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Bicyclic-ring base doping induces n-type
conduction in carbon nanotubes with outstanding
thermal stability in air
Shohei Horike 1,2,3,4✉, Qingshuo Wei 2, Kouki Akaike 2, Kazuhiro Kirihara2, Masakazu Mukaida2,

Yasuko Koshiba 1,4 & Kenji Ishida 1,4

The preparation of air and thermally stable n-type carbon nanotubes is desirable for their

further implementation in electronic and energy devices that rely on both p- and n-type

material. Here, a series of guanidine and amidine bases with bicyclic-ring structures are used

as n-doping reagents. Aided by their rigid alkyl functionality and stable conjugate acid

structure, these organic superbases can easily reduce carbon nanotubes. n-Type nanotubes

doped with guanidine bases show excellent thermal stability in air, lasting for more than

6 months at 100 °C. As an example of energy device, a thermoelectric p/n junction module is

constructed with a power output of ca. 4.7 μW from a temperature difference of 40 °C.
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Carbon nanotubes (CNTs) have attracted much attention as
future components of electronic and energy devices, such
as field-effect transistors1, photovoltaics2, terahertz

scanners3, gas sensors4, and thermoelectric modules5. Their high
charge carrier transport properties6, sharp features in the density
of states (DOS)7, large specific surface area8, light weight9, and
mechanical robustness and flexibility10 suggest the potential for
realizing organic–inorganic hybrid or even fully molecular-based
devices.

Importantly, these devices require both p- and n-type materials
to create p/n junctions. For inorganic semiconductors, doping
technology is well established today for modulating the material
polarity11. Because the major charge carrier type and their density
determine the material polarity and the corresponding device
functions, the importance of doping is also recognized by
researchers of molecular electronics12. Since the early days of
CNT research, doping reagents and spectroscopic characteriza-
tions (e.g., Raman scattering13–15, absorption16, electron spin
resonance (ESR)17,18, and photoelectrons19) have been exten-
sively used to reveal the effects of doping.

Charge carrier doping in CNTs relies on charge transfer (redox
reactions) between the CNT π-electron system and dopants on
the surface or enclosed inside the nanotubes. Several dispersive
interactions (e.g., π–π, n–π, σ–π, and ion–π interactions)20,21 can
be responsible for the charge transfer. Electron accepting (oxi-
dizing) and donating (reducing) materials induce p- and n-doped
states in CNTs, respectively. p-Type doping of CNTs is rather
easy because the CNTs readily accept holes from naturally
adsorbed oxygen molecules in air22. In contrast, CNTs after
n-type doping tend to lack air stability due to dopant
volatilization23 and/or autoxidation of the electron-injected CNTs
by oxygen in air. For example, alkali metal deposition on the CNT
surface produces metal cation and available electron to promote a
heavily n-doped state24; however, this n-type polarity could not
be retained upon exposure to air. Much milder reducing chemi-
cals such as nitrogen-containing molecules (e.g., tertiary amines
and viologens)25–28, phosphines29, metallocene30,31, alkylammo-
nium or imidazolium salts32,33, anionic surfactants34, and
supramolecular salts35 could produce air-stable n-type CNTs that
last several days to months. In addition to air stability (pre-
servation stability), the thermal stability of n-type CNTs should
also be improved for device applications. For instances, electric
currents in logic circuits generate concentrated heat36, photo-
voltaic cells become hot under sunlight37, and thermoelectric
modules need to function for long periods under elevated tem-
peratures. A pioneering work was conducted by Nonoguchi and
Kawai et al. using crown ether complexes as n-doping reagents
for CNTs35.

Herein, we employ commercially available versatile molecular
bases with bicyclic ring structures as electron donors for CNTs.
This is inspired by the reported charge transfer between C60 and a
bicyclic amidine base (1,8-diazabicyclo[5.4.0]-7-undecene,
DBU)38, which is known as an organic superbase. Upon their
mixing, fullerene could accept a single electron from DBU.
Although that pioneering study did not examine the conducting
properties of the product, it inspired us to apply this class of
interaction between DBU and carbon π-electron systems to the
electron doping of CNTs. Herein we also test bicyclic guanidine
bases to further improve the n-type stability under elevated
temperatures. Thermoelectric charge carrier analysis shows that
doping with these bases successfully convert the as-prepared p-
type CNTs into quite stable n-type via a facile solution-based
method. Considering the excellent stability (over 6 months at
100 °C) of the n-type polarity, the simple doping process, and
versatility in the base molecules, our results offer a potential
avenue to produce n-type CNTs for future molecular electronics.

Results
Thermoelectric and work function characterization of doped
CNTs. Figure 1 depicts the chemical structures of the employed
amidine and guanidine bases. 1,8-diazabicyclo[5.4.0]-7-undecene
(DBU); 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD); 7-methyl-
1,5,7-triazabicyclo[4.4.0]dec-5-ene (Me-TBD); 1,1,3,3-tetra-
methylguanidine (TMG). These bases have strong basicity,
showing much higher pKa values (>20) in organic solvents than
typical amines (at most 8)39,40. Thus, they are often considered
organic superbases. The strong basicity has been explained from
the viewpoints of (i) resonance stabilization of the conjugate acid,
(ii) sp2-hybridization of the nitrogen atom, and (iii) a bicyclic
ring that ties back the adjacent alkyl functionality, which rein-
forces the overlap between the lone-pair electrons of the sp3-
hybridized nitrogen and the neighboring π* orbital, which leads
to higher electron density and basicity of the sp2-hybridized
(double-bonded) nitrogen for DBU, TBD, and Me-TBD39.

Based on such strong basicity, we expect the efficient reduction
of CNTs by using organic superbases. Single-walled CNTs
(hereinafter denoted as EC1.5-CNT) were produced using
enhanced direct injection pyrolytic synthesis (eDIPS)41. Self-
standing CNT films (10–12 μm in thickness) with good electrical
conductivity (680 S cm−1) and Seebeck coefficient (+60 μVK−1)
were prepared by vacuum filtration. The doping process is
schematically illustrated in Fig. 2a. The self-standing CNT films
were immersed in the dopant solutions, and then dried in vacuo.
Figure 2b shows representative measurement results used for
determining the Seebeck coefficient (S) as the slope in thermo-
power (−ΔV) vs. the supplied temperature difference (ΔT). The
sign of S reflects the major charge carrier type42, and the positive
S for the as-prepared CNT film indicates p-type polarity (with
holes as the major carrier species), possibly due to autoxidation in
ambient air22. Figure 2b shows the n-type conversion of the CNT
films upon doping with DBU; S changes from positive to negative
(−24 μVK−1) after immersion in a N,N-dimethylformamide
(DMF) solution of DBU with a concentration of 545 mM at
~298 K for 5 min and drying under vacuum.

As shown in Fig. 3a–d, doping with any of the aforementioned
bases produced n-type CNTs with S ≈− 20 to −55 μVK−1 and
good-to-excellent electrical conductivity (500–1800 S cm−1). The
Seebeck coefficient and electrical conductivity tend to decrease
and increase, respectively, with the concentration of the dopant
solutions, reflecting the complementary relation between these
parameters43. In comparison, immersing the CNT film in pure
DMF hardly changed the value of S (+59 μVK−1), much less its
sign. Thus, the proposed bases can reduce CNTs and successfully
alter the major charge carrier from holes to electrons. Further, it
should be noted that the doping was completed immediately after
immersing the film in the dopant solution. Long-time (19 h)
immersion of the EC1.5-CNT film in the DMF solution of TBD
(71 mM) did not affect the resultant n-type properties; S=− 28 μ
VK−1 and σ= 1210 S cm−1 were obtained, both of which are
similar to those of the films that were immersed only for 5 min.
We also varied the temperature during the doping process of
TBD in DMF (71 mM) using EC-1.5 CNT films: both hot (423 K)

TMGTBD Me-TBDDBU

Fig. 1 Molecular structures of dopants containing the amidine and
guanidine moieties. DBU: 1,8-diazabicyclo[5.4.0]-7-undecene, TBD: 1,5,7-
trizazabicyclo[4.4.0]dec-5-ene, Me-TBD: 7-methyl-1,5,7-
triazabicyclo[4.4.0]dec-5-ene, TMG: 1,1,3,3-tetramethylguanidine.
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and cold (261 K) conditions resulted in negative Seebeck
coefficients (−32 and −35 μVK−1, respectively) and high
electrical conductivities (1620 and 1350 S cm−1, respectively).
These values are similar to those of TBD-doped CNT films at
room temperature (~298 K) as shown in Fig. 3b (we prevented
photoirradiation during immersion in the dopant solution by
wrapping an aluminum foil around the vial; therefore, supplying
excess energy is not required for the electron transfer reactions).
The processability of such low temperature (that is, low-energy
cost) and fast reaction rate to prepare n-type CNTs should be
considered. Recently, 1H-benzoimidazole derivatives have been
used as n-type dopants, but they should be subjected to annealing
in order to react with nanoscale carbon materials and organic
semiconductors44,45. In contrast, the dopants reported here
can be used without additional heating and thus, can be

conceptualized as ready-to-use electron donors for nanoscale
carbon materials.

Similar to many amine compounds such as polyethyleneimine,
the lone-pair electrons on the nitrogen atoms of doped amidine
and guanidine would contribute to the electron injection into the
CNTs (n–π* interaction)46. Density functional theory (DFT)
calculation reveals that the double-bonded nitrogen atom of TBD
participates in the highest occupied molecular orbital (HOMO)
and carries a high negative charge (Fig. 4a), suggesting that the
lone-pair electrons on this nitrogen atom mainly contribute to the
CNT reduction47. Similar calculation results were also obtained
for DBU, Me-TBD, and TMG (Supplementary Fig. 1 of
Supplementary Information (SI)). This result is consistent with
the mechanisms for the strong basicity of these compounds as
proposed above39.
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The lone pair donation from TBD to CNT was also supported
by the solvent-dependent thermoelectric properties of doped
CNTs. Figure 4b displays the variations in Seebeck coefficient and
electrical conductivity of CNT films after TBD doping in polar
protic (water and ethanol) and polar aprotic (DMF and acetone)
solvents, and the respective molecular structures are shown in
Supplementary Fig. 2 of SI. For all solvents, the sign of Seebeck
coefficient becomes negative, indicating n-type polarity. Mean-
while, the conductivities are remarkably high (~1200 S cm−1)
when using polar aprotic solvents, while those obtained using
polar protic solvents are at most 900 S cm−1. The electrical
conductivity is generally proportional to the charge carrier
density43, and it is evident that TBD has a weaker reducing
ability in polar protic solvents than in aprotic ones. By analogy
with nucleophilic reactions in organic chemistry (e.g., SN2
reaction)48, solvation of the nucleophiles should affect electron
transfer from the bases to CNTs. The acidic hydrogen atoms of
polar protic solvents could accept lone pairs of electrons to form
hydrogen bonds (schematically illustrated in the inset of Fig. 4b),
while the aprotic solvents lack such highly polarized hydrogen.
Therefore, the lower electron donating ability of TBD in protic
solvents would be attributed to suppression of electron transfer to
CNTs by the surrounding solvent molecules. This comparison
further supports the lone-pair electron donations as the

mechanism of n-type doping of CNTs by the presented
molecular bases.

It is noteworthy that electron injection into the CNTs using
TBD can be controlled stepwise according to the Seebeck
coefficients measured for different amounts of TBD loading
(controlled by drop-casting a certain volume of TBD/acetone
solution of known concentration). Figure 4c and d show
respectively the thermopower evaluation results and the Seebeck
coefficients according to TBD loading. The initially positive
Seebeck coefficient gradually declines, reaches ~0 μVK−1 at a
TBD density of ~2.2 × 10−5 mol cm−3 (calculated from the molar
amount of loaded TBD per volume of CNT film), and then
becomes negative at a higher loading. The low-energy continuous
charge carrier modulation by the wet-process will be important
for tuning the device function in future molecular electronics.

TBD was used to investigate the feasibility of the dopants, as
well as the facile solution-based doping process for a wider range
of nanoscale carbon materials. In Fig. 5a, films of CNTs (without
sorting of metallic and semiconducting nanotubes) furnished by
other synthesis methods (HiPCO and Tuball) and graphite were
all successfully converted to n-type by immersing into the DMF
solution of TBD (71 mM) at ∼298 K for 5 min (changes of
electrical conductivity can be seen in Supplementary Fig. 3 of SI).
However, we found that the n-type conversion of CNTs by TBD
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doping has significant dependences on the conducting type and
tube diameter. We subsequently investigated the feasibility of
superbase doping by performing the experiment using semi-
conducting SWCNTs (s-SWCNTs) (i) with a tube diameter of
1.2–1.7 nm, (ii) a mean tube diameter of 0.7–0.9 nm (s-SWCNTs
with (6,5) chirality index-enriched sample; tube diameter of
∼0.75 nm), and (iii) metallic SWCNTs (m-SWCNTs) with a tube
diameter of 1.2–1.7 nm. Doping was performed by immersing the
films in TBD solution (71 mM) at ~298 K for 5 min. Similar to the
non-separated CNT samples, the as-prepared films of these sorted
CNTs exhibited positive Seebeck coefficients ((i) +146, (ii) +47,
and (iii) +17 μVK−1), as shown in Fig. 5b. Changes in the
coefficients upon doping differed significantly according to the
conducting types of nanotubes, which is also shown in Fig. 5b. (i)
s-SWCNTs (1.2–1.7 nm in diameter) were converted into n-type
with a negative Seebeck coefficient of −153 μVK−1. (ii)
s-SWCNTs (0.7–0.9 nm in diameter) were also converted into
n-type, but the coefficient was close to zero (only− 4.8 μVK−1).
For (iii) m-SWCNTs, the coefficient decreased to close to zero
(+5.5 μVK−1) but did not change to a negative value.
Considering these changes in the coefficients, it is apparent that
TBD can reduce each class of CNT. Meanwhile, this effect
significantly depends on the conducting type and tube diameter.

The variation in reducing ability of TBD depending on the
nanotube diameters and conducting types could be also
recognized from the difference in the shifts in the nanotube
work functions after doping. Table 1 lists the shift measured using
Kelvin probe method (described in more detail in Supplementary
Fig. 4 of SI) and first interband transition energy of each CNT
sample calculated using the following equations (the energy is
represented by E(S11) and E(M11), where S11 and M11 represent

interband transitions in s- and m-SWCNT, respectively)49:

E S11
� � ¼ 0:962

d
; ð1Þ

E M11

� � ¼ 2:60
d

; ð2Þ

where d is the diameter of SWCNT. Note that E(S11) can be
regarded as the bandgap energy. After doping with TBD, the
work functions of all CNT samples decreased by several hundreds
of meV (Table 1), confirming the reduction of CNTs with TBD
doping.

The work function shift for the s-SWCNTs (0.7–0.9 nm in
diameter) and m-SWCNTs (1.2–1.7 nm in diameter) after doping
(0.61 eV) was approximately half or one third of E(S11) or E(M11)
of these CNTs, respectively. Therefore, these results confirmed
that the electron injection into either LUMO of the s-SWCNTs
(0.7–0.9 nm in diameter) or the π* band of the m-SWCNTs
(1.2–1.7 nm in diameter) was hardly achieved by TBD doping.
These observations are consistent with the changes of the Seebeck
coefficients close to zero. For the s-SWCNTs (1.2–1.7 nm in
diameter), the decrease of 0.74 eV is nearly identical to the
interband transition energy (i.e., bandgap energy of
0.56−0.80 eV); thus, the electron injection into the LUMO of
the s-SWCNTs is confirmed. This confirmation directly corre-
sponds to the clear positive-to-negative conversion of the Seebeck
coefficient for this sample shown in Fig. 5b. The LUMO levels of
the s-SWCNTs with a larger diameter of 1.2–1.7 nm could be
deeper than that of the SWCNT with (6,5) chirality index50, and
therefore, an electron can be easily injected from TBD to
the LUMO.
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Table 1 Work function shifts upon doping of TBD according to the conducting type of SWCNTs measured in air.

Sample Work function shift (eV) E(S11) or E(M11)† (eV)

s-SWCNT (d = 1.2−1.7 nm) −0.74 0.56−0.80
s-SWCNT (d = 0.7−0.9 nm) −0.61 1.06−1.37
m-SWCNT (d = 1.2−1.7 nm) −0.61 1.52−2.16
EC1.5 −0.30 —

†E(S11) and E(M11): first interband transition energy of semiconducting and metallic SWCNTs.
TBD doping was performed by immersing the CNT films in the acetone solution of TBD with a concentration of 71 mM. First interband transition energy is calculated using equations reported
elsewhere49.
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With respect to the non-separated CNT samples (EC1.5,
HiPCO, and Tuball) that are the mixtures of s- and m-SWCNTs
with different diameters and chiralities, two scenarios can be
considered for explaining the induction of overall negative
Seebeck coefficients: (1) semiconducting CNTs (and metallic
CNTs) with tube diameters feasible for accepting electron
injection from TBD become n-type with relatively large negative
Seebeck coefficients, while the other CNTs with less accessibility
to doping exhibit small coefficients close to zero, thereby resulting
in the overall material exhibiting a negative Seebeck coefficient.
(2) Previous papers on chemical doping of conducting polymers
proposed that carrier injection occurs not only from the dopant
to the polymer but also within and between the polymer
molecules51,52. An electron may be initially injected into the
CNTs that can easily accept electrons into their LUMO levels and
then get transferred via CNT/CNT intermolecular interactions to
yield n-doped state to the whole film. Nevertheless, the possibility
of this should be further examined using CNTs with a variety of
separated metallic/semiconducting tubes with various diameters
and chiralities.

Thermal stability of created N-type materials. To examine the
thermal stability of the n-type polarity for doped CNT films, their
Seebeck coefficient and electrical conductivity were measured
after heating at 100 °C in air. As shown in Fig. 6, thermal stability
of the n-doped CNT materials in air changes significantly
according to the primary molecular structures of applied bases.
The n-type CNT films created by TMG and DBU doping seem to
have low thermal stability. The former readily reverted to p-type
after 222 h at 100 °C (Fig. 6a), and its electrical conductivity
decreased to approximately 500 S cm−1 (Fig. 6b). A positive
Seebeck coefficient (i.e., with holes as the major charge carrier
species) means that the n-type CNTs suffered dedoping (auto-
xidation) upon heating in air22. For the DBU-doped CNT film,
the specimen remained relatively stable compared to the TMG-
doped CNT, but its n-type polarity was not well retained. The
Seebeck coefficient changed to −6 μVK−1 after heating for 696 h
(~1 month) and then completely reverted to p-type after further
heating (Fig. 6a). Similarly, the electrical conductivity mono-
tonically decreased, declining by 70% during this heating period
(Fig. 6b).

On the other hand, TBD- and Me-TBD-doped CNT films
exhibited higher stability than TMG- and DBU-doped nanotubes
under the same heating condition, as their Seebeck coefficients

remained negative after ∼5,000 h (over half a year) as shown in
Fig. 6a. We believe this is one of the highest thermal stabilities in
air reported for n-type CNT materials. After ~2,000 h of heating,
slight increases of the negative Seebeck coefficient (up to
−50 μVK−1) and the decreases in electrical conductivity (shown
in Fig. 6b) may reflect partial dedoping of the n-doped CNTs.
Nevertheless, the Seebeck coefficients plateaued at approximately
−50 μV K−1 during further heating. As electronic and energy
devices invariably become heated during operation36,37, it is
crucial to preserve not only the physical stability of the materials
but also the thermal stability of n-type doping. Although some
research groups have created n-type CNT materials stable in air
near room temperature, the stability at elevated temperature has
not been tested adequately. Several reported Seebeck measure-
ments of n-doped CNTs at elevated temperatures were conducted
under inert He gas atmosphere instead of air23,53. To the best of
our knowledge, only the study by Nonoguchi and Kawai et al.
examined the thermal stability in air of n-type CNTs produced
with supramolecular salts35. Therefore, the versatile bicyclic
guanidine bases as well as the simple doping process presented in
this study are innovative for manufacturing n-type CNTs suitable
for device applications. The stability differences according to
the primary molecular structures of the applied bases may be
attributed to the differences of (i) adsorption ability onto the
nanotube surface (volatilization), (ii) the charge balances between
the negative charges introduced in the CNTs and the positive
charge in the conjugate acid state of the base to stabilize the
n-doped state of CNTs35, and (iii) the blocking ability of oxygen
impurity from ambient air that may cause dedoping, and these
possibilities should be investigated in future works. Revealing
such substantial mechanisms for the n-type stabilization will also
contribute to the development of fully molecular-based devices.
Our comparisons of the base molecular structures indicate that
bicyclic-ring bases with guanidine moiety are useful reagents for
creating n-type CNTs that are thermally stable in air.

Demonstration of CNT-based thermoelectric energy device.
We employed thermoelectric measurement to elucidate the major
carrier type in CNTs before and after doping. Thermoelectric
materials could also be used in waste heat recovery and/or energy
harvesting systems for powering wireless sensors in future
Internet of Things54. Pairing the as-prepared p-type CNTs with
n-doped counterparts is one promising way to manufacture
molecular-based thermoelectric generators with high power
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outputs55. This potential application of thermally stable n-type
CNTs is demonstrated here in an all-CNT thermoelectric module.

The performance of thermoelectric materials is evaluated by
the power factor (P= S2σ) and dimensionless figure of merit
(ZT= S2σT/κ), where κ is the thermal conductivity56. The power
factor of each specimen is readily calculated from the Seebeck
coefficient and electrical conductivity (Fig. 7). For the considered
bases (DBU, TBD, TMG, and Me-TBD), TBD- and Me-TBD-
doped CNT films provide the highest power factors (over
100 μWm−1 K−2), regardless of the dopant concentration in
the DMF solutions. For TBD doping, higher power factors were
obtained using polar aprotic solvents than protic ones (see
Supplementary Table 1 of SI) because of the higher electrical
conductivities as discussed in Fig. 4b. Therefore, we chose CNT
films doped with DMF solution of TBD for further analysis and
module preparation. The thermal conductivity was determined
from the thermal diffusivity, heat capacity, and density of the

films as shown in Table 2. Upon doping, the thermal diffusivity
slightly decreases from 52 to 38 mm2 s−1, possibly due to phonon
scattering by TBD molecules on the CNT surface and/or CNT/
CNT junctions. However, due to the almost constant heat
capacity (from 0.71 to 0.78 J g−1 K−1) and the slightly increased
density (from 1.1 to 1.3 g cm−3), the thermal conductivity of the
doped film was nearly identical to that of the as-prepared CNT
film (38 and 40Wm−1 K−1, respectively). Consequently, the ZT
value (Table 2) of the TBD-doped film is lower than that of the
as-prepared film due to the lower power factor. Recent studies
revealed that carefully sorted semiconducting CNTs may reach
higher P and/or ZT than metallic ones and their mixtures57,
which is a possible strategy to further improve the thermoelectric
performance.

We constructed an all-CNT thermoelectric module consisting of 6
p/n couples, by alternatively stacking p- and n-type CNT films and
inserting insulating polyimide (PI) films between them (Fig. 8a). This
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Table 2 Thermal properties and dimensionless figure of merits for as-prepared and TBD-doped EC1.5-CNT films measured at
298 K in air. TBD doping was performed by immersing the CNT film in the DMF solution of TBD with a concentration of 71 mM.

Sample a† (mm2 s−1) Cp‡ (J g−1 K−1) ρ§ (g cm−3) κ⊥ (Wm−1 K−1) ZT// (at 298 K)

As-prepared 52 0.71 1.1 40 1.8 × 10−3

TBD-doped 38 0.78 1.3 38 9.0 × 10−4

†a: in-plane thermal diffusivity; ‡Cp: heat capacity; §ρ: density; ⊥κ: in-plane thermal conductivity; //ZT: dimensionless figure of merit in the in-plane direction.
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connection (electrically in series and thermally in parallel) enables
efficient addition of thermopower from each component. The
thermopower generated by the module is ca. 415 μVK−1 according
to the open circuit voltage vs. temperature difference (ΔT) data in
Fig. 8b. At ΔT= 40 K, the open circuit voltage reached ~17mV, and
the maximum power output of 4.7 μW was obtained after loading a
resistance of 14Ω, as shown in Fig. 8c. Based on the cross-sectional
area of the module (0.0153 cm× 4.3 cm), the maximum power
density is 71 μWcm−2, which is good-to-excellent compared to
previous all-organic thermoelectric modules. Some of the reported
values are: 167 μWcm−2 at ΔT= 27.5 K (all-CNT thermoelectric
module)58, 0.27 μWcm−2 at ΔT= 30 K (all-organic module)59,
15 nWcm−2 at ΔT= 45 K (all-polymer disk-shaped module)60,
and 40 μWcm−2 at ΔT= 50 K (natural cooling condition) using a
polymer/nickel module in our recent study61. Thermoelectric devices
for energy harvesting applications face competition from Li-ion
batteries with high energy densities and long lifetimes. The TBD- (or
Me-TBD) doping technique developed here would contribute to the
long-term operation of all-CNT thermoelectric modules. Further, the
power factor of CNT legs may be improved by using recent synthetic
techniques62,63 or sorted semiconducting CNTs57. In these contexts,
this study contributes to developing all-CNT thermoelectric devices
for thermal energy recovery.

In summary, organic superbases were successfully applied to
convert as-prepared p-type CNTs into n-type ones with good
thermal stability in air, negative Seebeck coefficients, and good-
to-excellent electrical conductivities. Efficient electron transfer
from bicyclic-ring guanidine to CNTs was achieved even near
room temperature, and the resultant n-type polarity persisted for
more than 6 months at 100 °C in air. The present results highlight
the potential of molecular structure design for exploring and

developing doping reagents because the stability of n-type CNTs
is significantly affected by minor changes in the primary structure
of dopant molecule. Future studies are needed to investigate the
origin of these differences in stability. The demonstrated excellent
thermal stability could facilitate development of molecular
devices such as thermoelectric energy generators, as exemplified
in this study.

Methods
Film formation and doping method. The chemicals and CNT samples used and
their suppliers are summarized in Supplementary Tables 2 and 3 of SI. All che-
micals were used as purchased. The CNTs were roughly dispersed at approximately
0.1 mg mL−1 in an aqueous solution of Brij 30 nonionic surfactant (0.8 mg mL−1)
in a 50 mL screw vial using an ultrasonic homogenizer (Q500, QSONICA) in an ice
bath. The CNT dispersion was vacuum-filtered on a polytetrafluoroethylene
membrane with a pore size of 0.2 μm (H020A025A, ADVANTEC). The resultant
buckypaper was peeled off, rinsed with water and acetone, and then dried in air
overnight. The obtained circular self-standing CNT film samples were 17 mm in
diameter and 10–12 μm in thickness.

Dopant solutions were prepared using a vortex mixer in 30 mL screw vials.
Doping was typically conducted by immersing the CNT films in the solutions, and
then the films were dried under vacuum for 30 min. To control the amount of
doping (experiments shown in Fig. 4c, d), an acetone solution of TBD (0.17 g L−1)
was prepared, and 10–12 μL of the solution was drop-casted onto the CNT film.
After drying in vacuo for 15 min, the Seebeck measurement was conducted.

Characterizations. The test environment was air throughout the measurements.
Thicknesses of the CNT films were measured by differential transformer principle
using ai-Phase M3 (ai-Phase) apparatus. For the Seebeck measurements, the spe-
cimen was placed on two Peltier modules (VPE20-30S, VICS) to apply a tem-
perature difference. R-type thermocouples were directly attached to the CNT film
to simultaneously measure the voltage and the temperature using a data logger
(LR8400, HIOKI). The potential at the lower temperature side was defined as
ground. Electrical conductivities of CNT films were measured by four-probe
method using a resistivity meter (Loresta-GP MCP-T610, MITSUBISHI
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CHEMICAL ANALYTECH). The Seebeck coefficient and electrical conductivity
were determined as the averages over more than 3 repeated measurements.

To investigate the stability of n-type polarity, the Seebeck coefficients and
electrical conductivities of doped CNT films were measured after storing for a
given period at 100 ± 0.3 °C in air within an incubator (SU-222, ESPEC). No
passivation was applied to the films throughout the heating and measurements.
Note that the measurements were conducted in room-temperature air
(approximately 298 K) after removing samples from the incubator. In-plane
thermal diffusivity was measured according to the periodic heating radiation
thermometry technique (see Supplementary Fig. 5 of SI) using a contactless
thermal diffusivity measurement system (Thermowave Analyzer TA35, BETHEL).
Heat capacity of the as-prepared and TBD-doped CNTs was measured using
differential scanning calorimetry (DSC 200 F3 Maia, NETZSCH) under N2 gas flow
(50 mLmin−1). The density of the CNT films was calculated from the sample
weight and dimension. In-plane thermal conductivities (κ) of the CNT films were
calculated from the equation κ= aCpρ, where a is the thermal diffusivity, Cp is the
heat capacity, and ρ is the density. Work function shift of the CNT samples was
performed in ambient air using a commercial single-point Kelvin probe system
(KP020, KP Technology) with the resolution of 1−3 meV.

Quantum calculations. The structural optimization, molecular orbitals, and
electrostatic potentials of the dopants were calculated by DFT (B3LYP/6-31 G)
using Gaussian 09 package.

Data availability
The authors confirm that the data supporting the findings of this study are available
within the article and its supplementary material (molecular mapping of dopants;
chemical structures of solvents; electrical conductivity of TBD-doped CNT and graphite
films; measurement principle of work function shift using Kelvin probe; raw data of
thermoelectric measurements; list of chemicals and materials; thermal diffusivity). Source
data that support the plots within this paper are provided with this paper. Source data are
provided with this paper.
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