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Abstract 

 

Synthesis of ultra-long gold nanowires 

via kinetic control of strain-release 

structural deformation 

 

Jangwon Kim 

School of Chemical and Biological Engineering 

The Graduate School 

Seoul National University 

 

Gold nanomaterials have earned a significant amount of attention due to their 

biocompatibility and excellent optoelectronic properties, and have been intensely 

investigated for use in a variety of applications. Since these properties are critically 

dependent on the size and shape of the nanomaterials, substantial efforts have been 

made to develop novel methods to fabricate gold nanomaterials with varying 

structures. However, there is very few reports on the synthesis of gold nanowires (Au 
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NWs), as it is intrinsically hard for gold to endure the strain energy applied in 

nanowire structure fabrication.  

The present work demonstrates a new synthetic method for fabricating gold 

nanowires and their characterization. In this method, gold nanowires are synthesized 

via a PDDA-mediated polyol process, which effectively controls the kinetics of the 

reaction to acquire a one-dimensional (1D) structure. From this simple method, I can 

produce gold nanowires on a milligram scale. Furthermore, the current procedure 

provides a high yield of gold nanowires and is readily scalable. The synthesized gold 

nanowires have a diameter of ~ 96 nm, which is relatively thick, and a length of 

several hundred micrometers.   

Aberration corrected transmission electron microscopy (Cs-TEM) and in situ 

synchrotron X-ray absorption spectroscopy were used to characterize the structure 

and calculate the innate strain of the gold nanowires. Gold nanowires were also 

microtomed and focused ion beam scanning electron microscopy (FIB-SEM) was 

used to observe their cross sectional structure. Furthermore, plastic deformation of 

the gold nanowire structure was detected, which enabled the synthesis of thick gold 

nanowires. 

 

Key Words: gold nanowires, strain energy, kinetic control, plastic deformation  
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1. Introduction 

Gold nanomaterials are well known for their biocompatibility1-4 and 

exceptional optoelectronic properties2,5-7. They have been evaluated as a 

promising candidate for exploitation in various applications such as bio-

sensing8-11, molecular imaging12-14, gene15,16 and drug delivery17-20, photo-

thermal cancer therapy21-23, and flexible electronics24-28. Since shape control is 

one of the most significant factors in controlling their properties, a myriad of 

studies have been conducted into the synthesis of gold nanocrystals of various 

sizes and shapes including nanoparticles29-31, nanoplates32-34, nanostars35-37, and 

nanorods38,39. However, it is only in the past two decades that significant progress 

towards non-spherical gold nanoparticle synthesis has been achieved40. 

Especially gold nanowires (Au NWs) are known to be very difficult to 

synthesize40-42. 

  

Contrary to gold, nanowire structures of other face-centered cubic (fcc) 

metals such as silver and copper have been extensively studied from very early 

in the history of nanochemistry. There are numerous reports not only on their 

synthesis43,44, but also on their mechanism studies45,46 and structural 

analyses47,48. Furthermore, they have been applied in various fields such as 

electronics46,49, optics50,51, sensing52,53, and bio-electronic devices54,55.  They 

have been widely utilized as building blocks for flexible devices due to their 
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high conductivity and maintenance of properties even when stretched56,57. 

However, there are many reports on the toxicity of silver nanomaterials58-60 and 

the corrosiveness of copper nanomaterials,61,62 which limits their extensive 

biomedical applications. On the contrary, gold nanomaterials are proven to be 

biocompatible and non-corrosive, and they are already widely used in 

biomedical fields1,2,41. Recently, several papers on flexible devices using gold 

nanomaterials have been released. Kotov et al.25 reported the fabrication of Au 

nanoparticle/polyurethane (PU) composite and Jeong et al.26 reported the 

fabrication of Au nanoplate/PU composite, but there is still little research into 

the utilization of gold nanomaterials in stretchable devices. This is because it is 

hard to increase stretchability whilst preserving enough conductivity when 

using gold nanostructures other than nanowires. 

Numerous approaches have been made to synthesize gold nanowires. The first 

trial that aimed to synthesize gold nanowires was via the hard template method 

using microporous anodic aluminum oxide (AAO) templates63-65, and the 

electrodeless deposition of Au onto walls to create gold nanowires, which have 

then been utilized as electrodes and sensors66,67. Nevertheless, this method is 

hard to scale up and has a critical drawback when removing templates, whereby 

most fabricated nanowires collapse or aggregate due to the existing surface 

tension and poor adhesion strength67. Several studies aimed to synthesize gold 

nanowires via wet chemistry methods have also been conducted. Murphy et al. 

introduced the seed-mediated synthesis of gold nanorods38 and nanowires68-70. 
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However, the stepwise reactions used to make longer wires are somewhat 

complicated, and there are also some limitations in the lengthening. Huang et al. 

also produced gold nanowires in acidic solutions whose aspect ratio is 

approximately 20071. Gold nanowires with a similar aspect ratio were also 

reported by the Song group where gold nanowires were synthesized by the 

overgrowth of gold decahedrons72. Nonetheless, the synthesized nanowires have 

low purity and the production yield is very low, which makes them hard to be 

exploited for application purposes. Ultrathin gold nanowires possessing sub-two 

nanometer diameter and great aspect ratio have been produced and studied by 

many groups including Yang et al.73, Xia et al.74, and Xing et al75. These methods 

are easily scalable and simple, but the diameter of the fabricated materials is too 

small to be applied for stretchable devices. Because they can be easily broken 

with a simple stirring, their applications are limited to sensors24 or films76 made 

by dipping or evaporation methods. 

Herein, we introduce a new synthetic method to produce thick and ultralong 

gold nanowires. These Au NWs are synthesized by a polyol process, which is a 

simple method that can be carried out under mild conditions. We have also 

succeeded in the scale-up of the process to the mg scale. Due to their 

remarkable physical properties and simple synthetic process, these Au 

nanowires are expected to be exploited in a variety of applications.   
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2. Experimental Section 

2.1  Chemicals 

 Hydrogen tetrachloroaurate(III) hydrate (HAuCl4·nH2O) and ammonium 

copper(II) chloride dihydrate ((NH4)2CuCl4·2H2O) were purchased from Strem 

Chemicals and Poly(diallyldimethylammonium chloride) solution (PDDA, 20 

wt.% in water) from Sigma-Aldrich. All chemicals were used without further 

purification.  

 

2.2  Synthesis of gold nanowires 

The first step of the synthesis of Au NWs involves the addition of 20 μL of a 

0.43 M aqueous solution of HAuCl4 to 20 mL of ethylene glycol containing 0.35 

g of PDDA, and the resulting mixture solution was stirred for 15 minutes at room 

temperature. Then the mixture was heated to 120 oC using an oil bath with a 

stirring rate of 260 rpm throughout the reaction. After 6 hours of reaction, 40 μL 

of a 0.004 M aqueous solution of (NH4)2CuCl4 was added to the mixture. The 

reaction was terminated by removing the heating source at 19 hours and the Au 

NWs were separated and washed with ethanol. The synthesis was scaled-up 20-

fold by increasing the amount of the reactants respectively. For the scale-up, the 

procedure was modified. After 6 hours of reaction time, the temperature and the 

stirring rate were lowered to 87 oC and 150 rpm, respectively. At 7 hours, 

(NH4)2CuCl4 solution was added 10 minutes before increasing the stirring rate 
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to 330 rpm and the reaction time was increased to 1.5 days. 

 

2.3  Characterization 

Transmission electron microscopy (TEM) and field emission scanning electron 

microscopy (FE-SEM) images were obtained by using a JEOL JEM-2010 

electron microscope and a JEOL JSM-6701F, respectively. Aberration corrected 

(Cs) TEM analysis was performed with a JEOL JEM-ARM200F (Cold Field 

Emission Type) operating at 200 keV. Optical absorption spectroscopy data were 

obtained using a JASCO V-550 UV-VIS spectrophotometer. Microtoming of Au 

NWs was achieved by embedding Au NWs into the resin, Eponate 12, and the 

sample was processed by a MICROM Lab HM 340 E. Focused ion beam (FIB)-

SEM images were taken by a Carl Zeiss AURIGA. In situ-XRD data were 

collected using an X-ray diffractometer (Rigaku RINT 2500) with CuKα 

radiation. This was performed at the 5A X-ray diffraction beamline for material 

science at the Pohang Light Source II (PLS-II) in Korea. Data were analyzed 

using Fit2D, Origin, and MATlab. 
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2.4  In situ synchrotron X-ray absorption spectroscopy 

measurements 

 For in situ measurements, the synthesized Au NWs were added to ethylene 

glycol solution and loaded into a quartz capillary (inner diameter: 1.5 mm) inside 

a heating block (40cm * 25cm * 10cm). The reaction temperature was set to 135 

℃ in order to match the reaction rate with respect to the scan time of the XAS 

measurement setup. During the measurement, the Au NW solution was heated 

from room temperature to 135 oC within 30 minutes and kept at that temperature 

for a certain period of time (~ 6 hours) to allow for the development of plate 

structures from the Au NWs. The X-ray absorption signal from the solution was 

measured in fluorescence mode using a detector placed at 90 ° position with 

respect to the incident beam.  
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3. Result and Discussion 

It is well known that in the case of fcc metals, atoms at a {111} surface have 

the least dangling bonds, so they tend to expose the {111} plane and form 

tetrahedrons77,78. In the growth mechanism of fcc metal nanowire, these 

tetrahedrons self-assemble to form a closed surface. However, the angle of one 

tetrahedron is 70.53°, therefore five tetrahedrons are not enough to complete a 

flat surface. Nonetheless, atoms will stretch themselves to make a complete 

structure although they will be strained. The energy they receive from reducing 

the exposed surface and making new bonds overcomes this strain. Consequently, 

the energy of the tetrahedrons in each facet changes. As a result, precursor ions 

tend to attach to the unstable, strained surface, and a five-fold twinned nanowire 

structure is achieved77,79(Scheme 1). Nonetheless, it is especially difficult for 

gold to form this structure because of its distinctively low surface free energies 

for the major facets40,80. This is why gold usually grows into spherical 

structures40,41. Moreover, as the strain on the atoms increases, the diameter 

becomes larger, and it is more difficult to synthesize gold nanowires with a larger 

diameter. 

However, we have succeeded in the synthesis of gold nanowires possessing an 

average diameter of ~ 96 nm with a high aspect ratio (Figure 1). The average 

diameter was measured from 50 nanowires randomly selected from SEM images. 

The length of the nanowires was difficult to measure in that they are easily 
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tangled and both ends of each nanowire are beyond the lowest magnification 

range. However, the length was determined to be in the order of several hundred 

micrometers, which is a very high value, even when compared to that of other 

fcc metal nanowires. Figure 2 shows the X-ray diffraction (XRD) patterns of the 

Au NWs. They indicate that the synthesized nanowires consist of pure fcc gold 

(JCPDS card No. 04-0784). 

 

3.1  Synthesis of gold nanowires 

Extremely thick and long gold nanowires were synthesized by first reducing 

HAuCl4 to 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2
−, and then initiating the growth stage. This was processed by 

a polyol process in ethylene glycol solution. In this process, Au3+ ions are 

reduced to Au+ and then further reduced to Au(0) to form nanocrystals81. 

Temperature and stirring velocity were controlled so that the reaction occurs 

slowly enough to form anisotropic gold nanowires82,83. In this method, PDDA 

was used as a stabilizer, which we believe is one of the key factors for the 

synthesis of gold nanowires. PDDA, a cationic polyelectrolyte, initially forms 

strong electrostatic interactions with AuCl4 – ions. This results in slowing down 

the reduction rate of  AuCl4 – ions in the PDDA-polyol mediated synthesis of 

Au nanocrystals. Consequently, 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2
− ions are released slowly81. It has been 

revealed that kinetic control is significant for the formation of anisotropic metal 
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nanocrystals42,82,83. We could confirm the effect of PDDA by comparing the 

reaction products when ascorbic acid is added to reduce Au3+ ions to Au+. 

Ascorbic acid is well known as a weak reducing agent that reduces Au3+ ions to 

Au+ only49. As soon as ascorbic acid is added to the precursor solution at room 

temperature, the solution turns transparent, indicating that Au3+ ions are reduced 

to the Au+ state. The proceeding growth reaction only yielded particles (Figure 

3). In this experiment, Au3+ ions did not form any electrical bonds with PDDA, 

and therefore PDDA could not control the velocity of Au+ release.  

It has been widely accepted that a homogeneous state before the initiation of a 

growth stage is essential for the high purity and uniformity of products in 

nanomaterial synthesis. Therefore, we used UV-vis spectroscopy to determine 

the exact point when only 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2
− ions are present82. It is well known that Au3+ 

ionic solutions are yellowish in color, with an absorption peak at a wavelength 

of 320 nm, whilst the Au+ ion solution is colorless81. The initial solution was 

placed in a 120 ℃ oil bath and the UV spectrum was obtained in a time sequence 

(Figure 4a). The UV spectrum indicates that it takes 6 hours for the 320 nm peak 

to disappear completely. At this point, (NH4)2CuCl4 solution was added to 

initiate burst nucleation and the growth stage. After 19 hours, the reaction was 

completed, and pure and thick gold nanowires with a high aspect ratio were 

synthesized (Figure 4c). To verify the importance of a homogeneous ionic state 

before the growth stage82, several additional experiments were conducted. When 
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seed solution was added after 2 hours, before the 320 nm peak completely 

diminishes, the resulting solution contains a mixture of nanoparticles, nanoplates 

and very few nanowires (Figure 4b). If the seed solution was added after 13 hours, 

heterogeneous mixtures are also produced. This is because, after 6 hours, small 

nanoplates and nanoparticles are synthesized and these become dominant during 

the growth stage, rather than grow to gold nanowire (Figure 4d). These results 

show the significance of a homogeneous solution state in the synthesis of gold 

nanowires.  

 

The same synthetic protocol can be scaled up. The 320 nm peak also decreases 

after 6 hours (Figure 5), but the resulting solution was heterogeneous. Therefore, 

we heated the solution at 87 ℃  in oil bath until the solution became 

transparent83,84, and increased the stirring velocity to induce efficient mixing and 

initiate the growth. Finally after ~ 1.5 days, a dark brown nematic phase solution, 

containing many thick ultralong gold nanowires, was obtained.  
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3.2  Aberration corrected (Cs) TEM analysis 

Cs-TEM was used to observe the lattices and analyze growth aspects of the Au 

NWs (Figure 6a). On the basis of Fast Fourier Transform (FFT) analysis (Figure 

6b), the nanowires were found to have grown in the <110> direction. The d-

spacing values in each lattice were determined from the FFT image. It was 

revealed that the mean value of d-spacing in the {100} lattice was 1.995 ± 

0.009 A˚, in the {110} lattice it was 1.459 ± 0.009 A˚, and in the {111} lattice 

it was 2.368 ± 0.017 A˚. This indicates that the d-spacing value in the {100} 

lattice decreased by 2.16 % compared to the reference, whilst the values of the 

{111} and {110} lattices were in accordance with the reference. A T-test was 

conducted with 12 samples, and the T value for the {100} lattice was 0.0119, 

showing significant difference to the reference, while T-values for both the {110} 

and {111} lattices were much higher than 0.05. This indicates the strain is 

applied only in the <100> direction as expected.  

 

3.3  In situ synchrotron X-ray absorption spectroscopy 

In-situ synchrotron XRD was used to indirectly verify the strained structure of 

the nanowires. If the polyol process was continued, the wires developed into 

more thermodynamically stable plates (Figure 7). Since it is well known that no 

strain is applied in the plate structure, XRD peaks would be changed as the 
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reaction proceeds if the initial wire possesses a strained structure. Au NW 

solution was dispersed in ethylene glycol, injected into a capillary and heated to 

135 ℃ so that the wires could develop into plates. As expected, significant peak 

displacements were detected (Figure 8, Table 1). This confirms that the 

morphology change from wires to plates accompanies the release of internal 

strain in the nanowire structure.    

 

3.4  Structural development of gold nanowires 

To observe the cross-sectional structure, Au NWs were microtomed. It is 

expected that they would have a penta-twinned structure, similar to other fcc 

metal nanowires. However most of them possess hexagonal cross sections 

(Figure 9a). This was confirmed by FIB-SEM imaging, showing that the 

pentagonal and hexagonal structures coexist (Figure 9b). 

 

We believe that the pentagonal structure has evolved to a hexagonal structure 

to reduce strain. As the diameter gets larger, strain energy also increases 

proportionally. A critical diameter will be reached whereby the strain energy 

exceeds the plastic deformation energy. At this point, rearrangement and 

deformation are preferred over preservation of the strained structure. The 

intermediate structure was detected (Figure 10b) and boundaries of the planes 
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similar to those in the pentagonal shape still remain (Figure 10a). On the 

contrary, we could only observe a single crystalline structure in the hexagonal 

shape (Figure 10c).  

 

We attribute this plastic deformation to the plasticity of gold. Even when 

compared with other fcc metals, gold possesses a high plasticity with a much 

lower elastic modulus value85. Consequently, the energy required for plastic 

deformation is relatively small, so that gold atoms will prefer to rearrange than 

endure the strain energy. This plastic deformation enabled the synthesis of 

thick gold nanowires despite this intrinsic property of gold. 
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4. Conclusion 

In summary, we have demonstrated the synthesis and characterization of thick 

and extremely long gold nanowires. The current synthetic procedure is very 

simple and can be readily scaled up. High quality nanowires could be obtained 

by the velocity control of the PDDA-mediated polyol process and construction 

of a homogeneous ionic state. Moreover, it was revealed by aberration 

corrected (Cs) TEM analysis and in-situ synchrotron X-ray absorption 

spectroscopy that Au NWs possess a strained form, similar to other fcc metal 

nanowires. However, they undergo a strain-release procedure through plastic 

deformation, which has not been observed in the nanowires of other metals. 

We believe this was possible due to the distinctively low elastic modulus of 

gold, and through this strain-release procedure, which enables the Au NWs to 

preserve their thickness. With their thickness, aspect ratio, and synthetic scale, 

these novel Au NWs should be further applied to various areas including 

flexible biomedical devices. 
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Scheme 1. Growth mechanism and structure of fcc metal nanowire. 
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(a) (b) 

(c) (d) 

Figure 1. (a), (b) SEM and (c),(d) TEM images of Au nanowires. The scale bar is 

(a) 1 𝛍𝛍𝛍𝛍, (b) 10 𝛍𝛍𝛍𝛍. 
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Figure 2. XRD patterns of Au nanowires. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. SEM image of reaction product when ascorbic acid acted as a 

reductant. The scale bar is 10 µm. 
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Figure 4. (a) UV spectrum of the reaction along the time sequence. The inset shows 

the change of the peak height in 320 nm wavelength along the time sequence. (b) 

SEM image of reaction product when copper is added after (b) 2 h, (c) 6 h, and (d) 

13 h. The scale bar is 20 µm in each image. 

 

(a) 

(b) (c) (d) 



20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. UV spectrum of the reaction along the time sequence in a large scale 
synthesis. 
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Figure 6. (a) HR TEM image of Au nanowires. (b) FFT image of Au nanowires. 
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 Measured Standard 

d-spacing (nm) Ratio d-spacing (nm) Ratio 

d(220) 0.1468 1 0.1442 1 

d(002) 0.1991 1.3563 0.20393 1.4142 

d(111) 0.2385 1.6247 0.23548 1.6330 

Table 1. d-spacing values of each facet of Au nanowires and relative ratios to the standard 
values. 
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Figure 7. SEM images of showing the development of wires to plates when the 

reaction is continued. The scale bar is 10 𝛍𝛍𝛍𝛍 in each image. 

(a) (b) 
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Figure 8. In situ synchrotron X-ray absorption spectrum. 
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  tth[deg] SDD[mm] Height[mm] Displacement[um] 
(111) Initial 16.895 300 91.1184 28.6 

Final 16.890 300 91.0898 
(200) Initial 19.532 300 106.4212 32.4 

Final 19.526 300 106.3888 
(220) Initial 27.769 300 157.9647 53.5 

Final 27.761 300 157.912 
 

Table 2. Displacement value of each facet in In situ synchrotron X-ray absorption 
spectroscopy. 
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Figure 9. (a) SEM image of microtomed Au nanowires. (b) FIB-SEM image of Au 

nanowires. The scale bar is 200 nm.  

 

(a) 
(b) 
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Figure 10. Plastic deformation of Au nanowires. Cross-sectional structure is 

developed from (a) pentagonal to (c) hexagonal shape. (b) is the image of intermediate 

structure. 

(a) (b) (c) 
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초  록 

 

골드 나노 물질은 생체 적합성과 훌륭한 광학전기적 성질로 인해 오랜 

시간 동안 각광받아왔고 다양한 어플리케이션 연구가 이루어져 왔다. 나

노 물질의 성질은 그들의 크기와 모양에 의해 크게 좌우되기 때문에, 다

양한 크기와 모양의 골드 나노 물질을 합성하려는 연구가 활발히 진행되

어왔다. 하지만, 골드는 내재적으로 나노 와이어의 구조에 가해지는 변형 

에너지를 견디기 어렵기 때문에, 골드 나노 와이어의 합성법은 아직도 활

발히 연구가 이루어져 할 분야이다.  

본 연구는 골드 나노 와이어의 새로운 합성법과 골드 나노 와이어의 

분석으로 이루어져 있다. 이 합성법은 PDDA가 매개된 폴리올 프로세스

로 이루어져 합성의 속도를 효과적으로 제어하는 방식을 통하여 골드의 

일 방향 구조를 만들어낸다. 이 간단한 합성법을 통해 밀리그람 스케일의 

골드 나노 와이어를 얻을 수 있으며, 이는 발표된 논문들 중 가장 큰 스

케일이다. 뿐만 아니라, 이 합성법은 수득률이 매우 높은 편에 속하며, 

단순히 합성 용량을 증가시키는 방법으로 쉽게 대용량 합성이 가능하다

는 장점을 가지고 있다. 합성된 골드 나노 와이어는 지름이 ~96 nm로 

굵은 편이며, 길이는 수 백 마이크로미터로 종횡비가 매우 큰 특징이 있

다.   
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또한, 본 연구에서는 수차 보정 투과 전자 현미경과 인 사이투 싱크로

트론 X선 흡수 분광 스펙트럼을 측정함으로써 합성된 골드 나노 와이어

의 구조를 분석하고 구조적 변형 에너지를 계산해내었다. 또, 미세 박편 

절단과 집속 이온 빔 주사 전자 현미경을 통하여 골드 나노 와이어의 단

면 구조를 관찰하였다. 골드 나노 와이어 구조의 소성 변형도 관찰되었는

데, 이로부터 굵은 나노 와이어가 합성될 수 있었던 이유를 찾을 수 있었

다. 

 

주요어: 골드 나노 와이어, 변형 에너지, 반응 속도론적 조절, 소성 변형 

학번: 2014-21585 
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