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Research Abstract 
 
Ultrathin Metal Nanowires for High-performance and High-stability Transparent Conductors1-4 

Transparent electrodes are an indispensable component in many electronic applications. Although indium 
tin oxide (ITO) accounts for more than 90% of current market share, several issues remain to be solved. 
Metal nanowire meshes are considered among the best candidates as the next generation transparent 
electrode material. Copper is a popular choice of metal elements due to its high intrinsic conductivity 
(second to silver) and high earth abundancy (1000 times more abundant than silver). Compared to 
conventional oxide based conductors, nanowire mesh has the advantage of high mechanical flexibility, 
easy integration with printable electronics, low processing cost (solution-process compatible), low 
resistance of metal contact, and high transparency through a wide spectrum (including near infrared (IR), 
desired for photovoltaic applications). However, the major challenges faced by nanowire electrodes, 
including strong light scattering and low air stability, both originated from their nano-sized nature, largely 
overshadow their practical applications. The aim of my research focuses on resolving both issues by 
developing small-diameter (thus low scattering) and surface stabilized metal nanowires in a low-cost 
manner, and working towards the real commercialization of this new generation of transparent conductors. 

We have successfully developed a new and general synthetic approach which uses heat-driven organic 
radicals as a mild reducing agent to make mono-dispersed, high-aspect ratio ultrathin Cu nanowires 
(diameter ~ 17nm; length ~ 17 µm). The reaction mechanism was studied in detail using in-situ, 
temperature dependent electron paramagnetic resonance (EPR) spectroscopy. The radicals’ reactivity as 
well as the solubility can be effectively tuned by simple modification to the molecules’ functional groups 
and making this a versatile approach for other nanomaterial synthesis. Examples of ultrathin Ag and Au 
nanowires growth using the same reducing agents have been successfully demonstrated. This is the first 
time that organic radicals have been introduced and studied with EPR as a reducing agent in metal 
nanowire synthesis. The new and versatile radical approach certainly opens up new opportunities not only 
for nanowire growth but also for the broader nanomaterial synthesis. The transparent conducting films 
were then made from the ultrathin Cu nanowires and the electrodes exhibit excellent transparency and 
conductivity (sheet resistance ~ 28 Ω/sq, transmittance ~ 90%). Moreover, these films show significantly 
reduced haze factors in comparison with reports thus far, primarily due to their ultrathin diameter. Flexible 
conductors can be fabricated by depositing nanowires onto plastic substrates. The films’ sheet resistance 
shows no obvious increase after 1000 times bending cycles with bending radius as small as 2 mm.  
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Oxidation is an inherent issue with Cu nanowire s and this problem is even more pronounced in this case 
due to the nanowires’ ultrathin diameters. To overcome the limitation of Cu’s low stability towards 
oxidation, we developed a solution based approach to coat reduced graphene oxide (r-GO) nanosheets 
onto the nanowire surface. The core-shell structure greatly enhanced the air-stability of the conducting 
films. The resulting nanowire electrodes maintained its original conductivity after being stored over 200 
days in ambient air and up to 48 hours in high temperature high humidity environment.  

 

 
 

To make an ever further step towards air-stablization, we demonstrated a new colloidal approach to 
epitaxially grow atomically thin Au shell on ultrathin Cu nanowires. This method uses strong binding 
ligand to balance the reactivity of Au precursor and as a result, suppresses self-nucleation and galvanic 
replacement. The resulting core-shell nanowire films exhibit extraordinary resistance to heat (80 °C), 
humidity (80%) and air, with aging test showing minimal degradation for more than 700 hours. Meanwhile, 
their optical and electrical performance maintained the original high level due to the ultrathin nature of 
the shell.  

 
 

Structure-dependent selectivity for CO2 electroreduction to hydrocarbons on Cu nanowires.5  

Electrocatalytic CO2 conversion to value-
added products is an attractive means for 
mitigating the unsustainable rise in CO2 
emissions. CO2 electrolyzer provides 
simultaneous carbon fixation and 
renewable energy storage. Nanoscale 
catalysts present considerable 
advantages compared to their bulk 
counterparts, including higher surface 
areas and a high density of low-
coordination, high-activity catalytic 
sites. Copper is uniquely active for the 
electrocatalytic reduction of CO2 to 
products beyond carbon monoxide, such 
as CH4 and C2H4. Therefore, 
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understanding selectivity trends for CO2 electrocatalysis on copper surfaces is critical for developing more 
efficient catalysts for CO2 conversion to higher order products. We have investigated the electrocatalytic 
activity of ultrathin five-fold twinned copper nanowires for CO2 reduction. These copper nanowires 
catalysts were found to exhibit high CH4 selectivity over other carbon products, reaching 55% Faradaic 
efficiency (F.E.) at -1.25 V vs. RHE while other products were produced with less than 5% F.E. The origin 
of the methane selectivity is likely due to the presence of a high density of edge sites owing to the twin 
boundaries. Furthermore, this selectivity was found to be sensitive to morphological changes in the 
nanowire catalyst observed over the course of electrolysis. Coating the wires with graphene oxide was 
found to be a successful strategy for preserving both the morphology and selectivity of the copper 
nanowires. These results suggest that product selectivity on Cu nanowires is highly dependent on 
morphological features, and that hydrocarbon selectivity can be manipulated by structural evolution or 
the prevention. This study highlights the importance of manipulating nanostructural transformations of 
copper electrocatalysts under conditions relevant to CO2 electroreduction, a topic that merits in-depth 
future study.  

 

Low-Temperature Solution-Phase Growth of Semiconductor Nanowires for PEC.6  

Photoelectrochemistry (PEC) 
based artificial photosynthesis 
aim to replace biological light 
harvester with semiconductors 
to mimics the natural 
photosynthetic process 
occurring in plants. Nanowire 
morphology offers a 
promising template for PEC 
application, given its increased surface area, efficient charge collection and reduced light reflection. 
Silicon is one of the most studied and effective material and the synthesis of Si nanowires usually 
requires costly process involving high temperature and high vacuum. We developed a low-temperature 
synthesis that colloidal Si nanowires can be grown using tris(trimethylsilyl)silane or trisilane as the Si 
precursor by a Ga-mediated solution−liquid−solid (SLS) approach at temperatures of about 200 °C, which 
is more than 200 °C lower than that reported in the previous literature. We further demonstrated that the 
new Si chemistry can be adopted to incorporate Si atoms into III−V semiconductor lattices, which holds 
promise to produce a new Si-containing alloy semiconductor nanowire. This development represents an 
important step toward low-temperature fabrication of Si nanowire based devices for broad applications. 
Indium phosphide is another great candidate for photocathode material due to its effective light 
absorption, high photovoltage output and slow surface recombination rate. And we also demonstrated 
that using SLS, we can not only grow solution based InP nanowires, but also grow nanowire arrays 
directly from a conductive substrate in solution using bismuth metal as wire growth catalyst.  
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