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Since future energy harvesting technologies require stable supply and high-efficiency energy conversion, there is an increasing
demand for high-performance organic thermoelectric generators (TEGs) based on waterproof thermoelectric materials. The
poor stability of n-type organic semiconductors in air and water has proved a roadblock in the development of reliable
thermoelectric power generators. We developed a simple green route for preparing n-type carbon nanotubes (CNTs) by doping
with cationic surfactants and fabricated films of the doped CNTs using only aqueous media. The thermoelectric properties of
the CNT films were investigated in detail. The nanotubes doped using a cationic surfactant (cetyltrimethylammonium chloride
(CTAC)) retained an n-doped state for at least 28 days when exposed to water and air, indicating higher stability than that for
contemporary CNT-based thermoelectric materials. The wrapping of the surfactant molecules around the CNTs is responsible
for blocking oxygen and water from attacking the CNT walls, thus, extending the lifetime of the n-doped state of the CNTs.
We also fabricated thermoelectric power conversion modules comprising CTAC-doped (n-type) and sodium
dodecylbenzenesulfonate- (SDBS-) doped (p-type) CNTs and tested their stabilities in water. The modules retained 80 ± 2:4%
of their initial maximum output power (at a temperature difference of 75°C) after being submerged in water for 30 days, even
without any sealing fills to prevent device degradation. The remarkable stability of our CNT-based modules can enable the
development of reliable soft electronics for underwater applications.

1. Introduction

All energy is ultimately dissipated as heat; therefore, the
management of waste heat is critical for meeting the world’s
increasing energy demand in an environmentally sustainable
manner [1–3]. In particular, significant amounts of heat are
dissipated to the environment from sources, such as auto-
motive engine exhausts and industrial hot water pipes. Con-
siderable attention is being devoted toward developing
strategies for recovering heat from such sources [4, 5].
Organic thermoelectric materials have shown promise for
the generation of electricity from low-grade waste heat (i.e.,
waste heat from sources with a temperature below 150°C)

and are expected to play an important role in powering con-
dition monitoring sensors around engines, motors, and so
on [6–12]. Wearable sensors enable the noninvasive moni-
toring of physiological parameters, such as blood pressure
[13] and body temperature [14], which may help in the early
detection of diseases [15] and life-threatening conditions
such as cerebral infarction. It is envisaged that such devices
will become widespread in the future. There have been many
advances in making wearable sensors energy autonomous by
integrating them with thermoelectric materials that harvest
energy from the environment [16]. Thermoelectric modules
must satisfy three requirements to be suitable for integration
in wearable devices: (1) high atmospheric, moisture, and
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thermal stability; (2) high energy conversion efficiency; and
(3) mechanical flexibility. However, most conventional ther-
moelectric materials [16] and sensor devices reported to date
[17] fail to meet all three requirements. In particular, the
lack of water resistance and stability [18, 19] has proven to
be a major impediment to developing practical wearable
devices [20]. Conversely, water-resistant thermoelectric
devices, which can be used in wet or underwater environ-
ments, have considerable potential for powering wearable
electronics.

Carbon nanotube- (CNT-) based thermoelectric mate-
rials, which have been the focus of considerable research
attention in recent years, are composed of carbon and there-
fore less toxic than bulk inorganic thermoelectric materials
such as bismuth and tellurium [21–23]. In addition, owing
to the flexibility of CNTs, it is relatively easier to fabricate
CNT films than those of inorganic thermoelectric materials
like bismuth and tellurium [24]. The thermoelectric perfor-
mance of such a film or sheet is expressed by a dimension-
less figure of merit, ZT (Equation (1)) [25], or the power
factor, PF (Equation (2)).

ZT = S2σ
κT

, ð1Þ

PF = S2σ, ð2Þ

where T is the absolute temperature, S is the Seebeck coeffi-
cient, σ is the electrical conductivity, and κ is the in-plane
thermal conductivity of the film. Owing to the strong corre-
lation between S, σ, and κ, improving the PF of a thermo-
electric material without sacrificing ZT is difficult [23, 25].
CNTs act as p-type conductors in the presence of water or
oxygen, and the assembly of both p- and n-type materials
is essential for efficient thermoelectric conversion [26]. For
this reason, many efforts have been made in recent years to
develop n-type CNTs by chemical doping with electron
donors such as polyethyleneimine (PEI) [27, 28] or cationic
salts [29] such as crown ether metal complexes [30].
Although considerable progress has been made in the syn-
thesis of n-type CNTs, the optimal dopant/nanotube inter-
face design of n-type CNT films and the degradation
mechanism by molecular oxygen and water are still not
fully understood. However, since the dopants are only sol-
uble in nonaqueous solvents, only organic solvents can be
used for the preparation of functional CNT films, making
the route from fabrication to application more demanding
[31]. In addition, the film fabrication procedures are not
environment-friendly. The use of environment-friendly or
“green” processes for CNT films is desirable. To this
end, the use of water as a solvent for fabricating CNT
films is preferable to using organic solvents. Nevertheless,
as Nonoguchi et al. [30] have shown the solvent used for
CNT film preparation has a significant effect on the ther-
moelectric properties of the film. This phenomenon needs
to be studied in detail, because it may have important
implications for the fabrication of doped CNT films using
aqueous media.

To prevent the doping level and Seebeck coefficient of
CNTs from reverting to those in the air-exposed state, sur-
factant molecules are promising doping agents, because their
chemisorption on the nanotube surface can prevent the elec-
trophilic reaction of water on the electronically activated
sites. Herein, we propose a facile method for the fabrication
of flexible n-type CNT films using water as the only solvent.
The n-type behavior is induced by doping the CNTs with
cationic surfactants. Previous reports on surfactant-doped
CNTs have not elucidated the role of surfactant ionicity
and alkyl chain length, despite the need for further improve-
ment in the thermoelectric properties of the CNT-based
materials [29, 32–34]. Therefore, we investigated the effect
of the surfactant ionicity and alkyl chain length on the
organic thermoelectric properties of the CNT films. Further-
more, to determine the exact role of the dopant, a systematic
study was conducted on the effect of the preparation solvent
(e.g., nonpolar solvents, polar aprotic solvents, and polar
protic solvents) on the carrier conduction of CNTs. We
investigated the nature of the adsorption of, and interaction
between, the surfactant molecules and the CNTs to acquire
an understanding of their thermoelectric properties and
assessed whether the CNT films would be stable in air and
underwater. Finally, we fabricated a module comprising 5
p–n units using the surfactant-doped CNT films and studied
its power generation performance and stability underwater.

2. Materials and Methods

2.1. Fabrication of Surfactant-Doped CNT Film in Aqueous
Medium. The details of the chemicals used in this study
are provided in the Supplementary Material. We prepared
films from single-walled CNTs (diameter = 1:5 ± 0:8 nm;
metallic/semiconducting ratio = 1 : 2) doped with three
quaternary alkyl ammonium chloride surfactants
(CH3(CH2)nN

+(CH3)3(Cl
−)): octyltrimethylammonium chlo-

ride (OTAC; n = 7), dodecyltrimethylammonium chloride
(DTAC; n = 11), and cetyltrimethylammonium chloride
(CTAC; n = 15). Figure 1 schematically depicts the fabrication
procedure of the surfactant-doped CNT films. Briefly, 60mg
of CNTs was dispersed in 30mL of an 11mM aqueous solu-
tion of the surfactant in a 100mL tall-form beaker by a
15min ice-bath ultrasonic treatment (Ultrasonic Cleaner,
TAITEC; Branson Sonifier 250D, Central Scientific, Tokyo,
Japan). The resulting CNT suspension was immediately
filtered using a polytetrafluoroethylene (PTFE) membrane fil-
ter (pore size: 1.0μm). The film deposited on the filter was
rinsed with 4L of water to remove excess surfactant and then
allowed to stand for 3h. The films were peeled from the filter
membrane and dried overnight in a vacuum oven (60°C,
<0.1MPa). The dry, freestanding doped CNT films
(Figure S1) had a thickness of 20 ± 4:0 μm. The sample was
cut into film sizes for thermoelectric measurements. Other
surfactant-doped CNT films were also prepared, taking into
account the appropriate concentrations of reagents. The
procedures for the fabrication of CNT films using various
organic solvents, characterization of the films, and evaluation
of the flexible thermoelectric generator (TEG) are described
in the Supplementary Material.
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2.2. Chemical Stability Testing of CTAC-Doped CNT Film.
For oxygen-resistance tests, doped CNT films were cut into
rectangular pieces (4mm × 16mm) and placed in glass Petri
dishes and incubated at room temperature (25°C) in air. The
thermoelectric properties of the samples were periodically
evaluated. For water-resistance tests, rectangular film sam-
ples (4mm × 16mm) were incubated at room temperature
for a specified number of days in a 50mL screw tube
containing 30mL of water. Extracted samples were dried
overnight in a vacuum oven (60°C, <0.1MPa) and evaluated
for thermoelectric properties.

3. Results

There are various types and sizes of CNTs, and their organic
thermoelectric properties vary greatly. In this study, we used
single-walled CNTs (diameter = 1:5 ± 0:8 nm; metallic/
semiconducting ratio = 1 : 2) without purification. To clarify
the doping effect of surfactants and unexpected solvent dop-
ing on the CNTs, a preliminary study was conducted
whereby individual CNT dispersions were prepared using
19 common solvents (Figure S2). The dispersions were
homogenized and sonicated, filtered through PTFE
membranes, and dried (60°C, <0.1MPa, 12 h) to form
buckypapers. Then, the Seebeck coefficients (S) of the
buckypapers were evaluated. No surfactants or other
dispersing agents were added, and the resulting films were
studied in air without any special sealing process such as
lamination. The Seebeck coefficients at 72°C (=345K) are
shown graphically in Figure 2 and listed in Table S1. The
Seebeck coefficient of the CNT film prepared using water
as the solvent was +62:3 ± 0:2 μVK−1, which is
significantly higher than those of the films prepared using

organic solvents. In general, CNTs behave like p-type
semiconductors because they adsorb oxygen from the
atmosphere. The Seebeck coefficients of the CNT films
fabricated using organic solvents ranged from +43:8 ± 1:0
to −55:1 ± 0:4 μVK−1. The films produced with polar
protic solvents like alcohols and nonpolar or weakly polar
solvents like chlorinated compounds had a positive
Seebeck coefficient, whereas those produced with polar
aprotic solvents, such as nitrogen-containing compounds
or carbonyl compounds, had a negative Seebeck coefficient
(with the exception of the film produced in
dichloromethane, which had a positive Seebeck coefficient).
These results indicate a clear difference between the types
of charge carriers in the films obtained using different
types of solvents. This is likely due to differences in the
chemical species adsorbed on the CNTs following the
solvent processing.

The thermogravimetric profiles of the CNT samples can
provide information about the nature of the adsorption of
residual solvent molecules on the CNT surfaces [35–37].
The thermograms of both p- and n-type CNT film samples
are shown in Figure S3(A) and (B). The weight loss at
temperatures higher than 350°C of the CNTs processed in
aqueous media indicates the presence of defects on the
walls of the nanotubes [38]. Although pristine CNTs are
stable at temperatures lower than 350°C, the CNTs
processed using organic solvents exhibit a loss in weight in
this temperature range, corresponding to the thermal
evolution of solvent molecules adsorbed on the CNTs. The
weight loss of the various samples at 350°C is provided in
Table S1. It is important to note that the weight losses of the
CNT samples processed in organic solvents at temperatures
below the boiling points of the respective solvents are

Quaternary alkyl ammonium chloride WaterCarbon nanotube 

Dry

Suction filtration

OTAC (n = 7), DTAC (n = 11),
CTAC (n = 15)

CH3

CH3

CH3
n

NH3C

Cl −
+

Cationic surfactant
 doped-CNT film

Ultrasonic
homogenizer

Figure 1: Schematic depiction of the procedure for the fabrication of cationic surfactant-doped CNT films. Ultrasonic homogenization was
carried out for 15min in an ice bath. Filtration was carried out using a PTFE membrane filter (1 μm pore size). Before drying, the deposited
film was washed with 4 L of water. Finally, the film was dried in a vacuum oven (60°C, <0.1MPa).
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negligible (Figure S2), implying that the solvent molecules are
not merely physisorbed but chemisorbed or electrostatically
adsorbed on the CNTs. Collins et al. reported that the
electronic properties (thermoelectric power and local density
of states) of CNTs, which have a large specific surface, are
very sensitive to the surrounding chemical environment
[39–41]. The differences in the positive Seebeck coefficients
of the p-type CNTs obtained by processing in water,
alcohols, and chlorinated solvents may be caused by the
inhibition of molecular oxygen adsorption by the presence of
residual solvent molecules, which would reduce the oxygen
doping level of the CNTs. When CNTs are processed using
polar aprotic solvents like N,N-dimethylformamide (DMF)
and N-methylpyrrolidone (NMP), the unshared electron
pairs on the adsorbed solvent molecules are transferred to
the CNTs, inducing a change in the semiconductor behavior
from p- to n-type [42]. Even without an organic dopant, it is
possible to induce electron donation from solvent molecules
to the CNTs, i.e., dopants can have unintended n-doping
effects on CNTs. These results indicate that the solvent used
for CNT processing has a strong effect on the Seebeck
coefficient of the processed CNTs and provide a basis for
understanding the nature of CNT doping by different
chemical species. The inferences drawn from this
preliminary study are the basis for developing green
chemistry approaches for the synthesis of n-type CNTs by
doping them with cationic surfactants in aqueous media,
without recourse to organic solvents.

Figure 3 summarizes the S, σ, and PF values of the
surfactant-doped CNT films at 72°C. The Seebeck coeffi-
cients of OTAC-, DTAC-, and CTAC-doped-CNT were
− 50.9, −38.2, and− 34.2μVK−1, respectively. In contrast to
the pure CNT films, all the cationic surfactant-doped CNT
films exhibited negative Seebeck coefficients, regardless of
the length of the alkyl chain attached to the nitrogen atom
in the surfactant molecules. This implies that the surfactant
acts not only as a dispersant but also as a dopant. We studied
various ionic surfactants with C12 hydrophobic tails and
found that the doped CNTs are p-type when the dopant is
anionic and n-type when the dopant is cationic, irrespective
of the concentration of the surfactant in the aqueous solu-
tion used for dispersing the pristine CNTs (Figure S4).
Countercations are essential for stabilizing negatively
charged sites on the CNT wall. Thus, the ionicity of the
surfactant determines the type of charge carrier in the
doped CNTs. The n-doping of CNTs is caused by the
adsorption of the cationic head groups of the surfactant on
the CNT surface, likely causing an upward shift in its
Fermi energy [43]. This phenomenon indicates a Lewis
acid–base complexation between the electron-accepting
ammonium head group and the electron-donating CNTs,
which exhibit electron donation ability similar to other
aromatic compounds [32, 44]. Note that the absolute value
of the negative Seebeck coefficient decreases as the length
of the alkyl group of the surfactant increases. As the
tradeoff between the electrical conductivity and Seebeck
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Figure 2: Effect of solvent type on Seebeck coefficient at 72°C (=345K) of CNT films. Red: samples with positive Seebeck coefficients; blue:
samples with negative Seebeck coefficients. The CNT dispersions were homogenized and sonicated, filtered through PTFE membrane filters,
and dried (60°C, <0.1MPa, 12 h) prior to Seebeck coefficient measurements. No dispersants or surfactants were added.
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coefficient is well known, the Seebeck coefficients were
expected to be inversely correlated under the influence of
electrical conductivity, which will be discussed next. The
electrical conductivities (σ) of the OTAC-, DTAC-, and
CTAC-doped-CNTs were 493, 1418, and 2316 S cm−1,
respectively. Thus, the electrical conductivity increases with
increasing length of the alkyl groups in the surfactants. In
keeping with this trend, the PF values of the CNT films
doped with surfactants vary in the order CTAC > DTAC >
OTAC.

Table S2 summarizes the thermoelectric properties of
recently reported n-type CNTs obtained by chemical doping
[28, 29, 43, 45–49]. In comparison, the CTAC-doped CNTs
exhibited an excellent PF value (271μVm−1K−2), even
though their synthesis did not require organic solvents,
strongly alkaline aqueous solutions, high concentrations of
dopants in the solvents, or long doping times, unlike the n-
type CNTs presented in Table S2. Water-processable n-type
CNTs typically have a PF of around 200μVm−1K−2

[33, 43]; however, they are usually prepared by treating
a p-type CNT film with a water-soluble n-dopant, which is
not necessary in the present experiment. Doping by the most
effective dopant reported, cetyltrimethylammonium bromide
(CTAB), yields a PF value of only 210μVm−1K−2 [50]. To
the best of our knowledge, this is the first report to show
that n-type CNTs that are superior to conventional systems
can be prepared in aqueous media using appropriate cationic
surfactants. As shown in Table S2, the electrical conductivity
of the CTAC-doped CNTs is one order of magnitude higher
than those of most previously reported doped CNTs. To

elucidate the reason for this observation, the pristine and
doped CNT films were studied by high-resolution scanning
electron microscopy (SEM) (Figures 4(a)–4(d)). Pristine
CNTs aggregate into ropes or bundles owing to strong van
der Waals forces and π – π interactions between the CNT
walls [51]. The diameters of the bundles had a wide
distribution of 41:8 ± 33:7 nm (Figure 4(a)). The diameters
of the CNT bundles in the OTAC-, DTAC-, and CTAC-
doped CNT films were 36:5 ± 32:9, 34:0 ± 27:9, and 23:6 ±
22:1 nm, respectively, indicating that the surfactants induced
exfoliation of the CNTs.

From the powder X-ray diffraction pattern data, it was
found that the 2θ value of the (002) graphite peak of
CNTs was downshifted according to the alkyl chain length
of the surfactant used (Figure S5(A)). The interlayer
distance of the graphite (002) planes was widest when
CTAC molecules were intercalated into the nanotube
bundle [52]. At the same time, it was confirmed that
there were no surfactant-derived crystals in the prepared
film (Figure S5(B)). The presence of dopant molecules
was confirmed by X-ray photoelectron spectroscopy
(XPS). The XPS N 1 s region scans of the pristine and
surfactant-doped CNTs (Figure S6) revealed that the
longer the alkyl chain in the surfactant molecule, the greater
the amount of surfactant adsorbed on the CNTs. This
evidence suggests that the surfactant is present in molecular
form in the CNT films. Overall, the morphology of the
CNTs, as revealed by the SEM images, indicates exfoliation
of the CNT bundles in the aqueous surfactant solution,
enabled by the adsorption surfactants on the hydrophobic
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CNT surfaces, which renders the CNT surfaces hydrophilic
and makes them easier to disperse [53, 54]. In particular,
CTAC molecules have been shown to weaken the chemical
interactions between CNT tubes, resulting in the exfoliation
of CNT ropes, which increases the number of conduction
pathways available for charge transport in the CNT films [55].

Water-vapor adsorption isotherms (Figure 5(a)) were
acquired to examine the surface properties of the CNT films.
The isotherms are S-shaped, with significant water vapor
adsorption observed above a relative pressure (P/P0) of 0.5.
Importantly, the surfactant-doped CNTs adsorbed signifi-
cantly higher amounts of water than the pristine CNTs,
especially at lower relative pressures (0 < P/P0 < 0:4). In this
regard, the apparent H2O specific surface areas of the pris-
tine and OTAC-, DTAC-, and CTAC-doped CNTs were
determined by the Brunauer–Emmett–Teller (BET) method
to be 14, 49, 103, and 120m2 g−1, respectively (Figure 5(b)),
which indicates that the surfactant-doped CNTs had higher
affinity for water owing to the surfactant molecules adsorbed
on the walls of the nanotubes. Further, the order of the BET
surface areas is consistent with that of the bundle diameters
shown by the SEM images, suggesting that the longer the
alkyl chain in the surfactant molecule, the greater the
amount of surfactant adsorbed on the nanotubes and the
better the exfoliation. Therefore, the use of CTAC, which
has the longest alkyl chain of the surfactants used, may have
resulted in better dispersion of the CNTs in water. In order
to further confirm the results, we measured the N2 adsorp-
tion isotherms at −196°C. The plot between the specific sur-
face area, obtained using the BET method for each
surfactant-doped CNT film, and the apparent surfactant
content in the film determined using TG measurement is
shown in Figure S7. The N2 specific surface areas of the
nanotubes decreased with the tail length of the surfactant
molecules, which implies that the adsorbed surfactant

eliminates the mutual force between the CNT surface and
the adsorbed N2. It is important to note that the surface
areas of the bare nanotube in the CNT film tend to
decrease as the amount of surfactant in the film increases.
Therefore, the longer the tail of the dispersed surfactant,
the greater the amount of surfactant remaining in the film.

The chemical interactions and possible charge transfer at
the nanotube/surfactant interfaces of the doped CNT sam-
ples were studied by Raman spectroscopy (Figure 5(c)).
The G-bands can be seen at 1589, 1590, 1591, and
1592 cm−1 for the pristine and OTAC-, DTAC-, and
CTAC-doped CNTs, respectively. The shift in the G-band
wavenumber is proportional to the length of the alkyl chain
of the surfactant. The blue shift of the G-band was predicted
to depend on the coverage of the surfactant molecule, and it
indicates that the surfactant molecules donate electrons to
the CNTs. Such a shift in the position of the G-band has
often been observed for CNTs coated with amphiphilic poly-
cations [56, 57]. Therefore, the Raman spectra suggest that
the surfactant molecules are not merely physisorbed on the
CNT surfaces but contribute to charge transfer to the CNTs.
The creation of defects on the CNT backbone as a result of
chemical treatment can be assessed from the ratio of the area
under the D-band, which is related to structural defects, to
that under the G-band, which is related to the graphitic
structure of the nanotubes [51]. No noticeable changes in
the D/G ratio can be observed in the spectra of the
surfactant-doped CNTs compared to that of the pristine
CNTs, indicating that no significant defects or new func-
tional groups have been introduced on the nanotube walls.
This implies that the interaction between the cationic surfac-
tants and the CNTs is noncovalent in nature. Figure S8
shows the low-frequency radial breathing modes (RBM) of
the surfactant-doped CNTs. The intensity of the RBMs is
reduced by surfactant-doping, as the adsorption of

250 nm

250 nm 250 nm

(a) (b)

(c) (d)

250 nm

Figure 4: SEM images of (a) pristine and (b) OTAC-, (c) DTAC-, and (d) CTAC-doped CNT films.
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surfactant molecules on the CNT walls hinders the
expansion/contraction vibration of the nanotubes [58].
This observation is consistent with surfactant-wrapping, as
has also been observed for CNTs coated with PEI [28].

It remains a challenge to synthesize CNT-based thermo-
electric materials using stable n-type doped CNTs that are
not sensitive to atmospheric oxygen and in which the dop-
ants do not undergo degradation. The stability of the
CTAC-doped CNTs was evaluated by exposing them to air
and measuring their properties after various intervals of time
(Figure 6(a)). The initial values of S and PF for CTAC-doped
CNTs are −34.2μVK−1 and 271μVm−1K−2, respectively,
and showed very little variation over a period of 185 days.
These results indicate that the thermoelectric performance
of CTAC-doped CNT showed no significant degradation
in air. The stability of our CTAC-doped CNTs is comparable
with that of n-type CNTs obtained by doping with 2-aryl-
1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole [47] and
superior to that of n-type CNTs in most other previous
reports (Table S2).

To evaluate dedoping, the doped CNT films were stored
in water, and their thermoelectric properties measured at
various intervals over a period of 28 days (Figure 6(b)).
For reference, CNTs doped with NaBH4 and PEI were also
subjected to identical testing (Figure S9). The values of S
and PF for the CTAC-doped CNTs were nearly constant
over the testing period, implying that the CTAC molecules
were stably anchored to the surface of the nanotubes, and
their adsorption was not reversed by immersion in water.
The NaBH4-doped CNTs switched from n- to p-type
behavior after 7 days of immersion in water, while the
Seebeck coefficient for PEI-doped CNTs was nearly
constant over 28 days. This suggests that the NaBH4-doped
CNTs lack a protective layer to shield the CNTs from
attack by H2O molecules. On the other hand, the PEI-
doped CNTs were shielded by the PEI chains wrapped
around the CNTs. The similarity in the stability of our
CTAC-doped CNTs with those of PEI-doped CNTs
suggests that the CTAC molecules are wrapped around the
nanotubes, forming a protective layer (Figures 7(a) and
7(b)). It is worth emphasizing that the wrapping of the

cationic electron cloud inhibits direct contact of molecular
oxygen and water with the CNTs, thus, preserving the
electron carrier pathway. The low stability of n-type
organic semiconductors in the presence of water has been
a major concern for a long time [59, 60]. We have
addressed this problem by optimizing the interface
between the surfactant and the CNTs, as a result of which
stable n-type characteristics—that were not reversed even
when the material was submerged in water for a prolonged
period—were induced.

We created modules incorporating CTAC-doped CNTs
(n-type) and sodium dodecylbenzenesulfonate- (SDBS-)
doped CNTs (p-type). The detailed thermophysical proper-
ties and ZT values of the p- and n-materials used in the
module configuration are summarized in Table S3. Five
p- and n-type films, cut to a length of 6 cm and width of
0.5 cm, were alternately laid out on a polyimide substrate.
The films were connected in series using Ag paste electrodes
to produce a 5-unit p–n device (Figure 8(a)). Figure S10(A)
shows a schematic of the module evaluation. The hot
end of the device was heated on a heating plate, and the
cold end was exposed to air. The temperatures of the
hot (Thot) and cold (Tcold) ends were monitored using
data acquisition and a logging multimeter system. The
temperature difference ΔT ð= Thot − TcoldÞ was controlled
by regulating the temperature of the heating plate.
Figure 8(b) shows the voltage generated for each value of
ΔT . The theoretical voltage (VTH) was calculated as
follows [61]:

VTH = NpSp +NnSn
� �

ΔT , ð3Þ

where N and S are the number of units and Seebeck
coefficient of the corresponding p- and n-type CNT
films, respectively. The actual voltage (VAC) of the
fabricated device shows a good linear relationship with Δ
T , and its value is very close to that of VTH. The output
power–output current and output voltage–output current
curves of the CNT base module at ΔT = 15, 30, 45, 60,
and 75°C are shown in Figure 8(c). The output power–
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output current curve was parabolic, and the maximum
output powers (PAC) at ΔT = 15, 30, 45, 60, and 75°C were
approximately 0.24, 0.75, 2.23, 3.40, and 6.32μW,
respectively. The maximum power density of this device
was found to be 117μWg−1 at ΔT = 75°C. The theoretical
output power (PTH) was calculated as follows [49]:

PTH =
VTH

2

4Ri
, ð4Þ

where Ri is the internal resistance of the fabricated p–n device
(16.3Ω). The results show that the internal resistance of these
modules is relatively low compared to those of previously
reported organic thermoelectric modules [61, 62]. The PAC
values for ΔT = 15, 30, 45, 60, and 75°C compare favorably
with the PTH values calculated using Equation (4)
(Figure S10(B)), suggesting that higher power output can be
achieved by connecting more units in series. The water-
resistance of the CTAC-doped CNTs incorporated in the
modules was also investigated. The unsealed module was
immersed in 900mL water as shown in Figure 9(a). The
modules were then removed after intervals of 5 days, dried
overnight in a vacuum oven (60°C, <0.1MPa), and the
output of the modules (ΔT = 45 and 75°C) was measured
(Figure 9(b)). The total duration of the test was 30 days.

The decrease in the module output over the duration of
the test is low at both temperature gradients (20 ± 2:4% for
ΔT = 75°C), indicating that the power generation
performance of the device is stable and the CTAC-doped
CNTs in the module are water-resistant. In recent reports
of soft flexible electronics for underwater applications like
organic solar cells [19], bionic stretchable nanogenerators
[63], and tribo-ferroelectric electronic textiles [18], water
resistance was ensured by coating the generators with
polymer films or carbon fibers. This additional
waterproofing layer is not necessary for our thermoelectric
power generation module based on surfactant-doped CNTs.
The bare organic thermoelectric modules are capable of
providing stable power on the order of microwatts after
submergence in water for several days, implying that they
can be reliably used for energy recovery and reuse in
underwater applications.

4. Discussion

Measurement of the Seebeck coefficients of surfactant-free
CNT films prepared using 19 commonly used organic sol-
vents indicated that the carrier properties of the CNTs were
considerably affected by the residual solvent adsorbed on the
CNT surfaces. CNTs exhibited p-type behavior when proc-
essed in polar protic or nonpolar chlorinated solvents and
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n-type behavior when processed in polar aprotic solvents.
The CNT film prepared using water had the highest value
of S (+62:3 ± 0:2 μVK−1). We found that cationic surfactants

are suitable dopants for CNTs to induce a change from p- to
n-type behavior. In general, it is difficult to fabricate n-type
CNT membranes using aqueous solutions because the
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electrophilic reaction between the electron activation sites
and water molecules causes the doping level and Seebeck
coefficient of CNTs with n-type doping to revert to the air-
exposed state. However, the cationic head groups of surfac-
tants can induce n-type behavior in CNTs, even when using
aqueous media. The extent of exfoliation of the CNT bun-
dles, and concomitantly, the electrical conductivity, and
thermoelectric PF of the CNT films increase with increasing
surfactant tail length.

Ethanol-containing polyethyleneimine has excellent PF
values with high electrical conductivity, as summarized in
Table S2. This is because the host material is a CNT film
deposited in situ by chemical vapor deposition, which
provides good contact at the intertube junctions. A
common method for fabricating CNT films is by filtering
dispersed CNT solutions (filter-deposited buckypaper),
whereby the contact between nanotube bundles is weak
and blocked by insulating surfactant residues or n-type
dopants. This process unfortunately creates an insulating
barrier between CNT bundles, resulting in high resistance
between the CNTs and an electrical conductivity of less than
1000S cm−1. In contrast, the proposed method, whereby
CNT films are prepared using an aqueous solution of a
cationic surfactant with a long alkyl chain, is expected to
reduce the bundle size of the random CNT network and
improve the contact at intertube junctions, as the excess
dopant agent is washed away. In other words, the green
route using surfactant solution in this work is an optimal
strategy for increasing the n-type PF value and electrical
conductivity, since sufficient washing removes the excess
surfactant without dedoping through strong chemical
interaction between the surfactant hydrophilic group and the
nanotubes. To fully oxidize the samples, we immersed them
in water for a long time. The thermoelectric properties of the
immersed films showed no significant changes for at least 28
days, demonstrating that the n-doped CNTs are stable
underwater. We infer that the adsorption layer of surfactant
molecules acts as a barrier layer to maintain air stability for a
long time. It is speculated that this is because the negatively
charged doping sites are less sensitive to oxygen and water.
Although n-type CNTs have been extensively studied over
the past few decades, their electrical conductivity and poor
chemical stability, as well as the lack of inexpensive and low-
waste methods in liquid-phase doping, have remained a
challenge. The proposed method has the potential to address
the current concerns of n-type materials from preparation to
characterization and provides a strategy that can lead to
future industrial applications of water-treatable n-type
thermoelectric membranes for advancing energy and fuel
conversion. A thermoelectric power generation module
comprising CTAC- and SDBS-doped CNTs was able to
generate power underwater in the order of microwatts for 30
days. To the best of our knowledge, there are no reports of
water-treatable flexible organic TEG, and hence, our results
constitute a milestone.

In this study, CNTs with relaxed semiconducting and
metallic components were used; however, the use of semi-
conducting CNTs with high Seebeck coefficients can acceler-
ate the study of physical properties of thermoelectric

materials and should be explored in the future. Additionally,
CNTs produced via suspended chemical vapor deposition in
a catalytic atmosphere or by directly forming fiber/yarn have
high electrical conductivity and p-type PF due to the
increased longitudinal carrier mobility because of their
highly ordered structure. The present study suggests that
the impregnation of CNT yarns in dilute CTAC aqueous
solutions will also facilitate the synthesis of water-treatable
n-type materials with high conductivity. The results of this
study are not limited to films only and can also be expanded
to flexible and moldable CNT forms, such as fibers and mats.
Our green approach for the synthesis of water-resistant n-
type CNTs may provide important insights for future
endeavors for the development of organic thermoelectric
materials for efficient and sustainable energy conversion.
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