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Abstract:  Carbon electronics is a growing field that spans printable electronics, energy 

storage devices, and bio-sensors. The commercialization of these carbon-based technologies 

requires a scalable production of high conductivity, acid-free carbon nanotube ink 

dispersions. Super acids have been used to achieve high concentration CNT inks however a 

scalable acid-free process to achieve similar concentrations has been missing for a long time.  

In this work, we demonstrate that water and sodium-cellulose are sufficient for achieving a 

scalable production of highly conductive CNT based ink, provided the solution is processed 

through a very high shear microfluidizer.  Materials used in this process are acid-free and 

require no post-processing, such as centrifuging or heating. We have achieved conductivity 

and sheet resistance of 3.6±0.2x105 S.m-1 and 0.11 Ω.□-1mil-1 respectively, which are among 

the best reported values for any un-doped carbon-based film. The thermal conductivity of the 

free-standing carbon films is 43±4 W m-1K-1. Using this method uniformly dispersed CNT inks, 

of viscosity >1Pa-s, are produced. Once printed on paper, these CNT films show pronounced 

resilience to mechanical deformation. This simple but scalable process provides a viable 

technology for using carbon-based conducting inks for printing large-scale devices. 

Keywords: Double-walled carbon nanotubes, dispersion, conductivity, microfluidization, 

sheet resistance. 
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Introduction: 

CNT based technologies have seen tremendous progress over the last two decades. Due to 

excellent electrical, mechanical and chemical properties, CNTs have found research 

applications in gas/chemical sensors,1 biosensors,2 hydrogen storage,3 printable electronic 

devices,4 composites,5 flexible and stretchable electronic components,6 wearable 

electronics,7 supercapacitors,8 actuators,9 transparent electrodes10  and light-weight 

conducting wires.11 However, commercially viable products are still scarce due to the 

shortage of a facile, environmentally friendly, simple, industrially compatible and scalable 

process for CNT dispersion. Furthermore, the use of carbon-based materials as commercial 

printable conductors have been unattractive due to insufficiently low electrical conductivity. 

Microwave sonication, centrifugation, surfactant removal, washing, and temperature 

treatment are some of the most common steps used for dispersing CNTs.12 Relying on these 

processing steps is generally not a problem when dealing with a few milliliters of sample.  

However, when dealing with industrial-scale quantities, it is either practically not feasible or 

commercially not viable to use these techniques. For example, sonication is not uniform and 

can take a very long time, a centrifuge can only easily handle small quantities, washing steps 

add cost and temperature treatment can limit the use of substrates and materials. 

Additionally, Iodine13 and strong acids14 are sometimes used for dispersing and enhancing 

the conductivity of CNT, however due to unstable doping and hazardous process conditions, 

their applications are limited. An acid and iodine-free, environmentally friendly process are 

desirable for making printable CNT devices at scale. Along with scalability, achieving a high 

concentration of CNT dispersion and high electrical conductivity are also extremely 
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important for competing with existing technologies such as silver inks. The main motivation 

of the paper is to provide an additional dispersion process which is water based and 

provides a very high concentration uniform dispersion of CNTs.  

Figure 1 compares the best reported sheet resistances values, to date, of the films made 

with multi-walled CNT (MWCNT),15 single-wall CNT (SWCNT),16 few walled CNT (FWCNT),17 

and graphene (GR)18 based conducting 

inks with our results of double-walled 

CNT (DWCNT). For comparison only 

un-doped films are presented except 

for the FWCNT film, where no un-

doped film results were available. 

These values are normalized to per mil 

thickness, where 1𝑚𝑖𝑙 = 25.4𝜇𝑚. A 

wider spectrum of sheet resistance and conductivity results, reported in the literature, are 

presented in the supporting information (SI).  

Conducting films made with MWCNT (number of walls >4) generally has a much higher 

sheet resistance than SWCNT, FWCNT, and GR. The lowest sheet resistance reported for 

SWCNT and MWCNT films is about 1 Ω.□-1mil-1 16 and 6.7 Ω.□-1mil-1 15 respectively. For an 

HNO3 doped FWCNT, the best sheet resistance is 0.19 Ω.□-1mil-1.17   

Graphene ink formulations have also shown great progress over the last few years and 

demonstrated commercial-scale processability. The best sheet resistance of GR film 

achieved to date is 0.55 Ω.□-1mil-1.18 Microfluidization has also been successfully used for 

creating GR inks with a sheet resistance of 2 Ω.□-1mil-1.19 Although the sheet resistance is 

Figure 1: A comparison of the best reported sheet resistance 
values of MWCNT, SWCNT, FWCNT, and DWCNT. 
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higher than the best value, it has an additional benefit of achieving commercial-scale 

production, thanks to the microfluidizer. The work presented in this paper reports the best 

sheet resistance value of any carbon-based films. We achieve this using an excellent 

dispersion of DWCNT. Figure 1 also compares the temperature treatment values of these 

best-reported values. In comparison, the process reported in this paper does not require 

any post temperature treatment. The process reported here focuses on high concentration 

CNT dispersions for making conducting electrodes and the process maintains the integrity 

and intrinsic properties of the CNTs. 

CNT dispersion: 

Conducting films made with poorly dispersed CNTs has discontinuous conducting regions 

leading to broken conduction paths and therefore low and unpredictable conductivity. To 

overcome this problem, uniform dispersion is imperative for creating optimum conduction 

paths and achieving low sheet resistance and high conductivity. The concentration of CNTs 

in the dispersed solution also plays a very important role in tuning its rheology. For example, 

screen (graver) printing requires the viscosity to be from 1Pa-s to 10Pa-s (0.1Pa-s to 1Pa-s), 

and also shear thinning behavior which reduces ink spreading during the printing process.20  

Bath and tip sonication are the most common tools used for dispersing CNTs. Ultrasound 

waves of frequency greater than 20 kHz are generated and the cavitation process, i.e. the 

process of bubble formation, their growth, and collapse, generate local shock waves and 

fracture CNT bundles. Further dispersion is achieved through chemical agents, creating 

electrostatic repulsion, in solution.21 However, sonication has many limitations. For 

example, the amplitude of the sound waves is not uniform in the solution, therefore 

depending on whether CNTs are near the node or antinode of the sound field or their 
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distance from the sonicator rod, 

they experience a very different 

dispersive force.  The amplitude 

also dissipates very quickly when 

the density/concentration of the 

solution is high.22 This results in 

non-uniform CNT dispersions.23 

This is particularly a significant 

problem when dealing with a large 

quantity (i.e. liters) and high CNT concentration solutions. To overcome these problems, a 

very efficient method has been developed here, which uses microfluidization, for dispersing 

a high concentration of CNTs in water. Water has been selected as a dispersing medium 

because it is environment-friendly, non-hazardous, and compatible with most industrial 

processes and equipment. 

Microfluidization: 

 A Microfluidizer (MF) consists of two key components, a microchannel of hydraulic 

diameter 10s of micrometers and a hydraulic system that applies a large pressure of 1000s 

of psi to the solution to push it through the microchannel, as shown in the schematic 

diagram in Figure 2. The solution experiences a very high shear of the order of 106 -108 s-1 

during the MF process.19 The most important advantage of using MF is that all the CNTs 

present in the solution experience the same shear force during dispersion, which is not 

possible to achieve using conventional sonication methods. In our experiment, the 

microchannel had a hydraulic diameter of 200 µm and the process was performed at 

Figure 2: Right, Image of the LM20 microfluidizer system used for 
this experiment. Left: schematic diagram of the system. Top: 
Chemicals used in dispersion. 
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5,000psi and 10,000psi. If the particles present in the solution are bigger than 200um 

diameter, system can be blocked.  After every six seconds, the hydraulic system pushes 6ml 

of solution through the microchannel. We determine that at 10,000 psi (6.7x107 Pa), it takes 

1s to force 6ml of CNT/water solution through this channel. The system takes five seconds 

to reset before the next push. Total processing time is 1ml s-1 cycle-1 and the volumetric flow 

rate is 6 cm3 s-1. From the hydraulic diameter and the volumetric flow rate, the mean 

channel velocity (U) is inferred to be 190 m/s.  

An estimated shear rate (�̇�) inside the microchannel is 2.74 × 107𝑠−1. Detailed calculations 

for the shear rate and Reynold number are given in the SI. In comparison, the rotator 

stator24, and kitchen blenders25  apply a shear rate of the order of 104 s-1 and the shear force 

is localized between the rotation plated, or near the blade. The Reynolds number (𝑅𝑒 =

𝜌𝑈𝐷 𝜇⁄ ) is estimated to be 38,000. A very high value of Reynolds number shows that the 

liquid flow through the microchannel is turbulent.26 It shows that at 10K psi, the solution 

experiences a very strong turbulent flow inside the microchannel and the Eddy currents are 

the main source of dispersion especially during the first few cycles. Here we define one cycle 

such that all the solution is passed through the microchannel once. The solution is cycled 

through the MF channel multiple times for best dispersion. It is observed that the viscosity 

of the solution increases with the number of cycles. Therefore, one may expect the 

Reynolds number to drop with the number of cycles.   

Results and Discussion: 

Figure 3 shows the scanning ion image (SIM), obtained using Helium ions, of CNT dispersions 

at cycle 0, 1 and 6. Where cycle 0 represents the initial state of the solution before it is 

passed through the MF. The solution is prepared by mixing 0.5wt% DWCNTs and 0.3wt % of 
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Sodium carboxymethyl cellulose (Na-CMC) in a deionized (DI) water magnetically stirred 

overnight. Na-CMC is a linear polymeric derivative of cellulose. Its structure is based on 

beta-linked glucopyranose polymer of cellulose with varying levels of carboxymethyl 

(−OCH2COO− Na+) substitution. Na-CMC used in this experiment has a substitution of 0.9. 

When it is dissolves in water, an electrolytic process takes place to separate a CMC molecule 

into sodium cations and a polymer anion which interact through electrostatic forces, which 

can also help in dispersing CNTs.27  Na-CMC was used as a multifunctional additive, 

Figure 3: Scanning Ion Microscope (SIM) images of the CNT/Na-CMS/Water dispersion at cycle 0 (a and d), 
cycle 1 (b and e) and cycle 6 (c and f). a, b and c are the low magnification, whereas d, e and f are the high 
magnification images. (e1, e2, e3) TEM images of the CNT dispersion after cycle 6 and pressure 10k psi. 
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functioning as a dispersing agent, dispersion stabilizer, and a binder. Pluronic F-127 and 

polyvinyl alcohol (PVA) which are also water-based dispersing agents have also been tested 

but the best dispersion was obtained using Na-CMC.   

Figure 3a is a SIM image of CNTs after 24hr stirring, where CNTs are all bundled together. It 

shows that magnetic stirring and Na-CMC alone are not sufficient for effecting dispersion. 

Figure 3(b and e) are images taken after the solution is passed through the MF chamber only 

once (cycle 1). It shows that even after one cycle, the CNTs start to de-bundle and are 

partially dispersed. The CNT Na-CMC solution is passed through the MF for a further five 

times. Figure 3 e (f) is the low (higher) magnification SIM image of the dispersed CNTs after 

cycle 6. Figures 3 e1, e2, and e3 are the TEM images of the same sample at different 

magnifications. Figure 3 (c, f, and e) clearly demonstrates that the majority of the CNTs are 

uniformly dispersed into smaller diameter bundles. Individual CNTs are observed in TEM 

images but the majority of the bundles have diameters from 5nm to 15nm. The distribution 

of the diameters of dispersed CNTs is shown in SI, Figure S2. Furthermore, the length of 

CNTs is of the order of microns with the majority having a length of about 5µm, as shown in 

more detail using TEM images presented in the SI, Figure S3. When CNTs are passed through 

the microchannel, they experience a very strong shear force, during this time they 

momentarily get separated and the gap is filled with the Na-CMC polymer chains, which 

keep them separated even when the shear force is not present. Na-CMC is a polymer, its 

chains are attached and wrapped around the CNT surface and lead to the physical 

separation and electrostatic repulsion between the CNTs and cause them to disperse.28 It is 

observed in the TEM images (Figure 3, e3) that polymer chains only partially cover CNTs, 

which allow neighboring CNTs to have direct contact with each other which is one of the 

possible reasons for achieving such a good conductivity despite the presence of the CMC 
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polymer. Indeed, when the CMC polymer is removed, the conductivity of the CNT wires is 

increased even further.  

Gravimetric measurements of the sediments, i.e. measuring the weight of the residues after 

centrifuge, can provide a direct measure of the dispersion efficiency of the dispersion 

process. To perform these measurements samples have been collected in a 2ml vial after 

cycles 0, 1, 3, 6, 9, 12, 15, and 20. These samples were then centrifuged at 10, 000 rpm for 

10 minutes. During the centrifuge process, undispersed CNTs are sediment at the bottom of 

the vial and the dispersed CNT solution is decanted to an empty vial. Vials were weighed 

carefully during every stage of this process. Graph 4a is the weight percentage of the 

residues left in the vial, as a function of the processing cycles. Inset 4(a1) shows the 

sediment left in the vial after cycles 0, 1 ,3, 6, 9, 12, 15 and 20. Inset 4 (a2) compares the 

dispersed CNT solution and their sediments for cycles 0, 6, and 20. At cycle 0 a negligible 

amount of CNTs are dispersed in the water whereas at cycle 20 almost all the CNTs are 

dispersed. The graph 4a shows that there is a sharp decline in the sediment weight as the 

solution is cycled through the MF. After cycle 6 more than 85% of the CNTs are dispersed 

and the rate of sediment accumulation is decreased significantly. Gravimetric or centrifuge 

tests shown in Figure 4a were suitable only for the 0.2wt% CNT solution, for 0.5wt% and 

1wt%, the viscosity of the solution was too high to perform these measurements. Therefore, 

to understand these dispersions, conductivity, and viscosity were measured as a function of 

MF processing cycles. For all the solutions Na-CMC was kept at 0.3wt% of the total solution. 

Na-CMC of wt% 0.1 and 0.2 were also tested but 0.3wt% was the minimum quantity which 

gave us the stable dispersion. It remained stable for atleast 3 months at room temperature. 

Dispersion was stable for at least 3 months Raman spectroscopy and FTIR measurements 
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were also performed which can shed light on any surface damage/defects caused during the 

MF process. 

For these experiments, we used a 150ml solution and the total time required to disperse 

150ml of the solution was 900 seconds at the rate of 1ml cycle-1 s-1. The scalability of our 

process is due the used for Microfluidization, which is inherently a linearly scalable process. 

In our lab we have created up to 0.5L of dispersion which took about one hour. The same 

process can be run for as many number of times to achieve litres of dispersion solution.  The 

solution production rate was 0.6 liters per hour, which was very fast as compared to existing 

dispersion techniques such as tip/bath sonication.29  The processing time regime of 

microfluidization is very different than the sonication methods. A comparison between the 

process time of MF and sonication is presented in the figure 2c of the reference 29. Which 

shows that MF process is about an order of magnitude faster than sonication. This 

production rate (0.6 L/hr) is obtained by using only one microchannel, however, the MF 

process can be further scaled up using multiple parallel microchannels. For example, the 

M710 multichannel microfluidizer can provide a flow rate of up to 34 L min-1 at 10,000 psi.30 

The process presented in this paper can easily be adopted by a multichannel system, making 

our process truly an industrial-scale process.  

Conductivity: 
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Figure 4b shows the conductivity of the 0.5wt% CNT films as a function of the processing 

cycle. At cycle 0, CNTs are not dispersed and due to the non-uniformity of the films, 

conductivity is very low. As the CNT solution is passed through the MF once (cycle 1), CNTs 

start to disperse and the conductivity starts to increase. The conductivity reaches the 

maximum value for dispersions obtained after cycle 6 and 9. With every processing cycle, 

CNTs are more dispersed. However, at the same time, due to the large shear force, CNTs 

also break, increasing the number of contacts between CNTs and therefore decreasing the 

Figure 4 (a) The weight percentage of the DWCNT sediments after centrifuge process is drawn as a function 
of the number of cycles the dispersing solution is passed through the MF. Inset (a1) shows the residues left 
after cycles 0, 1, 3, 6, 9, 12, 15 and 20. (a2) comparison of the dispersion after cycle 0, 6 and 20. (b) shows 
the conductivity of the films as a function of the number of cycles. Inset is an optical image of a typical device 
used to performing conductivity measurements. (c) Sheet resistance is drawn as function of an inverse 
thickness of dispersions prepared at different pressures and CNT concentrations after cycle 6. (d) 
Conductivities of the films obtained from (c) are dawn as a function of their sheet resistances. Primary source 
of error is the variation in the thickness along the length of the printed wire. Error bars are due to the SD in 
the thickness of the films, which was measured at three different points. 
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conductivity. These competing processes lead to maxima in conductivity as a function of the 

processing cycle. The maxima indicate an optimum condition for achieving the best 

dispersion and conductivity. Maximum conductivity achieved after 9 cycles is 3.6±0.2x105 S 

m-1, which is the highest conductivity reported for an undoped, acid-free carbon film. When 

these DWCNT films are soaked in HNO3 for 1hour, which removes Na-CMC, the conductivity 

is increased to about 7x105 S m-1. As shown in figure 4a, the sediments are almost 1% or less 

for cycles 6 and above, therefore, no centrifuge process was required to filter the dispersion 

for making transport devices. 100% of the added DWCNTs were used as a dispersed ink. It 

not only makes it straight forward to calculate the concentration of the ink but also 

eliminates any CNT waste generation. 

Figure 4c shows the sheet resistance of the DWCNT dispersion for a CNT concentration of 

0.2, 0.5, and 1.0 wt %. To compare these concentrations, devices similar to one shown in the 

inset 4b were fabricated using blade coating. The length divided by the width (L/W), where 

L>>W, is used to calculate the number of squares, which lead to the sheet resistance per 

unit square (Ω □-1). Devices were fabricated with different thicknesses (d) of CNT films and 

the sheet resistance was drawn as a function of the inverse thickness (1/d), as shown in 

Figure 4c. Linear dependence is observed for all the devices and the slopes give the 

conductivity of the CNT films. 1.0wt% CNT solution was dispersed using 20,000psi because 

10,000psi pressure was not strong enough to push such a high concentration of CNT 

solution though a 200µm channel. 0.5wt% CNT solution was also processed at 5,000psi for 

comparison.  

Figure 4d shows that the conductivity does not change significantly with the thickness of the 

film. This demonstrates that CNTs are evenly dispersed and form a very uniform conducting 
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films.  Among these samples, 0.5wt% CNT dispersed in water and processed at 10,000psi 

had the highest conductivity.  

Viscosity: 

Dynamic viscosity of the CNT dispersion solutions is measured using a plate-to-plate 

rotational rheometer from a shear rate of 2 to 1000s-1. Figure 5a shows the dynamic 

Figure 5: (a) Is the log-log graph of the viscosity of the CNT dispersions obtained at 5K, 10K and 20K psi 
pressure and CNT concentration 0.2. 0.5 and 1.0wt% vs shear rate (b) viscosity of 0.5wt% CNT dispersion 
obtained at 10K psi is drawn as a function of the processing cycles at the shear rate 100s-1.  (c) Raman shift 
spectra as a function of processing cycles. Insets show the zoomed I region near G peak (c1), D peak (C2) 
and 2D peak (c3). (d) Thermal conductivity and Seebeck coefficient of the CNT film. Inset shows the 
micrograph of the measurement setup. Error bars are due to the error in heater current, due to digital-
analog conveter, an estimated error in sample radiation (20% error) and the thermal conductance leak 
from the shoe assembly (10% error). (e) Resistance of the DWCNT coated twisted cotton thread, shown 
in the video V1 and (f) Resistance of a DWCNT coated film on a paper after being crumpled, shown in the 
video V2.  
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viscosity of the dispersions used for making conducting films presented in Figure 4c. For 

0.5wt% CNT dispersions, viscosity at a shear rate of 2 s-1 is about the same as honey (~10 Pa-

s) at room temperature.31 These measurements show a clear shear thinning behavior and 

the viscosity of the solution increases with the CNT concentration. In the case of a polymer 

solution, this shear thinning behavior is caused by the disentanglement or stretching of the 

polymer chains,32 and the alignment of CNTs in the direction of flow.33 Figure 5a shows that 

the viscosity µ and the shear rate �̇� follow the Ostwald-deWaele power-law 𝜇 = 𝑚(�̇�)𝑛−1 

for up to shear rate 500s-1.34 At higher shear rate viscosity deviates from the linear fit 

especially from 1.0wt% solution, which can be due to structural changes such as breaking of 

polymer chains or CNTs. For 0.2Wt%, 0.5wt% and 1.0Wt%, flow behaviour index n is 0.33, 

0.28 and 0.21 respectively. Where, smaller n means more shear thinning. This shows that as 

the CNT concentration is increased dispersion show relatively stronger thinning behavior. 

Furthermore, the viscosity of the 0.5wt% CNT solution processed at 5,000 psi is higher than 

the solution-processed at 10,000 psi. It shows that higher pressure (10,000 psi) has caused 

more CNTs to break. It is also observed that the viscosity depends on the number of times 

the solution is passed through the MF. Figure 5b shows the viscosity of the solution which 

consist of 0.5wt% CNT processed at 10,000 psi, as a function of processing cycles, measured 

at a shear rate of 100s-1. The as prepared solution (cycle 0) has the lowest viscosity. As the 

solution pass through the MF multiple times, the viscosity of the solution is increased. 

Viscosity of the solution as a function of the number cycles follows the same trend that was 

observed for the conductivity of the films shown in Figure 4b. A competition between the 

dispersion of CNTs and the breaking of CNTs due to a shear force also results in maxima in 

the viscosity. As CNT breaks, their hydrodynamic radius reduces which decreases the 

viscosity of the solution. 
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Measurements of the viscosity and the conductivity as a function of processing cycles 

allowed us to identify an optimum processing window. It is concluded that the best 

dispersion and conductivity can be achieved when the DWCNT/Na-CMC/Water solution is 

processed in the MF six to nine cycles using 10,000 psi pressure. After this, dispersion is 

ready to be used, and no further processing steps, like filtration or centrifuge, are required. 

Although, it is not discussed in this paper, but the same method has also been successfully used 

for dispersing MWCNTs. Furthermore, dispersed solution can easily be diluted into lower 

concentrations using physical shaking or vortex mixing. 

Raman Spectroscopy and Thermal conductivity: 

To investigate either if the MF process causes any surface damage to the DWCNTs, Raman 

spectroscopy was performed as a function of MF processing cycles. Figure 5c shows the 

Raman spectrum of 0.5wt% CNT dispersions after MF cycles 0, 1, 3, 6, 9, 12, 15, and 20. 

These samples are processed at 10k psi. Dispersions were blade coated on a glass substrate. 

After the film is dried at ambient conditions, the Raman spectra were obtained using a 

633nm (1.95eV) laser source. For comparison all the spectra are normalized to the G peak. 

Insets show the magnified regions around the Raman shifts of D, G, and 2D peaks. Radial 

breathing modes show peaks below 200cm-1 originating from the outer walls of DWCNTs. 

Signals from the inner wall is very weak. However, when Na-CMC is removed after treating 

with HNO3, Raman shifts from the inner tubes are much more visible, as shown in the SI, 

Figure S3. G peaks shown in Figure 5(C1) are split into G+ and G- modes of inner and outer 

tubes. Most importantly, the ratio of the D/G peaks has very slightly increased from 0.017 

for an as-received sample to .025 (and .028) for cycles 1,3,6,9 and 12 (Cycles 15 and 20) 

respectively. Overall D/G ratios are very small suggesting that not only the as received 
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DWCNTs had low defects but the MF process did not cause surface damage to the CNTs. MF 

has also been used before in combination with an ultrasonication for dispersing CNTs but 

significant surface damage to the CNTs during microfluidization was observed, possibly due 

to very low CNT concentration (0.016mg/ml) and the use of very high pressure of 

30,000psi.29 We have observed that the high CNT concentration, high viscosity, and low 

processing power limit the surface damage to CNTs. In addition, no surface modification 

occurred during the MF process as confirmed by the FTIR measurements, which are 

presented as an SI, Figure S4. 

Thermal conductivity and the Seebeck coefficient of a 10µm thick film is measured as a 

function of temperature. At room temperature the CNT film has a thermal conductivity of 

43±4 W.m-1K-1 and the Seebeck coefficient is 31µV.K-1. The thermal conductivity 

measurement procedure is explained in more detail in the S.I.  

To demonstrate that DWCNTs are uniformly dispersed and can form a conformal coating on 

a very rough surface, one-meter 100% single cotton yarn (80 Nm) that served as a core and 

a substrate was dip-coated with 0.5Wt% DWCNT dispersion. After drying in ambient 

conditions, cotton thread was folded and Z and S twisted to form a 4 plied DWCNT coated 

yarn. A video of the coating and yarn formation is attached as a SI (Video V1 and Video V2). 

Figure 5e shows that the resistance of a 22.5cm twisted yarn is 338 Ω, demonstrating that a 

very conductive and a conformal coating is formed on a very non-uniform surface of cotton 

yarn, made possible due to the uniform dispersion of CNTs.  

DWCNT wires were also printed on conventional 80 gm.m-3 printing paper. A 74 mm long, 3 

mm wide, and about 4µm thick wire had a resistance of 16.1 Ω. Only a very small increase in 

the resistance of the printed wire is observed when the paper is folded and creased. Even 
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after the paper is crumpled the resistance is marginally increased to 16.8 Ω. These tests are 

presented in the SI in the form a video V3 and the final crumpled CNT printed wire is shown 

in Figure 5f. These demonstrations clearly show that the DWCNT printed wires are very 

resilient to any deformation.  

Conclusions 

Carbon nanotubes are amazing materials that are not only conducting but also very strong, 

flexible, and chemically stable. Their large scale industrial adoption has been hampered due 

to the unavailability of an industrially compatible process which can produce very high 

conductivity CNT dispersions, which do not require toxic/hazardous materials like acid and 

strong solvents. This work presents a very scalable process that produces one of the highest 

conductivity (3.6±0.2x105 S.m-1) and lowest sheet resistance (~0.11 Ω.□-1mil-1) CNT 

conducting films. The CNT films produced using this dispersion have a decent thermal 

conductivity of 43±4 W.m-1K-1. Most importantly, we achieved this without using hazardous 

materials and our method involves only a one-step dispersion process. Solvent and 

dispersion agent used in our process are water and cellulose (Na-CMC) respectively, which 

are not only non-hazardous but abundant in nature. The microfluidization process 

presented in this work can be scaled up to produce CNT dispersions of 100s of liters per day. 

Simplicity and scalability make this process very attractive for industrial adoption. 
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Methods: 

Materials: DWCNTs were purchased from nanografi (www.nanografi.com). The average length was 
48µm and the outer diameter was from 2 to 4nm. CNTs were grown using CVD. Ash weight was 
1.5wt%. Sodium carboxymethyl cellulose (Na CMC) had a MW~700,000 and it was purchased from 
Sigma Aldrich and had a carboxymethyl (−OCH2COO− Na+) substitution of 0.9. 

Microfluidization: 

Microfluidization is performed using an LM20 microfluidizer. It is installed with a Z type H210Z single 
microchannel, which has a hydraulic diameter of 200µm. First, the solution is prepared by mixing 
0.5wt% DWCNTs and 0.3wt % of Na-CMC in a deionized (DI) water and magnetic stirred overnight. 
For dispersion, the solution was poured into the MF reservoir and the system was set to 10,000 psi. 
After the solution is passed through the microchannel, it was recycled to the reservoir. The number 
of hydraulic push were counted to determine the number of processing cycles.  

Characterization: Micrographs of the dispersed DWCNTs were obtained using Zeiss Orion Nanofab 
ion microscope, using helium ions at 30KeV at about 4pA. Ion microscope provides much better edge 
resolution than a conventional scanning electron microscope, therefore used for imaging CNTs. 
Raman spectroscopy measurements were performed at 532nm using Renishaw inVia Raman 
microscope. The viscosity of the solutions was measured at 25℃ using TA Instruments Discovery 
Hybrid Rheometer. To obtain the flow curve, shear stress was increased from 2 to 1000s-1 at a gap of 
500µm. TEM images were obtained using FEI’s Tecnai Osiris TEM working at 200KeV.  

For electrical measurements, DWCNTs dispersions were blade coated into a long rectangular film of 
length L, thickness d, and width W, on a glass substrate, as shown in the inset of Figure 4b. After 
deposition DWCNT films were dried in ambient conditions and no post-heating was performed. 
Silver conducting paint was applied for making contact pads. Four probe measurements were 
performed to measure the conductance. Conductivity was measured after measuring the thickness 
of the printed films at multiple points using a Dektak profilometer. Four probe resistance 
measurements were performed using a Keithley 5200 SCS parameter analyzer.  
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