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Chapter 5. Fabrication of SWCNT/polymer nanocomposites 
 

5.1. Multifunctional elastic SWCNT/TPU nanocomposites 

While SWCNT thin films as quasi-2D macroscale networks are applied mainly as 

TCFs, conductive SWCNT/polymer nanocomposites containing 3D nanotube networks are 

more functional because of polymer matrix. In particular, elastomer-based conductive 

nanocomposites are excellent material for soft lightweight stretchable and flexible 

electronics. Nevertheless, as discussed in Section 2.3.1, the crucial problem in 

nanocomposites is homogeneity of nanotube dispersion, which affects all the final 

properties of material. Spatial distribution of SWCNTs in SWCNT/TPU nanocomposites 

with different nanotube concentrations, which were manufactured by coagulation 

precipitation technique (CP) implying immediate nanocomposite formation, were 

estimated by SEM (Figure 21). 
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Figure 21. SEM images of fracture surface of SWCNT/TPU nanocomposites with different nanotube 

concentrations: (a) 0.005 wt%, (b) 0.05 wt%, (c) 0.25 wt%, (d) 1.00 wt%; yellow circles highlight 

SWCNTs/bundles enlarged in corresponding magnified images (a1)-(d1); yellow circles in the magnified 

images highlight nanotubes pullout off the polymer indicating high TPU wetting. 

At the lowest concentration of 0.005 wt%, only individual SWCNTs/bundles 

randomly located in TPU matrix may be found. At the higher concentrations, uniform 
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SWCNT distribution can be observed until the highest concentrations (1.00 wt%) where 

10-20 μm scale agglomerates are formed (Figure 21d). High dispersion degree is believed 

to be achieved by effective dispersion techniques (homogenization and ultrasonication) and 

quick nanocomposite formation by CP, although, at high nanotube loadings, dispersion is 

complicated by high suspension viscosity. Besides, magnified SEM images (Figure 21c1-

d1) illustrate gradual thicking of bundles approaching TPU matrix, which might indicate 

high TPU wetting of nanotubes, which is attributed to high affinity of TPU to nanotubes 

and in the good agreement with the reported data [174,175]. Thus, SEM analysis reveals 

quite good prerequisites for nanocomposite properties achieved by high dispersion degree. 

Nanocomposite conductivity was tested by impedance spectroscopy technique. 

conductivity-vs-frequency dependencies (Bode charts) for the nanocomposites with 

different nanotube loadings are shown in Figure 22a. 

 

Figure 22. (a) Conductivity dependencies on frequency for SWCNT/nanotube nanocomposites with different 

concentrations (shown in legend) with highlighted critical frequency. (b) Dc conductivity plotted versus 

SWCNT concentration (percolation curve) with the same data plotted in log-log scales (inset) for 

determination of percolation threshold.  
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Impedance spectra demonstrate evident general increase in conductivity of 

nanocomposite with nanotube concentration. Meanwhile, two conductivity regimes can be 

identified in conductivity-vs-frequency curves: frequency-independent in the low-

frequency region, and frequency dependent in the high-frequency one, which correlates 

with the other reported impedance results for nanocomposites [176,177]. Frequency-

independent region indicates ohmic impedance response meaning nanotube-based 

conductive network is formed within TPU. Yet, the 0.005 wt%-concentrated 

nanocomposite does not demonstrate such a regime and essentially behaves identically to 

the pure TPU sample. Steady increase in conductivity with frequency reflects dielectric 

response to perturbating electromagnetic fields: 

𝜎 = 𝜀0𝜀′′𝜔, (42) 

where 𝜀0 ≅ 8.85 F/m is vacuum permittivity, 𝜀′′ is imaginary dielectric permittivity and 

𝜔 is frequency of applied field. This behavior is supported by the slope ~ 1.0 of the 

impedance curves. 

 Transition between two conductivity regions for higher-concentrated 

nanocomposites occurs at critical (characteristic) frequency 𝜔𝑐𝑟 (indicated in Figure 22a). 

Below the transition, impedance response is determined by nanotube network, therefore, 

percolation threshold can be assumed in 0.005 – 0.010 wt% concentration range. 

Meanwhile, with frequency increase, charge carrier travel distances, proportional to 

perturbating wavelength, decrease, reaching critical distance equal to an average inter-

nanotube distance. Therefore, at higher distances, impedance is governed by capacitive 
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contribution and determined by insulating polymer wrapping nanotubes. This explains shift 

in 𝜔𝑐𝑟 towards higher frequencies with SWCNT concentration increase. 

 Taken at the lowest frequency (1 Hz) applied, dc conductivity plotted versus 

SWCNT concentration represents a typical percolation curve (Figure 22b) described by 

equation (15). Since impedance spectra pointed to percolation threshold to be within 0.005 

– 0.010 wt% range, iterative selection of percolation threshold 𝜑𝑐 in this range resulted in 

the best fitting at 0.006 wt% (inset in Figure 22b). Thus, an ultralow percolation threshold 

of 0.006 wt% was found which is orders of magnitude lower to the ones found for TPU-

based nanocomposites prepared by CP [98] and is comparable to the lowest percolation 

thresholds reported (typically, for epoxy-based nanocomposites [87,90]). Moreover, 

according to equation (16) derived from percolation theory, for aspect ratio approximately 

equal to 3000 of nanotubes used, 𝜑𝑐 should be ~ 0.035 wt% (assuming SWCNT density as 

1.9 g/cm3). Considerably lower values found in conductivity measurements can be 

explained by kinetic nature of percolation threshold rather than statistical one. This implies 

flocculation between nanotubes leading to deviations from homogeneous distribution and 

formation of nanotube network within the whole host material at much lower 

concentrations [92]. 

 Besides, the slope of the fitting line 𝑡 (power value in equation (16)) could also 

provide some useful information of SWCNT network construction. Fitting results yield 

𝑡 = 1.16 ± 0.16, which lower than 2.0 predicted for 3D SWCNT network conductivity 

governed by contact resistance. Decreased 𝑡 values may be an indication of flocs in 

SWCNT network, which, although allow lower percolation, hinder scaling conductivity 
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with nanotube concentration, Yet, analysis of the parameter 𝑡 is established as quite 

ambiguous and depends on many factors [87].  In addition, quite low conductivity values 

should be noted, which is likely attributed to dominance of tunnelling resistance 

contribution caused by high wetting of nanotubes by polyurethane. 

Nevertheless, ultralow percolation threshold indicates a “golden middle” in the 

selection of aspect ratio of nanotubes and dispersion techniques. Quite moderate aspect 

ratio of ~ 3000 allows high dispersion degree, yet, at the same time, pretty long nanotubes 

construct percolative pathways at lower concentrations because of both, higher exclusive 

volume (in terms of percolation theory) and not very vigorous dispersion techniques 

allowing flocculation (moderate agglomeration) of nanotubes. 

For estimation of applicability of nanocomposites in soft electronics, mechanical 

properties, in addition to electrical, should be evaluated too. Since these work touches on 

the conductivity topic, the results are given in short (detailed description of the results of 

tensile tests are presented in Publication II). Briefly, typical for nanocomposites, increase 

in elasticity (Young’s modulus) and decrease in strain at break with SWCNT concentration 

was observed. These two trends lead to a maximum in tensile strength at 0.1 – 0.2 wt% 

concentration. Nevertheless, strain at break is generally maintained before 0.25 wt% 

(before significant agglomeration happened at the highest concentration as was found in 

SEM analysis (Figure 21d)) indicating that low-concentrated nanocomposites are of 

practical interest. Moreover, increase in Young’s modulus related to nanotube amount 

added (from ~ 15 MPa to 30 MPa for 0.25 wt% concentration) appeared to be comparable 

or even superior to the results for CNT/polyurethane composites [98,124,125,178]. 
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Simultaneous measurements of piezoresistive response of nanocomposites yielded 

highly promising results as well. Error! Reference source not found.a depicts stress-strain a

nd corresponding ∆𝑅 𝑅0⁄ -strain curves in moderate strain range (250%), while Error! 

Reference source not found.b depicts the piezoresistive response in the whole strain range. 

 

Figure 23. (a) Piezoresistive (∆𝑅 𝑅0⁄ ) response to strain (right y-axis) plotted with stress-strain curves (left 

y-axis) for SWCNT/TPU nanocomposites at 0.05, 025 and 1.00 wt% and (b) the same dependency plotted 

in the whole strain range. 

Piezoresistive tests indicate decrease in mechanical sensitivity with nanotube 

concentration increase, which is in the good agreement with established mechanisms of 

composite strain sensing assuming the highest response at near-percolation threshold 

concentrations based on losses of contact junctions and exponential increase in tunnelling 

resistance (discussed in details in Section 2.3.1). Gauge factor (GF) values was calculated 

according to equation (17) in elastic range (since this deformation region allows multiple 

use of materials and is of practical interest; both are given in Error! Reference source not f

ound.). Within the whole strain range, maximum GFs may be found (Error! Reference 

source not found.). The results point to the highest sensitivity for medium-concentrated 
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nanocomposites, which associated with, on the one hand, fast achievement of 

immeasurable resistances of GΩs for low-concentrated nanocomposites (which do not 

change at the following strain) and, on the other hand, brittleness of high-concentrated 

nanocomposites not allowing them to stretch sufficiently to reach breaks on nanotube 

network. Yet, GF in elastic region should be considered as a figure of merit. The very high 

GF value of 82 achieved at such low nanotube concentration of 0.05 wt% opens up 

extremely beneficial sides of nanocomposites proposed in this work: high performance at 

low concentrations. This result is reached because of ultralow percolation threshold. 

Table 5. Elastic range and GF values determined for both elastic and the whole (maximum GF) strain 
ranges. 

SWCNT concentration 

(wt%) 

Elastic range (%) GF in elastic 

range 

Maximum GF 

TPU 26 - - 

0.05 18 82 ± 2 480 ± 20 

0.10 21 35 ± 2 150 ± 10 

0.25 24 22 ± 9 1090 ± 30 

0.50 21 15 ± 8 780 ± 30 

1.00 22 8.0 ± 0.4 15.5 ± 1.8 

This paradigm was achieved for EMI shielding efficiency in THz range too. Figure 

24a represents transmittance spectra of SWCNT/TPU nanocomposites in THz range and 

Figure 24b shows resulting dependency of shielding efficiency normalized to the sample 

thickness dependency on SWCNT concentration at different probe frequencies. A steady 

drop in transmittance observed for all the nanocomposites corresponds to a typical for 

nanotube networks electrodynamic response explained within the framework of the Drude 

conductivity model (applicable for metals).  
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Figure 24. (a) Transmittance spectra of SWCNT/TPU nanocomposites with 0.5-mm thickness (unless the 

otherwise indicated) in THz range at different SWCNT concentration; (b) Normalized SE dependency on 

SWCNT concentration at different probe frequencies. 

SWCNT/TPU nanocomposites exhibit extremely high shielding efficiency 

normalized to the sample thickness (calculated according to equation (30)), obviously 

growing with nanotube concentration. In particular, SE of 20 dB/mm at 1 THz frequency 

is achieved for very low concentration of 0.01 wt%, which supports the paradigm of high 

performance at low concentrations and originates from low percolation threshold.  

The strain sensing and EMI shielding efficiency performance of SWCNT/TPU 

nanocomposites can be compared with the other reported results in these areas. State-of-

the-art performance is noted for both GF and SE in THz range in terms of performance 

achieved at low concentrations (Figure 25). These remarkable results are attributed to the 

appropriate selection of SWCNT aspect ratio and nanocomposite manufacturing route 

(SWCNT dispersion and nanocomposite formation) yielding close-to-homogeneous spatial 

distribution of nanotubes, which allows formation of percolating pathways at ultralow 

concentrations, and provide great prospects for nanocomposite industry development. 
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Figure 25. (a) The advances in the GF values plotted versus CNT concentration (strain is indicated in the 

brackets); ★ corresponds to SWCNTs, ● to MWCNTs, ▲ to carbon nanostructures based on MWCNTs. (b) 

The advances in the normalized SE values at 1 THz (CNT type and polymer are indicated in the brackets). 

4.4. SWCNT/thermoset nanocomposites. Nanotube bulk density 

optimization. 

As was discussed above, nanotube dispersion is the primary problem in 

CNT/polymer nanocomposite manufacturing. Commercial masterbatches (MBs) is one of 

the most convenient solutions of this problem for industry. Highly-concentrated pastes with 

pre-dispersed nanotubes can be easily incorporated in manufacturing process and do not 

require specific equipment necessary for CNT powder processing. Densely packed in 

polymer, CNTs cannot be aerosolized, which significantly lowers health risks. 

Nevertheless, MBs possess certain drawbacks: specificity to certain polymers, specific 

storage conditions, and high price compared to raw nanotube powders. 

Briquettes, fabrication procedure of which is described in Section 2.3.2, are 

alternative polymer-unspecific solution. Nevertheless, compression of nanotubes could 

affect their subsequent dispersion in polymer (for instance, leads to an increase 
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agglomeration/entanglement degree) or introduce defects in SWCNT structure. BET 

analysis and Raman spectroscopy results indicated no noticeable changes caused by both 

compression and rapid expansion (RESS) of nanotube powders (Table 1). Nanotube 

agglomeration state in the scale of tens of microns also seems unchanged according to the 

SEM observations (Figure 26c-e). However, bulk density of the powder varies in orders 

of magnitude (Table 1, powders are captured and illustrated in Figure 26a-b) 

 

Figure 26. (a) Photos of SWCNT powder types (from left to right: RESS, pristine, briquettes) from top view 

(top) and side view (bottom). (b) Schematic representation of differences in bulk densities of nanotubes of 

different type. SEM images of (c) RESS, (d) pristine, and (e) briquette types of SWCNTs. 

Thus, with the exception of bulk densities (where briquettes possess evident 

advantages for the practical use), all the other initial parameters of SWCNTs are the same. 

SEM analysis of SWCNT/epoxy nanocomposites fabricated from these three types of 
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SWCNT powders and MBs (four types total) also did not yield noticeable differences 

between nanotube morphology (images in Publication III). At the lowest concentrations, 

in all four types of nanocomposites, SWNCTs tend to form small agglomerates of 

bundles/nanotubes widely and unformly distributed in epoxy matrix. Reaching higher 

concentrations, distances between these agglomerates decrease, while their size, on 

contrary, increases, until, at the highest concentrations (~ 1.00 wt%) all the observed area 

of nanocomposite fracture surface contains interconnected SWCNT network. Thus, since 

nanotube morphology governs the resulting properties of nanocomposites, those prepared 

from nanotube briquettes have prerequisites to perform in similar manner despite huge 

variations of bulk density of raw nanotube material. 

Both dc and ac conductivity tests were carried out for nanocomposites. Percolation 

curves obtained are demonstrated in Figure 27a (dc and ac measurements gave identical 

results (SI in Publication III). 

 

Figure 27. (a) Percolation curves (conductivity-vs-nanotube concentration) obtained for different type of 

nanocomposites (indicated in legend) and the same data plotted in log-log scales (inset). (b) Impedance 

spectra of pristine SWCNT/epoxy nanocomposites with different nanotube concentration. 
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Compared to SWCNT/TPU nanocomposites, SWCNT/epoxy ones demonstrate 

much higher conductivity (reaching 10-1 S/cm for 1.0 wt%). It could be explained by 

absence of polymer wettability observed for TPU, which is also supported by SEM 

(Publication III). Table 6 contains the results of percolation threshold determination and 

exponential parameter 𝑡 (from equation (15)). 

Table 6. Percolation thresholds and scaling parameter 𝑡 found for different types of SWCNT/epoxy 

nanocomposites. 

Series 𝝋𝒄 (wt%) 𝒕 

Briquettes 0.003 1.94 ± 0.14 

MB 0.001 1.92 ± 0.09 

Pristine 0.002 2.07 ± 0.04 

RESS 0.002 1.90 ± 0.10 

All the nanocomposites have ultra-low percolation thresholds, meanwhile, the 

deviations between different types are insignificant. Such a low values should be attributed 

to manufacturing technique and moderate SWCNT aspect ratio (as it was discussed for 

SWCNT/TPU nanocomposites). Nevertheless, in contrast to the TPU-based ones, scaling 

parameter 𝑡 of SWCNT/epoxy nanocomposite appeared to be noticeably higher, around 

2.0, which is in excellent correlation with percolation theory [87]. 

To investigate features of nanocomposite conductivity behavior, we utilized 

impedance spectroscopy (as it was done for TPU nanocomposites, Figure 27b). Curiously, 

impedance response turned out to be different compared to polyurethane-based samples. 

In this case, pronounced, frequency-independent region is observed for all the SWCNT 

concentrations, including the lowest 0.005 wt% (obviously, with the exception of pure 

polymer), meaning percolation thresholds to be lower than 0.005 wt%, this way verifying 
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the results obtained from dc conductivity analysis. Moreover, above 0.25 wt%, within 1 

Hz – 1 MHz frequency range studied, no frequency-dependent regions can be revealed at 

all. This implies that average inter-tube distance corresponding to the characteristic 

(critical) frequency is not achieved indicating higher SWCNT dispersion degree than it was 

achieved for TPU nanocomposites. This assumption is supported by lower percolation 

thresholds too. Nonetheless, as the same as for the TPU nanocomposites nanotubes were 

used (commercial SWCNTs with ~ 3000 aspect ratio), they are considerably lower the 

theoretically predicted value, which also points to flocculation structure in nanotube 

network.  

Thus, SWCNT/epoxy nanocomposites demonstrate remarkable electrical 

conductivity properties with both ultralow percolation thresholds (0.001 – 0.003 wt%) and, 

unlike TPU/SWCNT nanocomposites, high conductivity (~ 10-1 S/cm for 1.0 wt%). 

Meanwhile, densely packed SWCNT briquettes used as an initial material resulted in the 

similarly high conductivity as the other samples, including ones based on commercial MBs. 

In addition to electrical conductivity tests, the nanocomposites were tested on 

thermal conductivity and stability. These parameters appeared to be similar too (details are 

in Publication III), which supports the identity of the nanocomposites fabricated from 

SWCNT powders with different bulk density (consolidation degree). This is caused by 

similar nanotube morphology in polymer, which, in turn, is likely come from similar 

properties of raw powders (defectiveness, surface area, morphology). Apparently, 

compression procedure, which increase bulk density by more than 20 times, affects 
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macroscale nanotube organization, while the microscale one (determining the properties) 

is left unchanged. 

Briquette-packed SWCNT powders provide a highly promising solution for 

nanocomposite industry, since they are significantly simpler for processing compared to 

pristine powders, but noticeably cheaper and not polymer-specific as MBs. These 

advantages are illustrated in Figure 28. 

 

Figure 28. Schematic illustration of briquette-packed SWCNT powders providing identical nanocomposite 

performance than the other types of raw SWCNT material but, because of much higher bulk density, being 

advantageous over the rest ones. 
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Chapter 6. Conclusions 
 

The current thesis addresses the problems of controllable assembling of SWCNT 

networks in macromaterials for their subsequent employment in electronic and optical 

applications. Meanwhile, two branches of the study were formulated. The first one 

concerns the controlled synthesis of quasi-2D nanotube networks – thin SWCNT films, 

which main application is transparent conductive films. The second direction is devoted to 

the problems of SWCNT organization in 3D network in host polymer – nanocomposite 

formation, which conductivity properties were realized in such applications as mechanical 

sensing (piezoresistivity) and shielding from electromagnetic fields. 

Within the framework of the work devoted to the production of TCFs based on 

SWCNTs, CO-based aerosol CVD method for nanotube synthesis was utilized and 

adjusted. Chemical engineering of the reactor was fulfilled for improvement of figure of 

merits of the product (film conductivity, or, 𝑅90) and the process (synthesis productivity, 

or, yield). 

Firstly, investigation related to the controllable tuning of residence time was 

conducted. Herewith, the key aspect was to keep the first stage of nanotube synthesis – 

catalyst activation – unchanged when residence time is varied. Extension in residence time 

led to nanotube lengthening, while nanotube diameter distribution was maintained, which 

indicated maintained catalyst activation. Controllable nanotube lengthening resulted in the 

considerable decrease in 𝑅90. Tis strategy coupled with optimized synthesis conditions and 

doping resulted in 𝑅90 of 51 Ω/□. 
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Next step in development of aerosol CVD process involved introduction of 

hydrogen as a reducing growth promoter, poorly studied in CO-process before. Addition 

of H2 resulted in significant increase in synthesis productivity caused by appearance of new 

carbon-feeding reaction between CO and H2. Meanwhile, different H2 effects were found 

depending on a temperature regime used, which was associated with different nanotube 

growth rate-limiting stages. In the low-T regime (880 °C), yield was remarkably increased 

by 15 times at the maintained film conductivity, while in the high-T one (1000 °C), 

hydrogen affect positively both yield and film conductivity, which was achieved by 

nanotube lengthening. 

The developed method based on controllable tuning of residence time allowed 

consideration the crucial problem in aerosol CVD process – reactor scaling which requires 

evaluation of nanotube growth kinetics. Assessment of growth rate and catalyst lifetime 

appeared to be possible by analyzing 𝑅90 versus residence time trends, which correlation 

with length was demonstrated and proved. Such method is considerably simpler than 

reactor scaling followed by routine measurements of nanotube length collected at different 

residence times. In particular, it was utilized for investigation of CO2 (oxidative growth 

promoter) effect on catalyst deactivation rate. It was revealed that CO2 accelerates 

nanotube growth but causes faster catalyst deactivation.  

Besides, a new approach to optimization of SWCNT performance as TCFs based 

on fabricating SWCNT films with a rational design – patterning – was proposed. This one-

stage and liquid-free method is based on thermal sputtering of metal onto the filter through 

a patterned mask and the use of such filter-mask for selective filtration of aerosol SWCNT 
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flow. Deposited nanotubes form mesh-shaped patterned film, which equivalent sheet 

resistance is 2-3 times lower than that of continuous film. With applying doping procedure 

in addition to patterning, about 12-fold decrease in 𝑅0 (from ~ 1 kΩ/□ to 90 Ω/□) was 

reached. 

Approaches to assembling 3D SWCNT networks in polymers were proposed with 

purpose on optimization of conductivity as well, in this case, of nanocomposites. 

Meanwhile, here, commercial SWCNTs with moderate (~ 3000) aspect ratio were used as 

a starting raw material. 

First, fabrication of elastic SWCNT/polymer nanocomposites as an excellent 

material for stretchable and flexible soft electronic devices was studied. In this work, TPU 

was utilized as an elastomer and rarely employed coagulation precipitation technique 

assuming immediate SWCNT/polymer nanocomposite formation was used. Fabrication 

approaches resulted in close-to-uniform SWCNT dispersion degree in polyurethane 

confirmed by SEM which resulted in the ultralow percolation threshold of 0.006 wt%. and 

opened great opportunities for conductivity-based application of SWCNT/TPU elastic 

nanocomposites. Sensitivity to mechanical strains was characterized by gauge factor of 82 

at 0.05 wt% nanotube concentration, while EMI shielding efficiency was found to be 20 

dB for 1-mm thick sample at 1 THz. Thus, high performance of nanocomposites was 

achieved at very low SWCNT concentrations, which propose great economic prospects for 

nanocomposite industry. 

Another potentially useful for nanocomposite industry study was devoted to 

optimization of SWCNT powder packaging for simplification of manufacturing 
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procedures. Densely packed (bulk density of 450 g/l) briquette-shaped SWNCT powders 

(prepared from pristine ones with bulk density of 19 g/l) were proposed as a polymer-

unspecific and cheap alternative to currently existing MBs used for simple nanocomposite 

fabrication. To assess nanotube compression (consolidation) effect, SWCNT/epoxy 

(thermoset) nanocomposites fabricated from briquettes were compared to the similar one 

produced from pristine and expanded nanotube powders, as well as from MBs. 

Surprisingly, SEM analysis and electrical conductivity behavior appeared to be identical 

for all four types of nanocomposites. Moreover, ultralow percolation thresholds (0.001 – 

0.003 wt%) were reached again, however, in contrast to SWCNT/TPU nanocomposites, 

maximum conductivity was significantly higher (~ 0.1 S/cm for 1.0 wt% concentration).  

Summing up, the significant improvement in conductivity of SWCNT network-

based thin films and nanocomposites was achieved, which reveals great prospects for 

industrial applications. The mechanisms behind these improvements were thoroughly 

investigated and discussed. New approaches proposed and developed within the 

framework of the current theses could be useful both for academia and industry.   
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Appendices 
 

Appendix 1. Theoretical prerequisites for improvement of film equivalent 

sheet resistance by patterning (rational design). 

Then let us consider patterned conductive film in a shape of square grid (Figure 

3a). To highlight its advantages more, we discuss grid cut of the continuous TCF 

introduced in the previous paragraph. Therefore, the grid line transmittance is 𝑇0 as well as 

its sheet resistance is 𝑅0. We will use such a characteristic structural parameter of the grid 

as a filling factor 𝑓 (equation (13)). Using this parameter, we can calculate the overall 

transmittance of the grid 𝑇: 

𝑇 = (1 − 𝑓) ∙ 1 + 𝑓 ∙ 𝑇0 = 1 − 𝑓 + 𝑓𝑇0. (A1) 

Next, we estimate overall resistance of the grid 𝑅 taking into account the part “lost” at 

“cutting” continuous film to grid: 

𝑅 = 𝑅0
𝑝
𝑤
=

𝑅0
1 − √1 − 𝑓

. (A2) 

Likewise it was defined for continuous film (equation (11)), equivalent resistance of the 

grid is calculated for 90% transmittance at 550 nm:  

𝑅90 = 𝑅
log 𝑇
log 0.9

=
𝑅0

1 − √1 − 𝑓
∙
log(1 − 𝑓 + 𝑓𝑇0)

log 0.9
. (A3) 

Here, it is worth noting that 90% total transmittance for patterned film in principle cannot 

be reached at certain conditions, such as very low grid line transmittance 𝑇0 and high filling 

factor. Therefore, 𝑅90 is rather mathematical description than physical phenomenon here. 
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Yet, definitely, the cases we are interested in suggest that 90% transmittance of the film is 

achievable in principle. 

Finally, let us derive an expression for the 𝑅90/𝑅900  ratio as a main indicator of the 

patterning efficiency: 

𝛼 ≡
𝑅90
𝑅900

=
1

1 − √1 − 𝑓
∙
log(1 − 𝑓 + 𝑓𝑇0)

log 𝑇0
, (A4) 

where we denote the 𝑅90/𝑅900  ratio as 𝛼. 

Appendix 2. Bundling degree dependency on number of nanotubes and 

residence time 

Bundle diameter, 𝑑𝑏, is connected to the bundling degree according to equation 

(33): 

𝑑𝑏 = 𝑑𝑏
1
2 = 𝑑 (

𝑁
𝑁𝑏
)
1
2
. (A5) 

Thus, coagulation 𝐾 coefficient is dependent on time 𝑡 and aerosol concentration 𝑁(𝑡) 

[149]: 

𝐾 =
4𝑘𝑇𝐶𝑐
3𝜇

~𝐶𝑐~𝐾𝑛~
𝜆𝑚𝑒𝑎𝑛 𝑓𝑟𝑒𝑒

𝑑𝑚
~𝑑𝑚−1~𝐿

−13𝑑𝑏
−23~𝐿−

1
3𝑁(𝑡)−

1
3~𝐿−

1
3𝑁(𝑡)−

1
3~

~𝑡−
𝜆
3𝑁(𝑡)−

1
3 = 𝛼𝑡−

𝜆
3𝑁(𝑡)−

1
3, (A6)

 

where 𝐶𝑐 is the Cunningham slip correction factor, 𝜇 is gas viscosity, 𝜆𝑚𝑒𝑎𝑛 𝑓𝑟𝑒𝑒 is mean 

free path, and 𝛼 is a proportionality coefficient. Thus, the following differential equation 

is derived: 

𝑑𝑁(𝑡)
𝑑𝑡

= −𝛼𝑡−
𝜆
3𝑁(𝑡)−

1
3𝑁(𝑡)2 = −𝛼𝑡−

𝜆
3𝑁(𝑡)

5
3. (A7) 
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Having integrated this differential equation, we may derive the dependency of the bundling 

degree on the number of formed SWCNTs and residence time (considering the following 

initial conditions 𝑁(0) = 𝑁; 𝑁(𝜏) = 𝑁𝑏): 

𝑁(𝑡) =
𝑁(0)

(1 + 2𝛼
3 − 𝜆 ∙ 𝑁(0)

2
3 ∙ 𝑡

3−𝜆
3 )

3
2
,

  𝑏 =
𝑁
𝑁𝑏

= 𝑁
𝑁

(1 + 2𝛼
3 − 𝜆 ∙ 𝑁

2
3 ∙ 𝜏

3−𝜆
3 )

3
2

⁄
= (1 +

2𝛼
3 − 𝜆

∙ 𝑁
2
3 ∙ 𝜏

3−𝜆
3 )

3
2
~ 𝑁 ∙ 𝜏

3−𝜆
2 . (A8)

 

Appendix 3. Thermodynamic calculations for CO/H2 atmosphere. 

To estimate equilibrium concentrations of the products of reactions (18) – (19), the 

correlation between change in Gibbs free energy 𝛥𝑟𝐺0 and equilibrium constant 𝐾𝑒𝑞 was 

used: 

𝐾𝑒𝑞 = exp (−
𝛥𝑟𝐺0

𝑅𝑇
) . (A9) 

Meanwhile, 𝛥𝑟𝐺0 can be expressed as a difference between free energies of the product 

𝛥𝑓𝐺𝑝𝑟𝑜𝑑𝑢𝑐𝑡 and reactant 𝛥𝑓𝐺𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 formation: 

𝛥𝑟𝐺0 = 𝛥𝑓𝐺𝑝𝑟𝑜𝑑𝑢𝑐𝑡(𝑇) − 𝛥𝑓𝐺𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡(𝑇), (A10) 

where free energy of the reagent formation can be derived using the enthalpy 𝛥𝑓𝐻 and 

entropy 𝛥𝑓𝑆 formation: 

𝛥𝑓𝐺(𝑇) = 𝛥𝑓𝐻(𝑇) − 𝑇𝛥𝑓𝑆(𝑇), (A11) 
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which temperature dependency, in turn, can be derived using heat capacity 𝐶𝑝: 

𝛥𝑓𝐻(𝑇) = 𝛥𝑓𝐻(298 K) + ∫ 𝐶𝑝(𝑇)𝑑𝑇
𝑇

298
, (A12) 

𝛥𝑓𝑆(𝑇) = 𝛥𝑓𝑆(298 K) + ∫
𝐶𝑝(𝑇)
𝑇

𝑑𝑇
𝑇

298
, (A13) 

where 𝛥𝑓𝐻(298 K) and 𝛥𝑓𝑆(298 K) are standard enthalpy and entropy, respectively. 

Using polynomial heat capacity dependency on reduced temperature 𝜏 = 𝑇
1000

(K) 

(Shomate equation): 

𝐶𝑝 = 𝐴 + 𝐵𝜏 + 𝐶𝜏2 + 𝐷𝜏3 +
𝐸
𝜏2
, (A15) 

and using the equations (S4) and (S5) we can derive temperature-dependent 𝛥𝑓𝐻(𝜏) and 

𝛥𝑓𝑆(𝜏): 

𝛥𝑓𝐻(𝜏) = 𝐴𝜏 +
𝐵𝜏2

2
+
𝐶𝜏3

3
+
𝐷𝜏4

4
−
𝐸
𝜏
+ 𝐹, (A16) 

𝛥𝑓𝑆(𝜏) = 𝐴 ln 𝜏 + 𝐵𝜏 +
𝐶𝜏2

2
+
𝐷𝜏3

3
−

𝐸
2𝜏2

+ 𝐺, (A17) 

where the coefficients used can be found in NIST database (Table A1, [179]). The resulting 

𝛥𝑓𝐺(𝑇)-vs- 𝑇 curves for reactions (18) – (20) are plotted in Figure 13a. 

Table A1. Coefficients from Shomate equation for the reagents from reactions (3) – (5) (taken from NIST 

database [179]; empirical coefficients for C (graphite) were taken from [180]). 

Reagent A B C D E F G 
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CO (<1300 K) 25.56759 6.09613 4.054656 -2.6713 0.131021 -118.009 227.3665 

CO (>1300 K) 35.1507 1.300095 -0.20592 0.01355 -3.28278 -127.838 231.712 

CO2 (<1200 K) 24.99735 55.18696 -33.6914 7.948387 -0.13664 -403.608 228.2431 

CO2 (>1200 K) 58.16639 2.720074 -0.49229 0.038844 -6.44729 -425.919 263.6125 

C (graphite) 0.538657 9.11E-06 -90.2725 -43449.3 1.59E07 
-

1.44E+09 
5.74 

H2 (<1000 K) 33.06618 -11.3634 11.43282 -2.77287 -0.15856 -9.9808 172.708 

H2 (>1000 K) 18.56308 12.25736 -2.85979 0.268238 1.97799 -1.14744 156.2881 

H2O 30.092 6.832514 6.793435 -2.53448 0.082139 -250.881 223.3967 

CH4 (<1300 K) -0.70303 108.4773 -42.5216 5.862788 0.678565 -76.8438 158.7163 

CH4 (>1300 K) 85.81217 11.26467 -2.11415 0.13819 -26.4222 -153.533 224.4143 

  The quotients of reactions (18) – (20) (𝑄1, 𝑄2, 𝑄3) are calculated according to the 

equations: 

𝑄1 =
{𝐶𝑂2}
{𝐶𝑂}2

, (A18) 

𝑄2 =
{𝐻2𝑂}
{𝐶𝑂}{𝐻2}

, (A19) 

𝑄3 =
{𝐶𝐻4}
{𝐻2}2

, (A20) 

where actual concentrations of the reagents are denoted as reagents in curly brackets. At 

the equilibrium, the quotients turn to equilibrium constants (𝐾1, 𝐾2, 𝐾3). Calculated 
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equilibrium constants allow determining equilibrium concentrations of the products of 

reactions (18) - (20) (denoted as reagents in square brackets): CO2, H2O, and CH4 

depending on the H2 concentration: 

𝐾1 =
[𝐶𝑂2]
[𝐶𝑂]2

, (A21) 

𝐾2 =
[𝐻2𝑂]
[𝐶𝑂][𝐻2]

, (A22) 

𝐾3 =
[𝐶𝐻4]
[𝐻2]2

. (A23) 

Taking into account that the reactor is kept under atmospheric pressure and 

describing equilibrium concentration in vol%, total concentration of CO and H2 equals to 

1 (100 vol%). Thus, considering initial concentration of the introduced hydrogen as a 

parameter 𝑎 ([𝐻2] ≡ 𝑎), CO concentration is determined by 𝑎 ([𝐶𝑂] ≡ 1 − 𝑎), the 

products (their equilibrium concentrations) taken as sought variables (extents of reaction) 

([𝐶𝑂2] ≡ 𝑥, [𝐻2𝑂] ≡ 𝑦, [𝐶𝐻4] ≡ 𝑧), and taking into account consumption of the reagents 

(CO and H2), we can obtain the system of equations: 

{
  
 

  
 𝐾1 =

𝑥
(1 − 𝑎 − 2𝑥 − 𝑦)2

𝐾2 =
𝑦

(1 − 𝑎 − 2𝑥 − 𝑦)(𝑎 − 𝑦 − 2𝑧)
 ,

𝐾3 =
𝑧

(𝑎 − 𝑦 − 2𝑧)2
(A24)

  

where equilibrium constants are known for the given temperature. The system of equations 

(A24) can be solved numerically for parameter 𝑎 in the range of (0,1). Figure A1 represents 

the results of equation (A24) solution for both temperatures: 880 °C and 1000 °C. 
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Figure S1. Calculated equilibrium concentrations of CO2, H2O, and CH4 depending on the initial 

H2 concentration introduced at (a) 880 °C and (b) 1000 °C. 
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Appendix 4. Effects of nitrogen and residence time in H2-assisted aerosol 

CVD nanotube synthesis. 

 

Figure A2. UV-vis-NIR spectra of the SWCNT films synthesized with N2 dilution (concentration is shown 

in the legend) at (a) 880 °C and (b) 1000 °C; Dependencies of the yield (c) and R90 (d) on N2 concentration 

at 880 °C and 1000 °C. 
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Figure A3. (a) R90 and (b) yield dependencies on residence time without and with H2 introduction (at 5 vol%) 

at 1000 °C. 

Appendix 5. Supporting figures for nanotube kinetics evaluation study 

 

Figure A4. UV-vis-NIR (optical absorbance) spectra with highlighted transition peaks of SWCNTs 

synthesized at different residence times (shown in the legend) and CO2 concentrations: (a) 0.00 vol%, (b) 

0.74 vol%, (c) 1.49 vol%.  
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Figure A5. Bundle length distribution histograms of SWCNTs synthesized at different residence times 

(image rows) and CO2 concentrations (image columns) indicated in figure: (a)-(c) 0.00 vol%, (d)-(f) 0.74 

vol%, (g)-(i) 1.49 vol%. Arrows indicate a shift in geometric mean length with τ. (a1-i1) Corresponding 

typical SEM images of SWCNT bundles on Si/SiO2 substrate. 
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Figure A6. Typical TEM images of SWCNTs synthesized at different τ and c(CO2) (see indicated rows and 

columns, respectively) with corresponding bundle diameter distribution histograms. 
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Figure A7. Dependencies of (a) yield, (b) R90, (c) IG/ID, (d) bundle diameter, and (e) bundle length on 

residence time at different c(CO2) (shown in the legend at the top of the image); (a1-e1) the same dependencies 

plotted in log-log scales. Dependencies of exponents in scaling laws of (a2) γ (Y-vs-τ), (b2) r (σ90-vs-τ), (c2) 

κ (IG/ID-vs-τ), and (d2) β (b-vs-τ), (e2) λ (L-vs-τ) on c(CO2). 
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Table A2. The overall trends of residence time influence on the SWCNT parameters at different CO2 
concentrations (numbers of arrows qualitatively illustrate evolution rates with τ (parameter n was calculated 
using equation (4), while the other ones are derived from fitting the results). 

c(CO2) r (R90) γ (Yield) λ (length) β (bundling) κ (IG/ID) 
n 

(concentration) 
0.00 2.22 ± 0.29 1.75 ± 0.71 0.41 ± 0.04 0.19 ± 0.05 0.55 ± 0.37 -1.10 ± 0.06 
0.37 1.64 ± 0.26 1.90 ± 0.64 0.31± 0.11 0.09 ± 0.23 0.74 ± 0.15 -1.25 ± 0.23 
0.74 1.13 ± 0.40 1.67 ± 0.21 0.21 ± 0.05 0.09 ± 0.01 1.07 ± 0.29 -1.31 ± 0.03 
1.49 0.008 ± 0.16 0.97 ± 0.35 0.03 ± 0.02 0.08 ± 0.08 0.08 ± 0.18 -1.40 ± 0.08 

 

 

Figure A8. UV-vis-NIR spectra of the SWCNT films synthesized at 880 °C at different c(CO2) (shown in 

the legend) and at different residence times: (a) 12.5 s, (b) 9.5 s, (c) 5.0 s, (d) 3.8 s with the highlighted S11 

redshift and the formation of the second mode of thicker SWCNTs. 

 
 


