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Developing eco-friendly, degradable, and flexible electronic devices using 
renewable cellulose, such as waste agricultural straw, is increasingly vital. 
This approach tackles the growing issue of nondegradable electronic 
waste. In this study, flexible transparent electrodes (FTEs) were created 
using cellulose from waste corn straw, embedding silver nanowires 
(AgNWs) networks within the surface layer. This method is suitable for 
reel-to-reel processing. These sustainable FTEs had high transparency 
and conductivity, with a film resistance of 45.4 Ω/sq and light transmittance 
of 86.2% at 550 nm. The "dissolution–regeneration" self-assembly 
process harnesses cellulose's hydrogen bond network to stabilize the 
AgNWs network, providing the FTEs with excellent electromechanical 
stability. Resistance changes were less than 3% during bending, folding, 
and 1,000-time cyclic bending tests. Furthermore, these electrodes 
showed remarkable environmental stability, with only a 2.5% resistance 
increase after 16 days at room temperature. This research demonstrates 
a new application for agricultural straw cellulose in flexible electronics, 
offering a sustainable alternative in electronic materials.  
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INTRODUCTION 
 

The fields of photoelectric communication and energy conversion have 

experienced unprecedented growth (Hu et al. 2021). Flexible transparent electrodes (FTE) 

are general platforms for electric signal input and output channels and are widely used in 

solar cells (Fan 2021), flexible displays (Zhu et al. 2020), organic light-emitting diodes 

(Sun et al. 2022b), and transparent heaters (Li et al. 2020). However, their wide adoption 

in commercial and industrial applications may lead to a rise in non-degradable conductive 

plastics and plastic-based electronic materials, increasing the stress on the environment 

(Hamd et al. 2022). Biomass-based materials are alternatives to plastics and are expected 

to provide significant economic and environmental benefits (Janaswamy et al. 2022).  

Corn straw cellulose is a biomass resource with very large reserves and 

underutilization (Gill et al. 2021). It is rich in hydroxyl groups, which can be modified 

easily with organic and inorganic units to form functional materials with desired properties 

(Aziz et al. 2023). Forming a conductive layer on its surface may be an effective strategy 

for the design of novel photoelectric devices (Min et al. 2012).  

Despite the significant potential of highly conductive materials such as graphene in 

various fields as two-dimensional materials (Ashok Kumar et al. 2022), their large-scale 
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application faces challenges in preparation, transfer, and high costs (Shen et al. 2021). 

Particularly in flexible devices, the irregular shapes and grain boundary barriers of 

graphene nanosheets hinder the achievement of long-range electrical properties. (Qian et 

al. 2022). Addressing these challenges, developing new materials that are economical, 

simple to process, and highly conductive is crucial. The present research highlights the 

potential of silver nanowires (AgNWs) embedded in a cellulose matrix, forming a random 

network as flexible transparent conductors. This novel material offers an effective solution 

to overcome the limitations of existing materials. (Ma et al. 2021). 

Recent reports on cellulose-based flexible electrode materials have focused on FTE 

films assembled by the preparation and filtration of nanocellulose and conductive materials 

(Zhang et al. 2019), but low transparency and high surface roughness limit their 

development (Sun et al. 2022a). Another potential technique involves ionic liquids, which 

are solvents with low boiling points (Valderrama et al. 2007) and high solubility (Rieland 

and Love 2020). Ionic liquids also can dissolve cellulose and regenerate the material in 

various forms (Xie et al. 2022). Regenerated cellulose films prepared by ionic liquids 

generally have high optical transmittance and low surface roughness (Guo et al. 2021), but 

there are only a few reports on flexible electrodes using regenerated cellulose.  

To develop practical optoelectronic devices, it is important to scale up the size 

without compromising quality and performance (Qin et al. 2022). Cost-effective 

manufacturing of FTEs over large areas with high throughput is challenging, and much of 

the current effort is focused on spin coating (Wang et al. 2019) and spraying (Akter and 

Kim 2012) of low-cost precursors. Although this is an attractive solution for fabricating 

large samples, there are many problems. For example, with inkjet printing and spin coating 

processes, AgNWs with high aspect ratios are prone to agglomeration (Tan et al. 2021; Wu 

et al. 2021; Fan et al. 2022). The larger aspect ratios are desirable for simultaneously 

increasing light transmittance and electrical conductivity (Sang et al. 2022). 

This research showcases the development of cellulose-based Flexible Transparent 

Electrodes (FTEs) composed of a randomly distributed network of silver nanowires 

(AgNWs) integrated into a cellulose surface layer. Utilizing a novel all-cellulose 

membrane material, characterized by its exceptional oxygen resistance, high light 

transmittance, and minimal surface roughness, this study successfully embeds AgNWs 

within a diluted cellulose solution. This creates a conductive network on the all-cellulose 

nanocomposite (ACNC) membrane’s surface through an innovative “self-assembly 

strategy of dissolution and regeneration.” The resulting cellulose-based FTEs exhibit a 

uniformly smooth surface along with remarkable photoelectric stability, making them 

highly suitable for thin film optoelectronic device production. One of the key strengths of 

this method is its compatibility with straightforward roll-to-roll processing, paving the way 

for scalable FTE manufacturing. The molecular self-assembly process not only ensures a 

low surface roughness but it also forms a stable and dense conductive layer, maintaining 

electronic performance even under deformation. Additionally, these films demonstrate 

considerable environmental durability. Compared to plastic substrates, the cellulose base 

offers numerous benefits, including abundant availability, renewability (Li et al. 2019), 

biodegradability (Zhao et al. 2019; Zhang et al. 2019), superior thermal stability, and a 

significantly lower thermal expansion coefficient (Calvino et al. 2020). Although the 

potential anaerobic decomposition of cellulose, leading to methane emissions, and the non-

degradability of minute silver nanowires remain challenges, this study still presents a 

sustainable and cost-effective method for producing cellulose-based Flexible Transparent 

Electrodes (FTEs). It offers new perspectives and theoretical groundwork for broadening 

the application of functional fiber-based materials. 
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EXPERIMENTAL  
 

Materials 
Corn straw pulp with 84% cellulose and 2.34% lignin content was obtained from 

Jilin Chemical Fiber (Jilin, China). The degree of polymerization of the corn pulp was 

estimated to be 1700 to 1750 by measuring the solution of copper ethylenediamine 

hydroxide using an Ubbelohde viscometer (Shanghai Qihang Glassware Factory, China). 

All chemicals, including dimethyl sulfoxide (DMSO), polyvinyl pyrrolidone (PVP, Mw = 

1,300,000), sodium chloride (≥ 99.5%), glycerol (GL≥ 99.0%), ethylene glycol (EG≥ 

99.0%), ethanol (≥ 99.0%), sodium hydroxide, silver nitrate (AgNO3, ≥ 99.8%), and 

ethylenediamine, were analytical grade and used without further purification (Beijing 

Chemical Works, Beijing, China). Deionized (DI) water was prepared using a laboratory 

water purification system.  

 

Synthesis of AgNWs 
AgNWs with an average diameter of 40 nm were synthesized using the 

conventional polyol method (Kumar et al. 2013). Briefly, a 200 mL flask containing 90 

mL of ethylene glycol (EG) was heated at 160 °C for 20 min. Then, 0.031 mL of KBr 

solution was added. Next, 100 mL of 0.04M AgNO3 solution and 100 mL of 0.66M PVP 

EG solution were injected into the flask and continued to react for 1 h. The obtained 

AgNWs were washed with ethanol and water and separated by centrifugation at 2500 rpm 

for 5 min, repeating the washing and centrifugation steps 3 times. Finally, the AgNWs were 

redistributed into DMSO. 

 

Synthesis of ACNC 
Ionic liquid solvent systems have been adopted in previous studies (Zhang et al. 

2020), and a similar method was used with some modifications. Briefly, 3 g of dry cellulose 

material (For detailed information on the specific components used, please refer to the 

supplementary materials provided.) and 50 g of ionic liquid were placed in a 100 mL flask. 

A uniform cellulose suspension was obtained by heating the flask in an oil bath at 50 ℃ 

and stirring the material at 300 rpm for 6 h. A DMSO suspension cellulose nanofibers was 

uniformly mixed with the obtained cellulose solution at 0 to 4 ℃. Next, the mixed liquid 

was poured onto a clean glass plate, and the film thickness was adjusted to 120 μm using 

an automatic film scraper. The film was left for 30 seconds after scraping and then soaked 

in DI water to remove the ionic liquid. Finally, the cellulose film was dried in an oven at 

55 ℃ for 4 h to obtain a transparent ACNC film. 

 

Fabrication of AgNWs/CE@ACNC Films  
Figure 2 illustrates the steps used for forming films of AgNWs/CE@ACNC. First, 

the DMSO dispersion of AgNWs was added into the diluted cellulose solution with varying 

the mass ratios of AgNWs and cellulose solution (i.e., 5:1, 3:1, and 1:1) and stirred. The 

cellulose solution dispersed with AgNWs was evenly coated on the ACNC film moistened 

with DMSO by scraping, and then the entire film was placed in water for 5 min to induce 

solidification and regeneration. The finished hydrogel was immediately dried in an oven at 

50 ℃ for 4 h. According to the mass ratio of AgNWs to cellulose (“CE”), the obtained 

samples were labeled as either AgNWs5/CE1@ACNC, AgNWs3/CE1@ACNC, or 

AgNWs1/CE1@ACNC. 
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Characterization of AgNWs/CE@ACNC Films   
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 

(EDS) were performed using an S-3400N microscope (Hitachi, Tokyo, Japan). The 

cellulose-based FTEs were dried at room temperature and sputtered with gold prior to 

observation using a sputter coater (SBC-12, Cressington, Watford, UK). 

Transmissivity measurements were conducted using a UV-Vis spectrometer 

(PerkinElmer Lambda 650, Waltham, MA, USA) in the 400 to 900 nm range.  

Atomic force microscopy (AFM) images were obtained using a Bruker Dimension 

Icon microscope with the FTE samples fixed on a glass plate. The surface roughness was 

studied using a scanning area of 5 μm × 5 μm. 

The two ends of the dry samples (The strips of material measure roughly 14 cm in 

length and 1 cm in width.) were fixed in a tensile testing machine (Instron 5848, Norwood, 

MA, USA) to measure the tensile strength and elongation of the samples at failure.  

The thermal properties of the membranes were characterized using a 

thermogravimetric analyzer (TGA550, TA Instruments, USA). Measurements were 

recorded under a nitrogen atmosphere with a heating rate of 10 ℃/min, ranging from room 

temperature to 450 ℃. 

The structure of the films was analyzed by X-ray diffraction (XRD) using an XRD-

6000 diffractometer (Shimadzu, Kyoto, Japan). Before measurement, the sample was 

vacuum-dried for 24 h. Spectra were acquired using CuK alpha radiation (λ = 0.15418 nm) 

at 40 kV and 40 mA with a scan rate of 2°/min over a 2θ range of 10° to 80°.  

Oxygen transmission rates of the films were determined at 23 °C and 0% relative 

humidity (RH) using a permeability analyzer (C203H, Labthink, Boston, USA) under 

standard conditions (ASTM 3985). Each measurement was continued until the O2 

transmission rate reached a stable value. The oxygen permeability was determined from 

the oxygen transmission rate and the film thickness, and the standard deviations for each 

film were within ±5%. 

An electric four-probe tester (ST-2258C, Jingge Electronic, Suzhou, China) was 

used to measure the sheet resistance of 10-cm × 10-cm films. The mean values are reported 

in this paper. The mechanical and electrical stability of the sample was evaluated by 

performing bending tests. The films were bent along the length direction until the two ends 

made contact, and the sheet resistance was measured several times every 100 bending 

cycles, for a total of 1000 bending cycles. To test the environmental stability of the surface 

square resistance, the films were exposed to air, and the sheet resistance was measured 10 

times every 2 days. 

A 6-cm × 1-cm AgNWs3/CE@ACNC sample was prepared for the light-emitting 

diode (LED) lamp test. In the test, two 1.5 V dry batteries and 3 mm LED lamp beads were 

connected in series with the bent sample. 

In addition, the change in resistance during bending was also monitored using a 

multimeter. The multimeter was connected to both ends of the sample, as shown in Fig. 

5(c), and the real-time resistance value was recorded as Rx. The resistance value of the 

sample in the flat and straightened state was recorded as R0, and thus the change in 

resistance is △R = Rx − R0.  
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RESULTS AND DISCUSSION 
 

Characterization of FTEs  
The morphology of AgNWs is shown in Fig. 1(a). The length and width of the 

AgNWs in the SEM images were between 15 to 25 µm and 35 to 50 nm (Kumar et al. 

2013), respectively. Additionally, almost no silver nanoparticles were present in the films. 

This was verified in the XRD pattern of the AgNWs, as shown in Fig. 2(d). The diffraction 

peaks at 2θ = 38.24°, 44.42°, 64.54°, and 77.46° correspond to the (111), (200), (220), and 

(311) crystal faces of silver (Gorji et al. 2021), respectively. No other impurity peaks were 

observed, indicating that the synthesized AgNWs consisted only of surface cubic phases 

and were of high purity. The peak shape was sharp, and the half-width was narrow, which 

indicates that the obtained AgNWs also had high crystallinity. In addition, the diffraction 

peak intensity of the (111) crystal plane was much higher than that of the other three crystal 

faces, indicating that the material grows predominantly in this direction, which is favorable 

for a high aspect ratio (Zhang et al. 2020). 

 

 

 

 

Fig. 1. (a) Morphology of AgNWs. (b) SEM images of AgNWs3/CE1@ACNC films; (c, d) The 
element map image of AgNWs3/CE1@ACNC films and the target element content of C, N, O, 
and Ag 

 

Figure 1(b) shows the SEM image of an AgNWs3/CE1@ACNC composite film. 

The AgNWs network was evenly distributed on the ACNC surface, without fractures, 

collapse, or other defects. The ACNC substrate also remained smooth, without cracks, 

which indicates the compatibility between the two. In addition, the AgNWs made full 
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contact with each other, which helps to enhance their electrical conductivity and reduce the 

change in resistance. Figure 2(d) shows the XRD patterns of the ACNC, AgNWs, and 

AgNWs3/CE@ACNC. The peaks of ACNC appear at 2θ = 20.6° and 22.3°, corresponding 

to the (110) and (200) crystal planes (Jiang et al. 2019), respectively, indicating that it was 

mainly composed of cellulose type II crystal structure. With the addition of AgNWs, a 

diffraction peak appeared for AgNWs3/CE@ACNC at 2θ = 38.28°, and the other regions 

were consistent with ACNC, indicating that the materials were mixed well and remained 

stable during processing, including their crystal phases. 

 

 
Fig. 2. AFM images of AgNWs3/CE@ACNC films (a, c); (b) Ra and Rq values for all films;  
(d) XRD patterns for all films 

 

A representative AFM image of the AgNWs3/CE@ACNC composites is shown in 

Fig. 2(a). The corresponding root-mean-square roughness (Rq) and average roughness (Ra) 

of the AgNWs and AgNWs/ACNC films are shown in Fig. 3(b). The average roughness 

parameter Ra of common ACNC was 5.31 nm. This was lower than that of previous studies 

(Mohamed et al. 2015), likely because a higher polymer concentration generally increases 

the surface roughness (Wang et al. 2021). The Ra of the AgNWs/ACNC membrane 

composite was 38.2 nm, which was much higher than that of the ACNC membrane alone. 

This is attributed to the accumulation of AgNWs, forming undulations. The addition of 

cellulose significantly reduced the surface roughness compared with AgNWs/ACNC (Ra = 

38.4 nm). At different AgNWs and cellulose content ratios, the roughness of FTEs films 

was significantly different. When the cellulose content was low, more AgNWs were 

exposed, especially the intersections of AgNWs, and the network structure exhibited higher 

roughness. In contrast, when the cellulose content was increased, more cellulose filled the 

gaps in the AgNWs network, forming a flatter film. 

The results show that the method produced a uniform conductive network. The 

AgNWs were uniformly distributed with random orientation in all directions, and the 
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AgNWs network was partially or completely embedded in the regenerated cellulose 

membrane. The formation process is inferred as follows. The stability of this self-

assembled structure is attributed to the hydrogen bonds between cellulose molecules, 

which are stronger than common van der Waals forces. The self-assembly process involves 

two main steps. The first step is the immersion and precipitation phase transition, in which 

the ionic liquid diffuses in water and the cellulose molecular chains wrapped around the 

surface of the AgNWs form hydrogen bonds with the hydroxy-rich ACNC film on the 

surface. Thus, the AgNWs are firmly fixed to the ACNC surface. In the second step, the 

subsequent drying process, the water-loss, and shrinkage between the cellulose molecular 

chains induce bending at the AgNWs contact sites, the physical contact is enhanced, and 

contact resistance is reduced, further strengthening the mechanical stability of the AgNWs 

conductive network. 

 

 
Fig. 3. Process diagram of cellulose-based FTEs preparation 

 

Performance of the FTEs  
For practical application in portable electronics, long-term flexibility and durability 

are required (Miao and Fan 2023). As shown in Fig. 4(a, b), tensile tests were conducted 

on all samples. With the increase in the AgNWs to cellulose ratio, the tensile strengths of 

the composite films gradually decreased, indicating that the mechanical strength of the 

composite film was supported by the cellulose network, which provided enhanced contact 

and stress transfer. Conversely, the increase in AgNWs in the composite film reduced the 

number of hydrogen bonds between cellulose molecules. Nonetheless, all composite films 

exhibited considerable mechanical strength (above 60 MPa). The tensile strength, 

particularly at the point of breakage, appears relatively constant across the samples, as 

indicated by the similar heights of the stress-strain curves in Fig (4a). What notably 
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changed was the elongation at break, with higher silver content samples demonstrating less 

elongation. This suggests that while the tensile strength remained consistent, the material's 

ductility, or ability to withstand deformation, was affected by the silver content. As shown 

in Fig. 4(b), AgNWs3/CE@ACNC films were able to withstand a 100 g load, withstand 

large deformation, and maintain their optical performance. 

 

 

 
Fig. 4. (a, b) Tensile properties of all films. (c) TGA thermograms and (d) DTG curves of the 
AgNWs, ACNC, and AgNWs3\CE1@ACNC samples 

 

The thermograms from thermogravimetric analysis (TGA) and derivative 
thermogravimetric (DTG) curves are shown in Figs. 4(c) and (d), respectively. AgNWs 

are relatively stable in nitrogen with no significant mass loss. Thus, the early mass loss 

observed in the AgNWs curves is attributed to small amounts of volatile GL and water 

molecules. The apparent drop after 300 °C is ascribed to the degradation and volatilization 

of organic functional groups in the PVP molecules on the surface of AgNWs. This is 

consistent with the analysis of N by SEM-EDS. In addition, ACNC and 

AgNWs3\CE1@ACNC exhibit a loss between room temperature and 120 ℃. This is 

partially ascribed to water molecules present in thin films because of chemisorption and 

intermolecular hydrogen bonds. The main decomposition of both films occurs between 260 

to 400 °C, indicating the decomposition of cellulose, nanocellulose, and PVP, which is 

consistent with observations in the literature (Du et al. 2006; D'Acierno et al. 2023). From 

the DTG curves, with the addition of AgNWs, the temperature corresponding to the 

maximum decomposition rate increases. These results indicate that the presence of AgNWs 

slightly improves the thermal stability of the composite film. 
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Fig. 5. (a) UV-Vis spectra of all films. Photos of the LED in series with AgNWs3\CE1@ACNC 
films. (c) Photos of the text covered by films. (d) Table of T550nm and Rsq for all samples 

 

Photoelectric performance is an important aspect of FTEs for application in 

optoelectronic devices. As shown in Fig. 5(d), digital photos of the ACNC, 

AgNWs@ACNC, AgNWs3/CE1@ACNC, and AgNWs5/CE1@ACNC films on top of 

text are used to visualize and compare the films’ optical transparency. The background text 

can be seen, confirming the high light transmission rate of the composite films. This is 

ascribed to the dense microstructure of the composite films, as observed in the SEM 

images, which greatly reduces the refraction and scattering caused by voids. Figure 5(c) 

shows the LED lamp under the applied voltage of 3 V. The observed color change in the 

film material with varying cellulose amounts, as shown in Fig. 5c, is due to factors such as 

altered light scattering and absorption, changes in the arrangement of cellulose molecules, 

chemical interactions within the film, and shifts in the refractive index. These changes in 

d 

c 

a b 
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the film’s physical and chemical properties with different cellulose concentrations directly 

affect its optical characteristics, leading to visible color variations. The film composed of 

AgNWs3/CE1@ACNC, in its bent state, is used as the wire in series, and two LEDs are 

illuminated, which visually reveals the film’s conductivity. Further evaluation was done 

on the transmittance (400 to 800 nm) and sheet resistance of the composite film in the 

visible light range. To better showcase the work, additional comparative data are provided 

in the supplementary information. (Table. S1) 

Figure 5(a) shows the transmittance of composite films with different AgNWs 

loading, using the original ACNC as the control sample. By adjusting the ratio of cellulose 

and AgNWs, it was found that when the mass ratio of cellulose and AgNWs was 3:1, there 

was a higher transmittance. When the content of cellulose was low, the surface roughness 

of FTEs was large, which affects the transmittance. However, when the content of cellulose 

was too high, the AgNWs network tended to be loose in the direction perpendicular to the 

surface, resulting in a more complex scattering path. This is also consistent with the sheet 

resistance. When the mass ratio of AgNWs to cellulose is 1:1, the conductivity is 

significantly reduced owing to the increase in tunneling resistance (Zare and Rhee 2020).  

In addition, optical stability is essential to extend the lifetime of flexible 

optoelectronic devices. Therefore, the change in the light transmittance of the 

AgNWs3/CE1@ACNC films was evaluated after performing the bending tests. As shown 

in Fig. 6(a), the light transmittance slightly decreased for AgNWs3/CE1@ACNC after 

bending 1000 times, which may be caused by the amplification of small defects in the 

substrate, but this result still indicates that the FTEs had relatively long-term stability. 

At the same time, whether it is a flexible electric heater, a wearable device, or a 

component in a foldable display, its resistance change amplitude and durability in the bent 

state are important to consider (Zhang et al. 2021). These factors are related to the relative 

stability of the conductive AgNWs network and the stability of the connections between 

the conductive network and the substrate (Liu et al. 2021). Therefore, the flexural 

properties of the prepared composite films were analyzed. As shown in Figs. 6(b) and (c), 

the resistance changes during the folding and bending tests were analyzed. Whether the 

number of folds was increased, or the film was bent over a distance of 5 to 2 cm, the 

resistance change was on the order of 3%. After repeating the bending test 1000 times, the 

relative increase in resistance was also negligible. This is because of the interfacial 

compatibility between AgNWs and cellulose, as well as the stable hydrogen bonding 

between cellulose and ACNC, which reduces stress during deformation. Supported by the 

hydrogen bonding network of cellulose, the displacement of AgNWs is limited, and the 

conductive network structure is protected, thus achieving strong bending durability. These 

results suggest that the embedded AgNWs network maintains adhesion during bending, 

which means that additional measures to increase adhesion are unnecessary.  

Additionally, the stability of AgNWs3/CE1@ACNC was tested after exposure to 

air. Under the average RH of 40% and an average temperature of 30 ℃, the resistance of 

AgNWs3/CE1@ACNC films increased by only 2.5% after 16 days of exposure to air. To 

obtain more objective data, the oxygen permeability of the AgNWs3/CE1@ACNC 

membrane was tested, and it was found that the oxygen inhibition performance of FTEs 

was 0.000053 mL μm m-2 day-1 kPa-1, which is higher than that of common petrochemical 

products on the market (Xia et al. 2018). This is due to the presence of nanofillers, 

specifically cellulose nanofibers and AgNWs, which make the membrane denser while also 

making the oxygen travel path narrower and longer. Owing to their excellent 

electromechanical stability and high chemical stability, FTEs embedded in AgNWs have 

great potential in many deformable optoelectronic devices. 
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Because cellulose has beneficial environmental characteristics, such as 

renewability and degradability, a simple biodegradation test was conducted on the prepared 

films in farmland soil. There was a reduction in the intact fragments of pure ACNC and 

composite membranes after 32 and 50 days of burial, respectively. Figure S2 shows the 

change in weight loss degradation of cellulose film in natural farmland soil over time. This 

is a type of biodegradation caused by soil microbes, which involves random breaking of 

cellulose macromolecular bonds during biodegradation (Tong et al. 2020). The presence 

of AgNWs delayed the process to a certain extent but still completed the natural 

degradation process, which proved the environmental protection of cellulose-based FTEs. 

 

 

 
Fig. 6. Changes in sheet resistance (ΔR/R0) during the bending cycles (a), folding test, (b) and 
bending deformation (c) of AgNWs3/CE1@ACNC films. (d) Long-term testing of AgNWs3 
@ACNC films and AgNWs3/CE1@ACNC films 
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CONCLUSIONS 
 

1. A one-step coating formulation method was developed to produce flexible transparent 

electrodes (FTEs) with high flexibility and stability. The embedded cellulose-based 

FTEs were fabricated by dispersing silver nanowires (AgNWs) in cellulose solution 

and adhering AgNWs to the surface of the all-cellulose nanocomposite (ACNC) 

membrane by scraping and self-assembly. The cellulose is the mechanical support and 

protective layer, and the embedded AgNWs constitute the conductive network 

embedded in the surface layer.  

2. The FTEs exhibited useful mechanical properties. Their thin layer resistance was 45.4 

Ω/sq, and the light transmittance was 86.2 %. The FTEs maintained their conductivity 

under various deformation conditions, even after 1000 bending cycles. In addition, the 

FTEs exhibited biodegradable and environmentally friendly characteristics. 
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APPENDIX 
Supplementary Information 
 

 
 

(https://watch.wave.video/JGR7ahhHbjfG3Rbu） 

 
Fig. S1. Videos of the LED in series with AgNWs3\CE1@ACNC films 
 

 
Fig. S2. The biodegradability of ACNC and AgNWs3\CE1@ACNC films in soil 

https://watch.wave.video/JGR7ahhHbjfG3Rbu)
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Table S1. Comparison of This Work to Recent Work on High-performance 
Transparent Electrodes 
 

Substrate Conductive Materials Transparency 
(%) 

Wave-
length  

Sheet 
Resistance 

Reference 

ACNC AgNWs/Cellulose 86.2 550 mm 45.35 This work 

PET AgNWs/HEC 86.7 550 mm 68 Ao et al. (2023) 

PET Polyurethane/AgNWs 73 550 mm 143 Judic et al. (2023) 

NFC-HS AgNWs 83.3 600 mm 30 Yu et al. (2021) 

RC PEDOT:PSS/AgNW 73.8 550 mm 11.2 Kwon et al. (2024) 

CNF RGO 76 550 mm 2.5k Gao et al. (2013) 

TEMPO-CNF AgNW 82 550 mm 54 Kim et al. (2018) 

BC AgNWs <80 550 mm 7.46 Lv et al. (2018) 

PET AgNWs/PVA 77 550 mm 15 Lu et al. (2019) 
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NOTES:  

For corn straw pulp: 

α- Cellulose content --84% 

Lignin content --2.34% 

Cellulose content --89.62% 

Hemicellulose content --8.04% 

Degree of polymerization (viscosity-average molecular weight) --1700~1750 

 


