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Synthesis and Application of One-Dimensional Nanomaterials for Energy Storage

ZHANG Hong, XU Haoran, HAN Chunhua, XU Lin, MAI Ligiang
(State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Wuhan
430070, China)

Abstract: In recent years, energy crisis and environmental pollution problem have accelerated the rapid development of energy
storage field. One-dimensional nanomaterials, especially nanowire materials possess unique electron and ion transport properties due
to their high length-diameter ratio, which are promising in the application of energy storage devices. In this review, the research
progress of nanowire materials based on the research achievements of our group and the cutting-edge research progress in China and
abroad will be summarized from three aspects, including the structural design and synthesis of nanowire materials, the application of
nanowire materials in batteries and nanowire micro- and nano-devices. Finally, an outlook on the future exploration and development
of electrochemical energy storage materials and devices based on nanowires will be offered as a conclusion.
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(a) Fabrication of porous gold wires!'”)
(b) Schematic view of the synthesis route for Co porous nanowires with controlled connected macroporosity!™®!
K1 ZAEgREM L ALK& s 2 EIAT SEM HE Jr
Fig. 1 Schematic diagram and SEM images of porous gold wires and Co p-NWs
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(a) Schematics of the gradient electrospinning and controlled pyrolysis method

(b—p) SEM and TEM images of multi-element oxides, binary-metal oxides, and single-metal oxides mesoporous nanotubes, respectively, scale bars, 100 nm,
(q—u) SEM and TEM images of pea-like nanotubes from different species with scald bars at 200 nm, The scale bars for the inset TEM images (f, k, p, u) are
100 nm

B2 B L 7 2 A AR A B v 78 K R R P B L 2 S e 7 S B )
Fig. 2 Schematic diagram and SEM/TEM images of nanotubes obtained from gradient electrospinning and controlled pyrolysis
method™®
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(b) Characterization of the Bi,O; sub-nanowires

K3 WYKL RS KRR EAT N

Fig. 3 Morphology and rheological behavior of sub-nanowires
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(a) Synthesis route and morphology of ultralong hierarchical vanadium oxide nanowires

(b) Synthesis route and morphology of hierarchical mesoporous LSCO nanowires

[33]

[34]

B4 RAKER & B RS

Fig. 4 Synthesis route and morphology of hierarchical nanowires
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Table 1 Comparison of the advantages and disadvantages and influencing factors of different nanowires obtained by typical

synthesis methods

Synthetic . .
Advantages Disadvantages Influence factors Nanowires
methods

Hydrothermal/ Simple equipments, easy operation, high Centrifugation, washing and other Temperature, pressure, Hollow nanowires,

solvothermal productivity, superior crystallinity steps are required; products are of solvent, and solvent subnanometer

method average purity residual nanowires

Sol-gel method  Effective regulation of the nanowires size Tedious reaction steps; Reaction time, pores size ~ Heterogeneous
and homogeneity; high phase purity time-consuming procedures and distribution nanowires

Template Precise regulation of the products size, shape  High cost of some template The degree of order of Porous nanowires,
method and structure to realize the integration of materials, template removal template; temperature; heterogeneous
synthesis and assembly; simple processes difficult, limited condition of heating rate; heat nanowires,
template utilization holding time Hollow nanowires
Self-assembly Sample process;general applicability; low Strict requirements of experimental ~ Material ratio; solvents; Porous nanowires
method cost; No templates or external forces are conditions and material ratio; structure of component
required; the higher order structure difficult distribution state control
of each component in the
assembly process
Secondary Simple synthesis process; simple Certain selectivity of the grown Size and morphology of Heterogeneous
hydrothermal equipments; low cost, high controllability crystal seed and the growing seed; atomic arrangement nanowires
method of growth results component; poor universality; low and reactivity of crystal
yield faces
(Gradient) Simple equipments; low cost; diversification ~ Polycrystalline fibers usually Uniformity of solution; Hollow nanowires,
Electrospinning of raw material selection; controllable prepare; fiber diameter greater voltage; calcination hierarchical
method process; the microstructure of the than 100 nm; large diameter procedure nanowires

product is not limited by the crystal

growth orientation of the material

dispersion; not suitable for

preparing small size nanowires
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Table 2 Application of nanowires in energy storage batteries

Electrochemical Maximum reversible specific capacity Cycle performance
Energy Materials Specific Specific Specific Cycle Specific References
Storage capacity/ current/ capacity/ capacity/
Devices (mAh-g™) (mA-g™) (mA-h-g™) number (mA-g™)
Lithium-ion batteries LiCoO; nanowires 150 100 126 100 1 000 [14]
LiMn,O4 nanowires 125 14.8 105 100 1480 [38]
LiFePO4 nanowires 169 17 146 100 170 [45]
H, V30 monocrystal nanowires 240 50 212 50 100 [46]
LiNip sMn; sO4 porous 140 147 124 500 735 [47]
nanowires
V30-/semihollow bicontinuous 321 100 158 400 2 000 [23]
graphene scrolls nanowires
MnO,-PEDOT/V,0s 179 50 150 200 100 [48]
Heterogeneous nanowires
Li3V2(POy)s 128 133 120 1000 665 [49]
mesoporous nanowires
TiO,(B) nanowires 200 50 200 100 50 [50]
LisTisO1 173 35 149 100 875 [51]
nanowire arrays
Si hollow nanowires 1780 400 650 6 000 50 400 [52]
SnO; nanowires 845 100 814 100 100 [53]
Sodium-ion batteries Nay 7Fey7sMng 30, 109 100 74 5000 500 [25]
mesoporous nanotubes
NasV 1,03, nanowires 105 20 78 60 20 [54]
Carbon-coated Na,Va(POy)3 115 57 78 5000 228 [55]
V,05 nanoribbons 196 50 147 50 100 [56]
Hollow carbon nanowires 251 100 251 400 50 [57]
N-doped porous carbon fibers 310 50 23 100 50 [58]
Sn-doped TiO, 252 50 257 50 50 [59]
nanotubes
Na,Ti;07 nanotubes 221 50 78 10 000 1770 [60]
SnSb-porous carbon nanofibers 392 50 110 200 10 000 [61]
MoS,/C nanofibers 382 100 284 600 100 [62]
Potassium-ion Ko.7Feo.sMng 50, 178 20 69 450 1 000 [43]
batteries nanowires
Calcium-ion batteries NH4V,40; nanorods 150 100 150 100 100 [63]
Magnesium-ion Graphene decorated 320 50 122 200 1 000 [64]
batteries V,05-1.42H,0
nanowires
H,V;0g nanowires 304.2 50 219 50 100 [65]
WSe, nanowires 168 100 103 50 3 000 [40]
Zinc-ion MnO; nanowires 260 308 100 5000 1540 [41]
batteries Zng25V,05'nH,O 300 50 260 1000 2 400 [42]
nanowires
H,V;0g nanowires 423.8 100 140 1000 5000 [66]
Aluminium-ion NiS nanobelts 111.7 150 104.4 100 200 [67]
batteries CoySs@CNT-CNF 315 100 154 6 000 1000 [68]
nanowires
Cuy 4Se nanorods 260 50 241 100 200 [69]

Zhao VBT T ZREA R B TR ML MO S T O LA AR A M R
RPPR L IERA B AMO(A=Li. Na. K\ Rb; M=V. &, GREH], BEJEE T B AR gK
Mo. Co. Mn. Fe. P), EEHA JEREE T LHEMMEHEX T RBURAF, R 7 HHR65
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Preintercalation
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(a) Schematic diagram and electrochemical properties of large alkali metal ion intercalation

(b) Schematic diagram and electrochemical properties of H,O intercalation of vanadium oxide nanowire’
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(¢) Schematic diagram and electrochemical properties of H,O and Mg”" intercalation of vanadium oxide nanowire
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15 Ann

[44]

V,0,-#H,0 (proton donor) Pyridine-V,0,-nH,0 Sodiated pyridine-V,0,-nH,0

D

Specific capacity/(mA-h-g™")

(d) Electrochemical properties of pyridine intercalation of vanadium oxide nanowire

Cycle number
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Fig. 5 Schematic diagram and electrochemical properties of metal ions and organic molecules intercalation of vanadium oxide

nanowires
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(a) Fabrication process of the UCFR-LFR electrode and its ungiue fast electron and ion transporting properties,

ultrahigh capacity, excellent thermal stability, and fire resistance’
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CuO nanowires

Cu foam

Cu substrate

(b) Fabrication of Cu NW-Cu current collector and the schematic illustration of Na plating processes on planar Cu foil and Cu NW-Cu substrate

(c) Preparation of nanowires and electrochemical properties of composite anode

on Cu foam
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Fig. 6 Preparation and electrochemical performance of nanowire composite electrodes
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(a) Schematic illustration of the new kind of highly flexible

and porous separator based on HAP NW network ™!

(b) Schematic of the multifunctional electrospun MOF-PAN/rGo-PAN

separator and PP separator for Li—S batteries'®")
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(c) Schematic illustration of the CNF-SO3Zn structure!®!
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Fig. 7 Application of nanowire materials in battery separators
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(a) Schematic illustration for the synthesis of ceramic nanowire-filled CPEs,

together with SEM images for the CPEs with 15% nanowire fillers!®”!

(b) Comparison of possible Li-ion (¢) SEM images of Gd

0.1Ce0.901.95 nanowires appliedin
[85]

conductin pathways in CEPs with

nanoparticles, random nanowires

solid-state electrolytes
[84]

and aligned nanowires

(d) Schematic illustration for the preparation of core-shell structure

PVDF-PEO composite nanofiber membrane for all-solid-state batteries™*"!

(e) Schematic illustration of hierarchically self-assembled MOF

network as 3D ion conductor with continuous Li" transport®”!

(f) Preparation process and internal electron/ion transport

characteristics of the gradient nanowires!®®
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Fig. 8 Application of nanowires in solid-state batteries
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(b) Optical image of a typical Si||a-Si

(a) Schematic of a single nanowire electrode device design

nanowire||LiCoO, electrode device

(c) Investigation of the reason of capacity attenuation
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Fig. 9 Single nanowire energy storage device reveals the reason of capacity fading
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(a) Schematic and optical microscope image of the first configuration in which nanowire is fully immersed in the electrolyte

(b) Schematic and SEM image of the second configuration in which only the end of the nanowire is immersed in the electrolyte
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Fig. 10 Single nano-unit cell reveals electron/ion transport rule
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(a) Schematic illustration of a MnO,/rGO NW device and reduced grapheme oxide

(b) Schematic illustration of aMnO,/pGO NW device and porous grapheme oxide
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Fig. 11 Schematic illustration of single nanowire device
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(a) Fabrication processes schematic of interdigital VN microelectrodes

based on NW network

(b) Schematic of the fabrication processes of P-TiON interdigital

microelectrodes based on NW network

(c) Optical images, assembly schematic, and working
principle of P-TiON//VN AMSC
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Fig. 12 Fabrication process of P-TION//VN AMSC?
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(a) Schematic diagram of the LBNW device layout

(b) In situ Raman characterization of LBNW devices
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Fig. 13 Schematic diagram and in situ transport characterization of the LBNW device!®’]
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Fig. 14 Configuration and mechanism of the field-effect energy-storage device
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