are comparable to those
prepared by HT.

3.2 Chemical precipitation synthesis of cobalt oxides and cobalt oxides-based
composites

The second-popular solution synthesis method of cobalt oxides (Co3O4 and CoQO) is

chemical precipitation (CP), which is regarded as the easiest chemical method for the

24

Page 24 of 97



Page 25 of 97

Nanoscale

fabrication of metal oxides. CP only need to mix the cobalt sources (Co(NOs3),, CoSQy,
CoCl,, etc.) and precipitants (ammonia, NaOH, KOH, Na,CO;, K,C,0,, etc.) to produce
precipitation under appropriate PH values. The involved reactions of precursors in CP are

always very simple, expressed as follows.

Co*" +20H™ — Co(OH), (3.29)
or Co* +2C0s* = CoCO; (3.30)
or Co*" +2C,045 - Co C,0,4 (3.31)

Then the precursor converts into Co3;O4 or CoO after annealing in different atmospheres.
The CP process is very easy to process and suitable for large-scale preparation. The CP
papers account for ~28 % in all the published solution-based papers of cobalt oxides for EES
applications.

Common CP process is very fast and difficult to precisely control the morphology of metal
oxides due to the fast precipitation. Though some unique nanostructured cobalt oxides
(Co304 and CoO) have been realized by the CP, this controllable synthesis needs to be
conducted with the help of some hard or soft templates (AAO, virus, carbon nanotube,
surfactant, etc.).“6’ 160,161 Here, we first introduce a template-free method to fabricate cobalt
oxide nanotubes developed by Lou’s group.'® Lou et al. used Co(NO3), and ammonia as the
starting materials to form needle-like Co3;04 nanotubes in refluxed condition at 95-100 °C for
20 h. Firstly, a dense p-Co(OH), nanowire will be formed according to the reaction:'®*

Co®" +20H — Co(OH), (3.32)

Then the Co(OH), are oxidized into Co3O4 by O, in the solution: '

Co(OH); + O; = Co304 (3.33)

The as-prepared needle-like nanotubes are cylindrical and constructed from Co304
building-blocks of less than 100 nm (Figure 7). As anode for LIBs, the needle-like Co304

nanotubes deliver a capacity of 918 mAh g'. The key point in this method is that the oxygen
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must be sufficient to drive the reaction. Therefore, the reaction is conducted in refluxed
condition to add the amount of oxygen in the solution. The samples are powder form, and can

be scale-up deposition.

116, 163 1 160

As for the template-assisted CP of cobalt oxides, Kim’ group. and Du et a
adopted M13 virus and carbon nanotube as the sacrificial templates for the fabrication of
Co304 nanowire and nanotubes, respectively. The reactions are illustrated as below.'®°
Co4(CO)1; > 4Co +12 CO (3.34)
Co + xOy— CoOyp (3.35)

The template-synthesized Co3;0O4 nanowire and nanotubes show high capacity of 900-200
mAh g and good cycling stability for LIBs. These Co3O4 products are high quality, but the
template-CP is tedious, requiring multiple synthetic steps, caustic chemical treatments, and
long curing times. Meanwhile, the scale-up has also proven difficult and is not cost-effective
due to the destruction of (relatively) expensive templates.

Meanwhile, numerous nanostructured cobalt oxides (e.g., nanowire, nanocage, nanoflake,
nanorod, nanobox) are fabricated by other research groups and applied as active materials for
EES by different CP methods. 108.164-173 A5 cathode materials for supercapacitors, these CP-
cobalt oxides present capacitances of 200-800 F g™, and the film samples show better
performance. Furthermore, lots of cobalt oxides/graphene or cobalt oxides/carbon composites
have been reported and showed enhanced EES performance than those pure materials due to
the introduction of highly conductive carbon network.'®" "' In recent years, this
modification is mainly focused on graphene based composites, and the improvement is

especially reflected in the improved cycling stability.

3.3 Electrochemical synthesis of cobalt oxides and cobalt oxides-based composites
Most of the published papers about ED of cobalt oxides for EES are based on a cathodic

ED. The cathodic ED is mainly used for the synthesis of film samples, not powder form. This
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cathodic ED can be performed in a standard three-electrode glass cell, with the conductive
substrate as the working electrode, saturated calomel electrode (SCE) as the reference
electrode and a Pt foil as the counter-electrode. In this configuation, the cobalt source must be
Co(NOs),, while other cobalt sources are not applicable due to the unique reaction

mechanism. The ED process is expressed as follows.” #0182

NO; + H,O +2e¢” ->NO, +20H" (336)

Co*" + 20H™ — Co(OH), (3.37)

. : 183-188
During the annealing process:

In air: 6Co(OH), + 03— 2C0304 + 6H,0 (3.38)

In argon: Co(OH), — CoO + H,0O (3.39)

Note that this ED process includes an electrochemical reaction and a precipitation reaction.
In addition, metallic Co cannot form because the reaction potential of Co®"/Co is much more
negative than that of NO5; /NO, during the electrochemical reduction process.”’ This ED is
general, versatile and applicable to almost all conductive substrates. The thickness of the film
is controlled by the reaction time and deposition current density. The as-electrodeposited
precursor Co(OH); film exhibits a porous structure consisting of randomly net-like arranged
nanoflakes. This preferential growth is because that Co(OH); crystal has a layered structure
of the CdI, type, which shows weak interaction between layers and strong binding within the
layered planes, and finally forms 2D nanoflake. After heat treatment, the cobalt oxide keeps
the morphology of Co(OH), precursor and shows nanoflake arrays architecture.

The ED-cobalt oxides (Co304 and CoQ) are evaluated as cathode for supercapacitor and
exhibit capacitances of 200-400 F gfl. Our group prepared mesoporous Co3;O4 monolayer
hollow-sphere array by the above ED via a polystyrene (PS) sphere colloidal monolayer

template (Figure 8).'*

The Co304 monolayer hollow-sphere array with mesoporous walls
exhibits high pseudocapacitances of 358 F g ' at 2 A g™, as well as excellent cycling stability
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for application as pseudocapacitors. This ED can be easily combined with other methods to
fabricate cobalt oxide based composites. For example, Li et al. reported Co304/Ni(OH);
composite mesoporous nanosheet networks and showed improved capacitance of 1144 F

-1 189

g On the other hand, for LIBs application, the capacity of ED-cobalt oxides (Co3O4 and

Co0) reaches to 500-900 mAh g'. Co;04/TiO, and Co;Ou/graphene composites are

fabricated and also deliver enhanced capacities of about 1100 mAh g~'.'8> 1%

The other cathodic ED is to deposit metallic Co which is then oxidized into CoOX:lgz’ 11
Co +2/3 O,— 1/3 Co304 (3.40)

In the metal based ED, the cobalt source is not limited to Co(NOs),, other suitable sources

can be CoSO4, Co(NO3),, CoCl,, and Co(CH;COO)s,.

3.4 Sol-gel and microwave synthesis and chemical bath deposition of cobalt oxides and
cobalt oxides-based composites

Sol-gel synthesis is a facile method for the fabrication of cobalt oxides and cobalt oxides-
based composites. We take the work of Lin et al. for example for the illustration of reaction
mechanism of cobalt oxides nanoparticles.'”> CoCl,, NaOC,Hs and dehydrated EtOH are
used as the starting materials and solvent, and the main reactions are expressed as follow.'”?

CoCl1; +2NaOC,Hs — Co(OC;,Hs), +2 NaCl (3.41)
Co(OC;,Hs), + 2H,0 — Co(OH), + 2HOC,Hs (3.42)

The above chemistry reactions lead to the formation of unique cobalt oxides via the
hydrolysis and condensation of the cobalt alkoxide. The capacitance of the obtained cobalt
oxides (Co304 and CoO) is not high, only ~175 F g™'. In addition, Liu et al. reported sol-gel
NiO/NiCo0,04/Co3;04 by using CoCl, and propylene and exhibited a high specific capacitance
of 1717 F g 1.2

Several Cobalt oxides nanoparticles and composites with carbon nanotube have been

reported via different sol-gel techniques for LIBs. Generally, these sol-gel methods belong to
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polymeric (or alkoxide) route with lots of organic solvents such as ethanol, isopropyl alcohol,

193197 The specific sol-gel mechanism is

cyclodextrin, citric acid, and polyvinyl pyrrolidone.
different due to different solvents and starting materials. The sol-gel-cobalt oxide/CNT
delivered much higher capacity than the pure ones, even two times larger.'*

As for the microwave synthesis (MS) of cobalt oxides and cobalt oxides-based composites,
it usually mix the cobalt sources (CoSOs, Co(NOj;),, CoCl,, and Co(CH;COO),) and
precipitants (ammonia, HMT, urea) together and then let the reactions take place under

microwave oven. Cobalt oxide nanostructures (nanoparticles, nanorods, nanosheets and

graphene composite) are fabricated and show a high capacity of 931 mAh g and a

capacitance of 519 F g 198206

In the following paragraphs, we focus on the CBD method for the synthesis of cobalt
oxides and cobalt oxides-based composites. This CBD method was first proposed by Wu’
group for the fabrication of free-standing Co3;0O4 nanowire arrays in 2006. The specific

reactions are illustrated as follows.>”’

Co™ +6NH, <> [Co(NH,),]* (3.43)
[Co(NH,), ] +20H — Co(OH), + 6NH, (3.44)
6 Co(OH), +0O, — 2Co,0, +6H,0 (3.45)

The formation of the hollow CBD-Co3;04 nanowire arrays is proposed to the synergy
between axial screw dislocation and Kirkendall effect.*® >* 27 These CBD-Co3;0,4 nanowire
arrays can be formed on arbitrary substrates. It should be mentioned that oxygen is
indispensable for preparing vertically aligned Co3;O4 nanowire arrays in this experiment. The
oxygen in the solution helps to form Co(OH), nanowire precursors. Without oxygen, only
interconnected Co(OH), nanowall films are formed on the substrate. The film quality is also
related with the substrates position in the reaction solution. The substrates should be 2 mm

away from the bottom of the vessel. Each nanowire is about 500 nm in diameter and about 15
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um in length (Figure 9). The nanowires on Ti foil show a capacity of 700 mAh g for

-1 209

LIBS,* and the sample on nickel foam exhibited a high capacitance of 746 F g™

4. Copper oxides and copper oxides-based composites

Copper oxides are one of the most attractive classes of transition metal oxides with widely
applications in energy conversion devices (anode material for LIBs or cathode material for
supercapacitors) and optoelectronic devices. Copper forms two oxides in accordance with its
two valences: cuprous oxide (Cu,O) and cupric oxide (CuO). Both are semiconductors with
band gaps of 2.0 eV and 1.2 eV, respectively. Their band gaps make them good candidates
for photovoltaic devices (e.g. solar cells and water splitting), catalysts, sensors and
optoelectronic devices.?"”

Cuy0 crystallizes in a simple cubic structure which can be considered as two sublattices, a
facecentered cubic (fcc) sublattice of copper cations and a body-centered cubic (bcc)
sublattice of oxygen anions (JCPDS 05-0667). The oxygen atoms occupy tetrahedral
interstitial positions relative to the copper sublattice, so that oxygen is tetrahedrally
coordinated by copper, whereas copper is linearly coordinated by two neighboring oxygens.
These low coordination numbers are very unusual for metal oxides (only by two other
substances, Ag,O and Pb,0, have the similar crystal structure). The other copper oxide, CuO,
crystallizes with a monoclinic unit cell (JCPDS Card No. 41-0254), with a crystallographic
point group of 2/m or Cj,. Its space group of its unit cell is C,. The theoretic capacity of
CuO and Cu,0 as Li-ion battery anode is 670 and 374 mAh g ', respectively. Various CuO
and Cu,O nanostructures have been prepared by different solution-based synthetic methods
and applied as active materials for EES with enhanced electrochemical performances. We
mainly focus on the mainstream solution-based synthesis methods of copper oxides for EES

application.
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4.1 Chemical precipitation synthesis of Copper Oxide and Copper Oxides-based
composites

Among all the solution-based synthetic routes for the synthesis of copper oxides for EES,
CP is the most popular solution synthesis method and the published CP papers account for
~50 % in all the published solution-based literature. Copper nitrate, copper chloride, copper
sulfate and copper acetate are the most widely used copper sources. The adopted precipitants
are common reagents such as ammonia and NaOH.”'"'* In the following section, we
introduce some typical CP methods for the synthesis of hierarchical copper oxides with
various morphologies.*"

Previously, we fabricated various CuO nanostructures via a facile CP method by using
CuSOy as the copper source and ammonia as the precipitant. The involved CP reactions can
be illustrated as follows:*"

Cu*" + 2NH3-H,0 — Cu(OH), + 2NH," 4.1)
Cu(OH); - CuO + H,0O (4.2)

The nanostructured CuO products are obtained after reacting for 12 h at 90 °C. In our
case, the PH value has a great influence on the morphology of the CuO products because
there is a competing reaction in the solution expressed as follows.*'

Cu(OH), +4NH; +2NH'— [Cu(NH3)4]*" +2NH3-H,O (4.3)

Obviously, the Cu(OH), could be dissolved due to the complex reaction for the
existence of excess NH*" and free NH3 in the solution. There is no doubt that different pH
value will lead to different concentrations of [Cu(NH3)s]*" and OH™ in the solutions, and
finally resulting in the formation of CuO with various morphologies such as leaf, shuttle,
flower, dandelion, and caddice clew. These morphologies can be easily tailored by adjusting
the pH value, indicating that the PH value is critical for the controllable growth of copper

oxides in the CP method.
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The PH effect is also demonstrated in other works. Park et al. reported a similar
morphology evolution by changing the PH value in the CP solution.”!" It is found that the
Cu,0 nanocubes could be converted to polycrystalline CuO hollow nanostructures through a
sequential dissolution—precipitation process (Figure 10), by adding aqueous ammonia
solutions in air. Increasing the pH of the solution leads to the formation of hollow cubes,
hollow spheres, and urchin-like particles. The involved reactions are as follows.

Cuy0 + 0.5 O, + 2H,0 + 8NH; —2[Cu(NH3),]*" + 40H  (4.4)

[Cu(NH;),]*" + 20H™ — Cu(OH), + 4NHs (4.5)
Cu(OH), + 20H — [Cu(OH),]* (4.6)
[Cu(OH)4* <> CuO +20H + H,0 (4.7)

The morphology of CP-copper oxides is also affected by other parameters such as the
addition sequence of reagents. Tang’s group found that the morphology of CP-CuO is also
related with the order of addition of the reactive materials.”'® They reported CuO nanoribbons
and nanoflowers from the same reaction system by varying the order of addition of the
reactive materials.

For LIBs application, the copper oxides (CuO and Cu;0) can reversibly react with Li
ion to store electrochemical energy and the corresponding simplified reactions are expressed
as follows:

Reactions for CuO with Li ion:*'"-2'®

2CuO +2Li" + 2 «> Cu,0 + LiyO (4.8)
Cu,0 +2Li" + 2e7¢> 2Cu + Li,O (4.9)

As for Cu,0, only the eqn. (4.9) occurs for LIBs. It is observed that the LIBs performance
of copper oxides is tightly associated with the morphology of samples. CuO samples with
different morphologies show distinct electrochemical performances. Taking our work for

example, compared to others CuO nanostructures, dandelion-like and caddice clew-like CuO

prepared by our group exhibit reversible discharge capacities of 385 mAh g ' and 400 mAh
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g 'at 0.1 C, 340 mAh g ' and 374 mAh g ' at 0.5 C after 50 cycles, respectively.”'> The
higher discharge capacities and better cycling performances are attributed to their larger
surface area and porosity, leading to better contact between CuO and electrolyte and shorter
diffusion length of lithium ions.

Inspired by the above works, we adopted a surfactant, cetyltrimethylammonium bromide
(CTAB),*"” to modify the surface morphology of CuO spheres via a similar CP method.
Ordered nano-needle arrays can be formed on the surface of the CuO spheres by the aid of
CTAB. Each CuO sphere is about 2 pm in diameter and possesses a large number of nano-
needles that are about 2040 nm in width and more than 300 nm in length. The needle-like
hierarchical structure can greatly increase the contact area between CuO and electrolyte,
which provides more sites for Li" accommodation, shortens the diffusion length of Li" and
enhances the reactivity of electrode reaction, especially at high rates. After 50 cycles, the
reversible capacity of the prepared needle-like CuO can sustain a capacity of 441 mAh g .
Additionally, we used N;H4-H,O to replace ammonia to prepare CuyO/Cu core/shell
nanosphere composites. The corresponding reactions are described as below.?'

N,H, + 4Cu(OH),*” — 2Cu,0 + N, + 6H,0 + 8OH™ (4.10)
N,H4 + Cu0 — 4Cu + N, + 2H,0 (4.11)

The core/shell Cu,O/Cu exhibits weaker polarization, better cycling life and higher
coulombic efficiency than the pure octahedral Cu,O due to the conductivity modification by
Cu. Meanwhile, in order to further improve the LIBs performance of CuO, we prepared
CuO/MWCNT nanocomposite by the CP method with CTAB.*'® The MWCNTs are
incorporated into the leaf-like CuO nanoplates and build up a network to connect the CuO
nanoleaves. The as-prepared CuO/MWCNT exhibits superior reversible Li-ion storage, the
capacity maintains 627 mAh g after 50 cycles. The improved capability is ascribed to the
MWCNT conductive network in the composite. Graphene/CuO composites re also realized in

the above CP method and enhance electrochemical performance is proved.”'* ** Similar
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enhancement was reported by Ko et al., who prepared CP-mesoporous CuO/CNTs with a
capacity of 600 mAh g™ at 5C (Figure 11).%'

When CuO is applied for supercapacitors, the following redox reactions may be involved

in the change between Cu(I) and Cu(II) species:*'> 2% 2%
CuO + 1/2H,0 + ¢ <> 1/2Cu,0 + OH™ (4.12)
Or CuO + H,0 + e <> CuOH + OH™ (4.13)

But we have to point out that the copper oxides are not good active materials candidate
for supercapacitors due to its poor electrochemical redox reactivity, and low discharge
voltage in alkaline electrolyte, as compared to other metal oxides such as cobalt oxides and
nickel oxides’. On the other hand, high-performance copper oxides based composites have

attracted great attention, and great efforts are focusing on the modification of CP-copper

212, 220,222 213,218, 221, 224
by CP

oxides by introducing graphene, metal’', and carbon nanotube
method to further improve the EES performance. The introduction of conductive backbone
or coating can improve the conductivity of the bare copper oxides leading to enhanced
electrochemical properties.
4.2 Hydrothermal synthesis and solvothermal synthesis method of Copper Oxide and
Copper Oxides-based composites

HT and ST are facial solution-based ways to synthesize copper oxides. According to the
published papers of HT/ST-copper oxides, one kind of copper sources is directly from the
oxidization of Cu foil substrate.”***’ The other kind of copper sources comes from copper
salt, such as nitrate, copper sulfate and copper acetate.” ****° For the first kind source, we
synthesized nanoflower-like CuO and CuO/Ni composite films directly on the copper foil in
the mixed solution of NaOH and (NH4),S,;0s. The reactions occurred in this process can be
summarized as follows:*** *!

Cu +40H + (NH4)S,05 — Cu(OH), + 2S0,> + 2NH3+2H,0 (4.14)

Cu(OH), - CuO + H,0 (4.15)
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The copper substrates are used not only as a source of copper but also as a support for the
copper compound films. Note the fact that the pH value plays a vital role during the
formation of the CuO film. When the reaction is carried out in acidic solution, no film is
deposited on the copper surface. The copper will continuously be oxidized and dissolved,
forming a blue solution. In pH range from 8 to 10, the copper foil loses its metallic luster, but
there is still no perceptible solid deposit on it. When the molar ratio of [NaOH]/[(NH4),S,0s]
is >10 and the concentration of NaOH is >1 M, the above reaction leads to the deposition of a
blue precursor film on the copper foil. At elevated temperature and high pH value, the
Cu(OH); can be easily converted into CuO. The formation of Cu(OH), and CuO
nanostructures on copper surfaces involves inorganic polymerization (polycondensation)
reactions under alkaline and oxidative conditions. Particle morphology may vary depending
on synthetic conditions. Even aging in aqueous solution may bring about significant
dimensional, morphological, and structural changes. As a brief summary, the growth of fiber
and scroll films of Cu(OH), and copper oxides can be controlled by varying the concentration
of NaOH and the reaction time if [NaOH]/[(NH4),S,05] is in the range of 10-40.2"' The
obtained CuO/Ni composite film shows better LIBs performance than the pure CuO, and
delivers a better capacity retention (96.3 %) than the pure CuO film (67.8 %).**

In addition, Zhang et al. synthesized gear-like CuO film directly on Cu substrate by
ammonia. The formation mechanism from Cu to porous CuO nanoarrays can be interpreted

as follows:**’

Cu?' + 4NH3.H,O — Cu[NH;]s*" + 20H" (4.16)
Cu[NH;]s*" + 20H — Cu(OH), + 4NHj; 4.17)
Cu(OH), - CuO + H,0 (4.18)

In the above reaction process, the HT parameters (such as the reaction time, concentration
of ammonia solution and reaction temperature) have great influence on the reaction rate and

morphology of the final CuO film. The as-prepared gear-like CuO delivers a capacitance of

35



Nanoscale

348 F g' at 1 A g '.**" But the discharge voltage is negative (—0.3 V), indicating that the
CuO is not a suitable pseudocapacitive material due to the poor working voltage window.

As for the second HT-copper oxides, Gund et al. fabricated nanosheet clusters of caddice
clew, yarn ball and cabbage slash-like microstructures of copper oxides in the presence of
different surfactants. The possible chemical reactions in the solution can be supposed as
follows.***

8CuSOy4 + 4H,0 + (NH4),2S,05 — CuO + 8H,SO4+ 2NH4SO4 (4.19)
2Cu0 + O~ 4Cu0O (4.20)

These CuO microstructures show good surface properties like uniform surface
morphology, good surface area and a uniform pore size distribution. The obtained CuO
samples present a high specific capacitance of 535 F g™’ In addition, Gao et al. constructed
complex CuO hollow micro/nanostructures with the use of CuSO,, ammonia and tyrosine.**’
These structures consist of CuO nanosheets, which self-organize into hollow micrometer-
sized monoliths with a hierarchical architecture. The hierarchically hollow structures enhance
mass transport in macroscales, promote the accessibility of the nanomaterials, and greatly
facilitate dispersion, transportation, separation, and recycling of nanomaterials. The
synthesized hierarchical CuO hollow micro/nanostructures exhibit a high discharge/charge
capacity of 560 mAh g' for LIBs.””

In the following section, we introduce an important ST work of Lou’s group for the
synthesis of ST-copper oxides nanostructures including nanorodrods and nanosheets (Figure
12).* They developed a facile ST method with Cu(NO3), source and 2-proponal or ethanol
solvent, and the possible main reactions are expressed as follow:

2 Cu(NOs3)2:3H20 — Cup(OH)3NO; + 3HNOs + 6 H,O  (4.21)
During the annealing process:

Cuy(OH);3NOs3 (s) = 2CuO (s) - HNO;s (g) + H,O (g) (4.22)
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The morphology of Cuy(OH);NO;3 nanostructures can be readily controlled by using
different solvents, in which precursor supersaturation for nucleation and crystal growth is
determined by solvent polarity and solubility. In the above method, notice that the precise
control of precursor concentration and supersaturation plays a prime role in the synthesis of
Cup(OH);NO;3 nanostructures and the degree of supersaturation directly determines the
crystal growth mode. Generally both the concentration and supersaturation of the precursor
for the formation of low-dimensional Cuy(OH);NO;s nanostructures must be kept at a
relatively low level to avoid overwhelming isotropic growth or even homogeneous nucleation
in the solution. The above chemistry reactions lead to the formation of unique copper oxides,
nanorods (in 2-proponal) and nanosheets (in ethanol). The unique nanostructural copper
oxide films show excellent electrochemical performance as demonstrated by high capacities
of 450-650 mAh g_1 at 0.5-2 C and almost 100% capacity retention over 100 cycles after the
second cycle.””

4.3 Electrochemical synthesis of Copper Oxide and Copper Oxides-based composites
Most of the published papers on ED of copper oxides for EES are based on a cathodic
ED. Similar to the ED used for other metal oxides, the cathodic ED is mainly used for the
synthesis of copper oxide film samples, not powder form. This cathodic ED can be conducted
in either or standard three-electrode or two-electrode glass cell. Copper sulfate or copper
acetate is used as the copper source and the final ED-copper oxide is Cu,0O, not CuO. Cu,;0 is
electrodeposited by reactions given as follows:*'***
2Cu*" +2¢” +20H — 2CuOH — Cu,O+H,0  (4.23)

The electrolyte of the above ED reaction is alkaline. If the PH is low, the competing

reaction of Cu®" to metallic copper will occur:**
Cu’'+2e¢ > Cu (4.24)
Our group reported highly ordered porous Cu,O film via the above ED on copper foil

through a self-assembled polystyrene sphere template. Compared with the dense Cu,O film,
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the ordered porous Cu,O film exhibits an improved electrochemical cycling stability. The
capacity of the porous Cu,O film can maintain a capacity 336 mAh g "' and 213 mAh g after
50 cycles at the rate of 0.1 C and 5 C, respectively.”* Flexible ED-CNTs/Cu,0 hybrid
electrodes synthesized by Ajayan et al. exhibit superior electrochemical performance
compared with pure CNTs. > Deng et al. synthesized the three-dimensionally ordered
macroporous Cu,O/Ni inverse opal electrodes for electrochemical supercapacitors by the
similar method. The calculated capacitance of the as-prepared 3D Cu,O/Ni electrode is 502 F
g ' (Figure 13).%® The improved electrochemical performances due to their porous structure
film, which provides not only the direct contact of active material/current collector but also
the sufficient contact of active material/electrolyte. Enhanced EES performances are also

demonstrated in some other ED-Cu,O/CNT and Cu,O/Ni composites systems.23 5,236

5. MnO; and MnO-based composites

Though manganese oxides have several different forms and phases (such as MnO,, Mn,Os,
MnO and Mn3;0O4), MnO, is the one of the most fascinating manganese oxides for EES
applications due to its high capacity/capacitance, earth abundance, low cost and
environmental friendliness. It is well known that MnO; can exist in different structural forms
(e.g., oo (JCPDS 44-0141), B (JCPDS 24-0735), y (JCPDS 14-0644), 56 (JCPDS 80-1098), ¢
(JCPDS 30-0820,), A (JCPDS 44-0992) type), when the basic structural unit ([MnOg]
octahedron) is linked in different ways. The difference in the above polymorphs lies in the
arrangement of the Mn*" within the octahedral sites. Based on the different [MnOg] links,
MnO; can be divided into three categories: the chain-like tunnel structure such as o, f and y
type; the sheet or layered structure such as 3-MnQO,, and the 3D structure such as A-MnO..
MnQO; usually crystallizes in the rutile crystal structure with three-coordinate oxide and
octahedral metal centres. The band gap of MnO; is 0.26—-0.7 eV depending on different

polymorphs (B-MnQ; is ~0.26 eV and y-MnQO; is ~0.6 eV).
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MnO; have been extensively studied as active materials in EES systems since last century.
The widely known example is the electrolytic manganese dioxides (EMD), which are the
current commercial cathode materials for high-energy alkaline primary battery, which is not
the focus of this review and will not be discussed here. Meanwhile, in recent years, great
efforts are devoted to fabricating MnO,-based high-performance EES devices such as LIBs
and supercapacitors. In particular, the MnQO, is considered as the most promising metal oxide
electrode materials for supercapacitors owing to its high working voltage (near 2 V in
aqueous system), low cost, high capacitance (theoretical capacitance of ~1370 F g™') and
easy-processing.”’ So far, the published papers about MnO, and MnO,-based composites for
supercapacitors are more than 350. This number even surpasses cobalt oxides and nickel
oxides in terms of their combined supercapacitor research. The electrochemical properties of
MnOQ; are significantly affected by their phases and morphologies. A great many MnO,-based
nanostructures have been reported and fabricated by different solution-based synthesis
methods, and enhanced electrochemical performances have been demonstrated in these
systems with promising practical applications. In this section, we will introduce some typical
solution-based synthetic methods (hydrothermal synthesis, chemical precipitation and
electro-deposition methods) for MnO, and MnO,-based composites and focus on the specific

reaction mechanisms as well as their EES performances.

5.1 Hydrothermal synthesis of MnO; and MnO,-based composites

HT is one of the three most popular solution-based methods (hydrothermal synthesis,
chemical precipitation and electro-deposition methods) for the synthesis of MnO, and MnO;-
based composites for EES. According to the reaction mechanisms and reagents, basically,
there are about three kinds of HT methods for the fabrication of MnO, and MnO»-based
composites for EES. Herein, we introduce these three HT methods of MnQO; in detail in the

following paragraphs.
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5.1.1 HT reactions with oxidant (KMnOy4) and reducing agent (such as C, Cu and
ethanol)

The first kind of HT method of MnO, involves the chemical reactions between oxidant
(KMnQy4) and reducing agent (such as C, Cu, ethanol and polyethylene glycol).6’ 238-246
Previously, our group adopted this facile HT method to fabricate self-supported Co304/MnO,

. . .1 98
core/shell nanowire arrays on Ti foil.” In our case, we used the amorphous carbon as the

reducing agent and the reactions are expressed as follows. " 242 2%
4MnO4 + 3C + H,0 — 4MnO, + CO3* + 2HCO;” (5.1)
4MnO4 + 2H,0 — 4MnO; + 40H™ + 30, (5.2)

For the above reactions, when the KMnQ, solution is mixed with the carbon source at
room temperature before the hydrothermal processing, the nanocrystalline MnO, will be
formed on the surface of the carbon source due to the slow redox process according to eqn.
(5.1).>*! When the solution is further treated in the hydrothermal reaction, the nanoflaky
MnO, grows from the preformed nanocrystalline due to the decomposition of KMnO;, in
water according to eqn. (5.2), where MnO, nanoflakes will be formed. Except for the
amorphous carbon, the carbon source can also be CNT, graphene, carbon cloth and so on.
The reaction in eqn. (5.1) will promote the reaction in eqn. (5.2) to take place. This main
problem in this HT method is that it will consume the carbon source and hard to precisely
control the morphology of MnO,/carbon. In view of these characteristics, MnO, hollow
nanostructures can be formed when the HT reaction occurs deeply and sacrifice the carbon
template. The key point in this HT is to use a reducing agent to trigger the reaction. If the
reducing agent is Cu or ethanol, the reactions in eqn. (5.1) will be different as shown as
below: 238 246

2MnO, + 3Cu + 4H,0 — 2MnO, + 3Cu(OH), + 20H" (5.3)

MnO, + CH3CH,OH — MnO, + CH;COOH + OH™ + 0.5 H, 5.4)
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The obtained HT-MnO, shows nanoflake structure. In our experiment, the MnO, nanoflake
are well decorated on the surface of Co3;0O4 nanowire core forming core/shell nanowire arrays
(Figure 14), which exhibit excellent supercapcitor performance with high capacitance of 480
F g'at 267 A g, good cycle life with 2.7 % capacitance loss after 5000 cycles and
remarkable rate capability.98 It is reported that the pseudocapacitive (Faradic) reactions
occurring on the surface and in the bulk of the electrode are the major charge storage
mechanisms for manganese oxides. The surface Faradaic reaction involves the surface
adsorption of electrolyte cations on the manganese oxide, illustrated as follows.”® #7242

(MnO2)surtace + C* + € — 2 (MnOOC )gurgaee (C+=H', Li", Na', K'...) (5.5)

The bulk Faradaic reaction relies on the intercalation or deintercalation of electrolyte
cations in the bulk of the manganese oxide:”* %’

MnO; +C" +e =2 (MnOOC)gupuce (C+=H", Li", Na", K"...) (5.6)

In our work, the redox process is mainly governed by the insertion and deinsertion of Li"
and from the electrolyte into the porous nanostructured MnQO, matrix. In addition, hierarchical
TiO, nanobelts@MnQO, ultrathin nanoflakes core/shell arrays were reported by the same HT
method and showed a specific capacitance of 557 F g as cathode for supercapacitors.**
Some other MnO; nanostructures (such as nanosphere, hollow sphere, and tubular
nanostructure) have also been fabricated by this HT method and applied as electrode
materials for EES.?*2*2* However, the above as-prepare pure MnQO, nanostructures show a
capacitance lower than 400 F g' due to the poor conductivity of MnO,.2**?** 2% T¢
effectively utilize MnO, materials, MnO, composites with carbon (e.g., MnO,/C nanosphere,
MnO,/CNT, MnO,/Graphene) are constructed and exhibit improved electrochemical
performances than the pure counterparts.”*'-**>***” On the other hand, the MnO, is a potential
active material (either cathode or anode) for LIBs. The theoretical capacity of MnO, as LIBs

anode is ~1232 mAh g ', and the reactions are described as follows. ! 24>2%

MnO, +4Li <> Mn +2Li,O (5.7)
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As anode for LIBs, the carbon/MnO, nano-urchins exhibit a reversible capacity of 628
mAh g '.** The nanoflaky MnO,/CNT nanocomposite electrode exhibits a large reversible
capacity of 801 mA h g™'.**! Moreover, Gu et al. prepared branched nanorods of MnO,/Fe;O5
by the above HT method and presented a reversible specific capacity of 1028 mAh g ' at
1000 mA gf1 up to 200 cycles, much higher than the MnO, alone.® The improved
electrochemical performance is due to the synergistic effect such as enhanced stability, better
conductivity and stain accommodation.

5.1.2 HT reactions with high-valence oxidant (KMnQy4 or persulfate) and low-valence
manganese sources such as MnSO4 or MnCl,

The reaction between KMnO, and MnSOy is given as below.>* 2>

3MnSO4 + 2KMnOy + 2H,0 —-5MnO; + 2H,S04 + K;SO4 (5.8)

It is believed that this HT method is especially suitable for the preparation of composite
materials with carbon because the first HT method needs to consume reducing agent such as
carbon source and this will not happen here. During the reaction, the MnSO4 will
preferentially react with KMnQOj, to form nanoflake MnO,;. Of course, the concentration ratio
between MnSO4 and KMnOj4 should be controlled. Hence, the carbon backbone is always
kept and served as a support for the deposition of MnO,. Moreover, the morphology of the
MnO; can be tuned by the hydrothermal time. When the oxidant is persulfate such as K,S,0g
or (NH4),S,0s, the specific reactions are shown as below.?33¢

MnSO4 + (NHy),S,05+ 2H,0 -MnO; + (NH4),SO4 + 2H,S04 (5.9)

Lots of MnO; nanostructures including nanoflakes, nanorods, nanospheres have been

obtained by this HT reaction and showed a capacitance of 168—455 F ¢! for supercapacitor

L 249, 250, 256-259
application.” =%

Meanwhile, other composites (e.g., MnO,/graphene, MnO,/CNT,
MnO,/ZnO, MnO,/PPy, MnO,/PANI) are reported and present enhanced capacitances of

516-873F g " attributed to the combination with conductive layers.?'2>*26% 26! 1t should be

mentioned that this HT reaction will not do harm to other conductive scaffold and favourable
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for construction of MnO, based composite materials. Furthermore, this HT is applicable to
co-synthesize conducting polymers with MnO, because the KMnO4 or persulfate is also
common oxidant for the chemical polymerization of conducting polymers.

5.1.3 Direct hydrolysis of KMnO4 or Mn(NO3),

The direct hydrolysis of KMnOy is the most facile and popular HT method for the
preparation of MnO, and MnO,-based composites illustrated as follows.?** %

4MnO4 + 2H,0 — 4MnO; + 40H + 30, (5.10)

The above HT reaction is very easy to control and process. It only needs to control the
concentration of KMnQOy4 and HT time. The problem in this HT is that the KMnO4 may also
react with other active materials leading to the formation of side products. In addition to the
normal nanoflakes or nanosheets,”" 2% by the aid of some templates or surfactants, MnO,
nanospheres, nanourchins or nanorods and composites with, metal, carbon, conducting
polymers, and metal oxides, are also fabricated and applied for LIBs and supercapacitors.'*®
227, 262, 264271 e as-prepared MnO, nanostructures show a capacitance range of 200-528 F
g and a capacity range of 213-983 mAh g'. The electrochemical performance of
composites is superior to the bare counterparts. On the other hand, the Mn(NQO3), is another
manganese source for the direct hydrolysis to prepare MnO, nanorods (Figure 15), expressed
as below.””?

Mn(NO3); - MnO; + NO, (5.11)

But this method is not usual, and the side product NO, is toxic. The obtained MnO,
nanorods are applied as the cathode for LIBs. The a-MnO; nanostructures shows a flat
plateau between 3.0 and 2.5 V, and the discharge capacity is 204 mAh gf1 to an end voltage
of 1.5 V. For y-MnO, nanorods, the open-circuit potential was 3.43 V, and the discharge
capacity exceeds 210 mAh g ™' indicating that a desirable amount of lithium inserted (in Lix-
MnO,, x =~ 0.70).>”* The reactions are expressed as follows. >’

MnO, + xLi <> Lix-MnO, (5.12)
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5.2 Chemical deposition of MnQO, and MnQO,-based composites

To date, the CP-MnO, papers account for ~37 % in all the published literature about
solution-based synthesis of MnO; for EES. The reactions in CP are almost the same as those
of HT, but the CP is not conducted in sealed vessel, and usually does not need high reaction
temperature. The manganese sources are KMnOs;, MnCl,, MnSO4, Mn(NOs;), and
Mn(CH3COQ),. Similar to HT, the CP-MnO, can also be classified into three kinds
according to different reaction mechanisms. We will introduce different CP types of MnO; by
taking some typical examples in the following and describe the corresponding mechanisms as
well as EES performances.

5.2.1 CP reactions between oxidant (KMnQ,) and reducing agent (such as C, Cu, N,H,
and ethanol)

Lang et al. reported a facile CP method for the fabrication of nanoporous gold/MnO,
hybrid electrodes by using KMnO, and N,Hy in alkaline electrolyte (Figure 16).>” But they
used the N>H4 gas as the reducing agent. The N,H4 gas is very active and the possible
reactions are as follows.””

4MnO4 + 3N;Hs —» 4MnO; + 3N+ 4H,0 + 40H™ (5.13)

The as-fabricated nanoporous gold/MnO, hybrid electrodes show nanoporous structure and
enhanced conductivity, resulting in a specific capacitance of the constituent MnO; (~1145 F
g ). Although MnO, has intrinsically low conductivity that limits its charge/discharge rate,
the charge-transfer-reaction pseudocapacitance of the nanoporous gold/MnO; electrode can
be enhanced by the fast ion diffusion in the three-dimensional nanoporous architecture and
highly electrical conductivity of the nanoporous gold skeleton as well as the epitaxial
metal/oxide interfaces.

In the meantime, several MnO, nanostructures (nanorods and nanosheets) and composites

(e.g., MnO,/CNT, PANI/C/MnO,, MnO,/graphene, TiO,/C/MnQO;) have been reported via
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this CP reactions between carbon sources with KMnOy4 and applied for EES.>"*** The
involved reactions are the same as that of the eqn. (5.1) above. Though the CP-MnO, has the
same reaction mechanism with that of HT, the CP reaction is conducted under mild condition
and lower temperature, and the samples are all powder forms, not film. In other words, the
CP is suitable for large-scale fabrication of MnO, and composites. Notice that the reactions
between carbon sources and KMnQO, are easier to control than that proposed by Lang et al.
using NoH; gas,”” and more environmental friendliness. Additionally, Cu/MnO,
superstructures and MnO, nanosheet/graphene flake composites are prepared by using Cu or
ethanol as the reducing agent according to similar reaction of eqn. (5.3) and (5.4).2%¢ %%
Comparing the bare MnO, and their composites, it is found that the MnO,-based composites
show much higher capacitance and better cycling stability and high-rate capability due to the
ion/electron transfer modification by introduction of conductive layers including graphene,
CNT and conducting polymers. The PANI/C/MnO, shows a capacitance of 695 F g™, about
two times larger than the pure Mn02.275 As cathode for LIBs, the MnO, on the GS affords an
unprecedented high capacity of 230 mAh g after 150 cycles, ~30 % higher than the bare
MnO, 2%

5.2.2 CP reactions between oxidant (KMnOQy, persulfate or H,O,;) and manganese
sources such as MnSO4, MnCl, or Mn(CH3COO),.

The CP-MnO, prepared by reactions between (KMnOQOy, persulfate or HO,) and manganese
sources (such as MnSO,4, MnCl, or Mn(CH;COO),) is quite popular. This reaction is easy to
control and more suitable for preparation of composites without sacrificing the needed
conductive backbone. Peng et al. reported ultrathin 2D MnO,/graphene hybrid nanostructures
via the above method by using H,O, and MnCl, as the starting materials.”®® The CP reactions

. 288
are given as below.

Mn®" + H,0, — MnO, + 2H" (5.14)
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The whole reaction is very fast and exothermic. The MnQO, is homogeneously grown on the
graphene nanosheets and the obtained MnO,/graphene nanosheets based planar
supercapacitors demonstrate the impressive electrochemical performance with a high specific
capacitance of 267 F g, and excellent rate capability and cycling performance with
capacitance retention of 92 % after 7000 charge/discharge cycles.”

The most widely used oxidant and reducing agent is KMnO, and MnSQy, respectively. The
involved reaction is the same as that shown in eqn. (5.8). Manganese source is not limited in
MnSQ,, can also be MnCl, or Mn(CH3COQ),. The other common oxidant is K;S,0g or
(NH4),S,0s, like the reaction in eqn. (5.9). Based on these reactions, lots of MnO,
nanostructures (e.g., nanorods, mesoporous MnQ,, clew-like, hollow urchin) and MnO,-
based composites (such as MnO; nanospheres/C/PEDOT-PST, MnO,/graphene, MnO,/CNT,
MnO,/graphene/CNT, MnO,/RGO, Co304/Pt/MnO,, SnO,/ MnO,, PANI/ MnO,) have been
reported and used as active materials for EES. 2! 289394 [t i observed that this CP-MnO; is
help for fabrication of composites, and the CP process is not complex. When they are applied
for EES, like other modification research, the composites with conductive backbone show
much higher capacitance and capacity, and better rate capability and cycling performances.
5.2.3 CP reaction by direct hydrolysis of KMnQy

The direct hydrolysis of KMnOyj is another popular CP for the synthesis of MnO, electrode
materials for EES. The reaction is shown in eqn. (5.10). Bao et al. prepared flexible
Zn,Sn04/MnO, sore/shell hybrid composites by the direct hydrolysis of KMnO,.*® The
MnO, resulting from hydrolysis of KMnOy, is uniformly coated on the surface of Zn,SnO4
nanorod with a diameter of ~80 nm. This CP-MnQO, shows a specific capacitance of 642 F/g
at a current density of 1 A g in 1 M Na,SO aqueous solution as cathode for supercapacitors.
This CP-MnQO,; is also widely adopted to prepared enhanced porous-structured MnO,
composites for EES applications and improved electrochemical performances have been

demonstrated in these systems such as MnQO, nanowires/CoAl, Fe,O3;/MnQO, core/shell
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nanowire, MnQO,/carbon, MnO,/polypyrrole, graphene/MnO,, MnO,/PEDOT/graphene, and

262, 263, 306-314

graphene/ MnO,. Foe this CP method, one point to be noticed is the

concentration of KMnQ,, which will affect the morphology of the final samples.

5.3 Electrochemical synthesis of MnO; and MnQO,-based composites

Electro-deposition is always used to prepare MnO, film which can be easily combined
with other conductive substrates or scaffold to form high-performance composites for EES.
Up to now, most of the ED-MnO; nanostructures and composites are prepared by anodic ED
with Mn(CH3COO), or MnSOy as the starting material. The support electrolyte is NaySOa.
The anodic ED reactions are proposed as follows.*'*>"

Mn*" + 2H,0 — 2¢"— MnO,+4H" (5.15)

The ED can be conducted in either two-electrode or three-electrode system. The substrates
have a significant effect in this anodic ED. If the substrate is nickel foam or copper, the metal
will dissolve at high potential. This phenomenon will not happen in carbon-based substrates.

Previously, Lu et al. reported a WO;3_ y@Au@MnO, core/shell nanowires on carbon clothe
by the above anodic ED and showed a capacitance of 588 F g ' (Figure 17).*'® The ED-MnO,
layer exhibits highly electrochemical reactivity leading to enhanced supercapacitor
performance for the composite nanowires. Based on the anodic ED method, numerous MnO,
nanostructured electrodes (e.g., nanorod, nanosheet, nanowire, nanotube) and composites
(MnO,/Pt, MnO,/Metal, MnO,/PEDOT-PST, MnO, nanosheet, MnO, nanorod, MnO,/Au,
MnO,/PEDOT, MnO,/CNT, MnO, nanopillars, MnO,/graphene hydrogel, mesoporous MnQO,,
MnO,/TiN, MnO,/PPY, IrO,/MnO,, MnO,/RuQ,, etc.) have been fabricated for EES
applications.’"> *'"* The morphology of MnO; in the composites is related to the deposition

time and deposition current density. The anodic ED-MnQO; can deliver a high capacitance up

to 1222 F g ' at 5 A g',** and superior cycling life and rate capability are proven in the
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composites with metal and graphene.’'>>'"*** 3% Ag anode of LIBs, the mesopoorus MnO,
nanosheet arrays exhibit a reversible capacity as high as 1690 mAh g™ after 100 cycles.”

The cathodic ED-MnO; mainly comes from two routes: (1) direct cathodic ED of MnO; in
Mn(NOs); electrolyte and (2) conversion form metal Mn electrodeposited from an electrolyte
containing a Mn*" ion or KMnOy. First, we introduce the work of Li and co-workers, who
used the above two kind of cathodic ED for the construction of mesoporous MnQO,/carbon
aerogel and ZnO/MnO, composites, respectively.350’ 31 The reactions in Mn(NOs),
electrolyte are expressed as follows.*

NO;  + H,O+2e” — NO, +20H"  (5.16)
2Mn*" +40H + 0, = 2MnO; + 2H,0  (5.17)

The above mesoporous MnO,/carbon aerogel composites show a high specific capacitance
of 515.5 F g'. Meanwhile, they developed another cathodic ED using Mn(CH;COO),
electrolyte, expressed as below.>!

Mn®"+ 2¢” — Mn (5.18)

During the annealing process:

Mn + O; - MnO, (5.19)

These prepared single-crystal ZnO nanorod/amorphous and nanoporous MnO; shell
composites have been employed as supercapacitor electrodes and give a high specific
capacitance of 405 F g”'. Similar cathodic ED-MnO; is also reported by other groups. >3 3>

There is third kind of cathodic ED of MnQO,, which is realized by reduction of KMnOQs,
shown as follows,?"" 3335

MnO4 + 2H,0 +3e” — MnO, +40H™ (5.20)
MnO,/CNT, Fe,03/MnO, and amorphous MnQO, films are prepared by this cathodic ED

and high capacitances of 463838 F g are verified in the composite systems.*"” 3% 3>
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In a nutshell, the anodic ED is most popular ED method for synthesis of MnO, and its
deposition process is very easy to control. The MnO, of anodic ED exhibits the best EES

performances among the ED-MnO; samples.

6. Iron oxides and iron oxides-based composites

Iron is the fourth most common element in the earth’s crust (6.3 % by weight) and is
usually oxidized into three kinds of oxides (Fe,Os, Fe;O4, and FeO), which are promising
active materials for applications in photo-catalysis, EES and photo-electrochemical water
splitting. Hematite Fe,Os3 is the most thermodynamically stable form of iron oxide under
ambient conditions and as such, it is also the most common form of crystalline iron oxide.
The Fe,;O3 have different polymorphs including a-Fe,Os3 (rhombohedral structure, JCPDS 80-
2377), B-Fe,0Os3 (orthorhombic structure, JCPDS 08-0093) and y-Fe,Os (cubic structure,
JCPDS 89-5892) depending on the structure of Fe(O)s octahedra. The arrangement of cations
produces pairs of Fe(O)¢ octahedra. Each octahedral shares edges with three neighboring
Fe(O)s octahedra in the same plane and one face with an octahedral in an adjacent plane.
Different combination of Fe(O)s octahedra will form different Fe,O; polymorphs.356 The
band gap of Fe,O; is about 1.9-2.2 eV depending on different polymorphs. Another
important iron oxide is Fe;O4, whose crystal structure is similar to that of Co3O4. Fe;O4 has a
face-centred cubic unit cell (JCPDS 65-3107). Fe;04 differs from most other iron oxides in
that it contains both divalent and trivalent iron. Its structure consists of octahedral and mixed
tetrahedral/octahedral layers. Its band gap is ~0.1 eV. FeO has a defective NaCl structure and
a band gap of ~2.4 eV. It consists of two interpenetrating face centred cubic structures of Fe'"
and 0%~ (JCPDS 43-1312). FeO is not stable in air and prone to be oxidized into Fe;O4 or
Fe,0;. Over the past decades, numerous iron oxides and composites have been prepared by

solution-based methods and applied as electrode materials for EES. In this section, we mainly
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focus on the HT, ST, CP and ED methods for the synthesis of iron oxides and corresponding

electrochemical performances.

6.1 Hydrothermal synthesis and solvothermal synthesis method of iron oxide and iron
oxides-based composites

To date, the HT+ST papers account for ~32 % in all the published papers of solution
synthesis of iron oxides for EES applications. FeCl;, FeSO4 and Fe(NOs); are the most
widely used iron sources. The solvent includes water, ethanol and ethylene glycol.”>’>% As
one of strong acid weak alkali salts, iron salt is very easy to hydrolyze into ferric hydroxide
precipitation in water at high temperature. Then, ferric hydroxide precipitation decomposes

into ferric oxide and water. The reactions are as following: 33

Fe** + 6H,0 — [Fe(H,0)e]* (6.1)
[Fe(H,0)]"— FeOOH + 3H' + 4H,0 (6.2)
2FeOOH — Fe,0; + H,0 (6.3)

sge s e 363, 364
In order to accelerate the deposition process, some precipitants (such as urea,”

357, 358, 364 365, 366

sodium hydroxide and sodium acetate ) are also used to promote the HT
process. They could yield OH™ during the hydrolysis in the solution and consume the H" in
eqn. (6.2) to accelerate the reaction. Previously, we prepared porous Fe;O4/C core/shell
nanorods by the above HT reactions and demonstrated a high capacity of 762 mAh gf1 for
LIBs application.”® Additionally, Zhang et al. reported an interesting carbon coated Fe;Oy4
nanospindles by using FeCl; and NaHzPO4.3 7 The main reactions are similar to those above.
But the NaH,POy, is important for controlling the morphology of the samples. The hydrolysis
of NaH,PO, produces OH™ as a precipitating agent. It controls the nucleation as well as
growth of small iron oxide particles and finally forming Fe;O4 nanospindles (Figure 18). The

obtained Fe;04/C nanospindles show a high reversible capacity of 745 mAh g '. Meanwhile,

we adopted FeCl; and Na,SO, as the starting materials to fabricate Fe,O; nanorod array on
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carbon cloth.®® The Na,SOy is believed to be favorable for the formation of rods. The specific
mechanism is still not clear.”> Some other iron oxides nanostructures (such as nanorods,
nanoparticles and spheroids) and iron oxides-based composites (e.g., Fe;04/C,
Fe;04/graphene) have been reported by similar HT reactions.™” **® 3370 The jron oxides
grown on the carbon backbone show much better EES performance than the pure
counterparts. As anode of LIBs, the ferric oxides (Fe;04 and Fe,03) can reversibly react with
Li ion to store electrochemical energy and the corresponding simplified reactions are
expressed as follows:*'*"!

Fe304 + 8Li" <> 3Fe + 4Li,0 — 8¢~ (6.4)
And Fe;0; + 6Li" <> 2Fe + 3Li,0 — 6e” (6.5)

The iron oxides and composites are also investigated as cathode materials for
supercapacitors. The Fe;O4/reduced graphene oxide delivers a capacitance of 480 F g™'. As
for the supercapacitor electrode, the capacitance mechanism of ferric oxides in aqueous
electrolytes is still not clear yet. The possible reactions are given as follows.

In alkaline electrolyte such as KOH solution >’

Fe;04 +4H <> 2Fe’" + Fe* +40H  (6.6)

Fe*' < Fe*' + ¢ (6.7)
If the electrolyte is Na,SO; solution®’® "3
SO:> +3H,0 +4 ¢ ¢ $,05° +60H" (6.8)
$,06 +3H,0 + 8¢ <> 2S + 60H" (6.9)

As the electrolyte is lithium perchlorate (LiClO,) in ethylene carbonate (EC)/dimethyl

carbonate (DMC) (in a volume ratio of 1:1):>"*

Fe,0; + 2Li" + 2¢~ — Liy(Fe,05) (6.10)
Lis(Fe;03) + 4Li" + 4e”— 2Fe” + 3Li,0 (6.11)
2Fe’ + 2Li,0 > 2FeO + 4Li" + 4~ (6.12)
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It is noteworthy that the solvent has great influence on the morphology of the final
products, especially in organic solvents. Therefore, solvothermal synthesis (ST) is developed
for the synthesis of iron oxides and composites. Zeng et al. reported flower-like a-Fe,O3 by
using ethanol as solvent and proposed that the tentative solvothermal precursor could be a
composition of FeOC,H;0, 362,375 which converts into iron oxides after annealing. During the
annealing process in air:>"

2FeOC,Hs0 + 60, — Fe,03 + 4CO;, + 5SH,0 (6.13)

In addition, they conducted a series of other investigations to further understand the effect
of ethanol in the process. It is believed that ethanol may play important roles in at least three
aspects: (i) acting as the solvent; (ii) acting as starting material to form the iron alkoxide
precursor; and (iii) providing water molecules in the system by etherification. They also
found that the rate of reaction has a strong impact on the morphology of products.

Ethylene glycol (EG) is another common solvent to synthesize ferric oxides in ST
method?® %3663 " Aq 4 kind of reducing agent, EG is always used to synthesize Fe;Oy4 in
most cases. Our group synthesized hierarchical hollow-structured single-crystalline magnetite
(Fe;04) microspheres as LIBs anode.”® In our case, the solution is a mixture of ferric
chloride, EG, polyvinylpyrrolidone (PVA) and NaAc, which is used as iron source, solvent
and reducing agent, surfactant and precipitant, respectively. The possible reactions are shown
as follows:*®

CH,OH-CH,0OH — CH;3;CHO + H,O (6.14)
2CH;CHO + Fe’" — Fe*" + 2H" + CH;COCOCH; (6.15)
Meanwhile, NaAc hydrolyze to offer OH™ in the ST system.**
Fe’" + 30H™ — Fe(OH); (6.16)
2Fe(OH); + Fe(OH), — Fe;04 + H,O (6.17)
The as-prepared hierarchical hollow-structured Fe;O4 shows a high specific capacity and

excellent cycle performance (851 mAh g ' at 1 C and 750 mAh g ' at 3 C up to 50 cycles).’®®
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However, the poor intrinsic electrical conductivity of iron oxides hinders its practical
applications for EES. There are different approaches to overcome these problems. One
solution is to fabricate iron oxide nanostructures. Other strategies are to confine the iron

oxide nanostructures with carbon to form a composite with the carbon host matrix. Fe;04/C

358, 364, 367 363, 368 357, 373, 374

core/shell structure , ferric/graphene or CNTs composites are

synthesized to improve the conductivity of the integrate electrode.

6.2 Electrochemical synthesis of iron oxides and iron oxides-based composites
The electro-deposition (ED) methods for iron oxides and their composites are also
classified into two types: cathodic ED and anodic ED. So far, there are three typical ED
reactions for the fabrication of iron oxides nanostructures for EES applications. The obtained
products are films, not powders. These three ED reactions have their own merits and demerits
and will be discussed in detail in this section.
6.2.1 Anodic ED with Fe(NH4)2(SO4); or FeSOy4
The first ED developed for iron oxides and their composites is based on the anodic
reaction of Fe(NH,),(SO4),. The precursor formation relies on the oxidation of Fe*' to Fe3+,
which further reacts with the available OH™ from a slightly alkaline electrolyte to form
insoluble FeOOH. In this reaction, a brown deposit can be observed at the beginning of
anodic deposition, indicating the formation of FeOOH. The specific reactions are illustrated
as follows."®
Fe*' —¢ - Fe'' (6.18)
Fe** +30H — FeOOH + H,O  (6.19)
During the annealing process in air atmosphere:*’®
2FeOOH — Fe,0; + H,0 (6.20)
During the annealing process in H, atmosphere:

6FeOOH + H, — 2Fe;04 + 4H,O0  (6.21)
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The as-prepared iron oxides always show a highly porous structure composed of
nanosheets. Wu et al. prepred Fe,O; nanosheets arrays by the above method and showd a
capacitance of 146 F g™'.>’® FeSO, is also used as the iron source to prepare iron oxides
nanostructures via the same reaction mechanism. A big problem in this anodic ED is that the
iron source Fe(NH4)2(SO4), or FeSOy is not stable and will be easily oxided by the O, in the
electrolyte. So it is necessary to put some pure ion powder in the electrolyte to stablize the
iron source. Several iron oxides-based composites (such as Fe,Os/carbon fibre, Fe,03/MnO;
and TiO,/Fe;03) have bee fabricated for EES via the above anodic ED by the aid of other
templates including AAO, TiO; nanotube, and carbon fibre.* 37" 37% As cathode material of
supercapacitors, the Fe,03/MnO, presents a maximum specific capacitance of 838 F g™'*"
For LIBs application, the Fe,Os/carbon fibre and TiO,/Fe,;O3 exhibit a capacity of 970 mAh

377,378

g 'and 1190 mAh g, respectively, much higher than the bare Fe,03 (680 mAh g ).

6.2.2 Cathodic ED with Fe,;(SOy); and tri-ethanolamine (TEA) in alkaline electrolyte

In order to find a more stable and feasible ED for iron oxides, researchers have developed
another facile cathodic ED using Fe;(SO4); and tri-ethanolamine (TEA) as the starting
materials. But this cathodic ED is usually adopted to fabricate Fe;O4 film. Previously, we
prepared a 3D porous nano-Ni/Fe;O4 composite film by the cathodic ED.>” The reactions are
expressed as follow.*”* %

Fe(TEAY " +¢ — Fe*" + TEA (6.22)
Fe’" + 2Fe(TEA)*" + 8OH™ — Fe30, + 4H,0+ 2TEA  (6.23)

The electrolyte here is very stable and the deposition process is easy to control. The Fe;O4
nanoflakes are grown on the 3D Ni backbone forming a highly porous integrated electrode.
The resultant 3D porous nano-Ni/Fe;04 composite film shows a high capacity of 951mAh g™

as well as enhanced rate capability. In addition, Tarascon’ group used the same method to

prepare Fe;O4-based Cu nano-architectured electrodes for LIBs with seperior high-rate
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capability.*®' Similar Fe;04/Cu core/shell nanorod arrays are reported by Duan et al. and

-1 382

deliver a capacity of 1003 mAh g .

6.2.3 Anodization of Fe foil.

The third ED of iron oxides is anodization of iron foils. This method originates from the
well-known anodization of Ti foils towards TiO, nanotubes. The electrolyte is ammonium
fluoride in an aqueous ethylene glycol solution. The working voltage is about 50 V. Xie et al.
reported such an anodization method to fabricate Fe;0,/C nanotube arrays (Figure 19).** The
involved precursor reactions are simply expressed as below.*

2Fe + 3H,0 — 6¢” — Fe,03 + 6H' (6.24)
Fe,0; + 12F + 6H'— 2FeFs" + 2H,0  (6.25)

The Fe;04 in the Fe;04/C nanotube arrays is formed by the reduction of Fe,O3 via carbon.
The NH4F can accelerate the anodization reaction. The as-fabricated Fe;O4/C nanotubes grow
vertically on the substrates and have average pore diameter of 100 nm. The Fe;0.4/C
nanotubes exhibit high capacity (1020 mAh cm™ at 20 mA cm ) and high rate capability
(176 mAh cm 2 at 1000 mA cm ). It is noteworthy that it is difficult to calculate the true load

mass of active materials obtained by this method because the active materials directly come

from the Fe foil.

6.3 Chemical precipitation of iron oxides and iron oxides-based composites

Generally, CP-Fe,O3 or CP-Fe;04 is prepared by directly mixing iron sources (e.g., FeCl,,
FeCls, Fe(NH4)2(SO4)2, MnSOy4, Fe(NO3)3) with precipitants (e.g., NaOH, ammonia, Na,COs3,
CH;COONa). The iron sources usually react with the OH™ or C032_ to form precursor, which
converts into iron oxides after heat treatment. Meanwhile, there is a special CP based on
hydrolysis of iron sources. We have investigated the hydrolysis reaction and prepared some

high-performance iron oxides-based electrode materials for LIBs, including TiO, nanotube,
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3D graphene foam and Cos;O4 supported iron oxides.’** **~% Herein, we take the TiO,/
Fe,Os3 core/shell nanoarrays as an example (Figure 20a) for discussion of the reaction
process.*** The FeCls is unstable in the electrolyte and will hydrolyze into H ions,

Fe*" + 2H,0 <> FeOOH + 3H™ . (6.26)
When there exists a sacrificial template, Co,(OH),COs in this case, it will reacts with the
above H' and this reaction accelerates the hydrolysis reaction according to>>*

4H' + Coy(OH),CO; — 2Co>" + 3H,0 + CO,.  (6.27)

During the annealing process, 2FeOOH — Fe,03+H,0 . (6.28)

The FeOOH product of hydrolysis can change into Fe,O; after annealing in an air or oxygen
ambient according to Eq. (6.28). The key point in this method is the sacrificial template to
drive the hydrolysis reaction. The sacrificial template can be also metal oxides (such as ZnO,
AlL,O3) or metal hydroxides [Ni(OH), or Co(OH);]. Using a similar method, we also obtained
3D GF-supported Fe;O,4 nanoparticles with a homogeneous coverage, thanks to the uniform
coating of ZnO by ALD (see Figure 20b).

Similar result is reported by other authors. Wang et al. reported a typical CP method for the
synthesis of Fe;O3; nanorods by using FeSO4 and CH3;COONa as the starting materials. The
CH3COONa is used as a source of hydroxide ions during the hydrolysis of iron salts to form
FeOOH. The reactions are given as follow.**’

CH;COO™ +H,0 — CH3;COOH+OH" (6.29)
4Fe**+ 80OH + 0, — 4FeOOH+2H,0 (6.30)

In addition to above hydrolysis, other CP reactions in basic solutions are much easier, for

example,3 88-392
4Fe*"+ 80H + 0, — 4FeOOH+2H,0  (6.31)
or Fe**+ 30H™ — FeOOH+H,0 (6.32)
or Fe>'+ CO;*” — FeCOs . (6.33)
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Then, the precursor converts into Fe,O3; or Fe;Oy4 after annealing in different atmosphere.
Nonetheless, CP method based on a sacrificial template provides better control in nano
morphology. A direct CP reaction with basic solution may be too fast and result in unwanted
agglomerations.

The as-prepared CP-iron oxides are powders, not films. In order to have good EES
performance, often the CP-Fe,0O3 or CP-Fe;04 will need further surface engineering or form
composites with conductive host. For example, the Fe;Os/carbon nanotube composites can
deliver a high discharge capacity of 656 mAh g ' and stable cyclic retention.’®® The
TiO,/Fe,0s3 core/shell nanoarrays, after a further step of carbon coating, exhibit a high
reversible capacity of 840 mAh g™ and evidently improved cycle stability (Figure 20a). With
a homogeneous hybridization with 3D chemical-vapor-deposited graphene foam, the Fe;O4
nanoparticles LIB anode demonstrates an ultra-fast charging and discharging with a rate of 60

C within 500 cycles (Figure 20b).

7. Vanadium oxides and vanadium oxides-based composites

Vanadium oxides are typical multi-functional materials and have attracted strong interest
over the past years for their unique electrical, optical, electrochemical properties. Two kinds
of vanadium oxides, vanadium pentaoxide (V,0s) and vanadium dioxide (VO;), are
considered as promising active cathode materials for EES due to their high
capacity/capacitance, high working voltage and excellent cycling stability. The V,0s has an
orthorhombic structure (JCPDS 41-1426) with lattice parameters a = 3.563 A, b =11.510 A,
¢ = 4369 A. The building block is a deformed VOg octahedron. The shortest V-O bond
length corresponds to a double vanadyl bond (V-O; = 1.585 A). The V,0s has a layered
structure with an easy cleavage plane (perpendicular to the c-axis) and a band gap of ~2.8 eV.

The theoretical capacity of V,0s is ~294 mAh g™' between 4.0 and 2.0 V (vs. Li"/Li), which

is higher than those of LiCoO, (140 mAh g™'), LiMn,O4 (148 mAh g') and LiFePO, (170
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mAh g_l). The electrochemical reactions between V,0s and Li ion between 4.0 and 2.0 V (vs.

Li"/Li) are expressed as follows:*>%*3%°
V,0s + 0.5 Li" +0.5¢” — LigsV,0s5 (7.1)
LipsV,0s+ 0.5 Li" + 0.5¢” — LiV,0s (7.2)
LiV,0s+Li" + e — Li,V,0s (7.3)

Another important vanadium oxide is VO,, which is a typical binary compound with
different polymorphs. The polymorphic varieties in this system include tetragonal rutile-type
VO; (R), monoclinic VO, (M), and at least three metastable phases named as VO, (B), VO,(A)
and VO, (C). VO, can adopt different structures according to different synthesis methods.
Generally speaking, the structures of the four VO, polymorphs, VO, (R), VO, (M), VO, (B),
and VO, (A), are based on an oxygen bcc lattice with vanadium in the octahedral sites, the
oxygen octahedra being more or less regular. They can be separated in two groups, depending
on the mutual orientation of the fourfold axis of the oxygen octahedra. The oxygen octahedra
can be aligned either along two perpendicular directions, as it is the case in the rutile structure.

The band gap of VO, is 0.5-0.7 eV depending on different polymorphs. The theoretical

capacity of VO, is ~340 mAh g between 4.0 and 1.5 V (vs. Li/Li). The reaction can be
written as> >’

VO, +Li'+e - LiVO,. (7.4
In this section, we will briefly introduce some typical solution-based synthesis methods

(mainly hydrothermal, solvothermal, electrodeposition and sol-gel) for the synthesis of

vanadium oxides and composites for EES applications.

7.1 Hydrothermal synthesis and solvothermal synthesis of vanadium oxides and
vanadium oxides-based composites
The HT and ST methods are popular with materials researchers and have been widely used

for the fabrication of vanadium oxides and composites. Generally, there are two common

58

Page 58 of 97



Page 59 of 97

Nanoscale

types of HT routes for the synthesis of V,0s5 for EES. One HT method is to use the
metavanadate (NaVOs; or NH4VO3) and HCl as the starting materials and utilize the
hydrolysis of ammonium metavanadate in the acid solution to form vanadium oxides after
heat treatment,''> 313 3% 398402 The other HT method is to utilize V,0s sols precursor
resulting from the reactions between commercial V,0s powder and H,O,, and finally obtain
V,05 nanostructures after hydrothermal synthesis and annealing.”> ****% Carbon sources
(such as graphene, carbon nanotube and sucrose) and V,0s are usually used as the starting
materials to prepare HT-VO, and their composites.**® **7
First, we introduce the sol-based HT method for the synthesis of porous structured V,05
for EES. Typically, the commercial powder V,0s reacts with the H,O, (30 wt. %) in
deionized water and forms yellow slurry bubbled vigorously (note that this reaction is
exothermic). Several parallel or sequential chemical reactions occur in the HT due to the
decomposition of excess H,O,, expressed as follows, 39 403 408
V,05+4H,0, — 2[VO(0,)2(0H,)] + 2H" + H,0 (7.5)
V,05+ 2H" + 2 H,0, + 3H,0 — 2[VO(0,)(OH,):]" + O, (7.6)
2[VO(0,)2(OHy)] +4H" + 2H,0 — 2[VO(0,)(OH,)3] + O3 (7.7)
2[VO(0,)(OH,)3]+ — 2[VO,]" + 0, + 6H,0 (7.8)
[VO,]" + 2H,0 <> H" + VO(OH); (7.9)
During the annealing process:
2VO(OH); — V,0s + 3H,0 (7.10)
This sol-based HT route is very facile but needs to control the amount of H,O,. In this
method, the peroxovanadates plays an important role in the formation of nanostructured V,0s
and composites such as nanobelt, 3D porous architecture V,0s and V205/graphene.395’ 404, 405
Yan’ group reported a 3D porous architecture V,0s composed of nanosheets and showed a

high specific capacitance of 451 F g' in a neutral aqueous Na,SOy electrolyte for

supercapacitors application (Figure 21).395 In addition, the V,0s nanobelt shows a high
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reversible specific capacities of 163 mAh g ' at 6.8 C.*” All the above HT vanadium oxides
are power materials, not films.

The other HT of V,0s is associated with the hydrolysis of metavanadate. For example:

2NH4VOs3 + H,O —-NH;3-H,0 + HVO; (7.11)
During the annealing process:
2HVO;3; — V,0s5 +H,0 (7.12)

The metavanadate based HT method have been used for fabrication of V,Os nanomaterials
(tarfruit-like, nanowire), and composites (e.g., V,Os/graphene, V,0s/CNT, V,0s/PPY,
V;,05/Sn0;) by the aid of some surfactants and copolymers.“s’ 313, 394, 398402 Thege V5,05
composites exhibit a high capacitance up to 500 F g"' and a capacity of 200 mAh g at high
working current of 1000 mA g_l.

The HT-VO, nanostructures could be prepared by a reduction reaction between V,0s and
carbon sources such as graphene and sucrose, simply expressed as below. % 47

V,05+C - 2V0O, + CO (7.13)
or 2V,05 + C - 4V0O, +CO, (7.14)

VO,/graphene nanoribbon and nanobelts reported by Yan’s group and Yang et al. exhibit a
capacity of 160-300 mAh g'.****" The nanobelt and nanoribbon is very thin and favourable
for fast ion/ electron transfer. The introduction of graphene improves the conductivity of
composite leading to enhanced properties and cycling stability.

In parallel with HT, solvothermal synthesis (ST) of vanadium oxides are also extensively
studied to construct vanadium oxides nanostructures including rod-like, nanosphere, urchin-
like and hollow microflower,*" 3% 396397409411 The yanadium sources of ST are different
from those for HT. Most of the vanadium sources are vanadium based organic solvents, such
as vanadium oxytripropoxide,™ and vanadium isopropoxide.*'* Usually, the solvents are
ethylene glycol, ethanol or N-methylpyrrolidone. The specific reactions are still not fully

clear and need further investigation. The ST-vanadium oxides nanostructures could deliver a
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higher specific capacitance of 537 F g at a current density of 1 A g ' in neutral aqueous
electrolytes.*”” The ST-V,05 hollow microflowers exhibit a remarkable reversible capacity of

211 mAh g ' and good cycling stabilities and excellent rate capabilities.*”

7.2 Sol-gel synthesis and electrochemical synthesis of vanadium oxides and vanadium
oxides-based composites

Here we focus on the sol-gel and electro-deposition methods of vanadium oxides and
composites for EES. According to formation mechanism of sols, there are three basic kinds of
sol-gel for the synthesis of vanadium oxides for EES. The first kind of sol-gel sol is the same
as that of the sol-based HT methods. The vanadium bulks or commercial V,0s powders are
dissolved in H,O, to form sol containing [V02]+.413’414 The second type is to use vanadium
oxy tripropoxide, which hydrolyses to form V;,0s sol.*'>%1® The last one is to obtain HVO;
sol by ion exchange method using NaVOs as the starting material.*'” Several nanoscale sol-

413, 415, 418
’ and

gel-vanadium oxides (such as nanoporous V,0s, nanoparticle and nanotube),
composites (V,0s/graphene and V205/CNT),414’ 416-419 have been fabricated and delivered a
high LIBs capacity of >200 mAh g ', and a pseudocapacitance of 200-316 F g '. But the
nanosized morphologies of sol-gel-vanadium oxides are often prepared via other hard or soft
templates.

In addition to the sol-gel method, electro-deposition synthesis is another facile way to the
fabrication of vanadium oxides and composites, mainly for film samples. We note that the
ED-V,0s is often prepared by anodic ED method with the VOSQy, as the vanadium source
and Na,SOy, as the supporting electrolyte. The plausible involved reactions may be as follows:

2VOSO0, + 2H,0 —2¢” — 2[VO,]" + 2580, +4H"  (7.15)

[VO,]" + 2H,0 <> H" + VO(OH); (7.16)

2VO(OH); — V,0s + 3H,0 (7.17)
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Nanoporous ED-V;0s films and composites films (e. g., V,0s5/CNT, V,0s/TiO,,
V,0s/graphene, V,0s/PANI),***** have been synthesized by the above ED method and
applied as cathodes for LIBs and supercapacitors. The ED-V,0s/graphene cathode delivered
a discharge capacity of 208 mAh g ' during the 100th cycle.** The aligned mixed V,0s—
Ti0O, nanotube arrays exhibit a capacitance of 220 F g_l.425

In addition, it is found that the chemical precipitation and microwave synthesis of

vanadium oxides and composites for EES are not the research focus and the corresponding

papers are quite few, so we do not introduce them here.

8. Tungsten oxides and tungsten oxides-based composites
Tungsten oxide (WOs3), also known as tungsten trioxide, has attracted extensive attention
because of its distinctive physical and chemical properties, making it suitable for applications
in electrochromic devices, photo-catalysis, gas sensing and EES.* !7-40% 426433 The simplest
crystal structure of WOs is referred to the ‘‘ideal’’ cubic type and described as the three-
dimensional networks of corner-sharing WQOg octahedra. However, cubic WO; is seldom
observed experimentally. The common WO; displays a little distorted structures compared
with cubicWQO;, classified into following five forms: tetragonal (a-WOs3), orthorhombic (B-
WOs3), monoclinic [ (y-WOs3), triclinic (8-WOs3), monoclinic II (e-WOs3) and hexagonal (h-
WOs3). The different phases of WO;3 depend on different synthesis methods and ambient
temperature. The y-WO; (JCPDS 72-1465) and h-WO;3; (JCPDS 85-2459) are the most stable
phases at room temperature. The band gap of WO; is ~ 2.7 eV. WOs is stable in the acid
solution and will dissolve in the alkaline electrolyte.
In the past decades, the research of WO; mainly focused on the field of electrochromics
and photocatalysis. Over recent years, scientific researchers have found that WOs is also an
active material for EES as the new findings deepened our knowledge of electrochromics,

which is an electrochemical process associated with ion/electron transfer in nature. Compared
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to other metal oxides, the published literature of WOj is still not much, but a growing number
of papers are dedicated to the solution-based synthetic methods for the synthesis of WO; and
its composites for EES.

8.1 Hydrothermal synthesis of tungsten oxides and tungsten oxides-based composites

To date, most of the nanostructured WO; for EES have been fabricated by HT method,
which is classified into two types according to different mechanism and tungsten sources:
Na,WO, and metal W. For the first one, the HT-WO; uses Na,WO,4 and HC as the starting
materials and the WOj; precipitation from a in a concentrated acid solution containing
tungsten ion. The reactions are described as follows:'" +**

WO4* +2H" + nH,0 > H,WO,- nH,0  (8.1)
H,WO4 nH,O <> WOs + (n+1) H,O (8.2)

Different WO; nanostructures and composites such as nanoflake, nanowire, nanoplate,
nanoflowers WO3/SnO, and WOs/graphene have been prepared by this HT method and
applied as active materials for EES.*>** It is noteworthy that the WO; nanowires can be
formed with the help of (NH4),SO,4 and each nanowire is a hexagonal single crystal and their
long axes are oriented toward the [0001] direction. in the presence of an appropriate amount
of ammonium sulfate in the solution, WO;3 primary particles aggregate along the [0001]
direction of the h-WOs unit cell via self-assembly, because sulfate ions preferentially adsorb
on the faces parallel to the c-axis of the WO; nanocrystal and thus 1D single crystal
nanowires are finally formed.'”” **° These WO; based nanostructures show quite good
electrochemical performances. The ordered WO; nanowire arrays on carbon cloth exhibit a
high specific capacitance of 521 F gf1 at 1 A gf1 (Figure 22).43 > The WOs/graphene
nanocomposite electrode delivers a reversible lithium storage capacity of 656 mAh g after
100 cycle at100 mA g ' and an enhanced cyclability compared with the bare WO; nanowires

439

electrode.”™ The obtained capacitance and capacity are comparable to those of other metal

oxides. >+ 440
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The other HT can be called sol-based HT method, which first prepares WO; sols by
reacting metal W with H,O,. Then the WO; sols are treated in HT condition to form WOs
nanomaterials. The possible reactions about is very complex, may be as below.*'**

W + 10 HyO, <> [W(0)3(0,)4(H,0,)]* + 2H™ + 6H,0  (8.3)

The hexagonal WO; nanostructures are fabricated by the sol-based HT and show a
discharge capacity of 215 mAh g_1.442’ 3 The first HT method is much easier than the
second one, which is tedious and difficult for the preparation of sols.

8.2 Other solution-based synthesis of tungsten oxides and tungsten oxides-based
composites

Though lots of papers about WO; have been reported for electrochromic and catalytic
applications, there are only a few papers about WO; prepared by other solution-based
methods (such as sol-gel, electro-deposition and microwave synthesis) for EES. Therefore,
we will introduce them together in this section.

Zou et al. reported a WO3/Polyaniline composite prepared by a cathodic electro-deposition
method and a specific capacitance of 168 F g~'.*** The W sources are usually tungstic acid or
tungstate such as Na,WQ,. The formed precursor in the ED is HWO; with blue color with
reactions shown as below.

WO, +e +H+ > HWO; (8.4)

The precursor HWO; will change into amorphous WO; after dehydrogenation under
anodic potential. The reaction mechanism of Sol-gel WO; is similar to that of above sol-
based HT, but the W source is not limited in metal W, can also be other tungstate. V,0s—WO;
and RuO-WO; composites have been fabricated and showed enhance LIBs and supercapcitor
performances due to the synergistic effect between V,0s, RuO andWO3_445’ 446 Additionally,
a crystalline tungsten oxide mixtures, WO3;—WO;3-0.5H,0 is prepared by a microwave

synthesis for supercapacitor with a capacitance of 290 F g~'.*/
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9. Conclusions and perspectives

Electrochemical energy storage devices and systems are playing an important role in

developing a secure and green energy future of human society. The performance of EES

systems, both lithium ion batteries and supercapacitors, is mainly determined by the electrode

materials. Among the electrode materials studied so far, metal oxides based electrodes can

provide high energy density with Faradic reaction, thus have drawn much attention for next-

generation high-performance EES devices. In the past decades, the nanoscale metal oxides

and their composites have elicited much interest due to their distinctive structural features

and intriguing properties. Generally, compared to bulk materials, nanostructured metal oxides

can provide many merits, including enlarged electrode/electrolyte contact area for reactions,

short ion diffusion distance and better charge transfer kinetics.

Methods

Applicable objects

Merits

Demerits

Electro-deposition
(ED)

Nanostructured films

Easy control in
morphology,
Relatively fast

Unsuitable for large-
scale production

Chemical Powders, colloidal Fast deposition, Difficult in

precipitation nanostructures Large-scale morphology control

(CP) production

Microwave synthesis  Powders, colloidal Much faster than CP, Difficult in

MS) nanostructures Large-scale morphology control

production
Sol-gel Nanostructured film  Large-scale Unwanted dense film
and powders production without using

template, so difficult
in producing porous
films

Hydrothermal and Nanostructured film  Easy control in High temperature,

solvothermal and powders morphology, Slow growth

synthesis Large-scale

(HT, ST) production
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Chemical bath Nanostructured film  Easy control in Limited to a few
deposition (CBD) and powders morphology, metal oxides
Large-scale
production,
Faster than HT and
ST

Table 1 Merits and demerits of different solution-based methods

To date, a wide range of solution-based synthesis methods have been developed to prepare
high-quality metal oxides and metal oxide-based composites for EES applications. Each
method has its own advantages and disadvantages (Table 1). These solution-based synthesis
methods usually can be combined smartly to construct non-conventional nanostructures with
tailored morphologies and functions. ED is usually used to prepare film samples and the
deposition process is easy to control, but ED is not favorable for large-scale production. In
contrast to ED, CP is suitable for fabrication of powder products and easy for large-scale
deposition, but the morphology of samples is difficult to precisely control due to the fast CP
reaction. MS can be considered a special CP method, which is conducted in microwave oven.
Its reaction rate is much faster than the common CP. Similar to CP, sol-gel is also a method
for large-scale production, but sol-gel is not limited in powder products and can be extended
to prepare film samples. However, the sol-gel-film always shows a dense and flat
morphology without other porous templates. EPD is only used for the preparation of films,
while it usually needs organic solvents and high working voltage above 50 V. HT and ST can
be for both powder and film samples, but they need high reaction temperature and the
reactions are required to be conducted in sealed vessels.

After analysing the published literature, notice the fact that heavy research is focused on
metal oxides based composites with CNT, graphene, porous metal, conducting polymers.
These modifications are aiming at improving the ion/electron transportation characteristic of
metal oxides and obtaining high energy and power densities. It is well accepted that the EES

systems involve electrochemical process with charge transfer and ion diffusion.
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Unfortunately, most of the active electrode materials (e.g., NiO, MnO,, Co;04 and Fe,03) are
p-type semiconductors whose electric conductivity is too low to support fast electron
transport required by high rates. Therefore, great efforts are dedicated to ameliorating the
electrochemical activity and kinetic feature of metal oxides by designing composite materials
with other highly conductive layers or scaffolds.

In view of such context, it becomes necessary to think about this question: What are the
general principles or guidelines for designing advanced electrode materials? Of course, the
rules for supercapacitors and LIBs are kind of different due to their different electrochemical
reactions. In the following, we propose the basic rules for designing high-performance
electrodes of supercapacitors (see also Figure 23),* > **® which can be summarized as four
and elaborated as follows.

Rule 1: High power density. This is the most important rule and the prerequisite for high-
performance supercapacitors. Supercapacitors are unique because of their high power density,
fast recharge capability and long cycle life. The power density is controlled by the kinetic
feature of the electrodes, which is tightly related to the transport characteristics of ions and
electrons in electrodes and at the electrode/electrolyte interfaces.**® Therefore, electrodes
with porous nanostructures and good conductivity are highly desirable, especially the
combination of these two is indispensable for high power density. Porous nanostructures are
favorable for fast ion/electron transfer and facilitate the sufficient contact between electrolyte
and active materials leading to fast reaction kinetics. As for the conductivity issue, the active
materials with high conductivity will show low polarization and accelerate reaction kinetics.
In this regard, researchers generally adopt conductive scaffolds or conductive coatings to
improve the conductivity of the whole electrode to obtain faster reaction kinetics and
enhanced performances.

Rule 2: High capacitance and high working voltage. The energy density (£) of a

supercapacitor is governed by the equation: E :%CV2 (where C and V represent the
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capacitance of the electrode and the potential across the electrode, respectively).” **® In this
context, an effective way to boost energy density is to develop electrode materials with high
capacitance and high working voltage. To achieve high capacitances, firstly, we have to
select active materials with high capacitances. Previous research about active materials of
supercapacitors is heavily focused on pure carbon materials, but their specific capacitances
are not high enough and encumber the energy density. Then the scientific community shifts
its attention to pseudocapacitive materials (such as metal oxides/hydroxides, metal sulfides

and conducting polymers),” " %’

whose specific capacitances are several times larger than
carbon materials. Nevertheless, most of pseudocapacitive materials are p-type
semiconductors whose conductivity is low and not kinetically favorable for fast electron
transfer in high-rate capability. Fortunately, it is found that the two design strategies for high
power density in Rule 1 are also applicable for improving capacitance. The porous
nanostructure design (porous construction of pseudocapacitive materials) and conductivity
modification (combination between pseudocapacitive materials and highly conductive
backbones) can effectively improve the utilization of active materials resulting in higher
capacitance. As for the working voltage, it depends on several factors including the intrinsic
electrochemical reactions of active materials, electrolyte species and macroscopic structure of
supercapacitors. Generally, asymmetric supercapacitors exhibit higher working voltage than
the symmetric ones.

Rule 3: Lighter the better. The mass unit of energy density and power density is Wh/kg
and W/kg, respectively. This means that the energy density and power density will be much
higher if the weight of the electrode is low. In commercial supercapacitors, the conductive
substrates are metal foams or foils (such as nickel foam or aluminum foil) that do not
contribute to the capacitance, but just as a support for active materials. Their weight will

account for a large portion in the device and decrease the overall energy density and power

density. Fortunately, benefiting from the advancement of superlight graphene/graphite
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technologies, three-dimensional (3D) porous graphene or graphite foams have attracted

great attention and become promising new light-weight substrates with high conductivity and
chemical stability.**

Rule 4: High structural stability. A supercapacitor requires a long cycling life more than
10* times, so the electrode materials must have strong mechanical and structural stability to
reach high cycling life. It has been demonstrated that nanoarrays grown directly on substrates
possess good mechanical and structural stability during cycling compared to powders.
Particularly, a core/shell nanowire array not only has the merits of porous structure, but also
possesses good strain accommodation during cycles resulting in high cycling life.'"

Based on the rules above, the ideal electrode materials for supercapacitors should be highly
porous, conductive, light, highly active and stable. Most of the rules are also applicable for
LIBs expect the Rule 1. It is noteworthy that the energy density of LIBs is the core
characteristics, not the power density. Any design strategy should not sacrifice the energy
density of LIBs. Last but not least, experimental and theoretical fundamental studies on

ion/electron transport behavior at the surface and cross-electrode under device working

conditions can be of also great help in both electrode design and device configuration.
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Figure 1 Film of NiO nanoflakes obtained by chemical bath deposition. Reproduced with
permission from Ref. 27.

Figure 2 (a) TEM image and (b) SAED pattern of chemical bath deposited NiO triangular
prism. (c, d) SEM images of the film composed of NiO triangular prisms. Reproduced with
permission from Ref. 38.
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Figure 3 NiO spheres composed of nanoflakes obtained by hydrothermal synthesis.
Reproduced with permission from Ref. 51.
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Figure 4 (a, b) SEM-TEM images and (c, d) pseudocapacitive performances TiO,/NiO
core/shell nanorod arrays on carbon cloth. The NiO nanoflakes are obtained by electro-
deposition method. Reproduced with permission from Ref. 32.
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Figure 5. (a) Schematics of the sol-gel synthesis procedure of hollow NiO spheres. (b) Rate
capability as the Li-ion battery electrode. Reproduced with permission from Ref. 90.
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Figure 6 Porous Co3;O4 nanowires by hydrothermal synthesis method. (a, b) TEM and
HRTEM images of individual Co3;O4 nanowire; (c, d) SEM images of Co;0,4 nanowire array
grown on nickel foam. Reproduced with permission from Ref. 103.

Co(OH),

Figure 7. Schematic illustration of Co3;04 needle-like nanotubes obtained by chemical
precipitation method. (a) Single-crystalline B-Co(OH), nanoneedles along [001] direction. (b)
Co(OH), with loose platelet-walls. (¢c) Co3;04 needle-like nanotubes. Reproduced with
permission from Ref. 162.
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Figure 8 Co3;0,4 hollow sphere layers by electro-deposition on polystyrene sphere templates.
TEM (a) and HRTEM (b) images of individual Co3;O4 hollow sphere. SEM images of (c)
monolayer PS sphere template and (d) Co3;O4 monolayer hollow-sphere array. Reproduced
with permission from Ref. 186.
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Figure 9 Co;04 nanowire arrays by chemical bath deposition. Reproduced with permission
from Ref. 207.

Figure 10 Copper oxide colloidal nanoparticles by chemical precipitation method. (a) Cu,O
nanocubes; (¢) CuO hollow cubes; (¢) hollow spheres; (d) urchin-like particles. Reproduced
with permission from Ref. 211.
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Figure 11 (a) Preparation of the CuO/CNT composites by chemical precipitation. (b, c)

cycling performances and rate capability of the CuO/CNT composites. Reproduced with
permission from Ref. 221.
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Figure 12 (a, b) SEM-TEM images and (c) cycling stability of CuO nanorods obtained by
hydrothermal synthesis; (d, €) SEM-TEM images and (f) cycling stability of CuO nanosheets
obtained by hydrothermal synthesis. Reproduced with permission from Ref. 225.
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Figure 13 3D porous composite nanostructures obtained by electrode-deposition on
polystyrene opals template. (a) Polystyrene opals template, (b) Ni inverse opals structure after
first deposition, (c) Cu,O/Ni structure after second deposition, and (d) TEM image of the
Cu,O/Ni structure. Reproduced with permission from Ref. 236.
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Figure 14. MnO2 nanosheets by hydrothermal synthesis via the chemical reaction between
KMnOQO,4 with carbon. (a) Schematics of the fabrication procedure for the MnO? nanosheet
branches on various metal oxide core nanowires. (b) Co3O4 nanowire array, (c) ZnO
nanowires, and (d) SnO, nanowires. SEM images in the right column show the corresponding
nanowire arrays with MnO, nanomembrane branches. Reproduced with permission from Ref.
98.
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Figure 15 (a, b) SEM and TEM images of MnO; nanorods hydrothermal synthesized form
Mn(NQO3), precursor. (¢) Discharge curves and (d) first 20 cycles of a- and y-MnQO; phase
nanostructures in the laboratory Li -MnO; cells. Reproduced with permission from Ref. 272.



Nanoscale

N
S

Bare NPG

o

— NPG/MnO, (20min)
154 — NPG/MnO; (10min)

—— NPG/MnO; (Smin) _ i
104 BareNPG____— |

MnO,
nanocrystals

Current density (A g™")

S50mVs™

0.0 02 04 06 08
Voltage (V)

. —8—NPG/MnO, (20 min)
310 —8— NPG/MnO, (10min)
N w0 A~ NPG/MnO, (Smin)
> v Bare NPG
i I S B
S 102 »
g AT F——o—o—
. g}*—ék A — A 4
& 4
e
v v v
0 4 8 12 16 20

Discharge current (Ag™)

Figure 16 (a) Schematics of the nanoporous Au/MnO, hybrid materials by chemical
precipitation of MnO, on surfaces of porous Au template. (b-d) SEM images, (¢) CV curves

and (f) rate capability of nanoporous Au/MnO; hybrid materials. Reproduced with permission
from Ref. 273.
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Figure 17 (a) Schematics of the fabrication process for WO; s @Au@MnO, composite
nanowires. The MnO; outer shell is by electro-deposition. SEM images of (b) WO;_x@Au
nanowires, and (c¢) WO3x@Au@MnO, nanowires on carbon cloth. Reproduced with
permission from Ref. 316.
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Fe,O; without carbon, and commercial Fe;O4 powders. Reproduced with permission from
Ref. 367.
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Figure 19 (a) Schematics of the synthesis of the C@Fe;04 composite electrode. (b, c¢) Li-ion
battery cycling life and rate capability of C@Fe;O,4 composite electrode. Reproduced with
permission from Ref.383.
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Figure 20 Fe,O; nanostructures obtained by chemical precipitation for the Li-ion battery
anode materials. (a) Co(OH),CO; nanowires as the sacrificial template and ALD TiO, as the
support for the final Fe,O; nanoparticles. The battery cycling life is shown below.
Reproduced with permission from Ref. 324. (b) 3D graphene foam supported ALD ZnO as

the sacrificial template for chemical precipitation reaction. Reproduced with permission from
Ref. 385.
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Figure 21 (a) SEM image and (b) Ragone plot of hydrothermal-synthesized V,0s porous
film composed of nanosheets. Reproduced with permission from Ref. 395.
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Figure 22 (a, b) SEM images of the hydrothermal synthesized WO3 nanowire arrays on the
carbon cloth. (c) Pseudocapacitive rate capability and (d) cycling life of the WO3; nanowire
array electrode. Reproduced with permission from Ref. 435.
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Figure 23 Proposed basic rules

supercapacitors.
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for designing high-performance electrodes for



