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Research Progress on the Liquid-Phase Preparation and
Surface Modification of Copper Nanowires
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Abstract: Copper nanowires are excellent materials for transparent and flexible conducting electrodes in
modern nanoscience and nanotechnology because of their unique optical, electrical, mechanical, and thermal
properties. With the distinguishing features of relatively low price and natural abundance, copper is an ideal
candidate to substitute for noble metals in technical applications. However, the main hindrances to their practical
application are the susceptibility of Cu nanowires to oxidation upon exposure to air or water and the difficulty
in reducing Cu ions to metallic Cu. The synthesis of copper nanowires with high monodispersity, stability, and
oxidation resistance has become a major research goal. Among the wide variety of methods available to
generate copper nanowires, liquid-phase reduction has been widely adopted for the advantages of high yield,
simple and straightforward operation, relatively low cost, and fewer constraints on reaction conditions, in addition
to solving the above problems. This review begins with an introduction to the research background and
significance of copper nanowires. First, we present a brief overview of the research advances, including the
synthesis and growth mechanisms, of smooth or rough, single-crystal or twinned copper nanowires. Oxidation
and surface modification for oxygen-resistance are then discussed, followed by a brief summary and outlook
for research in the field.
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Fig.1 Scanning electron microscope (SEM) images of Cu nanowires (Cu NWs) synthesized with
hexadecylamine (HDA) as capping agent®

SEM images of Cu NWs synthesized with the following glucose/copper salt molar ratios: (a) 1: 1,(b)3:1,(c)4: 1
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Fig.2 SEM images of Cu NWs synthesized with oleylamine (OLA) and oleic acid (OA) as capping agents and

a photograph of crude solution of Cu NWs™
(a) SEM image of Cu NWs using OLA as the sole ligand for 12 h; (b) using OLA and OA as the dual ligands for 12 h;
(c) photographs of the commercial electric pressure cooker used for the synthesis of Cu NWs and the crude solution of as-prepared Cu NWs;
(d) using OLA and OA as the dual ligands for 6 h

3 +/\BZ(ODA)ABEFFIFE Cu NWs FIEST R F EHIR(TEM). S5 #RIES B FRMHRTEM)M
xf R 1% X B FiT5H (SAED) & ™
Fig.3 Transmission electron microscope (TEM), high resolution transmission electron microscope (HRTEM), and selected
area electron diffraction (SAED) images of Cu NWs synthesized with octadecylamine (ODA) as capping agent”
TEM and HRTEM images of the Cu NWs obtained at (a, b) 180 °C; (c, d) 120 °C. Insets in A and C are the corresponding SAED patterns.
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200 nm Rl * g

4 EFIFGESIZAAERERE Cu NWs I TEM
Fig.4 TEM images of rough Cu NWs synthesized by solvothermal method
(a) TEM image of Cu NWs with many nano-thorns prepared at 80 °C for 1 h using concentration of catechin 6.0 mmol-L™', and photograph of an

individual rose-stem (inset of (a))”. (b) TEM images of roughness-controlled Cu NWs obtained at 1 : 1 reactant ratio between Cu’* and Cu" "
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Fig.5 Photograph of crude solution, SEM and TEM images of Cu NWs synthesized with
ethylenediamine (EDA) as capping agent
(a) photograph of the reaction flask after growth of Cu NWs at 80 °C for 1 h*; (b) SEM image of Cu NWs with a spherical copper particles attached
at one end (inset scale bar = 200 nm)*; (c) TEM images with corresponding SAED patterns under strong two-beam conditions"
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Fig.6 Schematic of the continuous flow reactor (CFR) for Cu NWs growth®

SR
as

Fig.7 SEM image of hexagonal cross section Cu NWs and schematic of the formation of Cu NWs

82

(a) SEM image of well-dispersed hexagonal cross section Cu NWs; (b) formation of Cu NWs directed by

the liquid-crystalline structure of the medium
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v o
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R
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El8 OLAXFREBEFHIE Cu NWsHTEM, SEMER “BWMFEKE” mEE
Fig.8 TEM, SEM images of Cu NWs synthesized with OLA as capping agent and schematic of
the self-seeded growth of Cu NWs
(a) TEM image of anisotropic growth of OLA-coated Cu NWs by the disproportional reaction of CuCl in OLA®; (b) SEM image of one end of
Cu NW that confirms that the nanowire has a pentagonal cross section®; (¢) proposed growth mechanism for Cu NWs via a seed-mediated method*

9 CufKIFHR. WELK Cu NWs & Cu NWs i SEM [E]*

Fig.9 SEM images of Cu nanocubes, tadpole-like Cu NWs, and Cu NWs*
SEM images of (a) Cu nanocubes prepared using the standard procedure except that the HDA concentration was reduced from 18 to 9 mg-mL™;

(b) tadpole-like Cu NWs prepared using the standard procedure except that the glucose concentration was increased from 5 to 10 mg-mL™;

(c) Cu NWs prepared using the standard procedure
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El10 CufR A HFAEESR Cu NWs HEF S & nEEY
Fig.10 Schematic illustration for the shape-selective formation of Cu nanocubes and five-fold twinned pentagonal Cu NWs"
TOP: trioctylphosphine

100 nm ’.‘{ ¥

11 SRMABERR IS Cu NWs F Cu 4K 75449 TEM & ©
Fig.11 TEM images of Cu NWs and Cu nanocubes synthesized with selective use of different additives®
(a) TEM image of Cu NWs synthesized with ReCl;as additive; (b) TEM image of Cu nanocubes synthesized with NH.Cl as additive
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F1 BT CuNWs FIREARERFIZ AR EALER
Table1 Summary of preparation methods and applications of core-shell nanowires based on Cu NWs
Core Shell Method Application Reference
CuNWs Au electrodeposition method DNA detection 115
CuNWs Au one pot method at 210 °C tunable optic and magnetic properties 116
CuNWs Ag heterogeneous nucleation and growth method oxygen reduction reaction electrocatalysis 85
CuNWs Ag galvanic replacement reaction at room temperature reduction reaction catalysis 76
CuNWs Ag galvanic replacement reaction at room temperature conductive fillers for LDPE 117
CuNWs Ag galvanic replacement reaction at room temperature not provided 118
CuNWs Ag galvanic replacement reaction at room temperature flexible electronic skin 119
CuNWs Ni one pot method at 180 °C self-assembled devices and circuit 120
CuNWs Ni one pot method at 210 °C microelectronics and magnetic recyclable catalysis 87
CuNWs Ni one pot method at 180 °C flexible conductor 121
CuNWs Ni two-step approach transparent conductor 122
CuNWs Ni electroplate water oxidation catalysts 48
CuNWs Ni electroplate organic solar cells anodes 40
CuNWs Pt electrodeposition method transparent electrode 123
CuNWs Pt galvanic replacement reaction oxygen reduction electrocatalysts 49
CuNWs Zn electrodeposition method transparent electrode 99
CuNWs Sn electrodeposition method transparent electrode 99
CuNWs  graphene physical vapor deposition at 650 °C electrical and thermal conductivity 124
CuNWs  graphene plasma-enhanced chemical vapor deposition at 400 °C transparent electrode 33
CuNWs RGO hydrothermal method methanol oxidation catalysts 109
CuNWs C hydrothermal method electronic transport and heat conductivity 125
CuNWs C hydrothermal reduction and carbonization not provided 102
CuNWs C thermal deposition method nanopipettes and nanocables 103
CuNWs ZnO atomic layer deposition technique transparent electrode 100
CuNWs AlLO; atomic layer deposition technique transparent electrode 100
RGO: reduced graphene oxide; LDPE: low density polyethylene
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EFA&ET, AgBARmEmMH. Bk
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(1) CuNW-Ag NCs
heterostructures

(2) AgNCs

(3) CuNWs

(4) CuNWs and
Ag NCs mixed

10 08 —06 -04 —02 00
ENV (vs Ag/AgCl)

12 CuNW@Ag NCs Y TEM, HRTEM 5K & [E*
Fig.12 TEM, HRTEM images of Cu NW@Ag NCs and its voltammogram®*
(a) TEM image of the octopus-tentacle-like Cu NW@Ag NCs; (b) HRTEM image of the Cu NW@Ag NCs, the two white circles show the
dislocation or stacking fault areas; (c) rotating disk voltammograms obtained on various nanocrystals
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E13 ERRNIREREE™
Fig.13 Schematic illustration involving in the galvanic replacement reaction™
(a) the model of the complex of citric acid combined with Ag’; (b) schematic of the galvanic replacement reaction

(b) 16
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El14 Cu@AgNWsHITEME ., HIEEMEEMNEXRESIIRNARE"™
Fig.14 TEM image of Cu@Ag NWs, plot of resistance as a function of exposure time and

N

photograph of practical applications

(a) TEM image of as-prepared Cu@Ag NWs; (b) normalized resistance of various NWs electrodes as a function of exposure time;
(c) photograph of the e-skin attached to the human neck to monitor the muscle motion during speech and detection of wrist pulses;

PDMS: polydimethylsiloxane
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Fig.15 SEM and HRTEM images of Cu@Ni NWs and its energy dispersive X-ray spectra (EDX)'”
(a) SEM, (b) HRTEM images of as-prepared Cu@Ni NWs; (¢) lined EDX profiles and chemical mappings of Cu@Ni NWs
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Fig.16 TEM and energy dispersive spectroscopy (EDS) images of single Cu@Cu-Ni NW"'
(a) TEM image of single Cu@Cu-Ni NW; (b) EDS elemental line-scan profiles and elemental mappings of
single Cu@Cu-Ni NW with the HAADF image (inset)
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Fig.17 Plots of optical and electrical performance tests of Cu@Cu-Ni NWs'?
(a) plots of specular transmittance versus number density of nanowires showing the effect of increasing wire diameter on the film'’s transmittance;
(b) plots of the sheet resistance versus time for films of Ag NWs, Cu NWs, and Ni-coated Cu NWs stored at 85 °C, and
the inset shows EDX images of Cu@Cu-Ni NWs.
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