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The development of thermally stable n-type carbon nanotubes (CNTs) is crucial for their implementation in pn junction

devices. In previous work, we introduced an ion replacement technique to stabilize chemically p-doped CNTs, demonstrating

the control of hole density and the stabilization of doped states through separate doping and anion replacement processes.

This study extends the methodologies to n-type doping by substituting the cation with a specific dopant or stabilizer. The

exceptional reduction capability of the cobalt-based complex was evident from the negative Seebeck coefficient, the

markedly high electrical conductivity, and the reduction in work function of the doped CNTs. Additionally, the selection of

the anion is critical for successful cation replacement, as explored through complex chemistry perspectives. The n-type CNTs,

coordinated with bicyclic guanidinium cations, showed improved thermal stability compared to their as-doped counterparts.

Lastly, we discuss the thermoelectric properties (with the power factor up to 100 pW m~ K2) as prospective applications

for n-type CNTs in energy harvesting. This foundational work proposes a strategy for engineering n-type CNTs with optimized

doping levels and enhanced stability.

Introduction

Traditionally dependent on inorganic materials, the field of
electronics has shifted toward exploring organic alternatives
that offer robust performance and stability. Carbon nanotubes
(CNTs) have garnered significant interest as viable candidates
for electronic,! optoelectronic,?2 and energy devices,? owing to
their high carrier mobility,* distinct features in the density of
states of electron,®> tunable polarity (p- and n-type),® and
substantial Seebeck coefficients.” Initial investigations in the
1990s into CNT properties were predominantly theoretical,3-1°
constrained by the challenges of acquiring quality CNT samples.
However, advancements in synthetic methods for producing
high-quality CNTs on a bulk scale,’-13 along with improved
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techniques for segregating semiconducting from metallic
tubes,’#-1¢ have catalyzed experimental research since the
2000s. This research has vigorously pursued the exploration of
physicochemical properties and device engineering, bringing
theoretical concepts to practical realization.

Furthermore, the development of pn junction devices using
CNTs critically depends on the selection of the major carrier
type and the optimization of its density. The chemical doping of
CNTs involves charge-transfer interactions between the CNTs
and either oxidants (for p-type) or reductants (for n-type) that
possess suitable redox potentials. Naturally occurring CNTs tend
to exhibit p-type characteristics due to electron withdrawal by
O, impurities in air (autoxidation).!” To date, a variety of
dopants have been introduced to modulate the polarity of
CNTs. For example, protonic acids,’®1® halogen gases,?
superacids,?! and AuCl;?2 have served as oxidants, while alkali
metals,?3 amine and imidazole derivatives,?%2% superbases,25?7
and crown ether complexes?® have functioned as reductants.
Techniques such as optical absorption,?® work-function shifts,30
and thermoelectric assessments3! have been utilized to detail
the impacts of carrier doping.

However, adjusting the polarity of CNTs through the use of
redox-active chemicals does not necessarily yield materials
ready for practical device applications. Typically, the doped
states of CNTs are vulnerable to environmental factors such as
air, humidity, and heat. Thermal stability is particularly critical,
as many devices experience significant heating during operation
due to currents in transistors,3? light exposure in
photodetectors,3® and prolonged thermal exposure in
thermoelectric generators. Notably, n-doped CNTs are highly
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unstable at elevated temperatures, which often leads to rapid
p-type reversion (dedoping).34 Efficient electron doping and the
stabilization of these doped states are crucial for the effective
integration of CNTs into functional devices.

Chemically p- or n-doped CNTs acquire positive or negative
charges that are electrostatically balanced by the anions or
cations (conjugate bases or acids) introduced by the dopants.
Therefore, the stability of these complexes is critical to
maintaining the doped states of the CNTs. Our previous
research demonstrated that doping with bicyclic guanidine
superbases and their derivatives produces thermally stable n-
type CNTs.26 The excellent adsorption properties of the cations
and radical cations from the base to the negatively charged
CNTs, due to their rigid planar molecular structures, contribute
to their remarkable stability, as supported by computational
studies.?>

Recent advancements have shown that ion replacement
processes offer a viable method for chemically doping 7
conjugated molecules and CNTs.36%0 Moreover, we have
recently established that anion replacement effectively induces
stable p-type conduction in CNTs, capable of withstanding long-
term exposure to air for over a year.*! Even when p-doped CNTs
are inherently unstable, the induced conductive properties can
be maintained by substituting the coordinated anions (originally
provided by the dopants) with stabilizer anions, as
schematically depicted in Fig. 1a. This method facilitates the
optimization of doping levels during chemical doping and
ensures the stability of the doped states by subsequent anion
replacement.

In this study, we extend our methodology to include n-type
doping through cation replacement as depicted in Fig. 1b. We
utilized bis(pentamethylcyclopentadienyl)cobalt(ll) (CoCp*,;
shown in Fig. 2a), known for its very shallow oxidation
potentials, to facilitate the injection of high-density electrons
into the CNTs. Additionally, we explored salts composed of a

protonated  1,5,7-triazabicyclo[4.4.0]dec-5-ene  superbase
cation (TBDH*) combined with various anions, including
chloride (cr), nitrate (NO37), and

bis(trifluoromethanesulfonyl)imide (TFSI"), as depicted in Fig.
2b—d—as agents for cation replacement. The effectiveness of
this cation replacement strategy was verified by observing the
transient changes in the thermoelectric properties of both
doped and cation-replaced CNTs during incubation periods. This
conceptual approach lays the foundation for developing n-type
CNTs with enhanced doping precision and stability.
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Fig. 1 Schematic diagrams illustrating (a) chemical p-type doping and
anion replacement, and (b) chemical n-type doping and cation
replacement on CNTs. Li-TFSI was previously identified as an effective
stabilizer for p-type CNTs. In this study, we investigate the stabilizing
capabilities of TBDH-based salts for n-type CNTs.

Experimental Method
Chemicals and Materials

The chemicals and materials utilized in this study are detailed in
Table S1, including their purities and sources.
Synthesis of Electrolytes Containing TBDH cation

The synthesis procedure for each salt followed methods similar
to those described in our previous work.3%> TBD was dissolved in
deionized water to a concentration of 66.6 mg mL™1. Aqueous
solutions of HCl and HNO; were added dropwise into the 15 mL
of the TBD solution until the pH reached 6-7, indicating
neutralization of TBD. The mixtures were then incubated
overnight at 100 °C in air to facilitate water evaporation,
yielding TBDH-Cl and TBDH-NOs; as white solids. For the
synthesis of TBDH-TFSI, a 15 mL aqueous solution of TBD (66.6
mg mL~1) was neutralized with HNO3, followed by the addition
of equimolar amounts of Li-TFSI. The solution was stirred
overnight at 100 °C in air, during which it separated into an
upper aqueous phase containing LiNO3 and a lower oil phase
containing TBDH-TFSI. The oil phase was isolated, washed three
times with deionized water, and dried at 100 °C in air overnight
to eliminate any remaining water.

Film Formation

Self-standing CNT films, approximately 16 mm in diameter and
30 um thick, were fabricated by vacuum filtration of an aqueous
CNT dispersion, as per the protocols outlined in our previous
publications 2641

Doping and Cation Replacement

After purging acetonitrile with N, gas at 45 °C for 60 min,

(d)

Clr
CF3

Fig. 2 Chemical structures of (a) CoCp*,, (b) TBDH-CI, (c) TBDH-NO3s, and (d) TBDH-TFSI.

2| J. Name., 2012, 00, 1-3
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Fig. 3 (a) Output voltage (—AV) as a function of temperature difference (AT) for as-prepared and CoCp*,-doped CNT
films, where the slope indicates the Seebeck coefficient. (b) Raman spectra of as-prepared, CoCp*,-doped, and
CoCp*,-doped followed by TBDH-CI treatment of CNT films. SEM images of (c) as-prepared, (d) CoCp*,-doped, and
(e) CoCp*,-doped followed by TBDH-Cl treatment of CNT films. Scale bars represent 1 um.

CoCp*, was dissolved in the acetonitrile at a concentration of
2.5 mM. The self-standing CNT films were then immersed in a
20 mL solution of CoCp*, in acetonitrile at 40 °C for 30 min,
followed by drying at 60 °C for 10 min. Doped CNT films were
subsequently immersed in 3 mL acetonitrile solutions of TBDH-
Cl, TBDH-NO3, or TBDH-TFSI (0.1 M) at room temperature for 5
min, and then dried at 60 °C for 10 min. All processes were
conducted in a glove box under a controlled atmosphere with a
relative humidity below 15%, maintained by a flow of N, gas.

Characterizations

All measurements were conducted at approximately 298 K in
air. The methods for assessing the Seebeck coefficient, four-
probe electrical conductivity, and surface potential are detailed
in our earlier publications.?6:27:3>41 The shift in the work function
was derived from changes in the surface potential. For thermal
stability assessments, the CNT films were incubated at 100 °Cin
air using an SU-222 system (ESPEC). Observations via scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) analyses were performed with a JSM-7100
and JED-2300 (JEOL), respectively. Raman spectra were
captured using an NRS-7100 (JASCO). Proton nuclear magnetic
resonance (*H NMR) spectra of deuterated chloroform solutions
of TBD and TBDH-CI were obtained with a JNM-ECZS
spectrometer (JEOL).

Results and Discussion
Doping Effect of CoCp*,

This journal is © The Royal Society of Chemistry 20xx

For the experimental investigations, round-shaped, self-
standing films, approximately 16 mm in diameter and 30 um
thick, were fabricated from single-walled CNTs averaging 1.6
nm in tube diameter and utilized for all characterizations. The
Seebeck coefficient and electrical conductivity were measured
to identify the predominant carrier types within the CNTs both
before and after the doping and cation replacement processes.
The polarity of the material, indicated by the sign of the Seebeck
coefficient, distinguishes between p- and n-type carriers.
Moreover, a complementary relationship is observed between
each parameter and the carrier density;*? typically, an increase
in carrier density leads to higher electrical conductivity and a
reduction in the absolute value of the Seebeck coefficient, thus
facilitating the assessment of changes in carrier density.

The Seebeck coefficient (S) was determined from the output
voltage (AV) generated under an applied temperature
difference (AT) as follows:

AV

S=—77-

1
The Seebeck coefficient of the as-prepared film, as calculated
from the slope of the —AV versus AT plots shown in Fig. 3a, is
approximately +45 pV K1 The positive sign indicates a p-type
nature, primarily due to the autoxidation of the CNTs in air.l”
The four-probe electrical conductivity of the same samples was
approximately 1690 S cm™1.

For n-type doping, the as-prepared CNT films were
immersed in an acetonitrile solution containing CoCp*,. Post-
doping, the slope of the —AV versus AT plots shifted to negative,

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 Variations in (a) Seebeck coefficient (S), (b) electrical conductivity (o), and (c) work function shift (WFg,z) for
CoCp*,-doped and TBDH-X (X~ = Cl-, NO3~ or TFSI-) treated CNT films. Data statistics: n > 3; error bars represent SDs.

signifying a transition of the major carrier species from holes to
electrons. Moreover, the electrical conductivity significantly
increased to 3130 S cm™'. This observation, coupled with the
decreased absolute value of the Seebeck coefficient, suggests
that CoCp*, introduces electrons into the CNTs at a higher
density than the original holes. Notably, the electrical
conductivity of the CoCp*,-doped CNTs substantially exceeds
that of previously reported n-doped CNTs (for example, 1600
and 1301 S cm™? for TBD- and polyethyleneimine (PEl)-doped
CNTs, respectively)26:43, surpasses that of
electrochemically doped CNTs achieved by applying a potential
of —1.5 V versus Ag/Ag* in an electrolyte,3> demonstrating the
potent n-doping capability of CoCp*,.

Raman spectra in the G- and D-band regions (Fig. 3b) and
SEM images (Fig. 3c,d) indicate that there were no structural
deformations in the sp? configurations of the CNTs or

and even

alterations in the bundle structures, suggesting that the
enhanced conductivity is primarily due to an increase in
electron density. This conclusion is supported by the G*/D ratio
variations listed in Table 1, which confirm minimal covalent
modifications to the tubes.

Table 1 G*/D ratios of as-prepared, CoCp*,-doped, and CoCp*,-
doped followed by TBDH-CI treatment of CNT films, extracted
from the data shown in Fig. 3b.

Sample G*/D ratio
As-prepared 42+6.5
CoCp*,-doped 60+4.4
CoCp*,-doped and TBDH- 60+1.6

Cl-treated

Data statistics: n = 3. The error indicates the corresponding
standard deviation (SDs).

The oxidation potential of CoCp*, is —1.54 V versus the
normal hydrogen electrode (NHE),** which corresponds to

4| J. Name., 2012, 00, 1-3

approximately —2.9 eV versus the vacuum level. This relatively
shallow oxidation potential facilitates high-density electron
injections into the CNTs via a Co?* to Co3* valence change. For
comparison, the redox potential of a well-known reducing agent
for organic semiconductors, bis(cyclopentadienyl)cobalt(ll)
(CoCp,), is —0.93 V versus NHE.** CoCp*, with its methyl-groups-
functionalized Cp moieties, exhibits significantly greater
reducing capabilities than CoCp, due to the inductive effect.*>
This potent doping capacity is further demonstrated by the
reduction of the work function in the CNTs to —620 meV post-
doping, representing a more substantial negative shift
compared to the change observed in electrochemically doped
CNTs (less than —200 meV) achieved by applying a potential of
—1.5 V versus Ag/Ag* in an electrolyte (approximately —3.7 eV
versus the vacuum level).3°

Cation Replacement and Thermal Stability

In this study, we synthesized TBDH-X (X = CI-, NOs~, and TFSI7)
as cation replacement reagents, as depicted in Fig. 2b—d. Fig. S1
in the Electronic Supplementary Information (ESIt) presents the
1H NMR spectra. To explore the impact of cation replacement,
the CoCp*,-doped CNT films were treated with acetonitrile
solutions of TBDH-CI, TBDH-NOs, and TBDH-TFSI. Post-
treatment, the Raman spectra (Fig. 3b), G*/D ratio (Table 1), and
the bundle structures as observed by SEM (Fig. 3e) revealed no
significant alterations when compared to the as-prepared and
CoCp*,-doped samples.

Fig. 4a depicts the variations in the Seebeck coefficients of
the CNT films following different treatments. The negative signs
were maintained after treatments with TBDH-based salts, but
there was a slight increase in the absolute values, indicative of
a dedoping tendency. The use of acetonitrile as the solvent may
contribute to this dedoping effect. The changes in electrical
conductivity, as displayed in Fig. 4b, clearly support this trend,
particularly for the TBDH-TFSI-treated samples. The negative
shifts in work function achieved through CoCp*, doping were
diminished following salt treatment, as evidenced in Fig. 4c. This
reduction was particularly notable in the TBDH-TFSI-treated

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 (a) EDS spectra of as-prepared, CoCp*,-doped, and CoCp*,-doped followed by TBDH-CI treatment of CNT films. (b) Enlarged view of
panel (a). (c) Compositional ratios of cobalt to carbon (Co/C) in as-prepared, CoCp*,-doped, and CoCp*,-doped followed by TBDH-CI
treatment of CNT films, derived from the data in panel (a). Note: N/C ratio could not be quantified due to weak N-related signal intensity.

Data statistics: n = 3; error bars represent SDs.

samples. Conversely, the TBDH-CI- and TBDH-NOs-treated CNT
films maintained a negative Seebeck coefficient (approximately
—20 pV K1), relatively high electrical conductivity (1,500-2,200
S cm™), and a substantial negative shift in work function
(approximately —600 meV), suggesting that these salt solutions
enhance the stabilization of the n-doped CNTs through effective
cation replacement.

The variability in cation replacement effectiveness can be
interpreted through the lens of the hard and soft acids and
bases (HSAB) theory.*® The chemical interactions and cation

replacement dynamics can be schematized as follows:
oL G0 AR+ SR WL r gy +
+ CoCp5 (1II):X ™. (3)
In this context, efficient coordination between CoCp*,(lll) and
anions X" is crucial for facilitating cation exchange (favoring the
rightward reaction in Eq. (3)). Co3* is considered a relatively
hard cation according to the HSAB theory*’ and tends to
stabilize through coordination with hard species. Therefore, CI-
and NO;~ (hard anions) promote the replacement of CoCp*,
with TBDH* effectively, whereas TFSI~ (a relatively soft anion)
does not readily engage in coordination with CoCp*,(lll).
Cation replacement was substantiated by EDS analyses, as
depicted in Fig. 5a and b. The compositional ratios of cobalt and
chlorine to carbon (Co/C and Cl/C) derived from the spectra are
presented in Fig. 5c and S2 (ESIT). For these EDS measurements,
TBDH-CI was used, since NO3;~ and TFSI~ contain N atoms that
cannot be differentiated from the nitrogen in TBDH* using this
technique, whereas the atomic elements in TBDH-CI differ
between the cation and anion. Initially, the as-prepared CNTs
showed peaks corresponding to C, O, and Cl. After doping with
CoCp*,, a distinct Co peak emerged. Subsequent treatment
with TBDH-CI resulted in a reduction of the Co signal and an
increase in the N-related peak, indicating cation replacement.
The observed increase in Cl atoms post-TBDH-CI treatment (Fig.
S2) was attributed to unintended adsorption of ClI- onto the
tubes.

)

This journal is © The Royal Society of Chemistry 20xx

To verify the effects of cation replacement, we monitored
the changes with time in the Seebeck coefficient and electrical
conductivity of CoCp*,-doped and TBDH-X (X~ = CI5, NO3~ or
TFSI7)-treated CNT films during incubation at 100 °C in air, as
shown in Figs. 6 and S3. The temperature (100 °C) was set based
on the comparative evaluations using TBD as a dopant,
described in more detail in Fig. S4 of ESIT. The Seebeck
coefficients of CoCp*,-doped (Fig. 6) and TBDH-TFSI-treated
(Fig. S3) samples shifted from negative to positive (indicative of
p-type reversion) after incubation periods of 186 and 22 h,
respectively. The accelerated dedoping observed in the TBDH-

d
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Fig. 6 Variation with time in (a) Seebeck coefficient (S) and (b)
electrical conductivity (o) of CoCp*,-doped and TBDH-Cl-treated
CNT films during incubation at 100 °C in air.
TFSI-treated samples is attributed to pre-existing dedoping
effects from the salt treatment process. This pattern further
confirms that cation replacement was ineffectual in the TBDH-
TFSI solution. The electrical conductivity of these samples

J. Name., 2013, 00, 1-3 | 5
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Fig. 7 (a) Thermoelectric power factor (PF) before and after CoCp*, doping and TBDH-X (X~ = Cl-, NOs~ or TFSI-) treatments. (b) Temporary
changes in power factor (PF) of CoCp*,-doped and TBDH-X (X~ = CI~, NOs~ or TFSI-)-treated CNT films during incubation at 100 °C in air.
Data statistics: n = 3; error bars represent standard deviations. Note that the plots for CoCp*,-doped CNTs after 186 h (red circle) and
CoCp*,-doped and TBDH-TFSI-treated CNTs after 22 h (orange circle) show the power factors of p-type-reverted samples.

decreased sharply within the initial 0—-186 h and 0—22 h periods
for the CoCp*,-doped and TBDH-TFSI-treated samples,
respectively, and later stabilized around 1,200 S cm™! after
extended incubation. The turning point in conductivity
coincides with the moment the Seebeck coefficient indicates a
polarity shift from n-type top-type, signaling a transition in the
dominant carrier species from electrons to holes.

On the other hand, the CNTs doped with CoCp*, and treated
with TBDH-CI (Fig. 6a,b) and TBDH-NOs (Fig. S3) demonstrated
significant retention of n-type polarity, as evidenced by the
preserved negative Seebeck coefficient and the absence of any
inflection point in the electrical conductivity over an extended
period exceeding 3,200 h (130 d). By comparing the stability of
these materials to those of the CoCp*,-doped and TBDH-TFSI-
treated samples, and considering the dedoping trends observed
during TBDH-X treatments (Fig. 4), the effectiveness of Cl- and
NOs™ in facilitating cation replacement is further substantiated.

Moreover, a previous study showed that n-doped CNTs
induced by the addition of PEI, a well-known n-type inducer for
CNTs, reverted to p-type only after three weeks at 80 °C.34 This
highlights the superior stabilization capability of the TBDH
cation in maintaining the n-type character of CNTs.

Here, the other electron doping and stabilization scenarios
are taken into considerations: electron donations by CI—, neutral
TBD residue in the synthesized TBDH-X, or TBD produced by
reduction of TBDH by n-doped CNTs and/or CoCp*,(ll)
remaining in the CNT films. Nucleophilicity of halogen anion
would be enhanced when combined with specific cations by the
naked anion effect, as exemplified by crown-ether cations.?8 On
the other hand, neutral TBD has the potential to donate
electrons to CNTs due to n— z* interaction while stabilizing the
doped states?®; unintendedly remained TBD in the salts may
contribute to the n-doping and enhanced retention ability of
CNTs. TBD molecules produced by the reduction of TBDH by n-
type CNTs and/or CoCp*,(ll) during cation replacement process
may be also responsible for the electron transfer and
stabilization of n-type CNTs by the reported mechanism.2®

6 | J. Name., 2012, 00, 1-3

To assess the two former possibilities, we immersed the as-
prepared CNT films into acetonitrile solution of TBDH-Cl without
the presence of CoCp*, and the prior n-doping process. Minimal
changes of Seebeck coefficient (+51+1.7 uV K™) and electrical
conductivity (1360+£230 S cm™1) compared to the as-prepared
samples were confirmed; therefore, TBDH-CI shows negligible
doping ability on CNTs. At the same time, the impact of neutral
TBD residue can be also disregarded. Further, treatment by
TBDH-NO; after CoCp*, doping also contributed to the
enhanced stability; in this case, the naked anion effect should
be excluded. Based on these additional observations and
considerations, we have concluded that the chloride anion itself
did not have significant impact on doping and stability of CNTs
in this material system.

On the other hand, we cannot fully exclude the possibility of
electron transfer from n-doped CNTs or residual CoCp*, to the
TBDH* cation, potentially leading to the formation of neutral
TBD, which may subsequently interact with the CNTs. However,
a comparison of the effects of different anions (Cl=, NO3~, and
TFSI7) offers important insights. Treatments with TBDH-CI and
TBDH- NOjs resulted in significantly improved retention of the n-
doped state, whereas treatment with TBDH-TFSI failed to
provide comparable stability. If neutral TBD formed via
reduction of TBDH* were the main contributor to the enhanced
stability, one would expect the TBDH-TFSI treatment to yield a
similar effect—yet this was not observed. While we cannot
entirely rule out this possibility, the current experimental
evidence points more strongly to cation replacement as the
dominant factor behind the observed stability enhancement,
rather than stabilization via in situ generated neutral TBD.

Finally, we assessed the thermoelectric properties of the
doped CNTs, using the Seebeck coefficient and electrical
conductivity as metrics to evaluate the predominant carrier
types and the retention capabilities of these materials.
Development of n-type organic thermoelectric materials with
robust performance and stability is one of the research

objectives for achieving all-organic thermoelectric

This journal is © The Royal Society of Chemistry 20xx
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modules.*84950 The relatively large negative Seebeck coefficient
and high electrical conductivity of our nanotube samples
underscore their potential as n-type thermoelectric materials.

The thermoelectric power factors (PF = S?0) of the CNT films
subjected to various treatments, along with their retention
capabilities, are depicted in Fig. 7a and b. The power factor for
the as-prepared p-type CNT films reached 350 pyW m~! K2, an
exceptionally high value for organic materials. The n-doped
samples exhibited power factors up to 100 uW m~1 K2, which
are considered good to excellent for n-type organic materials
(comparison with the literature data is summarized in Table S1
of ESIt). Notably, as illustrated in Fig. 7b, the CoCp*,-doped and
TBDH-TFSI-treated samples experienced significant fluctuations
in power factor over the incubation periods of 0—-125 h and
0-50 h, respectively. These fluctuations were due to changes in
the negative Seebeck coefficients and electrical conductivities
(refer to Figs. 6 and S3) and represent a challenge for ensuring
stable long-term device performance, especially in energy-
harvesting applications.

In contrast, the TBDH-CI- and TBDH-NOs-treated samples
exhibited much less fluctuation in their power factors, due to
the stabilization of both the Seebeck coefficient and electrical
conductivity. This stabilization highlights the potential of these
materials for use in thermoelectric generators, suggesting that
the targeted cation replacements can effectively enhance the
durability and performance of n-type thermoelectric materials.

Conclusions

In summary, our study advances ion replacement technology by
demonstrating the synthesis of thermally stable n-type CNTs
using specific dopants and stabilizer cations through a facile wet
process. This approach allows for precise control over electron
density and the stabilization of doped states through distinct
doping and stabilizing procedures. The superior reduction
capability of the cobalt complex was highlighted by the negative
Seebeck coefficient, exceptionally high electrical conductivity,
and the shift to more negative work functions in the doped
CNTs. Good-to-excellent thermoelectric power factors (up to
100 pW m~ K=2) were noted. Additionally, the choice of anion
is critical for successful cation replacement, as evidenced by the
complex chemistry involved. The n-type CNTs, coordinated with
bicyclic-ring guanidinium cations, showed improved thermal
stability compared to their as-doped counterparts. However,
the cation-replaced n-type CNTs demonstrated some degree of
dedoping, as indicated by slight changes in the Seebeck
coefficient and electrical conductivity. Partial dedoping was also
noted during the cation replacement process. Therefore, future
work should focus on exploring stabilizer cations or customizing
the molecular structure of TBDH to enhance stability further. In
addition, the employed EDS could not quantify the degree of
cation replacement due to the small peak intensity of N atom;
quantifying the efficiency of ion replacement and associating it
with the resulted stability should be also addressed.
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