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Origin of n type properties

in single wall carbon nanotube
films with anionic surfactants
investigated by experimental
and theoretical analyses

Susumu Yonezawa, Tomoyuki Chiba, Yuhei Seki & Masayuki Takashiri"™

We investigated the origin of n-type thermoelectric properties in single-wall carbon nanotube
(SWCNT) films with anionic surfactants via experimental analyses and first-principles calculations.
Several types of anionic surfactants were employed to fabricate SWCNT films via drop-casting,
followed by heat treatment at various temperatures. In particular, SWCNT films with sodium
dodecylbenzene sulfonate (SDBS) surfactant heated to 350 °C exhibited a longer retention period,
wherein the n-type Seebeck coefficient lasted for a maximum of 35 days. In x-ray photoelectron
spectroscopy, SWCNT films with SDBS surfactant exhibited a larger amount of sodium than oxygen
on the SWCNT surface. The electronic band structure and density of states of SWCNTs with oxygen
atoms, oxygen molecules, water molecules, sulfur atoms, and sodium atoms were analyzed using
first-principles calculations. The calculations showed that sodium atoms and oxygen molecules
moved the Fermi level closer to the conduction and valence bands, respectively. The water molecules,
oxygen, and sulfur atoms did not affect the Fermi level. Therefore, SWCNT films exhibited n-type
thermoelectric properties when the interaction between the sodium atoms and the SWCNTs was
larger than that between the oxygen molecules and the SWCNTs.

Single-wall carbon nanotubes (SWCNTs) are novel polyaromatic molecules with small diameters (~4 nm) and
large length scales (~ 10 um)*. Owing to their unique structure, they exhibit excellent electronic, thermal, and
mechanical properties?™*. In particular, various electronic characteristics appear depending on the chirality
and diameter of the SWCNTs>%. Thus, significant progress has been observed in electronics applications such
as thin-film transistors, fuel cells, and lithium-ion batteries” . Recently, SWCNTs have been considered for
application to thermoelectric generators, which produce electricity from ambient thermal energy. SWCNTs
exhibit high electrical conductivity and high Seebeck coefficient!®~'2. This suggests that SWCNTs can exhibit
good power factor (PF) which indicates the generated power per unit temperature difference and is expressed as
PF=08? where o and S are the electrical conductivity and Seebeck coeflicient, respectively. For thin-film ther-
moelectric materials, the PF is often used as a thermoelectric performace’*~*. However, SWCNTs exhibit high
thermal conductivity'®. Thus, SWCN'Ts have a detrimental effect on the dimensionless figure of merit (ZT) which
indicates the energy conversion efficiency of materials and is expressed as ZT=0S?T/x, where « is the thermal
conductivity. In addition to their good thermoelectric performance, SWCNTs are inherently flexible; hence, they
can be used to create flexible thermoelectric generators with high thermoelectric performance!’-?'. Therefore, a
flexible thermoelectric generator using SWCNTs can be used as a power supply for wearable electronic devices
and wireless sensor networks?~>.,

One of the most important aspects to consider in the application of SWCNTSs to thermoelectric materials is an
understanding of the n-type semiconducting properties of SWCNTs. Owing to defects, pristine SWCNTs exhibit
n-type properties, which immediately change to p-type ones when the SWCNT are exposed to air®®. Under these
circumstances, many researchers have attempted to fabricate SWCNTs with n-type properties using various
experimental approaches?’-!. Nakashima et al. prepared air-stable n-type SWCNTs doped with benzimidazole
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derivatives and discussed their air-stable mechanism*. Nonoguchi et al. investigated new doping reagents of
ordinary salts with crown ethers to create air- and thermally stable n-type SWCNTs*.

These pioneering studies motivated us to explore air-stable n-type SWCNTs using a facile fabrication pro-
cess. Thus, we prepared SWCNT films with different anionic surfactants followed by heat treatment*. Anionic
surfactants are the most common type of surfactants and have excellent salt resistance and solubility in organic
solvents. We used sodium dodecyl sulfate (SDS), sodium dodecylbenzene sulfonate (SDBS), and sodium cholate
(SC), and found that the SWCNT films with SDBS exhibited the most air-stable n-type properties. The next step
was to analyze the structure of n-type SWCNTs in detail, and to computationally clarify the origin of the n-type
property of SWCNTSs with anionic surfactants.

In this study, we explored the origin of n-type SWCNT films with anionic surfactants using experimental
analyses and first-principles calculations. The n-type SWCNT films were prepared by adding different anionic
surfactants, followed by heat treatment. The structural and thermoelectric properties excluding the thermal
conductivity of the SWCNT films prepared using various surfactants were analyzed. The thermal conductivity
will be measured in the future. The electronic band structure and density of states (DOS) of the SWCNT films
with varying surfactants were determined from first-principles calculations.

Experimental setup

Super growth-carbon nanotubes (SG-CNTs; ZEONANO SG101, purity >99%, ZEON) were used as the SWCNTs.
The anionic surfactants used in this study were SDS: NaC,,H,;SO, (purity >95%, Fujifilm Wako Pure Chemicals),
SDBS: C,gH;9NaO;S (purity >95%, Tokyo Chemical Industry), and SC: C,,H;0NaO (purity > 98.5%, Fujifilm
Wako Pure Chemicals). These surfactants were used in their received state without further purification. The
SWCNT dispersion solution was prepared by dispersing SWCNT powders in deionized water. The concentra-
tion of SWCNTs in the dispersion solution was maintained at 0.2 wt%, and the weight of the added surfactant
was 5 times that of the SWCNT powders. To disperse the SWCNTs and surfactant more uniformly, an ultrasonic
homogenizer (SONICS85: AZ-1 Corporation) was used at an output power of 60 W for 30 min.

The SWCNT films with surfactants were formed by drop-casting, followed by heat treatment at different
temperatures. To form a film over the entire area, 0.9 mL of SWCNT dispersion solution was dropped on a glass
substrate (25 mm x 20 mm x t1.1 mm). After the films were dried in air for 24 h, they were heat-treated in an
electric furnace to remove water from the surfactant and connect the SWCNTSs and elements of the surfactants.
The furnace was filled with a gas mixture of Ar (95%) + H, (5%) at atmospheric pressure, and the treatment
temperature was varied from 150 to 450 °C, while the treatment time was maintained at 1 h. The approximate
film thickness was 10 pm.

The in-plane Seebeck coefficients, S, of the SWCNT films were measured at approximately 293 K with an
accuracy of + 5% using a system developed in-house. To evaluate the time dependence of the Seebeck coeflicient,
the measurement was first performed at 1-day intervals for a total of 7 days. The detailed measurement procedure
is described in our previous report". In brief, one end of the film was placed on a heat sink, whereas the other
end was placed on a heater. Two K-type thermocouples (diameter of 0.1 mm) were held at the middle of the
film with a gap of 13 mm between them. The temperature difference between the thermocouples was controlled
from 1 to 5 K, whereas the thermoelectric power was measured at 1 K increments. The Seebeck coefficient, S,
was obtained from the linear approximation of the voltage-temperature slope.

The chemical structures of the SWCNTSs were evaluated using a Raman microscope with an Ar* laser beam
excitation at 514.5 nm (XploRA: HORIBA) and X-ray photoelectron spectroscopy (XPS; ULVAC-PHI Quantum
2000). The microstructures of the SWCNT films with surfactants were characterized by transmission electron
microscopy (TEM) (JEM-2100F, JEOL). The color mapping of the atomic distribution was evaluated using an
energy dispersive X-ray analyzer (EDX) in a JEM-2100F

Calculation details. Based on the density functional theory, the electronic band structure and DOS of the
SWCNT films with surfactants were calculated using Quantum ESPRESSO software version 5.2°>%. To sim-
plify the calculation, we employed the semiconducting type of SWCNTs while both metal and semiconducting
types of SWCNTs were formed during the synthesis. This is because the presence of the metallic SWCNTs does
not vary significantly the influence of the molecules on top of the nanotubes®. In the semiconducting type of
SWCNTs, an SWCNT with chirality of (8,4) and a diameter of 0.84 nm was chosen to compare the calculation
analyses with experimental results. This is because the chirality of (8,4) was known to exhibit semiconducting
properties corresponding to that of the SG-CNTs***, and the diameter of 0.84 nm largely coincided with the
experimental result. The initial geometry of the SWCNTs was obtained from the TUBEGEN 3.4 program™.

To make the model systems, pristine SWCNTs and SWCNTs interacting with oxygen atoms or molecules,
water molecules, or sodium or sulfur atoms were prepared. The adsorption was performed with no replacement
of the carbon atoms, and the positions of the adsorption atoms were determined after structural optimization
considering the Van der Waals interactions between SWCNTs and atoms/molecules placed on top using the
DFT-D3 method*'. To avoid interaction between SWCNTs, each SWCNT was placed in the center of a supercell,
and vacuum layers of 1.0 nm were provided on the top, bottom, left, and right of each SWCNT.

Calculations were performed based on ultrasoft pseudopotentials and Perdew-Burke-Ernzerhof generalized
gradient approximation for the exchange correlation functional****. The Monkhorst-Pack method was used for
sampling K meshes. Grids with dimensions of 1 x 1 x 6 were used for self-consistent field (SCF) calculations,
whereas grids with dimensions of 1 x 1 x40 were used for non-self-consistent field (NSCF) calculations. The
energy cutoffs and electron charge densities were set to 66 and 326 Ry, respectively. The coordinates of the carbon
atoms in the SWCNTSs and the lattice constant were fixed, and the structure was optimized at the coordinates
of the surfactant atoms.
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Figure 1. Raman spectrum of SWCNTs (SG-CNTs). Inset indicates a detailed analysis of the RBM modes
ranging from 100 to 400 cm™.

Results

Experimental results. The Raman spectrum of the SWCNTs is shown in Fig. 1. Radial breathing mode
(RBM) peaks were observed in the range 100-300 cm™, as shown in the inset of Fig. 1. There were several RBM
peaks in the spectrum, indicating that they exhibited a chirality distribution and different diameters. We calcu-
lated the SWCNT diameter (d) using the RBM frequency (v), which is expressed as d (nm)=223.75/v (cm™)*.
As a result, the SWCNT diameters ranged from 0.8 to 1.5 nm. In particular, distinct peaks appeared at 166.5,
180.3, and 269.6 cm™!, corresponding to diameters of 1.34, 1.24, and 0.83 nm, respectively. Conversely, the high-
frequency region of the Raman spectrum of the SWCNTs revealed G- and D-bands at approximately 1590 and
1350 cm™, respectively. In general, the G-band is a graphite-derived spectrum of carbon atoms in a hexagonal
lattice, whereas the D-band appears when the defects of the carbon basal plane lattices are included in the crystal
lattice of SWCNTs*. Thus, the ratio (I/I,) between the integral intensities of the G- and D-bands reflects the
defect density. The I/I}, ratio for the SWCNTSs was 9.4, which was lower than that of SWCNTs synthesized using
other methods***.

The relationship between the in-plane Seebeck coeflicient of the SWCNT films with different surfactants
and the heat treatment temperatures is shown in Fig. 2a **. All the Seebeck coefficients were measured within
1 day of heat treatment. The Seebeck coefficients of the surfactant-free SWCNT films and SWCNT films with
SDS exhibited positive (p-type) Seebeck coeflicients at all heat treatment temperatures. Conversely, the SWCNT
films with SDBS and SC exhibited negative (n-type) Seebeck coeflicients when the heat treatment was performed
in the range 150-350 °C. The negatively highest Seebeck coefficient for both SWCNT films with SDBS and SC
was approximately — 50 uV/K. To investigate the stability of the n-type Seebeck coefficient of the SWCNT films,
the retention period of the n-type Seebeck coefficient as a function of the heat-treatment temperature is shown
in Fig. 2b. The n-type Seebeck coefficient of the SWCNT films with SDBS showed relatively high stability. The
stability improved drastically when the heat treatment temperature was approximately 200 °C. In particular, the
maximum retention period was 35 days at a treatment temperature of 350 °C. Conversely, the stability of the
n-type Seebeck coefficient of SWCNT films with SC was lower than that of the SWCNT films with SDBS. The
maximum retention period was 6 days at a treatment temperature of 250 °C.

Figure 3 shows TEM images of the SWCNT films with different surfactants. In particular, as the stability of the
n-type Seebeck coefficient of the SWCNT films depended on the heat treatment temperature, the typical TEM
images of the SWCNT films for each surfactant at the temperature allowing for the longest retention period are
presented; SDS at 150 °C, SDBS at 350 °C, and SC at 250 °C. The insets of the figures show that dozens of SWC-
NTs were bundled. No matter which surfactant was used, the elements of the surfactant were attached around
the SWCNTs, and, thus, no difference was observed between the different surfactants.

The color mapping of the atomic distribution in the SWCNT films with different surfactants is shown in
Fig. 4. Color mapping and TEM observations were performed simultaneously using the same samples. In the
SWCNT film with SDS (NaC,,H,;S0O,), a signal from oxygen was clearly observed. The brightness of the signals
originating from the sodium and sulfur atoms was lower than that of the signals originating from the oxygen
ones, indicating that many oxygen atoms or molecules or water molecules were adsorbed on the SWCNT surface.
In the SWCNT film with SDBS (C;3H,,NaO5S), the brightness of the signal from oxygen decreased, and that
from sodium increased, compared to the SWCNT film with SDS. In the SWCNT film with SC (C,,H3,NaO),
the signal from the oxygen was the strongest, followed by that from sodium. A negligible signal from sulfur was
detected because the SC did not contain sulfur atoms.

The color mapping using EDX is conveniently to estimate the atomic distribution on the surface, but it is
difficult to perform the quantitative analysis. Therefore, to clarify the quantitative balance between oxygen and
sodium on the SWCNTs, the XPS analysis was performed, as shown in Fig. 5. In all the SWCNT films with differ-
ent surfactants, the spectra of Ols and Nals were observed in the range of binding energy from 500 to 1200 eV.
The highest peak intensity ratio of Na/O was 2.29 at the SWCNT film with SDBS while the lowest one was 1.18

Scientific Reports |

(2021) 11:5758 | https://doi.org/10.1038/s41598-021-85248-9 nature portfolio



www.nature.com/scientificreports/

—m—Surfactant-free
+-SDS

~e-SDBS
—4—SC

Seebeck coefficient S (UV/K)
—
o

n-type S retention period (day)
N
o

0 1
0 50 100 150 200 250 300 350 400 450
Heat treatment temperature (°C)

Figure 2. (a) Seebeck coefficients of SWCNT films with different surfactants as a function of heat-treatment
temperature. (b) Retention period of n-type Seebeck coefficients of the selected SWCNT films depending on the
heat-treatment temperature.

Figure 3. Surface TEM images of SWCNT films with different surfactants at heat treatment temperatures
exhibiting long retention period of an n-type Seebeck coeflicient. (a) SDS at 150 °C, (b) SDBS at 350 °C, and (c)
SCat 250 °C.

at the SWCNT film with SDS. These results indicated that a relatively large amount of sodium atoms existed on
the surface of the SWCNT film with SDBS compared to those of the SWCNT films with SDS and SC. Therefore,
we concluded that the SDBS surfactant had sufficiently covered the SWCNTs and prevented oxygen atoms or
molecules and water molecules from adhering to the SWCNT surface.

Calculation analysis. Figure 6 shows the electronic band structure and DOS of the pristine SWCNTs and
the SWCNTs surrounding various atoms. The insets describe the molecule models showing the positional rela-
tionship between the SWCNTs and surrounding atoms. The diameter of the SWCNTs was set at 0.84 nm, as
mentioned in the section of experimental setup, even though there were three distinct peaks observed in the
Raman spectra, as shown in the inset of Fig. 1. This is because 0.84 nm is the smallest diameter among the three
peaks, corresponding to the minimum atomic number in a unit cell, which contributes to making calculations
as short as possible. As a result of several patterns of structural optimization, adjusting the initial positions of the
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Figure 5. XPS spectra of SWCNT films with different surfactants, determined by XPS.

added atoms or molecules, it was found that the stable position of the atoms or molecules was different for each
type of atom or molecule. The oxygen atom was located just above the carbon bonds at a distance of 0.093 nm.
The oxygen molecule was located away from the SWCNT surface compared to the oxygen atom, at a distance
of 0.331 nm. The water molecule was located farther away from the SWCNT surface compared to the oxygen
molecule, at a distance of 0.365 nm. The sulfur atom was located just above the carbon bonds at a distance of
0.166 nm, whereas the sodium atom was located directly above the center of the six-membered ring at a distance
0f 0.222 nm.

When no atoms were on the SWCNT (i.e., the pristine SWCNT), the Fermi level was exhibited approximately
in the middle of the bandgap (Fig. 6a). The Fermi level did not shift to the side of the conduction band because
the calculations in this study did not consider the defects in the SWCNTs. When the oxygen atom was on the
SWCNT, the Fermi level did not shift from that observed for the pristine SWCNT (Fig. 6b). In the case of oxygen
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Figure 6. Calculated electronic-band diagrams and densities of states (DOSs) of (a) pristine SWCNT and
SWCNTs with (b) oxygen atom, (c) oxygen molecule, (d) water molecule, (e) sulfur atom, or (f) sodium atom
attached.
molecules, the Fermi level shifted considerably to the edge of the valence band, as electrons were transferred from
the SWCNT to the oxygen molecules, indicating a positive (p-type) Seebeck coefficient (Fig. 6¢). When the water
molecule was on the SWCNT, the Fermi level was exhibited approximately in the middle of the bandgap (Fig. 6d),
which was the same trend observed as when the sulfur atom was on the SWCNT (Fig. 6¢). Conversely, when
the sodium atom is located above the SWCNT, the Fermi level shifts upwards and overlaps with the conduction
band, as electrons are transferred from the sodium atom to the SWCNT, indicating a negative (n-type) Seebeck
coeflicient (Fig. 6f). Therefore, we concluded that the oxygen molecules caused a positive Seebeck coefficient, and
the sodium atoms caused a negative Seebeck coefficient. Moreover, the distance between SWCNT and sodium
atom (0.222 nm) is shorter than that between SWCNT and oxygen molecule (0.331 nm). This indicated that
sodium atom has a more dominant influence of Fermi level shift than oxygen molecule.

Here, it should be noted that we could not perform the calculations using the SWCNT systems with diameters
larger than 1.24 and 1.34 nm, corresponding to the experimental results shown in the inset of Fig. 1. This is
because the number of atoms in a unit cell became large when the diameter of the SWCNTs increased?®, result-
ing in the requirement of a computational capacity beyond the capacity of our system. However, although the
magnitude of the Seebeck coefficient is known to depend on the diameter of the SWCN'Ts, we consider that the
appearance of p-type or n-type SWCNTs with surfactants that possess larger diameters is the same when the
diameter of the SWCNT is small*®. This is because the transfer of electrons between the oxygen molecules or
sodium atoms and the SWCNTs does not depend on the diameter of the SWCNTTs; that is, there is no significant
change in the band structure and DOS of SWCNTs with larger diameters.

Discussion

We studied and described how the structure and elements of the surfactants contribute to the n-type thermoelec-

tric properties of the SWCNTSs. The coverage of the surfactant over the SWCNTs differs depending on the type

of surfactant used. Using simulations, Hirano et al. reported the superiority of SDBS for CNT surface coverage

compared to several other surfactants®. In this study, when the surfactant dispersed the SWCNTS, the surfactant

worked to envelop the entire SWCNT; the coating condition was thought to inhibit the oxidation of the SWCNTs.
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The coverage advantage is enhanced when the surfactants have chains and benzene rings, such as in SDBS. Thus,
when the SWCNTs covered with SDBS surfactant are deoxidized by heat treatment, the sodium atoms introduced
by the surfactant become more numerous. At this time, the SWCNTs exhibited an n-type Seebeck coefficient.
However, the Seebeck coefficient changed to p-type after a long period of time (35 days) because the oxygen
molecules adsorbed to the SWCNT surface again. Conversely, when SDS and SC were used as surfactants, the
coverage of the SWCNT surface was insufficient, allowing the oxygen molecules to penetrate the SWCNT surface.
In this case, the Seebeck coefficient either did not change to n-type or had an unstable n-type state. Therefore,
we clarified the origin of n-type thermoelectric properties in the SWCNT films with anionic surfactants and the
cause of the deterioration of n-type properties over time. To further stabilize the n-type properties for a long
time, it is necessary to use a sodium-based surfactant that tightly binds to the SWCNT surface or seal the surface
to prevent oxygen molecules from entering the SWCNT.

Conclusions

We investigated the effect of surfactants on the thermoelectric properties of SWCNT films at different heat treat-
ment temperatures. Pristine SWCNTs and SWCNT films with SDS surfactant maintained their p-type properties
in all temperature ranges. The SWCNTs with SDBS and SC surfactants showed n-type properties when subjected
to heat treatment at temperatures ranging from 150 to 350 °C. In particular, the SWCNTs with SDBS exhibited
a longer retention period in the n-type property, with a maximum of 35 days at 350 °C. The electronic band
structure and DOS of the SWCNTs (chirality (8,4)) with oxygen atoms, oxygen molecules, water molecules, sulfur
atoms, and sodium atoms were evaluated using first-principles calculations. It was found that sodium atoms and
oxygen molecules moved the Fermi level closer to the conduction and valence bands, respectively, resulting in a
change in the Seebeck coeflicient. Therefore, we demonstrated that the structure and elements of the surfactants
were responsible for the presence and stability of the SWCNT film’s n-type property.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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