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The chemical doping of single-walled carbon nanotubes (SWCNTSs) has been an important
issue in tailoring the electronic structures of SWCNTSs. This paper proposes a strategy for

controlling the doping types and doping concentrations by choosing the reduction potential
of a dopant relative to the redox potential of SWCNTs. For this purpose, the redox potential
plot in terms of the chirality and diameter was generated based on theoretical calculations,

which were in good agreement with the experimental data obtained from individually
separated SWCNTs. The change in the electronic structures of the SWCNTSs with the

various dopants was clearly observed by absorption and Raman spectroscopy, and was
explained well by the redox potential argument. This principle was tested further by fabricating

transparent conducting films followed by doping. Doping with Au®" resulted in a sheet
resistance of 100 Q sq~' at 90% transmittance. This SWCNT doping strategy for both n-type
and p-type materials can be generalized to a wide range of nanostructures, such as nanowires

and nanoparticles.

Introduction

Despite the extensive research on the chemical doping of
single-walled carbon nanotubes (SWCNTs),' * the underlying
doping mechanism is not completely understood. The main
difficulty arises from the complex electronic structures of
SWCNTSs, which rely strongly on chirality and diameter.>¢
Chemical doping of SWCNTs involves physisorption or
chemisorption due to the different electron affinity between
the SWCNT and adsorbates, and more importantly, charge
transfer between the adsorbates and SWCNTs.” '° Different
types of charge carriers are created in SWCNTSs by the choice
of functional groups in adsorbates."*771° Recently, concepts
of the reduction potential, electron affinity, and ionization
energy of doping materials were introduced to control the
doping level of SWCNTs.!"!! The reduction potential of a
chemical species is defined as its tendency to acquire electrons
and be reduced, and the electron affinity is the energy needed
to detach an electron from a singly charged negative ion.
However, in organic chemistry, they are linearly correlated
with each other.'> The ionization potential is also closely
related to the oxidation potential.'* O’Connell et al. reported
that the chiral selective reaction of semiconducting SWCNTs
relies on the reduction potential of different organic molecules.!!
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However, they estimated only semiconducting SWCNTSs.
Takenobu ef al. also demonstrated that the controlled
amphoteric doping of SWCNTs was strongly dependent on
the electron affinity and ionization potential of the dopants.'
The absolute electrode potential is the difference in electronic
energy between a point inside the metal (Fermi level) of an
electrode and a point outside the electrolyte in which the
electrode is submerged.'* The desired definition of the absolute
electrode potential of a metal in an aqueous solution is

(DM

EE\"fbs):7+A§ATS:O (1)
EQbsy = Esup) + E°(H ™ [Ho)bs)(V) (2)

where E?fbs) is the absolute electrode potential of a metal,
E$uE) denotes the electrode potential of a metal relative to
the standard hydrogen electrode (SHE), EO(H+ JH2)(abs)
(4.44 + 0.02 V at 25 °C) is the absolute potential of the SHE
in an aqueous solution, ®™ is the work function of metal, e is
electron, and AY'WY_, is the contact potential difference at the
metal(M)-solution(S) interface under ¢ = 0 the zero charge
point condition at the interface. It should be noted that the
standard value for the potential difference at the metal-
solution interface AY¥Y _ is not measurable due to the nature
of the nanosized SWCNT. It also depends on the types of
metal, such as mercury (—0.25 V) and silver (+0.72 V), in an
aqueous solution.'® In the present work, it was assumed that
the contact potential difference is zero because the absolute
electrode potential of various aromatic hydrocarbons, such as
anthracene, coronene and perylene, was linearly correlated
with the m—m* transition from the highest occupied orbital to
the lowest unoccupied molecular orbital, i.e., it approaches the
work function of graphite, which has a zero gap.'> This leads
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that AM'%?_, is almost zero gap for carbon nanotubes similar
to graphite. From eqn (1) and (2), the following can be
obtained:

M ¢M

The electrode potential relative to the SHE E%IHE) through the
absolute electrode potential is quite useful for understanding
the reduction—oxidation reaction between SWCNTs and
molecules.

This paper proposes a strategy for controlling the doping
types and doping concentrations by choosing the doping
material with the appropriate reduction potential relative to
SWCNTs. The electrode potentials of the SWCNTs relative to
the SHE were extracted based on theoretical calculations.
This strategy was demonstrated by choosing several doping
materials and further applied to obtain highly conducting
transparent SWCNTs.

Experimental
Film preparation

SWCNTs (purity 93 wt%), which were synthesized using an
arc discharge method, were purchased from Hanwha
Nanotech., Korea. The diameters ranged from 1.2 to 1.8 nm
with a mean diameter of 1.5 nm and a typical length of a few pm.
SWCNTs (2 mg) were added to 30 ml of 1,2-dichloroethane
(DCE: anhydrous, 99.8% Sigma-Adrich) followed by sonication
in a bath type sonicator (RK 106, Bandelin Electronic, Berlin,
Germany) for 6 h. This solution was centrifuged (Hanil
Science Industrial Co., Ltd., Mega 17R) at 10000 g for
10 min. The supernatant was sprayed onto a quartz substrate
(2 x 2 cm?) with an Ar gas brush pistol (Gunpiece GP-1, Fuso
Seiki Co., Ltd.) and further heat-treated to 600 °C for 30 min
under an Ar atmosphere to exclude the other doping effect.”®

Doping procedure

Several doping materials, 2,3-dichloro-5,6-dicyano-p-benzo-
quinone (DDQ: purity 98%, Sigma-Aldrich), nitrosyl tetra-
fluoroborate (NOBF,: purity 95%, Sigma-Aldrich), and
gold(i) chloride (AuCls: purity 99%, Sigma-Aldrich) with
different reduction potentials were chosen carefully to distinguish
the doping capability. They were dissolved in nitromethane
(Sigma-Aldrich) at different concentrations. One 400 pl drop
of the doping solution was placed onto the SWCNT film.
After a residual time of 30 s, the solvent was spin-coated at
2500 rpm for 60 s (Midas System, Spin 2000).

Preparation of transparent conducting film

Fifteen milligrams of a dodecylbenzenesulfonic acid sodium
salt (NaDDBS: Sigma-Aldrich) as a surfactant was dispersed
in 30 ml deionized water and 30 mg SWCNTs was then added
followed by sonication in a bath sonicator for 10 h.
The solution was centrifuged at 10000 g for 10 min. The
supernatant was sprayed onto a (10 x 10 cm?) polyethylene
terephthalate (PET) substrate with an Ar gas brush pistol. The
PET substrate was kept on the substrate holder at 100 °C.
After the spray was terminated, the TCF film was immersed in

a HNO; (OCI Company Ltd.) solution for one hour to remove
the NaDDBS. The film was rinsed in an isopropanol solution
several times and immersed in deionized water to neutralize
until the pH reached 7. The resulting sample was used for the
doping experiment with AuCls.

Measurement

The optical properties of the SWCNT films after doping were
characterized by UV-Vis-NIR absorption spectroscopy (Cary
5000, Varian) and Raman spectroscopy (RM1000-Invia,
Renishaw) with a laser excitation energy of 1.96 eV. The sheet
resistance of the samples was obtained from four probe
measurements (Keithely 2000). The surface morphology of
the film was observed by FE-SEM (JSM700F, JEOL). The
formation of Au particles after doping was characterized by
XPS (Physical Electronics, Quantum 2000) using focused
monochromatized AlKo radiation (1486.6 eV).

Results and discussion
Redox potential of SWCNT

The redox potential of SWCNT relative to the SHE E(SSV{I%\JT is
strongly chirality- and diameter-dependent. This was determined
based on theoretical calculations. From eqn (3), the reduction
potential can be extracted from the work function of the
SWCNTs. The work function of the metallic and semi-
conducting SWCNTs was determined from density functional
calculations within the generalized gradient approximation
(GGA).'® The redox potential of metallic tubes (Eg™M) and
the first occupied van Hove singularities (vHs) of the semi-
conducting tubes (V) (or the Fermi level of semiconducting
tube) were determined from GGA using eqn (3).° The redox
potential (V) of the corresponding vHs was fitted using the
following equation,

a
di(nm)

Egtte) ' (V) = +b 4)
where a and b are the fitting parameters and d, is the diameter
of a nanotube. The values for EgM and Vy are listed in
Table 1. Since even GGA does not generate an accurate band
gap, the first occupied vHs (V;5) and unoccupied vHs (C};) of
the semiconducting SWCNTs were obtained from fluorescent
spectroscopy.!” Combining those with the Fermi level determined
from theory, the rest of the occupied and unoccupied states
were fitted using a similar (n,m) argument of a tight binding
scheme.® Table 1 lists the parameters for the plot.

Fig. 1 shows the redox potential plot of the SWCNTs with a
wide range of diameters and chiralities. Below the Fermi
level are the filled states of the first and second vHs of

Table 1 Data fitting of the redox potential of SWCNT. (V' = a/d; (nm)

+ by’

EFM V] m Clm E‘FS Vls Cls VZS C2S
a —0.105 0825 —1.034 0.112 0.442 —-0.198 0.732 —-0.507
b 039 0.827 —-0.034 0.119 0.263 —0.024 0.407 —0.168

“ Vi, (Ciy) indicates filled (empty) ith level or oxidation (reduction)
potential. o stands for semiconducting (s) and metallic (m) nanotubes.
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Fig. 1 Redox potential of various nanotubes as a function of the diameter. The values in parentheses indicate the chiral index of the SWCNTs.
The reduction potentials of dopants are also provided as dotted lines. V;, (C;,) indicates the filled (empty) ith level. a stands for semiconducting (s)
and metallic (m) nanotubes. The triangle and reverse triangle indicate the experimental redox potentials of SWCNT from ref. 19 and 20,

respectively.

semiconducting nanotubes and metallic nanotubes. Similar
plots can be also drawn for empty states. The V; and Cj
indicate the oxidation potential and reduction potential of the
SWCNT from ith energy level, respectively. The previously
observed V5 of the (6,5) tube (800 mV) is in good agreement
with our plot.'® More recently, the redox potentials of
SWCNTs were measured by electrochemistry with photo-
luminescence and optical absorption spectroscopy.'®?® The
results from Tanaka et al. indicated by the triangle in Fig. 1
coincide with our theoretical results.'”” However, the reduction
potentials of SWCNTs from Paolucci et al. indicated by the
reversed triangle in Fig. 1 were much lower than those of our
prediction.?® These discrepancies were attributed to the initial
n-doping medium by Na or K, where the Fermi level of
SWCNTs is already upshifted to some degree.

It should be emphasized that both experiments measured
the redox potentials of semiconducting SWCNTs only.
However, our theory predicts the redox potentials of not only
semiconducting SWCNTs but also metallic SWCNTs. The
reduction potentials of the chosen doping materials are also
provided in the plot. For example, the Au®" ion has the
largest reduction potential of 1.50 V among others and is even
larger than V4 and V5, of the semiconducting nanotubes
independent of the diameter and the V7, of the metallic ones
in the large diameter region.”' Other dopants in organic
medium, such as DDQ of 0.51 V and NO™ ion of 1.34 V,
are also electron-withdrawing groups but the degree of electron
extraction will depend on the chirality and diameter.?>%*

Doping effect in the optical absorption and Raman spectra

In order to demonstrate this concept, the sample was
characterized by absorption spectroscopy and Raman

spectroscopy after doping with various dopants. The equili-
brium state of the dopant was first checked with different
concen-
trations. The pristine sample clearly shows the absorption due
to vHs transitions of the semiconducting (E”S and Ezzs) and
metallic (E;;™) nanotubes. The peak intensity of particularly
E;,5 decreased with increasing DDQ concentration but no
further appreciable changes were observed at a high doping
concentration of 80 mM (Fig. 2a). This suggests that the
doping level was saturated in the equilibrium state. The peak
intensity of E;;S in Fig. 2a was reduced but not quenched
completely, even at a high DDQ concentration. This is
expected because the redox potential of DDQ is lower than
those of the first vHs in the valence band for most diameter
ranges in the sample. Similar experiments were carried out for
NOBF, in Fig. 2b. At low NOBF, concentration, the E;;’
began to disappear, and had disappeared completely at high
concentrations but E,,® peak was upshifted slightly. The
disappearance of the E; peak was attributed to the depletion
of electrons from the first vHs in the valence band, as predicted
from Fig. 1, i.e., no electron is available to show absorption.
The upshift of the E»,> peak indicates electron depletion at the
larger diameter SWCNTSs due to the larger relative difference
in the redox potential between the SWCNTs and NO ™ ion.
Fig. 3 shows the absorption and Raman spectra of the
selected concentration (or maximum concentration) which
were in equilibrium at different dopants. In the case of
80 mM Au’" ion doping, all peaks, regardless of semi-
conducting or metallic nanotubes, had disappeared, as shown
in Fig. 3a. This is similar to that observed with the redox
potential plot in that Au>" has a larger reduction potential of
1.50 V than the SWCNTs with up to the second filled levels
over a wide range of diameters, as shown in Fig. 1. The peak
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Fig. 2 Optical absorption spectra of SWCNTs doped with (a) DDQ
and (b) NOBF, in nitromethane as a function of the mole concen-
tration. The doping experiment was carried out using a spin-casting
method.
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Fig. 3 Absorption spectra (a) and G-band of Raman spectra at a
laser energy of 1.96 eV (b) from the samples doped with various
dopants of DDQ, NOBF,, and AuCl; in the equilibrium state. The
asterisk indicates the absorption from the quartz substrate.

near 1.1 eV was downshifted considerably compared to the
E»,S peak and was defined as a new peak, independent of the
peaks of the pristine sample. This can be attributed to a new
transition from a deeper level to the newly empty states due to
charge depletion, where the strict selection rule no longer
applies.'* The morphology and charge-transfer phenomena
were further confirmed by field-emission scanning electron
microscopy (FE-SEM) and X-ray photoelectron spectroscopy
(XPS), respectively. The gold particles were visible on the
SWCNT surface (Fig. S1 and S2, ESI¥). The other dopants
did not form aggregates. From the XPS measurements, it was
confirmed that the Au®" ion was reduced to Au® by charge-
transfer during the doping procedure (Fig. S3, ESIY).

Charge depletion (or charge transfer) was also observed by
Raman spectroscopy with an excitation energy of 1.96 eV.
Fig. 3b shows the G-band with a clear metallic contribution in
the low energy region in the pristine sample due to strong
electron—phonon interactions.®?* The G-band was fitted with
six components similar to the previous report (not shown
here).”?* This contribution was reduced systematically with

increasing reduction potential. In the case of AuCls, the long
tail component had disappeared completely. This was also
correlated with the quenching of E;;™ in the optical absorption
spectra in Fig. 3a. On the other hand, the G peak position at
around 1590 cm~' was also upshifted by approximately
10 cm ™!, particularly in the case of Au®* ion doping. These
alterations were attributed to charge extraction from the
SWCNTs to the doping material and the related phonon
stiffening.>®

Change of the sheet resistance by doping

For proof of concept, the sheet resistance was measured after
p-doping, i.e., extraction of electrons from SWCNTs increases
the hole carrier concentration and the sheet resistance is
expected to decrease. The changes in the Schottky barrier
due to a Fermi level shift could be another reason for the
decrease in resistance.?> Table 2 shows the change in sheet
resistance.

The sheet resistance of three films was reduced consistently
compared to that of the pristine sample. Although the decrease
in sheet resistance is remarkable in the case of Au** ions,
similar changes in the sheet resistance were also observed in
the case of NO™ ions. In previous work, although the work
function increased consistently up to 4.73 eV as a function of
the Au®" ion concentration, the change in sheet resistance was
limited to approximately 90% at more than 60 mM of AuCls.
Therefore, it was concluded that the change in sheet resistance
in the case of NO™ ions was similar to that of the sheet
resistance after Au®>" ion doping. On the other hand, gold
particles could modify the conductivity of SWCNT film as an
interconnect between the SWCNT bundles. Nevertheless,
since the change in sheet resistance due to Au®" ion doping
compared to NO ™ ions doping is similar, it is believed that the
bridging effect does not enhance the conductivity of the
SWCNT film appreciably. Furthermore, only few gold particles
were observed on the SWCNT film surface (Fig. S1, ESIt). For
practical applications, Au®" ions were chosen to observe the
effect of doping on a transparent conducting film. The SWCNTs
were dispersed using a sodium dodecylbenzenesulfonate
(NaDDBS) surfactant in deionized water. The SWCNT solution
was sprayed on a polyethylene naphthalate (PEN) film. The
doping solvent was then spin-casted onto the SWCNT film
similar to previous work.?® Fig. 4 shows the change in sheet
resistance vs. transmittance. The sheet resistance of the pristine
sample was reduced consistently independently of the film
thickness or transmittance by approximately 50% after
removing the surfactant using an acid treatment. Subsequent
Au®" doping reduced the sheet resistance by a further 30%.
The change in the transmittance was negligible with doping.

Table 2 Change in sheet resistance after doping with different
concentrations

1 mM 10 mM 20 mM 60 mM Remark
DDQ 64% 66% 65% 67%
NOBF, 80% 89% 90% 92%“
AuCl; 56% 60% 73% 93% Ref. 25

“ Two drops of 20 mM were used in the 60 mM sample due to the low
solubility of NOBF, in nitromethane.
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Fig. 4 The sheet resistance of acid-treated samples and those
followed by AuCl; treatment in terms of the transmittance at
550 nm. The sheet resistance reached 100 Q sq~' at 90% transmittance.

The small sheet resistance with doping meets the technical
criteria for electrode applications. For example, a sheet
resistance of 100 Q sq~' at 90% transmittance is a good
candidate for touch panels, and a material with a sheet
resistance of 50 Q sq ! at 80% transmittance would be suitable
for a common electrode in large size displays.

Absorption strength dependence on the choice of solvent

The absorption strength also relies on the choice of solvent.
SWCNTs should be dispersed well to accommodate the
dopants easily. A polar solvent with a too high dielectric
constant, such as water, suppresses the dispersion of SWCNTs
and charge transfer due to the large screening effect by the
solvent medium. For example, the SWCNTs in water alone are
not well dispersed and 80 mM NOBF, doping in water was
not very efficient, as shown in Fig. 5a. On the other hand,
SWCNTs were relatively well dispersed in N-methyl-2-
pyrrolidone (NMP), and NOBF, was soluble in NMP. Never-
theless, doping was not very effective, as shown in Fig. 5b. This
suggests that the combination between dopant and solvent
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Fig. 5 Optical absorption spectra of the SWCNTs doped with
NOBF, prepared in (a) water and (b) NMP. Compared to the
nitromethane solvent, the E;;° transition was not reduced
significantly.

such as salvation-free energy of ions in the solvent and
absolute free energy of the solvent should be matched well
to maximize the doping efficiency.'>?”?® The n-plasmon peak
located near 4.5 eV was not changed appreciably even with
doping (Fig. S4, ESI+). Although the background absorbance
near the infra-red and visible range might be altered slightly,
the variance in the vHs transitions discussed in the current
study should not be affected by the changes in background
absorbance.

Conclusions

The degree of nanotube doping can be determined by the
redox potential of the dopant in its equilibrium state. The
redox potential plot of the SWCNTSs was constructed based on
theoretical calculations. The redox potential argument was
demonstrated by choosing several dopants with different
redox potentials. In addition to the redox potential, in order
to maximize the doping effect, care should be taken when
choosing the solvent types and counterion to the dopant. The
strategy of p-type doping can also be applied to n-type doping.
A n-type dopant has a higher negative reduction potential, as
indicated in Fig. 1. In this case, the electrons from n-dopants
are donated to the CNTs. The n-dopants of benzyl viologen
(BV) and PB-nicotinamide adenine dinucleotide (NADH)
with a negative reduction potential have been already
demonstrated.?=° Although this doping effect can be applied
to obtain highly conducting CNT films, the same principle can
be applied to many other systems involving control of the
dopant types and doping concentrations to obtain high-speed
transistors. Furthermore this concept can be generalized to
nanowires and nanoparticles by constructing a similar redox
potential plot.
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