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Abstract 
High transparency, conductivity and stretchability are very difficult to achieve simultaneously in a single type of 
capacitance device. Usually, high optical transparency requires very thin conductive film, which will inevitably cause 
cracking or breakage when a strain is applied. In this case, most of the currently developed electrodes are either 
transparent or stretchable but not both. Herein, we report a simple yet efficient method to fabricate self-assembled 
monolayer gold nanowires (AuNWs) conductive thin film. Such film is both transparent and stretchable due to the unique 
flexible hairy structure of ultrathin AuNWs (2nm in diameter, aspect ratio>10,000). In addition, the resultant AuNWs film 
could be used as nanostructured electrode for transparent and stretchable supercapacitors. The entire supercapacitor 
showed a high transparency of 79% at the wavelength of 550 nm, and could be stretched up to 30% strain without 
degradation over 80 stretching cycles. 
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1. Introduction 

The past several years have witnessed substantial 
research interest in transparent and stretchable electronics, 
which can enable unique applications in displays[1], 
light-emitting diodes[2], batteries[3]and solar cells[4]. As 
far as transparent electrode (TE) is concerned, although 
indium tin oxide (ITO) has been the most commonly used 
TE, the intrinsic brittleness of ITO limits its application 
in stretchable electronics[5]. In this regard, various of 
nanomaterials have been developed for stretchable and 
transparent electrodes such as graphene[6,7], carbon 
nanotubes[8,9,10], metal nanowires[11,12] and 
conductive polymers [13]. However, most of the 
currently developed materials and the associated 
electrodes are difficult to achieve both high transparency 
and stretchability simultaneously [14-19]. This is because 
high optical transparency usually requires very thin 
conductive film, which will inevitably lead to cracking or 
breakage when a strain is applied. On the other hand, the 
real-world application of stretchable displays required a 
transparency of >80% to ensure good visual effect. 

However, little progress has been made to acheive such 
transparent stretchable supercapacitor up to date[20-23]. 

Recently, we have successfully fabricated 
transparent nanomembrane[24] and stretchable 
sensors[25,26] using ultrathin gold nanowires 
(AuNWs). Unlike other 1D inorganic nanomaterials 
typically with straight and large persistence length, 
AuNWs are soft and serpentine-like at the nanoscale 
due to their ultrathin and ultralong morphology (2nm 
in diameter, aspect ratio>10,000)[24-26]. As a result, 
AuNWs showed intrinsic stretchability with great 
potentials to be used for stretchable electronic devices.  

Herein, we extend our initial success in AuNW-
based sensors to highly stretchable and transparent 
supercapacitors. We could achieve highly transparency 
(>90% at 550 nm) and excellent conductivity 
simultaneously, with a figure of merit 12.5. We 
successfully developed a water-assisted transfer 
method for transferring such transparent conducting 
film to soft substrates (e.g., polydimethylsiloxane), 
which exhibited stretchablility of over 50% with stable 
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and reversible electrical responses. The high transfer 
fidelity allowed us to use the film as both the current 
collector and active electrodes for the fabrication of 
high-performance transparent (79% at the wavelength 
of 550 nm) and stretchable (up to 30%) all-solid 
supercapcitor. The supercapacitor showed a specific 
capacitance of 8.5 F g-1 and areal-specific capacitance 
of 226.8 µF cm-2 without degradation even over 80 
stretching cycles. In comparison to previous graphene 
or other carbon based transparent and stretchable 
supercapacitor with similar optical transparency, our 
ultrathin gold nanowire-based devices offer higher 
areal-specific capacitance. This is due to unique 
structural features of our gold nanowires, allowing the 
simultaneous achievement of high optical transparency, 
conductivity, mechanical stretchability and high 
surface area. 

2. Experimental 

2.1. Synthesis of ultrathin AuNWs 

Ultrathin AuNWs were synthesized by the modified 
protocol previously reported[27,28]. Briefly, 
HAuCl4·3H2O (44 mg) was added in hexane (40 ml), 
followed by addition of oleylamine (OA, 1.5 ml). Note 
that the gold salts weren’t dissolved until the addition 
of OA which acted as a phase-transfer reagent. After 
completely dissolving the gold salts, 
Triisopropylsilane (TIPS, 2 ml) was added into the 
above solution. The resulting solution was left to stand 
for 2 days without stirring at room temperature until 
the colour turned from yellow into dark-red, indicating 
the formation of AuNWs. The solution was 
centrifuged to remove the excess OA and TIPS by 
ethanol/hexane (3/1, v/v), and then the AuNWs were 
collected and dispersed in hexane (5 ml). 

2.2. Self-assembly of AuNWs 

The assembly of well-defined monolayer AuNWs 
membrane were achieved using a modified Langmuir–
Blodgett technique described previously[23]. The 
nanowire assemblies were prepared at room 
temperature in a 3.5 inches’ petri dish using Millipore 
Milli-Q water (resistivity 18.2 MW cm) as subphase. 

A 20 ul syringe was used to dispense as-prepared 
AuNWs suspension onto the water subphase drop by 
drop. The droplet quickly spread over the water 
surface and evaporated to leave an AuNWs membrane 
fully covered the water surface. After 30 minutes of 
equilibration, the AuNWs membranes were transferred 
onto anodic alumina oxide (AAO) substrates by slowly 
pulling the substrates out of the aqueous subphase. 

2.3. Preparation of AuNWs electrode 

The as-prepared AuNWs membrane on AAO 
substrates was exposed to argon plasma treatment for 4 
minutes to remove excess OA ligand and reduce 
junction resistance. Then 200 µl Milli-Q water was 
dropped on a petri dish, which could uniformly spread 
out at the back side of AAO substrate simply by laying 
AAO onto the water droplet. Then a 
polydimethylsiloxane (PDMS) substrate with desired 
size was put on top of the AAO with gentle press. 
AuNWs membrane was then fully transferred onto 
PDMS substrate after peeling off. Multilayered 
AuNWs membrane could be obtained by repeating the 
transfer method. 

2.4. Preparation of AuNWs supercapacitor 

The PDMS-supported AuNWs sheet was cut into small 
pieces with suitable shapes and sizes. A gel solution 
containing PVA powder (1.0 g) and KNO3 (1.0 g) in 
water (10.0 ml) was used as the protective electrolyte, 
which was dropcasted onto the AuNWs sheet and 
dried in air at room temperature for several hours. 
Then a gel solution containing PVA powder (1.0 g) 
and H3PO4 (1.0 g) in water (10.0 ml) was coated on 
top of PVA/KNO3 as stretchable electrolyte and dried 
in air for several hours. Two such-prepared AuNWs 
electrodes were assembled into a supercapacitor by 
pressing them together. Finally, a conductive fabric 
wire was connected to the part of the AuNWs sheet 
that was not coated by electrolyte using silver paste for 
the device performance characterization in a two-
electrode configuration. 

2.5. Device characterization 
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SEM images were obtained using a FEI Helios 
Nanolab 600 FIB-SEM (operating voltage of 5kv and 
current of 86pA). The sheet resistances of AuNWs 
film on PDMS were measured on a Jandel 4-point 
conductivity probe by using a linear arrayed four-point 
head. The plasma treatment was conducted in a 
Harrick plasma cleaner at pressure of 500 Pa using 100% 
argon. To test the stretching performance of the 
AuNWs film and supercapacitor, two ends of the 
samples were attached to motorized moving stages 
(THORLABS Model LTS150/M). Then uniform 
stretching cycles were applied to the samples with a 
computer-based user interface (Thorlabs APT user), 
while the current differences and the electrochemical 
performance were recorded by the Parstat® 2273 
electrochemical system (Princeton Applied Research).  
The transmittance measurement and UV/Vis spectra 
were recorded on an Agilent Cary 60 
Spectrophotometer at room temperature. 

2.6. Materials 

Gold (III) chloride trihydrate (HAuCl4·3H2O, 
≥99.9%), triisopropylsilane (99%) and oleylamine 

were purchased from Sigma Aldrich. Ethanol and 
hexane were obtained from Merck KGaA. AAO 
substrates were purchased from WhatmanTM 

(AnodiscTM 47, 0.02 µm, diameter 47mm). All 
chemicals were used as received unless otherwise 
specified. All glassware used in this work was cleaned 
in a bath of freshly prepared aqua regia (highly 
corrosive!) and rinsed thoroughly in H2O prior to use. 

3. Result and Discussion 

3.1. Fabrication and characterization 

The fabrication process of stretchable and transparent 
AuNWs thin film is illustrated in Fig. 1a. At first, 
high-quality single crystalline ultrathin AuNWs was 
synthesized following the protocol previously 
reported[27, 28]. Freshly-synthesized AuNWs could 
form a membrane during drying-mediated self-
assembly process on the air-water interfaces. The 
floated AuNWs membrane were able to be transferred 
onto AAO substrates by slowly pulling the substrate 
out of aqueous subphase (Supplementary Fig. 1). After 

Fig. 1. (a) the fabrication process of stretchable and conductive self-assembled AuNWs electrode. (b) Scanning electron 
microscopy image of monolayer AuNWs film on PDMS substrate (Scale bar: 1 µm). (c) Atomic force microscopy image of 
monolayer AuNWs film on mica substrate (Scale bar: 50 nm). (d) UV-Vis-NIR transmission spectra of monolayer and multilayers 
AuNWs mesh films on PDMS substrates. Insets show photographs of different layers of AuNWs film on PDMS. (e) Transmittance 
(λ = 550 nm) as a function of sheet resistance. Data of both AuNWs film (experimental, red star) and numerical fitting (black 
dashed curve) are shown. 
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drying in the air at room temperature for 30 minutes, 
the AuNWs covered AAO substrates was treated with 
argon plasma for 4 minutes. Plasma treatment was 
crucial to fabricate highly conductive AuNWs 
electrodes, as the electrical resistance reduced 
thousands of times compared to AuNWs samples 
without plasma treatment (Supplementary Fig. 2a). 
The morphology changes of AuNWs before and after 
plasma treatment was observed in Supplementary Fig. 
2b-e, where discrete single nanowires formed bundles 
with a thickness of ~8nm, as measured from 20 
different samples. We believe the bundling process 
was due to the surface ligand removal of AuNWs 
during plasma treatment, which could substantially 
reduce wire-to-wire junction resistance electrode. Then 

200 µL Milli-Q water was dropped on a petri dish, 
which could be spread out at the back side of 
AuNWs/AAO substrate simply by laying it onto the 
water droplet. Water could not be leaking out from 
porous AAO because AuNWs top layer is hydrophobic. 
Instead, water could wet the hydrophilic back side of 
AAO, rendering AuNWs transferrable to other soft 
substrates. Typically, a PDMS substrate with desired 
size was put on top of the AuNWs/AAO substrates 
with gentle press, which allowed complete transfer of 
AuNWs monolayer membrane onto PDMS substrate 
after peeling off (See Supplementary Movie 1 for the 
transfer process). Multilayer AuNWs membrane could 
also be realized layer-by-layer by repeating this facile 
transfer method. The morphology and thickness of 
single layer AuNWs membrane were charactrized by 
scaning electron microscopy (SEM) and atomic force 
microscopy (AFM) in Fig. 1b, c, where a well aligned 
self-assembled film with thickness of ~8nm was 
shown. Fig. 1d, e presented the optical transparency 
and sheet resisitance of  AuNWs film with single and 
multiple times (up to 4) of transfer process. The 
transparency of these samples were all in the range of 
70%-90% at weavelength of 550 nm. The relationship 
between the transmittance and sheet resistance of 
transparent electrode can be described by Equation 1: 
                   𝑇 𝜆 = (1 + '((.*

+,-

./0(1)
.34

)56                    (1) 

where σop(λ) is the optical conductivity for wavelength 
λ and σdc is the DC conductivity. This expression was 
used to fit the experimental data, as shown in Fig. 1e 
(black dash line). The λ was set to be 550 nm. The 
ratio σdc/σop can be considered as a figure of merit to 
represent the transparent conductive layer. The 
numerical fitting of the best performance AuNWs 
electrode gave, σdc/σop = 12.5. 

3.2. Stretchability and durability 

Fig. 2. (a) Change in resistance ∆R/R0 versus strain (0-10%-0-
20%-0-30%-0-40%) for a monolayer AuNWs film on a PDMS 
substrate. When the film is strained for the 1st cycle, ∆R/R0 
increases, and decrease partially as the strain is released. (b) 
Change in resistance ∆R/R0 versus strain (0-40%) of a 
monolayer AuNWs for more than 1,000 cycles. (c) ∆R/R0 
versus time in response to four cycles of stretching from 10% to 
50% after pre-stretching of 50% for 500 cycles. (d) Resistance 
versus number of stretches (on a log scale) over 10,000 cycles 
of stretching to 30%. 
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Figure 2a presents the evolution of the resisitance 
changes (∆R/R0) of monolayer AuNWs on PDMS as a 
function of strain for seven stretching-releasing stages 
(0-10%-0-20%-0-30%-0-40%). When the sample was 
stretched to a strain for the first time, ∆R/R0 increases, 
and decrease partially as the strain was released. As a 
result, the base resistance of the sample increased 
irreversibly for 40% after the stretching test. We 
attribute this increase to unrecovable contact junctions 
between nanowires [10]. However, when we applied a 
fixed strain (0-40%-0) to the sample for multiple times 
(Fig. 2b), the changes in resistance (∆R/R0) kept 
decreasing and finally remain stable and reversible 
after hundreds of stretching cycles. Fig. 2c showed the 
dynamic resisitance changes of the sample under a 
peridic stretching cycle from 10% to 50% after pre-
stretching (0-50%-0) for 500 cycles, where almost no 
hysteresis was observed when compared to huge 
hystersis at the first cycle (Fig. 2a). The base resistance 
changes over 10,000 cycles of strain at 30% was 
shown in Fig. 1d. Over the course of this experiment, 
the base resistance decreased by 3.5% after 500 cycles, 
and then increased continuously. This phenomenon 
was also observed in literature with carbon 
nanotubes[10]. The reason maybe due to the nanowire 
bundles adopted their optimum morphology after a 
certain period of stretching or training process[10]. 

3.3. Morphological evolution under tensile strains 

The morphology evolution of monolayer AuNWs on 
PDMS was thoroughtly investigated using SEM to 
understand why the resistance of the film showed an 
ireversible changes at the begining, and reversible 
changes after multiple times of stretching. The as-
prepared AuNWs sample without stretching was intact 
and almost no crack was observed (Fig. 3a). When a 
tensile strain of 30% is applied on the sample for the 
first time, some cracks with width of ~100 nm 
emerged (Fig. 3b), which reduced to ~20nm after full 
stress release (Fig. 3c). The cracks were partially 
healed but did not fully disappear after releasing, 
which maybe the reason why irreversible reisistance 
changes occurred after 1st strain cycle. Interestingly, 
the morphology of AuNWs sample changed 
dramatically after multiple strretching of >5,000 cycles 
(Fig. 3d). Stretch-aligned film with wavy structure 
formed uniformly all over the surface (Supplementary 
Fig. 3). Although some cracks  were induced between 
waves, most of nanowire bundles were interconnected, 
benifiting from the intrisic flexible nature of AuNWs. 
As a result, such wavy morphology renderred our 
electrodes reversible and stable resisitance changes 
after multiple stretching cycles.  

3.4. Applications for transparent and stretchable 
conductor 

Fig. 3. (a) Schematics (top) and corresponding SEM phase images (bottom) of AuNWs films as unstretched (a), under 1st strain 
cycle (b), released after 1st strain cycle (c), and released after 5,000th strain cycles (d). Stretch-aligned wrinkle structure is 
observed after 5000th strain cycles. The applied strain is 30% (Scale bar 500 nm). 



Full Paper                                                            ELECTROANALYSIS 

To prove the potential of our AuNWs as stretable and 
transparent electrode, we fabricated monolayer 
AuNWs thin film to serve as conductive circuit of 
light-emitting diode (LED). Note that all the samples 
were treated with 500 cycles of pre-stretching at 40% 
strain before further measurement to get an optimum 
base resistance and reversible resistance behavior (Fig. 
2d). As shown in Fig. 4a, our AuNWs circuit could 
light LED when connected to a 3V battery. 
Compressive bending or twisting (180° ) did not 
affect the brightness of the LED (Fig. 4a inset). The I-
V test also proved that no variation in current was 
observed under these mechanical deformations. The 
typical I-V curves for AuNWs electrodes after being 
stretched at 40% strain for 1, 50 and 100 cycles were 
recorded in Fig. 4b. The current changes as a function 
of stepping voltage were almost overlapped, 
demonstrating consistent electrical responses wth high 
reproducibility and durability. 

3.5. Applications for transparent and stretchable 
supercapacitor  

We further demonstrate that our AuNW-based 
transparent conductors could be used for fabrication of 
elastic supercapacitors. We assembled two AuNWs 
monolayer electrodes sandwitched by electrolytes of 
PVA/KNO3 and PVA/H3PO4 to obtain transparent and 
stretchable all-solid supercapacitor. In our design, 

PVA/KNO3 gel served as protective electrolyte 
coverred both AuNWs electrodes to prevent crosion of 
acidic electrolyte H3PO4. PVA/H3PO4 gel served as 
stretchable electrolyte in between (Supplementary Fig. 
4). Fig. 5a shows reproducible CV curves from the 
supercapacitors based on AuNWs thin film, exhibiting 
an excellent capacitive behavior in the full range of 
scan rate from 0.02 V s-1 to 1 V s-1. Fig. 5a inset shows 
the photograph of the typical assembled supercapacitor, 
exhibiting a high transparency of 79% at the 
weavelength of 550 nm (Supplementary Fig. 5).  
  The galvanostatic charge/discharge measurement 
with a nearly triangular shape was presented in Fig. 5b. 
Our AuNWs supercapacitor showed excellent 
capacitive behavior with no obvious IR drop under all 
the charging/discharging conditions. The specific 
capacitance of a supercapacitor could be estimated 
using the Equation 2: 

𝐶 = 𝐼/𝑚(− ∆=
∆>
)                           (2) 

where I is the applied current, m is the mass of active 
materials at both electrodes, ∆V/∆t is the slope of 
discharging curve[29]. In order to avoid over 
estimating the specific capacitance, ∆V/∆t was 
calculated from the Equotion 3: 

∆=
∆>
= (𝑉6 − 𝑉')/(𝑇6 − 𝑇')                 (3) 

where V2 and V1 are the potential after IR drop and the 
half potential of the discharge curve, respectively, T2 
and T1 are the corresponding discharge time of V2 and 
V1[29]. From Fig 5b, the specific capacitance was 
determined to be ~8.5 F g-1

 under the discharge current 
of 0.25 A g-1, slightly larger than previously reported 
CNT based (7.3 F g-1) and graphene based (7.6 F g-1) 
transparent and stretchable supercapacitors[20,21], 
while our supercapacitor showed better optical 
transparency (Supplementary Fig. 6). The 
corresponding areal-specific capacitance for single 
electrode is calculated as 226.8 µF cm-2 by using the 
Equation 4: 

                   𝐶@A@B>CDE@ = 2𝐼∆𝑡/𝑆∆𝑉                           (4) 
where I is the applied current, S is the area of the 
active electrode in supercapacitor, ∆t is the discharging 
time and ∆V is the voltage window[20]. The specific 
capacitance of the supercapacitor was 56.7 µF cm-2  by 
dividing the Celectrode by four. 
 

Fig. 4. (a) Plot of current versus voltage for LED with AuNWs 
monolayer film on PDMS substrate under flat, bending, and 
twisting (180°) states. Insets show photographs of working 
LED under 3 states. (b) Plot of current versus voltage for LEDs 
with AuNWs monolayer film on PDMS substrate after 
stretched at 40% strain for 1 cycle, 50 cycles and 100 cycles. 
Insets show photographs of working LED under unstretched 
and stretched states. 



Full Paper                                                            ELECTROANALYSIS 

  To estimate the stretchability of our tranparent 
supercapacitors, then measured the electrochemical 
properties when the device was under 0% and 30% 
uniaxial strains. As presnted in Figure 5c,d, the CVs 
performance showed negligible changes when the 
supercapacitor was stretched to 30% strain, while the 
normalized capacitance could maintain within >95% 
of initial capacitance. The electrochemical impedance 
spectroscopy (EIS) studies of the supercapacitor under 
0% and 30% strain were conducted in supplementary 
Figure S7, which demonstrated that the stretchable 
supercapacitor maintained an excellent capacitive 
behavior without being affected by the stretching. 
Futhermore, our device also exhibited outstanding 
stability during multiple stretching over 80 times (Fig. 
5 e,f), indicating highly durability and stabiliyt of our 
AuNW-based transparent and stretchable 
supercapacitors. 

4. Conclusion 

In summary, we have successfully demonstrated a 
simple yet efficient strategy to fabricate highly 
stretchable and transparent supercapacitor using 
ultrathin AuNWs. Although such electrodes are only 
~8nm in thickness, they exhibited excellent 
mechanical stretchability and electrical reversibility 
due to the unique stretch-aligned wavy structure and 

intrinsic flexible nature of AuNWs. This new 
supercapcitor could be stretched over 80 cycles 
without degradation. Althouth the mass-specific 
capacitance of our supercapacitor is comparable to 
graphene and CNT based stretchable and transparent 
supercapcitors reported previously, the areal-specific 
capacitance is signigicantly larger due to unique 
structural features of the ultrathin gold nanowires. 
Currently, significant progress has been made in 
fabricating highly stretchable sensors rendering them 
‘highly wearable’, however, current every devices 
remain bulky and rigid offering limited wearability. 
We believe our ultrathin gold nanowire-based strategy 
opens a new route to future wearable energy storage 
devices.  
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