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Low-dimensional carbon materials are of great interest and have tremendous potential for application in
flexible plastic electronics. However, the development of devices based on carbon structural hybrids is
often hindered due to the high recombination rate of photoexcited charges, low absorbance, and other
factors. This work discusses the emergence of multi-component structural forms of carbon from single-
wall carbon nanotubes (SWCNTs) and demonstrates the electrical nature of the film containing these
heterogeneous low-dimensional structural derivatives that are amalgamated in a polyurethane matrix.
SWCNTs serve as a building block to give rise to multi-structural compounds, including multi-wall
carbon nanotubes (MWCNTSs), graphene sheets (GSs), carbon nanoscrolls (CNS), 'Y’ and T" junctions,
twisted CNTs and carbon nano-onion (CNO)-like structures, after performing oxidative purification and
covalent functionalization processes. These one- and two-dimensional (1D and 2D) components with
different individual electrical characteristics when integrated in a polyurethane binder and spin-coated
on a SiO,/Si substrate exhibit an overall semiconducting behaviour. Current (/)—voltage (V) characteristics
reveal thermally driven photo-excited charges that are mainly responsible for the observed current trend
of the film. Herein, we explore a facile cost-effective strategy to fabricate stable thin film coatings
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1. Introduction

Current research to develop nanomaterial-based future electro-
nics is focused on the concept of ‘beyond Moore’s law’ by
integrating exotic low-dimensional structural forms or their
composites in conventional complementary metal-oxide-semi-
conductor (CMOS) technology. Carbon nanotubes (CNTs) with
outstanding physical properties are one of the most fascinating
one-dimensional (1D) building blocks that have been success-
fully incorporated in electronic,"* and optoelectronic® circuits,
solar cells,*™® sensors,” interconnects,?® etc. Practical realization
of a CNT computer,”*? followed by semiconducting CNT-based
three-dimensional (3D) monolithic integration of an optoelec-
tronic system'' was a huge step forward in this technological
advancement. Superior and tunable electrical, thermal and
optical properties of carbon nanomaterials, for example, semi-
conducting CNTs with a direct bandgap and broad band
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response (0.2 to 1.5 eV) and two-dimensional (2D) graphene
layers, make them perfect candidates for use in electronic and
optoelectronic devices.">™* Although there are numerous stu-
dies reported on the electrical nature of CNT-based films, some
of the fundamental characteristics are not fully understood,
especially the electrical behaviour of the junctions between
tubes in the networks."® Macroscopic ensembles in the form
of films or fibers comprising different low-dimensional carbon
structures are associated with poor electrical outcomes owing
to the complexity in carrier transfer at the interface of indivi-
dual building blocks. Industrial production of CNT-based
sheets with a large surface area has manifested electrical
properties on the micro-scale. It has been reported that elec-
trical characterizations of acid-treated CNT sheets/films
revealed a reasonable increase in conductivity, while polymer
intercalation seems to have no effect or reduced effect.”
Physical properties of CNT thin film coatings or sheets not
only depend on synthesis, fabrication or production techniques
but also on post-processing acid treatments and polymer graft-
ing. Highly dispersed CNT/epoxy composites showed electrical
conductivity that is one order higher than the composites of
aggregated CNTs."® However, polymer-grafted CNTs exhibit
lower electrical conductivity, owing to the insulating nature of
many polymers. An improved current density may be obtained
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from aligned CNTs between the electrodes,
cumbersome process for commercial applications. Random
networks of CNTs in films have shown great promise with
reasonably effortless production and integration at the macro
scale.”” The polymer-based layer-by-layer functionalization of
CNTs driven by thermodynamic preferences and the electrical
behaviour of the CNT-polymer conjugate was studied by Riva-
dulla et al.”® They demonstrated that the electrical conductivity
of a randomly oriented CNT network depends on the polymer
layer thickness on the CNT walls.*

Carbon nanomaterials devoid of defects have inert surfaces,
which require post-synthesis chemical functionalization to
introduce lattice defects and functional groups to make them
suitable for applications. Structural defects are crucial to pro-
mote the oxidation process in the CNTs that eventually allows
the elongated 1D structures to disintegrate into various struc-
tural forms during post-synthesis treatments, and separation of
one structure from the other is a nontrivial task. Active oxygen
containing functional groups like -OH or COOH can be grafted
on the surfaces of the carbon nanocomponents via heating in
air or in O, atmosphere, or by acid treatments using H,SO, and
HNO;.>*?® Multi-wall carbon nanotubes (MWCNTs), graphene
sheet (GS), carbon nanoscrolls (CNS), carbon nano onion (CNO)
and twisted structures are a few of the low-dimensional struc-
tural derivatives of carbon with enormous industrial applica-
tions that can emerge from SWCNTs. The structural phase
change of SWCNTs to CNS via GS was experimentally reported
first by our group.”” For a cost-effective device fabrication
strategy, it is therefore essential to study the overall electrical
behaviour. The ballistic nature of electron transport and elec-
tron-electron interactions at the junctions between different
structural hybrids may result in nonlinear current (I)-voltage
(V) characteristics and a unique device prototype guided by
mostly electron-momentum engineering over the well-known
band engineering.?® The electrical transport and photophysics
of single nanotube entities and graphene layers are well stu-
died. However, the physical properties of the blended films
with random networks of arbitrary low-dimensional structural
forms of CNTs, CNS, GS, twisted CNTs efc. are yet to be
addressed, which will pave the way for facile, cost effective
approach of carbon nanomaterials-based device fabrication.
The charge transfer, exciton dissociation and relaxation path-
ways for the charge carriers will be extremely complicated due
to structural manifold present in the system.

In this work, we present the synthesis of different structural
forms of carbon from high-pressure carbon monoxide (HiPCO)
SWCNTs via subjecting them to oxidative purification and
covalent sulfonitric functionalization process. We observe the
direct manifestation of MWCNTSs from the SWCNT network,
evidence of GS, winding of GS into CNS, twisted MWCNTs and
emergence of ‘Y’ or ‘I’-like junctions in the treated sample.
Influence of chemical processing on the raw tube bundles and
the morphological changes that have been observed are inves-
tigated using X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy and transmission electron microscopy (TEM)
studies. The electrical nature of the composite film comprising

23664 | Phys. Chem. Chem. Phys., 2024, 26, 23663-23676

View Article Online

PCCP
randomly oriented, structurally heterogeneous, multi-
functional components of carbon is studied under dark condi-
tions and white light (WL) illumination from room temperature
(RT) to 80 °C. These results may have a great impact for
developing high performance CNT-based composite devices
without going through the nontrivial exercise of separating
the individual structural forms.

2. Experimental

HiPCO SWCNTs were subjected to post-synthesis chemical
purification and sulfonitric functionalization process for
further use. Purification of the as-prepared SWCNTs was car-
ried out to remove the metallic particles and amorphous
carbon content, which included wet oxidation at 300 °C, acid
wash using concentrated hydrochloric acid (HCl), followed by
annealing at 900 °C in an inert atmosphere.>’?° Covalent
functionalization was carried out by adding purified carbon
powder in a mixture of concentrated H,SO, and HNO; (3:1)
and by magnetically stirring the solution for 8 h at 70 °C,
followed by RT cooling and rinsing with de-ionized water until
a neutral pH was obtained.?® For the spray coating, a weighted
amount of functionalized black powder, polyurethane binder
(polyisocyanate) and solvent were mixed and ultrasonicated for
an hour by a Q500 ultrasonic probe sonicator from Q-Sonica,
which was spray coated onto a clean SiO,/Si substrate using a
hand airbrush Pilot AB16 in a glove box under a controlled
nitrogen atmosphere.

The thickness of the SiO, layer is 2 pm. A schematic of the
purification, functionalization and spray coating process is
shown in Fig. 1. XPS measurements were carried out in an
AXIS Ultra DLD spectrometer with a monochromatic Al Ko
(1486.3 eV) X-ray source operating at 117 W. The survey spectra
were acquired at a pass energy of 160 eV, whereas high-
resolution spectra were acquired with a pass energy of 20 eV
with a step size of 0.1 eV. The C 1s peak corresponding to
adventitious carbon on the surface was set at 284.6 eV to correct
the charging effect, and a shift was given accordingly to obtain
the spectra. Data were analyzed using the Shirley background
correction and Gaussian/Lorentzian function with GL line
shapes of varying FWHM for component peaks.’® For the
Raman spectroscopy measurements, a Lab Ram HR 800 instru-
ment was used, while the TEM investigations were carried out
in an FEI-Titan Themis instrument operated at 300 kV by drop-
casting the sample on Cu grids.>***' For two-probe electrical
measurements and Hall studies, 1D, 2D functionalized polyur-
ethane grafted all-carbon structures were spray coated to make
the thin film coating on the Si substrate with a SiO, layer of
2 pum thickness. A two-probe station connected to an Agilent
B2912A precision source/measure unit was used to acquire
typical I-V spectra. Two terminal electrode meshes of Au were
made using the shadow mask technique. Hall measurements
were carried out in van der Pauw (vdP) geometry at RT in a
direct current probe station with an integrated PM5. A mag-
netic field of 1.0 T was applied perpendicular to the sample

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d4cp00702f

Published on 03 September 2024. Downloaded on 3/10/2026 5:07:53 AM.

PCCP

b8 Purification

View Article Online

Paper

HS

Functionalization

|
OH
As prepared SWCNT Purified CNT Functionalized CNT
with Fe impurities 1
0=C=—0-(M-M),
Sonication Coating
Deposited 0-(M-M),

Coating Process

fil '  —t
Well-dispersed — A (M-M), -5 =
_ NH-(M-M),
Air brush !
W '
Non-dispersed Si/Si0, :
Hot pla't/e substrate ¥ (ll_()
- =V O (M-,

Polymer grafting

Fig. 1 Schematic diagrams showing the inclusion of various functional groups on the side walls of the as-prepared CNTs after conducting purification,
functionalization and polymer grafting. The last panel of the figure illustrates the deposition process (spray coating) to make thin films of carbon hybrids.

surface. The system was coupled with an Agilent semiconductor
device analyzer B1500A.

3. Results and discussion
3.1. XPS results

XPS studies have been performed to examine the inclusion of
different functional groups and their chemical composition in
the purified and functionalized sample. XPS survey scans are
shown in Fig. S1 (ESIt) and high resolution XPS measurements
are shown in Fig. 2. Fig. 2(a)-(d) corresponds to the C 1s and O
1s core level lines of the purified and the functionalized data.
The deconvoluted C 1s spectrum of the purified sample
[Fig. 2(a)] exhibits features peaking at around 284.6, 285, 286, 287
and 289 eV, which we assign to C=C sp?,** C-C sp®,** C-O alkoxy
groups,* C=0 carbonyl* or epoxy -C-O-C-** and O-C=0 car-
boxyl groups,*****” respectively. The fitted O 1s spectrum [Fig. 2(b)]
of the same sample displays contributions at 531.6, 532.8 and at
534 €V that are assigned to the -C—0* functional group (531.6 eV),
ether type oxygen -C-O- of COOH>® or ~-C-O-C- epoxy signature®
(532.8 eV), and C-OH bonds,>*® or H,0 molecules*' (534 eV) that
are trapped during the synthesis process.*

The C 1s and O 1s spectra of the functionalized sample are
shown in [Fig. 2(c) and (d)]. The C 1s line exhibits six

This journal is © the Owner Societies 2024

contributions at 283.9, 284.5, 285.1, 285.7, 286.2 and 286.8 eV
[Fig. 2(c)]. The peak at 283.9 €V is attributed to defective and
oxidized graphite and MWCNTs,*> while the 284.5 eV peak is
ascribed to graphitic C=C sp”> carbon.*> The maximum
observed at 285.1 eV could be due to C-C sp® or C-H,*>**
and the line at 285.7 eV could be due to C-O and C-OH
functionalities or characteristic of the C-N bond with sp*
hybridization.*> The contribution at 286.2 eV is typical of
carbon making a single bond with oxygen representing alkoxy
group or with nitrogen [C-(0,N)]*® or with sulfur.*® The peak at
286.8 eV could be characteristic of C=N*" or C=S bonds*® or
C=O0 carbonyl,*® or an epoxy -C-O-C- group.*® The O 1s
spectrum of the functionalized sample reveals four peak
features centering around 531.6, 533.3, 535.3, and 536.8 eV
after the deconvolution [Fig. 2(d)]. The first peak at 531.6 eV is
assigned to -C=0, COOH and N-C=0,">"° or the sulfonic
group (SO;).>" The peak at 535.3 eV could be a contribution
coming from O in H,0,*>**>* and the feature at 536.8 eV could
be coming from oxygen bonded to sulfur in sulfuric acid.>*

3.2. Raman studies

Raman studies were performed to evaluate the chemical state
by investigating the evolution of the characteristic D, G and 2D
bands of the graphitic carbon and the nano carbon materials.
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Fig. 2 High-resolution XPS spectra of C 1s and O 1s lines of the (a, b) purified, and (c, d) functionalized samples.

Fig. 3(a)-(c) shows the normalized Raman spectra of the as-
prepared, purified and functionalized sample. Attestation of
the D, G, and 2D bands is seen clearly in the acquired Raman
spectra [Fig. 3(a)-(c)], along with the characteristic radial
breathing modes (RBM) unique to the SWCNTs that are
observed in the as-prepared samples, and partly in the purified
samples [inset of Fig. 3(a) and (b)]. A very prominent and
intense RBM is evident in the as-prepared data compared to
the purified spectrum, signaling the higher concentration of
highly crystalline, defect-free SWCNT bundles in the raw

15{(a) As prepared
1,/1,=0.2
RBM
54 JL
180 240 300
1.0 (b) RBV Purified
045 1,/1,=0.6
RBM 0.40:

180 240 300

(c) Functionalized
1650 1,/1.=0.7

Normalized Intensity
o <
= N
1 1

e
%
1

500 1000 1500 2000 2500 3000
Raman shift (cm™)
Fig. 3 Raman spectra of (a) as-prepared, (b) purified and (c) functiona-
lized samples. The spectra are normalized with respect to the G peak of
the purified samples shown in (b). Insets of (a) and (b) reveal the RBM in the
as-prepared and purified samples.
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HiPCO specimen. The signature of a very low intense D peak
in the purified spectrum also signifies a low concentration of
defects in the sample. The RBM of the two spectra exhibit
distinctly different intensities, shapes and peak positions,
indicating the structural unfolding of SWCNTs and attachment
of oxygen-containing functional groups on the side walls after
the acid treatment. While the intensity of the defect-induced D
peak is very low for the as-prepared SWCNTs, the peak intensity
gradually increases from the purified data to the functionalized
data [Fig. 3]. This reveals the distortion in the graphitic
structure, incorporation of foreign chemical species, and
increase in the sp® hybridization of carbon from sp?.323473¢
The as-prepared sample exhibits a lowest I/l ratio [0.2], while
the functionalized sample has the highest Ip/Ig value [0.7].
The Ip/I; ratio of the purified sample lies in-between, which is
0.6. This clearly manifests a declining crystalline quality and
increase of defects from raw SWCNTs to functionalized data.
Emergence of a feeble shoulder-like feature observed at
1650 cm™ ' in the G band of the functionalized spectrum is
the characteristic of the graphitic materials with numerous
defects, which additionally indicate an increased disorder and
higher level of stepwise incorporation of functional moieties in
the system.

3.3. TEM investigations

The performed TEM investigations are shown in Fig. 4 and
Fig. S2 (ESIY). The as-prepared sample reveals SWCNT bundles,
along with embedded metal particles, and evidence of sporadic
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amorphous carbon contaminants [Fig. S2(a), ESIt] in the
SWCNT network. By comparison, after the oxidative acid pur-
ification, there is a huge reduction of Fe and amorphous
contaminants [Fig. S2(b) and (c), ESIt]. High-resolution SWCNT
networks can be seen in Fig. S2(c) (ESIt) after the purification
process. The resultant product after the purification and func-
tionalization process is a multi-component material with evi-
dence of various low-dimensional carbon features [Fig. 4].
Fig. 4(a)-(d) shows the TEM micrographs obtained from the
purified sample, while Fig. 4(e)-(h) displays the morphology of
the functionalized data. The network of entangled and
branched bundles of SWCNTs [Fig. 4(a)] is still evident. How-
ever, they are altered and distorted after oxidative treatments.
The data reveal the structural degradation of SWCNT bundles
to some extent, and the emergence of heterogeneous compo-
nents like ‘Y’ and ‘T” junctions [Fig. 4(a)], MWCNTs [Fig. 4(b)],
GS and CNS [Fig. 4(c) and (d)] after the purification process.
The formation of MWCNT from the SWCNT network [shown by
arrows in Fig. 4(b)] and the folding of GS into CNS [Fig. 4(c)
and (d)] can be directly seen in the TEM micrographs of the
purified sample. These structural derivatives are discussed
elsewhere.?>?' Additional structural evolution of the SWCNT
bundles is revealed after performing the sulfo-nitric treatment
in the TEM investigations of the functionalized sample
[Fig. 4(e)-(h)]. Fig. 4(e) shows the SWCNT network, while
Fig. 4(f) exhibits the MWCNTs in the functionalized data.
Strong acid treatment of H,SO, and HNO; further cuts the
CNS longitudinally. This is evident in Fig. 4(g), as the length of
the CNS observed in the TEM micrograph is shorter compared
to the CNS in the purified sample. We also observed spiral-like
twisted structures of MWCNTs [Fig. 4(h)] after the sulfo-nitric
process. It is documented that the HNOj; treatment of SWCNTSs
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usually generates multi-shell phases of carbon, like MWCNTs,
CNOs, etc.”® Twisted structures of collapsed SWCNTs or
MWCNTs minimize the free energy in the deformed state, or
establish a local minimum with a large barrier to sustain the
collapsed state.>®>” Coils of MWCNTs, suspended or supported
on the surfaces, are due to the competition between the
interlayer attractive force and curvature elasticity, while the
atomic lattice registry-dependent intertube interactions
between SWCNTs of different helicity generate the twisted
SWCNT ropes.’®** > The periodicity of the twisted nodes seen
in our case is around 25 + 5 nm [Fig. 4(h)]. These structural
forms induced by curvature elasticity after the sulfo-nitric
functionalization process can be very useful to achieve the
large-scale deformation of nanoscale specimens, and for bio-
polymer applications. These twisted structures can be used
as actuators, lithium-ion batteries, etc.®*** The right panel
of [Fig. 4(h)] shows the resolved fringes within the nodes of
collapsed MWCNTs. High-resolution TEM micrographs of
these nodes look like “CNO-like” structures, having fringes
of the graphitic (002) layers stacked with a spacing of 0.34 +
0.02 nm.®®> CNOs are members of the fullerene family, compris-
ing quasi-spherical or polyhedral-shaped graphitic layers with a
hollow core.®® The structural simplicity and chemical reactivity
of the CNO-like structures are very useful for applications in
heterogeneous catalysis,®® electro-optical devices,®” energy sto-
rage, etc.°® The cylindrical or spherical morphology of these
particles at the nanometer scale can demonstrate interesting
tribological properties, which are mostly due to their shape and
chemical inertness without dangling bonds. As a result, CNO-
like structures are used as additives, and can lead to a strong
reduction of both friction and wear even at low temperature.
These particles are also considered promising candidates as

Fig. 4 TEM investigations of the purified (a)-(d) and functionalized (e)-(h) samples with different low-dimensional structures of carbon. (a) SWCNTs
forming "Y' and T’ like junctions after purification. Inset of (a) shows further evidence of 'Y’ junctions marked as arrows. (b) Emergence of MWCNTSs from
the SWCNT bundles. MWCNTSs are marked in the image. (c) and (d) GS and CNS in the purified sample. Rolling of GS to CNS can be seen. (e) SWCNT
bundles in the functionalized sample with enlarged diameter due to the functionalization process.2® (f)f MWCNTSs, and (g) CNS in the functionalized
sample. (g) Twisted structure of MWCNTSs with a periodicity of 25 &+ 5 nm. Right panel of (h) shows 'CNO’-like nodes of the twisted structures with a

graphitic (002) periodicity of 0.34 + 0.02 nm of the fringes.
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solid lubricants for incorporation in fuels by NASA for aero-
space applications,”® owing to their lubricating property.
Onion-like structures along the tube can also be induced due
to the presence of a minuscule quantity of -CH, functional
groups on the side walls of the CNTs.

Our stepwise acid treatments of the SWCNTs using concen-
trated HCI and a mixture of H,SO, and HNO; are supplemented
by the damage to the nanotube framework via creation of
intrinsic defects and holes that are functionalized with oxyge-
nated functional groups, like carboxylic, hydroxyl, ketone,
alcohol, ester, sulfate, nitrate, etc. Overall, this atomic altera-
tion at different sites and chemical modification tend to open
up the tubes, which eventually give rise to distinct structures. It
is known that sulfate with a moderate solvated size and
polarizability also helps in exfoliation.”® Statistically, the per-
centage of structural diversity in the sample was calculated by
considering around 150 TEM micrographs. We find that the
main components in the functionalized sample are CNS,
MWCNTs, GS, and SWCNTs, contributing more than 95%.
Other structural forms, like junctions, CNT coils, etc., comprise
less than 5% in the sample. This is shown in Fig. 6(c). TEM
micrographs also provide an estimation of the diameter of the
SWCNTs, MWCNTs and CNS, which is 1-3 nm,> 20-30 nm and
500 nm to 1 pm, respectively. The typical functionalized
MWCNTs consist of 15-25 layers with a graphitic (002) planar
spacing of ~0.34 nm. We cannot comment on the number of
layers of CNS due to the unavailability of cross-sectional TEM
evidences.

3.4. Electrical characterization

3.4.1. Results. Two probe I-V measurements under WL
exposure and RT Hall measurements following vdP geometry
have been carried out to assess the electrical nature of the
samples. A schematic of the electrical measurements is shown
in Fig. 5(a) and (c). Fig. 5(b) depicts different possible combina-
tions of current paths within the complex structural network of
the film comprising various low-dimensional carbon compo-
nents in a typical two-terminal measurement system.””

Fig. 6(a) is the cross-sectional SEM image revealing the
thickness of the film, which is approximately 250 £ 10 pm.

‘WL source

(@) - ()
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Fig. 6(b) shows a TEM micrograph obtained from a 30 mg
polymer sample, exhibiting a 10-20 nm thick polymer layer
around the CNT structures. The concentration of different
structural phases in the sample is shown in Fig. 6(c). Statisti-
cally, the CNS concentration seems to be the highest in the
sample with an average weight percentage of more than 30%,
followed by MWCNTSs, GS and SWCNTs. The weight percentage
of other structural hybrids is below 5% [Fig. 6(c)]. The I-V
characteristics obtained at RT across Au electrodes on three
different sets of films with the same carbon content, but
different polymer aggregates (20, 25 and 30 mg), are shown in
Fig. 6(d). Au electrodes were made on the sample surface using
the shadow mask technique. Three independent current paths
can be seen in Fig. 6(d), depending on the amount of polymer
in the films. An increasing current with decreasing polymer
content is clearly evident in the plots [Fig. 6(d)], indicating an
enhanced resistance of the channels with the polymer incre-
ment. This is a direct manifestation of polymer-induced bar-
riers, since the polyurethane binder used in our study is
insulating. Tunneling of electrons through different structural
components would largely depend on the thickness of the
insulating polymer layer on them. Usually, an insulating layer
of thickness of approximately 2 nm or less is desirable for the
tunneling of carriers in a CNT-based system. However, metal
electrodes, as well as structural diversity would play an instru-
mental role in amplifying the intrinsic electric field of the film
that in turn would reduce the effective barrier caused by the
polymer. This would help to induce tunneling within the
junctions.”>”® Therefore, the polymer binder plays a significant
role for the overall electrical nature of the film.
Temperature-dependent I-V spectra were acquired by two-
probe electrical measurements on the 30 mg polymer-coated
films from 2-3 different samples of the same specifications,
and are shown in Fig. 7-9. Fig. 7(a)-(c) reveals the current trend
obtained under dark conditions. Fig. 7(a) depicts the typical I-V
curves at RT and at 80 °C. Each spectrum in Fig. 7(a) corre-
sponds to an average of 10 data sets that were obtained at
various points on similar film(s). As can be seen, the error bar
of the data points lies within the limit [Fig. 7(a)]. The RT I-V
spectra exhibit a higher slope compared to the data acquired at

||
Polymer | |

1_x

H MWCNT ]—[misiedcm*}

© Auel
M Composite film

M 2um SiO, layer
M si substrate

)
Ag electrode
M Composite film

M 2pm SiO, layer
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Fig. 5 (a) Schematic representation of the two-probe electrical characterization using the Au electrode under WL illumination. (b) Possible
combinations of current channels within the complex network of different carbon structural hybrids in a two-electrode measurement system.

(c) Schematic of the Hall measurement in vdP geometry.
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Fig. 6 (a) Cross-sectional SEM image of a coated film with 30 mg polyurethane binder. The thickness of the film is 250 £+ 10 um. (b) TEM image of

polymer-grafted CNTs revealing a polymer thickness of around 10-20 nm.
the sample. (d) Typical /-V characteristics exhibiting different conducting

80 °C, clearly demonstrating a higher current at RT under dark
conditions [Fig. 7(a)]. Typical plots of the natural log of current
vs. voltage are shown in Fig. 7(b) and (c). In these graphs, many
I-V data sets acquired under the same conditions are plotted
together, confirming the consistent behaviour of the current.

Fig. 8 reveals the current characteristics at RT and 80 °C
acquired under WL exposure. Each spectrum here corresponds
to an average of 20 data sets. Under WL illumination, we obtain
a higher current at 80 °C than RT [Fig. 8(a)—(c)], revealing an
opposite trend of the current compared to the data collected in
the dark. The repeatability of the I-V spectra, as well as the
distinct difference in the current at RT and 80 °C, can also be
observed from the plots of the natural log of currents vs. voltage
shown in Fig. 8(b) and (c).

(c) Statistical weight percentage of different structural components present in
channels depending on the polymer content.

Fig. 9(a) shows the overall current characteristics of the film.
Here, we have consolidated the plots shown in Fig. 7(a) and 8(a)
to provide an immediate overall understanding of the current
trends. As can be seen in Fig. 9(a), the RT dark current is the
highest, followed by 80 °C WL, 80 °C dark and RT WL,
respectively. I-V data around zero bias are shown in Fig. 9(b)
and (c). The dark current observed for the voltage range +1 V
[Fig. 9(b)] is mainly due to thermionic emission and thermally-
assisted tunneling of the carriers across the junctions.”*”’
Under WL illumination [Fig. 9(c)], a rise in current is noticed
beyond a certain voltage in both forward and reverse bias. At
RT, this increase happens around +0.4, —0.6 V; while at 80 °C, it
occurs at around +0.4 V, —0.4 V. This reveals a higher turn-on
voltage in the negative bias for the RT current. We attribute this
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Fig. 7 Two-probe electrical measurements at RT and 80 °C on the coated film in the dark. (a) Overall |-V characteristics. Each spectrum is an average of
10 data sets. (b) and (c) Natural log of current vs. voltage plots. There are many data sets (8—10) in each graph shown in different colours, validating the

repeatability of the measurement.
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Fig. 9
[-V data under WL exposure for a voltage range of +1 V. A rise in the curre
plot displaying the semiconducting nature of the film.

to the reduced thermal effects at RT than at 80 °C. The
resistance vs. temperature plot is shown in Fig. 9(d). A linear
fit of the data reveals a decreasing resistance with temperature,
exhibiting a negative slope that emphasizes a semiconducting
behaviour of the film. The temperature-dependent I~V charac-
teristics discussed above also indicate semiconductor-based
diodes or Schottky junctions that dominate our devices.”*”>
3.4.2. Discussion. The overall electrical nature of the film
will depend on the role played by the individual structural
components, defects and functional groups, junctions, and the

23670 | Phys. Chem. Chem. Phys., 2024, 26, 23663-23676

(a) Consolidated /-V plots under dark condition and WL illumination. (b) /-V characteristics under dark conditions for a voltage range of £1 V. (c)

nt after certain voltages is denoted in the plot. (d) Resistance vs. temperature

polymer binder. CNTs are supposed to be ballistic conductors
at RT with large scattering lengths of the order of several
hundred nanometers.”* We observe maximum current from
the film under dark condition at RT [Fig. 9(a)]. This could be
assigned to the defects generated in the CNTs during the
purification and functionalization process and the attachment
of functional groups at the defect sites, altering the electrical
behaviour of the film due to electron scattering and contact
resistance.”® Functional groups like ethers/epoxides (COC),
alcohols (COH), ketones/aldehydes (RCOR’), and carboxylic
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acids (COOH) attached in the samples would suppress the n-
type conductance due to the negative charge of the oxidative
defects.””””® Since, oxygen is more electronegative than carbon,
oxidative functional groups are deprotonated in the aqueous
environment and carry the negative charge. The Coulomb
potential of a negative charge will then act as a barrier to
electron transport, but not to hole transport.”” Theoretical
studies and experimental observations predict localized impur-
ity states of the functional groups in the local density of states
around CNT defects. These impurity states within the valence
or conduction band cause resonant scattering to the electron
transport by aligning to the Fermi level during measurements,
and hence sharply reducing the conductance,”” " As a result,
with a large number of defects and the scattering states, the
transport becomes p-type governed by holes with more dark
current at RT [Fig. 7(a), (b) and 9(a), (b)]. However, the carrier
density of the sample could be dominated by n-type.”

The electronic processes at 80 °C under dark conditions
[Fig. 7(a), (c) and 9(a), (b)] can be addressed by considering
external heating that will create hot carriers in the system via
electron-phonon scattering and by Joule heating. During Joule
heating, the temperature of the carriers is usually more than
that of the system. In a thermodynamic scenario, hot carriers
will dissipate energy to a bath via carrier-carrier interaction
and by other relaxation processes to attain thermal stability,
giving a broad Fermi-Dirac distribution of electrons and
holes.®””®> Thus, the ballistic electronic transport in the 1D
and quasi-1D structures is largely affected owing to a higher
rate of phonon-phonon, phonon-boundary, and phonon-
defect scatterings at higher temperature. As a result, the current
at 80 °C will be less compared to that at RT [Fig. 7(a), (c) and
9(a), (b)]. These results are in good agreement with the typical
MWCNTs or CNT yarns that show a monotonic increase of
resistance with increasing temperature.®**”

When illuminated by WL [Fig. 8 and 9(a), (c¢)], CNT-based
composite films will absorb the electromagnetic radiation via
free carrier and excitonic absorption processes.?®® Also, the
micro-cavities and pores observed on the film surface® will
trap WL inside the film, and will further enhance the absorp-
tion process. WL photons of different wavelengths and energies
will interact with the electrons coupled with the vibrating
phonons. Although the current path within the film is extre-
mely complicated, as indicated in Fig. 5(b), the overall photo-
current generation will be governed by the competition
between the photovoltaic effect and photothermal effect.”® At
RT, carrier injection from the electrodes to the film will be
dominated by thermal emission and not by tunneling, owing to
large barrier height. Also, the binding energy (BE) of the photo-
induced excitons is of the order of several hundred meV,
which is much higher than the RT thermal energy.”* The
strong interaction between the electrons and holes in the
quasi 1D structures is mainly responsible for this high exciton
BE, preventing the separation and collection of photo-
generated electron-hole pairs. This will affect the carrier trans-
port at RT, but not at higher temperature. As a result, the CNT-
based films are immune to any change under an applied
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external field and exhibit a large dark current that is difficult to
manipulate.’®

At 80 °C, the photo-induced excitons will mostly be sepa-
rated, contributing to the carrier transport dominated by
thermal emission and thermally-assisted tunneling.’>** Oscil-
lating electrons within the carbon nanostructures will tune the
Fermi level at the junctions and a photo-assisted, thermally
induced tunneling will occur via electrons absorbing or emit-
ting photons, as well as due to the excitons that are getting
dissociated at 80 °C. This will give a higher current at an
elevated temperature under WL, which will be evident in the
I-V spectra with a temperature-dependent shift [Fig. 8 and 9(a),
(c)]. However, the photo-response of the metallic nano-
structures, e.g., metallic CNTs and CNS, etc. in the film will
be governed by thermal effects, and not by excitonic
contributions.®®® In general, the electrical nature of this
complex carbon-polymer network under light will be due to
the photons absorbed through inter-band transitions, genera-
tion of free carriers via exciton dissociation at a higher tem-
perature, and the thermal energy present in the system.

The junctions between the CNTs, CNT bundles and other
structural forms, as well as the electrical characteristics of the
individual structures would also significantly govern the overall
electrical behaviour of the film. Junctions play a crucial role by
offering resistance to the electron transport. Insufficient align-
ment, overlap regions and insulated polymer grafting will
increase the junction resistance.”®* In our case, the 10-
20 nm thick polyurethane binder on the structural hybrids
[Fig. 6(b)] will enforce an additional energy barrier to the
numerous inter-structure junctions, and affect the charge hop-
ping within the 3D composite network.”>®” The probability of
non-radiative relaxations of the trapped excitons within the
small structural components will also be enhanced under WL,
reducing the carrier transport further”® at RT compared to
80 °C. While the SWCNTs are metallic or semiconducting,
MWCNTs with a large number of walls exhibit electrical
properties of graphite, and those with fewer walls are mostly
semiconducting in nature.®® GS are either metallic or semicon-
ducting, depending on the edges.'® It is reported that for
CNOs, the multi-layered carbon arrays yield large capacitance
effects, a property related to charge storage.'®’ The electrical
nature of the twisted CNTs is hardly known. CNS are good
conductors with low resistance and weak gate dependence.’®
CNS with zigzag edges are metallic,”® while armchair edges
exhibit very small or zero bandgap.'®" The electrical nature of
junctions like ‘Y’ or “T” will mostly be governed by the Schottky
junction behavior.'® The main structural components present
in our sample are CNTs, GS and CNS, which primarily dom-
inate the electrical nature of the film. First-principles simula-
tions and the introduction of machine learning interatomic
potentials to ab initio data sets carried out on 2D graphene and
graphene heterostructures, etc. could explain various physical
properties of these systems quantitatively.'®*'** We plan simi-
lar studies in the future to obtain further insight into our
complex carbon-polymer films. It is also reported that typical
CNT films with a thickness of 10 pm or more act as a black body
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Table 1 Hall measurement results

Charge carrier density (5) Sheet resistance (Rs) Hall mobility (x)

3.1 x 10" em™2 1.1 x 10° Q 1.5 x 10> em* V' st

absorber, and reveal the poor electronic transport with high dark
current and reduced ON/OFF ratios under incident light.”'>%
Our results with different structural components of carbon,
including CNTs, are in good agreement with these studies.

3.5. Hall measurements

We have also carried out RT Hall measurements to understand
the overall electrical nature of the film. Results obtained from
Hall studies are summarized in Table 1. Measurements reveal
an n-type carrier with a density (1) of 3.1 x 10" cm ™2, mobility
(1) of 1.5 x 10> em® V™' s~ " and an overall film resistance (R;) of
1.1 x 10° Q. This resistance value shows that the film is
semiconducting in nature, further corroborating the two-
probe measurements discussed earlier. Here, it should be
noted that due to the existence of hopping conductions in
disordered semiconductors such as CNTs and conjugated
polymer films, the Hall measurements might provide over-
estimated numbers of carrier density, etc.'%”'°® However, Hall
studies were carried out to find a qualitative estimation and to
cross-check the overall electrical nature of the film. The results
obtained from the Hall measurements agree well with the two-
probe studies, providing the necessary insight into the electri-
cal nature of the random network of composite carbon film
comprising a wide range of 1D, 2D structural derivatives.

4. Conclusion

Various low-dimensional structural derivatives of carbon, e.g.,
MWCNTSs, GS, CNS, twisted CNTs, CNO like structures, ‘Y’ and
“T” junctions, are realized from HiPCO SWCNT bundles. These
heterogeneous components have emerged during oxidative
acid purification and sulfonitric functionalization treatments
of the as-prepared SWCNTs. We identify different O, N and S
containing functional groups, whose attachments have con-
tributed partly to the formation of different structural forms of
1D, 2D carbon in abundance. These covalently functionalized
multi-component carbon hybrids, along with the polyurethane
conjugate in a random network unravel the semiconducting
electrical nature of the film. These results pave the way for
integrating heterogeneous low-dimensional materials of car-
bon to illustrate the novel functionalities that work beyond the
individual homogeneous materials properties. We propose a
facile cost-effective way to fabricate sustainable and stable all-
carbon thin film coatings and study the electrical nature, which
can have potential applications in electronics to biology, energy
conversion and storage, sensing, etc.
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