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ABSTRACT

Single-walled carbon nanotube (SWCNT) free-standing films combine high electrical
conductivity with exceptional mechanical stability and optical transparency, opening the road for
various applications: bolometers, thermophones, filters, etc. Here, we improve the performance of
SWCNT free-standing films by engineering the intersections between the nanotube bundles —the
building blocks forming and defining the conductivity and mechanical performance of the
material. Hence, we propose a new, rapid, and scalable technology for the tailorable treatment of
SWCNT free-standing films with ethylene (C:H4) under resistive heating. The technology
comprises the high-temperature Joule heating of SWCNT free-standing films (700-1200 °C)
combined with an exposure to ethylene flow at a pressure below 0.3 mPa, with an energy
consumption as low as ca. 10 W/cm?. Using a set of methods (UV-vis-NIR and Raman
spectroscopies, scanning and transmission electron microscopies, four-probe sheet resistance,
temperature coefficient of resistance, and combined ultimate tensile strength/gauge factor
measurements) combined with molecular dynamics simulations, we observe the film welding, i.e.,
the deposition of sp? carbon coating presumably on nanotube bundle junctions. We show the
welded free-standing films to enhance the performance of the filters and transparent electrodes
(after doping with HAuCl4), strengthening the material up to an order of magnitude (ultimate
tensile strength ~ 22 MPa) and reaching one of the state-of-the-art performance values of 30

Ohm/sq at a transmittance of 90 % at 550 nm (electrical conductivity ~ 30,000 S/cm).

KEYWORDS: single-walled carbon nanotubes; membranes; welding; molecular dynamics;

transparent electrode; ethylene pyrolysis



1. INTRODUCTION

Carbon nanotubes occupied one of the major shares of nanotechnology research[1], relying not
only on a remarkable set of mechanical, optical, and electronic features[2—5], but also on a variety
of the morphology forms accessible: powder, forest, fiber, film, aerogel, individual object, efc. [6]
Free-standing films are a specific case of carbon nanotube assembly usually produced by filtration
of nanotube dispersions (buckypaper; usual thickness > 200 nm) [7,8] or with the aerosol CVD
method (free-standing films; thickness < 1 um) [9—11]. Carbon nanotube free-standing films are
considered to be promising for numerous applications, each of them relying on a specific set of
properties. For example, the combination of high mechanical strength and fibrous morphology
allows them to pursue protective membranes: aerosol filters and EUV pellicles [12—15]. The role
of junctions in overall conductivity combined with availability for p- and n-type doping defines
the free-standing films as a promising sensor [16,17], transparent electrode[18,19], or
thermoelectric generator[20,21]. A variety of applications relies on a combination of high surface
area, mechanical and chemical stability, as well as prominent electrical conductivity:
supercapacitors[22], cathodes and anodes for  Dbatteries[23,24], substrates  for
electrocatalysis[25,26], thermophones[27,28], infrared bolometers[29,30], Joule heaters[31,32],
and regeneration units[33]. Moreover, the free-standing films can contribute to new emerging
fields: carbon dioxide capture membranes [34], THz devices[35-37], and biology
scaffolds[38,39].

To improve the free-standing film performance, a balance between the features of individual
nanotubes and membrane macrostructure is crucial. Optimization of material features during both
synthesis[40] and post-processing[41], as well as either for individual nanotubes[42—44] or a part

of, for example, a film[45,46], is a broad topic covered by various groups. At the same time, the



number of publications on tuning the membrane properties is substantially lower, opening a wide
window for further improvement. As most applications rely on the mechanical and electronic
properties of the free-standing films, the direct engineering of the nanotube junctions — the very
point defining the overall membrane conductivity and strength — highlights the avenue for
development. On the one hand, the nanotube junctions can be restructured to obtain a single joint
object; such an object was numerously discussed to have advanced strength[47] and obtained by
means of plasma[48], laser[49], or electron beam [50]welding as well as high-pressure processing.
On the other hand, the junctions can be coated with a media or another carbon-based species to
provide a “glue-like” effect [51,52]. Such a coating has been widely shown to affect the mechanical
properties[53] and conductivity of the junction[54,55]. Nevertheless, as a rule, the coating
uniformly covers the film, altering the absorbance and mass of the unit — the crucial parameters
for, for example, thermophones, extreme ultraviolet pellicles, and transparent electrodes.

In this work, we propose a novel strategy to modify the junctions between the nanotubes
employing one of their key features — high resistance. We use Joule (resistive) heating to locally
overheat the junctions in ethylene-containing media to stimulate spatially non-uniform pyrolysis
to create lateral carbon deposits on the tube-tube Schottky barriers or the whole film by the carbon
lamella formation, depending on the treatment time. In this sense, we are the first to perform
chemical reactions on a resistively heated SWCNT free-standing films. Indeed, the previous works
on resistive heating of freestanding films were devoted to surface and volume cleaning by physical
evaporation for IR or EUV applications [33,56]. Here, we examine the characteristics of such
nanotube free-standing films in terms of defective structure, transparency, and conductivity by
employing a set of spectroscopic, microscopy, and electrical methods combined with molecular

dynamics simulations. We show the welded free-standing films to have increased mechanical and



improved optoelectronic characteristics that ensure the advanced performance of nanotube-based

filters and transparent electrodes.

2. MATERIALS AND METHODS

The single-walled carbon nanotubes (SWCNTs) were prepared by aerosol (floating catalyst)
CVD method based on the Boudouard reaction (CO disproportionation). A catalyst precursor
(ferrocene, Sigma Aldrich, 98%) was vaporized and transferred in a tubular quartz reactor for
decomposition at temperatures higher than 400 °C in CO/COz atmosphere (99.99% CO, 99.995%
CO») to form an aerosol of Fe-based nanoparticles. The catalytic CO disproportionation at 850 °C
results in the growth of carbon nanotubes. The addition of CO2 is known to tune the diameters of
SWCNTs, and in our research we used two types of nanotubes [45]. For structural and mechanical
analysis, we employed SWCNTs with an average diameter of about 2 nm, while for transparent
electrode applications we chosen nanotubes with average diameter of 1.4 nm due to lower sheet
resistance of the thin films [45]. A randomly oriented SWCNT network was collected on a
nitrocellulose filter (HAWP, Merck Millipore, USA). The SWCNT film was picked from the filter
using cylindrical stainless-steel electrodes (304L stainless steel tube with a diameter of 0.8 mm)
by the dry transfer technique [57] to obtain a free-standing film. The SWCNT free-standing films
were purified from Fe catalyst with Joule (resistive) heating for 3 minutes at 1400 °C according to

the procedure reported in [56].

The welding treatment is to be applied in a vacuum chamber (Figure S1) (P < 0.3 mPa), using a
Pfeiffer hi-cube 80 vacuum station (Germany) with two vacuum gauges (Pfeiffer MPT100,
Germany cold cathode and Pirani, Thyracont Vacuum instruments GmBH) discussed in detail

previously [56]. Pressure-regulated ethylene (C2Ha4; 99.9 %) was fed to a mass flow controller



(Alicat, USA) to a nozzle inside the chamber at a rate of 1 sccm (no carrier gas was used; the
pressure within the chamber was still of < 0.3 mPa). The flow of ethylene passed through the
SWCNT free-standing film while heated, as shown in Figure S1. The film was heated in a single
step by direct current (DC) with a power source Electro Automatics 3200-04C (Germany). The
temperature was controlled with a pyrometer (Euromix RXR 2300, Russia) in the range from 700
to 1700 °C based on spectral response from 1.0 to 1.6 um. A detailed description of the calibration
procedure for the pyrometer is described elsewhere [56]. Briefly, the calibration of the pyrometer
used for SWCNT free-standing film temperature estimation was made by direct comparison of
two different thermocouples in direct contact with the SWCNT free-standing films, in a specially
designed holder. The presence of a borosilicate window to separate the atmosphere from the low-
pressure chamber makes impossible to directly compare atmospheric pressure measurements with
low pressure; the homogeneity of the windows affects directly the precise estimation of the film
emissivity at low pressure. For this purpose, the measurements were taken in 9 points around the
center of the window, to understand if there was a meaningful affectation of the measured
temperature. A specially designed thermocouple amplifier was placed inside of the low-pressure
chamber to avoid introducing additional errors by extending thermocouple wires. By trial and
error, 10 measurements of a correct emissivity value were found that allowed us to keep
temperature deviation between instruments of no more than 1%. The emissivity value was found

to be 0.10.

The optimum flow rate was empirically determined to be < 5 sccm. No changes were observed
below 0.1 sccm (the minimum flow acceptable for the MFC used). Flowrates higher than five sccm

tend to cause sample deformation and breakage at high temperatures.



To assess the thickness and density of pristine SWCNT films, we employed the results of the
recent study by Ermolaev et al.[58], where a combination of SEM, AFM, and ellipsometry allowed
to deduce a Beer-Lambert law-like relation between the optical absorbance at 550 nm (Asso) for
SWCNT thickness (h [nm] = 239-Ass0). BM 22-G analytical balances (AND, Japan) were
employed to study the film mass with a precision of up to 1 pg. The film thickness and area allowed
us to estimate the bulk density. Nevertheless, as the mass of each sample with a thickness of 200
nm is around 30 pg, it gave the bulk density of 1.6 0.5 mg/cm?. It should be noted that for the
treated films the absorbance study of the thickness is not relevant; thus, we considered the film
thickness to be the same, while the mass change is proportional to changes in absorbance as Fe

catalyst residuals do not play a significant role in visible range[56].

Resistivity measurements of the pristine and treated free-standing films were performed by using
a Jandel RM3000 four-probe station, with the SWCNTs transferred onto quartz substrates. for the
applications of transparent conducting films, the sheet resistance is the most abundant [59]. In
order to facilitate data comparison with other relevant publications, we wish to remain with the
sheet resistance, Rs and equivalent sheet resistance, Reo, which allows one to compare different
materials with different thicknesses and absorbance and is widely employed as the key
performance indicator for transparent electrodes [59-61]. We also duplicate the data as electrical
conductivity to enhance the relevance for applications usually dealing with this descriptor (fiber
technologies, thermoelectrics, composites, etc.). Treated and pristine free-standing films were
transferred to fused silica quartz substrates of 9x12 mm? on which bilateral simultaneous doping
by HAuCls was performed following the guidelines from [62]. Doping was carried out using a 30
mM HAuCls dopant solution by drop casting technique with a 7 pl dose. 30 mM dopant solution

was prepared by dissolving of required amount of HAuCl4*3H20 in pure ethanol. After doping,



the samples were dried at ambient conditions until the isopropyl alcohol had

completely evaporated.

To assess the SWCNT thin film thickness, both pristine and welded films were dry transferred
onto smooth Si/SiOz substrates, after which a microtome blade was used to create a small cut along
the sample. This cut served as the point where baseline measurements started, and allowed the
thickness of the films to be measured from there edges till a normalization point at their maximum
thickness. A Bruker Multimode V8 atomic force microscope was used for thickness measurements
in Quantitative NanoMechanical Mapping PeakForce tapping mode. A probe with a 3 N/m force
constant (k) and reflective gold coating, with a scan rate of 0.2 Hz and a setpoint force of 10 nN
was used. Imaging was performed at 512 x 512 resolution with the scan size of 5 x 20 pm?
ensuring high accuracy. Preprocessing included plane leveling and line-wise offset correction to

remove artifacts and enhance data reliability by Gwyddion.

The temperature dependence of the resistance was performed by a four-probe technique in the
region from 100 K to 450 K. The resistance was measured with Keysight 34972A LXI Data
Acquisition/Switch Unit (Keysight Technologies, Inc. USA) and the temperature control was
provided with Linkam THMS350 Stage chamber under pressure of 0.1 bar with the rate

temperature change of 10 °C/min.

Optical spectroscopy measurements were performed using Perkin Elmer Lambda 1050 UV-vis-
NIR spectrometer in the range of 200 — 2400 nm with a resolution of 3 nm. Thermo Scientific
DXRxi Raman Imaging microscope with a laser excitation wavelength of 532 nm was used for

Raman spectroscopy measurements. The Raman spectra were normalized to G mode intensity.



The free-standing films were transferred on a TEM lacey Cu-300 grid and observed with an FEI
Tecnai G2 F30 transmission electron microscope. To decrease the role of carbon nanotube
destruction under the beam, we focused the TEM at one position and then swiftly moved by a few
hundred nm to find a new “untouched” spot and capture an image. To avoid SWCNT degradation
under the electron beam, the images shown were captured at the very first moments of the spot
observation (for this, we focused on one position and then swiftly moved by a few hundred nm to
find a new “untouched” spot and capture an image). For SEM examination, freestanding samples
were placed with their holders on aluminium support with carbon tape and observed using Helios

G4 PFIB (ThermoFisher Scientific) scanning electron microscope.

Free-standing pristine and ethylene welded were evaluated on an universal testing machine and
used as particle filters while recording the changes in differential pressure to understand the
ultimate breakage pressure to extend the lifetime and endurance of welded SWCNT filters [61].
To compare and validate the mechanical property characterization conducted with the penetration
testing technique, tensile testing of SWCNT thin films was performed using an Instron 5969
Universal Testing Machine with a 10 N load cell and 50 N pneumatic grips in constant crosshead
speed of 0.1 mm/min. The films were attached to specialized holders, as shown in Figure S2. Films
were dry-transferred onto the holders over the gauge length section, and held in place using silver
conductive adhesive. The adhesive served a secondary purpose, allowing piezoresistive
measurements during the tests (not provided here). Initial analysis determined that no unique
stress-strain features needed to be highlighted until 0.01 strain, and the remaining samples were
tested at a speed of 0.25 mm/min. Strain measurements were processed with VIC-2D Digital Image

Correlation (DIC) software.



3. RESULTS AND DISCUSSION
3.1 Welding of SWCNT free-standing film
The SWCNT free-standing films were prepared by a combination of the aerosol CVD method
[63] with the dry transfer technique [57]. To avoid possible catalytic decomposition of C2Ha, we
removed catalyst remains using the dry Joule heating procedure reported recently (3 min; 1400

°C) [56]; the purified films obtained are denoted hereinafter as “pristine free-standing films”.

The free-standing film welding was performed in a low-pressure chamber (< 0.3 mPa) equipped
with a mass-flow controller and a pyrometer (Figure 1a) to record the temperature of the resistively
heated SWCNT free-standing film (Figure 1b). The design of a chamber, as well as pyrometer
calibration, were discussed elsewhere [33,56]. Low pressure diminishes the convection effects
discussed elsewhere[56]. It should be stressed that the pyrometer collects an integral signal from
an area of 0.3 cm?. As the average length of SWCNTSs produced is ca. 10 um [64], we expect most
of the collected signal to come not from the junctions but from SWCNT bundles, while the

temperature of the junctions is presumably higher.

(a)

Figure 1. Schematic representation of the ethylene treatment reactor (a) and a photo of a
resistively-heated SWCNT free-standing film at low pressure (b); a characteristic glowing of a

free-standing film appears at a temperature > 600 °C.
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To assess the treatment effect on the film thickness, we employed atomic force microscopy with
thick SWCNT films (Tss0~25 %) to observe the effect with higher accuracy. Figure 2 (a) shows
typical AFM scans the pristine SWCNT film, whereas Figure 2 (b) shows a SWCNT film which
has been welded excessively (5 minutes at 1100 °C). We found no statistically significant changes
in film thickness after the welding. A slightly different surface morphology can however be noted,
with amorphous carbon deposition present mostly not as a continuous layer, but located in specific
regions. When combined with the SEM analysis, these regions may be interpreted as the space
between SWCNTs in the film. Since the amorphous carbon is not deposited as a continuous second
layer on top of the SWCNTSs, a notable increase in thickness is neither seen, nor expected. Thus,
we can state that the thickness of the SWCNT films remains the same after the welding under the
presented conditions and it is relevant to use thickness of a pristine film for further estimations of

specific conductivity and equivalent sheet resistance.

(a)0 550 nm (b)o = - 670 nm
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Figure 2. Typical AFM height mapping scans of (a) pristine and (b) welded SWCNT films. The

height profiles are shown below each mapping.
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We employed UV-vis-NIR spectroscopy to assess the deposition on SWCNT [59]. Though
surface decomposition of ethylene was reported to proceed freely at temperatures ~700 °C [65],
here we observe the process to start at higher temperatures: the gradual increase in absorbance
started at 1100 °C (Figure 3a). Moreover, we observed a gradual growth of absorbance assumably
due to the ethylene-induced carbon deposits. Similarly, Jiang er al. observed the welding to
transform the Schottky barriers between metallic and semiconducting nanotubes into near-ohmic
junctions [54]. We also note the gradual decrease of equivalent sheet resistance (as well as growth
of the electrical conductivity) of the films as well (up to 5 times). It should be stressed that the
welding significantly affects (Figure 3b) neither the observed integral defectiveness of the film nor
the ensemble of observed radial breathing modes (RBM). This observation coincides with the
recent observation of surface pyrolysis of hydrocarbons on nanotubes with the formation of lateral

carbon deposits [65-67] proving the formation of similar sp? deposits.

0.17 Pristine film T, =906 % 1.0 4 1
7 plasmon 550 nm G
(a) 0.16 H — 1 minweldingTsEOnm=89.2%(b) 1585 cm
015 —— 3minwelding T, =889% 097 Pristine Ig/l,=32
014 —— 5 min welding Ts50ym = 87.9 % 08 .
: 8 —— Welded 3 min |4/I5=31
013 6 320 .
042 s *l300 & 0.7 4 —— Welded 3 min and
.12 4 51 - B o~
® , 2803 5 RBM doped |4/I=29
% 0.11 554 260% &0'6_
& 0104 34 2038 2.,
E 0.09 & 2208 '@ 7
< 008 1 2008 8 g4
007 5 f1s03 £
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Figure 3. UV-vis-NIR (a) and Raman (b) spectra of pristine and ethylene-treated (1100 °C) free-
standing films; the inset of (a) represents a decrease of the film’s equivalent sheet resistance Roo
and consequently an increase in the electrical conductivity with the treatment, while the inset of

(b) represents the enlarged zone of the radial breathing modes (RBM).
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To assess the presumed surface deposition of lateral carbon deposits, we performed a TEM
observation (Figure 4). We registered no significant changes on the nanotube surface after the
short treatment time. The extended deposits formation was minorly observed for both 3 and 5 min
(Figures 4b and 4c), while the nanotubes appeared to be coated with lateral carbon deposits during

extended treatment times > 10 min (Figure 4d).

Pitke

Figure 4. TEM imags of SWCNT free-standing films treated with thyle at 1100°C: (a)
pristine free-standing film; (b) 3 min ethylene treatment; (c) 5 min ethylene treatment, showing

lateral deposits; (d) 35 min ethylene treatment, showing nanotubes fully coated with deposits.
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To assess the welding uniformity, we employed SEM microscopy (Figure 5). The partial
formation of deposits occurred after 5 minutes of the treatment (Figure 5b). After 10 minutes, we
observed a more uniform coating with apparent thickening of nanotubes (Figure 5c), suggesting
that, at the first moments, the junctions are the hottest parts of the SWCNT free-standing film;
once the nanotube junctions become fully coated, the deposition proceeds more uniformly reaching
even the formation of lamellas (Figure 5d). Additional research is required to establish the relation

between the flowrate and temperature on the structure of the carbon deposits.

Figure 5. SEM images of different treatment times at 1100°C: (a) pristine free-standing film;
(b) 3 min ethylene treatment, showing coating formation and the presence of a closed structure
around the bundles; (c) 5 min ethylene treatment showing partial coating of a nanotube bundle; (d)
10 min ethylene treatment showing full coating of SWCNTSs. The yellow arrows highlight some

of the coating spots.
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The temperature dependence of the resistance was performed by a four-probe technique in the
region from 100 K to 450 K. The resistance was measured with Keysight 34972A LXI Data
Acquisition/Switch Unit (Keysight Technologies, Inc. USA) and the temperature control was
provided with Linkam THMS350 Stage chamber under pressure of 0.1 bar with the rate
temperature change of 10 °C/min. The results show that after welding the change in TCR after
welding resulted in decrease of its values by ~0.1%/K in the range of temperatures under

investigation (Figure 6a).

To reveal the change of SWCNT conductivity mechanism after welding, we fitted the

experimental data by heterogeneous model [68] (with least-square method):

Tm Tb
R(T) = R, exp (— ?) + R, exp <Ts n T) )

where the first term represents the contribution of nanotubes’ intrinsic conductivity and T is the
least phonons’ energy to play role in carriers scattering. The second term describes the tunneling
between conducting regions separated by small barriers, and Ts and T» are parameters of the
barrier. Rm and R¢ are temperature independent coefficients which depend on geometry of the
samples. From approximation we get that the share of the first term in film resistance significantly
decreased (Figure 6b). Thus, the impact of tunnelling between conducting regions considerably

increased in conductivity mechanism after welding.
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Figure 6. Temperature dependences of TCR (a) and relative contribution of tunnelling between

conducting regions (b) for welded (blue) and pristine (black) SWCNT films.

Thus, the ethylene treatment of resistively heated SWCNT free-standing films under low
pressure allows nanotube coating with lateral carbon deposits. At the first moments (t<10 min),
the coating is non-uniform and presumably appears at the junctions, providing the welding effect:
partial doping, decrease of sheet resistance, and non-uniform thickening of junctions observed by

SEM. Longer treatment time (>10 min) results in a more uniform coating of the SWCNT surface.

3.2 Influence of welding on mechanical properties of free-standing films

To assess the influence of the welding on the mechanical stability of the SWCNT membranes,
we examined the ultimate tensile strength using the procedure reported in [9]. We connected the
SWCNT membrane on an aluminium disk with a stepper motor controlled by Nano Arduino (30
um/s). A needle (Figure 7a; 2 mm in diameter) connected to a pressure sensor penetrates the

membrane. We calibrated the device using a known weight.
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The ultimate tensile strength (UTS) was derived using the cross-section of the film in the area
surrounding the tip of the needle. Pythagorean geometry allowed us to estimate the contact angle
change related to the distance, and film thickness was considered to be constant during the
measurement until the sample breakage. To determine the measurement accuracy, we used a set
of five membranes with a 10% deviation in thickness. At the same time, the values of the tensile
strength varied over a wider range (about 25%) due to seemingly inevitable defect formation
during the transfer of the films on the holders (Figure S3). Nevertheless, the study of the effect of
the modification revealed a more than an order of magnitude growth in the tensile strength (Figure
7b) as well as stiffness, which also indirectly confirms the "welding" of contacts between
nanotubes. The last determines the mechanical stability of the entire membrane. The obtained UTS
values were proved by classical strain test and similar (with ~12 % variance) to that for membrane

penetration studies (Figure 7).

5.10x107 4
(a) (b) /\ ——Pristine UTS =2 MPa

/| ——Welded 1 min UTS = 3 MPa
/ — Welded 5 min UTS = 9 MPa

——Welded 10 min UTS = 22 MPa

4.08x107

3.06%107

Force (N)

2.04x107

1.02x10° 4

0.00

Displacement (mm)

Figure 7. (a) schematic representation of a setup for the ultimate tensile strength (UTS)
assessment with a membrane of a holder (yellow), a needle (green), and a pressure sensor (red).
(b) force vs. displacement measurements of pristine (50% transmittance) and ethylene welded
films. The ethylene welding showcased a 66% increase in UTS and a 4% increase in transmittance

after 1 min treatment at 1100°C, 1 sccm, P = 0.3 mtorr.
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To additionally assess the idea that deposit on the SWCNTSs cross-section can increase the
strength of the film with coating in comparison with the pristine SWCNTSs, molecular dynamics
simulation was used. Molecular dynamics (MD) allows one to analyze on an atomic level how the
deposit can affect the film strength. To reveal the role of deposits, we combined the experimental
observations with non-equilibrium molecular dynamics (MD) simulations using the open-source
MD package “large-scale atomic/molecular massively parallel simulator” (LAMMPS) [69,70].
The well-known AIREBO potential is used to reproduce the inter-atomic forces between the
carbon atoms; Verlet integration, with a time-step of 1 fs, is employed in particle trajectory
calculations. Nosé-Hoover thermostat is used to maintain the temperature at 300 K in all the
simulations. As Figure 5 shows numerous nanotube cross-section coating, two structures were
considered (Figure 8): (i) two cross-sectioned SWCNTs (15,15) with a length of 20 nm and
diameter of 2 nm; and (ii) the same SWCNT with one layer of a graphene deposit around the cross-

section.

Periodic boundary conditions along in-plane directions (x and z) and free boundary conditions
along the normal direction (along the y-axis) are applied. Figure 8a represents the initial structure
of SWCNT (shown in gray color) with one layer of a graphene deposit (shown in light-green color)

as an example.
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Figure 8. (a) SWCNTs with a layer of graphene deposit after relaxation representing pristine
SWCNTs (gray), graphene deposits (green), and CH groups on the edges of graphene flakes (red).
Schematic of the SWCNT cross-section with a layer of graphene deposit at the initial state (b) and
after shear deformation (c). (d) Displacement of the top SWCNT with respect to the bottom

nanotube as the function of shear strain.

At first, relaxation of the system to the equilibrium state is conducted at 300 K. Shear strain is
applied to analyze the strengthening effect of the graphene deposit. Figure 8 presents the schematic
of the SWCNT cross-section with a layer of the graphene deposit at the initial state (Figure 8b)
and after some shear deformation (Figure 8c). The bottom SWCNT is fixed; shear strain is applied
to the top SWCNT. The initial position of the top CNT with respect to the bottom SWCNT is
marked by green, while the displacement is denoted with 1. Displacement of the top SWCNT with
respect to the bottom SWCNT was defined during the shear. As can be observed, even one layer

of the deposit results in a two-fold decrease in the mutual displacement of the SWCNTSs. Thus,
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with the MD simulations, we can clearly observe that even a single-layer deposit decreases the

value of mutual displacement of the SWCNTSs, which further results in the strength increase.

3.3 Influence of welding on equivalent sheet resistance of free-standing films

The decrease in sheet resistance combined with moderate growth of the SWCNT film
absorbance opens an opportunity for enhanced performance in transparent conductors. Here, we
employ equivalent sheet resistance (the sheet resistance of a film with a 90 % transmittance in the
visible region at 550 nm) [59] as (1) a thickness-independent descriptor [57] and (2) one of the key

performance indicators for transparent electrode applications [59-61].

Furthermore, the effect can be significantly improved by a doping procedure, which shifts the
Fermi level of nanotubes into the valence band, diminishing the Schottky barriers between
nanotubes. Remarkably, the Fermi level can be turned in both directions (n- and p- doping) via
simple chemical adsorption/coating [71], change of an electrochemical potential [72], or, lastly,
via an electrical field [73]. Here, we performed a chemical p-doping with HAuCl4 [71]. Figure 9
illustrates the effect of doping. We observe the suppression of transitions (fingerprint of Fermi
level shift) along with significant absorbance growth due to HAuCls doping, which also manifests
in an additional plasmon peak within the UV region. The optimal doping, thus, is a balance
between the increase in conductivity (drops Roo) and growth of absorbance (increases Roo). Finally,
the obtained value of the equivalent sheet resistance (30 Ohm/sq) is among the state-of-the-art for
nanotube-based electrodes [59] and among high-performance carbon nanotube conducting

elements [74] (electrical conductivity ~ 30,000 S/cm).
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Figure 9. UV-vis-NIR spectra of bilaterally doped samples (a) and HRTEM image of SWCNT

welded and doped with HAuCl4 (b).

3.4 Increase in mechanical properties of the free-standing films

Figure 10 provides a typical Ashby material property chart comparison of the ultimate tensile
strength of different material classes versus their density. The strength of the pristine and welded
free-standing films, when compared to the tensile performance vs. density of other material
classes, is high. The strength of the welded SWCNT films is in the same order of magnitude as
polymers and other high-performance membrane materials but at 2-3 orders of magnitude lower
in density. It should be noted that for micrometer scale materials, the SWCNT free-standing films
here have ultimate tensile strength values one order of magnitude smaller than high-performance

ceramics, composites, and metals.

21



® Polymers EM Ceramics SWCNT [91] Graphene [93]
A \Metals Composites MWCNT [92] . . EETR
5 . E-

10 ¥ High performance fibers Carbon fiber [89 o E-glass [88]
—~ Aligned CNT filmsffibers | CarPon fiber [89] ~Carbon fiber
g 4 @ Individual nanomaterials Kevlar [88]\.. . comp. [87] Titanium
= 10 ® Membranes FWCNT [100]"”..\“..\7 : . _.---comp. [86]
< Aerogels FWCNT [90}.. 7§ g > a
S )% omee wonpo o SaA A
) ] ALl SiC [78]'si6. a0} - A . Turigsten
T | o2 g a 82]
P 2 | . = A N stall
& 1073 ‘Welded: SWCNT FSF .~ .- @& 1. Nanocrystaline
@ 1 BNNT X . Epoxy’ B @i ::316|- [81]
7 10t o FSF = CNTF[97-99]- " [r4] .- L Vi SLM 3161 [82]
o E .[106] CNT buckypaper [107] g m  ® """ Titanium [84]
 10° y (O L5 ALOY77]
Q - SWCNT FSF .\ % "Polythiopene
£ 101 S 1L comp.[ay)
£ 10 ﬁCarbon-based © “PDMS [96] : “‘ D P0|y|m|de [77]
% - [104-105] ! . PVDF HF [94]

102 f R alumina/silica [101-103] : TPU [75]

| © PES HF [94]
3 air%density Nitrocellulose [95]
10 L L | LR | L | R | v
103 1072 10t 10° 10! 10?

Bulk density (g/cm?)
Figure 10. Ashby chart for the tensile performance of different material classes.[74—107]

Surprisingly, the welded films are only 1-2 orders of magnitude lower than aligned CNT films

in terms of strength. Aligned films are known to have exceptionally high mechanical properties

when tested parallel to the alignment direction [100] In the case of randomly oriented films, this

relatively small difference is surprising since there is no perfect alignment of the SWCNTSs with

the applied testing force. Recently, carbon nanotube resistive heating was shown to promote

crystallization/phase transition of inorganic matrices within the joint composites providing

additional opportunities for the welded films [108].
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4. CONCLUSIONS

We report the new approach for the modification of junctions between carbon nanotubes by
means of a chemical reaction (namely, ethylene pyrolysis) on the surface of resistively heated free-
standing films. The pyrolysis results in the lateral carbon deposits concentrating at first on the
junctions (as the most resistive and, thereby, the hottest points of the free-standing film) and then
on all the nanotubes. We observe that welding has a complex effect on the free-standing film:
partial doping, decreased sheet resistance, and non-uniform thickening of junctions. The welding
also alters characteristics of SWCNT films, such as the equivalent sheet resistance and ultimate
tensile strength (reaches 22 MPa). The MD simulations show the latter happens due to an inhibited
sliding effect between two carbon nanotubes at the welded junction. The obtained value of the
equivalent sheet resistance for welded SWCNT free-standing films after doping with HAuCl4 (30
Ohm/sq; electrical conductivity ~ 30,000 S/cm) is among the state-of-the-art nanotube-based
electrodes. Thus, the method allows the SWCNT junction engineering via chemical reactions
induced by resistive heating of a free-standing (or some other assembly like yearn, fiber, pattern,
aerogel, etc.). The proposed technique might find use for filters and protective membranes due to
enhanced mechanical properties as well as transparent electrodes for touchscreens and solar cells
along with aerosol filters and biomedical scaffolds after the modification of optoelectronic

properties.
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