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Porous One-Dimensional Nanomaterials: Design,
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Qiulong Wei, Fangyu Xiong, Shuangshuang Tan, Lei Huang, Esther H. Lan,

Bruce Dunn,* and Ligiang Mai*

Electrochemical energy storage technology is of critical importance for port-
able electronics, transportation and large-scale energy storage systems. There
is a growing demand for energy storage devices with high energy and high
power densities, long-term stability, safety and low cost. To achieve these
requirements, novel design structures and high performance electrode mate-
rials are needed. Porous 1D nanomaterials which combine the advantages of
1D nanoarchitectures and porous structures have had a significant impact in
the field of electrochemical energy storage. This review presents an overview
of porous 1D nanostructure research, from the synthesis by bottom-up and
top-down approaches with rational and controllable structures, to several
important electrochemical energy storage applications including lithium-

ion batteries, sodium-ion batteries, lithium-sulfur batteries, lithium-oxygen
batteries and supercapacitors. Highlights of porous 1D nanostructures are
described throughout the review and directions for future research in the field

energy storage represents one of the most
promising approaches as it offers high
levels of efficiency for large-scale, smart-
grid energy storage systems (ESSs).[""8l
Since its successful commercialization
by Sony in 1991, rechargeable lithium-
ion batteries (LIBs) have become the most
widely used energy storage technology for
such consumer electronics as cell phones,
laptops, tablets and so forth. However,
the energy density and power density of
LIBs are not sufficient for other applica-
tions, particularly various types of electric
vehicles (EVs).[®) In addition, ESSs not
only require battery systems with high
performance but also low cost. In order
to meet future requirements for con-
sumer electronics and the electrification

are discussed at the end.

1. Introduction

The ever-increasing demand for energy is accompanied by
both the rapid growth of the global population and urbaniza-
tion.'* Ideally, the increasing demand for energy should be
met by using greener and more sustainable resources. How-
ever, in order to fully realize the utilization of green and renew-
able energy sources, such as solar, wind and biomass, there is a
critical need for energy storage.>**! Among the currently avail-
able energy storage technologies, rechargeable electrochemical
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of transportation, there not only need to

be enhancements in LIB properties but

also the development of high-performance
energy storage devices that go beyond LIBs. That is, if energy
and power densities are to continue to increase, improvements
in the performance of electrode materials and the design of
electrode architectures are needed.?>7-

The development of nanotechnology provides an oppor-
tunity to develop a new generation of energy storage devices
that approach the theoretical limits of electrochemical energy
storage.}*131 Three key features offered by nanoscale mate-
rials are their small size, high specific surface area and facile
stress relaxation processes. The availability of electrochemical
materials with particle sizes ranging from hundreds to tens of
nanometers effectively reduces the diffusion length for Li* ions
and makes high rate capability possible for LIBs. This advantage
also facilitates Na* diffusion and has been instrumental in the
recent emergence of sodium-ion batteries (SIBs).41¥ Further-
more, the transport of multivalent ions (Mg?" and A1*) is likely
to be improved in nanomaterials, enabling the development of
Mg-ion batteries!’® or Al-ion batteries.'®'8] The benefit of high
specific surface area is especially evident in supercapacitors
where charge storage occurs by electrical double-layer and sur-
face redox processes; high surface areas lead to correspondingly
higher levels of charge storage. Moreover, the large surface
area increases electrode-electrolyte contact area and is benefi-
cial for access to the electrochemically active surface. A third
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consideration which occurs with nanoscale materials is the
ability to have a significant amount of stress relaxation. Charge
storage processes are generally accompanied by volume expan-
sion/contraction upon cycling. It is well known that the large
volume expansion, as occurs with alloy formation, will lead to
pulverization of bulk materials and cause capacity fading. This
stress, however, is able to be accommodated by the use of nano-
size materials and for this reason Si, Ge, Sn, SnO, and other
nanomaterials successfully survive repeated cycling."-*°! Other
advantages for using nanomaterials in the energy storage field
have also been demonstrated.310:12:36-40]

One-dimensional (1D) nanostructures, which include
nanowires, nanofibers, nanoribbons, nanorods and nanotubes
among other morphologies, are recognized as one of the most
promising materials directions for energy-related applica-
tions.' 1= Our previous review on this topic emphasized the
advantages of nanowires for in situ electrochemical probing,
optimization strategies and covered some of the results of
using these materials in advanced energy storage devices.!’!
The present paper complements the earlier work by extending
to porous 1D nanomaterials which offer a number of advan-
tages through the addition of controlled levels of nanoscale
porosity.

Porous materials with large surface area and structural sta-
bility have been widely used in various fields such as energy
storage, gas storage, adsorption, catalysis, separation, sensing
and other areas.** Electrochemical energy storage tech-
nology, in particular, benefits from porous materials because
pores enable higher surface area and faster electrolyte access
to active walls. By utilizing the advantages of both 1D archi-
tecture and porous properties, there is an opportunity to fur-
ther enhance the performance of materials for energy storage
applications. As shown in Figure 1, we define different types of

Lithium-lon Battery

1D nanostructure

porous 1D nanoarray

Lithium-O, Battery

Figure 1. Porous 1D nanostructures and their applications in electro-
chemical energy storage.
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porous 1D nanostructures to include general porous 1D nano-
structure, hollow 1D geometry (also named a tubular nano-
structure), hierarchical porous 1D architecture, nanoparticles in
porous 1D configuration, and porous 1D nanoarray. A number
of reports clearly demonstrate that creating hollow or porous
1D nanomaterials lead to significant improvements in elec-
trochemical energy storage properties.”*% The intent of this
review is to summarize recent advances related to this topic
and, more importantly, to provide systematic understanding of
porous 1D nanomaterials and their advantages for electrochem-
ical energy storage.

Here, we begin by introducing the various methods for syn-
thesizing porous 1D nanomaterials, including electrospinning,
liquid phase, template-assisted approaches, chemical deposi-
tion and chemical etching methods. These preparation routes
are highly effective and enable the controllable synthesis of
porous 1D nanomaterials with different morphology, porosity
and inner structure. Representative examples are listed in
Table 1. Then the structural design of porous 1D nanomaterials
as electrodes for applications in electrochemical energy storage
devices are discussed. We focus on LIBs because of the signifi-
cant number of research studies in this field, but also highlight
recent results on SIBs, Li-S batteries, Li-O, batteries, and super-
capacitors. Table 2 briefly describes the application of porous
1D nanomaterials for batteries and Table 3 summarizes results
for supercapacitors. Finally, we provide a brief discussion
regarding future directions for porous 1D nanomaterial appli-
cations in electrochemical energy storage devices.

2. Advantages of Porous 1D Nanomaterials
for Energy Storage

Porous 1D nanomaterials offer a number of advantages for
achieving high capacity, high-rate capability and long-term
cycling properties:

« The smaller crystal size increases the utilization of active
materials, resulting in the enhanced specific capacity.

« The porous 1D nanostructure provides greater surface area
than that of a non-porous system; high surface area ensures
effective contact of the electrolyte to the electrode surface,
facilitating charge transfer across the electrode-electrolyte
interface.

« The ion diffusion length is further shortened, since creating
porosity in 1D nanomaterials can effectively decrease the ion
transport dimensions.

o The pores in 1D nanostructures are usually continuous,
which offers interconnected ion diffusion pathways through
the electrolyte to the active materials.

« The empty spaces in porous 1D nanostructures accommo-
date the volume changes associated with electrochemical re-
actions, thus limiting structure degradation during cycling.

« The porous 1D nanostructure can assemble into intercon-
nected networks, avoiding the use of binders and lead to free-
standing flexible energy storage applications.

« The pores/hollow regions in the porous 1D nanostructure
can act as hosts for filling with other materials and enable
multi-functional applications.
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3. Methodologies for Controllable Synthesis
of Porous 1D Nanomaterials

A considerable amount of research has been devoted to inves-
tigating nanowire growth mechanisms and controlling 1D
nanomaterials in terms of dimensions, composition, surface
chemistry and their compounds.’**!l Here, we focus on porous
1D nanomaterials, which are likely to be more complex than
the solid nanowire/nanorod/nanobelt. The two major strategies
for the synthesis of porous 1D nanomaterials are “bottom-up”
and “top-down” approaches. However, in most instances, it is a
combination of both a “bottom-up” approach to synthesize the
1D nanomaterial backbone and then a “top-down” approach to
create a pore or hollow region in/on it. Based on this protocol,
various porous 1D structures can be designed and synthesized.
Using “bottom-up” synthesis of the 1D nanomaterial back-
bone, we describe four methods: electrospinning, liquid phase,
template-assisted and chemical deposition. The “top-down’
approach of chemical etching adapts a bulk synthesis approach
to mesoporous nanowires. We consider these methodologies
to be the most effective strategies for synthesizing porous 1D
nanostructures with controllable morphology, porosity, size,
crystal structure and structural/compositional complexity.
Table 1 lists examples of synthesis strategies used for different
porous 1D nanomaterials.

3.1. Electrospinning

The electrospinning method has been widely used in the
fabrication of nanofibers and represents one of the most
efficient strategies for the synthesis of complex 1D nanomat-
erials.l00®-71] In the electrospinning process, the precursor
is fed through a spinneret by a syringe pump. Under high
voltage, precursor droplets are elongated and deformed into a
conical structure (Taylor cone) and then a charged jet is ejected
from the tip of the Taylor cone and continuously stretched to
form nanofibers/nanowires.>'371 Electrospinning technology
can be extended to fabricate porous, tubular and core/shell 1D
structures which offer significant void space. To date, a number
of porous 1D nanowires/nanotubes/heterogeneous nanowires
have been synthesized by electrospinning.*'3! In fabricating 1D
nanomaterials both electrospinning processing parameters and
annealing parameters play important roles in controlling the
final nanostructure.°®72771 The former includes the concentra-
tion of precursor solution, the type of polymers and the ratio of
inorganic component to polymer among other considerations
while annealing parameters generally include the heating rate,
temperature, time and atmosphere.

Recently, Mai's group developed a novel gradient-electrospin-
ning and controlled-pyrolysis methodology which provides a
general approach for synthesizing porous 1D nanomaterials.[%!
A schematic of gradient electrospinning and controlled
pyrolysis is shown in Figure 2a. In contrast to conventional
electrospinning that uses a single polymer, the precursor solu-
tion for gradient electrospinning was prepared with mixtures
of low-, middle- and high-molecular-weight poly(vinyl alcohol)
(PVA). At high voltage, the mixed PVA tends to separate into
three layers of low-, medium- and high-molecular-weight,
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Table 1. Materials, nanostructures and synthesis methods reported for porous 1D nanomaterials. (E = Electrospinning method, L = liquid phase
method, T = template-assisted method, CE = chemical etching method, and CD = and chemical deposit method).

Material Nanostructure Synthesis method Ref.

C Mesoporous nanowires T/L [165,339]

Si Porous nanowires/porous nanowire arrays T/CE [21,189,194-204,340,341]

S/C or S/polymer Porous nanofibers T/E [67,139,253]

Metals (Co, Cu, Pd, Au, Pt) Porous nanowires/nanotubes/nanorods T/E/CD [132,141,145,146,173,342-348]

Ni@Pt Porous core-shell nanotube arrays T [162]

Alloys (Co-Pt, Pd-Ni, Pt-Co, Porous nanorods/nanowires/nanotubes LT [131,132,135-137,161,349,350]

Pt-Ni-P)

SiO, Porous nanowire arrays T [145]

TiO, Porous nanowires/nanoneedles/nanotubes E/L/T [76,89,97,110,134,154,351]

TiO,/ZnO Porous nanofibers E [82]

V,05 Porous nanotubes E [352]

VO, Mesoporous nanowires L [94]

MnO, Mesoporous nanotubes/nanowire arrays E/T [66,138,353]

Mn, O, Porous nanowires L [95]

Fe,O; Porous nanowires L [99]

Fe;O, Mesoporous nanowires/bubble-nanorod-structure L/E [52,354]

Fe;04/VO, Porous nanowires L [64]

Co30, Porous nanotubes/porous nanorods/porous nanowire arrays E/L/T [56,66,85,86,88,91,93,148,355,356]

Co;0,@Mn0O, Nanowire@nanosheet core/shell arrays L [112]

Co;0,@NiO Porous core/shell nanowire arrays L [116]

Co3;0,@Co(OH), Porous core/shell nanowire arrays L M7

CoO Porous nanowire arrays L [97]

NiO Mesoporous nanowires/nanorods/hierarchical porous L/T [96,130,164]
nanotube arrays

NiO/ZnO Porous nanofibers E [81]

CuO Porous nanowires/nanotubes T [66,149,343]

CuO/SnO, Porous nanofibers E [84]

ZnO Mesoporous nanowires/nanotubes T/L/CD [169,339,342,357]

Ge0,/Sn0O, Porous nanofibers E [83]

1,04 Porous nanotubes/nanowires E/T/L [97,155,356,358]

SnO, Porous nanotubes/nanofibers/nanobelts/naowires T/E/L [58,66,72,73,79,97,98,150,359-362]

W15049 Porous nanowires T [363]

VN Porous nanowires L [100]

GaN Porous nanowires CcD [170]

Co(OH), Mesoporous nanowires /urchin-like ordered arrays of mesoporous T/L [194,364]

nanowires

Ni(OH), Porous nanotube arrays T [365]

SiGe Porous nanorod arrays T [163]

LiV30q Mesoporous nanotubes E [66]

LiMn,O, Porous nanotubes E [66,153]

LiCoO, Porous nanotubes/nanowires/nanowire arrays E/L [66,102,127]

AB,0O, (A, B=Ni, Co, Zn, Cu, Porous tube-in-tube structures/nanotubes/nanowires/nanowire E/L/T/CD [66,74,92,124,125,142,366,367]

Mn, Fe or Al) arrays

NiCo,0,@Mn0O, Hierarchical core—shell nanowire arrays L [114,115]

NiFe,O,@TiO, Porous core-shell nanowires L [368]

CagCo1,0,5 Porous nanowires L [126]

CaSnO; Porous Nanotubes E [75]
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Table 1. Continued.

Material Nanostructure Synthesis method Ref.
A3V, (POy); (A=LiorNa) Mesoporous nanotubes E [66]
LiMnPO, Porous nanowires L [105]
Nag ;Feq 7sMng 30, Mesoporous nanotubes E [66]
LiNiy 3Coy3Mny 30, Mesoporous nanotubes E [66]
0.2Li,Mn0O;-0.8LiNigsMng sO, Porous nanorods L [129]
LiNigsMn; 5O, Porous nanorods L [128]
LagsSrosCogsFeg 203 Porous nanorods E [369]
LagsSrosC00;.91 Hierarchical mesoporous nanowires L [68]

Table 2. Electrochemical performance of porous 1D nanomaterials in secondary batteries. (The corresponding synthesis methods are the same as in
Table 1.)

LIBs

Material Highest reversible capacity Cycling performance Ref.

Capacity/mAh g7'  Specific current/mA g™ Capacity/mAh g7'  Cycle  Specific current/mA g™

LiCoO, nanotubes (T) 185 10 168 100 10 [206]
LiNig 3C0o,0; nanotubes (T) 205 10 145 100 10 [206]
LiMn,O, porous nanotubes (T) 110 495 120 1200 500 [153]
LiNigsMn; sO4 porous nanorods (L) 140 147 113 500 735 [128]
LisV,(POy)3/C mesoporous nanowires (L) 128 133 96 3000 665 [290]
LisV,(POy4)3 mesoporous nanotubes (E) 131 133 86 9500 1330 [66]
N-doped porous carbon nanofibers (E) 632 1000 625 300 1000 [50]
Hierarchical tubular structures constructed from 216 335 160 400 1675 [167]
ultrathin TiO,(B) nanosheets (T)

Elongated bending TiO,—based nanotubes (L) 267 33.5 114 10000 8375 [107]
Double-walled Si nanotubes (CD) 1780 200 874 6000 24000 [20]
Porous Si/SiOx nanowires (CE) 1936 6000 1503 560 600 [204]
Bubble-nanorod-structured Fe,0;/C nanofibers (E) 913 500 812 300 1000 [52]
3D hierarchical tubular CuO/CuO core/shell 1364 100 1140 1000 1000 [215]

heterostructure arrays (CD)

SIBs

Materials Highest reversible capacity Cycling performance Ref.

Capacity/mAh g'  Specific current/mA g™'  Capacity/mAh g™ Cycle  Specific current/mA g’

Na;V,(POy); nanoparticles in 1D carbon 77 228 - - - [217]
nanofibers (E)

Na3V,(PO,)s/nanopaticles in 1D channel 115 57 78 5000 228 [219]
mesoporous carbon (T)

Nag sFeq;Mng 30, mesoporous nanotubes (E) 109 100 74 5000 500 [66]
Hollow carbon nanowires (L) 251 100 251 400 50 [226]
Nitrogen doped porous carbon fibers (L) 310 50 23 100 50 [222]
Sn-doped TiO, nanotubes (L) 252 50 257 50 50 [370]
Spider web-like Na,T;;0; nanotubes (L) 425 50 107 500 500 [232]
SnSb nanopaticles in the Porous carbon nanofiber 392 50 110 200 10000 [54]
(B)

NiCo,0, hierarchical porous nanowire array on the 761 50 542 50 50 [233]
carbon fiber (L)

Porous CuO Arrays (L) 674 20 290 460 200 [377]
MoS, nanoparticles in carbon nanofibers (E) 381.7 100 283.9 600 100 [236]

Adv. Mater. 2017, 1602300 © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (5 of 39) 1602300
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Li-S Battery
Material Highest reversible capacity Cycling performance Ref.
Capacity/mAh g”'  Specific current/mA g~'  Capacity/mAh g7'  Cycle Specific current/mA g™
S in hollow carbon nanofiber (T) =1000 335 730 150 837.5 [139]
S in hollow carbon nanofibers filled with MnO, 1161 83.75 ~700 300 837.5 [62]
nanosheets (T)
S in the three-dimensional carbon nanofibers coated with 1314 167.5 950 200 837.5 [67]
ethylenediamine-functionalized reduced graphene oxide (T)
Li-O, Battery
Material Achieved capacity Cycling performance Ref.
Voltage plateau (vs Li*/Li) Capacity/mAh g Voltage/V Cycles Capacity limit
Lag 5Sro5Co0, o1 hierarchical mesoporous nanowires (L) 2.7V 11509 2 - - [68]
Lag 75Sr02sMnO3 porous nanotubes (E) 28V 9000-11 000 24 124 1000 [276]
Co;04 hierarchical porous nanowires (L) =2.65V 11160.8 2.4 73 1000 [277]

Table 3. Electrochemical performance of porous 1D nanomaterials in supercapacitors. (The corresponding synthesis methods are the same as in

Table 1.)
Electrode Material Initial Specific Electrolyte Potential Energy density/ Test method Ref.
Capacitance range Power density
Mesoporous carbon nanofiber webs (E) 262F g at0.2A g™ 1M H,SO, -0.2-0.5V - Three electrode cell [283]
Porous carbon fibers (E) 197 Fglat5mVs™ 1 M H,SO, 0-1V - Three electrode cell [285]
Porous carbon nanofiber networks (E) 302Fg'at02Ag” 6 M KOH 0-1v 5.2Whkg™/ Two electrode cell [286]
10 kW kg™
Porous carbon nanofibers (E) - 0.5 M H,SO, 0-1.2V 3.22 Wh kg™'/ Two electrode cell [287]
0.6 kW kg™
Bamboo-like porous carbon nanofibers (E) 21 Fecm3at33 mAcm™ H3;PO,/PVA gel 0-0.9V 237 Wh kg™'/ Two electrode cell [80]
61.3 kW kg™’
KOH activated CNTs (CD) 53.6 Fg'at50mA g™ 7 M KOH 0-1Vv - Two electrode cell [281]
N-doped porous carbon Nanofibers (T) 202Fg'at1Ag” 6 M KOH -1-0V - Three electrode cell [289]
N, P-co-doped carbon nanofibers (T) 2049Fglat1Ag’ 2 M H,S0, 0-1Vv 1.86 Wh kg™'/ Two electrode cell [290]
26.61 kW kg™
PEDOT-nanotube (E) 132F g at 5 mAcm™ 1 M LiClO,4 0-1.2V - Two electrode cell [299]
Hydrous RuO, nanotubes (T) 861 Fglat0.5A g™ 1 M H,SO, 0-1V - Three electrode cell [292]
Hydrous RuO, nanotube arrays (T) 1300 F g'at0.1 mVs™ 1 M H,SO, 0-1V 7.5 Wh kg™'/ Three electrode cell [293]
4320 kW kg™!
MnO, nanotube (E) 320F g at20mV s 1 M Na,SO, 0-1V - Three electrode cell [294]
Mesoporous MnO, nanotubes (T) 365Fg'at0.25A g 1 M Na,SO, -0.2-0.8V - Three electrode cell [295]
Porous Co;0, nanowires (L) 260Fg'at2Ag™ 2 M KOH 0.1-0.6 V - Three electrode cell [372]
Mesoporous Co(OH), nanowires (T) 993FglatTAg™ 1M KOH -0.1-0.5V - Three electrode cell [307]
Mesoporous NiO nanotubes (L) 405F g at0.5A g™ 6 M KOH 0-0.5V - Three electrode cell [302]
H-TiO, nanotube arrays (CE) 3.24 mF cm™ 0.5 M Na,SO, 0-0.8V - Three electrode cell [373]
at 100 mVs™'
Porous NiCo,0, nanowires (L) 743Fglat1Ag’ 1M KOH -0.05-0.45 V - Three electrode cell [303]
Mesoporous NiCo,O4 nanowire arrays (L) 1283 Fglat1Ag™! 6 M KOH 0-0.4V - Three electrode cell [304]
MnO,/Mn/MnQO, sandwich-structured 955Fglat1.5Ag" 1 M Na,SO, 0-0.8V 52 Whkg™'/ Three electrode cell [65]
nanotube arrays (T) 15 kW kg™
MnO,/CNT composites (L) 201 FglatTAg™ 1 M Na,SO, 0-0.9V - Three electrode cell [374]
Mesoporous Co;O, nanowire arrays (L) 1160 Fg'at2A g™ 6 M KOH 0-0.55V - Three electrode cell [86]
1602300 (6 of 39) wileyonlinelibrary.com © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2017, 1602300
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Table 3. Continued.

Electrode Material Initial Specific Electrolyte Potential Energy density/ Test method Ref.
Capacitance range Power density

Porous CoO@ PPy nanowire arrays (L) - 3 M NaOH 0-1.8V 43.5 Wh kg™'/ Two electrode cell [307]
87.5 W kg™

Porous VN nanowires-graphene composites 73Fglat0.1Ag” 1 M LiPFgin EC/DEC 0-4V 162 Wh kg™'/ Two electrode cell [338]
(L (1:1 v/v) 200 W kg™

Porous TiNb,0; nanotubes (T) - 1 M LiPFg in EC/DMC 0-3V =34.5 Wh kg™'/ Two electrode cell [332]
(1:1 v/v) 7.5 kW kg™

Intertwined CNT/V,0O5 nanowires (L) - 1 M LiClO, in PC 0.1-2.7V 40 Wh kg™'/ Two electrode cell [319]
210 W kg™

Porous CNT/V,0s nanowire composites (L) =35F g at0.5 mA 1 M NaClO, in PC 0-2.8V 38 Wh kg™'/ Two electrode cell [51]
140 W kg™

respectively. At the same time, the inorganic materials were
distributed homogeneously in the three layers. Porous nano-
tubes were generated during heat treatment in different atmos-
pheres because the pyrolysis temperatures for three types of
molecular weight are different. The pyrolysis and shrinkage of
the inner, low-weight PVA layer occurred first with increasing
temperature. At the same time, the inner, low-weight PVA and
inorganic materials moved to the boundary between the low-
and medium-weight PVA. Expansion of the inside diameter of
the nanotubes is achieved by pyrolysis of the medium-weight
PVA. Finally, mesoporous nanotubes composed of nanopar-
ticles were obtained. Various inorganic mesoporous nano-
tubes have been synthesized by this gradient electrospinning
approach (Figure 2c—g) including metal oxides (CuO, Co;0,,
SnO, and MnO,), multi-metal oxides (LiMn,0, LiCoO,,
NiCo,0,, LiV;0s, Naj;Fe;;Mng 30, and LiNi; 3Coy;3Mny30,),
and phosphate systems A;V,(PO,); (A = Li, Na). Furthermore,
by changing the heat-treatment conditions, interesting pea-
like nanotubes were obtained (Figure 2h). In this process, the

>
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nanowire precursors were placed in a furnace and preheated
to 300 °C in air. The three molecular-weight PVAs decomposed
and were quickly transported towards the outer layer without
carrying any of the inorganic materials. After subsequent
annealing at high temperature, the outer PVA was carbonized
to form carbon nanotubes while the inner inorganic materials
were grown uniformly in the center of the nanotubes. By this
approach, other pea-like nanotubes including Co, LiCoO,,
Nay 7Feg;Mng 30, and Li;V,(PO,); have been successfully syn-
thesized as well. The gradient electrospinning method offers a
convenient route for expanding the synthesis of various porous
1D nanomaterials with functional properties.

The annealing parameters have a significant influence
on the final morphologies of the electrospun nanofibers.”’l
Peng et al.’4 controlled the nanostructure of ternary transition
metal oxides by adjusting heating rates (Figure 3a). Nanowires,
nanotubes and tube-in-tube structures of CoMn,0, were
obtained by using different heating rates (Figure 3b-d). In addi-
tion, various mixed metal oxides such as NiCo,0,, CoFe,Oy,

a,

P
Nanoparticles &,+”

Figure 2. Schematic of gradient-electrospinning and controlled-pyrolysis processes for preparation of (a) mesoporous nanotubes and (b) pea-like
nanotubes. c—g) SEM and TEM images of various mesoporous nanotubes, scale bar is 100 nm. h) TEM image of Li;V,(PO,); pea-like nanotubes, scale
bar is 200 nm. Scale bars in the inset TEM images of g and h are 100 nm. Reproduced with permission.I®l Copyright 2015, Nature Publishing Group.
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Figure 3. a) Illustration showing nanostructure control using heating rate. SEM images of tube-in-tube nanostructures (b), porous nanotubes (c) and
porous nanowires (d). Reproduced with permission.l’”l Copyright 2015, American Chemical Society.

NiMn,0, and ZnMn,0, with porous tube-in-tube structures
were successfully obtained. Li et al.’®! reported processing con-
ditions for obtaining porous CaSnO; nanotubes, while CaSnO;
nanofibers and CaSnO; ruptured nanobelts were obtained by
changing the annealing temperature. Moreover, the porosity of
porous nanowires is also adjustable via the control of annealing
temperature. In the case of TiO, porous nanowires, the porosity
and specific surface area decrease with higher annealing
temperature.°l

By combining electrospinning with other methods, novel
porous 1D nanostructures such as bubble-nanorod-struc-
turesP27879 and bamboo-like structurest®! have been achieved.
The bubble-nanorod-structured  Fe,Os-carbon  nanofibers
involved combining the Kirkendall effect with electrospinning
(Figure 4a—d).P?! First, the precursor nanofibers composed of
Fe(acac); (iron acetylacetonate) and polyacrylonitrile (PAN) were
synthesized by electrospinning. The FeO,-carbon nanofibers
were obtained by carbonization of PAN and the decomposition
of Fe(acac); upon annealing in a reducing atmosphere. In a
third step, the FeO,-carbon nanofibers were annealed in air so
that the FeO, which was reduced to Fe metal by carbon in the
initial stage was then oxidized to Fe@Fe, 05 core-shell structure
due to the Kirkendall effect (Figure 4b—d). Finally, the bubble-
nanorod-structured Fe,Oj-carbon nanofibers were generated
after the formation of hollow Fe,0; nanospheres, in which the
Fe was completely transformed into Fe,O;. The hollow Fe,0;
nanospheres were uniformly distributed on/in the carbon
nanofibers (Figure 4e). The hollow nanospheres possessed a
diameter of =17 nm and a shell thickness of =3 nm (Figure 4f).
Pure carbon-based materials with a similar morphology also
have been synthesized by electrospinning (Figure 4g).’379 A
second example of combining methods, a bamboo-like gra-
phitic carbon nanofiber with well-balanced macro-, meso-,
and microporosity, was prepared by Cui and co-workers. The
material exhibited excellent mechanical flexibility, foldability,

wileyonlinelibrary.com
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and electrochemical performance.®) This novel structure
was obtained by pre-synthesizing a uniform distribution of
SiO, nanoparticles in carbon nanofibers. Upon removing the
SiO, particles by etching in HF solution, bamboo-like carbon
nanofibers were obtained. Similarly, using metal or metal
nanocrystals as pre-filled templates is another choice for the
synthesis of porous nanofibers.’” In this strategy, the porous
structure with macro-, meso-, and microporosity can be well
controlled.

Electrospinning technology is also efficient for the fabrica-
tion of heterogeneous porous 1D nanomaterials. Qiao et al.!
used electrospinning to synthesize heterogeneous NiO/ZnO
porous nanofibers, while several other heterogeneous porous
nanowires, such as TiO,/Zn0,®d GeO,/SnO,B®3 and CuO/
SnO,8 have also been synthesized by electrospinning.

In summary, electrospinning is a very effective technique for
the synthesis of different porous 1D nanomaterials. The control
of morphology and porosity can be realized by adjusting the
inorganic materials/polymers ratio, the precursor concentra-
tion and the annealing temperature. Initial studies suggest that
an interesting future direction which can lead to novel porous
1D structures is that of combining electrospinning with other
synthesis methods.

3.2. Liquid Phase Method

Liquid phase methods play an essential role in the chemical
synthesis of nanomaterials. Based on reaction conditions such
as concentration, pH, temperature, time, pressure, additives,
etc., various nanostructures have been obtained. In this sec-
tion, the synthesis of porous 1D nanomaterials by the most
common liquid phase approaches including hydrothermal and
solvothermal synthesis, the use of microemulsions and various
template-assisted methods are reviewed.

Adv. Mater. 2017, 1602300



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a @ @ FeO,

As-spun fiber

Carbonization Reduction of

of PAN FeO, into Fe of voids :
Nucleation of Conversion of ) Coarsening &

amorphous-like
FeO,

Fe into Fe,0;

¥ 5
Fe@ Fe,0,
in C matrix

f

Fe(acac);-PAN
b composite fiber

Amorphous-like
FeO, in C matrix

Generation

& enhancement
of pore growth

www.advmat.de

@ Hollow Fe,04

Hollow Fe, 04
in C matrix

Figure 4. a—d) Schematic of the formation mechanism of Fe,O;-C nanofibers with bubble-nanorod-structure. e,f) TEM images of Fe,O;-C nanofibers.
Figures a—f reproduced with permission.2 Copyright 2015, American Chemical Society. g) TEM image of carbon-based materials with bubble-nanorod-
structure, reproduced with permission.’®l Copyright 2012, Royal Society of Chemistry.

3.2.1. Hydrothermal and Solvothermal Method

Hydrothermal and solvothermal methods are very effective
routes for synthesizing nanomaterials through the use of
aqueous solvents, organic-inorganic hybrid solvents or pure
organic solvents. A universal approach for preparing 1D porous
nanostructures is to use the hydrothermal or solvothermal pro-
cess to prepare a 1D nanostructure precursor which is then fol-
lowed by annealing treatment to create a porous morphology.
Depending upon the annealing temperature and atmosphere,
the 1D precursor would undergo phase transition, oxidation,
reduction or pyrolysis with the escaping gas resulting in the
formation of pores. Zheng and co-workers®® synthesized a
cobalt oxide precursor via a mixed H,O/ethanol solvothermal
treatment at 90 °C. The precursor was annealed at 250 °C for
2 h in N, to obtain mesoporous Co;0, nanowires with high
surface area. The mesoporous Co3;0, nanowires could also
be reduced in NaBH, solution, which increased the oxygen
vacancy concentration on the nanowire surface and resulted
in higher electrical conductivity and greater reactivity. Further-
more, the mesoporous cobalt oxide nanowires could be grown
on different substrates (Figure 5a), such as Ni foam,’>#
Si,88 glass, 8 steel ) TiP%U carbon paper,®?3 and poly-
styrenel® to form mesoporous nanowire arrays for additive-
free and flexible applications. Other hydrothermal studies of
cobalt-based porous nanowires include those of Jiang et al.”ll
for CoO (Figure 5b) and Rakhi et al.®® for mesoporous Co;0,

Adv. Mater. 2017, 1602300
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nanowire arrays on carbon paper (Figure 5c). After annealing,
the mesoporous Co;0, nanowires exhibited a surface area of
76 m? g~ with pore sizes in the range of 2—4 nm. Other porous
nanowires which have been reported include VO,,° Mn,0;,%!
NiO,® Ti0,,%”) In,03,7) PbO,” Sn0,,*® and Fe,03,°% each
of which has been synthesized by hydrothermal or solvo-
thermal methods followed by appropriate annealing conditions.
Figure 5d shows the results of An et al.® who reported the
use of amorphous vanadium oxides as a matrix for supporting
hierarchical porous Fe;O,/graphene nanowires. In addition to
oxides, porous nitridel'%! and sulfidel’®) nanowires have been
obtained. Li and co-workers!'®! prepared porous vanadium
nitride nanowires by annealing VO, nanowires in ammonia
at 600 °C for 1 h (Figure 5e). During the annealing process,
the VO,, nanowires were reduced to porous VN nanowires by
the removal of H,O and O,. The loss of oxygen resulted in the
formation of porous 1D structure. An interesting process for
synthesizing some transition metal oxides for LIBs is to react
the precursor oxide hydrothermally with a lithium salt solu-
tion.[192193] For example, Xia et al.1%] carried out hydrothermal
reaction of Co;0, nanowire arrays in LIOH solution at 240 °C
for 48 h to achieve lithiation. The low temperature spinel phase
(LT-LiCoO,) transformed to layered LiCoO, after annealing at
750 °C in air for 2 h.

The use of one-step or two-step liquid-phase reaction without
a subsequent annealing treatment also has been developed for
the synthesis of porous nanowires. The preparation of porous
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concentrated NaOH solution.!'%! TiO, reacts
with NaOH to form a highly disordered
phase which then recrystallizes into thin
H,Ti;O; plates. The deficiency of hydrogen
at the surface leads to an asymmetric surface
tension, causing the surface layer to bend and
the formation of multiwall spiral nanotubes.
Tang et al.l'%’l added magnetic stirring to

this hydrothermal reactive process enabling
more elongated nanotubes to be obtained.
VO, mnanoscrolls'® and H,NbgO;,-nH,0
nanoscrolls'®! have also been obtained by
the one-step hydrothermal or solvothermal
method.

In the two-step liquid phase method, the
1D nanostructure precursors obtained from
the initial hydrothermal or solvothermal
treatment develop a porous structure via a
second liquid-phase reaction. Kim and co-
workers!!'% synthesized hydrogen titanate
nanowires (H,Ti3O0;-nH,0) as the precursor
which then formed porous TiO, nanowires
by hydrothermal dehydration at a tempera-
ture of 180 °C (Figure 6¢). Jin et al.l''!l synthe-
sized porous TiO, (anatase) nanowires via an
in situ hydrothermal treatment of amorphous
TiO, nanotubes in a urea aqueous solution at
70 °C (Figure 6d-h). A dissolution—recrystal-
lization process was proposed to explain the
morphology transformation from nanotubes
to porous nanowires. The authors proposed
that hydroxyl ions generated from hydrolysis
of the urea at 70 °C reacted with the TiO,
nanotube surfaces to form TiO3, resulting
in the gradual dissolution of the TiO, nano-

Figure 5. a) Schematic of the porous CoO nanowire growth process on Ti substrates. b) TEM
image of porous CoO nanowires. Figures a,b reproduced with permission.’!l Copyright 2010,
American Chemical Society. c) TEM image of porous Co;O, nanowires, reproduced with per-

mission.®3] Copyright 2012, American Chemical Society. d) TEM image of porous Fe;0,/VO,

nanowires, reproduced with permission.l®!l Copyright 2014, American Chemical Society. ) TEM
image of a porous VN nanowire with corresponding SAED pattern, reproduced with permis-

tube. The TiOj took part in a hydrolytic
reaction to transform into aggregated TiO,
nanocrystallites when the concentration of
OH" inside the nanotube decreased to a cer-
tain value. Over time, the TiO, nanocrystal-
lites gradually occupied the inner space of

sion.l% Copyright 2012, American Chemical Society.

nanowires through the one-pot hydrothermal or solvothermal
method usually needs an ion or organic molecule to serve as
a soft template or structure-directing agent. Yuan et al.'% suc-
cessfully synthesized ordered arrays of mesoporous Co(OH),
nanowires by a one-step hydrothermal treatment at a low tem-
perature of 100 °C (Figure 6a,b). During the synthesis process,
the Co(OH), nanoparticle building blocks aggregated and
formed Co(OH), nanowires which contained mesopores to
decrease their high surface energy. Growth of the mesoporous
nanowires occurred upon continuous hydrothermal treatment
by Ostwald ripening. Mixed solvents (glycol and distilled water)
developed by Pei et al.l1%! were used to synthesize LiMnPO,
porous nanowires which formed tubular 1D nanomaterials
through the use of controlled growth conditions. Another
interesting material, H,Ti;O; nanotubes, were obtained by a
one-step hydrothermal process by treating crystalline TiO, in a

1602300 (10 of 39)

wileyonlinelibrary.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the nanotube to form the porous nanowires.

Multistep hydrothermal or solvothermal
methods can also be used to fabricate hierarchical heterostruc-
tured core-shell porous nanowires using nanoparticles, nanowires
or nanosheets as building blocks. Fan and co-workers!!!2
constructed MO, (M = Co, Zn, Sn, etc.) nanowire@MnO,
ultrathin nanosheet core/shell arrays with interconnected
porosity through interface reactions between KMnO, and gra-
phitic carbon. The MO, nanowires were impregnated with an
aqueous glucose solution and upon annealing in Ar, resulting
in a uniform coating of an amorphous carbon layer on the
nanowire surface. The MO, /C nanowires were then placed in
a KMnO, solution at 160 °C for 1-5 h. The resulting redox pro-
cess (Equation (1)), enabled the formation of core/shell MO,
nanowire@MnO, nanosheet arrays.

4MnOj +3C+H,0 =4MnO, +CO3 +2HCO; (1)

Adv. Mater. 2017, 1602300
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Figure 6. a,b) TEM images of urchin-like mesoporous Co(OH), nanowire arrays, reproduced with permission.'®l Copyright 2010, Royal Society of
Chemistry. c) TEM image of LT-TiO, nanowires, reproduced with permission.""% Copyright 2010, IOP Publishing. d—g) Morphology transformation
from TiO, nanotube to porous TiO, nanowire at different reaction times: (d) 0 h, (e) 2 h, (f) 4 h, (g) 6 h and (h) corresponding schematic illustration,

reproduced with permission.""l Copyright 2013, Elsevier.

Moreover, using oriented attachment and self-assembly
processes, metal oxide core/shell nanowire arrays can be syn-
thesized by growing NiO nanoflakes on porous Co;0, or ZnO
nanowires via simple chemical bath deposition (Figure 7a).'13]
The porous Co;0, (Figure 7b) acted as a backbone to guide pref-
erential deposition of Ni-based hydroxide. With heterogeneous
nucleation of many Ni-based hydroxide mesocrystals in super-
saturated solution, these mesocrystals attached to the surfaces
of Co304 or ZnO nanowires, lowering their surface energy.
The active sites minimize the interfacial energy barrier for
the subsequent growth of Ni-based hydroxide. Finally, these
Ni-based hydroxide mesocrystals self-assembled into 2D-nano-
flake structures (Figure 7c). Similar metal oxide core/shell
nanowire arrays, such as NiCo,0,@MnO,,M"*1 Co,0,@
NiO,1 Co;0,@Co(OH),"”] can also be obtained by hydro-
thermal synthesis followed by chemical or electrochemical
deposition (Figure 7d). For LIBs, the hierarchical structure
effectively reduces the self-aggregation of active materials,
increases the electrode—electrolyte contact area and accommo-
dates the volume changes which occur on lithiation and delithi-
ation. The core-shell heterostructure combines the advantages
of higher capacity and better stability.

Nanoparticles are Dbeneficial for shortening diffusion
length, but they easily self-aggregate, rendering them inactive.
Wei et al.®%l synthesized a hierarchical mesoporous nanowire
composite with Li;V,(POy); active nanocrystals embedded in

Adv. Mater. 2017, 1602300
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conductive mesoporous nanowire scaffolds via one-pot hydro-
thermal synthesis followed by an annealing treatment. During
the hydrothermal process, self-assembly of organic surfactants
and hydrolysis of colloids resulted in the generation of an inor-
ganic/organic nanowire precursor. The as-prepared nanowire
precursor crystallized the Li;V,(PO,); nanoparticles, and the
organic compounds pyrolyzed in situ into mesoporous carbon
scaffolds during the annealing process. The final hierarchical
nanostructure consisted of Li;V,(PO,); nanoparticles uniformly
embedded in conductive mesoporous carbon nanowires. This
kind of novel porous 1D nanocomposite enabled both contin-
uous electron transport and ion transport (Figure 7e). In addi-
tion, the stable mesoporous nanostructure effectively confined
the expansion of nanocrystals and restrained the structural
damage arising from repeated Li* ion insertion. In this way,
nanocrystals embedded in porous carbon scaffolds were very
effective in enhancing overall electrochemical performance.
Jiang et al.'® constructed core-shell hybrid nanowires with
a core of manganese oxide and a shell of mesoporous carbon
(Figure 7f,g). The mesoporous carbon layer was coated on the
MnO, nanowire via carbonization of self-polymerized dopa-
mine. In their method, poly (ethylene oxide)-poly (propylene
oxide)-poly (ethylene oxide) (PEO-PPO-PEO, P123) was used as
a structure-directing agent to generate the mesoporous struc-
tures. After annealing under flowing argon, highly graphitic
carbon-tipped MnO,/mesoporous carbon hybrid nanowires

wileyonlinelibrary.com
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C,0,% resulted in the formation of pre-
cursor CoC,0, nuclei. After CTAB surfactant
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Co304 nanorods from the release of CO,.
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Figure 7. a) Schematic of the two-step synthesis of metal oxide core/shell nanowire arrays.
b,c) TEM images of Co30, nanowire and Co3;0,/NiO core/shell nanowire. Figures a—c repro-
duced with permission."¥l Copyright 2012, American Chemical Society. d) TEM image of
NiCo,0,@MnO, core-shell heterostructured nanowires on Ni foam, reproduced with per-
mission.""l Copyright 2013, Royal Society of Chemistry. e) TEM image of Li3V,(POy);/C
mesoporous nanowires, reproduced with permission.[®¥ Copyright 2014, American Chemical
Society. f,g) Low and high magnification TEM images of highly graphitic carbon-tipped manga-
nese oxide/mesoporous carbon/manganese oxide hybrid nanowires, reproduced with permis-

sion.[""8 Copyright 2011, Royal Society of Chemistry.

were obtained. Other core/shell nanostructures which have
been prepared via a multistep hydrothermal process fol-
lowed by annealing include mesoporous TiO,-Sn/C core-shell
nanowires,'? MnO,/C yolk—shell nanorods,?” and MnO/C
nanopeapods.[121]

3.2.2. Microemulsion Method

The microemulsion method is an efficient approach for syn-
thesizing nanomaterials. Its energy-saving nature and facile
processing make this method attractive.'??) During the
reaction, collisions among reverse micelles containing the
reactants lead to nucleation. A major advantage of the micro-
emulsion method is the ability to control the morphology and
pore size, which can be tailored by controlling reactant con-
centrations, temperature, water to surfactant ratios, and aging
time.l?!

In forming microemulsions, cetyltrimethyl ammonium
bromide (CTAB) is the most common surfactant used to form
reverse micelles. Xu et al.l'?¥l prepared nanoparticle-assem-
bled porous Co3;0,4 nanorods with a diameter of =200 nm and
length of 3-5 um obtained via microemulsion and subsequent

1602300 (12 of 39)
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Similar strategies can be used to synthesize
cobalt-based binary-metal oxides. Du et al.[?
reported porous ZnCo,O4 nanowires via
a  microemulsion-based  nanostructuring
approach. The lengths of nanowires were
several micrometers with diameters of
100-300 nm, with many pores well dis-
tributed in the nanowires (Figure 8b-e).
NiCo0,04,'%] CagC01,0,5,11%¢) and LiCoO,[1?"!
porous nanowires were also obtained using
the same synthesis approach but replacing/
adjusting the reaction sources.

Li-rich layered cathode materials with
porous 1D nanostructures have been
obtained through the microemulsion
method. Zhang et al.'?!l prepared porous
LiNipsM;s0, mnanorods wusing MnC,0,
nanowires as precursors, which trans-
formed to porous Mn,0; nanowires during
subsequent annealing. Afterwards, Li and
Ni were incorporated into porous Mn,0;
nanowires via solid state heat treatment
to obtain porous LiNijsMn;sO, nanorods.
Porous mnanorods with the composition
0.2Li,MnO;-0.8LiNij sMn, 50, have also been
synthesized using a similar strategy with
porous Mn,0O; nanowires as a precursor.[2%

Control of morphology and pore size distribution in the
microemulsion synthesis method has also been investigated.
Bai et al.l3% reported that porous NiO nanorods were obtained
with CTAB as the surfactant, and that pore size distribution can
be tuned by varying the Ni**/CTAB molar ratios. In addition,
the microemulsion method is also suitable for synthesizing
complex nanostructures, such as hierarchical mesoporous
nanowires. Zhao et al.%l reported hierarchical mesoporous
Lay5Sr95C00,9; nanowires consisting of nanorods that were
40 nm in diameter, with a specific surface area of 97 m? g™ and
average pore width of =10 nm.

Liquid phase synthesis methods feature simplicity, mild
chemical conditions, scalability and possess the potential
for controlling size and structure on the nanoscale. How-
ever, exact growth and formation mechanisms for many 1D
nanomaterials synthesized via liquid phase methods remain
unknown and require more research to elucidate. More pre-
cise control of the reaction processes occurring in liquid phase
synthesis is needed in order to make these methods more
attractive. Moreover, for large-scale manufacture in industry,
efficient and cost-effective recycling of the solvents involved in
the solvothermal or microemulsion-based systems need to be
developed.

Adv. Mater. 2017, 1602300
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Figure 8. a) Schematic of the growth mechanism in porous Co;O, nanorods, reproduced
with permission.[23] Copyright 2009, Elsevier. b,c) SEM and (d,e) TEM images of ZnCo,O,
nanowires reproduced with permission.24 Copyright 2009, American Chemical Society.

3.3. Template-Assisted Method

The template-assisted approach is one of the most widely used
strategies for synthesizing nanomaterials, especially 1D nano-
materials. Different types of templates have been developed in
the synthesis of porous 1D nanomaterials depending on the
desired growth mechanism. There are two general categories
of templates used in synthesizing porous nanowires: one is the
nanoconfined template and the other is the oriented template.
Nanoconfined templates include anodic alumina oxide (AAO)
membranes, polycarbonate (PC) membranes and mesoporous
templates (e.g., SBA-15, CMK-3), among others. In the case
of oriented templates, they usually contain carbon nanofibers
(CNFs), carbon nanotubes (CNT5), inorganic metal oxide
nanowires, metal nanowires and so forth.

3.3.1. Nanoconfined Template Method
AAO is one of the most common nanoconfined templates

and many porous nanowires have been obtained using
this approach.'3113% In one instance, nanoporous Pt-Co

Adv. Mater. 2017, 1602300
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surface. The width of the nanowires ranged
from 2 to 8 nm with the pore size less than
5 nm. Several other porous 1D nanomate-
rials (Au,132133) Pt[132134 PtNj alloy, 13137
MnO,,[38 among others) have been obtained
using similar procedures with the AAO
membrane as a template.

Other nanoconfined templates have been
successfully used in the synthesis of porous
nanowires. Gu et al.l®!l used SBA-15 as a
template to prepare mesoporous peapod-like
Co;0,@carbon nanotube arrays. The as-syn-
thesized nanotube arrays possess high sur-
face areas (up to 750 m? g!) and large pore
sizes. Many other porous nanowires, such
as mesoporous CoN, CrN,[% porous Ni,!'*!]
mesoporous CuCo,0,"*? and mesoporous
Si@carbon core-shell,l'*} have been synthe-
sized with SBA-15 as the template.

Interestingly, biological templates have
also been used in the synthesis of porous
nanowires. Liu et al.l'* used a crab shell
biological template to synthesize porous
nanowires. Crab shells were annealed in
air to remove organics on the surface and
ground into powders. Precursor solution was
then impregnated into the crab shell pow-
ders, and after heating, the precursor was car-
bonized. After removing the biological template, the resulting
mesoporous carbon nanofiber arrays had a mean diameter of
70 nm and pore size of 11 nm.

Diameter and the pore size distribution are two significant
parameters for porous nanowires, so that the control of these
parameters is very important. Li et al.l] reported a dual tem-
plate approach, wherein both porous membranes and small
spheres were used as templates and the diameter and pore
size were well controlled by adjusting the channel size of the
membrane and the diameter of spheres (Figure 9g). Two pieces
of porous membranes (e.g., AAO membranes) with different
channel sizes were first stacked parallel to each other, and then
polymer (e.g., polystyrene, PS) spheres were filled into the top
membrane by filtration. Afterwards, the bottom membrane was
removed and the top membrane with spheres was used as an
electrode for electrodeposition. Precursors were infiltrated into
the membrane-sphere composite during the electrodeposition
process and novel porous nanowires were obtained after dis-
solving the membrane and spheres. Bechelany et al.l'*¢l used
PC membranes and PS spheres as templates to synthesize
porous Co nanowires with different diameters and pore sizes.
Combining the nanoconfined template-assisted method with

wileyonlinelibrary.com
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Figure 9. a—d) Schematic of the process for fabricating porous Pt-Co alloy nanowires. (e,f) TEM images of porous Pt-Co alloy nanowires, scale bar is
50 nm. Figures a—f reproduced with permission.["*! Copyright 2009, American Chemical Society. g) Fabrication process of porous nanowires via a dual
template technique, reproduced with permission.*] Copyright 2003, American Chemical Society.

electrodeposition is a very effective means of preparing porous
nanowires and is described in a later section 3.4.2.

3.3.2. Oriented Template Method

CNTs are one of the most popular oriented templates because
of their adjustable diameter, large-scale yield and easy removal.
CNTs are an efficient template for the synthesis of porous 1D
nanomaterials because of their original 1D nanostructure.
Zhu et al"¥! fabricated CNT@Ni;S, 1D hybrid nanostruc-
tures via a multi-step conversion route with CNT as template
(Figure 10a). A silica coating was grown on CNT by hydro-
lyzing tetraethyl orthosilicate. Nickel silicate nanosheets were
then grown in situ on the silica layer to form a CNT@SiO,@
Ni;Si,O5(OH), precursor. The final CNT@Ni3S, product was
obtained by the transformation of Ni;Si,Os(OH), to Ni;S,
and elimination of the silica layer (Figure 10b). Other porous
metal oxide/CNT 1D hybrid nanostructures, including Co;0,/
CNT,™8 CuO/CNT,*) Sn0O,/CNT,P#10151 and mesoporous
carbon/CNT!">2 have been synthesized using CNT as the tem-
plate. Metal oxide nanotubes such as LiMn,0,4,[1°3 TiO,,">* and
In,03,1"°% can also be obtained after removing CNT templates
from the initial composites.
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Another carbon-based one dimensional material, CNF, has
been widely used as a template in the synthesis of porous
nanowires.>®! Zhang et al.'®’] synthesized hierarchical 1D
NiO/CNF nanomaterials where Ni-precursors were grown on
the surface of CNFs via a mild solution-phase method. During
subsequent heat treatment, Ni-precursors transformed to NiO
and hierarchical NiO/CNF nanocomposites were obtained. The
as-synthesized 1D nanomaterial had a yolk-shell structure with
CNFs inside hierarchical NiO nanotubes (composed of inter-
connected nanosheets) with void space between the inner CNFs
and outer NiO (Figure 10c). Several other materials, including
MnO/CNF,[158] CoMn,0,/CNF,[13% MoS,/CNFI% and V,0s/
CNFI1% with porous 1D nanostructures have been synthesized
with CNFs as a template.

Inorganic oriented templates may also be used in the syn-
thesis of porous nanowires. Ding et al.l'®!l reported porous Pt-
Ni-P nanotube arrays prepared by using ZnO nanorod arrays
as template. The Pt-Ni-P nanoparticles were electrodepos-
ited on the surface of ZnO to form ZnO@Pt-Ni-P core-shell
nanorod arrays. Porous Pt-Ni-P nanotube arrays were obtained
after removing the ZnO nanorod template by acid etching. In
addition, porous Ni@Pt core-shell nanotube arrays,!%? porous
SiGe nanorod arrays!!®l and hierarchical porous NiO nano-
tube arrays!'®! have also been synthesized with the assistance
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Figure 10. a) Schematic of the formation and (b) TEM images of CNT@Ni3S, 1D nanostructures, reproduced with permission.l'¥l Copyright 2012,
WILEY-VCH. c) TEM image of hierarchical CNF/NiO nanotubes, reproduced with permission.[>”l Copyright 2013, Royal Society of Chemistry. d) TEM
image of porous V,0s@MnO, nanotubes, reproduced with permission.[' Copyright 2014, American Chemical Society.

of ZnO nanorod arrays as a template. Liu et al.'®! reported
mesoporous carbon nanotubes synthesized using MnO,
nanorods as template. Tan et al.l'%! used V,05 nanowires as
a template to synthesize porous V,0s@MnO, nanotubes and
V,0s@MnO,/M nanotubes (M = Fe,0;, Co,03;/Co(OH),,
Ni(OH),) (Figure 10d). In addition to metal oxide templates,
metal nanowires are also viable templates for the synthesis of
novel nanostructures.l>®167] Hu et al.l'”] used Cu nanowires as
a template to synthesize hierarchical TiO, tubular nanostruc-
tures. Recently, Yu and co-workers summarized their work on
ultrathin Te nanowires as a versatile template to construct a
series of 1D nanostructures, including CNFs.[1¢]

The template-assisted approach, due to its reliability and
controllability, is a very effective approach for the synthesis of
porous 1D nanomaterials. Moreover, the ability to combine a
wide range of novel templates provides a creative feature in this
process. As the introduction of new materials and approaches
to the template-assisted method will extend the development of
nanomaterial design and synthesis.

3.4. Chemical Deposition Method
3.4.1. Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a common way to syn-
thesize semiconductor nanowires for energy storage, elec-
tronics, photonics and other fields. In the synthesis of porous
nanowires, a two-step process consisting of CVD for the growth
of well-defined nanowires followed by a heat treatment for the
formation of porous structure, is an effective way to prepare
designed nanowires. For instance, Shan et al.l%®l synthesized
CdSe and ZnCdSe precursor nanowires by metal-organic
chemical vapor phase deposition (MOCVD) on Si (100) sub-
strates using Au as a catalyst. Porous ZnO and ZnCdO nanow-
ires were subsequently obtained by subsequent oxidization
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of ZnSe and ZnCdSe nanowires in air at 700 °C for 1 h
(Figure 11a,b).1% Porous ZnO and ZnCdO nanowires com-
posed of nanoparticles and nanopores were formed due to the
rapid oxidation process occurring at boundaries or defects.

It is also possible to achieve direct synthesis of porous
single-crystalline nanowires via CVD. Bae et al.l'’% reported
porous GaN nanowires, synthesized by CVD of a Ga/Ga,0s/
B,03/C mixture under NH;. The low magnification TEM image
(Figure 11c) revealed straight, porous, high-density, pure GaN
nanowires without any other nanostructures. The diameter of
the GaN nanowires was in the range of 30-70 nm with a pore
size of 5-20 nm as shown in Figure 11d. The corresponding
SAED pattern further proved that the wurtzite GaN nanowire
was single crystal with a [011] growth direction. During the
reaction, Ga,O vapor was first generated by the Ga and Ga,0;
mixture, followed by a vapor-liquid—solid (VLS) growth process.
The Ga,0 vapor deposited on catalytic nanoparticles and formed
a miscible liquid alloy. Subsequently, Ga and NH; dissolved,
leading to the precipitation of GaN as follows (Equation (2)):

Ga,0(g)+2NH;(g)=2GaN(s)+H,0(g)+2H,(g) (2)

The escape of H, and H,O leads to the formation of a porous
structure during the growth of GaN nanowires.

3.4.2. Electrodeposition

Electrodeposition has been developed extensively over the
past several decades for the preparation of metal,'”! semi-
conductor!” and polymer nanomaterials, as it offers a
low-energy, facile process, with good uniformity that can
be well controlled. For the synthesis of porous nanowires,
a template-assisted electrodeposition method is effective.
Laocharoensuk et al.'”3l constructed shape-tailored porous Au
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Figure 11. a,b) TEM images of porous ZnO and ZnCdO nanowires,
respectively, reproduced with permission.'® Copyright 2006, American
Chemical Society. ¢,d) TEM images of porous GaN nanowires (inset
in d is corresponding SAED pattern), reproduced with permission.l7%
Copyright 2003, Elsevier.
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nano-barbells or nano-step-cone nanowires via Ag dissolution
from Au-Ag alloy nanowires which had segments of different
compositions (Figure 12a). These segments of different com-
positions could be obtained controllably by changing Au/Ag
composition ratios in the plating solution during the electro-
deposition process. This is a simple and controllable way to pre-
pare porous nanowires with different sizes and porosities, i.e.,
by deliberately adjusting the composition of the plating solu-
tion in the electrodeposition process. Similarly, porous Pd and
Cu nanowires were synthesized by Yang et al.'’7417] using elec-
trodeposition followed by etching (Figure 12d).

Core/shell nanowire arrays can be prepared using porous
nanowires as the core backbone and electrodepositing the
shell materials. Some examples are hierarchical core/shell
NiC0,0,@MnO,,""*115]  Co,0,@NiO,"® and Co;0,@
Co(OH),""l nanowire arrays. Xia et al.''”l synthesized Co;0,
nanowire arrays by hydrothermal growth on nickel foam.
Co(OH), was then electrodeposited on Co;0, nanowires to
form the core/shell structure (Figure 12e,f). Duay et al.ll7Zl
synthesized hierarchical MnO,@MnO, nanowire/nanofibrils
by combining AAO template-assisted and electrodeposition
methods. The MnO, core nanowires were obtained by electro-
deposition into the AAO template using a manganese acetate
solution. The MnO, nanofibrils were then deposited on the
MnO, cores by multistep electrodeposition-oxidation, Mn(OH),
to MnO,, using different potentials and plating solutions. As

(xi) ” (x) ” (ix)

e Electrodeposition
(+annealing)

A

Co;04 nanowires Core/shell

oxide nanowires

Mesoporous
nanosheets

200-nm

Figure 12. a) lllustration of the template-assisted electrochemical preparation of asymmetric porous gold nanowires. b) TEM image of porous step-
cone nanostructures prepared by varying Au/Ag ratios in plating solutions. c) TEM image of porous nano-barbell nanostructures. Figures a—c repro-
duced with permission.'”? Copyright 2007, American Chemical Society. d) SEM image of a porous and spiral PdCu nanowire bundle, reproduced
with permission.'”* Copyright 2013, American Chemical Society. e) Schematic of the hydrothermal-electrodeposition of hierarchical porous core/
shell nanowire arrays. f) SEM image of core/shell Co;0,@Co(OH), nanowire. Figures e,f reproduced with permission.['"”l Copyright 2012, American

Chemical Society.
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a cathode material, hierarchical porous core/shell nanowire
arrays offer high surface area with good electrolyte penetra-
tion and fast ion/electron transfer, leading to improved electro-
chemical performance.

3.4.3. Atomic Layer Deposition

Atomic layer deposition (ALD) is an emerging technology that
is rapidly gaining acceptance for use in surface modification
and fabrication of complex nanostructured materials because of
its simplicity, reproducibility and conformality.l'’®l This method
enables the deposit of a uniform coating of complex compounds
on nanoparticles, nanowires, nanotubes, soft materials or AAO
templates. Moreover, the thickness of the deposited film can be
precisely controlled from angstroms to nanometers.*””]

Chen et al.'8 reported TiO,-coated porous Si nanowires
using evaporation-induced self-assembly followed by ALD.
Qin et al.l'’”’! synthesized various helical oxide nanotubes
(AL03, SiO,, TiO,, HfO,, and ZnAl,0,) by ALD using carbon
nanocoils as templates followed by annealing in air (Figure 13a).
These authors!'3% also prepared porous Cu/Al,0O; nanopeapods
consisting of Cu nanoparticle chains by reducing CuO nanow-
ires in H, and growing an Al,Oj; shell by ALD (Figure 13b). Fan

Figure 13. a) TEM image of helical Al,03; nanotube obtained by applying
50 cycles of Al,O3 deposition, reproduced with permission.'?l Copyright
2010, Wiley-VCH. b) TEM image of Cu nanoparticle chains embedded in
Al,O; shell, reproduced with permission.® Copyright 2008, American
Chemical Society. ¢) TEM image of hollow SnO-in-TiO, wire-in-tube
nanostructure, reproduced with permission."l Copyright 2014, Amer-
ican Chemical Society. d) SEM image of nested multiple-walled Pt-Pt/
TiO,-TiO, nanotubes with uniform shape and size of lumen, repro-
duced with permission.[33 Copyright 2011, Springer. e) SEM image of
hierarchical ZnO nanoarchitectures produced by ALD and hydrothermal
methods, reproduced with permission.'® Copyright 2009, American
Chemical Society.
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and co-workers!!® synthesized coaxial SnO,-ZnO-TiO, nano-
wires on carbon cloth by ALD and etched the ZnO to obtain
a novel hollow architecture of SnO,-in-TiO, wire-in-tube struc-
tures (Figure 13c). The hollow wire-in-tube structure can con-
fine the volume expansion of SnO, upon lithiation, resulting in
good cycling stability for LIBs.

Uniform, multiple-walled nanostructures can be
designed and synthesized by multi-step ALD with subse-
quent etching. The thickness of different layers are precisely
controlled by adjusting the ALD growth cycles. Gu et al.l'®3l
prepared multiwall Pt-Pt/TiO,-TiO, nanotubes with uniform
shape and size using a porous Si template (Figure 13d). These
multiwall hollow nanostructures of different materials have the
potential to be used in biosensors, broadband detectors, photo-
voltaic devices and energy storage devices. The ALD technique,
combined with liquid phase methods, was used to construct
hierarchical porous 1D nanostructures, such as hierarchical
ZnO nano-architectures (Figure 13e).1184

These examples highlight the versatility, conformality and
uniqueness of ALD for the fabrication of complex nanomate-
rials. In the fabrication of porous 1D nanomaterials, ALD ena-
bles the design and synthesis of materials with different shapes
and structures.

[182]

3.5. Chemical Etching

Etching technology, such as etching the Ag component in Ag/
Au alloy nanowires, removing sacrificial layers during syn-
thesis process, etc., is an effective method for creating porous
1D nanomaterials through a “top-down” approach. The etching
method is usually accompanied by the other methods discussed
above. In this section, we focus primarily on direct etching of
bulk Si to form porous Si nanowires.!'%]

In general, etching of Si is performed in two ways: anodic
etching in HF-containing aqueous or organic solutions,!¥l
or chemical etching in HNO;/HF solution.'¥”] Simple metal-
assisted chemical etching has attracted considerable atten-
tion because it offers better controllability of shape, diameter,
length, orientation, doping type, and doping level of Si nano-
structures.'® In general, metal-assisted chemical etching
reactions are classified as being either one-step reactions in
an etchant solution containing HF and metal salts, such as
AgNO,, 1881911 KAuCL, 192 K,PtClg,1'%% or two-step reactions
that involve pre-deposition of metal nanoparticles or patterned
metal thin films followed by chemical etching in the presence
of HF and H,0,."%4

The classic one-step reaction consists of immersing clean
p-type Si substrates in an etchant solution containing AgNO;
and HF, as reported by Yang and co-workers.'®% It has been
demonstrated that the porous morphology of as-synthesized
Si nanowires depends on the electrical resistivity of the orig-
inal Si wafers. With decreasing wafer resistivity, Si nanowires
become rougher and finally evolve into nanowires containing
micro- or mesopores (Figure 14a—c). Duan and co-workers!'*¥
reported a two-step metal assisted electroless chemical etching
method, which was adopted to obtain Si nanowire arrays from
heavily doped n-type Si wafers. The main etching process
involves pre-deposition of Ag metal on the Si substrate followed
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Lightly doped wafers

Figure 14. a) SEM and b,c) TEM images of porous silicon nanowires syn-
thesized from highly doped p-type Si wafers (inset in b is corresponding
SAED pattern), the scale bar is 10 mm, 200 nm, and 50 nm in a—c,
respectively, reproduced with permission.'®l Copyright 2009, American
Chemical Society. d) Schematic of the formation of porous and nanopo-
rous Si nanowire arrays from highly or lightly doped wafers through a
two-step silver assisted etching method, reproduced with permission.['®l
Copyright 2011, American Chemical Society.

by electroless etching in an etchant solution containing var-
ying concentrations of H,0, and HF. These authors found
that the concentration of H,0, and the doping level of the Si
wafer were key factors affecting the porous structures of Si
nanowires. Beginning with highly doped n-type Si (100) wafers
with increasing H,0, concentration, the Si nanowires evolved
from smooth-to-rough surfaces, and that the solid/porous core/
shell nanowires transformed to porous nanowires. The porous
nature of nanowires gradually increased with increasing H,0,
concentration and reaction time. Interestingly, with this etching
method, the as-obtained porous Si nanowire was still single-
crystal. Using a lightly doped n-type Si(100) wafer and p-type
Si(100) wafer, Chen et al.'%! and Wang et al.1%! synthesized
porous Si nanowires by controlling the etching temperature,
duration, concentration of H,0, and AgNO;, and amount of
etching solution. Once again, the reaction conditions and resis-
tivity of starting Si wafers were key factors in controlling the
porosity and specific surface area of as-synthesized Si porous
nanowires. To further explore the factors that affect the forma-
tion and porosity of silicon nanowires, more detailed studies of
the metal-assisted chemical etching mechanism are needed.

In the one-step chemical etching process for the synthesis
of porous Si nanowires, there is an Ag cathode where Ag*
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ions reduce, while at the Si nanowire anode, Si dissolves into
aqueous HF solution.'® These two simultaneous electro-
chemical reactions are responsible for etching the nanowire
surface leading to varying degrees of surface roughness and
porosity.18:197)

In the two-step chemical etching process, Ag nanoparticles
serve as cathode and are pre-deposited on a clean Si surface to
ensure uniformity in vertical etching (Figure 14d).'%] The reac-
tions are described in Equations (3) and (4) listed below:[19+1%]

2H,0, +4H" +4e” — 4H,0, E,=1.78V 3)
Si®+6F —[SiF,]" +4e”, E,=1.24V (4)

The Si anode is continuously dissolved as electrons transfer
to the upper surfaces of the Ag nanoparticles, while H,0, is
reduced to H,O. Ag nanoparticles are oxidized to Ag" ions by
H,0, according to the following reaction (Equation (5)):!°"

2Ag+H,0, +2H" — 2Ag" +2H,0 (5)

At the same time, Ag" ions quickly react with Si and are
reduced to Ag particles again (Equation (6)).

Si®+4Ag +6F — 4Ag° +[SiF " (6)

In this way, etching is localized around the Ag nanoparticles
trapped in self-created nanopits, leading to continued etching
in the vertical direction and the formation of vertical silicon
nanowire arrays. The concentration of H,0, and the etching
duration greatly affect the porosity of silicon nanowires. Ag*
ions are not completely recovered into the original Ag nanopar-
ticles and some of them may diffuse out. Out-diffused Ag* ions
will nucleate on side walls near defect sites and extract electrons
from the Si nanowires, forming new Ag nanoparticles which
serve as a new etching pathway along the lateral direction of the
nanowires. As a result, porous nanostructures are formed.

The porosity of as-prepared nanowires have been controlled
using one-step chemical etching, two-step metal-assisted
chemical etching, and Au-assisted (or Au/Ag co-assisted)
etching.l'%7202 1 et al.l?’ prepared mesoporous Si nanowires
with adjustable porosity from metallurgical Si by a two-step
metal-assisted chemical etching process. Porosity of the Si
nanowires was adjusted by controlling the concentration of
impurities within the metallurgical Si. Upon annealing the
porous Si nanowires in air, a thin silicon oxide layer (=3 nm)
was formed on the surface of the porous Si nanowires, which is
beneficial for maintaining structural stability.l2*4

4. Application of Porous 1D Nanomaterials
for Electrochemical Energy Storage

As mentioned in section 2, porous 1D nanomaterials have
multiple advantages which make them attractive in electro-
chemical energy storage and other applications.!>48135.146,149,204]
In this section, we will present several examples where these
nanomaterials have been investigated for use in LIBs, SIBs,
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Li-S batteries, Li-O, batteries and supercapacitors. The advan-
tages of porous 1D nanomaterials and their electrochemical
performance will be discussed.

4.1. Lithium-lon Batteries

LIBs have become the ubiquitous power sources for portable
devices used in a wide range of consumer, health, and military
applications.[">® Numerous applications are now demanding
improved electrical energy storage with higher specific
capacities and faster charging, a feature particularly important
for EVs.} In addition, higher energy densities, longer cycle life
and low cost are also required in electrical energy storage from
renewable energy sources.!”]

In order to achieve improved LIBs with high capacity, high
rate and long cycle life, both cathode and anode need to have
the following characteristics: thermodynamic stability at the
potentials of usage, electron and ion diffusion pathways which
enable rapid ion and electron transport, chemical stability in
appropriate electrolytes and a robust structure for repeated lith-
iation and delithiation processes.#3 In the paragraphs below,
advances in porous 1D nanomaterials for LIBs focus on interca-
lation, alloying and conversion reactions.

4.1.1. Intercalation Reaction

The kinetics of intercalation involves solid-state diffusion of
Li* ions from the electrode-electrolyte interface to the interior
of the material.?®! This process is influenced by a number of
factors including the dimensionality of the material, whether
phase transformations occur upon lithiation/delithiation asso-
ciated with different magnitudes of volume changes. In order
to operate at high rates and achieve long cycle life, there needs
to be careful consideration of transport kinetics as well as struc-
tural stability.

The well-known, commercial cathode material, LiCoO,,
delivers a capacity of about 140 mAh g! but its capacity fades
rapidly at higher cycling rates.?°! Chen and co-workers/2%l
reported that LiCoO, nanotubes reached a capacity of
185 mAh g!, much higher than that of nanoparticles or solid
nanowires. LiNijCo,,0, nanotubes synthesized by a similar
route delivered a higher capacity of 205 mAh g 1.12%] Because
of its abundance, low cost, and environmental friendliness,
LiMn,0, in its spinel form is an alternative candidate as a high-
power cathode for LIBs, but it is limited by sluggish Li* ion
diffusion kinetics.l'*27] Ding et al.?”’l reported the synthesis
of single-crystal LiMn,0, nanotubes with a diameter of about
600 nm and a wall thickness of about 200 nm produced using
B-MnO, nanotubes as a sacrificial template. These LiMn,0,
nanotubes exhibited better rate capabilities and cycling stability
compared to LiMn,0, powders. Wu and co-workers reported
the fabrication of LiMn,0, nanotubes with preferred orienta-
tion that used multiwall CNTs as the sacrificial template.!'>3]
The as-synthesized LiMn,0, nanotubes displayed extremely
fast charging (54% capacity at 600 C) and excellent cycling per-
formance in aqueous LIBs. The improved capacity was attrib-
uted to the hollow tubular structure so that: (i) there are more
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active sites for Li* ion intercalation/de-intercalation; (ii) the
very small thickness of the nanotubes reduced the ion diffu-
sion pathway, resulting in significantly faster electrochemical
kinetics; (iii) the relative flexibility of hollow tubular 1D struc-
ture provided excellent stability during charge/discharge cycles.

Spinel LiNigsMn;sO4, which possesses three dimen-
sional Li* ion diffusion channels and high operational voltage
(=4.7 V vs Li*/Li), is a promising high-power cathode material.
However, simultaneously delivering good capacity at high rate
and retaining cyclability are challenging due to several factors
that affect performance, particularly electrolyte and structural
instability under high potentials. Zhang et al.l'®l showed that
novel porous LiNijsMn; sO4 nanorods exhibited much better
rate capability and cycling stability compared to the bulk oxide
(Figure 15a,b). The porous LiNiysMn; 0, nanorods displayed
specific capacities of 140 and 109 mAh g! at 1 and 20 C rates,
respectively (Figure 15¢). In addition, a capacity retention of
91% after 500 cycles at a rate of 5 C was obtained (Figure 15d).
It was noted that instability of the electrode and electrolyte
under high operating voltage led to fast capacity fade. However,
the porous 1D LiNi;sMn; sO, nanorods which formed a stable
solid electrolyte interphase (SEI) layer under high voltage had
excellent stability. Facile strain relaxation in 1D porous struc-
tures is able to maintain the structural integrity of the SEI,
which leads to enhanced electrochemical performance. These
results demonstrate that porous 1D nanomaterials can be struc-
turally and interfacially stable, and offer significant advantages
for high-voltage cathodes.

Polyanionic compounds, such as LiFePO,, LiMnPO,, and
Li;V,(POy);, have been widely investigated due to their oper-
ating voltage, high theoretical specific capacity and ther-
modynamic  stability.[06366.20820 Byt their poor electronic
conductivity results in relatively low electrochemical utiliza-
tion, even at slow rates, restricting the use of these materials in
practical applications. Carbon-coated single crystalline LiFePO,
nanowires displayed improved rate capacity,?%! and there is
an indication that combining active electrode materials within
conductive mesoporous 1D matrices/scaffolds can significantly
enhance the electrochemical performance (Figure 15e). The
electrically conductive matrix facilitates good electron trans-
port while the interconnected porosity of the scaffold provides
numerous ion diffusion tunnels. In addition, by incorporating
small nanocrystals embedded in the scaffold uniformly, ion
diffusion distances can be further decreased. The empty voids
within the scaffold provide enough space to accommodate
volume changes associated with lithiation and delithiation
during repeated cycling. Wei et al. reported the fabrication of
hierarchical Li;V,(PO,);/C mesoporous nanowires (Figure 7e),
in which Li;V,(POy4); nanocrystals were uniformly embedded in
mesoporous nanowires while staying in tight contact with con-
ductive carbon scaffolds.[%3] These Li;V,(PO,);/C mesoporous
nanowires displayed improved rate and cycling performance
compared to standard carbon coated LVP particles. 88% of
theoretical capacity was delivered at rates up to 10 C and 80%
capacity was retained after 3000 cycles at 5 C (Figure 15f,g).
Afterwards, Mai group developed a gradient electrospinning
method to synthesize Li;V,(PO,); mesoporous nanotubes,
with Li3V,(PO,); nanoparticles uniformly dispersed in/on thin
mesoporous carbon nanotubes (Figure 2c).[! At a rate of 10 C,
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Figure 15. Schematic of the morphology changes and electron transport in bulk (a) and 1D nanoporous LNMO (b) electrodes upon electrochemical
cycling. c) Rate capability and (d) cycling performance of LNMO porous nanorods compared to bulk. Figures a—d reproduced with permission.['2l Copy-
right 2013, American Chemical Society. e) Schematic of mesoporous LVP nanowire composites having bicontinuous electron/ion transport pathways
and facile strain relaxation during Li* insertion/extraction. f) Rate capability and (g) cycling performance of LVP at rate of 5 C. Figures e—f reproduced

with permission.[®l Copyright 2013, American Chemical Society.

the Li3V,(PO4); mesoporous nanotubes operated with excel-
lent stability for nearly 9500 cycles, much longer than that of
normal Li3V,(PO,);/C nanowires. In addition, an assembled
Li3V,(POy)3//LisTisOq, full cell retained 73 and 75% of the ini-
tial capacity after 1000 cycles at the rate of 2 C and 3 C, respec-
tively. The outstanding performance of Li;V,(PO,)s is attributed
to the hierarchical architecture where mesoporous 1D nano-
composites have bicontinuous electron/ion pathways, large
electrode-electrolyte contact area, low charge transfer resist-
ance, and robust structural stability upon prolonged cycling.
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These results demonstrate that the novel mesoporous 1D nano-
structure is an outstanding morphology for improving both the
rate capability and long-term cycling performance of LIBs.
Graphite is the most common intercalation-type anode
for LIBs. For the most part, however, graphite is unable to
achieve high power capability due to sluggish ion diffusion
kinetics. Recently, porous carbon nanofibers (PCNFs) reported
by Li et al. displayed very good rate capability properties.’% By
doping with nitrogen, N-doped PCNFs (N-PCNFs) exhibited
a reversible capacity of =500 mAh g! at a specific current of
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1 A g7 At a much higher rate of 20 A g7}, a very respectable
capacity of 172 mAh g! was achieved. The porous 1D structure
and graphitization in the PCNFs provide fast electron transport
pathways. Large mesopores formed by the elimination of metal
nanocrystals and small-sized mesopores formed through pyrol-
ysis in N-PCNFs can effectively store electrolyte and enlarge
the interface between the active material and electrolyte. As a
result, the capacity at high rates is improved considerably as
compared to commercial graphite anodes.

4.1.2. Alloying Reaction

Silicon has a high theoretical capacity of 4200 mAh g based
on the Li-Si alloying reaction.?'% The main challenges for the
practical use of Si anodes are its very large volume variation
during lithiation/delithiation processes (>300%), unstable SEI
layers and fast capacity fading.?'% In addition, as a semicon-
ductor, Si displays relatively low electronic conductivity which
seriously hinders the ability to operate at high rates.

Recently, different research groups demonstrated that
mesoporous Si nanofibers or Si nanoparticles embedded in
conductive mesoporous carbon nanofibers exhibited enhanced
cycling and rate performance compared to bulk Si, particles and
nanowires.[?172204211] Hollow Si nanotubes also delivered high
performance.?1% Park et al.?'Zl synthesized Si nanotubes with

MATERIALS
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stabilized SEI layers, resulting in superior capacity retention. The
hollow tubular structure can be further developed into a multi-
shell structure with designed properties. Wu et al.2% synthesized
a double-walled Si-SiO, nanotube structure (DWSIiNT) with an
inner wall of Si which was active and an outer wall of SiO, which
confined the tube. In the lithiation process, the expansion of the
inner Si moved toward the hollow space with the formation of a
stable outer SEI layer (Figure 16a). This SEI layer was thin and
stable during cycling, leading to improved cycling performance
compared to that of Si nanowires and nanotubes (Figure 16b).
Even at a high rate of 12 C, there was no obvious capacity
fading after 6000 cycles (Figure 16c). Well-designed porous Si
nanowires synthesized through a low-cost metal-assisted chem-
ical etching method displayed excellent electrochemical perfor-
mance.*3! Similar to the DWSINT with a durable SiO, outer
layer,?% porous Si nanowires with a thin oxide coating (=3 nm)
on the surface show structural stability during cycling along with
good cycling performance.?) A highly reversible capacity of
1503 mAh g1 after 560 cycles was obtained, corresponding to
an average of only 0.04% capacity drop per cycle compared with
its initial capacity. This field of research continues to grow, with
a focus on the design and synthesis of composite electrode mate-
rials, especially electrospinning composite materials. Through
appropriate surface modifications and synergetic effects between
different components, improved physical and/or chemical prop-
erties are achievable.?")
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Figure 16. a) Schematic of SEI formation on surfaces of SiO,. The SiO, mechanical constraining layer can prevent Si from expanding outward (towards
electrolyte) during lithiation, thereby building a stable SEI. b) Capacity retention of different Si nanostructures cycled at the same charge/discharge rate
of C/5. ) Charge/discharge capacity and coulombic efficiency of DWSiNTs cycled at 12 C for 6000 cycles. Reproduced with permission.?l Copyright

2012, Nature Publishing Group.
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4.1.3. Conversion Reaction

Conversion reaction type materials, such as transition metal
oxides, sulfides, nitrides, phosphides or other related com-
pounds, have exhibited much higher capacity for lithium than
graphite materials. These materials are actually composites as
they typically consist of metallic nanoparticles (2-8 nm) dis-
persed in amorphous matrices.'%! The lithiation/delithiation
processes are frequently accompanied by large volume changes
and the loss of electronic connection, resulting in rapid capacity
fading 1255213214 In addition, complex reaction processes
within the composite can exhibit slow reaction kinetics and lead
to poor rate performance. To overcome these drawbacks, hier-
archical tubular structures were successfully designed.?'3 Lou
and co-workers showed that various metal oxide and sulfide
tubular structures can serve as high-performance anodes for

www.advancedsciencenews.com

LIBs.b759213] Hierarchical tubular structures based on carbon-
coated ultrathin SnO, nanoplates have also been prepared. This
nanostructure integrates the advantages inherent in ultrathin
nanoplates, hollow tubular structures, and carbon nanocoating,
resulting in high specific capacity and excellent cycling per-
formance (Figure 17a-d).’” Tubular structures grown directly
on conductive metals that contained no binder nor conduc-
tive agent exhibited excellent performance.?!3] Recently,
Wang et al.?"] reported tubular CuO/metal oxide core/shell het-
erostructure arrays directly grown on Cu foam (Figure 17e-f).
The highly ordered tubular CuO backbone was electrically con-
nected to the current collector, enabling short, direct electron
pathways, and at the same time reducing any interface resist-
ance occurring between the current collector and the active
material. The hierarchical tubular structure facilitated electro-
lyte penetration into the inner regions, decreasing the path
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Figure 17. a) Schematic, (b) TEM and (c) HRTEM images of SnO,@C-HTs. d) Cycling performance of SnO,@C-HTs and SnO,-HTs at 200 mA g~ for
LIBs. Figures a—d reproduced with permission.>l Copyright 2013, WILEY-VCH. e) Schematic of hierarchical tubular transition metal oxide core/shell
heterostructures with 3D Li*/electron transport pathways. f) SEM image, (g) rate performance, and (h) cycling performance of hierarchical tubular
CuO/CoO core/shell heterostructures. Figures e-h reproduced with permission.[2'l Copyright 2015, Elsevier.
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length for both electron and Li* ion transport. The inner hollow
CuO cores were strongly connected to the Cu foam to main-
tain mechanical integrity. Meanwhile, the hollow void spaces
were able to act as a buffer against volume change, allowing the
nanotubes to expand in diameter without breaking in length,
thereby ensuring stable cycling. The as-prepared tubular CuO/
CoO core/shell arrays delivered a capacity of 1364 mAh g™! at
100 mA g! after 50 cycles and maintained 1140 mAh g! after
1000 cycles at 1.0 A g™! (Figure 17g,h).

Hierarchical porous Fe;0,4/VO, /rGO nanowires (Figure 5d)
reported by An et al.l*yl showed an excellent reversible capacity
of 1146 mAh g! at 0.1 A g and =500 mAh gt at 5 A gL
Transition metal oxide spinels (AB,0,) with porous 1D nano-
structures were also shown to exhibit good electrochemical per-
formance.l'%213214 Recently, an interesting porous nanofiber
model (Figure 4) was developed by Kang and co-workers,5%
that is bubble-nanorod-structured Fe,O;-C nanofibers com-
posed of nanosized hollow Fe,0; spheres uniformly dispersed
in amorphous carbon nanofiber matrices. The hollow nano-
spheres accommodate the volume change that occurs during
cycling, while the inner carbon matrix provides continuous
electron transport, resulting in better rate and cycling perfor-
mance. The bubble-nanorod-structured Fe,0;-C nanofibers dis-
played a highly reversible capacity of 812 mAh g™! at 1.0 A g!
for 300 cycles, much better than that of hollow Fe,0s. The syn-
ergistic effect of porosity, the 1D structure and carbon matrix
resulted in superior cycling and rate performance for conver-
sion reactions. We believe that further development of binary
metal oxides in porous 1D nanostructures, for example Sn-
based and Zn-based derivatives which offer a combination of
conversion and alloying reactions, will lead to an improvement
in reversible capacity and stability.['24

4.2. Sodium-lon Batteries

Although LIBs have been widely applied in portable electronics,
when it comes to EVs and ESSs, the cost and resource reserves
of lithium may be a limiting factor because of these large-scale
applications.l!! For this reason, SIBs are being studied as an
alternative class of energy storage devices because of the nat-
ural abundance and low cost of sodium sources.**21 Since
the Na* ion is larger (1.5 times) and heavier (3.3 times) than the
Li* ion, the diffusion of Na* ion is inherently slower than that
of Li* ion during charge/discharge processes, making revers-
ible and rapid ion intercalation and extraction more difficult.']
In order to develop suitable host materials with sufficiently
large interstitial space to accommodate Na® ions, rational mate-
rial design that allows fast diffusion kinetics is necessary. It
is, moreover, even more challenging to design suitable nano-
architectures for SIBs. The advantages of a short ionic diffusion
length, good electrolyte access to the redox active material and
the ability to accommodate volume changes associated with
electrochemical reactions, makes porous 1D nanostructures a
viable candidate for SIBs electrodes.!’]

For most parts, research on SIB cathodes is focused on poly-
anionic compounds and layered sodium transition-metal oxides
among other host materials.?!®! For polyanionic compounds,
Na;V,(PO,); is regarded as a promising cathode for advanced

Adv. Mater. 2017, 1602300

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

SIBs due to its high theoretical capacity and stable structure
based on the NASICON (sodium super ion conductor) struc-
ture.l?’7:218] The main limitation is the poor electronic conduc-
tivity of phosphates, making it difficult to achieve theoretical
capacity. Liu et al.?'"] adopted a simple electrospinning method
to construct a novel 1D nanostructure with Na;V,(PO,); nano-
particles encapsulated in interconnecting 1D porous carbon
nanofibers (Figure 18a). The porous 1D nanocomposites
offered several advantages: short diffusion length of Na* ions
into the carbon nanofibers and Na;V,(PO4); nanoparticles,
easy access of the organic electrolyte and fast electron transport
through the fibers. With improvement in both ion diffusion
and electron transport, the as-prepared electrode showed high
capacity and good rate performance (Figure 18b,c). Recently,
Jiang et al.2!% introduced carbon-coated Na;V,(PO,); nano-
particles into a highly ordered 1D channel mesoporous carbon
(CMK-3 matrix) to form Na;V,(PO,);@C@CMK-3). The mate-
rial exhibited a superior rate capability (78 mAh g™! at 30 C) and
long cycle life (2000 cycles at 5 C). These results demonstrate
that porous 1D nanostructures with conductive scaffolds are
beneficial for realizing fast charge/discharge of SIBs.

Among the layered transition metal oxides, the P2-type
layered Na-Fe-Mn system is a very promising candidate for
high-capacity SIB cathodes.?2%221l However, the material suf-
fers from volume changes during electrochemical operation
which leads to poor cycle stability.?'®) Mesoporous nanotubes of
Nay ;Fey7Mn, 30, were prepared using gradient electrospinning
as highlighted in Figure 2.1 The mesoporous nanotubes are
composed of ultrathin carbon nanotubes (=200 nm in diameter)
and Naj,Fey;Mn,;0, nanoparticles (=10 nm) on the tubes
(Figure 18d). The Na,;Fe;7;Mn,3;0, mesoporous nanotubes
showed outstanding rate capability and cyclability in compar-
ison to Nay;Fe;;Mng 30, nanoparticles. The nanotubes deliv-
ered a capacity of 108 and 82 mAh g at specific currents of
100 and 500 mA g!, respectively (Figure 18¢). At 100 mA g},
its capacity retention was 90% after 1000 cycles (Figure 18f).
Moreover, 90% of initial capacity was retained after 5000 cycles
at 500 mA g~! (Figure 18g). The superior performance is attrib-
uted to the mesoporous nanotube morphology, which ensures
fast Na* ion diffusion. In addition, the ultrathin continuous
carbon nanotubes improve the electronic conductivity while the
abundant mesopores on the tube walls effectively accommodate
the volume changes during charge/discharge processes.

Similar to LIBs, anode materials for SIBs are based on car-
bonaceous materials, metal compounds and polyanionic com-
pounds.?!l Graphite cannot be utilized as an intercalation host
for Na* ions,??2 thus the discovery/development of suitable
anode materials for SIBs is of primary importance. Various
types of carbonaceous materials with disordered structures and
larger interlayer distance have been investigated for Na* storage
including hard carbon,??3 black carbon,??Y hollow carbon
nanospheres,??’! nitrogen doped porous carbon fibers*?? and
hollow carbon nanowires.[?%%l Porous 1D carbon nanostructures
show good electrochemical performance. Fu et al.??? fabricated
N-doped activated porous carbon fibers derived from polypyr-
role. The reversible capacity of the as-prepared electrode ranged
from 153 to 72 mAh g! at relatively large specific currents of
1and 10 A g1, respectively (Figure 19a). The good electrochem-
ical performance was due to the porous 1D morphology with a
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Figure 18. a) TEM image, (b) first charge-discharge curves and cycling performance at 0.1C and (c) rate performance of Na;V,(PO,);/C porous
nanofibers, reproduced with permission.l2'7l Copyright 2014, Royal Society of Chemistry. d) TEM image (scale bar is 200 nm), (e) charge—discharge
curves (inset showing CV curve at 5 mV s™') and (f,g) cycling performance of Nag ;Feq ;Mng 30, mesoporous nanotubes, reproduced with permission. [l

Copyright 2015, Nature Publishing Group.

large interlayer distance, while charge transfer was improved
because of N-doping to increase electronic conduction.

Various titanates have been considered as potential anodes
for SIBs because of their low price, low potential, and absence of
safety risks. Several Ti-based porous 1D nanostructures have been
investigated for SIBs, including TiO, nanotubes,??”] Na,Ti;0,
nanotubes,??® Na,Ti;O;5 nanotubes,?*”) MgTi,05/C nanorods,%l
and Na,Ti,05/VS, heterostructures!?*!l among others. In work
reported by Zhang et al.,?34 spider web-like Na,Ti;O, nanotubes
displayed a capacity of 107 mAh g after 500 cycles at a specific
current of 0.5 A g™t (Figure 19b). The charge capacity was main-
tained at 100 mAh g! for specific currents as high as 3 A g7},
indicating excellent rate performance (Figure 19c). The advan-
tages of Na,Ti;O; nanotubes are the easy access of electrolyte to
active materials and adaptative volume variations.

Large volume changes occur in SIB anode materials,
such as metal alloys, oxides and sulfides during the repeated
charge/discharge cycling.?'® However, the porous 1D
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nanostructure are able to accommodate expansion and remain
stable capacity during long-term cycling. Ji et al.>* embedded
SnSb into porous carbon nanofibers (CNF-SnSb) which pro-
vided a conductive scaffold and as well as space for the effec-
tive release of mechanical stress (Figure 19d). As a result, the
CNF-SnSb showed a high reversible capacity of 350 mAh g!
(Figure 19e), excellent cycling stability and good rate perfor-
mance (113 mAh g at 20C, Figure 19f). With the addition
of fluoroethylenecarbonate (FEC), stable and thin SEI layers
formed on the porous CNF-SnSb interface, suppressing further
decomposition of the electrode and facilitating transport of Na*
ions through the SEI layer. Mo et al.?**l synthesized 3D hier-
archical porous NiCo,0, nanowire arrays on carbon fiber cloth
(NCO@CEC). The nanowires were composed of numerous
nanoparticles with many mesopores, forming a 3D cross-
linked reticular structure on the CFC (Figure 19g). As an anode
in SIBs, NCO@CFC exhibited a significant improvement in
cycling ability and rate performance compared to NCO powers
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Figure 19. a) Rate performance of N-doped porous carbon fibers in 0-3 V vs. Na*/Na, reproduced with permission.?22l Copyright 2014, Royal Society
of Chemistry. b) Cycling curves at 500 mA g~! and (d) rate performance of Na,Ti;O; nanotubes, reproduced with permission.?*2 Copyright 2014, Royal
Society of Chemistry. d) High resolution 3D TEM image (d), charge-discharge curves at 0.2 C (e) and rate capability of porous CNF-SnSb, reproduced
with permission.’*l Copyright 2014, Wiley-VCH. g) SEM image of NCO nanowire arrays on CFC substrates, inset is TEM image of NCO nanowire.
h) Long-term cycling performance at 500 mA g~' and (g) rate performance of NCO powder and NCO@CFC nanowires. Figures g-i reproduced with

permission.?*3 Copyright 2015, Royal Society of Chemistry.

(Figure 19h,i). Forming 3D nanowire arrays by introducing CFC
not only retained the advantage of the porous nanowires, but
also provided a 3D electron transfer networks. Other porous 1D
nanostructures, such as Sb,23* CuO=2*! and MoS,/23¢237 have
also been utilized as alloying or conversion type anodes for SIBs.
At the present time, the electrochemical performance of SIBs
still lags behind that of LIBs in terms of capacity, high rate oper-
ation and cycling performance. Innovations in novel porous 1D
nanostructures with fast Na* kinetics should lead to improve-
ments in SIB performance. Significant advances reported
recently, such as the layered P2-system and the NASICON
structure, suggest that with further development, SIBs will con-
tinue to improve both in energy density and power density.

4.3. Lithium-Sulfur Batteries
The Li-S battery delivers a high theoretical capacity of

1672 mAh g with the lithiation of sulfur: S + 2Li* —
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Li,S + 2e. This high capacity is an order of magnitude larger
than commercialized LIB cathodes. Thus, Li-S batteries are
regarded as one of the most promising candidates for next-
generation energy storage systems.[163238-2401 However, for
commercial use, sulfur cathodes face some serious limita-
tions:[36:38:239241243] (1) During the discharge process, the Sg
breaks into short S-S chains and reacts with Li* ions to form
soluble lithium polysulfide (Li,S,, 2 < x < 8) intermediates. The
Li,S, intermediates dissolve easily in the electrolyte, causing
a “shuttle effect”, which leads to rapid capacity loss. (2) The
sulfur and Li,S, intermediates are both insulating, reducing the
conductivity of electrode and leading to sluggish electrochem-
ical kinetics. (3) The large volume expansion and shrinkage of
sulfur during the discharge and charge processes will cause col-
lapse of the electrode structure.

In order to solve these problems, the ideal cathode material
for Li-S batteries should possess the following features:[38139.244]
(1) limit the dissolution of polysulfides out of the cathode;
(2) facilitate the transport of electrons and Li* ions; (3) contain
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right 2015, Wiley-VCH.

sufficient space and elasticity in the structure to accommo-
date volume changes. Porous nanowires/nanofibers with high
specific surface area are a plausible solution because they
have strong adsorption capability, which facilitates the trans-
port of electrons and Li* ions, and accommodates volume
changes.?*+2®] In addition, the porous structure keeps the
sulfur in short chains and prevents the transformation between
Sgand Si, inhibiting the shuttle effect.*248] Porous 1D nano-
structures, such as hollow/porous carbon nanofibers,[13%-249-251]
and porous conductive polymers,*>2253 have been utilized as a
host for sulfur in Li-S batteries.

Another alternative is CNTs, which are highly conductive
and good for electron transport.***2>4 Recently, a tube-in-tube
carbon nanomaterial (TTCN) was constructed as the sulfur
host, in which MWCNTs were encapsulated inside porous
carbon nanotubes.[®” Due to the good electrical conductivity,
large pore volume and prevention of polysulfide diffusion out-
side the carbon walls, the sulfur filled TTCN (S-TTCN) cathode
exhibited very promising Li-S battery performance: a good
reversible capacity of 918 mAh g! at 500 mA g after 50 cycles
and a high rate capacity of 550 mAh gl at 6 A g7%.

Hollow 1D carbon structures possess the high conductivity
needed for fast electron transport, open channels for rapid Li*
ions diffusion, and sufficient void space for accommodating
the volume changes associated with the lithium polysulfide
reactions. At the same time, the carbon walls restrain the dif-
fusion of Li,S,. Compared to CNTs, hollow carbon structures
with larger inner volume accommodate much more sulfur
impregnation while maintaining excellent electrochemical per-
formance.?#13921 These features were utilized in the sulfur-
impregnated disordered carbon nanotubes (SDCNTs) fabricated
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by Guo et al.?*! The disordered carbon nanotubes had a
diameter of =200 nm, which provided a large space for sulfur
impregnation. The hollow 1D tubular nanostructure facilitated
the access of Li* ions through the axial direction while mini-
mizing the out-diffusion of polysulfides. Moreover, through
the sulfur vapor infusion process, the long-chain Sg could be
broken into short-chain S¢ or S, and incorporated into smaller
voids (meso/micropores). Another consideration is the suf-
ficiently high sulfur content, which is critical for commercial
applications. Highly reversible capacity of =730 mAh g! after
150 cycles at C/5 and high Coulombic efficiency of 99% was
reported with a sulfur content up to 75 wt%.'*] The electro-
chemical performance of hollow carbon nanofibers/sulfur was
further improved by interfacial modification through addi-
tion of amphiphilic polymers (polyvinylpyrrolidone, PVP).2%
The amphiphilic polymers on the carbon surface function as
anchoring points to strengthen the interaction between the polar
Li,S clusters and the nonpolar carbon (Figure 20a). A capacity
retention of 80% was achieved over 300 cycles at C/2, while
the pure hollow carbon nanofibers (without amphiphilic poly-
mers) retained only 48.5% of its initial capacity after 150 cycles.
To further inhibit the shuttle effect, Chen et al. synthesized 3D
hyperbranched hollow carbon nanorods which encapsulated
sulfur (CNR-S) for Li-S batteries (Figure 20b).2>!l The com-
plex 3D hyperbranched structure formed by high aspect ratio
(length/radius) hollow nanorods inhibited the shuttle effect and
increased polysulfide diffusion pathways. The CNR-S nanocom-
posites demonstrated a high capacity of 990 mAh g! at 1 C
with a capacity retention of 94.4% after 500 cycles.

Porous carbon nanofibers have been applied as sulfur hosts
for improving electrochemical performance.l7242%51 Porous
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carbon nanofibers with good conductivity establish intimate
electronic contact with sulfur while the porous structure can
provide strong adsorption to restrain the diffusion of poly-
sulfides. Porous carbon nanofibers fabricated by Ji et al.l2%l
demonstrated a high initial discharge capacity 1400 mAh g at
0.05 C. Li et al.l’l designed an interesting lotus root-like multi-
channel carbon (LRC) that was prepared through electrospin-
ning followed by carbonization. Sulfur was then introduced into
the hollow channels of carbon nanofibers by heating the sulfur
to 300 °C. Compared to hollow carbon nanofibers, the LRC pro-
vided a more conductive framework and higher void volume to
achieve high sulfur loading (85.1 wt% and 3.6 mg cm™), thus
demonstrating that this design enables high mass loading.
At 0.2 C, the initial capacity of the LRC/S electrode was
1214 mAh g (=72% of theoretical capacity). Furthermore, by
decorating the surfaces of LRC/S with ethylenediamine-func-
tionalized reduced graphene oxide (EFG), the stability of the
LRC/S electrode was further improved by inhibiting the shuttle
effect. Finally, by embedding Cu particles in the porous carbon
nanofibers, cycling performance was improved, presumably
because of the enhanced conductivity and chemical bonding
between Cu and sulfur.2¢

Conductive porous 1D polymers with high electron mobility
possess the potential to achieve high capacity and long cycle
life in Li-S batteries. Polymers with tailored functional groups
may bond to sulfur and further chemically confine poly-
sulfides.?®2>3 Polyaniline nanotubes (PANI-NTs) filled with
sulfur (PANI-NT/S) have been synthesized through an in situ
vulcanization process.?>3l The PANI-NT/S formed chemical
bonds with sulfur so as to encapsulate the polysulfides, while
the soft polymer matrix of PANI-NTs reduced the volume
change through self-breathing (Figure 20c). At a rate of 0.1 C,
the discharge capacity increased from an initial value of 755
to 837 mAh g! after 100 cycles. The increase in capacity was
attributed to the full penetration of the electrolyte during
cycling.

Besides trapping soluble polysulfides inside conductive
porous carbon matrices, one can improve capacity and sta-
bility through increased adsorption or chemical bonds between
sulfur and carbon. Carbonaceous materials exhibit nonpolar
C-C bonding, and their nonpolar surfaces possess poor affinity
to polar polysulfides. When polysulfides diffuse into the electro-
lyte, they detach from the carbon surface leading to irreversible
capacity 1oss.[2>0-257.258] Recently, polar transition metal oxides/
sulfides have exhibited a significant improved performance in
Li-S batteries.[®2258259] Lou and co-workers reported that MnO,
nanosheet-filled hollow carbon nanofibers (MnO,@HCFs)
serve as a sulfur host[®?l The interior MnO, nanosheets
were capable of binding with polysulfides, promoting redox
activity and inhibiting the shuttle effect (Figure 20d). At
0.2 C, the MnO,@HCFs delivered an initial discharge
capacity of 1147 mAh g! and maintained a stable capacity
of =1000 mAh g! after 100 cycles, while pure HCFs showed
an initial discharge capacity of 1216 mAh g™! and with rapid
capacity decay to =400 mAh g™! after 40 cycles (Figure 20e).

Research in porous 1D nanostructures has led to a number
of advancements in Li-S battery performance. These pre-
vious studies also show that the electrochemical behavior
can be further enhanced through (1) developing hierarchical
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macro/meso/micro-porous gradient structures which increase
sulfur loading, facilitate Li* ion diffusion and inhibit poly-
sulfide dissolution, (2) achieving the proper balance between
Li* ions diffusion and the sulfur-electrolyte contact area, and (3)
maintaining the conductivity of cathodes during cycling.

4.4. Lithium-Oxygen Batteries

The Li-O, battery has generated strong interest world-wide
due to its energy density which is substantially greater than
that of traditional LIBs.?60261l The superior electrochemical
performance is attributed to the open cell configuration (O,
is absorbed from the external environment) and the use of
lithium metal, which possesses a high specific capacity.[262263]
The electrochemical reactions in a Li-O, battery take place in
a three phase zone of gas(O,)-solid(electrode)-liquid(electro
lyte).[262264 During discharge, O, diffuses into the electrolyte
and reacts with Li* ions on the surface of cathode material to
form superoxides, peroxides or oxides, while the process is
reversed during charging. To guarantee continuous discharge
and charge reactions, the cathode should meet several require-
ments:1265-267] (1) sufficient porosity to facilitate the transport of
O, and Li* ions; (2) high catalytic activities for both the oxygen
reduction reaction (ORR) and the oxygen evolution reaction
(OER) to ensure the fast reduction of O, during discharge
and fast decomposition of discharge products during charge;
(3) high conductivity to ensure adequate electron transport;
(4) stable interfaces to suppress the formation of byproducts as
well as prevent coverage of active sites. Porous nanowires can
meet these criteria because they provide high surface area, con-
tinuous O, diffusion channels and enough sites for the depo-
sition/decomposition of discharge products. Thus, porous 1D
nanostructured materials offer the prospect of improving Li-O,
battery performance.

Noble metals are excellent catalysts for the ORR and OER
processes and deliver high performance for Li-O, batteries.
Porous AgPd-Pd composite nanotubes were synthesized as
electrocatalysts and cathodes for Li-O, batteries by Luo et al.[2%8!
These tubular metal nanotubes acted as bifunctional electrocat-
alysts and enabled continuous diffusion of O, and electrolyte,
as well as high conductivity for electrons. The AgPd-Pd com-
posite nanotubes showed good ORR and OER performance in
rotating disk electrode (RDE) experiments with a low charging
potential, even after 100 cycles at 0.2 mA cm™ and a fixed
capacity of 1000 mAh gL

Even though noble metals demonstrate high electrocata-
lytic performance and good stability in Li-O, batteries, they
come with high cost. To meet commercial demands while
maintaining high capacity and excellent cycling performance,
non-noble metal oxides, such as MnO,,2%27% Co,0,,2""
Co0,#72 NiCo0,0,,1*”l with high ORR and OER electrocatalysis
have been investigated for Li-O, batteries. Ultrathin 6-MnO,
nanosheet-assembled nanotubes have been developed through
template-assisted hydrothermal methods.?’%l The hollow and
porous 1D structures provide numerous catalytic sites and the
intrinsically high catalytic activity of the material induced for-
mation of Li,O,, which enhanced the reversible capacity, rate
capability, and cycling stability. Another electrocatalyst, Co;0,

wileyonlinelibrary.com

(27 of 39) 1602300



1602300 (28 of 39)

ADVANCED
MATERIALS

ADVANCED
SCIENCE NEWS

www.advmat.de

www.advancedsciencenews.com

3.0
C —P
—— SP/Co0;0, NPs
3.81 —— SP/C0;04 NWs
S
9 2.6
S
c
24

0 T v T v v T v
02,000 4,000 6,000 8,000 10,000 12,000 14,000
Capacity (mA-h-g™")

e 3 s SCO mesoporous nanowires + AC
)
$ 2
P
2 11059 mAh/g
14
50 mA/gin oxygen (1 atm)
0 A L A A v
0 2000 4000 6000 8000 10000 12000
Specific Capacity (mAh g-')
6 1050
X = SP electrode l ‘o
Bl B R e e e S B e e e R B ® PNT-LSM/SP electrode |- ---- =
~ £
3 1000 =
= =
P o
g’ 950 §
S ; g
| S S A 3
£ without PNT-LSM catalyst: 43 cycles with PNT-LSM catalyst: 124 cycles : 000 @
o A 1 L A r h i
Ll 20 40 60 80 100 120 140

Cycle number

Figure 21. a) SEM and (b) TEM images of porous Co;O, nanowires. c) The first discharge curves of Li-O, batteries at 0.1 A g™". Figures a—c reproduced
with permission.l2’l Copyright 2015, Springer. d) Schematic of Lag5SrsCoO, g7 porous nanowires and SEM image (inset). e) The first discharge curve
of Li-O, batteries with LagsSry5C00, o, porous nanowires at 50 mA g™'. Figures d,e reproduced with permission.®® Copyright 2012, the National
Academy of Sciences. f) Schematic of oxygen diffusion in porous Lag 7551y ,5sMnOj3 nanotubes. g) Terminal discharge voltage vs. cycle number of Li-O,
batteries with and without porous Lag 75Sro,5MnOj; nanotubes at 0.15 mA cm~2. Figures f,g reproduced with permission.?’¢l Copyright 2013, Wiley-VCH.

porous nanowires, fabricated through hydrothermal method
followed by annealing (Figure 21a,b),?’! exhibited a specific
surface area of 87 m? g! with the majority of pore diameters
between 5 and 10 nm. Li-O, batteries fabricated with Co3;0,
porous nanowires as cathode showed an initial capacity in
excess of 11000 mAh g! with a cut-off voltage of 2.4 V at
0.1 A g'L. These values are higher than that of Super-P carbon
black (7206 mAh g!) and Co;0, nanoparticles (9765 mAh g)
(Figure 21c). CoO mesoporous nanowire arrays have also been
reported for high performance Li-O, battery.!?%

Perovskites are another promising candidate for elec-
trode materials in Li-O, batteries as they have high ORR/
OER catalytic activities and are capable of reducing
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the overpotential between discharge and charge pla-
teaus.?”#?75] Zhao et al.l®l synthesized hierarchical perovs-
kite Laj5Sry5C00,9; mesoporous nanowires through a facile
multistep microemulsion and annealing method (Figure 21d),
while the obtained mesoporous nanowires with a surface area
of =97 m? g~!. The porous structure and high surface area pro-
vided continuous diffusion paths and numerous reactive sites
for O,, resulting in high ORR and OER activities. A fabricated
Li-O, battery with LagsSr;5C00,9; mesoporous nanowires
as cathode delivered a high capacity of over 11 000 mAh g~!
(Figure 21e), which was much higher than that of nanoparticles
(5302 mAh g!). Another perovskite, porous Lag 7551 ,5MnO;
nanotubes (PNT-LSM) was prepared through electrospinning
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method (Figure 21f).12¢l The PNT-LSM nanowires reduced the
overpotential between the ORR and OER processes, leading
to improved capacity, rate capability, cycling stability and
efficiency. A Li-O, battery with PNT-LSM operated for 124
cycles with a fixed capacity of 1000 mAh g™ (Figure 21g). The
ensemble of these results clearly establishes that transition
metal oxides with porous 1D nanostructures can significantly
enhance Li-O, battery performance.

Porous nanowires with high surface area, continuous O, and
electrolyte diffusion channels, and sufficient sites for reversible
product deposition/decomposition show great promise for high
performance Li-O, batteries. To further improve capacity and
the cycle life, some research strategies could be undertaken:
(1) constructing electrodes that have high catalytic activity, con-
ductivity and free of by-products; (2) modifying the surface of
nanowires to tailor the Li,O, into smaller sizes; (3) designing
hierarchical macro/meso/microporous structures for both the
diffusion of O, and deposition of discharged products.

4.5. Supercapacitors

Supercapacitors or electrochemical capacitors represent a
class of energy storage devices that possess high power den-
sity and fast charge/discharge kinetics.””’-?’"! The energy
storage mechanisms for electrochemical capacitors can be
divided into two basic types: electrical double-layer capaci-
tance and pseudocapacitance.’”] Electrical ~double-layer
capacitance is generated from the electrostatic adsorption
of ions on the surface of active materials. The surface non-
faradaic electrostatic adsorption process is fast, resulting in
high power density but low energy density owing to limited
charge storage numbers. To improve upon energy density,
researchers have begun to introduce faradaic redox mecha-
nism, that is pseudocapacitance, where charge storage occurs
via Faradaic charge transfer at or near the surface of materials.
In recent years, the advanced intercalation pseudocapaci-
tance has been demonstrated. The advantage of intercalation
pseudocapacitance is the utilization of bulk ion intercala-
tion, not just the surface, thus allowing higher energy density
still with high power density. Based on the different energy
storage mechanisms, electrochemical capacitor (or super-
capacitor) devices can be placed into three main categories:
(1) electric double-layer capacitors (EDLCs) which consist of
two double-layer capacitor electrodes characterized by non-
Faradaic processes; (2) pseudocapacitors which consist of two
pseudocapacitive electrodes that exhibit Faradaic processes;
(3) hybrid devices where different charge storage mechanisms
are involved for the cathode and anode.

Because energy storage in double-layer capacitor materials
occurs on the surface of the electrode, the specific surface
area greatly affects their electrochemical performance. Similar
to LIBs and SIBs, pseudocapacitive materials store charge via
the redox reactions which accompany the intercalation of ions
(mostly Li* or Na*). In this case, reducing ion and electron
diffusion pathways will play an important role in improving
electrochemical performance. In this section, we will focus on
porous 1D nanomaterials for supercapacitors.
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4.5.1. Electric Double-Layer Capacitance

EDLCs can exhibit fast charge—discharge responses which
results in high power density and long-term cycling stability."!
However, the energy density is relatively low. Since double-layer
capacitance is mainly derived from the surface adsorption of
ions. Thus the key is to increase the specific surface area avail-
able for ionic adsorption. 1D carbonaceous materials have been
widely applied as electrodes or conductive matrices in EDLC
materials due to their high conductivity, high stability and low
cost.?8 To further improve their energy storage performance,
several methods have been proposed for increasing their sur-
face area, while the creating of pores in nanowires/nanofibers
is the most effective one.

CNTs with high conductivity, open channels and flexible
structures are regarded as promising supercapacitor materials.
However, the specific surface area of CNTs is usually below
200 m? g7!, far lower than other carbonaceous materials. To
increase the surface area of the CNTs, chemical activation
method is applied to create defects and porosity. CNTs treated by
KOH activation inhibited an increased specific surface area from
166 to 644 m? g 11281 This enabled the specific capacitance to
increase significantly from 18.5 F g™! (pristine CNT5) to 54 F g™*
(activated porous CNTs), which showed a linear relationship
between the specific capacitance and specific surface area.

The porous structure has a significant influence on the elec-
trochemical performance of the carbon nanofibers. Porous
carbon nanofibers synthesized by CVD using an alkali-doped
copper catalyst exhibited a specific capacitance of 297 F g!
when tested in a 6 M KOH electrolyte.?®?] By adjusting the
surface area and porous structure of the designed 1D nano-
materials, the electrochemical performance could be further
optimized.?83 The effect of porous structure and the pore size
distribution on the electrochemical performance of carbon
nanofibers is further investigated. Lu et al.?®¥ synthesized
porous carbon nanofibers through a novel centrifugal spinning
approach. The specific surface area and the total pore volume
were controlled by adjusting the weight ratio between PAN and
poly(methyl methacrylate) (PMMA) and the carbonization tem-
perature. Porous carbon nanofibers yielded a specific surface
area from =405 to =444 m? g~! and total pore volume from 0.171
to 0.31 cm® g™!. The materials with the highest specific surface
area and largest pore volume delivered the highest capacitance
of 144 F g at 0.1 A g. The porosity of the nanofibers can
be easily controlled using SiO, nanoparticle templates.***! Spe-
cific surface areas ranged from 1625 to 1796 m? g! while pore
volumes varied from 0.81 to 1.54 cm® g™l The high content
of macro-, meso-, and micropores in nanofibers increased the
capacitance to 197 F g™' at 5 mV s7!. The improvement is attrib-
uted to the high volume ratio of mesopores to micropores and
high micropore volume. These results show that the hierar-
chical pore size design is beneficial for enlarge charge storage.

The addition of insulating binders will block the pathways for
ion transport, which generates more impedance at the electrode-
electrolyte interface and causes lower capacitance values at high
charge/discharge rates. To avoid the drawback of binders, porous
nanofibers can be assembled into binder-free and self-standing
films, which is promising in flexible energy storage applica-
tions.>380.286.287] Recently, Huang et al.®% produced bamboo-like

wileyonlinelibrary.com

(29 of 39) 1602300



1602300 (30 of 39)

ADVANCED
MATERIALS

ADVANCED

www.advmat.de

SCIENCE NEWS

www.advancedsciencenews.com

materials. The charge transfer process ena-
bles these materials to attain higher energy
density than EDLC.[*#288 The most studied
pseudocapacitance materials are heter-
oatom-doped carbonaceous materials,289-291]
Ru0,292293 and MnO,.1292%]

Conductive carbonaceous materials are
usually considered for EDLC. However,
with heteroatom-doping, they are able to
deliver pseudocapacitive owing to the redox
reactions between the doped heteroatoms,
increasing the total capacitance accordingly.
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cessful examples. N-doped porous carbon
nanofibers have been synthesized by Yu and
co-workers®® through facile carbonization
of carbon nanofibers@Ppy (Figure 23a). The
peaks observed in the cyclic voltammetry
(CV) indicate a combination of both double-
layer capacitance and pseudocapacitance
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Figure 22. a) TEM image of free-standing porous carbon nanofibers. b) Electrochemical
behavior of all-solid-state supercapacitor under different degrees of mechanical deformation
with the flexible device (1) bent 0° and (2) bent 90°, (3) twisted 90° and (4) twisted 180°. On
the right panel, the corresponding CV curves and capacitance retention at 100 mV s™' for
(1) to (4). Reproduced with permission.l®% Copyright 2015, American Chemical Society.

porous carbon fiber films via electrospinning (Figure 22a). The
robust structure of bamboo-like fibers led to a nanofiber network
electrode that was highly flexible, foldable, and pliable. The all
solid-state symmetric supercapacitor exhibited excellent perfor-
mance even under bending and twisting (Figure 22b). The spe-
cific power and energy densities for these bamboo-like carbon
nanofibers could reach values as high as 61.3 kW kg™! and
2.37 Wh kg!. Another approach demonstrated by Liu et al.?#l is
free-standing porous carbon nanofibers synthesized by electro-
spinning Co(NO;),/PVP/DMF with a further acid treatment to
generate high porosity. Symmetric supercapacitors which incor-
porated the porous nanofibers demonstrated excellent flexibility
as 90% of its initial capacitance after 500 bending cycles. Simi-
larly, Qin et al. fabricated micrometer-thin flexible solid-state
supercapacitors with free-standing porous carbon nanofibers
as the electrode, ultrathin graphite as the current collector and
PVA/H,SO, gel as the electrolyte.”® This flexible supercapacitor
device exhibited high volumetric energy density (2.4 mWh cm™)
and power density (23 W cm™).

In summary, porous 1D nanostructures have exhibited excel-
lent electrochemical performance when utilized as EDLC mate-
rials. One important direction for the future will be to design
carbon-based materials with appropriate pore size and/or hier-
archical porous architectures to optimize the diffusion and
storage of ions.

4.5.2. Redox Pseudocapacitance
Pseudocapacitance store charge through reversible redox

faradaic reactions occurring on/near the surface of electrode
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(Figure 23b). The N-doped carbon nanofibers
exhibited a reversible specific capacitance of
202 and 165 F gt at 1.0 and 30 A g1, respec-
tively, and the capacitance was maintained
at 196 F g! after 3000 cycles at 1.0 A g!
(Figure 23c). These authors also synthesized
co-doped N- and P- carbon nanofibers (N,P-
CNF) via pyrolysis of bacterial cellulose in
NH,H,P0,.?) When evaluated in a symmetric supercapacitor,
the N,P-CNF exhibited a specific capacitance of 205 F g! at
1.0 A g7!, significantly higher than that of the pure CNF. In
addition, the symmetric supercapacitor based on N,P-CNF elec-
trodes displayed an high energy density of 7.76 Wh kg™'.

Besides carbonaceous materials, conductive polymers
with high electronic conductivity also exhibit pseudoca-
pacitive.?%6-2%]  Poly(3,4-ethylenedioxythiophene)  (PEDOT)
nanotubes were fabricated with the assistance of porous
alumina templates.?®”! When tested in 1 M LiClO, electro-
lytes, PEDOT reacted with the ClO4~ in the electrolyte to give
a specific capacitance of 132 F g! at the current density of
5 mA cm™. Similarly, PANI-porous carbon nanofiber elec-
trodes showed a specific capacitance of 296 F gl at 1 A g™ and
a capacitance retention of 98% after 1000 cycles in 1 M H,SO,
electrolyte.3%! This enhancement is attributed to the short dif-
fusion path and low ionic resistance, so that the reactive sites of
the polymer remain active during charge/discharge.

Many transition metal oxides are pseudocapacitive materials.
Zhang et al. synthesized porous tubular hydrous RuO, with
manganite as a sacrificial template.?"2) At a specific current
of 0.5 A g7}, the capacitance of tubular hydrous RuO, could
reach 861 F g!. To further facilitate proton transport, tubular
hydrous RuO, arrays were fabricated on AAO-coated graphite
substrates through electrodeposition.??3l Specific capacitances
as high as 1300 F g were delivered in this novel nanoarchi-
tecture. Although RuO, exhibits superior performance, its high
cost restricts the applications, especially for large scale applica-
tions. Thus, low-cost transition metal oxides alternatives were
developed.[?9+295:301.302] Xi3 et al. synthesized MnO, nanotube
arrays with wall thicknesses of 40-50 nm by electrochemical
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Figure 23. a) HRTEM image (b) CV curves, and (c) specific capacitances of N-doped CNFs, reproduced with permission.?®l Copyright 2012, American
Chemical Society. (d) Illustration, (e) cycling performance and (f) Ragone plots of mesoporous CoO@Ppy nanowire arrays, reproduced with permis-
sion.B%7 Copyright 2013, American Chemical Society. g) lllustration, (h) CV curves and (i) rate performance of MnO,/Mn/MnO, SNTAs and MnO,
NTAs, reproduced with permission.[%® Copyright 2012, American Chemical Society.

deposition with the assistance of an alumina template.?* When
tested in 1 M Na,SO, electrolyte, the MnO, nanotubes exhib-
ited 320 F g! at the scan rate of 20 mV s}, while solid MnO,
nanowires only delivered a specific capacitance of 101 F g
Furthermore, nanosheet-assembled mesoporous MnO, nano-
tubes, with a specific area of 85 m? g! and an average pore size
of =18 nm, exhibited a specific capacitance of 365 F g with a
capacitance retention of 90% after 3000 cycles.>>! These results
demonstrate that tubular and hierarchical porous structures
offer excellent electrochemical performance.

Porous oxides or hydroxides in the form of nanowires showed
pseudocapacitive behavior and provided a high specific capaci-
tance. However, their rate performance needs to be improved
because of their low electronic conductivity. Mixed transition-
metal oxides (AB,0,) possess high electronic conductivity and
revisable redox properties.?'* The porous NiCo,0, nanowires
showed a high specific capacitance of 743 F gl at 1 A g! and
good cycling stability with 94% capacitance retention after
3000 cycles.2! In addition, mesoporous NiCo,04 nanowire
arrays were grown on carbon textiles by a hydrothermal method
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followed by heat treatment.’*l A capacitance of 1010 F g™! was
achieved at 20 A g7, corresponding to nearly 80% of the capaci-
tanceat 1 A g™l

Incorporating active electrochemical materials into conduc-
tive matrices or directly attaching active materials onto conduc-
tive substrates can effectively circumvent the use of binders,
and enable bi-continuous electron and ion transport for faster
charge storage.3%3% Liu and co-workers reported that CoO@
PPy porous nanowires on nickel form (Figure 23d)3%”) exhib-
ited higher capacitance than pure CoO nanowires and retained
=~99.8% of its initial capacitance after 2000 cycles. When assem-
bled in an asymmetric supercapacitor with aqueous electrolyte,
over 90% of the capacitance was retained after 20,000 cycles
(Figure 23e). The asymmetric supercapacitor displayed energy
densities of 43.5 Wh kg™! and 11.8 Wh kg™ at power densities
of 87.5 W kg™ and 5.5 kW kg, respectively (Figure 23f). An
advantage of using nickel foams is that they serve as flexible
substrates which can be assembled into flexible devices.l3%]
Recently, novel MnO,/Mn/MnO, sandwich-structured nano-
tube arrays (MnO,/Mn/MnO, SNTAs) were constructed
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using electrodeposition and a template assisted process
(Figure 23g).] The middle Mn layer provided fast electron
conduction pathways while the tubular structure maintained
ion access. At a specific capacitance of 955 F g! atl.5 A g7},
the amount of charge storage for MnO,/Mn/MnO, SNTAs
was over 75% greater than the MnO, NTAs (Figure 23h,i). The
better rate capability for the MnO,/Mn/MnO, SNTAs is attrib-
uted to its higher conductivity and the nanotubular arrays.

The porous 1D nanostructures described above have suc-
cessfully demonstrated the ability to exhibit high redox pseu-
docapacitance. Since this type of pseudocapacitance includes
surface redox reactions and charge transfer, the design of nano-
architectures can take into following considerations: (1) appro-
priate porous structure with high surface to volume ratio for
enhancing the pseudocapacitive contribution; (2) facilitating
fast electron transport to achieve better rate performance;
(3) stabilizing the electrode-electrolyte interface to obtain long-
term cycling.

4.5.3. Intercalation Pseudocapacitance

Intercalation pseudocapacitance is based on the intercalation
of ions and thus involves charge storage in the bulk of mate-
rial rather than the surface.l’” Compared to electrode materials
in LIBs and SIBs, intercalation pseudocapacitance represents a
similar energy storage mechanism in terms of storing ions in
the host, but the kinetics are different. The kinetics of LIBs and
SIBs are controlled by solid-state diffusion, while capacitors,
whether electric double-layer capacitive or pseudocapacitive
(including intercalation pseudocapacitive), are surface-con-
trol.B%3%1 In a cyclic voltammetry (CV) curves, the current
response (i) to the applied scan rate (v) depends on which
processes are involved. For a redox reaction limited by semi-
infinite linear diffusion, as occurs in a battery material, the
current response varies with v'/2 while for a capacitive process,
the current varies directly with v. Thus, the current from both
diffusion-controlled and capacitive-controlled processes at any
given potential can be expressed as (Equation (7)).

i(V)=kw +kp'? (7)

The capacitive and diffusion contributions can be deter-
mined individually by solving for values of k; and k,. Capaci-
tive contribution is the result of surface processes which is
independent of scan rate, so that the collected CV curves from
energy storage mechanism does not show obvious shifts.1%

It should be noted that whether a material shows battery-
like or capacitor-like behavior is largely dependent on intrinsic
material properties and their morphology. Up to now, the mate-
rials which demonstrated as intrinsic pseudocapacitive include
T-Nb, 05,3314 Ti0,(B)3 and hydrogen titanate.l31¢-318 These
materials exhibit capacitive behavior as large particles as they
tend to possess rapid diffusion tunnels that have lower energy
barriers. Dunn and co-workers reported that T-Nb,Os exhibited
intrinsic pseudocapacitance for Li* ions even at a high mass
loading.399312314 The CV curves for T-Nb,Os showed a pair
of broad redox peaks (Figure 24a) with peak currents varying
linearly with scan rate (Figure 24b). The crystalline T-Nb,Os
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structure also shows better energy storage performance than
the corresponding amorphous material,?1! since the pseudoca-
pacitive behavior of T-Nb,Ojs is arisen from the fast diffusion of
Li* ions in specific tunnels with lower energy barrier.?7:312:313]
In contrast, for extrinsic pseudocapacitor materials such as
V,05,513193200 11C00,,321 TiS,,?1% and TiO,(anatase),??2324
their capacitive behavior is largely affected by particle size
and the amount of surface exposed to electrolytes. LiCoO, has
been widely used as a cathode material for LIBs.’2!l The mate-
rial exhibits a voltage plateau during galvanostatic charge/dis-
charge which is associated with the bulk-intercalation behavior
(Figure 24c). However, when the size of LiCoO, particles was
reduced to 6.0 nm, the plateau was replaced by a continuously
sloping voltage profile, which indicates a capacitive response.
In this case, the change of charge/discharge curves is attributed
to increased contribution of surface Li* ion storage in the small
nanoparticles.?2!] This phenomenon represents an example of
extrinsic pseudocapacitive behavior activated by constructing
nanostructures. V,0s is an another example that exhibits pseu-
docapacitive behavior when the sizes below 10 nm.32%

Several approaches can be used to enhance intercalation
pseudocapacitance: (1) utilize nanomaterials to achieve short
diffusion distance; (2) introduce porosity to increase the access
of electrolyte to intercalation sites; (3) increase the electronic
conductivity of the active materials. Therefore, the porous
nanowires are helpful as they offer fast electron transport, short
ion diffusion distance and increased surface area and reaction
sites.

TiO,(B) has been identified as an intrinsic pseudocapaci-
tive material. To improve the electrochemical performance
of TiOy(B), tubular structures were synthesized to increase
the number of intercalation sites and thus further enhance
pseudocapacitive performance.?>>-3?’]  Nanoparticle-deposited
double-walled TiO,(B) nanotubes®2® showed good electro-
chemical performance at high rate (130 mAh g™ at 20 C),
attributing to the decreased Li* iondiffusion distance arising
from the thin walls of nanotubes. Layered hydrogen titanates
also deliver pseudocapacitive behavior in both nanotube and
nanowire forms, 310317328 which have an open layered structure
with large interlayer spacing (0.8 nm) and enable fast Li* ion
intercalation. Layered H,Ti;O; nanotubes synthesized through
hydrothermal exhibited 82% of the initial capacity remaining
after 1000 cycles and showed pseudocapacitive features in CV
curves. Similar results have been observed with sodium titanate
in non-aqueous electrolytes.??”) Comparing the performance
of sodium titanate nanotubes to nanorods, pseudocapacitive
behavior is more obvious in the former, owing to more active
sites in the nanotubular structure.3?’)

Hybrid capacitors based on incorporating materials that store
charge by intercalation pseudocapacitance are just beginning to
be reported in the literature.[33%-338 Nitrogen-rich CNT/C com-
posites were tested as electrodes in lithium ion capacitors (LICs),
and demonstrated a capacity of >200 mAh g~! for 600 cycles.33%
To improve the capacitance of the anode, porous VN nanowire—
reduced graphene oxide composites (VN-RGO) were developed
by Wang et al. (Figure 24d,e).33® The porous VN-RGO com-
posite showed higher capacitance and better cycling stability
than pure VN nanowires, probably due to higher electrical con-
ductivity from the RGO. The pseudocapacitance contribution to
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Figure 24. a) CV curves and (b) relationship between peak current and scan rate in a T-Nb,Os film at different scan rates, reproduced with permis-
sion.2% Copyright 2013 Nature Publishing Group. c) Discharge curves for LiCoO, bulk and nanoparticles, reproduced with permission.32l Copyright
2007 American Chemical Society. d) Dark-field TEM image of porous VN-RGO composite, with bright-field TEM image in inset. €) TEM image of
VN-RGO composite. (f) The capacitance of VN-RGO//APDC and VN//APDC. Figures d—f reproduced with permission.3¥ Copyright 2015, Wiley-VCH.

the total energy storage was =80% in the VN-RGO composite.
Using activated polyaniline-derived porous carbon (ADPC)
nanorods as a cathode, hybrid VN-RGO//APDC capacitors were
found to produce 1.5 to 2 times higher capacitance than VN//
APDC(based on the total mass of two electrodes, Figure 24f)
with energy densities of 162 and 64 Wh kg™! at power densi-
ties of 200 and 10000 W kg, respectively. TiNb,0; has also
been investigated as anode material with intercalation pseu-
docapacitive.?*1332l Ordered 3D porous TiNb,O; nanotubes
were fabricated using AAO templates.[332 With graphene as the
cathode, porous TiNDb,0,//graphene hybrid capacitors reached
a maximum energy density of =74 Wh kg™, which was much
higher than that of TiNb,O, fibers//AC (=43 Wh kg).33
Intertwined CNT/V,0s5 nanowire networks with controlled
porosities also demonstrated good intercalation pseudocapaci-
tive behavior.’31 The ensemble of these results demonstrates
that hybrid LICs can achieve fast charge/discharge while main-
taining their energy density.

Pseudocapacitive energy storage based on Li* or Na* ions
intercalation offers the promise of new LICs and sodium ion
capacitors (SICs) as well.308:309334-337] Nanomaterials, especially
porous 1D nanomaterials which exhibit enhanced intercalation
pseudocapacitance, are designed to combine the advantages of
both batteries and supercapacitors; that is, high energy density
with high power density.
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5. Summary and Outlook

The development of porous 1D nanomaterials with designed
properties and architectures has led to significant advances
in electrochemical energy storage. Here, we have highlighted
the state-of-the-art on porous 1D nanostructures, from meth-
odologies for rational and controllable synthesis (Table 1), to
their successful application in different types of energy storage
devices (Table 2 and Table 3). We suggest that porous 1D nano-
structures, as described in this review, will overcome the limi-
tations of many electrode materials, so that high capacity, fast
charge and discharge, and long cycle life can be realized.

In alkali ion batteries (LIBs and SIBs), porous 1D nanostruc-
tures with much shorter bi-continuous ion and electron trans-
port pathways benefit high rate applications. Concurrently, the
development of a robust porous structure offers the advantages
of accommodating large volume changes which prevent struc-
ture collapse and improve cycle life. Outstanding electrochem-
ical performance has been reported using a variety of different
porous 1D nanomaterials as they can overcome certain limita-
tions: (1) the poor ionic and electronic conductivity of electrode
materials; (2) the interfacial impedance between electrode and
electrolyte which arise from SEI layers forming on the interface
of active materials; and (3) low volumetric energy density. The
rational design of porosity and architecture leads to materials
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with properties that enable fast ion diffusion and rapid electron
transport, reduce the exposure of active materials to the electro-
lyte and use assembly methods to increase volumetric energy
density.

Advanced lithium batteries (Li-S and Li-O, systems) that offer
higher energy density than LIBs can also benefit from using
porous 1D nanostructures. Through nanocasting, sulfur can be
embedded in porous nanofibers, establish strong adsorption
properties and thereby inhibit the “shuttle effect” in polysulfide
systems. A gradient macro/meso/micro-porous structure
with increased sulfur loading is able to significantly enhance
the energy density of Li-S batteries. In Li-O, batteries, porous
nanowires provide large surface area, continuous O, and elec-
trolyte diffusion channels, as well as good electron transport.
Nanowires also provide numerous deposition/decomposition
sites for reaction products enabling improved electrochemical
performance.

The electrochemical performance of supercapacitors that
store charge by double layer or redox processes has been
improved by using porous 1D nanostructures. Carbon-based
EDLC materials with heteroatom-doping are able to create more
redox sites to increase the energy density. In addition, well-
constructed porous nanowires enable intrinsic and extrinsic
pseudocapacitor materials to achieve improved performance by
implementing short diffusion paths, large ion adsorption and
fast electrolyte access to redox-active sites. Constructing elec-
trodes with porous 1D nanostructures that enable bi-continuous
transport of electrons and ions will be beneficial for fabricating
high energy density hybrid supercapacitors whose cathodes and
anodes effectively combine the advantages of pseudocapacitive
materials, especially for intercalation pseudocapacitance.

We have discussed the rational design and controllable
porosity of 1D nanomaterials in this review. More systematic
studies, both theoretical and experimental, are needed to opti-
mize the design of these nanostructures for specific applica-
tions. For large scale and low cost production, the required
synthesis procedures, which are relatively complex, must
be simplified and engineered. We believe that high-perfor-
mance energy storage devices based on advanced porous 1D
nanomaterials will be an important direction for the future.
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