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Carbon nanotubes (CNTs) are emerging as promising platforms for organic thermoelectric (TE) materials.
However, the poor stability of n-doped states often presents a problem for the long-term operation of p—n
junction TE modules. In this study, we synthesized a cross-linked organic superbase, 2TBD-C10, as a dopant
to create n-type CNTs that are resistant to air, heat, and humidity. When comparing the stability of 2TBD-
C10-doped CNTs with those doped by a conventional superbase (TBD), we found that the enhanced stability
could be attributed to the unique molecular structure of 2TBD-C10. This structure aids in effective adsorption
on the CNT surfaces through multiple points, reduces volatility because of increased molecular weight, and
suppresses water adsorption owing to the presence of hydrophobic alkyl chains. The results of our study
demonstrate that tailoring the primary molecular structures of dopants can remarkably improve the stability of
doped statesin CNTs. The stable n-type materials were integrated into all-CNT TE modules, achieving good-to-
excellent performance (power output of approximately 35 pW from a temperature difference of approximately
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65 °C), making them suitable for powering wireless sensors and green light-emitting diodes.

Introduction

The Internet of Things (IoT) is a crucial technology for optimiz-
ing energy consumption and time use, thereby aiding in the
reduction of CO, emissions [1]. Given that trillions of sensors
are likely to be utilized in future systems, conventional power
supply methods (e.g., batteries) are impractical for powering
such a vast number of sensors. Thermoelectric (TE) power gen-
eration is a promising alternative, enabling the automatic pow-
ering of sensors without maintenance by converting ubiquitous
thermal energy into electricity [2,3].

The power factor (PF) is one of the performance indicators
for TE materials, which can be expressed as

PF = $%, (1)
where S denotes the Seebeck coeflicient and o denotes the electri-

cal conductivity [4]. The Seebeck coefficient is defined as the volt-
age output (AV) per temperature difference (AT) as follows:

AV
S=-—.

Initially reliant on inorganic alloys, TE generators now
explore organic alternatives, such as nanoscale carbon materials
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[5-8] and conducting polymers [9-12], because of their flex-
ibility, low toxicity, resource abundance, and light-weight
properties. Carbon nanotubes (CNTs) are especially promising
candidates for a new class of TE materials because of their
high electrical conductivity, Seebeck coefficient, and polar-
ity (p- or n-type) tunability through chemical doping.

The ability to tune the polarity of CNTs is crucial for devel-
oping TE modules, because p- and n-type materials generate
opposite potential gradients under a temperature difference,
corresponding to Seebeck coefficients with opposite signs (posi-
tive for p-type and negative for n-type). Since the thermopower
from a single TE material is limited, many p- and n-type mate-
rials need to be connected electrically in series and thermally
in parallel to improve the voltage output to levels sufficient
to activate DC-to-DC converters [13-16]. Therefore, both
p- and n-type materials are necessary for developing practi-
cal TE modules.

The major carrier type of CNTs can be controlled by charge-
transfer interactions with oxidizing (for p-type) and reducing
(for n-type) chemicals attached to the CNT surfaces. The doped
CNTs acquire positive and negative charges owing to electron
withdrawal and injection, respectively [17-19], with counter
ions adhering to the CNT surface to balance these charges [20].
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It is well recognized that CNTs suffer unintended p-type doping
because of autoxidation in air, resulting in positive Seebeck coef-
ficients [21,22]. Consequently, extensive efforts have been devoted
to exploring n-type inducers for CNTs. For instance, alkali metals
[23], amines [24,25], phosphines [26], and supramolecular salts
[27] have been suggested as feasible reductants.

Meanwhile, the stability of the n-doped states must be rec-
ognized as one of the most crucial issues for achieving fully
organic TE modules. Since TE modules will be placed on heat
sources, thermal stability is essential for ensuring long-term
operation. We recently identified a bicyclic-ring organic super-
base, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) (Fig. 1), as an
efficient molecule that can induce n-type polarity in CNTs with
outstanding thermal stability, lasting for more than 6 months
at 100 °C in air [28]. This high stability was attributed to the
excellent adsorption ability of the TBD cation onto the CNT
surfaces because of its rigid, planar molecular shape, which
creates an energetically favored charge transfer complex, as
revealed by quantum calculations [29]. This was further evi-
denced by comparisons with the poor stability of n-type CNTs
doped with an acyclic organic superbase that shares the gua-
nidine backbone with TBD. Although the thermal stability of
TBD-doped CNTs is remarkable, the gradual decrease in elec-
trical conductivity and increase in the negative Seebeck coef-
ficient indicate partial dedoping over long-term incubation
[28,29]. Therefore, n-type dopants that can retain the TE prop-
erties of CNTs for extended periods should be explored to
ensure stable power generation. Additionally, it is important to
investigate the stability of n-doped CNTs stored at room tem-
perature and/or in humid conditions.

In this study, we synthesized a TBD derivative, where 2 TBD
molecules are cross-linked by normal decane (2TBD-C10; Fig. 1),
as an n-type dopant for CNTs with improved stability. This
molecule was selected for the following reasons. (a) TBD has
good adsorption ability owing to its rigid, planar molecular
shape, as revealed previously by quantum calculations [29].
Therefore, each TBD unit can donate an electron to the CNTs,
and the resulting TBD cations would attach to the CNTs with
high affinity. This multipoint adsorption would help to sup-
press dopant detachment. (b) The increased molecular weight
of 2TBD-C10 may reduce its volatility. According to the Hertz-
Knudsen-Langmuir equation, molecules with a higher molec-
ular weight have a lower saturation vapor pressure [30]. (c)
Introducing a hydrophobic alkyl chain in the dopant molecule
would hinder water molecules from approaching the CNT sur-
faces, potentially decreasing the effects of dedoping or carrier
trapping by water molecules in humid conditions.

D
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TBD 2TBD-C10

Fig.1.Molecular structures of TBD and 2TBD-C10.
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Our comprehensive analysis, including tests of the retention
ability of TE properties in doped CNTs under various condi-
tions, demonstrates that customizing the primary molecular
structure of the dopant plays a pivotal role in improving the
stability of doped states in CNTs. Furthermore, we demonstrate
all-CNT TE modules—which can be used for powering IoT
sensors—by combining the n-doped CNT films with p-type
CNT films.

Materials and Methods

Chemicals and materials
The chemicals and materials used in this study, along with their
suppliers and purities, are listed in Table S1.

Synthesis and characterization of 2TBD-C10

2TBD-C10 was synthesized according to the procedure reported
by Nakayama et al. [31]. A flask containing 7.35 mmol of NaH
was rinsed with hexane to remove the paraffin residue. After
drying under Ar gas flow, 50 ml of dehydrated tetrahydrofuran
and 5.39 mmol of TBD were added. After stirring the mixture at
room temperature for 4 h under continuous Ar gas flow, 2.45 mmol
of 1,10-dibromodecane was added, followed by stirring at room
temperature overnight. The resulting pale-yellow solution was
vacuum-filtered to remove precipitates. The filtrate was refluxed,
and the waxy compound obtained was decanted with 5 ml of
hexane 3 times. The hexane fraction was dried at 50 °C in vacuo.
2TBD-C10 was collected as a pale-yellow waxy solid (yield: 69%).

The synthesized 2TBD-C10 was characterized by nuclear mag-
netic resonance (NMR) and mass spectrometry (MS). NMR
spectra of a deuterated chloroform solution of 2TBD-C10 were
recorded using a JNM-ECZS spectrometer (JEOL). MS of
a chloroform solution of 2TBD-C10 was performed using a
JMS-T100LP AccuTOF LC-Plus (electrospray ionization)
with MS-5414DART (JEOL). DART mass: m/z=417.37 [M+H]*
(calculated for C,,H,;N,H" [M+H]" =417.37).

The thermal properties of 2TBD-C10 were measured by
thermogravimetry (TG) and differential scanning calorimetry
(DSC). For TG measurements, the sample was loaded into a
cylindrical AL,O, open crucible and set on the thermobalance
of the TG setup (HV-STA2500 Regulus, NETZSCH Japan) with
an empty reference crucible. The TG curve was recorded while
heating the sample at a rate of 10 °C min~" under N, flow
(0.15 I min™"). For DSC measurements, the sample was loaded
into a cylindrical Al crucible, closed with a lid, and placed in
the instrument (DSC8230, Rigaku) with an empty reference
crucible. The DSC curve was recorded under N, flow within
the temperature range of —50 and +230 °C. The heating and

cooling rates were set to 10 °C min~".

Formation and doping of self-standing CNT films

Self-standing CNT films with a diameter of approximately
70 mm and thickness of approximately 30 pm were prepared
according to a procedure reported elsewhere [28,29]. Briefly,
an aqueous solution (90 ml) of Brij L4 nonionic surfactant was
prepared at a concentration of 1.3 mgml™". CNT powder (113 mg)
was roughly dispersed in the solution using an ultrasonic
homogenizer (Q500, QSONICA) in an ice bath. The CNT dis-
persion was vacuum-filtered through a polytetrafluoroethylene
membrane (H020A090C, ADVANTEC) to form a CNT film
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on the membrane. The CNT film was rinsed with water and
acetone after being peeled from the filter. The obtained self-
standing film was dried in air overnight and cut into 10 X
15 mm pieces prior to doping and characterization. TBD and
2TBD-C10 were dissolved in separate solvents [acetone, N,N-
dimethylformamide (DMF), or ethanol] at a concentration of
71.8 mM (corresponding to 10 mg ml™" for the TBD solution,
which was previously found to be sufficient for the n-type dop-
ing of CNTs [28]). Doping was conducted by immersing the
films in the dopant solutions in 30-ml-sized screw vials and
then drying in vacuo for more than 30 min.

Characterization of CNT films

Electrical and spectroscopic characterizations of CNT films
were conducted at room temperature in air. The thickness of
the CNT films was measured using the differential transformer
principle with a VL-5 apparatus (Mitutoyo). For Seebeck mea-
surements, a temperature difference was applied to the CNT
film in the in-plane direction using 2 Peltier modules (VPE20-
308, VICS). Two R-type thermocouples were attached to the
CNT films to simultaneously measure the temperature differ-
ence and output voltage using a data logger (LR8400, HIOKI).
The Seebeck coefficient (S) was calculated from the slope of
thermopower (—AV) versus the temperature difference (AT)
according to Eq. 2.

The electrical conductivity of the CNT films was measured
by the 4-probe method with a resistivity meter (Loresta-GX
MCP-T700, Nittoseiko Analytech). The stability of the TE prop-
erties in hot and humid environments was investigated as fol-
lows. For the thermal stability, the films were stored in an
incubator (ETTAS OFP-600V, AS ONE) at 100 °C in air. For
the humidity stability, the films were stored in a glove box
(AS-600PC, AS ONE) at room temperature, with the humidity
maintained above 80% by placing a beaker filled with deionized
water in the chamber. The TE properties were measured in
ambient air after removing the specimens from the incubator
or glove box. Raman spectra were recorded using a Raman
spectrometer (NRS-7100, JASCO) with a 532-nm excitation
laser. Scanning electron microscopy (SEM) was conducted
using a commercial field-emission scanning electron micro-
scope (JSM-IT800HL, JEOL).

Fabrication and characterization of

all-CNT TE module

An all-CNT TE module was fabricated according to a proce-
dure similar to that reported in our previous paper [28]. First,
the CNT films, both before and after doping, were pressed using
a hydrostatic pressurizer at 3 MPa and room temperature. This
step ensured that the film shape remained unchanged during
the subsequent lamination process. Next, both n- and p-type
CNT films were cut into squares with dimensions of 2.2 X 2.2 cm
using a precision film cutter NOGAMIGIKEN Co. Ltd.). The
p-type CNT films, insulating polyimide (PI) films (1.8 X 2.3 cm),
and n-type CNT films were subsequently stacked and lami-
nated at 50 °C and 3 MPa using a hydrostatic pressurizer with
hot plates (AH-1TC, AS ONE).

The contact resistance was measured using the transfer
length method. The n-type CNT film was first cut into strips
measuring 0.3 X 10 cm. Then, p-type CNT films with dimensions
of 0.3 X 0.5 cm were laminated onto the surface of the n-type
CNT film. The overlapping area was 0.3 X 0.3 cm, and the distance
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between the p-type CNT films varied from 0.2 to 4.4 cm. A 0.3 X
0.3 cm Au plate was placed on the surface as the electrode for
resistance measurements.

Results

Thermal analysis of 2TBD-C10

2TBD-C10 was synthesized according to the procedure reported
by Nakayama et al. [31]. The NMR spectrum is shown in Fig. S1.
The thermal properties of 2TBD-C10 were characterized by TG
and DSC. The TG curve, shown in Fig. 2A, confirms the rela-
tively high degradation temperature of 2TBD-C10, with a 5%
weight loss temperature of 314 °C. This observation aligns with
the report by Nakayama et al. [31]. Meanwhile, the DSC curve,
shown in Fig. 2B, indicates a melting point of 22 °C and super-
cooling behavior with a solidification temperature of —48 °C.
Considering the baseline shift at approximately 150 °C and the
difference between the first- and second-cycle data (Fig. S2), the
degradation of 2TBD-C10 occurs above 150 °C. Based on these
observations, we tested the thermal stability of the 2TBD-C10-
doped CNTs at 100 °C.

TE characterization of 2TBD-C10-doped n-type CNTs

The as-prepared CNT films had good electrical conductivity
(approximately 1,300 S cm™") and a Seebeck coefficient of
approximately +46 pV K. The positive sign of the Seebeck
coefficient, determined from the slopes of the —AV versus AT
plots shown in Fig. 3A and B, indicates the p-type polarity
of the as-prepared CNT films because of autoxidation in air
[21,22]. Doping with 2TBD-C10 and TBD (for comparison)
was conducted by immersing the CNT films in acetone solu-
tions with a concentration of 71.8 mM at approximately 25 °C
for 5 min and drying under vacuum. The conversion of the
Seebeck coeflicient from positive to negative (approximately
—20 pV K™') upon doping with 2TBD-C10 and TBD (Fig. 3A
and B, respectively) indicates the alteration of the major carrier
species of CNTs from holes to electrons [32]. Doping with these
bases increased the electrical conductivity of the CNT films to
1,500 and 2,130 S cm ™" for 2TBD-C10 and TBD, respectively.
Considering the increased conductivity and decreased absolute
value of the Seebeck coefficient, along with the typical trade-off
relation between the conductivity and Seebeck coefficient
according to the carrier density [33], electrons were injected
into the CNTs with a higher density than that of the original
holes introduced by oxygen impurities in air. Furthermore, the
higher conductivity of the TBD-doped CNT films indicates
that a higher electron density is achieved by doping with TBD
than with 2TBD-C10.
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Fig.2.Thermal analyses of 2TBD-C10. (A) TG and (B) first-cycle DSC data of 2TBD-C10
under N, gas flow.

20z ‘8T Jequiidas uo A1seAlun aqoy ke Hioaousios' [ds//:sdny woly papeojumoq


https://doi.org/10.34133/energymatadv.0123

Energy Material Advances

A 30 B 500
200 As.propared ’&“9’ 200F ps.prepared \”'
- o = oF
2 100} S ; 2 100 o 4
> oole?™® Tl S oke” 2
7 °-°‘1’m,,.7x ' ¥ 001 s i
* n-type “ramy,.  N-type
~100 zmo-c1‘6”"".,@.~ g '] o
200 s " -200 . .
0.0 20 4.0 6.0 0.0 20 4.0 6.0
AT (K) AT (K)
C x D -4 = 2.0
(0
3.0 G+
= " oesf O i -20 a
e bS50 = 15 %
< 20 %e X 001 15 ~ g™ DMF Acotond]
= > »
2 = 20f Q
2 10} G| e as prepases 2 ° 10 3
£ D . 2TBOC10. 40 F -~
i Goped As-propared (p) L X4
0.0 ’ 0.50
1300 1400 1500 1600 1700 1800 .
Raman shift (cm )
E 100 F -30 3.0
Q
=20 {120%
X ]
> »
@ 10t 109
0.0 0.0
Ethanol DMF  Acetone 5 180

Immersion time (min)

Fig.3.Thermoelectric and spectroscopic characterization of n-doped CNT films. Plots
of thermopower (-AV) against the supplied temperature difference (AT) of CNT films
to extract the Seebeck coefficients (S) for (A) as-prepared and 2TBD-C10-doped
and (B) as-prepared and TBD-doped CNTs. (C) Raman spectra of as-prepared and
2TBD-C10-doped CNT films. The inset shows an enlarged view of the D bands. Solvent
dependencies of (D) Seebeck coefficient and electrical conductivity (¢) and (E) power
factor (PF) of 2TBD-C10-doped CNT films by immersing the dopant solutions for
5 min. (F) Immersion-time dependency of the Seebeck coefficient and electrical
conductivity of 2TBD-doped CNT films.

The Raman spectra of the CNTs before and after 2TBD-C10
doping are compared in Fig. 3C to reveal structural changes in
the CNTs. All CNT samples showed typical G band (1,550 to
1,580 cm™") and D band (approximately 1,330 cm ") features.
The G*/D and G7/D ratios (an indicator of sp” integrity) and
peak positions remained unchanged after doping, as listed in
Table S2. Therefore, 2TBD-C10 doping did not cause severe
damage to the sp” framework of the CN'Ts. It is likely that the
conjugate acid of 2TBD-C10 is physisorbed onto the CNT sur-
face as a result of charge transfer.

The n-type doping of CNTs using amine compounds is
expected to occur through the donation of lone-pair electrons
on nitrogen atoms to CNTs (n—* interaction) [28,34]. The
efficiency of this charge transfer process can be influenced by
solvents, akin to considerations in organic synthesis [35,36].
To investigate this, the TE properties of 2TBD-C10-doped CNT
films were compared based on the solvent used for doping.
Figure 3D illustrates the variations in the TE properties of
2TBD-C10-doped CNT films mediated by polar aprotic sol-
vents (acetone and DMF) and a polar protic solvent (ethanol).
While all cases demonstrated the conversion of CNT polarity
to n-type, as indicated by the negative Seebeck coeflicients, the
CNT films doped in ethanol had electrical conductivities of less
than 1,000 S cm ™, whereas those doped in DMF and acetone
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exhibited relatively high values (1,500 to 1,600 S cm™"). Addition-
ally, the CN'Ts doped in DMF and acetone showed lower absolute
values of the Seebeck coefficients than those doped in ethanol.
Considering the typical trade-off relation between the conductiv-
ity and Seebeck coefficient according to the carrier density [33],
2TBD-C10 exhibits stronger reducing ability for CN'Ts in polar
aprotic solvents than in protic ones. In protic solvents, the trans-
fer of lone-pair electrons may be kinetically hindered because of
hydrogen bonding between the nitrogen atoms of 2TBD-C10
and the acidic hydrogen atoms of the solvents [37]. These obser-
vations align with data reported in our previous paper using
TBD as a dopant [28]. Figure 3E depicts the solvent dependence
of the power factor (PF). CNTs doped in the polar aprotrc sol-
vents demonstrated higher PF values (82-86 pW m™ K %) than
those doped in the polar protic solvent (50 pyW m ™" K™?). These
comparisons demonstrate that the selection of solvent is essential
for doping with 2TBD-C10.

The immersion-time dependency of the TE properties of
2TBD-C10-doped CNTs confirmed that the electron transfer
reaction between 2TBD-C10 and CNTs could be completed in a
fairly short time, as shown in Fig. 3E CNT films immersed in the
acetone solution of 2TBD- ClO for 3 h exhibited higher electrical
conductivity (1,710 S cm”™ D) and a lower absolute value of the
Seebeck coefhicient ( 21 pV K™ compared to those immersed
for 5 min (1,500 cm ™" and —23 uV K™"), although the differences
were not remarkable. This indicates that electron transfer in the
solution is almost completed within 5 min. Based on these experi-
mental results and considerations, the subsequent doping process
for stability tests was conducted by immersing the CNT films in
the acetone solution of 2TBD-C10 (or TBD) for 5 min.

Thermal stability of the doped CNT films

Although the TBD-doped CNTs retained their n-type polarity
for an extended period at 100 °C in air, partial dedoping was
observed, as indicated by the decrease in electrical conductivity
and increase in the absolute value of the negative Seebeck coef-
ficient over time (Fig. 4A). This aligns with our previous report
[28]. Specrﬁcally, the absolute value of S increased from —21to
—35uV K" and o decreased from 2,130 to 750 S cm ™ (approxi-
mately 65% decrease) after incubation at 100 °C in air for 3,600 h.

Surprisingly, the 2TBD-C10-doped CNT films exhibited a
decrease i in the absolute value of the negative S (from —23 to
—18 uV K™') and an increase in o (from 1,500 t0 2,630 S cm™")
after incubation at 100 °C in air for 24 h, as shown in Fig. 4B,
indicating that additional electron doping occurred because of
heating. This doping progression can be attributed to the struc-
tural rearrangement of 2TBD-C10 on the CNT surfaces. The
high degree of conformational freedom of the cross-linking
decyl group and the relatively large molecular size of 2TBD-
C10 suggest that unreacted TBD components may still be pres-
ent after the solution-mediated doping process. The thermal
energy supplied during incubation would facilitate the struc-
tural rearrangement of 2TBD-C10, allowing the unreacted TBD
components to react with the CNTs and contribute to addi-
tional electron injections. This doping progression is a notable
difference from TBD-doped CNTs, stemming from the struc-
tural flexibility of 2TBD-C10.

Once the doping progression reached saturation, the 2TBD-
C10-doped CNT films showed a slight decrease in o and increase
in the absolute value of negative S, reflecting partial dedoping.
However, these changes almost plateaued after approximately
1,600 h of incubation. Furthermore, the depletion of the TE
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properties after 3,500 h was markedly restrained (approximately
47% for o, as compared to the values at approximately 24 h to
control for initial changes) compared to those of TBD-doped
CNT films incubated for a similar period. Our recent compu-
tational calculations revealed that the TBD cation adsorbs onto
graphitic carbons with higher energy than that of the acyclic
guanidine cation [29]. Holding the 2 TBD parts in a single mol-
ecule would allow for rather rigid adsorption of the cation onto
the CNT surface at multiple points, contributing to suppressed
dopant detachment and the extended stability of 2TBD-C10-
doped CNTs.

The power factor of the TBD-doped CNT films exhibited
remarkable fluctuation during incubation, as shown in Fig. 4C.
Meanwhile, that of the 2TBD-C10-doped CNTs was almost
constant during incubation, as shown in Fig. 4D. This was
ascribed to the suppressed dedoping, which contributed to
ensuring longer-term operation. In summary, 2TBD-C10 dop-
ing could induce more thermally stable n-doped states in CN'Ts
compared to TBD doping.

Stability of the doped CNT films in air and under

humid conditions
To confirm that thermal energy is one of the origins of partial
dedoping of the TBD- or 2TBD-10-treated CNTs (Fig. 4A and
B), we proceeded with similar stability tests for the n-doped
materials by storing them under atmospheric and humid condi-
tions. The results under atmospheric conditions [air, room
temperature (~25 °C), and 25% to 60% relative humidity] are
shown in Fig. 5A and B. For the TBD-doped CNT films
(Fig. 5A), the electrical conductivity decreased from 1,800
to 1,350 S cm™" (approximately 25% depletion) after storage
for 24 h, while the Seebeck coefficient did not show a marked
change from the initial value. Additionally, both properties
plateaued after 24 h of storage, indicating that less thermal
energy from the environment contributes to the extended reten-
tion of TE properties.

Meanwhile, the electrical conductivity of the 2TBD-C10-
doped CNT films increased up to 2,200 S cm ™" after storage
under atmospheric conditions for approximately 880 h, as shown
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Fig. 5. Stability of n-doped CNT films in air and under humid conditions. Changes in
Seebeck coefficient (S) and electrical conductivity (¢) of n-doped CNT films stored
in (A and B) atmospheric conditions [room temperature (RT)] (air, ~25 °C, 25% to
60% relative humidity) and (C and D) humid conditions (air, ~25 °C, >80% relative
humidity): (A and C) TBD-doped and (B and D) 2TBD-C10-doped CNT films. Note
that the stability test shown in (D) was started after the initial changes of the TE
properties (increase of ¢ and decrease of |S|) had saturated, by first annealing the
2TBD-C10-doped CNT films at 100 °C in air for 1 h.

in Fig. 5B. A decrease in the absolute value of the Seebeck coef-
ficient was also observed, indicating an increase in electron
density because of the progress of doping in the solid state. The
slower changes of these properties at room temperature com-
pared to that at 100 °C can be attributed to the lower thermal
energy supplied. Therefore, this observation further confirms
that the origin of the electron doping progress in the solid state
is the structural rearrangement of 2TBD-C10, driven by ther-
mal energy. After the doping progress reached saturation, the
TE properties became stable, lasting more than 2,000 h. These
retention properties are superior to those of the TBD-doped
CNTs. Considering the suppressed dedoping nature at room
temperature observed for both TBD- and 2TBD-C10-doped
CNTs, thermal energy could be identified as one of the domi-
nant causes of dedoping in these materials.

In addition to thermal energy, humidity is also a potential
cause of dedoping; a recent study reported that n-type CNTs
created by doping with crown ether complex suffered dedoping
because of moisture [38]. Meanwhile, another report suggested
that water molecules themselves may contribute to p-type
induction in CNTs [39]. The slight depletion of TE properties
in TBD-doped CNT films stored at room temperature may thus
be attributed to hole injection by naturally adsorbed water mol-
ecules in air.

To explore this idea, we investigated the retention of the TE
properties under high-humidity conditions (with the relative
humidity kept above 80%) at room temperature (approximately
25°C), as shown in Fig. 5C and D. The depletion of electrical
conductivity in the TBD-doped CNTs (approximately 53%
decrease after 24 h) was rather remarkable compared to the
decreasing trends observed at room temperature without humid-
ity control (Fig. 5A) and even at 100 °C in air (Fig. 4A). However,
the Seebeck coefficient of the TBD-doped CNTs hardly changed,
as shown in Fig. 5C; we would expect a more remarkable increase
in the absolute value of the Seebeck coeflicient considering the
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decrease in conductivity. For instance, we would anticipate an
approximate 43% increase in the absolute Seebeck coefficient
when the conductivity decreases by approximately 53%, based
on the depletion observed at 100 °C in Fig. 4A.

There may be another mechanism at play causing the deple-
tion of TE properties under high humidity conditions, besides
the decrease in electron density. Figure S3 demonstrates the
recovery of decreased conductivity in TBD-doped CNT films
after evacuation following exposure to high-humidity air. The
conductivity, which had initially decreased to approximately
760 S cm ™', rebounded to approximately 1,420 S cm™" after
evacuation. Therefore, it is reasonable to consider that the pre-
dominant mechanism causing the depletion of electrical con-
ductivity under humid conditions is not dedoping (reduction
of electron density). Instead, water molecules adsorbed on the
CNT surface may act as trap sites for electrons, reducing the
carrier mobility [40].

However, such undesired alterations in the TE properties
must be avoided for practical applications. A previous study
suggested sealing n-doped CNTs with parylene films as moisture-
blocking layers [38]; however, it is technologically challenging
to uniformly cover the rough surfaces of CNT films. Accidental
tearing of the parylene layers can result in water adsorption
and depletion of the TE properties of the CNTs. Therefore,
ensuring the moisture tolerance of n-doped CNTs themselves
is essential.

In this context, 2TBD-C10 offers more feasible n-doped
states to CNTs; the 2TBD-C10-doped CNTs retained their
properties better than the TBD-doped samples. For example,
the decrease in conductivity was only ~24% after 27 h of stor-
age, as shown in Fig. 5D. Although further quantitative analy-
ses are necessary for elucidating the mechanism by which
2TBD-C10 improves the humidity resistance, we hypothesized
that the hydrophobic decyl groups in the primary molecular
structure of the dopant suppressed the adsorption of water
molecules, thereby improving the retention ability under
humid conditions. Owing to the enhanced stability of the TE
properties, the 2TBD-C10-doped CNT films demonstrated
relatively stable power factors during storage in both atmo-
spheric and humid environments, as shown in Fig. S4. The
stable TE performance of the 2TBD-C10-doped CNTs, even
in elevated-temperature or high-humidity environments, is
expected to ensure stable power generation over extended
periods.

The morphology of the CNT films hardly changed after
2TBD-C10 doping, as shown in the SEM images in Fig. S5A
and B. The diameter of the CNT bundles was comparable
before (43 + 20 nm) and after doping (46 + 18 nm). Further-
more, the diameter did not change (43 + 19 nm) after the
humidity stability test (Fig. S5C). By contrast, the diameter
increased to 73 + 35 nm after the thermal stability test (Fig. S5D).
This is because the supplied thermal energy led to aggrega-
tion of the CNTs. The effect of such morphological changes
on the stability of the doped states should be addressed in
the future. However, the effect is likely to be small because
the changes in electrical conductivity and Seebeck coefficient
are consistent during incubation (Fig. 4B); this suggests that
a trade-off relation exists according to the carrier density rather
than the mobility [33]. If the CNT diameter had a more sub-
stantial contribution to the carrier mobility, the electrical con-
ductivity would change more drastically than the Seebeck
coeflicient during incubation.
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TE module

To demonstrate the potential of the 2TBD-C10-doped n-type
CNT films, we created all-CNT p-n junction TE modules by
pairing them with autoxidized p-type films. Before fabricating
the modules, we assessed the contact resistance between the
p- and n-type CNT films using the transfer length method,
employing the geometry outlined in the inset of Fig. 6A. The
gap dependence of the electrical resistance (R) between the
p-type CNT films is illustrated in Fig. 6A. R was calculated as

R
R=-1L+2R, 3)
w

where Ry denotes the resistance of the films, w denotes the width
of n-type CNT films, L denotes the gap between the p-type CNT
films, and R_ denotes the contact resistance. Consequently, the
intercept on the vertical axis in Fig. 6A is twice the contact resis-
tance (2R ). The contact resistance of the initial p—n junction was
approximately 0.3 €, with a contact resistivity of 2.7 X 10* pQ cm’
based on the contact area of the p—n junction (3 X 3 mm). This
value is comparable to the contact resistivity observed between
Au and poly(3,3-ethylenedioxithiophene):poly(styrene sulfonate),
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Fig.6.Fabrication and characterization of all-CNT TE module. (A) Resistance variation
according to the gap length between the p-type CNT films. The inset displays a
schematic of the geometry for the transfer length method using p- and n-type CNT
films. (B) Schematic (cross-sectional view) and photograph (front view) of the all-
CNT TE module comprising 10 pairs of p—n units. (C) Plots of thermopower (-AV)
against the supplied temperature difference (AT) of the module measured under open
circuit conditions. The temperature difference was supplied in the in-plane direction
of the module. (D) Current (/)-applied voltage (V) plots of the module measured
while keeping AT at approximately 65 K. (E) Power output according to the thermo-
electromotive force from the module at AT of approximately 65 °C. The plots were
created from the data shown in (D).

20z ‘8T Jequiidas uo A1seAlun aqoy ke Hioaousios' [ds//:sdny woly papeojumoq


https://doi.org/10.34133/energymatadv.0123

Energy Material Advances

previously utilized in high-performance TE modules [41]. The
low contact resistance aids in reducing energy loss at the p-n
junctions. Notably, the contact resistivity of the 2TBD-C10-doped
n-type CNT film decreased after storage in room temperature air,
as depicted in Fig. S6 and Table S3. The contact resistance in
organic semiconductors and nanocarbons is related to the carrier
density; specifically, increasing the carrier density reduces the
contact resistance [42]. This finding supports the advancement of
electron injection in the solid state after 2TBD-C10 doping, as
demonstrated in Fig. 5B.

In Fig. 6B, we assembled a TE module comprising 10 p-n
pairs, where p- and n-type CNT films were alternately stacked
with insulating PI films. The module generated approximately
400 pV K" of thermopower (—A V), validated by the -A V ver-
sus AT plots in Fig. 6C, which confirmed the efficient thermo-
power addition from each p—n unit. The observed discrepancy
between the actual and theoretical values (—AV was expected
to be approximately 600 pV K", considering the Seebeck coef-
ficient of each material) can be attributed to the presence of
p-njunctions in the module, as depicted in Fig. 6B. These areas,
with a contact length of 2 mm, did not contribute to the ther-
mopower. Optimizing the contact area will be our focus in
future work to maximize the output power and voltage.

We assessed the power output of the module by conducting
current (I)-voltage (V) characterization while maintaining a
temperature difference (AT) of approximately 65 K, as illus-
trated in Fig. 6D. The open circuit voltage (intercept of the
ordinary axis) reached 26 mV. Additionally, we calculated the
power output (P) using Eq. 4 for each plot, as shown in Fig. 6E.

P=1V. (4)

The prepared module achieved a maximum power output
of approximately 35 pW with an output voltage of approxi-
mately 12.7 mV and a flowing current of approximately 2.8 mA.
Considering the cross-sectional area of the module (0.2 X 2.2 cm),
the maximum power density reached approximately 80 uW cm 2,
marking a noteworthy performance compared to previous all-
organic and organic/metal TE modules [10,41,43,44], as shown in
Table S4.

Although our modules exhibited an open circuit voltage of
only 26 mV, their internal resistance was impressively low at just
5 Q, evident from the slope of the I-V curve in Fig. 6D. This low
resistance is attributed to the high conductivity of the p- and
n-type CNT films and their relatively low contact resistivity.
Consequently, the output performance of the module is sufficient
for driving a DC-to-DC converter with an efficiency exceeding
50%, enabling it to power electric devices effectively [45].

These capabilities were demonstrated by connecting the TE
module to a DC-to-DC converter capable of boosting the input
voltage from several tens of millivolts to 3 V. The experimental
setup is illustrated in Fig. S7A and B. As depicted in Movie S1, the
circuit system could repeatedly power a green light-emitting
diode. Furthermore, Movie S2 shows that the wireless sensor oper-
ated by the circuit could transmit room temperature and humidity
sensory data to a smartphone. This transmission was successfully
executed 16 times in 10 min, as demonstrated in Fig. S7C.

Discussion

We synthesized a cross-linked organic superbase (2TBD-C10)
as a dopant to create n-type CNTs that are resistant to envi-
ronmental factors. The n-doping mechanism, attributed to
the transfer of lone-pair electrons, was confirmed by the
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solvent-dependent TE properties. Long-term retention tests of
the TE properties revealed that the doping progress was facili-
tated by the thermal energy-assisted structural rearrangement
of the dopant within solid CNT films. Doping with 2TBD-C10
resulted in n-type CNTs that are tolerant to air, humidity, and
thermal conditions, with better stability than TBD-doped films.
This stability can be attributed to the unique molecular structure
of 2TBD-C10, facilitating good adsorption on the CNT surfaces,
reduced volatility because of the increased molecular weight,
and suppressed water adsorption. The stable n-type materials
were integrated into all-CNT TE modules, demonstrating good-
to-excellent power generation performance with a maximum
output power of approximately 35 pW at a temperature differ-
ence of 65 K. Overall, our results demonstrate that customizing
the primary molecular structures of dopants can enhance the
doped states of CNTs, contributing to the advancement of all-
CNT TE modules. Future perspectives include optimizing the
module structure through thermal and electrical design to maxi-
mize the power output.
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