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Mixing hydrated water into the dopant layer prolongs the
operational stability of n-type carbon nanotubes (CNTs).
Supramolecular interactions with Li* increase the water
adsorption of the dopant layer, hinder atmospheric oxygen from
entering the CNT structure, and extend the n-type lifetime at 373
K from 6 to 16 d.

Semiconductor technology is advancing rapidly, creating a
demand for low-cost, environmentally friendly, and
sustainable technologies such as organic solar cells," field-
effect transistors,” and wearable devices.> Carbon nanotubes
(CNTs) show promise for meeting these requirements.*™®
Thus, the use of dopant molecules that electronically oxidize
or reduce CNTs to control their p- or n-type semiconductor
properties can effectively prevent irreversible CNT crystal
damage, thereby preserving their quality and properties.”
However, the electronic properties (thermoelectromotive force
and local density of states) of CNTs with large specific surface
areas (200-1000 m* g™")® have not resolved the critical issue
that n-type CNTs are easily p-doped, especially owing to the
molecular adsorption of molecules, e.g., oxygen from the
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atmosphere, and its resulting electron acceptance.”’® In

addition, polyethyleneimine, a pioneering electron-donating
polymer, has been successfully and unsuccessfully used for
long-term n-type conversion in the ambient environment."""?
The ambivalent levels of success can be attributed to
concentration-controlled parameters such as dopant coverage,
CNT's specific surface area, and chemical interactions
between the dopant and CNT. The design of n-materials for
future CNT-based thermoelectric (TE) devices that recover and
utilize waste heat (<423 K) suggests that more rigorous
fundamental studies on stabilizing n-type properties are
needed to understand how heterogeneous material interfaces
affect function."* To develop high-performance n-type CNTs
with long-term reliability for TE devices, sequential doping of
CNT surfaces with hydroxide or halide anions and stabilizing
negative charges with ammonium or alkali metal cations
appear promising.'> For example, Na“ or K' complexing
crown ether cations'® and positive charges in the bicyclic
guanidine base-conjugated acid state’” helped suppress
atmospheric oxygen adsorption at high temperatures and
extended the n-type conduction lifetime of CNTs in air (>30 d
at 423 K'®) and >6 months at 373 K)."” Furthermore, in CNT
samples with characteristically small specific surface areas
(<100 m> g™"), an adsorbed molecular layer consisting of a
phosphonium salt surfactant has been suggested to block
water molecules and oxygen molecules (at 353 K) from
directly contacting doping sites, stabilizing the delocalized
negative charge of the CNT."® For high-temperature
applications, investigating how the size, charge density, and
hydrophilicity/hydrophobicity of the dopant shell covering the
negatively charged doping sites affect the n-type conduction
lifetime and developing facile techniques to improve the
oxygen shielding function of the dopant shell and the oxygen
permeability of the matrix would provide valuable insights.

In this study, as part of our investigation on the
effectiveness of alkali metal ions, we focused on n-dopant
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candidates, trinuclear metallomacrocycle compounds capable
of recognizing and extracting Li" in water that can assemble
ruthenium complexes with tridentate ligands (Fig. 1)." In this
receptor molecule, three oxygen-donating atoms are pre-
organized for the complexation of Li*, and the extreme polarity
of the metal-oxygen bonds in the complex electrostatically
favors the coordination of smaller Li" over Na’. This study
provides preliminary insights into the preparation of n-type
CNTs for warm air based on the properties of the adsorbed
molecular layer on the CNT surface.

The ESIt provides details on the materials, experimental
methods, and structural determination; the CNT films were
prepared on a base polyimide sheet, and water, rather than
organic solvents, was used as the dopant.”® In addition, no
encapsulation was used, thus enabling the study of the
effects of Li'. Fig. 2 shows the TE characteristics (S values, o
values, and output factor (PF = S%g) values) of the fabricated
films in the range of 330-390 K. The results show that
regardless of the presence of Li’, the S values of the CNTs are
consistently negative, independent of temperature, with
values ranging from —40.2 to —46.0 v K '. Considering that
pure CNTs are p-type semiconductors (62.3 uv K'), the
receptor shows that without Li", dopants induce the
conversion of holes to electrons over a broad temperature
range. Importantly, Li'-receptor/CNTs yield higher ¢ values
(386-404 S cm™) than those yielded by receptor/CNTs. With
increased o values, Li'-receptor/CNTs demonstrate a higher
PF than receptor/CNTs, with a maximum of 74.2 pW m™* K2,
which is ~1.8 times that of the receptor/CNT. Scanning
electron microscopy (SEM) images of the macroscopic CNT
structure within the film (which contributes to the electrical
conductivity - see Fig. S11) reveal that adding Li" decreases
the CNT bundle diameter from 52.1 + 20.8 nm to 27.1 + 11.8
nm, making it very fine. Scanning transmission electron
microscopy-energy dispersive X-ray spectroscopy (STEM-EDX,
Fig. S2 and S3}) confirmed that the dopants used as
dispersants were wrapped around the fibrous CNTs.

The CNT structure within the composite film and the
degree of dopant/CNT interactions were confirmed by Raman
spectroscopy. Focusing on the extended region of the radial
breathing mode (RBM) band indicates that the addition of
the receptor or Li"-receptor to the composite film reduces the
intensity of the original CNT peak (Fig. S4(a)f), thus
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Fig. 1 Structure of a trinuclear metallomacrocycle compound
(receptor) designed for selective complexation with Li* in water. The
three pre-organized oxygen-donating atoms facilitate complexation
with Li*, and the high metal-oxygen bond polarity in the complex
effectively entraps Li* due to electrostatic reasons.
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Fig. 2 (a) Seebeck coefficient, (b) electrical conductivity, and (c)
power factor of the receptor/carbon nanotube (CNT) (pink) and Li*-
receptor/CNT (blue) plotted against temperature.

indicating that (in both cases) the adsorbed dopant on the
CNT wall interferes with the expansion/contraction
oscillations of the CNTs.>" Fig. S4(b)f shows the normalized
spectra of the G band associated with carbon atom vibrations
along the CNT plane; the G band is located at 1589, 1590,
and 1592 c¢cm™ in the original state, receptor, and Li'-
receptor/CNT cases, respectively.”> The larger blue shift with
Li" indicates stronger electrostatic interactions between the
dopant and CNTs. Additionally, the observed D/G ratio values
(0.019 + 0.004) are very similar among the samples, and the
CNT walls showed no significant defects or new functional
groups after doping.

In addition, N, (at 77 K) and H,O (at 298 K) adsorption
isotherms were recorded to investigate the accessibility of
negatively charged doping sites to oxygen within the CNTs
and the water adsorption capacity of the dopant layer; N, is
highly adsorbed on the CNTs, whereas it is barely adsorbed
onto the doped samples (Fig. 3(a)). This implies that the
dopant molecules coating the CNT surface cause a
substantial decrease in the bare CNT area available for N,
adsorption. Conversely, water is adsorbed minimally on the
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Fig. 3 (a) N, adsorption isotherms at 77 K. (b) Water-vapor adsorption

isotherms at 298 K.
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CNT samples because graphene structures are inherently
hydrophobic, whereas water is specifically adsorbed on both
doped samples (Fig. 3(b)). Interestingly, the volumes of the
adsorbed H,0O monolayers were 38.3 and 68.9 em® g™* for
receptor/CNT and Li'-receptor/CNT, respectively, indicating
increases following the inclusion of Li*. This provides
important evidence that increasing the ionic nature of the
dopant shell on the CNT surface increases the water
adsorption capacity of the adsorbed molecular layer.

Both samples were aged in the dark, air, and in a blow
box at 373 K to evaluate their n-type lifetimes, and the TE
properties were monitored periodically (Fig. 4). However, the
n-lifetimes were at least 6 and 16 d for the receptor/CNT and
Li'-receptor/CNT,  respectively, thus indicating the
stabilization effect of Li". The minimum ¢ value is also
consistent with a crossover from negative to positive S values,
as expected in a sample where the p-dopant oxygen
molecules and n-dopants mutually compensate for each
other.”® The results provide interesting insights into n-type
stabilization under thermal oxygen conditions, thus
suggesting that, unlike bare receptors, the adsorbed dopant
layer in Li'-receptors suppresses electrophilic reactions with
molecular oxygen, thus hindering p-type doping.

Although we used water to disperse the CNTs during film
conditioning work, electrons can be donated from Cl to
CNTs in water based on the redox potential.** The CI” in the
receptor molecules (used as dispersants and dopants)
appears to have induced n-type properties by generating
some negatively charged sites on the CNT walls, thus
increasing the Fermi energy of the CNTs relative to their
initial energy state.>® Furthermore, the delocalized negative
charge on the CNT surface satisfies the charge neutrality rule
with the cationic receptor directly adsorbing molecules on
the CNT wall. In other words, the receptor acts as a
countercation for n-type CNTs based on strong molecular
adsorption and ionic interactions at the CNT surface. The S
values of the receptor/CNTs did not significantly change with
Li" loading, and the CNT Fermi level did not shift. This
suggests that as the receptor is a molecule with bulky
substituent arms with trinuclear geometry, the three
ammonium salts at its molecular ends may be directly
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Fig. 4 Stability of unencapsulated receptor/CNT and Li*-receptor/
CNT in air at 373 K. (a) n-type seebeck coefficient to the initial n-type
seebeck coefficient (S/Sp), and (b) electrical conductivity to the initial
electrical conductivity (6/co) over duration.
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responsible for the energy levels of the CNTs. Fortunately,
however, the results show that adding Li" benefited the o
values. During CNT dispersion, their surfaces become more
hydrophilic owing to the adsorption of the receptor
molecules. This weakens the strong hydrophobic interactions
between CNTs and the strong van der Waals attraction
between graphene structures, thus allowing the CNT bundles
to detach.”® In contrast, loading the receptor with Li*
increases both the ionicity within the adsorbed molecules
and the hydrophilicity of the CNT surface, further dispersing
the CNTs. This finding is also supported by actual SEM and
STEM-EDX observations. In other words, the narrower CNT
bundles create an interconnected network structure that
increases the number of conduction pathways available for
charge transport, which would crucially contribute to the
enhancement of ¢.>”*® Consequently, the PF value of n-type
TE films increased 1.8-fold when the receptor molecules were
loaded with Li".

Essentially, the outermost surface of the CNT experiences
molecular oxygen oxidation, which directly affects the
n-doping lifetime. Thus, negatively charged surfaces are more
susceptible to attacks by molecular oxygen. In contrast, Li'-
receptor/CNTs, which form narrower bundles than receptor/
CNTs, have an n-state that lasts up to 10 d at elevated
temperatures, thus indicating the presence of an n-stabilizing
factor at the material surface. The decreased intensity in the
RBM suggests noncovalent adsorption of receptor molecules
on the outer CNT wall irrespective of whether Li" is present
(Fig. S4(a)t).>® However, adding Li" leads to a considerable
shift in the G band (Fig. S4(b)t). This behavior is commonly
observed in CNTs wrapped with cationic amphiphiles and
polymers and is predicted to depend on the cationic charge
coverage.”>?° In other words, this behavior suggests that Li*-
receptor molecules contribute more to the charge density of
the layer of adsorbed molecules (coating the CNTs) than the
contributions of receptor molecules. The H,O adsorption
isothermal measurements revealed that Li* loading enhanced
the hydrophilicity of the receptor molecule film on the CNT
surface (Fig. 3(b)). Thermogravimetric measurements of both
samples showed that Li" loading increased the amount of
hydrated water (Fig. $51).°”*' The apparent weight loss of
adsorbed water in the range of 323-443 K was 6.1%, which
corresponds to 17 water molecules per Li‘-receptor molecule.
The increased hydrophilicity of the chemical structure of the
Li"-receptor allows it to bind chemically to water vapor
molecules through noncovalent interactions (e.g., hydrogen
bonding or electrostatic), thus resulting in an increased
retention of water molecules within the dopant layer.>® The
factor responsible for the improved n-stability in the 373 K
atmosphere is the slower diffusion penetration of thermally
active oxygen molecules into the CNT structure relative to
those into the cationic dopant layer; this is owing to the
physical molecules  chemically
supplemented by Li* on the adsorbed receptor layer on the
CNT surface (Fig. 5). This kinetically suppresses the
electrophilic oxidation reactions that occur between the

exclusion of water

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Adsorption layers of receptor molecules (left) and Li*-receptor
molecules (right) on a CNT. In the adsorbed layer of Li*-receptor,
chemisorbed water molecules impede the ingress and diffusion of
atmospheric oxygen, thereby postponing its access to electronically
active sites on the CNT.

electron-active sites of the CNTs and oxygen. Recently, CNTs
wrapped in cationic surfactants retained their n-doped state for
more than 28 d after water exposure. Preliminary findings also
indicated that the hydrophilic dopant layer's hydratable shell
structure prevents contact between the CNT surface and
impurities.’>** Although advanced characterizations are still
needed, this study reveals that hydrated water molecules can
suppress the p-doping caused by oxygen present in the thermal
ambient of the dopant layer. This is a previously uncharacterized
effect of dopants on the stability of n-type materials in high-
temperature applications and provides important fundamental
insights toward promising material design strategies.

In summary, this study provides new evidence that the
receptor's ability to load Li" can be exploited to increase the
dopant layer hydrophilicity on the CNT surface, thus
resulting in moderate dispersion of the CNT bundle and
increases in the ¢ value and n-type thermal TE output of the
CNTs. Furthermore, the increased charge density due to Li"
in the adsorption film covering the negatively charged doping
sites of the CNTs increases the water adsorption capacity. As
a result, the n-type lifetime of CNTs is extended from 6 to 16
d because oxygen molecules are physically prevented from
permeating the dopant layer under high-temperature air
conditions, thus  hindering  p-type  doping. To
comprehensively understand supramolecular/CNT
nanocomposites, their detailed electronic structures and
carrier transport properties should be studied as a basis for
future research on TE materials. Studies of n-type conduction
lifetimes under systematically controlled relative air-humidity
conditions are an important future work in advancing
complex n-type materials research. Specifically, these studies
must unravel the physical and chemical mechanisms based
on which oxygen is associated with reduced stability and
must perform detailed quantitative comparisons of time
constants for water evaporation (or evaporation rate) and
dedoping. This important study will drive the development of
complex n-type materials research in the future. Hydratable
hydrophilic dopant/nanotube interface engineering used to
design dopant shells for warm air is key to solving the
chemical instability problem of n-type materials and can
serve as an important technology for the development of
film-based TE generators for high-temperature applications.
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