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Abstract

Transparent conductive materials (TCMs) are essential for optoelectrical devices ranging from smart
windows and defogging films to soft sensors, display technologies and flexible electronics. Materials
such as indium tin oxide (ITO) and silver nanowires (AgNWs) are commonly used and offer high
optical transmittance and electrical conductivity but suffer from brittleness, oxidation susceptibility,
and require high-cost materials, greatly limiting their use. Carbon nanotube (CNT) networks provide
a promising alternative, featuring mechanical compliance, chemical robustness, and scalable
processing. This study reports an aqueous ink formulation composed of ultra-long mix walled carbon
nanotubes (UL-CNTs), compatible for flow coating process, yielding uniform transparent conductive
films (TCFs) on polyethylene terephthalate (PET), glass, and polycarbonate (PC). The resulting films
exhibit tunable transmittance (85-88% for single layers; ~57% for three layers at 550 nm) and sheet
resistance of 7.5 kQ/o to 1.5 kQ)/o accordingly. These TCFs maintain stable sheet resistance for over
5,000 bending cycles and show excellent mechanical durability with negligible effects on heating
performance. Post-deposition treatments,including nitric acid vapor doping or flash photonic heating
(FPH), further reduce sheet resistance by up to 80% (7.5 kQ/o to 1.2 kQ/n). X-ray photoelectron
spectroscopy (XPS) results in reduced surface oxygen content after FPH. The photonic-treated heaters
attain ~100 °C within 20 seconds at 100 V. This scalable, water-based process provides a pathway
toward low-cost, flexible and stretchable devices in a variety of fields including printed electronics,
optoelectronics and thermal actuators.

Keywords: transparent conductive films; multi-walled carbon nanotubes; aqueous dispersion; flow
coating; Joule heating; flexible heaters

1. Introduction

Transparent conductive materials (TCMs) underpin a broad range of optoelectronic and thermal
management devices, including smart windows, defogging/anti icing coatings, touch panels, and
photovoltaics [1-4]. Indium tin oxide (ITO) remains the industrial go to because it combines high
optical transmittance with low sheet resistance [1,4]. Yet ITO is intrinsically brittle and typically
requires high-temperature vacuum deposition and post-annealing [5,6], which significantly limits its
use on flexible substrates and raising costs due to indium scarcity [1].

Other commonly used materials, silver nanowire (AgNW) networks, deliver excellent
conductivity at high transmittance and can be solution processed, making them compatible with roll-
to-roll coating and other processes [4,7,8]. However, long-term reliability is undermined by thermally
accelerated oxidation during Joule heating, thermal instability, cracking, and junction corrosion, all
of which increase resistance [9-11]. Carbon-based TCMs, particularly carbon nanotube (CNT)
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networks, offer a compelling alternative: they are chemically stable in air, highly flexible, and
compatible with scalable, low-temperature, solution processing [4,12,13]. Additionally, MWCNTs are
significantly more cost-effective than both SWCNTs and silver nanowires, with industrial-grade
MWCNTs priced at $50-150/kg compared to SWCNTs at $1,000-5,000/kg [14]. These attributes have
already enabled CNT-based transparent heaters with rapid thermal response and robust cycling
stability [15-17].

At the material level, single-walled CNTs (SWCNTs) typically afford superior optical clarity at
a given sheet resistance because of their small diameters and lower light scattering [18-20]; however,
SWCNTs are costly due to highly complex and controlled production requirements [19,21]. Multi-
walled CNTs (MWCNTs), on the other hand, are far more cost-effective, approximately 10-15 times
cheaper [22] and readily available at scale, but the larger diameters and bundling generally raise
percolation thresholds and haze, while interlayer scattering, mismatching chirality, inter-shell
tunneling yield higher sheet resistance at a given density compared to metallic SWCNT networks
[15,18,23]. A promising route to narrow this gap is the use of ultra-long CNTs (ULCNTs) which are
mix of single and multiwalled (Ilength > 100 um, potentially cm’s length): the increased tube length
reduces junction density per unit area, thereby lowering junction-limited resistance in the percolating
network [18,24,25].

Despite these advances, ultra-long CNTs (ULCNT) transparent heaters remain comparatively
underexplored relative to SWCNT systems, particularly in water-based, low-temperature processing
schemes suitable for plastics [15,16,23]. Addressing this gap is attractive because it couples material
cost and supply chain advantages with manufacturing simplicity [13,19]. Figure 1 Shows the process
which was developed to produce Transparent ULCNT-based heaters, making it an attractive material
for large area coatings, where durability and scalability are required, along with optoelectronic
performance [12,26,27]. This work develops and studies aqueous ULCNT transparent heater coatings
deposited by scalable, low-temperature rod coating onto glass and flexible polymer substrates (PET
and PC). This work includes (i) design of surfactant-assisted dispersions of ULCNTs into water; (ii)
relating layer count to the transmittance—sheet resistance (T-Rs) trade off, as well as heating
performance while electrically biased; and (iii) evaluate two different post-deposition treatments—
nitric acid fume doping and flash photonic heating to enhance optoelectrical performance further, as
well as, analyze heater response under constant-voltage drive (rise time, steady-state temperature,

and anisotropy performance with respect to draw direction), and durability.
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Figure 1. Illustration of ink formulation, deposition, and post-deposition treatment process for ULCNT

transparent heaters.

2. Materials and Methods

Ultra-long carbon nanotubes (UL-CNTs, TorTech CNTM1.5) were used as the conductive
component. Aqueous dispersions were prepared in two approaches: The first by evaluating different
surfactants, including, 0.6wt% of Triton X-100, polyacrylic acid sodium salt, Tween 80, sodium
dodecyl sulfate (SDS), and Solsperse 46000 which was examined in three concentrations 0.3wt%, 0.6
wt%, and 1.2 wt%. The second is by functionalization the CNT surface by refluxing in 70% nitric-acid.
Each formulation contained 0.2 wt% CNTs and 0.14 wt% BYK 348 in 100 ml triple-distilled water
(TDW) . The mixtures were probe-sonicated (VCX 750, 85% amplitude, 2.5 h) in an ice bath to prevent
overheating.
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2.2. Film Deposition

Glass, polycarbonate (PC), and polyethylene terephthalate (PET) substrates were first cleaned
by ultrasonic bath for 5 min, then wiped thoroughly with isopropyl alcohol (IPA) and air-dried. Flow
coating was performed by pipetting 0.5 ml of ink onto the substrate with a #3 kbar (24 um wet
thickness) to form films of 1-5 layers. Each layer was dried at 75 °C for 10 min before the next layer
was applied. Layer count was used to tune sheet resistance (R;) and optical transmittance (Tss).

2.3. Post-Treatments

Nitric Acid Fuming: Films were exposed to 70% HNO; vapor at 65 °C for 0.5-36 min under an
inverted glass dome, then rinsed with isopropanol (IPA) and air-dried. Flash Photonic Heating (FPH):
FPH was performed using a NovaCentrix PulseForge xenon-lamp system (0.1-1 J/cm?, 1-5 pulses,
500 us each). The process was conducted in ambient air.

2.4. Characterization

Optical transmittance spectra were recorded using a UV-Vis spectrophotometer. Sheet
resistance was measured by four-point probe. Heating characteristics were studied using a
programmable DC power supply and a Qianli Toolplus thermal IR camera. Mechanical durability
was tested under 5000 bending cycles with the Ufactory Arm Lite 6 with the Lite gripper attached.
Surface chemistry before and after FPH was analyzed via X-ray photoelectron spectroscopy (XPS,
Thermo K-Alpha, Al Ka source), focusing on Cls and Ols peaks.

3. Results

3.1. Ink Dispersion and Stability

The ink formulation was prepared by dispersing of mixed single and multi-walled ultra-long
carbon nanotubes (UL-CNTs) in water using surfactants to promote colloidal stability and uniform
film formation. Achieving stable dispersion is critical for ensuring long shelf life, consistent coating
performance, and reproducibility of the optoelectronic properties. Instability, such as CNT
sedimentation or aggregation, leads to non-uniform film thickness, poor transparency, and reduced
conductivity [28,29]. To identify the optimal dispersant system, several surfactants were investigated.
The stability of each aqueous ink was evaluated using accelerated sedimentation analysis (Lumifuge),
which quantifies the rate and extent of phase separation under centrifugal force (4000 rpm, 25 °C). As
shown in Figure 2a, the instability index for the Solsperse 46000 systems reaches a near-zero
instability index. The difference in performance of the different surfactant can be futher demonstrated
in Figure 2b as the different there is clear visual difference between the nitric acid (Instability Index
~0.42), Triton X-100 (Instability Index ~0.25), and Solsperse 46K 1X (Instability Index ~0.01) appears
darker and less transparent as the instability decreases. Although the measurement of 0.3wt%
concentration looks similar to that of 0.6wt% and 1.2wt%, it failed to disperse the whole amount of
CNTs and many big particles were observed on the walls of the measurement tube. Therefore, we
proceeded with the 0.6wt% concentration because higher surfactant content 1.2wt% would introduce
excess organic material, potentially reducing film conductivity by blocking charge transport
pathways between CNTs [30-32]. This balance between dispersion stability and final electrical
performance made the 0.6wt% Solsperse formulation the optimal choice. All other surfactants, and
nitric-acid-functionalized CNTs, exhibited much higher instability indexes (>0.3), reflecting
sedimentation or phase separation during centrifugation. 0.6wt% Solsperse 46000 thus provided a
uniform, durable dispersion with minimal aggregation due to its polymeric structure, which
provides both anchoring and stabilizing functionality in water. The molecule contains multiple polar
anchoring groups capable of m—mt and donor—acceptor interactions with the graphitic sidewalls of
carbon nanotubes, ensuring strong, multi-point adsorption [33,34]. Its long-solvated polymer chains
then extend into the aqueous phase, forming a thick electrostatic barrier that prevents tube—tube re-
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aggregation. In contrast, the smaller ionic or nonionic surfactants (SDS, Triton X-100, Tween 80) rely
on weak, reversible physisorption and produce only a thin, labile stabilizing layer, while the
polyelectrolyte PAA-Na provides purely electrostatic stabilization that is easily screened in water
[29,35]. The combined electrostatic and steric mechanism of Solsperse 46000 therefore yields a more
durable, ionic-strength-independent dispersion and preserves the ultra-long CNT aspect ratio
essential for low percolation resistance and uniform transparent films.

Figure 3a and 3b show scanning electron microscopy (SEM) image confirming a continuous CNT
network with minimal bundling when using Solsperse 46000. The images show extended nanotube
paths forming dense, conductive webs. The long tube length and uniform dispersion minimize
contact resistance by reducing the number of junctions [18,24]. This morphology resembles optimized
CNT networks reported for transparent electrodes [12,19,20,36].
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Figure 2. a) instability indexes of UL-CNT inks formulated with various surfactants, polyacrylic acid sodium
salt, Tween 80, SDS, nitric-acid functionalized CNTs, Triton X-100, and Solsperse 46000 (0.3wt%, 0.6 wt%, and
1.2 wt%); (b) photo of induced sedimentation after Lumi Fuge of Nitric Acid, Triton, and 1X Solsperse 46000.

Figure 3. SEM image of a dried drop of Solsperse 46000 0.6wt% ULCNT ink at (a) 15,000x and (b) 50,000x

magnification.

3.2. Optical and Electrical Properties of CNT Films

Figure 4a shows the full UV-Vis spectra indicating a trend of reduced % transmittance with the
addition of more layers, i.e. more material. Beyond the abrupt cut-off below ~400 nm (intrinsic to the
PC substrate and therefore of little relevance to transparency of the ULCNTs coating). We subtracted
the transmittance of the substrate T% PC from the transmittance of the coated samples to account for
the substrate's effect.

Figure 4b reveals a compromise between high optical transparency and low sheet resistance that
emerges when layers are added successively. Each pass of the #3 Mayer-Rod (~24 pum wet thickness)
adds CNT to the percolating network, resulting in less optical transparency and lower sheet
resistance (R;). The reduction in transparency and sheet resistance increases with each additional
layer (Figure 4c-e). From one-layer to two-layer, the sheet resistance and optical transparency (at 550
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nm) decreased by ~60% and ~14%, respectively. Although a two-layer film already offers a reasonable
compromise (~2.3kQ)/o at ~70 % Tss), we continued to explore the transparency limit. We therefore
focused subsequent optimization on the single-layer film, accepting its higher R, in exchange for ~85%
visible transmission.

Taken together, Figure 4a and 4b demonstrate that flow coating provides a straightforward yet
tunable route to transparent conductive films whose optoelectronic properties can be adjusted by
layer count. A single-layer coating delivers the highest clarity while still establishing electrical
continuity. In contrast, five layers achieve the lowest R but at the cost of significant darkening,
illustrating the practical limits of this material system for applications that demand both high
transparency and low sheet resistance. Beyond tunability the ink also exhibits excellent versatility
and substrate compatibility, yielding uniform coatings on glass (Figure 4f) and PET (Figure 4g-h)
without noticeable defects. The ability to form adherent, continuous CNT networks on both rigid and
flexible substrates underscores the robustness of the surfactant-assisted dispersion and the suitability
of this method for scalable fabrication of transparent conductive films.
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Figure 4. (a) UV-Vis transmission spectra of CNT films on Polycarbonate (PC); (b) Sheet resistance versus optical
transparency with layer number; photo of polycarbonate coated with (c) 1, (d) 3, and (e) 5 layers of dried ULCNT
ink coating; photo of 1 layer of dried ULCNT ink coating on (f) glass and (g-h) PET substrates.

3.3. Electrical Heating Performance

Figure 5b investigates the effect of flow-coating direction. When the electrodes are placed
parallel to the coating direction, the applied current is perpendicular to it, coinciding with the
preferential orientation of the percolating carbon network [37,38]. The single-layer film rises from 45
°C after 700s at 100 V to 53 °C when the electrodes are switched from perpendicular to parallel,
resulting in roughly an 8 °C increase in temperature. This directional heating behavior reflects the
anisotropic conductivity characteristic of shear-aligned CNT networks, in which enhanced
conductivity perpendicular to the electrode alignment direction results in greater Joule heating[37-
39] and therefore motivates the use of the parallel-electrode geometry in all subsequent tests.

With that geometry fixed, Figure 5C overlays heating curves for 1-, 2-, 3-layer coatings, each at
100 V. Because electrical power scales as V2/R lowering the sheet resistance by adding layers
accelerates the temperature rise: the three-layer film (R, = 1.5 kQ/o) surpasses 100 °C within 400 s,
whereas the single layer (R, = 9.5 kQ)/0) levels off near 53 °C. The 4 and 5-layer samples initially heated

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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rapidly, but then burned, melted, and disrupted the uniformity of the coatings, leading to a break in
the percolation network and ceasing the joule heating.

Figure 5d isolates a single-layer heater while sweeping the bias from 50 V to 250 V. The response
is monotonic, with the resulting plateau temperature being ~ approximately 30 °C at 50 V, 55 °C at
100V, 90 °C at 150 V, and exceeding 120 °C at 250 V, beyond which the substrate is damaged (melted
and burned), resulting in the breaking of the coating. The infrared images in Figure 5f and 5g show
that the CNT film heats evenly across the entire active area at both voltages, confirming uniform
electrical and thermal conductivity. As expected, the sample driven at 150 V reaches a higher overall
temperature than the one at 100 V, while maintaining the same homogeneous heating profile.

Substrate effects are illustrated in Figure 5e, where one-layer heaters deposited on glass, PC and
PET were all driven at 100 V. While glass has the lowest specific heat of 0.85 (J/g-K) [40,41] compared
to PC (1.2]/g'K) [42] and PET (1.3 J/g'K) [43-45], the PET sample had significantly less mass compared
to the other samples making it heat the fastest among the sample, reaching 50 °C in under 30 ss. In
contrast, the glass and PC samples have taken 500+ seconds to achieve the same temperature. All
three eventually plateau to the same final temperature, while the rate of the heater is dependent on
the material and mass of the substrate, the final temperature achieved at a given voltage isn’t affected
by the material.

Taken together, the data in Figure 5 demonstrate that a single, optically clear CNT layer can
deliver ~45 °C within one minute at 100V, readily available for low-voltage electronics. In
comparison, the addition of layers or higher bias extends the operating range well above 100 °C.
Crucially, every configuration settles to a stable plateau, providing predictable self-limiting behavior
desirable for transparent defoggers, flexible warmers, and related large-area devices.
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Figure 5. (a) Photo of 1-layer PET sample with electrodes during joule heating; (b) temperature of the 1 layer
sample at 100V over time with the clamps placed parallel and perpendicular to the direction of rod coating; (c)
temperature at 100Vs over time with samples 1, 2, and 3 layers of dried inks; (d) temperature of 1 layer sample
over time with different voltages (50, 100, 150, 250V); (e) temperature at 100Vs over time of 1 layer sample on
different substrates ( PC, Glass, PET); Thermal image 1 layer PET sample at (f) 100V and (g) 150V after 100 sec.

3.4. Flexibility and Durability

Figure 6 presents the durability of the 1-layer PET sample by repeatedly bending the sample, for
5000 cycles, using an automated xArm-6 robotic platform. The sample has a length of 13 cm, and was
bent to bring one end straight down to the other, stopping with 3 cm in between, with the whole cycle
lasting 7 seconds. Remarkably, the resistance of the bent sample decreased from 24 kQ) at the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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beginning of bending to 22 k(2 after extended cycling, while the unbent resistance started at 21.5 kQ
and ended at 21 kQ). This gradual reduction in resistance demonstrates an improvement in ULCNT
heaters and no observable degradation caused by bending. The improved conductivity is a
phenomenon consistent with CNT networks, which exhibit stable or enhanced conductivity under
mechanical deformation due to possible microstructural rearrangement. After 5000 cycles, the
samples showed no changes in optical appearance or heating performance during operation at 100
V, corroborating the high mechanical durability while maintaining its optoelectronic properties. Such
stability far exceeds that of brittle ITO or oxidation-prone AgNW-based heaters [6,10]. Additionally,
the reproducible change in resistance between straight (Figure 6a) and bended (Figure 6b) states
demonstrates a promising potential as a bending sensor, with application for real-time monitoring in
smart surfaces [46,47].
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Figure 6. (a) Optical image of the unbent sample (original length 13 cm); (b) Sample after bending to 3 cm end-
to-end separation; (c) Resistance as a function of bending cycles (total 5,000), Insets: resistance traces during early

and late bending cycles.
3.5. Post-Treatment Effects

3.5.1. Nitric Acid Fuming

To further improve the conductivity of the films, two approaches were evaluated: the first is to
expose the samples to nitric acid vapor, and the second is to treat the samples with flash photonic
heating (FPH). Nitric acid vapor treatment is a well-established chemical doping method for
enhancing CNT film conductivity by inducing p-type doping through charge transfer and removing
insulating surfactant residues [48,49].

The nitric acid vapors resulted in a rapid decrease in sheet resistance of single layer ULCNT
films on PET (Figure 7a). Most of the improvement occurred within the first minute: R; fell from
~7.5kQ/o to ~2kQ/o! after 1 min, while longer fuming (=30 min) delivered only modest additional
reduction (approaching ~1.75 kQ/o). Thus, the effective window for conductivity enhancement is in
the short-exposure regime.

The electrical gains translated into higher heater output (Figure 7b). A 1-minute fumed film
plateaued at ~60 °C under 100V, whereas the undoped control plateaued near ~45 °C, with similar
rise-time profiles.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8c shows a non-coated PET substrate after 6 min of fuming, which results in visible
yellowing and substrate wrapping. Discoloration intensified with longer exposures, indicating a
trade-off between maximum potential conductivity and optical clarity when using polymer
substrates. Short fuming times (1 min) deliver the majority of the improvement while minimizing the
yellowing, although minor yellow and substrate wrapping do occur; extended fuming yields
diminishing electrical returns alongside progressively worse appearance. These constraints
motivated the evaluation of a non-chemical post-treatment (FPH) in the following subsection.
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Figure 7. (a) Sheet resistance of a single-layer ULMWCNT film on PET versus HNO; fuming time; (b)
temperature-time profiles at 100 V for undoped and 1 min-fumed films; (c) photograph of the PET sample after
6 min fuming showing substrate yellowing.
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Figure 8. (a) Sheet resistance versus number of pulses at 0.11 J/cm? (blue) and J/cm? (red); (b) Sheet resistance
versus energy density (0-1]J/cm?) for 1 and 5 pulses; (c) temperature-time curves at 100 V on 1 layer PET for no
FPH and FPH (1 J/em?, 5 pulses).
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3.5.2. Flash Photonic Heating

Flash photonic heating (FPH), also known as intense pulsed light or photonic sintering, is a
rapid, non-contact post-treatment method that delivers high-intensity broadband light pulses to
materials. Unlike thermal annealing [50], FPH selectively heats the absorbing CNT network through
photothermal conversion while minimizing substrate heating, making it compatible with heat-
sensitive polymers. The rapid heating and cooling cycles can remove volatile impurities, improve
inter-tube contacts, and potentially reduce oxygen-containing functional groups at CNT surfaces,
thereby enhancing electrical conductivity [51-53].

Figure 8 compares how sheet resistance changes with pulse count for two approaches: many
low-energy pulses versus fewer high-energy pulses. At low pulse energy (0.11 J/cm?), increasing the
number of pulses from 20 to 100 resulted in only minor reductions in sheet resistance, with most of
the improvement occurring within the first 20 pulses. Conversely, even a few (1 or 5) high-energy
pulses at 1 ] cm™ reduced the sheet resistance more effectively than all of the low-energy (0.11 ] cm2)
pulsed samples, underscoring the dominant role of pulse energy. This is further explored in sheet
resistance vs. energy density (fixed pulse counts) (Figure 8b), from 0 (control) to 1 ]J/cm?, with 1-pulse
and 5-pulse treatments showing a clear pattern of decreasing R, with increasing energy density.
Notably, 1-pulse and 5-pulse traces nearly overlap at each energy, demonstrating that per-pulse
energy is the dominant factor in improving conductivity rather than pulse repetition. The 5-pulse
samples provide only a slight additional reduction in sheet resistance compared to the 1-pulse
samples, but the much smaller error bars indicate improved uniformity and reliability. Therefore,
due to the improved consistency at 5 pulses, we selected 5 pulse for all subsequent experiments.
Under optimized conditions (1 ] cm=, 5 pulses), the sheet resistance of single-layer films decreased to
~1.2kQ/o, comparable to nitric-acid fuming of 2 k()/o achieved after 36 min.

The electrical improvement translated to significantly higher heater output, under 100 V on PET,
FPH-treated film (1 ] cm™2, 5 pulses) reached >100°C within 20 seconds before the film started to burn
and destroy the sample. In contrast, the untreated control stabilized near ~45 °C (Figure 8c).

Across 0-1] cm™, no measurable yellowing or visible damage was observed on PET substrates,
and no measurable change in transmittance occurred. SEM imaging revealed no noticeable junction
welding or large-scale reorganization of the CNT network after FPH, suggesting that the conductivity
gains arise from subtle inter-tube/contact changes or chemical change of the film rather than
macroscopic restructuring.

The XPS C 1s spectra of the untreated and FPH-treated MWCNT samples demonstrate
substantial chemical changes on the nanotube surface following FPH processing (Table 1). The
untreated sample exhibited a high proportion of oxygenated carbon species, with the C-O and C=0
components accounting for approximately 42% and 27% of the total signal, respectively. These
groups originate primarily from surfactant residues and moderate CNT surface oxidation that
occurred during dispersion.

After FPH treatment, a significant reduction in the oxygen-containing functional groups was
observed. The relative proportions of C-O and C=O bonds decreased to 26% and 16%, respectively.
Concurrently, the hydrocarbon (C-H) component increased from 29% in the untreated sample to 52%
after treatment. This sharp rise indicates that the treatment effectively removed oxygen-rich
surfactant layers and partially restored graphitic carbon domains on the CNT surface [54,55].

Interestingly, the COOH fraction increased slightly from 1.9% to 6.2%, suggesting that the
treatment either generated defect-associated carboxyl groups at CNT ends or exposed preexisting
carboxylic sites by stripping away overlying residues [56,57]. Overall, the FPH process acted as a
chemical cleaning and mild reduction step, yielding a less oxidized, more conductive, and
structurally restored CNT surface. This trend aligns with previous reports describing similar
reductions in polar oxygen groups and reestablishment of sp? carbon bonding after plasma or
hydrogen-based CNT treatments [58,59].
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Figure 9. XPS of CNT films before and after FPH: (a) C1s deconvolution showing increased sp? fraction; (b)
O 1s showing reduced oxygen functionalities.

Table 1. XPS C 1s peak results of untreated and FPH-treated MWCNT samples showing the relative
contributions of C-H, C-O, C=0, and COOH bonds.

Bond Type CNT window CNT window  FPH-Treated FPH-Treated

(C 1s) (Area) (%Area) (Area) (%Area)
CH 11,224.8 29.25 19,500.5 51.90
C-O 16,090.1 4191 9,873.2 26.26
Cc=0 10,342.6 26.90 5,894.1 15.66

COOH 747.9 1.94 2,330.0 6.19

4. Conclusion

Ultralong CNTs aqueous dispersions deposited onto various substrates by scalable flow-coating
process, enable fabrication of a transparent heaters with tunable T-R; trade-offs with fast, uniform
Joule heating. The single-layer coating achieves good sheet resistances at >80% transmittance. Post-
processing provides two complementary routes: short HNO; fuming yields immediate conductivity
gains but warps and yellows polymeric substrates, whereas flash-pulse heating enhances
performance without liquid chemicals and avoids yellowing. The transparent heaters maintained
electrical conductivity under repeated bending, underscoring suitability for flexible
defogging/deicing and wearable devices. Overall, the combination of aqueous formulation,
scalability of process, and a simple post-treatment to further enhance performance, offers a low-cost,
manufacturing-ready pathway to high-clarity CNT heaters. The heaters can be used for a variety of
fields, including bending /stretching sensors and transparent thermal actuators, for applications in
electronics, optoelectronics and robotic devices.
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