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            Abstract
Electronic waste can lead to the accumulation of environmentally and biologically toxic materials and is a growing global concern. Developments in transient electronicsâ€”in which devices are designed to disintegrate after useâ€”have focused on increasing the biocompatibility, whereas efforts to develop methods to recapture and reuse materials have focused on conducting materials, while neglecting other electronic materials. Here, we report all-carbon thin-film transistors made using crystalline nanocellulose as a dielectric, carbon nanotubes as a semiconductor, graphene as a conductor and paper as a substrate. A crystalline nanocellulose ink is developed that is compatible with nanotube and graphene inks and can be written onto a paper substrate using room-temperature aerosol jet printing. The addition of mobile sodium ions to the dielectric improves the thin-film transistor on-current (87â€‰Î¼Aâ€‰mmâˆ’1) and subthreshold swing (132â€‰mVâ€‰decâˆ’1), and leads to a faster voltage sweep rate (by around 20 times) than without ions. The devices also exhibit stable performance over six months in ambient conditions and can be controllably decomposed, with the graphene and carbon nanotube inks recaptured for recycling (>95% recapture efficiency) and reprinting of new transistors. We demonstrate the utility of the thin-film transistors by creating a fully printed, paper-based biosensor for lactate sensing.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 12 digital issues and online access to articles
$119.00 per year
only $9.92 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Nanocellulose printing.[image: ]


Fig. 2: All-carbon TFT printing and testing.[image: ]


Fig. 3: Benchmarking printed all-carbon TFT performance against other printed transistors.[image: ]


Fig. 4: All-carbon TFTs with demonstration of controlled recycling.[image: ]
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Extended data

Extended Data Fig. 1 Viscometric properties of inks.
a, Dynamic Viscosities of all inks as a function of shear rates. b, Strain dependent storage (Gâ€™, blue line) and loss (Gâ€�, red) moduli, measured at a frequency of 1â€‰Hz, for nanocellulose ink (first column), graphene ink (second column), silver nanowire ink (third column) and carbon nanotube ink (fourth column). c, Frequency dependent storage (Gâ€™, blue line) and loss (Gâ€�, red) moduli. It should be noted that the viscosities of the AgNW and the CNT inks are approaching the measurement limits of the rheometer.


Extended Data Fig. 2 Characterization of printed inks.
a, Heights of single pass nanocellulose thin-films printed onto a paper substrate (top) and silicon substrate (bottom). Boxed region represents printed thin-film area. The height of the CNC thin-film is most likely lower on the paper substrate due to impregnation of the nanocellulose film into the fibrous paper. b, Heights of graphene thin-films printed onto a paper substrate (top) and silicon substrate (bottom). Boxed region represents printed thin-film area. No graphene height can be observed on the paper substrate due to wicking of the ink into the paper substrate. c, Printed line widths (left) for nanocellulose lines printed onto paper substrates (blue) and silicon substrates (red) as a function of print passes. Box represents lower and upper quartile range, line represents median, and whiskers represent lowest and highest value. Line widths represent 10 width measurements from 1 print. Printed line roughness values (right) for nanocellulose lines. Datapoints represent average and standard deviation of 5 profilometry measurements taken from 1 print. d, Graphene line widths (left) and roughness values (right) for printed lines on paper substrates (blue) and silicon substrates (red).


Extended Data Fig. 3 Crystalline Nanocellulose dielectric characterization.
a, Top-view optical image and (b) SEM cross-sectional image of nanocellulose parallel plate capacitor. c, Capacitance as a function of frequency for nanocellulose capacitor before heating (dashed line) and after heating to 80â€‰Â°C for 1â€‰hour (solid blue lines) measured every 30â€‰seconds for 30â€‰minutes (light to dark blue), indicating strong frequency dependence of capacitance and a recoverable decay of low-frequency capacitance after heating. d, Capacitance response to atmosphere conditions in vacuum (blue), air (white), and nitrogen (grey). Both tests demonstrate hydration dependence on capacitance with a decrease in low-frequency capacitance after water evaporation due to heat and vacuum, respectively. The nitrogen atmosphere demonstrates that the capacitance decrease is caused by a hydration decrease as opposed to an environmental pressure change.


Extended Data Fig. 4 Crystalline nanocellulose capacitance-charge relationship.
 Nanocellulose capacitance as a function of frequency measured on parallel plate capacitors for nanocellulose dielectric films printed with 6% w/w crystalline nanocellulose in DI water (blue), 6% desulfonated crystalline nanocellulose in DI water (red), 6% crystalline nanocellulose in ultrapure water (green), and 6% desulfonated crystalline nanocellulose in ultrapure water (purple). This illustrates that the intrinsic ionic nature of the nanocellulose dielectric is derived from the dissolved salts in addition to the sulfonation from the hydrolysis of cellulose. Data represent average Â± standard deviation of 4 devices.


Extended Data Fig. 5 Nanocellulose-based all-carbon TFT electrical characterization.
a, Subthreshold curves at varying drain-sourcevoltages (Vds) demonstrating the optimization of on/off-current ratio at a Vds of -0.5â€‰V. b) Output curves at varying gate voltages. A clear shift in conduction pathway can be seen at increasingly positive Vgs where carriers are now tunneling through the Schottky barrier into the conduction band rather than the lower-barrier injection of carriers into the valence band at negative gate bias. The transistors were fabricated with a 0.15â€‰mM salt concentration in crystalline nanocellulose and tested with a sweep frequency of 10â€‰ms.


Extended Data Fig. 6 All-carbon TFT back-to-back cycling without added salt in nanocellulose dielectric.
a, Transfer curves (drain current plotted on a linear scale against gate voltage) and (b) corresponding gate leakage currents demonstrating a 15% decrease in on-current and a 77% decrease in leakage current over 9 cycles, attributed to limitations in ion mobility and a time delay in the development of a double layer in the nanocellulose dielectric. c, Transfer curves for two back-to-back cycles showing a marked decrease in hysteresis between the (black) first and (red) second cycles and a significant (~2x) increase in on-current, attributed to the slow formation of the double layer charge that guides the decrease in gate leakage. Without the addition of salt, the transistor behavior is highly dependent on device history, both in terms of cycle duration (hold time) and in terms of cycle number. The transistor was fabricated without added salt and tested with a sweep rate of ~mV s-1 .


Extended Data Fig. 7 Viscosity of crystalline nanocellulose ink with added mobile ions.
Dynamic viscosity of 6% crystalline nanocellulose solutions with increasing salt concentrations demonstrating the electroviscous effect.


Extended Data Fig. 8 Lactate biosensing from fully printed all-carbon devices on paper.
a, Schematic of (top) 2-electrode and (bottom) transistor-based, all-carbon lactate sensors. Electronic lactate concentration testing using (b) the 2-electrode sensor and (c) the transistor-based sensor. d, Transistor-based testing setup. e, Current dependence on lactate concentration showing a more pronounced current response to increases in lactate concentration with the 2-electrode device; however, a current maximum is reached at a concentration that is too small for medical relevance whereas the transistor-based device extends the sensing window by at least 5x, allowing for medically relevant lactate sensing. Lactate concentrations greater than 2â€‰mM in human blood are indicative of septic shock. Furthermore, recent research indicates that mortality rates for patients presenting with elevated lactate concentrations was highly dependent on the duration of sepsis. Mortality sharply declined when lactate levels stabilized to a value of 2.2â€‰mM as opposed to those that maintained a concentration of 3.3â€‰mM after 4â€‰hours. Hence, the 2-electrode sensor, which has a higher sensitivity than the transistor-based sensor (5.16â€‰Î¼Aâ€‰mMâˆ’1 vs 0.37â€‰Î¼Aâ€‰mMâˆ’1, respectively) has a sensing window that is too narrow for complete medical relevance. Working electrode area is 5 mm2 for all measurements).


Extended Data Fig. 9 Nanomaterial ink recycling yield.
a, New CNT ink (blue) and 5x recycling iterations of CNT ink (redâ€”darkâ†’light; recycling cycles 1â†’5). The difference in baseline absorbance (away from the CNT peaks) between inks at ostensibly the same concentration may be due to some particulate matter left in the ink. b, To allow for CNT concentration measurement, the baselines were aligned and plotted and the area under the curve from a wavelength of 800â€“1200â€‰nm was measured. The percent yield (insert) was measured by subtracting the integrands (that is Recycling round 1: % yield = \({\int}_{800}^{1200} {Recycle\,round} 1 - {\int}_{800}^{1200} {New\,ink}\)). c, New (blue) and 5x recycling iterations of graphene ink (redâ€”darkâ†’light; recycling cycles 1â†’5). With the graphene ink the baseline absorbance (away from the graphene peak) is markedly higher for the new ink, potentially due to the added viscosifiers. b, baseline corrected graphene ink absorbance with recycling yield (insert). Graphene ink integration was measured from 200â€”800â€‰nm.


Extended Data Fig. 10 CNT printing density.
SEM images of CNT thin films printed on silicon using (a) pristine and (b) recycled CNT ink for purposes of determining printed density (45% and 36% coverage for new and recycled inks, respectively). c,d, For analysis, each image was set to binary using ImageJ, and in addition, in e,f, the color threshold was modified to help guide the eye. The decrease in printed ink density may help explain the slightly lower on-current with the recycled CNT ink.
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