Progress in Natural Science: Materials International 2013;23(4):351-366

Chinese Materials Research Society

Progressin Natural Science.

Progress in Natural Science: Materials International

www.elsevier.com/locate/pnsmi
www.sciencedirect.com

REVIEW

Metal oxide and hydroxide nanoarrays: Hydrothermal
synthesis and applications as supercapacitors
and nanocatalysts

Qiu Yang, Zhiyi Lu, Junfeng Liu*, Xiaodong Lei, Zheng Chang,
Liang Luo, Xiaoming Sun™
State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology, Beijing 100029, China

Received 24 January 2013; accepted 22 May 2013
Available online 22 July 2013

KEYWORDS Abstract The development of nanotechnology in recent decades has brought new opportunities in the
Nanoarrays; exploration of new materials for solving the issues of fossil fuel consumption and environment pollution.
Hydrothermal synthesis; Materials with nano-array architecture are emerging as the key due to their structure advantages, which
Metal oxide and offer the possibility to fabricate high-performance electrochemical electrodes and catalysts for both energy
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Supercapacitors; and corresponding controllable synthesis. This article reviews recent progress in our laboratory related to
Catalyst the hydrothermal synthesis of metal oxide and hydroxide nanoarrays, whose structures are designed

aiming to the application on supercapacitors and catalysts. The strategies for developing advanced
materials of metal oxide and hydroxide nanoarrays, including NiO, Ni(OH),, Co3;04, Co;0,@Ni-Co-0,
cobalt carbonate hydroxide array, and mixed metal oxide arrays like Co;_,Fe,O4 and Zn,Co;_, Oy, are
discussed. The different kinds of structure designs such as 1D nanorod, 2D nanowall and hierarchical
arrays were involved to meet the needs of the high performance materials. Finally, the future trends and
perspectives in the development of advanced nanoarrays materials are highlighted.
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1. Introduction

One-dimensional (1D) or two-dimensional (2D) nanostructures
such as nanowires, nanotubes, nanoribbons and nanosheets are
continuing to be at the forefront of nanoscience and nanotechnol-
ogy due to their unique chemical and physical properties, which
can be attributed to their dimensional anisotropy [1-5]. They are
arguably the most studied nanomaterial model to fabricate func-
tional devices and have been demonstrated to be the optimized
architecture for electronic/electrochemical electrodes, especially,
when they are applied in the form of oriented arrays [6,7]. The
versatile utilization of energy in an efficient and clean way has
received worldwide concern and increased research interest.
Energy storage becomes even more complex and important by
converting one type of energy into another form of energy that can
be stored and converted for use when needed aiming at proper
utilization of different energy sources. The application of catalysts
also plays an important role in energy and environment areas that
are closely related to the humankind. The improvement of their
overall performance, mainly including the activity and stability,
significantly depends on the advancement of new materials used in
these processes, especially in a large part of “how to design
superior architectures”.

It is generally accepted that the surface (or interface) reactions
are critical in many processes, from electrochemical processes on
an electrode to heterogeneous catalytic reactions [8—10]. There-
fore, researchers prefer to synthesize nanomaterials with smaller
size to ensure that larger surfaces are exposed. However, the
traditional nanoparticles often become unstable and tend to
diminish during the reactions when the size is reduced to an
extreme small value. The aggregation of active materials of
electrochemical electrodes or catalysts tends to reduce the acces-
sible surface area for participating reactions, resulting in a decrease
in their activities. One of the ways to address these issues is to
construct ordered architectures by having 1D or 2D nanostructures
grown in a vertical fashion forming geometrically confined
structures, instead of traditional nanoparticles [11-13]. Nanoar-
rays, with their 1D/2D morphologies, e.g. their length at micro-
scale and their diameter/thickness dimensions at nanoscale, often
exhibit fascinating properties, such as larger surface area, uniform
structure and high porosity architectures [14—16]. These properties
are highly desired for supercapacitor electrode, because it could
prevent agglomeration, facilitate the electron transfer rate and the
penetration of the electrolytes into the whole electrode matrix
[8,17,18], as well meet the needs of the development trend of
catalysis in the structured way, providing more active sites and
making the catalyst more stable [19,20]. However, these potentials
highly rely on the subtle control of their physical properties such
as their density of active site and the transport of electrons and
reactants. These can be tailored over a wide range of material
parameters like compositions, size and three-dimensional mor-
phology, which make these nanoarrays so outstanding and
intensively researched. Over the last few decades, 1D or 2D
nanoarrays that have been mainly in the research focus in these
respects include carbon nanotubes (CNTs), metal oxide nanotubes
and nanowires (e.g. ZnO, TiO,, V,0s, Cu,0, NiO, Fe,03), silicon
nanowires, as well as III-V or II-VI based hetero-nanostructures,
metallic nanowires and hybrid of structures of multiple composi-
tions [6,7,21-31]. For example, Cui’s group reported a Si
nanowire arrays (NWAs) anode which was grown directly on
the metallic current collector substrate can improve the rate
capability and stability significantly [32]. Li et al. used a

template-free growth method to prepare Ni,Cos;_,O, nanowire
arrays electrode that showed high catalytic activity for OER with
optimized Ni:Co ratio [33].

In general, the key factors for nanostructured arrays or higher
level nanoarchitectures as advanced electrochemical electrodes or
structured catalysts are: (1) large active surface area; (2) high
electric or thermal conductivity of the active material; and
(3) excellent connection and contact between active materials
and substrates. Hence, the rational design and controllable synth-
esis of the nanoarrays are required. Commonly, there are two
different kinds of methods that have been developed for the
chemical preparation of nanoarrays. One is dry routes such as the
atmospheric pressure chemical vapor deposition (APCVD)
approach [34,35], and another is wet routes including various
solution-based chemical strategies [36], which is considered much
more flexible for nanocrystal synthesis [37].

In this review, we provide a brief account of our recent efforts
to synthesize nanoarrays using hydrothermal methods. A special
emphasis is laid on the research aiming at designing advanced
materials for supercapacitor and catalytic applications. Transition
metal oxides and hydroxide were chosen, because they have
multiple oxidation states that enable rich redox reactions for
pseudocapacitance generation and catalytic reactions. By utilizing
simple hydrothermal reactions and controlling reaction parameters
(concentration, reaction temperature, reaction time, etc.), we have
obtained different kinds of nanoarray structures (nanorod, nano-
wall, hierarchical nanosheet@nanowire, ultrathin nanosheet, etc.)
of various materials (metals oxides, metal hydroxide, mixed metals
oxide, etc.). Subsequently, we focus on the supercapacitor and
catalytic applications of nanoarrays and summarize our recent
endeavors in the study of nanoarray electrode materials and
nanocatalysts. In the last part, an outlook on this field of research
will be given as well.

2. Hydrothermal synthesis of metal oxide and hydroxide
nanoarrays

The controllable fabrication of highly ordered nanostructure on
substrate has been widely studied by using kinds of methods, such
as high-temperature vapor-phase approaches including physical
vapor deposition and chemical vapor deposition [38—40], and low-
temperature solution-based chemical strategies including hydro-
thermal method, electrochemical synthesis method and the sol gel
method [14,41-43]. Compared with vapor-phase approaches,
which are expensive and energy-consuming, solution-based syn-
thetic strategies have the advantages of saving energy, convenient
manipulation, excellent control over size and morphology, and
greater capability and flexibility. Among them, hydrothermal
synthetic strategies on a water system are considered as simple
and powerful routes and become more popular in fabricating
ordered nanoarray structures recently. This method relies on the
chemical reactions and solubility changes of substances in a sealed
heated aqueous solution above ambient temperature and pressure
to grow nanocrystals. Recently, Zhang et al. introduced several
types of representative hydrothermal synthetic strategies of inor-
ganic semiconducting nanostructures in detail [44]. They pointed
out that precise control over the hydrothermal synthetic conditions
is a key to the success of the preparation of high-quality inorganic
semiconducting nanostructures. Therefore, for the purpose of
building nanostructure arrays with satisfactory morphology,
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controlling the reaction conditions and designing the reaction
processes are critical.

In this section, we will introduce several novel hydrothermal
strategies involved in our previous works for synthesizing various
nanoarray structures, such as 1D nanorod, 2D nanowall and
hierarchical arrays. Besides single phase materials (NiO,
Ni(OH),, Co30,4), composite materials containing multiple metal
ions (Co30,@Ni—Co-O, Cos_,Fe O4, Zn,Coz_,0,) are also
developed to achieve the synergy effect of the different compo-
nents and enhance the scope of functionality further. All the
reactions occurred in Teflon-lined stainless-steel autoclaves and
the reaction temperature distributes in a low range (100-120 °C),
which can provide a stable high-pressure environment for the
reaction and make the synthetic strategies more safety and
economical.

2.1. 1D or 2D nanoarray

1D or 2D nanoarrays like NiO nanorod, Ni(OH), nanowall and
Co304 nanowire/nanosheet arrays can be achieved via simple
hydrothermal method of directly putting the substrates into
corresponding reaction solutions (contain metal salts and alkali),
maintaining for a certain time at appropriate temperature and
following annealing treatment (Fig. 1). The morphology and size
of these nanoarrays mainly depend on the reaction conditions, such
as reaction temperature, reaction time, and concentration and ratios
of the reactants. Briefly, the preparation of NiO nanorod (typically
micrometers in length and 10-15 nm in diameter) array involved
precipitation of nickel hydroxide carbonate precursor on nickel
foam in aqueous solution, which is induced by urea hydrolysis
upon hydrothermal treatment at 100 °C for 12 h and then conver-
sion of the precursor to NiO by annealing in Ar at 573 K (Fig. 1a)
[45]. It was interesting that when we replaced the urea with HMT

(hexamethylenetetramine), ultrathin Ni(OH), nanowall array con-
sisted of many sheets (typically 1 pm in length and 6 nm in
thickness) could be obtained under the same reaction condition
(Fig. 1b) [46]. That means the alkali has a great influence on the
morphology of nanoarrays. Furthermore, Co3O,4 nanoarrays with
different morphology were also prepared by the same methodol-
ogy (Figs. lc, d) [47]. The Co3;04 nanosheets, which obtained by
reacting cobalt salt with urea and NH4F at 100 °C for 6 h and
following annealing treatment, were quite uniform with the
average edge and thickness size of about 6 pm and 100 nm,
respectively. In another case, uniform Co3;0,4 nanowire (5-7 pm in
length, 50 nm in diameter) could be achieved by increasing the
reaction temperature to 120 °C and reaction time to 12 h. All the
nanoarrays had strong interaction with the substrate, which was
proven by the fact that even several hours of ultrasonication did
not dislodge the color from the substrate. In all, this simple and
easy-control hydrothermal method will be suitable for synthesizing
other various 1D or 2D metal oxide nanoarray.

2.2.  Hierarchical nanoarrays

Since the structure of materials plays an important role on the
performance of electrodes or catalysts, many efforts have been
devoted into the design and synthesis of materials with superior
architectures [11,18,23,28,48-52]. The growth and alignment of
hierarchical nanoarrays based on 1D or 2D nanostructures has
allowed bridging the gap from the nano into the micro- and macro-
world and is essential for a variety of engineering applications.
Generally, the synthetic strategy of hierarchical nanoarrays can be
classified into two kinds: one-step self-template growth and multi-
step-graded growth method. One-step self-template growth
approach is facile and effective to some kind of hierarchical
nanoarrays. It usually utilizes the main units of 1D or 2D
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5mmolNi(NO5),-6H,0,
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2mmolCo(NO;),-6H,0,
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CO(NH,),, 100°C, 6h.

2mmolCo(NO;),"6H,0,
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Fig. 1 Schematic diagram of hydrothermal synthesis of 1D and 2D nanoarrays. (a) NiO nanorod; (b) Ni(OH), nanowall; (c) Co;0,4 nanosheet;
and (d) Coz0,4 nanowire.
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nanostructure as template for epitaxial growth of secondary
structures via controlling the reaction condition in one pot to
fabricate hierarchical structure.

Here we take hierarchical Co;_Fe, O, arrays as an example to
demonstrate this one-step self-template growth method [19]. Fig. 2
shows the schematic diagram and typical SEM images of the
transformation process of hierarchical Cos_,Fe, O, arrays, which
were prepared on the iron substrate by one-step hydrothermal
reaction of Co®" and F~ ions and urea at 120 °C for 12 h and
following annealing treatment. Hexagonal cobalt iron layered
double hydroxide (CoFe-LDH) platelets about 50 pm in edge
length and approximately 1 pm in thickness oriented perpendicular
to the surface were firstly grown on the iron substrate by
hydrothermal reaction of Co>™ and F~ ions and urea at 120 °C
for 3 h (Figs. 2b, e). Continued reaction resulted in the formation
of a secondary nanostructure of iron-doped orthorhombic cobalt
hydroxide carbonate (CoFe-HC) nanowires grew epitaxially out
from the edges of the hexagonal CoFe-LDH platelets in a parallel
fashion (Figs. 2c, f), with a length of about 4 pm and average
width at the base of about 500 nm. These hierarchical structures
exhibit a six-fold symmetry, i.e., the nanowire branches grow
along six directions on the hexagonal platelets with an angle of 60°
between adjacent branches. With increasing reaction time, the
nanowires gradually grew longer, and finer nanowires with an
average width and length of approximately 200 nm and 10 pm
were obtained (Figs. 2d, g). After the calcination treatment,
hierarchical Co;_,Fe O, arrays were obtained. Similarly, hierarch-
ical Cos304 nanosheet@nanorod and hierarchical Zn,Co;_,O4

nanopillar@nanowire arrays were also fabricated via this one-
step self-template growth method by simply adjusting the reaction
parameter (Fig. 3) [47].

Although one-step self-template growth approach is facile, the
resulted structures of materials greatly depend on the reaction
conditions and hard to control. A multi-step-graded growth
method involving making secondary structure on a previously
obtained primary nanostructure, which can easily combine various
methods together to achieve the composite of two or more kinds of
compounds, will play well on the issue, because the morphology
and structure of final products can be adjusted by the secondary
reaction conditions, such as reaction time and temperature, amount
of reactants, etc. As far as we know, most of the hierarchical
structures were prepared by this approach. For instance, Lee et al.
combined chemical vapor with solution-based method for synthe-
sizing MnO,/SnO, hierarchical nanowire [48], and Fan et al.
combined hydrothermal synthesis with electrochemical deposition
for synthesizing Co30,4/NiO core/shell nanowire arrays [52].

We also fabricated several hierarchical arrays by multi-step-
graded growth method (Fig. 4). For instance, the synthesis of
novel hierarchical Co;04,@Ni—Co—O nanosheet@nanorod arrays
involved two step hydrothermal reactions and following annealing
treatment. (Fig. 4a) [53]. For preparing this hierarchical arrays, Co
(OH), nanosheet arrays were firstly grown on nickel foam by
hydrothermal reactions as previously mentioned. Then, by reacting
the obtained Co(OH), nanosheet arrays with extra Ni salt and
alkali through a secondary hydrothermal process and following
annealing treatment, hierarchical Co03;0,@Ni—-Co-O arrays

a

CoFe-LDH CoFe-LDH@CoFe-HC
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OV & . /]
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10um
——

CoFe-HC CosxFexOs

Fig. 2 One-step self-template method for hydrothermal synthesis of hierarchical nanoarrays (Cos_,Fe,O4 as example). (a) Schematic mechanism
of the growth process of hierarchical Co;_,Fe, O, arrays on the iron substrate in one pot; SEM images of the products formed at: (b, e) 3 h; (c, f)
4 h; (d, g) 12 h; the insets of b, ¢ and d show schematic illustrations of as-prepared crystallites [19].



Metal oxide and hydroxide nanoarrays: Hydrothermal synthesis and applications as supercapacitors and nanocatalysts 355

involving the growth of densely aligned slim Ni—-Co—O nanorods
(diameter<20 nm) on Cos304 nanosheets were fabricated. The
thickness of the Ni—-Co—O shell on the Co30,4 nanosheets could be
simply tuned by varying the Ni*™ concentration in the second
hydrothermal step. Therefore, this method is much flexible to
adjust the load mass of activity materials and control the
morphology of final products. In addition to this common
approach which made secondary structure outside the primary
nanostructure, a novel method which made holes inside the
primary nanostructure was developed to fabricate mesoporous
cobalt carbonate hydroxide (MPCCH) nanosheets with thin
structure (Fig. 4b) [54]. The CoAl-LDH nanosheet array was
previously synthesized by co-precipitation under hydrothermal
conditions on nickel foam. After immersion in 5M NaOH
solution, individual nanosheets became thinner with 3D network
maintained. Small holes of several to tens of nanometers in size
were clearly observable in the cracked nanosheets, which resulted
in mesoporous cobalt carbonate hydroxide (MPCCH) nanosheets.

2.3.  Summary

We introduced several strategies for the controlled hydrothermal
synthesis of metals oxides and hydroxide nanoarrays. This bottom-
up hydrothermal method provides us with many novel synthetic
strategies for nanoarrays structures, which has many advantages.

First, since the hydrothermal process occurs irrespective of the
kind of materials (Ni, Co, Fe, Zn etc.), this route is very versatile.
Second, the process is simple and easily controlled, and we can
adjust the morphology, size and structure of nanoarrays by tuning
the reaction parameter to satisfy the needs of different applications.
More importantly, we can even synthesize multi-metal oxide
nanoarrays by reacting two or more kinds of metal salt together
in the hydrothermal process. In such a synthetic strategy for
nanoarrays, many novel hierarchical arrays were fabricated. Thus,
this hydrothermal synthesis method is hence expected to be widely
used, and it also offers new opportunities for the design of new
types of highly efficient nanoarrays materials.

3. Metal oxide nanoarrays as supercapacitors

Energy storage, an intermediate step to the versatile, clean, and
efficient use of energy, has received worldwide concern and
increasing research interest [55]. Among the various power source
devices, supercapacitors (SCs), also known as electrochemical
capacitors, have attracted considerable attention over the past
decade due to their high power density, fast charging/discharging
rate, and long cycle life comparing to secondary batteries and
conventional dielectric capacitors [8,55,56]. In combination with
fuel cells or batteries, SCs are anticipated to be useful for powering

500nm
[—]

Fig. 3 SEM images of hierarchical Co3;0,4 nanosheet@nanowire (a, b) [47] and Zn,Co;_,0, nanopillar@nanowire (c, d) arrays, the insets of a

and c are the corresponding schematic illustrations.
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Fig. 4 Schematic diagram of multi-step-graded growth method for hierarchical nanoarrays. (a) Co;04@Ni—Co-O nanosheet@nanorod array;

(b) mesoporous cobalt carbonate hydroxide nanosheet array [53,54].

HEVs and EVs, in particular, if the energy density of SCs can be
further improved while keeping their high power density
unchanged. Generally, SCs can be classified into two types
depending on different charge storage mechanisms: traditional
electrical double layer capacitors (EDLCs) and pseudo-capacitors.
The most commonly used materials for EDLCs are carbonaceous
materials including active carbon [57], graphene [58] and carbon
nanotubes [59], but the relatively low energy density has limited
their applications [8]. In contrast, transition metal oxides or
hydroxides with variable valence—such as NiO [60], Cos04
[61-63], MnO, [64], Ni(OH), [65], and Co(OH), [66]—can
provide higher energy density for supercapacitor. Such materials
not only store energy like electrostatic carbon materials but also
exhibit electrochemical faradaic reactions between electrode mate-
rials and ions within appropriate potential windows [8]. Thus, they
often have theoretical specific capacity values larger than
2000 F g™ (e.g. 3560 Fg™' for Co30,4 [67] and 2573 Fg~" for
NiO [68]) due to their multiple oxidation states that result in a rich
variety of redox reactions for pseudocapacitance generation.
However, these materials that previously reported commonly show
much lower capacitances, suffer from poor rate capability and/or
poor capacitance retention upon cycling.

As well known, the electrochemical activity and kinetic feature
of the electrodes play an important role for the performance of
SCs. Enhancing the kinetics of ion and electron transportation in
electrodes and at the electrode/electrolyte interface can highly
improve the power density of SCs. Therefore, constructing
electrodes with proper pore structure and good electrical con-
ductivity are highly desirable. On the other hand, by optimizing
the structure of electrode materials and designing energy storage
devices according to different energy storage mechanisms, the
energy density of SCs can be increased. Chen et al. once reviewed
the detailed methods to design and synthesize advanced materials
for SCs with desirable structures and compositions based on a
thorough understanding of the interaction between electrodes and
electrolyte ions [55].

Here we introduce several of metal oxides or hydroxides
nanoarrays, which meet the general requirements in supercapaci-
tors: (1) the oxide or hydroxides should be electronically con-
ductive; (2) the metal can exist in two or more oxidation states that
coexist over a continuous range with no phase changes involving
irreversible modifications of a 3-dimensional structure; and (3) the
protons can freely intercalate into the oxide/hydroxide lattice on
reduction (and out of the lattice on oxidation), allowing facile inter

conversion of 0>~ — OH™. These characteristics are critical for the
metal oxides or hydroxide nanoarrays as the promising electrodes
for SCs.

3.1.  Nanorod array

NiO nanorod array is the first example (Fig. 5) [45]. NiO has
received great attention as a supercapacitor material due to its high
theoretical specific capacitance (2573 F g™'), well-defined redox
behavior, and low cost [60,68,69]. Various NiO nanostructures,
including nano-flakes [69], urchin-like structures [70], nanocol-
umns [60,68], and mesoporous structures [71], have been
employed in SCs, but none of them showed stable capacitance
larger than 1000 F g~' (after 500 cycles) [51]. Aiming to higher
capacitance, we designed a mesoporous ordered architecture by
constructing NiO nanorod arrays on Ni foam. Nickel foam was
chosen as the substrate due to its high electronic conductivity and
a desirable three dimensional (3D) structure. The microholes and
zigzag flow channels on the Ni foam substrate provided excellent
mass transportation and large surface area per unit area of the
electrode [72]. Electrochemical test data demonstrated that a
combination of ultrahigh specific capacitance (2018 Fg™' at
2.27 A g™ "), high power density (1536 Fg™' at 22.7 A ¢g™"), and
good cycling stability (only 8% of capacitance was lost in the first
100 cycles with no further change in the subsequent 400 cycles) of
supercapacitor was achieved. The specific capacitance value
exceeds the highest value previously reported for NiO by fully
50%, and is 80% of theoretical value.

It is easy to infer that the high capacitance, high power
capacitance and cycling stability could mainly attribute to the
well-designed structure of nanoarray: small diameters and the high
density of the nanorods, suitable crystallinity, and stable chemical
bonding of the NiO nanorods on the Ni substrate. Firstly, the
individual NiO nanorod constructing the array has very narrow
diameter, smaller than the maximal penetration depth of electrolyte
of about 20 nm [73]. This slim rod morphology reduces the
diffusion distance through which the electrolyte has to penetrate to
less than 10 nm, and thus maximizes the active surface area for
insertion and extrusion of OH™, as shown schematically in Fig. 5
(e), and consequently maximizes the pseudocapacitance (Fig. 5(e)
—Zone 1). At the same time it also maximizes the surface
area exposed to the bulk solution, which enlarges the electric
double layer capacitance, as shown in the discharge curves
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(Fig. 5(e)—Zone 2). Secondly, the 3D porous space between the
slim NiO nanorods facilitates the diffusion of electrolytes, and the
good crystallinity of the nanorods ensures a good cycling stability
and electrical conductivity. In addition, the strong chemical
bonding of the rods to the substrate not only ensures good
mechanical stability, but also facilitates the transport of electrons
from the nanorods to the metallic substrate, the electron collector.
Combining all these virtues into one material suggests that this
NiO nanorod arrays can be used to fabricate long lifetime, cost-
effective and ultrahigh energy/power density SCs.

3.2.  Ultrathin nanoarrays

In theory, the mesoporous materials could make full use of both
redox reactions at interfaces and the electrical double-layer
capacitance from its high surface areas by enlarging the contact
area with the electrolyte and enhancing the ion and electron
transportation, thus enhance the reversible capacitances, which
might be higher than their theoretical pseudocapacitance values.
However, this expectation was seldom demonstrated, although
there were some reports on the irreversible capacitances higher

e
o

o
>

o
w

°
N

e
-

Potgntial vs. Hg/HgO (V)

0 50 100 150 200 250 300 350 400 450
Time (s)

Fig. 5 SEM images of NiO/Ni films after annealing at 523 K (a), 573 K (b), 623 K (c) and 673 K (d); and (e) schematic image shows how the
NiO nanorod generates electric double-layer capacitance and pseudocapacitance and the discharge curves with a current density of 5 mA cm™ of

the NiO/Ni films calcined at various temperatures [45].



358

Q. Yang et al.

than the theoretical values [46]. Our group recently developed an
ultrathin Ni(OH), nanowalls film on Ni foam (Figs. 6a—c). This
extremely small thickness (~6 nm) of the nanowalls played an
important role in yielding the ultrahigh capacitance by effectively
shortening the proton diffusion distance and making the chemi-
cally active materials 100% usable for the redox reaction (Fig. 6d).
Meanwhile, it also provided additional electrical double layered
capacitance at the interfaces. Because of the combination of its
Faradic capacitance from full redox reaction at the interfaces and
the electrical double-layer capacitance from its high surface area,
the Ni(OH), nanowalls exhibited an ultrahigh capacitance of
2675F g™' and 96-98% reversibility depending on the varied
current density (5-30 mA cem™?) (Fig.6e). As far as we know, this
is the highest capacitance ever reported for a reversible Ni(OH),
supercapacitor, beyond its theoretical value (2358 Fg™' within
0.44 V). Since the EDLC was proportional to the surface area and
the voltage decreased as the discharge time extends, while
pseudocapacitance involves redox reaction and thus kept a stable
voltage (platform), we could distinguish them from the discharge
curve. As estimated, the Faradic capacitance section was
2350Fg_1, which was close to theoretical value (2358Fg_1),
and the EDLC contribution was 325 F g™, which meant a specific
capacitance per unit surface area (SCs) of 6.08 Fm™2, much higher
than that of porous carbon (0.1-0.2 Fm™2), and near to the usual
pseudocapacitances (1-5 F m™2) [55]. The Ni(OH), nanowall arrays
also showed high cycling stability of capacitance, preserving >96%
of their original capacitances after 500 cycles and even 102% in the
10 mA cm ™2 case (Fig. 6f). The ideal combination between ultrahigh
specific capacitance and excellent cycling stability made the Ni(OH),
nanowall film electrode promising for electrochemical energy storage
devices. In addition, since the Ni foam was flexible, it could be folded
in and out, and thus made into a ring as large as 20 cm? to fit a 40 mL

autoclave in lab. Such a feature would be very helpful for a large
scale industrial production in future.

Besides that, building mesoporous structure with holes is also
an effective method to improve the electrochemical specific
surface area of the electrode materials, and thus improves their
electrochemical performance (Fig. 7). The mesoporous cobalt
carbonate hydroxide (MPCCH) thin nanosheet array from a
CoAl-LDH nanosheet following removal of the Al cations by
alkali etching were applied in supercapacitor [54]. SEM results
indicated that MPCCH preserved its 3D network and porous
structure without collapse after alkali etching, but the individual
nanosheets became thinner (with thicknesses of ca.10 nm) and
showed extensive cracking (e.g. at the edges and the center)
(Fig. 7b). This process thinned the sheets, increased the surface
area and facilitated the penetration of electrolytes into electrodes.
Therefore, the MPCCH was expected to have a much better
performance. The maximum specific capacitance of MPCCH
could reach 1075 F g~" at 5 mA cm™ (this value is higher than
that of previously reported LDH-like pseudocapacitive materials),
and 780 F g™' (72%) could be maintained at a much higher current
density (50 mA cem™?) (Figs. 7d, f). It is worth noting that the
specific capacitance of MPCCH was improved 150% compared
with the CoAl-LDH nanosheets, indicating the effective of this
method. Additionally, even after 2000 cycles of charge and
discharge at 30 mA cm™2, 92% of the initial capacitance could
be preserved (Fig. 7e), indicating its high stability.

3.3.  Hierarchical nanoarrays

High specific capacitance per area is a critical requirement for a
practical supercapacitor electrode, and needs a combination of
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high mass-loading of the electrochemically active material per
area, and high utilization efficiency of this material. However,
pursuing high mass-loading on conventional electrodes usually
leads to an increase in “dead” material which is not accessible to
the electrolyte in the supercapacitor, and thus prevents high
utilization efficiencies (as given by the specific capacitance per
gram, denoted “SC/g”) of the material being realized. It is
generally found that the SC/g decreases as the active material
per area increases, which results in their specific capacitance per
area (SC/A) always being lower than ~15Fcm™2 [66,74,75].
These conflicting demands can be understood in terms of the
diffusion depth limitation. The diffusion distance of electrolytes
into pseudocapacitor electrodes is only ~20 nm in depth [73]. This
means that all the material included in such a depth can be
considered as “on the surface”, and can become involved in the
redox reaction, while that underneath is “dead” or “inactive”
material as far as electrochemical energy storage is concerned.

Any attempt to increase the mass loading usually results in
increasing thickness of material, which consequently leads to
more inactive material being buried under the surface, and hence
lower overall efficiencies [76].

Recently, this antagonism can be overcome by incorporating the
electrochemically active material in a mesoporous hierarchical
architecture. It is well accepted that the growth of hierarchical
complex nanostructures with multi-dimensions help to avoid many
drawbacks in the field of energy storage [7]. The electrochemical
performance can be improved by the hierarchical nanostructural
design, integrating the high conductivity of the inner core and
large surface areas of the outer branches to permit homogeneous
interface/chemical distributions at the nanoscale and fast ion and
electron transfers. For example, an ultra-high specific capacity
(800 F g™, which is close to its theoretical value was achieved by
coating MnO, onto SnO, nanowires grown on a stainless steel
substrate, indicating the high utilization of the materials [64]. In
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CoAl-LDH [54].

; and (f) the average specific capacitance versus charge and discharge current density with
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addition, a hybrid Co3;04 core and MnO, shell nanowire array
exhibited high capacitance with good cycle performance and
remarkable rate capability with respect to pure Co3;0, arrays as
a supercapacitor, especially, the areal capacitance was greatly
improved due to the increased load mass of active materials [48].
Very recently, a Co;04/Co(OH), core/shell nanowire arrays are
evaluated as a supercapacitor cathode material that exhibits high
specific capacitances [77].

We also designed several hierarchical nanostructures with
controllable dimensions to address this issue. The first example
is hierarchical Co3;04 nanosheet@nanowire arrays (NSWAs) (as
shown in Fig. 8) [47]. By employing this hierarchical design for
the electrode, the Co;0, NSWAs with a high load mass (7.6 mg
cm™) provided a high specific capacitance of 715F g™ (see
Fig. 8d), remarkable rate capability (at least 69% can be main-
tained when the current density increased 6 times), as well as good
long-term cycling stability (exactly 100% of its initial specific
capacitance after 1000 cycles). Compared with pure Coz;0y4
nanosheet arrays (NSAs) and nanowire arrays (NWAs), hierarch-
ical Co;0, NSWAs showed an improved rate capability over
NSAs (58%) and NWAs (42%). It should be noted that although
the NWAs exhibited a slightly higher specific capacitance due to
the slim morphology, the capacitance decayed very fast with the
current density increasing. The high performance of NSWAs
including relatively higher capacitance, excellent rate capability
and good cycling stability was attributed to the combination of the
higher conductivity of the inner nanosheet core and large surface

Specific Capacitance (F/g) ©

areas of the outer nanowires, which permitted homogeneous
interface/chemical distributions at the nanoscale as well as the
fast ion and electron transfer (Fig. 8c).

The secondary structure of Co3O, nanosheets is critical in
enhancing the specific capacitance. Firstly, the nanosheet provides a
3D scaffold to support the Coz04 nanowires growth, preventing the
aggregation during the growth process and electrochemical test. Thus,
the nanosheet presents an efficient template for hierarchical hybrid
array growth. Secondly, each nanosheet, acting as the base of the
hierarchical structure, has its own electric contact with the current
collector and thus promotes the conductivity of NSWAs. This ensures
that all individuals participate in the electrochemical reaction, which
enhances the utilization of the active materials in the electrochemical
process, especially in regions far away from the current collector (e.g.
tips). Also, the need for binders or conducting additives, which add
extra contact resistance or weight, is eliminated. Thirdly, compared
with conventional nanowires arrays, open space between neighboring
nanowires on the nanosheet is much larger which allows easy
diffusion of the electrolyte into the inner region of the electrode,
resulting in a high utilization of materials. The larger degree of
porosity could enhance the electrolyte/Co;O,4 contact area and the
open space between neighboring nanowires allow easy diffusion of
the electrolyte, which may lead to high power applications when the
sample is charged or discharged at high current. In other words, better
rate capability can be achieved. Fourthly, the synergistic effect of
nanosheet and nanowire is critical to high capacitive performance as
mentioned above. Additionally, the hierarchical array possesses a
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Fig. 8 (a, b) Typical SEM and TEM images of Co3;04 NSWAs; (c) schematic image of the electron transmission in hierarchical structure; and
(d) specific capacitance versus current densities of NSWAs, NSAs and NWAs [47].
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favorable morphological and phase stability, which helps to alleviate
the structure or phase damage caused by volume expansion and redox
reaction during the cycling process. This unique structure lead to
enhanced capacitance and rate capability of the Coz;O, NSWAs
compared with the bare Co;0,4 nanosheet arrays.

However, the performance of Co;04 NSWAs was restricted by
the relatively large size of the secondary structure (the nanowires,
~80 nm in diameter), which does not fit to the threshold diffusion
depth (~20nm). Hence, we fabricated hierarchical Co30,
nanosheet@Ni—Co—-O nanorod arrays as a supercapacitor electrode
(Fig. 9) [53]. The uniform and slim tertiary Ni-Co—O nanorods
were only ~10 nm in diameter, which exposed all of the material
to the electrochemically active surface layer and ensured high
utilization efficiency (Fig. 9b). At a current density of 5 mA cm™2,
the unique hierarchical structure of NSRAs allowed the super-
capacitor electrode to have an extremely high mass loading per
area (12mgcm™) and high efficiency of 2098 Fg~', giving
specific capacitances per area as high as ~25 F cm™ (Figs. 9d,
e). For the similar structure Co304/NiO core/shell, their capaci-
tance can only reach to 853 Fg™' at 2 A g™' [52]. When the
current density was increased from 5 mA cm™2 to 30 mA cm_z,
72% of the specific capacitance was retained and, furthermore, no
significant decrease in capacitance was observed over 1000
charge/discharge cycles (Figs. 9f, g). The combination of these
merits made the composite material an excellent candidate for
practical application as a supercapacitor electrode and, more
generally, highlights the increased efficacies of materials that
could be obtained from fabricating mesoporous hierarchical
structures at the nanoscale.

Recently, this design concept is extended to the research field of
LDH nanomaterials. Wei et.al reported CoAl-layered double
hydroxide (LDH)@poly (3, 4-ethylenedioxythiophene) (PEDOT)
nanoplatelets with core/shell structure on a flexible Ni foil substrate
as a high-performance pseudocapacitor. The synergistic effect of
individual components played a key role in determining the high-
performance of the LDH@PEDOT NPA electrode. The LDH
nanoplatelet core provided abundant energy-storage capacity, while
the highly conductive PEDOT shell and porous architecture
facilitated the electron/mass transport in the redox reaction [50].
They also prepared hollow NiAl-LDH microspheres with tunable
interior architecture, which exhibited excellent pseudocapacitance
performance, owing to the greatly improved faradaic redox reaction
and mass transfer. Therefore, these works provide a promising
approach for the design and synthesis of hierarchical structure
materials with largely enhanced supercapacitor behavior, which can
be potentially applied in energy storage/conversion devices [49].

3.4.  Summary

We summarize and compare the performance of metal oxide or
hydroxide nanoarrays pseudo-capacitors prepared in our group
with the ones reported in the literature in Table 1. All our samples
show excellent electrochemical performance, including high capa-
citance, remarkable rate capability and excellent cycling perfor-
mance, which make them promising candidates for practical
application as supercapacitor electrodes.

There are several factors that affect the pseudocapacitance of
electrodes. First, the morphology plays a determinant role in
electrochemical performance. The morphology of electrodes
closely relates to the specific surface area and pore structure.
Generally, the specific capacitance of a material will increase

significantly as its surface area increases. Larger surface area
means more faradaic active sites and thereby higher pseudocapa-
citance. Furthermore, high porosity can easily relieve the internal
stress created during the charging and discharging processes, thus
protects the electrode from physical damage. The second one is
crystallinity. If the crystallinity is too high, the protonation (or
deprotonation) reaction will be limited. Although high crystallinity
helps increase of higher conductivity, loss of surface area occurs
simultaneously. However, lower crystallinity could lead to a low
electrical conductivity of the electrodes, due to its tendency of
forming highly porous microstructure. Therefore, there should be a
trade-off between electrical conductivity in the solid phase and
ionic transport in the pore.

Our recent progress suggests that the hierarchical design of the
nanoarrays takes advantages of the synergistic effect of the nanocom-
ponents at different scales, in which the minimum level structures
provide a highly porous and large surface area and the first and second
level structures with high crystallinity in micron scale ensure the high
conductivity in the electrodes. With above design, a high specific
capacitance, good rate characteristic and long-term life for super-
capacitor can be achieved. These studies are of great importance in the
development of a practical supercapacitor electrode because it offers a
material with a combination of ultra-high specific capacitance, high
power capacitance, and high stability, together with low cost, simple
procedures, and high reproducibility.

4. Catalytic applications of mixed metal oxide nanoarrays

As we know, catalysts, especially when they are applied in a
structured way, play important roles in the so-called integrated
approach to industrial catalysis and environmental protection.
Their advantages such as small pressure drop, good mechanical
stability and easy catalyst separation make them superior to
conventional powder catalysts [78,79]. However, there are still
some disadvantages limiting their practical applications. One is
that the active components often distribute irregularly and is easy
to lose during catalytic reactions. Generally, a structured catalyst is
made by applying a layer of a catalytically active component to the
walls (or inside the walls) of an inert monolith structure. A
homogeneous distribution of the active component on the mono-
lith is often difficult to achieve [80]. Also, good adhesion of the
active material to the substrate could be a problem so that leaching
occurs during catalytic reactions in solvents.

The developments of nanoarrays in electronic/electrochemical
electrodes in recent decades triggered our thoughts to use
hierarchical nanoarrays as candidates for new-style structured
catalysts because they can offer structured advantages in multiple
scales. In macroscale, with the catalytically active component
directly grown on a substrate, we can realize the catalyst
immobilization and also get a homogeneous distribution of the
active material, ideally allowing its catalytic properties to be
maintained even under harsh reaction conditions. In mesoscopic
scale, the specific surface area of the catalysts can be increased by
the design of a hierarchical structure, thus enhancing the accessi-
bility of the reactant to the catalytic site and favouring molecular
diffusion and material transfer. As we know, the heterogeneous
catalysis is a typical surface process and the surface atoms of
catalysts mainly determine the kinetics of the reactions. Therefore,
nanostructure catalysts are more powerful in tuning the surface
structure and atomic arrangement of catalyst, and are expected to
exhibit better catalytic performance [81]. Furthermore, in
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Fig. 9 (a) Typical SEM image of Co;04 nanosheet array; (b) and (c) Typical SEM and TEM images of NSRAs. Electrochemical characterization
of NSRAs: (d) CV curves at different scan rates; (e) galvanostatic discharge curves at various discharge current densities; (f) average specific
capacitance versus cycle number at a galvanostatic charge and discharge current density of 30 mA cm™%; and (g) plots of specific capacitance per

gram versus current density with Co3;O04 NSAs [53].

microscopic scale, the exposed crystal planes of nanocatalysts
determine, to a great extent, their catalytic properties including
activity and selectivity. For instance, Co;O4 nanostructures with
different dominant exposed planes show different catalytic activ-
ities for the combustion of methane and CO oxidation [82]. Hence,
it is very desirable to synthesize nanocatalysts with high ratios of
more reactive crystal planes (we called the total surface area of
reactive crystal planes as “effective surface area”). By making
uniform nanoarray with more reactive crystal planes exposed, we
could improve the “effective surface area”, and finally enhance the
catalytic activity of the catalyst. With these ideas, a uniform
hierarchical nanoarray with more reactive crystal planes exposed,
directly grown on a metal substrate, should be an effective
architecture for a structured catalyst. On the other hand, mixed

metal oxides, due to the effect of doping metal, can improve the
properties of materials, when compared with single-metal oxides.
For example, Ni doped cobalt-based oxide (Ni,Cos_,0,) has better
catalytic performance for oxygen evolution on reaction than the
pure Cos0, electrodes, because the doping amount of Ni element
have a great effect on the morphology and structure of the
electrodes materials, thus, influences the surface roughness,
resulting in the different catalyst performance [72].

4.1.  Hierarchical Cos;_.Fe O, arrays

Our first example is hierarchical cobalt iron oxide nanoarrays and
their catalytic activity in the oxidation of alkenes by organic
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Table 1
with the ones reported in the literature.

Comparison of the capacity (at low and high current densities) and capacity retention of the materials in our group (marked *“*”)

Material

Capacity (F g_l) (low current densities)

Capacity (F g~") (high current densities) Capacity retention

2018 (5 mA cm™2)
2675 (5 mA cm™2)
1075 (5 mA cm ™)
715 (5 mA cm™?)
2098 (5 mA cm™?)
942 (5 mA cm™2)
1335 2.8 A g™

*NiO nanorod [45]
*Ni(OH), nanowall [46]
*MPCCH [54]
*Hierarchical Co3z0, [47]
#C030,@Ni;-Co-0 [53]
NiO flake [69]
Ni(OH),/GS [65]

Co304 nanoflowers [62] 1309 3 A g’l)
Co030,4 nanosheet [63] 2735 2 A g_l)
LDH@PEDOT [50] 672 (1A g™
NiCo0,0, nanoneedle [17] 1118 (5 mA cm ™)
Co304/NiO core/shell [52] 452 2 A g™

1536 (30 mA cm™2)
1150 (30 mA cm™2)
805 (30 mA cm™2)
491 (30 mA cm™?)
1525 (30 mA cm™2)

92% (500 cycles)
96% (500 cycles)
92% (2000 cycles)
100% (1000 cycles)
96% (1000 cycles)

613 (39 mA) 98% (500 cycles)
953 (45.7 A g7h) 100% (2000 cycles)
900 (10A g™ ") 98% (500 cycles)
1471 (10 A g7 99% (3000 cycles)
424 (40 A g’l) 92% (5000 cycles)
656 (11 mA cm™2) 90% (2000 cycles)
384 40A g™ 95% (6000 cycles)

peroxides [19]. This hierarchical Cos;_,Fe,O, nanoarray was
prepared as we mentioned in Section 2, which showed high
catalytic activity (92.2% conversion) and selectivity (64.6% for
benzaldehyde) for styrene oxidation by tert-butyl hydroperoxide
(TBHP). This value was higher than the one of Co;04 nanorod
arrays (about 30% styrene conversion after 3 h, and 75% conver-
sion after 12 h) and catalysts reported in the literature [83-85]
(Fig. 10a). Furthermore, the hierarchical cobalt iron oxide nanoar-
rays showed excellent cycling stability for styrene oxidation
(Fig. 10b). The activity and the selectivity of recycled catalyst
were almost equal to the fresh catalyst and there are no any
significant morphology and structural changes in the catalyst after
the catalyst being used for nine times (Figs. 10c, d).

Their excellent catalytic activity and stability for styrene
oxidation can be related to the preferential exposure of crystal
planes with a relatively high density of active species (i.e. {112}),
the doping of Fe in situ, and the hierarchical design of the
nanoarray. First, the direct growth of hierarchical nanostructure on
substrate avoids the irregular distribution of the active component
that tends to occur in traditional coating process and ensures the
strong anchor of the catalyst thus mitigating leaching during the
catalytic reactions. Second, hierarchical structure provides large
surface area which resulted in a high utilization of materials, and
the open spaces between individual nanocrystals can also facilitate
the diffusion of gas and mass transport. The precursor LDH
nanosheets play a critical role. They first provide a 3D scaffold to
support the growing nanowires. So that can give a rough surface to
grow second nanostructures with a large surface area and prevent
aggregation during the process. The enhancement of the surface
area was confirmed by the measurement of electrochemical surface
areas. The roughness factors of the materials increased from 3 to
around 2538. The results indicate considerable increase occurs on
their surface area in the stepwise growth process. Also, LDH
platelets were used as a template for the growing of the secondary
nanowires. This makes the resulted cobalt iron oxide nanowires
mainly exposes the {112} planes. These planes happen to be the
high active one of Co30, due to the exposure of more active
trivalent cobalt ion sites. Theoretical calculations using the density
functional theory (DFT) method for different surfaces confirm that
styrene and TBHP molecules interact preferably with the {112}
planes, since their adsorption energies are more favorable than on
other crystal planes (see Figs. 10e—i). The surface area of {112}
planes is estimated to contribute 71% of the total surface area,

which means we have created more “effective surface area” in the
catalyst. Moreover, the nanosheets also act as a connecting buffer
between the macroscale substrate and the nanoscale nanowires,
and thus can ensure efficient anchoring of the nanowires. Finally,
it should be noted that Fe doping enhances the catalytic efficiency
of Co30y4. The structure of Co;_,Fe O, transforms from normal
spinel into inverse spinel as x increases, which leads to the
appearance of new active sites in the samples—Fe** jons in
octahedral coordination increase the mobility of the reactive
oxygen. Another advantage of nanoarray is the flexibility of its
shape. It can be molded into the desired shape for a particular
catalytic reactor, such as rolling into a cylindrical form. So it could
be directly used in the catalytic reaction in the form of structured
catalyst.

4.2.  Hierarchical Zn,Cos;_,0, arrays

After the work on cobalt iron oxide nanoarrays for selective
oxidation of alkene, we extended the study to the oxygen
evolution reaction (OER). OER is involved in many electroche-
mical processes, such as water splitting for hydrogen production
and reducing CO, to fuels. An effective electrocatalyst can reduce
the overpotential and thus enhance the energy efficiency. Up to
date, the most extensively studied catalysts for this reaction are
nanostructured IrO, and RuO, [86—88], but they are expensive and
very rare. Well-aligned nanoarrays with the catalytically active
component directly grown on a conductive substrate generally
exhibit many advantages such as good electrical conductivity, low
diffusion resistance to ionic species, and easy electrolyte penetra-
tion, thus offered the possibility to fabricate novel OER catalysts
with high reactivity and stability.[33,72] This triggered our
thoughts of developing kind of non-noble metal catalyst using
hierarchical nanoarrays. We prepared hierarchical Zn,Coz;_,Oy4
nanopillar@nanowire arrays, which were assembled with nano-
wires on Ti substrates and studied their electrocatalytic perfor-
mance for OER. This hierarchical structure provided good electron
transportation capability, efficient mass transfer, and large surface
area. Therefore, the resulting Zn,Co;_,0O, arrays exhibited excel-
lent OER electrocatalytic activity in basic media, and afforded a
current density of 10 mA cm™2 at a small overpotential of~0.32 V
and a small Tafel slope of 52 mV/decade (Fig. 11), comparable to
the performance of the best reported Co-based oxides OER
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and cobalt atoms, respectively [19].

catalyst and commercial Pt/C (20% Pt on Vulcan XC-72) catalyst.
Their high performances should attribute to the high porosity and
through-pore structure, which is favorable for electrolyte penetra-
tion and fast ion/electron transfer and may lead to enhanced
electrochemical reactivity.

4.3.  Summary

The strategy of constructing structured catalysts with hierarchical
nanoarrays offers new opportunities for developing new types of
highly efficient catalysts, which show many advantages. First, the
uniform nanoarray directly grown on a metal substrate achieve the
homogeneous distribution of active material, and avoid leaching
occurs during catalytic reactions in solvents. Second, the hier-
archical porous architecture of the materials enhances the acces-
sibility of the reactant to the catalytic site and favouring molecular
diffusion, and provides the catalyst with high activity and
especially the good cycling stability. Finally, nanoarrays with
more reactive crystal planes exposed exhibit high selective, which
also open up new opportunities for molecular-level studies in
heterogeneous catalysis. In all, nanoarray structured materials, due
to the large active surface area, high utilization efficiency of active
materials, and superior mass transport property, is particularly
beneficial for the catalysis. This concept is helpful to explore the
development of new high performance structured catalyst, and
have a great significance in developing the green chemical process.

5. Conclusions and perspectives

This article provides an overview of some recent developments in
our group related to hydrothermal synthesis of metal oxide and
hydroxide nanoarrays directly on metal substrates, aiming to the
application on SCs and catalysts. Compared with physical methods
and gas-phase strategies, the hydrothermal routes are much more
easily controlled and can produce nanoarrays in a designed
structure and morphology. Several general strategies for making
advanced materials for SCs and catalysis have been developed,
such as nanostructuring, nano-/microcombination, pore structure
control, hierarchical design, and novel device design. We foresee
that the approaches described here will be extended to more oxide
systems. Looking ahead, hierarchical nanoarrays with high capa-
city/activity, long cycling life, good safety, and good reliability
will undoubtedly boost the performance of energy storage devices
and catalyst constructed on them and certainly gives a great
impetus to their wide applications. This design concept can also
direct the fabrication of multifunctional hybrid nano- and micro-
structures, which will be promising for a large spectrum of device
applications.
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