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Doping control of carbon nanotube (CNT) is crucial for thermoelectric (TE) application to maximize the
power conversion efficiency. Despite the recent achievement of good air stability by organic salts for n-
type carrier doping, their doping mechanism has not been systematically investigated so far. Here, we
demonstrate doping of CNT yarn using ammonium salts with different halogen elements (tetra-
butylammonium salts, TBAX where X = Cl, Br, or ) through the dipping technique. By changing the
halogen element, we specifically investigated the halogen effect in the n-type doping process of CNT.
The introduction of each material into the CNT yarn and its doping reaction were then studied by
energy-dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy. Halogen element was

found to affect the excess amount of TBA™ cation in the CNT yarn. The largest amount of excess TBA* is
Received 5th June 2023

Accepted 5th July 2023 found in the TBAI-doped yarn, which stabilizes the most amount of negative charge in CNT, enhancing

the TE performance and its stability over one month in air. This study discovers the importance of the

DOI: 10.1039/d3ra03755) halogen element in the doping process of CNT-based TE materials by organic salts, simultaneously
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1 Introduction

Organic thermoelectric (TE) devices have been attracting
research interest by directly converting waste heat to electricity,
especially for flexible energy harvesting field.®* Among the
potentially suitable materials for thermoelectric generators,
carbon nanotube (CNT)*'* has emerged due to its high electrical
conductivity, mechanical robustness, flexibility, lightweight,
and solution processing capability. The efficiency of TE mate-
rials is generally evaluated by the dimensionless figure of merit
(2T), which is defined as ZT = «*0T/k, where «, g, T and « are
Seebeck coefficient, electrical conductivity, absolute tempera-
ture and thermal conductivity, respectively, and the factor ¢’s is
frequently referred to as power factor (PF)."* In general, high
Seebeck coefficient, high electrical conductivity, and low
thermal conductivity are prerequisites for high TE performance.
Although CNT-based materials show relatively high o values,
they also show high « values,**™* which is not beneficial for high
TE performance. Therefore, it is necessary to reduce the thermal
conductivity of CNTs by forming a composite, as has been done
by several researchers.>"”
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offering an efficient and stable n-type doping strategy.

Another important method to enhance CNT's TE perfor-
mance is optimizing carrier concentration by doping.'®*
Generally, doping mechanisms can be categorized into two
types - ‘charge transfer’ between host and dopant by adding
neutral dopant molecules having sufficiently different electro-
negativity against CNT and ‘charge stabilization’ by adding
permanent ions as a guest, which may be stabilized initially
with volatile counter ions, resulting in the counter ionization of
CNT to maintain electrical neutrality (Fig. 1).2>>° For example,
Ali et al.* and Myint et al.* reported a charge transfer method
by adding  2,3,5,6-tetrafluoro-tetracyanoquinodimethane
(FATCNQ) into CNT and show good p-type TE performance
due to the charge transfer from the CNT's valence band
maximum (VBM) to the lower LUMO level of the dopant
(Fig. 1(a1)). Compared to such p-type doping, n-type doping by
the charge transfer method is generally challenging because it is
difficult to obtain stable and strong electron donors.*** On the
other hand, the charge stabilization method using poly(-
diallyldimethylammonium chloride) (PDDA) was used for n-
type doping by Jang et al (Fig. 1(b2)).® Although various
works have been done for n-type doping, performance of the n-
type-doped CNTs still lag behind*»*** because the uninten-
tional p-type doping to semiconducting CNTs under ambient
atmosphere tends to override the n-type doping**** Therefore,
finding an effective and stable n-type doping technique is
necessary to obtain practical CNT-based TE devices.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Two types of popular chemical doping mechanisms: (al and a2) ‘charge transfer’ between host and dopant by adding neutral dopant
molecules having sufficiently different electronegativity, and (b1 and b2) ‘charge stabilization’ by adding permanent ions, or unbalanced salt, as
a guest resulting in the counter ionization of the conducting host to maintain charge neutrality. The charge transfer between the host and guest
in the charge stabilization mechanism (b1 or b2) does not necessarily occur directly between them, (al) and (bl) are for p-type doping and (a2)

and (b2) for n-type doping.

Between two types of doping above, the charge stabilization
has an advantage in terms of long-term stability of TE device
which is because the large pool of anion-cation pairs, of which
net charge is natural, can be a continuous source of doping
reaction when the permanent charge due to the unbalanced
anion or cation decreases with time. Some researchers
employed the charge stabilization doping by organic salt such
as tetra-butylammonium salt (TBABr)*® and cetyl-
trimethylammonium bromide (CTABr)** and obtained good
stability in n-type CNT without encapsulation. In Cheng's
report,*® they carried out two kinds of experiments, first used
tetramethylammonium (TMA) salts with three halogen anions
(Cl7, Br, and I") and showed a significant effect on the TE
performance in every sample. Second, they used three types of
cations, TMABTr, octyltrimethylammonium bromide (OTABr),
and CTABr showed no distinct effect on the TE performance.
However, how the halogen type influences on the TE perfor-
mance has not been sufficiently investigated and the doping
mechanism of the organic salt with halogen is still unclear.
Additionally, their work did not address the problem of high
thermal conductivity in CNTs.

Another missing viewpoint is that most doping works are
carried out using CNT thin films,***”**° possibly due to the
easiness of fabrication. However, thick film-type samples are
not facile to apply for wearable TE devices due to the lack of
flexibility and difficulty in fabrication. An innovative pathway is
a yarn-type sample of which the advantages are not only the
flexibility,**** but also the ability for a millimetre-order-thick
flexible device which is easy to obtain large temperature

© 2023 The Author(s). Published by the Royal Society of Chemistry

difference even by natural air cooling, as demonstrated in
previous studies.'»*>** CNT yarns also hold benefits in the
complex device design in the integrated fabrics.*>** Therefore, it
is worthwhile to develop a strategy to effectively optimize the
thermoelectric properties of CNT yarns.

Based on the above background, we conducted a systematic
study and solved the high thermal conductivity in CNT by
composite form by adding organic salts composed of relatively
large organic cations and various halogen anions. In this work,
neat CNT yarns as starting samples were made without any
binder polymers and the excess amount of surfactant, which is
used to stabilize the CNT ink, was also removed from the yarn as
possible as we can. As a result of the removal of electron with-
drawing impurities in the CNT yarn and a help of the minimum
amount of surfactant, it exhibited n-type thermoelectric prop-
erties. This is expected to simplify the doping behaviour in this
work as simple as possible. Tetra-butylammonium salts (TBAX
where X = Cl, Br, or I) were incorporated by dipping the CNT
yarns into N,N-dimethylformamide (DMF) solution of TBAX. We
then systematically investigated the change in the composition
and thermoelectric properties of the CNT yarns by different
halogen elements using X-ray photoelectron spectroscopy (XPS)
and other techniques to understand the doping mechanism.
Changing the halogen element has affected the amount of TBA"
and X~ incorporated in the yarn. Hence, the optimal n-type CNT
yarn was found in TBAI-doping with highest amount of excess
TBA" which plays the most important role in n-type doping by
the charge stabilization method (Fig. 1(b2)). TBAX was also
found to decrease the thermal conductivity of CNT yarns. Thus,

RSC Adv, 2023, 13, 22226-22233 | 22227
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TBAI-doped CNT yarn fabricated by the dipping method ach-
ieved a ZT value of 0.0034, which is around 3 times higher than
that of pristine CNT yarn.

2 Experimental
2.1 Materials

The SWCNTs (e-DIPS, diameter 1.5 nm, purity of carbon >90%)
were purchased from Meijo Nano Carbon. All the chemicals are
used without further purification in the experiments. Tetrabu-
tylammonium chloride, bromide, and iodide (TBACI, TBAB,
and TBAI, respectively) were purchased from Tokyo Chemical
Industry (TCI). N,N-dimethylformamide (DMF) was also
purchased from TCI. Surfactant (Emulgen 350) and ionic liquid
(IL) 1-butyl-3-methylimidazolium hexafluorophosphate (BMIM-
PF6) were purchased from Kao Chemicals and Merck,
respectively.

2.2 Methods

Three mg of the raw CNT material was primarily dispersed in IL
with 4 wt% surfactant by an agate mortar for 1 hour to disen-
tangle the CNT bundles. Then, the IL was extracted from the
CNT dispersion by 3 times of centrifugation (3000 rpm for 1
minute). Next, the CNT was dispersed by ultrasonic application
treatment (Branson) for 1 min. Then, the CNT dispersion was
injected into a methanol coagulation bath to form gel-like yarn
and left for 24 hours to remove excess surfactant. The gel-like
yarn was subsequently pulled up slowly and dried in air at
room temperature. After drying, the yarn was annealed at
a temperature of 300 °C for 2 hours to further remove the
surfactant and water.

Pristine CNT

View Article Online
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The TBAX solutions (X = Cl, Br, or I) were fabricated by dis-
solving in DMF with 0.54 M concentration, stirring for 3 hours.
Doping treatment was carried out by dipping a CNT yarn into
TBAX solutions for 90 minutes under inert atmosphere. An
experimental procedure for the doping process of CNT yarn with
TBAX can be seen in Fig. S1(a).T

2.3 Characterization

The prepared CNT yarn (with diameter around 80 um) was cut
into 35 mm long and fixed to four electrode blocks on
a sapphire substrate with silver paste (Fig. S1(b)f). The I-V
characteristics to calculate electrical conductivity were
measured with the four-probe method. Seebeck coefficient was
measured using the voltage and temperature difference
between the two voltage-measurement electrodes under appli-
cation of temperature gradient in the lateral direction of
Fig. S1(b).T Seebeck coefficients were measured at room
temperature. The temperature difference between the two
voltage-measurement electrodes was initially set at 0 K and
varied in 0.5 K increments up to 2 K. The temperature difference
was measured by two thermocouples bonded at the dummy
electrodes near the voltage-measurement electrodes. The elec-
tromotive force was measured for 3 minutes at each tempera-
ture difference. The thermal diffusivity was measured with
a scanning laser heating AC method (Laser PIT, Advance Riko).
Thermal conductivity was measured by the DC heating cross-
junction method which is a modified version of the DC heat-
ing T-type method.* In this method, a Pt heating/sensing wire
and a single yarn are mounted in a cross geometry (Fig. S1(c)7).
Since no electrical current is applied to the CNT yarn, the
influences of the contact resistance and instability of the
sample resistance are ignored.

. TBACI-doped /C/NT

Fig. 2 SEM images of (a) pristine, (b) TBACL-, (c) TBABr-, and (d) TBAI-doped CNT yarns. Inset is a magnified image of each yarn.
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Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), and Energy
Dispersive X-ray Spectroscopy (EDX) were measured using NRS-
4100-30 (JASCO), PHI 5000 VersaProbell (ULVAC-PHI), and
SU9000 (Hitachi), respectively.

3 Results and discussion

Detailed information regarding the materials, experimental
methods, and structural determination are explained in the
ESIL.7 A dipping method, which has been already proven by
other researchers,***” was used for the doping step. No
morphological difference before and after the doping was found
in the scanning electron microscopy (SEM) images shown in
Fig. 2(a)-(d), indicating that the doping agents used in this work
do not deform the CNT yarn. In high-magnification images
(insets in Fig. 2(a)-(d)), the CNT bundle networks were clearly
seen on all of the yarns, indicating that the salts were not
crystalized on the yarn surface but infiltrated into the yarn and/
or adsorbed on the bundle surface as very thin films. To confirm
the incorporation of the dopant in the yarn, energy dispersive X-
ray spectroscopy (EDX) analysis was performed, of which results
are shown in Fig. S2.f The results indicated that a sufficient
amount of TBAX had been incorporated into the yarn by the
simple dipping method.

To evaluate the doping effect of TBAX, « and ¢ are analysed
for the TBAX-doped CNT yarns using a four-probe method.*
Before the comparison of halogen elements, we measured the
Seebeck coefficient of a pristine yarn under air and vacuum
conditions, both of which exhibited negative values (Fig. S37).
The negative value of Seebeck coefficient for pristine CNT could
be also from the effect of the surfactant used in the yarn
fabrication, Emulgen, as we previously reported.” Although the
measured values are not so different, the Seebeck coefficients
shown in this work were measured under a vacuum to exclude
the environmental effect due to the variation in the environ-
mental humidity.*»* Thermoelectric characteristics of the
TBAX-doped CNT yarns are presented in Fig. 3(a)-(c). All of the
dopant seems to increase the free electron concentration in the
CNT yarn resulting in the increase of electrical conductivity
from that of the pristine one. TBAI-doped CNT yarn showed the
highest electrical conductivity (1160 S cm™") among them.
Although the carrier concentration seemed to be increased in
the doped samples, the Seebeck coefficients remained almost
constant. Generally, increase of carrier concentration of
a semiconductor would affect its Seebeck coefficient, as it is
commonly known that the Seebeck coefficient decreases with
exponential increase in carrier density.> However, such a trend
was not found in this experiment where Seebeck coefficient of
doped CNTs did not decrease from that of the pristine one
(Fig. 3(b)), implying that the carrier concentration is varied
within the range where Seebeck coefficient exhibits its broad
peak value.* The maximum PF of 351 W mK > was obtained in
the TBAI-doped CNT yarn (Fig. 3(c)).

We further evaluated the thermal transport properties along
the longitudinal direction of the yarn. Fig. 3(d) shows the result
of the x measurement. The incorporation of TBAX to the CNT

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Thermoelectric properties of pristine and doped CNT yarns: (a)
electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d)
thermal conductivity, and (e) ZT. The error bar indicates the standard
deviation of the measured values for three samples.

generally reduced . The « value of TBAI-doped CNT is 1.8 times
less (29.7 W mK ") than that of the pristine one. The possible
origin of the « decrease is that the TBAX molecules are posi-
tioned at the CNT-bundle/CNT-bundle junctions blocking the
heat transport and/or at the CNT surface, disturbing the intra-
CNT phonon transport.** The disturbance of phonon propaga-
tion was also supported by lowered thermal diffusivity than that
of the pristine CNT sample (Fig. S47), On the basis of measured
k, we calculated ZT values (Fig. 3(e)), exhibiting 3-fold
improvement (0.0033) than that of the pristine CNT (0.0011).
Consequently, we found that the combinational effect in ¢ and «
has enhanced the ZT value of the CNT yarns by selecting the
appropriate organic salts.

To investigate the carrier doping mechanism by structural
and compositional analyses, we first measured Raman spectra
to examine the defects in CNT and the interaction between CNT
and TBAX. In Fig. S5(a),t there is no differences in the G+ band
peak position (1590 cm™") among all the yarns, indicating no
formation of strong charge-transfer complex or lattice distor-
tion. To evaluate the change of defect, we also calculated the

RSC Adv, 2023, 13, 22226-22233 | 22229
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intensity ratio of the D (1340 cm ") and 2D (2690 cm ') bands
against the G+ band as shown in Fig. S5(b) and (c).t The D/G+
ratios (often its inverse is known as the G/D ratio and hysteri-
cally used in nanocarbon community) of the doped CNT yarns
have almost the same values compared with that of the pristine
CNT yarn. 2D/G+ ratio also shows no difference. Therefore, we
concluded that the increase in defect is not the origin of the
variation of electrical or thermal conductivities by the TBAX
doping.

X-ray photoelectron spectra (XPS) were measured to evaluate
the chemical composition of the doped CNT yarns. By assessing
the amount of TBA" cation and halogen anion in each sample, it
is expected to determine the doping reaction and difference
caused by the halogen element. N/C atomic ratio, which is
directly indicative for TBA®, was compared in Fig. 4(a). The
atomic ratio is calculated from the intensities of N1s and C1s
peaks using two types of the sensitivity factors of the XPS
instrument. The estimated amount of nitrogen in each sample
shows that TBAI-doped CNT has the largest quantity of TBA"
than the others. This is further supported by the amount of
excess sp° component than the pristine CNT yarn, which can be
also attributed to the TBA" quantity. We separated the C1s peak
into sp®, sp?, C-0, and m-7* shake-up peaks (Fig. S6(a)t). The
sp® component is regarded as a combination of defects in CNT,

sp?(doped) + 7 — m*(doped)

values. X/C can be regarded as an adsorbed halogen atom on
the CNT, whereas N/C is the total amount of TBA molecules. The
difference in the amount implies that TBA" cations are more
incorporated to CNT yarn than halogen anions. The excess
amount of TBA" in CNT yarn was then calculated by subtracting
X/C from N/C showing the result in the order of Cl < Br < I
(Fig. 4(c)). The excess amount of TBA" was also plotted against
the increase of ¢ in Fig. 5(a). This result implies that the
increase of ¢ is roughly proportional to the excess amount of
TBA" with a threshold value. This is consistent with the typical
n-type doping effect by the charge stabilization method
(Fig. 1(b2)) where excess cation stabilizes the negative charge
carriers in CNT. The existence of the threshold is still an open
question. It may be due to the electron traps that kills doped
electrons or removal of already existing n-type dopants, such as
Emulgen.

On the basis of the experimental results and discussion
above, we can suggest the doping mechanism as:

aCNT + bTBA™X™ = (a—c)CNT + (b—c)TBA"X™ + ¢cCNT~ +
cTBA* + ¢1/2X, (2)

When the TBAX molecule is dissolved in the solution, some
proportion of TBAX would be adsorbed onto CNTs. Some TBA"

sp’(doped) —
Amount of TBA* =

sp?(pristine) + 7 — 7*(pristine)

sp* (pristine)

small amount of residual surfactant, and carbons in TBA*. Since
the defect density in CNT is unchanged judging from the
Raman results, we can estimate the amount of TBA" by:

From eqn (1), we estimated the amount of TBA" from the
percent composition in Fig. S5a.1 The result was consistent with
the amount of nitrogen atoms, supporting that TBA" was largely
incorporated when TBAI was used (Fig. S6at). Fig. 4(a) and (b)
clearly indicate that the N/C values are higher than the X/C

22230 | RSC Adv, 2023, 13, 22226-22233

T (1)

from TBAX can stabilize the negative charge in CNT, and X~
could be dissociated and converted into X, after donating an
electron to CNT. Detail of the electron transfer from halogen
to CNT, whether it occurs directly or indirectly, has not been
clarified yet. From eqn (2), the generated neutral halogen
molecules should be expelled from the system during the
dipping process. Some of the halogen molecules, for example
Cl,, may possibly evaporate from the dopant solution but the
emission of halogen gas during the doping had not been

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The redox potential of halogen>*

Halogen element Redox potential

Cl, +2e~ = 2C1° +1.36V
Br, + 2~ = 2Br~ +1.09V
I, +2e” = 21" +0.54V

detected by mass spectrometry (Fig. S7(a) and (b)f). This
could be due to the small amount of generated halogen,
which is lower than the detection limit of the instrument.
Considering the doping process and the sensitivity of the
mass spectrometer, the amount of solvent vapor is much
more than generated halogens distributing ionization and
detection of halogens (see detailed calculations in ESIt). This
would be the origin of many peaks in Fig. S7,t which can be
assigned mostly to the DMF mother and daughter ions
instead of halogen. Moreover, other calculations of halogen
generation based on charge carrier concentration and XPS
result also indicate a comparatively small halogen amount
generated (also in ESI}). Therefore, we speculate that the
suggested reaction in eqn (2) can occur with a loss of the small
amount of neutral halogen, corresponding to the excess
amount of TBA'. These results are also consistent with
a previous report on n-type doping by the ionic liquid where

(b)
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the excess cation incorporated in the CNT solids stabilizes the
negative charges in CNT. By this work, it has become more
evident that the excess cation by losing counter anions caused
the n-type doping effect to CNTs.**%

Among the TBAXs tested in this work, TBAI produced the
largest amount of excess TBA'. This can be explained by the
difference in the redox potential of the three halogen
elements (Table 1). Iodine, having the lowest redox potential,
prefers to be natural state than ionized state. Therefore, the
eqn (2) should be more biased to the right-hand side in
equilibrium. This suggests that TBAI is the strongest reducing
agent during the doping process and will donate the most
electrons to CNTs, become unstable in the adsorbed salt, and
diffuse into the solution. Therefore, the amount of excess
TBA" increases as the redox potential decreases, as shown in
Fig. 5(b).

Another possible doping mechanism is the generation of
polyhalide anions. However, it's contrary with XPS results of
halide regions in TBAX-doped CNT yarn where only one
component was observed for each halogen element (Fig. S97).
The XPS spectra of the I3d region exhibit clear doublet with
peaks registered close to 618.5 and 630.1 eV corresponding to
the 13ds,, and 13d;/, states, respectively.*>*® The XPS spectra of
Br3d and Cl2p also only showing the main peaks (67.52 eV,
68.553 eV) and (197.37 eV, 198.85 eV), respectively. These results
suggest that polyhalide anions are not generated during the
doping process.

Time-dependent changes of «, ¢ and PF were analysed to
evaluate the stability of TBAX-doped CNT yarns under ambient
conditions without any encapsulation treatment (Fig. 6(a)-(c)).
Even after 864 hours (36 days), « and o values of a TBAI-doped
CNT yarn showed almost the same values resulting in the
unchanged PF. As for TBABr- and TBACl-doped yarns, « and o
decreased by around 25% and 40%, respectively. These changes
could be attributed to the adsorption amount of the doping
agent, which can have a passivation effect against air. It could
also be related to the material stability itself judging from the
melting points of TBAX, which are in the order of TBACI <
TBABr < TBAL*

Furthermore, judging from the increase in Seebeck coeffi-
cient up to the initial 200 hours (Fig. 6(a)), it is highly probable
that the large pool of salt was slowly developing a doping

140
120

4
<

-*-Pristine -* TBABr
-+ TBACI -e TBAI

40 T
-*-Pristine - TBABr 20k -*-Pristine - TBABr i 20k -
O «TBACI -= TBAI 1 -+ TBACI -» TBAI
_ 1 1 1 1 1 1 1 1 1 1 1 1
2C'O 200 400 600 800 0 0 200 400 600 800 0 0 200 400 600 800
Time (hour) Time (hour) Time (hour)

Fig. 6 Stability test of the TBAX-doped CNT yarns for 36 days in air: (a) Seebeck coefficient, (b) electrical conductivity, and (c) power factor. The
error bar indicates the standard deviation of the results from three samples.
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reaction and replenishing electrons in CNTs during the storage
in the atmosphere. Thus, TBAI has achieved the highest
stability in CNT compared to TBABr or TBACI. Consequently,
the iodide compound was found to be the best material among
halogen elements for n-type doping of CNT with the highest TE
performance and stability.

4 Conclusions

A systematic study on the n-type doping of CNT yarn with TBAX
which contains relatively large organic cation and various
halogen anions was carried out. It was demonstrated that the
TBAX effectively increased the electrical conductivity and
decreased thermal conductivity of CNT yarns. Iodine was found
to exhibit the best performance and stability among three
halogen anions tested in this work. As a result, approximately
three times higher ZT was obtained by the TBAI treatment
compared to that of the pristine CNT yarn. Our study has also
shed light on the doping mechanism of TBAX, which is influ-
enced by the redox potential of halogen element. A lower redox
potential led to a larger amount of excess TBA" that stabilizes
the negative charges, that is, free electrons, in the CNT. This
work suggests that the charge stabilization method using large
organic cation and iodine would be a promising strategy for
efficient and stable n-type doping of CNTs.
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