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Abstract 
Paper substrate made with nanocellulose are widely used to fabricate electronics by virtue of the 
superiorities of flexibility, light weight, and eco-friendly, etc. Herein, advantages/limitations for 
nanocellulose paper as electronics substrate, electrodes design and fabrication on nanocellulose paper, 
and recent advances of various nanocellulose based electronics, will be systematically reviewed and 
discussed to provide some insights and inspirations in developing paper electronics.  
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1. Introduction 
Modern people are living in a word full of electronics such as computers, cellphone, and various 
sensors, etc. which are part of people’s daily life and make work, study, and entertainment easier and 
more convenient. However, one crisis appears in the life cycle of electronic products, that is the 
electronic wastes (E-waste) problem. [1-3] One of the reasons is that most of the current electronics 
are constructed on nondegradable substrates like silicon wafer, glass and polymer, of which the full 
degradation time will be as long as hundreds or even thousands of years. It’s estimated that 44.7 
million tons of E-waste is produced in 2016, which can be placed in line from New York to Bangkok 
and back. [4] On the other hand, the normal substrate for flexible electronics, polymers, are mainly 
made from oil, which belongs to non-renewable resource. [5] Thus, developing a recycle, low-cost, 
and easy-gotten electronic substrate is necessary and has caused lots of interest. 

Paper composed of cellulose is an appropriate candidate for the next-generation flexible 
electronic substrate, as cellulose is widely distributed in plant, animal, and bacteria, simultaneously 
owing advantages of easily-degradable and non-toxic, etc. [6-8] Even though various of paper 
electronics such as battery, [9] capacitor, [10] energy harvester, [11] sensor, [12] and transistor, [13] 
have been demonstrated, normal paper substrate still exists obvious drawbacks like bad robustness, 
none-transparent, bad thermal stability. Nanocellulose is one of the strongest natural materials, of 
which the axial elastic modulus is larger than that of Kevlar fiber. [14] Specialty paper made with 
nanocellulose is a good choice for constructing next-generation “green electronics”. In this chapter, 
we will discuss the advantages and limitations for nanocellulose paper as electronics substrate, 
introduce the electrodes design and fabrication on nanocellulose paper, and summarize most recent 
advances of various nanocellulose paper-based electronics. Moreover, discussions regarding to 
newfangled applications, current challenges and future directions will be also presented, which can 
some useful insights and inspirations for the development of paper electronics.  



2. Advantages and limitations for nanocellulose paper electronic substrate 

 
Figure 1. Summary of nanocellulose paper as electronics substrate. Insert shows the molecular 
structure of nanocellulose and scanning electron microscope (SEM) image of NFC. [15] Copyright 
2014, Royal Society of Chemistry. 
 
Nanocellulose is a kind of natural polymer with glucose as monomers and normally can be divided 
into two types, which are cellulose nanocrystal (CNC) and nano-fibrillated cellulose (NFC). [16, 17] 
CNC has smaller size, higher crystalline, and better strength, making it a good additive for composite 
material. NFC are normally fabricated from wood, with diameters in tens of nanometers and length 
reaching micrometers. Thus, most of the nanocellulose-based electronic substrate is made with NFC. 
This type of flexible electronic substrate has a lot of advantages, as summarized in Figure 1. These 
advantages are important for constructing kinds of flexible electronics. In this section, we will discuss 
the importance of the advantages and current limitations of nanocellulose paper substrate based on 
NFC. 
 
2.1. Flexible, Light, and Transparent 
Paper substrate composed of nanocellulose keeps the features of normal paper, it’s still flexible and 
light, which belong to basic requirements for flexible electronic substrate. The density of a typical 
nanocellulose paper is about 1.53 g/cm3 and it can be even folded as a paper plane, as shown in 
Figure 2a. [18] Nanocellulose paper has another outstanding advantage different from normal paper, 
that is the high transparency. The transparency of paper is affected by the surface morphology, 
porosity, thickness, and diameter of the cellulose fibers, etc. In nanocellulose paper, the surface 
morphology is relatively smooth and the porosity is small because of the small diameter of the 
nanocellulose (nano meter scale). Thus, the light scattering inside the nanocellulose paper is reduced 
and the light can directly go through it, endowing it the high transparency, as shown in Figure 2b. [19] 
For example, the transparency for a nanocellulose paper reported by Zhu, et al. can reach as high as 
92%-93%. [20] High transparent substrate is important for optical electronics, such as solar cell, 
light-emitting diode, touch screen, and transparent sensors, etc. 



c  
Figure 2. (a) Light transmittance of the nanocellulose paper. [18] Copyright 2009, Wiley-VCH (b) 
Schematic of a nanocellulose paper and corresponding light scattering effect. [19] Copyright 2013, 
Royal Society of Chemistry. 
 
2.2. Mechanical Strong 
Mechanical performances of substrate are very key factors for insuring the successful fabrication and 
long-time usage of flexible electronics. As indicated in the cross-sectional SEM image in Figure 3a, 
nanocellulose paper is composed of many layers of nanocellulose fibers. [21] Such structure can 
reduce the strain generating by tension or compression process. Moreover, the intermolecular force 
like hydrogen bond and the crosslinking between nanocellulose fibers endow the high mechanical 
strength, which is 10 times better than normal paper. [22] Obviously, the porosity should affect the 
mechanical strength very much, as shown in Figure 3b, the mechanical strength of nanocellulose 
paper reduces with the porosity increasing. The mechanical strength for nanocellulose paper 
nanocellulose paper with porosity of 19% is about 205 MPa, which is strong enough for electronic 
substrate and can be compared with polymer substrate like PET. [21] Furthermore, electrodes are 
easier printed on nanocellulose paper than polymer substrate, especially for the aqueous-based 
electrode materials, which will somehow reduce the fabrication cost and difficulty.  

 
Figure 3. (a) Cross-sectional SEM of a nanocellulose paper, showing the layers structure. (b) 
Stress−strain curves of nanocellulose papers with different porosities. [21] Copyright 2008, American 
Chemical Society. 
 
2.3. Thermal stable 
Many electronics need a heat-treating process with temperature between 150 to 200 oC to improve the 
performances and electronics will generate heat during working. [23] Natural cellulose will start to 



degrade when temperature reaching 300 oC. [24] Hsieh, et al. report a nanocellulose paper with 
hardwood dissolving sulfite pulps as raw material, which keeps stable after staying in 200 oC for 30 
min. [25] Under the same heat-treating condition, photo paper will be damaged, as shown in Figure 
4a. On the other hand, the thermal expansion of substrate will affect the fabrication process of 
electronics. The thermal expansion coefficient of nanocellulose paper is normally below 8.5 ppm/K, 
which is significantly lower than that of polymer substrate like PET, as shown in Figure 4b. [22] Low 
thermal expansion coefficient will not damage the device structure during necessary heat-treating 
process in the fabrication or usage. 

 
Figure 4. (a) Photographs of nanocellulose paper and photo paper in various conditions after heating. 
[25] Copyright 2013, Royal Society of Chemistry. (b) Coefficient of thermal expansions vs. Young's 
modulus	for	nanocellulose papers and PET. [22] Copyright 2013, Royal Society of Chemistry. 
 
2.4. Biodegradable and biocompatible 
Nanocellulose paper is totally made from wood and can be biodegraded back to the nutrient for nature, 
making it a prefect recycled bio-material as alternative and ecofriendly substrate for electronics, as 
indicated in Figure 5a. [26] A lot of researchers have studied on nanocellulose paper-based 
electronics and demonstrate the biodegradability. For instance, Gao, et al. proves that nanocellulose 
paper substrate can be fully biodegraded in 210 days, as shown in Figure 5b. [27] Moreover, 
nanocellulose paper is none-toxic, so it’s also a good electronic substrate for scenarios that require the 
biocompatibility, such as wearable electronics and implantable electronics.  

 
Figure 5. (a) A likely life cycle of the bio-based and biodegradable nanocellulose paper, including 
extracting cellulose nanofibrils from woods for making nanocellulose paper, and degrading 



nanocellulose paper through fungal biodegradation as nutrition of woods without adverse 
environmental effects. [26] Copyright 2015, Nature Publishing Group. (b) Photos and SEM images 
indicating the bio-degradation process of nanocellulose paper. [27] Copyright 2016, American 
Chemical Society. 
 
2.5. Limitations 
Even though nanocellulose paper has a lot of advantages to be the next generation substrate for green 
electronics. There are still some limitations that limit it as a largely used or universal electronic 
substrate. (1) The energy and money cost for fabricating nanocellulose are still very high, the energy 
for producing a ton of nanocellulose is as high as hundreds and even thousands of kWh. [28] (2) 
Mature technology for fast and large manufacture of nanocellulose paper and electrode is still lacking. 
(3) The chemical and physical stability of nanocellulose paper are still not as good as polymer 
substrate, current nanocellulose paper substrate is more appropriate for one time-used electronics.  
 
3. Electrodes for nanocellulose paper substrate 
To deposit conductive materials on nanocellulose paper substrate to be the electrodes is the first step 
for constructing electronics. In general, these electrodes should have reasonable conductive 
performance according to specific requirement of different electronics, simultaneously will not 
hamper the advantages of nanocellulose paper substrate. As shown in Figure 6, the electrodes for 
nanocellulose paper substrate can be divided into four types when classified by physical dimensions: 
conductive nanoparticles like metal nanoparticles which is defined as zero directional electrode; 
conductive nanowires like carbon nanotubes (CNTs) and metal nanowires which is defined as one 
directional electrode; conductive nanosheets like graphene which is defined as two directional 
electrode; and conductive polymer like PEDOT:PSS which is defined as thin-film electrode. In this 
section, we will discuss fabrication methods, performances, and advantages/limitations of each type of 
electrodes.  

 
Figure 6. Summary of electrodes for nanocellulose paper substrate, which can be classified by the 



physical dimensions: zero direction, [29] one direction, [30] two direction, [31] and thin film. [32] 
Copyright 2012, Springer. Copyright 2013, American Chemical Society. Copyright 2013, Royal 
Society of Chemistry. 
 
3.1. Conductive nanoparticle   
Conductive nanoparticles such as silver nanoparticle can be used to make conductive inks that can be 
directly printed on nanocellulose paper substrate as electrodes, which has the potential to be a quick, 
large-scale and precise electrode fabrication strategy. Conductive nanoparticle ink has very high level 
of conductivity and can be easily absorbed by the substrate and finally tightly bond with the substrate 
when the ink is dry. Chinga-Carrasco, et al, adopt inkjet-printed technology to coat silver 
nanoparticles on nanocellulose paper substrate. [29] First, the substrate surface is processed by 
hexamethyldisilazane (HMDS) to reduce its water-wettability and improve the resolution of printing 
inkjet-printed silver nanoparticles. Second, the silver nanoparticles are printed on the 
HMDS-modified films, which composes nanofibrils with diameters less than 20 nm, as indicated in 
Figure 7a. The surface resistivity of the inkjet-printed silver electrode is about 5 Ω/Sq and the 
smallest space between the nearby electrodes is about 100-200 µm, as shown in Figure 7b. However, 
zero directional electrode needs a dense structure to form the conductive network, as a result, this type 
of electrode on nanocellulose paper substrate will seriously hamper the transparency.  

 
Figure 7. (a) Surface SEM image and (b) optical image of inkjet-printed silver nanoparticles electrode 
on nanocellulose paper substrate. [29] Copyright 2012, Springer. 
 
3.2. Conductive nanowire 
One directional conductive material has good length-diameter ratio and can form a conductive 
network with small amount of material, which ensures a high transparency of the nanocellulose paper 
substrate and will not influence the mechanical property of substrate. CNTs is a typical one directional 
conductive material, simultaneously owing the advantages of lightweight and high mechanical 
strength, etc. [30] Fang, et al. use Meyer rod coating method to deposit CNTs on nanocellulose paper 
substrate, which has potential as a large-scale industrial method, as shown in Figure 8a. [33] 
Specifically, 1 mg/ml of CNTs is dispersed in water and 10 mg/ml of sodium 
dodecyl-benzene-sulfonate (SDBS) serves as the surfactant. Increasing the amount of the CNTs can 
enhance the conductively, as shown in Figure 8b. Sheet resistance is about 500 Ω/Sq, if the CNTs 
amount reaches 0.7 µg/cm2. By the way, increasing the CNTs amount is not an effective way to get 
better conductively anymore for this work. Zhong, et al. test the mechanical and optical performances 
of CNTs electrode on nanocellulose paper substrate. [34] Deformation under bending angle up to 90 
degree and durability tests are realized. During the measurement, sheet resistance of about 2 kΩ/cm2 



almost remains stable (Figure 8c and 8d). The CNT electrode is also bent continuously one thousand 
times with a maximum bending angle of ~60°, and the I–V curve remains stable (Figure 8e). These 
results indicate the good flexibility and stability of CNT electrodes on the nanocellulose paper 
substrate. On the other hand, the transparency is as high as 90% with CNT electrodes (Figure 8f). 

 
Figure 8. (a) Coating procedure for CNTs coating on nanocellulose paper substrate. (b) Sheet 
resistance of CNTs electrode with various amount of CNTs. [33] Copyright 2013, Royal Society of 
Chemistry. (c) Pictures of CNTs electrode bent at different angles. (d) Sheet resistances of CNT 
electrodes after first bending process, recovery process, and second bending process, respectively. (e) 
1000 times bending test of CNT electrodes, with a bending angle of 60°. (f) Transmittance of the 
substrate with CNTs electrode. [34] Copyright 2014, American Chemical Society. 
 

Metal nanowires like silver and coper nanowires are another excellent candidate for one 
directional electrode, as it has better conductivity than CNTs. Silver nanowires electrode is usually 
fabricated with a “transfer method”, as indicated in Figure 9a. [35] Specifically, nanocellulose is 
filtered through tetramethylpiperidine oxide (TEMPO)-treated nanocellulose paper to smooth the 
surface, and then a filtered silver nanowires network is embedded on the smooth surface with a 
lamination process, as shown in Figure 9b. Kang, et al. prove that such silver nanowires electrode can 
conformally cover the surface with strong adhesion strength, making it adapt structure deformation 
even after folding it from +180o to -180o, as shown in Figure 9c. [36] They also conduct transfers for 
silver nanowires of different amount in order to obtain transparent electrodes on nanocellulose paper 
substrate with different transmittance and conductivity (Figure 9d). It is found that sample with lower 
sheet resistance has lower transmittance, because lower sheet resistance needs a denser network. 



When the sheet resistance is less than 10 Ω/sq, the transparency under wavelength of 600 nm is over 
80% (Figure 9d). 

 
Figure 9. (a) Schematic of silver nanowires network embedded on the surface of nanocellulose paper 
substrate. (b) Surface SEM image of silver nanowires with a sheet resistance of 4.2 Ω/sq. [35] 
Copyright 2014, Royal Society of Chemistry. (c) Schematics for the folding procedure of silver 
nanowires electrode. (d) Spectra of silver nanowires electrodes of different sheet resistance. (e) 
Transparency at a wavelength of 600 nm with different sheet resistances. [36] Copyright 2015, 
Wiley-VCH. 
 
3.3. Conductive nanosheet 
Two directional conductive material like graphene is composed of one or few layers of atoms, which 
make it be extremely thin and transparent. Graphene has excellent mechanical strength with Young’s 
modulus values of 2.4 ± 0.4 and 2.0 ± 0.5 TPa for single- and bilayer graphene, respectively. [37] 
Thus, such two directional electrodes are good candidates that can be assembled with nanocellulose 
paper substrate. Graphene can be covered on the substrate surface to construct the conductive network, 
but need to solve the connection issue. For example, Gao, et al. endeavor to prepare transparent 
conductive nanocellulose paper through layer-by-layer assembly method with divalent copper ions as 
the crosslinking agent, as shown in Figure 10a. [38] The thickness of the reduced graphene oxide 
(RGO) layer in nanocellulose paper is adjustable by changing the cycle times of the layer-by-layer 
assembly method. Figure 10b shows the picture of nanocellulose/RGO paper, demonstrating good 
flexibility and color retention ability. Transmittance of the nanocellulose/RGO paper at a wavelength 
of 550 nm is related to the number of layer-by-layer cycles (Figure 10c), which is 89.2% for pure 
nanocellulose paper and 76% for nanocellulose/[RGO]20 paper (see inset of Figure 10c). The sheet 
resistance of the nanocellulose/[RGO]20 paper reaches 2.5 kΩ/sq (20 means 20 times of layer-by-layer 
cycles), which keeps stable under 200 cycles of bending, as shown in Figure 10d. Furthermore, 
nanocellulose/[RGO]20 paper retains good mechanical property from nanocellulose paper with the 
final strength of ~136 MPa. Another strategy to assemble graphene electrode with nanocellulose paper 
substrate is to mix them. Luong, et al. report a type of graphene/cellulose composite paper that has 
excellent performances by combining RGO and amine-modified nano-fibrillated cellulose (A-NFC). 
[39] By changing graphene oxide (GO) content, graphene/cellulose nanocomposites with graphene 
content ranging from 0.1 wt% to 10 wt% were obtained. The synthesized RGO/A-NFC 



nanocomposite possesses an electrical percolation threshold of 0.3 wt% and an electrical conductivity 
of 4.79×10−4 S/m, which is higher than the antistatic value, as shown in Figure 10e. It should be noted 
that with 5 wt% of graphene, the RGO/A-NFC composite paper had a greatly enhanced tensile 
strength of ~273 MPa, which is 1.4 times and 2.8 times higher than that of cellulose paper and 
graphene oxide paper, respectively.  

 

Figure 10. (a) Schematic diagram of nanocellulose/RGO paper with Cu2+ as the crosslinking agent. (b) 
Optical image of nanocellulose/[RGO]20 paper. (c) Transmittance of nanocellulose/[RGO]n papers 
with different layer-by-layer cycles, insets show the relationship between transmittance at a 
wavelength of 550 nm and the number of layer-by-layer cycles. (d) Sheet resistance of nanocellulose 
/[RGO]20 paper under bending cycles. [38] Copyright 2013, Elsevier. (e) Electrical conductivity of the 
RGO/A-NFC nanocomposite papers, and SEM images of GO paper, A-NFC paper, and RGO/A-NFC 
composite paper with 0.3 wt% of graphene. [39] Copyright 2011, Royal Society of Chemistry. 
 
3.4. Conductive polymer 
Conducting polymers, such as PEDOT: PSS and PANi, are a kind of highly conjugated polymers with 
spatially extended π-bonding that can provide unique properties. [32] Conductive polymers are easily 
dispersed and bonded with nanocellulose paper substrate because of the intermolecular forces 
generated by hydrogen bonds. [32] Gao, et al. report fabricating PEDOT: PSS transparent electrode 
on nanocellulose paper via spinning coating method, because hydrophilic feature of nanocellulose 
paper and its smooth surface make it easily coated with the PEDOT: PSS aqueous ink, as shown in 
Figure 11a. [27] Atomic force microscopy (AFM) image shows that the roughness is ∼83 nm, 
proving the little influence of transmittance. The transmittance of nanocellulose paper and 
nanocellulose paper with electrode is ∼90% and ∼87%, respectively (Figure 11b). A photo of the 
nanocellulose paper with electrode also shows its good transparency. Furthermore, deformation 
experiments with bending angles changing from 30° to 90° illustrate that the sheet resistance of the 
conductive paper substrate remains ~0.9 MΩ/sq after continuous three bending process (Figure 11c). 
Meanwhile, the sample is continuously bent at 60° for one thousand cycles, while the I–V curves 
remain almost stable. Except covering conductive polymer on the substrate surface, another way is to 
nanocellulose conductive polymer on the nanocellulose fibers directly. Luong, et al. report NFC/PANi 
paper-like materials based on NFC/PANi aqueous suspensions adopting simple vacuum filtration 
method and solvent casting techniques, with detailed fabrication steps shown in Figure 11d. [40] 
Tensile test is conducted to evaluate the mechanical performance of NFC and NFC/PANi composite 
papers, as shown in Figure 11e. The tensile strength and Young’s modulus of pure NFC are around 



173 MPa and 5.7 GPa, respectively, with the breaking strain of ~9%. The excellent mechanical 
properties of the NFC paper are contributed to the high aspect ratio of cellulose nanofibrils and strong 
intra- and intermolecular hydrogen bonding. The NFC/PANi composite paper possesses a percolation 
threshold of 4.57 wt% and the electrical conductivity is ~2.6×10−5 S/cm, which is higher than the 
antistatic criterion of 10−8 S/cm, as shown in Figure 11f.  

 
Figure 11. (a) SEM image, elements mapping image and AFM image of nanocellulose paper with 
PEDOT-PSS electrode. (b) Transmittance of nanocellulose paper and nanocellulose paper with 
electrode. (c) Sheet resistance of the nanocellulose paper with electrode for the continuous three 
bending process. Inset shows the optical image of bending nanocellulose paper. [27] Copyright 2016, 
American Chemical Society. (d) Fabrication process of NFC/PANi composite paper. (e) Stress–strain 
curves of pure NFC and NFC/PANi composite papers with PANi content ranging from 5 wt% to 80 
wt%. (f) Electrical conductivity of the NFC/PANi composite papers at different PANi contents. [40] 
Copyright 2013, Elsevier. 
 
4. Flexible electronics with nanocellulose paper substrate 
In the past decades, various flexible electronics with nanocellulose paper as substrate are developed, 
attributing to the excellent optical, mechanical, and thermal properties, etc. Such nanocellulose-based 
electronics belong to next generation of green electronics and are the hope to alleviate the E-waste 
crisis. In this section, we will review recent progress of representative nanocellulose paper-based 
electronics, including the construction, device structure, working mechanism, performance, 
application, and challenge, etc. These typical nanocellulose-based devices include electromechanical 
transducer, energy storage devices, solar cell, thin film transistor, organic light emitting diode, and 
touch screen. 
 



4.1. Electromechanical transducer 
So far, researchers have demonstrated various nanocellulose-based electronics. However, most of 
these electronic devices rely on external power sources or rigid batteries, thus it is of highly desirable 
to develop self-powered paper electronic systems to accumulate mechanical energy from environment 
and human body movement. Paper is an appropriate substrate for paper-based energy harvesters, so 
that to ensure the flexibility and reduce the fabrication cost. Researchers try to fabricate paper-based 
energy harvester/sensor with working mechanism of piezoelectric and triboelectric/electrostatic 
effects to convert mechanical energy/signal to electrical domains. [41-43] Specifically, for 
nanocellulose-based energy harvester/sensor, Zhong, et al. develop an active pressure sensor and 
energy harvester with following claimed advantages: (1) these devices are self-powered, meaning they 
don’t need external power; (2) they are transparent; (3) they are compatible with other paper products 
such as artwork and packaging, etc.; (4) they have potential to be mass manufactured and can be 
added or removed easily. [34] Applications regarding anti-theft or anti-fake are demonstrated with 
such active pressure sensors, as shown in Figure 12a. One type of sensor is composed of 
CNTs/T-paper and polyethylene (PE)/CNTs/T-paper, both are transparent and with good working 
stability. The other type of sensor is composed of PE/CNTs/T-paper and can be easily patterned. In 
these devices, PE electret is used to hold electrostatic charges and the working mechanism of these 
sensors is the electrostatic induction effect. In general, Pressing and releasing the device will produce 
alternating signals, with schematic diagram indicating the detailed working process in Figure 12b. 
The output performance (peak current and peak voltage) of this sensor is excellent, and have good 
stability, which is operated for 54000 cycles with little variation. Another nanocellulose-based energy 
harvester with similar structure and working mechanism is demonstrated by Gao, et al. [27] The 
energy harvester can achieve a maximum power of ∼84.4 µW and is continuously operated for 54 000 
cycles stably. It is used to light one red LED in series with two blue LEDs, as shown in Figure 12c. 
Since the energy harvester is invisible, they place it on the surface of one toy without affecting the 
appearance of toy (left in Figure 12d). When pressing the paper toy, the device generates electricity 
which can light up LEDs (right in Figure 12d). Once the energy harvester is pressed, the generated 
voltage across these LEDs is ∼7.5 V (Figure 12e) and the current through these LEDs reaches ∼18 
µA (Figure 12f). More importantly, this energy harvester is made of nearly all-biodegradable 
materials, which is a good example for eco-friendly concept. However, further improving the output 
ability is still a great challenge for the nanocellulose paper-based energy harvesters, as currents 
devices can only power small power consumption electronics.  



 
Figure 12. (a) Transparent paper-based artwork anti-theft system and smart mapping anti-fake system 
used for artwork protection and smart packaging. (b) Working process of the device at (I) the original, 
(II) the pressing, (III) the equilibrium, and (IV) the releasing states. [34] Copyright 2014, American 
Chemical Society. (c) Equivalent circuit for the self-powered paper toy. (d) Pictures of self-powered 
paper toy. (e) Voltage across the LEDs when pressing the device. (f) Current through the LEDs when 
pressing the device. [27] Copyright 2016, American Chemical Society. 
 
 
 
4.2. Energy storage device 



 

Figure 13. (a) Nanocellulose-based supercapacitor, with PPy as functional electrode material and 
nanocellulose as substrate. [45] Copyright 2015, American Chemical Society. (b) Schematic diagram 
of the fabrication procedure for the nanocellulose-based zinc–air battery. [46] Copyright 2016, 
Wiley-VCH. 
 
Energy storage devices, such as lithium batteries and supercapacitors, are critical components of next-
generation portable electronics. Nanocellulose is usually adopted to construct the functional substrate 
and electrode of the single-use and disposable energy storage devices, with advantages of large 
surface area to hold active substance, low cost and easy fabrication, etc. [44]. These 
nanocellulose-based energy storage devices have potential applications in supplying power for 
displays and sensors in smart packages in the future. For supercapacitor demonstration, Wang, et al. 
as shown in Figure 13a, prove that surface modified nanocellulose fibers (NCFs) can serve as 
substrates in constructing supercapacitor electrodes, which has the highest full electrode-normalized 
gravimetric capacitances of ~127 F/g at high current densities (33 A/g) till reported date. [45] Before 
polypyrrole (PPy) polymerization, they introduce quaternary amine groups to the surface of NCFs, 



which can minimize the macropore volume of PPy-NCF composites without influencing the volume 
of the micro- and mesopores. Based on these porosity-optimized electrodes, they develop a symmetric 
and aqueous electrolyte-based device with device-specific volumetric energy and power density of 3.1 
mWh/cm3 and 3 W/cm3, respectively. In addition, PPy-NCF composites are able to be combined with 
miniaturized flexible devices to light LEDs when the device is in extremely challenging states. 
Moreover, Zhang, et al. report a solid-state hydroxide-conducting electrolyte which is based on 
nanocellulose and functionalized GO with laminated structure, and used on a flexible and 
rechargeable zinc–air battery, as given in Figure 13b. [46] Once functionalized, the superior 
hydroxide conductivity can achieve 58.8 mS/cm at 70 °C. Compared to commercial A201 membrane, 
battery based on this membrane possesses better rechargeability and stability. In addition, the zinc-air 
battery has excellent output power density when it is under stress. Such new type of 
nanocellulose-based battery may open up an opportunity for developing flexible and solid-state 
electrochemical energy. However, the environmental stability of the nanocellulose-based energy 
storage devices, like the stability against humidity and low/high temperature still need to be enhanced 
to ensure the practicability.  
 
4.3. Solar cell 

High optical performances of nanocellulose paper like high transparency and low haze make it 
good for the solar cell substrate, and there is great progress in the transparent paper-based solar cell 
recently. The nanocellulose-based solar cell is a very good example for green energy concept. [47] For 
example, Hu, et al. firstly present an organic solar cell on the nanocellulose paper substrate with a 
power conversion efficiency of 0.40%, as shown in Figure 14a and 14b. [19] It is found that the 
power conversion efficiency could be further increased by maintaining the surface smoothness of 
substrate during fabrication. Nogi, et al. report a transparent conductive paper based on cellulose 
nanofibers and silver nanowires, which has the comparable performance to ITO glass. [48] Solar cells 
based on nanocellulose are fabricated with transparent conductive nanocellulose paper, which has 
high power conversion efficiency of ~3.2%, as shown in Figure 14c and 14d. Benefiting from the 
good affinity and entanglement between cellulose nanofibers and silver nanowires, the nanocellulose 
paper maintain its high conductivity, and the paper solar cells can also generate electricity after 
folding it. However, it’s inevitable that long-time of sunniness will accelerate the decay of 
nanocellulose, so that affect the performance of solar cells. Compared with flexible solar cells with 
traditional polymer substrate, the power-conversion-efficiency, stability, and robustness of the 
nanocellulose-base solar cells still need to be improved.  

 



 
Figure 14. (a) Printed solar cells on transparent and conductive nanocellulose paper substrate, with 
power conversion efficiency of 0.4%. (b) The schematic diagram for the solar cell structure. [19] 
Copyright 2013, Royal Society of Chemistry. (c) Optical image of solar cells based on foldable, 
lightweight, transparent, and conductive nanocellulose paper. (d) I-V characteristics of organic solar 
cells (P3HT/PCBM) in the dark (broken lines), and under 100 mW/cm2 of AM 1.5 G illumination 
(solid lines); Red plot: solar cells based on nanofiber paper; black plot: solar cells based on ITO glass. 
[48] Copyright 2015, Nature Publication Group. 
 
4.4. Thin film transistor 
Transistor is an important semiconductor device, which is used for the amplification and conversion 
of electronic signals or electrical power. Nanocellulose paper substrate has high mechanical strength, 
excellent surface property and optical property, which make thin film transistor (TFT) constructed on 
such substrate have unique performance than TFT constructed on normal paper substrate or polymer 
substrate. For example, Fujisaki, et al. report a thin and transparent organic thin-film transistor (OTFT) 
with high-mobility array based on nanocellulose paper substrate which has good chemical durability, 
good thermal stability (>180 °C), and low coefficient of thermal expansion (CTE: 5-10 ppm/K). [49] 
The advantages mentioned above ensure its capacity in building OTFT arrays on nanocellulose papers 
with a similar process to build OTFT arrays on normal glasses. Figure 15a presents the cross-
sectional structure of the bottom-contact OTFT array on a nanocellulose paper. They first laminate the 
nanocellulose paper on a supporting glass substrate with an adhesive film. Before OTFT 
manufacturing, nanocellulose paper is covered with a 2 µm thick thermally crosslinked olefin polymer, 
which is beneficial for enhancing the mechanical flexibility and flattening the surface of nanocellulose 
paper. The bottom-contact OTFT array is fabricated with a soluble small-molecule and a 
fluoropolymer gate dielectric by lithographic and solution-based process. After integrating the whole 
device, the 20-µm-thick transparent nanocellulose paper is then peeled off from the supporting glass 
substrate without any cracks and damages. The picture of a real OTFT array on nanocellulose paper is 
shown in Figure 15b, showing an excellent flexibility and mechanical durability. Figure 15c and 15d 



present the typical output and transfer characteristics of the OTFT on nanocellulose paper substrate, 
respectively. It is found that the short channel device has a channel length of ~10 µm and exhibits a 
high on-current (~10−5 A), a high on/off ratio (~106 to ~108), and a high mobility (1 cm-2 V-1 s-1) under 
ambient air. It’s believed that solution-based OTFT with low cost and environmental friendly paper 
substrates have great potential for application in flexible electronics. 
 

 
Figure 15. (a) Cross-sectional structure of fabricated OTFT on nanopaper. (b) Optical image and 
optical microscopy image of the 20-µm-thick transparent nanopaper-based OTFT array. (c) Output 
and (d) transfer characteristics of OTFT under ambient air when the channel length is ~10 µm. [49] 
Copyright 2014, Wiley-VCH. 
 
4.5. Organic light emitting diode 
Organic light emitting diode (OLED) is attracting more and more interest due to their features of thin, 
light-weight and energy efficient, and have been widely applied for the display and lighting. [15] 
Normally, OLEDs are fabricated on rigid glass substrate or flexible plastic substrate, such as 
polyethylene terephthalate (PET) and polyethylene naphthalate (PEN). Glass substrate will increase 
the cost and bring inconvenience in device carrier due to its rigidity and density. [50] Nanocellulose 
paper substrate possesses good smoothness in nanoscale and tunable optical property from clear to 
hazy, making it suitable for flexible OLED devices. [51, 52] For example, Jin, et al. demonstrate an 
OLED on a transparent paper based on chitin nanocellulose fibers (ChNF), with device structure 
given in Figure 16a. [51] The OLED is fabricated on a 40 µm-thick ChNF paper which is coated with 
a layer of thin (<1 µm) polymethylmethacrylate (PMMA) as the surface planarization layer, while the 
reference device is developed based on a 50 µm-thick PEN substrate. Figure 16b presents the optical 



images of OLED based on ChNF paper which operates stably in both flat and bending states. The 
OLED device can achieve a turn-on voltage of 2.5 V and a maximum luminance of 3.89k cd/m2, 
which is nearly the same as the reference device, as shown in Figure 16c and 16d. Such 
nanocellulose-based OLED has potential application as a display unit for the smart packages. 
However, the long-time stability of this device still needs to be improved to ensure the practicability.  

 

 
Figure 16. (a) Device structure of the OLED on nanocellulose paper substrate. (b) Optical images of 
the flexible OLED operating in flat state (left) and bending state (right). Scale bar is 1 cm. (c) J-L-V 
characteristics and (d) current/power efficiency of the fabricated OLED and a reference OLED device. 
[51] Copyright 2016, Wiley-VCH. 
 
4.6. Touch screen 
Nanocellulose paper substrate has large optical haze value, making it perfect to eliminate strong light 
reflection when exposed to sunlight and thus a good substrate for touch screen. [15] For touch screen 
application, the transparency of the nanocellulose paper and the electrode should reach more than 90% 
and haze smaller than 1%. [53]. Normally, CNTs, graphene, and Ag nanowires are reasonable 
electrodes for the touch screen application. Fang, et al. develop an analogue resistive paper touch 
screen which uses a transparent nanocellulose paper as the electrode, as shown in Figure 17a. [33] 
Here, screen-printing method is adopted to form silver patterns on the CNT-coated transparent 
nanocellulose paper. The transparent nanocellulose paper with CNTs electrode is then used to 
fabricate paper touch screen. “eGalaxTouch” software is used to test the transparent nanocellulose 
paper touch screen. The word “paper” is written on the touch screen through a stylus pen and then 
successfully displayed on the computer through a USB port (Figure 17b), which shows that the 
polymer substrate like PET can be replaced by transparent and conductive nanocellulose paper in 
electronic devices. However, the touch screen doesn’t belong to single-use devices, and the durability 
of the nanocellulose-based touch screen still need to be improved, as nanocellulose paper can’t against 
moisture from human hand. 



 
Figure 17. (a) Schematic structure of a transparent four-wire touch screen. (b) Paper touch screen that 
can simulate typical “paper” assisted by “eGalax Touch” software. [33] Copyright 2013, Royal 
Society of Chemistry. 
 
5. Conclusion and future prospects 
Definitely, nanocellulose paper is an appropriate candidate for the next-generation flexible electronic 
substrate, by virtue of the advantages of light, transparent, mechanical strong, thermal stable, 
biodegradable and biocompatible, etc. Based on the electrode fabrication technology that will not 
hamper the advantages of nanocellulose paper substrate, including conductive nanoparticles, 
nanowires, nanosheets, and polymers, various of flexible electronics such as energy harvester/sensor, 
energy storage device, solar cell, thin film transistor, and organic light emitting diode, and touch 
screen, etc. are successfully developed. However, these novel nanocellulose-based electronics are just 
concepts at present. Compared with traditional glass and polymer substrate, nanocellulose paper still 
have the following limitations: (1) the cost for fabricating nanocellulose paper is still high; (2) 
humidity stability and shelf life of nanocellulose paper still need to be improved; (3) large-scale 
electrode fabrication on the nanocellulose paper is not mature. It’s believed that more 
nanocellulose-based electronics will appear in the future and may become popular commercial 
products, if the above problems can be solved. That would depend on improving the unique 
performances of nanocellulose paper and developing mature large-scale manufacture technology, like 
roll-to-roll method. We believe that nanocellulose paper-based electronics is the one hope to solve the 
E-waste problem, even though there is still a long way to go.  
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