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A B S T R A C T   

Flexible transparent conductive films (FTCFs) have attracted tremendous concern because it is a key component 
of next generation electronics and optoelectronic devices. Silver nanowires (AgNWs) random networks have 
become the most promising candidates for FTCFs, with high transmittance, low sheet resistance, and excellent 
mechanical flexibility. However, there are many barriers to the application of FTCFs based on AgNWs, such as 
easy oxidization and weak adhesion to the substrates. Here, we developed a facile approach to fabricate AgNW-C 
core–shell nanowires derived from the carbonization of glucose by a one-pot solvothermal method. A uniform 
amorphous carbon shell coating improves the chemical stability of AgNWs and the hydroxyls on the surface of 
the nanowires enhance the adhesion to the substrate. The AgNW-C/poly(ethylene terephthalate) (PET) trans-
parent conductive film shows excellent robustness when subjected to bending (ΔR/R0 ≈ 2.8% after bending 2000 
times). Besides, the conductivity of AgNW-C/PET film remains relatively stable after 100 peeling-off cycles by a 
3 M tape test. A flexible electrochromic device (FCD) has also been constructed based on the AgNW-C/PET film, 
which shows promising stability and mechanical flexibility due to the remarkable electrochemical stability and 
mechanical strength of the AgNW-C/PET films. The results present the significant potential applications of the 
flexible transparent device based on AgNW-C/PET film for many fields in the future.   

1. Introduction 

The development of flexible electrochromic devices (FCDs) have 
become a hotpot for the applications of various electronics such as 
flexible displays, electronic papers, smart windows and sensors [1–6]. 
Flexible transparent conductive film (FTCF), which is as a cor-
e component of FCDs, becomes crucially important and has attracted 
considerable attention [1,6–9]. 

Indium tin oxide (ITO) and fluorine-doped tin oxide (FTO), which are 
widely used as conventional materials for FTCFs, are critical restrictions 
for further development due to their brittleness and high cost [10–12]. 
Therefore, some feasible materials including carbon nanotubes (CNTs) 
[13], graphenes [14], and metallic nanowires [15,16] have attracted 
immense attention because of their flexibility. Among them, random 
networks with silver nanowires (AgNWs) are promising alternatives on 
account of their excellent photoelectric performance, compatibility with 
flexible substrates and easy adaptation to large-scale fabrication 

[17,18]. However, there are two critical issues need to be addressed 
when considering possible applications of AgNWs in flexible transparent 
conductive films: 1) chemical instability of AgNWs due to oxidation or 
corrosion during long-term storage or electrochemical cycling, leading 
to loss of electric conductivity [19,20]; 2) delamination of AgNWs from 
the surface of the substrate due to the weak interface adhesion to the 
substrates [20–22]. 

Considerable effort has been devoted to address the above two issues. 
In order to improve the chemical stability of AgNWs, many materials 
have been developed to protect the AgNWs as an wrapped layer, such as 
conductive polymers [2,23], metals [3], oxides [24], and carbon-based 
materials [20,25]. For example, Yan et al. [26] have reported that 
reduced graphene oxide (rGO) sheets were used as a protective layer to 
avoid the oxidation of AgNWs. As a consequence, good oxidation 
resistance, thermal stability, and heating performances have been ach-
ieved with rGO/AgNW film. Lee et al. [3] have developed a solution 
process to synthesize the Ag-Au core–shell nanowires with enhanced 
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chemical and electrochemical stabilities. However, despite the advan-
tages, its mechanical adhesion to the substrate is still the major issue 
which might cause a short circuit and failure of devices. Moreover, the 
continuous protective layers over AgNWs usually lead to a high junction 
resistance, which will deteriorate the whole performance of the device. 
Embedding the AgNWs into the polymer matrix is an alternative strategy 
to enhance the stability while increase adhesion to a substrate. For 
instance, Yan et al. [27] presented the fabrication of silver-zinc battery 
based on stretchable AgNWs electrodes with embedded poly-
dimethylsiloxane (PDMS), which enhanced the cohesion between PDMS 
and AgNWs. Nevertheless, the antioxidation ability of AgNWs are still 
unsatisfactory due to incomplete wrapping of polymer. Therefore, it is 
still a great challenge to on one hand develop a facile strategy to 
generate AgNWs with high chemical stability and on the other hand 
enhance the adhesion to the substrates, thus to achieve flexible trans-
parent current collector with high resistance against oxidation and 
mechanical deformation. 

Taking note of the key points described above, we report a facile 
approach to fabricate AgNW-C core–shell nanowires derived from the 
carbonization of glucose by a one-pot solvothermal method. A uniform 
amorphous carbon shell coating not only improves the stability of 
AgNWs, but also enhances the adhesion to the substrates dramatically 
due to the hydroxyls on the surface of the AgNW-C. A FCD device based 
on the WO3/AgNW-C/PET electrode has been constructed, which ex-
hibits noticeable electrochromic performance and mechanical flexi-
bility. The proposed method for protecting AgNWs is a promising 
strategy toward the next generation of flexible electronics. 

2. Experimental section 

2.1. Materials 

Silver nitrate (AgNO3), polyvinylpyrrolidone (PVP) powders (avg. 
Mw #55 000), sodium chloride (NaCl⋅2H2O), ethylene glycol (EG cat. 
no. 9300, lots H38B30), ethyl alcohol and glucose were all purchased 
from Sigma Aldrich. All the chemicals were used as analytical grade. 
Deionized water (18 MU cm) was obtained from a micro pure HIQ water 
purifying system. The poly(ethylene terephthalate) (PET) was obtained 
commercially (Mingke Hardware Co. Ltd). WO3 layer was deposited on 
substrate by e-beam evaporation. The used targets were WO3 particles 
(99.99%), with diameter of 1–3 mm. The distance between the target 
and substrate was 30 cm. The base pressure of chamber was evacuated 
below 5 × 10− 4 Pa. Ultraviolet (UV) curing resin and UV lamps were 
purchased from Ksimi factory. 

2.2. Synthesis of AgNW-C core–shell nanowires 

AgNW-C core–shell nanowires were synthesized by solvothermal 
method as follows. Different amounts of glucose (0.15 mol/L, 0.2 mol/L 
and 0.25 mol/L) were dissolved in 20 ml of EG to form a clear solution 
and were put into a mixed solution of PVP (2.0 g) and AgNO3 (0.51 g). 
Next, 0.03 ml of NaCl (0.023 mol/L) in ethylene glycol was added to the 
mixture and stirred for 10 min. The solutions were then solvothermal 
treated at 160 ◦C, 180 ◦C and 200 ◦C, respectively for 12 h. Corre-
spondingly, the samples (glucose 0.2 mol/L) were labeled as AgNW-C- 
160, AgNW-C-180, AgNW-C-200, respectively. After the reaction, the 
autoclave was allowed to cool in air and the suspension was centrifuged 
at 6000 rpm (rpm: revolutions per minute) for 20 min. The solid was 
washed with deionized water and ethanol to remove EG, PVP and other 
impurities from the supernatant. After the final centrifuge, the precipi-
tate of AgNW-C is dispersed in 30 ml of ethanol. 

For comparison, pristine AgNWs were also synthesized by sol-
vothermal method.[28] The following steps were carried out as 
described above. The difference is that the temperature is set at 160 ◦C 
for 2 h without adding glucose. 

2.3. Preparation of flexible composite electrochromic electrode 

The composite electrode was fabricated with AgNW-C-180/PET by 
using the Mayer rod coating method.[28,29] A pre-cleaned PET sub-
strate was pretreated with 50-sccm O2 plasma for 300 s to generate free 
surface oxygen groups (Plasma Technology, Germany). Then the AgNW- 
C-180 dispersions (0.014 g/ml) were cast onto the PET substrate, which 
was preheated at 40 ◦C on a hotplate, and they were evenly dispersed 
using the Mayer rod to obtain a uniform thin film of AgNW-C-180 cor-
e–shell nanowires. After the substrate was coated, the composite films 
were dried at 40 ◦C for 10 min. Finally, the uniform WO3 film with a 
thickness of 300 nm was directly deposited on the PET substrate by e- 
beam evaporation at a pressure of 5 × 10-4 Pa, to obtain the WO3/ 
AgNW-C-180/PET flexible composite electrochromic (EC) electrode. For 
comparison, WO3/AgNW/PET composite EC electrode was also 
prepared. 

2.4. Preparation of flexible electrochromic device 

The fabrication process of the FCD based on the WO3/AgNW-C-180/ 
PET composites electrodes is described in Scheme 1. The WO3/AgNW-C- 
180/PET and the AgNW-C-180/PET composites were used as the 
working eletrodes and the counter electrodes, respectively. The elec-
trolyte solution (1 mol/L lithium perchlorate/propylene carbonate 
(LiClO4/PC)) was injected into the device with a syringe. Finally, the 
device was encapsulated with an UV curing resin. The UV curing resins 
and UV curing lamps were employed to perform UV curing process. The 
curing process is to coat the UV curing resin around the device, and 
illuminate with the UV curing lamp for 10 min. 

2.5. Characterization 

The crystalline phase and lattice parameter of the materials were 
characterized by using an X-ray diffraction spectrometer (XRD, 
D8 Bruker) with a Cu Kα1 X-ray source. XRD peaks were collected from 
10 to 80◦ with a step size of 0.02◦.[30] The surface morphology and 
topography of the composite transparent electrodes were examined with 
a transmission electron microscopy (TEM, Tecnai F30, FEI), high reso-
lution transmission electron microscope (HRTEM) and field emission 
scanning electron microscopy (SEM, Hitachi S-4800). The chemical 
composition of the composite transparent electrodes was determined by 
XPS spectroscopy (XPS Thermo Fisher, E. Grinstead, UK) and FTIR 
spectroscopy (Nicolet 560). The sheet resistances of the composite 
transparent electrodes were further analyzed with the four-probe tech-
nique (ST-2258C). A stretching stage was used to measure the resistance 
variations upon bending. 3 M tape was used to test the adhesion of the 
composite transparent electrodes surface. 

Electrochemical and electrochromic properties measurements of the 
electrodes were performed using a traditional three-electrode system on 
a CHI 660E electrochemical analyzer. The composite transparent elec-
trode was used as the working electrode, a Pt and a Ag wire electrode 
were used as the counter electrode and reference electrode, respectively. 
1 mol/L LiClO4/PC (lithium perchlorate/propylene carbonate) was 
employed as the electrolyte in the electrochemical measurements. The 
visible and near-infrared (NIR) spectra of the films at the colored and 
bleached states were recorded in a transmission mode using a VIS- NIR 
fiber optic spectrometer (MAYA 2000-Pro, Ocean Optics). The electro-
chemical behaviors of the FCD were examined in a two-electrode sys-
tem. Time-dependent changes of transmittance of the device at different 
voltages (− 1.0 V and +1.0 V) were measured by chronoamperometry. 

3. Results and discussions 

3.1. Structure and morphology 

AgNWs with amorphous carbon protective layer were directly 
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prepared by one-step solvothermal method, in which amorphous carbon 
came from the carbonization of glucose (Scheme 1). In the scheme, it is 
clear that the morphology varies with the change of reaction time in 

solvothermal method (Scheme 1a-1g). The multiple hydroxyl functional 
groups of glucose facilitate the chemisorption of amorphous carbon onto 
the nanowires, which will lead to more uniform coating of amorphous 

Scheme 1. Schematic illustration for the fabrication process of the flexible WO3/AgNW-C/PET electrochromic devices. TEM and HR-TEM of AgNW-C with different 
solvothermal reaction time: 1 h (a); 2 h (b, e); 4 h (c, f); 8 h (d, g). 

Fig. 1. SEM images: AgNWs (a, b at different magnifications); AgNW-C-160 (c, d); AgNW-C-180 (e, f); AgNW-C-200 (g, h). The insets of image (b, d, f, h) show their 
diameter distribution. 
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carbon throughout the nanowire surface. 
Fig. 1 presents the SEM images of AgNWs and AgNW-C core–shell 

nanowires. One can see that the surface of AgNWs is smooth and the 
diameter is 55 ± 10 nm (Fig. 1a, 1b and S1). Whereas the AgNW-C 
core–shell nanowires have rough surface morphologies, because amor-
phous carbon is uniformly coated on the surfaces. Obviously, the 
diameter distributions of the samples (AgNW-C-160, AgNW-C-180, 
AgNW-C-200) are increased to 60 ± 10 nm, 66 ± 10 nm and 70 ± 10 
nm, respectively (inset images in Fig. 1) after coated with carbon. It is 
interesting that the core–shell nanowires of AgNW-C samples are similar 
to “interlocking” fusion (green circles). This morphology makes the 
contact between the nanowires closer, which may reduce the high 
resistance of the inter-nanowire junctions. The existence of a large 
number of hydroxyl groups might plays an important role in the fusion, 
because hydrogen-bond interactions and cross-linking may occur be-
tween the nanowires during the drying process.[31] Figure S2 presents 
the SEM images of AgNWs coated with different amounts of glucose and 
Figure S3 shows their diameter distributions. The diameters of the 
AgNW-C core–shell nanowires increase with the amount of glucose and 
hydrothermal temperature. 

The microstructures of the AgNWs and the AgNW-C core–shell 
nanowires are further compared by using TEM. From the image in 
Fig. 2a, the surface of AgNWs is smooth and the HR-TEM image (Fig. 2e) 
clearly shows an obvious lattice fringe of 0.24 nm, corresponding to the 
(111) interplanar spacing of Ag.[32] And an ultra-thin and continuous 
amorphous carbon shell is found on AgNW surface (Fig. 2f-2 h). By 
contrast, the surface of the AgNW-C became rough after coating with 
glucose. Moreover, the thickness of the carbon shell augments from 
about ~2 to ~7 nm with the increase of the solvothermal temperature 
from 160 ℃ to 200 ℃ (Fig. 2f–h). This situation may result from the 

different carbonization degree of glucose at different temperatures. In 
brief, the AgNWs exhibit a clear crystal structure, whereas the carbon 
shells on the surface show an amorphous nature. 

Fig. 2i shows XRD patterns of the AgNWs and AgNW-C core–shell 
nanowires, which are well matched with the Ag standard peaks (JCPDS 
No. 04-0783).[33] The AgNW-C core–shell nanowires prepared at 
different temperatures exhibit similar XRD patterns with four diffraction 
peaks, which are assigned to the diffraction of (111), (200), (220), and 
(311) planes of face-centered cubic silver. However, no other diffraction 
peak is exhibited in all the XRD patterns of the samples, indicating the 
amorphous nature of the carbon shell and the high purity of the syn-
thesized AgNWs. The comparison of XRD, SEM and HRTEM (TEM) re-
sults have given us further insight into the structure and demonstrated 
the characteristics of the core–shell structure. 

FT-IR spectra of AgNWs and AgNW-C core–shell nanowires are pre-
sented in Fig. 2j. In the spectra, one major peak at 1100 cm− 1 is found, 
corresponding to the hydroxyl groups. Moreover, the intensities of the 
peaks augment as the solvothermal temperature increases, which results 
from the large number of hydroxyl groups existed in AgNW-C nano-
wires. Fig. 2j shows the peaks at 3597, 2955, 1666, 1462 and 1309 cm− 1 

are assigned to the stretching vibration of O-H, C-H, C = O, C-H, and C- 
N, and they are all belong to the residual PVP (Figure S4).[34] The 
elemental compositions and chemical status of samples are further 
analyzed by XPS. Fig. 2k and 2 m presents XPS spectra of C 1s and Ag 3d 
of AgNWs and AgNW-C core–shell nanowires. The C 1s peaks of AgNWs 
are mainly due to the residual PVP, as shown in Fig. 2k. The C 1s peaks 
intensity of AgNWs and AgNW-C-160 are relatively weak. In contrast, 
AgNW-C-180 and AgNW-C-200 possess a much higher C 1s intensity, 
which is attributed to a higher degree of carbonization of glucose. 
Fig. 2m shows that the Ag 3d binding energies of AgNW-C-160, AgNW- 

Fig. 2. TEM and HR-TEM: AgNW (a, e); AgNW-C-160 (b, f); AgNW-C-180 (c, g); AgNW-C-200 (d, h). XRD patterns (i); FT-IR (j); C 1s XPS (k); Ag 3d XPS (m) of 
AgNW, AgNW-C-160, AgNW-C-180 and AgNW-C-200. 
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C-180 and AgNW-C-200 are consistent with that of pure Ag (~368.2 eV) 
and as the thickness of amorphous carbon gradually increases, its Ag 3d 
peak intensity significantly weakened. Silver is a metal having anoma-
lous properties in binding energy shifts when being oxidized, and the Ag 
3d peaks shift to lower binding energy values accordingly. For the 
AgNWs, the peak position shifts to 367.6 eV, proving more Ag2O existing 
in the near surface region [32,33,35]. The shift of peak position in-
dicates the AgNWs surface is oxidized due to exposure in air during 
testing. Hence, AgNWs could be well protected from oxidation problems 
by the uniform amorphous carbon layers. Therefore, the carbon coating 
is proven to be an effective methods to prevent the AgNWs from being 
oxidized. 

3.2. The optoelectrical properties of composite electrodes 

The optical and electrical performances of the AgNW/PET and 
AgNW-C/PET film were measured (Fig. 3a). As can be seen from Fig. 3a, 
the AgNW/PET and AgNW-C-180/PET show 7 Ω/sq and 10 Ω/sq of 
sheet resistance with 85% and 83% of transmittance at λ = 550 nm, 
respectively (The transmittance of the PET substrate in air we used is 
about 90%). The sheet resistance of the film was tested by the four-probe 
technique. Compared with AgNW/PET, the AgNW-C-180/PET film 
exhibit a negligible change of the sheet resistance and transmittance. 

Durability assessments about the aging time of the AgNW/PET and 
AgNW-C-180/PET films were tested by measuring the variation of 
resistance. The AgNW/PET and AgNW-C-180/PET films were placed at 
specific temperature (~30 ℃) and humidity (~25%) range for 100 days. 
Fig. 3b shows that the resistance of the AgNW/PET film increases by 
above 100% after exposed in air for 60 days. Conversely, the change of 
the resistance of the AgNW-C-180/PET film is negligible (ΔR/R0 ≈
5.8%). In comparison to the bare AgNW/PET, the AgNW-C-180/PET 
demonstrates superior durability throughout aging. The results show 
that AgNWs could be well protected from oxidation by the amorphous 
carbon layers. 

The ratio between AgNWs and amorphous carbon is crucial to the 

optical performance of AgNWs, because excess amorphous carbon 
coating will reduce the electronic conductivity and transparency of 
AgNWs, while less carbon will reduce its protective effect on AgNWs. For 
comparison, electrodes with different solvothermal treatment (160 ◦C, 
180 ◦C and 200 ◦C) were prepared to investigate their change in the 
electrical properties. The optical and electrical performances of the 
AgNW-C/PET film were measured (Figure S5 and S6). The trans-
mittances of AgNW-C-160/PET, AgNW-C-180/PET and AgNW-C-200/ 
PET film are 84%, 83% and 67% at λ = 550 nm, respectively, indi-
cating the transmittance decreases with the increase of solvothermal 
temperature. The resistance of the samples increases by 233%, 5.8% and 
2.1% after exposed in air for 60 days. For comparison, electrodes with 
different amounts of glucose treated (0.15 mol/L, 0.2 mol/L and 0.25 
mol/L) were investigated their change in the electrical properties (see 
the Support Information). Therefore, AgNW-C-180/PET was chosen for 
fabricating FCDs because the silver nanowires are well protected by the 
carbon layer without reducing the conductivity and transparency 
simultaneously. 

Flexibility is critical for device applications. Fig. 3c shows the 
repeated bending tests of the AgNW/PET and AgNW-C-180/PET films. 
After 2000 bending cycles with an angle of 180◦, the sheet resistance of 
the AgNW/PET film increases by above 64%. While the sheet resistance 
growth rate of the AgNW-C-180/PET film remains stable (ΔR/ 
R0≈2.8%), which meets the requirements for using in highly flexible and 
portable energy supply devices. In addition, the adhesion forces with the 
substrates of AgNW/PET and AgNW-C-180/PET films are evaluated by a 
3 M tape test, as shown in Fig. 3d. The AgNW/PET film loses its con-
ductivity after three peeling off cycles due to the weak adhesion between 
AgNWs and PET substrate, while the AgNW-C-180/PET film remains 
relatively stable after 100 peeling-off cycles. This is due to the formation 
of hydrogen bonds between the rich hydroxyl groups on the surface of 
AgNW-C-180 and the substrate PET with rich oxygen-containing groups 
[18]. 

Fig. 3. Transmittance spectra (a); Relative resistance changes observed during 100 days of long-term stability tests (b); Relative resistance changes under bending 
tests with 2000 bending cycles (c); Relative resistance changes under taping tests with 100 times of the AgNW/PET and AgNW-C-180/PET (d). 
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3.3. The electrochromic performance of composite electrodes and device 

WO3 is the most widely studied electrochromic oxide, and it pos-
sesses a long-term cycle stability, and ideal transparent/blue color 
switching, which is suitable for using as the electrochromic layer of FCDs 
[36–38]. To assemble the FCDs, electrochromic (WO3) films with a 
thickness of 300 nm are deposited on the prepared AgNW/PET and 
AgNW-C-180/PET films using the e-beam evaporation method, respec-
tively. The as-deposited WO3 active layer can change its color from 
transparent to blue upon cation (such as H+, Li+) intercalation. The 
coloring and bleaching (charge/discharge) processes are based on the 
following reversible reactions [39,40]: 

WO3 (bleached) + xe - + xLi+ ⇔ LixWO3(colored) (1) 

To elucidate the dynamics of the flexible electrode, we have recorded 
the transmittance spectra. The transmittance spectra for the bleaching 
and coloration states of prepared electrodes are depicted in Fig. 4a. The 
WO3/AgNW-C-180/PET electrode presents an optical transmittance of 
83% at a wavelength of 550 nm at its original state. When a voltage of 
− 1.0 V (vs. Ag/AgCl electrode) is applied on the WO3/AgNW-C-180/ 
PET electrode, its color changes to dark blue (colored state) with an 
optical transmittance of 9% at the same wavelength. Furthermore, the 
colored state disappears when the pulse-type voltage from − 1.0 V to 
+1.0 V. In order to describe the electrochromic properties of electrode 
more clearly, the optical transmittance spectra of the WO3/AgNW-C- 
180/PET electrode and its dynamics of bleached (+1.0 V) for 30 s and 
colored states were recorded under different applied potentials (− 0.3 V, 
− 0.5 V and − 1.0 V) for another 30 s at 550 nm. The transmittance of the 
colored state degrades continuously with the decreases of applied 
negative voltage. As shown in Fig. 4b, WO3/AgNW/PET electrode ex-
hibits △T of ~31% (optical contrast between the coloration (− 1.0 V) 
and bleached (+1.0 V) state) with poor coloration stability. Compared 

with the WO3/AgNW/PET electrodes, the WO3/AgNW-C-180/PET 
electrodes exhibit improved optical contrast (Fig. 4c). The optical mo-
dulation ~74% of the WO3/AgNW-C-180/PET electrode is witnessed, 
which is greater than those of other recently reported electrodes (see 
Supporting Information Table S1) [8,12,17,20,39,41–44]. 

In flexible electrochromic devices, the challenge is to achieve long- 
term cyclic stability in electrochromic applications. To study the 
switching stability of the devices, the cycling stability of WO3/AgNW/ 
PET and WO3/AgNW-C-180/PET electrodes was conducted during cy-
clic coloration and bleaching processes with a voltage between − 1.0 V 
and +1.0 V. Fig. 4d and 4e show the changes of transmittance of WO3/ 
AgNW/PET and WO3/AgNW-C-180/PET electrodes at 550 nm as a 
function of operating time. The transmittance modulation of WO3/ 
AgNW/PET electrode just remains 8% after 200 cycles as shown in 
Fig. 4d. In contrast, the switching behavior is well maintained for WO3/ 
AgNW-C-180/PET electrode, exhibiting 73% of △T even after 200 cy-
cles (Fig. 4e). Such high optical contrast and switching stability of WO3/ 
AgNW-C-180/PET might be due to the amorphous carbon layers, which 
improve the stability of WO3/AgNW-C-180/PET and protect AgNW from 
oxidation in electrolyte [45,46]. In addition, the wires at the junction of 
the nanowire-nanowire exhibit a strong tendency to fused, which re-
duces the resistance [21,47]. A low sheet resistance film yields a more 
uniform potential and current distribution throughout the electrode, 
resulting in high optical contrast [48,49]. 

Apart from electrochromic switching stability, mechanical stability 
against repeated bending is another important characteristic of flexible 
electrochromic devices. To further confirm the mechanical durability of 
the film, the electrodes have been bent for 2000 times at an angle of 180◦

with a curvature radius of 0.5 cm. As can be seen from Fig. 4f, the WO3/ 
AgNW-C-180/PET electrode retains stable in the coloring and bleaching 
cycling tests even after 2000 bending cycles. 

The switching time is defined as the time that is required for an 

Fig. 4. Transmittance spectra for the bleaching and coloration states of WO3/AgNW-C-180/PET (a). The transmittance spectra dynamics of colored and bleached 
states at different applied potentials of WO3/AgNW/PET (b) and WO3/AgNW-C-180/PET (c). Electrochromic switching for 200 cycles of WO3/AgNW/PET (d) and 
WO3/AgNW-C-180/PET (e). Transmittance spectra of the WO3/AgNW/PET and WO3/AgNW-C-180/PET after bending tests (f). Bending test photograph of WO3/ 
AgNW-C-180/PET (g). 
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electrode to reach 90% of total variation in optical switching between 
the stable colored and bleached states.[17] According to the magnified 
transmittance spectra (Figure S7a and S7b), when voltages are − 1.0 V 
(coloring) and +1.0 V (bleaching), the switching times of the WO3/ 
AgNW-C-180/PET electrode for coloration and bleaching are 9 s and 14 
s, respectively, which are much faster than WO3/AgNW/PET electrode 
(18 s, 27 s). The fast switching speed of the WO3/AgNW-C-180/PET 
electrode is attributed to the high conductivity of the AgNW-C-180 and 
the compact contact between the PET substrate and the AgNW-C-180 
film. Coloring efficiency (η) is one of the most important characteris-
tics of EC devices and is also an imperative metric for determining the 
accomplishment of FCEs. Higher η is desired to use less charge to achieve 
larger optical modulation, which can be expressed as follows [17,50]: 

η = ΔOD/ΔQ (2)  

ΔOD = log(Tb/Tc) (3)  

Here, ΔOD is the change in optical density, ΔQ is the amount of applied 
charge for the respective ΔOD, and Tb and Tc are optical transmittance 
values at bleaching and colored states, respectively. Figure S7c and S7d 
show the relationship between OD and intercalation charge density 
during a typical coloring process at − 1.0 V. According to the equations, η 
value for WO3/AgNW-C-180/PET is calculated to be 60.29 cm2/C, 
which is much higher than that of the WO3/AgNW/PET electrode 
(44.25 cm2/C), due to the high surface area (rough surface) of AgNW-C. 
The high surface area could facilitate easier pathways for electrolyte 
penetration, efficient charge transfers and enhanced H+ ion diffusion as 
supported [51]. The high coloration efficiency of the WO3/AgNW-C- 
180/PET electrode in this study are impressive values when compared 
with the recently reported FCE electrodes, as shown in Supporting In-
formation Table 1 [8,12,17,20,39,41–44]. 

The excellent performance of the WO3/AgNW-C-180/PET electrode, 
including high optical contrast and fast switching time and highly 
chemical and mechanical stability during cycling and bending, are 
obviously attributed to the following features: First, the amorphous 

carbon as the protective layer is efficient to improving the chemical 
stability of AgNWs. Second, the polyhydroxyl groups on the surface of 
the AgNW-C enhance the adhesion between the materials and the sub-
strates, thus improve the mechanical stability. Third, the fusion and 
interlocking occur at the nanowire junction (Fig. 1) may reduce the 
resistance, which increases the electrical conductivity of WO3/AgNW-C- 
180/PET electrode. 

Flexible electrochromic devices have wide applications for future 
displays. To further verify the application of the electrode in real-life EC 
applications, a FCD based on WO3/AgNW-C-180/PET electrode was 
fabricated, as displayed in Scheme 1. The optical transmittance spectra 
of the FCD correlated to applied potentials (− 0.5 V, − 1.0 V and − 1.5 V 
to 0 V) at a wavelength of 550 nm are depicted in Fig. 5a. The FCD 
exhibited switching stability and good optical contrast with coloring and 
bleaching states. The colored state of the device is uniform (Fig. 5b), and 
demonstrates significant color and transmittance changes when 
different potentials are applied. To further confirm the mechanical 
durability of the FCD, WO3/AgNW-C-180/PET-based FCD have been 
bent for 50 times. As can be seen from Fig. 5c and 5d, the FCD retains 
stable in the coloring (− 1.5 V) and bleaching (0 V) cycle tests which 
demonstrates its suitability for flexible electronic applications. 

4. Conclusion 

In this study, flexible transparent conductive AgNW-C/PET films 
have been prepared based on AgNW-C core–shell nanowires, which 
demonstrates high conductivity (10 Ω/sq), optical transmittance (83%), 
excellent chemical (ΔR/R0≈5.8% during 100 days of long-term stability 
tests) and mechanical stability (ΔR/R0≈2.8% after 2000 bending cy-
cles). The improved performance is attributed to the uniform amorphous 
carbon shell coating which prevent the AgNWs from oxidation during 
and the hydroxyls on the surface of the AgNW-C enhancing the adhesion 
between AgNWs and the substrate. An electrochromic device has been 
prepared based on the AgNW-C/PET film which exhibits noticeable 
electrochemical stability and mechanical flexibility. The improvement 

Fig. 5. The transmittance spectra dynamics of colored and bleached states at different applied potentials of WO3/AgNW-C-180/PET-based FCD (a); Photographs 
representing the color changes with different applied potentials (b); The transmittance spectra of WO3/AgNW-C-180/PET-based FCD under bending tests (c); 
Photographs representing bending tests of WO3/AgNW-C-180/PET-based FCD (d). 
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in the AgNWs will facilitate their applications in the fields of next gen-
eration flexible electronic applications. 
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