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Highly Stable Ag–Au Core–Shell Nanowire Network 
for ITO-Free Flexible Organic Electrochromic Device
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Solid and flexible electrochromic (EC) devices require a delicate design 
of every component to meet the stringent requirements for transparency, 
flexibility, and deformation stability. However, the electrode technology in 
flexible EC devices stagnates, wherein brittle indium tin oxide (ITO) is the 
primary material. Meanwhile, the inflexibility of metal oxide usually used in 
an active layer and the leakage issue of liquid electrolyte further negatively 
affect EC device performance and lifetime. Herein, a novel and fully 
ITO-free flexible organic EC device is developed by using Ag–Au core–shell 
nanowire (Ag–Au NW) networks, EC polymer and LiBF4/propylene carbonate/
poly(methyl methacrylate) as electrodes, active layer, and solid electrolyte, 
respectively. The Ag–Au NW electrode integrated with a conjugated EC 
polymer together display excellent stability in harsh environments due to the 
tight encapsulation by the Au shell, and high area capacitance of 3.0 mF cm−2 
and specific capacitance of 23.2 F g−1 at current density of 0.5 mA cm−2. The 
device shows high EC performance with reversible transmittance modulation 
in the visible region (40.2% at 550 nm) and near-infrared region (−68.2% at 
1600 nm). Moreover, the device presents excellent flexibility (>1000 bending 
cycles at the bending radius of 5 mm) and fast switching time (5.9 s).
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They have become an area of consider-
able research focus due to their unique 
properties, such as low working voltage, 
fast switching speed, and low cost. Tradi-
tionally, the EC device is based on brittle 
indium tin oxide (ITO) transparent con-
ductive electrodes (TCEs), which however 
substantially limits its application range. 
For example, Yu  et  al. developed a new 
route for fabricating flexible transparent 
smart windows by using Ag nanowires 
(NWs) in one electrode, however, the 
ITO-polyethylene terephthalate (PET) 
TCEs were used as the counter electrodes 
in their EC devices.[3] A very recent study 
by Schott and co-workers reported a new 
flexible EC device based on roll-to-roll 
processable poly(3,4-ethylene dioxythio-
phene) as an active layer, but ITO was 
still involved in the electrodes (ITO–PET 
TCEs).[4] The device displayed large visible 
light transmittance change of 59%, but no 
flexible data were mentioned in the article. 
It is hard to develop a fully-ITO-free EC 

device, which completely relies on Ag NW TCEs, because of 
the poor chemical and electrochemical stability of Ag NWs 
in the  EC environment.[5] In addition, the other components  
of the devices, such as active layer and electrolyte, must also 
meet the stringent requirements of flexibility and stability.

To realize a well-functioning flexible EC device, three cru-
cial components have to be carefully designed, of which the 
first is the TCEs. TCEs are an indispensable component in 
various optoelectronic devices, including liquid crystal dis-
plays, touch panels, solar cells, and EC device.[6] Although ITO 
thin films have accounted for the great majority of the current 
TCE market due to their good optical and electrical properties, 
their future applications are limited by the high cost of the 
sputtering process, the scarcity of the indium resource and 
the low mechanical flexibility of ITO.[7] To overcome all these 
drawbacks, many alternative materials have been studied 
including carbon nanotubes,[8] graphene,[9] conducting 
polymer,[10] and metal NWs.[11] Among these candidates, Ag 
NW network films show bright prospects due to the high elec-
trical conductivity of Ag (6.3 × 107 S m−1, the highest among 
all the metals) and a facile solution-based fabrication process 
of the NWs, as well as the strong endurance against deforma-
tions like stretching and bending.[12] However, nanoscale Ag 
NWs easily get oxidized and thus inevitably stop working in 
a short time period as the irreversible oxidation continues. 

1. Introduction

Development of flexible electronics and optoelectronics will lead 
to the great innovation in portable and wearable electronics and 
communication devices, such as flexible pressure sensors, fold-
able displays, and smartphones.[1] Electrochromic (EC) devices 
capable of achieving dynamic modulation of transmittance over 
the visible (Vis) and near-infrared (NIR) regions are widely used 
in smart windows, antiglare mirrors, and electronic displays.[2] 
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The situation is even worse if they have to be used in a harsh 
environment. For example, Jiang  et  al. reported that the Ag 
NW electrodes were severely oxidized after exposure to air for 
60 days and Ag NWs gradually broke into separated nanopar-
ticles, thus leading to very high sheet resistance eventually.[13] 
In addition, the poor electrochemical stability of the Ag NW 
electrodes represents another big issue. Especially, when the 
Ag NW TCE was used as the anode in the EC device, the NWs 
lost their conductivity due to the oxidation during the charge 
carrier exchanging process with electrolyte.[14] To address this 
issue, it is necessary to protect the Ag NWs with a robust, 
antioxidative layer, which can significantly improve their sta-
bility. These materials should be able to form a compact layer 
and completely eliminate the exposed Ag surface; otherwise 
oxidation will be inevitable in a long run. Various materials, 
including ion-gel film,[13] TiO2,[15] and graphene,[16] have been 
attempted. In most of the reported work, the coated Ag NWs 
showed enhanced stability against oxidation, but not at the 
level of withstanding a harsh environment, quite likely due to 
the incomplete coverage of the coating material. It is critical 
to identify an excellent coating strategy to realize a robust 
coating layer with complete surface coverage and compact, 
nonporous shell structure.

Another major component for a flexible EC device is the 
active layer whose optical properties change via electrochem-
ical redox reactions under an applied voltage. Materials that 
are known to reveal this capability and have been extensively 
explored in EC devices are transition-metal oxides, such as 
WO3,[17] Ta-doped TiO2,[18] MoO3,[19] V2O5,[20] and Nb2O5.[21] 
However, the most widely used method for fabricating the 
metal oxide film is sputter coating, which requires high 
vacuum processing condition.[17a,21a,22] In this regard, spraying 
or printing coating is an attractive alternative for lowering 
fabrication and processing costs, which can also be further 
integrated with the roll-to-roll technology for industrial-scale 
production.[23] Moreover, metal oxides often show inherent 
brittleness and long switching time, which is incompatible 
with flexible electronics. For example, Lee  et  al. reproted a 
dual-band EC device using Ta-doped TiO2 nanocrystals as the 
active material.[18a] The device can independently control the 
Vis and NIR transmittance with good EC performance. How-
ever, the switching time is as long as 62.1 s at the wavelength 
of 550  nm. Recently, conjugated polymers have attracted 
interest as a promising class of materials for flexible and 
solid-state EC devices because of the potentiality of simulta-
neously manipulating their redox and photophysical proper-
ties via synthetic design as well as their flexibility and solution 
processability.[24] Apart from these advantages, fast switching 
and reversible Vis/NIR modulation also make the polymers 
suitable for the next generation of EC devices.

The last key component for a flexible EC device is an elec-
trolyte. As we know, lithium salt dissolved in water, propylene 
carbonate (PC), or N,N-dimethylformamide, has been widely 
used as an electrolyte in EC devices, because of their high 
conductivity and good stability.[25] However, liquid electrolyte 
is prone to evaporation and leakage, which will significantly 
affect the device performance and lifetime.[26] Gel electrolytes 
have been developed to avoid these problems, which not only 
can avoid the leakage of electrolyte, but also offer the electrolyte 

of flexibility. For example, Lee et  al. developed an ultraflexible 
and high-performance supercapacitor device based a gel-like 
polymer electrolyte.[27]

In this paper, we carefully designed all three essential com-
ponents. First, we synthesized robust Ag–Au core–shell NWs 
(denoted as Ag–Au NWs) by an epitaxial deposition method, 
which showed outstanding chemical and thermal stability in 
harsh environments. Ag–Au NWs have been reported by some 
groups. For example, Kim  et  al. prepared highly conductive, 
stretchable and biocompatible Ag–Au NW composite for wear-
able bioelectronics.[28] Liu  et  al. used Ag–Au NW films as the 
surface-enhanced Raman scattering substrate for biological 
molecular analysis and detection.[29] However, Ag–Au NWs 
were rarely used in EC devices, especially in polymer-based EC 
devices. The Ag–Au NW TCEs were then prepared by vacuum 
filtration, followed by polydimethylsiloxane (PDMS) layer depo-
sition. The developed Ag–Au NW TCEs exhibited high optical 
transmittance with low sheet resistance, which are comparable 
to those of commercial ITO TCEs. Moreover, they showed 
excellent stability in harsh environments (work at bias voltage 
of 2 V) and superior flexibility. As for the active layer, we syn-
thesized a printable cyan-color EC polymer, which showed 
excellent long-term stability and outstanding air processability. 
The spray-coated EC polymer film on the Ag–Au NW electrode 
together showed high area capacitance of 3.0 mF cm−2 and spe-
cific capacitance of 23.2 F g−1 at current density of 0.5 mA cm−2. 
A solid electrolyte with high transmittance of almost 98% and 
sufficient flexibility was successfully prepared by additive engi-
neering with acetonitrile, which is one of the most volatile 
organic solvents, and also can easily dissolve electrolyte salts 
of LiBF4, PC, and poly(methyl methacrylate) (PMMA). Finally, 
we assembled a flexible EC device composed of an ultrast-
able Ag–Au NW electrode, the EC polymer active layer, LiBF4/
PC/PMMA electrolyte and another Ag–Au NW electrode. The 
device showed an interesting feature in transmittance modu-
lation in the Vis region (40.2% at wavelength of 550 nm) and 
NIR region (−68.2% at wavelength of 1600 nm), which is very 
different from that of metal oxide-based devices. In addition, 
the device showed fast switching response of ≈5.9 s and out-
standing mechanical flexibility. The high-performing flexible 
EC device holds great promise for the next-generation smart 
window, which combines energy storage and electrochromism 
and has a significant impact on our future life.

2. Results and Discussion

To construct a flexible composite EC device, we first individu-
ally optimized each component of the NWs-polymer-electrolyte 
device. The flexible and stable Ag–Au NW-embedded-PDMS 
TCE (denoted as Ag–Au NW TCE hereafter) was developed 
to address the problems of conventional Ag NW coated PET 
or PDMS TCEs, such as poor adhesion[30] and easy oxidation 
in a relatively short time period.[13] To protect Ag from oxida-
tion, we adopted the core–shell strategy to coat each Ag NW 
with a thin outer layer of Au. We first synthesized Ag NWs 
by a modified polyol synthesis method.[31] The morphology 
of these pure Ag NWs was characterized by scanning elec-
tron microscope (SEM) and transmission electron microscope 
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(TEM). As shown in Figure  1a,b; and Figure S1a (Supporting 
Information), the average diameter of the as-prepared Ag NWs 
is around 49.4  ±  8.4  nm, which have a very smooth surface. 
The Ag–Au NWs were prepared via the conformal deposition 
of Au shell on the Ag NWs using L-ascorbic acid (L-AA) as a 
reducing agent and sodium sulfite as a ligand. The sodium  
sulfite can selectively bound Au3+ and lower the Au reduction 
potential, so that both the ligand-assisted oxidative etching and 
galvanic replacement did not dominate.[32] The galvanic replace-
ment reaction between Au3+ and Ag was also suppressed by 
creating an alkaline condition with the addition of NaOH.[33] 
Under these conditions, it was not necessary to control the 
injection rate nor the concentration of Au3+ solution to avoid 
the formation of voids in the Ag templates[33b,34] or homoge-
neous nucleation of Au nanoparticles in solution in our syn-
thesis; this is quite different from the previously reported work. 
The Ag–Au NW core–shell structure was confirmed by using 
various electron microscopy (Figure  1c,d) and spectroscopy 
methods (Figure 1e–h). After coating with a Au layer, the diam-
eter of the resulting core–shell NWs increased by about 7.1 nm 
(Figure 1c; and Figure S1b, Supporting Information). From the 
TEM images in Figure  1, it can be observed that after the Au 
coating, the NW surface became less smooth. Figure 1e shows a 
brighter contrast on the edge of the core–shell NW, suggesting 
the enrichment of heavier Au atoms. Energy dispersive X-ray 
(EDX) mapping further verified the core–shell nanostructure 
of the Ag–Au NWs (Figure  1f–h). It was found that Ag atoms 
(denoted by red color) located in the central region of the NWs, 
while Au atoms (green color) were mainly distributed in the 
outer edge. The line scan of Au and Ag across the NW diameter 
(Figure S2, Supporting Information) further resolves the distri-
bution of Au and Ag in a single NW yielding the Au shell thick-
ness of ≈3.5 nm. The shell thickness could be regulated from 

3.5 to 7 and 12  nm by varying the number of Ag NWs added 
into the reaction solution. As shown in Table S1 (Supporting 
Information), the atomic percent of Au in the core–shell NWs 
was determined to be 12.1%, 18.5%, and 26.7% via neutron acti-
vation analysis (NAA), which corresponded to the average Au 
shell thicknesses of ≈3.5, ≈7, and 12 nm, respectively.
Figure  2a shows the UV–vis absorption spectra of isopro-

panol dispersion of Ag NWs and Ag–Au NWs. As synthesized 
Ag NWs showed two absorption peaks, at 356 and 389  nm, 
which were ascribed to the transverse localized surface plasmon 
resonance mode of bulk Ag and 1D Ag nanostructures, respec-
tively.[35] The optical response of the Ag NWs was observed to 
be markedly affected by the Au coating. Upon the deposition 
of a Au shell, only one broadband was observed. Figure  2b 
shows the X-ray diffraction (XRD) pattern of Ag and Au–Ag 
NWs. The Ag NWs showed four diffraction peaks at the angle 
of 2θ of 38.1°, 44.3°, 64.4°, and 77.6°, corresponding to the (111), 
(200), (220), and (311) crystalline planes, respectively. The dif-
fraction pattern matched well with that of the face-centered-
cubic crystal structure of Ag (JCPDS Card No. 04-0783).[36] The 
Au coating basically did not affect the XRD pattern, except 
for slight peak broadening, since Ag and Au have similar lat-
tice constants (JCPDS: 4-0783 and 4-0784) with the latter being 
slightly smaller.[37] X-ray photoelectron spectroscopy (XPS) was 
further used to study the surface chemical composition of Ag 
and Ag–Au NWs. The high-resolution Ag 3d scan for Ag NWs 
(Figure S3, Supporting Information) shows a doublet from the 
spin–orbital splitting of Ag 3d3/2 (374.1 eV) and 3d5/2 (368.1 eV), 
with an intensity ratio of 2:3.[38] The result shows that only 
zerovalent Ag was detected, indicative of the successful reduc-
tion of the Ag precursor, which is in agreement with the pre-
vious reports.[39] For comparison, no obvious Ag 3d binding 
energy shift was observed for Ag–Au NWs (Ag 3d3/2 at 374.2 eV, 

Figure 1.  a,b) SEM and TEM images of Ag NWs; c,d) SEM and TEM images of Ag–Au NWs; HAADF-STEM image e), and the corresponding EDX map-
ping images f–h) of Ag–Au NWs. In the EDX maps, red color represents Ag and green color represents Au. The scale bar in (h) is 50 nm.
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Ag 3d5/2 at 368.2 eV), as shown in Figure S3 (Supporting Infor-
mation) and Figure  2c, indicating the absence of Ag–Au alloy 
in the Au-coated Ag NWs.[40] The peaks at 87.6 and 83.9 eV in 
the high-resolution Au 4f spectrum (Figure 2d) are ascribed to 
Au 4f5/2 and Au 4f7/2, respectively, with an intensity ratio of 3:4, 
confirming the presence of metallic Au, which is in good agree-
ment with the previous literature.[39b] The result further con-
firms the Au deposition on Ag NWs.

To evaluate the stability of core–shell NWs against oxidation, 
H2O2 was introduced into the suspensions of Ag and Ag–Au 
NWs. As shown in Figure S4a,b (Supporting Information), the 
absorption of Ag NWs significantly dropped after 1 h, suggesting 
the transformation of Ag NWs to Ag+. In clear contrast, the 
absorption spectrum of the Ag–Au NWs remained essentially 
unchanged, implying the high chemical inertness of the Ag–Au 
NWs against highly oxidizing H2O2. We further immersed 
the fabricated Ag and Ag–Au NW TCEs (their fabrication and 
characterizaitions to be described in the later text) into H2O2  
solution and monitored the change of their sheet resistance 
(Figure S4c,d, Supporting Information). Figure S4d (Supporting 
Information) shows that the Ag–Au NW TCE maintained the 
good conductivity after being immersed into 0.85 m H2O2 for 
120  min, while the Ag NW TCE became nonconductive after 
the exposure to H2O2 as short as 20 min. To make clear the pos-
sible reasons for their different durability in H2O2, we checked 
the morphology of the Ag and Ag–Au NWs TCEs after immer-
sion in H2O2 for 30  min. The Ag NWs were severely etched 
away and left behind some traces of Ag nanoparticles, while 
the morphology of Ag–Au NW TCE remained unchanged after 

the immersion in H2O2 for 30  min (Figure  S4e,f, Supporting 
Information). All these results strongly support that a robust 
and compact Au shell was formed around the Ag NWs, with a 
complete surface coverage. The benefits of the Au shell to the 
Ag NWs and TCE are obvious.

The flexible Ag–Au NW TCEs were prepared using solution 
deposition technique. First, a uniform core–shell NW network 
was deposited on a glass slide substrate by vacuum filtration, 
followed by annealing at 250  °C for 30  min to remove the 
polyvinyl pyrrolidone (PVP) ligand and to sinter the junctions 
among the NWs. Then the PDMS viscous liquid was spin-
coated onto the core–shell NW networks and cured in an oven. 
Such prepared composite films can be readily peeled off the 
glass substrate to obtain the flexible Ag–Au NW TCE. Figure S5 
(Supporting Information) shows typical SEM images of Ag–Au 
NW TCEs, demonstrating that the NWs were well connected. 
Figure  3a summarizes the optical and electrical performance 
of different NW network films: bare Ag, Ag–Au (≈3.5 nm thick 
Au), Ag–Au (≈7 nm thick Au), and Ag–Au (≈12 nm thick Au). 
The results show that Ag and Ag–Au (≈3.5 nm thick Au) NW 
TCEs had similar properties, both exhibiting excellent figures 
of merit. The figure of merit of TCEs is defined as the ratio 
of direct current (DC) conductivity (σDC) to optical conductivity 
(σOp). An approximate relationship between sheet resistance 
(Rs), transmittance (T), σDC and σOp is given by the following 

equation for the NW TCEs: T
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impedance of free space (377 Ω).[41] For industrial applications, 

Figure 2.  a) UV–VIS absorption spectra of pristine Ag NWs and Ag–Au NWs. b) XRD spectra of pristine Ag NWs and Ag–Au NWs. Slight broadening of 
the XRD peaks was observed for the Ag–Au NWs due to Au layer coating. c) Ag 3d and d) Au 4f XPS spectra of Ag–Au NWs. The black dotted lines indicate 
the raw spectral data, and the color lines are fitted deconvolutions. The spin orbit splitting values are 6.0 eV for Ag 3d and 3.7 eV for Au 4f, respectively.
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the figure of merit value of TCEs should be larger than 35.[14] 
As shown in Figure S6 (Supporting Information), the figure of 
merit values of the Ag–Au (≈3.5 nm thick Au) NW TCEs could 
be tuned up to 120.1, which is superior to that of most high-
performing TCEs, such as graphene (114),[42] Cu NWs (87),[43] 
and Ag NWs (96).[14] However, with the increase of Au shell 
thickness, we noticed an obvious decrease in the electrical con-
ductivity and figure of merit values (as shown in Figure 3a; and 
Figure S6, Supporting Information). This is because the elec-
trical conductivity of Au (4.5 × 107 S  m−1) is 40% lower than 
that of Ag (6.3 × 107 S m−1). In addition, the Au shell deposition 
decreases the aspect ratio of the NWs, which will also lead to 
reduced figure of merit values. Another important parameter of 
TCEs is their haze factor, which is defined as the percentage of 
diffusely scattered light to the total transmitted light.[44] Haze is 
extremely important for smart window applications, in which 
high light scattering will significantly reduce the sharpness of 
the window. Figure 3b shows the haze values of the three types 
(Ag NW, Ag–Au NW of different Au thickness and ITO–PET) 
of TCEs as a function of their total transmittance at 550  nm. 
The fabrication procedure of all the NW TCEs was kept the 
same in order to eliminate process-induced inhomogeneity. 
Generally, the haze values of all these TCEs decreased linearly 
with total transmittance, which is consistent with the previous 
reports.[35b,45] Interestingly, the Ag–Au (≈3.5 nm thick Au) NW 
TCE exhibited the same level of haze as the Ag NW TCE, which 
is comparable to or even slightly lower than that of ITO–PET 
TCE (total transmittance 88%, haze value 4.9%). As the Au shell 

got thicker, the haze values significantly increased. To eval-
uate the oxidation resistance of the developed TCE in a harsh 
environment, in addition to the above mentioned H2O2 tests, 
the Ag NW and Ag–Au NW TCEs were also placed in a high 
humidity (85% RH) and high temperature (85 °C) environment 
for 5 days. Figure 3c shows the change in the sheet resistance 
of Ag NW and Ag–Au NW TCEs during the thermal oxidation 
stability test. After 5 days of exposure to the harsh environ-
ment, the sheet resistance of the pure Ag NW TCE increased 
by about 2.5 times due to the Ag oxidation. It is known that 
when the Ag NWs are oxidized, the formation of silver oxides 
on NWs’ surface causes the increase of both the junction resist-
ance and electrical resistivity of the Ag NWs. In contrast, all 
the Ag–Au NW TCEs, including those with a thin Au shell of 
3.5  nm, remained almost their initial sheet resistance values 
after the exposure test of 5 days. In other words, the oxidation 
resistance of the core–shell NW TCEs was similar, regardless of 
the Au shell thickness, indicating the excellent encapsulation 
of the Ag NWs by the Au shell in all three cases. It further sug-
gests that even as thin as 3.5 nm Au shell can provide strong 
protection to the Ag core NWs. It can be deduced that the Au 
layer is compact and has complete surface coverage; otherwise, 
Ag oxidation is inevitable. We further studied the long-term sta-
bility of the NW-based TCEs in air under ambient conditions 
(Figure S7, Supporting Information). The sheet resistance of 
the Ag–Au (3.5 nm thick Au) NW TCEs, without any additional 
encapsulation, remained nearly constant after the exposure 
for 90 days. However, the sheet resistance of the Ag NW TCEs 

Figure 3.  a) Plot of transmittance at 550 nm versus sheet resistance for the Ag NW TCE and Ag–Au NW TCEs with different thickness (≈3.5, ≈7, ≈12 nm) 
of Au shell. b) Haze factor versus transmittance measured at 550 nm for Ag NW, Ag–Au NW and ITO-PET TCEs. c) Plots of sheet resistance variation 
versus time for Ag NW and Ag–Au NW TCEs at 85 °C/85% RH. The inset enlarges the sample difference measured at 80–120 h. d) Variation in sheet 
resistance of the ITO–PET, Ag NW, and Ag–Au NW (≈3.5 nm thick Au) TCEs as a function of the number of bending cycles (bending radius: 5 mm).
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became 2.3  times higher than its initial value after 90 days’ 
exposure. The structure of these NWs was invesitgated by XRD 
to evaluate the enhanced stability against oxidation in the pres-
ence of the Au shell. As shown in Figure S8 (Supporting Infor-
mation), for the Ag NWs films after long-term air exposure, two 
additional XRD peaks at 32.2° and 46.2° emerged, which is in 
line with formation of Ag2O.[46]

The Ag–Au NW TCE also possessed outstanding flexibility, 
which is indispensable for emerging optoelectric devices, 
such as flexible EC devices and photovoltaic devices. The flex-
ibility of Ag–Au NW and ITO–PET TCEs was further evaluated 
by recording the variation of sheet resistance after repeated 
bending tests (Figure 3d). Impressively, the sheet resistance of 
the Ag–Ag NW TCEs remained almost unchanged after 5000 
bending cycles. In contrast, the ITO–PET TCEs showed a sharp 
increase in its sheet resistance within the first few cycles of 
the bending test. Since ITO is a brittle inorganic material, it 
can easily crack under even a small strain. While the superior 
mechanical flexibility of Ag–Au NW TCE can be attributed to 
the flexibility of both PDMS and NWs themselves as well as the 
strong interface between them.

Electrochemical property is a key parameter that must be 
studied first before the metal-based NW films can be used as 
electrodes in the EC device, because they (such as Cu NWs and 
Ag NWs) can be easily oxidized under the applied voltage when 
used as anodes.[14] To investigate the electrochemical stability of 
our developed Ag–Au NW electrodes, cyclic voltammetry (CV) 
tests were performed using a three electrodes configuration 

with Ag NW or Ag–Au NW films as the working electrode, Pt 
as the counter electrode and Ag/Ag+ as the reference electrode 
in the 0.5 m LiBF4 anhydrous PC electrolyte. The typical CV dia-
gram for the pure Ag NW electrode is depicted in Figure 4a. 
The Ag NW TCE exhibited an oxidation peak (≈0.7 V) followed 
by flattened curve without corresponding reduction peak in the 
reverse voltage scan at the first CV cycle, indicating that the 
TCE could not be successively “recovered” after the Ag NWs 
oxidation. The oxidized Ag NW electrode lost its conductivity 
at the second cycle of the measurement, and the CV diagram 
did not show any redox peaks (Figure 4a, red line). In contrast, 
the Ag–Au NW TCEs displayed a stable CV in the scan range 
of 0–1.5 V, and even in 0–2.0 V (Figure 4b). They had the same 
oxidation peaks at ≈0.7 V, which was the similar to the oxidation 
peak of Ag NW TCE. Whereas, corresponding reduction peaks 
could be found in the reverse voltage scan in every CV cycle 
(Figure S9, Supporting Information). To understand better 
the different electrochemical stability between the Ag NW and 
Ag–Au NW TCEs, we checked the morphology of both types 
of the electrodes after the electrochemical tests. As shown in 
Figure 4c, the network structure of the Ag NW TCEs was dam-
aged in certain regions due to NW breakage, thus leading to 
the loss of conductivity. In comparison, the morphology of the 
Ag–Au NW TCEs remained almost unchanged, and the NW 
network was still well connected everywhere after the electro-
chemical tests (Figure 4d). The results imply that the Au shell 
successfully protected the Ag NWs against the oxidative disso-
lution and break down under the oxidizing condition.

Figure 4.  CV test results of a) Ag and b) Ag–Au NW TCEs in the standard three-electrode set-up. Measurements were done in 0.5 m LiBF4/PC at a scan 
rate of 25 mV s−1. SEM images of c) Ag and d) Ag–Au NW TCEs after electrochemical stability tests. The core–shell NWs were very stable, however, Ag 
NWs were partially damaged. Arrows and ellipses highlight broken Ag NWs.
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To evaluate the potential of our NW TCEs in practical appli-
cation, we used a spray-coating method to deposit a uniform 
EC polymer film on the Ag–Au NW TCE, as schematically illus-
trated in Figure 5a. The EC polymer was synthesized by polym-
erizing oligomers labeled as IT3935, as presented in Figure S10 
(Supporting Information). The proton nuclear magnetic reso-
nance (1H-NMR) spectrum of oligomers is shown in Figure S11 
(Supporting Information). The synthesized EC polymer was 
characterized by thermogravimetric analyzer (TGA) and dif-
ferential scanning calorimetry (DSC). As shown in Figure S12a 
(Supporting Information), the EC polymer started to exhibit 
obvious weight loss at around 300  °C and the major weight 
loss occurred in the range of 350–450  °C due to decomposi-
tion of the EC polymer. The total weight loss was about 81% 
up to 1000  °C. Based on the thermal property obtained from 
TGA measurements, the maximum temperature for DSC 
measurements was set at 300  °C. Basically, the DSC result 
revealed no prominent cystalline/amorphous phase transitions 
for the EC polymer (Figure S12b, Supporting Information), 
suggesting that it was not crystalline. The UV–vis absorption 
spectrum of the polymer in toluene is shown in Figure 5b, in 
which two absorption peaks were observed at 403 and 665 nm, 

corresponding to the electron-rich portion of polymer backbone 
and to the intramolecular donor–acceptor interaction arising 
from the covalent bonding of 3,4-propylenedioxythiophene 
(ProDOT, electron-rich) and 2,1,3-benzothiadiazole (BTD, elec-
tron-deficient) building units, respectively.[47] More details for 
synthesis can be found in the Experimental Section.

Figure S13 (Supporting Information) displays atomic force 
microscope (AFM) topography image and the photo-induced 
force microscope (PiFM) spectrum at the four labeled positions 
of EC polymer film on the Ag–Au NW TCE. The EC polymer 
film was very smooth with the root mean square roughness 
(Rms) of ≈0.34  nm (Figure S13a, Supporting Information), 
showing the same PiFM spectrum at randomly selected meas-
uring positions (Figure S13b, Supporting Information). The 
Nano-Infrared PiFM spectrum shows strong peaks at ≈1559 and 
≈1639 cm−1, which correspond to the CN and CC stretching 
vibrations in BTD, respectively.[48] The bands appearing at  
≈815 and ≈865 cm−1 are associated with the vibrations of 
CSC bond in thiophene ring, while those at ≈1031 and  
≈1092 cm−1 are the characteristic bending vibration of the COC 
in ProDOT.[49] The results suggest the uniform chemical com-
position throughout the polymer film. This finding was also in 

Figure 5.  a) Schematic illustration of a cyan EC polymer coated on Ag–Au NW TCE. b) UV–vis absorption of cyan EC polymer. The inset is an optical 
image of cyan polymer in toluene solution. Electrochemical behavior of EC polymer/Ag–Au NW TCE in a three-electrode configuration. c) CV curves at 
different scan rates. d) Galvanostatic charge/discharge curves at different current densities. e) Area capacitance and specific capacitance of EC polymer 
coated on the Ag–Au NW TCE calculated from galvanostatic charge/discharge at different current densities.
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line with the DSC results, i.e., the polymer film was amorphous, 
because otherwise the vibration modes will vary depending on 
the specific crystallization status at various positions.

The electrochemical property of the EC polymer was 
studied after it was spray coated onto the Ag–Au NW TCE 
(denoted as EC polymer/Ag–Au NW TCE hereafter) using 
a standard three-electrode configuration in 0.5 m LiBF4/
PC solution. The CV experiments were conducted between 
−0.2 and 1.5  V at different scan rates from 25 to 125  mV  s−1 
(Figure  5c). The EC polymer/Ag–Au NW TCE exhibited an 
oxidation onset around 0.36 V and a pair of redox peaks at all 
the scan rates. These CV curves revealed the typical behavior 
of a Faradaic-type electrode, suggesting the synthesized 
cyan-color polymer can act as a suitable material for electro-
chemical supercapacitors. The EC polymer/Ag–Au NW TCE 
was found to be electrochemically stable; it could maintain  
most of the capacitance after 200 cycles of scanning between 
−0.2 and 1.5  V at the rate of 25  mV  s−1 in ambient air 
(Figure S14, Supporting Information). Figure 5d and Figure S15  
(Supporting Information) show the corresponding galvanostatic 
charge/discharge curves of the EC polymer/Ag–Au NW TCE 
at current densities from 0.05 to 6  mA  cm−2. The slope of the 
galvanostatic charge/discharge curves are consistent with the 
observations from the CV curves. Moreover, each curve showed a 
nonlinear profile, which further confirms the Faradaic behavior of 
the EC polymer/Ag–Au NW TCE. On the basis of the discharge 
curves, the area and specific capacitance of EC polymer/Ag–Au 
NW TCE was calculated (Figure 5e). The area and specific capaci-
tance reached 3.0 mF cm−2 and 23.2 F g−1, respectively, at a current 
density of 0.5 mA cm−2, which are comparable with those reported 
for conjugated polymers, such as 2.0 mF cm−2 and 25.0 F g−1 for 
poly[4,7-bis(3,6-dihexyloxy-thieno[3,2-b]thiophen-2-yl)]benzo[c]
[1,2,5]thiadiazole,[50] 1.7  mF  cm−2 for poly(6,6’-BEDOT-iI-But2),[51] 
and 2.5 mF cm−2 for poly(6,6′-BEDOT-iI-Hex2) derivative.[51]

After confirming the excellent performance of the EC 
polymer and the NW TCE, we further constructed a novel 
ITO-free EC device with both electrodes being the Ag–Au NW 
TCEs. As schematically illustrated in Figure S16 (Supporting 
Information), the solid state flexible EC device was fabricated 
using the Ag–Au NW network/EC polymer as the working elec-
trode/active layer, the Ag–Au NW TCE as a counter electrode 
and LiBF4/PC/PMMA as the solid electrolyte. The EC device 
lifetime is known to be significantly affected by liquid electro-
lyte evaporation and leakage. Although the situation has been 
improved by incorporating liquid electrolyte with a polymer 
matrix to get a gel electrolyte, the electrolyte still suffers from 
low ionic conductivity and has evaporation and leakage issues. 
In this context, we developed a new solid state electrolyte by 
applying acetonitrile as a solvent to dissolve LiBF4, PMMA, 
and PC followed by acetonitrile evaporation. As illustrated in 
the inset in Figure S17 (Supporting Information), the prepared 
gel electrolyte in the glass vial showed excellent transparency. 
After drying in an oven at 60 °C for 6 h, the acetonitrile com-
pletely evaporated, leading to a solid electrolyte film with good 
flexibility for device assembly. The transparency of the electro-
lyte film was measured using a glass as reference. As shown in 
Figure S17 (Supporting Information), transmittance of the elec-
trolyte film reached ≈98% at most wavelengths in the range of 
350–2000 nm.

We further studied the EC performance of devices, as pre-
sented in Figure  6. Figure  6a shows the Vis–NIR transmis-
sion spectra of the fabricated EC devices, in their colored/
bleached states, and corresponding photographs. Interestingly, 
it was observed that the device showed the opposite transmit-
tance modulation in the Vis and NIR regions. When the device 
was in its original state (Figure 6a, black line), it showed a low 
optical transmittance of 9.3% at 550 nm, to which human eyes 
have the highest sensitivity, while a high optical transmittance 
of 82.7% at 1600  nm. Upon the application of an external bias 
of 1.2 V for 30 s, the optical transmittance of device at 550 nm 
increased to 49.5%, while at 1600 nm it decreased to 14.5%. This 
interesting feature provides an opportunity to tune Vis and NIR 
lights oppositely. The speed of EC devices’ response between the 
colored and bleached states was measured from the transmit-
tance spectra in real time. The switching time is defined as the 
time for bleaching (tb,90%) and coloring (tc,90%) to reach 90% of a 
full transmittance change between the fully bleached and colored 
states.[52] Here, an external bias of 1.2 and −1.0 V was alternately 
applied for 30 s. The bleached-colored tests were carried out for 
more than 200 cycles and only 4 cycles were revealed in Figure 6. 
It can be seen that at 550  nm, the tb,90% and tc,90% were ≈3.2 
and ≈2.7 s, respectively (Figure 6b), similar to those observed at 
1600 nm (Figure 6c). The switching time for our devices is faster 
than those reported previously, for instance, Ta-doped TiO2 (9.5, 
52.6 s),[18a] a-WO3 amorphous film (5, 12 s),[17a] c-WO3 crystalline 
film (166, 68 s),[17a] P8W48/W18O49 hybrid NW (26, 52 s),[53] poly-
cyclic aromatic hydrocarbon (65, 5 s),[54] and tetraphenylethene-
diphenylamine derivatives (4.2, 7.9 s).[55] The fast switching time 
should be attributed to the intimate contact between the Ag–Au 
NWs and EC polymer. The switching time is affected by the size 
of device, as shown in Table S2 (Supporting Information). It can 
be seen that with the increase of the device size, the switching 
time increases and transmittance change decreases. However, 
the device size has little effect on their stability, as reflected from 
the lack of the transmittance change during 200 consecutive on-
and-off switching cycles.

Finally, the mechanical flexibility of the EC devices was 
investigated by repeated bending at a small radius of 5  mm. 
As shown in Figure  6d, the transmittance modulation of the 
Ag–Au NW TCEs-based EC devices decreased to about 88.1% 
of the initial value after 400 cycles and maintained at the same 
level for the next 600 bending cycles. For comparison, the EC 
devices were also fabricated on ITO–PET TCEs under the same 
conditions. However, the ITO–PET TCEs based EC devices 
completely lost their function after 200 bending cycles. The 
lack of stability of the ITO–PET TCEs is related to the forma-
tion of micrometer sized cracks after several cycles of bending, 
resulting in larger sheet resistance (Figure S18a,b, Supporting 
Information). In contrast, there were no cracks in the NW 
TCEs, which was in line with the super-flexible NW TCEs-based 
EC devices (Figure S18c,d, Supporting Information).

3. Conclusion

In conclusion, we developed a robust conformal deposition 
method to synthesize Ag–Au core–shell NWs, which exhib-
ited excellent chemical and thermal stability. Flexible and high 
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performance TCE was prepared using these ultrastable core–
shell NWs with outstanding optical and electric properties. In 
addition, the developed NW TCEs revealed remarkable thermal 
oxidation and electrochemical stabilities because of tight encap-
sulation of the Ag NW by the impermeable Au shell. A flex-
ible EC device was then successfully assembled using the stable 
Ag–Au NW film, cyan-color EC polymer, LiBF4/PC/PMMA and 
Ag–Au NW film as the working electrode, active layer, solid 
electrolyte, and counter electrode, respectively. The Ag–Au NW 
TCE and deposited EC polymer together showed high area 
capacitance (3.0 mF cm−2) and specific capacitance (23.2 F g−1) 
at current density of 0.5  mA  cm−2. The experimental results 
demonstrated the interesting feature in transmittance modula-
tion at Vis (40.2% at wavelength of 550 nm, to which humans 
have the maximum visual sensitivity) and NIR lights (−68.2% 
at wavelength of 1600  nm). Moreover, the device with an area 
of 3  cm2 showed fast switching response of ≈5.9 s under an 
external bias of 1.2/−1.0 V, and excellent mechanical flexibility. 
The high-performance and flexible EC device holds great 
promise for the next-generation smart window, which has a sig-
nificant impact on our future life.

4. Experimental Section
Materials: Silver nitrate (AgNO3, >99.9%,)  and iron (III) nitrate 

nonahydrate (Fe(NO3)3∙9H2O, >98%)  were purchased from Alfa Aesar 
Co. Sodium chloride (NaCl, lab grade), IPA (>99.5%), ethanol (99.9%), 

methanol (99.9%), and lithium tetrafluoroborate (LiBF4, 98%, anhydrous) 
were purchased from Fisher Scientic Co. Gold(III) chloride trihydrate 
(HAuCl4·3H2O, ACS reagent), sodium sulfite (Na2SO3, >98.0%)  iron 
trichloride (FeCl3, anhydrous), ethylene glycol (EG, 99.8%, anhydrous), 
L-Ascorbic acid (L-AA, >99.0%),  PMMA (average Mw  = 350 000), PVP 
(average Mw = 40 000), trichloromethane (CHCl3, >99.5%), nitromethane 
(CH3NO2, >99.0%),  acetonitrile (CH3CN, anhydrous, 99.8%), and 
PC (99.5%, anhydrous) were purchased from Sigma-Aldrich. IT3935 
(CAS#1150123-93-5, 4,7-bis[3,4-dihydro-3,3-bis[(octyloxy)methyl]-2H-
thieno[3,4-b][1,4]dioxepin-6-yl]- 2,1,3-Benzothiadiazole) is commercially 
available from 1-Material Inc. The ITO–PET film was purchased from 
Zhuhai Kaivo Optoelectronic Technology Inc. All chemicals were used 
without further purification.

Synthesis of Ag NWs: In a typical synthesis, EG (1260  mL) was first 
hosted in a three-necked flask and heated to 110 °C. After 60 min, 6 mL 
of 30 × 10−3 m NaCl solution in EG and 30 mL of 40 × 10−3 m Fe(NO3)3 
solution in EG were added to the above flask and kept for 20 min. Then, 
5.2  g AgNO3 in 300  mL EG solution was slowly injected to the above 
reaction mixture. Finally, the mixture was allowed to react at 110 °C for 15 
h and then quenched to room temperature.

Synthesis of Ag–Au NWs: The Au precursor solution was prepared by 
adding H2O (23.6 mL), HAuCl4 (200 µL, 0.25 m), NaOH (1.2 mL, 0.2 m), 
and Na2SO3 (15 mL, 0.01 m) in sequence to a 50 mL round bottom flask. 
The mixture solution was left undisturbed for 12 h before use. Another 
solution was obtained by mixing H2O (46 mL), PVP (10 mL, 5 wt%), L-AA 
(2 mL, 0.5 m), NaOH (2 mL, 0.5 m), Na2SO3 (500 µL, 0.1 m), and Ag NWs 
(60 mg) in a flask. The mixture was then merged with the Au precursor 
solution and allowed to proceed undisturbed at room temperature for 
6 h. Finally, Ag–Au NWs were washed with H2O and IPA and collected by 
centrifugation. Such obtained NWs had an average Au shell thickness of 
≈3.5 nm, which could be changed by varying the quantity of the Ag NWs 

Figure 6.  EC performance of Ag–Au NW TCE based device. a) Transmittance measurements and the corresponding photographs. Real-time transmit-
tance changes measured at b) 550 and c) 1600 nm during 200 consecutive cycles. d) Cycling behavior of the ITO–PET and Ag–Au NW TCE-based EC 
devices bent to a bending radius of 5 mm.
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involved in the synthesis. For instance, the average Au shell thickness 
could be changed to ≈7 and ≈12 nm by altering the mass of the Ag NWs 
to 40 and 20 mg, respectively, during the synthesis.

Preparation of Ag–Au NW TCEs: The glass slide was first cleaned in 
soap water, deionized water, acetone and IPA, and dried by using N2 gas. 
Then, the Ag–Au NWs were diluted in IPA and deposited on a Sartorius 
polytetrafluoroethylene filter membrane (pore size 450 nm) by vacuum 
filtration. Afterwards, the NW film was transferred to the glass slide via 
pressure-aided method. In brief, the Ag–Au NW film/membrane was 
placed on the glass slide with the NWs in contact with the glass for 5 h 
under the stress of 10  kPa. After that, the filter membrane was peeled 
off. The NW film/glass with different transparencies can be obtained by 
varying either the concentration or volume of Ag–Au NWs suspension. 
The Ag–Au NW film/glass was then annealed under Ar 95%/H2 5% 
mixed atmosphere at 250 °C for 30 min to obtain a higher conductivity. 
After that, a PDMS layer was coated onto the surface of Ag–Au NW film 
by spin coating and dried in a vacuum oven at 120  °C for 1 h. Finally, 
the flexible Ag–Au NW TCE was obtained by peeling off the film from the 
glass slide. For comparison, the Ag NW TCE was prepared following the 
same procedure, with the only exception being the use of as prepared 
Ag NWs.

Synthesis of EC Polymer: A three-necked 250 mL flask equipped with 
a mechanic stirrer, an argon inlet and a pressure-equalizing dropping 
funnel capped with an argon outlet was thoroughly dried by a torch 
and cooled to room temperature under the continuous flow of argon. 
Into this reaction flask, 1.30 g compound IT3935 was first dissolved in 
100 mL chloroform. Then, 1.04 g anhydrous FeCl3 in nitromethane was 
added dropwise over a period of 30  min to the above solution. The 
reaction mixture was stirred at room temperature for 72 h, and then 
precipitated into 200  mL methanol. The precipitate was collected by 
filtration and redissolved in 250 mL chloroform. Then, 10 mL hydrazine 
monohydrate was added, and the mixture was stirred for 8 h. After 
evaporation, the concentrate was further precipitated into 300  mL 
methanol. After that, the precipitate was filtered by a Soxhlet thimble 
and subsequently extracted via a Soxhlet extractor by methanol for 24 h, 
followed by a mixed solvent (chloroform: methanol = 80:20) for 24 h 
and finally by chloroform for 24 h. The mixed solvent extracted fraction 
was concentrated by evaporation, and precipitated in 300 mL methanol, 
filtered, dried and collected as a cyan solid, referred as the EC polymer.

Preparation of Gel-Like Electrolyte: To make an electrolyte, LiBF4 
(0.66 g) was first dissolved in PC (2 g) solution. After that, acetonitrile 
(7.86  g) was introduced to the above solution. Then, PMMA (1.5  g) 
was slowly added into the mixture solution with magnetic stirring for 
12 h. After PMMA was fully dissolved, viscous and transparent gel-like 
electrolyte was obtained.

Fabrication of EC Device Based on Ag–Au NW TCEs: The EC device 
was prepared as follows. First, the Ag–Au NW TCEs were cleaned by IPA 
and dried by using N2 gas flow. Then, the EC polymer was deposited 
onto the Ag–Au NW TCE by spray coating. After that, the gel electrolyte 
described above was deposited onto the EC polymer film using tape as 
spacer. The as-prepared samples were then kept in an oven at 60 °C for 
5 h to make the acetonitrile evaporate, leading to a solid electrolyte film. 
Finally, the EC device was completed via placing another Ag–Au NW TCE 
on the top.

Characterization: The morphology of the Ag and Ag–Au NWs was 
measured by a TEM (JEOL 2100F), equipping with an EDX spectrometer 
operated at 200  kV. The structure of the Ag–Au NW TCE was 
characterized using a SEM (LYRA3, Tescan), operated at 10 kV. The crystal 
structures of Ag and Ag–Au NWs were further examined by an XRD (D8 
Advance, Bruker), using a Cu Kα radiation source (λ  =  0.15 406  nm) 
operated at 40  kV and 40  mA. The chemical compositions of Ag and 
Ag–Au NWs were further studied by an XPS (VG Esclab220i XL), 
operated with an Al Kα source. NAA measurements were acquired by a 
SLOWPOKE nuclear reactor to determine the weight content of Au and 
Ag in the Ag–Au NWs. UV–vis absorption and transmission spectra of 
the samples were performed with an UV–vis–NIR spectrophotometer 
(Varian, Cary 5000). Haze measurement was carried out on an 
UV–vis–NIR spectrophotometer (Perkin Elmer, Lambda 750) with an 

integrating sphere. The surface topography of the TCEs was investigated 
by an AFM (MultiMode 8-HR, Bruker). The topography and PiFM 
spectra of EC polymer film on the Ag–Au NW electrode were acquired 
using VistaScope (MolecularVista, San-José, USA) scanning probe 
microscope. The sheet resistance of ITO-PET TCEs and NW TCEs was 
studied by a four-point probe (S-302). 1H NMR spectra of oligomers 
IT3935 was collected on Bruker Advance 500 MHz. The thermochemistry 
of the EC polymer was analyzed by TGA (TA Instruments Q500) and DSC 
(Mettler Toledo) under N2 atmosphere. Electrochemical measurements 
were carried out using three electrodes on electrochemical workstation 
(CH Instruments, CHI 660E).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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